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DNA and RNA quantifications are widely used in
biological and biomedical research. In the last ten years,
many technologies have been developed to enable
automated and high-throughput analyses. In this review,
we first give a brief overview of how DNA and RNA
quantifications are carried out. Then, five technologies
(microarrays, SAGE, differential display, real time PCR
and real competitive PCR) are introduced, with an
emphasis on how these technologies can be applied and
what their limitations are. The technologies are also
evaluated in terms of a few key aspects of nucleic acids
quantification such as accuracy, sensitivity, specificity, cost
and throughput.

Keywords: Gene expression, Quantitative PCR, Microarray,
SAGE, Differential display

Introduction

Nucleic acids (DNA and RNA) are among the most
fundamental molecules of all life forms. DNA and RNA can
be studied in two different manners. One can study the
qualitative aspects such as genome sequences (Lander et al.,
2001; Venter et al., 2001) and DNA mutations
(Sachidanandam et al., 2001). Alternatively, in quantitative
studies, one asks how much of each sequence is present, such
as gene expression analysis (Lockhart and Winzeler, 2000),
DNA duplications/deletions (Ginzinger et al., 2000; Nigro et
al., 2001) and viral titer determinations (Nyberg-Hoffman et
al., 1997). This review focuses on the quantitative aspects of
nucleic acid research. Technological advances in the last few
years will be reviewed. For each technology, we will attempt

to discuss how the analysis works, the advantages and
disadvantages, as well as its specific applications. In the end,
we hope the readers will be able to choose the most
appropriate technology for their own research, and to be able
to critically assess results obtained from different technology
platforms.

Nucleic acids quantification includes RNA and DNA
analyses. Quantitative RNA analysis, or gene expression
analysis (or transcriptional profiling for high-throughput
analysis), aims to measure the concentrations (or copy
numbers) of specific RNA sequences. In most cases, the
average steady state mRNA concentrations from many cells
(hundreds to millions) are quantified. Quantitative DNA
analysis can be used to detect genomic DNA duplications/
deletions such as chromosome aneuploidy and loss of
heterozygosity (LOH). We will use RNA quantification in
most of the text, but the same principles also apply to DNA
quantification.

An overview of the critical steps in quantifying mRNA is
illustrated in Fig. 1. It is important to point out that each step
can contribute to the bottleneck for high-throughput, accurate
and reproducible mRNA quantification. An ideal technology
should have a robust scheme to deal with the potential pitfalls
in these steps.

For gene expression analysis, it is important to obtain a
homogeneous sample containing only the desired cell type for
RNA preparation. Two techniques, laser capture micro-
dissection (Emmert-Buck et al., 1996; Mikulowska-Mennis et
al., 2002) and flow cytometry (for review, see Herzenberg et
al., 2002) can be used to obtain homogenous cells from
complex tissue samples. Since cells can respond to
environmental changes by changing their expression profiles,
it is important that minimum disturbance is inflicted during
cell purification and RNA preparation. RNase inhibition
reagents (such as RNAlater from Ambion, Austin, USA) are
often added prior to cell lysis. Many commercial kits are now
available for total RNA and mRNA preparations (such as
Ambion and Qiagen kits, Qiagen, Hilden, Germany). For
reverse transcription, various engineered AMV reverse
transcriptase (Sensiscript from Qiagen; ThermoScript from
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Invitrogen, San Diego, USA; Improm-II from Promega,
Madison, USA), engineered M-MLV reverse transcriptase
(SuperScript from Life Technologies, Grand Island, USA) or
rTth reverse transcriptase/DNA polymerase (AppliedBiosystems,
Foster, USA) can be used with either random hexamer,
Oligo(dT) or gene specific primers. Due to the sometimes
very significant secondary structures of RNA molecules, it is
important that the reverse transcription efficiency is monitored
and can be normalized. It is a common practice that one or
more housekeeping genes are used for normalization.
Choosing the gene(s) for normalization can have a significant
impact on the results and there is no consensus on which
genes to use (Goidin et al., 2001; Solanas et al., 2001;
Vandesompele et al., 2002).

