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A Competitive etion M QuantitativeD;  utant R Assay for 
Angiotensin-conve ing Enzyme mRNA in 

Smooth Muscle Cells 

Joseph J. Lanzillo, 1 Xue-Jun Kong, and Barry L. Fanburg 

New England Medical Center, Pulmonary and Critical Care Division, Boston, Massachusetts 02111 

To quantify angiotensin-converting 
enzyme (ACE) mRNA, we have devel- 
oped a reverse transcription (RT)- 
coupled competitive PCR (RT-PCR) 
assay with a deletion mutant internal 
standard. The RT-PCR detects ACE 
mRNA from both human and bovine 
sources. ACE mRNA was detected in 
total RNA from cultured human sa- 
phenous vein smooth muscle cells 
(HuSV-SMCs) and from bovine pul- 
monary artery (BPA) SMCs. BPA-SMC 
expressed ninefold less ACE mRNA 
than BPA endothelial cells, and 
threefold less than HuSV-SMCs. Ap- 
parent amounts of ACE mRNA were 
118,350 _+2,300 copies in HuSV-SMCs 
and 42,200 _+11,300 copies in BPA- 
SMCs per microgram of total cell 
RNA. The accuracy of the absolute 
values is subject to the limitations of 
the assumptions used to calculate 
them. These data support the hy- 
pothesis that components of the re- 
nin-arqiotensin system are tran- 
scribed by SMCs. 

A comprehensive assessment of eu- 
karyotic gene transcription requires, in 
part, quantification of cellular mRNA 
levels. However, constitutive transcrip- 
tion from many genes does not provide 
sufficient amounts of mRNA for rigorous 
analysis by conventional methodologies 
like Northern blotting and RNase protec- 
tion. Since the invention of PCR, an 
emerging trend has been to reverse-tran- 
scribe mRNA to cDNA with subsequent 
amplification of the cDNA by PCR to 
provide sufficient material for analy- 
sis. (1~ This coupled RT-PCR has been re- 
fined to enable both relative and abso- 
lute quantification of mRNA/1-3~ Here, 
we describe a competitive RT-PCR assay 
for angiotensin-converting enzyme 
(ACE) using a deletion mutant internal 
standard for absolute quantification of 
ACE mRNA and use this assay to assess 
ACE gene transcription in smooth mus- 
cle cells (SMCs). 

Conversion of angiotensin-1 to an- 
giotensin-2 and inactivation of bradyki- 
nin are among the physiologically im- 
portant ACE functions that complement 
the diverse ACE activity toward several 
other polypeptide substrates. (4,s) Endot- 
helial cells from several species, includ- 
ing human and bovine, express ACE ac- 
tivity both constitutively and in a 
regulated manner on the plasma mem- 
brane as an ectoenzyme with the cata- 
lytic site readily available to blood-borne 
substrates. In addition, catalytically ac- 
tive ACE is shed into the circulation 
upon proteolysis of its membrane an- 
chor. Thus, ACE is an important compo- 
nent of both local tissue and circulating 
renin-angiotensin systems. Using RT- 
PCR we now report that human saphen- 

ous vein (HuSV) and bovine pulmonary 
artery (BPA) SMCs have 118,350 +2,300 
copies and 42,200 +11,300 copies, re- 
spectively, of ACE mRNA per microgram 
of total cellular RNA. These data extend 
ACE expression beyond endothelial and 
epithelial cells to include SMCs among 
the cells that transcribe the ACE gene. 

MATERIALS AND METHODS 
Cell Culture 

BPA endothelial cells (BPA-ECs) were iso- 
lated from main stem arteries by enzyme 
isolation and cultured in RPMI-1640 me- 
dium containing 5% fetal bovine serum 
(FBS) (Sigma Chemical Co., St Louis, 
MO), 100 U/ml of penicillin (Marsam 
Pharmaceuticals, Cherry Hill, NJ), 100 
i~g/ml of streptomycin (Eli Lilly, India- 
napolis, IN), and 1.25 p.g/ml of ampho- 
tericin-B (GIBCO BRL, Gaithersburg, 
MD) as described previously. (6) 

A modification of the method of 
Ross (7) was used for the isolation and 
culture of BPA-SMCs, and they were cul- 
tured under the same conditions de- 
scribed for BPA-ECs. 

