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ABSTRACT

A comparative PCR assay, for the ab-
solute quantitation of specific mRNAs in cell
and tissue samples, has been designed to
overcome problems with previous tech-
niques. cDNAs made from the RNAs are co-
amplified with “competitor” plasmid tem-
plates under conditions in which reagents
are not limiting at the equivalence point,
thereby preventing competition between tar-
get and competitor templates and distin-
guishing the assay from competitive PCR
assays. The cDNAs are serially diluted, and
competitor template concentrations are kept
constant, rather than vice versa, as occurs in
competitive PCR assays. Products from tar-
get and competitor templates are resolved
by electrophoresis and measured by phos-
phorescent or fluorescent imagery. Both
products are measured to minimize errors in
the competitor:target ratio. A synthetic ex-
ternal standard RNA is included in the tissue
lysis solution and co-purified with endoge-
nous mRNAs, thereby being subject to iden-
tical losses of yield during subsequent pro-
cedures. The determination of the number of
copies of external standard cDNA allows in-
efficiencies of RNA extraction and cDNA
synthesis to be taken into account. Standard
concentrations of plasmids containing the
endogenous target sequences are also mea-
sured, so that corrections can be made for

discrepancies due to unequal amplification
of target and competitor sequences. These
corrections, together with the use of an ex-
ternal standard and the PCR conditions cho-
sen, allow for the accurate, specific and sen-
sitive determination of the absolute number
of mRNA copies in a sample.

INTRODUCTION

The amount of specific mRNAs
within cells and tissues is important in
the regulation of protein synthesis and
is commonly used to study the expres-
sion of genes in various physiological
and pathological processes. Several
methods are commonly used to mea-
sure the levels of specific mRNAs, in-
cluding northern blotting, primer exten-
sion, nuclease protection and reverse
transcription-polymerase chain reac-
tion (RT-PCR). As currently used, none
of these methods permit absolute quan-
titation of mRNAs (i.e., they do not al-
low determination of the number of
specific mRNA molecules in a particu-
lar cell culture or tissue sample). Rela-
tive levels of an mRNA are usually ob-
tained by assaying the mRNA by one of
the above-mentioned methods and nor-
malizing the data against an internal
standard RNA, usually ribosomal RNA
or the mRNA of a “housekeeping”
gene, such as glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Even
these relative levels rely on the internal
standard RNA being expressed at a
constant level in all tissues being exam-
ined. This can be an erroneous assump-
tion, because even the expression of
housekeeping genes are subject to cell-
cycle and environmental regulation
(5,9). Moreover, the validity of the rela-

tive levels relies on RNA extraction
yields being constant between samples,
an assumption that is rarely, if ever, ver-
ified. However, it would seem unlikely
that the RNA yields from tissues with
physical and biochemical differences
would be identical.

In this paper, we describe a method
based on competitive PCR (2,6,11,14)
for the absolute quantitation of specific
mRNAs that overcomes these prob-
lems. We call this method, “compara-
tive PCR”, as actual competition be-
tween the target and competitor
templates does not occur. It uses non-
limiting amplification conditions and a
synthetic external standard RNA to take
into account inefficiencies in RNA
yield and cDNA synthesis. This method
has been used to quantitate the mRNAs
of matrix metalloproteinases (MMPs)
and tissue inhibitor of metalloproteinas-
es (TIMPs) in a mammary tumor.

MATERIALS AND METHODS

Synthetic External Standard RNA

To prepare the synthetic external
standard RNA for quantitative PCR as-
says, the APL1 plasmid (described be-
low) was linearized with EcoRI and
transcribed with SP6 RNA Polymerase
(Promega, Madison, WI, USA), ac-
cording to the manufacturer’s instruc-
tions. The RNA was electrophoresed in
and eluted from 6.5% polyacry-
lamide/8 M urea gel and ethanol-pre-
cipitated. The purified RNA was quan-
titated by absorbance at 260 nm,
re-analyzed electrophoretically to en-
sure integrity and stored under liquid
nitrogen in aliquots until use.
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Extraction of RNA