Technologies for Nucleic Acid Quantification

There are numerous technologies available for DNA and RNA
quantification. It is clearly unrealistic to cover all of them in
this brief review. We attempt to cover five medium/high-
throughput technologies that we think have or will have the

biggest impact on DNA and RNA quantification.
It is important to point out that the reviewed techniques are

developed for different purposes. Thus, it is neither fair nor
appropriate to directly compare the techniques and conclude
which technique is the best. Rather, we intend to illustrate how
the techniques have successfully been applied to investigate
biological and medical problems. Only after that do we
provide a cross-platform comparison so that readers will be
able to choose the technique(s) that are most suitable for their
specific needs.

Microarrays DNA microarrays use the same principle of
Watson-Crick base pairing as other traditional techniques such
as Northern and Southern blotting (Southern, 1975; Alwine et
al., 1977). In Northern and Southern blotting, target DNA/
RNA sequences are immobilized and labeled probe sequences
in excess are added for hybridization. In DNA microarrays,
probe sequences (either short oligonucleotides or cDNA
sequences) are immobilized at pre-determined positions at
high density, and labeled (usually fluorescent) target
sequences are added and allowed to hybridize (Schena et al.,
1995; Lockhart et al., 1996). After washing away

Fig. 1. Overview of mRNA quantifications. The entire process has many potential pitfalls and some of them are highlighted.
Preparation of homogeneous cells. This step can be particularly difficult when a specific human tissue is needed. Laser capture
microdissection (LCM) and flow cytometry can be used to obtain homogeneous cells. 2. RNA preparation. It is important to prevent
RNAs from degradation in the preparation step by adding RNase inhibitors. In addition, shorter RNA or RNA without a poly(A) tail
might be lost in the purification steps. 3. Reverse transcription. It is well known that RNAs can form quite complex secondary
structures which can cause problems for efficient and consistent reverse transcription. 4-7 are covered in the text for each particular
technology.
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nonspecifically bound targets, the signal intensity of the
remaining bound target sequences is proportional to the
amount of the target sequence; this is the basis for nucleic
acids quantification.

There are two widely adopted methods for microarray
production: robotic deposition of nucleic acids (PCR products
or oligonucleotides) onto a glass slide and in situ synthesis of
oligonucleotides (for review, see (Cheung et al., 1999)). For
short oligonucleotide (20 to 25 nucleotides in length)
microarrays, it is common to have multiple (10 to 20) probes
for each mRNA transcript, and signals are statistically
estimated from all probes. Target sequences can be labeled in
several different ways (for review, see (Lockhart and Winzeler,
2000)). When RNA quantity is sufficient (>20 µg total RNA),
the RNA can be labeled directly with biotin (Lockhart et al.,
1996). When RNA quantity is limited, RNA is first converted
to double-stranded cDNA, and subsequently transcribed into
labeled anti-sense RNA by in vitro transcription (Wodicka et
al., 1997). This approach provides 20 to 200 fold
amplification of the target sequences. For comparing the
expression between two different samples, Cy3/Cy5 labeling
is widely adopted. One sample is labeled with Cy3 and the
other sample is labeled with Cy5. The two labeled samples are
co-hybridized to an array. The array is scanned at wavelengths
specific for Cy3 and Cy5, and the relative abundance of each
gene is derived from the signal intensity ratio of the two scans.

A very clever adaptation of the microarray technology for
genomic DNA analysis is array Comparative Genomic
Hybridization (array CGH), which has very promising clinical
applications in cancer (for reviews, see Kashiwagi and
Uchida, 2000; Albertson, 2003), preimplantation genetic
diagnosis (PGD) (for reviews, see Wells and Levy, 2003) and
potentially many other applications.

Microarrays are probably the most popular technique for
high-throughput transcriptional profiling. In the early days,
when there were inadequate and often erroneous genomic data
and gene annotations, microarrays were criticized for creating
a lot of dirty data (Mir, 2000; Wooster, 2000; Knight, 2001a
and 2001b). Many of the criticisms were valid. However, with
the completion of the human genome and many other
genomes, it is only a matter of time before we will have
highly accurate annotation for most (if not all) of the genes.
Thus, it is possible to eliminate the previous errors in probe
designs. The problem of cross-hybridization, although not
completely resolvable, can be minimized by careful probe
design.

