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ABSTRACT

In this paper we determine the limits and
accuracy of quantitative reverse transcrip-
tion (RT)-PCR using a modification of the
original protocol. The quantification of
mRNA with this procedure requires a pre-
liminary estimation of the target molecule
(TM) concentration, established from ex-
perimentswith an internal control molecule
(ICM). A definitive quantification is then at-
tained from serial dilutions of the reverse
transcription reaction. The success of this
latter step is dependent on maintaining an
equivalent number of TM and ICM in the
reaction. The purpose of our study was to
evaluate the influence of the deviation be-
tween the TM and the ICM on theresult. We
show here that we can control the accuracy
of the assay by fixing the limit of the
TM/ICM ratio. Indeed, when the TM/ICM
ratio is between 0.66 and 1.5 (i.e., the dif-
ference between TM and ICM is 1.5-fold),
thefinal result hasan error of approximate-
ly 10%. Exceeding this limit produces er-
rors approaching 60%, as in the case of
TM/ICM = 2. When the above conditions
are respected, a difference as small as 20%
between two samples can be determined
with an accuracy of 95%.
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INTRODUCTION

The reverse transcription poly-
merase chain reaction (RT-PCR) is the
technique of choice for analyzing ex-
tremely low abundance mRNA derived
from cells or tissues. Recently, a num-
ber of reports have described different
quantitative procedures for analyzing
MRNA steady-state levels. PCR is how
awell-established method whose sensi-
tivity is a principa advantage over
other “similar” techniques, such as
Northern blots, which only provide
semi-quantitative results. The earliest
PCR studies proceeded by comparing
the amplified products from the target
molecule (TM) with the amplified
products from the cDNA of an abun-
dant protein, such as actin or b-globu-
lin. Quantification of specific MRNA
moleculeswith RT-PCR was dependent
on extrapolating the resultsfrom a con-
trol molecule. However, variations in
the kinetics of the reverse transcription
reaction could produce discrepancies
between the cal culated amount of mol-
ecules from the sample and the actual
amount of molecules. For this reason,
the best control molecules are internal
control molecules (ICM). To ensure
that the efficiency of the PCR issimilar
for both molecules, the ICM is created
from a synthetic cRNA. This cRNA is
identical to the TM except it possesses
a small deletion in the amplified por-
tion of the molecule. The resulting
amplified products have different mol-
ecular weights and are distinguished
easily on polyacrylamide gel elec-
trophoresis.

Quantitative RT-PCR is based on the
competitive status between both ampli-
cons. The addition of an ICM inthe RT-
PCR creates competition between the
TM and the ICM for the factors con-

trolling the amplification process, such
as nucleotides and primers (for review
see Reference 2). The approach devel-
oped by Wang et al. (9) was based on
the fact that during the exponential
phase of PCR, the amount of TM could
be quantified by extrapolating against
the results abtained from the ICM, pro-
vided that the reaction efficiencieswere
identical. In order to properly set up a
Wang assay, it is necessary to know the
amount of the target RNA before the
experiment commences and, for this
reason, we adopted the modifications
proposed by Nagano and Kelly (4).
Consequently, atitration assay is used
to estimate the quantity of target mole-
cule. The quantitative assay isthen per-
formed using serial dilutions from an
RT reaction containing equivalent
amountsof TM and ICM.

Theaim of our study wasto evaluate
how theratio of TM to ICM affectsthe
competition between the two ampli-
cons and therefore the accuracy of
guantitative RT-PCR. For these rea
sons, we devised a quantitative RT-
PCR using a known number of two dif-
ferent cRNA molecules (one molecule
was designed as the ICM and the other
as the TM in nonspecific RNA). By
mani pulating one of the two molecules,
we were able to assess the limits and
the precision of quantitative RT-PCR.

