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ABSTRACT

Accurate quantification of mRNA by
competitive RT-PCR demands that the qual-
ity of the cRNA internal standard be strictly
controlled and that at least two criteria
should be satisfied. First, genomic DNA
should be removed from the total RNA being
analyzed; second, template DNA should be
removed from the cRNA internal standard
following in vitro transcription. We ob-
served that the routine use of RNase-free
DNase I is insufficient for removing tem-
plate DNA from cRNA samples and can de-
grade cRNA. Furthermore, reducing the
template DNA before digestion, selectively
extracting template DNA, and gel fraction-
ation are all ineffective at completely elimi-
nating template DNA contamination in
cRNA standards. A strategy was developed
(“inverted” competitive RT-PCR) to quanti-
fy template DNA contamination in cRNA
standards. Regardless of treatment method,
a small percentage of DNA contamination
remained in the products of in vitro tran-
scription. Without correction, the number of
mRNA copies calculated from competitive
RT-PCR is systematically overestimated.
The number of template DNAs contaminat-
ing the cRNA samples was remarkably
large, though as a percentage of the total
cRNA, DNA contamination was small and
could be easily corrected.

INTRODUCTION

RT-PCR is a powerful procedure for
detecting specific mRNAs, yet quanti-
fying mRNA copy number remains
challenging. A complementary RNA
(cRNA) standard can be introduced at
the RT step to quantify target mRNA
copy number (8,9). Such cRNA “inter-
nal” standards share PCR primer se-
quences with the mRNA target and can
differ in size to distinguish the PCR
products of cRNA standard from target
mRNA. In this “competitive RT-PCR”,
the quality of target RNA and cRNA
determines the accuracy of estimating
mRNA copy number. RNA extracted
from tissues is often treated to eradicate
genomic DNA (2,12,15), but much less
attention has been given to template
DNA contamination in the cRNA prod-
ucts of in vitro transcription. Commer-
cial kits often prescribe digestion with
RNase-free DNase I after in vitro tran-
scription, though few describe the as-
sessment of residual DNA contamina-
tion in a “No-RT” PCR (no reverse
transcriptase enzyme added). While the
No-RT PCR controls of target mRNA
have been consistently blank in our ex-
periments, the No-RT PCR controls of
cRNA internal standard have been per-
sistently positive, indicating residual
contamination with plasmid-template
DNA. We explored this problem further
because any residual DNA contamina-
tion, if unrecognized, can lead to the
overestimation of mRNA copy number.
Thus, we sought to rid our cRNA inter-
nal standards of DNA contamination.

MATERIALS AND METHODS

Canine ligament was obtained at

necropsy, snap-frozen, pulverized in a
Micro Dismembrator (B. Braun Bio-
tech. Allentown, PA, USA) cooled in
liquid nitrogen. Total RNA was extract-
ed by the TriSpin method (15). Briefly,
0.3 mL chloroform were added to pow-
dered tissue already suspended in 1 mL
TRIZOL® reagent (Invitrogen, Carlsbad,
CA, USA). After centrifuging at
13 400× g for 5 min at 4°C, the super-
natant was loaded on an RNeasy® col-
umn (Qiagen, Valencia, CA, USA) and
total RNA was eluded with 30 µL
RNase-free water. Tissue RNA and in-
ternal standard cRNA were quantified
using SYBR Green® (Molecular
Probes, Eugene, OR, USA) spectrofluo-
rometry; the integrity of these RNAs
was assessed visually on an RNA gel.

Type I procollagen internal standard
cRNA was transcribed in vitro using
1.5–2.0 µg plasmid DNA template us-
ing the MEGAScript High Yield
Transcription Kit (Ambion, Austin, TX,
USA). The in vitro transcription (20 µL)
was done at 37°C for up to 8 h. If in-
cluded, 2 µL RNase-free DNase I (Am-
bion) was added to the in vitro transcrip-
tion reaction, incubated for 15 min at
37°C, and terminated with 1.5 µL 0.2 M
(1.33 mM final concentration) EDTA.
cRNA was precipitated with 7 µL 4 M
(0.124 M final concentration) lithium
chloride and 225 µL 100% ethanol for
45 min at -80°C. The cRNA pellet was
obtained by centrifugation, followed by
two washes with 225 µL 70% ethanol,
and was dried under vacuum before the
treatments outlined in Table 1.

Table 2 lists the forward and reverse
PCR primer sequences for native type I
collagen. Thermal cycling parameters
were 1 min at 94°C, 2 min at 54°C, and
3 min at 72°C for 30 cycles. Fifteen mi-
croliters of cDNA was used in each 50-
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µL PCR. The remaining 35-µL PCR
volume contained 5 µL 10× PCR buffer
(Invitrogen), 0.2 mM dNTPs, 0.5 µM
each forward and reverse primers,
23.75 µL molecular-grade water, and
0.25 µL Taq DNA polymerase (Amer-
sham Biosciences, Baie d’Urfé, Que-
béc, Canada). PCR products were visu-
alized on 1% agarose gels stained with
ethidium bromide.