HuSV-SMCs were obtained from the 
Molecular Cardiology Research Labora- 
tory of the New England Medical Center 
and cultured in Dulbecco's modified Ea- 
gle medium (DMEM) containing 10% 
FBS, L-glutamine, penicillin, streptomy- 
cin, and amphotericin B. Third to sixth 
passaged cells were used at a seeding 
density of 320,000/100-mm dish. Cells 
were maintained in culture at 37~ in a 
humidified chamber containing 5% 
CO2, and media were replaced every 48 
hr. 
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Cycle number 

FIGURE 1 IS/ACE ratio vs. cycle number. Ap- 
proximately equal amounts of BPA-EC cDNA 
and IS were subjected to 40 PCR cycles, and 
samples were removed after every other cycle 
from cycles 22-40. Samples were electro- 
phoresed on 3% NuSieve/1% SeaKem agarose 
in TAE buffer for 90 min at 80 V and stained 
with ethidium bromide. ACE and IS products 
were determined by densitometry, and the ra- 
tio was plotted as a function of cycle number. 

Endothelial cells were identified by 
their cobblestone appearance and the 
presence of factor VIII as determined by 
antibody staining. Smooth muscle cells 
contained muscle specific actin and were 
elongated in shape. By these criteria, 
there was no detectable cross contami- 
nation in the populations of cells stud- 
ied. 

Reverse Transcription 

Total cell RNA was obtained from 3- to 
4-day postconfluent  cultured bovine and 
human  cells with RNAzol B according to 
the manufacturer 's  instructions. Con- 
centration was determined spectropho- 
tometrically at 260 nm. RNA was serially 
diluted with diethyl pyrocarbonate- 
treated water containing 1 U/p.1 of RNase 
inhibitor  and 3 mM dithiothreitol.  RNA 
was primed with 660 pmoles of oli- 
go(dT)l~_18 and reverse transcribed by 
Moloney mur ine  leukemia virus reverse 
transcriptase (M-MuLV-RT), in a total 
volume of 30 p.1 conta ining 460 p~M of 
each dNTP for 1 hr at 37~ as described 
previously. (8) After reverse transcription, 
samples were heated at 95~ for 5 m i n  to 
denature the M-MuLV-RT and stored at 
- 4 0 ~  unti l  amplif ied by PCR. 

Deletion Mutant Preparation 

The deletion mutan t  internal  standard 
(IS) was prepared from a PCR fragment 
generated by using primers 5'-GAC. 
TTTGACCCAGGGGCCAAGTTC-3' (for- 
ward) and 5'-GTGGAGGCTGCGGTGG- 
CGGATGCT.3' (reverse) to amplify a 
540-bp region of h u m a n  ACE cDNA 

spanning nucleotides 3350-3889. This 
fragment was restricted with HaeII (New 
England Biolabs, Beverly, MA) at two 
sites 83 bp apart to yield three fragments 
of 171, 83, and 286 bp, which were re- 
solved by electrophoresis on agarose. 
The 171- and 286-bp fragments were ex- 
cised and ligated by overlap extension 
PCR to yield a 457-bp mutant  of the orig- 
inal fragment with an 83-bp deletion 
that was purified on Geneclean (Biol01, 
La Jolla, CA) and used as the IS. 

