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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).
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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

Fig. 1. Typical gene exon structure.
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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
1. Ushkaryov, Y. A. and Sudhof, T. C. (1993) Neurexin IIIα: 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
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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
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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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Table 1
Common Gene Expression Profiling Methods

Kits Service Detect Detect
Technique Class Architecture  Available  Available  Alt. Splicing SNPs

5'-nuclease assay/real-time RT-PCR Visualization Open Yes No No No
AFLP (amplified-fragment length Visualization Open No No No Yes

polymorphism fingerprinting)
Antisense display Visualization Open No No No No
DDRT-PCR Visualization Open Yes No No No

(differential display RT-PCR)
DEPD (digital expression Visualization Open No No Yes No

pattern display)
Differential hybridization Hybridization Open No No No No

(differential cDNA library screening)
DSC (differential subtraction chain) Hybridization Open No No No No
GeneCalling Visualization Open No Yes Yes Yes
In situ Hybridization Hybridization Closed Yes No No No
Invader Assay Visualization Closed Yes Yes No Yes
Microarray hybridization Hybridization Closed Yes Yes No No
Molecular indexing Visualization Open No No No No

(and computational methods)
MPSS (massively parallel Sequencing Open No No No No

signature sequencing)
Northern-Blotting Hybridization Closed Yes No No No

(Dot-/Slot-Blotting)
Nuclear run on assay/nuclease S1 analysis Visualization Closed Yes No No No
ODD (ordered differential display) Visualization Open No No No No
Quantitative RT-PCR Visualization Closed Yes Yes No No
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RAGE (rapid analysis of gene expression) Visualization Open No No Yes No
RAP-PCR (RNA arbitrarily primed Visualization Open No No No No

PCR fingerprinting)
RDA (representational difference analysis) Visualization Open No No No No
RLCS (restriction landmark cDNA scanning) Visualization Open No No No No
RPA (ribonuclease protection assay) Visualization Open No No No No
RSDD (reciprocal subtraction Visualization Open No No No No

differential display)
SAGE (serial analysis of gene expression) Sequencing Open Yes No No No
SEM-PCR Visualization Closed No Yes No No
SSH (suppression subtractive hybridization) Hybridization Open Yes No Yes No
Suspension arrays with microbeads Hybridization Closed No No No No
TALEST (tandem arrayed ligation Sequencing Open No No No No

of expressed sequence tags)
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of genomic or mitochondrial DNA or unspliced RNA contamination in mes-
senger RNA preparations. Even using oligo-dT selection and DNAse digestion,
DNA and unspliced RNA tends to persist in many RNA preparations. This is
evidenced by an analysis of the human expressed sequence tag (EST) database
for sequences obtained that are clearly intronic or intragenic. These sequences
tile the genome evenly and comprise from 0.5% to up to 5% of the ESTs in a
given sequencing project, across even the most experienced sequencing centers
(unpublished observation). Extremely sensitive technologies can detect the con-
taminating genomic DNA and give false-positive results. A common mistake
when using quantitative PCR methods involves the use of gene-specific primers
to design the primers within the same exon. This often yields a positive result
because a few copies of genomic DNA targets will be present. By designing
primer sets that span large introns, a positive result excludes both genomic DNA
contamination as well as unspliced transcripts. This is not always possible, of
course, in the cases of single-exon genes like olfactory G protein-coupled recep-
tors and in organisms like saccharomyces and fungi where multi-exon genes
are not common. In these cases, a control primer set that will only amplify geno-
mic DNA can aid dramatically in the interpretation of the results.

A final, and practical consideration is to envision the completion of the pro-
ject of interest, because using different quantitation methods will result in the
need for different follow-up work. For example, if a transcript counting method
that reveals 10 nucleotides of sequence is used, how will those data be fol-
lowed up? What prioritization criteria for the analysis will be used, and how will
the full-length sequences and full-length clones, for those genes be obtained?
This may sound like a trivial concern, but in actuality, the generation of large
sets of transcript-abundance data may create a quantity of follow-up work that
may be unwieldy or even unreasonable. Techniques that capture the protein-
coding regions of transcripts, such as GeneCalling, reveal enough information
for many novel genes that may help prioritize their follow-up, rather than 3'-
based methods where there is little ability to prioritize follow-up without a larger
effort. Beginning with the completion of the project in mind allows the researcher
to maximize the time line and probability for completion, as well as produce
the best quality research result in the study of gene expression.
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Standardized RT-PCR and the Standardized
Expression Measurement Center

James C. Willey, Erin L. Crawford, Charles R. Knight,
K. A. Warner, Cheryl A. Motten, Elizabeth A. Herness,
Robert J. Zahorchak, and Timothy G. Graves

Summary
Standardized reverse transcriptase polymerase chain reaction (StaRT-PCR) is

a modification of the competitive template (CT) RT method described by
Gilliland et al. StaRT-PCR allows rapid, reproducible, standardized, quantitative
measurement of data for many genes simultaneously. An internal standard CT is
prepared for each gene, cloned to generate enough for >109 assays and CTs for
up to 1000 genes are mixed together. Each target gene is normalized to a reference
gene to control for cDNA loaded in a standardized mixture of internal standards
(SMIS) into the reaction. Each target gene and reference gene is measured rela-
tive to its respective internal standard within the SMIS. Because each target gene
and reference gene is simultaneously measured relative to a known number of
internal standard molecules in the SMIS, it is possible to report each gene expres-
sion measurement as a numerical value in units of target gene cDNA molecules/
106 reference gene cDNA molecules. Calculation of data in this format allows for
entry into a common databank, direct interexperimental comparison, and combi-
nation of values into interactive gene expression indices.

Key Words: cDNA, expression, mRNA, quantitative, RT- PCR, StaRT-PCR

1. Introduction
With the recent completion of the human genome project, attention is now

focusing on functional genomics. In this context, a key task is to understand
normal and pathological function by empirically correlating gene expression
patterns with known and newly discovered phenotypes. As with other areas of
science, progress in this area will accelerate greatly when there is an accepted
standardized way to measure gene expression (1,2).
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Standardized reverse transcriptase-polymerase chain reaction (StaRT-PCR)
is a modification of the competitive template (CT) reverse transcriptase (RT)
method described by Gilliland et al. (3). StaRT-PCR allows rapid, reproduci-
ble, standardized, and quantitative measurement of data for many genes simul-
taneously (4–15). An internal standard CT is prepared for each target gene and
reference gene (e.g., β-actin and GAPDH), then cloned to generate enough for
>109 assays. Internal standards for up to 1000 genes are quantified and mixed
together in a standardized mixture of internal standards (SMIS). Each target gene
is normalized to a reference gene to control for cDNA loaded into the reaction.
Each target gene and reference gene is measured relative to its respective inter-
nal standard in the SMIS. Because each target gene and reference gene is simul-
taneously measured relative to a known number of internal standard molecules
that have been combined into the SMIS, it is possible to report each gene expres-
sion measurement as a numerical value in units of target gene cDNA molecules/
106 reference gene cDNA molecules. Calculation of data in this format allows
for entry into a common databank (5), direct interexperimental comparison (4–
15), and combination of values into interactive gene expression indices (8,9,11).

With StaRT-PCR, as is clear in the schematic presented in Fig. 1A, expres-
sion of each reference gene (e.g., β-actin) or target gene (e.g., Gene 1–6) in a
sample (for example sample A) is measured relative to its respective internal
standard in the SMIS. Because in each experiment the internal standard for
each gene is present at a fixed concentration relative to all other internal stan-
dards, it is possible to quantify the expression of each gene relative to all others
measured. Furthermore, it is possible to compare data from analysis of sample A
to those from analysis of all other samples, represented as B1-n. This result is a
continuously expanding virtual multiplex experiment. That is, data from an ever-
expanding number of genes and samples may be entered into the same database.
Because the number of molecules for each standard is known, it is possible to
calculate all data in the form of molecules/reference gene molecules.

In contrast, for other multigene methods, such as multiplex real-time RT-
PCR or microarrays, represented in Fig. 1B, expression of each gene is directly
compared from one sample to another and data are in the form of fold differ-
ences. Because of intergene variation in hybridization efficiency and/or PCR
amplification efficiency, and the absence of internal standards to control for these
sources of variation, it is not possible to directly compare expression of one gene
to another in a sample or to obtain values in terms of molecules/molecules of
reference gene.

In numerous studies, StaRT-PCR has provided both intralaboratory (4–15)
and interlaboratory reproducibility (6) sufficient reproducability to detect two-
fold differences in gene expression. StaRT-PCR identifies interactive gene
expression indices associated with lung cancer (8–10), pulmonary sarcoidosis
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(13), cystic fibrosis (14), and chemoresistance in childhood leukemias (11). In a
recent report, StaRT-PCR methods provided reproducible gene expression mea-
surement when StaRT-PCR products were separated and analyzed by matrix-

Fig. 1 (A) Schematic diagram of the relationship among internal standards within
the SMIS and between each internal standard and its respective cDNA from a sample.
The internal standard for each reference gene and target gene is at a fixed concentra-
tion relative to all other internal standards within the SMIS. Within a polymerase chain
reaction (PCR) master mixture, in which a cDNA sample is combined with SMIS, the
concentration of each internal standard is fixed relative to the cDNA representing its
respective gene. In the PCR product from each sample, the number of cDNA mole-
cules representing a gene is measured relative to its respective internal standard rather
than by comparing it to another sample. Because everyone uses the same SMIS, and
there is enough to last 1000 years at the present rate of consumption, all gene expres-
sion measurements may be entered into the same database. (B) Measurement by multi-
plex RT-PCR or microarray analysis. Using these methods each gene scales differently
because of gene-to-gene variation in melting temperature between gene and PCR pri-
mers or gene and sequence on microarray. Consequently, it is possible to compare rela-
tive differences in expression of a gene from one sample to another, but not difference
in expression among many genes in a sample. Further, it is not possible to develop a
reference database, except in relationship to a nonrenewable calibrator sample. More-
over, unless a known quantity of standard template is prepared for each gene, it is not
possible to know how many copies of a gene are expressed in the calibrator sample, or
the samples that are compared to the calibrator.
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assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-
TOF MS) instead of by electrophoresis (16).

In a recent multi-institutional study (6), data generated by StaRT-PCR were
sufficiently reproducible to support development of a meaningful gene expres-
sion database and thereby serve as a common language for gene expression.

StaRT-PCR is easily adapted to automated systems and readily subjected to
quality control. Recently, we established the National Cancer Institute-funded
Standardized Expression Measurement (SEM) Center at the Medical College
of Ohio that utilizes robotic systems to conduct high-throughput StaRT-PCR
gene expression measurement. In the SEM Center, the coefficient of variance
(CV) for StaRT-PCR is less than 15%.

In this chapter, we describe in detail the StaRT-PCR method, comparing
and contrasting StaRT-PCR to real-time RT-PCR, a well-established quantita-
tive RT-PCR method. In addition, we describe the SEM Center, including the
equipment and methods used, how to access it, and the type of data produced.

2. StaRT-PCR vs Real-Time RT-PCR
There are several potential sources of variation in quantitative RT-PCR gene

expression measurement, as outlined in Table 1.
StaRT-PCR, by including internal standards in the form of a SMIS in each

gene expression measurement, controls for each of these sources of variation.
In contrast, using real-time RT-PCR without internal standards, it is possible
to control for some, but not all of these sources of variation. Additionally, with
real-time RT-PCR, control often requires external standard curves, and these add
time and are themselves a potential source of error. These issues are discussed
in this section.

2.1. Control for Variation in Loading of Sample Into PCR Reaction

2.1.1. Rationale for Loading Control

Quantitative RT-PCR without a control for loading has been described (17).
According to this method, quantified amounts of RNA are pipeted into each
PCR reaction. However, there are two major quality control problems with
this approach. First, there is no control for variation in RT from one sample to
another and the effect will be the same as if unidentified, unquantified amounts
of cDNA were loaded into the PCR reaction. It is possible to control for varia-
tion in RT by including a known number of internal standard RNA molecules
in the RNA sample prior to RT (18). However, as described in Subheading
2.2.2., as long as there is control for the cDNA loading into the PCR, there is no
need to control for variation in RT. Second, when gene expression values cor-
relate to the amount of RNA loaded into the RT reaction, pipeting errors are not
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controlled for at two points. First, errors may occur when attempting to put the
same amount of RNA from each sample into respective RT reactions. Second,
if RT and PCR reactions are done separately, errors may occur when pipeting
cDNA from the RT reaction into each individual PCR reaction. These sources
of error may be controlled at the RNA level if an internal standard RNA for
both a reference gene and each target gene were included with the sample prior
to RT. However, this is a very cumbersome process and it limits analysis of the
cDNA to the genes for which an internal standard was included. RT is most
efficient and economical with at least 1 µg of total RNA. However, this amount
of RNA would be sufficient for several hundred StaRT-PCR reactions and much
of the RNA would be wasted if internal standards for only one or two genes
were included prior to RT. Furthermore, internal standards must be within 10-
fold ratio of the gene-specific native template cDNA molecules. It is not pos-
sible to know in advance the correct amount of internal standard for each gene
to include in the RNA prior to RT so RT with a serial dilution of RNA would be
necessary. Moreover, we, along with other investigators (14), have determined
that although RT efficiency varies from one sample to another, the representa-
tion of one gene to another in a sample does not vary among different reverse
transcriptions and so internal standards are not necessary at the RNA extraction
or RT steps. For these and other reasons, it is most practical to control for load-
ing at the cDNA level.

2.1.2. Control for cDNA Loading Relative to Reference Gene

With real-time RT-PCR or StaRT-PCR, control for loading is best done at
the cDNA level by amplifying a reference or “housekeeping” gene at the same
time as the target gene. The reference gene serves as a valuable control for load-
ing cDNA into the PCR reaction provided it does not vary significantly from the
samples being evaluated.

2.1.3. Choice of Reference Gene

Many different genes are used as reference genes. No single gene is ideal for
all studies. For example, β-actin varies little among different normal bronchial
epithelial cell samples (8), however it may vary over 100-fold in samples from
different tissues, such as bronchial epithelial cells compared to lymphocytes.
With StaRT-PCR it is possible to gain understanding regarding intersample
variation in reference gene expression by measuring two reference genes, β-
actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), in every sam-
ple. We previously reported that there is a significant correlation between the
ratio of β-actin/GAPDH expression and cell size (5). This likely is a result of
the role of β-actin in cytoskeleton structure. If the variation in reference gene
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Table 1
Sources of Variation in Quantitative RT-PCR Gene Expression Measurement, and Control Methods

                                              Control Methods

Source of Variation StaRT-PCR1 Real-time

cDNA loading: Resulting from variation in pipeting, quantification, Multiplex Multiplex
reverse transcription. Amplify with Amplify with

Reference Gene Reference Gene
(e.g. β-actin) (e.g. β-actin)

Amplification Efficiency Internal standard
Cycle-to-Cycle Variation: early slow, log-linear, and late slow plateau phases CT for each gene Real-time

in a standardized measurement
mixture of internal
standards (SMIS)

Gene-to-Gene Variation: in efficiency of primers Internal standard External standard curve
CT for each gene  for each gene measured

in a SMIS
Sample-to-Sample Variation: variable presence of an inhibitor of PCR Internal standard Standard curve of

CT for each gene reference sample
in an SMIS compared to

test sample2
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Reaction-to-Reaction Variation: in quality and /or concentration of PCR reagents Internal standard None2

(e.g., primers) CT for each gene
in a SMIS

Reaction-to-Reaction Variation: in presence of an inhibitor of PCR Internal standard None2

CT for each gene
in an SMIS

Position-to-Position Variation: in thermocycler efficiency Internal standard None2

CT for each gene
in an SMIS

1StaRT-PCR involves (a) the measurement at end-point of each gene relative to its corresponding internal standard competitive template to
obtain a numerical value, and (b) comparison of expression of each target gene relative to the β-actin reference gene, to obtain a numerical value
in units of molecules/106 β-actin molecules. Use of references other than β-actin are discussed in text.

2With real-time RT-PCR, variation in the presence of an inhibitor in a sample may be controlled through use of standard curves for each gene
in each sample measured and comparing these data to data obtained for each gene in a “calibrator” sample. However, variation in PCR reaction
efficiency due to inhibitors in samples, variation in PCR reagents, or variation in position within thermocycler may be compensated only through
use of an internal standard for each gene measured in the form of a SMIS. If an internal standard is included in a PCR reaction, quantification may
be made at end-point, and there is no need for kinetic (or real-time) analysis. If internal standards for multiple genes are mixed together in a SMIS
and then used to measure expression for both the target genes and reference gene, this is the patented StaRT-PCR technology, whether it is done
by kinetic (real-time) analysis or at end-point. A SMIS fixes the relative concentration of each internal standard so that it cannot vary from one PCR
reaction to another, whether in the same experiment, or in another experiment on another day, in another laboratory.
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expression exceeds the tolerance level for a particular group of samples being
studied, StaRT-PCR enables at least three alternative ways to normalize data
among the samples, detailed in Subheadings 2.1.4–2.1.6.

2.1.4. Flexible Reference Gene

With StaRT-PCR, because the data are numerical and standardized owing
to the use of a SMIS in each gene expression measurement, it is possible to use
any of the genes measured as the reference for normalization. Thus, if there is
a gene that appears to be less variable than β-actin, all of the data may be nor-
malized to that gene by inverting the gene expression value of the new reference
gene (to 106 β-actin molecules/molecules of reference gene) and multiplying
this factor by all of the data, which initially are in the form of molecules/106

molecules of β-actin. As a result of this operation, the β-actin values will cancel
out and the new reference gene will be in the denominator.

2.1.5. Interactive Gene Expression Indices

An ideal approach to intersample data normalization is to identify one or
more genes that are positively associated with the phenotype being evaluated,
and one or more genes that are negatively associated with the phenotype being
evaluated. An interactive gene expression index (IGEI) is derived, comprising
the positively associated gene(s) on the numerator and an equivalent number
of the negatively associated gene(s) on the denominator. In these balanced
ratios, the β-actin value is canceled. For example, this approach has been used
successfully to identify an IGEI that accurately predicts anti-folate resistance
among childhood leukemias (11).

2.1.6. Normalization Against All Genes Measured

 Because the data are standardized, if sufficient genes are measured in a sam-
ple, it is possible to normalize to all genes (similar to microarrays). The number
of genes that must be measured for this approach to result in adequate normal-
ization may vary depending on the samples being studied.

2.2. Control for Variation in Amplification Efficiency

PCR amplification efficiency may vary from cycle to cycle, from gene to gene,
from sample to sample, and/or from well-to-well within an experiment.

2.2.1. Control for Cycle-to-Cycle Variation in Amplification Efficiency

PCR amplification rate is low in early cycles because the concentration of
the templates is low. After an unpredictable number of cycles, the reaction
enters a log-linear amplification phase. In late cycles, the rate of amplification
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slows as the concentration of PCR products becomes high enough to compete
with primers for binding to templates. With StaRT-PCR (5–15), as with other
forms of competitive template RT-PCR (3,17–20) cycle-to-cycle variation in
PCR reaction amplification efficiency is controlled through the inclusion of a
known number of CT internal standard molecules for each gene measured. The
ability to obtain quantitative PCR amplification at any phase in the PCR process,
including the plateau phase, using CT internal standards has been confirmed
by direct comparison to real-time RT-PCR (22–24).

In contrast, with real-time RT-PCR, cycle-to-cycle variation in amplifica-
tion efficiency is controlled by measuring the PCR product at each cycle, and
taking the definitive measurement when the reaction is in log-linear amplifica-
tion phase. A threshold fluorescence value known to be above the background
and in the log-linear phase is arbitrarily established, and the cycle at which the
PCR product crosses this threshold (CT) is the unit of measurement (25).

2.2.2. Control for Gene-to-Gene Variation in Amplification Efficiency

The efficiency of a pair of primers, as defined by lower detection threshold
(LDT) cannot be predicted even after rigorous sequence analysis with software
designed to identify those with the greatest efficiency. Based on extensive qual-
ity control experience developing gene expression reagents for more than 1000
genes, the LDT for primers thus chosen may vary more than 100,000-fold (from
<10 molecules to 106 molecules). The only way to ensure that the LDT for a pair
primers is below a desired level is to directly measure it with a known number of
template molecules. The only way to do this for a human gene is to either PCR-
amplify, synthesize, and/or clone a sufficient amount to quantify it. Once a suf-
ficient amount has been prepared and quantified, it may be used in an external
standard curve to determine LDT for real-time analysis, or as an internal stan-
dard to determine LDT by CT PCR. In StaRT-PCR an internal standard for each
gene, in the form of a SMIS, is included in each gene expression measurement.

2.2.3. Control for Sample-to-Sample Variation in Amplification Efficiency

Variation in PCR amplification efficiency from sample-to-sample is often
observed (26), possibly resulting from variation in the presence of PCR reaction
inhibitors, such as heme (27,28). Importantly, amplification efficiency for dif-
ferent genes may be affected to different degrees in different samples (26,29).
In part for this reason, lacking proper controls comparison of the target gene to
a reference gene will not be a reliable control for cDNA loading.

1. Internal Standards. With StaRT-PCR, the internal standard CTs control for varia-
tion in amplification efficiency, both among samples within a single experiment
as well as among samples evaluated in multiple different experiments in different
laboratories (4–15) (Fig. 1).
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2. Standard Curve Comparison to Calibrator Samples. In contrast to StaRT-PCR, with
real-time RT-PCR there is no internal control for intersample variation in PCR
amplification efficiency. It is possible to achieve control by using a standard curve
for the test sample and comparing these results to a standard curve for a calibrator
sample (29–31). However, standard curve measurements add time and expense to
the real-time RT-PCR process. For each sample, it is necessary to do between 5 and
6 standard curve measurements along with measurement of the target gene. The
standard curve should be run for each sample because intersample variation in
amplification efficiency because of inhibitors is common and may alter the ∆CT

between a target gene and reference gene (26).
3. Internal Standards in Real-Time. Theoretically, it would be possible to include

internal standard CTs for both the target gene and reference gene in real-time PCR.
For each gene, this would require preparation of one sequence-specific fluores-
cent probe for the NT and another for the CT. A probe specific to the NT would be
homologous to the region that is in the NT but not in the CT. A probe specific to
the CT would be homologous to the novel sequence formed when the reverse CT
primer was incorporated (see Subheading 3.2.2. and Fig. 2). Real-time RT-PCR
using an internal standard for a reference gene and a target gene in an SMIS would
be StaRT-PCR, using a method other than densitometric measurement of electro-
phoretically separated bands to quantify the PCR products. If an SMIS were in-
cluded in the PCR reaction, it no longer would be necessary to monitor the reaction
in real-time, because quantification could be made relative to the internal stan-
dards at any point in the PCR amplification process, including end-point (16,22–
24,33) (Fig. 2).

Fig. 2. (Opposite page) Simultaneous gene expression measurement by StaRT-PCR
and real-time RT-PCR in two different samples. PCR amplification of a native tem-
plate (NT) and respective internal standard competitive template (CT) for a target gene
and reference gene (β-actin). Although StaRT-PCR NT and CT products routinely are
quantified by densitometry at endpoint of PCR following electrophoretic separation
(as represented by the bands labeled NT and CT) this schematic demonstrates how the
reaction would look if measured at each cycle in real-time. For each real-time curve,
the CT is represented by a perpendicular black line. (A) For Sample 1, there were equiva-
lent copies of β-actin NT and CT present at the beginning of the PCR reaction. Thus,
following electrophoresis of the β-actin PCR products, the NT and CT bands are approx-
imately equivalent and during real-time measurement, the fluorescent intensity for the
NT will be about the same as for the CT. The NT/CT ratio is the same at an early cycle
as it is at a late cycle (endpoint) even though the band intensity for both NT and CT is
low at early cycle compared to late cycle. Similarly, the target gene NT band and CT
band are about equivalent and the real-time value for the NT is about the same as for
the CT. The ∆CT between β-actin and the target gene is about 10. Methods for calcu-
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lating numeric value for target gene expression using StaRT-PCR are presented in Fig.
5 and Subheading 3.8. (B) For sample 2, the target gene is expressed at higher level
than in sample 1. In addition, less cDNA was loaded into the PCR reaction and there
were fewer NT then CT copies of β-actin present at the beginning of the PCR reaction.
Thus, at the end of PCR the electrophoretically separated β-actin NT band is less dense
than the CT band, and throughout real-time measurement the fluorescence value of the
NT is less than that of the CT. However, even though less sample 2 cDNA was loaded
into the PCR reaction, the target gene NT band is more dense than the target gene CT
band, and the target gene NT fluorescence value during real-time measurement is higher
throughout PCR and consequently, the ∆CT is less than in sample 1, or about 7. (C) Repeat
analysis of sample 1, but with low efficiency PCR. By real-time RT-PCR, ∆CT is reduced
from 10 to 6, characteristic of inhibitor in sample, inhibitor in well, or inappropriate
concentration of reference gene primers and the result is artifactual. In contrast, by
StaRT-PCR, there is no change in NT/CT ratio for either reference or target gene and
result is the same as in absence of inhibitor. (D) Repeat analysis of sample 1, but with
lower amount of cDNA loaded owing to variation in pipeting.
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2.2.4. Control for Well-to-Well Variation in Amplification Efficiency

Possible sources of well-to-well variation in amplification efficiency include
the presence of an inhibitor in some wells but not others, variation in the tem-
perature cycling between different regions of a thermocycler block, or varia-
tion in concentration or quality of important reagents, such as primers. When
one of these sources of variation markedly reduces PCR amplification efficiency
in a well, it is possible that no PCR product will be observed in that well. Using
real-time RT-PCR without internal standards in each PCR reaction, it is not
possible to know whether to interpret absence or low level of PCR products as
absence of transcript or inefficient PCR amplification (Fig. 2). An external stan-
dard curve would not be helpful because the PCR reactions would take place in
different wells from the test sample. In contrast, using StaRT-PCR with internal
standards in each PCR reaction, it is immediately possible to interpret the result
correctly. The reagents for StaRT-PCR are carefully designed to amplify very
efficiently so that for most genes a single molecule of CT or NT will be expected
to give rise to detectable PCR product after taking stochastic issues into con-
sideration. The lowest concentration of CT molecules present in a StaRT-PCR
reaction is 10−17 M with Mix F (see Subheading 3.4.).

In a 10 µL PCR reaction volume10−17 M represents 60 molecules. With 60
molecules of internal standard present in the PCR reaction and all of the com-
ponents of the PCR reaction functioning properly, if a gene is not expressed in
a sample, the PCR product for the internal standard will be observed but the
PCR product for the NT will not. One can then conclude that the gene expres-
sion was so low that for cDNA included in the PCR reaction there was less than
six molecules (10-fold less than the number of CT molecules) of cDNA repre-
senting that gene. On the other hand, if neither NT nor CT product is detect-
able, the PCR reaction efficiency was suboptimal and no interpretation can be
made regarding level of expression.

2.3. Schematic Comparison of StaRT-PCR to Real-Time RT-PCR

In Fig. 2 is a schematic presentation of the way quantitative measurements
are made in the two forms of quantitative RT-PCR discussed here; real-time
RT-PCR and StaRT-PCR. In real-time, the fluorescent PCR product is mea-
sured at each of 35–40 cycles. As many as four PCR products may be moni-
tored simultaneously in real-time if four different fluors are used. In Fig. 2A,
the NT and CT for β-actin and the NT and CT for the target gene are PCR-ampli-
fied simultaneously.

In StaRT-PCR, the products of endpoint PCR are electrophoretically sepa-
rated and the shorter CT PCR product migrates faster than the NT PCR product.
The PCR products are electrophoresed in the presence of fluorescent interca-
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lating dye and densitometrically quantified. If there is more NT product than
CT product, the NT band will emit a more intense fluorescent light. If there is
more CT product than NT product, the CT band will be brighter. Importantly,
the ratio of NT/CT that is present at the beginning of PCR will remain constant
throughout PCR to endpoint. For this reason, with StaRT-PCR it is not neces-
sary to monitor the PCR reaction in real-time to ensure that the reaction is in
log-linear phase (Fig. 2A). In addition, measurement of both a reference and
a target gene in every PCR reaction controls for loading from one sample to
another (Fig. 2B) or among replicate measurements of the same sample (Fig.
2D). With StaRT-PCR, variation in PCR amplification efficiency caused by the
presence of an inhibitor in the sample, an inhibitor in the PCR reaction vessel,
defective PCR reagent, or wrong concentration of a PCR reagent is controlled
for by the presence of internal standards in every PCR reaction.

With real-time RT-PCR, it is possible to control for loading by measuring
the target gene and reference gene in the same PCR reaction (Fig. 2A,B,D).
The CT for the reference gene and the target gene both may vary from one
experiment to another, but the ∆CT will not vary. However, real-time may not
control for well-to-well variation in the quality or quantity of PCR reagents, or
sample-to-sample variation in PCR efficiency resulting from the presence of
inhibitors, for example, heme Fig. 2C). Presence of an inhibitor may lead to
variation in PCR amplification efficiency of one gene compared to another
(26). A bad lot or inappropriate concentration of primers for the reference gene
or the target gene would cause variation in PCR amplification of one gene
relative to another. As depicted here, (Fig. 2C), amplification efficiency of the
reference gene in sample 1 is affected by low concentration of primer, but
amplification efficiency of the target gene is normal. The result is that the ∆CT

is reduced from ten in Fig. 2A to six in Fig. 2C, and the value for expression of
the target gene is inappropriately high. In contrast, for StaRT-PCR because the
amplification efficiency of the internal standard is affected the same way as the
NT for each gene, the ratio is unchanged in Fig.  2A,C for either reference gene or
target gene, and using the ratio of NT/CT for target gene relative to NT/CT for
reference gene controls for variation in amplification efficiency. See Subhead-
ings 3.6–3.8. for details of how StaRT-PCR data are calculated.

3. StaRT-PCR Method

3.1. Materials

1. StaRT-PCR reagents, including primers and SMIS are purchased from Gene Express,
Inc. (GEI, Toledo, OH).

2. Buffer for Idaho Rapidcycler air thermocycler: 500 mM Tris-HCl, pH 8.3, 2.5 µg/
µL BSA, 30 mM MgCl2 (Idaho Technology, Inc., Idaho Falls, ID).
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3. Buffer for block thermocyclers, Thermo 10 X, 500 mM KCl, 100 mM Tris-HCl,
pH 9.0, 1.0% Triton X-100 (Promega, Madison, WI).

