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Development of Competitive PCR
and the QPCR System 5000 as a
Transcription-based Screen

E. Tracey Wilkinson,’ Sela Cheifetz,? and Stephanie A. De Grandis?

IBiochemical Pharmacology, Allelix Biopharmaceuticals, Inc., Mississauga, Ontario, Canada L4V 1V7

We describe the use of the quantita-
tive PCR (QPCR) system 5000 (Per-
kin-Elmer) and competitive PCR in a
simple and reproducible assay for-
mat for use in establishing a screen
for the discovery of compounds that
affect gene regulation. Insulin-like
growth factor 1 (IGF-1) mRNA was
chosen as an initial target to test the
sensitivity and reproducibility of the
QPCR System 5000 in the quantita-
tion of PCR products generated in
competitive PCR reactions. We found
that with the use of sequence-specific
probes, the QPCR 5000 could be used
easily to distinguish between inter-
nal standard (IS) and wild-type prod-
ucts in PCR reactions. We were able
to detect as little as twofold changes
in ¢<DNA amounts by using dilutions
of total rat liver cDNA as a source of
IGF-1 message. The QPCR system
5000 could be used to analyze 24
competitive PCR reactions (48 sam-
ples), single determinations, in ~1
hr. The flexibility, automation, and
sensitivity of the QPCR System 5000
makes it a useful tool to measure the
transcriptional regulation of various
mRNAs.

Present addresses: 2MRC Group, Periodontal Physiol-
ogy, Faculty of Dentistry, University of Toronto, Tor-
onto, Ontario, Canada M5S 1A8; 3Ministry of Agricul-
ture, Food and Rural Affairs, Agriculture and Food
Laboratory, Guelph, Ontario, Canada N1H 8)7.

In the past 10 years there have been
significant advances in the understand-
ing of the transcriptional regulation of
genes. This information has led to the
discovery of ‘‘illegitimate’” transcrip-
tional events in several disease states.™”
Compounds affecting mRNA transcrip-
tion have now entered the drug discov-
ery and development pathways of many
of the world’s leading pharmaceutical
companies. The challenge posed in the
identification of transcription-based
therapeutic leads has been to develop
simple, reproducible assays that allow
the user to screen large, compound li-
braries.

Advances in QPCR technology now
allow the precise quantitation of mRNA
in a single cell.®® A QPCR-based
screening strategy allows the measure-
ment of mRNA directly in very few cells
or tissue. Unlike screening methods that
employ reporter constructs containing
only known regulatory components of
the genes of interest, no prior knowledge
of these components is required to quan-
titate mRNA levels using QPCR. In addi-
tion, this type of screen would be more
flexible, as mRNA targets can be
switched easily, provided the gene se-
quence is known, without needing to
know all of the transcription regulatory
components. The key feature of this
technique is the use of a competitive
template that is introduced into test
specimens as a stringent control of all
reactions. Classic methods are based on
the coamplification of varying amounts
of an internal standard (IS) mRNA with a
constant amount of the test mRNA sam-
ple containing an unknown quantity of
the mRNA of interest. The IS is amplified
in the same tube and with the same
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primer pair as the target DNA; there-
fore, any differences in primer efficiency
or tube-to-tube variations are elimi-
nated.®® This method requires multiple
PCR reactions for each unknown sam-
ple. Thus, a large number of PCR reac-
tions must be processed to determine an
accurate mRNA concentration in test
samples.

An alternative competitive PCR strat-
egy makes use of an external standard
curve.*® The external standard curve
method allows the analysis of multiple
RNA samples by comparison of un-
knowns with a single set of standard
samples containing known amounts of
the purified wild-type template of inter-
est. All wild-type and unknown samples
are spiked with a constant amount of an
IS template, and a standard curve is gen-
erated by quantitation of the relative
amounts of wild-type and IS products in
each of the PCR reactions containing
known amounts of input wild-type tem-
plate. The amount of wild-type target in
a sample of unknown concentration is
determined by direct comparison of the
ratio wild-type target to IS to the stan-
dard curve obtained from the known
standard samples. As many unknown
samples can be analyzed with one stan-
dard curve, the method becomes a pow-
erful tool for the transcription-based
screening of the therapeutic effects of
drugs on eukaryotic cells.

