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Expression of a Constitutive NF-«B-like Activity is Essential for Proliferation of
Cultured Bovine Vascular Smooth Muscle Cells
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Abstract

We have recently discovered bovine and human vascular
smooth muscle cells (SMCs) express a novel constitutive
Nuclear Factor-kxB (NF-«xB)/Rel-like activity (Lawrence,
R., L.-J. Chang, U. Siebenlist, P. Bressler, and G. E. So-
nenshein. 1994. J. Biol. Chem. 269:28913-28918), here
termed SMC-Rel. Since cytomegalovirus (CMYV) infection
of human vascular SMCs has been implicated in aberrant
SMC proliferation during post-angioplasty restenosis, we
tested the role of NF-«kB/Rel activity in transactivation of
the CMV immediate early (ie) promoter. The basal CMV
ie promoter linked to three wild-type, but not mutant, copies
of its NF-kB element was active in bovine aortic SMCs.
The anti-oxidants N-acetyl cysteine (NAC) or pentoxifylline
(PTX), which are used clinically to reduce NF-«kB/Rel activ-
ity, inhibited NF-xB driven promoter transactivation, and
SMC-Rel binding activity. Treatment with either NAC or
PTX was observed to slow the growth of the SMCs in a dose
dependent fashion. Microinjection of either purified IxB-«,
a naturally occurring specific inhibitor of NF-«kB/Rel activ-
ity, or double-stranded oligonucleotides harboring wild
type, but not non-binding mutants of NF-«xB elements selec-
tively inhibited SMC proliferation. Thus constitutive NF-
xB/Rel activity appears essential for proliferation of vascu-
lar SMCs and might be a novel target for therapeutic inter-
vention for restenosis. (J. Clin. Invest. 1995. 96:2521-2527.)
Key words: SMC-Rel « CMYV « N-acetyl cysteine « pentoxifyl-
line « restenosis

Introduction

Members of the NF-«xB '/Rel family of transcription factors play
important roles in the regulation of transcription of a variety of
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cellular and viral genes, including the c-myc oncogene (1, 2),
several interleukins, receptors and adhesion molecules, and
genes of the HIV-1 (for reviews see references 3 and 4) and
cytomegalovirus (CMV) (5, 6). NF-«B activity can be induced
in a wide variety of cell types in response to treatment with
such agents as IL-1, TNFa, adhesion, oxidative stress, and oxi-
dized LDL (3, 4). The inducible NF-«B/Rel activity is due to
release of sequestered cytoplasmic NF-«B from inhibitor IxB
proteins (7, 8). In this manner, NF-«xB/Rel family members can
serve as important second messengers in signal transduction.
Constitutive nuclear NF-«B activity appeared to occur only in
mature B cells, activated T cells and monocytes, and neurons,
but we recently demonstrated bovine and human vascular SMCs
express an NF-«B-like activity constitutively (9). This factor
activated transcription of a heterologous promoter driven by
mutimerized elements of the immunoglobulin kappa light chain
or the c-myc gene, as well as the HIV long terminal repeat.
Despite extensive efforts to identify this activity as one of the
previously identified Rel-family members, we have been unable
to do so, raising the possibility that this factor is a novel SMC-
specific member of the NF-«B/Rel family (now termed
SMC-Rel).

Vascular smooth muscle cells are a major constituent of the
medial layer of blood vessels and have been implicated in the
development of atherosclerotic plaques (10). Aberrant prolifer-
ation within the intima following injury leads to excessive pro-
duction of extracellular matrix and contributes to the occlusion
of the arteries. In addition, in 25-50% of patients receiving
coronary angioplasty, a process called restenosis involving sig-
nificant SMC proliferation occurs which often leads to reclosure
of the vessel (10). An understanding of the mechanisms by
which SMC growth is regulated is crucial to the development
of effective treatments for these disorders. In light of a recent
report demonstrating that aberrant SMC proliferation in post-
angioplasty restenosis may be a result of CMV infection and
consequent stabilization of the tumor suppressor p53 (11), we
sought to determine whether constitutive SMC NF-«B/Rel fac-
tors might play a role in the activation of the CMV immediate
early (ie) gene promoter through its NF-«B sites. Using tran-
sient transfection, here we report that the NF-«B elements play
a significant role in constitutive activation of the CMV ie gene
promoter in bovine aortic SMCs. Addition of anti-oxidants, that
have been found to inhibit NF-«B/Rel activity (4), caused a
decrease in transactivation of CMV promoter and NF-«B ele-
ment driven constructs that could be related to a decline in
SMC-Rel binding. Furthermore, it was noted that these inhibi-
tors slowed SMC growth, and microinjection experiments indi-
cated an essential role for NF-kB/Rel in proliferation of SMCs
in culture.
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Methods

