
Genomics and proteomics

The new millennium of drug discovery and development

Mary Jane Cunningham*

Genometrix, Inc., 2700 Research Forest Drive, The Woodlands, TX 77381, USA

Received 18 September 2000; accepted 25 September 2000

Abstract

One of the most pressing issues facing the pharmaceutical and biotechnology industry is the tremendous dropout rate of lead drug

candidates. Over the last two decades, several new genomic technologies have been developed in hopes of addressing the issues of target

identification and lead candidate optimization. Gene expression microarray is one of these technologies and this review describes the four

main formats, which are currently available: (a) cDNA; (b) oligonucleotide; (c) electrokinetic; and (d) fiberoptic. Many of these formats have

been developed with the goal of screening large numbers of genes. Recently, a high-throughput array format has been developed where a

large number of samples can be assayed using arrays in parallel. In addition, focusing on gene expression may be only one avenue in

preventing lead candidate failure. Proteomics or the study of protein expression may also play a role. Two-dimensional polyacrylamide gel

electrophoresis (2-DE) coupled with mass spectroscopy has been the most widely accepted format to study protein expression. However,

protein microarrays are now being developed and modified to a high-throughput screening format. Examples of several gene and protein

expression studies as they apply to drug discovery and development are reviewed. These studies often result in large data sets. Examples of

how several statistical methods (principal components analysis [PCA], clustering methods, Shannon entropy, etc.) have been applied to these

data sets are also described. These newer genomic and proteomic technologies and their analysis and visualization methods have the

potential to make the drug discovery and development process less costly and more efficient by aiding to select better target and lead

candidates. D 2001 Elsevier Science Inc. All rights reserved.
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Compound discovery and development is an intense and

lengthy process. For the pharmaceutical industry, the num-

ber of years to bring a drug from discovery to market is

approximately 15 years, costing up to US$500 million per

individual drug (Brennan, 2000; DiMasi, 1995). The per-

centage of compounds, which fail or drop out of the process,

is extremely high, over 99%. For every 5000 chemicals

evaluated as part of discovery and preclinical testing, only 5

are allowed to proceed to human clinical trials and of these

5, only 1 is approved for the market. A total of 40% of the

compounds fail due to poor pharmacokinetics and 11% due

to preclinical toxicity.

To address these issues, new genomic and proteomic

technologies have been developed over the last several

years. These methods are aimed at (a) discovering new

genes and proteins and (b) quantifying and analyzing gene

and protein expression and (c) assigning functionality.

Being able to compare levels of gene and protein expression

between diseased and normal cells or cells treated with

compounds, which vary in their efficacy and toxicity, could

prove valuable in (a) identifying new drug targets and (b)

optimizing the choice of lead compound candidates by more

closely predicting their success or failure.

1. Genomic technologies

Genomic technologies comprise a wide-ranging group.

One of the oldest methods for monitoring gene expression is

by Northern blot analysis (Thomas, 1980). Newer direct

methods include: (a) gene reporter assays (Lee, M. J., et al.,

1997); (b) branched DNA amplification assay (Shen et al.,
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1998; Todd et al., 1999); (c) PCR-based assays, including

quantitative (Wang, A. M., et al., 1989), real-time (Higuchi

et al., 1992, 1993), competitive (Gilliland et al., 1990),

representational differences analysis (Hubank & Schatz,

1994; Lisitsyn et al., 1993), and differential display (Liang

& Pardee, 1992; Martin et al., 1998); (d) scintillation

proximity assay (Bosworth & Towers, 1989; Harris et al.,

1996); (e) rapid analysis of gene expression (RAGE) (Wang,

A., et al., 1999); (f) serial analysis of gene expression

(SAGE) (Datson et al., 1999; Velculescu et al., 1995); and

(g) microarrays. An indirect method consists of calculating

mRNA abundance levels from expressed sequence tags

(ESTs) derived from cDNA libraries (Adams et al., 1995;

Lee, N. H., 1995; Okubo et al., 1992). All of these

methodologies vary in the requirements necessary to per-

form the assay: amount of starting material, sample pre-

paration, time to perform the assay, equipment, cost,

sensitivity, specificity, reproducibility, data analysis, and

final interpretation of the results. The advantages and

disadvantages of some of these techniques have already

been reviewed (Robinson et al., 2000).

