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Abstract

In different experimental models, retinoid has been shown
to stimulate or suppress mitogenesis in cultured cells. The
mechanisms underlying this seemingly paradoxical activity
remain only partially understood. We have examined the
ability of all-trans retinoic acid (ATRA), as well as a num-
ber of synthetic retinoids, either alone or in the presence of a
mitogenic stimulus (i.e., endothelin), to regulate DNA syn-
thesis and cell replication in cultured rat aortic smooth
muscle cells. ATRA alone stimulates [*H]thymidine incor-
poration (approximately twofold) and increases cell number
(approximately twofold) in these cultures but suppresses
[*H]thymidine incorporation and reduces cell number in
cultures treated with endothelin. The reduction in endothe-
lin-stimulated DNA synthesis correlates closely with the
ability of ATRA to inhibit endothelin-stimulated extracellu-
lar signal-regulated kinase but not c-Jun NH,-terminal ki-
nase activity. Activation of mitogenesis, seen in the presence
of ATRA alone, was independent of extracellular signal-
regulated kinase activation but correlated well with in-
creased expression of cyclin D1 mRNA and protein. Concom-
itant activation of the cdk inhibitor p21 led to truncation of
ATRA’s mitogenic activity at higher doses of ligand. Collec-
tively, these data indicate that the role of retinoids in the
regulation of mitogenesis in vascular smooth muscle is com-
plex. Under quiescent conditions they activate mitogenesis,
while in the presence of growth stimulation, as is frequently
seen with vasculopathic conditions, they suppress mitogene-
sis. It appears that independent circuitry is involved in sig-
naling each of these effects. (J. Clin. Invest. 1998. 102:653—
662.) Key words: rat aortic smooth muscle cells « retinoic
acid - mitogenesis « extracellular signal-regulated kinase
cell cycle

Introduction

Retinoids and their parent compound retinol (vitamin A) have
been shown to play an important role in the control of growth
and differentiation in the cardiovascular system. Both chronic
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vitamin A deficiency (1) and embryonic deletion of selected
retinoid receptors (2-6) have been associated with a variety of
malformations in the heart and great vessels. Substantially less
is known about the role of retinoids in the regulation of cardio-
vascular growth and hypertrophy after development. We (7)
and others (8) have shown that all-frans retinoic acid (ATRA)!
has antihypertrophic activity in a cultured neonatal rat cardiac
myocytes. ATRA has also been shown to suppress platelet-
derived growth factor (PDGF-BB)-dependent mitogenesis in
cultured adult rat aortic smooth muscle cells (9). These latter
properties have aroused interest in the retinoids as potential
therapeutic agents for use in management of hyperprolifera-
tive/hypertrophic disorders of the vascular wall (e.g., athero-
sclerosis, restenosis after angioplasty, and hypertension).

Similar retinoid-dependent antimitogenic activity in other
cell types has resulted in their use clinically in the management
of selected human cancers (10), as well as hyperproliferative
disorders of the epidermis (e.g., psoriasis) (11). The mecha-
nism(s) underlying ATRA’s hypoproliferative activity have
been explored in some detail and several possibilities have
been advanced to account for the reduction in mitogenic activ-
ity, including inhibition of cyclin D expression (12, 13) and ac-
tivation of the cdk inhibitor p215¢iV/Cipt/Watl (14 15), Tt is note-
worthy, that ATRA, in some circumstances, stimulates rather
than suppresses mitogenesis (16, 17), making it difficult to as-
sign a single mechanism to account for its growth-regulatory
properties.

Receptors for ATRA and the extended retinoid family fall
into two major classes, the retinoic acid receptors (RAR) and
the retinoid X receptors (RXR) (18). The former bind to both
ATRA and its intracellular metabolite 9-cis RA, while RXR
prefers 9-cis RA over ATRA (19). There are three subtypes in
each receptor class (denoted «, B, and ). Vascular smooth
muscle cells have been shown to possess five of the six sub-
types (only RXRy is absent) (9). Although, as noted above,
ATRA displays potent antimitogenic activity in rat aortic
smooth muscle (RASM), it is not clear which of the nuclear re-
ceptors is involved in mediating this effect.

We have examined the effects of ATRA, as well as a num-
ber of other natural and synthetic retinoids, on DNA synthesis
and cell replication in cultured RASM. Our findings indicate
that ATRA has the ability to either stimulate or suppress mi-
togenesis in RASM, depending on the experimental paradigm,
and it does so through independent signaling circuitry.