Total RNA was extracted from cul-
tured cells and tumors according to the
method of Chomczynski and Sacchi (4),
with the following modifications. Exter-
nal standard RNA, transcribed in vitro
from the APL1 plasmid, was added to
the guanidinium isothiocyanate (GITC)
cell lysis solution before lysis at a con-
centration of 5.25 × 10-17 mol RNA per
million cultured cells or per milligram
of tissue. Tumors, kept frozen in dry ice,
were pulverized using a mortar and pes-
tle before the addition of cell lysis solu-
tion. The purity and quantity of total
RNA extracted from samples was deter-
mined by spectrophotometric analysis
at 260 and 280 nm.

Reverse Transcription

RT of mRNA was performed using
25 µg total RNA in a 100-µL reaction
volume containing 100 U reverse tran-
scriptase from the avian myeloblastosis
virus (AMV) (Molecular Genetic Re-
sources, Tampa, FL, USA), 1 mM de-
oxynucleotide triphosphates (Amer-
sham Pharmacia Biotech, Castle Hill,
NSW, Australia), 1.5 pg of 18-mer oli-
go(dT) and 100 U RNasin Ribonucle-
ase Inhibitor (Promega) in a buffer of 50
mM Tris-HCl, 8 mM MgCl2, 30 mM
KCl and 1 mM dithioerythritol, pH 8.5
(Boehringer Mannheim, Castle Hill,
NSW, Australia). The reaction was car-
ried out for 1 h at 42°C followed by 5
min at 98°C to inactivate the reverse

transcriptase. The cDNA was subse-
quently stored at -70°C until assayed.

Comparative PCR

Table 1 shows the primer sequences
for the quantitative PCR assays of each
gene product. PCR was carried out in a
50-µL reaction volume containing 2.5
U of Taq DNA Polymerase (PE Biosys-
tems, Scoresby, VIC, Australia), 0.2
mM deoxynucleotide triphosphates and
15 pmol each of forward and reverse
primers in a buffer containing 10 mM
Tris-HCl, 50 mM KCl, pH 8.35 (PE
Biosystems). Reactions for comparative
PCR in which phosphorescent imagery
was used were supplemented with 0.6
µCi of [α-33P]dCTP (Bresatec, Ade-
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Table 1. Absolute Quantitation of mRNAs in a Rat Mammary Tumor Sample

mRNA
Product Size Correction (millions of copies

Gene Primer Sequence (bp) Factor per mg tissue)

APL1 F AGAAGTGTTTCAGAAGCTTCTCCC T 344 1.02 -

R AACGAGCGGCTTCACTCAGACC C 459

Collagenase-3 F CTCTCTATGGTCCAGG T 144 1.44 210

R TCATGGTTTCTCCTCGG C 159

Gelatinase B F CGCCAACTATGACCAGGATA T 73 0.976 167

R GTTGCCCCCAGTTACAGT C 93

Stromelysin-1 F GCCTGGAATGGTCTTGG T 222 1.28 96

R TGGAAACGGGCCAGGTC C 195

Stromelysin-2 F GGAGTGGGACAGAGCTTGGC T 312 1.59 33

R GACAGAGGGCACAGGAACCAC C 225

TIMP-1 F AATTTGCACATCACTGCC T 213 0.784 4

R GTGATCGCTCTGGTAGC C 179

TIMP-2 F CAGGCGTTTTGCAATGC T 114 1.32 16

R GATCTCATATTGAATCCTC C 90

GAPDH F CCACCATGGAGAAGGCTGGGGCTC T 239 0.336 571

R AGTGATGGCATGGACTGTGGTCAT C 278

The sequences of the forward (F) and reverse (R) primers used for comparative PCR assays and the sizes of the products
that they generate from cDNA target (T) and competitor (C) templates are shown.  Comparative PCR assays were per-
formed on three independent samples of known concentration of plasmid DNA or, for GAPDH, purified PCR product, con-
taining the wild-type target sequences. The average discrepancy between the measured value and the actual value was de-
termined as the correction factor. These values were used to correct the measurement of absolute numbers of mRNA
copies in a BC1 tumor sample, determined by comparative PCR using the synthetic external standard RNA, as described in
the text.



