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ABSTRACT

Reverse transcription PCR (RT-PCR)
represents a sensitive and powerful tool for
analyzing RNA. While it has tremendous
potential for quantitative applications, a
comprehensive knowledge of its technical
aspectsis required. Successful quantitative
RT-PCR involves correction for experimen-
tal variationsin individual RT and PCR ef-
ficiencies. Thisreview addresses the mathe-
matics of RT-PCR, choice of RNA standards
(internal vs. external) and quantification
strategies (competitive, noncompetitive and
kinetic [real-time] amplification). Finally,
the discussion turnsto practical considera-
tions in experimental design. It is hoped
that this review will be appropriate for
those undertaking these experiments for the
first time or wishing to improve (or vali-
date) a technique in what is frequently a
confusing and contradictory field.
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INTRODUCTION

Quantification of  steady-state
MRNA levels by reverse transcription-
polymerase chain reaction (RT-PCR)
has tremendous potential; however, itis
also fraught with significant pitfalls. On
the positive side, the technique is ex-
quisitely sensitive, permitting analysis
of gene expression from very small
amounts of RNA (even at the level of
the content of a single cell). Moreover,
this approach can be conducted on a
large number of samples and/or many
different genesin the same experiment.
This enables the investigator ameasure
of flexibility unavailable in more tradi-
tional approaches (i.e., Northern blot,
dot blot and hybridization protection
assays and in situ hybridization).

Along with the power and relative
ease of quantitative RT-PCR (QRT-
PCR) come a number of technical hur-
dles to utilizing the approach in areli-
able manner. Specificaly, as the PCR
greatly amplifies the target, errors are
also amplified. As aresult, variability
can be very large and preclude accura
cy and reliable quantification. For this
reason, QRT-PCR is viewed with skep-
ticism by many investigators and re-
viewers. Such concern can be obviated
by thoughtful experimental design and
carefully validating the technique for a
given gene or agiven laboratory.

Since the first reports of QRT-PCR
(2,5,18,54), the use of this technique
has grown at an exponential rate. De-
spite this growth, the ability of RT-PCR
to accurately quantify mRNA levelsis
not universally accepted. Additionally,
asistypical of most emerging research
areas, the terminology and theoretical
basis for this technique have become

muddled. This review will attempt to
clarify the terminology and to describe
those elements needed for accurate, pre-
cise and reproducible quantification.
Thebasicsof RT-PCR will be described
first, followed by the mathematical un-
derpinnings of RT-PCR. A subsequent
discussion of RNA standard construc-
tion and methods of use will lead to
considerations of the relative merits of
competitive vs. noncompetitive QRT-
PCR and quantification by rea-time
monitoring of reaction kinetics. Finaly,
concerns of RNA isolation, reaction
phase, heteroduplex formation and ab-
solute quantification will be reviewed.

This presentation is intended to pro-
vide the background and theoretical ba-
sis for the disparate approaches to
QRT-PCR. The overview will assist an
investigator in the choice of the best re-
search tools and methods for validating
the technique. A number of good re-
views and books exist (8,13-15,64,66)
that address many of the concerns in
guantitative PCR. However, recent de-
velopments in QRT-PCR and the spe-
cial issues of quantifying mRNA (as
opposed to DNA) warrant a fresh look
at the technique.

RT-PCR BASICS

Gene quantification has been ham-
pered by the lack of fast, reliable and ac-
curate methods. Northern blotting (1)
works well for quantification, but it can
require alarge amount of total RNA and
is time-consuming. The advent of PCR
in 1986 (31) and the combination of re-
verse transcription and PCR (44,45)
quickly led to the use of RT-PCR for
MRNA quantification (2,18,54). Ten
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years since its advent however, QRT-
PCR technology isstill being optimized.

Reverse Transcription

Figure 1 presentsthe stepsin a QRT-
PCR approach. Isolation of RNA (either
total RNA or polyadenylated RNA)
from samples can be accomplished us-
ing a number of methods [most com-
monly with a guanadinium-based
chaotropic agent (6)]. Specific concerns
relating to RNA isolation will be dis-
cussed in the RNA |solation section.

Theinitial stepin RT-PCR isthe pro-
duction of a single-strand complemen-
tary DNA copy (cDNA) of the RNA

through the action of the retroviral en-
zZyme, reverse transcriptase. Two man
typesof enzyme are commercidly avail-
able: Moloney murine leukemia virus
(MMLV-RT) and avian myeoblastosis
virus (AMV-RT). Thechoiceislargdy a
matter of personal preference or cost,
but some direct comparisons have been
reported (4). An additional, thermo-
stable reverse transcriptase/DNA poly-
merase exists (rTth), but it is not widely
used and thereisinsufficient datain the
literature to give acompl ete comparison.