2. Gene expression microarrays

This review will concentrate on gene expression micro-

arrays. Microarrays have the advantage of being able to

compare expression of up to 12,000 genes at a time. They

are also amendable to an automated, high-throughput for-

mat, which would include all steps from sample receipt and

processing to manufacturing of the arrays to analyzing the

expression data. The platform is versatile and flexible; genes

from any species can be arrayed and studied. Some formats

require very little sample material and, as a result, new

methods have been developed to amplify very small sam-

ples in order to obtain enough starting material (Phillips &

Eberwine, 1996; Zhang, L., et al., 1992). In addition,

microarrays, depending on the format used, have compar-

able sensitivity, specificity, and reproducibility to the other

genomic methods listed above.

The need for screening large numbers of genes at a time

arose in the 1980s. One attempt to do this was work

published by Augenlicht et al. (1987). A reference cDNA

library was prepared from polyA mRNA of the human colon

carcinoma cell line, HT-29. The cDNA was inserted into a

bacterial plasmid and over 4000 clones were isolated. These

clones were replicated onto several nitrocellulose filters in

the form of a grid. Radiolabeled cDNA probes from several

biopsy samples (ranging from patients at low risk for colon

cancer to familial adenomatous polyposis [FAP] patients to

colon cancer patients) were then hybridized to the filters.

The amount of radiolabel was scanned and analyzed. From

this experiment, the investigators were able to visualize

expression changes over a wide range of genes. A total of

2% of the genes were upregulated and 2% were down-

regulated in the FAP biopsies compared to the low-risk

biopsies. In contrast, 20% of the FAP biopsies (in which

the cells had not yet accumulated into adenomas) were

upregulated and 5% were downregulated compared to the

low-risk biopsies. These results suggested increased gene

expression seemed to correlate with early stages of the

disease. The identity of the gridded cDNAs was not

necessarily known at the time of the production of the

filters, but could be readily sequenced and identified

subsequent to the hybridization step.

3. Sequencing by hybridization

Concurrently, various formats were being designed to

improve the efficiency of DNA sequencing. These formats

were collectively referred to as `̀ sequencing by hybridiza-

tion'' or SBH (Bains & Smith, 1988; Drmanac et al., 1989;

Fodor et al., 1991; Khrapko et al., 1989, 1991; Pease et al.,

1994; Southern et al., 1992; Strezoska et al., 1991; Zhang,

Y., et al., 1991). Permutations of oligonucleotides varying in

sequence were designed and arrayed. Sample DNA or

RNA was then isolated and hybridized onto the arrays.

The resulting signal pattern from the hybridization could

then be analyzed to determine the sequence of the sample.

Two approaches were used: oligonucleotides were either

covalently attached to the surface or were photosyntheti-

cally synthesized onto the surface. Most of these

approaches used membrane substrates to attach the probes.

However, Southern et al. used a method whereby oligo-

nucleotide probes were synthesized and covalently

attached to a glass surface (Maskos & Southern, 1992a,

1992b; Southern et al., 1992). Subsequently, the size of the

arrays increased so that they contained over 1000 oligo-

nucleotides (Maskos & Southern, 1993).

4. cDNA microarrays

From this foundation, several gene expression microarray

formats have evolved: (a) cDNA arrays; (b) oligonucleotide

arrays; (c) electrokinetic arrays; and (d) fiberoptic arrays.

cDNA arrays were first developed by Schena et al. (1995)

and Shalon et al. (1996) in P. Brown's and R. Davis'

laboratories at Stanford. The initial array was made by

amplifying approximately 50 cDNAs of Arabidopsis thali-

ana by PCR and printing them onto a glass microscope slide

with a high-speed arrayer. The cDNAs ranged from 250 to

1500 bp in length, averaging around 1000 bp. PolyA mRNA

was made from total RNA of A. thaliana, reverse-tran-

scribed to cDNA, and labeled fluorescently. cDNA made

from wild-type RNA labeled with fluorescein and HAT4-

transgenic RNA labeled with lissamine were competitively

hybridized onto the slide by mixing equal portions of each

probe. The resulting data after scanning showed a 50-fold

elevation of signal at the position of HAT4 in the lissamine-

specific scan compared to the fluorescein-specific scan.
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Further studies used this two-color hybridization format