Cell culture. Vascular SMCs were obtained by explant of bovine aorta as
previously described (9) and grown in Dulbecco-Vogt minimal essential
medium (DMEM ) supplemented with 4 mM glutamine, 50 U/ml peni-
cillin, 50 pg/ml streptomycin and 10% fetal bovine serum (GIBCO
Laboratories, Grand Island, NY). These cells, which have a synthetic
phenotype and express only very low levels of SMC actin, were used
within the fourth passage. Bovine aorta endothelial cells, kindly pro-
vided by D. Larson, were similarly cultured. SMCs were rendered quies-
cent by growth to confluence as described (9). Interleukin-1 (IL-1) and
interleukin 6 (IL-6) (kindly provided by J. Sipe) were added to 10 ng/
ml for 1 h before preparation of nuclear extracts. N-acetyl cysteine
(NAC) (Sigma Chemical Co., St. Louis, MO) was prepared as a 200
mM stock in DMEM and adjusted to pH 7.3 with 1 N NaOH immedi-
ately before addition to cells. Pentoxifylline (PTX) (Sigma) was pre-
pared as a 100 mM stock in DMEM.

Transfection and reporter gene assays. For the CMV constructs,
cells were transfected by the modification of the calcium phosphate
method described by Chen and Okiyama (12). CMV Lac Z reporter
gene constructs, kindly provided by E. Mocarski, were the following:
pON405, ~ 2000 bp of sequences upstream of the murine CMV iel
transcription start site, including five full and six partial 18 bp NF-«B
element repeats; pON407, a deletion of sequences up to —146 bp of
the CMV el transcription start in pON405, including all of the NF-«B
elements; pON407.18R3, insertion of three tandem copies of the wild
type NF-«B element 18R3 (CCTTAACGGGACTTTCCAA) just up-
stream of —146 bp of the pON407; pON407.18(TTT)R3, insertion of
three tandem copies of a mutated version of the NF-«B element termed
18T3 (CCTTAACTTTACTTTTCCAA) just upstream of —146 bp of
the pON407 (5, 6). 24 h before transfection, 5 X 10° cells were plated
in duplicate in P100 dishes. Cells were transfected with 10 ug reporter
construct, 2.5 ug MoECAT, a chloramphenicol acetyl transferase (CAT)
reporter gene under the control of the Moloney Murine Leukemia Virus
long terminal repeat, for normalization of transfection efficiency and
17.5 ug BS(+) or pUC19 carrier DNA to have a final total amount of
30 pug DNA, which is optimal for transfection of SMCs under these
conditions. CAT assays were performed on protein extracts using a
continuous fluor diffusion assay (13), as we have described previously
(9). Extracts, normalized for transfection efficiency, were subsequently
assayed for B-galactosidase activity (14). In addition, constructs con-
taining two copies of wild type or mutated versions of the NF-«B
element (URE from upstream of the c-myc promoter) linked to the
thymidine kinase (TK) promoter driving the CAT plasmid, described
previously (9), were used. For transfection of these constructs, SMCs
were grown to confluence, trypsinized, resuspended in medium plus
20% serum at a concentration of 20 X 10° cells per ml. A sample
(0.8 ml) of cell suspension was incubated on ice for 5 minutes, then
electroporated with 30 ug DNA at 300 V and 960 uF using a Gene
Pulser (Bio-Rad Laboratories, Richmond, CA), then returned to ice for
10 min. Cells were then plated at a density of 10* cells per cm®. After
24 h, cells were harvested, and protein concentration of the lysates
determined using a Bio-Rad kit, according to the manufacturer’s direc-
tions. Equal amounts of protein were assayed for CAT activity.