An oligonucleotide primer is re-
quired to initiate cDNA synthesis. The
primer anneals to the RNA, and the
cDNA is extended toward the 5¢end of
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Figure 1. Flowchart of thetechnical stepsin QRT-PCR.
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the mRNA through the RNA-dependent
DNA polymerase activity of reverse
transcriptase. Primers can be either
gene-specific or nonspecific; both have
advantages and disadvantages. Random
hexamer primers contain all possible
nuclectide combinations of a 6-base
oligonucleotide and bind to all RNAs
present. Similarly, oligonucleotides
consisting solely of deoxythymidine
residues [oligo(dT)] annea to the
polyadenylated 3¢tail found on most
MRNAs. RT reactions primed by ran-
dom hexamers and oligo(dT) primers
can be split into a number of different
PCRs, each with different gene-specific
primers. This method maximizes the
number of genes that can be assayed
fromasmall RNA sample.

Alternatively, a gene-specific primer
can be used for the RT reaction. For
some genes, especialy rare messages,
the use of sequence-specific primersin-
creases specificity and decreases back-
ground associated with other types of
primers. These gene-specific RT primers
work well in conjunction with elevated
RT reaction temperatures to eliminate
spurious transcripts (16). These (anti-
sense) primers can then be used for the
subsequent PCR in conjunction with the
corresponding gene-specific forward
(sense) primer (40,53). More detailed
descriptions of PCR primer design have
been published (10,49). Note that with
gene-specific primers, a separate RT re-
action must be carried out for each gene
of interest, which is unlike nonspecific
primed protocols.

The RT step isthe source of most of
the variability in aquantitative RT-PCR
experiment. The reverse transcriptase
enzymeis sensitive to salts, alcohols or
phenol remaining from the RNA isola-
tion. Compounding this problem, a
biphasic relationship between salt and
RT-PCR amplification has been ob-
served by this laboratory. Under some
conditions, low concentrations of
added salt (10 mM) enhance signal,
and high levels of salt (350 mM) de-
crease the output signal (W.M. Free-
man and K.E. Vrana, unpublished re-
sults). Therefore, salt contamination,
carried over from the RNA precipita
tion step, can affect the apparent RNA
levels. Inter-tube and inter-experiment
variability are therefore common for
RT reactions. This signal output vari-
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ability isacentral issuein QRT-PCR. It
cannot be assumed that different reac-
tions have the same RT efficiency. If
one can minimize the nonspecificity
and variability in this step, then the re-
liability of the ensuing quantification
will be optimized.

PCR

Following the RT reaction, the
cDNA is amplified by PCR. This dis-
cussion will not detail the specifics of
the PCR; refer to other references
(11,32). PCRis usually carried out us-
ing an aliquot of the RT reaction or by
adding the necessary PCR components
directly to the RT reaction (40). PCRis
generally athree-step process, with de-
naturation, annealing and elongation
steps, with temperatures that vary and
are subject to a number of considera
tionsthat should be determined empiri-
cally. The number of cycles dependson
the amount of target present and the ef-
ficiency of the reaction. Aswill be dis-
cussed in the Reaction Phase section, it
is best to optimize cycle number to pro-
duce easily visualized products while
remaining out of the plateau phase of
the reaction.

Primer design and selection is aso
of primary importance in the PCR step.
For instance, designing intron-spanning
primers for PCR alows DNA contami-
nation to be assessed. With this design,
intron-containing DNA will give a dif-
ferent amplification product than will a
spliced RNA. For intron-less genes, it
is necessary to perform a control RT-
PCR in which the reverse transcriptase
is omitted. In fact, this valuable “mi-
nus-RT” control should be used in all
experiments. The common problem of
amplification product contamination
from previous PCRs can be detected in
thisway.

