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Preface

Why Quantitate Gene Expression?

The central dogma of molecular biology is the concept of the transcription
of messenger RNA from a DNA template and translation of that RNA into protein.
Since the transcription of RNA is a key regulatory point that may eventually signal
many other cascades of events, the study of RNA levels in a cell or organ can help
the understanding of a wide variety of biological systems. '

It is assumed that readers of Gene Expression Profiling: Methods and
Protocols have an appreciation for this fact, so that the present volume focuses
on the practical and technical considerations that guide the choice of method-
ology in this area. Thoroughly thinking through the specific scientific ques-
tions at hand will enable the choice of the best technology for that application
and examples of which technologies fit which applications best will be dis-
cussed.

Richard A. Shimkets
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Technical Considerations
in Quantitating Gene Expression

Richard A. Shimkets

1. Introduction

Scientists routinely lecture and write about gene expression and the abun-
dance of transcripts, but in reality, they extrapolate this information from a vari-
ety of measurements that different technologies may provide. Indeed, there are
many reasons that applying different technologies to transcript abundance may
give different results. This may result from an incomplete understanding of the
gene in question or from shortcomings in the applications of the technologies.

The first key factor to appreciate in measuring gene expression is the way that
genes are organized and how this influences the transcripts in a cell. Figure 1
depicts some of the scenarios that have been determined from sequence analyses
of the human genome. Most genes are composed of multiple exons transcribed
with intron sequences and then spliced together. Some genes exist entirely
between the exons of other genes, either in the forward or reverse orientation.
This poses a problem because it is possible to recover a fragment or clone that
could belong to multiple genes, be derived from an unspliced transcript, or be
the result of genomic DNA contaminating the RNA preparation. All of these
events can create confusing and confounding results. Additionally, the gene dup-
lication events that have occurred in organisms that are more complex have led
to the existence of closely related gene families that coincidentally may lie near
each other in the genome. In addition, although there are probably less than 50,000
human genes, the exons within those genes can be spliced together in a variety
of ways, with some genes documented to produce more than 100 different tran-
scripts (1).

From: Methods in Molecular Biology, Vol. 258: Gene Expression Profiling: Methods and Protocols
Edited by: R. A. Shimkets © Humana Press Inc., Totowa, NJ
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Fig. 1. Typical gene exon structure.

Therefore, there may be several hundred thousand distinct transcripts, with
potentially many common sequences. Gene biology is even more interesting
and complex, however, in that genetic variations in the form of single nucleo-
tide polymorphisms (SNPs) frequently cause humans and diploid or polyploid
model systems to have two (or more) distinct versions of the same transcript.

This set of facts negates the possibility that a single, simple technology can
accurately measure the abundance of a specific transcript. Most technologies
probe for the presence of pieces of a transcript that can be confounded by closely
related genes, overlapping genes, incomplete splicing, alternative splicing, geno-
mic DNA contamination, and genetic polymorphisms. Thus, independent meth-
ods that verify the results in different ways to the exclusion of confounding vari-
ables are necessary, but frequently not employed, to gain a clear understanding
of the expression data. The specific means to work around these confounding
variables are mentioned here, but a blend of techniques will be necessary to
achieve success.

2. Methods and Considerations

There are nine basic considerations for choosing a technology for quantitating
gene expression: architecture, specificity, sensitivity, sample requirement, cover-
age, throughput, cost, reproducibility, and data management.

2.1. Architecture

We define the architecture of a gene-expression analysis system as either an
open system, in which it is possible to discover novel genes. or a closed system
in which only known gene or genes are queried. Depending on the application,
there are numerous advantages to open systems. For example, an open system may
detect a relevant biological event that affects splicing or genetic variation. In
addition, the most innovative biological discovery processes have involved the
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discovery of novel genes. However, in an era where multiple genome sequences
have been identified, this may not be the case. The genomic sequence of an orga-
nism, however, has not proven sufficient for the determination of all of the tran-
scripts encoded by that genome, and thus there remain prospects for novelty
regardless of the biological system. In model systems that are relatively unchar-
acterized at the genomic or transcript level, entire technology platforms may
be excluded as possibilities. For example, if one is studying transcript levels in
a rabbit, one cannot comprehensively apply a hybridization technology because
there are not enough transcripts known for this to be of value. If one simply
wants to know the levels of a set of known genes in an organism, a hybridization
technology may be the most cost-effective, if the number of genes is sufficient
to warrant the cost of producing a gene array.

