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GENOME METHODS

A Novel Method for Real Time Quantitative
RT-PCR

Ursula E.M. Gibson,' Christian A. Heid, and P. Mickey Williams

Genentech, Inc., South San Francisco, California 94080-4990

A novel approach to quantitative reverse transcriptase polymerase chain reaction (QC RT-PCR) using real
time detection and the 5’ nuclease assay has been developed. Cystic fibrosis transmembrane transductance
regulator (CFTR) target mRNA is reverse transcribed, amplified, detected, and quantitated in real time. A
fluorogenic probe was designed to detect the CFTR amplicon. Relative increase in é-carboxy-fluorescein
reporter fluorescent emission is monitored during PCR amplification using an analytical thermal cycler. An
internal control template containing the same primer sequences as the CFTR amplicon, but a different
internal sequence, has been designed as a control. An internal control probe with a reporter fluorescent dye
tetrachloro-6-carboxy-fluorescein was designed to hybridize to the internal control amplicon. The internal
control template is placed in each reaction tube and is used for quantitative analysis of the CFTR mRNA.

This method provides a convenient and high-throughput format for QC RT-PCR.

The polymerase chain reaction (PCR) is a rapid
and powerful technique for the in vitro amplifi-
cation of DNA (Mullis et al. 1986; Gibbs 1990).
Quantitative PCR (QC PCR) has been used to
quantitate small amounts of DNA and QC RT-
PCR has been used to measure mRNA. QC PCR
and QC RT-PCR methods use an internal control
that is coamplified with the target sequence
(Becker-Andre 1991; Ferre 1992; Siebert and Lar-
rick 1992; Piatak et al. 1993; McCulloch et al.
1995; Raeymaekers 1995). The internal control
can be designed several ways: scrambling of the
internal sequence, mutation of the target ampli-
con, deletion or insertion of sequences into the
target amplicon, or splicing of the target primer
sequences onto a nonhomologous DNA se-
quence. As a general rule, the target and control
should use the same primers, contain similar
guanine + cytosine (G + C) content, and be of
equal or similar length. Once a control has been
designed, it is important to validate the internal
control. Validation requires demonstration that
the competitive control amplify with equal effi-
ciency and achieve plateau simultaneously with
the target (Raeymaekers 1995). Although abso-
lute quantitation requires the accurate determi-
nation of internal control concentration, relative
quantitation can be established easily with a vali-
dated internal control. Quantitation of target and
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coamplified internal control generally is done by
quantitating the intensity of ethidium bromide
staining of the PCR products on an agarose or
acrylamide gel, a time-consuming and poten-
tially inaccurate approach.

The 5’ nuclease assay for detecting PCR prod-
ucts (Holland et al. 1991; Lee et al. 1993; Livak et
al. 1995a,b) uses a nonextendable oligonucleo-
tide hybridization probe. The probe is labeled
with a reporter fluorescent dye [FAM (6-carboxy-
fluorescein)] at the 5’ end and a quencher-
fluorescent dye [TAMRA (6-carboxy-tetramethyl-
rhodamine)] at the 3’ end. When the probe is
intact, the reporter dye emission is quenched ow-
ing to the physical proximity of the reporter and
quencher fluorescent dyes. During the extension
phase of the PCR cycle, however, the nucleolytic
activity of the DNA polymerase cleaves the hy-
bridization probe and releases the reporter dye
from the probe. The resulting relative increase in
reporter fluorescent dye emission is monitored in
real time during PCR amplification using a se-
quence detector, the 7700 Sequence Detector (PE
Applied BioSystems, Foster City, CA). The se-
quence detector is a combination thermal cycler,
laser, and detection and software system that au-
tomates 5’ nuclease-based detection and quanti-
tation of nucleic acid sequences. Fluorescence in-
tensity produced during PCR amplifications in
each of the 96 tubes is monitored in real time. A
computer algorithm compares the amount of re-
porter dye emission (R) with the quenching dye
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emission (Q) every 8.5 seconds during the PCR
amplification, generating a ARn value (R/Q) (also
called ARQ). The ARn value reflects the amount
of hybridization probe that has been degraded.
The algorithm fits an exponential function to the
mean ARn values of the last three data points of
every PCR extension cycle, generating an ampli-
fication plot. A relative fluorescent emission
threshold is set based on the baseline of the ARn
during the first 10-15 cycles (Heid et al., this is-
sue). The algorithm calculates the cycle at which
each PCR amplification reaches a significant (i.e.
usually 10 times the standard deviation of the
baseline) threshold (Cy). In the accompanying
manuscript (Heid et al., this issue), it was dem-
onstrated that the calculated C; value is propor-
tional to the number of target copies present in
the sample. Thus, the C; value is a quantitative
measurement of the copies of the target found in
any sample.

