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Abstract 

Vascular smooth muscle cell proliferation plays a central role in the pathophysiology of cardiovascular diseases. The induction of the 
early growth response gene-I (egr-1) mRNA is associated with different cellular processes such as cell proliferation. Antisense 
oligodeoxynucleotides seem to provide a promising new pharmaceutical tool for effective modification of the expression of specific 
genes. Hence, in the present study, the effect of 15-mer antisense oligodeoxynucleotides (targeted to the initial codon region of the egr-1 
mRNA) on the angiotensin II- and platelet-derived growth factor-BB-induced growth promoting effects of aortic smooth muscle cells was 
evaluated. Angiotensin II- and platelet-derived growth factor-BB induced egr-I mRNA (3.4 kb) and Egr-1 protein (80 kDa) in a time- and 
concentration-dependent fashion. No effects of the sense and antisense oligodeoxynucleotides on the agonist-induced elevation of the 
egr-1 mRNA and on the Egr-1 protein could be demonstrated. However, they effectively inhibited the angiotensin II- and the 
platelet-derived growth factor-BB-induced DNA synthesis. Our findings provide evidence that the oligodeoxynucleotides inhibit vascular 
smooth muscle cell growth via nonantisense mechanism(s). 
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1. Introduct ion 

Smooth muscle cell proliferation participates in the 
pathophysiology of both hypertension and atherosclerosis 
(Schwarz and Reidy, 1987; Bevan et al., 1976; Folkow et 
al., 1973). Local generation and autocrine or paracrine 
actions of angiotensin II has been shown to occur in the 
vascular system and the heart (Campbell, 1986; Schelling 
et al., 1991). Thus, it has been proposed that angiotensin I! 
participates in the mechanisms of structural vascular 
changes by enhancing cell growth in vascular smooth 
muscle cells. The platelet-derived growth factor-BB 
dimeric isoform is consisted of two polypeptide chains B 
and is a potent mitogen in vitro for different cell types 
including vascular smooth muscle cells (Sachinidis et al, 
1990). Platelet-derived growth factor may play an impor- 
tant role in the pathogenesis of atherosclerosis (Ross et al., 
1986). 

The early growth response gene-1 (egr-l), also known 
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as krox-24, zif-268, NGFI-A, has been identified as a 
transcription factor belonging to a class of immediate-early 
genes (Milbrandt, 1987; Sukhatme et al., 1988; Sukhatme, 
1990). Like other immediate-early growth response genes 
such as c-fos, c-myc and c-jun (Murakami et al., 1991; 
Sukhatme, 1990), induction of egr-1 mRNA in different 
cell types by several growth factors is associated with 
different cellular processes such as cellular differentiation, 
cell development, cell hypertrophy and cell proliferation 
(Milbrandt, 1987; Sukhatme et al., 1988; Sukhatme, 1990). 
The Egr-1 protein with a molecular weight of 80 kDa has 
been identified (Cao et al., 1990). The c-fos protein (Verma 
and Sassone-Corsi, 1987) is often coregulated with the 
Egr-1 protein. Both proteins are located in the nucleus and 
play an important role as transcription factors (Sukhatme 
et al., 1988; Sukhatme, 1990). 

Antisense oligodeoxynucleotides have been used to in- 
hibit specific gene expression. Although the underlying 
mechanisms of action of antisense oligodeoxynucleotides 
are not well understood, it is assumed that antisense 
oligodeoxynucleotides directed to a specific segment of a 
selected mRNA block mRNA translation upon hybridiza- 
tion by base pairing and consequently interrupt the synthe- 
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sis of a particular protein (Stein et al., 1988; Toulme and 
Helene, 1988). These physical interactions between anti- 
sense oligodeoxynucleotides and the target gene sequence 
are proposed at either the pre-mRNA or at the mRNA 
level resulting in an inhibition of RNA processing or RNA 
translation (Leonetti et al., 1993). Alternatively, DNA-RNA 
hybrids may occur which may be hydrolysed by the RNase 
H resulting in degradation of mRNA. In addition, it has 
been proposed that oligodeoxynucleotides may inhibit the 
binding of translation initiation factors or directly inhibit 
the translation of the mRNA by ribosomes (Leonetti et al., 
1993). 

The possibility to inhibit the expression of genes which 
are involved in the regulation of vascular smooth muscle 
cell growth might provide a new simple pharmaceutical 
tool for 'gene therapy' of cardiovascular diseases (for 
review see Epstein et al., 1993). Thus, we applied the 
'antisense' approach by investigating the effect of non- 
modified antisense oligodeoxynucleotides directed against 
the egr-1 gene on the platelet-derived growth factor-BB- 
and angiotensin II-induced DNA synthesis in vascular 
smooth muscle cells. Control experiments were performed 
using sense and scrambled oligodeoxynucleotides. In order 
to examine whether the inhibitory mechanisms of the 
oligodeoxynucleotides can be attributed to putative anti- 
sense mechanisms we investigated the effects of sense and 
antisense oligodeoxynucleotides on the agonist-induced in- 
crease in egr-1 mRNA and protein. 

