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A PCR-based Assay for 
Reporter Gene Expression 
Peter Sperisen, San Ming Wang, Patrick Reichenbach, 

and Markus Nabholz 

1SREC, CH 1066 Epalinges, Switzerland 

Transient t ransfect ion is a widely  
used tool  fo r  the ident i f i ca t ion  of 
c/s-acting regulatory  elements. 
These elements are detected by 
the i r  ef fect  on the expression of  a 
repor ter  gene, which is quant i f ied  
by measuring the repor ter  gene 
product  in the fo rm of mRNA, 
prote in  (hGH), or  enzymes (CAT, 
luciferase). Measurements of  mRNA 
levels have several advantages over 
enzyme or prote in  assays. However, 
mRNA quant i f i ca t ion  by RNase pro- 
tect ion or  $1 mapping has consider- 
ably lower s ignal - to-background 
rat io than prote in  assays and is 
therefore less sensitive. In this 
paper we repor t  the development  
of  a system tha t  takes advantage of 
the polymerase chain react ion 
(PCR) to quant i fy  rabb i t  6-globin 
repor ter  gene expression. Cells are 
co-transfected w i th  constructs 
whose act iv i ty is to be tested and a 
reference plasmid w i th  a small dele- 
t ion in the second exon of  the 13- 
g lob in  gene. We show tha t  the 
rat io of  the two  ampl i f ied cDNA sig- 
nals is a h ighly  rel iable measure of  
test gene expression. The sensi- 
t i v i ty  of  this assay is at least 1000- 
fo ld h igher  than RNase protect ion.  

T h e  usefulness of transient trans- 
fection depends largely on the 
reliability of the reporter gene detec- 

tion method. One of the most widely 
used reporter genes for comparison of 
promoter activity in mammalian cells 
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FIGURE 1 Tile assay. (A) Cells are co- t ransfected with a def ined  ratio of the  p romote r  con-  
struct to he tested (a) and  the  reference plasmid (b). (B) RNA is ext rac ted f rom the  trans- 
fectants  by a s tandard  m e t h o d  and  treated wi th  DNase I to r emove  r ema in ing  plasmid DNA. 
An al iquot  of  the  RNA from 10 s cells is reverse-transcribed f rom a poly(dT) pr imer  wi th  AMV 
reverse transcriptase. The cDNA is amplif ied with Taq  polymcrase  using pr imers  tha t  span an 
in t ron  and the  dele t ion in the  control  plasmid (PS ' ,  P3 ' ). 
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is that  encoding for the bacterial en- 
zyme chloramphenicol  acetvltrans- 
ferase (CAT). Although methods  for 
quant i fying mRNA levels are less sensi- 
tive than  CAT-enzyme assays, they 
have three major advantages: (1) they 
allow the in t roduct ion  of adequate 
controls to normalize for variations in 
transfection efficiency and sample pro- 
cessing; (2) the effect of protein trans- 
lation inhibitors on reporter gene ex- 
pression inducible by extracellular 
stimuli can be tested; and (3) meaning- 
ful interpretat ion of the response 
kinetics of inducible expression is pos- 
sible. 

To combine  the levels of sensitivity 
obtained with enzyme assays with ad- 
vantages of measuring mRNA levels, 
we have developed an assay based on 
PCR amplif icat ion of reporter gene 
transcripts. As previously shown, tl-3~ 
very small amounts  of specific mRNA 
can be amplified by PCR. Because the 
efficiency of amplif icat ion can vary 
substantially among identical samples, 
it has been difficult to quant i fy mRNA 
levels by PCR. For mRNAs transcribed 
from resident genes, this problem can 
be solved by co-amplification of the 
cDNA with a reference DNA template 
that  serves as an amplif icat ion stan- 

dard. The two DNAs are identical ex- 
cept for the presence of a mutated 
restriction site or a small insert ion in 
the reference DNA./4) If the difference 
between cDNA and reference DNA 
does not  affect amplification, the ratio 
of the two PCR products should 
remain constant  th roughout  the am- 
plification process irrespective of cycle 
number,  changes in primer and dNTP 
consumpt ion,  product ion of inhibi tory 
pyrophosphates,  or other  factors. Ap- 
plying this idea to the quant i f icat ion 
of reporter gene activity in transient  
transfection assays, we co-transfected 
cells with a reference plasmid in which 

