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Quantitative real-time
PCR for cancer detection:
the lymphoma case

Anders Stahlberg®, Neven Zoric, Pierre Aman and Mikael Kubista

Advances in the biologic sciences and technology are providing molecular targets for
diagnosis and treatment of cancer. Lymphoma is a group of cancers with diverse clinical
courses. Gene profiling opens new possibilities to classify the disease into subtypes and guide
a differentiated treatment. Real-time PCR is characterized by high sensitivity, excellent
precision and large dynamic range, and has become the method of choice for quantitative
gene expression measurements. For accurate gene expression profiling by real-time PCR,
several parameters must be considered and carefully validated. These include the use of
reference genes and compensation for PCR inhibition in data normalization. Quantification by
real-time PCR may be performed as either absolute measurements using an external
standard, or as relative measurements, comparing the expression of a reporter gene with that
of a presumed constantly expressed reference gene. Sometimes it is possible to compare
expression of reporter genes only, which improves the accuracy of prediction. The amount of
biologic material required for real-time PCR analysis is much lower than that required for
analysis by traditional methods due to the very high sensitivity of PCR. Fine-needle aspirates
and even single cells contain enough material for accurate real-time PCR analysis.
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Most of the human genome sequence is now
available and the information can be applied
to understand, characterize and treat complex
diseases such as cancer. Many cellular func-
tions related to survival, growth and differenti-
ation are reflected in the gene expression pat-
tern, and the ability to quantify transcription
levels of specific genes has always been central
to research on gene function. For example,
normal cell regulation is affected by factors
such as viral infections, DNA methylation and
sequence alterations. Cancers may develop
when these changes affect genes controlling
cell division, cell repair, growth control and
apoptosis. In the near future it will probably be
possible to diagnose an individual’s state of
health, and also to monitor how individuals
respond to medication, treatment and altered
living conditions by gene expression profiling.
The expression of virtually all genes in a
sample can be roughly assessed by microarray
techniques. The expression of selected genes
can be measured with very high accuracy by

real-time PCR [1-3]. In studies of new sys-
tems or in the search for tumor markers,
microarray screening is typically used to
identify reporter genes, whose expressions
are studied in greater detail on a larger
number of clinical samples by real-time
PCR. The introduction of real-time PCR has
significantly improved and simplified quan-
tification of nucleic acids and the technology
has become an invaluable tool for many sci-
entists, particularly those in the field of
molecular diagnostics [4-7).

Real-time PCR is currently the most sensi-
tive method to determine the amount of a spe-
cific DNA in a complex biologic sample [6,8].
In real-time PCR, the amount of product is
measured during ongoing amplification using
fluorescent reporters. This confers important
advantages to classical PCR where only end
point quantification is possible. Real-time
PCR is characterized by wide dynamic quanti-
fication range (seven to nine orders of magni-
tude), technical sensitivity sufficient to detect a
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single molecule and high reproducibility (standard deviation
less than 0.2 cycles) (1,2,9]. Another advantage is that no post-
PCR processing is required. This drastically reduces the risk
of contamination, which otherwise poses serious problems in
diagnostics. This review discusses the great potential of quan-
titative real-time PCR as a method for gene expression analy-
sis and its practical implications in detection and classification
of lymphomas.

Quantitative real-time PCR

Quantitative real-time PCR detection involves several steps
prior to the actual real-time PCR measurement. These include
sample collection, nucleic acid isolation, reverse transcription
(RT) and occasionally DNase treatment. For genomic analysis,
only the first two steps are needed. The processing of a sample
using real-time PCR as a detection method and potential
sources of variability are outlined in FIGURE1. Today, several
platforms are available for quantitative real-time PCR. The
main differences between these platforms are available excita-
tion and emission wavelengths, speed, and the number of reac-
tions that can be run in parallel (2,10,11]. It is beyond the scope
of this review to discuss the steps preceding the RT. However,
some crucial issues are mentioned.