Oligonucleotide sequences. URE double-stranded oligonucleotide
containing the upstream NF-«B element of the murine c-myc gene (1)
was used in either wild type or mutant forms as follows:

URE: GATCCAAGTCCGGGTTTTCCCCAACC

mUREL: GATCCAAGTCCGCCTTTTCCCCAACC

mURE2: GATCCAAGTCCGGGTTCCCCCCAACC

mURE3: GATCCAAGTCCGGGTTTTGGCCAACC

mURE4: GATCCAATGAAGGGTTTTCCCCAACC.

The region critical for binding, indicated by methylation interference
(1) and mobility shift analysis (9), is underlined in the wild-type URE
sequence. The mutations, indicated in bold font, are in the binding
region in mutants 1, 2, and 3 and outside of the core binding region in
mutant 4. The oligonucleotide containing the NF-«B element from the
kappa light chain gene was CAGAGGGGACTTTCCGAGAGG (3).
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For AP-1 binding, the double stranded oligonucleotide (with binding
site underlined) used was: GATCGCCATGTGACTCATTAC.

Electrophoretic mobility shift assay. Nuclear extracts were prepared
by a “‘miniprep’’ procedure described previously (15), and quantitated
for protein, as above. Oligonucleotides were **P-labeled to an approxi-
mate specific activity of 6000 Ci/mmol and purified by polyacrylamide
electrophoresis. Nuclear extract (5 pg) was mixed with 10 ug poly (dI-
dC) (Pharmacia, Piscataway, NJ) and 25,000 dpm of labelled double-
stranded oligonucleotide in 2 mM Hepes pH 7.5, 1 mM dithiothreitol,
0.1% Triton X-100, 0.5% glycerol, and 100 mM KCl in a volume of
25 ul and incubated at 23°C for 30 min. DNA —protein complexes were
resolved by nondenaturing polyacrylamide electrophoresis in 4.5%
acrylamide, employing as buffer 0.022 M Tris-borate, 0.5 mM
EDTA (9).

Determination of the number of cells in S phase. The number of
cells traversing S-phase in a defined time period was determined by
incubating cells in media containing [*H]thymidine (New England Nu-
clear) at 2 pCi/ml for the indicated time periods. At the end of the
labeling period, cultures were washed five times in phosphate buffered
saline, fixed with —20° methanol for five minutes, and air dried. Cells
were overlayed with NTB2 emulsion (Eastman Kodak Co.) and exposed
in the dark for five days. The emulsion was developed using Kodak
D19 and Kodafix as per manufacturer instructions, and counterstained
when desired with GIEMSA.

SMC microinjection. Exponentially growing SMCs on 100-mm di-
ameter tissue culture dishes were supplemented with 20 mM Hepes pH
7.3 to maintain pH when exposed to open air. Grids, ~ 4 mm?, were
drawn on the side of the plates by hand with a 25-gauge needle. Solutions
for microinjection were adjusted to 100 mM KCl, 10 mM sodium phos-
phate pH 7.3, and centrifuged to eliminate particulates. Solutions, in
Eppendorf femtotip glass capillaries (1-xm tip diameter), were microin-
jected into all nuclei in a grid using a Narishige micromanipulator with
constant flow under nitrogen pressure of 1.4 psi. The concentration of
oligonucleotides used was either 200 ng/ul or 1 pg/ul oligonucleotide,
to give an estimated 90,000 to 450,000 copies of the competitor in the
cells, yielding comparable results. After microinjection, the culture was
washed extensively with sterile PBS. After 15-16 h, cells were pulsed
for 8—10 h with [*H]thymidine and processed for autoradiography.

Photomicrography. Cells were photographed using a Nikon FM2
camera with technical pan film (ASA 25) using automatic exposure.