4. Taq polymerase (5U/µL), Moloney Murine Leukemia Virus (MMLV) reverse
transcriptase, MMLV RT 5X first strand buffer: 250 mM Tris-HCl, pH 8.3, 375
mM KCl, 15 mM MgCl2, 50 mM dithiothreitol, oligo dT primers, Rnasin, pGEM
size marker, and deoxynucleotide triphosphates (dNTPs) also are obtained from
Promega.

5. TriReagent is obtained from Molecular Research Center, Inc. (Cincinnati, OH).
6. Ribonuclease (Rnase)-free water and TOPO TA cloning kits are obtained from

Invitrogen (Carlsbad, CA) (see Note 1).
7. GigaPrep plasmid preparation kits are purchased from Qiagen (Texas).
8. Caliper AMS 90SE chips are obtained from Caliper Technologies, Inc. (Mountain

View, CA).
9. DNA purification columns were obtained from QiaQuick (Qiagen, Valencia, CA).

3.2. Methods

3.2.1. RNA Extraction and Reverse Transcription

1. RNA Extraction and Quantification: Pellet the cell suspensions, pour off the super-
natant, and dissolve the pellet in TriReagent and extract according to manufactur-
er’s instructions and previously recorded methods (32). Store the RNA pellet under
ethanol at −80°C, or suspend in RNAse free water, and freeze at −80°C. It may be
safely stored in this condition for years. Evaluate the quality of the RNA on an
Agilent 2100 using the RNA chip, according to manufacturer’s instructions.

2. Reverse Transcription: Reverse transcribe 1 µg total RNA using MMLV RT and an
oligo dT primer as previously reported (35). For small amounts of RNA (e.g. < 100
ng), the efficiency of reverse transcription is better with SensicriptTM than with
MMLV reverse transcriptase. We have obtained efficient RT from as little as 50 ng
of RNA with Sensiscript™. Incubate the reaction at 37°C for 1 h.

3.3. Synthesis and Cloning of Competitive Templates (see Note 2)

3.3.1. Native Template Primer Design

Before constructing the CT for each gene, the primer pair must efficiently
amplify the native cDNA. Design primers with the following characteristics:

1. Amplify from 200 to 850 bases of the coding region of targeted genes
2. Annealing temperature of 58°C (tolerance of +/−1°C) (see Note 3).

3.3.2. Native Template Primer Testing

Design primers according to above steps, synthesize and use to amplify native
template in appropriate cDNA sample. The presence of a single strong band
after 35 cycles of PCR is verification that the primers are efficient and specific
(see Note 4).



StaRT-PCR 27

3.4. Competitive Template Primer Design
After suitable primers for NT amplification have been designed and tested,

prepare a CT primer according to previously described methods (36), as sche-
matically presented in Fig. 3.

1. Competitive Template Primer Testing. The 40 bp CT primer is paired with the
forward primer designed in Subheading 3.3.1. and used to amplify CT from native
cDNA.

Fig. 3. Preparation of internal standard competitive templates. (A) Forward (striped
bar) and reverse (black bar) primers (approx 20 bp in length) that span a 150–850 bp
region are used to amplify the native template (NT) from cDNA. Taq polymerase will
synthesize NT DNA from these primers (dashed lines). (B) After confirming that native
template primers work, a CT primer is designed. This is an approx 40 bp primer with the
sequence for the reverse primer (black bar) at the 5' end, and a 20 bp sequence homolo-
gous to an internal native template sequence (white bar) at the 3' end, collinear with
the reverse primer sequence. The 3' end of this 40 bp primer is designed to be homolo-
gous to a region approx 50–100 bp internal to the reverse primer. The 5' end of this 40
bp primer will hybridize to the region homologous to the reverse primer, while the 3'
end will hybridize to the internal sequence. Importantly, Taq polymerase will be able
to synthesize DNA using only the primers bound at the 3' end (dashed line). (C) In the
next cycle of PCR, the DNA newly synthesized using the 40 bp primer hybridized to the
internal sequence is bound to forward primer (striped bar), and a homologous strand is
synthesized. (D) This generates a double stranded CT with the reverse primer sequence
100 bp closer to the forward primer than occurs naturally in the NT. This method is as
previously described (34).
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3.5. Competitive Template-Internal Standard Production
1. For each gene, set up five 10 µL PCR reactions using the native forward primer

and the CT primer and amplify for 35 cycles.
2. Combine the products of these five PCR reactions, electrophorese on a 3%

NuSieve gel in 1X TAE, and cut the band of correct size from the gel and extract
using the QiaQuick method.

3. Clone the purified PCR products into PCR 2.1 vector using TOPO TA cloning kits
then transform into HS996 (a T1-phage resistant variant of DH10B).

4. After cloning, transformation, and plating on LB plates containing X-Gal, IPTG,
and carbenicillin, pick three isolated white colonies. Prepare plasmid minipreps,
performEcoRI digestion and electrophorese on 3% SeaKem agarose. For those
clones documented to have an insert by EcoRI digestion, confirm the insert to be
the desired one by sequencing the same undigested plasmid preparation using vec-
tor specific primers. Only those clones with homology to the correct gene sequence
and that have 100% match for the primer sequences proceed to large-scale CT
preparation and are included in the standard mixes. Those that pass this quality
control assessment then continued to the next steps.

5. Prepare each quality assured clone in quantities large enough (1.5 L) to allow for
<1 billion assays (approx 2.6mg).

6. Purify plasmids from resultant harvested cells using Qiagen GigaPrep kits.
7. Carefully quantify plasmid yields using a Hoeffer DyNAQuant 210 fluorometer.
8. For each CT that passes all of the defined quality control steps described in step 4,

assess the sensitivity of the cloned CT and primers by performing PCR reactions
on serial dilutions and determine the limiting concentration that still yield a PCR
product. Only those preparations and primers that allow for detection of 60 mole-
cules or fewer (a product obtained with 10−17M CT in 10 µl PCR reaction volume)
are continued for inclusion into SMIS (see Note 5).

3.6. Preparation of Standardized Mixtures of Internal Standards
(SMIS) (see Note 6)

Combine cloned and quantified CTs into SMIS according to modifications
of previously described methods (5,6,36).

1. Mix plasmids from quality assured preparations (see Subheading 3.4.) into SMIS
representing 24 genes.

2. The concentration of the competitive templates in the 24 gene SMIS is 4 × 10−9 M
for β-actin CT, 4 × 10−10 M for GAPD (CT1), 4 × 10−11 M for GAPD (CT2), and
4 × 10−8 M for each of the other CTs (see Note 7).

3. Linearize each 24 gene SMIS by NotI digestion. Incubate the SMIS with NotI enzyme
at a concentration of 1 unit/µg of plasmid DNA in approx 15 mL of buffer at 37°C
for 12–16 h.

4. Combine four linearized 24-gene SMIS in equal amounts to yield 96-gene CT
mixes with a maximum concentration of 10−9 M for β-actin, 10−10 M GAPD (CT1),
10−11 M GAPD (CT2), and 10−8 M for the other CTs.
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5. Serially dilute high concentration SMIS with a reference gene CT mixture com-
prising β-actin CT (10−9 M) and two different GAPD CTs, GAPD CT1 (10−10 M),
and GAPD CT2 (10−11 M). This yields six stock SMIS (A–F) with β-actin, GAPD1
and GAPD2 at constant concentrations of 10−9 M, 10−10 M, and 10−11 M respec-
tively while the concentration of the other CTs in SMIS A–F respectively are 10−8

M, 10−9 M 10−10 M, 10−11 M, 10−12 M, and 10−13 M.
6. Dilute stock concentration SMIS 1000-fold to working solutions containing β-

actin, GAPD1 and GAPD2 at concentrations of 10−12 M, 10−13 M, and 10−14 M re-
spectively while the concentration of the other CTs in SMIS A–F respectively are
10−11 M, 10−12 M 10−13 M, 1014 M, 10−15 M, and 10−16 M.

3.7. StaRT-PCR

StaRT-PCR is performed using previously published protocols (5,6). StaRT-
PCR is performed using previously published protocols (5,6). First, the cDNA
sample is diluted until 1 µL competes equally with 6 × 105 molecules of β-
actin CT (1 µL of SMIS containing10−12 M β-actin CT). The NT/CT must be
greater than 1:10 and less than 10:1 for the measurement to be within linear
dynamic range. Typically, this is the amount of cDNA derived from 100 to1000
cells. Next, this amount of cDNA sample is PCR amplified in multiplex with a
SMIS containing internal standards for reference genes and target genes and
gene specific primers from Gene Express, Inc. as described earlier. As with the
reference gene, the target gene NT/CT must be greater than 1:10 and less than
10:1. Because genes are expressed over more than six orders of magnitude,
this explains why the target gene CTs in each 96-gene SMIS must be 10-fold
serially diluted relative to the reference gene CTs, in mixes A–F. For each 96-
gene SMIS, sufficient amount of A–F mix is prepared for more than 100 bil-
lion assays. Thus, these SMIS are constant and may be used by all labs. This is
schematically represented in Fig. 4. In Fig. 4, genes 6 and 7 are expressed at a
low level in sample A and therefore are measured using SMIS E. In sample B,
genes 6 and 7 are expressed at a higher level and are measured using SMIS C
and D, respectively. All of the values can be compared because all of the SMIS
are standardized and constant. For each experiment, a PCR master mixture is
prepared containing the appropriate amount of cDNA and SMIS for the num-
ber of gene expression assays to be done. Next, the reference gene NT is mea-
sured relative to its CT, and the target gene is measured relative to its CT, and
expression is calculated as target gene molecules/106 β-actin molecules. Briefly,
StaRT-PCR is done by a) including in each PCR reaction a sample of cDNA
and a known amount of SMIS, and b) multiplex RT-PCR amplifying both the
target gene NT and its respective CT and a reference gene (e.g., β-actin) NT
and its respective CT for every gene expression measurement (Figs. 1,3). These
four templates may be amplified in the same tube (4,5) or, if the experiment is
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properly designed, the NT and CT pair for the target gene and the NT and CT
pair for the reference gene may be amplified in separate tubes (5).

3.8. Step-by-Step Description of StaRT-PCR Method

1. Balance cDNA with 6 × 105 β-actin CT molecules (the amount of β-actin CT in
1 µL of SMIS). After establishing the amount of cDNA in balance with 6 × 105

copies of β-actin CT, this amount of cDNA is used in all subsequent experiments
(see Note 8).

2. Combine and mix a volume of cDNA sample (diluted to the level that is in balance
with the amount of β-actin CT in 1 µL of SMIS (6 × 105) molecules, as deter-
mined above) with an equal volume of the appropriate SMIS A–F such that the
target gene NT/CT will be greater than 1/10 and less than 10/1. A 1 µL volume of
each is used for each gene expression assay to be performed (see Note 9). If the
appropriate SMIS is not known for a particular gene in a sample from a particular
type of tissue, expression is measured in both SMIS C and E. This allows mea-
surement over four orders of magnitude. For the few genes expressed at very high
or low level, it will be necessary to repeat analysis with SMIS A or F. In the SEM
Center, described later, the most appropriate SMIS is selected based on data in the
standardized expression database.

Fig. 4. Relationship among mixes serially 10-fold diluted from each 96-gene SMIS.
As described in text, a serial 10-fold dilution, A–F, of target gene internal standards
relative to reference gene internal standards is prepared for each 96-gene SMIS. This
allows StaRT-PCR measurement of each gene, even though different genes may be
expressed over a range of more than 6 orders of magnitude.
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3. Combine cDNA/SMIS mixture from previous step with other components of the
PCR reaction mixture (buffer, dNTPs, Mg++, Taq polymerase, H2O)

4. Prepare tubes or wells with a primer pair for a single gene. If products are to be
analyzed by PE 310 device (see Subheading 3.4.9.) the primers should be labeled
with appropriate fluor.

5. Place aliquots of this PCR reaction mixture into individual tubes each containing
primers for a single gene (see Note 10).

6. PCR Amplification. Cycle each reaction mixture either in an air thermocycler
(e.g., Rapidcycler (Idaho Technology, Inc., Idaho Falls, ID) or block thermocycler
(e.g., PTC-100 block thermal cycler with heated lid, MJ Research, Inc., Incline
Village, NV; laboratories) for 35 cycles. In either thermocycler, the denaturation
temperature is 94°C, the annealing temperature is 58°C, and the elongation tem-
perature is 72°C.

7. Separation and Quantification of NT and CT PCR Products (see Note 11).
a. Agarose gel. Following amplification, load the entire volume of PCR product

(typically 10 µL) into wells of 4% agarose gels (3/1 NuSieve: SeaKem) con-
taining 0.5 µg/mL ethidium bromide. Electrophorese gels for approx 1 h at 225
V in continuously chilled buffer, then visualize and quantify with an image ana-
lyzer (products available from Fotodyne, BioRad).

b. PE Prism 310 Genetic Analyzer CE Device. Amplify PCR products with fluor-
labeled primers. One microliter of each PCR reaction is combined with 9 µL of
formamide and 0.5-0.1 µL of ROX size marker. Heat samples to 94°C for 5
min and flash cooled in an ice slurry. Load samples onto the machine and elec-
trophorese at 15 kV, 60°C for 35–45 min using POP4 polymer and filter set D.
The injection parameters are 15 kV, 5 sec. Fragment analysis software, GeneScan
(Applied Biosystems, Inc., Foster City, CA) is used to quantify peak heights that
are used to calculate NT/CT ratios. No size correction is performed since each
DNA molecule was tagged with one fluorescent marker from one labeled primer.

c. Agilent 2100 Bioanalyzer Microfluidic CE Device. The DNA 7500 or DNA 1000
LabChip kit may be used. Following amplification, load 1 µL of each 10 µL
PCR reaction into a well of a chip prepared according to protocol supplied by
manufacturer. Run DNA assay, which applies a current to each sample sequen-
tially to separate NT from CT. DNA is detected by fluorescence of an interca-
lating dye in the gel-dye matrix. NT/CT ratios are calculated from area under
curve (AUC) and a size correction is made.

d. Caliper AMS 90 Microfluidic CE Device. Set up the PCR reactions in wells of
a 96- or 384-well microplate. Following amplification, place the microplate in
the Caliper AMS 90. Follow the protocol recommended by the manufacturer.
The AMS 90 removes and electrophoreses a sample from each well sequenti-
ally every 30 sec. The NT and CT PCR products are separated and quantified.
Because detection is through fluorescent intercalating dye, size correction is
necessary.

e. MALDI-TOF separation. A method for separating PCR products recently was
described (16). This method may be applied to analysis of StaRT-PCR products
resulting from amplification of cDNA in the presence of SMIS.
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3.9. Steps to Calculate the Number
of NT Molecules Present at the Beginning of PCR for Each Gene

Calculation of gene expression. Values are calculated in units of target gene
cDNA molecules/106 β-actin cDNA molecules. The steps taken to calculate
gene expression are based on densitometric measurement values for the elec-
trophoretically separated NT and CT PCR products such as those presented in
Fig. 5. The calculations below are based on the example in Fig. 5.

1. Correct NT PCR product area under the peak (AUP) to length of CT DNA.
2. Determine ratio of corrected NT AUP relative to CT AUP.
3. Multiply NT/CT value × number of CT molecules at beginning of PCR.
4. Calculation of reference gene (β-actin) molecules using above protocol.

a. 416/532(β-actin CT bp/ NT bp) × 42 (NT AUP) = 33 (corrected NT value).
b. Correct β-actin NT AUP divided by β-actin CT AUP = 0.37.
c. 0.37 (β-actin NT/CT) × 600,000 (number of β-actin CT molecules at beginning

of PCR) = 222,000 NT molecules at beginning of PCR.

Fig. 5. Calculations involved in StaRT-PCR measurement of GST gene expression
relative to β-actin in an actual bronchial epithelial cell (BEC) sample. The native tem-
plate (NT) PCR product was amplified from cDNA specific for the gene being mea-
sured, and the competitive template (CT) PCR product was amplified from the internal
standard for each respective gene. A volume of SMIS containing a known number of
internal standard CT molecules for β-actin (600,000) and GST (6000) were included
at the beginning of the PCR reaction. For each gene the NT and CT will amplify with the
same efficiency. Thus, the β-actin gene NT/CT PCR product ratio allows determination
of the number of β-actin NT copies at the beginning of PCR and the target gene NT/CT
ratio allows determination of the number of target gene NT copies at the beginning of
PCR. See text for steps used to calculate gene expression values.
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5. Calculation of target gene (GST) molecules using above protocol:
a. 227/359 (GST CT bp/NT bp) × 1.5 (NT AUP) = 0.95 (corrected NT AUP).
b. 0.95 (GST corrected NT AUP) divided by 4.4 (GST CT AUP) = 0.22.
c. 0.22 (GST NT/CT) × 6000 (number of GST CT molecules at beginning of PCR)

= 1290 GST NT molecules at beginning of PCR.
6. Calculation of molecules of GST/106β-actin molecules

1290 GST NT molecules/222,000 β-actin NT molecules = 580 GST molecules/106
β-actin molecules.

4. The Standardized Expression Measurement Center
The SEM Center was recently established at the Medical College of Ohio

through a grant from the National Cancer Institute. The SEM Center is in oper-
ation and available for use at www.geneexpressinc.com.

Currently, microarray technology is the starting point for most large-scale gene
expression profiling investigations. However, owing to limits in lower detec-
tion threshold and sensitivity, and lack of internal standards, microarray tech-
nology is most appropriately applied as a screening tool. For most applications,
data obtained through microarray analysis must be validated by a more sensi-
tive and quantitative method. Most investigators use a quantitative RT-PCR
method for this purpose.

The purpose of the SEM Center is to provide standardized, reproducible,
gene expression measurement. The SEM Center achieves these goals by using
StaRT-PCR. Further, StaRT-PCR is easily automated and subjected to quality
control, which is critical for analysis of clinical specimens.

The SEM Center function is similar to that of a DNA sequencing service.
Thus, users send their RNA or cDNA samples to the SEM Center for analysis.
Users select a set of genes for measurement and send a requisition listing these
selected genes (available at the SEM Center website) along with the samples.

4.1. Technology Incorporated by the SEM Center

A PE Robotic liquid handler is used to prepare 10 µL PCR reactions in 96-
well or 384-well microplates. First, the liquid handler is programmed to dis-
tribute 1 µL of primers for the requested genes into wells of the microplates.
Second, for each cDNA a sufficient volume of PCR mixture for the anticipated
number of gene expression measurements is prepared, containing buffer, Taq
polymerase, dNTPs, cDNA and internal standards. The robot then distributes 9
µL of this PCR reaction mixture into each well. Thus, in each well the internal
standard CTs for each gene and cDNA are present in the same ratio, however,
because only one pair of primers is present in each well, only one gene and its
respective internal standard CT are amplified in each well. Following 35 cycles
of PCR, each microplate is transferred to the Caliper AMS 90 for analysis.
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When StaRT-PCR was first developed, products were separated on agarose
gels (4,5). This method is reliable but relatively costly, time consuming, and
labor intensive. Through advances in capillary electrophoresis (CE), alternative
methods for separation of StaRT-PCR products that are faster and less expensive
have become available. We compared separation of StaRT-PCR products on
agarose gel, PE 310 CE, and Agilent 2100 Bioanalyzer mcrofluidic CE (31).
Each of these methods provided the same, reproducible results. Theoretically,
the internal standard mixtures prepared for StaRT-PCR may be used to mea-
sure gene expression coupled with any method capable of quantifying strands
of DNA with different sizes, including HPLC and mass spectrometry. Quan-
tification of gene expression through analysis of RT-PCR products by MALDI-
TOF MS has been recently described (16).

Currently, the Caliper AMS 90 is used for high-throughput separation of
StaRT-PCR products in the SEM Center. This device is capable of 1000 gene
expression assays in eight hours. The SEM Center employs a microfluidic chip
with a sipper that moves from well to well of a microplate, aspirating and then
electrophoretically separating StaRT-PCR products every 30 s. This allows anal-
ysis of a 384-well plate in approx 3 h, which is comparable to the throughput
of the fastest real-time devices.

4.2. Design of High-Throughput StaRT-PCR Experiments

All of the genes that are to be measured in a given sample are measured simulta-
neously. Owing to the presence of SMIS in every PCR reaction, gene expression
values for one sample may be compared to gene expression values from another
sample and evaluated at a different time (Fig. 1A).

PCR products (NT and CT) for as many as four genes may be electrophoresed
(separated and quantified) in the same microfluidic channel of the AMS 90SE.
Accomplishing this in the high-throughput SEM Center requires software that
identifies genes that may be electrophoresed simultaneously, based on the length
in base pairs (bp) of the NT and CT PCR products. As described in Subheading
3. for each gene, the primers and CTs are designed to amplify PCR products that
range from 150–850 bp. Thus, for every set of genes to be analyzed, the software
must identify which genes may be electrophoresed together.

4.3. Use of Multiplex StaRT-PCR to Reduce cDNA Consumption

An advantage of quantitative RT-PCR as a tool for measuring gene expres-
sion is that it consumes very small amounts of cDNA. This enables meaningful
analysis of very small-tissue biopsy samples, such as those obtained by fine-
needle aspirate. Despite the low amount of cDNA required in quantitative RT-
PCR, high-throughput analysis of many genes simultaneously will consume large
amounts of cDNA for each sample, possibly limiting the analysis of small sam-
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ples. However, multiplex StaRT-PCR methods recently described (7) may
solve this problem. It should be possible to combine nanotechnology methods
for manipulating small liquid volumes with multiplex StaRT-PCR methods to
decrease the PCR reaction volumes to 10–100 nL.

The multiplex StaRT-PCR method involves two rounds of PCR. In the first
round, cDNA, CT mix, and primers for up to 96 genes are amplified for 35
cycles. Next, PCR products from round one are diluted, combined with prim-
ers for one gene, and amplified for an additional 35 cycles. No additional CT or
cDNA is added. Products from round one may be diluted as much as 100,000-
fold and still be quantified following round two amplification. Thus, using
multiplex StaRT-PCR, 96 genes may be measured in the same amount of cDNA
typically used to measure one gene with uniplex StaRT-PCR. The gene expres-
sion values obtained for multiplex StaRT-PCR are highly correlated with those
obtained by uniplex StaRT-PCR (7).

Multiplex StaRT-PCR works because gene expression measurements are
determined by the ratio of NT/CT for each gene and not by the absolute amount
of NT PCR product. For each gene, NT and CT are amplified with the same pri-
mers, share sequence homology, and amplify with equal efficiencies (7). There-
fore, differences in amplification efficiency will not affect the measured relative
level of expression between genes in different samples even after two rounds
of amplification.

4.4. Other SEM Center Services

The SEM Center provides other services besides gene expression measure-
ment, and these are listed on the requisition that may be downloaded from www.
geneexpressing.com. Users may submit cDNA or RNA samples. RNA samples
will be assessed for quality on an Agilent 2100 RNA chip. If the RNA quality
is good, it will be reverse transcribed. The amount of cDNA produced will be
quantified by measuring the number of β-actin molecules in a serially diluted
sample. If sufficient cDNA is present for the requested number of gene expres-
sion measurements, the SEM Center will proceed with the order. If there is
insufficient amount of cDNA, the user will be notified and asked to prioritize
genes to be measured, or send more RNA or cDNA.

4.5. Standardized Gene Expression Database

Users send samples to the SEM Center without any annotating information
and with a requisition that includes an attestation that any primary human
samples were obtained under approved and active IRB protocol. Because no
potentially identifying information is provided, the SEM Center is exempted
from the need to obtain an Institutional Review Board protocol for each set of
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samples submitted. As soon as an order is completed, the data are sent by email
and a hard copy sent to the user. Each user is encouraged to send the annotating
information as soon as possible. It is hoped that users will send the annotating
information as soon as a manuscript containing the data is accepted for publica-
tion, or sooner. An annotated standardized gene expression database will be
key for advances in research as well as for developing clinical tests.

5. Notes
1. The quality of the RNase-free water is critical to efficient extraction of intact RNA.

We have found that it is more cost effective to purchase reliable RNase-free water
from commercial sources than it is to prepare our own. Either inadequate DEPC
treatment or inadequate removal of DEPC after treatment can inhibit reverse tran-
scription and PCR (see Subheading 3.1.6.).

2. Internal standard CTs are constructed by Gene Express, Inc. (GEI, Toledo, OH)
based on previously described methods (5,6,36) (see Subheading 3.3.).

3. Use Primer 3.1 software (Steve Rozen, Helen J. Skaletsky, 1996, 1997) Primer 3.
Code available at http://www-genome.wi.mit.edu/genome_software /other/primer3.
html) to design primers. Designing primers with the same annealing temperature
allows StaRT-PCR reactions to achieve approximately the same amplification eff-
iciency under identical conditions. If there is variation in amplification efficiency
it does not cause variation in quantitative value because the value is obtained from
the ratio between the NT and CT for the same gene, and amplification efficiency
of the NT and CT for the same gene are affected identically.

Designing primers that amplify different sized products for different genes will
support automation and high-throughput applications, including capillary gel and
microchannel CE. Primer sequences and Genbank accession numbers for genes
designed by GEI are available at www.geneexpressinc.com. (see Subheading 3.3.1.).

4. Primers are tested using reverse transcribed RNA from a variety of tissues or indi-
vidual cDNA clones known to represent the gene of interest. Primer pairs that fail
to amplify the target gene in any tissue or individual cDNA clone (less than 10%
of the time) are redesigned and the process repeated (see Subheading 3.3.2.).

5. The number of molecules at different molarities is a multiple of six as a conse-
quence of Avogadro’s Number (6.02 × 1023 molecules/mole). More than 80% of
the CTs developed have a sensitivity of six molecules or less. Thus, for these genes,
it is possible to measure as few as 10 molecules/ 106 β-actin molecules. Because
there are approximately 100–1000 β-actin molecules per cell for most cell types,
this level of sensitivity allows measurement of 1 molecule per 100–1000 cells. At
the other end of the expression spectrum, SMIS A will allow measurement of more
than 107 molecules/106 molecules of β-actin (103–104 molecules/cell). In our
experience, few genes approach this level of expression, examples include UGB
(Genbank no. U01101) and vimentin (X56134) (unpublished data). Thus, SMIS
A–F should allow measurement of gene expression over the full spectrum observed
in human tissues (see Subheading 3.6.).
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6. The process of identifying primers that lead to high PCR amplification efficiency
for both the NT and CT, preparing large amounts of the CT through cloning,
quantifying the CTs, and mixing the CTs into SMIS, transforms CTs into internal
standards. Thus, CTs are the raw material necessary for development of the much
more valuable product (see Subheading 3.6.).

7. The reason for two different GAPD CTs is that the expression of GAPD relative
to β-actin may vary as much as 100-fold from one tissue type to another. Having
two different concentrations of GAPD CT relative to β-actin enables comparison
of GAPD to β-actin in all samples. These comparisons are helpful in determining
intersample variation in expression of reference genes (see Subheading 3.7.).

8. For each cDNA sample, it is necessary to determine the dilution of the test cDNA
that is approximately (within 10-fold range) in balance with 600,000 copies of β-
actin (1 µL of SMIS containing β-actin CT at 10−12 M). This is approximately the
amount of cDNA derived from 100 to 1000 cells. This amount will ensure that
there is sufficient cDNA to quantify genes expressed at low levels. If the goal is to
have at least 10 transcripts present at the beginning of PCR to avoid stoichiomet-
ric problems, this amount of cDNA will allow quantification of genes expressed
as low as 1 transcript in every 10–100 cells. If less sensitivity is required, less cDNA
may be used. Thus, one could choose to use the amount of cDNA in balance with
60,000 molecules of β-actin CT. This will not allow measurement of genes expressed
at very low levels, but will be sufficient for analysis of most genes and will reduce
consumption of cDNA 10-fold. This may be useful when analyzing very small
biopsy specimens for diagnostic tests. For each of the SMIS A–F, 1 µl of CT mix
contains 600,000 molecules of β-actin CT, thus any of the SMIS could be used for
this purpose of balancing cDNA with β-actin. The standard operating procedure is
to use SMIS F.

A common mistake for beginning users of StaRT-PCR is to balance the cDNA
with the β-actin in the SMIS initially, and then, when the target gene NT and CT
are not in balance, vary the amount of cDNA in the PCR reaction mixture to get
the target gene NT/CT in balance. Instead, keep the amount of cDNA constant and
change the SMIS used. The SMIS have been prepared for measurement of genes
across the full range of gene expression measurement (6 orders of magnitude).
Because the NT/CT ratio must be within 10-fold ratio in order to obtain reliable,
reproducible quantification, six different SMIS have been prepared, containing
10-fold serial dilution of all target gene CTs relative to reference gene CT. If SMIS
D were used to measure a target gene, and the target gene NT was more than 10-fold
greater than the CT, the next step would be to repeat the experiment with the same
amount of cDNA, but using SMIS C, which has a 10-fold higher concentration of
target gene CT (see Subheading 3.8.).

9. The StaRT-PCR method standardizes every gene expression measurement so that
it can be readily compared to all other StaRT-PCR measurements. The procedure
described in this step allows one to compare the NT/CT ratio for the reference gene
to the NT/CT ratio for the target gene in a reliable way that controls for variation
in pipeting. This step commonly is carried out incorrectly by users of StaRT-PCR.
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For example, it is common for users to aliquot SMIS sufficient for a single gene
expression measurement into each separate PCR reaction mixture, and then aliquot
cDNA for a single measurement into each tube. Owing to pipeting errors, this
would be associated with variation in the NT/CT ratio of each target gene relative
to the NT/CT ratio for the reference gene, as well as that for other target genes.

The SMIS (A, B, C, D, E, or F) selected will be the one containing CT at the
concentration most likely, based on previous experience, to be in balance (within
10-fold range) with the gene or genes being assessed (see Subheading 3.8.2.).

10. In Subheading 3.8.5. of this experimental design, the ratio of CT for every gene
in the mixture relative to its corresponding NT in the cDNA is fixed simultaneously.
When aliquots of this mixture are transferred to PCR reaction vessels, although
variations in loading volumes resulting from pipeting errors are unavoidable, there
is no potential for variation in any target gene NT/CT ratio relative to reference
gene NT/CT ratio. In addition, it enables standardized expression measurement.
In order to ensure control for loading in each experiment, the reference gene (β-
actin) is measured along with the target genes for each different master mix utilized.
The choice of which four SMIS to use is based on previous experience. For exam-
ple, if among all previous samples a gene has been expressed within a range of
101–103 molecules/106 β-actin molecules, the gene will be measured using SMIS E.
In contrast, if among all previous samples, a gene has been expressed within a range
of 105–107 molecules/106 β-actin molecules, the gene will be measured using SMIS
B. For the rare samples that express the gene outside of the expected ranges, a fol-
low-up analysis with the appropriate CT mix is performed.