to monitor gene expression changes associated with dif-

ferent yeast metabolic states and to scan expression

changes over the whole yeast genome (DeRisi, J. L., et

al., 1997; Lashkari et al., 1997a, 1997b). In addition, other

early reports showed the use of cDNA microarrays to

compare gene expression in cell culture after heat shock or

phorbol ester treatment, or with differing disease states,

such as rheumatoid arthritis and cancer (DeRisi, J. L., et

al., 1996; Heller et al., 1997; Schena et al., 1996). A major

commercial vendor of these cDNA glass microarrays is

Incyte Genomics.

In addition, a less expensive alternative to the glass

cDNA microarrays is arraying cDNA clones onto a mem-

brane substrate and detecting the expression difference by

radioactive signal. Lennon and Lebrach (1991) first used

this approach; however, being able to quantitate the signal

became an early problem. Several studies provided solutions

to this problem and current published results show that

cDNA clones correlating to mRNA abundance of 0.01% can

now be detected (Gress et al., 1992; Nguyen et al., 1995;

Zhao et al., 1995). Examples of several commercial sources

of the high-density filter arrays are Genome Systems,

Clontech, and Research Genetics. Also, arraying equipment

can be obtained commercially that enables investigators to

manufacture their own microarrays.

5. Oligonucleotide microarrays

The second format of gene expression microarrays is

oligonucleotide arrays. Most of the high-density oligonu-

cleotide arrays that are currently in use are produced by the

light-directed synthesis of oligomers directly onto the glass

array surface (Fodor et al., 1991; McGall et al., 1996; Pease

et al., 1994), such as the format used by Affymetrix.

Chemical linkers capped with photoremovable protective

groups are attached to a solid surface and a photolitho-

graphic mask is overlaid. A mercury lamp then activates the

protective groups, removing them and leaving a 50-hydroxy

group to which another photoprotected nucleoside can

attach. The cycle is then repeated until an oligomer of up

to 25 bases is formed (Wodicka et al., 1997). This format

allows two methods of study: monitoring gene expression

over the entire gene (Chee et al., 1996; Lockhart et al.,

1996; Wodicka et al., 1997) or investigating differences

between wild-type and aberrant single-nucleotide poly-

morphisms (SNPs) (Chee et al., 1996; Cronin et al., 1996;

Hacia et al., 1996; Kozal et al., 1996). Gene expression

values are calculated by summing the signal from all the

oligomers tiled onto the array corresponding to the same

gene. Fold differences are then calculated from these

expression values, thereby allowing comparisons between

genes. SNPs are evaluated by the presence or absence of

signal from an oligomer. If hybridization to an oligomer

occurred, the signal is present; if hybridization did not

occur, the signal is absent. By matching the genotype

information to the absence or presence of the signal, homo-

zygosity and heterozygosity can be inferred.

Other published approaches have covalently bound the

oligonucleotides to a surface. Matson et al. (1995) used an

aminated polypropylene surface and produced an array of

over 4000 separate cells containing oligomers ranging in

size from 8 to 16 mers. Guo et al. (1994) amino-modified

both the surface and the oligomer with a phenylisothiocya-

nate group in between.

6. Electrokinetic microarrays

The third format of gene expression microarrays is an

electrokinetic microarray, which was developed by Eggers

and Hogan as part of the Genosensor Consortium (Beattie et

al., 1993; Eggers & Ehrlich, 1995; Eggers, M. D., et al.,

1993, 1994; Lamture et al., 1994). This format uses geno-

sensor technology where synthetic DNA probes are immo-

bilized onto microscopic electronic test biosites arranged in

a two-dimensional fashion on a microfabricated device.

Sample (or target) DNA binds to these probes by hybridiza-

tion and can be detected in two different ways. A low-

voltage alternating electric field may be used that discrimi-

nates the DNA dielectric relaxation frequency of hybridized

probes versus the relaxation frequency of nonhybridized

probes. Monitoring the signal using a CCD (charge-coupled

device) detector was also developed. The CCD detector can

monitor a fluorescent, chemiluminescent, or radioisotope

label. Genometrix holds an exclusive license to key aspects

of this technology and has sublicensed specific fields of use

to Motorola.