Various methods have been used for
the quantitation of PCR products. Tradi-
tional gel-based methods tend to be
manually time-consuming, with low
throughput and low sensitivity. Radioac-
tive-based detection increases the sensi-
tivity but carries with it those problems
inherent in the use of radioactivity, in-
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cluding contamination of equipment,
disposal problems, and health and safety
issues. The QPCR System 5000 (Perkin
Elmer) is an automated system that
makes use of electrochemiluminescence
for detection of PCR products as de-
scribed previously.®™® In this system,
one of the PCR primers is biotinylated at
the §" end to allow capture onto strepta-
vidin-coated magnetic beads. A comple-
mentary probe is designed that is 5’-la-
beled with the electrochemiluminescent
label Tris (2,2’-bipyridine) ruthenium
(Ii) chelate (TBR). After hybridization
and capture, the samples are loaded into
the QPCR system 5000, where an oxidiz-
ing reaction, initiated by a voltage sweep
and involving the TBR label and tripro-
pylamine (TPA) (present in the assay
buffer), results in the generation of a lu-
minosity signal. There is minimal man-
ual labor involved with the QPCR system
5000. Previous studies have shown that
this detection system is linear over a
range of greater than three orders of
magnitude and can detect PCR products
in the attomole range.® As the system is
automated, variation resulting from
sample handling is minimized while
throughput surpasses what can be
achieved through classical detection
methods.

In this report the feasibility of utiliz-
ing the QPCR system 5000, and an ex-
ternal standard curve method of com-
petitive QPCR, to establish a gene
expression-based screen was evaluated.
We first tested whether competitive PCR
products could be easily differentiated
on the QPCR 5000 on the basis of se-
quence differences by use of sequence-
specific probes. Second, as many mRNAs
are induced only two- to threefold, 1%
we determined whether the screen al-
lowed the detection of two- to threefold
changes in mRNA levels. Insulin-like
growth factor 1 (IGF-1) expression in rat
liver was chosen as our test system. The
general applicability of the system to the
screening of compound repositories is
discussed.

MATERIALS AND METHODS
Test Samples

Total RNA from rat liver was isolated by
the guanidine isothiocyanate method as
described previously."® cDNA was pre-
pared by reverse transcription of total
RNA, in the presence of 5 mM MgCl,, 1x
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PCR buffer II (50 mM KCI, 10 mM Tris-
HCl at pH 8.3), 1 mm each of dGTP,dAT-
P,dCTP, and dTTP, 1 U/ul of RNase in-
hibitor, 2.5 U/unl of Moloney murine
leukemia virus (M-MLV) reverse tran-
scriptase (RT), 2.5 uM random hexamers
(all reagents from GeneAmp RNA PCR
Kit, Perkin-Elmer), and 10 pl of 0.5 pg/ul
total RNA from rat liver in a final volume
of 100 pl. Samples were incubated at
42°C for 1 hr, followed by 5 min at 99°C
to inactivate the RT. Test samples were
made by serially diluting the resulting
cDNA.

Probes and Primers

Primers and probes were synthesized in-
house on an Applied Biosystems 391
DNA synthesizer. Primer sequences
were selected as follows: IGF-1 primer
1, 5'-biotin-CATCTCTTCTACCTGGCA-
3'; IGF-1 primer 2, 5'-TTGTTTCCTG-
CACTTCCTCTA-3' [118-135 and 525-
505 of rat IGF-1 sequence,*® respec-
tively]. Primer 1 was biotinylated using
MMT-biotin—-CEP (Penninsula Laborato-
ries) to allow the capture of PCR product
onto steptavidin-coated magnetic beads.
The amplified PCR product sizes were
357 and 546 bp for the wild-type and the
IS, respectively.

Probes hybridizing to wild-type or IS
PCR products were as follows: wild-type
probe, 5'-AAGCAACACTCATCCACAAT-
GCCCGTCTGT-3'; IS probe, 5'-ATCCA-
CAATGTCTTCCATGTCCTCCTCCTC-3';
[317-288 of the rat IGF-1 sequence’®
and 237-208 of Clontech’s neutral DNA
sequence,"'® respectively]. The probes
were 5’-labeled with TBR (Perkin-Elmer).