MATERIALSAND METHODS

Internal Controls

Neurotensin receptor (NTR) cDNA
was kindly supplied by Dr. Nakanishi.
The coding region of NTR cDNA (-7 to
1301) (8) was inserted into the Smal-
BamH]I site of pT7/T3a18. An oligonu-
cleotide containing a poly(dA),s was
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Table 1. Summary of the Results Obtained from Titration (A) and Quantitative (B) Assays, and a Comparison of Two Samplesin Which Quantity

Differsby 20% (C)

A B
Titration Quantitative C
Assay Assay Sensitivity
Molecules
IN 1000000 1000000 750000 1500000 2000000 500000 1000000 800000
cRNA D34
Molecules
ouT 1179825 1091817 831764 1654190 3083262 306359 1091817 755681
(mean)
S.D. 345505 130920 62059 132370 534665 65239 130920 136790
S.D.as%
Molecules 29.3 12 7.4 8 17 21.3 12 18
ouT
% IN/OUT 15.25 8.4 9.8 9.3 35.1 63.2 8.4 5.9
Student's t Test P<0.05
A varying number of cRNA D34 molecules is assayed with 106 molecules of cRNA D96.

then inserted between the Sall-BamHI
sites. Deletions of 34 and 96 nu-
cleotides were made by deleting frag-
ments Ncol-Nhel and Hincll-Ncol, giv-
ing the plasmids named pD34 and
pDO6, respectively. All enzymes, unless
otherwise noted, were purchased from
Life Technologies (Gaithersburg, MD,
USA) and the reaction conditions were
those as suggested by the manufactur-
ers. The cRNA D34 and the cRNA D96
were obtained by in vitro transcription
of 8 ng each of plasmid linearized at
the Sall site. The transcription reaction
contained 40 mM Tris-HCI pH 7.2, 10
mM dithiothreitol (DTT), 6 mM
MgCl,, 4 mM spermidine, 80 U
RNasin® Ribonuclease  Inhibitor
(Promega, Madison, WI, USA), 0.5
mM dNTP and 60 U of T7 RNA poly-
merase. Polymerase chain reactions
were carried out in afinal volume of 50
mL at 37°C for 1 h. The reaction mix-
ture was treated with 10 U of RNase-
free DNase | for 15 min at 37°C. The
cRNAs were purified on oligo(dT)
columns (Sigma Aldrich Techware,
Milwaukee, WI, USA), following the
procedure described by Aviv and Leder
(2). After elution, the cRNAswere pre-
cipitated with ethanol and then diluted
in diethylpyrocarbonate (DEPC)-treat-
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ed water containing 1 U/nL of RNasin.
cRNA quality was checked by elec-
trophoresis in formaldehyde RNA gel
(6), and cRNA concentration was
estimated by spectrophotometric ab-
sorbance at 260 nm. The cRNA solu-
tion was diluted to 1~ 107 molecules/
nL in DEPC-treated water, put into 10-
L aliquots and stored at -80°C.

Primer Labeling

Fifty picomoles of antisense PCR
primer were 5¢32P end-labeled with 20
U of polynucleotide T4 kinasein 50 L
of 10 mM MgCl,, 5mM DTT, 70 mM
Tris-HCI pH 7.6 and 100 pmol [¢-32 P]-
ATP (3000 Ci/mM) (Amersham Inter-
national, Little Chalfont, Bucks, Eng-
land, UK) at 37°C for 30 min. The
end-labeled oligonucl eotide was subse-
quently purified on a microcolumn.
The oligonucleotide concentration was
estimated by counting 1 L of eluent
on aGF/Cfilter (Whatman, Maidstone,
Kent, England, UK) in 5 mL of dry ex-
tract scintillation fluid (Optiphase;
Wallac/Pharmacia, Brussels, Belgium).

Reverse Transcription Reaction

The primer RT-NTR (56GCT-
GACGTAGAAGAG-3() located at po-

sition 1069-1083 was used for reverse
transcription of both cRNA molecules.
Varying amounts of cRNA D34 and
cRNA D96 were mixed with 1 mg RNA
of total mMRNA from Chinese hamster
ovary (CHO) cells devoid of NTR
MRNA, 50 pmol of RT-NTR primer in
20 mM Tris-HCI pH 8.3, 50 mM KCl,
5 mM MgCl,, 10 mM DTT, 1 mM
dNTP, 1 U/mL RNasin and 200 U
Moloney murine leukemia virus re-
verse transcriptase in afinal volume of
30nL for 1hat 37°C.