Results

NF-«kB/Rel elements play a role in activation of the CMV imme-
diate early promoter in SMCs. To determine whether the consti-
tutive NF-«B/Rel-like factor could activate transcription of the
CMV ie promoter, transient transfection analysis was performed
using CMV promoter-lac Z reporter constructs. As control,
MOoECAT, a CAT gene under the control of the Moloney Mu-
rine Leukemia Virus long terminal repeat, was co-transfected
and extracts normalized for transfection efficiency. The full
length CMYV ie promoter-lacZ reporter construct (pON405) was
very active after transient transfection into SMCs compared to
the pON407 construct, in which much of the promoter including
all copies of the CMV NF-«B sites had been deleted (Fig. 1).
This result contrasts with findings by Mocarski and co-workers
with fibroblasts or T cells, in which these promoters gave com-
parable, low levels of activity and only the pON405 gave sig-
nificant activity following induction of NF-«B (5, 6). The
pON407.18R3 construct, in which three tandem copies of the
CMYV NF-«B sites were added to pON407, had more than ten-
fold higher activity than its parental construct. In contrast,
pON407.18(TTT)R3, which has three copies of a mutated ver-
sion of the NF-«B site, exhibited levels indistinguishable from
pON407. These data suggest that part of the activity of the
CMYV promoter is mediated through its NF-«B sites.
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Figure 1. Activation of the CMV ie promoter in SMCs is partly mediated
through its NF-«B sites. CMV Lac Z reporter gene constructs were
the following: pON405, ~ 2000 bp of sequences upstream of the mur-
ine CMV el transcription start site, including five full and six partial
18 bp NF-«B element repeats; pON407, a deletion of sequences up to
—146 bp of the CMV iel transcription start in pON405, including all
of the NF-«kB elements; pON407.18R3, insertion of three tandem
copies of the wild type NF-«B element 18R3 (CCTTAACGGGAC-
TTTCCAA) just upstream of —146 bp of the pON407 (18R3);
pON407.18(TTT)R3, insertion of three tandem copies of a mutated
version of the NF-xkB element termed 18T3 (CCTTAACTTTACTTT-
TCCAA) just upstream of —146 bp of the pON407(18(TTT)R3).
pCMV-lac Z reporter constructs and control pUC19 DNA were cotrans-
fected into SMCs with MoECAT DNA, as described in Methods. Ly-
sates, normalized for transfection efficiency, were assayed for 3-galac-
tosidase activity (13). Results from experiments are given relative to
the activity of the wild-type CMV-ie promoter construct pON 405,
arbitrarily set at 1.0 in each experiment. Shown are the means of seven
separate experiments.

N-acetyl cysteine lowers basal NF-kB/Rel binding activity.
To determine whether known inhibitors of NF-«B/Rel induc-
tion might interfere with SMC-Rel activity, the antioxidant N-
acetyl cysteine (NAC), which blocks activation of NF-«B/Rel
binding (16), was used. Quiescent SMCs (which express levels
of SMC-Rel indistinguishable from exponentially growing
SMCs) were left untreated or were treated for 21.5 h with NAC.
To test for inhibition of induction of NF-«B, some cell cultures
were then administered IL-1 or IL-6 for 1 h, and nuclear extracts
prepared. Electrophoretic mobility shift analysis was performed
using a double-stranded (ds) oligonucleotide containing the NF-
kB site upstream of the murine c-myc promoter (URE). Nuclear
extracts from untreated SMCs yielded two bands in mobility
shift analysis, as expected (Fig. 2). The bottom band contains
p50 homodimers, which have been found unable to activate
transcription in vivo (1, 3, 4), and the upper band appears to
represent a heterodimer of p5S0 and a second, as yet unidentified
Rel subunit (9), designated SMC-Rel. NAC treatment signifi-
cantly lowered the basal levels of binding activity to the URE.
In contrast no decline was observed in binding to an AP-1
oligonucleotide used as a control for equal protein loading (data
not shown). Both IL-1 and IL-6 induced NF-«kB/Rel binding