11. Electrophoresis may occur in an agarose gel, capillary electrophoresis device (e.g.,
PE 310), or microfluidic CE device (e.g., Agilent 2100 or Calipertech AMS 90
high-throughput system). If an agarose gel is used, electrophoresis is for one hour
at 225 V through agarose gel. If a CE device or microfluidic CE device is used,
electrophoresis is according to the manufacturer’s instructions. Following electro-
phoresis, the relative amount of NT and CT is determined by densitometric quan-
tification of bands that have been stained by an intercalating dye (e.g., ethidium
bromide). Theoretically, the internal standard mixtures prepared for StaRT-PCR
may be used to measure gene expression using any method capable of quantify-
ing strands of DNA with different sizes and/or sequence, including solid phase
hybridization MALDI-TOF and HPLC (see Subheading 3.8.7.).

The calculation steps presented in Subheading 3.9. have been incorporated
into a spreadsheet. Thus, the user simply enters the raw values for the NT, CT,
and heterodimer PCR products for each gene into the spreadsheet, and the expres-
sion value for the gene in molecules/106 β-actin molecules is automatically calcu-
lated. Software now in development will automatically enter the peak area values
for each NT and CT PCR product into a spread sheet. The spreadsheet will auto-
matically calculate expression value or, if the NT/CT ratio is not in balance, will
instruct the robotic liquid handler on how to set up the next experiment.
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GeneCalling

Transcript Profiling Coupled to a Gene Database Query

Richard A. Shimkets

Summary
We describe the GeneCalling method for the discovery of differentially expressed

genes, both known and novel, from any species including useful sequence infor-
mation to determine the potential function of novel genes captured. The method
relies on transcript visualization coupled to a database query to rapidly and quanti-
tatively identify differentially expressed transcripts. The method has been applied
to a wide variety of disease models in a variety of species, addressing problems
as diverse as identifying novel human cancer gene targets, understanding how
drugs and diet affect animal models of disease, and understanding the basis of
trait differences in related strains of corn.

Key Words: Bioinformatics, cDNA, disease, GeneCalling, mRNA

1. Introduction
The comprehensive discovery of differences in gene expression among

samples is a powerful method of identifying genes associated with diseases,
traits, and biological responses to chemicals. Existing methods for expression
analysis fall into three general classes: transcript sampling by sequencing (1–3),
transcript amplification and imaging (4–8) and hybridization-based approaches
(9–13). Serial analysis of gene expression (SAGE) (2), a cost-effective tran-
script-counting technique, is limited by the small amount of sequence informa-
tion obtained for each gene. Transcript sequencing following subtractive hybrid-
ization also identifies differentially expressed genes, but is limited to binary
comparisons (3). Transcript imaging approaches such as differential display
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(4), partitioning by type IIS restriction enzymes (6), representational differ-
ence analysis (RDA) (7), and amplified fragment length polymorphism (AFLP)
(8) are rapid, and in theory, are comprehensive because they utilize banding pat-
terns that are dependent on gene expression. However, each of these approaches
requires a time-consuming cloning and confirmation process for determination
of the identity of differentially expressed gene fragments.

The development of microarrays has revolutionized the capacity of hybrid-
ization techniques (9–13) to identify differences in gene expression. Hybridi-
zation approaches are rapid and immediately provide the identity of differen-
tially expressed genes of known sequence. However, hybridization methods
are limited by an inability to detect or discover completely novel genes with
no expressed sequence tags (EST) representation, thus making work in most
organisms impossible.

We describe here the GeneCalling® method for the discovery of differen-
tially expressed genes, both known and novel, from any species and with use-
ful sequence information to determine the potential function of novel genes
captured (Fig. 1) (14). The method has been applied to a wide variety of dis-
ease models in a wide variety of species, addressing problems as diverse as
identifying novel human cancer gene targets (15,16), understanding how drugs
and diet affect animal models of disease (17,18), and understanding the basis
of trait differences in related strains of corn (19,20).

2. Materials
1. Trizol (BRL, Grand Island NY).
2. Bromochloropropane (Molecular Research Center Inc., Cincinnati, OH).
3. DNAse I (Promega, Madison, WI).
4. Dithiothreitol (DTT) (BRL, Grand Island, NY)
5. RNasin (Promega, Madison, WI).
6. OliGreen (Molecular Probes, Eugene, OR).
7. Oligo(dT) magnetic beads (PerSeptive, Cambridge, MA).
8. Superscript II reverse transcriptase (BRL, Grand Island, NY).
9. E. coli DNA ligase (BRL, Grand Island, NY).

10. E. coli DNA polymerase (BRL, Grand Island, NY).
11. E. coli RNase H (BRL, Grand Island, NY).
12. Arctic shrimp alkaline phosphatase (USB, Cleveland, OH).
13. PicoGreen (Molecular Probes, Eugene, OR).
14. Klentaq (Clontech Advantage).
15. PFU (Stratagene, La Jolla, CA).
16. MPG streptavidin beads (CPG).
17. TAMRA- and ROX-tagged molecular size standard (PE-Applied Biosystems, Fos-

ter City, CA).
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3. Methods

3.1. GeneCalling Chemistry
1. Isolate total cellular RNA with Trizol using one-tenth volume of bromochloropro-

pane for phase separation.
2. Remove contaminating DNA by treatment with DNAse I in the presence of 0.01 M

DTT and 1 unit/µl Rnasin. Following phenol/chloroform extraction, evaluate RNA
quality by spectrophotometry and formaldehyde agarose gel electrophoresis, and
estimate RNA yield by fluorometry with OliGreen. Prepare Poly-A+ RNA from 100
µg total RNA using oligo(dT) magnetic beads, and quantitate with fluorometry.

3. Prepare first strand cDNA from 1.0 µg of poly(A) + RNA with 200 pmols oligo(dT)
25V (V = A, C, or G) using 400 units of Superscript II reverse transcriptase.

4. Second strand synthesis is performed at 16°C for 2 h following the addition of 10
units of E. coli DNA ligase, 40 units of E. coli DNA polymerase, and 3.5 units of
E. coli RNase H. Next, add 5 units of T4 DNA polymerase, and continue incuba-
tion at 16°C for 5 min. Treat the reaction with 5 units of arctic shrimp alkaline phos-
phatase at 37°C for 30 min, and purify cDNA by phenol/chloroform extraction.

5. Estimate the yield of cDNA using fluorometry with PicoGreen.
6. Perform cDNA fragmentation, tagging, and amplification in a three-step process.

Achieve fragmentation by restriction enzyme digestions in a 50 µL reaction mix
containing 5 units of each restriction enzyme, 1 ng of double-stranded cDNA and
5 µL of the appropriate 10 X buffer restriction endonuclease buffer. Coverage of
most mRNAs is achieved by performing 80 separate sets of cDNA fragmentation
reactions, each with a different pair of restriction enzymes.

7. Tagging is achieved by ligation of amplification cassettes with ends compatible to
the 5' and 3' ends of the cDNA fragments. Incubate the ligation at 16°C for 1 h in
10 mM ATP, 2.5% PEG, 10 units T4 DNA ligase and 1 X ligase buffer.

8. Amplification is achieved by the addition of the following reagents: 2 µL 10 mM
dNTP, 5 µL 10 X TB buffer (500 mM Tris-HCl, 160 mM (NH4)2SO4, 20 mM
MgCl2, pH 9.15), 0.25 µL Klentaq:PFU (16/1), 32.75 µL H2O. 20 cycles of ampli-
fication (30 s at 96°C, 1 min at 57°C, 2 min at 72°C) are followed by 10 min at
72°C.

9. Perform PCR product purification by using MPG streptavidin beads. After wash-
ing the beads twice with buffer 1 (3 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH
7.5), 20 µL of buffer 1 is mixed with the PCR product for 10 min at room tempera-
ture, separated with a magnet, and washed once with buffer 2 (10 mM Tris-HCl, 1
mM EDTA, pH 8.0). Dry the beads and resuspend in 3 µL of buffer 3 (80% (v/v)
formamide, 4 mM EDTA, 5% TAMRA- or ROX-tagged molecular size standard.

10. Following denaturation (96°C for 3 min), samples are loaded onto 5% polyacryla-
mide, 6M urea, 0.5 X TBE ultrathin gels and electrophoresed on a Niagara instru-
ment. The primary components of the Niagara gel electrophoresis system are an
interchangeable horizontal ultrathin gel cassette mounted in a platform employing
stationary laser excitation and a multicolor CCD imaging system. Each gel cas-
sette is loaded in four cycles of 12 wide (48 lanes total) directly from a 96-well
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plate using a robotic arm. The Niagara system has the advantage of high through-
put, with separation of fragments between 30 and 450 bases in 45 min. Alterna-
tively, vertical electrophoresis or capillary electrophoresis can be used.

11. PCR products are visualized by virtue of the fluorescent FAM label at the 5' end
of one of the PCR primers, which ensures that all detected fragments have been
digested by both enzymes.

3.2. Gel Interpretation

The output of the electrophoresis instruments are processed using the Java-
based internet-ready Open Genome Initiative (OGI) software suite. First, gel
images are visually checked and tracked. Each lane contains the FAM-labeled
products of a single GeneCalling reaction plus a sizing ladder spanning the
range from 50 to 500 bp. The ladder peaks provide a correlation between camera
frames (collected at 1 Hz) and DNA fragment size in base pairs. After track-
ing, lanes are extracted and the peaks in the sizing ladder are found. Linear
interpolation between the ladder peaks is used to convert the fluorescence traces
from frames to base pairs. A final quality control step checks for low signal-to-
noise, poor peak resolution, missing ladder peaks, and lane-to-lane bleed. Data
that pass all of these criteria are submitted as point-by-point length vs ampli-
tude addresses to an Oracle 8 database.

3.3. Difference Identification

For each restriction-enzyme pair per sample set, calculate a composite trace
by compiling all the individual sample replicates followed by application of a
scaling algorithm for best-fit to normalize the traces of the experimental set vs
that of the control. The scaled traces are then compared on a point-by-point
basis to define areas of amplitude difference that meet the minimum prespeci-
fied threshold for a significant difference. Once a region of difference is identi-
fied, the local maximum for the corresponding traces of each set is then identified.
The variance of the difference is determined by

σ2
∆ ( j) = λ1 ( j)2 σ2

Total ( j:S1) + λ2 ( j)2 σ2
Total ( j:S2)

where λ1( j) and λ2( j) represent scaling factors and ( j/S) represents the trace com-
posite values over multiple samples. The probability that the difference is sta-
tistically significant is calculated by

1 −y 2

P( j) = 1 −�dy exp
√ 2πσ2

∆ 2σ2
∆

where y is the relative intensity. All difference peaks are stored as unique data-
base addresses in the specified expression difference analysis.

( )
∆

−∆
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3.4. Gene Identification
cDNA fragments representing differentially expressed genes can be identi-

fied by database searching with the six base-pair restriction enzyme recognition
sequences at the fragment ends and the exact length of each fragment (deter-
mined electrophoretically, subtracting linker length) (see Note 1). Database search-
ing for genes predicted to have restriction fragments of matching lengths enables
the immediate identification of all of the genes whose sequences reside in that
database and flags fragments derived from novel genes by virtue of their absence
from the database. Given a three-nucleotide size window, database lookup can
provide a unique assignment of gene identity. The detection of multiple frag-
ments derived from the same gene that show differential expression of the same
directional modulation increases the likelihood that the prediction of the gene
identity is correct (Fig. 2).

Database lookup can provide a unique assignment of gene identity, and the
detection of multiple fragments derived from the same gene that show differen-
tial expression of the same directional modulation increases the likelihood that
the prediction of the gene identity is correct.

3.5. Gene Confirmation by Oligonucleotide Poisoning
Restriction fragments that map end sequence and length to known genes in

the species of interest are used as templates for the design of unlabeled oligo-
nucleotide primers. An unlabeled oligonucleotide designed against one end of
the restriction fragment is added in excess to the original reaction, and is ream-
plified for an additional 15 cycles. This reaction is then electrophoresed and
compared to a control reaction reamplified without the unlabeled oligonucle-
otide to evaluate the selective diminution of the peak of interest.

4. Notes
1. Because the biotin label is necessary for purification and the FAM label is neces-

sary for detection, all detected fragments result from restriction digestion with both
enzymes. Typically 96 GeneCalling reactions are performed, each with a separate
pair of endonucleases, on triplicate samples.

The principle advantages of GeneCalling include the flexibility to discover
known and novel dysregulated genes, the ability to apply this technology to any
organism containing tangible RNA, the capturing of the transcript’s center,
which provides protein-coding information, the ability to sensitively distinguish
rare and abundant transcripts, the ability to independently measure transcript
abundance multiple independent times in a single experiment, and the ability
to comprehensively measure the majority of transcripts in a cell. These charac-
teristics make GeneCalling an attractive system for the drug discovery industry
as well as a variety of other molecular biology applications.
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Fig. 2. GeneCalling example data.
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Invader Assay for RNA Quantitation

Marilyn C. Olson, Tsetska Takova, LuAnne Chehak,
Michelle L. Curtis, Sarah M. Olson, and Robert W. Kwiatkowski

Summary

The Invader® assay is a homogeneous, isothermal, signal amplification sys-
tem for the quantitative detection of nucleic acids. The assay can directly detect
either DNA or RNA without target amplification or reverse transcription. It is
based on the ability of Cleavase® enzymes to recognize as a substrate and cleave
a specific nucleic acid structure generated through the hybridization of two oli-
gonucleotides to the target sequence. The combination of sequence-specific oligo-
nucleotide hybridization and structure-specific enzymatic cleavage results in a
highly specific assay well suited for discriminating closely related gene sequences.
This includes detection of single nucleotide polymorphisms directly from geno-
mic DNA as well as highly homologous mRNAs in closely related gene families.
Because Cleavase® substrate recognition is structure, and not sequence dependent,
cleavage and detection can be applied to virtually any DNA or RNA sequence.

Key Words: Cleavase, hybridizationcDNA, Invader, mRNA

1. Introduction
The Invader® assay is a homogenous, isothermal, signal amplification system

for the quantitative detection of nucleic acids (1–3). The assay can directly detect
either DNA or RNA without target amplification or reverse transcription. It is
based on the ability of Cleavase® enzymes to recognize as a substrate and cleave
a specific nucleic acid structure generated through the association of two oligonu-
cleotides (oligo)s with the target sequence (4,5). The combination of sequence-
specific oligonucleotide hybridization and structure-specific enzymatic cleavage
results in a highly specific assay well suited for discriminating closely related
gene sequences. This includes detection of single nucleotide polymorphisms
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(SNPs) directly from genomic DNA (1,6,7) as well as highly homologous mRNAs
in closely related gene families (3,8). Because Cleavase substrate recognition
is structure, and not sequence dependent, cleavage and detection can be applied
to virtually any DNA or RNA sequence.

A schematic representation of the Invader RNA Assay is shown in Fig. 1. In
the primary reaction, the Invader oligo and probe bind specifically to the RNA
target and form a one-base overlap, or invasive, structure. The probe consists
of a 3' target specific region (TSR) and a 5' flap that is not complementary to the
target. The thermostable Cleavase enzyme recognizes the invasive structure
formed by the Invader and probe oligos as a substrate and precisely cleaves the
5' flap at the position where the 3' end of the Invader oligo overlaps the probe
and target (indicated by the arrow in Fig. 1).

Fig. 1. Schematic representation of the biplex Invader RNA assay. (A) Primary Reac-
tion: Probes and Invader Oligos form an invasive structure on the RNA targets. Arrow
indicates the cleavage site. (B) Secondary Reaction: cleaved 5' flaps (generated in the
primary reaction) and the FRET oligos bind to the secondary reaction template (SRT)
to form invasive structures recognized by the Cleavase enzyme. Cleavage between the
fluorophore (F or R) and the quencher molecule (Q) generates fluorescence signal.
The Arrestor oligos sequester the uncleaved probes.
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The cleavage product therefore includes the 5' flap plus one base of the TSR. The
melting temperature (Tm) of the probe TSR is designed to be approx 60°C.

The probe is inherently unstable and “cycles” at the 60°C isothermal reac-
tion temperature, going through multiple rounds of association and dissocia-
tion per minute. In contrast, the Invader oligo remains bound to the RNA target.
Turnover (association, cleavage, dissociation, and replacement) of the probe,
which is present in excess, occurs rapidly. Thus, multiple copies of the probe
oligo are cleaved for each copy of the target sequence, without temperature
cycling. Typically, 20–30 probes are cleaved per RNA target per minute result-
ing in signal amplification of approx 2000-fold per target in a 1-h primary
reaction (9). The cleavage products ( 5' flaps) accumulate linearly at a rate propor-
tional to the amount of target in the original sample.

The addition of a secondary reaction provides further signal amplification and
a universal detection mechanism. In the secondary reaction, the cleavage prod-
uct of the primary reaction (the cleaved 5' flap plus one base of the TSR) hybrid-
izes with the Secondary Reaction Template (SRT) and forms a one-base invasive
structure with a fluorescence resonance energy transfer (FRET) oligo. Enzyma-
tic cleavage of the FRET oligo separates a fluorophore (F) from a quencher mole-
cule (Q) to generate signal. Multiple FRET oligos can be cleaved for each 5'
flap generated in the primary reaction resulting in an overall amplification of
fluorescence signal of approx 106-fold. The sequence and length of the 5' flap
is designed so that it remains bound to the SRT, which is required for efficient
signal generation. However, uncleaved probes carried over from the primary
reaction can also bind stably to the SRT and inhibit signal generation in the sec-
ondary reaction by competing with the cleaved 5' flaps. Adding an Arrestor
oligo to the secondary reaction reduces competitive inhibition. The Arrestor oligo
is complementary to the probe TSR and a portion of the 5' flap and is therefore
able to sequester the uncleaved probe. This prevents the uncleaved probes, but
not the 5' flaps, from binding to the SRT during the secondary reaction. The 5'
flap, SRT and FRET oligo are not target-specific therefore the same detection
oligos can be used for many different genes which simplifies assay design and
lowers production costs.

The biplex Invader RNA assay format enables simultaneous detection of
two different genes within the same sample (3). This is accomplished by using
two unique 5' flaps on the target specific probes that differ in sequence but
have similar Tm so that both 5' flaps can bind to their complementary SRTs at
the 60°C reaction temperature. Typically, one 5' flap sequence is used for detec-
tion of genes of interest and the other 5' flap sequence for housekeeping genes.
This enables assays for any one of several different housekeeping genes to be
readily combined with an mRNA assay for added flexibility. Two different SRT
and FRET oligos are used in the biplex assay. The FRET oligos contain a Z28
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quencher molecule (Epoch Biosciences, WA) and two spectrally distinct fluoro-
phores FAM (F) and Redmond Red™ (R) (Epoch Biosciences). The biplex for-
mat permits normalization to an internal control (housekeeping gene).

2. Materials

2.1. Sample Preparation
1. Total RNA can be isolated from cells or tissues using standard reagents such as

TRIzol® (Invitrogen, Carlsbad CA, cat. no. 15596–026 ) or RNeasy® (Qiagen, Valen-
cia, CA, cat. no. 74124). Store total RNA samples at −70°C.

2. Cell lysates are prepared using a lysis buffer containing 20 mM Tris-HCl, pH 8,
5 mM MgCl2,0.5% NP40, 20 ng/µL of tRNA.

3. tRNA carrier at 20 ng/µL (Sigma, cat. no. R-5636) is used as a no target control
and for preparation of in vitro transcript dilutions.

4. PBS, no MgCl2/no CaCl2 (for cell lysate preparation only).
5. RNase-free (DEPC-treated) H2O.

2.2. Invader RNA Assay Reagents

2.2.1. Oligonucleotides
1. Gene-specific oligos: The Probe, Invader oligo, Arrestor and Stacker (optional).

Assays are available from Third Wave Technologies for a number of genes. All
predeveloped assays contain primary oligo mixes and secondary detection oligos
along with a corresponding RNA standard (in vitro transcript RNA). The target
specific region of the probe is designed to maintain specificity through appropri-
ate site selection that is dependent on the target of interest. Optimum signal genera-
tion at a predetermined reaction temperature of 60°C is achieved by adjusting the
length of the target-specific region (TSR) so that the Tm is close to 60°C. Invader
Creator™ software (Third Wave Technologies) is used to make the Invader assay-spe-
cific adjustments to nearest neighbor Tm predictions (10,11). The 5'-flap sequence
is chosen for compatibility with predeveloped secondary detection components.

2. Detection Oligos: Secondary Reaction Templates (SRT) and FRET Oligos.
Detection oligos are available from Third Wave Technologies for use with the
standard 5' flaps (see Subheading 3.1.2.) FAM (cat. no. 91–242) and Red (cat.
no. 91–241).
All diluted oligos should be stored at −20°C.

2.2.2. Generic Reagents

Generic Reagents kits optimized for the Invader RNA Assay (Third Wave
Technologies, cat. no. 91–080) contain the following components:

1. 40 ng/µL Cleavase IX Enzyme.
2. RNA primary buffer: 25 mM MOPS, pH.7.5, 250 mM KCl, 0.125% Tween-20,

0.125% NP-40, 31.25 mM MgSO4, 10% PEG.
3. RNA secondary buffer: 87.5 mM MgSO4.
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4. tRNA carrier: 20 ng/µL.
5. T10e0.1 buffer: 10 mM Tris-HCl, pH 8, 0.1mM EDTA.
6. 10X Cell lysis buffer: 200 mM Tris-HCl, pH 7.5, 50 mM MgCl2 200 µg/mL tRNA,

5% NP-40.
Generic reagents should be stored at −20°C.
Reagents required but not provided in the kit include RNase-free mineral oil
(Sigma, cat. no. M-5904) or Clear Chill-out™ liquid wax (MJ Research, cat. no.
CHO-1411) used for preventing reagent evaporation during incubation.

2.3. Equipment and Disposables
1. Fluorescence plate reader with filters that accommodate the following wavelength

and bandwidth properties:
FAM Dye - Excitation 485 nm/20nm and Emission 530 nm/25nm
Redmond Red™ Dye - Excitation 560 nm/20nm and Emission 620 nm/40nm

2. Thermal cycler or oven for 60°C incubation (or 75°C for cell lysate preparation)
3. 96-well polypropylene skirted microplate (MJ Research, cat. no. MSP-9601/natural).

3. Methods

3.1. Invader RNA Assay Design

3.1.1. Determining the Cleavage Site on the Target RNA

Invader RNA Assays can be designed to be highly specific. To do this, the
RNA sequence must be analyzed prior to assay design to determine whether
homologous sequences exist. Sequence alignments between related RNAs
identify nonhomologous regions for positioning the cleavage site. A single base
difference is sufficient for discrimination, however, locating regions where
multiple nonhomologous bases exist (especially in the probe region) can maxi-
mize specificity. The following procedure is used when designing assays for
closely related RNAs:

1. Identify any homologous gene sequences using NCBI Blast. http://www.ncbi.nlm.
nih.gov/BLAST

2. If homologous sequences exist, use an alignment program such as the Megalign
module of the DNAStar Sequence Analysis Package (DNAStar, Madison, WI) to
locate sites of discrimination.

3. Design Invader and probe oligo sets so that at least probe position 1 (cleavage site),
and preferably position 2 or -1 are located at a nonhomologous site (see Fig. 2).

4. Verify specificity of design by blasting the sequence of the region covered by the
Invader Assay oligonucleotides.

Invader RNA Assays may also be designed to eliminate cross reactivity with
genomic DNA. The Invader and Probe oligos can be targeted to span splice
junctions so that the invasive structure required for cleavage is created only on
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mature mRNA but is not formed on unspliced genomic DNA. Splice junctions
are typically listed in the GenBank report (intron/exon sites), but may also be
identified by aligning the mRNA and gene sequences. Assay oligo sets are
designed with the cleavage site as close to the splice junction as possible. If
introns do not exist, cross-reactivity with genomic DNA is avoided through
reaction conditions. Specifically, the optimum temperature for detection of
any sequence differs on a DNA or RNA target. The lack of a denaturation step
in the RNA assay also limits the signal from duplex DNA targets. We have dem-
onstrated that the combination of these factors is sufficient to avoid cross-reac-
tivity between RNA and genomic DNA. Finally, the RNA preparation method
can be adapted to eliminate or reduce the amount of DNA contamination.

Another consideration in the selection of the cleavage sites is the accessibility
of the target site for hybridization of the Invader assay oligonucleotides. Secon-
dary and tertiary structures characteristic of RNA render much of the sequence
inaccessible for hybridization in solution. Because success of the Invader RNA
assay depends upon rapid cycling of the signal oligonucleotide probes, we have
devised strategies to identify accessible sites on RNA.

The RNAstructure software predicts RNA secondary structure. It is available
on the Turner Lab Homepage http://rna.chem.rochester.edu/RNAstructure.
html. The Oligo Walk module of RNAstructure selects sites that are more likely
to be accessible for oligonucleotide binding (12). Oligo walk uses a set of
thermodynamic parameters for RNA, DNA, and their hybrids in an algorithm
that relies on mfold for RNA secondary structure prediction. OligoWalk analy-
sis is performed with a 10 base oligonucleotide to resemble the average length
of the target specific region of the probe. The affinity of the oligomer to its
target is expressed as an overall Gibbs free energy change of a self-structured
oligomer and of a target associating into an oligomer -target complex. The low-
est negative values generally indicate the most favorable sites for oligonucleo-
tides to bind. The probe (especially the 3' end) is designed to hybridize to these
favorable sites. The most inaccessible regions have positive binding energy
values and generally are poor sites for assay probe design

Another approach is to experimentally determine accessible sites using the
Reverse Transcriptase-Random Oligonucleotide Libraries (RT-ROL) (13). This
technique was applied to several different mRNAs. In each case, only a limited
number of “accessible” sites were identified (between 5 and 15 on each mRNA).
We have observed that Invader assays designed to the identified accessible re-
gions were more sensitive than standard assays. For instance, using this method we
have developed an assay that can detect less than 1000 copies of HIV viral RNA
(3) whereas the standard RNA assay limit of detection is typically 6000 copies.
However, the RT-ROL method is more laborious and is only used in cases where
high sensitivity is critical.
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The sensitivity of the Invader assay is improved by including a stacking oligo
that may create a more accessible region on the RNA target. This oligonucle-
otide binds to the RNA target and is designed to coaxially stack (14) with the 3'
end of the probe as shown in Fig. 2. The assay performance can be improved
further by incorporating 2'-O Me bases into the stacker oligo particularly at the
5' end. Because the stacking interaction increases oligo stability, the probe can
be shortened, reducing the probability of deleterious inter- and intramolecular
structures interfering with signal generation.

3.1.2. Invader Assay Oligonucleotide Designs

1. Invader oligo design: The Invader oligo is designed so that the Tm is approx78°C
or 15°–20°C higher than the Tm of the TSR of the probe. This increases the prob-
ability of generating cleavable struture each time the probe cycles on and off the
target. The last base at the 3' end of the Invader oligo that overlaps the probe and
target, does not need to match the target. In fact, the cleavage rate is typically
enhanced by an Invader oligo with a mismatched 3' base. The relative cleavage
efficiencies of 3' mismatches have been experimentally determined. Preferred 3'
mismatch bases are automatically incorporated into Invader oligos when using
the Invader Creator™ software (Third Wave Technologies). The 3' mismatch also
permits the use of a universal detection oligos since the 3' end of the cleaved flap
(one nucleotide of the probe TSR) does not need to match the secondary reaction
template. The bases immediately upstream of the 3'-end must hybridize to the
target in order to stabilize the invasion and direct cleavage of the probe.

2. Probe oligo design: The probe oligo consists of two regions; a 3' TSR and a 5' flap
that is not complementary to the target. The probe TSR is typically designed so
that the Tm is approx 60°C because both the primary and secondary Invader reac-
tions are optimized to perform at this temperature. Assays have been designed to
primary reaction temperatures ranging from 50 to 68°C but these assays are not
isothermal when using the standard 5' flaps and detection oligos. The actual opti-
mum primary reaction temperature can be determined for each oligo set by testing
performance at varying temperatures in a gradient thermal cycler. For any given
design, peak performance is observed over a 2–4 degree range. Theoretically, the
optimum temperature can be shifted in either direction by lengthening or shorten-
ing the TSR of the primary probe. However, a minimum length of nine bases (exclu-
sive of the flap) is required for proper substrate recognition, and lengthening the
oligonucleotide increases the risk of forming inter- or intramolecular interactions
that can negatively impact performance. Probes are blocked at the 3' end of the
oligo with an amine group to prevent possible background signal through hybrid-
ization with the SRT, but this may be not necessary for all designs.

The 5' flap of the probe oligo can vary from 1 to 15 nucleotides in length as long
as the sequence does not form stable inter or intramolecular structures. Standard
5' flap sequences have been optimized for optimal performance at 60°C. Oligos
containing the following 5' flap sequences are used with the generic detection oligos
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available from Third Wave Technologies: FAM dye, 5'-AACGAGGCGCAC-3' and
for the Redmond Red dye, 5'-CCGCCGAGATCAC-3'.

3. Stacker oligo design: The stacker oligo is designed to stably bind to the RNA tar-
get and coaxially stack (14) with the 3' end of the probe, thus increasing the probe
Tm. Therefore, designs that incorporate a stacker oligo allow shorter probes to
effectively cycle at 60°C. Assay performance is improved by incorporating 2'O-
methyl bases into the stacker oligo particularly when 3–5 bases at the 5' end are
modified. The 2'O-Me bases also increase the Tm of the oligo (approx 0.5–0.8
degrees/base) when hybridized to a RNA target so shorter oligos remain bound
at the 60°C reaction temperature. We routinely incorporate 2'O-Me bases in the
entire stacker oligo sequence to ensure stable hybridization to the RNA target and
to standardize designs. The use of stacker oligos has been shown to improve assay
sensitivity but may not be necessary when designing to highly expressed genes
such as housekeeping genes.

4. Arrestor oligo design: The Arrestor oligo is used to functionally, but not physi-
cally remove the probe from the secondary reaction. Its effects can include both
lower background and increased signal. It is designed to be complementary to the
probe TSR and extend six bases into the 5' flap. The use of 2'-O-methyl bases renders
the probe/arrestor complex resistant to Cleavase enzyme activity.

