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SUMMARY

The effects of epidermal growth factor, basic fibroblast growth
factor, and platelet-derived growth factor-BB on angiotensin type
1 (AT1) receptor gene expression were examined in rat thoracic
aorta vascular smooth muscle cells (VSMC) in culture. Incubation
of sewm-depnved VSMC with 20 ng/ml epidermal growth factor,
20 ng/ml basic fibroblast growth factor, or 50 ng/ml platelet-
derived growth factor-BB reduces AT1 receptor mRNA levels,
as assessed by Northern hybridization analysis, to approximately
30% of control levels. This effect is maximal 4 hr after addition
of each growth factor to the culture medium and is sustained for
up to 24 hr of incubation after a single dose. There is a correlative
loss of membrane-associated AT1 receptors and angiotensin II-
stimulated inositol phosphate production after 24 hr of growth
factor treatment. The half-life of AT1 receptor mRNA is reduced
significantly by growth factors, compared with that for cells
treated with actinomycin D alone to block transcription. This
suggests that growth factors activate a mechanism that involves

post-transcriptional destabilization of AT1 receptor mRNA. This
effect can be blocked by prior treatment of VSMC with actino-
mycin D or cycloheximide, suggesting that the effect of the
growth factors on AT1 receptor gene expression is mediated
through induction of an unknown gene or genes that function to
destabilize AT1 receptor mRNA and that mRNA translation is
essential for the destabilizing effect. Nuclear run-on assays re-
veal that the growth factors also significantly reduce the rate of
de novo AT1 receptor gene transcription. Thus, down-regulation
of AT1 receptor gene expression by growth factors also appears
to involve mechanisms that decrease the rate of AT1 receptor
gene transcription. These data reveal marked down-regulation
of AT1 receptor gene expression in VSMC by growth factor
receptor activation, through mechanisms that involve both atten-
uation of transcription and post-transcriptional mRNA destabili-
zation.

Chronic diseases such as hypertension, diabetes, and athero-

sclerosis are associated with abnormalities in vascular function.

These can be manifested as changes in VSMC ultrastructure,

gene expression patterns, and growth properties. A pathophys-

iological role for numerous mitogenic factors acting upon

smooth muscle cells is becoming increasingly clear. Mitogenic

factors elaborated within the blood vessel wall by invading
leukocytes, macrophages, and platelets, in addition to sources

from vascular cells, are known to profoundly influence the

properties of VSMC. Timely and extensive reviews of this field

by Jackson and Schwartz (1), by Bobik and Campbell (2), and

by Ross (3) have been published recently.
The mitogenic factors EGF, bFGF, and PDGF-BB have,

among other properties, the ability to induce de-differentiation,
proliferation, and chemotaxis of VSMC in vitro and in vivo (4-
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8). Their effects are transduced by cognate cell surface recep-

tors, which initiate signaling cascades that include tyrosine-

directed phosphorylation and the activation of ras and phos-

pholipase C pathways (see Ref. 2). The AT1 receptor is a G

protein-coupled receptor expressed in several tissues and cel-

lular phenotypes in vertebrates (9). However, VSMC are prin-

cipal physiological effector targets for circulating angiotensin

II. Indeed, the acute pressor responses of vertebrates to incre-

ments of angiotensin II result from activation of smooth muscle

cell AT1 receptors (10).

In vascular injury models in vivo, angiotensin II has been

shown to enhance smooth muscle cell proliferation, whereas

angiotensin-converting enzyme inhibitors and Dup753, an AT1

receptor-selective antagonist, have been shown to attenuate
blood vessel smooth muscle cell proliferation, migration, and

intimal thickening (1 1-13). Irrespective of the possible involve-

ment of AT1 receptors in these responses, the growth factors

bFGF and PDGF have been implicated as significant mediators
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of VSMC proliferation in these models (5, 14). Because of this,

as well as continuing controversy (1) regarding whether angio-

tensin II is a direct mitogenic factor or has an indirect mode of

action, it is of interest to explore to what extent growth factors

may alter the responsiveness of smooth muscle cell AT1 recep-
tors. Studies were conducted to investigate the effects of the

growth factors EGF, bFGF, and PDGF-BB on AT1 receptor

gene expression in cultured VSMC. These results demonstrate
that VSMC AT1 receptor gene expression is markedly down-

regulated after growth factor receptor activation. This appears

to result from two complementary mechanisms. The first in-

volves the induction by the growth factors of an unknown gene

or genes that function to destabilize AT1 receptor mRNA.
Superimposed upon this response is growth factor-mediated

attenuation of de novo AT1 receptor gene transcription. Ulti-

mately, this growth factor response leads to a significant de-

crease in the expression and function of AT1 receptors in the
cell membrane.