Constitutive NF-B/Rel Is Essential for Smooth Muscle Cell Proliferation

NAC: = - - 4+ 4+ + Figure 2. NAC down-
L-ly o= & = = & - regulates basal SMC-Rel
L6 -+ - - o+

activity. Nuclear ex-
tracts, prepared from
control (untreated)
SMC:s or from cultures
pretreated with NAC at
20 mM for 21.5 h, then
treated for one hour with
10 ng/ml IL-1 or 10 ng/ml IL-6, as indicated, were used in electropho-
retic mobility shift analysis with the ds URE NF-«B oligonucleotide.
The indicated upper and lower complexes represent: p50/SMC-Rel and
p50 homodimer, respectively.

activity in SMCs. A major new band arises that has been found
to supershift with antibodies specific for the pSO and p65 sub-
units (data not shown), and thus this band is likely to represent
classical NF-«B (p50/p65) (3, 4). In addition, a slight increase
was noted in p50/SMC-Rel binding. The levels of activity ob-
tained after treatment with IL-1 were reduced by NAC. In con-
trast, the inducible level obtained by IL-6 treatment was unaf-
fected, suggesting perhaps that the mechanism of activation
may not be sensitive to antioxidants. Thus NAC, an inhibitor
of NF-«B activation, lowers levels of constitutive SMC NF-
«B/Rel factor binding. '

NAC inhibits SMC NF-kB/Rel functional activity. To test
the effects of NAC on the functional activity of SMC NF-«B/
Rel, transient transfection assays were performed. SMCs, pre-
treated with NAC for 20 h, were co-transfected with the CMV
constructs, as above, and §-gal activity compared with untreated
controls (Fig. 3). NAC treatment dramatically reduced the ac-
tivity of the full length CMV ie promoter and the pON407.18R3
basal promoter driven by three wild-type NF-«B element con-
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Figure 3. NAC inhibits transactivation through NF-«B elements. Cul-
tures of SMCs were pretreated with NAC at 0 or 20 mM, then transfected
with the CMV constructs, as described in the legend to Fig. 1. Lysates,
normalized for transfection efficiency, were assayed for 3-galactosidase
activity. Results from experiments are given relative to the activity of
the wild-type CMV-ie promoter construct pON 405, arbitrarily set at
1.0.
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Table I. NAC and PTX Down-regulate NF-kB Activity in SMCs

Table 1. NAC and PTX Do Not Affect Cell Viability

Treatment MOoECAT URE-TK-CAT UREmut-TK-CAT
None 20.9x0.4* 9.6+0.3 2.0x0.1
NAC 20 mM 24.6x14 2.9+0.5 1.9+0.1
PTX 2.5 mM 25.4x0.1 4.0+0.2 2.3x0.1

The indicated chloramphenicol transferase reporter constructs were
transfected into untreated SMC or SMC pretreated with NAC or PTX
at the indicated doses for 24 h. Cells were transfected via electroporation
with 30 ug DNA at 300 V and 960 pF. After 24 h cells were harvested
and assayed for CAT activity using a continuous fluor diffusion assay
(13). Results are expressed as mean of two separate plates. * Numbers
represent cpm X 1073 and are the mean of two separate plates.

struct, to that of the basal promoter in untreated cells, consistent
with the drop in Rel factor binding activity.

We next monitored the effects of NAC and of pentoxifylline
(PTX), another inhibitor of NF-kB/Rel activation, on activity
of NF-«B element driven heterologous basal herpes simplex
thymidine kinase (TK) promoter constructs. These CAT re-
porter gene constructs, driven by two copies of either the wild
type URE, or mutant mURE] (UREmut) that does not bind
NF-«B/Rel proteins, were transfected by electroporation into
either untreated SMCs or following pretreatment with NAC or
PTX for 24 h. As control, MOECAT was similarly transfected.
Table I demonstrates that URE-TK-CAT exhibited approxi-
mately five-fold higher activity than UREmut-TK-CAT in un-
treated cells, consistent with constitutive activity of SMC-Rel.
Pretreatment of the cells with the agents NAC and PTX down-
regulated URE-TK-CAT, but not UREmut-TK-CAT or MoE-
CAT, which is driven by other transcription factors. Thus NAC
and PTX inhibit NF-kB-like activity in SMCs.