5. Secondary Reaction Templates and FRET oligos. The secondary reaction template
is designed to hybridize to both the cleaved 5' flap and FRET oligo. FRET oligos
contain either a FAM or Redmond Red™ (Epoch Biosciences) fluorophores and a
Z28 dark quencher molecule (Epoch Biosciences). The following SRT sequences
are used with the 5' flap sequences mentioned above:
FAM dye detection, 5'-CCAGGAAGCAAGTGGTGCGCCTCGUUU-3'
Red dye detection, 5'-CGCAGTGAGAATGAGGTGATCTCGGCGGU-3'
The underlined bases indicate 2'O-methylated nucleotides. The following FRET
sequences are used:
FAM- 5'-CAC(Z28)TGCTTCGTGG-3'
Red dye - 5'-CTC(Z28)TTCTCAGTGCG-3'

3.1.3. Oligonucleotide Purification and Preparation

Oligonucleotides should be diluted and stored in T10e0.1 (10mM Tris-HCl,
0.1mM EDTA, pH 8.0). Mix oligonucleotide stocks prior to dilution and quan-
tization of all oligos. We recommend vortexing the oligo solution followed by
brief centrifugation. Quantitate oligos by determining the absorbance at 260 nm.
Table 1 describes the oligonucleotide purification methods and concentrations
commonly used in the Invader assay. The probe and FRET oligos should be
purified by anion exchange high-performance liquid chromatography (HPLC)
because products of incomplete synthesis can cause nonspecific background
signal in the Invader assay. HPLC purification of the Invader oligo and stacker
oligo is not essential. These oligos can be purifed by NAP desalt, however, sig-
nal may be slightly reduced.
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3.2. Sample Preparation

3.2.1. Total RNA Preparation

1. Prepare total RNA from cells or tissues according to manufacturer’s instructions.
2. Dilute total RNA samples with RNase-free dH2O. We typically use 50–100 ng of

total RNA per reaction but this can vary depending on expression level of the gene.
A preliminary experiment is recommended to determine the amount of total RNA
(1–100 ng) that generates signal in the linear quantitation range of the assay. High
total RNA concentrations (>500 ng/reaction) can inhibit the Invader Assay.

3.2.2. Cell Lysate Preparation

This method is used for adherent cells cultured in 96-well tissue culture plates
(10,000–40,000 cells per well).

1. Prepare 1X Cell lysis buffer.
2. Remove culture medium without disturbing the cell monolayer.
3. Wash the cells once with 200 µL of PBS (no MgCl2/no CaCl2). Blot off excess

solution because residual PBS can inhibit the assay.
4. Add 40 µL of 1X Cell Lysis Buffer per well. Lyse cells at room temperature for

3–5 min.
5. Transfer 25 µL of each lysate sample to a polypropylene microplate.

Table 1
Invader RNA Assay Oligonucleotide Purification and Reaction Concentrations

Working Stock Reaction
Oligo Type Purification Concentration  Concentration

Probe Anion exchange 40 µM 10 µMa

HPLC/C18 desalt
Invader oligo Anion exchange 20 µM 5 µMa

HPLC/NAP desalt
Stacker oligo Anion exchange 12 µM 3 µMa

HPLC/NAP desalt
Arrestor oligo NAP desalt 26.7 µM 2.67 µMb

Anion exchange
Secondary Reaction Template HPLC/NAP desalt 1.0 µM 0.1 µMb

FRET oligo Anion exchange 6.7 µM 0.67 µMb

HPLC/NAP desalt
aFinal concentrations of primary reaction oligos (Probe, Invader and Stacker) in a 10 µL reac-

tion volume.
bFinal concentrations of secondary reaction oligos (Arrestor, secondary reaction template and

FRET) in a 15 µL (final) reaction volume.
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6. Overlay lysate samples with 10 µL of Chill-out™( liquid wax or mineral oil (not
necessary if using a heated-lid thermal cycler).

7. Cover microplate with well tape. Immediately heat lysates at 75°C for 15 min in a
thermal cycler or oven to inactivate cellular nucleases.

8. After the heat inactivation step, add the lysate samples directly to the primary
reaction or immediately store at −70°C. Long term stability has not been estab-
lished and may differ depending on the gene or cell type.

3.2.3. RNA Standard Preparation

The RNA standards or positive controls used in the Invader RNA assays are
in vitro transcripts with known concentrations. Serial dilutions of in vitro tran-
scripts are used to generate a standard curve and determine the dynamic range
and detection limit of a specific Invader assay design (15). The standard curve
is used to accurately quantify specific RNA levels in either total RNA or cell
lysate samples.

3.3. Invader RNA Assay

1. Prepare samples and RNA standard dilutions. Example dilution series can be found
in the Invader RNA assay product information sheets (15).

2. Prepare primary reaction mix for either the signal or biplex assay format (see
Table 2). To calculate the volumes of reaction components needed for the assay,
multiply the number of reactions by 1.25.

3. Mix well and add 5 µL of primary reaction mix to each well of the polypropylene
microplate.

Table 2
Invader RNA Assay Primary Reaction Mix
Preparation for Single and Biplex Assay Formats

Reaction Components 1X Volume

Single Assay Format
RNA Primary Buffer 1 4.0  µL
Primary Oligos (Gene 1) 0.25 µL
T10e0.1 Buffer 0.25 µL
Cleavase® IX enzyme 0.5 µL

Total Mix Volume 5.0  µL

Biplex Assay Format
RNA Primary Buffer 1 4.0  µL
Primary Oligos (Gene 1) 0.25 µL
Primary Oligos (Gene 2) 0.25 µL
Cleavase® IX enzyme 0.5  µL

Total Mix Volume 5.0  µL
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4. Add 5 µL of controls or samples and mix by pipeting up and down once or twice.
A no target control should be included to determine background signal.

5. Overlay each reaction with 10 µL of Chill-out™ liquid wax or mineral oil.
6. Incubate the microplate for 90 min at 60°C.
7. Prepare secondary reaction for either a single or biplex reaction format (see Table 3).

Calculate the volumes required by multiplying the number of reactions by 1.25.
8. Add 5 µL of secondary reaction mix per well below the Chill-out liquid wax or

mineral oil layer using a multichannel pipet. Mix by pipeting up and down once
or twice.

9. Incubate the microplate for 60 or 90 min at 60°C.
10. Directly read the plate in a fluorescence plate reader (FAM dye: Ex. 485/20 nm,

Em. 530/25 nm, Redmond Red Dye: Ex. 560/20 nm, Em. 620/40 nm). Optimal
gain settings can vary between instruments. Adjust the gain as needed to give the
best signal/background ratio (sample raw signal divided by the No Target Control
signal). The probe height of the fluorescence plate reader may need to be adjusted
and a new plate definition map should be created for the microplate (consult the
manufacturer’s instructions).

11. If the plate cannot be read soon after the secondary incubation is completed, the
reaction can be stopped by adding 10 µL of 10 mM Tris-HCl, 100 mM EDTA to
each well. After stopping the reaction, cover the plate in the dark at room tem-
perature for up to 24 h.

3.4. Data Analysis

1. Import the microplate data into Microsoft® Excel or other data analysis program.
Determine the average values for the controls and samples (average signal) and
calculate the standard deviation (SD) and % coefficient of variance [% CV = (SD/
average signal) × 100].

2. To determine signal/background, divide the average positive control or unknown
sample signal by the average no target control signal.

3. To determine net signal, subtract the average no target control signal from the aver-
age positive control or unknown sample signal. Generate a standard curve with
the positive control net signal values using an appropriate curve fit equation. The
polynomial equation is used to fit the data for the samples to the standard curve.
The quadratic equation will determine the quantity (x) of a sample. The accuracy
of the standard curve can be verified by back-calculating the level of each posi-
tive control using the net signal values and the standard curve equation. An exam-
ple of the data analysis is shown in Fig. 3.

4. Calculate RNA levels in unknown samples by using the standard curve equation
derived in step 3 and each sample’s net signal value. Differences in RNA levels
can be determined using appropriate statistical analysis, such as the 95% confi-
dence intervals (95% CI) or t-test. The limit of detection (LOD) for a given assay
typically corresponds to a Signal/Background value ≥ 1.15 and the t-test from the
no target control of less than 0.05. Absolute quantitation requires a standard curve.
Relative quantitation does not require a standard curve but can be determined from
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Fig. 3. Quantitation of IL8 mRNA in cell lysate samples. Human IL8 mRNA was
quantitated in MG-63 (American Type Culture Collection, Manassas, VA) cell lysate
samples by generating a standard curve with in vitro transcript RNA. Lysates from
1250 cells were added to the Invader assay (n = 3 for each in vitro transcript RNA
standard, n = 8 for cell lysate samples).

Table 3
Invader RNA Assay Secondary Reaction Mix
Preparation for Single and Biplex Assay Formats

Reaction Components 1X Volume

Single Assay Format
RNA Secondary Buffer 1  2.0 µL
Secondary Oligos (Gene 1)  1.5 µL
T10e0.1 Buffer  1.5 µL

Total Mix Volume  5.0 µL

Biplex Assay Format
RNA Secondary Buffer 1  2.0 µL
Secondary Oligos (Gene 1)  1.5 µL
Secondary Oligos (Gene 2)  1.5 µL

Total Mix Volume  5.0 µL
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Table 4
Trouble Shooting Guide

Problem Cause Solution

Low Signal • Fluorescence plate reader was not correctly set up. • Check that the appropriate excitation and emission
Generation/ filters are in place and the instrument is set to read
No Signal from the top of the plate.
Generation • Adjust the gain setting for the best signal/noise ratio.

• Probe height may need to be adjusted and a new plate
definition should be created according to the
manufacturer’s instructions.

• Potential RNase contamination of the samples • Always wear gloves when handling reaction
and reagents. components and use RNase-free solutions and

equipment.
• Oligonucleotides or targets were diluted improperly. • If a dilution error is suspected, repeat dilution.
• Oligos were diluted in 10 mM Tris-HCl, 1 mM • Use only 10 mM Tris-HCl, 0.1 mM EDTA to dilute

EDTA rather than 10 mM Tris-HCl, 0.1 mM EDTA. oligonucleotides.
• The Arrestor, SRT or FRET oligo was not added. • Repeat reactions with the three essential oligos

added in the secondary reaction mix.
• Incorrect detection oligos were added. • Repeat run using correct components (i.e., SRT needs

to bind with the cleaved 5' flap and FRET oligo).
High • Target added to the No Target Control. • Check plate layout and repeat run.
Background • The Probe or FRET oligo was not purified • Purify Probe and FRET oligo using anion exchange

as recommended. HPLC.
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Fig. 2. Discrimination of CYP3A5 mRNA. CYP3A5 Invader RNA assay design and sequence alignment of the homologous
3A4, 3A5, and 3A7 mRNAs (deviations shown on bottom two rows). The sequences of the Invader, Probe and Stacker oligos
are indicated above the alignment. The boxed base in the probe designates position 1. Positions -1 and +2 refer to bases on the
left and right of the boxed base respectively.
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Assay Not • Incubation time was reduced. • Incubate both the primary and secondary reactions for
Sensitive the recommended times. The secondary reaction time
enough can be increased provided that the background is low.

• Design does not include stacker oligo. • Redesign with stacker oligo.
• The primary reaction has an optimum temperature • Verify primary reaction temperature by testing Invader

other than 60°C. reactions, including negative controls and 1–2 moles
of target, at 60 +/−5°C. If the reaction peak is below
58°C, increase the length of the probe by one base. If
the reaction peak is above 62°C, decrease the length
of the probe by one base. Alternatively, the primary
reaction can be performed at the optimal primary
reaction temperature with a 60°C secondary reaction
incubation.

High variation • Incomplete mixing. • Thoroughly mix all reagents before dispensing into
between reaction plate. The secondary reaction mix should be
replicate added beneath the overlay.
samples • Pipeting error. • When using a multi-channel pipet, visually inspect

tips when aspirating solution to ensure that reagent
volumes are equal in all channels.

• Reaction evaporation. • Overlay the reactions with Chill-out liquid wax or
RNase-free mineral oil.

Signal • Total RNA is contaminated with genomic DNA. • Use a RNA isolation method that minimizes the
inhibition presence of genomic DNA.
from Total • Too much total RNA was added to the assay. • Add 0.1 to 200 ng of total RNA per reaction
RNA or Cell depending on expression level of the gene. Do not
lysate samples add more than 500 ng of total RNA.

• Cell lysate preparation contained residual PBS • Remove PBS by gently blotting the tissue culture
(>5 µL). plate on absorbent paper or thorough aspiration.

• Cells were washed with PBS that contained CaCl2 • Wash cells with PBS that does not contain CaCl2
and MgCl2. and MgCl2.
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the sample net signal values that fall within the linear range of the assay. For rela-
tive quantitation, the no target control is required to determine background signal.
Additionally, sample signals can be normalized to an invariant housekeeping gene
signal using the biplex format for the Invader RNA assay.

4. Notes
1. Use RNase-free disposables and reagents for sample and reaction preparation.
2. The dynamic range of the assay is typically limited to 2–3 logs when using an

endpoint read method. Varying the secondary reaction time, sample concentra-
tion or using a real-time fluorescence plate reader can extend the dynamic range
of the assay.

3. Agarose gel electrophoresis and ethidium bromide staining can assess the purity and
integrity of the RNA sample. Genomic DNA can inhibit signal generation if present
at high levels and lead to inaccurate RNA quantitation if using A260 measurements.

4. High background signal can be caused by unpurified probes and FRET oligos. Anion
exchange high-performance liquid chromatography is the recommend purification
for these oligos. Although we routinely synthesize Invader Assay oligonucleotides
at Third Wave Technologies, oligos have been synthesized by commercial suppli-
ers including Qiagen Operon (CA) and BioSearch Technologies Inc. (CA).

5. When preparing cell lysates, be sure to remove residual PBS before lysing the cells
because PBS can inhibit the assay. If the lysate samples are generating unusually
high signal across the entire plate, the cellular nucleases may not be heat inacti-
vated. Make sure lysates are heated at 75°C for at least 15 min.

6. In vitro transcript dilutions should be stored in tRNA carrier 20 ng/µL (Sigma,
cat. no. R-5636) at −20°C or −70°C (for long-term storage).
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Monitoring Eukaryotic Gene Expression
Using Oligonucleotide Microarrays
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Summary
An increasing number of biological and medical research questions depend on

obtaining global views of gene expression. In this chapter, we will describe how
oligonucleotide microarrays have been used to accomplish this goal. In particu-
lar, we will focus on the use of GeneChip arrays®, which provide high levels of
reproducibility, sensitivity, and specificity. Target preparation, hybridization,
washing, signal detection, and data analysis will be described in detail. Addition-
ally, we will discuss options for facilitating data sharing, including the creation
of databases, and the use of internet tools that help users place their results in the
context of data from public and proprietary databases.

There is so much interest and innovation in the field of genomics that proto-
cols are constantly evolving. This chapter should be used as a genomic profiling
guide only. We urge readers to consult www.affymetrix.com for the most current
products and protocols.

Key Words: High-density oligonucleotide microarray, DNA microarray, gene
expression, expression profiling, genomics

1. Introduction
The analysis of gene expression is key to addressing a wide variety of medi-

cal and biological research questions, including the dissection of basic biolog-
ical processes, the classification of disease, and the identification of new drug
targets. Until recently, comparing expression levels across different tissues or
cells was restricted to monitoring a few genes at a time. Using DNA microarrays,
however, it is possible to monitor the activities of thousands of genes at once (1).

Global analyses of gene expression can be useful for obtaining in-depth views
of cell function. It is estimated, for example, that between 0.2 and 10% of all
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transcripts in a typical mammalian cell are differentially expressed between
cancer and normal tissues (2). Whole-genome analyses are also useful because
they provide a powerful tool to search through the activities of thousands of
genes and identify key players (3,4). In addition, large-scale analyses of expres-
sion allow investigators to generate robust classifiers of disease that can outper-
form traditional, single-marker tests (5,6). Moreover, these analyses frequently
yield information that extend beyond the study’s original aims. A study designed
to identify expression patterns that correlate with a clinical outcome, for exam-
ple, may also generate insights into the disorder’s basic biology, as well as iden-
tify candidate drug targets (5–7).

In this chapter, we describe the use of GeneChip® probe arrays, oligonucle-
otide microarrays that allow global analyses of gene expression with a high
degree of reproducibility, sensitivity, and specificity (8). Unlike other micro-
arrays, GeneChip probe arrays track real and stray hybridization signals in a
probe-specific manner, enabling accurate detection and quantitation of low-
abundance transcripts. In addition, the probes can be designed to distinguish
between homologous transcripts that are up to 90% identical (9). The design
and manufacture of GeneChip probe arrays is highly stereotyped and consis-
tent, ensuring a high degree of reproducibility between experiments (10). This
reproducibility allows the comparison of one control sample to many experimen-
tal samples, or several controls to many experimental samples.

In this chapter, we also present practical guidelines for optimizing the capa-
bilities of GeneChip probe arrays. Suggestions for the extraction of RNA from
cells and tissues are provided, as well as instructions for the generation of labeled
targets. Target labeling is achieved by using the sample RNA as a template for
the synthesis of cDNA and then generating labeled cRNA in the presence of
biotinylated nucleotides. The labeled targets are then spiked with control tran-
scripts to monitor the quality of the subsequent hybridization. Recommenda-
tions for washing, staining, and scanning of the arrays are provided.

The steps involved in performing data analysis and verifying data quality
measurements are described. The basics of single-array analysis is presented
first. This section describes how to obtain qualitative indicators for transcript
detection, as well as quantitative measurements of relative abundance. Recom-
mendations for conducting comparative analyses between arrays and new tools
for comparing and sharing data are also discussed. Although the application of
advanced data analysis techniques depends on the specific goals of individual
users, we briefly mention some of the most commonly used approaches.

Experimental design strategies are not discussed in this chapter.  However,
before starting any microarray project it is important to have a well-defined expe-
riment that is formulated to answer a specific question.  The data analysis strat-
egy should also be considered early on during the experimental planning. This
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will help visualize a clear path to getting and summarizing experimental results.
For more information please refer to the Experimental Design, Statistical Anal-
ysis, and Biological Interpretation document accessible through the website.

2. Materials

2.1. Equipment
1. Affymetrix scanner system with workstation (Affymetrix; Santa Clara, CA).
2. Fluidics Station (Affymetrix; Santa Clara, CA).
3. Hybridization Oven 640 (Affymetrix; Santa Clara, CA).
4. GeneChip probe array cartridge carriers (Affymetrix; Santa Clara, CA).

2.2. Total RNA Isolation

1. TRIzol Reagent (Invitrogen Life Technologies; Carlsbad, CA).
2. RNeasy Mini Kit (QIAGEN; Valencia, CA).

2.3. cDNA Synthesis

1. SuperScript II (Invitrogen Life Technologies; Carlsbad, CA) or SuperScript Choice
System for cDNA Synthesis (Invitrogen Life Technologies; Carlsbad, CA).

2. GeneChip T7-oligo (dT) promoter primer kit.
3. GeneChip Eukaryotic polyA RNA control kit.
4. DEPC-treated water (Ambion, Austin, TX).
5. 5X First Strand cDNA buffer.
6. 0.1 M DTT (Invitrogen Life Sciences, Carlsbad, CA).
7. 10 mM dNTP (Invitrogen Life Technologies; Carlsbad, CA).
8. E. coli DNA Ligase (Invitrogen Life Technologies; Carlsbad, CA).
9. E. coli DNA Polymerase I (Invitrogen Life Technologies; Carlsbad, CA).

10. E. coli RNaseH (Invitrogen Life Technologies; Carlsbad, CA).
11. T4 DNA Polymerase (Invitrogen Life Technologies; Carlsbad, CA).
12. 5X Second strand buffer (Invitrogen Life Technologies; Carlsbad, CA).

 2.4. cDNA Cleanup

1. GeneChip Sample Cleanup Module (Affymetrix; Santa Clara, CA).

2.5. Biotin-Labeled cRNA Synthesis

1. GeneChip cRNA labeling kit.

2.6. cRNA Cleanup and Quantitation

1. GeneChip Sample Cleanup Module (Affymetrix; Santa Clara, CA)

2.7. cRNA Fragmentation

1. GeneChip Sample Cleanup Module.
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2.8. Hybridization Cocktail

1. Acetylated bovine serum albumin (BSA) solution (50 mg/mL) (Invitrogen Life
Technologies; Carlsbad, CA).

2. Herring sperm DNA (Promega Corporation; Madison, WI).
3. GeneChip Eukaryotic Hybridization Control Kit (Affymetrix; Santa Clara, CA).
4. MES Free Acid Monohydrate SigmaUltra (Sigma-Aldrich; St. Louis, MO).
5. MES sodium salt (Sigma-Aldrich; St. Louis, MO).
6. 10% Surfact-Amps 20 (Tween-20), (Pierce Chemical; Rockford, IL).
7.  5 M NaCl, RNAse-free, DNase-free (Ambion, Austin, TX)
8. EDTA Disodium Salt, 0.5 M solution (Sigma-Aldrich; St. Louis, MO).
9. 12X MES stock;1.22 M MES, 0.89 M [Na+] (see Note 1).

10. 2X hybridization buffer ;100 mM MES, 1 M [Na+], 20 mM EDTA, 0.01% Tween-
20 (see Note 2).

2.9. Probe Array Washing and Staining

1. R-Phycoerythrin streptavidin (Molecular Probes; Eugene, OR).
2. PBS, pH 7.2 (Invitrogen Life Technologies; Carlsbad, CA).
3. 20X SSPE: 3 M NaCl, 0.2 M NaH2PO4, 0.02 M EDTA (Cambrex, East Rutherford, NJ).
4. Goat IgG, reagent grade (Sigma-Aldrich; St. Louis, MO).
5. Biotinylated anti-streptavidin antibody (goat) (Vector Laboratories; Burlingame,

CA).
6. Stringent wash buffer; 100 mM MES, 0.1 M [Na+], 0.01% Tween-20 (see Note 3).
7. Non-stringent wash buffer; 6X SSPE, 0.01% Tween-20 (see Note 4).
8. 2X stain buffer; 100 mM MES, 1 M [Na+], 0.05% Tween-20 (see Note 5).
9. 10 mg/mL goat IgG stock (see Note 6).

10. The staining and antibody solutions (see Tables 2 and 3).

3. Methods
The methods described outline the procedure for generating biotinylated

cRNA target for expression analysis on eukaryotic GeneChip probe arrays.

Table 1
Preparation of Hybridization Cocktail for a Single Probe Array

Hybridization Cocktail Components Final Concentration

Fragmented cRNA 0.05 µg/µL
Control oligonucleotide B2 (3 nM) 50 pM
20X Eukaryotic hybridization controls 1.5, 5, 25 and 100 pM

(bioB, bioC, bioD, cre)
Herring sperm DNA (10 mg/mL) 0.1 mg/mL
Acetylated BSA (50 mg/mL) 0.5 mg/mL
2X Hybridization buffer 1X
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Please note that these protocols should only be used for eukaryotic organisms
owing to the intrinsic differences between eukaryotic and prokaryotic RNA. Pro-
karyotic-specific guidelines are available through the website, www.affymetrix.
com.

A schematic of the gene expression assay, from starting material to probe
array scanning, is illustrated in Fig. 1.

3.1. Sample Preparation

These protocols are for preparing labeled biotinylated cRNA from total
RNA; however, poly (A)+ RNA may be used as starting material with slight
modifications.

The first step in the eukaryotic gene expression assay is the purification of
RNA from cells or tissues. High-quality starting material is the most crucial
component of a successful sample preparation. Therefore, it is important to
choose an RNA extraction method that provides the highest quality RNA for
the specific tissues or cells being used.

The second step in the protocol is the generation of double-stranded cDNA.
Promoter primer T7-(dT) is used in this reaction. This primer facilitates the
synthesis of the cDNA strand and incorporates a promoter sequence for use in
the the third step of the assay - the in vitro transcription (IVT). After the IVT is
complete, the biotin-labeled cRNA is fragmented. This cRNA fragmented tar-
get is used to create a hybridization cocktail. The cocktail is hybridized to a

Table 2
Preparation of the Staining Solution

SAPE Stain Solution Final Concentration

2X MES Stain Buffer 1X
50 mg/mL acetylated BSA 2 mg/mL
1 mg/mL Streptavidin-Phycoerythrin 10 µg/mL

Table 3
Preparation of the Antibody Solution

Antibody Solution Final Concentration

2X MES Stain Buffer 1X
50 mg/mL acetylated BSA 2 mg/mL
10 mg/mL Normal Goat IgG 0.1 mg/mL
0.5 mg/mL biotinylated antibody 3 µg/mL
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Fig. 1. Eukaryotic gene expression assay, starting from total RNA to the generation
of the scanned image (GeneChip Expression Analysis Technical Manual).
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GeneChip probe array for 16 h. Next, the array is washed, stained with a fluores-
cent tag, and scanned using a laser to excite the fluorescent stain. Finally, the
captured array image is analyzed using GeneChip software.

3.1.1. Isolation and Quantification of Total RNA

Total RNA isolation from mammalian cells or tissues, Arabidopsis, yeast, and
other species can be performed using a variety of methods. As summarized
above, it is best to investigate an isolation procedure that is most successful for a
particular sample type. RNeasy Total RNA Isolation kit or the TRIzol Reagent
provides a robust way for isolation of mammalian and Arabidopsis samples
(see Note 7). When extracting from yeast samples, a hot phenol extraction pro-
tocol (11) should be considered.

If the RNeasy Total RNA Isolation kit is used, ethanol precipitation is not
required, unless concentration of the RNA is necessary. This precipitation is
only required when using TRIzol isolation or hot phenol extraction methods.

Prior to proceeding to the cDNA synthesis step, it is important to determine
sample concentration and purity by spectrophotometric analysis and gel elec-
trophoresis. The A260/A280 ratio should be close to 2.0 for pure RNA, however,
ratios between 1.8 and 2.1 are acceptable. RNA degradation is identified by
running an agarose gel and examining the 28S and 18S ribosomal RNA (rRNA)
bands. These rRNA bands should be clear and with minimal smearing, espe-
cially below the 18S band (12). If the RNA purity is not at an acceptable absor-
bance reading and/or the gel shows signs of smearing, an additional isolation
procedure on the RNA samples should be performed. If this does not lead to
acceptable quality, then fresh starting material from tissues or cells is required.

The minimum amount of total RNA required for the assay is 5 µg (see Note 8).

3.1.2. Synthesis of Double-Stranded cDNA From Total RNA
The Invitrogen Life Technologies SuperScript Choice system is required for

this section of the assay. However, there are slight modifications to the SuperScript
Choice system recommended protocol. For example, a T7-(dT)24 oligo primes
the first-strand cDNA synthesis in place of oligo (dT) or random primers (see
Note 9).

The recommended amount of starting total RNA for the cDNA protocol is
between 5 and 20 µg which subsequently influences the amount of SuperScript
II Reverse Transcriptase (200 U/µL ) needed. More specifically, if the total
RNA starting amount is between 5 and 8 µg, then 1 µL of enzyme is used. If the
starting amount of total RNA is between 8.1 and 16 µg , then 2 µL of enzyme is
used. Finally, if the starting amount of total RNA is between 16.1 and 20 µg,
then 3 µL of enzyme is used.

The first-strand cDNA synthesis involves three steps:
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1. Combine the T7-(dT)24 primer (final amount 100 pmol), DEPC-H2O and RNA
(5–20 µg) mixture and incubate at 70°C for 10 min, spin and place on ice.

2. Add the 5X first strand cDNA buffer (final concentration 1X), 0.1 M DTT (final
concentration 10 mM) and 10 mM dNTP mix (final concentration 500 µM each)
to the tube and incubate for 2 min at 42°C (see Note 10).

3. Add the SuperScript II RT enzyme (final content 200–1000 U) to the tube, mak-
ing the final reaction volume 20 µL. Allow the reaction to proceed for 1 h at 42°C.

When the first-strand reaction is complete, the tube is placed on ice and the
second-strand reaction components are added in the following sequence:

1. Add DEPC-H2O and 5X Second-Strand Reaction Buffer (final concentration 1X),
10 mM dNTP mix (final concentration 200 µM each), 10 U/µL E. coli DNA Ligase
(final content 10 U), 10 U/µL E. coli DNA Polymerase I (final content 40 U), 2 U/µL
E. coli RNase H (final content 2 U). The final volume, first strand plus second
strand, should be 150 µL.

2. Gently tap the tube to mix and briefly microcentrifuge to remove any condensa-
tion. Then, incubate at 16°C for 2 h in a cooling water bath.

After the second-strand synthesis is complete, add 2 µL of T4 DNA Poly-
merase (10 U) and return tube to 16°C for 5 mins. Then, add 10 µL 0.5 M EDTA
to stop the reaction.

The reaction can be stored at −20°C for later use (see Note 11).

3.1.3. Cleanup of Double-Stranded cDNA
The cleanup of the double-stranded cDNA reaction is imperative to rid the

sample of impurities. This step is accomplished by using Phase Lock Gels or a
column purification method such as the GeneChip Sample Cleanup Module. If
using the Phase Lock gels, be sure to ethanol precipitate the samples after pur-
ification before going to the next step. Ethanol precipitation is not required
when using the column purification method.

3.1.4. Synthesis of Biotin-Labeled cRNA
The Enzo BioArray HighYield (HY) RNA Transcript Labeling Kit is used

to generate biotin-labeled cRNA. This reaction is catalyzed by the addition of
T7 RNA Polymerase, which recognizes the promoter region incorporated into
the sequence during the first-strand cDNA synthesis reaction. This IVT reac-
tion generates a 50- to 100-fold linear amplification of the represented tran-
scripts (see Note 12).

The amount of cDNA used in the IVT reaction depends on the original
amount of starting material. More specifically, if the starting total RNA iso-
lated is between 5.0 and 8.0 µg, 10 µL of cDNA should be used. If the starting
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total RNA is between 8.1 and 16.0 µg of total RNA, 5 µL should be used. If the
starting total RNA is between 16.1 and 20 µg, 3.3 µL of cDNA should be used.
The reaction components are added to the cDNA target along with the appro-
priate amount of water. The final reaction volume is 40 µL (see Note 13).

Once the reagents are added, the tube is mixed gently, microcentrifuged
briefly for 5 s, and quickly placed in a 37°C water bath for 4–5 h. Mix the reac-
tion every 30–45 min during the incubation. The labeled cRNA can be stored
at −20° or at −70°C for long-term storage (see Note 14).

3.1.5. In Vitro Transcription Cleanup

Cleaning the products of the IVT rids the sample of excessive nucleotides,
salts, and other impurities. Accomplish this step by using the GeneChip Sample
Cleanup Module.