FIGURE 2 Linearity between signal ratio and the ratio of transfecting plasmids. (A) Schematic representation of the plasmid pA62 which was 
co-transfected with the reference plasmid pGffAcffGlD at different ratios into PC60 cells. (B) The amounts transfected are indicated on top of 
each lane and the resulting ratios below. Total cytoplasmic RN,.\ was extracted and assayed as described in Fig. 1 (see also Methods). As con- 
trois, we used RNA from mock-transfected PC60 cells to which 10 pg of pA62 or pGI3Acl3GID was added after reverse transcription. (C and D) 
Data were plotted as ratio of the transfecting plasmids pA62 and pGISAcI~GID versus the signal ratio from the densitometric scanning either on 
a normal (C) or on a log (D) scale. 
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the strong constitutive chicken 13-actin 
promoter controls transcription of the 
rabbit ~-globin gene and promoter 
constructs whose activity we wish to 
test (Fig. 1A). The mRNAs derived from 

these two plasmids differ by a 40-bp 
deletion in the second 6-globin exon 
of the reference plasmid. RNA is ex- 
tracted from the transfected cells, 
reverse-transcribed, and amplified in a 
PCR reaction using a 5 'o l igonuc le -  
otide that hybridizes with the first 
exon (P5 ' ) and a 3 ' oligonucleotide 
that hybridizes with the second exon 
downstream of the 40-bp deletion 
(P3 ' )  (Fig. 1B). Amplified cDNAs can 
be dist inguished from each other be- 
cause of the deletion in the reference 
plasmid, cDNA signals can also be 
separated from amplif ied plasmid (that 
has escaped DNase l t reatment of the 
RNA samples), because of the presence 
of the first intron in the latter (see, 
e.g., Fig. 3A). 

METHODS 

Plasmids 

Plasmids were prepared as described. Cs) 
pA62 has been described previously. (6) 
Plasmid pG[3Ac6Gl was constructed in 
two steps. First, the 283-bp XhoI-  
BamHI fragment of pWE-TAC, (7) con- 
ta ining the chicken [3-actin promoter 
from position -277 to +6, (8) was in- 
serted into pGEM3Zf(+) (Promega) 
digested with BamHI and Sail. Second, 
the resulting plasmid was digested 
with BamHI, blunt-ended with Klenow, 
and ligated with the 1664-bp PvulI 
fragment from Z-pCRI/pRChr~G-1, (9) 
conta in ing  the genomic rabbit 13- 
globin gene. 

In the plasmid pGJ3AcI3G1D, the 
AccI-Hindll fragment of the second 
exon was replaced by a 40-bp shorter 
fragment. This fragment was made by 
PCR amplif icat ion of pG6Acl3Gl using 
a 5 ' oligonucleotide (5 '-ggggtctacCC- 
TCTGCACATGCTGT-3') in which  an 
AccI site (underlined) was linked to the 
sequence 40 bp downstream of the 
original AccI (position +283) site of the 
rabbit [~-globin gene (uppercase) to- 
gether with a 3 '  oligonucleotide that 
included the HindlII site, at position 
+657 of the I~-globin gene, in its 5 '  
end (5 ' -GAGACAACTG'IIGGTAACA- 
GAGGAG-3 ' ). 

Cell cultures and transfections 

The PC60.21.14.4 cells have been de- 
scribed in previous publications. (1~ 
They were transfected according to 
Queen and Baltimore (12) with the indi- 

cated amounts  of plasmid DNA with- 
out carrier DNA in 200 mg/ml  DEAE- 
dextrane (Pharmacia). Actinomvcin D 
(Boehringer Mannhe im,  FRG) was used 
at a concentrat ion of 5 uM. 

Total cytoplasmic RNA was isolated 
as described 113~ and dissolved in H20. 

cDNA Synthesis and PCR 
One microgram of DNase I-treated to- 
tal cytoplasmic RNA was incubated for 
2 rain at 90~ together with 0.25 ~g of 
poly-d(T)20 (dissolved in H20 at a con- 
centration of 0.25 ~g/~l, Pharmacia) 
and put on ice. The incubat ion mix- 
ture was adjusted to 20 ,ul conta in ing  2 
ul of lOx PCR buffer (500 mM KC1, 100 
mM Tris-HC1, pH 8.3, 150 mM MgC12), 
dNTPs (500 uM final concentrat ion of 
each nucleotide, Pharmacia), DTT (1 
mM final concentration),  15 units of 

FIGURE 3 C is unequal to 1. (A) PC60 cells were co-transfected with the indicated amounts of 
the plasmids pGI3Acl~GI and pG6Ac6GID. As a positive control, we used 10 pg of the plasmid 
pG6Ac6GI. (B) Data were plotted as ratio of the transfected plasmids versus the measured sig- 
nal ratio on a log-scale. 
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FIGURE 4 No difference in the half-life of the two mRNAs. (A) pGBAcl3Gi and pG6Ac6GID 
were transfected into PC60 cells using different ratios. After the transfection, cells were split 
and 42 hr later actinomycin was added for another 6 hr to one part of the transfection. Con- 
trols are the same as described in Fig. 3B. (B) Plot of the resulting signal ratios versus the in- 
put plasmid ratios. 