Experimental Procedures

Materials. Growth factors, cycloheximide, salts, and buffers were

purchased from Sigma Chemical Co. (St. Louis, MO) or Life Technol-

ogies (Gaithersburg, MD). Antibiotics, actinomycin D, serum, and cell

culture media were from Life Technologies. Hybond N membranes,

[32P]UTP, [32P]dCTP, and Namnl were purchased from Amersham
(Arlington Heights, IL). TRI-reagent was from Molecular Research

Center (Cincinnati, OH), and angiotensin peptides were from Bachem
(Torrance, CA) or from Sigma. myo-[3H]Inositol was purchased from
American Radiolabeled Chemicals (St. Louis, MO). Dup753 was a gift

from DuPont-Merck. Oligonucleotides were synthesized using Milli-
pore chemicals, with a Millipore Cyclone Plus automated DNA synthe-

sizer.

Cell culture. VSMC, generously provided by the laboratory of R.
Wayne Alexander (Emory University, Atlanta), are a continuous cell
line obtained from a primary culture of rat thoracic aorta (15). These
were grown in a 5% CO2 atmosphere at 37’ in DMEM supplemented
with 10% heat-inactivated calf serum, 2 mM glutamine, 100 units/ml

penicillin, and 100 �g/ml streptomycin. VSMC were passaged by har-

vesting with 0.25% trypsin-versine and seeding at a 1:6 ratio. Experi-

mental cells (passages 10-20) were seeded onto 60- or 100-mm dishes,

grown to confluence, and deprived of serum for 24 hr by incubation in

serum-free medium (DMEM with 100 units/ml penicillin and 100 �g/
ml streptomycin). Growth factors were dissolved in sterile phosphate-

buffered saline; actinomycin D and cycloheximide were dissolved in
sterile 100% ethanol before addition to culture dishes at a lOOx

concentration.
mRNA isolation and Northern analysis. After experimental

treatments, culture medium was aspirated and the cells were lysed in

situ with 1 ml of TRI-reagent, scraped, and processed according to the

manufacture’s protocol, to obtain total cellular RNA. This was quan-

tified spectrophotometrically by measuring absorbance values at 260

and 280 nm. Ten-microgram aliquots were electrophoresed through
1.2% agarose-0.67% formaldehyde gels and stained with ethidium bro-
mide to verify the quantity and quality of the RNA. After capillary
transfer to Hybond N membranes in 20x SSC (lx = 150 mM sodium

chloride, 15 mM sodium citrate), the RNA was cross-linked to the
membranes using a Stratalinker 2400 (Stratagene, La Jolla, CA). The

ethidium staining patterns on these blots were inspected after cross-
linking, to ensure uniform nucleic acid transfer. Those blots for which
this was not evident were excluded from further study. Northern blots
were prehybridized for 2 hr at 42’ in a buffer containing 50% deionized

formamide, 0.5% SDS, 6x SSC, 10 zg/ml denatured salmon sperm
DNA, and 5x Denhardt’s solution and were then hybridized for 16 hr
at 42’ with a random-primed, [32P]dCTP-labeled, rat AT1 receptor
cDNA probe, in the same buffer except without Denhardt’s solution.

The rat AT1 receptor eDNA probe was a 824-base pair fragment

generated from the pCal8b template (16) by the polymerase chain

reaction, using the primer pair 5’-GTCATGATCCCTACCCTCTA-

CAGC-3’ and 5’-CCGTAGAACAGAGGGTTCAGGCAG-3’ and Vent
polymerase (New England Biolabs, Beverly, MA). The hybridized

filters were washed for 15 mm at room temperature with 2x SSC and

for 15 mm at 50’ with 2x SSC/0.1% SDS and were exposed for 4-12

hr to Hyperfilm (Amersham) at -8fY.