NAC and PTX inhibit SMC proliferation. In the course of
above experiments, we noticed that SMC proliferation was
slowed by addition of either NAC or PTX. To more carefully
document these effects, exponentially growing SMCs were
treated with various dosages of NAC or PTX and cell numbers
determined after 24 or 48 h. Fig. 4 shows that both NAC and

2001 PTX 200 1 NAC

150

1004

o
<

cells per plate x 103

T
0 24 48 0 24 48

hours after plating hours after plating

Figure 4. NAC and PTX inhibit SMC proliferation. At various times
after treatment with NAC or PTX cells were trypsinized and counted
by hemacytometer. Points plotted represent mean of three separate 35-
mm tissue culture dishes; standard deviations are all < 10% of the
mean. PTX: (A) 0 mM; (0) 0.2 mM; (e) 0.5 mM; (m) 1.0 mM; (O)
2.5 mM. NAC: (e¢) 0 mM; (0) 3 mM; (0) 10 mM; (m) 30 mM.
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Hours after treatment

24 48

NAC (mM)

0 92.7* 97.3

3 91.3 97.1

10 93.7 95.6

30 92.1 93.7
PTX (mM)

0 92.7 97.3

0.2 93.7 83.3

0.5 96.7 96.3

1.0 92.1 96.9

2.5 92.0 96.1

At the indicated times after treatment with NAC or PTX, cells were
trypsinized and their viability determined by trypan blue exclusion.

* Numbers represent the mean of two separate plates, with standard
deviations < 5% of the mean.

PTX potently inhibited SMC growth in a dose-dependent fash-
ion. Cultures treated with either 10 mM NAC or 2.5 mM PTX
for 48 h were less than thirty percent the number of untreated
cultures. The number of SMCs undergoing DNA synthesis was
determined by labelling with [*H]thymidine and autoradiogra-
phy. We used 12-h labeling windows at either 12—24 or 24—
36 h after treatment. NAC and PTX both inhibited SMC DNA
synthesis in a dose-dependent manner. For example, only 14.9%
of cells underwent DNA synthesis 12—24 h after treatment with
10 mM NAC compared with 85.9% for the control and only
7.7% did so 2436 h after treatment compared with 69.8% seen
with untreated cultures. SMC cultures incubated with 0, 1.25,
2.5, or 5.0 mM PTX gave percent labelled nuclei values of
69.8, 45.3, 38.8, and 10%, respectively, 2436 h after treatment.
These effects on SMCs are not due to toxicity, as trypan blue
exclusion analysis demonstrates no decrease in viability at 24
or 48 h after treatment (Table II). SMCs maintained in these
drugs for 5 d resumed growth when returned to normal medium
(data not shown). In contrast, the inhibitory effects of 10 mM
NAC are not seen in vascular endothelial cells, which do not
express a constitutive NF-«xB/Rel activity (Fig. 5). Further-
more, vascular endothelial cells experienced no inhibition of
DNA synthesis with NAC treatment at this dose (data not
shown). Thus, NAC and PTX, two drugs which inhibit SMC
NF-«B/Rel activity, inhibit SMC proliferation.

Microinjection of SMC with purified IkB-a inhibits SMC
proliferation. To confirm a direct role of SMC NF-«B/Rel ac-
tivity in proliferation, we microinjected SMCs with purified
IkB-a, a naturally occurring inhibitor of NF-«kB (7, 8). Our
previous experiments had shown that the binding of complexes
containing the SMC-Rel factor was prevented by the presence
of this inhibitor (9). Exponentially growing SMCs were mi-
croinjected with IkB-a or as control bovine serum albumin
(BSA) at concentration of 1 pg/ul. Assuming a microinjection
volume of 107"' ml and a molecular weight of 37 kD for this
protein, we estimate that ~ 150,000 molecules of IkB-a were
introduced into the SMC. Cells were labelled for 8 h with [*H]-
thymidine 16 h after microinjection, and processed for autoradi-
ography. Table III shows that microinjection of IkB-« inhibited
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Figure 5. Endothelial cells proliferate in the presence of 10 mM NAC.
Bovine aortic endothelial cells, incubated in the absence or presence of
5 or 10 mM NAC were monitored for cell numbers. (o) 0 mM NAC;
(0) 10 mM NAC.