AMV reverse transcriptase (Pharmacia), 
and 10 units of RNasin (Promega). 
After cDNA synthesis (1 hr at 42~ 30 
~l of lx PCR buffer conta in ing dNTP 
(166 uM final concentrat ion of each 
nucleotide, including 3 [,Ci of [cx- 
32p]dATP, Amersharn), 100 pmoles of 
each primer (P5 ' ,  5 '-TCCCCCAAAA- 
CAGACAGAATGG-3 ' ;  P3 ' ,  5 ' -TCAC- 
AGTGCCAGTTCACTCAGC-3 ' ,  pre- 
pared on an Applied Biosystems 380B 
automated synthesizer), 1 uni t  of Taq 
polymerase (Cetus), and 10 ~,g RNase 
A, were added. After 3 min  of 
denaturat ion at 94~ samples were 
amplif ied by 40 cycles of 94~ for 70 

sec, 58~ for 90 sec, and 72~ for 90 
sec. An aliquot of each reaction mix- 
ture was denatured in 5 ~l of loading 
buffer (80% formamide,  5 mM EDTA, 
pH 7.0, 0.03% bromphenol  blue, 
0.03% xylene cyanole FF) at 95~ for 4 
min  and fractionated on a 6% denatur- 
ing polyacrylamide gel. Amplified frag- 
ments  were detected by autoradio- 
graphy using Kodak X-Omat film pre- 
flashed so as to obtain a linear rela- 
t ionship between radioactivity and op- 
tical densities of the bands./14) Signals 
were quantif ied by densitometric scan- 
ning, of suitably exposed autoradio- 
graphs on a Hi rschmann Elscript 400 

apparatus. For each lane, the ratio be- 
tween mRNA signals (output) from the 
test and the reference plasmid was cal- 
culated and plotted against the ratio of 
transfecting plasmids (input). The 
linearity of the relationship was tested 

by standard linear regression analysis. 

RESULTS AND DISCUSSION 
Signal Ratio Is a Linear Function of 
the Ratio of Transfecting Plasmids 

The method presented in this paper is 
based on the prediction that in a given 
cell line the ratio v between the 
strength of mRNA signals from the test 
plasmid (Yt) and from the reference 
plasmid (Yr) is a linear funct ion of the 
input  ratio x between the amounts  (X t 
and Xr) of the two co-transfected plas- 
mids, i.e.: 

y = C x x  (1) 

To test this, we transfected PC60 cells 
with different ratios of pA62 (Fig. 2A) 
and the reference plasmid pGI3Ac6- 
G1D. After 48 hr, total cytoplasmic 
RNA was extracted, reverse-transcribed, 
and amplif ied using the specific oligo- 
nucleotides P5 ' and P3 ' (Fig. 1B). PCR 
fragments were denatured and frac- 
t ionated on a sequencing gel. Auto- 
radiographic signals were quantif ied by 
densi tometry (see Methods). 

The amplif ied fragments derived 
from the wild type, and deleted [3- 
globin mRNAs had the predicted 
lengths of 302 and 262 bases, respec- 
tively (Fig. 2B), whereas the same 
primers amplif ied segments from the 
transfecting plasmids with the predic- 
ted sizes of 427 (pA62) and 387 bases 
(pG[3Acl3G1D) (Fig. 2B, controls). In 
certain experiments  (see also Fig. 3A), 
fragments of 427 bases and 387 bases 
were seen in the RNA samples due to 
incomplete  DNase I digestion. All 
bands appeared as doublets (better 
seen in Figs. 3A or 6A). Using end- 
labeled PS'  or P3 '  oligonucleotides 
separately, we found that the upper 
band in each doublet  corresponds to 
the plus and the lower band to the 
minus  strand (data not shown). The 
slower migrat ion of the plus strand is 
the result of the molecular weight dif- 
ference between the two strands. 