laide, SA, Australia) per reaction. When
included, competitor plasmid was used
at 0.1 amol per reaction. The standard-
ized amplification protocol consisted of
an initial denaturation step at 96°C for 4
min, followed by 25 sequential cycles
of 96°C for 30 s, 54°C for 30 s and
72°C for 90 s. The optimal MgCl2 con-
centration was determined for each
primer pair to ensure specificity at the
standard annealing temperature of
54°C. This was 0.8 mM for APL1,
GAPDH and gelatinase B, 1.0 mM for
stromelysin-2 and TIMP-1, 1.5 mM for
collagenase-3 and TIMP-2 and 2.0 mM
for stromelysin-1. Amplification was
carried out in Omn-E or Omnigene

Thermal Cyclers (Hybaid, Ashford,
England, UK). PCR products (10 µL)
were electrophoresed in 12.5% or 15%
polyacrylamide gels in a Mini-Protean

II Apparatus (Bio-Rad, Hercules, CA,
USA). For phosphorescent imagery, the
gels were dried, exposed to a phospho-
rescent screen overnight, imaged on a
BAS1000 Phosphorescent Imager and
quantitated with TINA software (both
from Fuji, Tokyo, Japan). For fluores-
cent imagery, gels were stained for 30
min in SYBR Green I (Molecular
Probes, Eugene, OR, USA) or Vistra
Green (Amersham Pharmacia
Biotech), according to the manufactur-
ers’ instructions, imaged on a 312-nm
UV light box with a charged-coupled
device (CCD) camera and quantitated
with Phoretix (both from UVP, Upland,
CA, USA) or TINA software. In calcu-
lating the cDNA dilution at which target
and competitor products were equiva-
lent, differences in deoxycytosine con-
tent (for phosphorescent imaging) or to-
tal length (for fluorescent imaging)
were taken into account. A molar factor
of two was also included, to account for
the fact that cDNA is single-stranded,
whereas the competitor plasmids are
double-stranded and therefore offer
twice as many PCR templates.

Sequencing

Polyacrylamide gel-purified PCR
products were sequenced directly using
the Dye Terminator Cycle Sequencing
Ready Reaction kit and a Model 373A
Fluorescent Sequencer (both from PE
Biosystems), according to the manufac-
turer’s instructions. 

Plasmids

APL1, the wild-type plasmid used
for synthesis of the external standard
RNA, was made by insertion of 539 bp
of multiple synthetic oligonucleotides,
including the sequences for PCR am-
plification of BCR-ABL, between the
SalI and SacI sites of pSP64polyA
(Promega). The competitor plasmids
for this and other targets were made by
insertion or deletion of DNA sequences
between primer sites, using restriction
enzymes or by deletions introduced by
PCR primers (3) (Table 1). Complete
sequences of the competitor plasmids
are available upon request. Plasmids
were purified by centrifugation through
two cesium-chloride gradients.

Cell Culture and Tumors

The BC1 rat mammary carcinoma
cell line was cultured under continu-
ously serum-free conditions as de-
scribed (8,12). Basal media and other
culture chemicals were obtained from
Sigma (St. Louis, MO, USA). Tumors
were induced in 7-week-old syngeneic
rats by injection of 0.5 × 106 cells in 50
µL of phosphate-buffered saline (PBS)

into the right footpad and allowed to
grow for 40 days.