Amplification Product Detection

Thefina stepin QRT-PCR isthe de-
tection and quantification of amplifica-
tion products. Reaction products must
be separated so that target and standard
can be discriminated and quantified.
There are avariety of systems that can
be used. The two broad classes of am-
plification product detection techniques
are the traditional “end-point” mea
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surements of product and “real-time”
monitoring of product formation. End-
point determinations analyze the reac-
tion after it is completed, and real-time
determinations monitor the reaction in
the thermal cycler as it progresses.
End-point product measurement can be
accomplished through the use of fluo-
rescent intercalating dyes, [i.e., ethidi-
um bromide or SYBRO Green (46,48)]
or through measurement of incorporat-
ed radioactivity by autoradiography or
phosphor imaging. Hybridization-
based protocols, such as Southern blots
or fluorescence detection are also used.
A third type of end-point product mea-
surement uses solid-state approachesin
which a bound enzyme produces fluo-
rescence (19) or luminescence (50). Fi-
nally, several laboratories measure the
production of amplification products
following resolution by HPLC (20,
22,36) or capillary electrophoresis (3).
Real -time product monitoring offers
the potential for improved quantifica
tion. The errorsin sample manipulation
for end-point quantification are mini-
mized, and a great deal more informa-
tion about the PCR is obtained from the
data points for each cycle. One method
takes advantage of the 5¢exonuclease
activity of Tag DNA polymerase
through the use of sequence-specific
fluorogenic hydrolysis (TagMan©) or
hybridization probes (17,28,59,62). A
second technique involves the use of
DNA-specific dyesto visualize and dis-
criminate DNA products with differing
melting-curve profiles (46). This latter
approach eliminates the need for de-
signing and constructing fluorescent
amplification product-specific probes.

MATHEMATICAL
CONSIDERATIONS

An understanding of the mathemati-
cal descriptions of RT-PCR is essentia
to harness the full potential of the
technique. QRT-PCR is inherently an
indirect method of measurement. For
reliable quantitative information to be
extracted from this variable system,
consideration of mathematical models
is necessary (35,38,39,42,55). In this
regard, the RT and the PCRs are entire-
ly different types of enzymatic reac-
tions and thus should be considered

separately.

Mathematicaly, the reverse tran-
scription step of RT-PCR is very basic.
There is no amplification, and the sole
variable is the percentage of mMRNA
converted into cDNA. This can be stat-
ed asin Equation 1:

[cDNA] =[RNA] "~ Efficiency [Eq. 1]

Efficiency is measured as the per-
centage of RNA transcribed into cDNA
(0=noRT; 1=tota RT of al RNA into
cDNA). As stated previoudly, this reac-
tion isextremely susceptible to contam-
inants, such that efficiency can fluctuate
from 5%-90% (15). If two separate re-
actions have equal amountsof RNA, but
their RT efficiency is unequal, the fina
amounts of the amplification products
will be dissimilar following PCR.

The mathematical description of the
PCR step of RT-PCR is more complex
than that of the RT step. The amplifica
tion of cDNA by PCR is not constant
like the magnification of a microscope,
it differs not only for each gene or tube
but also asthe reaction progresses. With
each cycle of temperatures, the amount
of DNA is theoretically doubled. This
can be expressed asin Equation 2:

P=T (I+E)" [Eq. 2]

where P is product (amount measured
after n cycles); T is template or target
(amount of cDNA from RT reaction); E
is efficiency (percentage of cDNAs
copied in a PCR cycle [from O to 1]);
and n is cycle number (number of cy-
cles through which the reaction pro-
ceeds). From Equation 2, it can be seen
how small differences in amplification
efficiency are compounded exponen-
tially. Most reactions in the exponential
phase have an efficiency of approxi-
mately 0.8, but this varies between reac-
tionsand for different experiments. The
efficiency can aso vary with the stage
of reaction (discussed later). Only a5%
difference in amplification efficiency
between two initially equal targets can
result in one product appearing to be
twice the amount of the other after 26
cycles of PCR. This example is meant
toillustrate that nothing can be assumed
in QRT-PCR. It would seem that RT-
PCR might lack the consistency neces-
sary for accurate quantification; howev-
er, the use of co-amplified standards can
control this potential variability.
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USE OF STANDARD RNA
MOLECULES

Thefirst QRT-PCR papers acknow!-
edged the inherent variability in the
technique and the need for standards
(18,54). The common approach was to
co-amplify a standard, either in the
same tube or a separate tube. A wide
range of DNA and RNA standards have
been reported (for review, see Refer-
ences 13, 30 or 66). It is generally ac-
cepted that DNA standards are not an
optimal choice because they do not
compensate for the inherent variability
in the RT step. Endogenous RNA stan-
dards or internal standards (actin or
G3PDH) and heterologous synthetic
RNAs have both been used as amplifi-
cation standards. Endogenous, presum-
ably invariant, internal standards have
problems of widely differing abun-
dance, different amplification primers
and the fact that their expression is sen-
sitive to some experimental treatments.
Heterologous external standard RNAs
are an improvement over endogenous
standard RNAs because their levels can
be controlled, but they are not homolo-

