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Abstract

Background: Real-time polymerase chain reaction (PCR)
utilizing the LightCycler and similar systems is an in-
creasingly used technique for quantitative reverse tran-
scription (RT)-PCR of mRNA levels from genes of immu-
nologic interest. A commonly encountered limitation
with these systems is that the fluorescence induced by
SYBR® Green (a fluorophore that binds double-stranded
DNA) can result from primer dimers (PDs) as well as the
PCR product of interest, thus interfering with the ability
to reproducibly quantitate mRNA levels. Methods: We
use a modification of the LightCycler PCR strategy to
overcome this problem by altering the PCR strategy to
take advantage of the LightCycler’s ability to measure
fluorescence at a temperature greater than the melting
point of PDs. The resulting measurements determine flu-
orescence of only the desired PCR product. Results: We
demonstrate that by using this modified PCR strategy,
one can eliminate the fluorescence induced by PDs and
obtain accurate product quantitation. Conclusions: This
simple modification allows more precise quantitation of
sample mRNA levels by eliminating the contaminating
fluorescence induced by the formation of PCR PDs. This

modification obviates the need to redesign PCR primers
in RT-PCR experiments where this is impractical or im-
possible.

Copyright© 2003 S. Karger AG, Basel

Introduction

The reverse transcription polymerase chain reaction
(RT-PCR) has become a commonly used method for ana-
lyzing mRNA levels from genes of immunologic interest
[1, 2]. Accurate quantification of PCR products is ex-
tremely problematic due to differences in PCR efficiency
and altered amplification parameters of large and small
quantities of starting template. This led to the develop-
ment of methodologies such as semiquantitative and
competitive RT-PCR [3]. However, such procedures are
reagent and labor intensive, and also error prone due to
the large number of sample manipulations involved [4].
With the advent of real-time PCR, it became possible to
directly measure amplicon production during PCR, elimi-
nating most of these technical concerns and providing a
more reliable estimate of mRNA transcript levels.

Real-time PCR systems such as the LightCycler™
(Roche Diagnostics, Mannheim, Germany) and the
iCycler Thermal Cycler (BioRad, Hercules, Calif., USA)
use fluorescent dyes like SYBR® Green that bind double-
stranded (ds) DNA. Thus, it is possible to determine the
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quantity of PCR amplicons present after each round of
amplification. Since the cycle at which PCR enters log
linear amplification is directly proportional to the amount
of starting template, one determines the concentration of
an unknown sample by comparing it to a standard curve
generated by dilutions of known amounts of product [5-
71.

However, an important limitation of SYBR Green is
that it binds equally well to nonspecific products like
primer dimers (PDs) as well as the desired PCR product.
Fluorescence induced by SYBR Green binding reflects
total dsDNA, including both the desired amplicon as well
as PDs. This interferes with quantitation of the desired
PCR product. PDs are the product of nonspecific elonga-
tion of PCR primers. Their formation can be reduced by
careful primer design, optimization of he PCR with ‘hot-
start’ PCR and amplification under stringent conditions
[8]. However, PDs can occur even under optimally deter-
mined conditions regardless of primer design and irre-
spective of primer complementarity [9]. Thus, redesign-
ing primers is not always an acceptable solution as it is
sometimes impossible or impractical.

In developing a quantitative LightCycler RT-PCR sys-
tem for a 398-nucleotide fragment of the murine I1L-12
receptor B2 (IL-12R B2), PDs were generated under reac-
tion conditions that produced little or no PDs using tradi-
tional PCR techniques. We were unable to eliminate these
PDs even under the most stringent conditions. We report
an approach that can be used to eliminate these products,
thereby improving the efficiency of quantitation. This
approach has previously proved useful in quantifying
mRNA levels from constitutively expressed genes such as
metallothionein and glyceraldehyde-3-phosphate dehy-
drogenase in rodents, as well as the rec A gene in bacteria
[10-12]. Here, we report the utility of this strategy for
quantifying more immunologically relevant genes with
restricted expression patterns such as the murine IL-12R

B2.