1. Abbreviations used in this paper: ATRA, all-trans retinoic acid;
ERK, extracellular signal-regulated protein kinase; ET, endothelin;
JNK, c-Jun NH,-terminal kinase; MAPK, mitogen-activated protein
kinase; MEK, highly specific ERK kinase; RAR, retinoic acid recep-
tor; RASM, rat aortic smooth muscle cells; RXR, retinoid X receptor;
TTNPB, ethyl-p-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naph-
thyl)-1-propenzyl] benzoic acid.
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Methods

Materials. [*H]Thymidine, [«-P]dCTP, and [y-2P]ATP were pur-
chased from Dupont/New England Nuclear Research Products (Bos-
ton, MA). The luciferase assay kit and CellTiter 96 AQ,.,,, nonradio-
active cell proliferation assay kit were purchased from Promega
Biotec (Madison, WI). Mouse cyclin D1 ¢cDNA was generously pro-
vided by Dr. C. Sherr (St. Jude Children’s Research Hospital, Mem-
phis, TN). WWP-p21-luc was a gift of Dr. Leonard Freedman (Me-
morial Sloan Kettering Cancer Center, New York). ET-1 was
purchased from Peninsula Laboratories, Inc. (Belmont, CA);
PD098059 was from Research Biochemicals International (Natick,
MA). Anti-ERK?2 (C-14), anti-JNK1 (C-17), anti-cylin D1 (R-124),
and anti-p21 (F-5) antibodies were obtained from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Bovine myelin basic protein was
from Upstate Biotechnology, Inc. (Lake Placid, NY). The RNeasy
mini kit was purchased from QIAGEN Inc. (Santa Clara, CA). All-
trans retinoic acid (ATRA) was obtained from Sigma Chemical Co.
(St. Louis, MO). 9-cis RA, LG100153 (an RXR-selective agonist),
and ethyl-p-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthyl)-
1-propenzyl] benzoic acid (TTNPB, an RAR-selective agonist) were
kindly provided by Dr. Richard A. Heyman of Ligand Pharmaceuti-
cals (San Diego, CA). Other reagents were obtained through stan-
dard commercial suppliers.

Cell culture. Neonatal RASM cells were obtained at passage 19
from Dr. H. Ives at University of California, San Francisco. Cells
were cultured at 37°C in a 5% CO,-humidified incubator in DME
supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml strepto-
mycin, and 2% (vol/vol) broth, tryptose phosphate (growth media).
Cells were used after reaching 75-80% confluence at passage 21-30.

[P H]Thymidine incorporation. Cells were cultured in growth me-
dia (described above) in 24-well plates. Cells were then either contin-
ued in the growth media or changed to serum-substitute media (20)
for the ensuing 24-h period. At that point, all cells were placed in se-
rum substitute media and treated with different concentrations of
ATRA, one of the retinoid analogues, or vehicle for the next 48 h.
Where indicated, endothelin-1 (ET) was included for the final 24 h of
culture. 4 h before collection, cells were pulsed with [*H]thymidine
(1 nCi/well) in modified Eagle’s medium (MEM) with Earle’s bal-
anced salt solution and the same additives used in the prepulse pe-
riod. Cells were then washed three times with PBS and lysed in the
presence of 10% TCA at 4°C for 30 min. Cellular residues were
rinsed in 95% ethanol, solubilized in 0.25 N NaOH at 4°C for 2 h, and
then neutralized with 2.5 M HCl/1 M Tris-HCI (pH 7.5). Radioactiv-
ity was measured by liquid scintillation spectrophotometry.

Cell proliferation assay. Cell density was deterimined by the Cell-
Titer 96 AQ,..s nonradioactive cell proliferation assay kit. The kit
contains a colorimetric reagent, 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS),
that is selectively taken up and converted to soluble formazan (dark
blue in color) through dehydrogenase enzymes produced by metabol-
ically active, proliferating cells. The absorbance at 490 nm is directly
proportional to the number of living cells in the culture. RASM cells
were cultured in 96-well plates and growth arrested in serum substi-
tute/DME for 24 h. The quiescent cells were treated with different
concentrations of ATRA for 48 h in the presence or absence of ET-1
for the final 24 h of culture. To terminate the experiment, MTS solu-
tion was added to each well according to the instructions provided by
the manufacturer and then incubated for 2-4 h. Absorbance at 490
nm was measured on a multiwell scanning spectrophotomer (micro-
plate EL 310; Bio-Tek Instruments, Winooski, VT).

RNA isolation and Northern blot analysis. Cells were cultured in
growth medium, then changed to DME/serum substitute for 24 h. At
that point, they were treated with different concentrations of ATRA,
or one of the synthetic retinoids, for defined periods of time. Total
RNA was isolated from cells using the RNeasy minikit according to
the instructions provided by the manufacturer. 20 pg of RNA was
separated on a gel containing 2.2% formaldehyde, transferred to a ni-
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trocellulose filter, and hybridized with a ¥*P-labeled 1.2-kb mouse cy-
clin D1 ¢cDNA (21), isolated as a EcoR1 fragment. The membranes
were subsequently stripped and rehybridized with a ¥*P-labeled 1.3-
kb glyceraldehyde-3-phosphate dehydrogenase cDNA (22) to permit
normalization among samples for differences in RNA loading and/or
transfer to the filter. Autoradiographic signals were quantified using
National Institutes of Health Image.