PCR 

A master PCR reagent mixture was pre- 
pared such that each 50 pd contained 0.4 
p.Mm each primer, 52 p.M dNTPs, and 0.1 
~l of digoxigenin (Dg) labeling mixture 
(consisting of 890 p.M each of Dg-l l -  
dUTP, dATP, dGTP, and dCTP) in 15 mM 
Tris-HCl, 50 mM KCI, 1.5 mM MgCl2, and 
0.01% gelatin (pH 8.5). The mixture was 
designed to give a final 3% Dg-11-dUTP/ 
dTTP ratio in the 50-1~1 PCR samples. A 
constant amount  of cDNA target was 
added to the master mixture of PCR 
primers and buffer, and 50-p.1 aliquots 
were placed in several tubes. The dele- 
tion mutant  IS was serially diluted (ei- 
ther 2- or 10-fold) and 9-9000 copies of 
IS were added to each 50 p.1 of PCR re- 
agent mix. Samples were overlaid with 
light mineral  oil and held at 80~ for hot 
start PCR. Taq polymerase (1.25 units) in 

2 p.1 was added to each sample by under- 
laying, and PCR was carried out for 35-  
40 cycles for 30 sec at 94~ for denatur- 
ation, 1 rain at 60~ for annealing, and 1 
min  at 72~ for extension. The last cy- 
cle extension was for 10 min.  Primers 
5'-TFACGTCAGGTACTTCGTCAGCTr- 3' 
(forward) and 5'-CAGTCCACCAGCGG- 
CTTGAAGTAG-3' (reverse) amplif ied ei- 
ther a 249-bp region of h u m a n  ACE 
cDNA between nucleotides 3394 and 
3642 or the homologous region of bo- 
vine cDNA between nucleotides 3372 
and 3620. Concomitantly,  a 166-bp frag- 
ment  of the IS was amplified. Thus, the 
RT-PCR detects ACE mRNA from both 
h u m a n  and bovine sources. Primer pairs 
span several introns such that genomic 
DNA is not amplified. 

Quantification 

After PCR, 10-1~1 sample aliquots were 
electrophoresed on 3% NuSieve/1% 
SeaKem agarose in Tris/acetic acid/EDTA 
(TAE) buffer for 90 rain at 80 V, stained 
with e th id ium bromide,  and photo- 
graphed. Alternately, when  greater sensi- 
tivity was required, fragments were 
transferred to uncharged nylon  and UV 
cross-linked as described previously. (8) 
The membrane  was treated sequentially, 
for 30 rain each time, with a blocking 
reagent that consisted of 5% HiPure liq- 
uid gelatin (Norland, New Brunswick, 

FIGURE 2 Separation and detection of PCR products. PCR was for 35 cycles with BPA-EC cDNA 
and 0, 90, 180, 360, 450, 900, 1800, and 3600 IS copies. Agarose electrophoresis was performed 
as described in Fig 1. (Top) Photograph of ethidium bromide-stained gel; (bottom) chemilumi- 
graph of Dg-labeled products. The arrow indicates a visual approximation of the estimated 
equivalence point. The actual equivalence point was determined from the data in Fig. 3A. Right 
and left end lanes contain a 123-bp DNA calibration ladder. 
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FIGURE 3 Competitive quantitative PCR with EC and SMC cDNAs. PCR, electrophoresis, and densitometry were performed as described in Materials 
and methods. (Top panels) ACE and IS optical densities from photographs of ethidium bromide-stained gels were plotted vs. copies of IS in each 
sample. (Bottom panels) After correcting for molecular weight differences, IS/ACE ratios were calculated from top panel data and plotted vs. IS copies. 
Equivalence points, where copies of ACE cDNA and IS are equal, were determined from the abscissa at the point on each line where the ordinate 
value is 1. (A) BPA-ECs (4 ng of RNA per tube); (B) BPA-SMCs (12 ng of RNA per tube); (C) HuSV-SMCs (15 ng RNA per tube). 

NJ), 0.1% Tween 20, 150 mM sodium 
phosphate,  140 mM sodium chloride, 
and 0.02% sodium azide (pH 7.4), fol- 
lowed by anti-Dg Fab fragment  conju- 
gated to alkaline phosphatase (Boe- 
hringer Mannheim,  Indianapolis, IN) 
diluted 1:10,000 in blocking reagent. 
Subsequent washing, detection with the 
chemiluminescent  substrate AMPPD 
(Tropix, Bedford, MA), and film expo- 
sure were done as described previ- 
ously. (8) Densitometry was done with a 
Millipore densitometer with Visage 
v4.6p software (Millipore, Bedford, MA). 
Because the target is larger than the mu- 
tant, target optical density was multi- 
plied by a correction factor of 0.67 to 
normalize the value before calculating 
the molar  ratio of a 166-bp mutan t  to a 
249-bp target. 