gous to the sequence of interest and are
likely to have differing amplification
efficiencies. Heterologous standards
have been used successfully for quan-
tification; however, we recommend that
because these standards are no easier to
create than a homologous standard,
thereislittle to be gained by their use.
Therefore, we will consider only the
homologous, externa RNA standards.
A homologous synthetic RNA standard
can be defined as an in vitro-tran-
scribed synthetic RNA that shares the
same primer binding sites as the native
RNA and has the same intervening se-
guence except for a small insertion,
deletion or mutation to facilitate differ-
entiation from the native signal during
guantification. Homologous RNA stan-
dards are the most suitable for two rea-
sons: (i) an RNA standard (as opposed
to DNA) must be used to control for
variability during the RT step; and (ii) a
homologous RNA standard is most
likely to have the same or very similar
RT and PCR efficiencies.

Homologous RNA standards are
generaly created from the entire native
gene, or a portion of it, cloned into a
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Figure 2. Theoretical analysis by competitive QRT-PCR. A constant amount of target RNA is mixed
with increasing concentrations of standard RNA (in this case, over arange of 5 orders of magnitude). The
mixture is subjected to RT-PCR utilizing a single set of primers. The most common representation in-
volves plotting log (standard signal/unknown signal) vs. log standard added. When amplification product
signalsare equal (standard/unknown = 1), the ordinate value will be zero. This should produce aline with
aslope of 1 and data points above and bel ow the equivalence point.
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plasmid containing an RNA poly-
merase promoter suitable for in vitro
transcription. A small deletion or inser-
tion or a mutation is made in the stan-
dard so that the native and standard
amplification products can be differen-
tiated by size on an electrophoresis gel.
It has been shown that the smaller the
alteration, the more similar the amplifi-
cation characteristics of the standard
(30). This can be explained by the fact
that amplification efficiency is related
to the length and secondary structure of
the RNA and ensuing product. A longer
product requires greater processivity of
the enzyme, therefore compromising
efficiency. For this reason, a balance
must be found with deletion/addition
style standards, where the products are
easily discriminated but are as similar
as possibleto ensure equal efficiencies.
The role/impact on RT and PCR effi-
ciency of sequences “upstream” and
“downstream” of primer binding sites
has, to our knowledge, not been docu-
mented. However, it isassumed that the
overall secondary structure of the RNA
standard affects RT efficiency more
than it will affect the PCR.

In an alternative approach, a muta-
tion, introduced into the cloned gene by
site-directed mutagenesis, can be used
to create (or eliminate) auniquerestric-
tion enzyme site in the standard (2,53).
After the RT-PCR, the reaction prod-
ucts are endonuclease-digested and
subsequently resolved by el ectrophore-
sis. Thesignal of the two digested stan-
dard bands are summed and compared
to the native signal (or vice versaif a
native restriction enzyme site is elimi-
nated in the standard).

Oncethe standard is constructed, the
investigator must decide how best to
use it. Two approaches exist for using
co-amplified, external standards: com-
petitive and noncompetitive.

Competitive RT-PCR

In competitive RT-PCR, a dilution
series of the standard RNA is co-ampli-
fied with equal amounts of total RNA
(and therefore equal amounts of the na-
tive gene). Competitive RT-PCR is the
most common approach to quantitative
RT-PCR. The standard competes with
the native for primers and enzyme, thus
reducing the signal of the native when
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the standard isin excess. Asthe amount
of standard increases, the native signal
decreases. Becker-André et al. (2) and
Gilliland et al. (18) demonstrated that
guantification could be achieved. From
agraph of thelog of standard signal/na
tive signa vs. the log of input RNA
standard, the amount of initial, native
RNA can be found at the equivalence
point (Figure 2). However, for competi-
tive QRT-PCR results to be reliable,
several conditions must be met. Aswith
any standard curve, there must be stan-
dard amounts above and below the
equivalence point. When the log of the
standard signal/template signal is plot-
ted against the log of the standard RNA
input, arectilinear linewith aslopeof 1
should be obtained (Figure 2, Refer-
ence 43). Mathematically, this slopeis
the ratio of the target and standard am-
plification efficiencies, which should
be equal in all reactions. If the dopeis
<1, the target has a higher efficiency,
whereas if the slope is >1, the standard
has a higher efficiency. If the curve is
not rectilinear, there is an inconsistent
difference in efficiencies between the

target and standard RNAs. Linearity
only guarantees that there is a constant
relationship between the efficiencies,
and that relative levels can be deter-
mined. A slope of 1 meansthat the effi-
ciencies are equal and constant, but it
does not necessarily assure that ab-
solute quantification is possible (42,
43). It has been reported that when the
amount of standard in thereactionsisa
log dilution series, thereisadecreasein
the ability to detect smaller changes
(51). When the amount of standard and
target differ greatly, the plateau phase
can be shifted and subsequent reliabili-
ty isreduced (33).

