Genomics

GENE EXPRESSION
analysis and drug R&D
It is clear that gene expression profiling systems have a role to play in many
facets of drug discovery and development but several questions remain.We
take a look at the use of DNA microarray for gene expression or expression
profiling and how DNA chips are used for drug discovery and development as
a whole.

T

he pharmaceutical industry demands drug
research and development that is faster,
better and cheaper. The post genomic era
of research and development has the potential to
deliver on some of these desired attributes. Up
until now, the number of targets used for drug discovery has been limited to several hundred (300500). The completion of the sequencing of the
human genome has uncovered 32,000 to 35,000
predicted genes, offering the prospect for many
more drugable targets. Many investigators are
now confident that the number of targets will rise
into the thousands over the next several years.
Recent kinase targeted drugs like Gleevac® are
achieving very promising results in a number of
types of cancer, so kinases have become an even
more popular target for drug discovery. The
sequence analysis of the 32-35,000 predicted
genes indicates the there may be as many as 1,000
kinase or kinase-like genes. Many of these may be
legitimate targets for drug discovery and development. Questions that remain are: 1) How many of
these predicted kinases are real genes? 2) How
many are in key regulatory pathways and thus
good targets? 3) How many are drugable? Gene
expression analysis may uncover or facilitate
answers to these questions as well as assist
research and development and health care in several other ways.
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DNA microarrays
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In today’s research laboratory, two common ways
that gene expression is assessed is by using quantitative polymerase chain reaction techniques (QTPCR) for monitoring expression of smaller numbers of genes, and by employing DNA microarrays
for the highly parallel monitoring of thousands of
genes (or the whole transcriptome). DNA microarrays take advantage of the major feature of the
DNA double helix, the sequence complementarity
of the two-paired strands, by using DNA capture
probes which are the complement of the expressed
target sequence (mRNA, cRNA or cDNA made
from the mRNA). Two of the most common uses
of the DNA microarrays are genetic analysis and
the analysis of gene expression. Genetic analysis
includes procedures for genotyping, SNP (single
nucleotide polymorphism) detection, strain identification and various other procedures. Analysis of
gene expression can include measuring expression
levels of a small set of genes to whole genome
expression monitoring. This report will focus in
using DNA microarrays for the analysis of gene
expression or expression profiling, and how DNA
chips are used for drug discovery and development.

Origin of DNA chips
Early studies of DNA melting and reformation
were carried out in aqueous solutions and yielded
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Figure 1
Four steps of DNA synthesis
chemistry

important information about the dependence of
melting temperature (Tm) on the G+C composition and salt concentration, as well as information on the dependence of the rate of reassociation on the sequence complexity of the nucleic
acid. The introduction of solid supports for DNA
hybridisation/reassociations greatly broadened
the range of applications of nucleic acid hybridisations, and provided the basis for solid-based
methods being used today. Gillespie and
Spiegelman1 observed that single stranded DNA
binds strongly to nitrocellulose membranes in a

Figure 2: Coupling efficiency and % full length oligonucleotide probes
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manner that minimises the two strands reassociating with each other, but allows the hybridisation to complementary RNA. This method was
used to measure the number of copies of repeated
genes such as rRNA genes2 and to measure
whether specific genes were under-replicated during the replication process used in forming polytene chromosomes 3. Dot blotting and dot
hybridisation4 evolved out of the filter hybridisation technique and provided the basic concept for
DNA arrays. The difference between dot blots
and today’s DNA microarrays lies in a smaller
spot size and the use of a non-porous rigid solid
support such as glass, which has its advantages
over a porous membrane. The membranes require
much large volumes of hybridisation solutions to
hybridise to the immobilised DNA in the porous
substrate. The non-porous support requires very
small volumes of hybridisation solution and more
rapid rates of hybridisation are evident when
compared to filter hybridisations. Non-porous
support also facilitates the washing step of the
hybridisation and provides a matrix of very low
inherent fluorescence so fluorescently labelled
probes can be effectively utilised in the hybridisation. Furthermore, the glass substrate provides an
amenable substrate to which DNA or oligonucleotides can be stably attached by several types
of chemistry.