Early success stories with microarrays include classification
of cancers (Golub et al., 1999), determination of therapeutic
responses (Alizadeh et al., 2000), exploring signaling
pathways (Fambrough et al., 1999; Harkin et al., 1999; Lee et
al., 1999), gene function prediction based on various
clustering algorithms (Cho et al., 1998; Arbeitman et al.,
2002) and many others. The power of microarrays lies mostly
in the simultaneous quantification of thousands to tens of
thousands of genes or DNAs. Thus, it is possible to carry out

extensive comparisons, either for gene expression changes
between a control group and a disease group, or among genes
within the same sample. In a typical experiment where the
transcriptional profiles of two sample groups (a control and a
disease group) are obtained, the bad news and the good news
are exactly the same (too) many gene hits are identified. It is
important to design the microarray experiments carefully and
with a sufficient sample size (Lee and Whitmore, 2002; Cui
and Churchill, 2003). In addition and probably more
importantly, it is also important to validate the identified gene
targets in a larger (ideally independent) sample group with a
more accurate technique such as real time PCR or real
competitive PCR. Microarrays serve best as a screening
platform to narrow down the potential gene targets (to this end
it resembles the yeast two hybrid technique). However, the
false positive rate for a quick and dirty microarray experiment
is not well understood. Therefore, further validation is
essential.

Real-Time PCR Polymerase chain reaction (PCR) is by far
the most sensitive technique available for nucleic acid
detection when appropriate amplification primers can be
designed. The sensitivity of PCR is due to the exponential
amplification nature of the procedure (Equation 1).

Nn = N0 × (1 + E)n (1)

where Nn is the number of DNA molecules after n cycles of
PCR, N0 is the number of molecules before PCR, and E is the
efficiency of amplification (0<E<1; in an optimized assay, E is
close to 1 before PCR reaches the plateau phase).

From equation 1, it is clear that E plays a dominant role in
the amplification process. Even a minor change in E can result
in dramatically different amplification kinetics. For example,
with E of 1 versus 0.95 (a mere 5% difference in amplification
efficiency), the difference in Nn will be 275% after 40 cycles.
E is often dependent on the length and the sequence of the
DNA to be amplified, how the primers are designed, the
reaction buffer (Mg2+, dNTP, etc) concentrations, and
temperatures and times for each step of a PCR cycle. To make
the situation even worse, even for the same reaction, E can
change over the course of amplification due to loss of enzyme
activity, accumulation of pyrophosphate molecules and
consumption of reagents. E will approach zero as PCR
reaches the plateau phase. For these reasons, it is very
difficult, if not impossible, to directly quantify N0 by
measuring Nn after some pre-determined number of PCR
cycles. Competitive PCR and real time PCR are two
techniques that can overcome some of these limitations.

Real time PCR is a kinetics-based quantification technique.
The amount of PCR product is measured at each PCR cycle
for the entire PCR process. Except for the first few PCR
cycles where the PCR product is too little to be accurately
quantified, the E of each PCR reaction can be quantified. The
correlation between the starting template concentration and
the amplification kinetics is exploited for the quantification of
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nucleic acids. We will use the TaqmanTM system
(AppliedBiosystems, Inc.) to illustrate how real time PCR
works. Three oligonucleotides are used for quantifying each
sequence. Two of them are the primers for the PCR
amplification. The third oligonucleotide (the probe) is
designed to hybridize specifically to the amplified sequence. It
has a reporter fluorescent dye (R) at the 5’-end and a quencher
dye (Q) at the 3’-end. When the probe is intact, it is non-
fluorescent due to fluorescence quenching by Q when it is
close to R. In the process of primer extension of PCR, the
DNA polymerase displaces and cleaves the probe using its 5’
to 3’ exonuclease activity. The cleavage separates the dye and
the quencher so that the dye now is fluorescent. The increase
in fluorescence is thus directly correlated to the accumulation
of the PCR product and can be used to monitor the PCR
product in real time. Other popular real time PCR monitoring
methods include molecular beacons (Tyagi and Kramer, 1996)
and SYBR Green (Morrison et al., 1998).

For nucleic acids quantification, a certain fluorescence
level, typically 10 times the standard deviation of the average
signal of the baseline fluorescence signal, is used to define the
threshold cycle (Ct) (Gibson et al., 1996). The Ct value, under
ideal conditions, is inversely proportional to the logarithm of
the template concentration (copy number). The PCR at Ct is
always in the exponential phase; thus efficiently eliminating
the PCR plateau phase problem.

Real time PCR is widely considered as the gold standard
for nucleic acid quantification. It is commonly used for
validation of microarray results. It is also used when the
starting materials (cells, tissues, RNAs) are limited and high
sensitivity is needed (Fink et al., 1998), or when high
accuracy is needed (Ginzinger et al., 2000). However, the
Taqman-based probes can be prohibitively expensive for a
typical academic research laboratory, and PCR assay
optimization can take some significant amount of time.
Cheaper detection alternatives such as SYBR green may
suffer in specificity and accuracy. Thus, in most cases, only a
few genes are analyzed by real time PCR.