The use of a charge coupled device (CCD)
camera permits the detection of a wide spectrum
of emission wavelengths. By using target and
control probes containing different reporter fluo-
rescent dyes [FAM, JOE (2,7-dimethoxy-4,5-
dichloro-6-carboxy-fluorescein), or TET (tetra-
chloro-6-carboxy-fluorescein)], it is possible to
detect simultaneously both target and control
RNA in a single reaction tube. However, in prac-
tice this approach is limited to concentrations of
target and internal control RNA or DNA that are
within 1000-fold of each other. This limitation is
attributable, at least partially, to the overlapping
spectra of the reporter dyes available. To develop
an assay with a large dynamic range of input tar-
get quantitation, duplicate reactions containing
both target and internal control RNA were set up.
Target probe (prA) was added to one reaction and
internal control probe (prB) to the other reaction.
With this approach accurate detection of low
concentrations of target mRNA without interfer-
ence from internal control fluorescence was pos-
sible.

This report describes a quantitative RT-PCR
assay, that was developed to support a gene
therapy project aimed at treating cystic fibrosis.
The target for this assay was the cystic fibrosis
transmembrane receptor (CFTR) mRNA, and the
internal control was constructed by adding the
CFTR forward and reverse primers to a sequence
of the pGEM-3Z plasmid. The pGEM-3Z plasmid
sequence was of similar length and contained
similar G + C nucleotide content to the CFTR am-
plification product.
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RESULTS
Amplification Plots and Cycle Threshold, C;

During the PCR amplification, the nucleolytic ac-
tivity of the DNA polymerase (Tfl) cleaves the
target specific hybridization probe and releases
the reporter dye, FAM or TET, from the probe.
The increase in fluorescence emission of the re-
porter dye is proportional to the amount of PCR
product accumulated, which in turn is propor-
tional to the starting target concentration (Heid
et al., this issue). Fluorescence emission is moni-
tored, in real time using a sequence detector. The
emission intensity of the quencher dye, TAMRA,
which remains relatively constant during ampli-
fication (Livak et al. 1995a), was used as an inter-
nal control to normalize fluorescence emission
and calculate the ARn (reporter dye emission/
quencher dye emission). ARn is the fluorescence
signal increase due to template amplification and
is calculated by subtracting the background fluo-
rescence: ARn = (Rn*)— (Rn~), where Rn* = (emis-
sion intensity of reporter)/(emission intensity
of quencher of PCR with template) and
Rn~ = (emission intensity of reporter)/(emission
intensity of quencher of PCR without template).

Figure 1 shows amplification plots of twofold
serial dilutions of total RNA from adeno CFTR-
infected T84 cells. For this experiment total RNA
was serially diluted from a starting concentration
that contained ~2 x 107 copies of adeno CFTR
mRNA down to a concentration containing
~1000 copies (the mRNA copy values were deter-
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Figure 1 Amplification plots of adeno-CFTR tar-
get mRNA. Twofold serial dilutions of adeno-CFTR
target MRNA were reverse transcribed and ampli-
fied using the 5’ nuclease assay and the sequence
detector. For each dilution the ARn is plotted
against the cycle number.
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mined comparing the T84 cell total RNA with a
known amount of internal control RNA copies).
The dilutions were then reverse transcribed and
amplified using RT-PCR. The change in ARn is
proportional to the change in concentration of
the amplified target, so that dilutions of target
require additional PCR cycles to raise the ARn
above the threshold value, Cr.