RESULTS

Design of PCR Assays for
Quantitating mRNAs

As part of an ongoing investigation
into the regulation of extracellular ma-
trix (ECM) destruction by tumors, it
was necessary to quantitate MMP and
TIMP mRNAs in the BC1 rat mamma-
ry carcinoma cell line and in tumors de-
rived from it. To do this, a comparative
PCR assay was designed that over-
comes many of the problems associated
with other mRNA assays. In particular,
this protocol permits absolute quantita-
tion of mRNA species, which elimi-
nates the need to base measurements of
the levels of the mRNA of interest on
comparisons with those of other m-
RNAs, which may themselves be sub-
ject to modulation. In designing com-
parative PCR assays for the rat MMPs
and TIMPs, the opportunity was taken
to make methodological choices and
innovations that would eliminate sever-
al deficiencies in existing quantitative
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Figure 1. Specificity of PCRs for target and competitor templates. Silver-stained polyacrylamide gel
electrophoretograms of target and competitor PCR products for each target mRNA, amplified under op-
timized conditions, are shown.  All target products were amplified from BC1 cDNA except for the syn-
thetic RNA standard, which was amplified from plasmid DNA. Competitor PCR products were ampli-
fied from the respective competitor plasmids. Lanes 2, 4, 6, 8, 10, 12, 14 and 16 show the specific target
(T) products for the synthetic RNA standard (APL1), GAPDH, collagenase-3 (Col3), gelatinase B
(GelB), stromelysin-1 (Str1), stromelysin-2 (Str2), TIMP-1 and TIMP-2, respectively. The corresponding
competitor PCR products (C) for each are shown in the adjacent lanes (i.e., lanes 3, 5, 7, 9, 11, 13, 15 and
17, respectively). A primer dimer band is evident in lane 3. Lanes 1 and 18 are size markers, with the
number of base pairs indicated beside the gels.



PCR methods. Four of these were of
particular importance: (i) the introduc-
tion of a known amount of APL1, a
synthetic external standard RNA at the
beginning of RNA extraction. The
quantitation of APL1 cDNA in samples
permitted inefficiencies of RNA recov-

ery and cDNA synthesis in the samples
to be calculated and taken into account;
(ii) to titrate the cDNA samples against
a fixed amount of competitor, rather
than vice versa. This ensured that the
total amount of template DNA for a
given primer set was constant for all of
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Figure 2. Comparative PCR analysis of cDNA. (A) Phosphorescent image of a polyacrylamide gel
showing the PCR products in a comparative RT-PCR assay for TIMP-1. Dilutions of sample cDNA were
co-amplified by PCR with 0.1 amol of competitor, in the presence of [33P]dCTP.  PCR products were
separated by 15% polyacrylamide gel electrophoresis  (PAGE) and visualized by phosphorescent im-
agery. Competitor (C), target (T) and heteroduplex (H) PCR products are indicated. Lanes 1, 3, 5 and 7
show the products arising from 10-fold serial dilutions of the cDNA. For each 10-fold dilution, an addi-
tional 3-fold dilution was performed, the products arising from these being shown in lanes 2, 4, 6 and 8,
respectively. (B) Graphical determination of the amount of TIMP-1 cDNA.  The intensities of the bands
in Panel A were quantitated and corrected for background intensity. The logarithm of the dilution of tar-
get was plotted against the logarithm of the ratio of competitor value to target value for each dilution
(lanes 1–6). The equation describing the line of best fit, obtained by the least squares method, and the re-
gression coefficient of the line are presented.



the samples at the dilution at which
equivalent amounts of target and com-
petitor products were generated; (iii) to
choose PCR conditions such that reac-
tions at the point of equivalence were
maintained in the exponential phase of
amplification throughout the reaction;
and (iv) to use a cDNA of known con-
centration to determine the degree to
which amplification bias of target over
competitor or vice versa affected the
determination of the point of equiva-
lence. The result was a sensitive
method that allowed the determination
of absolute numbers of copies of MMP
and TIMP mRNAs in cell cultures and
tissue samples. For the sake of conve-
nience, standard thermal cycling para-
meters were chosen, so that assays for
several mRNAs could be performed si-
multaneously in a single block. 