Noncompetitive RT-PCR

Noncompetitive RT-PCR differs in
that the native signal is unaltered by the
standard. An increasing series of stan-
dard amountsis co-amplified with equal
amounts of total experimenta RNA;
however, thisoccurs under conditionsin
which there is no competition for the
componentsin the PCR. The quantifica
tion is therefore estimated on a linear-
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Figure 3. Theoretical analysisby noncompetitive QRT-PCR. RNAs aretreated exactly asdescribed in
Figure 2 with the exception that the standard RNA is added in alinear fashion within one order of mag-
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lence point and the amount of the target.
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scaled graph. The amount of standard
signal is plotted against the native sig-
nal. When the linesintersect, they reach
the eguivalence point, and quantifica-
tion is achieved (Figure 3). Just as in
competitive RT-PCR, there must be
standard amounts that are both higher
and lower than the native amount.
Moreover, the native signal must remain
constant in al of the reactions. General-
ly, some estimate of the amount of na-
tive signal must be made before decid-
ing on the standard amounts, because
they are designed to differ by only one
log above and below the native.

Both of these approaches have mer-
its and disadvantages. The use of a
double log scale for quantification by
competitive RT-PCR reduces the quan-
titative reliability of the assay. As stat-
ed before, such logarithmic titration se-
ries might be unsuitable for the
discrimination of very small differ-
encesin rarer messages. Relative quan-
tification isfeasible, but absolute quan-
tification is problematic because stable
differences in amplification efficiency
are undetectable with competitive RT-
PCR (42). Alternatively, because of the
smaller range of the standard, some ap-
proximate knowledge of target amounts
is essential to determine standard
amounts for noncompetitive RT-PCR.
The greater ability of noncompetitive
RT-PCR to detect small changes may
lend itself to well-characterized sys-
tems with smaller differencesin native
amounts, while competitive RT-PCR
may be better suited for large differ-
ences in less well-characterized sys
tems. It has been suggested that the
combination of the two approaches is
best where an initial competitive titra-
tion series is used to determine the ap-
proximate level of target, and then a
smaller range of standards is used for
quantification (34,51).

KINETIC QUANTIFICATION

The direct use of amplification ki-
netics to quantify RNA without the use
of a standard (hence, the name kinetic
RT-PCR) started as an attempt to avoid
the long development times of standard
construction and the problems of de-
signing, storing and accurately quanti-
fying the standard itself (57). While
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this approach has never been widely
used, recent advances in detection
methods suggest that this concept has
the greatest potential for future quanti-
tative RT-PCR development. This ap-
proach attempts to quantify by taking
advantage of the basic mathematics of
the PCR: P=T(1 + E)" (Equation 2). If
treated as a simple math problem, Pis
derived from the amount of product as
seen by any method of detection, and
the number of cycles (n) isknown. This
leaves the reaction efficiency (E) and
initial amount of target (T) to be deter-
mined. In anovel approach, Wiesner et
al. (56,57) determined that by taking
data points from a series of cycles, the
efficiency and initia target amounts
could be determined. In other words,
when the amount of product from a se-
riesof cyclesisplotted on alogarithmic
scale against the cycle number, the
slope of the line created is equal to 1
plus the reaction efficiency. The y-in-
tercept isequal to log of theinitial tem-
plate concentration. In this case, the re-
action efficiency is an average of the
efficiencies over the cyclesplotted. The
specific data points for these reaction
curves were obtained by removing
aliquots from the reaction over a series
of cycles. Thistechnique wastime-con-
suming and not widely used because of
the need to remove and analyze
aliquotsfrom every cycle.