Fractionation of the PCR products 
on nondena tur ing  agarose or poly- 
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acrylamide gels gave rise to additional 
bands besides the predicted fragments.  
These probably correspond predomi- 
nant ly  to heteroduplexes between a 
deleted and a normal  cDNA strand. Be- 
cause they contain a 40-base single- 
stranded loop, they are expected to 

migrate differently from homodu-  
plexes. Single-stranded cDNAs forming 
secondary structures may contribute 
yet other  bands. 

We tried to use Vent polymerase 
(New England Biolabs) instead of Taq 
polymerase for cDNA amplification. 
However, we were unable to modify 
the reverse transcription buffer to 
make it compatible with Vent poly- 
merase activity. This meant  that  it was 
necessary to precipitate the cDNAs be- 
fore amplification, which tended to 
result in loss of signal. 

Figure 2, C and D, shows that  un- 
der the condit ions described in Meth- 
ods there is a near-perfect linear cor- 
relation (r z = 1.0) between signal ratio 
and plasmid input  ratio. Linear regres- 
sion analysis gives an intercept close to 
zero and a slope (C) of 7.9. For a given 
test plasmid, C is reproducible in inde- 
pendent  experiments.  Deviations of 
the intercept from zero are most likely 
due to small variations in the back- 
ground on the autoradiographic film. 

C is the product of all factors that  
affect the output  ratio. These include, 
on the one hand,  differences in the 
synthesis rate (t = Tt/Tr) and proce~<;n~ 
(p = Pt/Pr) of the transcripts of the two 
transfecting plasmids or in the half-life 
(tl = Ht/Hr) of the resulting mRNAs. In 
addition, they may  also reflect dif- 
ferences in cDNA synthesis (p = pt/Pr) 
and amplification (r = ott/O~r). C can be 
writ ten as: 

C=  t x p x h x p x m  

If there are no or undetectable ef- 
fects of the deletion on any of these 
parameters and if both plasmids con- 
tain the same promoter,  C is expected 
to be 1. To test this, we co-transfected 
PC60 cells with two plasmids that  con- 
tain the chicken 13-actin promoter  
linked either to the wild-type (pG6Ac6- 
G1) or to the deleted rabbit 6-globin 
gene (pG6Ac6G1D) (Fig. 3A). As seen in 
the plot in Figure 3B, the value for the 
slope C is 2.7, indicating that  the dele- 
tion had an influence either on mRNA 
levels or on the in vitro amplifi-cation 

steps. To deduce which steps contrib- 
uted to the deviation of C from 1, we 
carried out the experiments described 
below. 

No Difference in the Half-life of the 
Two mRNAs 

To test whether  the two transcripts 
have a different half-life, we co- 
transfected PC60 cells with three dif- 
ferent ratios of pG{~Ac6GI and 
pGI~Ac6GII) (Fig. 4A). After transfec- 
tion, cells were split and 42 hr later ac- 
t inomycin was added to one aliquot of 
each transfection. Cytoplasmic RNA 
was prepared from all samples after a 
further 6 hr and assayed according to 

the s tandard protocol. If the deletion 
in pG6Ac6G1D would have a strong ef- 
fect on mRNA half-life, we would ex- 
pect that  blocking of mRNA synthesis 
with act inomycin D would result in a 
change of C. Figure 4B shows that  C is 
not significantly affected the ac- 
t inomycin  D t rea tment  (C = 2.6 in ab- 
sence versus C = 2.4 in presence of ac- 
t inomycin) .  Thus, there appears to be 
no strong influence of the deletion in 
the reference plasmid on mRNA half- 
life (h - 1). 

The Deletion Affects cDNA 
Synthesis 
To assess the contr ibut ion of the 
amplification step to the deviation of 
C from 1, we mixed the two plasmids 

FIGURE 5 No preference in amplification. (A) 1"he two plasmids pG6AcflGl and pGI3Ac{3GID 
were linearized, mixed in the indicated ratios, and amplified with Taq polymerase. As a posi- 
tive control, we used pOVEC (ls~ containing a {3-globin gene in which the first intron has 
been deleted. The results were plotted on a log-scale (B). 
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pGl3Ac/3G1 and pG6AcpG1D, after hav- 
ing linearized them, in different ratios 
and amplified them with PCR (Fig. 5A). 
Figure 5B shows that  after 40 cycles, c~ 
-- 1.0. The same is true when  the am- 
plified products are quantified after 20, 
25, 30, and 35 cycles (not shown). This 
means that  the deletion in the refer- 
ence plasmid does not  lead to preferen- 
tial amplification by Taq polymerase. 