Colinearity of Dilution of Target CFTR mRNA
and Internal Control RNA

Colinearity of dilution was determined by mak-
ing serial twofold dilutions of both adeno CFTR
internal control and total cell RNA containing
the adeno CFTR target mRNA. The range of in-
ternal control dilutions covers 6.5 logs and the
range of target covers 4 logs of input molecules.
Both target and internal control dilutions were
reverse transcribed, amplified as described in
Methods, and the C; values were calculated and
plotted against the relative amount of internal
control RNA. Each point of the curve (Fig. 2) rep-
resents the mean of the three separate RT-PCR
amplifications depicted with error bars (too small
to be visible in the graph) representing one stan-
dard deviation and shows the C; value increasing
by approximately one for each twofold dilution.
Figure 2 shows that both target adeno CFTR
mRNA and internal control adeno CFTR RNA am-
plify linearly and that amplification efficiencies
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Figure 2 Colinearity of dilution and assay range of
adeno CFTR target and internal control RNA. Two-
fold serial dilutions of target and internal control
RNA were prepared in triplicate, reverse transcribed,
and amplified using the sequence detector. Mean
C; values are plotted against relative copy number,
with error bars representing one standard deviation.
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of target and internal control are the same over
the range tested.

Real Time QC RT-PCR

A known amount of an internal control was
added for reverse transcription and amplifica-
tion. By amplifying both internal control and tar-
get in the same tube, identical conditions for
each are assured. For this purpose, a mixture that
contained all the reagents required for reverse
transcription and amplification (RT-PCR), prim-
ers P1 and P2, and target samples (containing un-
known amounts of target CFTR mRNA), was pre-
pared. This mixture was used to generate two sets
of tubes, set I and set II, containing eight serial
dilutions of a known amount of internal control
RNA. To detect the amount of the CFTR mRNA
RT-PCR amplicon, the CFTR target hybridization
probe was added to set I tubes and the internal
control hybridization probe was added to set II
tubes. Both sets of tubes were subjected to RT-
PCR amplification using the sequence detector.
Because the corresponding tubes from sets I and
II contained identical concentrations of target
and internal control RNA, reverse transcription
and amplification for both sets of tubes were as-
sumed to be identical. However, because the set I
tubes contained the target probe, its reporter
fluorescent emission was attributable entirely to
amplification of target and unaffected by the
concentration of internal control RNA. The re-
porter fluorescence in the tubes containing inter-
nal control probe (set II) was attributable entirely
to internal control amplification. By plotting the
mean C; values of internal control and target
against the known internal control copy number,
the number of unknown target molecules could
be determined from the theoretical equivalence
point, where Cr of target equals C; of internal
control (i.e. where the lines intersect; see Figs.
3A,B). In this experiment, two different concen-
trations of target, either a 1:25 dilution (Fig. 3A)
or a 1:125 dilution (Fig. 3B) of the total RNA
preparation from adenovirus-infected cells, were
used with twofold serial dilutions of internal con-
trol. As shown in Figure 3A, the mean C; of the
internal control dilution series intersected the
mean Cy plot of the 1:25 dilution of target at an
estimated 6.7 X 10° copies of target mRNA/m],
whereas the 1:125 dilution of target indicated
9.6 x 10° copies of target mRNA/ml (Fig. 3B).
Multiplication by their respective dilution factors
gave 1.7 X 10® copies of mRNA/ml for the 1:25
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Figure3 QCRT-PCR. Duplicate sets of tubes con-
taining fixed concentrations of adeno CFTR target
were co-amplified with twofold serial dilutions of
internal control RNA (n = 3). Target hybridization
probe was added to the first set of tubes, while in-
ternal control hybridization probe was added to the
second set of tubes. Mean C; values of target and
internal control are plotted against the relative copy
number of internal control in each reaction tube.
Target copy number is shown at the intersection of
the two lines, and C; of target equals C; of internal
control, and is multiplied by the respective target
dilution to obtain the initial copy number for each
microliter of target mRNA. (A) 1:25 dilution of tar-
get RNA; (B) 1:125 dilution of target RNA.

dilution of target and 1.2 x 10® copies of target/
ml for the 1:125 dilution of target, with a mean of
1.45 x 10® copies of target mRNA/ml stock solu-
tion.