2. Materials and methods 

2.1. Materials  

Fluoresceinisothiocyanate-conjugated monoclonal anti- 
¢x-smooth muscle actin and angiotensin II were obtained 
from Sigma (Deisenhofen, Germany). Dulbecco's modi- 
fied Eagles medium (DMEM), Ham's F-l0 and Dulbecco's 
phosphate-buffered saline (PBS) and other culture media 
were obtained from Gibco BRL (Eggenstein, Germany). 
Cell culture flasks were purchased from Falcon (Heidel- 
berg, Germany). The 2.1 kb Fragment (OC68 insert) of the 
egr-1 gene and the rabbit antiserum R5232-T to the Egr-1 
protein were kindly provided from Vikas Sukhatme, Har- 
vard Medical School, Beth Israel Hospital, Boston/MA 
02215, USA. A 0.77 kb cDNA for [3-actin (Dianova/Oncor 
Science, Hamburg, Germany) was used as DNA probe for 
13-actin. Hybond N + membranes, [32p]deoxycytidine 
triphosphate ([32p]dCTP), [methyl-3H]thymidine, [125I]- 
platelet-derived growth factor-BB, 31125I](iodotyrosyl) 
angiotensin II and horse radish peroxydase-labelled don- 
key anti-rabbit immunoglobulin G were obtained from 
Amersham Buchler (Braunschweig, Germany). Kodak X- 
OMAT films (8 × 10 inch) were obtained from Kodak 
(Rochester, USA). Fetal calf serum, platelet-derived growth 
factor-BB, bacteriophage T4 polynucleotide kinase and 

molecular weight standard RNA were obtained from 
Boehringer Mannheim (Mannbeim, Germany). Polyvinyli- 
denedifluoride membranes were obtained from Millipore, 
Bedford, USA. Bio-Gel P-60 was obtained from Bio-Rad 
(Munich, Germany). Hybond N + membranes were ob- 
tained from Amersham (Little Chalfont, England). 2-n- 
Butyl-4-chloro-5-hydroxymethyl- 1-[(2'-(1 H-tetrazol-5-yl)- 
biphenyl-4-yl)methyl]imidazole-5-carboxylic acid (EXP 
3174) was a gift from MSD research laboratories, West 
Point, USA. Benzonase (250 units/txl) was obtained from 
(Merck (Darmstadt, Germany). 

2.2. Methods  

Vascular smooth muscle cells were isolated from me- 
dial segments from thoracic rat aorta of female Wistar- 
Kyoto rats (6-8 weeks old) (Charles River Wiga GmbH, 
Sulzfeld, Germany) and cultured over several passages as 
previously described (Ross, 1971). The culture medium 
was DMEM supplemented with 10% fetal calf serum, 
nonessential amino acids, penicillin 100 IU/ml  and 
streptomycin 100 txg/ml. Cells (3 × 106) in 75 c m  2 flasks 
were allowed to grow in 5% CO:, 95% air at 37°C and 
became confluent after 4-5  days. Vascular smooth muscle 
cells in culture showed the characteristic 'hill and valley' 
growth pattern. The purity of vascular smooth muscle cells 
was confirmed by immunocytochemical localization of 
smooth muscle specific a-smooth muscle actin using fluo- 
resceinisothiocyanate-conjugated monoclonal anti-cx- 
smooth muscle actin. Experiments were performed with 
three different cell lines at passage 5-20. 

The ATG codon of murine Egr-1 (also known as krox- 
24, zif-268, NGFI-A) sequence (position 259) as suggested 
by Sukhatme et al. (1988) was taken as the starting codon. 
Milbrandt (1987) had proposed an ATG 84 nucleotides 
downstream from this site. The sequence of the nerve 
growth factor (NGF) inducible cDNA (NGFI-A) from the 
rat pheochromocytoma PC I2 line isolated from Milbrandt 
(1987) is homolog to murine egr-1 sequence (Sukhatme et 
al., 1988). The putative initiation ATG of the NGFI-A 
cDNA chosen by Milbrandt (1987) (cDNA position 353) 
corresponds to position 343 in the murine egr-1 cDNA 
Sukhatme et al. (1988). 

Oligodeoxynucleotides (15-mer) were synthesized on a 
Gene Assembler Plus (Pharmacia LKB, Munich Germany) 
using standard protocols. The oligodeoxynucleotides were 
dried down, resuspended in PBS and quantified by spec- 
trophotometry and gel electrophoresis. 

The following oligonucleotide (15-mer) sequences were 
used: 

(1) oligodeoxynucleotides which are either antisense 
or sense to the translation initiation codon region (base 
259-273) of the egr-1 gene 

- antisense [3'-TACCGTCGCCGGTTC-5' ](AS1) 
- sense [5'-ATGGCAGCGGCCAAG-3'] (SI) 
(2) oligodeoxynucleotides directed to bases 278-292 
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m 

AS2) 
(3) 

antisense [3'-TCTACGTTAACTACA-5'] (AS2) 
sense [5'-AGATGCAATTGATGT-3'] ($2) 
scrambled [3'-ATACTAGCTATACTC-5'(SCR- 

polyadenylate 
3'-AAAAAAAAAAAAAAA-5'(PolyA) 