7. Fiberoptic microarrays

Finally, a microarray format, which is beginning to show

promise, utilizes fiberoptic technology (Ferguson et al.,

1996; Healey et al., 1997; Michael et al., 1998). A DNA

probe is immobilized on one end of a fiber and several fibers

are wrapped in a bundle, which is then encased in a stainless

steel tube. The other end of the tube is affixed to the

imaging system. This microarray format has been shown

to detect gene expression signals using cytokine targets and

SNPs in the ras oncogene. Recently, a new modification has

been published using molecular beacons as the immobilized

targets (Steemers et al., 2000). Illumina is commercializing

this microarray format.

8. Another gene expression microarray format

Another microarray format that has been described but

has had limited commercial acceptability is a microarray

consisting of gel pads with immobilized oligonucleotides.
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First described by Khrapko et al. in 1989 and 1991, these

microarrays have since been miniaturized and have been

shown to be useful in discriminating between SNPs in b-

thalassemia (Guschin et al., 1997; Khrapko et al., 1989,

1991; Livshits & Mirzabekov, 1996; Yershov et al., 1996).

9. High-throughput gene expression microarrays

Finally, the high-density microarrays may be useful for

screening large numbers of genes, discovering new genes, or

assigning functionality to unknown genes. However, there

are also disadvantages. The high-density arrays can be costly

and are not very practical for screening large numbers of

samples. This issue has now been addressed with a micro-

array system of arrays in parallel, developed by Genometrix

(Brignac et al., 1999; Eggers, M. D., et al., 2000; Lashkari &

Gilmore, 1999; Eggers, M., 2000). The arrays are of low-to-

medium density and consist of up to 250 genes. Multiple sets

of 96 arrays can be fabricated and hybridized simulta-

neously. Hundreds to thousands of samples can be processed

and analyzed at a time making this format very pertinent to

screening samples derived from compound libraries.

10. Applications to drug discovery and development

Gene expression technologies may be useful in several

areas of drug discovery and development, such as target

identification, lead optimization, and identification of

mechanisms of action, to name a few. As an aid in target

identification, different approaches have been shown. One

approach is to obtain genes of unknown function and

analyze them using microarrays. Microarrays allow simul-

taneous screening of a large number of genes and a

comparison of the data can point out possible new disease

targets for development. Examples of early papers using

microarrays in this fashion have already been cited (Chee et

al., 1996; Lashkari et al., 1997b; Schena et al., 1996;

Wodicka et al., 1997).

Another approach is to compare, on an extensive scale,

differences between expression profiles of normal tissue and

diseased tissue. Microarrays have been used in identifying

genes, which are up- or downregulated in a variety of

diseases. Some examples are studies involving cell lines

or tissue from various cancers (alveolar rhabdomyosarcoma,

breast, melanoma, ovarian, and prostate) and rheumatoid

arthritis (Bittner et al., 2000; DeRisi, J., et al., 1996; Heller

et al., 1997; Khan et al., 1998; Perou et al., 1999; Wang, A.,

et al., 1999; Wang, K., et al., 1999; Xu et al., 2000). Bittner

et al. (2000) used cDNA microarrays and statistical methods

to observe trends among cutaneous melanoma tissue and

cell samples. Initially, there did not appear to be any

correlation among the clustered gene expression results

and the clinical information. However, after comparing

expression information from a tightly clustered group of

cutaneous melanoma samples and uveal melanoma samples

(which exhibit metastatic tumor properties), a difference

was observed. Genes expressed in the uveal melanoma

samples strongly did not correlate with the genes expressed

in the cutaneous melanoma samples, implying that the genes

in the uveal melanoma samples correlate with invasive

tumors. The genes in the tight cluster of cutaneous mela-

noma samples may be indicative of a very low-grade tumor.

(Currently, there is no pathological grading system for this

particular tumor.) The gene expression profiles may be

helpful in setting tumor classifications as well as providing

possible new gene targets in cancer.