Materials and Methods

C57B16 mice were obtained from Charles River Canada (St.
Constant, P.Q., Canada). All mice were used in strict accordance
with the guidelines of the Canadian Council on Animal Care. Naive
mice were sacrificed and spleenocytes were cultured at 7.5 x 106
cells/ml alone or in the presence of 125 ng/ml anti-CD3 monoclonal
antibody (BD Pharmingen, Mississauga, Ont., Canada) and 50 pg/ml
recombinant IL-12 (BD Pharmingen) for 24 h. RNA was prepared
using an RNeasy® Mini kit (Qiagen, Mississauga, Ont., Canada) as
described by the manufacturer. cDNA was synthesized from 0.5-
1 ug of RNA in a total volume of 20 pl using oligo dT(;2-1g) (Invitro-
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gen, Burlington, Ont., Canada) as primer and SuperScript I Reverse
Transcriptase (Invitrogen). Real-time PCR was carried out using a
LightCycler (Roche, Laval, P.Q., Canada). Reactions were set up in
microcapillary tubes using the following final concentrations: 0.4 pM
each of IL-12R B2 sense and IL-12R B2 antisense primers, as
described by Yamane et al. [13], 2.5 uM MgCl,, 1 x SYBR Green
master mix and 1 pl of cDNA. Cycling conditions were as follows:
denaturation (95°C for 10 min), amplification and quantitation
(95°Cfor 155, 57°C for 5 s and 72 °C for 32 s, with a single fluores-
cence measurement at the end of the 72 ° C for 32 s segment) repeated
35 times, a melting curve program (60-95°C with a heating rate of
0.1°C/s and continuous fluorescence measurement) and a cooling
step to 40 ° C. The modified cycling conditions were as follows: dena-
turation (95 ° C for 10 min), amplification and quantitation repeated
35 times (95°C for 15s, 57°C for 5's, 72°C for 32 s and then 84°C
for 5s, with a single fluorescence measurement at the end of the
84°C segment), a melting curve program (60-95°C with a heating
rate of 0.1°C/s and continuous fluorescence measurement) and a
cooling step to 40 °C. Data were analyzed using LightCycler analysis
software.

Results and Discussion

The effects of PDs are shown in a quantitative RT-
PCR on serial dilutions of a positive control for the
murine IL-12R B2 (fig. 1a). The negative control sample
lacks PCR template, and PDs are the only source of fluo-
rescence (confirmed by ethidium bromide-stained aga-
rose gel electrophoresis, data not shown). As observed in
figure 1a, fluorescence from the negative control increases
parallel to that of the positive control series, making deter-
mination of the log linear amplification phase difficult
and subjective. Importantly, it is impossible to determine
the proportion of the fluorescence resulting from PDs and
the proportion that is attributable to the relevant PCR
product. This makes precise and reproducible quantita-
tion of IL-12R B2 expression impossible.

A LightCycler melting curve analysis distinguishes be-
tween PCR products such as PDs and the desired product.
Amplicons are heated to determine the melting tempera-
ture (Tm), i.e. the point at which dsDNA melts to single-
stranded DNA. PDs exhibit a lower Tm than the desired
amplicon as they are considerably shorter. Figure 1b
shows a melting curve analysis of the same IL-12R (2
PCR product dilution series depicted in figure 1a. The
two melting peaks observed in the positive controls indi-
cate that these samples contain PDs as well as the desired
IL-12R B2 amplicon. This was confirmed by ethidium
bromide-stained agarose gel electrophoresis (data not
shown). The negative control products (PDs only) have a
lower Tm than the IL-12R B2 product (83 vs. 87°C).
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Fig. 1. LightCycler PCR of a serial dilution of a positive control for
IL-12R B2 using SYBR Green dye and a melting curve analysis of the
resulting products. a A representative experiment in which the total
fluorescence was measured at the end of each cycle. The negative
control contains no input cDNA. Fluorescence in this sample is the
result of PDs (determined by an ethidium bromide-stained agarose
gel). All samples were amplified simultaneously for 35 cycles and the
fluorescence was measured at the end of each extension step. b A
melting curve analysis in which melting peaks were determined by
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plotting the negative derivative of fluorescence emitted by each sam-
ple during a melting curve analysis (inset) in which PCR products
were slowly melted and fluorescence was determined continuously.
The negative control sample containing only PDs had a Tm of 83°C,
while the positive control dilution series containing the product of
interest had a Tm of 87° C. The presence of PDs in the positive con-
trol dilution series can be confirmed by observing the presence of
melting peaks at 83°C. dF = decrease fluorescence (inset); dT =
decrease temperature.
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Fig. 2. Model of the PCR protocols used to amplify the murine IL-12R 32 ¢cDNA and the result of using the modified
PCR protocol. a The standard PCR protocol, which is as follows: 35 cycles of denaturation at 95 °C for 15 s, annealing
at 57°C for 4 s and extension at 72°C for 32 s. Fluorescence is measured at the end of the elongation phase. b The
modified protocol used to eliminate the fluorescence obtained from PDs. The PCR cycle is essentially the same: 35
cycles of denaturation at 95°C for 15 s, annealing at 57 °C for 4 s and extension at 72 °C for 32 s. However, after the
extension phase, the temperature is raised to 84 ° C to denature PDs for 5 s and the fluorescence is determined at this
time point. ¢ A representative experiment (1 of 4) showing total fluorescence measured at the end of each PCR cycle
using the LightCycler and SYBR Green dye using the modified PCR protocol. The serial control dilution series is of
murine IL-12R B2 cDNA. All samples were amplified simultaneously for 35 cycles and the fluorescence was measured
at the end of each modified PD denaturation step.
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The standard protocol for quantitative LightCycler
PCR (fig. 2a) utilizes 35 cycles of denaturation, annealing
and extension, with florescence measured at the end of
each extension segment. Taking advantage of our knowl-
edge of the Tm of the PDs (83°C) and the ability to read
fluorescence at any point during the cycle, we added an
additional segment in order to circumvent PD interfer-
ence. After elongation, the temperature was increased to
84°C, one degree less than the Tm of our desired product
(87°C), but greater than the Tm of the PDs (83°C). Fluo-
rescence was measured at this point, ensuring that only
the fluorescence of the desired amplicon is detected, as at
this temperature PDs are single stranded and do not bind
SYBR Green. Figure 2b depicts this modified protocol.

