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Technical Tips 

A Method for 
Rapid Generation 

of Competitive 
Standard 

Molecules for 
RT-PCR Avoiding 

the Problem of 
Co m petito r/Pro be 

Cross-reactions 
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and Angelika B. Reske-Kunz 

Clinical Research Unit, 
Department of Dermatology, 

Johannes Gutenberg-University, 
D-55101 Mainz, Germany 

The analysis of gene expression is a wide- 
spread issue in a growing number of 
fields such as molecular genetics, immu- 
nology, and medical diagnostics. The 
ideal method for mRNA detection 
should be fast, inexpensive, sensitive, 
and reliable. Well-elaborated standard 
methods such as Northern hybridiza- 
tion, Sl-mapping, and RNAse protection 
are useful and recommended, but only 
reverse transcription PCR (RT-PCR) 
gives the highest possible sensitivity re- 
quired. For many issues it is necessary 
not only to detect a distinct mRNA but to 
compare changes in mRNA levels. The 
use of RT-PCR for such semiquantitative 
and quantitative approaches resolves 
problems attributable to the intrinsic 
property of PCR, that is, the variability in 
the number of copies of products syn- 
thesized during the process. Slight differ- 
ences in reaction conditions can result 
in drastic differences in product yield. 
For many applications it is sufficient to 
compare mRNA levels for a set of probes 
relative to each other. Even in this case, 
some parameters still remain to be stan- 
dardized, for example, it has been shown 
that the position of the probe in the 
heating block might be crucial for the 
product yield. Therefore, protocols com- 
monly used for this purpose include the 
addition of equal amounts of competitor 
DNA fragments to the probes to be co- 
amplified during PCR reaction. (1-3) As 
the competitor fragments are added in 
equal amounts they should yield equal 
amounts of PCR products. If the frag- 
ments derived from mRNA and the com- 
petitor are distinguishable in size, they 
can be separated easily by gel electro- 
phoresis and visualized by ethidium bro- 
mide staining. 

Some requirements should be met for 
generation of such competitor frag- 
ments: (1) It is recommended that com- 
petitor fragments, which can be ampli- 
fied with the same pair of primers to 
minimize differences in amplification 
conditions for mRNA-derived and com- 
petitor-derived products, be used. (4's) (2) 
probe and competitor fragment should 
differ by <20% in product length as the 
amplification efficiency decreases with 
product length; and (3) sequence iden- 
tity between probe and competitor frag- 
ment  should be minimized. Here, we 
show that the latter is essential to avoid 
hybrid formation between competitor 
fragment and probe, as hybrid forma- 
tions interfere with the PCR efficiency 

and with proper quantification of prod- 
uct yield. 

In this report we describe a simple 
PCR-based method to construct compet- 
itor fragments that fit all of these re- 
quirements. Using this approach, we an- 
alyzed the expression of the murine in- 
ducible nitric oxide synthase (iNOS) (6'7) 
in the murine keratinocyte cell line PAM 
212. 

MATERIALS AND METHODS 

mRNA Extraction and 
cDNA Synthesis 

The murine epidermal keratinocyte cell 
line PAM 212 (8) was maintained in Is- 
cove's modified Dulbecco's medium 
with 5% fetal calf serum (FCS) and 1 mM 
L-glutamine. Equal cell numbers (1 x 10 s 
to l x  106 cells) were stimulated as out- 
lined below and subjected to mRNA 
preparation using the micro-mRNA puri- 
fication kit (Pharmacia, Freiburg). RNA 
concentration and quality were assessed 
performing RT-PCR with [3-actin-spe- 
cific primers and subsequent electro- 
phoresis on nondenaturing vertical 1.4% 
agarose gels. 

Before starting reverse transcription, 
mRNA in aqueous solution (3 i~l) was de- 
natured at 65°C for 5 min and chilled on 
ice. A cDNA synthesis mixture was added 
to a final volume of 20 ixl containing 5 
mM MgC12, 50 mM KC1, 10 mM Tris-HCl 
(pH 8.3), 1 mM dNTP, 2.5 I~M random 
hexamer primer, 1 U/txl of RNAse inhib- 
itor, and 2.5 U/Ixl of murine leukemia vi- 
rus reverse transcriptase (MuLV-RT). All 
reagents for cDNA synthesis were pur- 
chased from Perkin-Elmer Cetus (Ueber- 
lingen). The reaction was carried out at 
40°C for 15 min, followed by 5 min at 
95°C and 5 min at 4°C. The RT reaction 
mixture was used directly for PCR. 