Laser densitometry. A volume integration protocol was used to
quantify the autoradiographic hybridization signals with a personal

densitometer and the Imagequant program from Molecular Dynamics
(Santa Clara, CA). Hybridization signal borders of scanned autoradi-
ograms were marked manually by rectangulation, total pixel values
within a signal area were summed, and pixel values within an identically

sized, rectangular background area on the same film were subtracted.
For comparisons of treatments and for presentation, these integrated

volumes were normalized as a percentage of the hybridization values

from control, vehicle-treated cells.
Nuclear run-on assays. These assays are a slight modification of

protocols developed by Groudine and colleagues (17). After a 4-hr
incubation of VSMC with growth factors, cells grown on five 100-mm
dishes were dispersed with trypsin, collected, and washed with 150 mM

KC1, 4 mM magnesium acetate, 10 mM Tris. HC1, pH 7.4. After cen-

trifugation in a Beckman GS-GR tabletop centrifuge, using a GH 3.8

rotor (1200 rpm, for 5 mm, at 4’), the cell pellet was resuspended in 2

ml of the same buffer containing 0.5% Nonidet P-40 (Sigma). After

lysis for 10 mm on ice, the nuclei were isolated by centrifugation (2000

rpm, for 10 mm, at 4’) through 4 ml of 0.6 M sucrose, with the same
equipment. The supernatants were carefully removed and the nuclear
pellet was resuspended in a buffer containing 40% glycerol, 50 mM

Tris, 5 mM MgC12, and 0.1 mM EDTA. These were stored at -80’ until

used for assays. Nuclei (-1-3 x i0� nuclei/reaction) were used to carry
out the transcription, in a reaction mixture containing 40% glycerol,

50 mM Tris, 5 mM MgCl2, 0.1 mM EDTA, 0.5 mM levels of CTP, GTP,

and ATP, and 0.2-0.3 �M [32P]UTP (>3000 �iCi/mmol), at 30’ for 30
mm. Reactions were terminated by addition of 800 �d of TRI-reagent,

and the radioactive RNA was isolated and purified by collection of the

eluate from a Bio-Rad P-30 spin column. Approximately 5 x 106 to 2

x iO� cpm ofthe [32P)UTP-labeled RNA were dissolved in hybridization
solution (100 mM TES, pH 7.4, 0.3 M NaCI, 100 �ig/ml Escherichia coli

tRNA). Plasmids (5 �g) containing cDNAs for the AT1 receptor (a

HindIII-NotI cDNA insert from pCal8b subcloned in pKS�-Bluescript)
(16) or GAPDH (rat GAPDH in pIBI3O; International Biotechnology,

New Haven, CT) and a plasmid (KS�-Bluescript) without insert were
linearized, denatured, and applied to nylon membranes using a slot-

blot apparatus. These membranes were prehybridized for 2 hr at 42’ in
100 mri TES, 0.3 M NaC1, 100 �g/ml E. coli tRNA, 5x Denhardt’s

solution, and were hybridized at 42’ for 16 hr. Membranes were washed

for 10 mm at room temperature in 2x SSC and for 15 mm at 50� in 2x
SSC/0.1% SDS. The filters were exposed to film for 12-48 hr, and
autoradiographic signals were quantified by laser densitometry.

Membrane preparation and binding assays. VSMC grown and

treated on 100-mm diameter dishes were rinsed three times with
phosphate-buffered saline, pH 7.4, and collected by scraping with a

rubber policeman. After a brief centrifugation at 4* in a microfuge, the

pellets were resuspended in 1 ml of ice-cold 50 m�,i Tris . HC1, pH 8.0,
and homogenized by repeated trituration through a 22-gauge needle.

The membranes were pelleted by centrifugation at 12,000 rpm for 10
mm at 4’ in a microcentrifuge. The resulting pellet was washed and

recentrifuged once. lnI�[Sars,Iles]�Angiotensin II was synthesized from

Na’9 (2175 Ci/mmol) and [Sar’,Ile8]-angiotensin II using chloramine

T. After an initial purification on a Sep-Pak cartridge (Millipore) (18),

monoiodinated peptide was separated from other reaction products by
high performance liquid chromatography on a Vydak 0.46- x 25-cm, 5-

zm, C18 column, using a linear gradient of 6-60% acetonitrile in water,

with 0.1% trifluoroacetic acid in both phases, over 45 mm, at a flow

rate of 1 ml/min. The monoiodinated peptide peak eluted routinely at
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45% acetonitrile. Membrane proteins were determined by the Bradford
method, using a Bio-Rad kit and bovine -y-globulin as a standard. For

binding assays 2 � of membrane protein were resuspended in a buffer
containing 0.1% bovine serum albumin, 25 mM Tris, pH 7.4, and 5 mM

MgC12, in a final assay volume of 250 � Total and nonspecific binding

points were measured in triplicate or duplicate, respectively. Nonspe-

cific binding was determined in the presence of 10 jzM Dup753. The

samples were incubated for 60 mm at 20� after addition of radioligand,

followed by aspiration over 0.25% polyethyleneimine-treated GF/B
filter strips and three washes with ice-cold 50 mM Tris . HC1, pH 8.0,
using a Brandel cell harvester. The samples were counted for 1 mm in
a Beckman 4000 �y counter at an efficiency of 80%.

