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DNA amplification utilizing the poly- 
merase chain reaction (PCR) has greatly 
enhanced the ability to detect the pres- 
ence of rare mRNA species in cells. By 
employing specific sense and antisense 
oligonucleotide primers with thermo- 
stable DNA polymerase, PCR allows am- 
plification of target sequences by several 
log orders of magnitude. (l'z) This tech- 
nique is being used increasingly to quan- 
tify rare mRNA species from cells. (3-6) In 
these studies, it is critical that the initial 
cDNA synthesis step be well controlled 
and optimized to produce a uniform 
substrate for amplification. We have ex- 
amined RNA concentration in the initial 
cDNA synthesis reaction to optimize it 
for PCR amplification of both high- and 
low-abundance messages. 

MATERIALS AND METHODS 

Cells 

Jurkat cells (kindly provided by G. Gaul- 
ton, Department of Pathology, Univer- 
sity of Pennsylvania School of Medi- 
cine) were grown in RPMI-1640 with 
added penicillin/streptomycin, L-glu- 
tamine, and 10% fetal calf serum, and 
passaged twice weekly prior to use. 

RNA Isolation and cDNA Synthesis 

Cells were centrifuged (1200 rpm/10 
min) and lysed in GITC-containing lysis 
buffer (4 M guanidine isothiocyanate, 
0.5% N-lauroyl sarcosyl, 25 mM sodium 
citrate, 0.1 M [3-mercaptoethanol). The 
lysate was extracted once with phenol, 
once with phenol/chloroform/isoamyl 
alcohol, and RNA-precipitated in 50% 
EtOH. The RNA pellet was resuspended 
in 50 ~l diethylpyrocarbonate (DEP)- 
treated water, analyzed by agarose gel 
electrophoresis, and quantified spectro- 
photometrically (OD26o). Varying con- 
centrations of RNA were utilized to syn- 
thesize cDNA with random priming in 
the following reaction mixture of 20 ~1: 
200 or 400 units of Moloney murine leu- 
kemia virus reverse transcriptase with a 
1:5 dilution of 5x reverse transcriptase 
buffer (includes dithiothreitol), and 4 
units of RNase inhibitor (all from 
GIBCO/BRL, Gaithersburg, MD), 0.6 or 
1.2 ~g of random oligonucleotides 
(mostly hexamers) (from Pharmacia LKB 
Biotechnology, Piscataway, NJ), and 0.5 
or 1 mM dNTPs (equimolar in each 
dNTP, from Boehringer Mannheim 

GmbH, Germany). Following a 10-min 
preincubation at 25~ the reaction was 
carried out for 1 hr at 42~ then 95~ for 
5 min, followed by storage at - 20~ un- 
til use. 

DNA Amplification 

cDNA was amplified utilizing Thermus 
aquaticus DNA polymerase (Taq poly- 
merase) and standard reaction condi- 
tions suggested by the manufacturer 
(Perkin-Elmer Cetus Corp., Norwalk, 
CT). If cDNA was used directly, it was 
diluted at least 1:20 in the PCR reaction, 
thereby minimizing the concentration 
of reagents from the cDNA synthesis 
step. The reaction mixture (25 ~l) con- 
tained a 1:10 dilution of 10x reaction 
buffer, dNTPs (final concentration 200 
~M in each dNTP), 1 ~l of each oligonu- 
cleotide primer at 20 ~M (final concen- 
tration 0.8 ~M in each primer), and 1.25 
~l of cDNA. This was heated to 95~ for 
5 min prior to the addition of MgC12 (2.5 
mM final concentration) and 1 unit of 
Taq polymerase. Primers were synthe- 
sized by the Wistar Institute oligonucle- 
otide synthesis facility. The samples 
were covered with a drop of mineral oil, 
and amplified with a Programmable 
Thermal Cycler (MJ Research, Water- 
town, MA). This program was: melting at 
94~ for 3 min; 15 cycles of melting at 
94~ for 1 min, annealing at 60~ for 1 
min, elongation at 72~ for 1 min; 15 
cycles of melting at 94~ for 1 min, an- 
nealing at 60~ for 1.5 min, elongation 
at 72~ for 2 min; final elongation at 
72~ for 7 rain; cooling to 4~ The reac- 
tion products were run on a 3% agarose 
gel, stained with ethidium bromide, and 
photographed under UV light. 