The size-mutant internal standard se-
quence of type I procollagen mRNA
was generated by PCR mutagenesis (5).
The mutagenic primer (Table 2) skipped
64 bp while preserving the reverse
primer site. The size-truncated cDNA
was cloned into SK(+)-PCR Script
(AMP Cloning Kit; Stratagene, La
Jolla, CA, USA). Plasmid DNA was pu-
rified with the QIAprep® Spin Miniprep

Columns (Qiagen). Plasmid DNA was
linearized with Pst-1 (Amersham Bio-
sciences) and quantified by optical den-
sitometry before in vitro transcription.

For No-RT PCR, 1 µg internal stan-
dard cRNA or sample total RNA was
combined with all the reaction compo-
nents of the reverse transcription kit—
except the reverse transcriptase en-
zyme—to a final volume of 500 µL
(ProSTAR First-Strand RT-PCR Kit;
Stratagene). In a typical competitive
PCR experiment to assess type I colla-
gen mRNA in ligament, the internal
standard cDNA was diluted 103- to
1012-fold before amplification. To as-
sess DNA contamination, No-RT PCR
was done without dilution (100 times),
then at dilutions of 102, 104, 106, and
108 times. A negative control without

nucleic acid and positive controls with
RT product of type I procollagen inter-
nal standard cDNA were included in
each experiment.

Initially, No-RT contamination was
studied by dilution, which was only
qualitative. As band intensities were not
proportionate to the dilutions, it was dif-
ficult to extrapolate meaningful values
of contaminant copy number; for this,
the “inverted” competition was devel-
oped (Figure 1). Type I collagen cDNA
was amplified by RT-PCR from liga-
ment RNA using the primers listed in
Table 1 and isolated from an 0.8%
agarose gel (QIAquick® Mini-Elude
Gel Extraction Columns; Qiagen). The
purified cDNA was quantified using
PICOGreen® (Molecular Probes). Dilu-
tions of native cDNA were mixed with
constant amounts of No-RT reaction
products (contaminating template DNA)
in a competitive series (Figure 1). For
each No-RT sample, the corresponding
RT sample was also run in a separate
competitive PCR experiment to quantify
the internal standard cDNA plus conta-
minant DNA. All purification strategies
were assessed by this method (Table 1).

A constant amount of No-RT or RT
sample was used in competitive PCR
with varying, known quantities of native-
sized cDNA. Eight competitive reactions
contained between 1 × 10-1 and 1 × 10-8

ng native cDNA. Twenty-five microliters
of each 50 µL PCR reaction were run on
a 2% agarose gel, stained with ethidium
bromide, and photographed on Pola-
roid® Proplan 55 film. The integrated
absorbance of bands on the photonega-
tive was evaluated by 2-D scanning den-
sitometry (Scantalytics; Emerston In-
struments, Richmond Hill, Ontario,
Canada). Once corrected for differences
in the molecular size, the copy number
of unknown molecules was calculated
from the log of the ratio of the integrated
density of known template to unknown
contaminant or cDNA (9).

RESULTS

Three basic strategies were tested for
their effectiveness to minimize DNA
contamination in cRNA standards: (i)
DNase digestion, (ii) selective DNA ex-
traction, and (iii) size separation. Table
1 lists eight different experiments em-
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Template DNA Percent 
Used for Contaminationb

DNA Removal In Vitro DNase I *DNA* / (IS-DNA
Strategy Method Transcription Treatmenta - *DNA*) × 100

I .A Digestion Full-length template 3 2.16%  
I.B  Template fragment 3 0.20%  

II.A Template fragment 3 1.39%  
II.B  Template fragment — 1.43%  
II.C  Extraction Full-length template 3 3.58%  
II.D  Full-length template — 0.14%  
II.E  Full-length template 

end-labeled with 
digoxigenin — —c

III Separation Full-length template 3 0.96%  

aAmbion RNase-free DNase I with the recommended amount of 2 U/µg DNA and
15-min incubation at 37°C

b*DNA* signifies template DNA contamination.
cNo cRNA was recovered after end-labeling and in vitro transcription.