Intra-assay and Interassay Precision

To determine precision of the assay, 10 replicates
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of each dilution of adeno CFTR target mRNA and
internal control RNA were reverse transcribed
and amplified on three separate days as de-
scribed. The mean C; values, standard deviation
(s.0.) and the coefficient of variation (CV) were
calculated for each day to obtain intra-assay pre-
cision. Mean C; values of target were found to
range from 29.3 to 29.6 with an intra-assay pre-
cision of target amplification from 0.4% to 1.3%
CV (s.0. 0.092 to 0.372). Mean internal control
C; values ranged from 17.4 to 18.3 and precision
of amplification ranged from 0.6 to 1.7% (s.n.
0.116 to 0.289). The interassay precision of am-
plification for the three days (n = 30) was also cal-
culated and found to be 0.5% for the target and
2.6% for the internal control.

DISCUSSION

A new quantitative RT-PCR method, using the
fluorescent hybridization probes and a sequence
detector has been developed. This approach
minimizes variable results caused by potential
differences in the efficiency of reverse transcrip-
tion and amplification because both target
mRNA and internal control RNA are added to the
same tube. Any amplification inhibitors present
in a sample will affect amplification efficiency of
both the target mRNA and the internal control
RNA. Furthermore, only one set of primers is used
to transcribe and amplify both target mRNA and
internal control RNA, but different hybridization
probes are used to ensure further the accuracy of
the assay. Duplicate reactions, one containing
the target mRNA probe and the other containing
the internal control RNA probe, were prepared.
This approach was used to enhance the dynamic
range of the assay. Because specific hybridization
of both primers and probe is necessary to gener-
ate a signal, the assay is both sensitive and spe-
cific. Amplification of DNA present in the total
RNA preparation is avoided by using an exon/
intron junction spanning forward primer, in
which the §’ end of the primer is complementary
to the 3' end sequences of one exon, and the 3’
end of the primer complimentary to the 5’ se-
quences of the next exon.

Existing methods for quantitation of RT-PCR
amplifications have been labor intensive, requir-
ing each sample to be separated by gel electro-
phoresis, followed by quantitation of bands by
ethidium bromide staining or isotopic labeling of
the PCR products. One major advantage of the
assay described above is the increased ease and
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rapidity of sample analysis, allowing higher
sample throughput. By using real time QC RT-
PCR, samples can be reverse transcribed, ampli-
fied, and quantitated in one tube, without any
further downstream processing. Currently, up to
96 reactions can be analyzed in ~3.5 hr using this
assay format. Another advantage is that the Cy
value, used for quantitation, is measured during a
period when the PCR amplification is still in the
log phase of amplicon accumulation. This cir-
cumvents many of the problems associated with
quantitation in the plateau stage of a PCR ampli-
fication (Raeymaekers 1995). In addition, the
elimination of post-PCR sample manipulations
decreases the potential of laboratory nucleic acid
contamination. Furthermore, well-to-well varia-
tions of fluorescence measurement can be nor-
malized to the quenching fluorescent dye,
TAMRA, because the emission intensity of
TAMRA changes very little during the RT-PCR.

Currently each assay sample is analyzed in
two different RT-PCR tubes: one containing the
target probe and the other containing the inter-
nal control probe. Using this assay, a dynamic
range of over 10%° target molecules was obtained.
Assay throughput could be increased by adding
both probes to the same RT-PCR tube. Reporter
dyes with less spectral overlap compared to FAM
and TET may be useful for large dynamic range
assays in a single tube.

Precision of the QC RT-PCR assay was found
to be excellent, with intra-assay CVs of <2% and
interassay CVs of <3%. Quantitation of both tar-
get and internal control were shown to be linear
over six logs and the assay can measure as little as
1000 copies of mRNA per tube. Recent results in-
dicate a minimum detection and quantitation of
400 RNA molecules is possible (data not shown).

A real time PCR assay using a constant
amount of input DNA for each assay sample and
a normalization gene to normalize for any minor
variations of input DNA concentration, has been
developed (Heid et al., this issue). Several quan-
titative RT-PCR assays which use housekeeping
genes as an internal control have also been de-
veloped in our laboratory (data not shown).
These approaches eliminate the need to design
individual internal control templates for each
gene in a multigene expression assay.