These logistical difficulties aside,
kinetic quantification has great poten-
tial. Kinetic quantification directly
computes the amplification efficiencies
of different reactions. Any differences
in amplification efficiency are comput-
ed and compensated for—no assump-
tions concerning variable PCR efficien-
ciesarerequired. The amount of cDNA
at the start of areaction iscomputed in-
dependently for each reaction. Notice-
ably absent from this quantification
strategy is the RT reaction efficiency,
which cannot be determined in a simi-
lar manner. Initialy, the question of RT
reaction efficiency was sidestepped by
the assumption that the RT reactions
occurred with the same efficiency (56).
However, as stated before, the wide dif-
ferencesin RT efficiency must be con-
trolled if quantitative RT-PCR isto be
accurate, precise and reproducible. A
standard RNA could be added to there-
actions, but the processing of multiple
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RT-PCR Amplification Plot
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Figure 4. Exponential vs. plateau phasesin PCR. (A) During the exponential phase, no factor is limiting, and the amplification products accumulate at a
steady rate. At some point, reaction components become limiting, and the efficiency of amplification drops and eventually stops; this is the plateau phase. The
level of the plateau phase can be independent of the initial amount of template (1.3E+5 template copies through 1.3E+8 copies gave the same plateau signal).
Measurements made in the plateau are therefore not necessarily directly related to the starting material. (B) 96 replicates of the same reaction were simultane-
ously amplified by PCR and measured using real-time fluorescence. Thereisahigh variability in amplification product accumulation at the plateau. Therefore,
quantification at high cycle numbersis problematic. For this real-time technology, quantification at low cycle numbersis quite precise and accurate. (Modified
and presented with permission from PE Applied Biosystems).

118 BioTechniques Vol. 26, No. 1 (1999)



Review

data points for each reaction is unap-
pealing. Technological developments
were therefore necessary to make this
approach practical.

Over the past five years, advancesin
amplification product detection have
made kinetic quantification feasible. If
amplification products can be detected
in the reaction vessels as the reaction
progressesin real time, thereis no need

to take aliquots or conduct end-point
detection schemes. Higuchi (26,27)
made the first devel opment, monitoring
product accumulation by adding ethid-
ium bromide (EtdBr) to the reactions
and measuring the emitted fluorescence
with afluorometer coupled to athermal
cycler. Thisapproach showed potential;
however, EtdBr is a nonspecific dou-
ble-stranded DNA (dsDNA) intercalat-

ing agent, and any measurements of
fluorescence are from al sources of
dsDNA and not just the signal of inter-
est. A real-time system must be able to
detect amplification product signal and
to discriminate the signal of interest
from background and spurious amplifi-
cations.

Two commercially available sys
tems have been designed that both de-
tect and discriminate amplification
product signas: the ABI PRISM© 7700
and 5700 Sequence Detection Systems
(PE Applied Biosystems, Foster City,
CA, USA) and the LightCyclerQ (Ida-
ho Technologies, Idaho Falls, 1D,
USA). The PRISM 7700 System has
been described in detail in a number of
reports (23,59); it uses hydrolysis
probes (TagMan©; PE Applied Biosys-
tems) to specifically detect the target
seguence in the presence of nonspecif-
ic amplification products. Hydrolysis
probes rely on the 5¢® 3¢exonuclease
activity of Tag DNA polymerase
(28,29). Fluorescent detection takes
place through fiber optic lines posi-
tioned above optically non-distorting
tube caps. Quantitative data are derived
from a determination of the cycle at
which the amplification product signal
crosses a preset detection threshold.
This cycle number is proportiona to
the amount of starting material as dis-
cussed in a number of reports (17,23,
59). Recent developments have made
these instruments capable of using
DNA-specific dyes and melting-curve
analysis (see below).

The Light Cycler has been described
fully by Wittwer et al. (60,61); it can
also use fluorogenic hydrolysis or fluo-
rogenic hybridization probes for quan-
tification in amanner similar to the pre-
vious system (46,62). It was also, to our
knowledge, the first system to quantify
and differentiate products by the use of
dsDNA dyes (62). This method quanti-
fies by the re-annealing kinetics of
DNA (65) and discriminates by DNA
melting curves (46). Additionally, this
system uses very rapid cycle times that
increase throughput (52,61).

The advantage of real-time (during
PCR) acquisition of data over end-point
(phosphor imaging, scintillation count-
ing, enzyme-linked immunosorbent as-
say [ELISA] etc.) is obvious. Fewer
processing steps reduce the opportunity
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for error. Moreover, the time and effort
required by these manipulations are
substantially reduced. The quantitative
ability of this detection method comes
from being able to monitor the accumu-
lation of amplification products using
either fluorogenic probes or intercal at-
ing dyes. By themselves these ap-
proaches do not control for the variabil-
ity present in the RT reaction, however
they logically lead toward a hybrid
technique that could represent the best
approach to quantitating mRNA.