Transfection and luciferase assay. Cells were transfected by elec-
troporation (Gene Pulsar, Bio-Rad Laboratories, Hercules, CA) at
250 V and 960 wF using 2 pg of WWP-p21-Luc reporter per transfec-
tion. After transfection, cells were plated in six-well plates at a den-
sity of 1 X 10° cells/well in growth media for 24 h. Medium was then
changed to DME/serum substitute for the ensusing 24 h, at which
point different concentrations of ATRA were added. Cells were col-
lected and cellular extracts were generated as described previously
(23). Extract protein concentration was measured using the Coo-
massie protein reagent (Pierce Chemical Co., Rockford, IL). Equi-
valent amounts of lysate protein were then assayed for luciferase
activity.

Immunoprecipitation and kinase assay. Cells were treated with
the agents indicated for different time intervals. Cells were washed
twice with PBS and scraped into 0.8 ml of lysis buffer (50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM
EGTA, 10% glycerol, 1 mM PMSF, 1 mM DTT, 1 mM sodium ortho-
vanadate, 10 mM sodium fluoride, 1 mM glycerophosphate, 2 wg/ml
aprotinin, 1 pg/ml pepstatin, 1 pg/ml leupeptin). The lysates were
clarified by centrifugation in a benchtop centrifuge at 15,000 rpm for
10 min at 4°C. 200 g of supernatant protein was incubated with 1 pg
of anti-ERK2 or anti-JNK1 antibody and 10 pl of protein G-Seph-
arose for 1-2 h at 4°C. Immunoprecipitates were washed three times
with lysis buffer and once with kinase buffer (25 mM Hepes, pH 7.4;
10 mM MgCl,, 10 mM MnCl,, 1 mM DTT) without ATP. After wash-
ing, the immunoprecipitates were resuspended in 30 pl of kinase
buffer containing 20 pM ATP, 4 pCi [y-*P]ATP, and 20 pg myelin
basic protein (MBP) or 5 pg glutathione S-transferase-c-Jun (GST-
c-JUN), for measurements of extracellular signal-regulated protein
kinase (ERK) or c-Jun NH,-terminal kinase (JNK) activity, respec-
tively, and incubated at 30°C for 20 min. The samples were electro-
phoresed on 15% SDS-polyacrylamide gels, which were then dried
and exposed to x-ray film. Phosphorylation of each substrate protein
was quantitated by densitometric scanning of the autoradiographs.

Immunoblot analysis. Cell lysates (30 wg soluble protein for cyclin
D1, 100 pg for p21) were subjected to 12.5% SDS-PAGE and trans-
ferred onto nitrocellulose membranes (Amersham Chemical Corp.,
Amersham, IL). The membranes were blocked with 5% nonfat milk in
50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% Tween 20 (TBST) and
probed with anti-cyclin D1 (diluted 1:100 in TBST) or anti-p21 (diluted
1:50 in TBST) antibody. A horseradish peroxidase—conjugated second
antibody (diluted 1:2,000 in TBST) was employed to detect immunore-
active bands using the enhanced chemiluminescence (ECL) Western
blotting detection system (Amersham Chemical Corp.).

Statistical analysis. Data were evaluated using one-way ANOVA
with Newman-Keuls test for significance.

Results

We examined the ability of ATRA to promote incorporation
of [*H]thymidine into RASM, in the presence or absence of
endothelin (1077 M). Since previous studies have suggested
that the growth status (i.e., quiescent vs. nonquiescent) of
RASM cultures may affect the direction of the mitogenic re-
sponse to certain ligands (e.g., vitamin D) (24), we carried out
these studies with or without a 24-h “deinduction” in DME/se-
rum substitute media. As Fig. 1 shows, ATRA alone effected a
significant increase (maximal two- to threefold induction) in
[*H]thymidine incorporation. Interestingly, the lower concen-
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Figure 1. Effect of ATRA on basal and ET-stimulated DNA synthe-
sis in RASM cells. Cells were grown in DME/10% EC to ~ 75-80%
confluence then changed to either fresh DME/10% EC (0 h) or
DME/serum substitute (24 h) and incubated for an additional 24 h.
Media in all cultures was then changed to DME/serum substitute, and
the cells were exposed to the indicated concentrations of ATRA for
the next 48 h. Where indicated, ET (107 M) was included for the fi-
nal 24 h of the incubation. 4 h before collection, cells were pulsed
with 1 wCi [*H]thymidine in MEM Eagle’s medium containing
Earle’s balanced salt solution. [*’H]Thymidine incorporation was as-
sayed as described in Methods. Data are expressed as means*=SD