Real competitive PCR As discussed in the real time PCR
section, PCR efficiency (E) can differ for the same set of PCR
reactions due to the differences in buffer and enzyme
concentrations and PCR cycling. Thus, in real time PCR, it is
often necessary to make a supermix of PCR solutions and
aliquot them into each individual reaction. Competitive PCR
is another method that has a long history of use in nucleic acid
quantification (Becker-Andre and Hahlbrock, 1989). A DNA
standard with a synthetic point mutation to differentiate it
from the gene of interest is spiked into the cDNA sample and
co-amplified with the gene of interest. Since the gene and the
DNA standard are virtually identical in sequence, they are
amplified with the same kinetics throughout the PCR. The
introduced mutation either creates or eliminates a restriction
enzyme site, providing a way of distinguishing the standard
and the gene. However, heteroduplex DNA formed by the

standard and the gene is resistant to enzymatic digestion,
which complicates the analysis (Becker-Andre and
Hahlbrock, 1989). Furthermore, the gel electrophoresis
technique used to separate and quantify the two PCR products
is labor-intensive and has a low dynamic range. Ion pair-
reversed phase-high performance liquid chromatography (IP-
RP-HPLC) was introduced for PCR product separation and
quantification to improve the throughput (Hayward-Lester et
al., 1996).

Recently, matrix assisted laser desorption ionization time of
flight mass spectrometry (MALDI-TOF MS) was adapted for
analyzing gene expression (Ding and Cantor, 2003b). As
illustrated in Fig. 2, this technique, dubbed as real competitive
PCR (rc PCR), combines competitive PCR, single base
extension and MALDI-TOF MS. After isolation of RNA and
reverse transcription, cDNA is spiked with a synthetic

Fig. 2. The real competitive PCR approach for gene expression
analysis. Total RNA is reverse transcribed with random
hexamers. Then, a competing DNA oligonucleotide (typically 80
bases long) with one base difference from the gene of interest is
added prior to PCR. A base extension reaction at the mutation
site is carried out by adding a ThermoSequenase and 3 ddNTPs
and 1 dNTP to produce two oligonucleotide products with
different molecular weight. These two products are subsequently
detected and quantified by MALDI-TOF MS with Allelotyping
software (SEQUENOM, Inc.).
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oligonucleotide (the competitor) with an identical sequence
except one single base roughly in the middle of the sequence
to the cDNA of interest. The competitor and the cDNA of
interest are co-amplified with PCR. Excess dNTPs are
removed by shrimp alkaline phosphatase treatment after PCR.
Then, a base extension reaction is carried out with a base
extension primer, a combination of ddNTPs and dNTPs and a
ThermoSequenase. The base extension primer hybridizes right
next to the mutation site and either one or two bases are added
for the competitor and the cDNA, yielding two
oligonucleotide products with different molecular weights.
These two extension products are separated, and the ratio of
their concentrations is quantified by MALDI-TOF MS.

Since the amount of competitor spiked in is known, the
absolute concentration of the cDNA can be easily calculated.
Thus, it is possible to do absolute gene expression analysis.
Like other point mutation based competitor PCR techniques,
the competitor and the cDNA are virtually identical in
sequence and are amplified with the same kinetics. Using an
internal competitor also makes the quantification not
susceptible to well-well (or tube-tube) variations in PCR
amplification, and it is potentially more accurate than kinetics
based PCR quantification techniques. The quantification is not
PCR cycle dependent (Ding and Cantor, 2003b). Furthermore,
the real competitive PCR technique can use any desired single
point mutation and the mutation does not need to introduce or
eliminate a restriction enzyme site. The rcPCR technique also
naturally solves the problem of heteroduplex DNA formation
by the virtue of the base extension reaction. The linear
amplification from the base extension reaction also increases
the sensitivity, and single DNA molecule sensitivity can be
readily achieved (Ding and Cantor, 2003a). In addition, the
specificity is also improved since nonspecific PCR products
are not likely to be a suitable template for the base extension
reaction.