2.2. Specificity

The evolution of genomes through gene or chromosomal fragment duplica-
tions and the subsequent selection for their retention, has resulted in many gene
families, some of which share substantial conservation at the protein and nucleo-
tide level. The ability for a technology to discriminate between closely related
gene sequences must be evaluated in this context in order to determine whether
one is measuring the level of a single transcript, or the combined, added levels
of multiple transcripts detected by the same probing means. This is a double-
edged sword because technologies with high specificity, may fail to identify one
allele, or may do so to a different degree than another allele when confronted
with a genetic polymorphism. This can lead to the false positive of an expres-
sion differential, or the false negative of any expression at all. This is addressed
in many methods by surveying multiple samples of the same class, and prob-
ing multiple points on the same gene. Methods that do this effectively are pre-
ferred to those that do not.

2.3. Sensitivity

The ability to detect low-abundance transcripts is an integral part of gene dis-
covery programs. Low-abundance transcripts, in principle, have properties that
are of particular importance to the study of complex organisms. Rare transcripts
frequently encode for proteins of low physiologic concentrations that in many
cases make them potent by their very nature. Erythropoietin is a classic exam-
ple of such a rare transcript. Amgen scientists functionally cloned erythropoietin
long before it appeared in the public expressed sequence tag (EST) database.
Genes are frequently discovered in the order of transcript abundance, and a
simple analysis of EST databases correctly reveals high, medium, and low abun-
dance transcripts by a direct correlation of the number of occurrences in that
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database (data not shown). Thus, using a technology that is more sensitive has
the potential to identify novel transcripts even in a well-studied system.

Sensitivity values are quoted in publications for available technologies at con-
centrations of 1 part in 50,000 to 1 part in 500,000. The interpretation of these
data, however, should be made cautiously both upon examination of the method
in which the sensitivity was determined, as well as the sensitivity needed for the
intended use. For example, if one intends to study appetite-signaling factors and
uses an entire rat brain for expression analysis, the dilution of the target cells
of anywhere from 1 part in 10,000 to 1 part in 100,000 allows for only the most
abundant transcripts in the rare cells to be measured, even with the most sensi-
tive technology available. Reliance on cell models to do the same type of analy-
sis, where possible, suffers the confounding variable that isolated cells or cell
lines may respond differently in culture at the level of gene expression. An ideal
scenario would be to carefully micro dissect or sort the cells of interest and study
them directly, provided enough samples can be obtained.

In addition to the ability of a technology to measure rare transcripts, the sen-
sitivity to discern small differentials between transcripts must be considered.
The differential sensitivity limit has been reported for a variety of techniques
ranging from 1.5-fold to 5-fold, so the user must determine how important
small modulations are to the overall project and choose the technology while
taking this property into account as well.

2.4. Sample Requirement

The requirement for studying transcript abundance levels is a cell or tissue
substrate, and the amount of such material needed for analysis can be prohibi-
tively high with many technologies in many model systems. To use the above
example, dozens of dissected rat hypothalami may be required to perform a glo-
bal gene expression study, depending on the quantitating technology chosen.
Samples procured by laser-capture microdissection can only be used in the mea-
suring of a small number of transcripts and only with some technologies, or
must be subjected to amplification technologies, which risk artificially altering
transcript ratios.

2.5. Coverage

For open architecture systems where the objective is to profile as many tran-
scripts as possible and identify new genes, the number of independent tran-
scripts being measured is an important metric. However, this is one of the most
difficult parameters to measure, because determining what fraction of unknown
transcripts is missing is not possible. Despite this difficulty, predictive models
can be made to suggest coverage, and the intuitive understanding of the tech-
nology is a good gage for the relevance and accuracy of the predictive model.
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The problem of incomplete coverage is perhaps one of the most embarrass-
ing examples of why hundreds of scientific publications were produced in the
1970’s and 1980’s having relatively little value. Many of these papers reported
the identification of a single differentially expressed gene in some model sys-
tem and expounded upon the overwhelmingly important new biological path-
way uncovered. Modern analysis has demonstrated that even in the most sim-
ilar biological systems or states, finding 1% of transcripts with differences is
common, with this number increasing to 20% of transcripts or more for sys-
tems when major changes in growth or activation state are signaled. In fact, the
activation of a single transcription factor can induce the expression of hundreds
of genes. Any given abundantly altered transcript without an understanding of
what other transcripts are altered, is similar to independent observers describing
the small part of an elephant that they can see. The person looking at the trunk
describes the elephant as long and thin, the person observing an ear believes it
to be flat, soft and furry, and the observer examining a foot describes the ele-
phant as hard and wrinkly. Seeing the list of the majority of transcripts that are
altered in a system is like looking at the entire elephant, and only then can it be
accurately described. Separating the key regulatory genes on a gene list from
the irrelevant changes remains one of the biggest challenges in the use of tran-
script profiling.