In conclusion, this method for the quantita-
tion of mRNA is sensitive, accurate, and can be
used to quantitate large numbers of samples in a
relatively short time. The use of two different
fluorescent hybridization probes and a known

A NOVEL METHOD FOR REAL TIME QUANTITATIVE RT-PCR

concentration of internal control RNA allows the
initial mRNA copy number of an unknown target
to be calculated.

METHODS
Oligonucleotides

Table 1 shows the nucleotide sequences for the oligo-
nucleotide hybridization probes and primers used. CFTR
primers and probes were designed using the Oligo Version
4.0, National Biosciences, program. The forward primer
(P1) was designed to span an exon/intron junction to
avoid amplification of DNA sequences, whereas the re-
verse CFTR primer (P2) was complimentary to an exon.
The CFTR target probe (prA) was labeled with FAM and the
internal control probe (prB) with TET at the 5’ end. Both
probes were labeled with the quencher fluor TAMRA at the
3’ end followed by the phosphorylation site p.

Oligonucleotide hybridization probes (see Table 1)
were obtained from Applied Biosystems Division, Perkin-
Elmer (Foster City, CA). Primers were obtained from the
Oligo Synthesis group, Genentech, Inc. (South San Fran-
cisco, CA).

Internal RNA Control

To construct the RNA internal control, a second set of
primers (P3 and P4) were designed by appending the CFTR
P1 and P2 primers to forward and reverse primers comple-
mentary to a pGEM-3Z plasmid (Clontech, Palo Alto, CA)
sequence. The particular pGEM-3Z sequence was chosen
because it contained similar G + C nucleotide content and
was similar in size compared to the CFTR amplicon. Am-
plification of the pGEM-3Z plasmid with these primers
yielded a DNA product consisting of an internal pGEM-3Z
sequence with CFTR primer sequences at each 5’ end
[CFTR(P1)/pGEM-3Z/CFTR(P2)]. A third forward primer
(PS) was constructed by appending the T7 phage promoter
sequence, followed by an additional six bases (Stoflet et al.
1988), to the 5’ end of the forward CFTR primer. Amplifi-
cation of the CFTR(P1)/pGEM-3Z/CFTR(P2) DNA with the
T7-containing forward CFIR primer (P5) and the reverse
CFTR primer (P2) yielded an amplification product suit-
able for transcription, with the T7 promoter at the 5' end
of the sense strand [T7/CFTR(P1)/pGEM-3Z/CFTR(P2)].
Each of the above PCR products was gel purified, using the
QIAEX Gel Extraction Kit, (QIAGEN, Chatsworth, CA).

Transcription

Internal control DNA was transcribed using the T7 MEGA-
script in vitro Transcription Kit (Ambion, Austin, TX) for
large scale synthesis of RNA. Transcription was accom-
plished by following the Ambion protocol, and extending
the incubation time at 37°C for 7 hr. After incubation the
DNA was degraded by the addition of RNase-free DNase |,
and the reaction was stopped, as described in the Ambion
method. The RNA was recovered by extraction with phe-
nol/CHCI;, followed by precipitation of the RNA-
containing aqueous phase with one volume of isopropa-
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Table 1. Primers and Probes
Base
Primer/probe pairs

P1 CFTR primer, 5'-CCGTGCCAAGAGTGACGTGTC-3/ 21
forward

P2 CFTR primer, 5"-AAGCCAGCTCTCTATCCCATTCTC-3’ 24
reverse

P3 CFTR-pGEM-3Z 5'-CCGTGCCAAGAGTGACGTGTCCTATCGTCTTGAGTCCAACC-3’ 41
primer
forward

P4 CFTR-pGEM-3Z 5’-AAGCCAGCTCTCTATCCCATTCTCATCCCTTAACGTGAGTTTTC-3' 44
primer,
reverse

P5 T7-CFTR primer, 5'-GGATCCTAATACGACTCACTATAGGGAGGCCGTGCCAAGAGTGA 50
forward CGTGTC-3’

pré CFTR probe 5'(FAM)-TGGACCAGACCAATTTTGAGGAAAGGA-(TAMRA)p3’ 27

pr7 Competitor 5'(TET)-TGGTATCTGCGCTCTGCTGAAGCC-(TAMRA)p3’ 24
(pGEM-32)
probe

nol. The RNA precipitate was washed two times in 75%
ethanol, dried briefly in air, and resuspended in RNase-free
TE buffer (10 mm Tris-HCI at pH 7.6, 1 mm EDTA at pH
8.0). The concentration of the 319-bp internal control
RNA was determined by ultraviolet spectroscopy.