For measurement of the cellular uptake ASI 
oligodeoxynucleotide was 5'-endlabelled by a bacterio- 
phage T4 polynucleotide kinase with ~-[32p]ATP] as de- 
scribed previously (Sambrook et al., 1989). Ten picomoles 
of the oligonucleotide were incubated with 8 units of 
bacteriophage T4 polynucleotide kinase and 10 pmol of 
~/-[3Rp]ATP at 37°C for 45 rain followed by an incubation 
at 70°C for 10 min to inactivate the enzyme. The effi- 
ciency of transfer of [ 32 P]ATP to the oligodeoxynucleotide 
and the specific activity was determined chromatographi- 
cally using a polyethyleneimine-cellulose column. The pu- 
rification of the radiolabelled oligodeoxynucleotide was 
performed by chromatography through a Bio-Gel P-60. 
The column was prepared in a sterile pasteur pipette. 
When radioactivity first started to eluate from the column, 
five-drop fractions were collected, analyzed by another 
chromatography and the appropriate fractions pooled. The 
radiolabelled oligonucleotide was added to the confluent 
cells (105 cpm/well)  for different time periods. After 
three washes with PBS cells were lysed in 0.5 M NaOH 
and counted. Protein was rneasured according to Bradford 
(1976). 

For the the determination of the [125I]platelet-derived 
growth factor-BB or [125I]angiotensin II binding in vitro, 
confluent cells (24-well culture plates) were preincubated 
in serum-free medium (0.5 ml) for 24 h. After cells were 
incubated with the S 1 or AS1 oligodeoxynucleotides for 2 
h [125I]platelet-derived growth factor-BB (25 000 
cpm/well,  5 ng/ml)  or [125I]angiotensin II (145 000 cpm, 
0.4 nM) was added to the: medium for 10 or 45 min at 
37°C, respectively, chilled on ice, and then washed 3 times 
with t).5 ml PBS containing 0.25% bovine serum albumin. 
Subsequently, cells were solubilized with 0.5 M NaOH 
and ",/-radiation was quar~tified with a Gamma-C12 ~/- 
counter (Hermann Bierm~.nn, Bad Nauheim, Germany). 
Nonspecific binding was determined using a 50-fold ex- 
cess of unlabelled platelet-derived growth factor-BB or 
angiotensin 11. 

The effect of the platelet-derived growth factor-BB and 
angiotensin II on DNA synthesis was measured by a slight 
modification of a method ;as described previously (Neme- 
cek et al., 1986). Vascular smooth muscle cells were 
seeded in 24-well culture plates and cultivated until conflu- 
ence. Then the initial medium was replaced by serum-free 
medium consisting of a mixture of DMEM and Ham's 
medium (1 : 1). Following another 22-24 h cultivation in 
serum-free medium, cells were incubated with the 
oligodeoxynucleotides for 2 h before stimulation with 
platelet-derived growth factor-BB or angiotensin II. Cul- 
tures were exposed to platelet-derived growth factor-BB or 

angiotensin II for 20 h before 3 ixCi/ml [methyl- 
3 H]thymidine were added to the serum-free medium. Four 
hours later experiments were terminated by aspirating the 
medium and subjecting the cultures to sequential washes 
with Dulbecco's phosphate-buffered saline (PBS) contain- 
ing 1 mM CaC12, 1 mM MgC12, 10% trichloroacetic acid 
and ethanol/ether (2: 1, v /v) .  Phase-contrast microscopy 
was used to inspect the dishes for evidence of cell detach- 
ment or changes in cell morphology. Acid-insoluble 
[3H]thymidine was extracted into 250 ~l /dish  0.5 M 
NaOH and 100 ill of this solution was mixed with 5 ml 
scintillator and quantified by using a liquid scintillation 
counter Beckman LS 3801 (DiJsseldorf, Germany). Then 
50 ~1 of the residual solution was prepared for the deter- 
mination of protein using the Bio-Rad protein assay ac- 
cording to the method of Bradford (1976). 

The expression of egr-I mRNA was studied after prein- 
cubation of the cells for 24 h in serum-free medium in 75 
cm z culture flasks. Cells were then preincubated with 
sense and antisense oligonucleotide for 2 h and stimulated 
with angiotensin II (100 nM) or platelet-derived growth 
factor-BB (50 ng/ml)  for 30 min. Total RNA was ex- 
tracted from cells by the guanidinium isothiocyanate/CsCl 
procedure (Chirgwin et al., 1979). Ten micrograms of total 
RNA were separated by electrophoresis in a 6% formal- 
dehyde/1.2% agarose gel, blotted on Hybond N + mem- 
branes washed at room temperature in 75 mM sodium 
citrate buffer containing 0.75 M sodium chloride for 5 
rain, and fixed by UV irradiation. After fixing, the blots 
were washed at 60°C in 1.5 mM sodium citrate buffer 
containing 15 mM sodium chloride and 0.1% sodium 
dodecylsulfate for 5 rain. Prehybridization and hybridisa- 
tion were performed overnight at 60°C in a buffer consist- 
ing of 75 mM sodium citrate, 0.75 M sodium chloride, 
0.2% sodium dodecyl sulfate, 50 mM sodium phosphate 
and 10 × Denhardt's solution 200 txg/ml salmon sperm 
(ss) DNA. The DNA probes were labelled with [32p]de- 
oxycytidine triphosphate ([32p]dCTP) by random oligo- 
nucleotide priming to a specific activity of 2 -4  × 109 
d p m / ~ g  DNA. The stringency of the final wash was 
0.2 × SSC containing 0.1% sodium dodecyl sulfate) at 
65°C for 2 × 45 min. A 2.1 kb Fragment (OC68 insert) of 
Egr-I including three zinc-finger domains (Sukhatme et 
al., 1988), a 1.0 kb fragment of v-fos and a 1.56 kb 
fragment of c-myc were used as probes. Blots were ex- 
posed to Kodak films for 3-7  days at -70°C. Blots were 
standardised using a 0.77 kb cDNA probe for 13-actin. The 
size in kilobases (kb) of the detected mRNA was calcu- 
lated by comparison with the 18S (1.8 kb) and 28S (4.6 
kb) ribosomal RNA migration from the gel wells. Control 
experiments were performed using the angiotensin II AT1 
receptor antagonist 2-n-butyl-4-chloro-5-hydroxymethyl- 
1 -[(2'-( 1 H-tetrazol-5-yl)biphenyl-4-yl)methyl]imidazole-5- 
carboxylic acid (EXP3174). 

