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Direct Gene Quantitation by PCR Reveals 
Differential Accumulation of Ectopic 

Enzyme in Rat-1 Cells, v-fos Transformants, 
and Revertants 

M. Bahman Bahramian and Helmut Zarbl 

Division of Toxicology, and Center for Environmental  Health Sciences, Whitaker College of Health Science and Technology, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

Valid comparisons of gene promoter 
activities between different cell lines, 
and within a cell line, critically de- 
pend on accurate measurements of 
the number of genes introduced into 
the nuclei of cells. We have devel- 
oped a simple method that allows di- 
rect and accurate quantitation of 
transfected plasmid DNA in cultured 
cells. The transfected DNA present in 
nuclei is copurifled with genomic 
DNA without using phenol/chloro- 
form extractions. DNA is amplified by 
PCR, and the amount of transfected 
DNA is read directly from a standard 
curve. By using the procedures de- 
scribed in this report, we have stud- 
ied the relative expression of the s 
cherichla coil 13-galactosidase gene, 
driven by the wild-type Mo-MuLV 
LTR, in Rat-1 flbroblasts, FBJ v-los- 
transformed Rat-1 (1302), and a re- 
vertant of v-fos-transformant (EMS- 
1-19)  cell lines. The relative levels of 
expression of the transgene at 22 hr 
post-transfection in these three cell 
lines were 1:4:1, respectively, and at 
48 hr post-transfection the respective 
ratios were 1:10.6:4. These results 
have significant implications for the 
use of cotransfected internal control 
plasmids to normalize data from 
transient transfection experiments 
to study promoter activities among 
different cell lines. 

W h e n  using transient transfection 
assays to measure the effect of promoters 
and enhancers on gene expression, it is 
essential to include an internal control 
that will distinguish differences in the 
level of transcription from differences in 
the efficiency of transfection or in the 
preparation of cell extracts. This is ac- 
complished most often by cotransfect- 
ing cells with two plasmids. The reporter 
plasmid carries the promoter-reporter  
gene construct under investigation. The 
internal control plasmid constitutively 
expresses a gene encoding another activ- 
ity that can be assayed in the same cell 
extracts prepared for measurements  of a 
reporter gene activity. (1) An enzyme fre- 
quently used as internal control is Es- 
cherichia coli f3-galactosidase, which is 
usually expressed in transfected mam- 
mal ian  cells from a promoter with a 
broad host range, the SV40 early pro- 
moter /enhancer  (2'3) or the long terminal  
repeat (LTR) of Rous sarcoma virus. (4) Al- 
though extracts of most types of mam- 
mal ian  cells contain endogenous 13-ga- 
lactosidase activity, an increase in 
enzyme activity can usually be detected 
during the course of transfection. How- 
ever, certain cell lines, for example, gut 
epithelial cells (1) and rat fibroblast cells 
(this work), contain high levels of this 
activity, which results in difficulties with 
this assay. 

A number  of different approaches can 
be used to normalize the reporter gene 
activity to the 13-galactosidase activity. 
For example, the amount  of protein in 
individual extracts prepared from a se- 
ries of transfected cells can be measured, 

and the reporter gene and 13-galactosi- 
dase assays can then be carried out using 
a standard amount  of protein in each as- 
say. The reporter gene activity is then  
normalized to the 13-galactosidase activ- 
ity. Alternatively, the f3-galactosidase ac- 
tivity in a constant volume of extract is 
measured and the reporter gene assay is 
then carried out with amounts  of extract 
that contain a defined amoun t  of 13-ga- 
lactosidase activity. The disadvantage of 
the latter method is the uncertainty 
about the endogenous 13-galactosidase 
contribution, as neither  the cell num-  
bers nor the protein concentrations are 
known; also cell lysis efficiencies in dif- 
ferent extracts are unknown.  

Because of endogenous f3-galactosi- 
dase activity, errors in cell number  and 
protein determinations,  and l imitat ions 
of spectrophotometric measurements,  
only the increase in 13-galactosidase ac- 
tivity from efficiently transfected cells, 
and after a long post-transfection incu- 
bation period (24-48 hr), can be mea- 
sured with reasonable certainty. 

Additional problems are encountered 
with the cotransfection method  when  
the expression of a specific gene is com- 
pared in different cell lines. This is par- 
ticularly true when  comparing promoter  
activities between normal  cells and tu- 
mor cells, or between undifferentiated 
versus differentiated cells. The intrinsic 
activity of the internal control promoter, 
the respective gene product accumula- 
tion, and the total protein per cell could 
be different among these different cell 
types. 

Recently, a sensitive method for de- 
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R es e arc h IIIIII1    

tection of ~-galactosidase in transfected 
m a m m a l i a n  cells was described. (s) Chlo- 
rophenol red ~-D-galactopyranoside 
(CPRG), an alternative substrate for ~-ga- 
lactosidase, was substituted for 2-nitro- 
phenyl-~-D-galactopyranoside (ONPG) 
in an optimized, automated colorimetric 
assay system. This me thod  was shown to 
be 100-fold faster and lO-fold more sen- 
sitive than previous methods  to detect 
{5-galactosidase. A further improvement  
in the same report was the use of 
Nonidet P-40 (NP-40) in making  homo- 
geneous cell extracts, instead of the 
freeze-thaw procedure used previously. 
However, these improvements  do not re- 
solve any of the problems discussed 
above. 