Construction of Purified IS and
Wild-type Template

We constructed the IGF-1 IS using Clon-
tech’s PCR Mimic Construction Kit, ac-
cording to the manufacturer’'s direc-
tions."® Two composite primers were
designed containing IGF-1 primer 1 or
primer 2 sequence attached to a 20-nu-
cleotide sequence that hybridizes to op-
posite strands of Clontech’s neutral DNA
fragment. The target gene primer se-
quences become incorporated into the
IS during the primary amplification gen-
erating a PCR product that can be de-
signed to differ from the wild-type tem-
plate by size (for gel-based analysis) as
well as sequence, depending on the lo-

cation of the primer sequence hybridiz-
ing to the neutral DNA.

The wild-type template was prepared
by amplifying rat liver cDNA using IGF-1
primer 1 and 2. The resulting PCR prod-
uct was 357 bp in size rather than the
408-bp transcript predicted by the loca-
tion of the IGF-1 primers. This is attrib-
utable to the splicing out of a 52-bp se-
quence®® in the major IGF-1 transcript
present in our samples. This was con-
firmed using a probe specific to the miss-
ing 52-bp sequence that gave very low
signal on the QPCR System 5000 (data
not shown). PCR product from the pri-
mary reaction was then diluted 1:100
and reamplified. Both the wild-type and
the IS PCR products were purified by pas-
sage through Chroma Spin TE-100 col-
umns (Clontech). The yield was esti-
mated by running the products on an
agarose gel and visually comparing the
band intensity to that of known quanti-
ties of pGEM DNA markers (Pro-
mega).® A 100 amoles/ul stock was
made from which serial dilutions were
prepared.

Competitive PCR Amplifications

Each PCR reaction contained 2 mwm
MgCl,, 1x PCR buffer II, 0.2 mm each of
dGTP, dTTP, dCTP, and dATP, 0.15 pm of
each primer, 1.25 units of AmpliTaq
DNA polymerase, (GeneAmp RNA PCR
core reagents, Perkin-Elmer), 2 pl of a
known amount of IGF-1 wild-type tem-
plate, and 2 pl of IS (see figure legends
for exact concentrations used) in a total
volume of 50 ul. Standards and test sam-
ples were run in parallel on the Gene-
Amp PCR System 9600 (Perkin-Elmer).
The cycling parameters were as follows:
Thirty cycles of 94°C for 30 sec, 50°C for
30 sec, 72°C for 1 min; followed by a fi-
nal extension at 72°C for 7 min and a 4°C
soak.

QPCR 5000 Detection

Aliquots of each PCR reaction were used
in separate hybridizations with either
the wild-type or IS sequence-specific
TBR-labeled probe. Under optimized
conditions, each reaction contained 1 pl
of the amplified PCR reaction, 10 pmoles
of sequence-specific probe labeled with
TBR, and 1X PCR buffer II in a total vol-
ume of 50 pl. Samples were denatured at
95°C for 2 min followed by hybridiza-
tion to the specific probes at 55°C for 5
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min, using the GeneAmp PCR system
9600. Products from the hybridization
reaction were captured onto 15 ul of a
bead suspension containing 2 pg/ul of
4.5 pm magnetic streptavidin-coated
dynabeads (Perkin-Elmer), giving a bead
to product ratio of 15:1 (vol/vol). Tubes
were incubated for 30 min at room tem-
perature with manual shaking every 5
min to prevent settling of the beads. The
total volume was then transferred to
12X75-mm polypropylene tubes and
loaded into the carousel of the QPCR
System 5000 for analysis.

RESULTS AND DISCUSSION
Optimization

Initial conditions for the hybridization
and capture reactions were supplied by
Perkin-Elmer. A § pl aliquot of the PCR
product was hybridized to 10 pmoles of
TBR-labeled probe at 60°C for S min.
Streptavidin-coated beads (15 pl) were
then added, and the products were cap-
tured at 55°C for 20 min. These condi-
tions were optimized for our particular
probes and target sequences by varying
the hybridization and capture condi-
tions. Variables tested were length and
temperature of the hybridization and
capture steps, probe concentration, and
streptavidin-coated bead and PCR prod-
uct amounts. We found that room tem-
perature capture and an increased bead

to product ratio of 15:1 (vol/vol) from
3:1 were important, resulting in an in-
crease in luminosity values from S00
units [which is at the low end of the dy-
namic range®”] to 2000-3000 units.
The use of optimal hybridization and
capture conditions provides the user
with lower PCR product detection limits.
Thus, it is important that these condi-
tions be optimized for each new PCR
product.

