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PCR is being used increasingly, not just 
to establish the presence of specific nu- 
cleotide sequences, but also to ascertain 
their quantity. The technique of compet- 
itive PCR involves the coamplification of 
a quantified competitive sequence with 
the target mRNA. Relative abundance 
after amplif icat ion of the target and 
competitor is then analyzed using a pre- 
defined and exploitable difference be- 
tween the target sequence and that of 
the competitor. ~1'2) Differences that 
have been reported previously involve 
restriction site variations induced by 
site-directed mutagenesis and incorpora- 
tion of an intron within the competi- 
tor. (3) 

In this paper we report a simplified 
competitive PCR system based on inter- 
species sequences differences and simi- 
larities. The technique has been applied 
to study quantitative variations in [3-ac- 
tin mRNA within  serum-deprived hu- 
man  hepatocellular carcinoma cells 
(Hep 3B) in response to serum addition. 
By comparing the [3-actin gene nucle- 
otide sequence of the rat with that of the 
h u m a n  (4's) and obtaining a range of con- 
sensus sequences, an appropriate set of 
nucleotide sequences that best fit the cri- 
teria for primers and were identical in 
both species was selected (Fig. 1). By ex- 
ploit ing existing nucleotide differences 

between the two species, un ique  restric- 
tion sites present in only one of the se- 
quences could be identif ied (Fig. 1). Two 
[3-actin primers were designed that pro- 
duced a 289-bp product after reverse 
transcriptase-PCR (RT-PCR), which  
upon complete restriction with PvuII 
yielded two fragments of 132 and 157 bp 
in rat only (Fig. 1). 

RNA was extracted by the acid-  
guanid ium thiocyanate method.  (6) Hu- 
man  or rat RNA was submit ted to a RT 
reaction using random hexamers or the 
downstream primer XAHR17. Upon the 
addition of the remain ing  primer, the 
cDNA was subjected to standard PCR. 

Commercial  reagents (GeneAmp RNA 
PCR kit, Perkin-Elmer) and the manufac- 
turer's suggested reaction condit ions 
were employed for the reverse transcrip- 
tion of the mRNA into cDNA. A master 
mix consisting of 5 mM MgC12, 1 x PCR 
buffer II, 0.35 I~M dNTPs, 1 U/~l of RNase 
inhibitor,  2.5 U/p,l of RT, and 0.75 bI, M of 
the downstream primer (XAHR17) was 
used. Prior to PCR, -0 .5  ~Ci per sample 
of [oL-32p]dATP or  [e~-32P]dCTP was added 
to enable sample analysis. (1,2,7) PCR was 
carried out in 50- to 100-1~1 volume of a 
master mix containing 2 mM MgC12, 1× 
PCR buffer II, 0.15 I~M upstream primer 
(XAHR20), and 0.025 U/t~I of AmpliTaq 
DNA polymerase at a cycle program for 

EXON 3 

Sna BI(R) Acc Ill(R) Pvu II (R) 

I~' Fin I(R) I Xma III (H) 

i i 

H u m a n  ~ CGGCCG 
XAHR 20 289 bp 

Mja (R) 
Mae (R) 

XAHR 17 

Rat 

i z Pvu II i I 
I I 

CAG~CTG 

XAHR 20 132 bp [ 157 bp XAHR 17 

= consensus  be tween  human  and sequences rat 

Pvu II 
= restriction sites on either human (H) or rat (R) 

XAHR 17 : 5' CGGAACCGCTCATTGCC 3' 

XAHR 20 : 5' ACCCACACTGTGCCCATCTA 3' 

FIGURE 1 Exon 3 of the human and rat [3-actin gene showing consensus regions and restriction 
sites. Consensus sequences 2 and 9 were chosen for primers. A PvuII restriction site is present in 
the rat sequence. 
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15-30 cycles of 92°C for 1 min, 54-56°C 
for 1 min, and 72°C for 2 min, followed 
by soaking at 15°C. Blank controls were 
set up with no RNA, rat RNA only, and 
human  RNA only. 

The 289-bp PCR product was then  re- 
stricted with PvulI to give, as predicted, 
restriction of the parent  fragment into 
the two smaller fragments in the case of 
the rat sample (Fig. 2, lanes iii and iv), 
and no restriction occurred in the case of 
the human  sample (Fig. 2, lanes ii and v). 
PvuII restriction was carried out directly 
on an aliquot of amplified DNA with 30 
units of enzyme at 37°C for - 1 2  hr. 

The resulting reaction mixtures were 
then run on a 2% agarose gel with ethid- 
ium bromide, and the specific bands 
were excised and the radioactive counts 
in each determined. (2> Background 
counts representing the unrestricted rat 
fragment were subtracted, and the ratio 
of ra t /human determined and plotted. 