Table 1. Strategies of Reducing Template DNA Contamination

Primersa Sequence Size (bp) Source  

COLI-F 5′-GATGCGTTCCAGTTCGAGTA-3′ 312 Kao, Wb

COLI-R 5′-GGTCTTCCGGTGGTCTTGTA-3′ Kao, Wb

COLI-R,M 5′-GGTCTTCCGGTGGTCTTGTATA- 248 c

GGTGAAGCGCTGTTGCCC-3′
aF, forward, sense primer; R, reverse, antisense primer; R,M, mutagenic primer
derived from the original reverse primer. This primer is used with the forward
primer to create the size-mutant internal standard for collagen type I.

bUnpublished data
cThe method of Celi et al. (5) was used to design this primer.

Table 2. Canine-Specific Type I Procollagen Primer Sequences for Standard PCR and the
Mutagenic Primers Designed to Create the Internal Standard Size-Mutant cDNA



ploying one or more of these strategies
for DNA removal. After in vitro tran-
scription and cRNA purification, com-
petitive PCR was performed using
known amounts of (full-length) native
cDNA and the products of either RT
(size-reduced cDNA contaminated with
unknown amounts of template DNA) or
No-RT (template DNA contamination,
if any) reactions (Figures 1 and 2).
Since this is opposite to our usual prac-
tice, we termed this an inverted compe-
tition. The percentage of DNA contami-
nation was calculated as the number of
contaminants (determined by No-RT
competitive PCR), divided by the total
copy number determined in competitive
RT-PCR (internal standard cDNA plus
contaminants) times 100 (Table 1).
Negative blank controls (without DNA)
were included to rule out systematic
DNA contamination; positive controls
for specific PCR products were also in-
cluded in every experiment.

Strategy I: DNase Digestion

Under the recommended conditions,
we found that digestion of DNA ladder
was incomplete with all DNase prod-
ucts (Sigma, Roche Applied Science,
Qiagen, and Ambion); with longer di-
gestion times and increased enzyme
concentrations, DNA ladder was com-
pletely digested, yet with the exception
of Ambion’s RNase-free DNase I, the
integrity of cRNA from in vitro tran-
scription reactions was compromised
(data not shown) and was still contami-
nated with DNA (Table 1). Ambion’s
DNase was used for the remaining ex-
periments requiring DNase digestion.
Reducing DNA in the in vitro transcrip-
tion from approximately 3.2 kb (the
plasmid plus the internal standard tem-
plate) to 413 bp (the internal standard
template plus some flanking sequences)
reduces but does not eliminate cDNA
contamination (Table 1, Strategy IB).

Strategy II: Selective Extraction of
DNA from cRNA

Selective partitioning of DNA into
acidified phenol (6) failed to eliminate
DNA contamination in in vitro tran-
scription regardless of (i) the size of the
starting DNA template, (ii) DNase
treatment, or (iii) sterol (digoxigenin)

modification of the DNA template
(Table 1). The integrity of cRNA isolat-
ed by this method was excellent.

Strategy III: Size Separation

High-quality cRNA visibly separat-
ed from plasmid-template DNA in both
agarose (formaldehyde) and polyacry-
lamide (urea) gels, but only cRNA
bands from polyacrylamide gels could
be successfully reverse-transcribed.
Gel purification protocols that include
high-temperature treatments to separate
cRNA-template DNA hybrids did not
completely eliminate DNA contamina-
tion (Table 1, Strategy III).

DISCUSSION

PCR is an extremely sensitive
method for analyzing samples that con-
tain specific sequences of DNA. There-
fore, to ensure the accurate quantifica-
tion of mRNA by competitive PCR, an
ideal cRNA internal standard would be
free of template DNA before reverse
transcription. Yet, despite rigorous
treatment using a number of different
strategies, we discovered persistent
DNA contamination in the cRNA

preparations after in vitro transcription.
This DNA contamination of cRNA

internal standards is rarely mentioned. A
search for “competitive RT-PCR” in
PubMed returned some 1300 papers
since 1992. A systematic sample of 100
papers found that nearly a third (28)
used cDNA “mimics” (i.e., no control of
RT); of those 72 papers using RNA stan-
dards, 50 made no mention of purifying
the cRNA. Of those 22 papers that did,
21 used RNase-free DNase I treatment
of in vitro transcription products before
competitive PCR (e.g., References 7,
10, 11, and 13), and two used gel purifi-
cation (4,17). Only eight papers report-
ed No-RT controls (e.g., Reference 11),
though it was unclear exactly how the
No-RT PCR was conducted and if these
samples were diluted before PCR. Only
one paper (14) reported persistent DNA
contamination of their cRNA standards.
These authors also assessed No-RT
samples in a dilution series (100, 102,
and 104 times, etc.), and discovered, as
did we, that DNA contamination is un-
detectable in PCR at dilutions greater
than about 104 times. We suspect that
some authors diluted their No-RT con-
trols along with their experimental RT
samples (containing their cRNA stan-
dards), typically from 103 to 1012 times,
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Figure 1. Diagram of experimental design. IVT, in vitro transcription; IS, internal standard; contami-
nating template DNA is signified as *DNA*.



thereby making the relatively low num-
ber of contaminants undetectable by
PCR (e.g., References 9, 10, 16, 18, and
19). It is noteworthy that the percentage
of template DNA contamination in the
internal standard remains the same re-

gardless of dilution, so the results of
competitive RT-PCR will be influenced
equally regardless of the abundance or
rarity of a specific mRNA.