Sensitivity and Linearity

The limit of detection, precision, and
linearity of the QPCR System 5000 were
analyzed using the bead-bound stan-
dards supplied with the system accord-
ing to the manufacturer’s directions.!>
It is important that the screen be sensi-
tive enough to detect small differences
in mRNA levels allowing for detection of
weak positives. Using the bead stan-
dards, the QPCR System 5000 was capa-
ble of detecting <100 amoles of product.
A detection limit of ~2 amoles for the
QPCR System 5000 has been reported
previously which is comparable to that
observed with radioisotopes.”” The in-
tra-assay precision with the bead stan-
dards was calculated to give a coefficient
of variation (CV) of 2.6% with a linear
range of over three logs of initial input
¢DNA. The capacity to detect PCR prod-

uct over a range of three orders of mag-
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FIGURE 1 Titration of IGF-1-purified wild-type template with a constant amount of IGF-1 1S. 0.2
amoles of IGF-1 IS was added to PCR reactions containing twofold serial dilutions from 0.2
amoles to 7.8x10~* amoles of purified wild-type template. After amplification, PCR products
were analyzed on the QPCR System 5000. The data are plotted as luminosity value vs. amoles of
input wild-type on a linear-log scale. (@) IGF-1 IS product; (O) IGF-1 wild-type product.

nitude enhances a gene-based screen, as
it is desirable that the screen accommo-
date a wide range of product amounts
that may be generated from test samples.

Competitive PCR

Known amounts of IGF-1-purified wild-
type template were serially diluted and
coamplified with a constant amount of
IGF-1 IS template. The wild-type tem-
plate was diluted with an initial starting
amount of either 10~ ! or 102 amoles/
pl, with a constant amount of IGF-1 IS
template equivalent to the wild-type
starting dilution, depending on the
amount of cDNA used in the test sam-
ples. The amplified products corre-
sponded to the predicted product sizes as
determined by agarose gel electrophore-
sis and comparison with pGEM DNA
markers (data not shown). The PCR
products were then analyzed on the
QPCR System 5000 using sequence-spe-
cific probes for the wild-type and the IS
PCR products. One can see that as the
wild-type product increases, the amount
of IS product decreases demonstrating
that the two products are competing in
the amplification reaction.

The probes for wild-type and IS PCR
products were first tested for cross-reac-
tivity by hybridizing samples that con-
tained wild-type product alone with the
IS sequence-specific probe, or IS product
with the wild-type sequence-specific
probe. The resulting luminosity values
from the QPCR System 5000 were
roughly equal to the background signal
of 67 (defined as the mean of 22 mea-
surements of no template PCR reactions
plus 3x the standard deviation). The IS
and wild-type probes hybridized to their
respective PCR products generated in the
competitive PCR reactions as shown in
Figure 1. The corresponding standard
curve was linear. Repeat analysis of the
same competitive reactions 1 month
later yielded a similar standard curve
(Fig. 2).

Intra-assay variation of experimental
samples was also tested by analyzing five
replicate samples. A CV of 12% was de-
termined. One would expect a higher
variation in the experimental samples
compared with the bead standards be-
cause of variation introduced with the
addition of the hybridization and cap-
ture steps. There may also have been pi-
petting inaccuracies associated with
both of these steps. Intra-assay variation
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FIGURE 2 Standard curve of the competitive PCR experiment shown in Fig. 2. The standard curve
is constructed by calculating the ratio of the wild-type product over the IS product and plotting
the result on a log-log scale against attomoles of input wild-type template present in the PCR
reaction. (A) First analysis of standard curve samples; (V) repeat analysis of standard curve

samples.