In terms of the number of different transcripts that can be
analyzed, real time and real competitive PCR do not come
close to the throughput of microarrays, SAGE or differential
display. These two techniques are not applicable to fishing
expeditions. However, these two techniques have substantially
higher accuracy, sensitivity and reproducibility. In addition,
they are more flexible about the number of samples that can
be analyzed. Thus, they are most suitable when the number of
genes is limited, and the sample size is large. The small set of
selected genes can come from an initial high-throughput
screening experiment by microarray, a previously established
biological system where genes of interest are known, or a
high-throughput mutation-based genetics study (Kruglyak,
1999).

Differential display Differential display (DD) is probably
the only technique covered in this review that does not
necessarily require some special, often expensive equipments
(Liang and Pardee, 1992). It also does not rely on previous
knowledge of the gene sequences. First, mRNAs from

different cells are reverse transcribed into cDNAs using three
anchored oligo(dT) primers that differ from each other only at
the base right next to the poly(dT) sequence. The three
resulting cDNA preparations are fur ther amplified by adding
a set of second primers that are short (~13 bp) and arbitrary in
sequence. Each combination of anchored oligo(dT) primers
and short second primers will amplify about 50 to 100
different mRNAs. The PCR products are labeled with isotopes
or fluorescent dyes and separated by denaturing
polyacrylamide gel electrophoresis. The cDNA patterns are
thus displayed on the gel. When two cDNA samples are
displayed side by side, expression changes can be detected.
Partial gene sequences can subsequently be cloned and
sequenced. To cover the entire transcriptome, a few hundred
different reactions are needed. To achieve this, fluorescent
differential display (Ito et al., 1994) and automation (Irie et
al., 2000) have been developed.

Since differential display does not require any special
instrument, it is accessible to any reasonably equipped
molecular biology laboratory. In a relatively high throughput
and somewhat labor-intensive fashion, one can start a fishing
expedition to identify genes that are differentially expressed
among different samples/tissues/cell types. This is a quite
popular technique in academic research laboratories, and it
has been applied to many types of organisms including
bacteria, yeast, flies, plants, and higher mammals (for reviews,
see Ivanova and Ivanov, 2002; Liang, 2002; Liao and
Freedman, 2002; Simon, 2002; Stein and Liang, 2002;
Yamazaki and Saito, 2002). The components of the
differential display technology (RT-PCR, DNA sequencing gel
electrophoresis and cDNA cloning) are well established, and
their advantages and disadvantages are well documented.
Differential display protocols are also well documented
(Liang and Pardee, 1997). Another advantage of differential
display is that it does not rely on prior gene annotations. Thus,
it is possible to identify novel genes. However, differential
display probably is not the ideal platform for whole-genome
transcriptional profiling, even with the higher throughput and
more automated fluorescence-based platform.

SAGE Serial analysis of gene expression (SAGE) is a
sequencing based technique for gene expression analysis
(Velculescu et al., 1995). Double-stranded cDNAs,
synthesized using biotinylated oligo(dT) primers from an
mRNA sample, are digested with a 4-base restriction enzyme
(such as Nla III, which cuts on average every 256 bp). Only
the 3’-ends of the cDNA sequences are recovered with
streptavidin beads via biotin-streptavidin binding. These
cDNA sequences are then divided into two pools, ligated to
two different linkers (A and B) containing the recognition site
for Bsm FI, a type IIS restriction enzyme that cleaves 13-14 bp
downstream of the recognition site. A digestion by Bsm FI
releases 14 bp fragments, each with a 10 bp gene-specific tag
that are concatenated into long sequences and subsequently
cloned into plasmids. Taking advantage of high-throughput
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sequencers, 20,000 to 100,000 tags are sequenced. The
frequencies of gene-specific tags are used to estimate the
expression levels of the genes.

One advantage of SAGE is that it can provide an absolute
quantification of gene expression. Thus, it is possible to
combine results from different laboratories to construct a
SAGE library (http://www.ncbi.nlm.nih.gov/SAGE). Another
advantage is that novel transcripts can be discovered (Chen et
al., 2002). However, a gene must have a recognition site for
the chosen enzyme (such as Nla III) to be included in the
analysis. In addition, it is well documented that sequence
features such as high GC content can affect SAGE analysis
(Margulies and Innis, 2000). In addition, the 10-base tag
sequences used in SAGE are not always unique. Using longer
SAGE tags can provide more sequence information for more
accurate gene identification (Chen et al., 2003), but the
analysis throughput is compromised. SAGE also has limited
sensitivity related to the number of sequenced tags. Even with
sequencing of 100,000 tags, a gene that is expressed on
average less than one copy/cell cannot be accurately
quantified (or even be robustly detected).