Combining the power of reaction ki-
netics with the use of competitive or
noncompetitive RNA standards could
consolidate the best of both approaches
and reduce the disadvantages of the
individual approaches (17,62). The in-
clusion of synthetic RNA standards in
reactions monitored by real-time tech-
nologies offers to control/compensate
for most of the variability in QRT-PCR.
Because recent advances allow the use
of multiple fluorogenic probes in one
reaction (59), the differentiation of
standard and target by DNA melting
curves could detect both atarget and an
RNA standard simultaneously. The in-
clusion of a unique intervening se-
guence in an otherwise homologous
standard permits hybridization of a dif-
ferent fluorogenic probe for standard
signal. The use of DNA melting curves
could permit differentiation of single
base pair mutant standards (62) and
would replace the enzyme digestion re-
quired for mutated standards and asso-
ciated problems. Additionally, the need
for gene-specific fluorogenic probesis
obviated by the use of intercalating
agents like SYBR Green. A probe or
signal for areference gene, a so—called
housekeeping gene, can give further
validation by helping to control for dif-
ferencesin RNA isolation.

PRACTICAL EXPERIMENTAL
CONSIDERATIONS

Additional concerns for QRT-PCR
that apply to al the quantitative meth-
ods should be addressed. RNA isola-
tion, reaction phase, heteroduplex for-
mation and the reality of absolute
quantification are al important factors
in designing the best QRT-PCR proto-
col.
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RNA Isolation and Char acterization

The most common method of total
RNA isolation is the guanidinium thio-
cyanate procedure (6). M odifications of
this protocol have been developed (41),
and the relative merits of thistechnique
and others have been analyzed (63).
RNA should always be subjected to de-
naturing agarose gel electrophoresis to
visually verify the integrity of the RNA
by the 28S and 18S ribosomal RNA
bands. In addition, spectrophotometric
measurements of RNA concentration
have been reported to be sensitive to pH
(58). The same denaturing gel used to
confirm integrity can be used to visual-
ly verify the spectrophotometric quan-
tification. It has also been suggested
that the same RNA standards used in
the RT-PCR could be added before ex-
traction to control for differencesin re-
covery.

Though abasic aspect of experimen-
tal design, it isworth reiterating theim-
portance of careful sample preparation
in QRT-PCR. RNA degradation isa se-
rious problem and can lead to variable
results. Though ribonuclease levels
vary by organism and tissue, careful
RNA isolation will enhance the quality
of subsequent QRT-PCR. Additionaly,
if intact tissue is being used for RNA
isolation, dissection must be consistent
to have homogenous sampl es.

Reaction Phase

During the progression of a PCR,
the reaction goes through two distinct
phases, the exponential phase and the
plateau phase (Figure 4A). In the expo-
nential phase, theoretically, every
cDNA is denatured, bound by a primer
and copied by the polymerase. This
phase adheres to the mathematical de-
scription previously given (Equation 2),
and the amplification efficiency is con-
sistent. This phase occurs in the early
through middle cycles of a PCR and
generally lasts from 10 to 20 cycles.
The number of cycles before areaction
enters the exponential phase depends
on the amount of starting material
(compare curves in Figure 4A). Note
that reporting on specific cycle num-
bers as comprising the exponential
phase appliesto only that particular re-
action system and sample. Because of
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differences in amount of RNA and re-
action mixtures, no absolute range of
cycle numbers can define the exponen-
tial phase. Rather, it must be identified
experimentally for each individua sys-
tem.

The exponential phase is followed
by the plateau phase. In the plateau
phase of the reaction, components of
the reaction mixture become limiting.
The supply of nucleotides might be de-
pleted, inhibitors from the reaction
might accumulate, the polymerase
might lose activity or primers might be-
come limiting. Most likely, the cDNA
begins to compete for primers, and
DNA amplification product concentra-
tion can increaseto the point where sin-
gle-stranded products re-anneal with
each other rather than with a primer.
The effect this has on quantification is
dramatic. A reaction becomes less pre-
dictable as it enters and proceeds into
the plateau phase (Figure 4B). A num-
ber of reports successfully quantify
with competitive RT-PCR in the plateau
phase (2,7,9,37). However, we believe
this to be the exception rather than the
norm. As shown in Figure 4B, equal
amounts of initial template can give
widely varying amounts of signal in the
plateau phase but give equal signalsin
the early exponential phase. Differing
amounts of initial template can aso
give equa signal in the plateau phase
because they will proceed until the sup-
ply of some constant reagent is limited
(Figure4A). The main reason given for
using the plateau phase is that it does
not require the additional effort of
showing the product accumulates lin-
early up to and past the cycle number in
which the signal is being measured. In-
stead, all measurements are made at the
same high cycle number. Because sig-
nificant preliminary work must be con-
ducted to establish that measurement in
the plateau phase is not subject to the
kind of error seen in Figure 4B, the ad-
vantage of plateau-phase quantification
is negated. It is clearly prudent to con-
duct all quantification in the exponen-
tial phase. To ensure that quantification
is being achieved in the exponential
phase, a range of target and standard
amounts can be amplified over arange
of cycles. If the products are still accu-
mulating in a logarithmic fashion, the
systemisin the exponential phase.