(n =35).*P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. ET alone.

tration of ATRA (1078 M) was more effective than the higher
concentration (2 X 107° M) in effecting this increase. Endothe-
lin, a vasoconstrictor peptide with potent mitogenic activity in
vascular smooth muscle cells (25, 26), promoted an even larger
increase in [*H]thymidine incorporation (maximal four- to
fivefold induction). Paradoxically, combined treatment with
both ATRA and ET led to a reduction in [*H]thymidine incor-
poration relative to that seen with ET alone. Levels, in fact,
approached those seen with ATRA alone. Preincubation of
the cells in DME/serum substitute for 24 h led to slightly

Figure 2. ATRA inhib-
its RASM cell prolifera-
tion in the presence or
absence of ET. Cells
were grown to 75-80%
confluence in 96-well
plates, then placed in
DME/serum substitute
for 24 h. Individual wells
were then treated with
the indicated concentra-
tions of ATRA for 48 h.
Where indicated ET
(107 M) was included
for the final 24 h of incu-
bation. Cell number was
assessed using the tech-
nique described in
Methods. Data represent the means+SD from four independent ex-
periments. *P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. ET alone.
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higher levels of [*H]thymidine incorporation under all condi-
tions tested (vs. cells cultured in serum) but did not alter the
qualitative nature of the response. All subsequent experiments
were carried using the 24-h preincubation period in DME/se-
rum substitute.

The effects on DNA synthesis were mirrored at the level of
cell replication. As Fig. 2 shows, cell numbers increased after
treatment with ATRA or ET, although, in this instance, the
dose dependence of the ATRA effect was less apparent. As
noted in the [*H]thymidine incorporation studies above, the
combination of ATRA and ET led to a reduction in the ET-
dependent increment in cell number. Thus, perturbations in
DNA synthesis in this particular setting are largely reflective
of changes in cell number.

ET has been shown to signal at least a portion of its biolog-
ical activity through the mitogen-activated protein kinases
(MAPKs) (27). Included within the extended MAPK family
are the ERKSs, which function as downstream effectors of
growth factor receptors, and the JNKs, which are typically acti-
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Figure 3. ET stimulates ERK and JNK activity in RASM cells. Cells
were cultured in DME/serum substitute for 24 h, then exposed to ET
(1077 M) for the intervals indicated. Cells were lysed and lysates were
immunoprecipitated with anti-ERK2 or anti-JNK2 antibody. ERK
and JNK activities were measured in an in vitro kinase assay using
MBP and GST-c-JUN as subtrates, respectively. Radiolabeled prod-
ucts were then separated by SDS/PAGE. Representive experiments
are shown in A. Autoradiographic signals were then quantitated us-
ing NIH Image. Pooled data, derived from three separate experi-
ments, are presented in B. *P < 0.01 vs. control.
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vated by cellular stresses like cytokine stimulation and ultravi-
olet irradiation (28). Thus, we examined the ability of ET to
activate either ERK or JNK activity in our RASM cultures.
ET effected almost a sevenfold increment in ERK activity in
RASM cells. This response peaked at 5 min but remained ele-
vated 30 min after administration of the peptide (Fig. 3). JNK
activity was also stimulated by ET. In this instance, the maxi-
mal response was lower than that seen with ERK (maximal in-
duction of approximately four- to fivefold) and the peak was
somewhat delayed, occurring 15 min after administration of
the peptide. Once again, JNK activity remained elevated
throughout the 30-min time course of the experiment.

Next, we asked whether activation of the ERK pathway
might be linked to ET’s mitogenic activity in these RASM cul-
tures. To examine this question, we used the highly specific
ERK kinase (i.e., MEK) inhibitor PD098059 to selectively sup-
press the MEK/ERK cascade. As shown in Fig. 4, A and B,
PD098059 effected a dose-dependent reduction in ET-stimu-
lated, but not basal, ERK activity. It had no effect on either
basal or ET-stimulated JNK activity. Treatment with PD(098059
also led to a dose-dependent reduction in ET-stimulated DNA
synthesis in these cultures (Fig. 4 C). Once again the MEK in-
hibitor had no effect on basal [*H]thymidine incorporation. By
inference, the ability of ET to stimulate DNA synthesis in
these cultured RASM cells appears to be closely related to its
ability to activate the MEK/ERK pathway.