Comparative PCR assays were de-
veloped for the quantitation of the
mRNAs encoding rat collagenase-3,
gelatinase B, stromelysin-1, stro-
melysin-2, TIMP-1, TIMP-2, GAPDH
and the synthetic external standard,
APL1. Figure 1 shows the correspond-
ing target and competitor-derived PCR
products for each of the MMPs and
TIMPs investigated. The specificity of
each primer pair was evaluated empiri-
cally on BC1 rat mammary carcinoma-
derived cDNA and competitor tem-
plates. Under the optimized PCR
conditions utilized, the primer pairs for
each MMP and TIMP specifically am-
plified products of the expected size.
Occasionally, bands corresponding to
primer dimer formation were visible.
However, these did not interfere with
quantitation, as assays were performed
under conditions in which reagents
were not limiting (see Discussion). In
addition to correct size, product identi-
ties were verified by direct sequencing.
All of the MMP and TIMP sequences
were identical to those that have been
published or submitted to sequence
databanks, except for stromelysin-1.
GenBank Accession No. X02601
reads C-C at bases 623 and 624, where-
as BC1-derived stromelysin-1 cDNA
reads A-A. This alters the predicted
amino acid at codon 189 from threo-
nine in the original sequence to
isoleucine. 

Figure 2A shows a phosphorescent
image of a comparative PCR assay, in

which the bands corresponding to tar-
get (T) and competitor (C) products
were generated. In this case, the target
was the low-abundance mRNA for
TIMP-1. Note that, as the amount of
cDNA added to the reaction increased,
the intensity of the bands of the com-
petitor product remained constant, until
the amount of cDNA increased past the
point of equivalence, indicating that
reagents were not limiting at the point
of equivalence. Figure 2A, lanes 9 and
10, show the competitor-only and
cDNA-only controls, respectively,
demonstrating the specificity of the re-
action and absence of contamination. 

In addition to the expected target and
competitor products, a third band or
doublet of DNA (labeled H in Figure
2A, lanes 1–4) was routinely seen in
comparative PCR assays for each MMP
and TIMP, in reactions at or near the
equivalence point. Although the identi-
ty of the third band(s) was unknown, its
appearance was not the result of a non-
specific priming event, as it consistently
failed to appear in both the competitor-
only and the cDNA-only PCR controls
(Figure 2A, lanes 9 and 10). It was hy-
pothesized that this third band might be
the result of the formation of heterodu-
plexes between target and competitor
products, because its occurrence was
maximal near the equivalence point. To
verify this, the DNA constituting the
additional band was analyzed in two
ways. First, gel-purified material from
both homoduplex bands and the puta-
tive heteroduplex band (Figure 3A,
lanes 2–4) were denatured by heating to
96°C and then allowed to renature by
cooling slowly to room temperature.
Under these conditions, a heteroduplex
will separate at the higher temperature
into single strands. Upon cooling, each
target sense strand can re-anneal with
antisense strands from either target or
competitor products, thereby forming
both homoduplexes and heteroduplex-
es. Similarly, the target antisense strand
and both strands of the competitor
product will form both homoduplexes
and heteroduplexes, upon cooling. Fig-
ure 3A, lane 5, shows that bands corre-
sponding in mobility to both heterodu-
plexes and homoduplexes were formed
upon renaturing the putative heterodu-
plex product, confirming its identity as
a heteroduplex. Control samples of tar-

get and competitor homoduplexes re-
annealed to give bands with their origi-
nal mobilities (Figure 3A, lanes 6 and
7). Secondly, gel-purified homoduplex
and putative heteroduplex DNAs were
electrophoresed under denaturing con-
ditions. A heteroduplex will dissociate
into its constituent target and competi-
tor single strands when denatured. Fig-
ure 3B shows that the putative het-
eroduplex dissociates into two clusters
of bands (lane 2), with mobilities corre-
sponding to those resulting from the
dissociation of the target and competi-
tor products into single strands (Figure
3B, lanes 3 and 4).