Inositol phosphate assays. Confluent VSMC seeded on 24-well

cell culture plates were deprived of serum for 24 hr in the presence of
1 �Ci/ml myo-[3H]inositol. Vehicle or bFGF, to a final concentration
of 20 ng/ml, was added for an additional 24-hr incubation. After this,
the cells were rinsed three times with DMEM containing 20 mM
HEPES, pH 7.4, and 10 mM LiCI. The cells were then incubated with
angiotensin II in the same medium for 60 mm at 37’. The reactions
were stopped by aspiration of the medium and addition of 0.5 ml of
ice-cold 20 mM formic acid. The plates were frozen and thawed three

times before 50 �l of each sample were removed and extracted with

chloroform. The organic phase from each sample was dried, redissolved
in scintillation fluid, and counted, to determine label incorporation
into the lipid pool. The remainders of the samples were overlaid onto
0.5-ml bed volumes of Dowex AG 1X8 ion exchange resin (200-400

mesh, formate form). After 10-ml washes each with deionized water
and 5 mM sodium borate/60 mM sodium formate mixture, total inositol

phosphates were eluted into scintillation vials with 3 ml of 0.1 M formic
acid/2 M ammonium formate. The data are presented as a percentage

of inositol lipid hydrolyis (cpm in total inositol phosphate pool divided
by cpm x 10 in organic pool).

Results

The mitogenic and functional responsiveness of rat thoracic
aortic smooth muscle cells to the concentrations of EGF, bFGF,
and PDGF-BB used in this study has been characterized exten-
sively by others (4, 19, 20). For the present studies, these VSMC

were cultured under conditions similar to those reported pre-
viously. Under these conditions AT1 receptor protein levels

and mRNA levels can be detected readily by standard radioli-
gand binding and Northern hybridization methodology. Serum
was removed from the culture medium 24 hr before initiation

of experimental treatments, to obviate its effects.

Fig. 1 illustrates representative autoradiographic results from

Northern hybridizations of a rat vascular AT1 receptor cDNA

probe to 10 zg of electrophoretically separated, total cellular
RNA extracted from VSMC at various time points after addi-
tion of the growth factors to the culture medium. The probe

hybridizes to an abundant 2.2-kilobase transcript and a minor

3.2-kilobase transcript, as observed previously (16), which rep-

resent alternatively processed transcripts from a single gene

(21). For the purposes of quantification, only the autoradi-

ographic signals generated from hybridization to the 2.2-kilo-

base transcript were measured and compared in this study.
However, the expression of the two transcripts is reduced
similarly by growth factor treatment. These autoradiograms

reveal a significant time-dependent attenuation of the tran-
script levels. This is evident by inspection of the hybridization

pattern in response to each of the growth factors, wherein the

AT1 receptor mRNA signal appears nearly maximally reduced
4 hr after exposure to the growth factor and this reduction is

sustained for up to 24 hr. RNA was also obtained from control,

vehicle-treated cells 4 hr, 12 hr, and 24 hr after growth factor

EGF :...�.,.... A

bFGF �: � B

a_-#{149}._� � �

PDGF-BB � C

� � -

PDGF-BB � D

.� .� .c .c .� .c .� .c .c .c .c

.4J .4., 4� 4.’

c_) (_) (_, c�

Fig. 1. Representative autoradiograms of Northern hybridizations after
VSMC treatment with growth factors. A, B, and C, Hybridization of an
AT1 receptor cDNA probe to Northern blots of 1 0 �g of total RNA
extracted from cells treated for the indicated times with 20 ng/mI EGF,
20 ng/ml bFGF, or 50 ng/ml PDGF-BB, respectively. 0, Hybridization of
a GAPDH cDNA probe to the same blot as shown in C, after the AT1
receptor cDNA probe was stripped off. In every experiment, RNA was
extracted from cells treated with vehicle (CtrI.) in parallel with the growth
factors at the 0-, 4-, 12-, and 24-hr time points. The 4.4-kilobase and
2.37-kilobase markers indicate the relative positions of the 28 S and 18
S rRNA bands, respectively. Each panel is representative of three
separate experiments for each growth factor and probe.

addition in all experiments. The hybridization signals for these

samples are not significantly different from that for the 0-hr

control. Thus, the loss in AT1 receptor mRNA hybridization

signal in the growth factor-treated cells does not result from a
nonspecific degradation of the system over the time course of

the experimental protocol. Also shown in Fig. 1 is hybridization

of a GAPDH cDNA probe to the same Northern blot of RNA
from PDGF-BB-treated cells. Compared with the AT1 receptor

mRNA signal, GAPDH mRNA appears relatively stable over

the time course of the assay. Using GAPDH mRNA as a

reference, these observations indicate that growth factors se-

lectively down-regulate the expression of the vascular AT1

receptor mRNA in this system.