Quantitative RT-PCR Conditions

Primers used in this procedure were
SNTR (5¢CCTTCAAGGCCAAGA-
CCCTC-3¢ and ASNTR (5¢CAG-
CCAGCAGACCACAAAGG-3¢ at
positions 521-540 and 947-966, re-
spectively, giving aPCR product of 411
nucleotides for cRNA D34 and 349 nu-
cleotides for cRNA D96. Primers were
synthesized and purified using poly-
acrylamide gel electrophoresis. The
PCR amplification was performed on
1:5 (vol:vol) of the RT reaction in a
mixture containing 16 mM Tris-HCI
pH 8.3, 40 mM KCI, 1.5 mM MgCl,,
0.2 mM concentration of each dNTR,
25 pmol of each primer (SNTR and
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ASNTR), 106 cpm of a 5¢end-labeled
[0-32P]JATP ASNTR and 1 U of Taq
DNA Polymerase (Perkin-Elmer, Nor-
walk, CT, USA) inafinal volume of 50
nmL. The amplification profile was
divided into denaturation at 94°C for 30
s, annealing at 55°C for 1 min and ex-
tension at 72°C for 1 min 30 s. The 26
cycleswere preceded by adenaturation
at 95°C for 5 min and immediately fol-
lowed by afinal extension at 72°C for
10 min. The amplification was per-
formed in a 500-nL GeneAmpC tube,
containing 50 nL of Nujol mineral ail,
inaDNA Thermal Cycler 480 (Perkin-
Elmer).

The assay system consisted of two
steps. Titration assays were performed
with 108 molecules of cRNA D96 with
increasing quantities (104 to 108 mole-
cules) of cRNA D34. For precise RNA
quantitative studies, a known number
of cRNA D34 and cRNA D96 mole-
cules were subjected to reverse tran-
scription, followed by a series of 1:3
(vol:val) dilutions and amplification by
PCR. For the negative controls, the
same procedure was applied to aRT re-
action containing no RNA or cRNA.
This control was made for each group
of samples. Gel pieces from the nega
tive control were excised, counted and
used for background estimates. The ex-
periment was rejected if the negative
control contained visible bands.

Electrophoresis

Twenty microliters of each PCR was
immediately loaded on 5% polyacryl-
amide gelsin 90 mM Tris-borate and 2
mM EDTA. Electrophoresis was per-
formed at 250 V for 3 h at room tem-
perature in an ADJ2 apparatus (Owl
Scientific, Woburn, MA, USA). After
migration, the bands were stained in
ethidium bromide and cut out before
counting in 3 mL of scintillation fluid
in a b-scintillation counter (Model LS
6000 SC; Beckman Instruments,
Fullerton, CA, USA).

Data Analysis

After counting, the log of the cpm
was plotted against the log of the ICM
or thelog of the RNA. A linear regres-
sion for each curve was calculated. The
data generated from these curves were
used to extrapol ate the number of mole-
cules in each sample. The experiments
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in Table 1 were performed five times
and the results expressed as the
average. The statistical significance of
the results were analyzed using the
Student’st test.

RESULTSAND DISCUSSION

The quantitative RT-PCR assay de-
veloped by Wang et a. (9) and modi-
fied by Nagano and Kelly (4) is the
most sensitive technique available for
the measurement of RNA. Proper im-
plementation of this technique is de-
pendent on completing two rounds of
RT-PCR, consisting of titration and
quantification assays. We performed
here a series of tests to illuminate the
critical steps and parameters control-
ling the accuracy of quantitative RT-
PCR

In atypica RT-PCR, thereisan un-
known concentration of target molecule

(TM) and a known concentration of an
internal control molecule (ICM). The
concentration of the TM is determined
by extrapolating the data based on the
ICM. For our experiments, the TM was
known in advance, which permitted us
to determine if the expected concentra-
tion resulting from the RT-PCR was
equal to its known concentration. In our
system, cRNA D34 was considered the
target molecule (TM), contained in 1
ng of CHO RNA, and cRNA D96 was
the ICM. The known number of start-
ing molecules is referred to as “Mole-
culesIN” and the number of molecules
calculated as aresult of the RT-PCR is
referred to as* Molecules OUT”.