We next asked whether the mitogenic effect of ATRA
might also be mediated through activation of the ERK cas-
cade. We examined the ability of PD098059 to inhibit ATRA-
dependent [*H]thymidine incorporation in RASM cells. As
Fig. 5 shows, PD098059 did not alter the predicted two- to
threefold induction of [*H]thymidine incorporation seen with
ATRA (compare with Fig. 1). Nor did it seem to alter the RA-
dependent suppression of ET-stimulated DNA synthesis.
When ERK and JNK were looked at directly, ATRA had no
effect on either activity when used alone (Fig. 6). Similarly,
ATRA had no effect on ET-stimulated JNK activity; however,
it effected a dose-dependent suppression of ET-stimulated
ERK activity. Upon reexamining the data in Fig. 5, it appears
likely that PD098059 did, in fact, suppress ET-stimulated
[*H]thymidine incorporation. In this instance the observed re-
sidual activity, particularly at the lower concentration of
ATRA, presumably reflects the ERK-independent stimula-
tory activity of the ligand.

ATRA is capable of interacting with either the retinoic
acid receptor (RAR) or the retinoid X receptor (RXR) in tar-
get cells as a means of promoting its biological activity (18).
We used synthetic RAR- or RXR-selective ligands in an effort
to determine whether the effects observed above were sig-
naled by one or both of these receptors. Neither the RAR-
(i.e., TTNPB) nor the RXR-selective (LG100153) ligand had
any effect on basal ERK or JNK activity (Fig. 7). Neither did
they affect ET-stimulated JNK activity; however, each of these
compounds brought about a reduction in ET-stimulated ERK
activity. On a molar basis, the RAR-selective analogue ap-
peared to be more potent than its RXR-selective counterpart.

As noted above with ATRA, each of the RAR- and RXR-
selective agonists, as well as 9-cis RA, promoted an increase in
[*H]thymidine incorporation in RASM cells (Fig. 8). Once
again, lower concentrations of these ligands (1078-107° M)
were more effective than higher concentrations (2 X 107 M) in
promoting this increase; however, much lower concentrations
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C Figure 4. PD098059 in-
hibits both ET-stimu-
lated ERK activity and
ET-dependent [*H]thy-
midine uptake in
RASM cells. Cultures
were grown to 75-80%
confluence, then placed
in DME/serum substi-
tute for 24 h as de-
scribed in Fig. 3. Indi-
vidual cultures were
pretreated with the in-
dicated concentrations
of PD098059 for 1 h and
then treated with vehi-
cle or ET (1077 M) for 5
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and data analysis were
carried out as described in Figs. 1 and 3. Representative measure-
ments of ERK and JNK activity are shown in A and pooled data (n =
3) for these measurements are presented in B. Pooled data (n = 4)
for measurements of [*H]thymidine incorporation are shown in C.
*P < 0.05, **P < 0.01 vs. ET alone; *P < 0.05, *P < 0.01 vs. control.



Figure 5. PD098059
does not alter ATRA-
induced nor ATRA-
dependent inhibition of
ET-induced DNA syn-
thesis in RASM cells.
Serum-deprived RASM
cells were incubated
with 107> M PD098059
for 1 h before the addi-
tion of the indicated
concentrations of
ATRA for 48 h. Where
indicated, ET (1077 M)
was included for the fi-
nal 24 h of incubation.
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Data derived from four
independent experi-
ments. *P < 0.01 vs. con-
trol; *P < 0.05, **P <
0.01 vs. ET alone.
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of ligand (107! M) showed diminished efficacy implying a con-
centration threshold for demonstration of the effect. In the
presence of ET, all ligands inhibited [*H]thymidine incorpora-
tion, and in each instance the higher dose of ligand was more
effective than the lower dose in effecting the reduction. There
was no evidence for synergism between the RXR- and RAR-
selective ligands over a broad range of ligand concentration.

Collectively these data imply that both RAR and RXR,
presumably in their respective liganded forms, independently
stimulate basal mitogenic activity yet suppress ET-stimulated
mitogenesis in cultured RASM cells. The latter effect appears
to derive, at least in part, from suppression of ET-dependent
ERK activity, but the former cannot be explained through ac-
tivation of the ERK or the JNK pathways. To explore this fur-
ther, we turned our attention to the cell cycle machinery itself
in an attempt to identify the locus of the retinoic acid/retinoid
effect. Cyclin D1, through interaction with the G1 cyclin-depen-
dent kinases (e.g., cdk 4), is a key regulator of entry into the
cell cycle at the GO/G1 interface (29), and this represents a log-
ical target for mitogenic control. We examined the effects of
ATRA on cyclin D1 mRNA levels in RASM. As Fig. 9 A
shows, both 1078 and 2 X 107® M ATRA led to a three- to
fourfold increment in cyclin D1 transcript levels. This effect
peaked after 12 h of exposure to the ligand and remained ele-
vated for the ensuing 36 h; Western blot analysis of cyclin D1
protein levels (Fig. 9 C) provided similar findings. In this in-
stance the increment was first apparent after 24 h of ligand
treatment, reflecting the anticipated lag between mRNA pro-
duction and new protein synthesis, and peaked at 36-48 h.
While the higher concentration of ATRA appeared to be
slightly more effective in increasing cyclin D1 mRNA levels,
this difference was not readily apparent at the level of the cy-
clin D1 protein.