Phosphorescent imagery and fluo-
rescent imagery were both suitable for
the quantitation of the PCR products.
Phosphorescent imagery had the advan-
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Figure 3. Heteroduplex formation in compar-
ative PCRs. (A) Non-denaturing PAGE of rena-
tured PCR products. Heteroduplex (H), target (T)
and competitor (C) collagenase-3 PCR products
were gel-purified. Each product was denatured
by heating to 96°C and then cooled slowly for re-
naturation. The products before denaturation
(lanes 2–4) and following renaturation (lanes 5, 6
and 7) were visualized by staining with ethidium
bromide. The generation of target and competitor
bands from the heteroduplex band is evident in
lane 5. Lane 1 contains size markers, with the
number of base pairs indicated to the left of the
gel. (B) Gel-purified target, competitor and het-
eroduplex PCR products were electrophoresed in
a denaturing polyacrylamide gel. Whereas the
target (lane 4) and competitor (lane 3) products
resolved into their respective complementary
strands, the heteroduplex (lane 2) was revealed to
be composed of both target and competitor
strands. Lane 1 contains size markers, with the
numberofbase pairs indicated to the left of the gel.



tage of its response to signal intensity
being linear over several orders of mag-
nitude. The regression coefficients of
the lines of best fit of data obtained by
phosphorescent imagery were always
greater than 0.9, and the slopes were
usually between -0.85 and -1.2 (Figure
2B). A slope of -1 is predicted for this
type of PCR assay (10). The small devi-
ations from -1 might be due to varia-
tions in the measurement of background
signal, because a small adjustment of
the background level, by adding or sub-
tracting a fixed amount of signal from
all values, caused a substantial change
in the slope, while causing just a very
small change in the Y-intercept value.

The use of fluorescent imagery re-
quired that care be taken that the image
be captured within the linear response
range of the CCD camera, which was
limited to approximately three orders
of magnitude. Under these conditions,
the lines of best fit were similar to those
obtained by phosphorescent imagery.
To ensure that measurements were tak-
en consistently within the linear re-
sponse range of the CCD camera, the
signal strength of the competitor band
in the competitor-only lane in each as-
say was adjusted by changing the aper-
ture setting of the camera to give a
fixed signal output corresponding to the
middle of the linear response range.
Fluorescent imagery had the advantage
over phosphorescent imagery of speed,
in not having to dry the gels and expose
them overnight to an imaging screen,
and avoided the expense and hazard of
radioactive isotopes. Both imaging
methods had equivalent sensitivity un-
der the conditions used.

In comparative PCR, a discrepancy
between the measured value and the ac-
tual value for an mRNA species might
result when there is a difference in am-
plification efficiency between target and
competitor templates (10). Therefore,
the accuracy of each comparative PCR
assay was determined by performing
comparative PCR with known amounts
of purified competitor and target tem-
plates, so that the discrepancies between
actual and measured values could be ac-
counted for in assays of samples. The
discrepancy, or mean fold error, between
the measured value and expected value
for each target template, was 1–3-fold
for the 8 assays (Table 1). These values

were subsequently used to correct the
target measurements made on cDNA
samples. In this way, the values were ad-
justed for the amplification bias intrinsic
to each assay and also for the incorpora-
tion of products into heteroduplexes.

To verify that the mRNA quantita-
tion was independent of the amount of
starting material, TIMP-2 mRNA was
quantitated in the BC1-E1 clonal cell
line (8), starting with 2.5 × 106, 25 ×
106 and 50 × 106 cells. Six samples of
each cell number were independently
reverse transcribed and amplified and
produced values of 102 ± 40, 122 ± 28
and 137 ± 39 copies/cell, respectively.
Thus, the outcome of the assay for a
given mRNA and cell type did not
differ significantly, regardless of the
amount of starting material over at least
a 20-fold range, suggesting that any
variations in the yield of RNA due to
different amounts of starting material
had been taken into account by the use
of the external standard.

Expression of MMP and TIMP
Genes in Mammary Tumors In Vivo

The comparative PCR assay incor-
porating the external standard was used
to determine the absolute quantities of
MMP and TIMP mRNAs in a sample of
a rat mammary tumor (Table 1). High
levels of mRNAs encoding the MMPs
were detected, ranging from 33–210 ×
106 copies per milligram tissue. Be-
cause each milligram of tissue contains
approximately 106 cells, as determined
by the density of packed cultured cells,
this corresponds to approximately 33–
210 copies per cell. By comparison, the
TIMP mRNAs were present at lower
levels, and the biologically unrelated
GAPDH mRNA was present at 571 ×
106 copies per milligram tissue. It has
been estimated that less than 2% of ex-
pressed genes are expressed at greater
than 50 mRNA copies per cell (13).
Thus, collagenase-3, stromelysin-1 and
gelatinase B can be said to be expressed
at high levels in this tumor.