Reverse transcription

Before a gene expression measurement can be performed by real-
time PCR, the mRNA in the sample must be copied into com-
plementary DNA (cDNA) by RT. The RT step is critical for sen-
sitive and accurate quantification, since the amounts of cDNA
produced must correctly reflect input amounts of mRNAs. Sev-
eral reverse transcriptases are commercially available today. Most

of them are engineered forms of either the Moloney murine
leukemia virus (MMLYV) or of the Avian myeloblastosis virus
(AMYV). The RT yields may vary over 100-fold among different
target genes due to mRNA secondary and tertiary structures,
priming strategy (random hexamers, oligo(dT) or gene-specific
primers), and properties of the reverse transcriptase (dynamic
range, RNase activity and thermal stability) [(12-14]. For quanti-
tative gene expression measurements to be comparable between
laboratories, it is important that the same experimental condi-
tions are used. In absolute quantification of mRNA, a known
concentration of exogenous mRNA can be added to the sample
to compensate for variations in losses during RNA isolation,
and variations in RT yields. Still, it is not possible to fully
mimic the situation of native mRNA molecules in the cell,
making absolute quantification exceedingly difficult.

The RT and real-time PCR reactions can be combined into
a one-step RT-PCR reaction. This is particularly convenient
when analyzing only one or a few genes, and it reduces the risk
of crosscontamination. However, the optimal reaction condi-
tions for RT and real-time PCR are usually different, and one-
step reactions are typically somewhat less sensitive than the
regular two-step approach [2,14].

In RT-PCR, false-positive signals may arise from genomic
DNA in the sample. To avoid this problem, PCR primers for
mRNA quantification are usually designed to span over an
intron or across exon boundaries [15]. If such a design is not
possible the sample must be tested for genomic contamination
(14]. This is achieved by running a no-RT control, which is a
normal sample but without reverse transcriptase. If genomic
background is a problem, the sample may be treated with
DNase before RT to digest the DNA.
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Figure 1. Steps in nucleic acid quantification by real-time PCR. Potential sources of technical variability are indicated.
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Probing techniques

Today, fluorescence is exclusively used as the detection method
in real-time PCR. The fluorescent reporters can be divided into
two categories: sequence-specific and nonspecific labels [10]. The
nonspecific labels are DNA-binding dyes such as SYBR® Green
I (1617 and BEBO (18], which become strongly fluorescent
when bound to double-stranded DNA. When such dyes are
present in the reaction mixture, the fluorescence increases in
proportion to the amount of double-stranded products formed.
The dyes give signal in presence of any double-stranded DNA
including undesired PCR primer-dimer products. By melting
curve analysis the shorter primer-dimer products may be distin-
guished from full-length PCR products [19]. Since dyes do not
differentiate between products they cannot be used for muld-
plex assays. Sequence-specific probes are based on oligonucleo-
tides or analog of oligonucleotides to which one or two fluores-
cent dyes are coupled. Examples of probes with two dyes
include the hydrolysis probes (TaqMan® probes) [20], molecular
beacons [21,22], hybridization probes [23] and locked nucleic acid
(LNA) probes [24]. The dyes are selected to form a donor—accep-
tor system, where energy is transferred from the donor to the
acceptor dye by fluorescence energy transfer by either the
Férster resonance energy transfer (FRET) (long distance) or
Dexter (short distance) mechanism. It is also possible to con-
struct the dual-labeled probes with one dye and a quencher
molecule that quenches the dye’s fluorescence upon contact (25].
Energy transfer and quenching are distance dependent and
structural rearrangement of the probe or probe degradation can
change the distance between the dyes and, hence, the fluor-
escence of the system. Probes based on a single dye, whose
fluorescence changes upon binding target DNA include the
LightUp probes [26], AllGlo™ probes (AlleLogic Biosciences)
(101] and SimpleProbes® (IT BioChem) [102]. Chemical modifi-
cations and alterations of the oligonucleotide backbone are
employed in some probes to improve the binding properties to
the target template. This makes it possible to use shorter
probes, which is advantageous for detection of targets with
short conserved regions such as retroviruses. LightUp probes
have a neutral peptide nucleic acid (PNA) backbone that binds
to DNA with greater affinity than normal oligonucleotides.
The LightUp probes are typically 10-12 bases long compared
with normal oligonucleotide probes, which are approximately
25 bases. The LNA probes make use of modified nucleotides to
enhance binding affinity. Minor groove-binder (MGB) hydrol-
ysis probes (MGB-TagMan probes), where a minor groove-
binding molecule is attached to the end of the probe [27], is
another design to increase probe affinity for target DNA, ena-
bling use of shorter probes. Some other detection systems are
based on modified primers to generate signal upon amplifica-
tion. These include Scorpion primers (28], LUX primers [29],
Amplifour primers [30] and the QZyme system [31].