To demonstrate "l ineari ty of quanti- 
tat ion,"  a xeno-competit ive PCR stan- 
dard curve was carried out by modifica- 
t ion of the approaches described by 
Gilliland et al. (1'2> In brief, varying vol- 
umes (0.25-1 I~l) of a standardized stock 
solution of rat competi tor  were dis- 
pensed into master mixes for reverse 
transcription and aliquoted into varying 
but known volumes of h u m a n  mRNA 
stock, prepared from a h u m a n  leukemic 
cell line (HL-60). The amplif icat ion step 
was subsequently carried out by aliquot- 
ing a PCR master mix into the human/ra t  

(i) (ii) (iii) (iv) (v) 

FIGURE 2 A 2% agarose gel showing PCR 
products after restriction with PvuII. Ampli- 
fied [3-actin fragments of human (lanes ii and 
iv) and rat (lanes iii and v) showing no restric- 
tion and restriction, respectively. It is prefer- 
able that restriction is carried to completion, 
as seen in lane v, as it would facilitate analysis 
of the results. 
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FIGURE 3 Graphic representation of varying volumes of human stock mRNA (txl) reverse tran- 
scribed and amplified with 0.25 ILl of competitor rat mRNA. Radioactive counts representing the 
human and rat bands are depicted as human/rat ratios. The ratios which were comparable within, 
but not among, batches, showed a linear relationship to actual quantities of human RNA. Dif- 
ferent batches contained varied volumes of rat competitive stock (r for 0.5 ILl of rat stock = 0.95: 
r for 1 I~l of rat stock = 0.99). 

cDNA mixture. The ratios of human/ra t  
counts plotted against the increase of 
human  RNA are depicted in Figure 3. 
Each experiment represented samples 
run within a single batch, with identical 
aliquots of rat competi tor  RNA. For each 
of the batches analyzed, a linear re- 
sponse of ratios, was obtained for the 
varying amounts  of human  mRNA. How- 
ever, it was not  possible to compare ra- 
tios among batches. The results suggest 
that  samples within a single batch may 
be compared with one another  with re- 
spect to their relative quantities but that  
the values obtained are not  comparable 
with those obtained from different 
batches. 

To test further the within-batch pre- 
cision of the technique, tube-to-tube 
variation was deliberately induced by 
varying the number  PCR cycles for oth- 
erwise identical tubes. Four tubes were 
set up for RT-PCR, each with 0.25 i~l of 
h u m a n  and 0.25 l~l of rat RNA stock so- 
lutions, and subjected to 15, 20, 25, and 
30 cycles, respectively. A duplicate exper- 
iment  was carried out using one-tenth 
the volume of huma n  RNA. At 15 cycles, 
no PCR product was visible, and it was 
not  possible to obtain accurate results. 
For 20, 25, and 30 cycles it was found 
that  the coefficient of variation was 
<30% with high amounts  of huma n  
RNA (0.25 t~l) and < 2 0 %  with lower 
amounts  of h u m a n  RNA (0.025 ILl). 

In experiments designed to apply the 

system to a real-life example, the postu- 
late that  [3-actin mRNA is constitutive 
and unregulated was tested and found to 
be flawed. The Hep 3B cell line was cul- 
tured under  serum-deprived condit ions 
(no fetal calf serum for 24 hr), followed 
by the addit ion of fresh serum to a con- 
centrat ion of 10%. [3-Actin mRNA was 
then quantif ied as a funct ion of t ime af- 
ter addit ion of serum, using xeno-com- 
petitive PCR (Fig. 4A). All analyses were 
carried out  wi thin  a single batch. The re- 
sults showed a time-related f luctuation 
in [3-actin mRNA, with a rapid initial de- 
cline, followed by a gradual increase, 
presumably reflecting disturbances in 
the relative rates of transcript ion and ca- 
tabolism, after addit ion of serum. The 
same result was reproduced in a similar 
but separate experiment, where Hep 3B 
cells were cultured in partially serum-de- 
prived condit ions (1% fetal calf serum 
for 60 hr; Fig. 4B). These results were also 
analyzed wi thin  a single batch, in which  
the volume of h u m a n  mRNA was delib- 
erately varied by 500-fold with respect to 
the experiment  depicted in Figure 4A, to 
exclude the possibility of high- and low- 
dose hook  effects. In both  cases, wi thin  
15 min  after serum addition, the [3-actin 
mRNA fell to undetectable or virtually 
undetectable levels, possibly reflecting 
translation-related mRNA consumpt ion,  
and then  rose again, presumably reflect- 
ing enhanced serum-induced transcrip- 
tion. The conclusion the [3-actin mRNA 
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FIGURE 4 (A) Quantitative analysis of the effect of 10% fetal calf serum on [3-actin mRNA levels in Hep 3B cells precultured under totally deprived 
serum conditions for 24 hr before serum addition. (B) Similar results were obtained using Hep 3B cells partially deprived or serum for 60 hr before 
serum addition. 

is regulated by un iden t i f i ed  factors 
within serum is in accordance wi th  the 
work of Jamal  and  Ziff. (8) 

In summary ,  we have des igned a sim- 
plified RNA quan t i t a t i on  approach,  us- 
ing xeno-compet i t ive  PCR analysis  (X- 
PCR). The similar i t ies  be tween  species 
provided us wi th  the  primers,  whereas  
the differences provided  us wi th  a re- 
str ict ion site applicable to one  species 
only, enab l ing  us to d i s t ingu ish  one  
product  from the  other.  We have used 
this m e t h o d  to quan t i fy  [3-actin mRNA as 
an example.  The same approach  can be 
exploi ted wi th  o ther  mRNAs. In this  con- 
nec t ion  we are us ing  X-PCR to quan t i fy  
var ia t ions in e ry th ropo ie t in  mRNA in re- 
sponse to various s t imuli .  

Variat ions of this  m e t h o d  could use 
k n o w n  p o l y m o r p h i c  differences a m o n g  
individuals  w i th in  a species to generate  
the restr ict ion sites needed  for al lo-com- 
peti t ive PCR (A-PCR). X-PCR and  A-PCR, 
therefore,  alleviate the  need  for site-di- 
rected mutagenes i s  in  a se t t ing where  
muta t ions  are readi ly available.  Obvi- 
ously, the same approach  could  be appli- 
cable to specific DNA quan t i t a t ion .  
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