Clearly, a direct method  for determi- 
nation of plasmid DNA in nuclei  of 
transfectants would be of great advan- 
tage. Hybridization methods  for mea- 
surements of transfected DNA have not 
proved to be very quantitative, as back- 
ground-to-signal ratios are often too 
high. Recent procedures (6;) for sequen- 
tial extraction of RNA and DNA from the 
same sample are not quantitative and re- 
producible, and in our experience, the 
transfected plasmid DNA fractionates 
mainly  with RNA rather than  with ge- 
nomic  DNA. In this report we describe a 
relatively simple method  for copurifica- 
tion of plasmid DNA with genomic  DNA 
from the nuclei of transfected cells. This 
procedure does not  require the use of 
columns or organic solvent extraction; 
DNA purification is quantitative, and the 
DNA is sufficiently clean for quantifica- 
tion by a PCR procedure. Transfected 
plasmid copy numbers  can be measured 
directly and at any t ime after transfec- 
tion. By using the methods described in 
this report, we have studied transient ex- 
pression of the ~-galactosidase gene, 
driven by wild-type Moloney mur ine  
leukemia virus long terminal  repeat 
(Mo-MuLV LTR), in normal  Rat-1 fibro- 
blast cells, v-fos-transformed Rat-l, and a 
revertant of the v-fos-transformed Rat-l, 
at 22 hr and 48 hr postelectroporation. 

MATERIALS AND METHODS 
Cell Culture, Cell Unes, and 
Transfection 

Cell culture condit ions and the genera- 
tion of FBJ v-fos t ransformed cell l ine 
1302-4-1 and revertant EMS-l-19 have 
been described previously. (8) 

Approximately 24 hr prior to transfec- 
tion, subconfluent  cells, passaged into 
10-cm culture dishes, were fed with min- 
i m u m  Eagle's med ium (MEM) supple- 
mented with 10% calf serum (Flow 
Labs). For transient transfections, cells 
were grown to - 7 0 %  confluence, tryp- 
sinized, pooled, pelleted, and resus- 
pended at 107 cells/0.5 ml in MEM plus 
10% calf serum. Each 0.5 ml of cells was 
combined  with 10 ~g of plasmid DNA in 
a sterile tube and transferred to a sterile 
cuvette for electroporation. Using a Bio- 
Rad electroporation apparatus, cells were 
subjected to a single pulse at 340 V, ca- 
pacitance 940 ~LF, at room temperature. 
After - 5  rain, the electroporated cells 
were plated in MEM plus 10% calf serum 
at densities that allowed cells to be in 
log-phase growth after 48 hr in culture. 

The [3-gal-transducing plasmid, 
BAG, (9) which constitutively expresses 
[3-galactosidase gene from the wild-type 
Mo-MuLV LTR, was used in these studies. 

Harvesting Cells and Nuclei from 
Electroporated Cells 

Cells on culture dishes were washed 
twice with 8 ml of MEM plus 10% (vol/ 
vol) calf serum 12-16 hr after electropo- 
ration. Fresh medium was added, and 
the cells were incubated for up to 22 hr, 
or as required. The plates were washed 
with phosphate-buffered saline (PBS). 
One milli l i ter of trypsin solution was 
added to each plate and agitated. After 2 
min,  8 ml  of MEM plus 10% calf serum 
was added and the cell suspension was 
transferred to a 15-ml polystyrene tube 
on ice. The plate was quickly rinsed with 
- 3  ml of PBS, and the rinse solution was 
added to the cell suspension. An aliquot 
of the cell suspension was removed for 
measuring cell number .  

The cells were pelleted in a clinical 
centrifuge at 4~ at 1100g, for 2 min.  
The supernatant was removed, and the 
pellet was resuspended in 3 ml  of ice- 
cold PBS. One half of the cell suspension 
was transferred to a 1.5-ml microcentri- 
fuge tube. The other half  of the cells 
were left on ice for preparation of nuclei 
and DNA. The cells in the tube were cen- 
trifuged at 4~ for 20 sec, the superna- 
tant was removed, and the pellet was 
used for either RNA or cell extract prep- 
aration. 

The cell pellet in the 15-ml polysty- 
rene tube on ice was gently resuspended 
in 2 ml  of ice-cold lysis buffer (10 mM 

Tris-C1 at pH 7.4, 10 mM NaC1, 3 mM 
MgC12, and 0.5% NP-40, made from ster- 
ile stock solutions; (1~ incubated on ice 
for 5 min,  and centrifuged at 4~ 1 lOOg, 
for 5 rain. The supernatant  contains the 
cytoplasmic RNA. The nuclear pellet was 
resuspended gently in 2 ml  of cold lysis 
buffer. The nuclei  were pelleted for 5 
m i n  as before. The supernatant  was re- 
moved, and the nuclei  were resuspended 
in 2 ml  of lysis buffer. A drop of the final 
nuclei suspension was examined micro- 
scopically to ensure that the nuclei  were 
not ruptured and cells were lysed com- 
pletely. The nuclei  were pelleted by cen- 
trifugation for 5 m i n  at 4~ The super- 
natant  was removed with a pipette tip, 
taking care not to disturb the nuclear 
pellet. The nuclei  were stored at -20~ 
until  required. 

Purification of Genomic plus 
Plasmid DNA from Electroporated 
Cell Nuclei 

The purified nuclei from - 5 •  10 6 trans- 
fected cells were resuspended in 50 ~l of 
TE (10 mM Tris-C1, 1 mM EDTA at pH 8.0) 
and transferred to a microcentrifuge 
tube; 0.5 ml  of extraction buffer (10 mM 
Tris-C1, at pH 8.0, 0.1 M EDTA at pH 8.0, 
0.5% SDS) and 2 ~l of a 10 mg/ml  DNase- 
free pancreatic RNase stock solution 
were added, and the suspension was in- 
cubated at 37~ for 1 hr with occasional 
swirling. Proteinase K was added to a fi- 
nal concentrat ion of 100 ~g/ml from a 
20 mg/ml  stock solution, and the lysate 
was incubated at 50~ for 3 hr with oc- 
casional swirling. 