The Egr-1 protein analysis was performed by a modifi- 
cation of the enhanced chemiluminescence western blot- 



98 A. Sachinidis et al. / European Journal qf Pharmacology 309 (1996) 95-105 

500 - T 

400 - 

300  

200' 

1 0 0 "  

0" 

m 

tll  

I w 
I 

I ± 

. . . .  i . . . .  i . . . .  i . . . .  i . . . .  I , , , , I , 

0 5 0 1 0 0 150 200 250 300 

time (rain) 

Fig. 1. Uptake of the ASI oligonucleotides into vascular smooth muscle 
cells. The ASl oligonucleotides directed to the egr-1 mRNA were 
5'-endlabelled with ~,-[~2P]ATP. Confluent cells were preincubated in 
serum-free medium for 24 h. Then radiolabelled antisense oligonucleo- 
tides (105 cpm) were added to the confluent cells for different time 
periods. After 3 washes with PBS cells were lysed in 0.5 M NaOH and 
counted. The data represent the mean_+S.D, from one representative 
experiment performed 6-fold. 

ting method as previously described by Simm et al. (1992). 
Cells were seeded in 24-well culture plates (4 X 105 

cells/well, well diameter 12 mm) and cultivated in culture 
medium until confluent. The medium was then replaced by 
serum-free medium consisting of a mixture of DMEM and 
Ham's F-10 medium (1 : 1). Following another 24 h culti- 
vation in serum-free medium, cells were stimulated for 
different time periods. The medium was removed and then 
cells were lysed with a buffer containing 50 mM Tris, 2% 
sodium dodecyl sulfate, 2% mercaptoethanol, 1 mM sodiu- 
morthovanadate, pH 6.7. The samples were vigorously 
shaking for 5 min and then benzonase (2.5 ILl; 250 
units/l~l) was added. After 5 min of vigorous shaking 
aliquots were used for protein determination using the 
Bio-Rad protein assay according to Bradford (1976). Sam- 
ple solutions containing 30 I.zg protein were transferred 

Fig. 2. Effects of the S1 or AS1 oligodeoxynucleotides on platelet-de- 
rived growth factor-BB- and angiotensin II-induced [3H]thymidine incor- 
poration into cell DNA. (A) Representative experiment performed in 
triplicates wells• Confluent cells (24-well plates) were precultured for 22 
h in the serum-free medium. Oligodeoxynucleotides have been added at 
different concentrations to serum-free medium 2 h before stimulation 
with platelet-derived growth factor-BB. Data represent the means + S.D. 
of a triplicate determination. (B) Data from individual experiments each 
performed with triplicate wells were standardised by calculating the 
means_ S.D. of the individual experiments and expressed as percentage 
of the value from unstimulated cells (control = 100%). * P < 0.05 for 
angiotensin II or platelet-derived growth factor effect versus control. 
• * P < 0.05 for AS1 + angiotensin II or SI +angiotensin II effect versus 
angiotensin II effect. * * P < 0.05 for AS1 + platelet-derived growth fac- 
tor-BB or S I +platelet-derived growth factor-BB effect versus platelet- 
derived growth factor-BB effect. * * * P > 0.05 for S 1 + platelet-derived 
growth factor-BB effect versus ASI +platelet-derived growth factor-BB 
effect. 

into microtest tubes and bromphenol blue (6 ILl) in 50% 
glycerol was added. Proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis in a 
7.5% acrylamide gel using a mini gel system (Bio-Rad, 
Munich, Germany). Proteins were transferred to a 
Polyvinylidenedifluoride membranes over night by 100 
mA with a buffer containing 25 mM Tris, 192 mM glycine 
and 20% methanol, pH 8.3. The protein transfer was 
checked using Ponseau S dye. The membranes were then 
washed using PBS containing 0.1% Tween-20 and 1% 
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nonfat dry milk (standard incubation buffer). Nonspecific 
binding blockade was perfc,rmed in PBS containing 0.1% 
Tween-20 and 5% nonfat dry milk for 2 h. Following a 
quick rinse with standard incubation buffer, membranes 
were incubated for 1 h in a standard solution containing 
anti-Egr-I antisera R5232-T (1 :4000  dilution) and subse- 
quently washed three times for 5 min using standard 
incubation buffer. Then membranes were incubated for 1 h 
in standard incubation buffer containing horse radish per- 
oxydase-label led donkey anti-rabbit immunoglobulin G 
(1 :5000  dilution). Membranes were washed three times 
for 5 rain with the standard incubation buffer. The detec- 
tion of  the Egr-1 protein was performed using the chemilu- 
minescence method with luminol. Briefly, sheets were 
soaked in 3 ml chemiluminescence buffer containing 100 
mM Tris, 2.5 mM luminol, 400 txM p-coumaric  acid, pH 
8.5, to which 3 ml hydrosen peroxide buffer was added 
(5.4 mM H~O2, 100 mM Tris, pH 8.5). After 1 rain the 
sheets were dried with filter papers and wrapped in trans- 
parent foil. Light emission was detected with Kodak X- 
OMAT films. 

tically not signifficant ( P  > 0.05). Statistical analysis of 
the data was performed using the Mann-Whitney U-test 
(StatView 512 + ~ ,  version 1.0, Apple Computer). 