3.1.6. cRNA Quantification

It is imperative to determine the purity and yield of the cRNA target through
spectrophotometric analysis and gel electrophoresis. Acceptable A260/A280 absor-
bance ratios are between 1.8 and 2.1. If a sample does not meet this criterion, it
is advisable to repeat the experiment. Gel electrophoresis provides an illustra-
tion of the yield and size distribution of the labeled target.

Another step in quantifying the cRNA yield is to account for unlabeled RNA
in the reaction. Unlabeled RNA is accounted for by adjusting the cRNA yield
using the following equation:

Adjusted cRNA yield (µg) = (cRNA yield after IVT) − (RNA starting amount) * (cDNA used in the IVT)

3.1.7. cRNA Fragmentation

The cRNA is fragmented by a metal-induced hydrolysis process which seg-
ments the target into fragments ranging from 35 to 200 bases. It is important
to have the correct concentration of the reaction components - cRNA, fragmenta-
tion buffer, and water, as well as ensuring that the time and temperature are exactly
those recommended. The maximum amount of cRNA to fragment depends on
the volume of the hybridization cocktail, which ultimately depends on the size of
the array. For example, for a standard array, the minimum amount to fragment is
10 µg of cRNA for a 200 µL cocktail.

Fragmentation buffer (5X), cRNA, and water is added to the reaction to make
a total volume of 40 µL (see Note 15). The reaction is incubated at 94°C for 35
min. The tube is then placed on ice or stored at −20°C until the hybridization
procedure. An aliquot of fragmented cRNA is saved for gel analysis, so that
the fragmented target can be compared to the purified and unpurified cRNA.



80 Lescallett et al.

3.2. Sample Hybridization
and Probe Array Washing, Staining, and Scanning

3.2.1. Hybridization Cocktail

 The hybridization cocktail includes the fragmented cRNA target, 20X Eukary-
otic Hybridization Controls (E.coli bioB, bioC, bioD and bacteriophage cre con-
trols), Oligo B2, acetylated BSA, and Herring Sperm DNA (see Note 16).

Mix the following reagents with buffered solution for a final volume that
varies depending on the array type and the number of hybridizations. Be sure
to heat the 20X Eukaryotic Controls at 65°C for 5 min in order to resuspend the
mixture completely.

Once the hybridization cocktail is prepared, the probe arrays are taken out of
4°C and equilibrated to room temperature. At the same time, the hybridization
cocktail is heated to 99°C for 5 mins and then transferred to another 45°C heat
block for 5 mins. The cocktails are then spun at maximum speed in a microcen-
trifuge for 5 mins to separate any insoluble material from the qualified hybrid-
ization mixture. Meanwhile, the arrays are prehybridized with 1X hybridization
buffer. The buffer is injected into the lower septa of the array and the upper sep-
tum is vented for air release. The probe arrays are then incubated in the hybridi-
zation oven for 10 mins at 45°C at a rotation speed of 60 rpm. Once prehybridi-
zation is complete, the buffer solution is removed from the probe array cartridge
and the array is filled with approx 80% of the hybridization cocktail solution
(see Note 17). The probe arrays are balanced and placed in the hybridization
oven for 16 h at 45°C.

3.2.2. Preparation for Probe Array Washing and Staining

After the 16-h hybridization, the cocktail is removed from the probe array and
saved. The cocktail can be stored at −20°C or at −80°C (see Note 18).

Once the sample is removed, the probe array is filled completely with non-
stringent wash buffer.

The following steps prepare the array for an automatic washing and staining
procedure performed on the GeneChip Fluidics Station:

1. Open the GeneChip System Workstation.
2. Turn on the fluidics machine and scanner.
3. Create an experiment file (.EXP) in GeneChip software for each probe array.
4. Prime the fluidics machine with the appropriate wash buffers (nonstringent and

stringent).
5. Prepare the streptavidin-phycoerythrin (SAPE) staining and antibody solutions

(see Note 19).

The staining procedure used for most GeneChip probe arrays requires a
staining and an antibody amplification step. This process starts by staining the
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array with SAPE, which recognizes the biotin-labeled ribonucleotides. A second
solution, which includes an anti-streptavidin biotinylated antibody, is washed
over the array. Finally, another solution of SAPE is added to the array that binds
to the biotinylated antibody and provides further amplification of the signal.

Add deionized water to the SAPE stain solution for a final volume of 600
µL. This reaction can be doubled, in order to make a master mix that is enough
for both of the SAPE stains.

Add deionized water to the antibody solution for a final volume of 600 µL.

3.2.3. Fluidics Washing and Staining

The probe array is washed and stained on the fluidics machine using array-
specific protocols recommended by Affymetrix. For example, the fluidics proto-
col EukGE-WS2 is used for the standard format array. The name of the protocol
indicates that the array is for eukaryotic (Euk) gene expression (GE) samples
that go through two washing and staining (WS2) procedures. The protocol takes
approx 75 mins to complete. The majority of the fluidics protocols consist of
the following steps:

1. 10 cycles of 2 mixes per cycle with nonstringent buffer (see Subheading 2.) at
25°C.

2. 4 cycles of 15 mixes per cycle with stringent buffer (see Subheading 2.) at 50°C.
3. SAPE stain for 10 mins at 25°C.
4. 10 cycles of 4 mixes per cycle with nonstringent buffer at 25°C.
5. Antibody stain for 10 mins at 25°C.
6. SAPE stain for 10 mins at 25°C.
7. 15 cycles of 4 mixes per cycle with nonstringent buffer at 30°C.

Once the fluidics protocols are complete, check the probe array for bubbles.
Bubbles occur when the nonstringent buffer does not completely fill the probe
array chamber during the final fill step. If bubbles are present, return the array to
the probe array holder to automatically perform a drain and fill. If this does not
remove the bubbles, this step needs to be performed manually by pipeting nonstrin-
gent buffer into the array chamber. Ensure that all bubbles are removed before
scanning and that the glass surface is clean and free of dust, lint, and other mate-
rials that can interfere with the scanning procedure. If the glass needs to be cleaned,
use a non-abrasive towel or tissue to gently wipe the glass surface before scanning.

Once the fluidics protocol is completed and each array is checked for bubbles,
the fluidics machine is cleared of buffer and other contaminants by performing
a shutdown procedure.

3.2.4. Scanning
The GeneChip scanner must be turned on 15 mins prior to use. The scan time

takes approx 10 mins depending on the array type. The scanned data is represented
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Fig. 2. Screen shot of the microarray scanned image representing the intensity value for each probe cell.
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as a .DAT or image file and saved on the computer (Fig. 2). Immediately follow-
ing the creation of a .DAT, the software automatically creates a .CEL file. This
file contains a single intensity value for each probe cell.

3.3. Data Analysis

3.3.1. Single-Array Data Analysis
Whether classifying samples based on their expression profiles, identifying

transcripts of potential biological or medical importance, or building expression
databases, most array experiments involve working with data obtained from mul-
tiple arrays. The consistency and reproducibility of GeneChip arrays uniquely
positions this platform to achieve these comparisons. Before integrating these
data sets, however, the results generated by single arrays must be reviewed and
processed. This section describes a basic procedure for analyzing data from
single arrays, applicable to many experimental situations. Depending on spe-
cific experimental techniques and goals; however, users may need to modify
these guidelines.

Open the Affymetrix software and view the scanned image(s) (.dat file).
Check for image artifacts such as high or low density spots, uneven background,
or other abnormalities. Apply a grid and enlarge each of the four corners of the
array image to check the intensity and grid alignment of the control Oligo B2
hybridization (see Note 20). Next, adjust the expression analysis settings so that
scaling, normalization, probe mask, baseline, and the algorithm defaults are set
appropriately. If experimental samples are going to be compared to a baseline
or control sample, it is important to choose a scaling or normalization method
that best fits the experimental design. For example, if the majority of transcripts
in an experimental sample are not expected to change compared to a control,
then a global scaling approach is a suitable strategy. Conversely, when a large
number of changes are expected to occur between the experiment and control
samples, an approach that scales to a selected number of uniformly expressed
transcripts is recommended (see Note 21).

In both global and selected scaling methods, an arbitrary number, called
“target intensity,” is used across all experiments, allowing interexperiment com-
parisons. This number facilitates the generation of a scaling factor by which each
signal value on the array is multiplied.

3.3.2. The Detection Algorithm

After these preparation steps, the data analysis output or .CHP file is gener-
ated. This file contains detection calls, indicators of whether a transcript is
reliably detected or not, and signal values, relative measures of transcript abun-
dance. The following section briefly explains how these outputs are generated.
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Transcript or probe set detection and quantification depends on analyzing the
hybridization signals of the 11–20 probe pairs. These probe pairs represent dif-
ferent 25-mer segments of a particular transcript. For each segment or probe that
is perfectly identical to a target sequence, GeneChip arrays provide a partner probe
that is identical except for a single base mismatch at the 13th position. These probe
pairs, containing the perfect match (PM) and mismatch probes (MM), allow for
the assessment of real and stray (nonspecific) signals across the probe set.

The detection algorithm uses a nonparametric test, based on a one-sided
Wilcoxon signed rank, to evaluate probe pair intensities and generate a detec-
tion p-value with an associated present (P), marginal (M), or absent (A) call
(see Note 22). The first step in determining the p-value is calculating the dis-
crimination score (R). The discrimination score is an indicator of target-spe-
cific intensity differences between the perfect match and the mismatch and is
calculated as:

R = (PM − MM) / (PM + MM)

Each probe pair discrimination score is then adjusted by an empirically derived,
small positive number called Tau (see Note 23). The adjusted discrimination
scores are then ranked according to the absolute value. Once ranked, the sign is
re-applied, the positive rank values are summed, and a p-value is generated.
Individual transcripts are assigned a P, M or A call based on user-defined, p-
value cut-offs known as α1 and α2 (see Note 24). Values falling below α1 are
assigned a P call, those between α1 and α2 an M call, and those above α2 an A
call. The final output is a call with an associated p-value.

3.3.3. The Signal Algorithm

The relative level of expression for each transcript is calculated using an
algorithm based on the one-step Tukeys biweight estimate. This robust method
provides an effective approach to handling outliers that, instead of being dropped,
are smoothly down weighted.

The first step in the process of deriving signal is to identify the median of
the data. This is done by calculating the log of the PM intensity after subtract-
ing the stray signal estimate, obtained from the MM intensity or the idealized
MM intensity (see Note 25). The closer this value is to the median value of the
set, the more strongly it is weighted. The mean is then calculated once all of the
pairs have been weighted. The weighted mean is converted back to the linear
scale and the output is a quantitative metric called signal.

3.3.4. Quality Control

Generating an expression analysis report file (.RPT) derived from the analy-
sis output file (.CHP) can perform most of the quality review of an array expe-
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riment. The report allows users to assess sample quality, assay execution, and
hybridization performance. The results from the control bioB transcripts, in-
cluded in the hybridization cocktail at 1.5 [pM], offer an indication of the assay’s
sensitivity. In a typical experiment, bioB should be called P most of the time.
BioC, bioD, and cre should always be called P and should show increasing sig-
nal values that correspond to their relative concentrations.

RNA sample and assay quality are often monitored by comparing the signal
values of the 3' probe sets to the 5' probe sets of actin and GAPDH transcripts.
Given that the assay for generating labeled targets has an intrinsic 3' bias, because
of the reverse transcription from the 3' polyA tail, the ratio of 3' to 5' signal
values is usually greater than 1. However, ratios that exceed three indicate either
degraded sample RNA or inefficient IVT (see Note 26).

Another indicator of sample quality can be the percentage of probe sets
assigned a P call. This percentage varies depending on biological factors, such
as cell or tissue type, but extremely low values may indicate poor sample qual-
ity. The percentage is also useful for assessing the reproducibility of replicate
experiments.

The average background and raw noise values should also be inspected.
Although background can vary widely, average background values typically
fall between 20 and 100. Ideally, arrays should have similar background levels
if they are being compared. The noise value, a measure of pixel-to-pixel varia-
tion, should also be similar. Although sample quality can contribute to noise,
usually the most significant contributor is the electrical noise from the scanner.

It is important to keep a running log of the quality control metrics for each
sample in order to monitor sample performance and identify sample outliers.

3.3.5. Viewing the Data
After reviewing the report file, return to the .CHP file. The signal values,

detection calls, and detection p-values for each transcript can be viewed and sorted
according to user preferences (Fig. 3). The data can also be imported as a text
file into other programs, such as Microsoft® Excel™.

3.4. Array Comparison Analysis
The goal of many gene expression experiments is to compare the transcrip-

tion profiles of two samples. To begin analysis, obtain a .CHP file for each of
the samples to be compared. Designate one of the arrays as the baseline, and
the other as the experimental array (the choice can be arbitrary, but should be
used consistently throughout subsequent analyses) (see Note 27). The differ-
ence values (PM-MM) of each probe pair in the baseline array are compared to
their matching probe pairs in the experimental array. As in single-array analy-
sis, comparison analysis involves two algorithms that generate a qualitative
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output with an associated p-value, and a quantitative metric, also associated
with a confidence interval (CI). The qualitative output is called the change call,
which indicates if a transcript in the experimental array is increased, decreased,
or equivalent to its baseline counterpart. The quantitative metric is called the
signal log ratio and is a quantitative estimate of the change in gene expression.

3.4.1. Change Algorithm

Similar to single-array analyses, comparison analyses rely on a Wilcoxon rank
test. First, each probe pair is evaluated for intensity saturation. Then, each probe
set in the experimental array is compared to the matching set in the baseline
array to generate a change p-value. User-defined cut-off values, called gammas,
are then applied to the p-values to generate discrete change calls (increase [I],
marginal increase [MI], no change [NC], marginal decrease [MD], or decrease
[D]). P-values range from 0.0 to 1.0, with those close to 0.0 indicating a proba-
ble increase in the experimental probe set relative to the baseline set, and those
close to 1.0 indicating a likely decrease. Values close to 0.5 indicate probe sets
whose intensities are very similar in the baseline and experimental data sets.

3.4.2. Signal Log Ratio Algorithm

The Signal Log Ratio provides an estimate of the magnitude and direction
of change in transcript abundance between two arrays. Like the signal value

Fig. 3. Data analysis output (.CHP file) for a Single-Array Analysis includes Stat
Pairs, Stat Pairs Used, Signal, Detection, and Detection p-value for each probe set.
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derived from single-array analyses, the log ratio is calculated using a one-step
Tukeys biweight method. The log ratio algorithm calculates a mean of the log
ratios of probe pair intensities across two arrays (see Note 28). Ninety-five-per-
cent CIs are also calculated to provide a measure of the variation in the biweight
estimate. Small CI indicate that the data are less variable and more accurate.

3.4.3. Viewing the Data

After reviewing the report file, return to the .CHP file. The signal log ratio,
change calls, and change p-values for each transcript on the experimental sam-
ple can be viewed and sorted according to user preferences (Fig. 4). The data
can also be imported as a text file into other programs, such as Microsoft Excel.

3.5. Advanced Data Analysis and Mining

It is beyond the scope of this chapter to provide an in-depth guide to advanced
microarray data analyses, but this section offers some general pointers regard-
ing the available tools. A variety of algorithms have been described to group
samples or genes with similar expression patterns. Clustering analyses are often
used in studies aimed at discovering new disease classes or novel relationships

Fig. 4. Data analysis output (.CHP file) for a Comparison Analysis includes Stat
Common Pairs, Signal Log Ratio, Signal Log Ratio Low, Signal Log Ratio High,
Change, and Change p-value for each probe set.
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between genes. These methods rely on unsupervised algorithms, which search
for patterns of gene expression without taking into account any previously known
biological, clinical, or demographic information. Although some of these algo-
rithms allow users to impose a few constraints on the clusters generated (13),
the main advantage of clustering is the ability to provide systematic and unbi-
ased analyses of expression data. Studies using self-organizing maps (SOMs)
(13), hierarchical algorithms (14), and k-means clustering algorithms (15) illu-
strate the capabilities of such techniques.

For some applications, however, supervised algorithms that incorporate
prior knowledge into the analyses are more useful. These algorithms can be
“trained” to search for expression patterns associated with particular traits, such
as disease outcomes or responsiveness to drugs, and then used to predict those
traits in new, unknown samples. Examples include k-nearest neighbors algo-
rithms (5), weighted voting algorithms (16,17), the support vector machine
method (18), Bayesian models (19), and artificial neural networks (20).

Whether applying supervised or unsupervised algorithms, however, users
should be aware of the problem of “multiple comparisons.” Given the large
number of results per array experiment, even a small percentage of false posi-
tives can result in a large absolute number of artifactual correlations. To mini-
mize this problem, many investigators set aside samples for conducting inde-
pendent tests, and apply permutation tests in which they introduce noise or
scramble the data and then assess how much the identified correlations differ
from correlations that could arise by chance. Although these statistical tests
are powerful, it is important to note that expression patterns may still result
from random associations.

3.6. Data Management

The number of genes that can be simultaneously monitored with the GeneChip
platform is unequalled. Because GeneChip arrays generate large amounts of
data it is critical to set up consistent procedures for data storage and handling.
Deciding on a clear and concise nomenclature for each project, performing regu-
lar back-ups of all files, and employing database management software are highly
recommended.

Affymetrix has developed software that employs a centralized data manage-
ment system for moderate to high throughput laboratories. This software facil-
itates data sharing among groups, allows automation of data analysis, has more
sophisticated security capabilities, and increases throughput by liberating work-
stations from analysis tasks.

An important feature of both systems is that they provide the flexibility of
open architecture design, allowing users to access a wide variety of tools for
analyzing and exchanging data. This flexibility derives from the Affymetrix
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Analysis Data Model (AADM), a relational database schema that stores array
results in a format that can be easily recognized and used by many software
programs. Four related subschema hold the data associated with each experi-
ment: array design (which includes information about the array, such as its
numbers of rows and columns), experiment setup (including information about
the target applied), analysis results (ranging from individual cell intensities to
comparative analysis results), and protocol parameters. AADM’s open design
is proving particularly useful in light of the growing number of analytical algo-
rithms being developed in academia and industry, and users’ increasing need
to share and compare their data.

An additional software tool that complements the flexibility of AADM-based
databases is NetAffx Analysis Center at Affymetrix.com. Through this online
center, array users can efficiently collect and integrate a wide variety of informa-
tion relevant to their specific experimental results and aims. This site provides
access to a variety of public databases, including GenBank, dbEST, RefSeq, and
UniGene. In addition, it links users to proprietary databases that offer annota-
tions, such as protein domain alignments, as well as target and probe sequences
for GeneChip arrays. Researchers can use the site to search array probe sets for
particular sequences, review gene and protein annotations, and sort transcripts
by a number of criteria, such as functional groups, metabolic pathways, or dis-
ease association. The Gene Ontology Mining Tool provides visualization mapping
of probe sets to gene groups in detail or at a broad level.

4. An Array of Possibilities
A wealth of studies illustrate how the guidelines described in this chapter

can be used to answer a variety of biological and medical questions. Applica-
tions range from probing biological processes, such as development (21,22)
and circadian rhythms (23,24), to searching for predictors of disease and drug
responsiveness (25). Cancer research is a rapidly growing field of application,
in which arrays have helped investigators discover new tumor classes, assign
patient samples to known tumor classes, predict clinical outcomes, reveal cancer-
associated alterations in molecular pathways, and identify new drug targets (26).

In one of the most comprehensive leukemia studies to date, for example,
Yeoh and co-workers used GeneChip Human Genome U95A arrays to monitor
the expression of more than 12,600 genes in leukemic blasts from 360 pedia-
tric ALL patients (6). The study showed that through expression profiling, it is
possible to not only classify all known leukemia subtypes that are prognosti-
cally relevant, but to identify patients that are at risk of failing conventional
treatments. In addition, the array data supplied molecular candidates for develop-
ing new treatments, as well as suggested new diagnostic and subclassification
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markers. As often occurs when applying microarray techniques, the authors
were able to extract valuable information about the whole genome relevant to
multiple questions from their data sets.

5. Notes
1. 1000mL 12X MES Buffer

70.4 g MES free acid monohydrate
193.3 g MES Sodium Salt
800 mL of Molecular Biology Grade water
Mix and adjust volume to 1000 mL
The pH should be between 6.5 and 6.7; pass through a 0.2 µm filter.3.

2. 50 mL 2X Hybridization Buffer
8.3 mL of 12X MES Stock
17.7 mL of 5 M NaCl
4.0 mL of 0.5 M EDTA
0.1 mL of 10% Tween-20
19.9 mL of water
Store at 2–8°C, and shield from light

3. 1000 mL Stringent wash buffer
83.3 mL of 12X MES stock buffer
5.2 mL of 5 M NaCl
1.0 mL of 10% Tween-20
910.5 mL of water
Pass through a 0.2 µm filter
Store at 2–8°C and shield from light

4. 1000 mL Nonstringent wash buffer
300 mL of 20X SSPE
1.0 mL of 10% Tween-20
699 mL of water
Pass through a 0.2 µm filter

5. 250 mL 2X Stain buffer
41.7 mL 12X MES Stock buffer
92.5 mL 5 M NaCl
2.5 mL 10% Tween-20
113.3 mL water
Pass through a 0.2 µm filter
Store at 2–8°C and shield from light

6. 10 mg/mL Goat IgG Stock
Resuspend 10 mg in 1 mL 150 mM NaCl
Store at 4°C

7. When TRIzol is used to isolate total RNA it is recommended that a second cleanup
on the total RNA is performed in order to obtain sufficient cRNA yields. This can
be done with QIAGEN RNeasy Total RNA isolation kit.
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8. The required amount of poly(A)+ starting material is 0.2–2.0 µg. There is a small
sample protocol that can be used for limiting amount of starting total RNA mate-
rial, please refer to www.affymetrix.com or to the GeneChip Expression Analysis
Technical Manual.

9. The oligo T7-(dT)24 primer
(5' GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG-(dT)24-3',
100 pmol/µL) must be HPLC purified to achieve efficient cDNA synthesis and in
vitro transcription. Poorly made primer will lead to lower cRNA yield.

10. If Poly (A)+ is used, it is important to adjust the temperature of the first-strand
cDNA synthesis to 37°C from 42°C used for total RNA.

11. RNase treatment of the cDNA prior to the in vitro transcription is not recom-
mended.

12. Prior to use, centrifuge all reagents briefly to ensure that the components remain
at the bottom of the tube. The product should not be used after the expiration date
stated in the label. If precipitation occurs in the reaction buffer, centrifuge briefly
to remove precipitate before use. The precipitation does not interfere with the
reaction.

13. The amount of cDNA used in the in vitro transcription reaction for poly (A)+ RNA
varies from the amount of total RNA used.

14. It is useful to save an aliquot of the unpurified IVT reaction for analysis by gel
electrophoresis.

15. The cRNA in the fragmentation reaction must be at a final concentration range of
0.5–2.0 µg/µL. If the sample is more dilute, perform an ethanol precipitation step
before proceeding.

16. When preparing the hybridization cocktail, it is important to consider the probe
array type being used because different arrays require different amounts of cRNA.

17. While pipeting the solution, be sure to avoid any insoluble material at the bottom
of the tube.

18. Once the hybridization cocktail is pipeted out of the array and the array chamber
is filled with the nonstringent buffer, it is possible to store the array at 4°C for up
to 4 h before proceeding to the washing and staining steps. Be sure to equilibrate
the probe array to room temperature before washing and staining.

19. Always store the SAPE reagent in the dark at 4°C (do not freeze). Be sure to mix
the SAPE thoroughly, but gently, before adding to the rest of the reaction compo-
nents. Always prepare the SAPE stain solution immediately before use.

20. The control oligonucleotide B2 should generate hybridization signals that trace
the boundaries of the probe area. The controls appear as an alternating pattern of
intensities with a checkerboard pattern at each corner and spell out the name of
the array. In addition to serving as a positive control, the pattern is used by the
software to align the array image with a grid. If the intensity of the checkerboard
patterns is too high or too low, or if the pattern is distorted, the grid must be
aligned manually.

21. One option is to apply a normalization method based on the intensities of 100 con-
trol probe sets.
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22. To establish whether a transcript is present in detectable amounts, evaluate the
level of signal saturation for each probe pair. If a MM probe is saturated (46,000
for the 2500 GeneArrayScanner), the signal from the corresponding PM probe is
uninformative, and the probe pair is discarded.

23. The default value of Tau is set at 0.015. Tau can be adjusted to balance sensitivity
and specificity. If the experiment is designed to achieve high sensitivity and avoid
false negatives, while tolerating some miscalls, Tau can be decreased. If the expe-
riment is designed to achieve high specificity, avoiding false positives, while miss-
ing a few positive calls, Tau can be increased.

24. α1 and α2 default values change depending on the number of probe pairs.
25. The signal algorithm is designed to avoid generating negative signal values, which

lack physiological meaning and can interfere with subsequent data processing. If
a MM value is higher than a PM value, as a result of cross-hybridization, the unin-
formative MM is replaced with either an adjusted MM value calculated from the
mean of the PM:MM ratios of the other probes in the set, or a value that is slightly
lower than the PM and which results in an absent call.

26. If only one of the controls has a ratio above 3, do not automatically assume that
the quality of the experimental data is compromised. The elevated ratio may be
the result of transcript specific changes rather than low sample or assay quality. It
is important to compare the outcomes of the various quality indicators, as well as
accumulation of previous experiment results, before reaching a final assessment.

27. Before running an analysis, check the Expression Analysis Settings with particu-
lar attention to the scaling or normalization criteria.

28. Logarithms are used because hybridization behavior is best described by expo-
nential functions. In addition, signal log ratios can provide more sensitive indica-
tors of the differences between probe values than linear -fold changes. When the
experimental and baseline values are very similar, log ratios outperform fold-change
measurements. In addition, because the log scale used by the algorithm is base 2,
the Signal Log Ratio is easily converted to a fold-change value, if desired. A value
of 1.0 indicates a twofold increase, a value of −1.0 indicates a twofold decrease,
and a value of 0 indicates no change at all. The algorithm also provides an estimate
of the amount of variation in the data in the form of CIs, which are calculated based
on the variation between probes in a set.
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Amplified Differential Gene Expression Microarray

Zhijian J. Chen and Kenneth D. Tew

Summary
Amplified Differential Gene Expression (ADGE) and DNA microarray provides

a new concept that the ratios of differentially expressed genes are magnified prior
to detecting them. The ratio magnification is achieved with the integration of DNA
reassociation and polymerase chain reaction (PCR) amplification and ensured with
the design of the adapters and primers. The ADGE technique can be used either
as a stand-alone method or in series with DNA microarray. ADGE is used in sam-
ple preprocessing and DNA microarray is used as a displaying system in the series
combination. The combination of ADGE and DNA microarray provides a mutual
complement of their strengths: the magnification of ratios of differential gene
expression improves the detection sensitivity; the PCR amplification and effi-
cient labeling enhance the signal intensity and reduce the requirement for large
amounts of starting material; and the high throughput for DNA microarray is
maintained.

Key Words: ADGE, amplified differential gene expression, DNA microarray,
gene expression

1. Introduction
Amplified Differential Gene Expression (ADGE) is designed to quadrati-

cally magnify the ratios of genes in two samples prior to detection (1). The
schematic procedure is shown in Fig. 1. Two comparative nucleic acid samples
are selected, one for control, the other for tester. The control and tester cDNA
are cut with TaqI after they are synthesized from total RNA or mRNA. The
TaqI fragments of control and tester DNA are ligated to the CT adapter and TT
adapter, respectively. The adapter-linked control and tester DNA are reassociated
through mixing in equivalent amounts, denaturing, and then annealing. From



96 Chen and Tew

Fig. 1. The process flow of ADGE microarray. The control and tester double stranded
cDNA are synthesized from RNA and cut with TaqI. The control and tester TaqI frag-
ments are ligated with the CT and TT adapter, respectively. The adapter-linked con-
trol and tester DNA are reassociated through mixing in equivalent amounts, denaturing,
followed by annealing. The reassociated DNA is used as template to generate Cy3
labeled control DNA with the CT primer and Cy5 labeled tester DNA with the TT pri-
mer. The labeled PCR products are hybridized on a microarray chip.
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the templates of the reassociated DNA, the control DNA is amplified by using
PCR with the CT primer complementary to the CT adapter while the tester DNA
is amplified with the TT primer complementary to the TT adapter. The control
and tester PCR products are separated on a gel of high resolution or detected
with other methods.

1.1. Principle of Quadratic Magnification of Ratios

Ratio magnification is achieved with the integration of DNA reassociation
and polymerase chain reaction (PCR) amplification. DNA reassociation occurs
when the control and tester cDNA fragments are mixed in equivalent amounts,
denatured, and annealed. DNA reassociation results in the formation of five
different duplexes; the control DNA with the CT adapters on both ends, tester
DNA with the TT adapters on both ends, hybrid DNA with the CT adapter on
one end and the TT adapter on the other end, the end fragment of control DNA
with the CT adapter on a single end, and the end fragment of tester DNA with
the TT adapter on a single end (Fig. 1). The relative amounts of the first three
types of duplexes for each gene is theoretically determined by the algebraic
formula:

(a + b)(a' + b') = aa' + bb' + a'b + ab',

where:

a, a' equals the number of sense and antisense strands of the control DNA,
b, b' equals the number of sense and antisense strands of the tester DNA,
aa' equals the number of double strands of the control DNA,
bb' equals the number of double strands of the tester DNA,
a'b, ab' equals the number of double strands of the hybrid DNA.

For example, for a gene overexpressed twofold in tester over control, bb'/aa' = 2.
Thus the formula is

(a + 2b)(a' + 2b') = aa' + 4bb' + 2a'b + 2ab'.

After DNA reassociation, the ratio of bb'/aa' is magnified from 2 to 4. If another
gene is down-regulated threefold in tester, aa'/bb' = 3. The formula is

(3a + b)(3a' + b') = 9aa' + bb' + 3a'b + 3ab'.