The deletion of 40 bp in the rabbit 
13-globin gene may  change the 
secondary structure of the mRNA, and 
this, in turn, could lead to a difference 
in processivity of the reverse transcrip- 
tase. To test this, we transfected PC60 
cells either with the plasmid pG[3Acf3- 
Gl or pG6Ac/3GID. Having compared 
the [B-globin mRNA concentrat ions in 
cytoplasmic RNA preparations from 
these transfections, using RNase pro- 
tection (not shown), we mixed wild- 
type and deleted transcripts in defined 
ratios (Fig. 6A). After cDNA synthesis 
and amplification with Taq polymer- 
ase, we compared signal-to-input 
mRNA ratio (Fig. 6B). The observed 
value of C = 2 is an estimate for the 
product of p • c~. Having obtained an 

estimate of 1.0 for c~, we conclude that  
p = 2, i.e., the processivity of the 
reverse transcriptase is two times high- 
er using the wild-type mRNA as tem- 
plate. 

This difference is the main contri- 
bution to the deviation of C from 1. 
Since C = 2.7 = 2*t xp, t• is estimated 
to be 1.4. Assuming that  the deletion 
has little or no effect on the rate of 
RNA synthesis (transcript initiation 
and elongation; i.e., t = 1), we con- 
clude that  processing is only slightly 
affected (p = 1.4). 

CONCLUSIONS 
The assay described here uses PCR to 
measure reporter gene expression, and 
hence provides an alternative to RNase 
protection. The PCR assay is faster and 
technically simpler. Comparison of the 
amoun t  of RNA from transfected cells 
required to produce detectable signals 
in RNase protection and using the 
method  described here showed that  
the latter is at least 1000 times more 
sensitive (not shown). One dis- 
advantage of the PCR assay is that  it 
does not permit  direct mapping  of 
transcription start sites. However, it is 
at least possible to check for read- 

through transcripts from abnormal  
start sites in promoter  constructs by 
using oligonucleotides corresponding 
to plasmid sequences upstream of the 
normal  transcription start site(s). 

As shown here it is simple to verify 
the validity of the PCR assay in any 
given experimental  system by checking 
that  signal ratio is a linear function of 
plasmid input  ratio. In analyses of cis- 
acting elements responding to ex- 
tracellular stimuli, one can test 
whether  these stimuli have a different 
effect, e.g., on the half-life of the wild- 

type and of the deleted mRNA, by 
checking whether  C is affected by 
st imulation when  both plasmids have 
the same promoter.  Once these 
prel iminary controls have been carried 
out, the activity of different promoter  
constructs can be compared using a 
single appropriately chosen input  ratio 
between test and reference plasmids. 
From the experiments  shown here (see, 
e.g, Fig. 2), we expect that  with a single 
ratio 100-fold differences in the ac- 
tivity of promoter  constructs can be 
measured reliably. Experiments using 

FIGURE 6 Higher processivity of AMV reverse transcriptase on wild-type mRNA. (A) PC60 
cells were separately transfected with pG/3AclBGI or pGf~AclSGlD. 13-Globin mRNA from the 
two transfections was quantified by RNase protection and mixed in different ratios, as indi- 
cated above the lanes. The mixtures were reverse-transcribed and amplified. Controls are the 
same as described in Fig. 3A. {B) Plot of the signal versus input mRNA ratios. 
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different  SV40 e n h a n c e r  r ecombinan t s  
have shown  tha t  this  is indeed the case 
(data no t  shown) .  The assay will great- 
ly facili tate the  analyses  of weak 
promoters  and  will al low reliable tran- 
s ient  t ransfec t ion  studies in experi- 
men ta l  sys tems where  l imi ted  n u m b e r s  
of rec ipient  cells are available. We 
have, indeed,  a lready used the  m e t h o d  
to quan t i fy  t ranscr ip t  levels from 
several p romoters  tha t  did no t  give 
detectable  signals by RNase p ro tec t ion  
(A.-L. Lat t ion et al., in prep), and  have 
successfully measured  reporter  gene ex- 
pression in a n t i g e n - d e p e n d e n t  T-lym- 
p h o c y t e  clones tha t  were difficult  to 
analyze  by o ther  me thods .  The assay 
has also been used to analyze  reporter  
gene  express ion in fibroblasts trans- 
fected by the  calc ium p h o s p h a t e  me th -  
od. 

The m e t h o d  shou ld  also be adapt-  
able to the  s tudy  of cis-acting e lements  
affect ing o ther  c o m p o n e n t s  of gene ex- 
pression.  
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