After cooling to room temperature, 
the lysate was passed rapidly, 12 times, 
through an 18-gauge hypodermic nee- 
dle, to shear the cellular DNA. The sy- 
ringe was rinsed with 100 ~l of water, 
and the rinse solution was added to the 
lysate. Thirty-two microliters of 5 M NaC1 
was added, mixed, followed by 720 i~l of 
isopropanol, mixed by inversion, and 
stored at room temperature for 15 rain. 
DNA was recovered by centrifugation at 
12,000g for 10 min,  at 4~ The DNA pel- 
let was redissolved in 360 p.1 of TE, and 
40 p.1 of 3M sodium acetate (pH 5.2) was 
added followed by an equal volume of 
isopropanol and stored at room temper- 
ature for 15 min.  The DNA was recovered 
by centrifugation at 4~ for 10 rain at 
12,000g. The supernatant  was discarded, 
and the DNA was redissolved in 192 i~l of 
TE followed by 8 p.1 of 5 M NaCI and two 

146 PCR Methods and Applications 

 Cold Spring Harbor Laboratory Press on June 21, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


volumes of ice-cold ethanol. The solu- 
tion was stored on ice for 15 min  to al- 
low the DNA to precipitate. DNA was re- 
covered by centrifugation at 4~ for 10 
min.  The DNA pellet was washed with 
0.5 ml of ice-cold 75% ethanol and cen- 
trifuged for 2 m i n  at 4~ Ethanol was 
removed completely with a pipette tip, 
and the tube was left open at room tem- 
perature for 10 m i n  to allow the residual 
ethanol to evaporate. The DNA pellet 
was resuspended in 100 I~l of TE at 65~ 
for at least 10 min  and stored at 4~ Typ- 
ically, 10% of the DNA solution was suf- 
ficient for PCR. 

Inactivation of Proteinase K with 
PMSF 

Phenylmethylsulfonyl  fluoride (PMSF) is 
an irreversible inhibi tor  of proteinase 
K.O 1) Thus, in certain exploratory exper- 
iments (see Results), the purified DNA 
samples in TE were made 1 mM in PMSF 
and incubated at 22~ for 15 min.  PMSF 
was then inactivated by adding Tris base 
(pH -10.5)  to a concentrat ion of 20 mM 
and incubating the samples init ially for 
I hr at 22~ and then for 10 m i n  at 65~ 
After cooling the samples to room tem- 
perature, DNA was precipitated by the 
addition of 250 mM NaC1 and two vol- 
umes of absolute ethanol, and for 1 hr at 
-20~ DNA was pelleted by a centrifu- 
gation at 12,000g for 10 rain at 4~ 
washed with 75% ethanol, air-dried for 
10 min,  and redissolved in TE at 65~ for 
10 min.  

Assay for [3-galactosidase 

E. coli 13-galactosidase and the endoge- 
nous [3-galactosidase were measured as 
described. (s) One milli l i ter of assay mix- 
ture containing 80 mM sodium phos- 
phate buffer (pH 7.3), 102 mM 2-mercap- 
toethanol, 9.0 mM MgClz, 8 mM CPRG, 
and 200 I~l of cell lysate containing en- 
zyme was incubated at 30~ for 1 hr. The 
increase in absorbance at 570 n m  was 
measured at 15-min intervals. For the de- 
terminat ion of [3-galactosidase activity in 
untransfected and transfected cells, ex- 
actly the same number  of cells was used 
in each case. Cell counting was done by 
using a Coulter counter (Coulter Elec- 
tronics, Inc.). The preparation of cell ex- 
tracts and lysis buffer used are as de- 
scribed. (s) 

Amplification of Transfected DNA 

Transfected plasmid DNA was amplified 
by a PCR procedure, based on that de- 
scribed by Saiki et al. ~ A 10-1xl DNA 
sample (typically 10% of the copurified 
mixture of electroporated plasmid DNA 
and the genomic DNA, isolated from cell 
nuclei) was added to a PCR mixture, 
which  contained 10 mM Tris-C1 (pH 8.4), 
50 mM KCI, 2.25 mM MgC12, 200 IxM of 
each of the four deoxyribonucleotides 
(Pharmacia), 1 IXM (100 pmoles) of each 
primer (a molar excess of -105 primer to 
template), 0.01% (wt/vol) of gelatin, and 
2 units of Taq DNA polymerase (Perkin- 
Elmer Cetus) in a total reaction volume 
of 100 Ixl. When  radioactive products 
were needed for quantitations, 1 i~1 (10 
ixCi) of [ot-32p]dCTP was included in the 
reaction mixture. Reactions were done 
in a thermal  cycler (Perkin-Elmer Cetus 
TC-1) with 1 min  of denaturation at 
94~ 2 min  of anneal ing at 53~ and 2 
m i n  of polymerization at 70~ Finally, 
the mixture was subjected to postcycling 
treatment of primer extension at 70~ 
for 3 min.  At the end of the required 
number  of cycles, 10 p.1 of each reaction 
mixture was mixed with 3.5 txl of 5 • gel- 
loading dye (0.1% bromophenol  blue, 
0.5% SDS, 100 mM EDTA at pH 8.0, and 
25% glycerol) and used for gel analysis. 

Analyses of PCR Products 

The PCR products were analyzed by elec- 
trophoresis in 7% acrylamide gel (acryla- 
mide/bis-acrylamide, 37.5:1), at 200 V. 
The gel was stained with e th id ium bro- 
mide (0.5 ixg/ml) for 20 min  for UV light 
visualization of DNA. For quantitations, 
the gel was soaked in an aqueous solu- 
t ion of 10% acetic acid and 10% metha- 
nol for - 1 5  min,  dried, and autoradio- 
graphed. The resulting PCR-amplified 
bands were also quantitated using a 
Phosphorlmager  (Molecular Dynamics, 
Sunnyvale, CA). 