DNA synthesis. In contrast, microinjection of buffer alone or
BSA does not inhibit DNA synthesis. Therefore the presence
of the specific inhibitor of NF-«B/Rel binding IkB-a appears
to block SMC proliferation.

Microinjected NF-kB oligonucleotides inhibit SMC prolif-
eration. As another measure of the specificity of inhibition of
NF-«B/Rel binding on SMC proliferation, oligonucleotides
harboring wild-type and mutant NF-«B sequences were mi-
croinjected into the SMCs. Recent data has demonstrated that
microinjection of ds oligonucleotide harboring a transcription
factor binding site can compete in vivo and inhibit the activity
of the factor (18). SMCs were microinjected with ds wild-type
NF-«B oligonucleotides from the c-myc gene (URE) or the
kappa light chain gene (xB), which have both been shown to
be functional within these cells (9). As controls for specificity
for the effects, the series of four mutant URE oligonucleotides

Table III. Microinjection of IkB-alpha Inhibits SMC Proliferation

Microinjected solution Labeled nuclei/total cells Percent labeled nuclei
Experiment 1
None 89/173 514
Buffer 102/213 479
BSA, 1 ug/ul 63/119 52.9
IkB, 1 pg/ul 26/141 18.4
Experiment 2
None 50/94 53.1
Buffer 59/113 52.2
BSA, 1 ug/ul 43/89 48.3
IkB, 1 ug/ul 7157 12.3

16 h after microinjection with the indicated solution, cells were incu-
bated in medium containing [*H]thymidine for 8 h. Cells were then
processed for autoradiography. Shown are two representative experi-
ments.
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Table IV. Microinjection of Double-stranded Oligonucleotides
Harboring NF-«kB/Rel Wild-Type Sequences, but not Mutations
That Ablate Binding, Inhibits SMC Proliferation

Microinjected solution Labeled nuclei/total cells Percent labeled nuclei

None 119/167 71.4
mUREI1 101/158 63.9
mURE2 116/175 66.3
mURE3 107/147 72.8
mURE4 35/136 - 257
URE 19/109 17.7
B 39/137 29.0

16 h after microinjection with 200 ng/ul of the indicated oligonucleotide,
cells were incubated in medium containing [*H]thymidine for 10 h and
subjected to autoradiography, as above.

used in our original binding study (9) (see Methods for se-
quences) were similarly microinjected; these include three oli-
gonucleotides with mutations within the core binding region
(mUREI1, mURE2, and mURE3) such that binding is signifi-
cantly ablated and one outside of the core region that continues
to bind NF-«B/Rel complexes (mURE4) (9). For each oligo-
nucleotide, a grid was marked within a field and all cells mi-
croinjected. After 16 h, cells were labelled with [*H]thymidine
for 10 h and analysed for percent labeled nuclei, as above.
Furthermore, after 24 h cells were photographed to compare
cell density. As can be seen in Table IV, microinjection of
wild type or mutant NF-«B elements that can bind NF-«B/Rel
factors, i.e., URE, B or the mUREA4, significantly inhibited
the number of cells undergoing DNA synthesis. In contrast,
oligonucleotides with mutations that prevent Rel factor binding
(mURETL to 3) had little affect on SMC entry into S phase. As
expected, injection with buffer alone exerted no effect (none,
Table IV). Consistent with this finding, we observed that 24 h
after microinjection, SMC density in the grid microinjected with
oligonucleotides harboring elements that bind NF-«B/Rel was
significantly less than following microinjection with those with
mutations that ablate binding. Fig. 6 illustrates the results ob-
tained with the URE vs mURE]; similar results were obtained
with other elements that bind NF-kB/Rel vs the non-binding
mutations (data not shown). Therefore ds oligonucleotides that
bind NF-«B/Rel complexes can selectively inhibit SMC prolif-
eration presumably by competing in vivo for SMC NF-«B/Rel
binding.