Thus, the ratio of aa'/bb' increases from 3 to 9 after DNA reassociation. For a
gene with the same transcription level between tester and control, the ratio
remains the same after DNA reassociation. For the last two types of duplexes,
the hybrid duplex of end fragments cannot be distinguished from the control or
tester duplex. Thus, the relative amounts of these two types of duplexes remain
the same.
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After DNA reassociation, the ratio of control and tester DNA with adapters
on the two ends has been magnified quadratically. However, they are not sepa-
rated from each other or from the hybrid DNA and end fragments. Subsequent
PCR is used to separate control DNA from tester DNA. The CT primer comple-
mentary to the CT adapter amplifies the control DNA exponentially, and the
hybrid and end fragment DNA linearly, because control DNA has the CT adapter
on both ends and the hybrid and end fragment DNA have the CT adapter on
only one end. The TT primer complementary to the TT adapter amplifies tester
DNA exponentially and the hybrid and end fragment DNA linearly (Fig. 1).
After 20 or more cycles of PCR, the exponentially amplified control or tester
DNA is a million times more prevalent than the linearly amplified DNA. There-
fore, the ratio of each gene between PCR products with the CT and TT primers
is quadratically magnified from the ratio between the control and tester sample.
A test experiment showed that the correlation between the detected ratio (y)
and the input ratio (x) for ADGE microarray is y = 1.05x1.55 with R2 = 0.97 while
the correlation is y = 0.56x + 0.39 with R2 = 0.96 for standard microarray (2).

1.2. Design of Adapters and Primers

The structure of the adapters and primers is critical to ensure the quadratic
magnification of the expression ratios. The basic structure should be the same,
although the sequences may differ depending on the selected restriction enzyme
and other factors. The CT and TT adapters and primers are designed for the
TaqI restriction enzyme. The adapters are composed of long and short oligos.
The short oligos have the same sequence between CT and TT adapters in order
to form hybrid DNA molecules. The complementary region is usually seven
nucleotides. If it is too short, the adapters may not be stable. If it is too long,
cross priming becomes possible. The length of the unique 5' region between
the CT and TT primers should be sufficient to prevent cross priming (at least
10 nucleotides).

 The adapters have cohesive ends complementary to TaqI. Because the nucle-
otide T changes to A, the TaqI site is not recovered after ligation. The CT and
TT primers cover the regions corresponding to the TaqI site and complemen-
tary to the adapters. If only a portion of transcriptome is needed to amplify in
a PCR reaction, selective nucleotides should be added at the 3' end of a primer.
The number of selective nucleotides has an inverse relationship with the num-
ber of genes that are amplified during each PCR reaction. Four to eight bands
were observed on average when four selective nucleotides were used (1). Selec-
tive nucleotides are not used in ADGE microarray when all genes are expected
to amplify in one PCR reaction. One sequence example of CT, TT adapters,
and primers is shown at the bottom of Fig. 1.
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TaqI is optimum for most cases. First, TaqI recognizes four nucleotides. In
principle, there is a TaqI site every 256 nucleotides and two TaqI sites every
512 nucleotides. Therefore, the average length of TaqI fragments will be 256
base pairs, a good template for PCR and a good probe for chip hybridization. In
addition, most genes have two TaqI sites to generate the legitimate PCR tem-
plate. Secondly, TaqI generates a cohesive end improving ligation efficiency.
If a gene of interest does not have two TaqI sites or more, another restriction
enzyme which has the similar properties of TaqI can be substituted.

1.3. Integration of ADGE and DNA Microarray

The throughput of ADGE is low with agarose gels. DNA microarray technol-
ogies are designed to reveal gene expression profiles by simultaneously detect-
ing expression levels on a genomic scale (3). Although pairwise comparison is
used in both ADGE and DNA microarrray, the ADGE method can be seam-
lessly combined in series with DNA microarray (Fig. 1) (2,4). For coupling
ADGE and DNA microarray (hereafter called ADGE microarray) Cy3 and Cy5
dyes are incorporated into the ADGE control and tester DNA, which are in
turn hybridized to a DNA chip. The adapters at the DNA fragment ends, facili-
tate efficient incorporation of Cy3 and Cy5 into DNA templates. Although
there is not a selective nucleotide at the 3' end of the CT and TT primers, all
genes in the control sample may potentially be amplified with the CT primer in
one PCR reaction, and all genes in the tester sample may be amplified with the
TT primer in another PCR reaction. Both direct and indirect labeling can be
utilized. Using direct labeling, Cy3-dCTP is incorporated into control and Cy5-
dCTP into tester DNA during the PCR amplification of the reassociated DNA
templates. The use of Cy dyes can be reversed if required. Utilizing indirect
labeling, aminoallyl-dUTP is incorporated into control and tester DNA with
PCR after the reassociated DNA templates are amplified. The aminoallyl-dUTP
labeled DNA templates are in turn coupled with Cy dyes. It is possible to adapt
other methods of signal enhancement to the labeling procedure. For example, the
3DNA fluorescent dendrimer probes (Genisphere, Montvale, NJ) can be attached
to the CT and TT primers to amplify the control and tester DNAs. Because
both strands of the probe DNA are labeled with direct labeling or indirect label-
ing, the specific activity can be enhanced. The ratio of signal to background was
improved in ADGE microarray (2).

1.4. Advantages of ADGE Microarray

When combining ADGE with DNA microarray, the ADGE method is used
in sample preprocessing to magnify the ratios of differential gene expression
and to amplify the amount of DNA template, while DNA microarray is used as
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a displaying system to detect differences in gene expression. The combination
of ADGE and DNA microarray provides a mutual complementarity of their
strengths.

The quadratic magnification of ratios of differential gene expression improves
the detection sensitivity. Small changes in gene expression are increased to a
level beyond the inherent limit of DNA microarray. Thus, genes with small
expression changes could be identified more accurately. For example, the MA
plot of ADGE microarray has a wider upward and downward distribution from
the central area than that of standard microarray (Fig. 2). The ratio magnification
is observed over the entire range of spot intensities. The relationship between
the detected ratio (y) and the input ratio (x) is y = 1.05x1.55 within a 30-fold
detected ratio (2).

The PCR amplification of template increases the amount of probe and reduces
the requirement for large amounts of starting material. The adapters at the DNA
fragment ends facilitate efficient incorporation of Cy3 and Cy5 into DNA tem-
plates and enhance signal intensity. Because both strands of the probe DNA
are labeled with direct labeling or indirect labeling, the fluorescence intensity
is enhanced. In one experiment, 100 ng of total RNA was used to give results
showing 6100 out of 10,000 genes with signal intensities higher than back-
ground (4). In most cases, 150 ng of total RNA is enough for hybridization on
a high density slide, compared with 10 to 20 µg of total RNA in standard micro-
array and 1 µg with the assistance of T7 promoter amplification (5).

The high throughput of DNA microarray is maintained. Because no selective
nucleotide is used on the CT and TT primers, the whole transcriptome may be
amplified for the control or tester sample in one PCR reaction. Thus, only one
slide hybridization is required for one pair of samples.

2. Materials
1. SuperScript double-stranded cDNA synthesis kit (Invitrogen).
2. TaqI (Invitrogen).
3. T4 DNA ligase (Promega).
4. Advantage cDNA polymerase mix (Clontech).
5. QIAquick PCR purification kit (Qiagen).
6. 0.5 M EDTA (pH 8.0).
7. Phenol:chloroform:isoamyl alcohol (25:24:1), stored at 4°C.
8. 20 µg/µL glycogen (Sigma), stored at −20°C.
9. 3 M sodium acetate (pH 5.2) and 100 mM sodium acetate (pH 5.2).

10. 100% ethanol and 70% ethanol.
11. 6X EE buffer: 60 mM EPPS, 3 mM EDTA (pH 8.0).
12. 3 M NaCl.
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Fig. 2. The MA plots of ADGE microarray (A) and standard microarray (B). A is
the average of log2Cy5 (the tester sample, the HL60/TLK286 cell line resistant to a
prodrug TLK286 [6]) and log2Cy3 (the control sample, the wild type HL60 cell line),
representing intensities of spots. M is the difference of log2Cy5 and log2Cy3, represent-
ing the expression ratios in the power of 2, with positive values for upregulated genes,
negative values for downregulated genes and zero for unchanged genes (permission
from IUBMB Life).
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13. dNTPs/aa-dUTP: a mixture of 10 mM dGTP, dATP, dCTP each, 2 mM dTTP and
8 mM aminoallyl -dUTP (Sigma), stored at −20°C.

14. Cy3 and Cy5 mono-reactive dyes (Amersham). Each pack suspended in 45 µL
DMSO and stored at −20°C. Minimize light exposure.

15. 2X coupling buffer: 0.2 M sodium bicarbonate (NaHCO3), pH 9.0.
16. 2X chip hybridization buffer: 10X SSC, 0.2%SDS, 2 µg/µL salmon DNA, 2 µg/µL

poly(A), 25X Denhardt’s solution, stored at −20°C.
17. Wash buffer I: 2X SSC, 0.1% SDS; wash buffer II: 1X SSC; wash buffer III: 0.2X

SSC.

3. Methods

3.1. Synthesis of First-Strand cDNA

1. Take equivalent amounts of control and tester total RNA (in the range of 0.2–10
µg [see Note 1]) and set up the following reaction:

Control Tester
Total RNA x µL y µL
Oligo(dT)12-18 1 µL 1µL
H2O (RNase free) 12-x µL 12-y µL

2. Incubate at 70°C for 10 min, chill on ice, then centrifuge briefly.
3. Make the following master mix and add 7µL to each reaction.

5X First-strand buffer 8µL
0.1 M DTT 4µL
10 mM dNTPs mix 2µL

4. Add 1µL of Superscript II RT to each reaction and mix gently.
5. Incubate 1 h at 42°C (best to work in PCR thermal cycler with hot lid to prevent

evaporation), then keep the reactions on ice.

3.2. Synthesis of Second-Strand cDNA

1. Add 130µL of the following second-strand DNA synthesis mixture to each first-
strand reaction.

DEPC-treated H2O 182 µL
10 mM dNTPs 6 µL
5X Second-strand buffer 60 µL
E. coli. DNA polymerase 8 µL
E. coli. RNase H 2 µL
E coli. DNA ligase 2 µL

2. Mix well and incubate at 16°C for 2 h, then place on ice.
3. Add 10 µL of 0.5 M EDTA (pH 8.0) to each.
4. Add 160 µL of phenol:chloroform:isoamyl alcohol (25:24:1), vortex thoroughly,

and centrifuge at room temperature for 5 min at 14,000g, transfer the upper, aque-
ous layer to a fresh 1.5 mL Eppendorf tube.
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5. Add 1 µL of 20 µg/µL glycogen, then add 20 µL of 3 M sodium acetate (pH 5.2),
add 300 µL of absolute ethanol (100%), vortex the mixtures, centrifuge at 4°C for
20 min at 14,000g, remove the supernatant and discard.

6. Add 500 µL of 70% ethanol to the pellet, centrifuge 5 min at 14,000g, remove the
supernatant and discard, dry the cDNA at 37°C for 10 min to evaporate the resid-
ual ethanol.

7. Resuspend each cDNA pellet in 25 µL of ddH2O.

3.3. TaqI Digestion

1. Take equivalent amounts of control and tester cDNA and set up the following
reactions:

Control Tester
cDNA 25 µL  25 µL
Restriction buffer 2 3 µL  3 µL
TaqI 2 µL  2 µL

2. Mix and incubate at 65°C for 2 h.

3.4. Ligation of the CT and TT Adapters

1. Set up the following ligation reaction:
Control Tester

TaqI fragments 30 µL 30 µL
10X T4 ligase buffer 4 µL 4 µL
60 µM CT Adapter 4 µL
60 µM TT Adapter 4 µL
T4 ligase 2 µL 2 µL

2. Incubate overnight at 14°C.

3.5. Reassociation of Control and Tester DNA

1. Set up the following reaction, x is usually from 5 to 15 µL (the amounts of control
and tester DNA should be equivalent [see Note 2]).

CT adapter-control cDNA  x µL
TT adapter-tester cDNA  x µL
6X EE buffer 2x µL

2. Mix well, denature at 95°C for 5 min, chill on ice immediately.
3. Add 2X µL of 3 M NaCl, mix well, incubate at 68°C overnight.
4. Purify the reactions with QIAquick PCR purification kit (Qiagen) and elute into

50 µL ddH2O, dry down the volume if a small amount of starting material is used.

3.6. Labeling Probes With PCR

1. Set up the following PCR reaction to amplify the DNA template. x could be from
1 to 42 µL, depending on the amount of starting material. Two or three such reac-
tions should be set up for stronger signal (see Note 3).
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Control Tester
Reassociated DNA x µL x µL
10X PCR buffer 5 µL 5 µL
10 mM dNTPs 1 µL 1 µL
CT primer 1 µL
TT primer 1 µL
cDNA polymerase 1 µL 1 µL
ddH2O 42-x µL 42-x µL

The PCR cycles: 72°C for 5 min (for filling in the ends), 94°C for 1 min, 25 cycles
of 94°C for 30 s, 66°C for 30 s, 72°C for 90 s, then 72°C for 5 min, then stored at
4°C.

2. Purify the PCR products with QIAquick PCR purification kit and elute into 42 µL
ddH2O.

3. Set up the following PCR reaction to incorporate aa-dUTP:
Control Tester

DNA templates 42 µL 42 µL
10X PCR buffer 5 µL 5 µL
dNTPs/aa-dUPT 1 µL 1 µL
CT primer 1 µL
TT primer 1 µL
cDNA polymerase 1 µL 1 µL

The PCR cycles: 94°C for 1 min, 6 cycles of 94°C for 30 s, 64°C for 30 s, 72°C for
90 s, then 72°C for 1 min, 4°C for storage.

4. Add 1 µL of 20 µg/µL glycogen and 10 µL of 3 M sodium acetate (pH5.2), add
100 µL of absolute ethanol (100%), vortex the mixtures, centrifuge at 4°C for 20
min at 14,000g, remove the supernatant and discard.

5. Add 500 µL of 70% ethanol to the pellet, centrifuge 5 min at 14,000g, remove the
supernatant and discard, dry the cDNA at 37°C for 10 min to evaporate the resid-
ual ethanol.

6. Resuspend the DNA pellet in 5 µL 2X coupling buffer, add 5 µL Cy3 mono-reac-
tive dye to the control DNA and 5 µL Cy5 monoreactive dye to the tester DNA,
incubate at room temperature in the dark for 1 h.

7. Add 50 µL of 100 mM sodium acetate (pH 5.2) to each reaction, proceed to PCR
purification with QIAquick PCR purification kit, elute two times with 40 µL
ddH2O (prewarmed at 42°C) each, and vacuum dry to 7 µL.

3.7. Chip Hybridization

1. Add 7 µL of 2X chip hybridization buffer (prewarmed at 42°C) to the control and
tester probes and mix well.

2. Denature at 95°C for 5 min, chill on ice for 5 min and incubate at 42°C for 10 min.
3. Mix the denatured control and tester probes together, load onto a microarray chip.
4. Assemble the hybridization chamber with the microarray chip and incubate in a

water bath at 58°C overnight.
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3.8. Chip Washing and Scanning
1. Disassemble the hybridization chamber, submerge in wash buffer I in a slide wash-

ing jar and let the cover slip slide out.
2. Transfer the slide to a fresh wash buffer I and shake for 5 min.
3. Transfer the slide to wash buffer II and shake for 5 min.
4. Transfer the slide to wash buffer III and shake for 5 min.
5. Dry the slide by centrifuging at 700g for 5 min and scan with an array scanner

using the Cy3 and Cy5 channels.

4. Notes
1. Starting material: It is unnecessary to use mRNA. The preferred amount of total

RNA is 5–10 µg though as little as 0.2 µg of total RNA is enough for one chip
hybridization. If a small amount of total RNA is used, the eluate after DNA
reassociation should be concentrated by drying down the volume.

2. Monitoring equivalent amounts of control and tester DNA: DNA reassociation
requires equivalent amounts of control and tester DNA. One way of checking the
equivalence between control and tester cDNA is detecting actin levels with actin
ADGE primers. Actin ADGE primers are the CT and TT primers with selective
nucleotides complementary to the actin gene. One µL aliquot of the control and
tester DNA is diluted 10 and 100 times after adapter ligation. The diluted DNA is
used as template for PCR with the actin ADGE primers. The actin levels are com-
pared between the control and tester. The volumes of the control and tester for
DNA reassociation are adjusted to make equivalence.

3. Labeling probe: Depending on the printed area of microarray chip, two or three
labeling reactions for the control and tester are needed for one slide hybridization.
Both indirect (Subheading 3.6.) and direct (Subheading 4.4.) PCR labeling work
well. Direct labeling usually gives a stronger signal and has a simpler procedure
but requires expensive reagents, Cy3- and Cy5-dCTP.

4. Direct PCR labeling: Set up the PCR reaction with dNTPs (10mM dGTP, dATP, dTTP
each, 6mM dCTP). x could be from 1 to 42 µL, depending on the amount of starting
material. Two or three such reactions should be set up for stronger signal (see Note 3).

Control Tester
Reassociated DNA x µL x µL
10X PCR buffer 5 µL 5 µL
dNTPs 1 µL 1 µL
Cy3-dCTP 4 µL
CT primer 2 µL
Cy5-dCTP 4 µL
TT primer 2 µL
cDNA polymerase 1 µL 1 µL
ddH2O 37-x µL 37-x µL

The PCR cycles: 72°C for 5 min, 94°C for 1 min, 30 cycles of 94°C for 30 s, 62°C
for 30 s, 72°C for 90 s, then 72°C for 5 min, 4°C for storage.
PCR purification with QIAquick PCR purification kit, elute two times with 40 µL
ddH2O (prewarmed at 42°C) each, and vacuum dry down to 5 µL.
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5. Common problems: weak signal, high background, and skewed ratios are among
common problems. The guideline of troubleshooting is provided (Table 1).
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Table 1
Common Problems and Troubleshooting Guide

Symptom Cause Solution

Weak signal • Too little probe • Make more probes
of spots • Inefficient incorporation • Improve elution efficiency

of Cy dyes with prewarmed ddH2O
• Completely dissolve DNA,

mix well in coupling reaction
High • Not enough blocking DNA • Increase amount of salmon
background • Low hybridization temperature DNA and poly(A) in

• Not enough washes hybridization buffer
• Raise the hybridization

temperature
• Extend washing time,

especially in wash buffer 3
Systematically • Non-equivalent amounts • Check the equivalence of
skewed ratios of control and tester DNA actin level as in section 4.2
between control for DNA reassociation
and tester after
normalization
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Summary
Suppression subtractive hybridization (SSH) is a widely used method for sepa-

rating DNA molecules that distinguish two closely related DNA samples. Two of
the main SSH applications are cDNA subtraction and genomic DNA subtraction.
In fact, SSH is one of the most powerful and popular methods for generating
subtracted cDNA or genomic DNA libraries. The SSH method is based on a sup-
pression PCR effect and combines normalization and subtraction in a single pro-
cedure. The normalization step equalizes the abundance of DNA fragments within
the target population, and the subtraction step excludes sequences that are com-
mon to the populations being compared. This dramatically increases the prob-
ability of obtaining low-abundance differentially expressed cDNA or genomic
DNA fragments, and simplifies analysis of the subtracted library. In our hands,
the SSH technique has enriched over 1000-fold for rare sequences in a single
round of subtractive hybridization.

Key Words: cDNA, mRNA, normalization, subtractive hybridization

1. Introduction
Suppression subtractive hybridization (SSH) is a widely used method for

separating DNA molecules that distinguish two closely related DNA samples.
Among SSH’s many applications (Table 1), are cDNA and genomic DNA sub-
traction. In fact, SSH is one of the most powerful and popular methods for gen-
erating subtracted cDNA or genomic DNA libraries (1–4).

The SSH method is based on a suppression polymerase chain reaction (PCR)
effect (5,6) and combines normalization and subtraction in a single procedure
(2). The normalization step equalizes the abundance of DNA fragments within
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the target population, and the subtraction step excludes sequences that are com-
mon to the compared populations. This dramatically increases the probability
of obtaining low-abundance differentially expressed cDNA or genomic DNA
fragments, and it simplifies analysis of the subtracted library. In our lab, the
SSH technique has enriched more than 1000-fold rare sequences in a single
round of subtractive hybridization (2,4,7).

Nevertheless, in practice, not all differentially expressed genes are equally
enriched by SSH. The level of enrichment of a particular cDNA depends on its
original abundance, the ratio of its concentration in the samples being sub-
tracted, and the number of other differentially expressed genes (8). Other fac-
tors, such as the complexity of a starting material, hybridization time, and ratio
of two samples being subtracted, play a very important role in SSH’s success
in a given application (8). For instance, the high complexity of mammalian geno-
mic DNA makes SSH application very difficult. Likewise, some cDNA sub-
tractions are also very challenging because of the nature of the starting samples
(8). Subtracted libraries generated using complex samples may contain very high
background. An especially challenging problem is the inclusion of so-called
“false positive” clones that generate a differential signal in a primary screen-
ing procedure, but are not confirmed by subsequent detailed analysis. To over-
come this problem, a simple procedure called mirror orientation selection (MOS)
can be used to substantially decrease the number of background clones (9).

In this chapter, we describe the SSH technique for generating subtracted cDNA
or genomic DNA libraries. A detailed protocol for cDNA synthesis, subtractive
hybridization, PCR amplification, library generation, and differential screen-
ing analysis is provided. We also describe the MOS procedure that substantially
decreases the number of background clones in SSH-generated libraries. Finally,
we show an example of SSH- and MOS-subtracted library.

Table 1
Applications of SSH and MOS

Sample type Sequences to be found during SSH

cDNA Differentially expressed sequences
Bacterial genome Unique and amplified sequences that are present in one

bacterial genome, but are absent in another.
Eukaryotic genome SSH and MOS combination required. Mainly the repeated

sequences, mobile elements and extrachromosomal elements
that are present in one eukariotic genome, but are absent in
another.
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1.1. The Principle of SSH and MOS

Figure 1 presents a brief overview of the SSH and MOS procedures. SSH
includes several steps. First, cDNA is synthesized from the two types of tissues
or cell populations being compared. The cDNA population in which specific
transcripts are to be found is called tester cDNA, and the reference cDNA popu-
lation is called driver cDNA. For cDNA synthesis, the conventional method
described by Gubler and Hoffman (10) can be used. If enough poly(A)+ RNA is
not available, the Switch Mechanism at the 5' end of RNA Templates (SMART™)
amplification technology (BD Biosciences Clontech) can be used to preamplify
high-quality cDNA from total RNA (11). In the second step, tester and driver
cDNAs are digested with a four-base-cutting restriction enzyme that yields
blunt ends, such as Rsa I. The tester cDNA is then subdivided into two portions,
and each is ligated to a different double-stranded (ds) adaptor (adaptors 1 [Ad1]
and 2R [Ad2R]). The ends of the adaptors are not phosphorylated, so only one
strand of each adaptor becomes covalently attached to the 5' ends of the cDNAs.

The molecular events that occur during subtractive hybridization and selec-
tive amplification of differentially expressed genes are illustrated in Fig. 2. In the
first hybridization, an excess of driver cDNA is added to each sample of tester
cDNA. The samples are then heat-denatured and allowed to anneal. Figure 2A
shows the type A, B, C, and D molecules generated in each sample. Type A
molecules, which represent single-stranded (ss) tester molecules, include equal
concentrations of high- and low-abundance sequences because reannealing is
faster for more abundant molecules owing to the second-order kinetics of hybrid-

Fig. 1. Overview of the SSH and MOS procedures.
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ization (12). At the same time, the population of type A molecules is signifi-
cantly enriched for differentially expressed sequences because common non-tar-
get cDNAs form type C molecules with the driver. During the second hybridiza-
tion, the two primary hybridization samples are mixed together in the presence
of fresh denatured driver. Type A cDNAs from each tester sample are now able
to associate and form type B, type C, and new type E hybrids. Type E hybrids
are ds tester molecules with different ss ends that correspond to Ad1 and Ad2R.
Freshly denatured driver cDNA is added to further enrich fraction E for differ-
entially expressed sequences.

The entire population of molecules is then subjected to two rounds of PCR
to selectively amplify the differentially expressed sequences. Prior to the first
cycle of primary PCR, the adaptor ends are filled in, creating the complemen-
tary primer binding sites needed for amplification. Type A and D molecules lack
primer annealing sites and cannot be amplified. Type B molecules form a pan
handle-like structure that suppresses amplification (5,6). Type C molecules have
only one primer annealing site and can only be amplified linearly. Only type E
molecules, which have two different primer annealing sites, can be amplified
exponentially. Differentially expressed sequences are greatly enriched in type
E fraction, and therefore in the subtracted cDNA pool. This method does not
involve the physical separation of single stranded and double stranded mole-
cules although suppression PCR prevents undesirable amplification during tar-
get molecules enrichment.

When there is a high background in the SSH-generated subtracted library,
MOS can be used to reduce the background significantly. The MOS technique is
based on the rationale that, after PCR amplification during SSH, each species of
background molecule has only one orientation relative to the adaptor sequences.
This directionality corresponds to the orientation of the progenitor molecule.
On the contrary, the target DNA fragments are involved in PCR amplification
owing to efficient enrichment in the SSH procedure. As a result, each specific
sequence has many progenitors and is represented by both sequence orienta-
tions (9). The procedure includes removing adaptor 1 (represented by adaptor
1-derived primer NP1 in secondary PCR of SSH, Fig. 3) by restriction endonu-
clease (XmaI in this description), heat-denaturation and reannealing of the SSH
sample (Fig. 3). Some of the newly formed hybrids from target DNAs bear

Fig. 2. (Opposite page) Schematic diagram of the suppression subtractive hybrid-
ization procedure. Solid boxes represent the outer part of the adaptor Ad1 and Ad2R,
and correspond to the polymerase chain reaction (PCR) primer 1 (P1) sequence. Clear
boxes represent the inner part of adaptor Ad1 and correspond to nested PCR primer 1
(NP1). Shaded boxes represent the inner part of adaptor Ad2R and correspond to nested
PCR primer 2R (NP2R).
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Fig. 3. Schematic diagram of the mirror orientation selection (MOS) procedure.
The method is based on the assumption that each background molecule has only one
orientation with respect to the Ad1 (represented by NP1) and Ad2R (represented by NP2R)
adaptors used in suppression subtractive hybridization (SSH), whereas truly differen-
tially expressed target cDNA fragments are represented by both sequence orientations.
MOS polymerase chain reaction primer is a shorter primer sequence of the NP2R primer
used in SSH.

adaptor 2R (represented by adaptor 2R-derived primer NP2R in secondary PCR
of SSH, Fig. 3) at both termini. These molecules are generated as a result of
hybridization of molecules with “mirror” orientation of adaptors 1 and 2. Thus,
they can only be derived from target DNA fraction. Next, the 3' ends are filled
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in and PCR with primers corresponding to NP2R (also called NP2Rs or MOS
PCR primer) is performed. In this PCR only molecules bearing NP2R at both
termini can be amplified exponentially. Thus, the final PCR product is enriched
for target sequences.

2. Materials

2.1. Oligonucleotides

The following oligonucleotides are used at a concentration of 10 µM. When-
ever possible, oligonucleotides should be gel-purified.

1. cDNA synthesis primers: 5'-TTTTGTACAAGCTT30-3'
2. Ad1:

5'-CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT-3'
3'-GGCCCGTCCA-5'
Ad2R:
5'-CTAATACGACTCACTATAGGGCAGCGTGGTCGCGGCCGAGGT-3'
3'-GCCGGCTCCA-5'

3. PCR primer 1 (P1): 5'-CTAATACGACTCACTATAGGGC-3'
4. Nested primer 1 (NP1): 5'-TCGAGCGGCCGCCCGGGCAGGT -3'
5. Nested primer 2R (NP2R): 5'-AGCGTGGTCGCGGCCGAGGT-3'
6. MOS PCR primer (NP2Rs): 5'-GGTCGCGGCCGAGGT-3'
7. Blocking solution: A mixture of the cDNA synthesis primer, nested primers (NP1

and NP2R), and their respective complementary oligonucleotides (2 mg/mL each).

2.2. Buffers and Enzymes

All chemical reagents were obtained from Sigma Chemical (St. Louis, MO)

1. AMV reverse transcriptase (20 U/µL; Life Technologies, Gaithersburg, MD).
2. 5X First-strand buffer: 250 mM Tris-HCl, pH 8.5, 40 mM MgCl2, 150 mM KCl,

and 5 mM Dithiothreitol.
3. 20X Second-strand enzyme cocktail: DNA polymerase I, 6 U/µL, New England

Biolabs, Beverly, MA.
4. RNase H, 0.25 U/µL, Epicentre Technologies, Madison, WI.
5. E. coli DNA ligase, 1.2 U/µL, New England Biolabs.
6. 5X Second-strand buffer: 500 mM KCl, 50 mM ammonium sulfate, 25 mM MgCl2,

0.75 mM b-NAD, 100 mM Tris-HCl, pH 7.5, 0.25 mg/ml BSA.
7. T4 DNA polymerase (3 U/µL, New England Biolabs).
8. 10X Rsa I restriction buffer: 100 mM Bis-Tris Propane/HCl, pH 7.0, 100 mM

MgCl2 and 1 mM Dithiothreitol (DTT).
9. Rsa I (10 U/mL, New England Biolabs).

10. T4 DNA ligase (400 U/µL: contains 3 mM ATP, New England Biolabs).
11. 5X DNA ligation buffer: 250 mM Tris-HCl, pH 7.8, 50 mM MgCl2, 10 mM DTT,

0.25 mg/mL BSA.
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12. 4X Hybridization buffer: 4 M NaCl, 200 mM HEPES, pH 8.3, 4 mM cetyltrimethyl
ammonium bromide (CTAB).

13. Dilution buffer: 20 mM HEPES-HCl, pH 8.3, 50 mM NaCl, 0.2 mM EDTA.
14. Advantage cDNA PCR Mix (BD Biosciences Clontech, Palo Alto, CA). This mix

contains a mixture of KlenTaq-1 and DeepVent DNA polymerases (New England
Bio Labs, Beverly, MA) and TaqStart Antibody (BD Biosciences Clontech); 10X
reaction buffer (40 mM Tricine-KOH (pH 9.2 at 22°C), 3.5 mM Mg(OAc)2, 10
mM KOAc, 75 mg/mL BSA). The TaqStart Antibody provides automatic hot start
PCR (13). Alternatively, Taq DNA polymerase can be used alone, but five addi-
tional thermal cycles will be needed in both the primary and secondary PCR, and
the additional cycles may cause higher background. If the Advantage cDNA PCR
Mix is not used, manual hot start or hot start with wax beads is strongly recom-
mended to reduce nonspecific DNA synthesis.

15. 10 mM each dNTP (Amersham Pharmacia Biotech, Piscataway, NJ).
16. 20X EDTA/glycogen mix: 0.2 M EDTA, 1 mg/mL glycogen.
17. 4 M NH4OAc, TN buffer: 10 mM Tris-HCl, 10 mM NaCl.
18. ExpressHyb™ Hybridization Solution (BD Biosciences Clontech).
19. Sterile H2O.