3.3. The AS1 or the SI oligodeoxynucleotides do not 
inhibit the expression of egr-1 mRNA 

The expression of  egr-1 mRNA was analyzed by North- 
ern blot analysis following incubation of the cells with 
platelet-derived growth factor-BB and angiotensin II. An- 

A 
(a)  

E 

2: 
egr - I  mR 

3. Results 

3.1. Cellular uptake of the [32P]ASI oligonucleotide 

Cellular uptake of  the [32p]labelled [32p]AS1 oligo- 

nucleotides is shown in Fig. 1. Maximal  cellular uptake of  
ol igodeoxynucleotides occured at 1 h of incubation and 
uptake remained unchanged during 5 h. The maximal 
cellular uptake of the radiolabelled antisense oligonucleo- 
tide was approximately 7%. Percentage uptake was calcu- 
lated with the formula: % uptake = (cpm after cell 
l y s i s / 1 0  5) × 100. 

3.2. Inhibition of  vascular smooth muscle cell DNA synthe- 
sis by AS1 and S1 oligodeoxynucleotides 

(b) 
p-actin mRNA--i-  

B 
(a )  

ggg  
• ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

28S--..- 
egr - I  mRNA - -~-  

AS 1 and S 1 ol igodeoxynucleotides at a concentration of  
0.1 g M  lacked significant effects on the platelet-derived 
growth factor-BB-induced DNA synthesis (Fig. 2A, one 
representative experiment performed in triplicate wells). 
AS1 or S1 oligodeoxynucleotides at concentrations of  2, 3 
and 5 IxM completely inhibited the effect of  platelet-de- 
rived growth factor-BB effect on DNA synthesis below or 
to control values, respectively. Data from four individual 
experiments each performed with triplicate wells were 
normalised by calculating the means _ S.D. of the individ- 
ual experiments and expressed as percentage of  the value 
from unstimulated cells (control = 100%) (Fig. 2B). ASI  
or S1 oligodeoxynucleotides at a concentration of 3 poM 
reduced the effect of  angiotensin II on DNA synthesis to 
control values. The difference in the inhibitory efficacy of  
the AS1 and S1 ol igodeoxynucleotides on the platelet-de- 
rived growth factor-BB-induced DNA synthesis was statis- 

1 8 S ~  

(b) 
m,,N.-,-i i . . . . . .  ............. 

Fig. 3. Effects of platelet-derived growth factor-BB and angiotensin II on 
the egr-1 mRNA expression. Confluent cells were precultured for 24 h in 
the serum-free medium. (A) Then cells were stimulated with angiotensin 
II (100 nM) for different time periods or with different concentrations 
angiotensin II for 30 rain. Control experiments were performed after 
preincubation of the cells with EXP3174 (100 nM) for 10 min and then 
cells were stimulated with 100 nM angiotensin II for 30 min. (B) Cells 
were stimulated with platelet-derived growth factor-BB (50 ng/ml) for 
different time periods or with different concentrations of platelet-derived 
growth factor-BB for 30 min. Ten micrograms of total RNA were 
separated on a formaldehyde-agarose gel, blotted onto Hybond N + 
membranes and probed with a 32p-labelled 2.1 kb fragment of egr-I 
which hybridised to the 3.4 kb egr-I mRNA. (B) The same membrane 
was rehybridized with a 0.77 kb cDNA probe for [3-actin. Arrows 
indicate the 28S (4.6 kb), the 18S ribosomal RNA (1.8 kb), the egr-1 
mRNA (3.4 kb) and the 13-actin mRNA (2.0 kb). 
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giotensin II induced a rapid accumulation of 3.4 kb egr-1 A 
mRNA with a maximum between 30 min and 60 min (Fig. -£ ,. ,_ 
3A). The egr-1 mRNA declined to basal levels after 2 h. ,- ,- .~." .~:'- "~ "~ 
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Fig. 5. Effects of angiotensin II, platelet-derived growth factor-BB and 
fetal calf serum on the Egr-1 protein formation; effects of the S1 and AS1 
oligodeoxynucleotides on the angiotensin II- and platelet-derived growth 
factor-BB-induced increase in Egr-I protein. (A) Cells were incubated for 
24 h in serum-free medium. Then cells were stimulated with 50 n g /m l  
platelet-derived growth factor-BB, 100 nM angiotensin II and 10% fetal 
calf serum for different time periods. Cells were harvested and lysed as 
described in Methods. After sodium dodecyl sulfate-polyacrylamide gel 
elektrophoresis in a 7.5% polyacrylarnide gel, Western blot analysis was 
performed with the R5232-T antiserum. (B) Effect of the SI and AS1 on 
the angiotensin II- and platelet-derived growth factor-BB-inducede Egr-1 
protein level at times indicated. Cells were preincubated with 3 IxM for 2 
h before stimulation with platelet-derived growth factor-BB or an- 
giotensin II. Control experiment showing the effect of EXP3174 on the 
angiotensin II-induced induction of the Egr- 1 protein. Cells were precul- 
tured with 100 nM EXP3174 for 10 min before stimulation with 100 nM 
angiotensin II. 