Primers 

Primers were purchased from MWG Bio- 
tech (Ebersberg), Primers actl (5'-GTGG- 
GCCGCTCTAGGCACCA) and act2 (5'- 
TAGCCCTCGTAGATGGGCACAG) were 
chosen to amplify a 403-bp fragment 
of murine [3-actin cDNA. The primers 
iNOS1 (5'-AATAGAGGAACATCTGGCCA- 
GG) and iNOS2 (5'-ATGGCCGACCTGA- 
TGTTGC) amplify a 258-bp product of 
iNOS, and the primers st1 (5'-GGAACA- 
TCTGGCCAGGCCGCTCTAGGCACCA) 
and st2 (S'-CCGACCTGATGTTGCGGGT- 
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GTTGAAGGTCT) were used for the con- 
struction of a competitor template as 
outlined below. 

PCR Conditions and Quantification 

PCR was performed under mineral oil in 
a total volume of 100 ixl. The 20 I~l of RT 
reaction mixture was brought to 2 mM 
MgClz, 50 mM KC1, 10 mM Tris-HC1 (pH 
8.3), 0.2 mM dNTP, and 1.5 I~M of each 
required primer. Amplification was car- 
ried out in a Perkin-Elmer Cetus 480 
Thermal Cycler (Ueberlingen). Taq poly- 
merase (2.5 units) was added to start the 
reaction when the reaction mixture had 
reached 94°C (hot start). The cDNA was 
amplified in 33 cycles with 1 min dena- 
turation at 94°C, 1 min annealing at dif- 
ferent temperatures, and 1 rain exten- 
sion at 72°C. Following the 33 cycles a 
final extension was performed for 7 min 
at 72°C. For iNOS- and [3-actin amplifica- 
tion the annealing temperature was de- 
creased during the first 8 cycles (2x at 
69°C, 2x at 68°C, 2x at 67°C, 2x at 66°C) 
followed by 25 cycles at 65°C (touch- 
down protocol) to increase the specific- 
ity. The amplification with the chimeric 
primers st1 and st2 is described below. 
The PCR products were analyzed on non- 
denaturing, vertical 1.4% agarose gels in 
I x TBE, stained with ethidium bromide, 
and detected under UV light. Fluores- 
cence of the products was detected rela- 
tive to each other and to the marker 
fragments, using an imaging system 
(Herolab, Wiesloch). 

Cloning and Sequencing 

RT-PCR products were subcloned in 
pUC 18 and transformed in Escherichia 
coli strain RR1. Recombinant plasmids 
were selected by colony filter hybridiza- 
tion and sequenced by a standard dou- 
ble-stranded dideoxy method. (9~ The 
BamHI site of the vector was destroyed 
by cleavage with BamHI, followed by 
end-filling with Klenow DNA poly- 
merase (Amersham, Braunschweig), and 
integration of the RT-PCR product, thus, 
it was possible to linearize the plasmid 
using a BamHI restriction site within the 
RT-PCR product. BamHI yields 5'-over- 
hanging ends that are substrates for ex- 
onuclease III digestion. Internal dele- 
tions were carried out using the nested 
deletion kit (Pharmacia, Freiburg) fol- 
lowing the instructions of the manufac- 
turer. 

RESULTS 

Primer Selection for RT-PCR 
and Subcloning of the 
Amplified Products 

Primers were selected to amplify a 258- 
bp fragment derived from murine iNOS 
mRNA. iNOS is one of three isoenzymes 
catalyzing the reaction L-arginine---~ L 
citrulline+nitric oxide. (6) Using these 
primers a product of the predicted 
length was amplified from the PAM 212 
cell line. Sequencing of individual posi- 
tive subclones confirmed that the ampli- 
fied fragments were identical with the 
published murine iNOS mRNA sequence 
(data not shown). 

Competitor Fragments Obtained by 
Internal Deletion of the PCR 
Product Result in Competitor/Probe 
Cross-hybridization 