RESULTS 
Strategy for Isolation of Transfected 
DNA involved in Gene Expression 

The procedures described were designed 
for the isolation of total plasmid DNA 
transfected into cell nuclei, whether in- 
tegrated into cellular DNA or not. The 
isolate will also be free from residual 
plasmid not contributing to gene expres- 

sion, which  might  be trapped in the cell 
membranes  or cytoplasm. Thus, isola- 
tion of clean and unruptured nuclei is an 
essential step in these procedures. 

RNA and nuclear proteins were di- 
gested away from DNA by successive 
treatments with ribonuclease and protei- 
nase K. Cellular DNA was partially 
sheared to facilitate subsequent manipu-  
lations. Cellular and transfected DNA 
were then copurified by a number  of pre- 
cipitations at room temperature to 0~ 
from alcoholic solutions containing ap- 
propriate concentrations of monovalen t  
cations. Contaminants ,  such as protein- 
ase K, SDS, and EDTA, were virtually 
e l iminated from these preparations, and 
the purified DNA was sufficiently clean 
for amplif icat ion by PCR. 

Recovery and Detection of 
Transfected DNA 

Initially, attempts were made to quanti- 
tate transfected DNA by DNA-DNA hy- 
bridization. Thus, 5- to 20-1~g quantities 
of BAG plasmid were electroporated into 
different cell lines. DNA from untrans- 
fected and transfected cells were pre- 
pared as described, digested with BamHI 
restriction enzyme, and bound  to Hy- 
bond N-Nylon membrane,  using a slot 
blot apparatus. The membrane -bound  
DNA samples were subsequently hybrid- 
ized to a nick-translated 3zp-labeled 533- 
bp HindlII-PstI neomycin  gene fragment 
of the pMEXneo plasmid. (13) Even under  
the most stringent conditions, it was not  
possible to detect significant differences 
between the signals generated by DNA 
samples from transfected and untrans- 
fected cells (data not shown). The results 
suggested that the amount  of transfected 
DNA isolated from the cells was below 
the l imit  of detection by hybridizat ion 
and that an alternative approach was re- 
quired for detection. 

PCR is a much  more sensitive tech- 
nique than hybridization. Because PCR 
specifically amplifies the target DNA, the 
signal-to-background ratio is usually 
very high. To quantitate transfected plas- 
mid DNA by PCR, a pair of primers, Lac-1 
(5'-GCCAGCTGGCGTAATAGCGA) and 
Lac-2 (5'-ACGGCGGATTGACCGTAATG) 
were designed. These primers are com- 
plementary to the DNA sequences corre- 
sponding to the ot-peptide of the lacZ (f3- 
galactosidase) gene, ~ which is present 
in bacteriophage M13mp, plasmid pUC, 
and the derivative vectors including 
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pBAG. This pair of primers specifically 
amplified a 238-bp DNA fragment when 
pBAG was used as template in PCR (Fig. 
1). To demonstrate that extraction of 
plasmid DNA by the procedure described 
is quantitative, 20 ng of pBAG DNA was 
mixed with nuclei isolated from 107 
Rat-1 cells, and divided into equal 
halves. The genomic plus the plasmid 
DNA from each half were purified inde- 
pendently as described above. One-tenth 
of each DNA sample, theoretically con- 
taining 1 ng of plasmid DNA, was ampli- 
fied by 15 cycles of PCR, in parallel with 
I ng of standard pBAG DNA. Each ampli- 
fied DNA sample (10%) was analyzed on 
a 7% acrylamide gel and stained with 
ethidium bromide. Figure 1A shows that 
the intensity of the 238-bp bands corre- 
sponding to the two plasmid samples 
copurified with the genomic DNA (lanes 
1,2) are equivalent to the standard pBAG 
band (lane 3). This PCR experiment was 
repeated using [r the products 
quantitated by PhosphorImager (Fig. 
1B, C). The amplification product for 1 
ng of standard plasmid BAG DNA (lane 
1) and 1 ng of pBAG coextracted with 
genomic DNA (lane 2) were equal, sug- 
gesting that the recovery of plasmid 
DNA by this method is close to 100%. 
Genomic DNA alone does not produce a 
PCR band of 238 bp (lane 3). DNA ex- 
tracted from the nuclei of Rat-1 cells, 24 
hr after electroporation with pBAG, gen- 
erated the same 238-bp PCR product 
(lane 4). The residues from each of the 
DNA purification steps were analyzed ex- 

tensively by PCR, and by analysis of the 
UV light spectrum (data not shown). 
There was no loss of DNA during any of 
the purification steps when 20--50 p.g of 
genomic DNA was present during purifi- 
cation. However, when lower quantities 
of carrier or genomic DNA were present, 
the yield was not always quantitative. 

Quantitative PCR 

Under our experimental conditions, 
with a primer-to-template molar ratio of 
10s:1, and for low number of PCR cycles 
(9-15), the relationship between the ini- 
tial template quantity in the PCR reac- 
tion (from 106-101~ template copies 
tested) and the accumulation of the spe- 
cifically amplified PCR products follows 
a linear curve (Fig. 2). All of the plasmid 
DNA standard samples were diluted with 
the same genomic DNA solution, so that 
the concentration of genomic DNA in 
the standard plasmid samples was ap- 
proximately the same as in the experi- 
mental samples. In this way, any bias 
with respect to genomic DNA differences 
between experimental and standard 
samples were eliminated, although this 
extra precaution is not strictly necessary. 
DNA concentrations or plasmid copy 
numbers in the experimental samples 
could be directly read from a linear plot 
of Phosphorlmager values versus stan- 
dard plasmid concentrations (or tem- 
plate copy numbers). 