The titration assay is a preliminary
step, consisting of a competitive RT-
PCR that determines the departure
point for the final quantification of the
MRNA. An increasing amount of |CM
is added to the RNA sample, followed
by aRT reaction and PCR. If theinitial

10°
51 5
e 10 molecules cERNAASE
] - cRNAA34
10°
= . 1 554 000
Ay 10* molecules
[
107 4
1 257 000
molecules
2
10 T T T I
1a* 10® 1ot 1a” 108
cRNAAZ4 Molecules

Figure 1. Titration assay. Each point containing 106 molecules of cRNA D96 and various numbers of
molecules of cRNA D34 were reverse-transcribed and amplified as described in Materials and Methods.
The amplification products were separated using polyacrylamide gel electrophoresis and detected by
ethidium bromide staining. The cpm from the bands were counted after they were excised from the gel.
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TM and ICM concentrations were
identical, the resulting PCR products
should be produced in equal amounts
(5,6).

We evaluated the accuracy of the
titration assay by determining the effect
of increasing the number of cRNA D34
molecules on a constant quantity of
ICM, i.e., 106 molecules of cRNA D96.
The results were plotted using the for-
mulaLog (cpm) =f(Log ICM), and the
estimated quantity of TM was calculat-
ed at the point where the two curvesin-
tersected. Asshown in Figure 1, there-
sults obtained from this procedure were
inexact. Thetotal number of molecules
differed by approximately 25% (1.554
"~ 108vs. 1.257 " 106), depending upon
whether the cal culation was made at the
point were the curves crossed (solid
lines) or at the point where the regres-

sions crossed (dotted lines). In addi-
tion, while the average quantity of mol-
ecules obtained from the five experi-
ments corresponded to what was
expected, the value for the standard de-
viation was 30% of the fina result
(Table 1A). Finaly, we aso noticed
that among these five experiments, the
extreme values of the results varied up
to 50% (data not shown). The titration
assay, based on competitive PCR, was
first described by Gilliland et a. (3).
While this method is very accurate for
DNA measurements, the authors noted
that several pitfalls should be consid-
ered when applying this technique to
the quantification of low abundance
MRNAS. To eliminate the effect caused
by differences in RT efficiency, which
can vary up to 50% (2), a homologous
CcRNA internal control must be added to

the RT reaction. In the case of thetitra-
tion assay, where calculations are based
on individual RT reactions, it is likely
that these inconsistent results are
caused by efficiency differences be-
tween the various RT reactions. Never-
theless, in many cases this procedure
can be used when the experiment re-
quires an accuracy of only 50%.

As can be seen from the results
shown above, a second step (quantita-
tive assay) is required to attain precise
datawith RT-PCR. By using the results
obtained from the initial titration assay,
aknown quantity of RNA sample (TM)
is mixed with the internal control so
that the quantities of both moleculesare
equal. This mixture is then reverse-
transcribed and a PCR is performed on
samples that have been (1:3) serially
diluted.