To obtain competitor fragments for RT- 
PCR sharing the primer sequences with 
the cDNA-derived product, we internally 
deleted the cDNA-derived product by 
performing the nested deletion proce- 
dure described in Materials and Meth- 
ods. To test this competitor, a reverse 
transcription reaction mixture [mRNA 
from ~/-interferon (INF-~/)-stimulated 
PAM 212 cells] was distributed evenly 
into five samples, mixed with decreasing 
concentrations of competitive frag- 
ments, and subjected to PCR. In addition 
to the two predicted fragments repre- 
senting the competitive fragment and 
the mRNA-derived product, a third frag- 
ment was detected that migrated slower 

than the two other fragments (Fig. 1). 
The highest number of copies of the 
third fragment was detected in samples 
with similar concentrations of competi- 
tor fragment and cDNA-derived frag- 
ment. Based on this finding we con- 
cluded that the third fragment could be 
a hybrid molecule of a cDNA-derived 
and a competitor-derived DNA strand. 
Because of the internal deletion of the 
competitor fragment, the hybrid mole- 
cules should be forming a single- 
stranded loop, slowing down the migra- 
tion in agarose gel electrophoresis. To 
prove this hypothesis we cut out the up- 
per band, recovered and heat-denatured 
the DNA, and added iNOS primer, dNTP, 
and Klenow DNA polymerase to synthe- 
size the complementary DNA strands. 
We obtained two fragments of cDNA and 
competitor size (data not shown). 

PCR-based Construction of 
Competitor Fragments for RT-PCR 
with Minimized Sequence Identity 
with the cDNA-derived Product 

To exclude hybrid formation between 
cDNA-derived and competitor-derived 
fragments, we constructed fragments 
that were amplifiable with iNOS1 and 
iNOS2 but that lacked any further se- 
quence identity to the iNOS cDNA. Our 
strategy for the construction is shown in 
Figure 2. We started with a 403-bp RT- 
PCR product of murine actin cDNA am- 
plfied using the primers act1 and act2. 
With this well-defined product we per- 
formed PCR with the hybrid primers st1 

Ii 

FIGURE 1 Competitive RT-PCR using internally deleted competitor fragments. The concentra- 
tion of the competitor template added to the reaction (lane 1) (dotted arrows) was decreased 
lO-fold for each following lane. In addition to the cDNA-derived product (thin arrows) and the 
competitor-derived product, a third fragment (bold arrows), representing hybrid molecules, is 
distinguishable in some lanes (e.g., lane 3). (Lane M) Molecular weight marker lO0-bp ladder 
(Pharmacia, Freiburg). 
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primer I second PCR 
3. 

FIGURE 2 Strategy for the construction of competitor templates for PCR using hybrid primers. 
The resulting product is flanked by the primer sequences for the target gene iNOS but comprises 
no further homology to iNOS in between. For a more detailed description, see text. 

and st2. The 15 nucleotides at the 3' end 
of st1 and st2 match the actin product 
and the 15 nucleotides at the 5' end of 
the primers are identical to the 3' end of 
iNOSl and iNOS2. The PCR was carried 
out at very low stringency (annealing at 
42°C) to allow annealing of the short ho- 
mologous part of st1 and st2 to the actin 
cDNA. As the primer st2 binds 118 bp 
within the actin cDNA fragment the am- 
plified product is distinguishable in 
length from the starting cDNA. The 
product was diluted 10,000-fold and 
reamplified with the primers iNOS1 and 
iNOS2 under low stringency. Because of 
the 15-bp 5' overhang at both ends of 
the starting product, the amplified frag- 
ment is also distinguishable in length. 
The resulting product carries the primer 
sequence of iNOSl and iNOS2 at the 
ends and internally exhibits no sequence 
identity with the iNOS cDNA. The length 
of the product is dependent solely on the 
choice of the hybrid primers. This prod- 
uct was diluted and subjected to compet- 
itive RT-PCR without further purifica- 
tion. 

RT-PCR with serial dilutions of start- 
ing cDNA and constant amounts of com- 
petitor fragments was performed. No hy- 
brid formation was detected and the 
concentration of the competitor frag- 
ment remained nearly unchanged, 
whereas the cDNA input was increased 
up to 106 fold (Fig. 3). The slight influ- 
ence of the competitively amplified 
cDNA on the product yield of the com- 
petitor fragment is tolerable. 

Using this assay we show that murine 

PAM 212 keratinocytes express iNOS 
cDNA. The expression is enhanced by li- 
popolysaccharide (LPS) and INF-~/ (Fig. 
4) as reported for macrophages. °°) The 
enhancement was calculated for unstim- 
ulated, INF-~/-, LPS-, and LPS + INF-~/- 
stimulated cells as 1, 5.6, 7.8, and 26.6, 
respectively, using an imaging system 
(Herolab, Wiesloch). Differences in 
product yield of the competitor frag- 
ment (<7.5%) were taken into account. 
For densitometrical measurements of 
the fluorescence intensity of the ampli- 
fied fragments, serial dilutions of the 
stimulated probes were performed and 
compared with the unstimulated probe 
(Fig. 4B). Dilutions of nearly equal fluo- 

FIGURE 3 Competitive iNOS RT-PCR using 
the competitor template construct. The com- 
petitor fragment was added in equal amounts 
(upper band), whereas the cDNA added to the 
reaction (lane 1) was diluted 10-fold for each 
following lane. (Lane M) Molecular weight 
marker, 100-bp ladder (Pharmacia, Freiburg). 

rescence intensity were used for calcula- 
tion of the expression ratio. The results 
show that iNOS expression is enhanced 
by LPS and INF--y synergistically. The 
product yield of the double-stimulated 
cells surmounts the combined amounts 
calculated for cells either stimulated 
with LPS or INF-~/. 