Extending the analysis to the synthetic analogues, we found
that both the RAR- and the RXR-selective ligands stimulated
cyclin D1 mRNA levels in these cultures (Fig. 10), implying
that, as with the inhibitory activity noted above, either of these
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Figure 6. Effect of ATRA on basal and ET-stimulated ERK and
JNK activities. Cells were cultured and treated with ATRA and ET,
and ERK and JNK assays were carried out as described in Fig. 3.
Representative autoradiograms are shown in A. Data derived from
four independent experiments are presented in B. **P < 0.01 vs. ET
alone; *P < 0.05, *P < 0.01 vs. control.

nuclear receptor ligands is capable of stimulating DNA syn-
thesis in cultured RASM cells. ET, on the other hand, had no
effect on cyclin D1 transcript levels, nor did it affect the induc-
tion seen after administration of all trans-RA (Fig. 11).

The near equivalence of the induction of cyclin D1 by 1078
vs. 2 X 107* M ATRA fails, however, to account for the differ-
ence in their respective abilities to increase PH|thymidine in-
corporation in RASM (see Fig. 1). As noted above, expression
of the cdk inhibitor p21 has been shown to be upregulated by
retinoic acid/retinoids in a number of different contexts (14,
15). With this in mind, we asked whether ATRA might also ac-
tivate p21 expression in cultured RASM cells as a means of
suppressing mitogenic activity. As Fig. 12 A shows, ATRA at
the higher (2 X 10~° M) but not the lower (1078 M) concentra-
tion effected more than a threefold increment in p21 protein
levels in these cells. Similar findings were observed when the
p21 gene promoter, linked to a luciferase reporter, was intro-
duced into these cells and, subsequently, subjected to ATRA

Retinoic Acid Affects Mitogenesis in Rat Aortic Smooth Muscle Cells 657
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Figure 7. Effect of 9-cis RA and synthetic RA agonists on ERK and
JNK activities with or without ET stimulation. Serum-deprived
RASM cells were treated with 9-cis RA, TTNPB, or LG100153

(all 2 X 107° M) for 48 h. Where indicated, ET (1077 M) was included
for last 24 h of the incubation. Cells were lysed and analyses were car-
ried out as described in Fig. 3. Representative experiments are pre-
sented in A. Pooled data from four independent experiments are pro-
vided in B. ¥*P < 0.01 vs. ET alone, *P < 0.05, *P < 0.01 vs. control.

treatment (Fig. 12 B). Once again the higher, but not the
lower, concentration of ATRA stimulated p21 promoter activ-
ity. ET also led to a transient increase in promoter activity at
12 h, but this quickly returned to baseline after 24 h of expo-
sure. The addition of ET to ATRA (36 h of treatment) re-
sulted in no change in promoter activity relative to that seen
with ATRA alone (data not shown).

Discussion

Five significant findings emerge from this work. First, depend-
ing upon the experimental paradigm chosen for study, ATRA
has the capacity to either stimulate or suppress mitogenesis in
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Figure 8. Effect of 9-cis RA and synthetic RA agonists on basal and
ET-stimulated [*H]thymidine incorporation in RASM cells. Serum-
deprived RASM cells were treated with the indicated concentrations
of 9-cis RA, TTNPB and/or LG100153 for 48 h. Where indicated ET
(1077 M) was included for the final 24 h of incubation. [*H]Thymidine
incorporation was determined as described in Fig. 1. Data were ob-
tained from six independent experiments. *P < 0.01 vs. control; *P <
0.05, **P < 0.01 vs. ET alone.

RASM cells. These properties are shared by both RAR- and
RXR-selective ligands. Second, the ability of endothelin to
stimulate mitogeneis in RASM cells closely parallels its ability
to increase ERK activity. Third, the ability of ATRA to inhibit
ET-stimulated mitogenic activity parallels its ability to reduce
ERK activity. Fourth, ATRA stimulates mitogenesis without
changing ERK activity. In this case, the increase in DNA syn-
thesis appears to be related to increased expression of cyclin
D1, a key component in the cycle machinery that is responsible
for effecting entry into G1. Fifth, coincident activation of p21
expression, particularly at higher concentrations of ATRA,
partially restrains the intrinsic mitogenic activity of this ligand.