Discussion

Here we demonstrate that the previously identified constitutive
NF-«B/Rel-like activity (containing SMC-Rel) is essential for
proliferation of bovine aortic SMCs in culture. NAC and PTX,
which reduce SMC NF-«B/Rel activity, inhibit SMC prolifera-
tion. Furthermore, microinjection of specific inhibitors of SMC-
Rel, including I«kB-a and ds oligonucleotides containing NF-
«xB/Rel binding sites, similarly reduce the rate of SMC prolifer-
ation. Thus growth of SMCs is directly inhibited upon reduction
in SMC NF-«B/Rel activity. Furthermore, transfection analysis
indicated that the constitutive SMC NF-«B/Rel activity plays
a role in transactivation of the CMV ie promoter. Thus the
promoter containing multiple NF-«B elements was active with-
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out additional activation of NF-kB/Rel and partial activity of
the truncated version of this promoter was restored upon intro-
duction of wild-type but not mutant copies of the CMV NF-«B
sites. In contrast, the wild-type CMV ie promoter was pre-
viously shown to be only active in T cells after induction of
NF-«B/Rel activity. The discovery of an activity that is neces-
sary for vascular smooth muscle proliferation provides a poten-
tial new therapeutic target with important implications for car-
diovascular research.

Because proliferation of SM cells within the intimal layer
of arterioles is thought to play a major role in the progression
of atherosclerosis and restenosis, there is tremendous interest
in identifying ways of inhibiting SMC growth. Importantly, the
subcultured SMC used here resemble neointimal SMC in that
they are in the synthetic rather than the contractile state. We and
others have demonstrated that antisense c-myb oligonucleotides
inhibit SMC growth (19-21); similar antisense technologies
targetting the SMC-Rel factor in the region of angioplasty might
be predicted to inhibit SMC proliferation and restenosis. How-
ever, this approach has proven difficult to develop for in vivo
use. Our finding that agents such as NAC and PTX, which are
currently in clinical use for other purposes, inhibit vascular
SMC proliferation might permit an easier, pharmacologic ap-
proach for the treatment of atherosclerosis, restenosis, and other
diseases involving hyperproliferation of SMCs. Other antioxi-
dants, which have been found to inhibit activity (4) may also
be effective. Of note, we have recently demonstrated that human
uterine SMCs, including both normal human myometrium and
uterine leiomyoma (fibroids) express constitutive NF-«B-like
activity (R. Bellas, R. Weiss, and G. Sonenshein, manuscript
in preparation).

It has been shown that the antioxidants probucol and butyl-
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Figure 6. Microinjection of dou-
ble-stranded oligonucleotides har-
boring functional NF-«B binding
sites inhibit SMC growth. All the
SMCs within a grid were microin-
jected with 1 pg/ul of either URE
or mUREI1 ds oligonucleotides.
After 24 h, cells were fixed in
—20°C methanol, air dried and
photographed (100X ) using tech-
nical pan film, ASA 25. Compara-
ble inhibition was obtained with
200 ng/ml oligonucleotide, and
with the other oligonucleotides
harboring elements that bind NF-
«kB/Rel factors, described in Ta-
ble IV (data not shown).

ated hydroxytoluene are effective in reducing plaque formation
in animal models of atherosclerosis (22-27). It has been sug-
gested these drugs have been successful because of their ability
to lower oxidized-LDL levels. However, our findings raise the
possibility that these drugs may also affect SMC NF-«B/Rel
activity and thus directly inhibit SMC proliferation. Further-
more, recent evidence has leant strong support to a longstanding
notion that atherosclerosis and CMV infection may be associ-
ated (reviewed in reference 28). In a large percentage of reste-
nosis lesions from patients, CMV infection correlated with inac-
tivation of the tumor suppressor p53 (11), thereby subverting
normal SMC growth control. We have found that the CMV ie
promoter is activated by the NF-«B-like activity in SMCs. Thus
therapies targetting the SMC-Rel factor may be able to elicit
two very different benefits: interference with CMV replication,
and direct inhibition of SMC growth.
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