2.6. Throughput

The throughput of the technology, as defined by the number of transcript
samples measured per unit time, is an important consideration for some projects.
When quick turnaround is desired, it is impractical to print microarrays, but
where large numbers of data points need to be generated, techniques where
individual reactions are required are impractical. Where large experiments on
new models generate significant expense, it may be practical to perform a higher
throughput, lower quality assay as a control prior to a large investment. For
example, prior to conducting a comprehensive gene profiling experiment in a
drug dose-response model, it might be practical to first use a low throughput
technique to determine the relevance of the samples prior to making the invest-
ment with the more comprehensive analysis.

2.7. Cost

Cost can be an important driver in the decision of which technologies to
employ. For some methods, substantial capital investment is required to obtain
the equipment needed to generate the data. Thus, one must determine whether
a microarray scanner or a capillary electrophoresis machine is obtainable, or if
X-ray film and a developer need to suffice. It should be noted that as large com-
panies change platforms, used equipment becomes available at prices dramati-
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cally less than those for brand new models. In some cases, homemade equip-
ment can serve the purpose as well as commercial apparatuses at a fraction of
the price.

2.8. Reproducibility

It is desired to produce consistent data that can be trusted, but there is more
value to highly reproducible data than merely the ability to feel confident about
the conclusions one draws from them. The ability to forward-integrate the find-
ings of a project and to compare results achieved today with results achieved
next year and last year, without having to repeat the experiments, is key to
managing large projects successfully. Changing transcript-profiling technolo-
gies often results in datasets that are not directly comparable, so deciding upon
and persevering with a particular technology has great value to the analysis of
data in aggregate. An excellent example of this is with the serial analysis of
gene expression (SAGE) technique, where directly comparable data have been
generated by many investigators over the course of decades and are available
online (http://www.ncbi.nlm.nih.gov).

2.9. Data Management

Management and analysis of data is the natural continuation to the discussion
of reproducibility and integration. Some techniques, like differential display,
produce complex data sets that are neither reproducible enough for subsequent
comparisons, nor easily digitized. Microarray and GeneCalling data, however,
can be obtained with software packages that determine the statistical signifi-
cance of the findings and even can organize the findings by molecular function
or biochemical pathways. Such tools offer a substantial advance in the genera-
tion of accretive data. The field of bioinformatics is flourishing as the number
of data points generated by high throughput technologies has rapidly exceeded
the number of biologists to analyze the data.

Reference

I. Ushkaryov, Y. A. and Sudhof, T. C. (1993) Neurexin IIIo: extensive alternative
splicing generates membrane-bound and soluble forms. Proc. Natl. Acad. Sci. USA
90, 6410-6414.
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Gene Expression Quantitation Technology Summary

Richard A. Shimkets

Summary

Scientists routinely talk and write about gene expression and the abundance of
transcripts, but in reality they extrapolate this information from the various mea-
surements that a variety of different technologies provide. Indeed, there are many
reasons why applying different technologies to the problem of transcript abun-
dance may give different results, owing to an incomplete understanding of the
gene in question or from shortcomings in the applications of the technologies.
There are nine basic considerations for making a technology choice for quantitat-
ing gene expression that will impact the overall outcome: architecture, specific-
ity, sensitivity, sample requirement, coverage, throughput, cost, reproducibility,
and data management. These considerations will be discussed in the context of
available technologies.

Key Words: Architecture, bioinformatics, coverage, quantitative, reproducibility,
sensitivity, specificity, throughput

1. Introduction

Owing to the intense interest of many groups in determining transcript levels
in a variety of biological systems, there are a large number of methods that have
been described for gene-expression profiling. Although the actual catalog of
all techniques developed is quite extensive, there are many variations on simi-
lar themes, and thus we have reduced what we present here to those techniques
that represent a distinct technical concept. Within these groups, we discovered
that there are methods that are no longer applied in the scientific community,
not even in the inventor’s laboratory. Thus, we have chosen to focus the methods
chapters of this volume on techniques that are in common use in the community

From: Methods in Molecular Biology, Vol. 258: Gene Expression Profiling: Methods and Protocols
Edited by: R. A. Shimkets © Humana Press Inc., Totowa, N|
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at the time of this writing. This work also introduces two novel technologies,
SEM-PCR and the Invader Assay, that have not been described previously.
Although these methods have not yet been formally peer-reviewed by the sci-
entific community, we feel these approaches merit serious consideration.