To our knowledge, divergent growth effects in the same
cell type have not been previously reported with ATRA.
There are scattered reports of ATRA-dependent stimulation
of mitogenic activity in selected cell culture systems (16, 17);
however, the most typical effect of ATRA (or related retin-
oids) is inhibition of mitogenic activity. This latter response
has been demonstrated in a number of transformed cell lines
(30, 31) as well as nontransformed cells that have been preacti-
vated (e.g., by application of serum or growth factors) to trig-
ger an increase in mitogenic activity (9). There are relatively
few studies using ATRA in quiescent cell cultures, as de-
scribed in this report. Such studies take on particular relevance
for vascular smooth muscle cells, which under physiological
conditions may more closely resemble the quiescent rather
than the growth-activated phenotype (32).

Vitamin A deficiency has been shown to result in a number
of congenital malformations in the cardiovascular system.
These include double-outlet right ventricle, transposition of
the great vessels, tetralogy of Fallot, supracristal ventricular
septal defect, and truncus arteriosus (1). Mice with homozy-
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Figure 9. ATRA stimulates cyclin D1 gene expression. Quiescent RASM cells were treated with ATRA, at the concentrations indicated, for dif-
ferent time intervals. RNA was extracted, size fractionated on agarose gels and blot-hybridized with radiolabeled cyclin D1 or GAPDH cDNA
probes as described in Methods. Representative autoradiographs are shown in A. Pooled data (n = 4) are presented as normalized cyclin D1/
GAPDH mRNA ratios in B. In separate experiments, cellular lysates were size-fractionated by SDS-PAGE and transferred onto membranes
which were probed with antisera directed against cyclin D1. Immunoreactive bands were detected using the ECL system. Representative exper-
iments are shown in C. Pooled data (n = 6) are presented in D. **P < 0.01 vs. control.

gous embryonic deletions of the RXR (2, 5, 6), as well as se-
lected combinatorial deletions of the retinoic acid receptor (3,
4), display a number of cardiac abnormalities including “atrial-
ization” of the ventricular myocardium (5) and a predisposi-
tion to malformations (6) similar to those seen with vitamin A
deficiency. Collectively, these studies imply an important role
for the retinoids in the morphogenetic development of the car-
diovascular system. Less information is available regarding
their role in the regulation of growth in the heart or vascula-
ture postdevelopment. Zhou et al. (8) and Wu et al. (7) have
independently reported that retinoids inhibit changes in gene
expression and the development of morphological features
typically associated with hypertrophy in a cultured neonatal
rat myocyte model. Noteworthy, however, a recent publication
from Colbert et al. (33) indicated that cardiac-selective expres-
sion of an activated form of RXR resulted in the development
of dilated cardiomyopathy and congestive heart failure in
transgenic mice. This latter study implies that retinoid effects
on the myocardium in vivo are considerably more complex

that the in vitro studies would imply. Miano et al. (9) recently
demonstrated that most of the known RAR/RXR are present
in cultured RASM. They went on to show that ATRA de-
creased PDGF-BB-sensitive [PH]thymidine incorporation in
these cells and suggested a potential role for retinoids in the reg-
ulation of vascular smooth muscle cell hypertrophy/hyperplasia
in disorders involving the vascular wall. They did not observe
the promitogenic activity of ATRA alone, which we have re-
ported here. This will obviously need to be accounted for in fu-
ture evaluations of the retinoids as potential therapeutic agents.

Endothelin has been shown by a number of investigators to
stimulate ERK activity (34, 35) and/or increase DNA synthesis
(36, 37) in RASM cells. In fact, at least two groups, using vas-
cular (35) and pulmonary (38) smooth muscle cells respec-
tively, have suggested a link between ET stimulation of ERK
activity and its mitogenic properties. This, of course, does not
preclude independent effects of ET on other cyclins or cyclin-
dependent kinases involved in regulating the cell cycle, but
based on the studies with the PD098059 described above, such
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Figure 10. Synthetic RA agonists stimulate cyclin D1 gene expres-
sion. Serum-deprived RASM cells were exposed to 2 X 107 M TT-
NPB or LG100153 for the times indicated. Cyclin D1 mRNA was de-
tected as decribed in Fig. 9. Representative autoradiographs are
shown in A. Data from three independent experiments are presented
in B. *P < 0.01 vs. control.

effects would still require activation of the MEK/ERK cascade
for full realization of the mitogenic effect. The locus of ERK
interaction with the cell cycle machinery remains undefined in
RASM. Interactions of related signaling cascades with the cell
cycle machinery (e.g., INK and p21 [39]) have been reported
in other systems, but not in RASM.

It is noteworthy that the inhibitory properties of ATRA
appear closely tied to its ability to decrease ET-dependent
ERK activity. ATRA has been shown to reduce agonist-stimu-
lated cyclin D activity (12, 13) and to increase p21 levels (14,
15) in other systems, but, to our knowledge, has not been re-
ported to affect ERK activity.