Please note that the cycling parameters in this protocol have been optimized
using the MJ Research PTC-200 DNA Thermal Cycler. For a different type of
thermal cycler, the cycling parameters must be optimized for that machine. It
is not possible to use this protocol with water-bath thermal cyclers because
there is no PCR suppression effect there.

We recommend performing subtractions in both directions for each DNA
pair being compared. This forward- and reverse-subtracted DNA may be use-
ful for differential screening of the resulting subtracted libraries. We also rec-
ommend performing self-subtractions (with both tester and driver prepared from
the same DNA sample) as a control experiment for fast examination of sub-
traction efficiency (see Note 1). For models such as RNA/DNA injections, or
viral infections, it is extremely important to add appropriate DNA into driver
sample (see Note 2).

3. Methods

3.1. Preparation of Subtracted cDNA or Genomic DNA Library

3.1.1. RNA and DNA Isolation

Two µg of genomic DNA or RNA is required per subtraction. Most com-
monly used methods for isolation of RNA and genomic DNA are appropriate
for subtraction experiments (14–17). Nevertheless, the quality of DNA or RNA
is very important for successful experiment. Whenever possible, samples being
compared should be purified side-by-side utilizing the same reagents and pro-



Suppression Subtractive Hybridization 115

tocol. Alternatively, commercially available kits from different vendors can
be used for RNA and DNA isolation.

If genomic DNA is used as a starting material, the next step is Rsa I diges-
tion (Subheading 3.1.3.). If RNA is used as a starting material, the next step is
cDNA synthesis (Subheading 3.1.2.).

Note: For simplicity, the term “cDNA” will be used throughout the proto-
col, but the protocol is suitable for genomic DNA subtraction without any
changes in the amount of any reagents required to perform subtraction.

3.1.2. cDNA Synthesis

There are two steps involved in cDNA synthesis: first-strand cDNA synthesis
and second-strand cDNA synthesis. During first-strand cDNA synthesis, AMV
reverse transcriptase synthesizes cDNA using poly(A)+ RNA as a template.
During second-strand cDNA synthesis, DNA polymerase I uses first-strand
cDNA as a template. The following protocol is recommended for generating a
subtracted library from 2 µg of poly(A)+ RNA. If enough poly(A)+ RNA is not
available, the switch mechanism at the 5' end of RNA Templates (SMART™)
amplification technology (BD Biosciences Clontech) can be used to preamplify
high-quality cDNA from total RNA (11) (see Note 3).

3.1.2.1. FIRST-STRAND CDNA SYNTHESIS

Perform this procedure individually with each tester and driver poly(A)+
RNA sample.

1. For each tester and driver sample, combine the following components in a sterile
0.5-mL microcentrifuge tube (do not use a polystyrene tube).

poly(A)+ RNA (2 µg) to 2–4 µL
cDNA synthesis primer (10 µM) to 1 µL
If needed, add sterile H2O to a final volume of 5 µL.

2. Incubate the tubes at 70°C in a thermal cycler for 2 min.
3. Cool at room temperature for 2 min and briefly centrifuge using a PicoFuge® micro-

centrifuge (Stratagene, La Jolla, CA) at maximum rotation speed (5000g).
4. Add the following to each reaction tube:

2 µL 5X first-strand buffer
1 µL dNTP mixture (10 mM each)
0.5 µL sterile H2O

(Optional: To monitor the progress of cDNA synthesis, dilute 0.5 µL of P32-labeled
dCTP (10 mCi/mL, 3000 Ci/mmol) with 9 µL of H2O and replace the H2O above
with 1 µL of the diluted label.)

0.5 µL 0.1M DTT
1 µL AMV reverse transcriptase (20 U/µL)

5. Gently vortex and briefly centrifuge the tubes.
6. Incubate the tubes at 42°C for 1.5 h in an air incubator.
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7. Place the tubes on ice to terminate first-strand cDNA synthesis and immediately
proceed to second-strand cDNA synthesis.

 3.1.2.2. SECOND-STRAND CDNA SYNTHESIS

1. Add the following components (previously cooled on ice) to the first-strand syn-
thesis reaction tubes:

48.4 µL Sterile H2O
16.0 µL 5X Second-strand buffer
1.6 µL dNTP mix (10 mM)
4.0 µL 20X Second-strand enzyme cocktail

2. Mix the contents and briefly spin the tubes. The final volume should be 80µL.
3. Incubate the tubes at 16°C (water bath or thermal cycler) for 2 h.
4. Add 2 µL (6 U) of T4 DNA polymerase. Mix contents well.
5. Incubate the tube at 16°C for 30 min in a water bath or a thermal cycler.
6. Add 4 µL of 0.2 M EDTA to terminate second-strand synthesis.
7. Perform phenol:chloroform extraction and ethanol precipitation (see Note 4).
8. Dissolve pellet in 50 µL of TN buffer.
9. Transfer 6 µL to a fresh microcentrifuge tube. Store this sample at −20°C until

after Rsa I digestion. This sample will be used for agarose gel electrophoresis to
estimate yield and size range of the ds cDNA synthesized products.

3.1.2.3. RSA I DIGESTION

Perform the following procedure with each experimental ds tester and driver
cDNA. This step generates shorter, blunt-ended ds cDNA fragments optimal
for subtractive hybridization.

1. Add the following reagents into the tube from Subheading 3.1.2.2., step 8:
43.5 µL ds cDNA
5.0 µL 10X Rsa I restriction buffer
1.5 µL Rsa I (10 U/µL)

2. Mix and incubate at 37°C for 2–4 h.
3. Use 5 µL of the digest mixture and analyze on a 2% agarose gel along with un-

digested cDNA (Subheading 3.1.2.2., step 9 or Subheading 3.1.1. for genomic
DNA) to analyze the efficiency of Rsa I digestion.
Note: continue the digestion during electrophoresis and terminate the reaction
only after you are satisfied with the results of the analysis.

4. Add 2.5 µL of 0.2 M EDTA to terminate the reaction.
5. Perform phenol:chloroform extraction and ethanol precipitation (see Note 4–6).
6. Dissolve each pellet in 6 µL of TN buffer (see Note 7) and store at −20°C.

Driver cDNA preparation is now complete.

3.1.3. Adaptor Ligation
It is strongly recommended that you perform subtractions in both directions

for each tester/driver cDNA pair. Forward subtraction is designed to enrich
differentially expressed transcripts present in tester but not in driver; reverse
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subtraction is designed to enrich differentially expressed sequences present in
driver but not in tester. The availability of such forward- and reverse-subtracted
cDNAs will be useful for differential screening of the resulting subtracted tester
cDNA library (see Subheading 3.4.).

The tester cDNAs are ligated separately to Ad1 (Tester 1-1 and 2-1) and Ad2R
(Tester 1-2 and 2-2). It is highly recommended that a third ligation of both
adaptors 1 and 2R to the tester cDNAs (unsubtracted tester control 1-c and 2-c)
be performed and used as a negative control for subtraction. Please note that the
adaptors are not ligated to the driver cDNA.

 1. Dilute 1 µL of each Rsa I-digested tester cDNA from the above section with 5 µL
of TN buffer.

2. Prepare a master ligation mix of the following components for each reaction:
3 µL Sterile H2O
2 µL 5X Ligation buffer
1 µL T4 DNA ligase (400 U/µL)

Please note that ATP required for ligation is in the T4 DNA ligase (3 mM initial,
300 µM final.

3. For each tester cDNA mixture, combine the following reagents in a 0.5-mL
microcentrifuge tube in the order shown. Pipet the solution up and down to mix
thoroughly.

Tube No.: 1 2
Component Tester 1-1 (µL) Tester 1-2 (µL)
Diluted tester cDNA 2 2
Adaptor Ad1 (10 µM) 2 —
Adaptor Ad2R (10 µM) — 2
Master ligation mix 6 6
Final volume 10 10

4. In a fresh microcentrifuge tube, mix 2 µL of Tester 1-1 and 2 µL of Tester 1-2.
This is your unsubtracted tester control 1-c. Do the same for each tester cDNA
sample. After ligation, approximately one-third of the cDNA molecules in each
unsubtracted tester control tube will have two different adaptors on their ends,
suitable for exponential PCR amplification with adaptor-derived primers.

5. Centrifuge the tubes briefly and incubate at 16°C overnight.
6. Stop the ligation reaction by adding 1 µL of 0.2 M EDTA.
7. Heat samples at 72°C for 5 min to inactivate the ligase.
8. Briefly centrifuge the tubes. Remove 1 µL from each unsubtracted tester control

(1-c, 2-c ...) and dilute into 1 mL of H2O. These samples will be used for PCR
amplification (Subheading 3.1.6.).

Preparation of your experimental Adaptor-Ligated Tester cDNAs 1-1 and
1–2 is now complete.

Perform ligation efficiency test before proceeding to the next section (see
Note 8).
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3.1.5. Subtractive Hybridization
3.1.5.1. FIRST HYBRIDIZATION

1.  For each tester sample, combine the reagents in the following order:
Hybridization Hybridization

Component 1.1 (µL) 1.2 (µL)
Rsa I-digested driver cDNA 1.5 1.5

(Subheading 3.1.3., step 7)
Ad1-ligated Tester 1-1 1.5  —

(Subheading 3.1.4., step 8)
Ad2R-ligated Tester 1-2 — 1.5

(Subheading 3.1.4., step 5)
4X Hybridization buffer 1.0 1.0
Final volume 4.0 4.0

2. Overlay samples with one drop of mineral oil and centrifuge briefly.
3. Incubate samples in a thermal cycler at 98°C for 1.5 min.

Incubate samples at 68°C for 8 h (see Note 9) and then proceed immediately to
the second hybridization (see Note 21).

3.1.5.2. SECOND HYBRIDIZATION

1. Repeat the following steps for each experimental driver cDNA.
Add the following reagents into a sterile 0.5-µL microcentrifuge tube:

1 µL Driver cDNA (Subheading 3.1.3, step 7)
1µL 4X hybridization buffer
2 µL Sterile H2O

2. Place 1 µL of this mixture in a 0.5-mL microcentrifuge tube and overlay it with
one drop of mineral oil.

3. Incubate in a thermal cycler at 98°C for 1.5 min (see Note 10).
4. Remove the tube of freshly denatured driver from the thermal cycler (see Note 11).
5. To the tube of freshly denatured driver cDNA, add hybridized sample 1.1 and

hybridized sample 1.2 (from first hybridization) in that order. This ensures that the
two hybridization samples are mixed only in the presence of excess driver cDNA.

6. Incubate the hybridization reaction at 68°C overnight.
7. Add 100 µL of dilution buffer to the tube and mix well by pipeting.
8. Incubate in a thermal cycler at 72°C for 7 min.
9. Store hybridization solution at −20°C (see Note 12).

3.1.5.3. PCR AMPLIFICATION

Differentially presented DNAs are selectively amplified during the reactions
described in this section. Each experiment should have at least four reactions:
subtracted tester cDNAs, unsubtracted tester control (1-c), reverse-subtracted
tester cDNAs, and unsubtracted driver control for the reverse subtraction (2-c).

3.1.5.4. PRIMARY PCR
1. Place a 1 µL aliquot of each diluted cDNA sample (i.e., each subtracted sample from

Subheading 3.1.5.3., step 8, and the corresponding diluted unsubtracted tester control
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from Subheading 3.1.4., step 8) into an appropriately labeled tube (see Note 12).
2. Prepare a master mix for all of the primary PCR tubes plus one additional tube.

For each reaction combine the reagents in the order shown:
Amount per

Reagent reaction (µL)
Sterile H2O 19.5
10X PCR reaction buffer 2.5
dNTP mix (10 mM) 0.5
PCR primer P1 (10 µM) 1.0
50X Advantage cDNA PCR Mix 0.5
Total volume 24.0

3. Place 24 µL aliquot of master mix into each reaction tube prepared in step 1.
4. Overlay with 50 µL of mineral oil. Skip this step if an oil-free thermal cycler is

used.
5. Incubate the reaction mixture in a thermal cycler at 75°C for 5 min to extend the

adaptors (see Note 13). Do not remove the samples from the thermal cycler.
6. Immediately commence 26 cycles of:

95°C 10 s
66°C 10 s
72°C 1.5 min

7. Analyze 4 µL from each tube on a 2% agarose/EtBr gel run in 1X TAE buffer (see
Note 14 and 15).

3.1.5.5. SECONDARY PCR
1. Dilute 2 µL of each primary PCR mixture in 38 µL of H2O.
2. Place 1 µL aliquot of each diluted primary PCR product mixture from step 1 into

an appropriately labeled tube.
3. Prepare a master mix for the secondary PCR samples plus one additional reaction

by combining the reagents in the following order:
Amount per

Reagent reaction (µL)
Sterile H2O 18.5
10X PCR reaction buffer 2.5
Nested PCR primer NP1 (10 µM) 1.0
Nested PCR primer NP2R (10 µM) 1.0
dNTP mix (10 mM) 0.5
50X Advantage cDNA PCR mix 0.5
Total volume 24.0

4. Place 24 µL aliquot of master mix into each reaction tube from step 2.
5. Overlay with one drop of mineral oil. Skip this step if an oil-free thermal cycler is

used.
6. Immediately commence 10–12 cycles of:

95°C 10 s
68°C 10 s
72°C 1.5 min
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7. Analyze 4 µL from each reaction on a 2% agarose/EtBr gel.
8. Store PCR products at −20°C. This PCR product is now enriched for differentially

presented DNAs.

At this point if you are not going to perform MOS, please go to Subheading
3.3. (Cloning of subtracted library) in this method section.

3.2. Mirror Orientation Selection (MOS)

The major drawback of SSH is the presence of background clones that rep-
resent nondifferentially expressed DNA species in the subtracted libraries. In
some difficult cases, the number of background clones may considerably exceed
the number of target clones. To overcome this problem, we recommend MOS—
a simple procedure that substantially decreases the number of background
clones in the libraries generated by SSH (see Note 16).

We recommend the use of MOS in the following cases:

• If the percentage of differentially expressed clones found during differential screen-
ing is very low (for example, 1–5%). The MOS procedure can increase the num-
ber of differential clones up to 10-fold.

• If most of the differentially expressed clones found are false positive clones (i.e.,
clones that appear to be differentially expressed in the differential screening proce-
dure, but turn out not to be differentially expressed in the Northern blot or reverse
transcriptase [RT]-PCR analysis). The MOS procedure decreases the portion of false
positive clones by several fold.

• If the primary PCR in SSH requires more than 30 cycles (but no more than 36
cycles, see Note 15) to generate visible PCR product. If the primary PCR requires
more than 30 cycles, the problems described in the previous two items will usu-
ally appear.

If you want to perform MOS, please follow the following procedure for PCR
amplification using the second hybridization solution (Subheading 3.1.5.2.,
step 9).

3.2.1. PCR Amplification for MOS

If the complexity of tester and driver samples is very high or if the differ-
ence in gene expression between tester and driver is very small, one can plan
to perform MOS from the beginning of the experiment. In that case, after sub-
tractive hybridization (Subheading 3.1.5.), perform PCR amplification using
the following protocol instead of using protocol in Subheading 3.1.6. If you
have already made the SSH subtracted library and found high background upon
differential screening, you have the option to perform MOS on the SSH-gener-
ated library. You can use the hybridization mix generated in Subheading
3.1.5.2., step 9) for PCR amplification using the following protocol.
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3.2.1.1. PRIMARY PCR-1

1. Transfer 10 µL of each diluted second hybridization (from Subheading 3.1.5.)
into appropriately labeled tubes (see Note 12).

2. Prepare a Master Mix for the primary PCR-1. For each reaction, combine the reagents
as follows.

Component Amount per reaction
Sterile H2O 92.5 µL
10X PCR buffer 12.5 µL
dNTP mixture (10 mM each) 2.5 µL
PCR Primer 1 5.0 µL
50X polymerase mixture 2.5 µL
Total volume 115 µL

3. Mix well and briefly centrifuge the tube.
4. Place 115 µL aliquot of Master Mix into each reaction tube from step 1.
5. Place 125 µL aliquot of final mix into five 0.5 µL PCR tubes (25 µL per tube).
6. Overlay with one drop of mineral oil.
7. Incubate the reaction mixture in a thermal cycler at 72°C for 5 min to extend the

adaptors (see Note 13).
8. Immediately commence thermal cycling (see Note 17 to calculate the number of

PCR cycles you need):
95°C 10 s
66°C 10 s
72°C 1.5 min

9. Combine 2 µL of each (of 5) primary PCR-1 product in one tube and add 390 µL
of H2O.

10. Place 1 µL aliquot of each diluted primary PCR-1 product mixture from step 9
into an appropriately labeled PCR tube.

11. Prepare Master Mix for primary PCR-2 as follows.
Component Amount per reaction
Sterile H2O 19.5 µL
10X PCR buffer 2.5 µL
dNTP mixture (10 mM each) 0.5 µL
PCR Primer 1 1.0 µL
50X polymerase mixture 0.5 µL
Total volume 24 µL

12. Mix well and briefly centrifuge the tube.
13. Place 24 µL aliquot of Master Mix into each reaction tube from step 10.
14. Overlay with one drop of mineral oil.
15. Immediately commence thermal cycling:

10 cycles:
94°C 30 s
66°C 30 s
72°C 1.5 min
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16. Analyze 4 µL from each reaction on a 2% agarose/EtBr gel.

3.2.1.2. SECONDARY PCR

1. Dilute 2 µL of each primary PCR-2 product generated in Subheading 3.2.1.1., step
16 in 38 µL of H2O.

2. Place 2 µL aliquot of each diluted primary PCR-2 product into an appropriately
labeled tube.

3. Prepare a Master Mix for secondary PCR. For each reaction, combine the reagents
as follows:

Component Amount per reaction
Sterile H2O 37.0 µL
10X PCR buffer 5.0 µL
dNTP mixture (10 mM each) 1.0 µL
PCR Primer NP1 2.0 µL
PCR Primer NP2R 2.0 µL
50X Polymerase mixture 1.0 µL
Total volume 48.0 µL

4. Mix well and briefly centrifuge the tube.
5. Place 48 µL aliquot of Master Mix into each reaction tube from step 2.
6. Overlay with one drop of mineral oil.
7. Immediately commence thermal cycling:

10 cycles:
95°C 10 s
68°C 10 s
72°C 1.5 min

8. Analyze 4 µL from each tube on a 2% agarose/EtBr gel.
9. The PCR product of secondary PCR is purified by phenol/chloroform extraction

and ethanol precipitation (see Note 4).
10. Dissolve the pellet in 20–40 µL of NT buffer up to concentration 20 ng/µL of

DNA.
11. Analyze 2 µL of purified PCR product from step 9 on a 2% agarose/EtBr gel.
12. Dilute 1 µL of purified PCR product from step 9 in 1.6 mL H2O (this will be your

undigested control).
13. Store at −20°C

3.2.2. XmaI Digestion

1. Add the following reagents into the tube.
12 µL H2O
2 µL 10X Xma I restriction buffer
5 µL DNA (Subheading 3.2.1.2., step 10)
1 µL Xma I (10 U/µL)

2. Mix and incubate at 37°C for 2 h.
3. Add 2 µL of 0.2 M EDTA to terminate the reaction.
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4. Incubate at 70°C for 5 min to inactivate enzyme.
5. Store at −20°C.

3.2.3. MOS Hybridization
Combine the following reagents in a fresh 1.5-mL tube:

2 µL H2O2 µL
1 µL Xma I digested DNA
1 µL 4X Hybridization buffer

Place 2 µL of this mixture in a 0.5 mL microcentrifuge tube and overlay
with one drop of mineral oil.

Incubate in a thermal cycler at 98°C for 1.5 min.
Incubate in a thermal cycler at 68°C for 3 h.
Add 200 µL of dilution buffer to the tube and mix by pipeting.
Heat in a thermal cycler at 70°C for 7 min.
Store at −20°C

3.2.4. MOS PCR Amplification
1. Prepare a Master Mix for all MOS PCR reactions as follows:

Component Amount per reaction
Sterile H2O 19.5 µL
10X PCR buffer 2.5 µL
dNTP mixture (10 mM each) 0.5 µL
MOS PCR Primer (NP2Rs) 1.0 µL
50X polymerase mixture 0.5 µL
Total volume 24.0 µL

2. Add 1 µL of each diluted cDNA sample (after hybridization and the corresponding
undigested control) to an appropriately labeled tube containing 24 µL of Master Mix.

3. Overlay with one drop of mineral oil.
4. Incubate the reaction mix in a thermal cycler at 72°C for 2 min to extend the

adaptors. (Do not remove the samples from the thermal cycler.)
5. Immediately commence thermal cycling:

19 cycles:
94°C 30 s
62°C 30 s
72°C 1.5 min

6. Analyze 4 µL from each tube on 2% agarose/EtBr gel.

3.3. Cloning of Subtracted cDNAs
Once a subtracted sample is confirmed to be enriched in cDNAs derived

from differentially expressed genes, the PCR products (from Subheading 3.1.6.,
secondary PCR or from Subheading 3.2.4., MOS PCR amplification) can be sub-
cloned using several conventional cloning techniques. The following describes
two such methods that are currently used.
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1. T/A cloning
Use 3 µL of the secondary PCR product (Subheading 3.1.5.4., step 8) or MOS PCR
product (Subheading 3.2.4., step 6) for cloning with a T/A-based system, such as
the AdvanTAge PCR Cloning Kit (Invitrogen), according to the manufacturer’s
protocol. The library is transformed into bacteria (electrocompetent cells) by elec-
troporation (1.8 kV) using a pulser (BioRad) and plated onto agar plates contain-
ing ampicillin, X-Gal, and IPTG. Recombinant (white colonies) clones are picked
and used to inoculate LB medium in 96-well microtiter plates. Bacteria should be
allowed to grow at 37°C for 4 h before insert amplification (Subheading 3.4.2.).
Typically, 104 independent clones from 1 µL of secondary PCR product can be
obtained using the above cloning system and electroporation. It is important to
optimize the cloning efficiency because a low cloning efficiency will result in a
high background.

2. Site-specific or blunt-end cloning
For site-specific cloning, cleave at the Eag I, Not I, and Xma (Sma I, Srf I) sites
embedded in the adaptor sequences and then ligate the products into an appropri-
ate plasmid vector. Keep in mind that all of these sites might be present in the cDNA
fragments. The Rsa I site in the adaptor sequences can also be used for blunt-ended
cloning. Commercially available cloning kits are suitable for these purposes.

The number of independent colonies obtained for each library depends on the
estimated number of differentially expressed genes, as well as the subtraction and
subcloning efficiencies. In general, 500 colonies can be initially arrayed and stud-
ied. The complexity of the library can be increased by additional subcloning of
secondary PCR products (from Subheading 3.1.6.) or MOS PCR products (from
Subheading 3.2.4.).

3.4. Differential Screening of the Subtracted cDNA Library

Two approaches can be utilized for differential screening of the arrayed sub-
tracted cDNA clones; cDNA dot blots and colony dot blots. For colony dot
blots, bacterial colonies are spotted on nylon filters, grown on antibiotic plates,
and processed for colony hybridization. This method is cheaper and more con-
venient, but it is less sensitive and gives a higher background than PCR-based
cDNA dot blots. The cDNA array approach is highly recommended (Subhead-
ing 3.4.2.).

3.4.1. Amplification of cDNA Inserts by PCR

For high-throughput screening, a 96-well format PCR from one of several ther-
mal cycler manufacturers is recommended. Alternatively, single tubes can be used.

1. Randomly pick 96 white bacterial colonies.
2. Grow each colony in 100 µL of LB-amp medium in a 96-well plate at 37°C for at

least 2 h (up to overnight) with gentle shaking.
3. Prepare a master mix for 100 PCR reactions (see Note 18):
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Reagent Amount per reaction
10X PCR reaction buffer 2.0 µL
Nested Primer NP1* 0.6 µL
Nested Primer NP2R* 0.6 µL
dNTP Mix (10 mM) 0.4 µL
H2O 15.0 µL
50X Advantage cDNA PCR Mix 0.4 µL
Total volume 19.0 µL
Alternatively, primers flanking the insertion site of the vector can be used in
PCR amplification of the inserts.

4. Place 19 µL aliquot of the master mix into each tube or well of the reaction plate.
5. Transfer 1 µL of each bacterial culture (from step 2) to each tube or well contain-

ing master mix (see Note 19).
6. Perform PCR in an oil-free thermal cycler with the following conditions:

1 cycle:
94°C 2 min
then 22 cycles:
94°C 30 s
68°C 3 min

7. Analyze 5 µL from each reaction on a 2% agarose/EtBr gel (see Note 20).

3.4.2. Preparation of cDNA Dot Blots of the PCR Products
1. For each PCR reaction, combine 5 µL of the PCR product and 5 µL of 0.6 M NaOH

(freshly made or at least freshly diluted from concentrated stock).
2. Transfer 1–2 µL of each mixture to a nylon membrane. This can be accomplished

by dipping a 96-well replicator in the corresponding wells of a microtiter dish
used in the PCR amplification and spotting it onto a dry nylon filter. Make at least
two identical blots for hybridization with subtracted and reverse-subtracted probes
(see Subheading 3.1.3.) (see Note 22).

3. Neutralize the blots for 2–4 min in 0.5 M Tris-HCl (pH 7.5) and wash in 2X SSC.
4. Immobilize cDNA on the membrane using a UV crosslinking device (such as Strata-

gene’s UV Stratalinker), or bake the blots for 4 h at 68°C.

3.4.3. Differential Hybridization With Tester and Driver cDNA Probes
Label tester and driver cDNA probes by random-primer labeling using a com-

mercially available kit. The hybridization conditions given here are optimized
for BD Biosciences Clontech’s ExpressHyb solution; the optimal hybridiza-
tion conditions for other systems should be determined empirically.

The following four different probes will be used for differential screening
hybridization:

(1) Tester-specific subtracted probe (forward-subtracted probe)
(2) Driver-specific subtracted probe (reverse-subtracted probe)
(3) cDNA probe synthesized directly from tester mRNA
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(4) cDNA probe synthesized directly from driver mRNA
(5) see Note 23.

1. Prepare a prehybridization solution for each membrane:
a. Combine 50 µL of 20X SSC, 50 µL of sheared salmon sperm DNA (10 mg/

mL), and 10 µL of blocking solution (containing 2 mg/mL of unpurified NP1,
NP2R, cDNA synthesis primers and their complementary oligonucleotides).

b. Boil the blocking solution for 5 min, then chill on ice.
c. Combine the blocking solution with 5 mL of ExpressHyb Hybridization Solu-

tion (BD Biosciences Clontech).
2. Place each membrane in the prehybridization solution prepared in step 1. Prehy-

bridize for 40–60 min with continuous agitation at 72°C.
Note: It is important to add blocking solution in prehybridization solution. Because
subtracted probes contain the same adaptor sequences as arrayed clones, these
probes hybridize to all arrayed clones regardless of the sequences.

3. Prepare hybridization probes:
a. Mix 50 µL of 20X SSC, 50 µL of sheared salmon sperm DNA (10 mg/mL) and

10 µL blocking solution, and purified probe (at least 107 cpm per 100 ng of sub-
tracted cDNA). Make sure the specific activity of each probe is approximately
equal.

b. Boil the probe for 5 min, then chill on ice.
c. Add the probe to the prehybridization solution.

4. Hybridize overnight with continuous agitation at 72°C.
5. Prepare low-stringency (2X SSC/0.5% SDS) and high-stringency (0.2X SSC/0.5%

SDS) washing buffers and warm them up to 68°C.
6. Wash membranes with low-stringency buffer (4 X 20 min at 68°C), then wash

with high-stringency buffer (2 X 20 min at 68°C).
7. Perform autoradiography.
8. If desired, remove probes from the membranes by boiling for 7 min in 0.5% SDS.

Blots can typically be reused at least five times.
Note: To minimize hybridization background, store the membranes at −20°C when
they are not in use.

4. Notes
1. Self-subtraction (with both Tester and Driver prepared from one DNA sample) is

recommended as the best comprehensive control. In the self-subtracted control,
subtracted secondary PCR requires more cycles than unsubtracted secondary PCR.
A number of other control experiments may be performed for fast analysis of SSH
and MOS experiments (Table 2).

2. For experimental systems such as transfection, overexpression, mRNA injection,
or viral infection using mammalian or viral expression systems, we strongly rec-
ommend that you use affecting RNA/DNA sequence for compensation of overex-
pressed sequence concentration.

For example, if you are searching for p53-up-regulated genes in a p53 overex-
pressed cell line, add Rsa I-digested p53 cDNA into Rsa I-digested driver sample



Suppression Subtractive Hybridization 127

(about 1/10 of driver cDNA concentration) after you prepare adaptor-ligated tester.
Adding exogenous DNA/RNA earlier (in RNA sample) or before Rsa I digestion
may cause disproportion of this material in initial DNAs.

3. We recommend the use of poly(A)+ RNA as starting material. Amplified cDNA
should be used as a starting material only when enough RNA is not available. The
amplification of two cDNA samples to be subtracted is a crucial procedure and
any disproportion during cDNA amplification may cause artifacts in the subtrac-
tion results. Some RNA types cannot be amplified because the messages are too
long and are not available for subtraction and analysis.

4. Phenol-chloroform extraction and ethanol precipitation:
a. Add equal volumes of phenol:chloroform:isoamyl alcohol (25:24:1) and vor-

tex thoroughly.
b. Centrifuge the tubes at 14,000g for 10 min.
c. Remove the top aqueous layer and transfer to a fresh microcentrifuge tube.
d. Add equal volumes of chloroform:isoamyl alcohol (24/1) and vortex thoroughly.
e. Centrifuge the tubes at 14,000g for 10 min.
f. Remove the top aqueous layer and transfer to a fresh microcentrifuge tube.
g. Add 0.5 volume of 4M NH4OAc, mix, then add 2.5 volumes of 95% ethanol

and vortex thoroughly.
h. Centrifuge the tubes at 14,000g for 20 min.
i. Remove the supernatant carefully.
j. Add 200 µL of 80% ethanol.
k. Centrifuge the tubes at 14,000g for 10 min.
l. Remove the supernatant carefully.

m. Air dry the pellets for 5–10 min.
n. Dissolve the pellets in appropriate volume of TN buffer.

5. Using glycogen or any type of coprecipitants during DNA precipitation may
increase viscosity of DNA solution and prevent DNA hybridization in some cases.
We recommend avoiding use of these reagents if possible.