The number of possible analyses made in a single sample is
usually limited by the amount of biologic material available. In
multiplex real-time PCR, multiple specific primer and probe sets
are used to amplify and detect several targets in the same sample.

Quantitative real-time PCR for cancer detection

This saves time, reagents and material. It also eliminates sample-
to-sample variation caused by handling and PCR inhibitors,
which is particularly important for complex tissue samples (32,33].
The drawback of multiplex PCR systems is that careful optimiza-
tion is needed to avoid competition for chemicals and reagents
between the parallel reactions. Today, multiplexing is mainly
used to relate expression of reporter genes to that of an exogenous
control gene in diagnostic applications and for single nucleotide
polymorphism (SNP) and mutation detection [34].

The different probing technologies have their advantages
and limitations. Dyes are substantially cheaper than probes but
they do not distinguish between products. Molecular beacons
have the highest specificity as the formation of the semistable
hairpin structure competes with binding to mismatched tar-
gets. This makes the molecular beacons most suitable for SNP
and multisite variation (MSV) analysis [35]. However, this
requires stringent design, which is hard and may not always be
possible for a specific target. TagMan probes are easier to
design and an 80% success rate was recently reported [36].
However, TagMan probes require two-step PCR to function
properly. This is not the optimal condition for the polymerase
reaction and short amplicons are necessary to obtain reasonable
amplification efficiencies. A good probe, independent of chem-
istry, should have low background fluorescence, high fluores-
cence upon target formation (high signal-to-noise ratio) and
high target specificity. The dyes™ excitation and emission spec-
tra are important parameters to consider when designing
multiplex reactions. Spectral overlap in excitation and emission
should be minimized to keep crosstalk to a minimum.

Real-time PCR

Through real-time PCR, the amount of any DNA target in a
biologic sample can be determined with unprecedented accu-
racy over an essentially unlimited dynamic range. At a certain
point during cycling, enough product accumulates to increase
the fluorescence signal significantly above the background
noise. This point, typically defined by an arbitrarily set thresh-
old line or by the second derivative maximum of the amplifica-
tion response curve, is referred to as the threshold cycle (Ct) or
crossing point (Cp). A typical real-time PCR amplification
curve is shown in FIGURE 2. The Ct value relates to the number
of initial template molecules as:

Nep = Ny-(1+ B 1)

where N, is the number of double-stranded DNA molecules
after Ct amplification cycles, N, is the initial number of dou-
ble-stranded target molecules, and E is the PCR efficiency. E is
assumed to be independent of N, over the studied concentra-
tion range, and can be estimated from dilution series of
mRNA, cDNA or genomic DNA, or from the real-time PCR
amplification response curve (FIGURE 3).
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Relative gene expression analysis & normalization
Quantitative gene expression analysis is most commonly per-
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where N; is the initial number of mRNA molecules of gene 7, Ky

Assuming the same PCR efficiencies in the two samples, this

is the relative sensitivity of the detection chemistries of the two  expression simplifies to:

assays [37], and 1), is the cDNA synthesis yield of gene 7, defined as

the fraction of mRNA molecules that are transcribed to cDNA in Cty, - Ctgy

the RT reaction [12]. The exponent Ct-1 accounts for the produc- Samplel _ (I +Ep) 4)
tion of double-stranded DNA in the first PCR cycle from the sin- Sample2 (1+ EBA)Ct’“ =Clp

gle-stranded cDNA template generated by the RT reaction. Typi-
cally, n is assumed to be independent of both total and target
mRNA concentrations. In most applications the expression ratio
of two genes is compared in two or more samples (i.e., compara-
tive quantification) 38]. Typically, one is the reporter gene whose
expression is expected to be affected by the physiologic change

studied and the other is a reference gene whose expression should  Sampiel _ 2

Ctg) = Cty,

Further, also assuming 100% PCR efficiency, it simplifies to:

_ Z(Cfm = Cigy) = (Cty = Ctyy) 2AACt 5)

be constant. Assuming the same RT yields in the samples, Kyg
and M are eliminated, and the comparative expression ratio of the
two samples is given by:
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Figure 2. A real-time PCR response curve. The response curve may be divided into three regions.
The first part is characterized by background noise, where the target specific florescence is too low to be
detected. The second part is the exponential phase where the fluorescence rises significantly above the
noise level and is proportional to the amount of product formed. Threshold cycle values should be
determined in the exponential phase where extrapolation to determine initial template amount is most
reliable. The exponential region is readily identified by plotting the fluorescence signal in logarithmic
scale. Eventually, the PCR runs out of chemicals and the response curve enters the plateau phase.

Sample2 2CfA1 =Ciy

which is commonly referred to as the
AACt method.

Comparing samples requires normal-
ization to compensate for differences in
the amount of biologic material analyzed.
A number of normalization methods have
been suggested based on physical parame-
ters such as volume, mass, size and cell
number. Due to the heterogeneity of bio-
logic samples, these methods are usually
impractical and unreliable. It is more con-
venient to normalize to total RNA
amount, externally added RNA, ribo-
somal RNA or internal reference genes.
The latter is currently the most popular
strategy [1,2]. However, finding appropri-
ate reference genes for data normalization
is currently one of the most challenging
problems. Extensive evidence indicates
that all genes are regulated under some
conditions. The expression of many genes
is often out of control, particularly in
tumor tissue. The field may have to face
up to the fact that no universal reference
gene with a constant expression in all tis-
sues exists. Due to this uncertainty, any
system relying on reference genes should
be carefully validated. A number of meth-
ods have been proposed to find optimal
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Figure 3. (A) The dynamic range of quantitative real-time PCR reflected by a
serial dilution of target mRNA genomic DNA or complementary DNA.
(B) Plotting the threshold cycle values against the logarithm of the dilution
factor, the PCR efficiency can be calculated from the slope as: E = 10~ /slope
[85]. (C) PCR efficiency can also be estimated from the amplification response
curve in the exponential region. Several mathematical models that identify the
exponential region and calculate the efficiency have been developed
[32,79,80]. This approach to estimate PCR efficiency is very rough and is better
applied for outlier detection than for correction [33].

Quantitative real-time PCR for cancer detection

reference genes for a defined system [39,40]. The GeNorm
method developed by Vandesompele and coworkers is cur-
rently the most popular [40. GeNorm assumes that the two
genes, whose expression is most correlated are the most appro-
priate reference genes. The assumption is questionable since
regulated genes may still have highly correlated expression due
to coregulation, and are thus not suitable as references. This
can be partially avoided by choosing genes with various cellular
functions. An alternative approach to analyze real-time PCR
gene expression data is to use global pattern recognition to
identify differently expressed genes [41]. This does not rely on
reference genes.

Cancer detection: the lymphoma case

The classification of human lymphomas has steadily evolved
since the first description by Thomas Hodgkin in 1831. Begin-
ning with the distinction of Hodgkin’s disease from other
malignant and nonmalignant conditions, a variety of lym-
phoma classifications have been advanced on the basis of mor-
phologic and molecular parameters. The most recent classifica-
tion scheme for lymphoma is the World Health Organization
(WHO) classification. It has been introduced to categorize dis-
tinct clinicopathologic entities, and also includes the use of new
techniques such as microarrays [103].