Optical densities for ACE and IS were 
plotted versus copies of IS to assess am- 
plification as a function of IS input. The 
equivalence point, where target and IS 
copies are equal, was determined from a 
plot of IS/ACE ratio versus copies of IS. 
This value was divided by 0.4 to compen- 
sate for the < 100% reverse transcription 
efficiency that was presumed to be 40% 
as determined from the manufacturer 's  
literature and elsewhere. (9) Also, the 
value was multiplied by 2 to compensate 
for differential amplification during the 
first PCR cycle where the single-stranded 
cDNA target was rendered double 
stranded while the double-stranded IS 
was amplified geometrically. Corrected 
values are reported as copies of ACE 
mRNA per microgram of total cellular 
RNA. 

RESULTS A N D  D I S C U S S I O N  

Southern blotting with a Dg-labeled hu- 
man ACE probe (8'1~ confirmed that  the 
primers amplified the correct targets 
(data not shown). Additional confirma- 
tion was obtained by restricting with 
AvaII, BclI, HaeII, and NciI both the tar- 
get from which the mutan t  was prepared 
and a 360-bp nested PCR product  ampli- 
fied from the deletion mutant .  Restricted 
fragments were electrophoresed on 3% 
NuSieve/1% SeaKem agarose in TAE 
buffer and stained with ethidium bro- 
mide (data not  shown). Both HaeII sites 
in the target that  spawned the mutan t  
and the single restored HaeII site in the 
mutan t  were cut correctly. Also the sin- 
gle unper turbed AvaII and NciI sites in 
both the target and mutan t  were cut c o r -  
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FIGURE 4 Copies of ACE mRNA per microgram of total cell RNA. Values for HuSV-SMCs, BPA- 
SMCs, and BPA-ECs, were corrected for reverse transcription efficiency and single-stranded cDNA 
as described in Materials and Methods. HuSV-SMC and BPA-EC data were from duplicate deter- 
minations; BPA-SMC data were from triplicate determinations. 

rectly. A single BclI site in the target that 
was within the excised fragment re- 
moved upon preparing the mutan t  was 
no longer recognized in the mutan t  but 
was cut correctly in the target. 

To ensure that reverse transcription 
occurred efficiently, 10 I~g of total cell 
RNA was serially diluted in twofold dec- 
rements prior to reverse transcription. 
Subsequently, PCR was performed with 
these cDNA samples. PCR product was 
not proportional to RNA when  10 i~g 
RNA was used for RT-PCR but did be- 
come proportional at lower RNA input  of 
- 2  I~g or less. Thus, PCR inhibitors in 
total RNA could be offset by titration of 
the RNA prior to reverse transcription. 
For these experiments, all RT-PCR was 
done with RNA concentrations that did 
not inhibi t  PCR. 

To ensure that the IS/ACE ratio did 
not vary when  PCR was extended 
through the exponential  range and into 
the plateau region, the IS/ACE ratio was 
determined every two cycles for up to 40 
cycles. The IS/ACE ratio remained con- 
stant and was independent  of cycle num- 
ber (Fig 1). Thus, with a homologous IS, 
competitive quantitative RT-PCR for 
ACE mRNA can be performed at any 
point  wi th in  the entire range of the am- 
plification efficiency curve. These data 
support a similar observation reported 

initially by Gilliland et al. for cytokine 
mRNA (3) and confirmed for other tar- 
gets.(11-14) 

PCR products were Dg-labeled rou- 
t inely to aid with detection of samples 
that expressed low target mRNA levels 
and showed faint e thidium bromide- 
stained PCR fragments even after 40 cy- 
cles. For those samples, densitometric 
analysis was performed from the 
chemilumigraph.  In general, the chemi- 
lumigraph mimicked the pattern shown 
on the photograph (Fig. 2). However, in 
some cases, IS/ACE ratios obtained from 
the chemi lumigraph differed from those 
obtained from the photograph because 
of uneven transfer. For samples where 
sufficient DNA was available for ade- 
quate e th idium bromide staining, the 
gel photograph was preferred for densi- 
tometry. Optical densities for IS and ACE 
were plotted, both separately and also as 
an IS/ACE ratio, as a function of IS copies 
added to the samples (Fig. 3). 