Fig. 4. Effects of the S1 and ASI oligodeoxynucleotides on angiotensin 
II- and platelet-derived growth factor-BB-induced increase of egr-1 
mRNA. Confluent cells were precuhured for 24 h in the serum-free 
medium. Oligodeoxynucleotides (3 ~xM) have been added to quiescent 
cells 2 h before stimulation with 100 nM angiotensin II (A) or platelet-de- 
rived growth factor-BB (50 ng /ml )  (B). Ten micrograms of total RNA 
were separated on a formaldehyde-agarose gel, blotted onto Hybond N ÷ 
membranes and probed with a [32p]labelled 2.1 kb fragment of egr-I 
which hybridised to the 3.4 kb egr-I mRNA. A(b) and (c): the same blot 
previously hybridised with the 2.1 kb fragment of egr-1 was rehybridised 
with a [32p]labelled 1.0 kb v-fos cDNA probe and then again rehy- 
bridised with a [32p]labelled 0.77 kb cDNA probe for [3-actin mRNA. 
B(b): the same blot previously hybridised with the 2.1 kb fragment of 
egr-I was rehybridised with a [32P]labelled 0.77 kb cDNA probe for 
13-actin mRNA. Arrows indicate the 28S (4.6 kb), the 18S ribosomal 
RNA (1.8 kb), the egr-I mRNA (3.4 kb), the mRNA of c-fos (2.2 kb) and 
the 13-actin mRNA (2.0 kb). 
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both the antisense and sense oligodeoxynucleotides did not 
influence the Egr-I protein formation induced by an- 
giotensin II and platelet-derived growth factor-BB. As 
expected, the fetal calf serum-induced increase of the 
Egr-1 protein was not influenced by EXP3174 indicating 
the high specificity of EXP3174 to angiotensin II. 

3.5. Unlabelled thymidine had no effects on the 
[~ H]thymidine incorporation 

Oligodeoxynucleotides might undergo degradation in 
the cell culture medium releasing thymidine bases which 
might compete with exogenous [3H]thymidine, and thereby 
resulting in a nonspecific suppression of [3H]thymidine 
incorporation. To exclude this hypothesis, control experi- 
ments were performed using different concentrations of 
nonlabelled thymidine. As demonstrated in Fig. 6 even 20 
IxM of o~-thymidine did not influence the [3H]thymidine 
incorporation into cell DNA. 

3.6. The AS1 or the SI oligodeoxynucleotides do not 
interact with the angiotensin H or platelet-derit:ed growth 
factor-BB receptors 

To rule out a possible interaction of the oligodeoxynu- 
cleotides with the angiotensin II- or platelet-derived growth 

13Hlthymidine incorporation 
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Fig. 8. Effects of the $2 and AS2 oligodeoxynucleotides on the platelet- 
derived growth factor-BB- and angiotensin If-induced cell DNA synthesis 
in vascular smooth muscle cells. (A) Confluent cells (24-well plates) were 
precultured for 22 h in the serum-free medium. Oligodeoxynucleotides 
have been added at a concentration of 3 BxM to serum-free medium 2 h 
before stimulation with platelet-derived growth factor-BB. Following 
another 20 h incubation, cells were exposed to 3 txCi/ml [3H]thymidine. 
Four h later the reaction was terminated and cell protein and [3Hlthymi- 
dine incorporation into cell DNA was quantified. Data represent the 
means_+ S.D. of a triplicate determination. 
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Fig. 9. Effects of PolyA and SCR-AS2 oligonucleotides on the cell DNA 
synthesis. Confluent cells (24-well plates) were precultured for 22 h in 
the serum-free medium. Oligodeoxynucleotides have been added at a 
concentration of 3 o,M to serum-free medium 2 h before stimulation with 
platelet-derived growth factor-BB. Following another 20 h incubation, 
cells were exposed to 3 p, Ci/ml [3H]thymidine. Four hours later the 
reaction was terminated and cell protein and [3H]thymidine incorporation 
into cell DNA was quantified. Data represent the means+S.D, of a 
triplicate determination. 

factor receptors, the effect of the oligodeoxynucleotides on 
the [125I]angiotensin II- and [125I]platelet-derived growth 
factor-BB binding to vascular smooth muscle cells was 
investigated. As indicated in Fig. 7, both oligodeoxynu- 
cleotides lacked significant effects on the binding 
[1,_5 I]angiotensin II- and [125I]platelet-derived growth fac- 
tor-BB. 

3.7. The AS2, the $2 and the SCR-AS2 oigodeoxynu- 
cleotides inhibit the cell DNA synthesis 

As shown in Fig. 8, platelet-derived growth factor-BB 
and angiotensin II caused a 4.5-fold and 2-fold increase in 
[3H]thymidine incorporation into cell DNA, respectively 
(mean _+ S.D., one experiment performed in triplicate). In 
the presence of 3 p.M AS2 or 3 ~zM $2 oligonucleotides, 
the effect of both agonists was completely inhibited. 