may be improved by increasing the vol-
ume of test sample in the hybridization
assays. We have since moved to using §
ul of the PCR reaction. To keep our op-
timized bead to product ratio of 15:1, we
are using less cycle numbers to reduce
product amount or diluting the product
when working at higher cycle numbers
so that 5 pl of diluted product would be

equivalent to 1 pl of undiluted product.
We found that variation among replicate
readings of the same sample on the
QPCR System 5000 was minimal (3%
CV). Therefore, one reading per tube was
all that was required. This allowed the
processing of 24 competitive PCR reac-
tions with two different probes, (48 sam-
ples), in 1 hr. Variation attributable to

10
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FIGURE 3 Scattergram of one-, two-, and threefold changes in test cDNA. The basal values,
calculated from replicate samples of the test cDNA and plotted at 1 on the x-axis, are defined as
x;/X,, where x, is the determined attomole/pl value for each individual replicate. The average, s.D.

and percent CV for each set is also shown.
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handling of the sample and washing be-
tween samples was reduced as it was
done internally by the machine.

An important prerequisite for a gene
expression screen is the accurate detec-
tion of two- to threefold changes in
cDNA levels. To test the sensitivity of the
assay, a master cDNA stock was serially
diluted either two- or threefold and am-
plified with a constant amount of the IS
template. The ratio of wild-type to IS
PCR product was determined for the test
samples, and attomole values of input
cDNA were determined using a standard
curve (as in Fig. 2). Theoretically, if the
initial cDNA concentration between
samples differed by twofold, the result-
ing attomole values should also have dif-
fered by twofold. The determined and
actual differences (x-fold) are shown in
Figure 3. The average, standard devia-
tion, and percent CV for each x-fold dif-
ference is also shown. The system al-
lowed us to detect twofold differences in
input IGF-1 cDNA with a 33% CV. In the
context of our application for the assay,
a relatively high percent CV was accept-
able. We found that most of the variabil-
ity was attributable to PCR amplification
and not to the QPCR System 5000 PCR
product analysis (data not shown). This
was confirmed by DiCesare et al.,"”> who
found that only 2% intraday error was
contributed to the total PCR assay preci-
sion by the QPCR System 5000 . When a
1.3 cutoff value defined as no x-fold in-
crease in cDNA (see Fig. 3; 1+0.33 s.p.)
was used, we calculated a false-negative
rate of 4% and a false-positive rate of
25% when determining twofold differ-
ences in input IGF-1 cDNA. These levels
are acceptable for a primary screen
where a low rate of false negatives is im-
portant, whereas any false positives
would likely be caught in a secondary
screen. It is important that all sources of
assay variability be accounted for in the
determination of false-positive and false-
negative rates. Because the values given
here were obtained starting with cDNA,
they may change once variation at the
cDNA synthesis step is determined. Al-
though the mean value for the threefold
increase was higher than that of the two-
fold increase, the difference was not sta-
tistically significant because of the high
percent CV of the assay. Where increases
differed by twofold or greater, prelimi-
nary data indicate that a detectable dif-
ference in the level of increase could be
measured (data not shown). Neverthe-
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less, within the context of this screen,
both the twofold and threefold increases
would have correctly scored as positives
because both were, on average, signifi-
cantly different from basal.

SUMMARY

We have demonstrated that competitive
PCR followed by detection on the QPCR
system 3000 can be used in gene expres-
sion-based screens. The methodologies
are sensitive enough to detect as little as
twofold differences in cDNA levels over a
large dynamic range using acceptable
false-positive and false-negative rates for
a primary screen. The screen is easily
adaptable to any target provided the tar-
get DNA sequence is known. Therefore,
multiple targets can be detected in the
same assay. The variation observed is ac-
ceptable for use in a screening laboratory
and may be improved through further
optimization of the PCR reactions. The
QPCR System 5000 can be used to detect
PCR products that have been amplified
for relatively few cycles, which is not al-
ways possible with gel-based detection
methods.'® Because the detection sys-
tem is based on sequence differences, it
is not necessary to have a size difference
between the IS and wild-type products
(although we chose to have one). This
has the benefit of eliminating any poten-
tial inequalities in amplification rates
because of size differences between
products.”

Post-PCR detection using the QPCR
System 5000 is automated, requires min-
imal manual labor, and also allows the
user to directly capture and store data.
Currently, the automation of the PCR
process is our next challenge. Several ex-
cellent examples of PCR automation are
referred to the reader.(*%-29
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