RESULTS 

Primers 

The primers utilized for a low-abun- 
dance message were derived from the se- 
quence of the human c-myc oncogene. (3) 
The sequences are: 
c-rnyc 5' 1763 GCTTCTCAGAGGCTFGG 1779 
c-rnyc 3' 2205 CGTCTAAGCAGCTGCAAG 2188 

The primers utilized for a highly ex- 
pressed message were derived from the 
sequences of human and murine ~/-ac- 
tin. (7-9) These sequences were aligned 
for maximal homology utilizing the pro- 
grams Wordsearch and Segments. ~176 
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The alignments and primers are shown 
here: 
Human~/-act in 

189 G A C A C C A G G G C G T C A T G G T G  208 

11111111111111111111 
Mur ine  ~-actin 

155 G A C A C C A G G G C G T C A T G G T G  174 
H u m a n  ~/-actin 

781 G G A G A A G A G C T A C G A G C T G C  800 

111111111 1111111111 
Mur ine  ~/-actin 

747 G G A G A A G A G T T A C G A G C T G C  766 
~/-actin 189-209 cod ing  

GACACCAGGGCGTCATGGTG 
~/-actin 804-781 n o n c o d i n g  

GCAGCTCGTAGCTC T T CTCC 

cDNA Synthesis 

A 
120 

RNA was extracted from log-phase grow- 
ing Jurkat cells (human  T-cell line), and 
quantified spectrophotometrically.  Vary- 
ing amounts  were used to prime cDNA 
synthesis with either 0.5 or 1.0 mM 
dNTPs added. Serial dilutions of these 
cDNAs were subsequently reacted with 
the c-myc primers for 30 cycles of PCR as 
described in Materials and Methods. For 
analysis, the products were separated by 
agarose gel electrophoresis and visual- 
ized by ethidium bromide staining. The 
results are shown in Figure 1, with the 

amoun t  of RNA in the reverse tran- 
scriptase (RT) reaction shown above the 
cDNA dilution. The samples designated 
with a plus sign had higher dNTP con- 
centration (1.0 vs. 0.5 mM), as well as a 
higher  concentrat ion of RT (400 units vs. 
200 units). The intensity of the bands at 
all dilutions increases with increasing 
RNA concentrat ion up to - 1 0  t~g RNA, 
then levels off. This is also apparent  
when the original gels were scanned 
densitometrically, and the intensity of 
the bands quantified (Fig. 2A, B). The ad- 
dition of the higher amount  of dNTPs 
and RT did not enhance the signal when 
analyzed similarly (Fig. 1). 

These experiments were repeated on 
similar cDNAs with primers for ~/-actin, a 
relatively high-abundance message, with 
multiple dilutions of the cDNAs used. 
When  the different concentrations of 
RNA for RT are compared, the lowest 
concentrat ions used (1 I~g) provided the 
least leeway for dilution. Ten micro- 
grams of RNA was quite efficient at mul- 
tiple dilutions, with PCR effective for a 
10 -3 dilution. This was also observed to 
be the case for 45 t~g of RNA, al though 
this higher  concentrat ion of RNA did not  
greatly improve the sensitivity of PCR 
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FIGURE 2 Densitometric quantitation of Fig. 1 PCR products. 

FIGURE 1 PCR with c-myc primers of Jurkat cell cDNA. The amount of RNA in the reverse 
transcriptase reaction is shown above the loglo of the cDNA dilution. The concentration of 
dNTPs was 0.5 mM except samples with a + symbol, where it was 1.0 mM in the RT reaction. 
Ethidium bromide-stained PCR products are shown following agarose gel electrophoresis. 

None I :'10 I :CO0 

Dilution 

FIGURE 3 Densitometric quantitation of PCR 
products with ~-actin primers. Jurkat cell RNA 
was used as a template for cDNA synthesis, 
and amplified for 30 cycles with ~/-actin prim- 
ers. Serial 10-fold dilutions of cDNA were used 
as substrates for PCR. Results are shown for 
the 10-2 dilution for cDNA synthesized from 
l, 10, or 45 I~g of RNA. 

compared with 10 I~g. The intensity of 
bands was quanti tated densitometrically 
for the 10 -2  dilution, with the results 
shown in Figure 3. While additional di- 
lutions of RNA were not employed in 
these experiments, the finding of high- 
est ~-actin signal intensity for the 10 I~g 
concentrat ion of RNA parallels the result 
for c-myc, suggesting that  RNA concen- 
trations in the range of 10-15 p.g may  
provide optimal cDNA for amplification 
of both high- and low-abundance mes- 
sages. 

These studies demonstrate  that  cDNA 
synthesis can markedly affect the effi- 
ciency of PCR amplification, and should 
be optimized for increased PCR detec- 
tion of RNA transcripts. Although the op- 
t imization protocol may  vary depending 
on the specific transcript being analyzed, 
the method  of cDNA priming, and other  
specific conditions, the initial prepara- 
tion of cDNA should be carefully ana- 
lyzed. Both too little or too much  RNA 
may produce less cDNA than optimal for 
PCR amplification. For low concentra- 
tions of RNA, cDNA of better quality may 
be produced with higher amounts  of 
dNTPs, thus enhancing  detection for 
specific transcripts. 
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