PCR

PCR reagents were obtained from Boehringer Mannheim
(Indianapolis, IN). The following conditions were used for
PCR unless otherwise specified: Buffer composed of 10 mm
Tris-HCI (pH 8.3), 50 mm KCl, 1.5 mM MgCl,, dNTPs at 0.2
mM, forward and reverse primers at 500 nM, and Tag poly-
merase at 5 U/100 pL. Cycle parameters were 94°C for 2
min, followed by 40 cycles of 94°C for 30 sec, 60°C for 30
sec, and 72°C for 1 min, with a final extension at 72°C for
7 min.

Cell Culture

Human colon carcinoma T84 cells (ATCC CCL 248) were
grown in a 1:1 mixture of Ham'’s F12 medium and Dulbec-
co’s modified Eagle’s medium with 6% newborn calf se-
rum (Gibco) and gentamicin. For adenovirus infection, the
cells were seeded in growth medium in 25 cc flasks and
incubated overnight in a humidified atmosphere of 95%
air/5% CO, at 37°C. The cells were washed with phos-
phate-buffered saline (PBS) and infected with the replica-
tion-deficient adenovirus containing the coding sequence
of the CFTR gene at an approximate multiplicity of infec-
tion of 100 and incubated at 37°C overnight. The incuba-
tion medium was as described above, but with 2% of new-
born calf serum.

1000 @ GENOME RESEARCH

Total RNA Extraction

RNAzol B (Tel-Test, Inc., Friendswood, TX) was used to
extract total RNA from T84 cells infected with a recombi-
nant, replication-deficient adenoviral vector containing
the human CFTR ¢DNA. Cell monolayers were washed
with PBS, and 1 ml of RNAzol/10° cells with 4 units of
RNase inhibitor (5 Prime—3 Prime, Inc., Boulder, CO) was
added. The cells were solubilized by passing the lysate
through the pipette a few times. One-tenth volume of
chloroform was added, and the sample was capped and
shaken vigorously, followed by a 5 min incubation on ice.
The suspension was centrifuged at 12,000g at 4°C for 15
min. The RNA in the aqueous phase was transferred to a
clean tube. The RNA was precipitated with an equal vol-
ume of isopropanol, stored for 15 min at 4°C and pelleted
by centrifugation at 8000g for 8 min at 4°C. The RNA pellet
was washed twice with 75% ethanol, air dried, and resus-
pended in TE with 4 units/ml RNase inhibitor.

QC RT-PCR

The Access RT-PCR System (Promega, Madison, WI) was
used to reverse transcribe and amplify both target and in-
ternal control. The reaction master mix was prepared ac-
cording to the manufacture’s protocol to give final con-
centrations of 1 X AMV/Tfl reaction buffer, 0.2 mm dNTDPs,
1 mm MgSO,, 0.1 U/ml AMV Reverse Transcriptase, 0.1
U/ul Tfl DNA Polymerase, and 250 nM CFIR primers P1
and P2. Target RNA (total RNA extracted from the adeno-
virus-infected cells) was added to the master mix. The mas-
ter mix was then split into parts I and IT and target hybrid-
ization probe was added to master mix I, and internal con-
trol hybridization probe was added to master mix II, to
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give final probe concentrations of 200 nM. Each master
mix was transferred to a set of thermocycler tubes and
twofold serial dilutions of internal control RNA were
added to triplicate tubes of each master mix. Target and
internal control were reverse transcribed at 48°C for 45
min, followed by 40 cycles of amplification at 95°C for 30
sec, 55°C for 45 sec, and 68°C for 1 min, using the ATC.

RT-PCR amplifications were also examined by aga-
rose gel electrophoresis. After ethidium bromide staining,
bands were visible only at the expected molecular weights
for the CFTR mRNA and internal control products.
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