FIGURE 1 Analyses of the 238-bp lacZ DNA after 15 cycles of amplification. An aliquot of each 
PCR reaction was electrophoresed through a 7% acrylamide gel and stained with ethidium 
bromide. (A) (Lane 1) 1 ng of pBAG DNA copurified with Rat-1 nuclear DNA; (lane 2 a duplicate 
DNA preparation as in lane 1; (lane 3) I ng of standard pBAG DNA; (lane 4) 1.5 I~g of 6X174 RF 
DNA/HaelII fragments. (B,C) (Lane 1) I ng of plasmid BAG DNA; (lane 2) 1 ng of pBAG copurified 
with genomic DNA; (lane 3) genomic DNA; (lane 4) DNA isolated from Rat-1 cell nuclei at 24 hr 
posttransfection with 5 t~g of pBAG; (lane 5) 1.5 I~g of nonradioactive 6X174/HaelII DNA frag- 
ments; (lanes 6-8) 100, 10, and I pg of pBAG DNA, respectively. (A,B) Ethidium bromide stained; 
(C) autoradiograph of PCR products shown in B labeled with [e~-32P]dCTP. 

Expression of 13-galactosidase Gene 
from Mo-MuLV LTR Promoter in 
Different Cell Lines 

We next studied the transient expression 
of E.coli [3-galactosidase gene from a con- 
stitutive promoter, the wild-type Mo- 
MuLV LTR, in different cell lines. Rat-1 
fibroblast cells, FBJ v-fos-transformed 
Rat-1 cells (1302), and the revertant 
EMS-l-19 cells (8) were transfected with 
10 p,g of pBAG. Cells were harvested at 
22 and 48 hr posttransfection. Each lot 
of transfected cells was divided into 
equal halves. One half was used for prep- 
aration of cell extract and enzyme assay, 
and the other half was used to prepare 
nuclei and nuclear DNA for PCR. Figure 
2A shows the autoradiograph of the stan- 
dard DNA samples as well as the experi- 
mental samples from such an analysis. 
The plot of the PhosphorImager values 
of the standard DNA samples, from 
which the amounts of transfected plas- 
mid DNA were directly read, is shown in 
Figure 2B. 

The time course of [3-galactosidase re- 
actions are shown in Figure 3. The level 
of endogenous (cellular) [3-galactosidase 
activity is dependent on cell type and 
number. Therefore, the exact cell num- 
ber from the same cell type was used for 
determination of endogenous activity, 
which was then subtracted from the to- 
tal (transgene plus endogenous) activity. 
The results demonstrated that the spe- 
cific expression (transgene 13-galactosi- 
dase activity/plasmid) for the v-fos-trans- 
formed cell line (1302) is significantly 
higher than for the other cell lines (Ta- 
ble 1). For 22 hr posttransfection, the ra- 
tio of specific expression of [3-galactosi- 
dase activity of 1302 to Rat-1 or EMS-1- 
19 was approximately 4:1; for 48 hr 
posttransfection, the ratio of 1302 to 
Rat-1 was >10:1, and the ratio of 1302 to 
EMS-l-19 was 2.6:1. 

Effect of PMSF Treatment of DNA on 
PCR Products 

Proteinase K, used in DNA purification 
procedures, is a powerful and stable 
serine protease, which is not easily inac- 
tivated by heating. If significant protei- 
nase K activity remains in DNA samples, 
it could digest Taq DNA polymerase and 
reduce the yield of PCR products to dif- 
ferent extents in different reactions. The 
conventional ways for inactivation of 
proteinase K involve extensive phenol 
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FIGURE 2 PCR amplifcation products of bacterial lacZ DNA isolated from transfected cell nuclei. Various cell lines were electroporated with 10 ~g 
of pBAG. At 22 and 48 hr after electroporations, the cells from each transfection were harvested and divided in equal halves; one half was used for 
nuclei, and the other for cell extract preparations. One-tenth of DNA isolated from each nuclei sample, along with a set of standard pBAG samples, 
was amplified by 10 PCR cycles, as described in Materials and Methods�9 (A) Autoradiograph of [~-32p]dCTP-labeled PCR products. (Lanes a-g) The 
PCR products for standard pBAG DNA samples with 50, 25, 10, 5, 2.5, 1, and 0.5 x 108 copies, respectively; PCR products of electroporated pBAG DNA 
samples in various cell lines, after the indicated posttransfection times: (Lane h) Rat-1 (22 hr); (lane i) 1302 (22 hr); (lane j) EMS-l-19 (22 hr); (lane 
k) Rat-1 (48 hr); (lane I) 1302 (48 hr); (lan~ m) EMS-l-19 (48 hr). One-tenth of each PCR-amplified sample was analyzed on a 7% acrylamide gel. 
(B) A plot of PhosphorImager volumes obtained from individual PCR amplified lacZ-specific bands (shown in A, pBAG standards) vs. the number 
of target DNA molecules used in each reaction. 

extractions, or t reatment  with PMSF, 
which inhibits the enzyme irreversibly. 
The following experiment  was per- 
formed to confirm that  the proteinase K 
was absent in the DNA preparations for 
PCR. DNA from each of the three cell 
lines, Rat-l, 1302, and EMS-l-19, was 
prepared from cells transfected with 

pBAG after 22 and 48 hr. Each DNA sam- 
ple was dissolved in 100 ~l of TE, 10 Fd of 
which was saved for PCR. The rest of the 
sample was treated with PMSF. Each 
DNA sample was then resuspended in 90 
~l of TE, 10 ~l of which was saved for 
comparison with untreated fraction. Fig- 
ure 4 shows the autoradiograph of the 

t-- 

< 

0 

A 

I l I I | 

10 20 30 40 50 60 70 
Time (min) 

~ 6  

< 

0 10 20 30 40 
Time (min) 

B 

| 

50 

FIGURE 3 Time course of ~-galactosidase activity for various cell types and transfectants at 22 (A) 
or 48 hr (B) post-transfection. Equal numbers of cells were used for each pair of untransfected and 
pBAG-transfected cell extract preparations. An increase in As7 o for the total extract as a function 
of time is shown in each case. (•) Untransfected Rat-l; (A) pBAG-transfected RAT-l; (�9 un- 
transfected 1302-4-1; (O) pBAG-transfected 1302-4-1; ([]) untransfected EMS-1-19; (m) pBAG- 
transfected EMS-1-19. 