Heter oduplex

While a homologous standard is re-
quired to establish reaction efficiencies
that are similar to the target, the simi-
larity can also be a source of error. As
the standard and target are amplified by
PCR, single strands of standard and na-
tive amplification products can re-an-
neal to form heteroduplexes. With dele-
tion and insertion mutants, the
likelihood of heteroduplex formation is
reduced (25,30). However, when a
point mutant is used, heteroduplex for-
mation is more likely. In this case,
when the products are digested with en-
zymes, the heteroduplexes will remain
undigested and indistinguishable from
the standard or target, thus creating er-
ror. A double-cut method has been de-
veloped, in which both the standard and
mutant contain unique restriction en-
zymesites. Any heteroduplexeswill re-
main uncut and separate from the stan-
dard and target (12,30). In addition,
procedures have been developed for
monitoring this potential problem and
correcting for heteroduplex formation
(2,21,22,25).

The need for these methods can be
eliminated by minimizing heteroduplex
formation. When standard amounts are
in great excess of the target, the likeli-
hood of heteroduplex formation is in-
creased (25). Heteroduplex formation
is also promoted in the plateau phase
when there are not enough primers.
Therefore, by performing experiments
in the early exponential phase at low
cycle numbers, amplification products
will not have accumulated to the point
where annealing kinetics favor het-
eroduplex formation.

Absolute Quantification Vs. Relative
Quantification

To what extent is QRT-PCR quanti-
tative? In other words, should RNA lev-
els be stated as a difference from the
control or can they be stated as an ab-
solute quantity? Relative quantification
determines the changes in steady-state
expression of a gene. For the purposes
of the vast mgjority of investigators,
relative quantification is adequate.
Semiquantitative is sometimes used as
a synonym for relative quantification;
however, it is not an optimal term be-

cause of the confusion it causes and its
imprecise nature. Absolute quantifica-
tion attempts to state the number of
copies of a specific RNA per cell or
unit mass of tissue. Absolute quantifi-
cation requires a number of extra con-
ditions and treatments that relative
guantification does not. The RNA stan-
dard must be precisely quantified, but
this itself poses a new series of ques-
tions (55). RNA isolation varies be-
tween samples and must somehow be
controlled for. These additional ques-
tions may not be adequately resolved
and certainly add more layers of diffi-
culty.

The sensitivity of QRT-PCR in de-
termining differencesis also a matter of
discussion. What percentage difference
can bereliably determined? Depending
on the focus of the research, either
small or large differences must be dis-
tinguished. Some research areas identi-
fy 10-fold or greater changes; whilein
other areas, changes of 50% or more
can be physiologically significant. Ad-
ditionally, the sensitivity of the assay
will also matter. Determining the dif-
ference between transcript levels of 102
and 108 is much more difficult than de-
termining the difference between 105
and 106. AsaQRT-PCR protocol is de-
veloped and optimized, these questions
must be considered.

CONCLUSION

Asdetailed by thisdiscussion, QRT-
PCR is full of both problems and po-
tentials. Great care must be taken when
using QRT-PCR, but the results can be
extremely valuable. As the knowledge
of eukaryotic genomes expands, the op-
portunities to use QRT-PCR in awide
variety of settingswill also expand. For
instance, the changes seen with the new
hybridization array  technologies
(24,47) will still need to be examined
by QRT-PCR or northern blotting to
confirm and quantify the changesiden-
tified on arrays. No other technique of-
fers the potential to rapidly and quanti-
tatively analyze a number of gene
products from multiple small samples
in a multiplex format. Clinical uses of
QRT-PCR are dso likely to proliferate
as gene expression monitoring be-
comes acommon diagnostic tool. QRT-
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PCR is maturing and finding its niche
in science, and we will continue to see
arapid growth initsuse.
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