o’
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"r""\- 10 molecules cRNAASS 10 - B 0. 75x10 molecules cRRNAASS
-
Py
b =
= 16" - ‘//";
o /
"-\.
10° -—-".-';/
d e 10t o
1;:_,_,.-" 1
— T 1 T T T
i 10 16? 108 1o 1ot 00 108
cRMNAASE maolecules RMNAASE malecules
gt —
R U ] Lol i
w 1.5%10 molecules cRMAAZY 0.% x10 molecules cRNAATS
.4 | -
16" - . >
—- |
. 4 D.! e o ol
= /J /*f‘ o |
i o T
= e P
10° - - P
-
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f . = -
w
" |
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Figure2. Visualization of the discrepancy between the amountsof TM and I CM. Varying quantities of cRNA D34 molecules (N), asindicated in Panels A,
B, C and D, and 10° molecules of cRNA D96 (- ) were reverse-transcribed, followed by serial dilutions and amplification as described in Materials and Methods.
The amplification products were separated using polyacrylamide gel el ectrophoresis and detected by ethidium bromide staining (see insert in each panel). The
bands were excised from the gel and counted. The cpm from cRNA D34 and cRNA D96 were plotted against the quantity of cRNA D96 molecule contained in

each dilution.
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In order for RT-PCR to be quantita-
tive, it is necessary to have nonbiased
competition between the TM and the
ICM during the exponential phase of
the PCR. Unfortunately, nonbiased
competition can be assumed only when
the ratio of TM to ICM is 1:1. We de-
signed experiments that purposely dis-
torted the ratio of TM to ICM to deter-
mine how variations in this ratio
influence the final quantification.

One way to visualize the effect of
varying the TM to ICM ratio was to
plot the cpm from ICM and from TM
against the number of internal control
molecules. The distances between the
two curvesillustrate the divergence be-
tween the amounts of TM and ICM. In
Figure 2A, 105 molecules of cRNA

D96 (ICM) was assayed with 106 mole-
culesof cRNA D34 (TM). Asexpected,
the curves were perfectly superimposed
because TM and ICM were in nonbi-
ased competition. However, variations
in their respective concentrations in-
duced biased competition effects. For
example, when the amount of cRNA
D34 was dtered by 25% or 50% (i.e.,
by adding 0.75" 10%0r 1.5" 106 mole-
cules), the curves became dlightly sep-
arated (Figure 2, B and C). The curves
separated completely whenthe TM and
ICM had a 2-fold concentration differ-
ence, asshown in Figure 2D.

The results from these same experi-
mentswere also quantified, asshownin
Table 1B. A difference up to 1.5-fold
between the TM and the ICM resulted

2.0
ol ¢ Experimental results
| *» Theoretical results
= 1.8 -
=
= |
m 1.4 -
Al
=
T
©
5 1.0
~ v
=
0.8 -
w
o~
=3
s 0.8 4
. ]
=}
= 0.4 -
0.2 : .
-0.88<TM/ICM<1.5
nrn ""I""I'I"I'II||'1II Fllll'llllllrl[lrlfilrlf
656 5.8 5.7 6.8 58 8.0 8.1 82 8.3 8.4 8.5
Log (Molecules IN)

Figure 3. Accuracy of quantitative RT-PCR. A comparison between the experimental results and the

theoretical results. This graph shows the variation between the number of molecules added at the begin-
ning of the experiment and the number of cal culated molecules (Molecules IN/Molecules OUT), against
the number of molecules added at the beginning of the experiment (Molecules IN).
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in adeviation of approximately 10%, as
determined from the known amount of
“Molecules IN” and the calculated
amount of “Molecules OUT”. Howev-
er, adivergence of 2-fold between the
TM and the ICM caused the amount of
Molecules OUT to be altered by
35%—60%, when compared to the num-
ber of MoleculesIN (Table 1B).

To access to the accuracy of the as-
say, we represented the variation of the
ratio of the Molecules IN/Molecules
OUT asafunction of the Molecules|N.
The closer the MoleculesIN/Molecules
OUT ratio isto 1, the more precise is
the assay. In Figure 3 we visualized the
discrepancy caused by distorting the
ICM to TM ratio. The practical limits
of quantitative RT-PCR isdepicted by a
box that defines the situation where the
ratio of Molecules IN/OUT remains
linear with a variation of 10%. These
conditions are satisfied when the
TM/ICM rétio is between 0.66 and 1.5
(or the difference between TM and
ICM is 1.5-fold). Outside these limits,
the IN/OUT ratio diverged abruptly and
the fidelity of the results subsequently
diminished.