PCR products for 1 ng (lane 1) and 10 ng 
(lane 2) of pBAG standard DNA, as well 
as six pairs of untreated and PMSF- 
treated electroporated DNA samples 
(lanes 3-14). It is clear from these data 
that  within experimental  error (maxi- 
mum 15%) between the two fractions of 
each pair of PCR products, there was no  
significant and consistent increase in the 
PCR products of the PMSF-treated DNA 
samples. 

Plasmid DNA-Nuclei  Interactions 

The protocol described above was de- 
signed to measure the number  of plas- 
raids present in the nuclei of transfected 
cells at the t ime that  the transcript ion 
rate is determined in the same cells. Nev- 
ertheless, it is possible that  transfected 
plasmid DNA molecules could escape 
the nuclei during centrifugation. The 
following experiment was conducted to 
test this hypothesis. The nuclei from 
Rat-1 cells electroporated with 10 ~g of 
pBAG were purified, resuspended in 200 
~l of isotonic nuclear buffer and centri- 
fuged for 10 min  at 1100g at 4~ The 
nuclear pellet was saved. The superna- 
tant  was mixed with 5 ~g of carrier Rat-1 
cell genomic DNA, the DNA was precip- 
itated with ethanol,  and resuspended in 
10 ~l of TE. The whole of this DNA sam- 
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TABLE 1 Comparison of Transient Expression of the E. coli [3-galactosidase Gene 
from Mo-MuLV LTR in Different Cell Lines at 22 and 48 hr Post-transfection 

13-galactosidase Specific transgene 
activity (As7o/hr) Plasmid expression (109x): Specific 

Transfection number [3-galactosidase expression 
(cell/plasmid) cellular cellular + pBAG pBAG (10-9x) activity/pBAG a ratios 

22 hr after transfection 
Rat-lfBAG 1.18 1.70 0.52 10.0 0.05 1.0 
1302/BAG 0.49 1.18 0.69 3.3 0.21 4.0 
1-19/BAG 0.29 0.53 0.24 4.2 0.06 1.1 

48 hr after transfection 
Rat-I/BAG 1.40 4.55 3.15 5.1 0.62 1.0 
1302/BAG 0.33 9.53 9.20 1.4 6.57 10.6 
1-19/BAG 0.22 5.22 5.00 2.0 2.50 4.0 

Each cell line was electroporated with 10 I~g of plasmid BAG. The number of untransfected cells 
used for cellular [3-galactosidase determination were made exactly equal to the transfected cells. 
Thus, the value for bacterial [3-galactosidase activity was calculated by subtraction of the endog- 
enous [3-galactosidase activity from the total activity. 
a The specific bacterial gene expression values obtained from duplicate experiments varied by a 
maximum of 20%. 

ple was placed in one PCR tube and am- 
plified with Lac-1 and Lac-2 primers for 
15 cycles. No detectable amoun t  of lac- 
specific product  could be seen after this 
amplification (Fig. 5, lane g). The results 
obtained with standard pBAG DNA sam- 
ples, 25--0.05 ng, PCR amplified for 15 
cycles are shown in Figure 5 (lanes a-f). 
An aliquot containing 2% of the DNA ex- 
tracted from the nuclei of Rat-l, 1302, 
and EMS-1-19 cells, transfected with 
pBAG, were also amplified under  the 

same conditions (Fig. 5, lanes i-k). These 
results indicated that <5•  copies of 
the transfected plasmid DNA (<0.5%) 
could have escaped the nuclei. 

We also investigated the affinity of 
nuclei for plasmid DNA, and/or the rate 
of uptake of pBAG by the cell nuclei. 
Thus, nuclei from one confluent  plate 
( -107 cells) of 1302 cells were isolated, 
mixed with 2 p.g of pBAG in 100 t~l of 
ice-cold lysis buffer, and incubated on 
ice for 10 min. The nuclei were then 

FIGURE 4 Analyses of the PCR products for six pairs of pBAG-transfected nuclear DNA samples, 
untreated vs. PMSF-treated. Autoradiograph of [~-32p]dCTP-labeled PCR amplification products 
generated after 10 cycles with Lac-1 and Lac-2 primers. One nanogram of pBAG standard DNA 
(lane 1); 10 ng of pBAG standard DNA (lane 2); Rat-1/pBAG, 22 hr post-transfection (lanes 3,4); 
1302/pBAG, 22 hr post-transfection (lanes 5,6; 1-19/pBAG, 22 hr post-transfection (lanes 7,8); 
Rat-1/pBAG, 48 hr post-transfection (lanes 9,10); 1302/pBAG, 48 hr post-transfection (lanes 
11,12); 1-19/pBAG, 48 hr post-transfection (lanes 13,14). (Lanes 4,6,8,10,12,14) DNA samples 
treated with PMSF prior to PCR amplifications. Phosphorlmager volumes for the lac-specific 
PCR-amplified bands, for each, are, respectively, 29,000; 289,000; 212,600; 186,200; 81,700; 
87,900; 19,200; 20,700; 63,300; 70,000; 25,800; 26,000; 7,900; 9,200 (lane 1-14). 