To ascertain that the inhibitory effects of the 
oligodeoxynucleotides on cell growth are not exerted by 
toxic contaminants during the isolation procedure of the 
oligodeoxynucleotide control experiments were performed 
using PolyA (15-mer) and SCR-AS2 oligodeoxynu- 
cleotides. Oligodeoxynucleotides were synthesized succes- 
sively. As shown in Fig. 9, PolyA lacked significant 
effects on the platelet-derived growth factor-BB and an- 



A. Sachinidis et al. / European Journal of Pharmacology 309 (1996) 95-105 103 

giotensin II-induced DNA synthesis. In contrast, SCR-AS2 
suppressed the effect of both agonists below basal values. 

4. Discussion 

Our results provide evidence that oligodeoxynucleotides 
inhibit platelet-derived growth factor-BB- and angiotensin 
II-induced DNA synthesis ill vascular smooth muscle cells. 
However, agonist-induced increase of egr-I mRNA and 
Egr-I protein was not suppressed by antisense and sense 
oligodeoxynucleotides. These findings suggest that 
oligodeoxynucleotides inhibited DNA synthesis by mecha- 
nisms which cannot be attributed to antisense mechanisms. 

The induction of egr-1 by angiotensin II, platelet-de- 
rived growth factor-BB a:ad fetal calf serum occurred 
rapidly and transiently with kinetics similar to those of 
several other early response transcription factor genes 
(Murakami et al., 1991; Sukhatme, 1990). Egr-1 binding 
sites occur in the 5' domains of a wide range of genes. 
These include egr-1 itself (Darland et al., 1991), c-fos, 
platelet-derived growth facl:or-A, c-ras and junD (Christy 
and Nathans, 1989) whose products could affect the activi- 
ties of other genes and there, fore lead to a growth response. 

We have demonstratec! that approximately 7% of 
[32p]labelled AS I oligodeoxynucleotides were taken up 
after 1 h and uptake remained unchanged within 5 h. The 
mechanism of cellular uptake of the oligodeoxynucleotides 
is controversially discussed. Loke et al. (1989) suggested a 
receptor-mediated uptake at least in cell lines, which can 
be inhibited by competitor DNA. In general, it is believed 
that oligodeoxynucleotides are taken up by pinocytosis 
and/or  recpetor-mediated endocytosis after binding to cell 
surface proteins. Such candidate receptor proteins have 
been described (for review see Leonetti et al., 1993). 

The present results show that aside from PolyA all of 
the antisense and sense oligodeoxynucleotides used, signif- 
icantly inhibited DNA synthesis induced by two potent 
growth factors. Cellular toxicity of the oligodeoxynu- 
cleotides was excluded by the trypan blue method (data 
not shown). Furthermore, to demonstrate that the in- 
hibitory effects of the oligodeoxynucleotides on cell growth 
are not exerted by any toxic contaminants during the 
isolation of the oligodeoxyr, ucleotides, control experiments 
were performed with PolyA (15-mer). Since in contrast to 
oligodeoxynucleotides used in the present study, PolyA did 
not influence cell DNA synthesis, toxic effects of contami- 
nants on vascular smooth muscle cells may be excluded. 
Also AS1 or S1 oligodeo'~ynucleotides purified by high 
pressure liquid chromatography (HPLC) from a commer- 
cial supplier (MWG-Biotech, Ebersberg, Germany) sup- 
pressed the agonist-induced increase in cell DNA synthesis 
without inhibition egr-1 mRNA exression or the Egr-1 
protein levels (data not shown). However, the mechanisms 
of action remain unclear, because Northern as well as 
Western analysis did not reveal suppression of both egr-1 
mRNA and Egr-I protein. Our control experiments using 

EXP3174, an ATI angiotensin II receptor antagonist, indi- 
cated that both methods are sensitive for detection of a 
suppression egr-1 mRNA and protein. 

Several reports describe that oligodeoxynucleotides tar- 
geted to proto-oncogenes like c-fos (Nishikura and Mur- 
ray, 1987) or c-myc (Biro et al., 1993) as well as to genes 
encoding nonmuscle myosin heavy chain or c-myb (Simon 
and Rosenberg, 1992) specifically inhibit vascular smooth 
muscle cell proliferation both in vitro and in vivo. Shi et 
al. (1993) reported that antisense oligodeoxynucleotides 
directed to c-myc mRNA specifically inhibited human 
vascular smooth muscle cell proliferation and c-myc mRNA 
induction. The same group reported that c-myc antisense 
oligodeoxynucleotides reduced the formation of neointima 
in denuded porcine coronary arteries whereas c-myc sense 
oligodeoxynucleotides were ineffective (Shi et al., 1994). 
Bennett et al. (1994) reported that antisense oligodeoxynu- 
cleotides directed to c-myc reduced rat vascular smooth 
muscle cell proliferation in vitro and significantly reduced 
neointima formation in carotid artery after balloon injury. 
Sense oligodeoxynucleotides were ineffective (Bennett et 
al., 1994). As recently discussed by Wagner (1994), each 
of these studies demonstrated an inhibition of biological 
effects of the antisense oligodeoxynucleotides. However 
rigorous inhibition of the target RNA or protein has not 
been demonstrated. In this context, specificity has been 
inferred from the biological effect of the antisense as 
compared to control sense oligodeoxynucleotide. However, 
many biological effects of the oligodeoxynucleotides are 
not specific and cannot be attributed to the antisense 
mechanism alone (for review see Epstein et al., 1993; 
Wagner, 1994). 