Autoradiographic data, generated from at least three separate

experiments for each growth factor, were analyzed by laser

densitometry. Fig. 2 graphically shows the growth factor-in-
duced reduction in the AT1 receptor mRNA hybridization

signal, relative to vehicle-treated control levels. This method
of analysis reveals that each growth factor induces the same

relative effect, with maximum attenuation being achieved 4 hr

after addition of the growth factor. The levels of AT1 receptor

mRNA expression after 4 hr of treatment, relative to the 0-hr

control signals (100%), are as follows: EGF, 38 ± 4%; bFGF,

26 ± 3%; and PDGF-BB, 23 ± 8%. Fig. 2 also illustrates the

stability of AT1 receptor mRNA in vehicle-treated VSMC over

the 24-hr experimental period. GAPDH RNA levels are also

stable over this time course, both in the absence and in the

presence of growth factors. However, bFGF appears to consist-
ently induce GAPDH mRNA levels to approximately 150% of

control.

Experiments were performed to gain insight into general

mechanisms involved in this response to the growth factors. In

one set of experiments, VSMC gene transcription was inhibited

by preincubation of the cells for 30 mm with 20 �g/ml actino-

mycin D before exposure to growth factors. Northern hybridi-

zations were then performed on RNA extracted from VSMC at

various time points after the addition of vehicle or growth

factors (Fig. 3). In vehicle-treated cells, AT1 receptor mRNA

levels are reduced to -�-50% of control levels 6 hr after the
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Fig. 2. Time course of growth factor-mediated mRNA responses, deter-
mined by densitornetric analysis. A, Response of AT1 receptor mRNA
to growth factors. B, Response of GAPDH mRNA to growth factors.
Confluent VSMC on 6-cm dishes were exposed for the indicated times
to vehicle (0), 20 ng/ml EGF (0), 20 ng/ml bFGF (i�), or 50 ng/ml PDGF-
BB (0). Northern blots were hybridized with the rat AT1 receptor cONA
probe, washed, and exposed to film for 4-1 2 hr. After autoradiography,
each blot was stripped and rehybndized with a GAPDH cDNA probe.
Hybridization signals were obtained by determination of the integrated
pixel values in a rectangulated autoradiographic transcript signal, using
a laser densitometer, and pixel values from a background area of the
film were subtracted. The data points were normalized to the hybridiza-
tion signal at the 0-hr time point for control cells that were not exposed
to growth factors. AT1 receptor mRNA and GAPDH receptor mRNA
signals were normalized separately. Each point represents the mean ±
standard error of hybridization signals from three separate experiments
for each growth factor or vehicle.

addition of actinomycin D. The rate of AT1 receptor mRNA
decay over this period is therefore taken to represent a measure
of the stability of the mRNA under otherwise normal condi-

tions. This decay rate and amplitude contrast markedly with

those for AT1 receptor mRNA in vehicle-treated cells in the

absence of actinomycin D (see Fig. 1), suggesting that the half-
life ofATi receptor mRNA is approximately 6 hr. Pretreatment
of VSMC with actinomycin D blocks the growth factor-induced
down-regulation of AT1 receptor mRNA (Fig. 3; compare with

results shown in Fig. 1). Indeed, in the absence of cellular

transcription the stability of AT1 receptor mRNA appears to

be enhanced slightly by the addition of growth factors. To-
gether, these observations suggest that growth factors attenuate

AT1 receptor mRNA expression by decreasing the stability of
the transcripts. Furthermore, because this destabilizing effect
of the growth factors is blocked by actinomycin D, the simplest

interpretation of these data is that growth factors induce a gene

or set of genes that function to destabilize AT1 receptor mRNA.