DNA array types
In situ synthesised
The two most common types of DNA microarrays are those in which the DNA (in the form of
a single stranded oligonucleotide of 25nt) is actually synthesised in situ5 and those where the DNA
(usually in the form of a cDNA or full length
ORF) is post-synthetically attached to a glass support6. The in situ synthesis of capture probes is
performed with a photosensitive chemistry using
a series of photo masks5 or the photo labile protecting group can be removed by selective exposure to UV light using an array of tiny mirrors to
direct the light. The in situ synthesis can be also
performed with standard DNA synthesis chemistry using ink jet or piezo-electric delivery of the
reagents in a four step process (Figure 1). The
first type is very useful for genetic analysis, which
requires relatively short oligonucleotides but can
also be used for expression analysis by using
many short oligonucleotides (12-20) to cover a
gene. The length of the synthesised oligonucleotide is limited by the relatively low coupling
efficiency (92-96%) of in situ DNA synthesis (see
Figure 2).
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ORF or cDNA-based microarrays
Historically, the deposition of pre-made nucleic
acid probes has involved the synthesis of fulllength ORFs or cDNAs and printing/depositing
them using pin spotters on 1in x 3in microscope
slides. This homebrew type of microarray is used
for the analysis of gene expression, but has certain
limitations. The ORFs are extremely variable in
their length and and localised Tm, which can lead
to several hybridisation issues. Experiments are
usually designed using the dual fluorescent label
approach, where the cDNA made from the control
RNA (or treatment 1) is labelled with one fluorophore, and the cDNA made from the experimental RNA (or treatment 2) is labelled with a distinct
contrasting fluorophore. Both labelled cDNA targets (or RNAs) are hybridised to the same array
and results are tallied by comparing the ratios of
the two fluorescent emissions of the fluorophore
containing cDNA targets hybridised to each of the
printed DNA capture probes. A fluorescent scanner scans the fluorescent pattern of each fluorophore; and the two patterns can be overlaid to
assess which genes have been up-regulated or
down-regulated by the experimental treatment.
A more important limitation of the ORF-based
microarrays is the issue of cross-hybridisation of
related or overlapping sequences or genes. Proteins
from genes may have common features (ie ATP
binding sites) and can have some degree of
sequence identity or homology with other genes.
Most organisms contain a number of genes in gene
families, and in many cases these genes have a
great degree of sequence identity to each other and
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can only be distinguished from each other by
designing and using shorter gene-specific hybridisation probes. Thirdly, many organisms have overlapping genes where one gene is on one strand of
the DNA duplex and another gene is found on the
complementary strand of the DNA duplex. For
example in S. cerevisae, 728 of the ~6,000 genes
have 100% sequence identity over a distance of
101nts. These genes’ expression levels cannot be
accurately measured using full-length ORF-based
DNA microarrays. Lastly, many organisms employ
alternative RNA splicing of genes in response to
differentiation and other signals, and these alternative forms of gene expression cannot be distinguished on ORF-based arrays.
Long oligonucleotide-based microarrays
Other investigators have utilised longer oligonucleotides (70mers) to give increased sensitivity over
the in situ synthesised 25mers, and post-synthetically attaching them a glass matrix using a stable
linkage7. These oligonucleotides are synthesised in
a closed system, typically using a CPG column,
where coupling efficiencies range from 98-99.4%.
The offline synthesised oligonucleotides can be
assessed by mass spectrometry, and then be further
purified, resulting in capture probes that are >98%
full length. In contrast, in situ synthesis coupling
efficiencies can range from 92-96% and the truncated products remain attached to the chip surface.
The design of these longer oligonucleotide capture
probes uses a complex computer program where
the melting/hybridisation temperatures are normalised, secondary structure is avoided and cross
39
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Figure 4
A overlay of a two-colour
experiment performed with
more than 6,000 genes in
response to a change in
growth conditions of the cells
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hybridisation to related sequences is minimised by
an extensive BLAST search of all the genomic
sequences. The single-stranded 70mer oligonucleotides require no heat denaturation and are of
sufficient length that shredding of the target RNA
(to better match the capture probe length) is not
required. Therefore, standard cDNA synthesis
methods can be employed to make the labelled
hybridisation target. The 70mers can be designed
to examine alternative or differential RNA splicing. This longmer expression analysis technology
has been tested in various biological systems
including diauxic shift experiments in yeast, heat
shock and oxidative stress8. QIAGEN/Operon has
made available genomic sets of 70mers for human,
mouse, yeast, Arabidopsis, Drosophila, Candida,
Mycobacterium and other organisms using this
probe design, and this technology has yielded significant results in many laboratories studying
expression profiling and systems biology. These
genomic sets allow the researcher maximum flexibility in the layout of capture probes on the chip
and to include additional capture probes of their
own design and purpose. The probes are deposited
using either a pin spotter or a modified inkjet or
piezo dispenser. The printing process requires an
investment in equipment, clean room space and
personnel to perform the tasks.