In contrast to the reports indicating apparent specific 
effects of antisense oligonucleotides, Burgess et al. (1995) 
demonstrated that the antiproliferative activity of c-myc 
and c-myb antisense oligodeoxynucleotides in smooth 
muscle cells is caused by nonantisense mechanism. Our 
findings are supported from the results of Epstein et al. 
(1993), Milligan et al. (1993) and Burgess et al. (1995) 
who demonstrated that inhibition of the vascular smooth 
muscle cell proliferation by oligodeoxynucleotides in vitro 
is mediated through nonantisense mechanisms. These au- 
thors reported that oligodeoxynucleotides (e.g. scrambled 
and sense oligodeoxynucleotides) inhibited vascular smooth 
muscle cell proliferation similarly to antisense oligodeoxy- 
nucleotides. 

The antiproliferative effect of egr-I oligodeoxynu- 
cleotides may be mediated via several nonantisense mecha- 
nisms which are extensively discussed by Epstein et al. 
(1993) and Wagner (1994). Authors described that 
oligodeoxynucleotides are able to bind to small molecules 
and proteins in a nonspecific manner and thereby they may 
directly interact with protein components, i.e. components 
of the cell cycle, resulting in a suppression of cell DNA 
synthesis. DNA-protein interactions frequently occur at 
physiological temperatures. Oligodeoxynucleotides in cell 
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culture may be degraded both intra- and extracellularly to 
nucteosides or nucleotides. The degradation products of 
the oligodeoxynucleotides can influence cell proliferation, 
especially at the high concentrations used in most of the 
cell culture experiments. In addition, it seems to be possi- 
ble that oligodeoxynucleotides may directly influence ribo- 
somal mRNA translation in a nonspecific manner. It is also 
conceivable that antisense and control oligodeoxynu- 
cleotides may decrease the stability of several mRNA due 
to conformational changes caused by their hybridization. 
Antisense and control oligodeoxynucleotides (sense, and 
scrambled oligodeoxynucleotides) may potentially be hy- 
bridized to other cellular mRNA sequences in a nonspe- 
cific manner resulting in an inhibition of cell DNA synthe- 
sis. Cross-hybridazation of oligodeoxynucleotides or their 
degradation products with several mRNAs in the cytosol at 
the cytosolic temperature of 37°C is likely. It is possible 
that oligodeoxynucleotides which contain the nucleotides 
G and/or  C may cross-hybridize with several mRNAs at 
37°C and thus may influence cell DNA synthesis. Since 
PolyA does not contain the nucleotides G and/or  C, 
cross-hybridization of PolyA with other mRNAs at 37°C 
may not be strong enough to influence DNA synthesis. 
The possibility that the used oligodeoxynucleotides could 
unspecifically influence the c-fos and c-myc mRNA levels 
leading to a suppression of the agonist-induced cell prolif- 
eration can be excluded since oligodeoxynucleotides lacked 
any effects on the c-fos and c-myc mRNA levels (c-myc 
data not shown). 

The [3H]thymidine incorporation assay is a common 
assay used to examine antisense efficacy for growth inhibi- 
tion by measuring the incorporation of [3H]thymidine into 
cell DNA. Objections against the use of [3H]thymidine 
incorporation technique to assess the influence of antisense 
oligodeoxynucleotides on cell growth have been raised 
(Matson and Krieg, 1992). It has been argued that 
oligodeoxynucleotides might undergo degradation in the 
cell culture resulting in a release of thymidine which might 
compete with exogenous [3H]thymidine, thereby resulting 
in an apparent suppression of [3H]thymidine incorporation. 
This mechanism could be ruled out as we have demon- 
strated that high concentrations of nonradioactive exoge- 
nous thymidine had no effect on the agonist-induced 
[3H]thymidine incorporation into cell DNA. 

Oligodeoxynucleotides might also interact with the 
components of the cell surface such as growth factor 
receptors and hence disturb the binding of the growth 
factor to its receptor. Such interactions of labelled 
oligodeoxynucleotides with surface receptor proteins have 
previously been described in other cell types (Storey et al., 
1991; Yabukov et al., 1989). In the present study interac- 
tions between oligodeoxynucleotides and the angiotensin II 
or platelet-derived growth factor receptor could be ruled 
out as no effects of oligodeoxynucleotides on the binding 

125 of [ I]angiotensin II and [125I]platelet-derived growth 
factor-BB on vascular smooth muscle cells was observed. 

In conclusion, the results from the present study provide 
evidence that antisense and sense oligodeoxynucleotides 
directed to the egr-I gene inhibit platelet-derived growth 
factor-BB and angiotensin II-induced cell DNA synthesis. 
Furthermore, these effects were not due to blunted transla- 
tion with impaired synthesis of the Egr-1 protein as 
oligodeoxynucleotides did neither inhibit egr-1 mRNA nor 
Egr-1 protein synthesis. Thus, the mechanism(s) by which 
the egr-1 antisense oligodeoxynucleotides mediated their 
inhibitory effects on vascular smooth muscle cell growth 
cannot be attributed to antisense mechanisms. From a more 
general perspective, our results illustrate the need for a 
careful interpretation of results obtained with antisense 
oligodeoxynucleotides regarding their specificity. 
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