Because the effect of growth factors appears to require tran-
scription, it is of interest to determine whether the effect is

dependent upon new protein synthesis (Fig. 4). Cycloheximide
(15 �g/ml) treatment alone for 4 hr causes a slight increase in

VSMC AT1 mRNA levels, compared with vehicle-treated con-

trols. However, the inhibition of AT1 receptor mRNA by a 4-

hr treatment with EGF, bFGF, and PDGF-BB is effectively

attenuated by coincubation with cycloheximide. These results
indicate that mRNA translation is necessary for growth factor-

Time, h

Fig. 3. Time course of growth factor-mediated mRNA response and
effect of actinomycin D. A, Densitometnc analysis of the response of
AT1 receptor mRNA to growth factors after 30-mm pretreatment with
actinomycin D. B, Response of GAPDH mRNA to growth factors after
actinomycin D pretreatment. Confluent VSMC on 6-cm dishes were
pretreated for 30 mm with 20 �g/ml actinomycin D and then exposed for
the indicated times to vehicle (0), 20 ng/ml EGF (0), 20 ng/ml bFGF (is),
or 50 ng/ml PDGF-BB (0). After Northern hybridization with the AT1
receptor cDNA probe, the blots were stripped and rehybndized with a
GAPDH cDNA probe. The data points were normalized to the mRNA
hybridization signal obtained from cells treated for 30 mm with actino-
mycin D alone. This signal was not significantly different from that
obtained from cells not treated with actinomycin 0. Each point represents
the mean ± standard error of three experiments for each growth factor
or vehicle.

mediated destabilization of AT1 receptor mRNA.

Nuclear run-on assays were performed to determine whether

VSMC growth factor receptor activation also affects AT1 recep-
tor gene transcription. Nuclei were isolated from cells exposed

for 4 hr to vehicle, 20 ng/ml EGF, 20 ng/ml bFGF, or 50 ng/

ml PDGF-BB. As shown in Fig. 5, the intensity of hybridization

by nascently transcribed, 32P-labeled RNA from nuclei isolated

from cells treated with growth factors is markedly reduced,

compared with vehicle-treated cells. From three run-on exper-

iments, these reductions in signal represent 28 ± 3% (EGF),
29 ± 5% (bFGF), and 17 ± 5% (PDGF-BB) ofthe AT1 receptor

gene transcription rate in nuclei isolated from vehicle-treated

cells. No significant change in response to growth factors is

observed for the GAPDH mRNA transcription rate in the same

nuclei. For quantitative purposes, the level of hybridization

signal for the AT1 receptor cDNA-containing slots was nor-

malized to that for the vector signal, because a measurable

amount of nonspecific background hybridization occurred in

the pKS�-Bluescript slots. These observations indicate that

growth factor receptor activation also attenuates the rate of

transcription of the AT1 receptor gene in VSMC.

Radioligand binding assays were performed to assess whether
the decreased level of AT1 receptor mRNA is coincident with

a loss of AT1 receptor protein. To test this, total membrane

receptors were measured after a 24-hr treatment of VSMC with
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Fig. 4. Effect of cycloheximide (CHX) on growth factor-mediated changes
in VSMC mRNA. A, Response of AT1 receptor mRNA. B, Response of
GAPDH mRNA. VSMC were incubated for 4 hr in the absence (U) or
presence (0) of 15 pg/mI cycloheximide, without (vehicle) or with 20 ng/
ml EGF, 20 ng/ml bFGF, or 50 ng/ml PDGF-BB. After hybridization with
the AT1 receptor cDNA probe, the blots were stripped and rehybndized
with a GAPDH cDNA probe. The data points were normalized to the
hybridization signal of vehicle-treated cells in the absence of cyclohexi-
mide. Each bar represents the mean ± standard deviation of two
separate experiments for each growth factor.

the growth factors. Fig. 6 shows representative Rosenthal trans-
formations of ‘251-[Sar’,I1e8]-angiotensin II saturation binding

to membranes prepared from experimentally treated cells.
Binding to membranes prepared from vehicle-treated cells re-
veals a Kd value of 0.29 ± 0.01 nM and a Bmax value of 1.90 ±

0.01 pmol/mg of protein (three experiments). Binding to mem-

branes from the growth factor-treated cells shows a decrease in
the Bmax value, without changes in the affinity for the radioli-
gand. The values for EGF (B,,,55 = 0.74 ± 0.17 pmol/mg of

protein, Kd 0.33 ± 0.22 nM), bFGF (Bmax 0.88 ± 0.25 pmol/

mg of protein, Kd 0.34 ± 0.27 nM), and PDGF-BB (Bma,,
0.24 ± 0.02 pmol/mg of protein, Kd = 0.21 ± 0.05 nM) are

consistent in demonstrating this effect. These binding data
reveal that growth factor receptor activation markedly attenu-
ates AT1 receptor protein expression in VSMC. This finding
is consistent with the observed inhibitory effects of the growth

factors on AT1 receptor mRNA expression and de novo gene
transcription.