Karpf et al. (1999) used microarrays to broadly screen for

genes expressed with 5-aza-20-deoxycytidine treatment of a

colon adenocarcinoma cell line. The subset of genes

induced were further studied and found to be involved in

another pathway linked to STAT genes. Other reports have

also shown the elucidation of mechanistic pathways through

the use of microarrays (Coller et al., 2000; DeRisi, J. L., et

al., 1997; Roberts et al., 2000; Voehringer et al., 2000).

Microarrays may also be used in selecting lead com-

pounds. Gray et al. (1998) designed a combinatorial library

of protein kinase inhibitors used in cancer therapy and initially

screened the compounds through an in vitro activity assay.

Next, the authors took three of the compounds and studied

their cellular effects in yeast with oligonucleotide microar-

rays. Diminished activity of one of the compounds in the in

vitro assays was also seen in the results from the microarrays.

Another study referenced in a review by Braxton and

Bedilion (1998) involved screening several lead compounds

for efficacy and toxicity using cDNA microarrays. The

result was that the optimized lead compound had a similar

profile to a known toxin and ultimately was redesigned to a

better lead compound. This latter compound was given

highest priority for further development.

Weinstein et al. (1997) and Scherf et al. (2000) screened

more than 70,000 compounds against 60 human cancer cell

lines. After filtering the data, the authors analyzed the data

using three different clustering parameters for comparison:

cell line to cell line, cell line to drug activity, and genes to drug

activity. In comparing the cell lines to drug activity, several

colon and renal cancer cell lines clustered together. These cell

lines are known to express multidrug-resistant genes; how-

ever, the overall correlation using this clustering parameter

was only .21. Several examples of correlations of genes,

known to be induced by certain drugs, were also observed.

One of the first reports of using cDNA microarrays to

look at toxicity used an in vivo rat model to study three

known hepatotoxins: benzo[a]pyrene (BP), acetaminophen

(APAP) and clofibrate (CLO) (Cunningham et al., 1998,

2000; Fuhrman, Cunningham, Liung, Wen & Somogyi,

2000a; Fuhrman, Cunningham, Wen, Zweiger, Seilhamer,

& Somogyi, 2000b). mRNA isolated from livers of Spra-

gue±Dawley rats treated with toxic doses of the three

compounds was analyzed using a cDNA microarray con-

taining 7400 rat liver, kidney, and toxicity-related genes. All
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three compounds resulted in different expression profiles.

Several genes, known to be induced or repressed with

APAP, BP, or CLO, were expressed according to the data

obtained. Also, all three compounds induced the expression

of CYP1A2, CYP2B1, CYP4A3, fatty-acid transport pro-

tein 5, a sulfotransferase (ST2A1), and at least two glu-

tathione s-transferases (GST-alpha and GST-theta).

However, by analyzing the induction pattern over the time

points used (12 h to 28 days) in the study, the genes were

induced at different times depending on the compound used.

In addition, a comparison of the highest level of differ-

ential gene expression with each compound treatment was

done using three different methods of analysis: (a) x-fold

change of gene expression; (b) expectation ratio likelihood

(ERL); and (c) Shannon entropy. The latter two methods

will be described in greater detail under Data analysis

methods. An interesting fact emerged. BP is a genotoxic

compound (i.e., acts by a DNA-damaging mechanism),

while APAP and CLO are nongenotoxic compounds. In

general, APAP and CLO would be expected to have the

most overlap in similar genes expressed compared to BP.

However, in each of the three analysis methods listed above,

there was more overlap between APAP and BP than

between either APAP and CLO or BP and CLO. The

overlap may be explained by looking at the mechanisms

of action. Both APAP and BP have their primary metabolic

pathway involving cytochrome P450. The metabolism of

CLO involves both cytochrome P450 and b-oxidation.

Another study analyzed the global response of yeast to

the DNA damaging agent, methyl methanesulfonate

(Jelinsky & Samson, 1999). Of the approximately 6200

genes on the array, 325 genes were increased fourfold upon

treatment while 76 genes were decreased. Most of the gene

groups, which showed a change in expression, were

expected and the expression of a subset of genes was

verified by Northern blotting. However, there were also

unexpected changes in expression of some individual genes

and further study may elucidate the reasons why these genes

showed unexpected expression.