Quantitative RT-PCR of the positive control series
using this modified protocol demonstrated virtually com-
plete elimination of the PD contribution to the total fluo-
rescence (fig. 2¢). Thus, compared to figure la, a clear
dose response florescence profile for the positive control
serial dilutions was obtained. We noted a 35-40% de-
crease in florescence of the positive controls compared to
reactions not employing this strategy (fig. 1a); we believe
this is due to loss of fluorescence from PDs. The results
obtained thus reflect fluorescence from IL-12R B2 prod-
ucts uncontaminated by PD fluorescence.

In summary, this method takes advantage of the Light-
Cycler’s ability to determine the Tm of the PDs and the
desired PCR amplicon. By modifying the PCR protocol to
include a PD melting step, the contaminating effects of
PD fluorescence are largely eliminated, without a require-
ment to redesign primers and reoptimize the protocol. By
ensuring that only the fluorescence of the product of inter-
est is measured, the amount of template in the initial sam-
ple can be more accurately determined. This yields a more
accurate measurement of mRNA levels for genes of im-
munologic interest, including those that previously have
been difficult to quantify and that are relevant to allergic
disease and other immunologic disorders, such as the
IL-12 receptor, IL-4 and IL-15. This strategy provides an
enhanced capacity to quantitate differential expression of
these molecules in allergic versus nonatopic or resistant
versus susceptible populations.

Acknowledgements

This work was supported by the Canadian Network for Vaccines
and Immunotherapeutics. F.A.P. holds a Canadian Research Chair
in Resistance and Susceptibility to Infections. K.T.H. holds a Cana-
dian Research Chair in Immune Regulation.

References

1 Bienvenu J, Monneret G, Fabien N, Revillard Bustin SA: Absolute quantification of mRNA 10 Morrison T, Weis JJ, Wittwer C: Quantifica-
JP: The clinical usefulness of the measurement using real-time reverse transcription poly- tion of low-copy transcripts by continuous
of cytokines. Clin Chem Lab Med 2000;38: merase chain reaction assays. J Mol Endocrinol SYBR Green I monitoring during amplifica-
267-285. 2000;25:169-193. tion. Biotechniques 1998;24:954-958, 960,

2 Taniguchi A, Kohsaka H, Carson DA: Compet- Komurian-Pradel F, Paranhos-Baccala G, So- 962.
itive RT-PCR ELISA: A rapid, sensitive and doyer M, Chevallier P, Mandrand B, Lotteau 11 Morrison TB, Ma Y, Weis JH, Weis JJ: Rapid
non-radioactive method to quantitate cytokine V, André P: Quantitation of HCV RNA using and sensitive quantification of Borrelia burg-
mRNA. J Immunol Methods 1994;169:101- real-time PCR and fluorimetry. J Virol Meth- dorferi-infected mouse tissues by continuous
109. 0ds 2001;95:111-119. fluorescent monitoring of PCR. J Clin Micro-

3 Serazin-Leroy V, Denis-Henriot D, Morot M, Prieto J, Van Der Ploeg I, Roquet A, Gigliotti biol 1999;37:987-992.
de Mazancourt P, Giudicelli Y: Semi-quantita- D, Dahlen B, Eklund A, Grunewald J: Cyto- 12 Pfaffl MW, Horgan GW, Dempfle L: Relative
tive RT-PCR for comparison of mRNAs in kine mRNA expression in patients with mild expression software tool (REST) for group-wise
cells with different amounts of housekeeping allergic asthma following low dose or cumula- comparison and statistical analysis of relative
gene transcripts. Mol Cell Probes 1998;12: tive dose allergen provocation. Clin Exp Aller- expression results in real-time PCR. Nucleic
283-291. gy 2001;31:791-800. Acids Res 2002;30:¢36.

4 Freeman WM, Walker SJ, Vrana KE: Quanti- Harris S, Jones DB: Optimisation of the poly- 13 Yamane H, Igarashi O, Kato T, Nariuchi H:
tative RT-PCR: Pitfalls and potential. Biotech- merase chain reaction. Br J Biomed Sci 1997, Positive and negative regulation of IL-12 re-
niques 1999;26:112-122, 124-125. 54:166-173. ceptor expression of naive CD4+ T cells by

Brownie J, Shawcross S, Theaker J, Whitcombe CD28/CD152 co-stimulation. Eur J Immunol
D, Ferrie R, Newton C, Little S: The elimina- 2000;30:3171-3180.
tion of primer-dimer accumulation in PCR.
Nucleic Acids Res 1997;25:3235-3241.
86 Int Arch Allergy Immunol 2003;130:82-86 Ball/Plummer/HayGlass