To examine this further, the VSMC inositol phosphate pro-
duction response to angiotensin II was measured after a 24-hr
treatment with 20 ng/ml bFGF. Fig. 7 reveals that growth
factor treatment markedly attenuates AT1 receptor function,
as evident by inspection of the maximal inositol phosphate

production response to 1.0 zM angiotensin II. In growth factor-
treated cells this is <30% of that observed in vehicle-treated
cells. Coupled with the effects of growth factors on AT1 recep-
tor gene transcription, mRNA stability, and protein expression,
these data are consistent with the general conclusion that
growth factor receptor activation decreases AT1 receptor gene
expression and function in VSMC.

Discussion

The appearance of smooth muscle cell surface AT1 receptors
can be potentially regulated at several mechanistic levels.

1 2 3 4

Fig. 5. Nuclear run-on analysis of transcription after growth factor
treatment of VSMC. A, Representive autoradiographic result. B and C,
Quantitative analysis of autoradiographic signals for nascent AT1 recep-
tor transcripts and PDH transcripts, respectively, for vehicle (1), 20 ng/
ml EGF (2), 20 ng/ml bFGF (3), and 50 ng/ml PDGF-BB (4). After
incubation of VSMC with the growth factors for 4 hr, run-on transcription
reactions were performed on isolated nuclei. [�PJ(JTP-IabeIed RNA
transcripts were hybridized to denatured cDNA plasmids encoding the
rat AT1 receptor (pKS�Ca18b) or GAPDH (PGAPDH) or the KS�-Blue-
script (pKS�BS) plasmid without an insert. After washing, filters were
exposed to film for 12-48 hr. Hybridization signals from the pKS�-
Bluescnpt slots were subtracted from those for the AT1 receptor. The
PGAPDH hybridization signals were not corrected similarly. The data
presented in B and C represent corrected or uncorrected, respectively,
mRNA hybridization signals normalized to that from vehicle-treated cells.
Each bar represents the mean ± standard error of three separate
experiments for each growth factor.

Among the regulatory paradigms one can postulate are general
control mechanisms modulating the rate of transcript forma-

tion, the degree of transcript stability, and the efficiency of

mRNA translation to protein and molecular interactions with
the cell surface-associated receptor protein that modulate its

abundance and sensitivity to hormone in that domain. The
principal observations of this study are that growth factor
receptor activation markedly attenuates AT1 receptor gene
expression in cultured VSMC, as measured by the disappear-
ance of mRNA transcript and cell membrane-associated AT1
receptors and by measurements of the rate of gene transcription
using a nuclear run-on approach. These data suggest that

inhibition by growth factors of AT1 receptor gene expression
in VSMC is secondary to two complementary mechanisms of

action. The first of these involves attenuation of the rate of

AT1 receptor gene transcription. The second appears to involve
growth factor-induced destablization of the AT1 receptor-cod-
ing mRNA transcript.
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Fig. 6. Rosenthal analysis of the effect of growth factors on membrane
saturation binding of 125l-[Sar1,lle8]-angiotensin II. Confluent VSMC on
1 00-mm dishes were exposed for 24 hr to either vehicle (0), 20 ng/ml
EGF (0), 20 ng/ml bFGF (s), or 50 ng/ml PDGF-BB (0). Saturation
binding assays were performed with membranes prepared from these
cells, using lrsI�[Sarl,IIea��angioten5in II and 10 �M 0up753, to define
nonspecific binding. Nonlinear curves of specific binding (total bound
minus nonspecifically bound) versus free radioligand (total added minus
total bound) were transformed by the method of Rosenthal(26), to obtain
linear plots. The data are representative of two separate experiments
performed identically.

� � !!�l��!� I � � � I
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LOG [l1e5-ANGIOTENSIN II], M

Fig. 7. Effect of bFGF treatment on the inositol phosphate response to
angiotensin II in VSMC. Confluent VSMC grown on 24-well culture plates
were exposed to vehicle (0) or 20 ng/mI bFGF (#{149})for 24 hr, in the
presence of 1 ,�Ci/ml myo-[3H]inositol. After this, angiotensin Il-mediated
inositol phosphate production was determined by incubating the cells for
60 mm at 37#{176}with the indicated concentrations of angiotensin II in the
presence of 10 m� UCI. Each point repesents the percentage hydrolysis
of 3H-labeled inositol phosphates from the total labeled pool from each
well. The data shown are the mean ± standard error of three experi-
ments, with duplicate determinations in each experiment.