Recently, two more studies have been reported using

microarrays to further analyze toxicity. Amundson et al.

(1999) reported changes in gene expression changes as a

result of genotoxic stress and Bartosiewicz et al. (2000)

analyzed the expression of b-naphthoflavone (b-NF) in

mouse liver. The latter study showed comparable CYP1A2

expression between the microarray format and Northern

blotting, 5- and 10-fold, respectively. Also, it was noted

that less variability was observed between array spots and

between glass slides ( < 15%) than between the animals used

(18±60%).

11. Proteomic technologies

Another field, which is gaining attention, is the area of

proteomics. While gene expression may be able to address

the pressing issues in pharmaceutical drug discovery and

development, protein expression may be equally important.

Indeed, an initial paper by L. Anderson and Seilhamer

(1997) showed a correlation between RNA and protein

abundance in rat liver to be approximately .48. Subse-

quently, a study by Gygi et al. (1999) showed a correlation

between RNA and protein in yeast to range between .1 and

.4 for lower-abundance proteins to .94 for only higher-

abundance proteins. The authors theorized that if all the

yeast proteins were compared or only a random sample, the

correlation would be on the order of .4 or less. The

explanation for less than a 100% correlation between

RNA and protein is probably due, in large part, to post-

translational modifications of proteins. Therefore, by exam-

ining both RNA and protein, a clearer picture of how genes

and proteins interact will arise.

Currently, protein screening and detection is being

performed by two-dimensional polyacrylamide gel elec-

trophoresis (2-DE) coupled with annotation of the

detected proteins by mass spectroscopy, usually matrix-

assisted laser desorption ionization mass spectroscopy

(MALDI-MS) (Karas & Hillenkamp, 1988; Klose, 1975;

O'Farrell, 1975). This technology platform has been used

to acquire genome-wide protein information, such as a

survey of proteins in yeast, rat liver, and human plasma

(Anderson & Anderson, 1991; Anderson et al., 1991,

1995; Maillet et al., 1996). In addition, there are several

reports where investigators have used 2-DE to (a) observe

differences between normal and diseased tissues and (b)

study differences between different pharmaceutical com-

pounds and environmental agents (Anderson et al., 1996;

Cunningham et al., unpublished data; Edvardsson et al.,

1999; Giometti et al., 1998; Kanitz et al., 1999; Myers et

al., 1997; Williams et al., 1998; Witzmann et al., 1999).

Automated methods have been devised for running

several gels in parallel but the major drawback to this

method is the time needed for annotating the proteins

by mass spectroscopy and comparing sequences back to

expressed tag sequence (EST) databases. To solve this

problem, newer methods have been developed using

protein microarrays. Lueking et al. (1999) described

miniature protein arrays made by using crude lysates

or purified expressed proteins spotted down on poly-

vinylidene fluoride (PVDF) filters by a stamp of

spring-loaded stainless steel pins. The total area was

25� 75 mm and could accommodate 4800 proteins;

this area is equivalent to a glass microscope slide.

Protein concentrations as low as 10 fmol/ml were

detected. Another method, described by Mendoza et

al. (1999) and M. Eggers et al. (2000), uses a capillary

system to transfer monoclonal antibodies and antigens

to a glass surface. One array contains up to 144

individual antibodies and antigens, but with the high-

throughput format described, 96 arrays can be printed

at one time. This format allows for 96 different

samples to be analyzed simultaneously.
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12. Data analysis methods

Gene and protein expression platforms generate an

abundant amount of data. The requirement of reviewing

106 to 107 data points from microarray experiments tends to

be a necessary part of the experimental design. Several

statistical methods and a few newly designed algorithms

may prove to be helpful in this regard. Each method takes a

unique approach to analyzing the data and which method is

chosen may depend on the questions being asked. Some of

these methods aid in reducing the large amount of data to a

more reasonable data set from which more directed queries

are made. Other methods may allow a more directed

approach to identify outliers in the data set. These outliers

may prove to be potential drug targets or markers of efficacy

or toxicity. The ultimate goal is to evaluate the data in the

most meaningful manner and to be able to visualize trends

for further study.