DISCUSSION

We have described a protocol for the
quantitation of mRNAs in cell and tis-
sue samples that overcomes deficien-
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cies in previous methods, which either
do not offer absolute quantitation or do
not take into account losses of yield
during RNA isolation and cDNA syn-
thesis. The current generally acceptable
practice for examining RNA levels is to
generate a specific signal using a tech-
nique (usually northern blotting) and
compare it with the corresponding sig-
nal from the product of a housekeeping
gene, such as GAPDH. This does not
allow absolute quantitation of the
mRNA of interest and, even for com-
parisons of relative mRNA levels to be
made, assumes a uniform level of ex-
pression of the housekeeping gene in
the different tissues or treatments of
cells being compared. It is perhaps sur-
prising, given its long history of use as
a standard by which the expression of
other genes are compared, that the gene
for GAPDH was isolated only in 1988
(5) and that, in that paper, its expression
was demonstrated to be modulated by

insulin. Thus, cells that differ in their
responsiveness to insulin or that grow
in different concentrations of insulin or
similar effectors would produce differ-
ent amounts of GAPDH mRNA, there-
by invalidating its use as a gene of in-
variant expression. Earlier work had
demonstrated tissue-specific variations
in the levels of GAPDH mRNA (9). It is
likely that other commonly used inter-
nal standard genes undergo regulation
that is dependent on environmental in-
fluences, tissue specificity or cell cycle.

Absolute quantitation of mRNA lev-
els using the current protocol was made
possible by the design of an assay that
incorporated the following set of attrib-
utes: (i) the introduction of a synthetic
external standard RNA; (ii) the titration
of target against a constant amount of
competitor, rather than vice versa; (iii)
the use of PCR conditions in which
reagents were not limiting and (iv) and
the verification of the accuracy of the

competitor assays, using known
amounts of targets. No previous assay
has incorporated all of these attributes,
which are essential to the accurate
quantitation of mRNAs in cell and tis-
sue samples.

The inclusion of the external stan-
dard allowed inefficiencies and incon-
sistencies of RNA extraction and RT to
be taken into account, a feature that is
essential to absolute quantitation, but
which has not been addressed by previ-
ous mRNA assays of cell and tissue
samples, although it has been used in
the semiquantitation of in vitro tran-
scripts (1). Without the external stan-
dard, it is not possible to take into ac-
count losses of mRNA during
purification and incomplete cDNA syn-
thesis, thereby making absolute quanti-
tation impossible. If variability of
mRNA yields occurs between tissues,
even relative quantitation is impossible
without knowing the extent to which
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the variability has occurred. The intro-
duction of the external standard RNA
to account for these errors assumes an
identical behavior of the external stan-
dard and the mRNA being measured.
Thus, it is important to ensure that the
cell or tissue, from which the RNA is
being extracted, is lysed completely
and homogeneously in the GITC solu-
tion, and that reverse transcriptase,
primers and nucleotides are not limit-
ing during cDNA synthesis.

Most published protocols for com-
petitive PCR assays determine the point
of equivalence by co-amplifying a con-
stant amount of sample against a titra-
tion of competitor (6). This is an aspect
of PCR assays that has not received
much attention previously, but is wor-
thy of scrutiny because it has important
consequences for the accuracy of the
assay. During PCR, reagents become
limiting when cycling continues after a
certain amount of product has been am-
plified. When this occurs, the post-ex-
ponential phase of PCR is reached, and
the bias in amplification efficiency be-
tween the target and competitor se-
quences, brought about by differences
in length and sequence composition,
becomes more pronounced, so that the
amplification of one template is favored
over the other (10). This amplification
bias introduces a discrepancy between
the actual and measured amounts of
target that increases with cycle number.
Those PCRs having a higher amount of
total template DNA (target + competi-
tor) will reach plateau phase earlier
than those having a lower amount of to-
tal template DNA. Thus, the amplifica-
tion bias and resultant discrepancies in
measurements will be different for
PCRs containing different amounts of
total template DNA (10). Therefore, in
PCR assays in which a constant amount
of target-containing sample is co-am-
plified against a titration of competitor,
the amount of total template DNA am-
plified at the point of equivalence will
be different for each sample, resulting
in different discrepancies between mea-
sured and actual values for each sam-
ple. Thus, in those assays, different cor-
rection factors would be needed for
each different concentration of sample.