The benchmark  for ACE expression is 
the endothelial  cell. Thus, we used BPA- 
ECs as a positive control for quantifica- 
tion of ACE gene expression by RT-PCR. 
For each sample, serial dilutions of IS 
were added to a constant amount  of tar- 
get cDNA and subjected to 35-40 PCR 
cycles. Experiments were repeated with 
RNA from HuSV-SMCs and BPA-SMCs. 

Because the IS used here is cDNA rather 
than cRNA, the RT-PCR quantitates 
cDNA equivalents rather than  mRNA. 
From an analysis of publ ished data, (9) we 
assumed that the efficiency of reverse 
transcription was, on average, 40%. We 
based our calculation of absolute mRNA 
levels on the validity of this assumption.  
However, we recognize that the actual 
absolute amount  of ACE mRNA may be 
skewed if this assumption is invalid. 
Thus, absolute values should be taken as 
apparent values subject to the limita- 
tions of the assumptions used to calcu- 
late them. Nevertheless, relative ACE 
gene expression can be deduced without  
the need to estimate RT efficiency. From 
two experiments, we found 348,100 and 
379,700 copies of ACE mRNA per micro- 
gram of BPA-EC total RNA (Fig. 4). Cor- 
respondingly, from three experiments, 
BPA-SMCs had 34,800, 55,300, and 
36,700 copies of ACE mRNA per micro- 
gram of total RNA. Thus, on a relative 
basis, bovine ECs expressed ninefold 
more ACE mRNA than SMCs per micro- 
gram of total RNA. HuSV-SMCs had 
116,700 and 120,000 copies of ACE 
mRNA per microgram total RNA, ap- 
proximately threefold the BPA-SMC 
amounts.  These data complement  our 
qualitative analysis of ACE gene tran- 
scription by h u m a n  pu lmonary  artery 
SMC.(Is) 

Local ren in-angio tens in  systems 
(RAS) play key roles in the physiological 
homeostasis of heart, (16) brain, ~ and 
kidney. ~ Whether  or not  complete 
RAS, including angiotensinogen,  renin, 
ACE, angiotensin-2, and angiotensin-2 
receptors, exist in tissues or cells consti- 
tuting paracrine and autocrine systems, 
respectively, remains equivocal. SMC 
have been reported to have angioten- 
sinogen, ~ renin activity, (2~ ACE activ- 
ity, (zl) and angiotensin-2 receptors. (zz--z4) 
However, it is not clear whether all of 
these components are transcribed and 
translated by the SMCs or are taken up 
from the extracellular milieu. Thus, un- 
equivocal evidence for ACE gene tran- 
scription by SMCs is a prerequisite for 
SMC autocrine RAS function. The RAS end 
product, angiotensin-2, has growth-pro- 
moting activity in general (2s) and is mito- 
genic for SMCs. (26'a7) An SMC autocrine 
RAS has the potential to contribute patho- 
logically to the vascular remodeling se- 
quelae of hypertension, (z8) to myocardial 
hypertrophy, (a9) and to restenosis after an- 
gioplasty. The data presented here demon- 
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strate that  HuSV-SMCs and BPA-SMCs 
transcribe the ACE gene. It is therefore 
highly probable that  ACE catalytic activity 
in SMCs derives from translation of the  
ACE message and no t  as a result of extra- 
cellular ACE sequestration. Whe the r  en- 
dogenous product ion  of all o ther  RAS 
componen t s  can be established in SMCs 
remains to be explored. 
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