DISCUSSION 

In this report we describe a rapid and 
reliable method to construct competitor 
templates for PCR of any given gene. As 
the starting material for the competitor 
fragment, any defined PCR product, vec- 
tor, of cloned fragment without se- 
quence homology to the gene in ques- 
tion would be suitable. The length of the 
competitor fragment can arbitrarily be 
chosen by selection of the proper dis- 
tance between the hybrid primers on the 
starting DNA. The only additional re- 
quirements for the construction of the 
competitor fragment are the two hybrid 
primers. The success of each step of the 
procedure can be monitored easily by gel 
electrophoresis. Purification of the gen- 
erated competitor fragment is not neces- 
sary as the primers used for RT-PCR will 
neither match the first template nor the 
chimeric primers under higher strin- 
gency. As the competitor product can be 
diluted 104-10S-fold for RT-PCR, con- 
taminations with primers, used for the 
construction of the competitor template, 
can be ignored. This method can be used 
for the generation of competitor frag- 
ments detectable by most of the com- 
mon methods including detection of 
length differences by gel electrophore- 
sis, (11) restriction with competitor-spe- 
cific endonucleases, (12) and hybridiza- 
tion with competitor- or probe-specific 
oligonucleotides. °1) If subcloned into 
an appropriate expression vector, RNA 
competitor fragments can be generated 
easily by this process. Added in equal 
amounts to cell lysates, such a RNA com- 
petitor template will be copurified and 
amplified. It is therefore possible to esti- 
mate the original number of copies of 
mRNA molecules of the cell lysate. 

The necessity to minimize sequence 
homology between competitor fragment 
and cDNA must be stressed, especially as 
the use of cDNA-derived competitor 
templates, constructed by internal dele- 
tion or integration of extra DNA, is wide- 
spread. (1,z's'13) For quantitative analysis 
it is necessary to optimize the PCR con- 
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FIGURE 4 Competitive iNOS RT-PCR employing PAM 212 cells. (A) Equal amounts of cells were 
used unstimulated (lane I) or stimulated with 100 t~g/ml of LPS (lane 2), 10 U/ml of INF--/(lane 
3), and LPS + INF-~ (lane 4). Molecular weight marker tbX174/HaeIII (Pharmacia, Freiburg). The 
insert depicts the densitometrical measurement (imaging system; Herolab, Wiesloch) of the 
fluorescence intensity of the competitor fragments. (B) Unstimulated probe (lane 1) compared 
with serial dilutions of the LPS/INF-~/-stimulated probe (lanes 2-5). For a more detailed descrip- 
tion, see text. 

ditions to ensure that  every PCR cycle 
works with comparable amplification ef- 
ficiency. The latter is especially not  true 
in the late phase of PCR because ampli- 
fication efficiency decreases. Many 

parameters contribute to this plateau ef- 
fect, but  a major problem is rehybridiza- 
t ion of the amplified fragments. (14) The 
higher the concentrat ion of the frag- 
ments,  the more likely it is that frag- 

ments  will rehybridize following dena- 
turat ion rather than  anneal  with a 
primer for subsequent  amplification. Us- 
ing competi tor  fragments that  do not  
cross-hybridize with the cDNA-derived 
products drastically reduces the actual 
concentrat ion of DNA fragments that  
can hybridize with each other, thus ex- 
tending the range of amplification steps 
to be used. This is especially impor tan t  
for direct comparison of very different 
mRNA levels (see Fig. 4A). Furthermore,  
even under  optimal PCR condit ions 
rehybridization of fragments will oc- 
cur; therefore, every precaution should 
be taken to reduce the level of rehy- 
bridization. In addition, m a n y  quantita- 
tive methods  detect double-stranded 
DNA. (11'12) This leads to miscalculations 
attributable to hybrid formation.  

The me thod  described here is applica- 
ble for clinical use and other  fields be- 
cause of its reliability and precision. In 
addition, it is nonradioactive,  easy to 
handle,  and does not  require the use of 
recombinant  gene technology. 
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