One of the first reports of applying a statistical algorithm

to gene expression data was a paper by Wen et al. (1998).

Using RT-PCR, the expression of 122 genes from the

developing rat cervical spinal cord was studied. Agglom-

erative clustering (using the Euclidean distance measure)

was applied to the data. Four discrete temporal waves of

gene expression were observed in addition to a group of

genes, which showed a constant pattern throughout the

experiment. This method of clustering allowed hundreds

of data points to be reduced to a set of trends, which could

be easily visualized and allowed further investigation.

Eisen et al. (1998) developed another clustering approach

for the analysis of gene expression data. Hierarchical cluster-

ing incorporates an average-linkage method and is visualized

by a color scale of gene expression values and a dendrogram

showing the similarities between genes. The color scale

depicts gene upregulation as red and gene downregulation

as green. In this method, genes, which cluster together, have

similar function. Using data from stimulating cultured human

fibroblasts with serum, genes were found to cluster into at

least five functional groups by their expression patterns.

Clustering algorithms answer the question of how similar

or dissimilar the data is. The methods can compare data by

focusing on comparing genes or samples or both. Another

clustering algorithm, which was recently reported by Alon

et al. (1999), is a binary or two-way clustering method. This

method is a deterministic-annealing algorithm, which com-

piled the data into a binary tree, and was used to compare

normal and cancerous tissue samples between individuals.

Two other methods, which are helpful in reducing data

sets and identifying outliers, are principal components

analysis (PCA) and Shannon entropy. In a paper by

Hilsenbeck et al. (1999), PCA was applied to gene

expression data obtained from comparing estrogen-stimu-

lated tumors, tamoxifen-sensitive tumors, and tamoxifen-

resistant tumors in mice. A total of 15 tumor samples were

hybridized to an array of about 600 genes spotted in

duplicate, resulting in a total of 9000 data points. Using

PCA, the data set was reduced to a set of principal

components. These components identified two genes as

outliers, erk2 and HSF-1. HSF-1 (known to be induced by

tamoxifen) and erk2 (known to be activated by the estro-

gen receptor) were both found to be increased in tamox-

ifen-sensitive tumors by both the gene expression results as

well as results from Western blotting. These genes may be

potential drug targets for further study.

Shannon entropy is an older statistical method, which was

used by Fuhrman, Cunningham, Liang et al., 2000a; Fuhr-

man, Cunningham, Wen et al., 2000b; and Cunningham et al.

(2000) to analyze microarray data. The method is a measure of

the information content from a series of events or dynamic

pattern, such as a time course. The greater the change in

pattern, the higher the entropy value. Genes with the highest

entropy values over the time course are genes with the most

dynamic expression patterns. For the genes significantly

expressed from rat liver samples treated with APAP, BP, or

CLO, only 5±8% of the total genes assayed had the highest

entropy value. These genes may be potential toxicity markers.

Finally, several other analysis methods have been used to

analyze gene expression data: (a) ERL; (b) self-organizing

maps; (c) support vector machines; and (d) k-means (Brown et

al., 2000; Cunningham et al., 2000; Fuhrman, Cunningham,

Liang et al., 2000a; Fuhrman, Cunningham, Wen et al.,

2000b; Golub et al., 1999; Tamayo et al., 1999; Tavazoie et

al., 1999; Toronen et al., 1999). In addition, methods for

visualizing the data are numerous, but the end objective is to

summarize the large data sets as trends. The trends themselves

may not be conclusive but can provide valuable information

to refine hypotheses and further analyze subsets of data.

13. The new millennium for genomics and proteomics

The discoveries and breakthroughs in genomics and

proteomics in the last decade will no doubt issue in new

and exciting information and advances in this era. Gene

expression microarrays are now being used as test cases for

speeding up the drug discovery and development process.

Newer forms of arrays, such as the high-throughput arrays in

parallel and fiberoptic microarrays, may provide expression

information in an efficient and cost-effective manner. Protein

microarrays have the potential to do likewise. Gene and

protein expression data can be analyzed faster by applying

known and new statistical algorithms and visualization

techniques. All of these methods could speed up the drug

discovery process and/or reduce lead compound failures by

providing more predictive information.
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