How are DNA microarrays used in
drug discovery?
The drug discovery and development pathway is
outlined in Figure 3.
Target identification and validation
Expression profiling is used at several points in
drug discovery. First, it can help to identify and
validate new drug targets. As previously men-

tioned, there are potentially more than 1,000
kinase targets and expression profiling can determine whether these genes are expressed by detecting specific hybridisation of the target sequence to
the capture probes on the chip (assuming a specific capture probe can be designed). Secondly, we
can begin to locate where these potential kinases
genes may be found in various biochemical pathways by determining how these genes are regulated under various conditions, and by determining
which genes are being co-regulated with our target gene. A two-colour microarray image is
shown in Figure 4 where two sets of conditions
were imposed on the biological system and
mRNA was isolated from each of the two treatments to the cells. One population of mRNA was
reverse transcribed and subsequently labelled
with the Cy3 fluorophore and mRNA from the
other treatment was isolated, reverse transcribed
and labelled with the Cy5 fluorophore. Both populations of target cDNAs were hybridised to a
DNA microarray spotted with long oligonucleotides (70mers) specifically designed for each
potential gene in this biological system.
Hybridisation was for 16 hours and the DNA
microarray was washed and dried before being
scanned with a dual laser scanner. The results
from this scan are illustrated in Figure 4. This figure is an overlay of both the Cy3 and Cy5 images
with the following colour-coding. Red indicates a
gene that is being up-regulated when comparing
treatment A to treatment B, whereas green indicates genes that are down-regulated and yellow
indicates genes whose expression remains
unchanged. The fluorescent emission wavelengths
of these two fluorophores do not overlap, so each
channel can be accurately measured with both
targets hybridised to the chip. Thus, the two
colour experimental results are stated in ratios of
one channel to the other channel. DNA chip platforms that utilise only one colour unveil hybridisation signals of varying intensities that require
two separate chips for comparison between treatments or for comparing control levels to experimental levels.
After several experiments have been completed
using varied treatments to the biological system
(cells), a clustering algorithm can be used to illustrate which genes are being co-regulated during
the various treatments. These genes are displayed
in a clustering diagram shown in Figure 5.
Depending on the treatment, a specific molecular
signature of gene expression will become apparent. DNA microarrays can only reproducibly distinguish gene expression levels that vary by greater
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than 50%. More subtle increases or decreases in
expression levels such as 10% or 20% are not
resolved. The genes that are up-regulated are illustrated in shades of red on the left and genes that
are down regulated are clustered on the right and
are various shades of green. Genes who are co-regulated may lie in the same biochemical pathway or
serve a similar biological function. This can be
analysed by using a number of different pathway
software that is commercially available. If we
know which biochemical pathways certain
unknown genes are mapped to, we may get an
idea to what these genes may be doing biochemically. It may be necessary to perform gene knockout experiments to fully validate and identify the
function of an unknown gene. This can be done in
gene knockout vectors with transgenic animals or
with siRNA or miRNA in cellular systems.
Lead optimisation
The second point in the drug discovery pathway
where expression profiling is done is during lead
optimisation. After a compound has illustrated the
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desired drug activity during the high throughputscreening step, its activity needs to be further evaluated and optimised. Typically, the specificity and
efficacy of the lead compound needs to be determined. Efficacy determination is performed with
standard dose response experiments, whereas specificity can be examined by several methods including
expression profiling. Exposure to certain drugs will
result in a pattern of gene expression that is indicative of that class of drug. If a more complex pattern
or signature is observed where multiple biochemical
pathways and genes are affected, this may be a red
flag. This can indicate that the drug will have significant side-effects or may be toxic. The lead optimisation scientist may have additional compounds
made by combinatorial chemistry that are similar to
the lead compound and investigate the structure
activity relationship (SAR) of all the related compounds. By examining the expression profile of
each of the derivatives, the researcher will be able to
more accurately choose a compound that has the
desired activity and affects the least number of
other genes. This process should lead to having
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fewer lead compounds being rejected on the basis of
toxicity or secondary effects.
Development
Toxicity is a major area where expression profiling
cannot only save time and money, but can lead to
better drugs. From a cost standpoint the earlier a
drug candidate can be eliminated from further consideration the better. As mentioned in the last paragraph, lead optimisation already deals with specificity and the lack of sufficient specificity can be
indicative of toxicity. One would like to be able to
confidently remove lead compounds from the
development pathway that may be toxic or have
too many secondary effects. Many companies have
begun to expression profile lead compounds, and
develop sets of criteria that eliminate offending
lead compounds from further development. This is
an ongoing process that requires a significant
amount of expression profiling data along with
correlative toxicological data to develop expression criteria that will predict the toxicology. One
company, Iconix Pharmaceuticals, developed a
subscription-based expression profile database for
all the FDA registered drugs, as its business. They
have illustrated that the expression profile analysis
of a drug family leads to a better understanding of
side effects and to the drug mechanism. They are
confident that the drug signatures they observe
result in classification models that can be used to
predict drug effects, a very powerful tool. This
work shows that expression profiling can be used
for determining the mode of action of drugs as well
as serving as a predictor of toxicological problems.