Gene expression analysis opens for a possibility to classify
cancers into more distinct groups for diagnosis and treatment.
Microarray studies of lymphoma have revealed new subgroups
with distinct gene expression profiles and also identified new
potential marker genes [42-44]. Diffuse large B-cell lymphoma
(DLBCL), which is one of the most common subtypes of non-
Hodgkin’s ymphoma [45], has received particular attention due
to its highly diverse clinical courses [46-50. However, in some
systems comparison of experiments performed with different
microarray technologies has only shown modest agreement in
expression pattern, calling for careful validation of microarray
data and methodology before any implementation into routine
diagnostics [51]. Based on microarray data, Losses and
coworkers selected 36 genes whose expression may be used to
predict survival in DLBCL patients [52]. Expression of these
genes was measured with quantitative real-time PCR in
66 patients. Out of the 36 genes, six (LMO2, BCL6, FNI,
CCND2, SCYA3 and BCL2) were found to be strong predic-
tors for survival. Other potential lymphoma markers that have
recently been validated by quantitative real-time PCR include
CCNDI 53551, CDC37 55, glutathione-S-transferase pi
(GST-pi) 156] and the cytokines [57].

A number of reference genes have been tested for normali-
zation purposes in classification of lymphoma [54,55.58,59].
However, no gene has yet been identified whose expression is
constant in all lymphoma samples. Comparison with refer-
ence genes can be avoided by designing tests based on the
ratio of two reporter genes, rather than the traditional com-
parison of one target gene with one reference gene. Compar-
ing reporter genes directly eliminates errors caused by non-
ideal behavior of reference genes (37,53. The following
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example demonstrates how two target genes can be used as a
diagnostic test for B-lymphocyte monoclonality in lym-
phoma. The vast majority of non-Hodgkins lymphomas
develop from a B-lymphocyte lineage. B-lymphocytes pro-
duce immunoglobulins (Igs) with a heavy chain and either a x
or A light chain. Which light chain will be produced is deter-
mined early in the development of each B-lymphocyte. In
healthy humans approximately 60% of the B-lymphocytes
produce k chains. Lymphomas, like all malignant tumors, are
clonal and arise from one transformed cell. Therefore, in lym-
phoma tissue, where tumor cells dominate, the k:\ ratio var-
ies from 60:40. Comparing the expressions of the k and A
light chain genes can be used as an indicator for B-lym-
phocyte monoclonality, without relying on any internal refer-
ence gene (FIGURE4) [37). In a similar approach, the
CCND1:CCND3 ratio can be used to diagnose mantle cell
lymphoma [53]. The general strategy of comparing expression
of only reporter genes is superior to any strategies relying on
reference genes. This approach fails when the reporter genes
are highly coregulated, since their relative expression may
then not reflect the disease correctly. To avoid making mis-
takes with correlated genes, reference genes and exogenous
controls should be used in the test design phase to verify that
no undesired correlation exists between the reporter genes. In
applications where reporter genes are coexpressed or only one
reporter gene is available, reference genes are needed. For
example, the response to imatinib treatment in Philadelphia
chromosome-positive chronic myeloid leukemia patients can
be monitored by measuring the transcript level of the
BCR-ABL fusion gene [60,61]. The absolute amount of fusion
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Figure 4. Comparison of k and | immunoglobulin light chain
expression. Samples are classified from the k:l expression ratio [37]. A ratio
of approximately 60:40 indicates healthy individuals (circles), while deviant
ratios indicate lymphoma positive individuals (squares). The dotted lines
indicate 95% confidence interval of negative samples.

transcripts is used as an indicator of residual disease. When
monitoring changes over time, the BCR-ABL transcript levels
are usually normalized against ABL or GAPDH, which are
assumed to be expressed at a constant level independent of
treatment and other factors. Rituximab treatment of patients
with B-cell non-Hodgkin’s lymphoma is another therapy
where quantitative real-time PCR is used for monitoring [62].

In addition to gene expression profiling, real-time PCR is also
useful to detect chromosomal aberrations. Most chromosomal
translocations in non-Hodgkin’s lymphomas can be detected by
genomic PCR. However, due to the very large spread of chro-
mosomal breakpoints, only those in narrow regions can in prac-
tice be tested for routine diagnostics. Compared with quantita-
tive gene expression measurements, which require real-time
PCR, specific translocations can usually be detected by conven-
tional genomic PCR against zero background. The reader is
referred to some recent reviews for an overview of chromosomal
translocations in non-Hodgkin’s lymphoma and present
approaches to test for them [63-66]. Rearrangements of the Ig
heavy chain locus are a common target for real-time PCR-based
tests [67-70].