A Comprehensive Overview of the Five 
Technologies

In this section, we will give a comprehensive overview of the
various techniques. Again it is important to point out that the
techniques are designed for different purposes, and it is
neither fair nor appropriate to conclude which technique is the
best. The comparison is intended to give the readers a sense of
which technique(s) might be most appropriate for a specific
experiment/project. We will analyze the accuracy, sensitivity,
specificity, throughput and cost, as well as a few other issues.
The main points are summarized in Table 1.

Accuracy and reproducibility Real time PCR and real
competitive PCR are the two most accurate and reproducible
techniques for DNA and RNA quantifications. Real time PCR
has been widely accepted as the gold standard for accurate
gene expression analysis. Although competitive PCR has been
developed for a long time, real competitive PCR is a new
comer in the field (the first paper describing the technique was
published only 7 months ago at the time of the writing of this
review). The use of an internal standard by real competitive
PCR for each gene of interest can potentially offer higher
accuracy by eliminating problems that arise from differential
amplification kinetics in different reactions. A coefficient of
variation (CV) of less than 10% (Ding and Cantor, 2003b) or
even 4% (Sequenom Inc., unpublished data) can routinely be
achieved. For real time PCR, a CV of 1-3% for the Ct value
can also be achieved. However, since the mRNA
concentration is roughly proportional to (1/2)Ct, the CV for
mRNA concentration can be substantially higher (for
example, if Ct is 25 and the CV for Ct is 2%, the CV for gene

expression can be as high as 44%). Extremely high accuracy
is important to detect small, yet biologically significant
expression changes (Yan et al., 2002).

For SAGE, the accuracy and reproducibility depend on
several factors. As mentioned earlier, there are intrinsic
problems associated with cloning and sequencing. In addition,
it is increasingly harder to analyze genes with low expression
levels. Statistical models (such as χ2-test, see Man et al., 2000)
are used for evaluating the statistical significance of the
expression changes.

For microarrays, there has been much improved
reproducibility due to better array production and data
analysis. However, the intrinsic problems associated with
cross-hybridization can yield dubious results for genes with
low expression levels or very similar paralogs. A two-fold
expression change is often set as the guideline for significant
quantification. It is possible that smaller changes can be
robustly detected for highly expression genes, but it is also
possible that even larger than two-fold changes cannot be
detected for low expression genes. Sophisticated algorithms
have been developed for assessing the statistical significance
of expression changes (Kooperberg et al., 2002; Cheadle et
al., 2003; Hyduke et al., 2003; Leung and Cavalieri, 2003;
Singhal et al., 2003).

Sensitivity and specificity Sensitivity is an issue often
somewhat overlooked in high-throughput analyses. The
argument is that for many high-throughput analyses, it is often
sufficient to obtain enough gene targets. Thus, missing a few
thousand genes is not a problem. This was probably a valid
(and practical) approach in early high-throughput studies.
However, it is often true that, in a clinical setting, the amount
of sample is often limited. Additionally, gene-gene
interactions are showing increasing importance in studying
gene function, but many regulatory genes are expressed at low
levels.

Both real time PCR and competitive PCR are extremely
sensitive. A few molecules of cDNA sequences are sufficient
for detection and quantification (Ding and Cantor, 2003a;
Palmer et al., 2003). These techniques are the only options
when analyzing low expression level genes from limited
samples (such as cells selected by laser capture
microdissection, Fink et al., 1998).

Specificity is also very important since it provides a
confidence level for the measurements. For short
oligonucleotide-based microarrays, single base mismatch
oligonucleotides are spotted next to the perfect match
oligonucleotides to qualitatively (and somewhat
quantitatively) estimate the effects of cross-hybridization. The
specificity of low expression genes is likely to be lower since
cross-hybridizations by homologous sequences can account
for a larger percentage of the signal intensity. For SAGE, the
specificity can be problematic when there are sequencing
errors and an inability to map the tags to the transcriptome
uniquely. Some of the real time PCR techniques (such as
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Taqman) use a third gene-specific primer that is very likely to
increase the specificity. The real competitive PCR technique
also uses a third gene-specific primer for the base extension
reaction. In addition, the molecular weights of the extension
products (generally oligonucleotides of 18-25 bases long) are
accurately (± a few Da) measured by MALDI-TOF MS.
When the extension primer is designed next to a potential
polymorphic site, real competitive PCR has the ability to

simultaneously quantify the expressions of the two different
alleles of the same gene even though they differ by as few as
one single base (Ding and Cantor, unpublished data). This can
be especially advantageous for quantifying different subtypes
of viruses.