Figure 5
A clustering diagram of co-regulated genes. On the left is a cluster of co-regulated genes that
are being up-regulated for the most part.The genes are plotted on the Y-axis and the
experimental treatments are plotted on the X-axis across the top. Many of these genes are
involved in stress response. On the right is a clustered set of genes that are being downregulated for the most part during the same experimental conditions shown on the left.
Many of these genes are ribosomal protein genes that are co-regulated

42

Clinical development
Expression profiling may also facilitate the phase
IV clinical trials where new indications, including
new conditions or diseases for drugs may be sought.
Diagnostics
The use of DNA chip technology has extended
beyond research and development efforts into
other areas of medicine and healthcare. DNA
microarrays and expression profiling are being
increasingly used for the diagnosis of various diseases, the classification of cancers and for prognosis for several forms of cancer. Cancer investigation
with microarrays has dominated the research
efforts with more than 70% of all microarray
papers investigating diseases published since 1995
dealing with cancer in some form. One landmark
paper appeared in 2000 where the investigators
were able to classify previously unclassifiable
forms of B-cell lymphoma9. Since then many
Drug Discovery World Spring 2004
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papers have appeared including two where the
investigators prove that expression profiling can be
used as a predictor of survival in breast cancer
patients10,11. It is only a matter of time before
expression profiling will be used in personal medicine applications to guide the most appropriate
drug therapy for the patient.

Summary

before. This is helping researchers to more thoroughly investigate structural variations of a lead
compound. Investigators can select structural variations that have good efficacy and are directed to the
specific target without altering the expression of
genes found in other biochemical pathways. This is
clearly leading to better and more specific drugs.
Better and more specific drugs lead to better health
and ultimately to lower costs for healthcare. DDW

There are a number of commercially available
expression profiling systems to which researchers
have access, as well available reagents (genomic
sets of probes) that the investigator can use to fabricate their own DNA chips. Equipment and software to process and analyse these chips is also
available from many vendors. Some researchers
prefer the consistency of commercial DNA
microarray systems, whereas others prefer the flexibility of the chips that can be fabricated by the
investigator. The number of published expression
profiling research papers has grown logarithmically since 1995, yielding significant new data about
gene expression. Comparison of expression data
obtained from the different DNA chip platforms
remains difficult, as each platform has its own
characteristics, strengths and weaknesses.
Several questions remain. Does expression profiling technology result in cost or time saving for
the pharmaceutical industry? The simple answer is
no, as there has been little if any reduction in drug
development times since the 1980s12 and costs
have risen significantly. The number of new drug
approvals has actually declined since 1996, so
what has happened? Even though the number of
potential drug targets has risen significantly, identifying and validating these new targets is consuming significant time and resources. It is apparent
that expression profiling has been a key technology in this effort, and that many new targets have
been identified and validated. However, this is a
long process and these targets are being gradually
incorporated into high throughput screening
schemes. Reliable and robust assay development
used for the screening remains a significant bottleneck. Expression profiling also has a role to play in
predictive toxicology, but FDA acceptance is needed in order to have its greatest impact. FDA
approval will be needed before this technology can
be adapted for diagnostic and prognostic use.
It is clear that expression profiling is playing an
even more important role in lead optimisation. By
examining the effect a lead compound has on the
expression of any gene in the genome gives the
investigator a more complete picture of potential
effects a drug may have than he has ever had
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