FIGURE 5 Interactions of plasmid DNA with 
nuclei. Autoradiograph of [r 
beled PCR amplification products generated 
after 15 cycles with Lac-1 and Lac-2 primers. 
(Lanes a-f) Standard pBAG DNA, 25, 5, 5, 1, 
0.5, and 0.05 ng, respectively; (lane g) super- 
natant fraction from centrifugation of puri- 
fied, electroporated Rat-1 nuclei with 10 I~g of 
pBAG, as described in Results, (lane h) 10% of 
the nuclear DNA of 1302 cells after incubation 
of these nuclei with 2 p~g of pBAG for 10 rain 
and three washings with 2 ml of buffer. Rat-l, 
1302, and EMS-1-19 cells, respectively, each 
electroporated with 10 ~g of pBAG, 2% of 
each nuclear DNA sample isolated 48 hr post- 
transfection were amplified (lanes i-k). 

washed three times with 2 ml of cold ly- 
sis buffer. An aliquot containing 10% of 
the DNA purified from these nuclei was 
amplified by PCR for 15 cycles (Fig. 5, 
lane h). Theoretically, <0.002 ng of plas- 
mid DNA should have remained with 
the nuclei if no strong interaction was 
present. However, the results indicated 
that 10% of the mixed plasmid DNA re- 
mained associated with the nuclei after 
washings. This result suggested a very 
strong affinity of nuclei for DNA. Most 
of the associated plasmid DNA could 
have entered the nuclei in such a short 
time. 

DISCUSSION 

A major problem in studying the effects 
of promoters and enhancers  on gene ex- 
pression is the accurate determinat ion of 
the transgene introduced into the cell 
nuclei, that  is, the transfection effi- 
ciency. Even though satisfactory results 
have been obtained using the cotransfec- 
tion method  within one cell type, this 
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method has not proved to be generally 
convenient  and applicable to every sys- 
tem. This is particularly true when  com- 
parative gene expression studies are 
done between different cell lines. There- 
fore, a direct and universal method  for 
quantification of transfected DNA has 
become a necessity in the studies of gene 
expression. In this laboratory, the bio- 
chemical  pathways of oncogene-induced 
cell t ransformation are being investi- 
gated. To this end, a series of revertants 
from v-fos-transformed Rat-1 fibroblasts 
have been isolated, which has sustained 
inactivating mutat ions in cellular trans- 
formation effector genes. (8~ During the 
study of differential gene expression 
among these cell lines, it was observed 
that the activity of constitutive promot- 
ers can vary as much  as 10-fold when  
transfected into these different cells 
(C.D. Hoemann  and H. Zarbl, unpubl.).  

In this report a PCR-based method  for 
direct quanti tat ion of transfected plas- 
mid DNA in nuclei  is described. In addi- 
tion, a relatively simple procedure is de- 
scribed for quantitative purification of 
transfected DNA from cell nuclei, with- 
out the use of phenol  or other organic 
solvent extractions. This procedure 
quantitatively yields DNA of h igh purity 
(ribonuclease and protease treated, and 
Az6o/Az8 o of about 1.97 in 50 mM NaCI), 
suitable for quanti tat ion by PCR. Al- 
though other rapid and simpler methods 
for DNA extraction ~ have been de- 
scribed, it is not  clear that they could be 
directly used to produce equally good re- 
sults. 

Shortly after the advent of PCR, the 
possibility of using this new molecular  
technique for quantitative purposes was 
explored by several groups. PCR is a 
highly sensitive and efficient method  for 
in vitro amplif icat ion of a specific gene 
of interest, using genomic DNA as tem- 
plate. Furthermore, after synthesis of a 
cDNA using reverse transcriptase, spe- 
cific RNA molecules may also be ampli- 
fied in vitro. Therefore, the potential of 
this method for quantitative analysis of a 
gene or gene expression from small 
numbers  of cells is enormous. ~7~ 

However, it was noted that repetitive 
experiments using both identical PCR 
conditions and identical amounts  of the 
same template DNA did not  necessarily 
lead to identical amounts  of amplifica- 
tion products. For example, when  a mas- 
ter mix containing all of the reagents, 
including template DNA, was prepared 

and divided equally into several tubes, 
the yield of the amplified product varied 
as much  as sixfold. (18~ An explanation 
may be that the efficiency of PCR is af- 
fected by even minute  differences in 
concentrat ion of reagents present in the 
sample, as well as by small differences in 
temperature depending on the position 
of the reaction tube in the heat block of 
the thermal  cycler. ~ Thus, PCR did not 
seem to be a reliable quantitative as- 
say.(~7) 

Methods have been described re- 
cently that allow PCR to be used for 
quanti tat ion of the copy number  of a 
gene in genomic DNA and the cDNA 
made from mRNA. These include differ- 
ential PCR, ~176 which in the same re- 
action tube for target gene or cDNA co- 
amplif ied a single copy endogenous 
reference gene or cDNA by using an ad- 
ditional pair of primers. The copy num- 
ber of the target sequence in the initial 
sample was estimated by comparing the 
intensity of the amplification products 
of the target sequence and the reference 
sequence. An alternative approach i s  
termed competitive PCR, OT'a8'x2'23) and 
an improved variation is termed tandem 
competitive PCR. ~z4) These approaches 
include a competitive synthetic template 
(an internal standard) in the amplifica- 
tion reaction that uses the same set of 
primers and is coamplified with the tar- 
get template. The advantages and the 
l imitations of these methods have been 
reviewed in some detail. ~17) All of these 
methods share the features of complex- 
i ty-- indirect  and often multistep quan- 
titation, labor intensive and costly, and 
applicable only to a particular system. 
Although certain genes and mRNAs have 
been quantitated successfully by these 
methods, some obvious l imitations ex- 
ist. A special vector needs to be con- 
structed to serve as internal standard for 
every system. The internal standard 
seems to have an amplification advan- 
tage over the target gene and frequently 
is amplif ied more effciently. While the 
competitive DNA was usually amplified 
with an efficiency correlating to the 
amount  of vector DNA in the initial sam- 
ple, amplification of genomic DNA in 
the same reaction tubes and using the 
same set of primers frequently did not 
yield products of gradual increasing in- 
tensity. ~17) A disadvantage of using a sin- 
gle-copy reference gene for quantitative 
PCR is the need for a second pair of 
primers for coamplification of the en- 

dogenous internal standard gene. Under 
conditions used for amplif icat ion of the 
target gene, another  pair of primers may 
amplify with different efficiency. While 
low levels of increase in copy number  of 
the target gene could be identified, the 
level of amplif icat ion could only be es- 
t imated and not be determined pre- 
cisely. (17~ Also, a linear correlation be- 
tween the neu gene to the reference gene 
",/-interferon ratio and the level of ampli- 
fication of the neu gene in breast carci- 
noma cell lines could not  be estab- 
lished. (2~ 