Single-cell analysis

The high sensitivity of real-time PCR makes it possible to
detect even a single molecule [8,71]. Diagnostics becomes feasi-
ble with much lower amounts of biologic material than are
required by traditional methods. Fine needle aspirates may
replace traditional surgical biopsies in many situations [37).
This reduces patient trauma and also allows many more sam-
ples to be collected. Complex tissues contain many cell types,
each with a distinct gene expression profile. In a cell popula-
tion, potentially important variations in gene expression
among minority cells may be masked. Analyses of gene
expression at the single-cell level therefore open avenues for
even more precise understanding of human disease pathogen-
esis. For single cell analysis, cells are typically collected by
flow cytometry, patch-clamp capillaries or laser-based micro-
dissection [71-74]. However, despite the high reproducibility
and sensitivity of real-time PCR, robust protocols are needed
for single cell analysis before the technique can be used as a
standard tool in cancer research. A typical single cell contains
only 0.5-1.0 pg mRNA, which accounts to approximately
300,000 mRNA transcripts [75]. This makes single cell real-
time PCR analysis sensitive to contamination and statistical
uncertainty. For low expressed genes, it may not be possible to
split single cell samples into aliquots for multiple gene analy-
sis due to statistical uncertainty (e.g., the Poisson effect
becomes important when the number of molecules is <20)
(76,771. Such effects should be accounted for in the experimen-
tal design and data treatment, for example, by increasing the
number of experimental replicates.

Quality control
One of the most recognized problems in quantitative real-
time PCR gene expression analysis is PCR inhibition (32,33].
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The inhibiting agents may be extraction chemicals or
unpurified components from the biologic sample. There are
many ways to purify nucleic acids, including phase separa-
tion, filtration, magnetic beads, lysis buffers, anion-
exchange columns and ethanol precipitation. Despite the
method of isolation employed, there are always material
losses, and traces of inhibitors will find their way into the
final nucleic acid extract. Heme, heparin and IgG are exam-
ples of some common inhibitors in biologic samples that
inhibit PCR at very low concentrations [33,78]. In the worst-
case scenario, a high degree of inhibition will give false-neg-
ative results. Due to the exponential nature of PCR, errors
caused by inhibition accumulate with the product. The
common procedure to account for any differences in PCR
efficiencies between samples is to amplify a reference gene in
parallel to the reporter gene and relate their expression lev-
els. This approach assumes that the two assays are inhibited
to the same degree. However, this may not always be the
case, particularly not for complex tissue samples, and the
procedure, although very common, may lead to false classifi-
cation of samples (33,34]. The problem is even more serious in
absolute quantification, where an external calibration curve
is used to estimate the number of transcripts in the test sam-
ples. The biologic samples are often more complex and con-
tain inhibitors that are not present in the standard samples
used to construct the calibration curve. In such cases, the
mRNA levels in the test samples will be underestimated.
The PCR efficiency in a test sample can be assessed by serial
dilution of the sample [37]. It is also possible to obtain a
rough estimate of the PCR efficiency from analysis of the
amplification response curve. Mathematical algorithms of
different degrees of complexity have been developed for this
purpose (FIGURE3) [32,33,79,80]. Finally, amplification of an
externally added RNA/DNA standard may be used to test
for inhibition, and also to compensate for material losses
during sample preparation [81,82].

Expert opinion

The introduction of real-time PCR technology in molecular
diagnostics has greatly simplified the quantification of nucleic
acids. Very large amounts of data can be generated in a short
period of time. Real-time PCR is rapidly becoming a powerful
complement to traditional methods such as immunohisto-
chemsitry, fluorescence in situ hybridization and flow cytome-
try for cancer detection and classification. Today, methods are
even available to analyze nucleic acids from paraffin-fixed tis-
sues, which makes it possible to search for new cancer reporter
genes in archival samples [83,84].