Table 2
List of Control Experiments That Can Be Performed With SSH and MOS

Control Controlled factor Expected results

Unsubtracted control Subtraction efficiency Differences between
(SSH) control and PCR2 gel-pattern

Unhybridized control Hybridization process Control PCR2 need more cycles
(SSH)

Undigested control Subtraction efficiency, Differences between control
(MOS) MOS efficiency and MOS-PCR gel-pattern
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6. We do not recommend using silica matrix-based PCR purification systems at this
stage.

7. Water may denature short DNA fragments and may make the adaptor ligation
difficult. We advise using TN buffer.

9. Ligation efficiency test:
a. Place 1 µL aliquot of each undiluted unsubtracted control sample (Subhead-

ing 3.1.4., step 8) into an appropriately labeled 0.5-ml PCR tube.
b. Prepare a Master Mix for all of the reaction tubes. Combine the reagents as

follows:
Component Amount per reaction
Sterile H2O 19.5 µL
10X PCR buffer 2.5 µL
dNTP mixture (10 mM each) 0.5 µL
PCR Primer P1 1.0 µL
50X polymerase mixture 0.5 µL
Total volume 24.0 µL

c. Mix and briefly centrifuge the tubes.
d. Place 24 µL aliquot of Master Mix into each of the reaction tubes prepared in

step 1.
c. Overlay with one drop of mineral oil.
d. Incubate the reaction mixture in a thermal cycler at 72°C for 5 min to extend

the adaptors.
e. Immediately commence thermal cycling:

15 cycles:
95°C 10 s
66°C 10 s
72°C 1.5 min

f. Analyze 4 µL from each tube on a 2% agarose/EtBr gel. This PCR product
should have a similar pattern to that of Rsa I-digested DNA. If PCR products
are not visible after 15 cycles, perform three more cycles and again analyze the
PCR product. If PCR products are not visible after 21 cycles, the activity of the
polymerase mixture needs to be examined. If there is no problem with the
polymerase mixture, the ligation reaction should be repeated with fresh samples
before proceeding to the next step.

10. Recommended first hybridization times for different DNA samples:
Sample type
First hybridization time
Bacterial genome subtraction
1–3 h
Eukaryotic genome subtraction
3–5 h
cDNA subtraction
7–12 h
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10. We recommend that you use two blocks thermal cycler (or two thermal cyclers
nearby) for proper and fast operations.

11. We recommend transferring this tube immediately after denaturing (98°C for 1.5
min) into thermal cycler with first hybridization process (68°C) and waiting for 1
min before proceeding to the next step.

12. If hybridization mix was frozen, we recommend the following before proceeding
with PCR reactions: mix hybridization samples well by pipeting, heat in a thermal
cycler at 72°C for 7 min, then mix again by pipeting and use for PCR.

13. This step “fills in” the missing strand of the adaptors and thus creates binding
sites for the PCR primers.

14. For some complicated subtractions (with complex tissues or eukaryotic genomes),
we recommend performing primary PCR two times one by one. This procedure
may significantly reduce background, generated by partial disruption of PCR-sup-
pression effect. First, perform primary PCR as described in Subheading 3.1.5.3.
Then perform another primary PCR as follows:
a. Dilute 2 µL of each primary PCR product (from step 7) in 78 µL of H2O.
b. Place 1 µL of each diluted primary PCR product from step 1 into appropriately

labeled tube.
c. Combine the following reagents to prepare a Master Mix for each reaction.

Component Amount per reaction
Sterile H2O 19.5 µL
10X PCR buffer 2.5 µL
dNTP mixture (10 mM each) 0.5 µL
PCR Primer P1 1.0 µL
Advantage cDNA PCR mix 0.5 µL
Total volume 24.0 µL

d. Mix well and briefly centrifuge the tube.
e. Place 24 µL aliquot of Master Mix into each reaction tube from step 2.
f. Overlay with one drop of mineral oil.
g. Immediately commence thermal cycling:

10 cycles:
95°C 10 s
66°C 10 s
72°C 1.5 min

h. Analyze 4 µL from each tube on a 2% agarose/EtBr gel, then proceed to sec-
ondary PCR (Subheading 3.1.6.).

15. If the SSH primary PCR requires more then 36 cycles, “in vitro cloning” will occur.
As a result, only false-positive clones may be found during differential screening
procedure.

16. To illustrate the utility of combining SSH and MOS for eukaryotic genome com-
parison, we will describe our efforts to isolate genes that are present in one fresh-
water planaria strain but are absent in another. In this study, we used two closely
related strains of freshwater planaria Girardia tigrina that reproduce in different
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ways. Whereas one strain has exclusively asexual reproduction, the other repro-
duces both sexually and asexually. We compared the genomes of both strains of
G. tigrina to search for genetic determinants of asexuality.

Total DNA from these strains was purified using the procedure described in
Subheading 3.1.1. (12). The SSH and MOS combination was used to isolate genes
that are differentially present in each planaria strain. Forward subtraction (AB)
was performed using asexual DNA (sample A) as tester and sexual DNA (sample
B) as driver, and the forward-subtracted DNA was enriched for DNA fragments
specific to the asexual strain of freshwater planaria. Reverse-subtracted DNA (BA)
was enriched for DNA fragments specific to the sexual planaria strain. Self-sub-
tractions were performed for both DNA samples to get a quick idea of subtraction
efficiency. Subsequent MOS-PCR analysis confirmed that the self-subtractions (as
well as undigested controls) require more PCR cycles to generate visible PCR
product, indicating that the subtraction was successful (Fig. 4).

We anticipated that the differences between tester and driver DNA would be
small, so we proceeded with a differential screening procedure (Fig. 5). Eighty-
six randomly selected clones from each (forward- and reverse-subtracted) library

Fig. 4. Lane 1: MOS PCR product of undigested control of BB self-subtraction.
Lane 2: MOS PCR product of BB self-subtraction. Lane 3: MOS PCR product of BA
experimental subtraction. Lane 4: MOS PCR product of undigested control of BA expe-
rimental subtraction. Lane 5: MOS PCR product of undigested control of AB experi-
mental subtraction. Lane 6: MOS PCR product of AB experimental subtraction. Lane 7:
MOS PCR product of AA self-subtraction. Lane 8: MOS PCR product of undigested
control of AA self-subtraction.
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were arrayed (DNA dot blot) onto nylon membranes. DNA dot blots were hybrid-
ized to probes prepared from the subtracted and reverse-subtracted libraries. Fig-
ure 5 shows typical results of differential screening of a subtracted DNA libraries
obtained using the SSH and MOS combination. These results reveal the following
types of clones:
a. Clones hybridizing to the one probe only. These clones correspond to the dif-

ferentially presented DNA, but must be verified by Southern blot analysis. The
signal intensity depends on the copy number in genomic or extrachromosomal
DNA.

b. Clones hybridizing to both subtracted probes with the same efficiency. These
clones do not correspond to the differentially presented DNA; this is back-
ground.

c. Clones hybridizing to both subtracted probes with different hybridization effi-
ciencies. In the case of genomic DNA subtraction, these clones may represent

Fig. 5. Differential screening approach. Top panel represents clones from a for-
ward-subtracted library (AB) and bottom panel represents clones from a reverse-sub-
tracted library (BA). Two identical dot blots are prepared from each subtracted library.
Dot blots from both the libraries are hybridized with DNA probes made from forward-
subtracted DNA (AB) and reverse-subtracted DNA (BA).
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genes (DNA fragments) with different number of copies per genome. In the case
of cDNA subtraction, these clones do represent differentially expressed clones.
In some cDNA subtractions, this difference can be a result of random fluctua-
tion and does not represent differentially expressed cDNA. For this reason, it is
always recommended to confirm true differential expression of these clones by
Northern analysis or RT-PCR.

d. Clones that do not hybridize noticeably to either hybridization probe. These
clones may not contain DNA insertion or may be present at very low concen-
tration in the subtracted probe. (In most cases, they do not represent differen-
tially presented clones.)

Differential screening revealed about 60% and 30% of the strain-specific clones
in AB and BA libraries, respectively. About 50% of the asexual-specific clones
turned out to be a novel extrachromosomal DNA-containing virus-like element.
Several strain-specific genes were identified as lectins. We randomly selected two
clones from each library for confirmation of differential expression by PCR (Fig.
6). Most of the nondifferential DNA sequences were identified as the mariner
element, approx 7000 copies that were present in each compared genome (18).

17. The recommended number of primary PCR1 cycles for MOS is the number of
SSH primary PCR minus 2. For example, if the SSH primary PCR was visible on
agarose/EtBr gel after 31 cycles, you will need 31− 2 = 29 cycles of primary PCR1
for MOS.

18. Short PCR primers NP1s and NP2s can be used for insert amplification to reduce
hybridization background. However, this is not always necessary.

19. Freshly grown 96-well plates should be used for PCR before bacterial cells pre-
cipitate, otherwise 1-µL aliquots will not be equal.

20. It is possible that approx 5–10% of clones will not yield PCR product as a result
of imperfect cloning.

21. The protocol uses 15 ng of ligated tester cDNA and 450 ng of driver cDNA. The
ratio of driver to tester can be changed if different subtraction efficiency is desired.

Fig. 6. PCR analysis of differential genes found via suppression subtractive hybrid-
ization and mirror orientation selection (MOS) of two freshwater planaria genomes.
S-polymerase chain reaction (PCR) from sexual planaria genomic DNA; A-PCR from
asexual planaria genomic DNA. pAS14- and pAS22-clones from MOS library speci-
fic for asexual planaria. pSA32- and pSA34-clones from MOS library specific for sexual
planaria. Control is a housekeeping gene present in both genomes.
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22. We highly recommend that you make four identical blots. Two of the blots will be
hybridized to forward and reverse subtracted cDNAs and the other two can be
hybridized to cDNA probes synthesized from tester and driver mRNAs.

23. The first two probes are the secondary PCR products (Subheading 3.1.5.4., step
8 or 3.2.1.2., step 10) of the subtracted cDNA pool. The last two cDNA probes
can be synthesized from the tester and driver poly(A)+ RNA. They can be used as
either single-stranded or double-stranded cDNA probes (Subheading 3.1.2.1. and
3.2.1.2.). Alternatively, unsubtracted tester and driver cDNA (Subheading 3.1.5.4.,
step 8 or 3.2.1.2., step 10) or preamplified cDNA from total RNA (11) can be used
if enough poly(A)+ RNA is not available. If you have made the MOS-subtracted
library, you can still screen it using the same probes.
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Gene Expression Informatics

Martin Leach

Summary
There are many methodologies for performing gene expression profiling on

transcripts, and through their use scientists have been generating vast amounts of
experimental data. Turning the raw experimental data into meaningful biological
observation requires a number of processing steps; to remove noise, to identify
the “true” expression value, normalize the data, compare it to reference data, and
to extract patterns, or obtain insight into the underlying biology of the samples
being measured. In this chapter we give a brief overview of how the raw data is
processed, provide details on several data-mining methods, and discuss the future
direction of expression informatics.

Key Words: Bioinformatics, clustering, data analysis, databases, gene-expression,
microarrays, software

1. Introduction
On April 14, 2003 the International Human Genome Sequencing Consor-

tium, led in the United States by the National Human Genome Research Insti-
tute (NHGRI) and the Department of Energy (DOE), announced the successful
completion of the Human Genome Project (1). Now, researchers for the first
time have the complete set of data for studying gene makeup and understand-
ing gene regulation. However, there is still an active debate as to how many
genes are actually in the human genome. Initial publications based on a draft of
the human genome cited between 24,500 (1) and 26,383 (2) genes. This is
approximately half of the mean “estimate” in the Gene Sweepstake (http://www.
ensembl.org/Genesweep) but the number was verified as being at least 24,500
genes at the 68th Cold Spring Harbor Symposium on Quantitative Biology.
The definitive number of genes will remain unknown for a number of years until
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millions of proprietary expressed sequence tag (EST) sequences from com-
panies such as Incyte Pharmaceuticals, Human Genome Sciences, Millenium
Pharmaceuticals, and CuraGen Corporations are combined with the public data.

There are many molecular biology techniques for the capture and measure-
ment of gene transcripts, many of which are presented in this book. Before uti-
lizing microarray or other expression measurement technologies some thought
needs to be applied to proper experiment design so that statistically significant
observations can be generated. Kerr et al. (3) gives a good overview of how
researchers should approach experimental design as it pertains to expression
profiling. Unfortunately, researchers spend a disproportionate amount of time
in experimental design in the rush to examine expression data. This approach
typically results in a qualitative measure of expression levels and the data is
tossed over the proverbial fence to the informatics scientists to identify patterns
and give clarity using computational techniques. The desire to extract meaning-
ful results and an understanding of gene regulation and association of gene ex-
pression levels to a desired pathophysiological state has resulted in a plethora
of techniques and software that is bewildering to researchers. Lorkowski et al.
(4) presents an excellent review of computation methods, and bioinformatics
tools are presented as well. In this chapter , the basics of expression profiling
analysis and analytical methods will be presented, focusing predominantly on
microarray expression analysis .

2. Materials

2.1. Expression Data Sources

One of the most comprehensive reference collections of gene expression
microarray data can be found at Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo/) and is maintained by the National Center for Biotechnology
Information (NCBI) (5). The data is comprised of noncommercial, commer-
cial, or custom nucleotide microarrays with some transcript expression avail-
able from serial analysis of gene expression (SAGE) experiments (6). A central
site for collecting and organizing SAGE data on cancer tissues can be found at
SAGENET (http://www.sagenet.org/resources/data.htm). A larger set of oncol-
ogy SAGE data can be found at The Cancer Genome Anatomy Project (CGAP).
Fortunately, the CGAP SAGE data has been deposited into the NCBI GEO
database. A group in France has adapted the SAGE methodogy with a SAGE
Adaptation for Downsized Extracts (SADE) (7–8) and has provided data (http:/
/www-dsv.cea.fr/thema/get/sade.html). Table 1 lists the predominant sources
of expression data for a variety of organisms where scientists can download,
manipulate, and perform further data-mining experimentation. We have found
that these data repositories are useful because in combination with our own
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Table 1
Frequently Used Gene Expression Data Repositories

Description URL Comment

ArrayExpress http://www.ebi.ac.uk/arrayexpress Public repository for microarray data in accordance with HGED
standards.

BodyMap http://bodymap.ims.u-tokyo.ac.jp/ Human and mouse gene expression database using ESTs.
Brown Lab, http://cmgm.stanford.edu/pbrown/explore/ Searchable database of published yeast microarray data.

Stanford
ExpressDB http://arep.med.harvard.edu/ExpressDB/ Yeast and E. coli RNA expression data.
Gene http://www.ncbi.nlm.nih.gov/geo/ Compendium of expression data from many platforms for

Expression several organisms.
Omnibus

HuGE http://zlab.bu.edu/HugeSearch/ A database of human gene expression using arrays.
Jackson Labs. http://www.jax.org/staff/churchill/labsite/ Many mouse microarray datasets.

datasets/index.html
http://www.informatics.jax.org/

SAGENET http://www.sagenet.org/resources/index.html SAGE data available for download from many cancer tissues
samples.

Stanford http://www.dnachip.org/ >40,500 microarray experiments covering 25 organisms
Microarray
Database

Yeast http://web.wi.mit.edu/young/expression/ Genome-wide expression data and detailed information on
Expression yeast mRNAs.
Data
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experimental data they have provided confirmatory evidence to our initial dis-
coveries (unpublished).

2.2. Informatics Software

There are many commercial, academic, and freely available platforms or appli-
cations for gene expression analysis. Software that is most widely used includes
Rosetta Resolver (Rosetta Inpharmatics, Kirkland, Washington), GeneSpring™

(Silicon Genetics, Redwood City, CA), S-Plus® (Insightful Corporation, Seattle,
Washington), MatLab® (The Mathworks Inc., Natick, MA), and Spotfire Deci-
sionSite (Spotfire Inc., Boston, MA). However, these software applications and
data warehouses are all commercial. Academic researchers performing detailed
expression analysis and modeling have generated many software applications
and web-based interfaces (see Table 2). One platform that requires mention is
The R Project for Statistical Computing (http://www.r-project.org). Similar to
commercial software applications such as MatLab, the R Project provides a com-
prehensive framework for performing powerful statistical analyses and data
visualization. Furthermore, many modules and packages have been developed
specifically for expression data processing, analysis, and visualization (http://www.
stat.uni-muenchen.de/~strimmer/rexpress.html). Table 2 contains a list of the
most popular software applications or frameworks that are available for use in
expression profiling data analysis and visualization.

3. Methods

3.1. Raw Data Handling

Recent technologies for gene expression analysis have made it possible to
simultaneously monitor the expression pattern of thousands of genes. There-
fore, all differentially expressed genes between different states (e.g., normal
vs diseased tissue) can be easily identified, leading to the discovery of diseased
genes or drug targets. One difficulty in identifying differentially expressed genes
is that experimental measurements of expression levels include variation result-
ing from noise, systematic error, and biological variation. Distinguishing the
true from false differences has presented a challenge for gene expression analy-
sis. One of the major sources of noise in gene expression experiments is the
difference in the amount or quality of either mRNA or cDNA biological material
analyzed, or the analytical instruments performing the measurement of gene
expression.

In order to address these and other difficulties, methodologies are applied
for normalizing, scaling, and difference finding for gene expression data. These
methods are applicable to most expression profiling methods but differ accord-
ing to the idiosyncrasies of each technology. A typical approach to “cleaning”
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or “processing” the raw data and using it for differential gene analysis is as
follows:

• Define noise
• Perform normalization
• Adjust data through scaling
• Compare data from experiments to identify differences
• Perform analytical and data-mining analyses

As researchers are publishing large sets of expression data and they are reused
or recombined with other experiments it is important that normalization and other
data transformations are described in detail with the publication. To facilitate
the sharing of expression data and standardization of microarray expression data
sets a Normalization Working Group of the Microarray Gene Expression Data
(MGED) organization (http://www.mged.org) has been formed and is attempt-
ing to define standards through participation of the scientific community. In
addition, it is now required that manuscripts submitted to the journal Nature
have corresponding microarray data submitted to the GEO or ArrayExpress
databases.

3.1.1. Defining Noise

Typically with microarray methods a predominant source of noise results
from electrical noise from the microarray scanner. This results in noise values
varying between scanners. A simple method used for setting the noise baseline
is to determine the average intensity of a low percentage of the signals gener-
ated in an expression profiling experiment. For microarray experiments, this is
a relatively simple process, for example, the bottom 2% of signals may be col-
lected to generate the noise baseline (9). However, the process of identifying
the bottom percentage of low signals is a difficult process in differential dis-
play techniques where multiple peaks of intensity are generated for multiple
genes in a single electrophoretic data stream (10). Once the noise baseline has
been generated it is simply extracted from the experimental measurements to
determine the measured value.

3.1.2. Normalization

Normalization is the method of reducing sample-to-sample, batch-to-batch,
or experiment-to-experiment variation. A more detailed discussion on the sources
of variation can be found in Hartemink et al. (11). Internal standards not expected
to change are used for normalization. Multiple housekeeping genes have been
identified and a combination of these should be used for normalization purposes
(12). It is wise to monitor and periodically evaluate potential changes in gene
expression with the housekeeping genes as they are subject to gene regulation.
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Table 2
List of Commonly Used Public and Proprietary Expression Analysis and Visualization Software

Description URL Comment

ArrayDB 2.0 http://research.nhgri.nih.gov/arraydb/ A software suite that provides an interactive
user interface for the mining and analysis of
microarray gene expression data.

Array Designer Software http://www.arrayit.com Commercial
Bioconductor http://www.bioconductor.org Collaborative open-source project to develop a

modular framework for analysis of genomics
data. Contains modules for microarray analysis.

BioDiscovery http://www.biodiscovery.com/imagene.asp BioDiscoverys ImaGene Image Analysis Software
BioSap (Blast Integrated http://biosap.sourceforge.net Public—Oligo design and analysis software for

Oligo. Selection microarrays.
Accelerator Package)

DEODAS (Degenerate http://deodas.sourceforge.net/ Public—Oligo design and analysis software for
Oligo Nucleotide Design microarrays.

 and Analysis System)
ExpressYourself http://bioinfo.mbb.yale.edu/expressyourself/ Public—Automated platform for signal correction,

normalization, and analyses of multiple
microarray format.

Featurama http://probepicker.sourceforge.net Public—Oligo design and analysis software for
microarrays.

GeneChip® LIMS http://www.affymetrix.com/products/ Commercial Affymetrix Software for
data warehouse software/index.affx GeneChip microarray design and analysis.

GeneSpring™ http://www.sigentics.com/ Commercial software and data warehouse.
GeneX-lite http://www.ncgr.org/genex Freely available system for microarray analysis

built on open-source software.



G
ene Expression Inform

atics
159

GenoMax Gene http://www.informaxinc.com Commercial software and data warehouse.
Expression Analysis
Module

OligoArray http://berry.engin.umich.edu/oligoarray Genome-scale oligo design software for
microarrays.

Oligos4Array http://www.mwg-biotech.com/html/d_ Commercial automated high throughput oligo
diagnosis/d_software_oligos4array.shtml design software.

R project http://www.r-project.org (see below The R system is a free (GNU GPL) general
for expression analysis modules to use purpose computational environment for the
with R) statistical analysis of data (33).

R packages for http://www.stat.uni-muenchen.de/ Many R packages (modules) developed to
expression analysis ~strimmer/rexpress.html analyze gene expression from multiple

expression profile platforms.
Rosetta Resolver http://www.rosettabio.com/products/ Commercial software and data warehouse.

resolver/default.htm
SAGE analysis software http://cgap.nci.nih.gov/SAGE

http://www.sagenet.org/resources/index.html
http://www.ncbi.nlm.nih.gov/SAGE/

ScanAlyze http://rana.lbl.gov/EisenSoftware.htm Michael Eisen’s software for processing images
from microarrays, and performing multiple
forms of data analysis.

SNOMAD http://pevsnerlab.kennedykrieger.org/ Web-based software for standardization and
snomadinput.html normalization of microarray data.

Spotfire DecisionSite http://www.spotfire.com/products/ Commercial visualization and analysis software.
decision.asp
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3.1.3. Scaling

Scaling is the process of transforming the expression data points through
the application of a scaling factor. This is performed when experimental repli-
cates have been generated, and to facilitate later comparison with a reference set
of data. They are scaled so median intensities are the same across the replicates
(13). The choice of a local vs global scaling method is important and is depen-
dent on the gene expression changes occurring in the experiment. If the major-
ity of transcripts will be exhibiting an expression change, then a global scaling
method should be applied. Alternatively, if a small number of expression changes
are expected, then a local (or selected) scaling method should be applied. Often,
however, an overall scaling is not sufficient to discriminate between true dif-
ferences and those attributed to noise. One source of difficulty is identifying the
particular genes for use as scaling landmarks. In addition, a nonuniform taper-
ing of the signal across the set of measurements may generate additional noise.
The best method of scaling for any given technology should be empirically
determined after the use of many replicates of standard samples.

It is beyond the scope of this chapter to discuss outlier detection and we
refer readers to Li et al. (14) for a detailed discussion.

3.2. Differential Analysis

The purpose of many expression profiling experiments is for the compari-
son of gene expression levels between two or more states (e.g., diseased vs nor-
mal, different time points, or drug treatments and concentrations). One approach
for the comparison is to generate a ratio of expression level from state I to state
II. For example, state I = 400 U, state II = 200 U, expression ratio = 400/200 or
the expression level in state I is twofold higher than that of state II. However,
a twofold decrease in gene expression from state I to state II would be repre-
sented by 0.5. The result of this simple ratio is a numerical value that has a
different magnitude for the same relative effect. An alternative approach that
properly handles the magnitude of change is to use a logarithm base 2 transfor-
mation (13). By following the examples: log2(100/100) = 0, log2(200/100) = 1,
log2(100/200) = −1, log2(400/100) = 2, log2(100/400) = −2, we see a symmet-
ric treatment of expression ratios through this logarithmic transformation. This
results in an easier interpretation of expression differences.

3.3. Analytical and Data-Mining Analyses

Where large data sets are generated, a number of different algorithms and
methods can be applied for the mining and extraction of meaningful data. A
common approach is to use cluster analyses to group genes with a similar pat-
tern of gene expression (15). Clustering methods can be divided into two
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classes, unsupervised and supervised (16). In supervised clustering, distances
are created through measurements based on the expression profiles and anno-
tations, whereas unsupervised clustering is based on the measurements them-
selves. Before expression results from samples can be clustered, a measure of
distance must be generated between the observations. A number of different
measurements can be used to measure the similarity between any two genes,
such as, Euclidean distance or the use of a standard correlation coefficient. A
detailed description of distance measurements can be found in Hartigan et al
(17). The Euclidean distance measure goes back to simple geometry where the
two points “A” and “B” are mapped using (x, y) coordinates in two-dimen-
sional space and a right-angle triangle is formed. The hypotenuse represents
the distance between the two points and is calculated using the Pythagorean
formula. The (x, y) coordinates for any given point may represent the gene
expression level in two states or expression level in one state and another mea-
surement or annotation on the gene. Hence, a drawback of simple distance mea-
surement technique, such as the Euclidean distance is that it allows only expres-
sion value and a single state to be compared.

Through the creation of “distances” between any given data point, one-dimen-
sional, two-dimensional, or multidimensional analyses can be generated for
numerous genes across multiple states (17). The result is a grouping of similar
expression patterns for the different genes. The interpretation is that the simi-
larly clustered or grouped genes are being regulated through a common gene
regulation network or pathway. Two-dimensional analyses allow a better dissec-
tion of the gene expression pattern as the scientists can manually or automati-
cally subgroup based on physiological or clinical properties of the experimental
samples or annotations on the genes being measured (18). Clustering analysis
is also used to perform “guilt-by-association” type experiments where the func-
tion of an unknown gene is inferred by it’s apparent clustering with a gene of
known function. This is typically performed using an unsupervised clustering
method and has been applied on a large scale with model organisms such as
Saccharomyces cerevisiae (15,19).

There are many methods of clustering algorithm. Common methods include:
K-mean clustering algorithms (4,20), hierarchical algorithms (15,18), and Self-
Organizing-Maps (SOMs) (16,21).

With hierarchical clustering, a dissimilarity measure is created between data
points, clusters are formed, and a dissimilarity measurement is created between
the clusters. Clusters are merged, distance is recalculated, clusters are broken
or merged, and the process is repeated until there is one cluster containing all
data points with distances between each data point. A drawback of the hierar-
chical clustering method is that it is computationally and memory intensive
and gives poor performance on large datasets. In addition, when data points
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are falsely joined in a cluster it is difficult to computationally resolve such
problems resulting in a spurious hierarchical organization.

The K-means approach is a much faster clustering method that is more suit-
able for large-scale applications. K-means is a partitioning method where there
are “K” randomly generated “seed” clusters. Each of the data points are associ-
ated with each of the clusters based on similarity and the mean of each cluster
is generated. The distance from each K-mean is calculated using a Euclidean
distance measurement, clusters are reconfigured based on distances, and the
process is repeated until there is no significant change to the clusters. One
problem of this approach is that the technique cannot adequately deal with
overlapping clusters and has a problem with outliers.

The above methods are applicable to datasets when simple one or two-dimen-
sional clustering is required. Multidimensional datasets can be analyzed with
complex techniques such as Principal Component Analysis (17,22–23). Prin-
cipal Component Analysis reduces the complexity of the data by transforming
the dataset into variables (eigenvectors and eigenvalues) that are then elimi-
nated once their contribution is assessed. The variables are eliminated in a way
so as little loss of information as possible. Each variable is assessed to see how
it contributes to the overall variance in the experimental comparison. Values
and variables that contribute little variance are removed resulting in a mini-
malization and identification of values and data dimension(s) that cause the
observed effect. Similarly, analysis of variance analysis (ANOVA) and varia-
tions on ANOVA can be applied to less complicated datasets (24).

A method used recently for data-mining purposes is support vector machines
(SVMs). SVMs are a supervised computer learning method that utilizes known
information about expressed genes through the construction of a training set of
data. The trained SVM is then applied to unknown genes to identify similari-
ties. There are several forms of SVM techniques, common forms include the
Fisher’s linear discriminant (25), Parzen windows (26), and decision-tree learn-
ing (27). SVMs have several advantages over hierarchical clustering and SOMs
in that they have the ability to generate distance matrices in a multidimen-
sional space, they can handle large datasets and identity outliers (28).

The above listing of techniques represents only the commonly used methods.
For a more detailed description of clustering and analysis methodologies see
Eisen et al. (15), Alter et al. (22), Wu et al. (19), and Lorkowski et al. (4).

3.4. Summary and Future of Expression Informatics

A good deal of work has been performed on the design, processing, and anal-
ysis of expression data. A recent trend in genomics and proteomics has been to
understand the complex interactions between proteins and genes through signal
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transduction pathways and regulatory networks. This has been referred to as
Systems Biology. Computer scientists have attempted to map out the dynamic
behavior of gene expression pathways to map them to a networked architec-
ture. The generation of genetic networks attempts to completely reverse engi-
neer the underlying regulatory interactions using Boolean (29) and Bayesian
Networks (30). Systems Biology, or as most biologists call it, “Physiology” is
complex, and interactions occur across vast temporal and spatial distances in a
whole organism. Fully mapping out physiological processes work is needed to
integrate the many disparate types of biological data and map them to expres-
sion data. Furthermore, modeling a system in it’s entirety will be a computa-
tionally expensive process that requires vast amount of computational power.
Fortunately, as projects such as IBM’s Blue Gene mature they may result in a
solution for handling these vast computational problems.

Finally, having the core set of genes is useful and will be a powerful resource
for scientists, however, the ideal resource for researchers studying gene expres-
sion is to have the comprehensive database of gene variants. Gene variants can
be broken down into two major categories; variants that are consistent within
individuals brought about through alternate splicing of the gene primary tran-
script, or variants that result from genotypic differences between individuals
in a given population. Recent technological advantages with the creation of
high-density microarrays have allowed scientists to perform gene expression
analysis at the genome scale (31–32). Following deposition of closely mapped
genomic fragments or gene candidates, subsequent profiling across multiple
biological samples has allowed scientists to perform gene and splice variant iden-
tification with significant success (9).

Understanding the precise control of splice variants and their association
with specific physiological or pathological states is the ultimate goal of gene
expression studies. We are still several years from effectively doing this as the
human transcriptome has yet to be fully mapped out and splice variants to be
fully identified. As we learn more about the transcriptome, and as technology
and data analysis methods advance, we will be able to perform gene variant
expression with greater specificity. With this specificity, we will accurately be
able to map gene variants to biological systems so that we can simulate them.
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