To test the sengitivity of quantitative
RT-PCR, we analyzed the results from
two different experimentswherethera-
tio of TM and ICM was within the
above-determined limits. In this analy-
sis, we wanted to determine if minor
differences between samples could be
accurately quantified. As shown in
Table 1C, two experiments were per-
formed where the quantity of starting
cRNA D34 differed by only 20%. A
Student’s t test was applied to the re-
sults of this quantification and were
shown to be accurate at the level of
95% confidence.

From these experiments we deter-
mined some of the fundamental aspects
controlling the accuracy and sensitivity
of quantitative RT-PCR. The titration
assay was a preliminary step employed
to set up the quantitative assay. The
guantitative assay was, however, neces-
sary for very accurate quantification.
By manipulating the ratio of TM and
ICM, we were able to define the practi-
cal limits of quantitative RT-PCR. Asa
general rule, results are accurate to
90% if the difference between TM and
ICM remains equal or under 1.5-fold.
Lastly, we showed that this technique
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was sufficiently sensitive for measuring
concentration differences as small as
20%. We demonstrated that under de-
fined limits, quantitative RT-PCR is a
very useful method to precisely quanti-
fy low abundance mRNA.

ACKNOWLEDGMENT

The authors wish to express their
many thanks to Dr. Neil Insdorf for his
invaluable help in the writing of the
manuscript and for helpful discussions.
The authors also thank Drs. Kelly and
Nagano for introducing them to this
method. Thiswork was supported by a
fellowship to F. Souazé from the Min-
istére de|’ enseignement supérieur et de
larecherche.

REFERENCES

1.Aviv, H. and P. Leder. 1972. Purification of

biological active globin messenger RNA by
chromatography on oligothymidylic acid-
cellulose. Proc. Natl. Acad. Sci. USA.
69:1408-1412.

2.Ferre F., A. Marchese, P. Pezzoli, S. Griffin,
E. Buxton and V. Boyer. 1994. Quantitative
PCR—an overview, p. 67-88. Polymerase
Chain Reaction. Birkhauser Boston, Cam-
bridge, MA.

3.Gilliland, G., S. Perrin, K. Blanchard and
H.F. Bunn. 1990. Analysis of cytokine
mRNA and DNA: detection and quantification
by competitive polymerase chain reaction.
Proc. Natl. Acad. Sci. USA 87:2725-2729.

4.Nagano, M. and P.A. Kelly. 1994. Tissuedis-
tribution and regulation of rat prolactin recep-
tor gene expression. Quantitative analysis by
polymerase chain reaction. J. Biol. Chem.
269:13337-13345.

5.Piatak Jr., M., L. Ka-Cheung, B. Williams
and J.D. Lifson. 1993. Quantitative competi-
tive polymerase chain reaction for accurate
quantitation of HIV DNA and RNA species.
BioTechniques 14:70-81.

6.Sambrook, J., E.F. Fritsch and T. Maniatis.
1989. Molecular Cloning: A Laboratory Man-
ual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

7.Stieger, M., C. Démolliére, K. Ahlborn-

laake and J. Mous. 1991. Competitive poly-
merase chain reaction assay for quantification
of HIV-1 DNA and RNA. J. Virol. Methods
34:149-160.

8.Tanaka, K., M. Masu and S. Nakanishi.
1990. Structure and functional expression of
the cloned rat neurotensin receptor. Neuron
4:847-854.

9.Wang, A.M., M.V. Doyle and D.F. Mark.
1989. Quantitation of mMRNA by the poly-
merase chain reaction. Proc. Natl. Acad. Sci.
USA 86:9717-9721.

Received 30 October 1995; accepted
31 January 1996.

Address correspondence to:

Patricia Forgez

INSERM Unit 339

Pavillon Raoul Kourilsky

Hopital Saint-Antoine

184 rue du Faubourg Saint-Antoine
75012 Paris, France

Internet: forgez@idf.ext.jussieu.fr