In general, methods for determining transcript levels can be based on tran-
script visualization, transcript hybridization, or transcript sequencing (Table 1).

The principle of transcript visualization methods is to generate transcripts
with some visible label, such as radioactivity or fluorescent dyes, to separate
the different transcripts present, and then to quantify by virtue of the label the
relative amount of each transcript present. Real-time methods for measuring
label while a transcript is in the process of being linearly amplified offer an
advantage in some cases over methods where a single time-point is measured.
Many of these methods employ the polymerase chain reaction (PCR), which is
an effective way of increasing copies of rare transcripts and thus making the
techniques more sensitive than those without amplification steps. The risk to
any amplification step, however, is the introduction of amplification biases that
occur when different primer sets are used or when different sequences are ampli-
fied. For example, two different genes amplified with gene-specific primer sets
in adjacent reactions may be at the same abundance level, but because of a ther-
modynamic advantage of one primer set over the other, one of the genes might
give a more robust signal. This property is a challenge to control, except by mul-
tiple independent measurements of the same gene. In addition, two allelic vari-
ants of the same gene may amplify differently if the polymorphism affects the
secondary structure of the amplified fragment, and thus an incorrect result may
be achieved by the genetic variation in the system. As one can imagine, tran-
script visualization methods do not provide an absolute quantity of transcripts
per cell, but are most useful in comparing transcript abundance among multiple
states.

Transcript hybridization methods have a different set of advantages and disad-
vantages. Most hybridization methods utilize a solid substrate, such as a micro-
array, on which DNA sequences are immobilized and then labeled. Test DNA
or RNA is annealed to the solid support and the locations and intensities on the
solid support are measured. In another embodiment, transcripts present in two
samples at the same levels are removed in solution, and only those present at
differential levels are recovered. This suppression subtractive hybridization
method can identify novel genes, unlike hybridizing to a solid support where
information generated is limited to the gene sequences placed on the array.
Limitations to hybridization are those of specificity and sensitivity. In addi-
tion, the position of the probe sequence, typically 20—60 nucleotides in length,
is critical to the detection of a single or multiple splice variants. Hybridization
methods employing cDNA libraries instead of synthetic oligonucleotides give



Technology Summary 9

inconsistent results, such as variations in splicing and not allowing for the test-
ing of the levels of putative transcripts predicted from genomic DNA sequence.

Hybridization specificity can be addressed directly when the genome sequence
of the organism is known, because oligonucleotides can be designed specifically
to detect a single gene and to exclude the detection of related genes. In the ab-
sence of this information, the oligonucleotides cannot be designed to assure
specificity, but there are some guidelines that lead to success. Protein-coding
regions are more conserved at the nucleotide level than untranslated regions,
so avoiding translated regions in favor of regions less likely to be conserved is
useful. However, a substantial amount of alternative splicing occurs immedi-
ately distal to the 3' untranslated region and thus designing in proximity to regions
following the termination codon may be ideal in many cases. Regions contain-
ing repetitive elements, which may occur in the untranslated regions of tran-
scripts, should be avoided.

Several issues make the measurement of transcript levels by hybridization a
relative measurement and not an absolute measurement. Those experienced with
hybridization reactions recognize the different properties of sequences anneal-
ing to their complementary sequences, and thus empirical optimization of tem-
peratures and wash conditions have been integrated into these methods.

Principle disadvantages to hybridization methods, in addition to those of
any closed system, center around the analysis of what is actually being mea-
sured. Typically, small regions are probed and if an oligonucleotide is designed
to a region that is common to multiple transcripts or splice variants, the result-
ing intensity values may be misleading. If the oligonucleotide is designed to an
exon that is not used in one sample of a comparison, the results will indicate
lack of expression, which is incorrect. In addition, hybridization methods may
be less sensitive and may yield a negative result when a positive result is clearly
present through visualization.

The final class of technologies that measure transcript levels, transcript sequenc-
ing, and counting methods can provide absolute levels of a transcript in a cell.
These methods involve capturing the identical piece of all genes of interest,
typically the 3' end of the transcript, and sequencing a small piece. The number
of times each piece was sequenced can be a direct measurement of the abun-
dance of that transcript in that sample. In addition to absolute measurement,
other principle advantages of this method include the simplicity of data inte-
gration and analysis and a general lack of problems with similar or overlapping
transcripts. Principle disadvantages include time and cost, as well as the fact
that determining the identity of a novel gene by only the 10-nucleotide tag is
not trivial.

We would like to mention two additional considerations before providing
detailed descriptions of the most popular techniques. The first is contamination
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