The promitogenic activity of the retinoids seems to derive
from a completely different mechanism. ATRA had no effect
on basal ERK activity but did promote a significant increment
in cyclin D1 mRNA and protein levels. This provides at least
one mechanistic explanation for the observed increase in mito-
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Figure 11. ET does not affect basal or RA-induced cyclin D1 gene
expression. Serum-deprived RASM cells were treated with ET (1077
M) or ATRA (1078 M) for indicated time intervals. Cyclin D1 mRNA
was measured as decribed in Fig. 9. Representative autoradiographs
are shown in A. Data derived from three independent experiments
are presented in B. *P < 0.01 vs. control.

genic activity, but it is unlikely to be the only one. ATRA also
increases activity (approximately two- to threefold) of a tran-
siently transfected cyclin E gene promoter in these RASM
cells (data not shown), implying that ATRA may effect a gen-
eral activation of the G1 cyclin/cdk complexes that guide the
cell towards DNA synthesis.

Our studies also imply the presence of a built-in servo-
mechanism to limit the extent of the pro-mitogenic effect. As
noted above, this was most marked with the higher (2 X 107¢
M) vs. lower (10~8 M) concentration of ATRA (or synthetic
ligand) in that the former, which though more effective in in-
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hibiting ET-dependent ERK activity and mitogenesis, was
clearly less effective in promoting [*H]thymidine incorporation
in its own right. This did not reflect different levels of cyclin
D1 activation, since these were near equivalent at the two
ligand concentrations. Rather, it seems to be due to increased
expression of p21 at the higher concentration of ATRA. Thus,
it would appear that there are two parallel but independent
mechanisms for inhibiting mitogenesis in these RASM cul-
tures, the first involving reductions in agonist-dependent ERK
activity and the second related to activation of p21 expression.
The relative importance of each of these in a given setting will
depend upon the growth status of the cells in the culture and
the concentration of ATRA used. Several studies have re-
ported retinoid-dependent stimulation of p21 gene expression
(14, 15), and a retinoid-sensitive regulatory element has been
described in the promoter of the p21 gene (15). It remains un-
clear, however, why p21 stimulation should require higher
concentrations of ATRA in this particular setting. The Ky of
RAR for ATRA is in the nanomolar range (18). Higher con-
centrations of ATRA are required for activation of RXR (vs.
RAR) since this agonist requires isomerization to 9<is RA,
the true ligand for RXR (19), for complete activation of that
receptor. However, both the RAR- and RXR-selective ligands
were effective in stimulating DNA synthesis in these cells and,
in both instances, the lower concentration was more effective

Figure 12. Effect of ATRA
on p21 expression in RASM
cells. Serum-deprived RASM
cells were treated with
ATRA for the times indi-
cated. Cell extracts were gen-
erated and p21 protein was
detected by Western blot
analysis as described in Fig.
9. Representative experi-
ments are presented in A.
Data derived from six inde-
pendent experiments are
shown in B. In separate ex-
periments RASM cells were
transfected with 5 pg of the
WWP-p21-Luc reporter.
% 24 h after transfection, me-
B RA2x106 dium was changed to DME/
ok serum substitute for 24 h. At
that point cells were exposed
to different concentrations of
ATRA in the same medium
for defined periods of time.
Cells were collected, extracts
were generated, and lu-
ciferase activity was mea-
sured as described in Meth-
ods. Data presented were

RA 10-8

o o g Qe ° obtained from four different
experiments (C). *P < 0.05,
Time (hrs) *##P < 0.01 vs. control.

than the higher. It remains possible that the difference could
reflect differential availability of the individual ligands to and/
or stability in the relevant intracellular compartment (i.e., nu-
clei) in these cells vs. other systems examined to date.

It should also be noted that the RAR- and RXR-selective
ligands, though equally effective in reducing ET-dependent
[*H]thymidine incorporation, did not effect equivalent de-
creases in ET-dependent ERK activity. This implies that
ERK-independent pathways (e.g., p21 activation) contribute a
significant portion of the antimitogenic activity in this setting
and imply a redundancy in the available mechanisms responsi-
ble for controlling smooth muscle cell proliferation.

In summary, retinoids capable of binding to either RAR or
RXR are capable of inhibiting ET-stimulated DNA synthesis
and cell replication in RASM cells. These effects appear to be
tied to suppression of ET-dependent ERK activity in this
model. When used alone in quiescent cells, retinoids activate,
rather than suppress, DNA synthesis, a finding that correlates
with increased expression of cyclin D1. The latter effect is, to
some degree, truncated by coexistent stimulation of the cdk in-
hibitor p21. These seemingly divergent properties of the retin-
oids in vascular smooth muscle cells suggest that careful scru-
tiny of their in vivo effects is necessary to assess their true
therapeutic potential in the management of disorders involv-
ing the vascular wall.
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