Throughput and cost Microarray technology has the
highest throughput in terms of gene numbers per experiment.

Table 1. Overview of different quantification platforms

Microarrays Differential Display SAGE Real Time PCR Real Competitive 
PCR

Requirement Arrayer, array 
scanner

Common 
molecular biology 
equipment

High-throughput 
Sequencer

Thermocyler with 
automatic 
fluorescence 
detection

Nanodispenser, 
MALDI-TOF MS

Sensitivity 1:300,000 mRNA 
0.2 µg mRNA (or 
20 µg total RNA)

Varies, generally 
high

1: Total Tag 
Sequenced 
(Typically 50,000)

Highest, up to 
single-digit copy 
numbers (ng to pg 
total RNA)

Highest, up to 
single-digit copy 
numbers (ng to pg 
total RNA)

Specificity Possible cross-
hybridization

Further sequencing 
can give high 
specificity

Possible mis-
assignment or no 
assignment of tags

Varies, can be very 
high with gene 
specific probes

Highest, single 
nucleotide 
specificity for 
known mutations

Throughput
1. Gene Number
2. Sample Number
3. Cost

1. Highest, can 
cover the whole 
human 
transcriptome
2. ~ ten samples/
day
3. $500-$1000/chip

1. Medium
2. Low-medium
3. Low

1. High, thousands
2. Low-medium
3. medium-high

Balanced between 
1 and 2. 100 genes 
from 10 samples 
or 10 genes from 
100 samples
3. a few dollars/
gene

Balanced between 
1 and 2. 100 genes 
from 10 samples 
or 10 genes from 
100 samples
3. $2/gene

Accuracy/
Reproducibility

Accuracy 
dependent on 
expression levels.
(2 fold changes);
Reproducible in 
the same lab, less 
reproducible in 
different labs, 
different arrayers

Generally, larger 
expression changes 
are detected

Accuracy 
dependent on the 
number of total 
tags, Taq 
sequenced; 
Reproducible, but 
tag number 
dependent

High, 20-50% 
expression changes 
detectable; Highly 
reproducible, but 
may need assay 
optimization

High, 10-20% 
expression changes 
detectable; Highly 
reproducible

Gene sequences 
need to be known

Yes No No, but will have 
problem assigning 
the tags

Yes Yes

Alternative 
Splicing Detection

Possible, with 
specially designed 
chips

Possible Unlikely Possible Possible

Allelic Expression Possible, with 
specially designed 
chips

Unlikely Unlikely Possible, need 
extensive assay 
optimization

Yes

Absolute 
quantification

Unlikely Unlikely Yes Yes, with standard 
curve construction

Yes

Dynamic range 105 10-100 Hard to assess, but 
10-100 fold 
possible

105-106 106, but 3 different 
competitor 
concentrations 
needed
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It can analyze the whole transcriptome from one sample on a
single chip (such as Affymetrix Human Genome U133 Plus
2.0 Array). SAGE also has high throughput due to the high
capacity of capillary sequencers. Neither real time PCR nor
real competitive PCR has the same level of throughput in
terms of gene numbers. However, these two techniques are
more flexible in terms of sample numbers. For example, 20
genes from a few hundred different samples can be analyzed
in one single day using real competitive PCR. All these four
technologies require special and quite expensive instruments
and can be expensive to run for an academic laboratory. They
are more likely to be hosted by a central support laboratory so
that the cost can be shared by many laboratories in a research
institute. Differential display is the only technique in this
review that does not necessarily require any expensive
equipment and can be carried out in any reasonably equipped
molecular biology laboratory.

Future directions We think differential display will
continue to be widely used in academic laboratories for
relatively small-scale identification of genes differentially
expressed among different samples. SAGE will continue to be
important in building a reference database for gene expression
analysis. There will be more improvements in microarray
probe designs, experiment designs and data analyses.
Microarray will continue to serve as the main platform for
high-throughput transcriptional profiling. We also expect real
time PCR and real competitive PCR to play a significant role
in fine-scale, more accurate and specific DNA and RNA
quantification.
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