Before setting up quantitative real-time PCR-based assays
for routine diagnostic purposes, some important parameters
should be carefully validated. Most importantly, the reporter
genes used for prediction must be statistically validated on a
substantial number of patient samples that are characterized
and classified by traditional methods. The main technical
obstacle in real-time PCR is inhibition caused by unpurified

Quantitative real-time PCR for cancer detection

interfering components from the biologic sample. In most
cases, this can be accounted and corrected for by proper nor-
malization of all experimental steps including sample collec-
tion, nucleic acid extraction, RT and real-time PCR. The
authors favor normalizing the entire sample handling process
when comparing similar samples. Starting with the same
amount of biologic material and using a very rigorous purifi-
cation process, the authors expect low sample-to-sample var-
iation in RNA purification yield and a uniform low degree
of inhibitor contamination. The same amount of total RNA
from each sample is then reverse transcribed and the same
amount of cDNA is used for real-time PCR analysis. This
approach minimizes any variations due to sample handling.
To test if any of the studied samples suffer from severe PCR
inhibition, PCR efficiencies may be determined by serial
dilution [37). A quality assurance system, such as kinetic out-
lier detection, can then be implemented to test the data 33].
These strategies may detect any variation in PCR efficien-
cies. Another approach is to add an external RNA/DNA
standard to the sample, which will compensate for variation
in nucleic acid isolation yields and RT efficiencies among
the samples (83,84]. Experimental designs that do not rely on
reference genes, such as the Ig light chain k:A ratio [357] and
the CCNDI:CCND3 ratio [53) mentioned, are always pre-
ferred. If that is not possible at least two carefully validated
reference genes with fundamentally different cellular func-
tions should be used together as a normalization factor to
minimize the risk of coregulation with the reporter genes.
Appropriate reference genes may be identified by the
GeNorm software [40]. Another important issue when imple-
menting PCR into routine work is to minimize the risk of
contamination. An important preventive measure is to per-
form mastermix preparation, sample loading and post-PCR
analysis in separate rooms.

Five-year view

Microarray technologies and real-time PCR have been devel-
oped independently and are used today for quite different
applications related to gene expression measurements. It is
the authors’ view that these approaches will become much
more synchronized, resulting in highly efficient strategies to
identify targets and develop diagnostic, prognostic and ther-
anostic tests based on gene expression. Additionally, on the
instrument side these techniques will move closer and possi-
bly merge into a real-time PCR microarray platform. Com-
bining the high-throughput capacity of microarray tech-
niques and the large dynamic range of real-time PCR will
make it possible to use both low- and high-expressed genes as
reporter genes. Advances in sample enrichment and prepara-
tion are other bottlenecks limiting high throughput. During
the next 5 years, the authors expect major improvements in
sampling techniques. In this manner, a large enough number
of lymphoma reporter genes can be measured together on
real-time PCR microchips for a variety of diagnostic and
prognostic purposes.
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Key issues

o All steps from sample collection to data analysis are important sources of variability in real-time PCR experiments that need to be
properly controlled for accurate gene expression profiling.

® Real-time PCR measurements are characterized by a large dynamic range, high precision and specificity, and excellent sensitivity.

® Gene expression analysis by microarray techniques and real-time PCR offers new possibilities to classify malignant tumors, such as
lymphomas, into more distinct subtypes for diagnosis and treatment.

® Absolute quantification of mRNA is a complex process requiring a known external calibrator with a sequence identical to the
target molecule. Gene expression profiling is therefore most frequently performed as a relative measurement comparing different
biologic conditions.

¢ To compensate for the different amount of mMRNA among samples, normalization is necessary. Several methods have been proposed,
most being based on internal reference genes whose expression is assumed to be constant in all samples.

® More accurate classification can be achieved by comparing expression of target directly, without involving reference genes. The ratio
between immunoglobulin light chain k and A and between CCND7 and CCND3 are two such examples in lymphoma diagnostics.

¢ The high sensitivity of real-time PCR makes the technique applicable to very small samples, such as fine-needle aspirates. Even a
single cell is enough for analysis.

¢ Biologic samples often contain PCR inhibitors. These affect PCR efficiency and consequently the quantitative gene expression
information that is sought. The degree of PCR inhibition can be estimated by analyzing the real-time PCR amplification response
curve or by serial dilution of the sample.
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