The quantitative PCR method  de- 
scribed here was designed for accurate 
measurement  of transfected DNA for 
transient gene expression studies. It has 
the advantage of simplicity combined  
with accuracy and reproducibility. Even 
when  different primers such as exon-5 
h u m a n  growth hormone  (hGH) or chlo- 
ramphenicol  acetyl transferase (CAT) 
were used, there was no difficulty in 
quanti tat ing the amount  of transfected 
DNA (data not shown). It is important  to 
note that amplif ied template molecules 
can reanneal to themselves and compete 
strongly with primer molecules. All the 
amplifications were thus performed with 
a low number  of PCR cycles (<lS,  usu- 
ally 9-10). The primer-to-template ratio 
used was such that at the last PCR cycle it 
would be in excess of lO-fold. 

The differential transient expression 
of E. coli ~3-galactosidase gene from a 
constitutive promoter  (wild-type Mo- 
MuLV LTR) in Rat-1 fibroblast cells, FBJ 
v-fos-transformed Rat-1 cells (1302), and 
the revertant EMS-I-19 cells was stud- 
ied. The results of this exper iment  (Table 
1) showed that the products of the trans- 
gene expression accumulate at a much  
greater rate in the transformed 1302 cell 
l ine than in normal  Rat-1 cells, 4-fold 
higher  at 22 hr, and >lO-fold at 48 hr 
posttransfection. Compared with EMS- 
1-19 cells, transgene product accumula- 
t ion in 1302 cells was also 4-fold higher  
at 22 hr posttransfection, but at 48 hr 
this ratio was only -2 .6 .  Many factors 
could contribute to the observed differ- 
ences in the specific transgenic 13-galac- 
tosidase activity in various cell types. 
These include promoter  activity, mRNA 
and protein stability, and cell doubl ing 
time. The revertant EMS-I-19 cells, for 
example, divide at least three times 
slower than Rat-1 cells. Gene expression 
results are usually analyzed 48 hr after 
transfection to obtain measurable levels 
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of cotransfected 13-galactosidase activity. 
Hence, a lack of knowledge about  the ex- 
pression level of such internal control 
genes in various cell types could lead to 
the generation of erroneous normalized 
data and conclusions. We believe that 
the values shown for the expression of 
[3-galactosidase transgene in different 
cell lines may only hold true for this par- 
ticular gene and promoter  system. Other 
endogenous or transgenes could exhibit 
different results in the same three cell 
types. Therefore, the cotransfection 
method may be unsuitable for normal- 
ization of ectopic gene expression data 
in different cell lines. Direct determina- 
tion of the transgene copy number  
within the nuclei of transfectants, using 
the methods described in this manu-  
script, is a viable alternative. Even for 
gene expression studies within the same 
cell type, direct quant i ta t ion of trans- 
fected DNA is a much  more reliable 
method than an indirect, cotransfection 
procedure. It is also less labor intensive 
and reduces the number  of independent  
determinations needed in each experi- 
ment  to establish valid results. 

The results in Figure 4 demonstrate  
two important  issues. First, the DNA 
samples prepared by our methods  appear 
to be free from proteinase K activity, 
which could potentially degrade Taq 
DNA polymerase in the PCR reaction and 
interfere with the quant i ta t ion of trans- 
fected DNA. Second, they demonstrate  
the reproducibility of the PCR reactions 
even after samples were treated with 
PMSF and repurified. 

The experiments in Figure 5 indicated 
that no detectable amoun t  of transfected 
plasmid DNA is lost from the nuclei dur- 
ing nuclei purification. On the contrary, 
the plasmid DNA appeared to be taken 
up very efficiently by the nuclei. After a 
10-min incubation, 10% of the DNA re- 
mained strongly associated with the nu- 
clei. It is generally accepted that the 
transfected DNA does not  remain intact 
in the cytoplasm several hours after 
transfection, as it would be degraded by 
cellular nucleases. Therefore, the trans- 
fected DNA needs to be rescued effi- 
ciently by the nuclei. If a certain fraction 
of nuclear-associated, transfected DNA 
remained intact and associated with the 
nuclear outer membrane  several hours 
posttransfection, one would assume that  
proportionally this fraction would be 
comparable in different cell types. It 
would be difficult to determine the pre- 

cise location of every transfected DNA 
molecule that is strongly associated with 
cell nucleus. 

In conclusion, because the traditional 
cotransfection procedures could yield er- 
roneous normalized results, true com- 
parisons of gene expression between dif- 
ferent cell lines depend on direct 
quanti tat ion of the transfected DNA by a 
reliable method.  The procedures de- 
scribed in this report make the achieve- 
ment  of this objective possible. More- 
over, even for comparisons of gene 
expression levels within a cell line, the 
methods described here greatly simplify 
the task of normalization of data for 
transfection efficiency. Every single de- 
termination by this method is less time 
consuming and more accurate than a 
gene product determination from a 
cotransfected vector. Using our ap- 
proach, a single repetition of each exper- 
iment  is sufficient to indicate the repro- 
ducibility of results, whereas 5-12 
determinations are often necessary to 
lower the standard error of the mean to 
an acceptable level in experiments using 
cotransfection. Thus, while our method 
will help improve the study of gene reg- 
ulation in normal versus tumor  cells, 
and on studies of differential gene ex- 
pression during cell differentiation, it 
will also simplify studies that require 
quantitative analysis of ectopic pro- 
moter  activities. 
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