The foregoing argument implies that
the DNA contamination of cRNA stan-

dards is relatively minor, which suggests
that routine RNase-free DNase I diges-
tion is nearly complete. DNA contami-
nation notwithstanding, there seems to
be a trade-off between the completeness
of DNA digestion and the preservation
of cRNA integrity. It is unclear exactly
what disturbs the integrity of cRNA dur-
ing digestion, though RNase contamina-
tion and the method of DNase I inactiva-
tion have been suggested as possible
explanations (1,2). Degradation of
cRNA is as much a concern as DNA
contamination since the amount of
cRNA added as a competitor is typically
assessed by optical densitometry or flu-
orometry, methods that cannot distin-
guish between incomplete and complete
cRNA sequences. Should degradation
of cRNA involve the PCR primer sites,
competitive PCR will overestimate the
true number of target mRNAs.

We sought an alternative to DNase
digestion for purifying cRNA stan-
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Figure 2. An inverted competitive PCR to quantify DNA contamination in internal standard-cRNA
using strategy II.A (Table 1). A known amount of native cDNA was added at various dilutions to a con-
stant volume of either RT (A) or No-RT (B) samples. PCR products of native template (312 bp); the con-
taminant DNA and internal standard cDNA products are 248 bp. Lanes 1–8 dilutions of native cDNA
(ng); lane L, 1Kb Plus DNA ladder (Invitrogen); lane 1, 1 × 10-1; lane 2, 1 × 10-2; lane 3, 1 × 10-3; lane
4, 1 × 10-4; lane 5, 1 × 10-5; lane 6, 1 × 10-6; lane 7, 1 × 10-7; lane 8, 1 × 10-8.



dards; however, there were many chal-
lenges. Size-fractionation of DNA tem-
plate from cRNA product seemed an
ideal solution to the problem. However,
the purification of RNA from gels was
difficult: it seems likely that traces of
formaldehyde inhibit the reverse tran-
scriptase enzyme when cRNA is isolat-
ed from agarose gels. While cRNA iso-
lation and RT were successful after
urea-polyacrylamide gel electrophore-
sis, we still found some template DNA
contamination. Supplementary experi-
ments proved that small amounts of
contaminating DNA escape into the gel
running buffer and are picked up when
cutting out cRNA bands from the gel.
Similarly, attempts to selectively ex-
tract DNA with the TRIZOL reagent
(containing acidified phenol) were in-
complete (Table 1). While 1% contami-
nation does not seem threatening, it is
sobering to calculate that, for our type I
collagen internal standard, this trans-
lates into 3.7 × 1010 copies of DNA/µL
undiluted cRNA standard. This conta-
minant seems worth recognizing as a
potential contributor to experimental
error. Though not significantly different
from the other purification strategies,
we routinely use TRIZOL because it is
superior in preserving cRNA integrity.

We have used TRIZOL extensively to
extract high-quality RNA from tissues
without appreciable genomic DNA
contamination (12) and yet regularly
found template DNA contamination in
our synthetic cRNA. This paradox is
seemingly due to the number of specif-
ic primer sites found in these samples.
Whereas few strands of genomic DNA
share primer sites with our mRNAs,
every strand of template DNA shares
primers with the cRNA standard. In
other words, No-RT PCR detects ge-
nomic DNA in total RNA only when
the DNA shares the specific primers
tested. We postulate that, on a molar
basis, the amount of genomic DNA
contamination is similar to that of tem-
plate DNA, which is more easily de-
tected by PCR because of the higher
number of specific primer sites in the
products of in vitro transcription.

Standards are essential for many ex-
periments, and the key to a useful stan-
dard is its full characterization. The
cRNA standard used in competitive
RT-PCR is no exception, and our in-

ability to purify it completely is dis-
heartening. Nonetheless, we have char-
acterized our internal standard and its
DNA contaminant; we have also devel-
oped a method for evaluating the conta-
mination as percentage of total copies.
For low levels of contamination, quan-
tifying template cDNA contamination
is a practical alternative to synthesizing
RNA standards (the estimated com-
mercial cost is CDN$3800 for one 248-
bp standard). The popularity of real-
time thermal cyclers does not diminish
the significance of the present findings:
RNA standards are still needed to as-
sess the efficiency of reverse transcrip-
tion, and DNA contaminants can be in-
visible in these experiments.
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