The above situation can be avoided
by co-amplifying a constant amount of
competitor against a titration series of

sample, as is done in the present proto-
col. Using this protocol, the amount of
total template DNA amplified at the
point of equivalence is equal for all
samples, regardless of their target
cDNA content. Consequently, the dis-
crepancy between actual and measured
amounts of target, due to amplification
bias, is constant for all samples and can
be taken into account, once it has been
determined empirically. Also, by re-
stricting the PCR to 25 cycles, the
reagents do not become limiting for the
amount of competitor chosen (0.1
amol) (Figure 2). As a result, the bias in
amplification efficiency between target
and competitor sequences is minimized
(10), and small amounts of nonspecific
products do not interfere, because actu-
al competition for reagents does not oc-
cur. To this extent, competitive PCR is
a misnomer for assays conducted with-
in the exponential phase of amplifica-
tion. Even greater sensitivity can often
be achieved by reducing the amount of
competitor to 0.01 amol and increasing
the cycle number to 30.

Although the use of gel electro-
phoresis to distinguish the products of
the two templates is somewhat labor-
intensive, it has the advantage of being
able to measure the products of both the
target and the competitor templates in
each sample. Under conditions in
which reagents are not limiting, such as
those used in the present protocol, it is
necessary to measure both products.
PCR assays that detect only one prod-
uct measure the product of the template
that is added in a fixed amount and rely
on competition between it and the tem-
plate being titrated to determine the
point of equivalence. Thus, those types
of assays must be taken beyond the ex-
ponential phase of amplification, since
competition requires that reagents be-
come limiting, and consequently, those
types of assays must be subject to the
potential problems associated with en-
try to the post-exponential phase, such
as increasing amplification biases. By
separating the products electrophoreti-
cally and measuring them both to deter-
mine their ratio, the necessity for entry
into plateau phase is avoided. Another
advantage of measuring both products
is that it diminishes the so-called “tube
effect”, in which otherwise identical
PCRs can generate different amounts of
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products in different tubes, due to the
nonuniformity of heating blocks and
tube shapes. Because the ratio of both
products is being measured, and the
change in amplification efficiency due
to the tube effect is likely to affect both
templates equally during the exponen-
tial phase, the ratio will not be affected.
In contrast, if just one product is being
measured, errors due to the tube effect
will be incorporated into the data. 

Verification of the equivalence point
is important in establishing the accuracy
of any competitive or comparative PCR
assay, but is rarely reported. The ampli-
fication bias for each pair of target and
competitor templates in the assays de-
scribed here were determined empiri-
cally from a comparative PCR assay on
a solution containing a known concen-
tration of purified DNA incorporating
the target sequence. The known concen-
tration was compared with the mea-

sured concentration, and the proportion-
al error gave a measure of the amplifica-
tion bias over 25 cycles. That the dis-
crepancy was always less than threefold
confirmed that the bias for one template
over another was small (<5% per cycle)
under the conditions chosen. Important-
ly, irrespective of its size, this error fac-
tor can be taken into account in subse-
quent assays and is essential to ensuring
accuracy of quantitation. 

Absolute quantitation is important
to understanding gene expression, as it
will enable comparisons of mRNA lev-
els to be made between different
mRNAs within a sample, between dif-
ferent types of cells and tissues, be-
tween different time points and be-
tween different laboratories. Also, it
enables transcription initiation rates to
be determined (7). The use of the com-
parative PCR procedure described here
avoids problems associated with previ-
ously described methods and also con-
tributes a greater sensitivity and speci-
ficity than non-PCR-based techniques. 
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