Comparison of the kinetics of AT1 receptor mRNA expres-

sion in cells treated with growth factors and those treated with

actinomycin D reveals that a growth factor-induced mRNA
destabilization process appears to be the principal mechanism
whereby AT1 receptor mRNA expression is reduced by growth
factors. This is concluded from the observation that the normal

AT1 receptor mRNA decay rate is accelerated in cells treated

with growth factors. Fig. 3 reveals a reduction of AT1 receptor
mRNA to 50% of control levels 6 hr after addition of actino-
mycin D. Because nascent AT1 receptor gene transcription is

inhibited by actinomycin D treatment, the decrease in tran-

script abundance over time in actinomycin D-treated cells

reflects the normal post-transcriptional processes leading to

AT1 receptor mRNA decomposition. In contrast, growth factor
treatment for 3 hr reduces AT1 receptor mRNA to a level

equivalent to that observed after 6 hr of transcriptional inhi-

bition using actinomycin D. Furthermore, the maximal level of

AT1 receptor mRNA reduction by growth factors exceeds that
observed in cells treated only with actinomycin D at any time

point. These observations indicate that growth factors initiate

active cellular processes leading to accelerated AT1 receptor

mRNA degradation.

It is of interest that the destabilizing effect of growth factors

can be effectively blocked by pretreatment of cells with either

actinomycin D or cycloheximide before exposure to growth

factors. One interpretation of these observations, taken to-

gether, is that the growth factors induce transcription of a

protein-coding gene or set of genes whose products function to

degrade AT1 receptor mRNA. Putative induced products such

as these may act by themselves on the target mRNA or function

by activating latent cellular factors. A general hypothesis is

that such growth factor-induced destabilizing factors bind to

cognate recognition domains in AT1 receptor mRNA and either

degrade the RNA specifically by this interaction or enhance

the degradation of the RNA through interaction with latent,

constitutively expressed, RNase-like activities. This hypothesis

is being tested at this time utilizing mutational approaches and

analysis of AT1 receptor RNA-protein binding interactions.

Alternatively, mutational approaches in other systems have

shown generally that translation of destabilized mRNAs is an

essential step for initiation of subsequent degradation pathways

(for review, see Ref. 22). The effect ofcycloheximide in blocking

the effect of the growth factors can be interpreted in this light.

The inability of growth factors to induce AT1 receptor mRNA
degradation after cycloheximide treatment may simply reflect

a requirement for AT1 receptor mRNA translation to precede

its degradation. Consistent with this is the observation (shown

in Fig. 4) that, 6 hr after cycloheximide treatment, AT1 receptor

mRNA levels are higher than those in vehicle-treated control

cells. Thus, translation blockade in the absence of growth

factors appears to increase the stability ofATl receptor mRNA.

The data shown in Fig. 3 demonstrate a tendency for growth
factor-mediated stabilization of AT1 receptor mRNA when

transcription is blocked using actinomycin D. This observation
may indicate that latent factors, capable of regulation by the

growth factors, are expressed constitutively in VSMC to control
AT1 receptor mRNA stability. Adenosine- and uridine-rich
sequences in the 3 ‘ untranslated region of certain cytokine and

early response genes are known to mediate accelerated RNA

degradation (23, 24). In contrast to multiple AUUUA repeats

in a uridine-rich environment in these generally unstable

RNAs, the AT1a receptor mRNA contains only two AUUUA

elements in its 3’ untranslated region and, after transcriptional

block with actinomycin D alone, is down-regulated in a less

immediate pattern than is typically observed for mRNAs con-
taming functional AUUUA elements. Thus, it is currently

doubtful that these represent functional elements in AT1 recep-

tor mRNA. However, additional experimentation will be nec-

essary to demonstrate which among these, and other, possibil-

ities are involved in the growth factor response of AT1 receptor

mRNA.

Interestingly, a similar mRNA destabilization process ap-

pears to be activated by PDGF in VSMC to down-regulate the

expression of smooth muscle a-actin gene expression (25).

PDGF-BB-induced smooth muscle actin destabilization can

also be blocked by actinomycin D treatment. It is attractive to
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speculate that destabilization of AT1 receptor mRNA and that
of smooth muscle actin mRNA share similar mechanisms of

action. Corjay et al. (25) have proposed that growth factor-

induced destabilization of smooth muscle-specific mRNAs may
reflect a more general process involved in de-differentiation of
smooth muscle cells to a mitotic phenotype. If so, continued
investigation of the molecular pathways involved in regulating
AT1 receptor gene expression in VSMC may lead to a better
understanding of the cellular processes involved in initiation
of smooth muscle cell proliferation in vascular diseases.
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