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SUMMARY: In quiescent cultures of rabbit aortic smooth muscle
cells, whole blood serum-induced DNA synthesis was inhibited
markedly by protein kinase C-activating 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) and phorbol-12,13-dibutyrate (PDBu),
cyclic AMP-derivatives, such as dibutyryl cyclic AMP (BtycAMP) and
8-bromo-cyclic AMP, and interferon a/B. Neither TPA nor
interferon o /B elevated the cellular cyclic AMP level. Neither
Bt,cAMP nor interferon o/8 induced the phospholipase C-mediated
hydrolysis of phosphoinositides. The down-regulation of protein
kinase C by prolonged treatment with PDBu abolished the
antiproliferative action of TPA but did not affect that of BtjycAMP
or interferon «/f. TPA and BtycAMP inhibited the serum-induced
DNA synthesis when added within 12 h after the addition of the
serum, while interferon o/B was active only when added within 6 h.
These results suggest that there are at least three independent
signaling systems, protein kinase C- and cyclic AMP-mediated
systems and an unidentified system for interferon o/8, which are
involved in the antiproliferative mechanisms in rabbit aortic
smooth muscle cells. © 1988 Academic Press, Inc.

Many growth factors are known to induce DNA synthesis in
vascular SMC : these include platelet-derived growth factor (1),
fibroblast growth factor (2), epidermal growth factor (2) and
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endothelial cell-derived growth factor (3). In contrast to these
growth factors, many agents have been identified to serve as
antiproliferative factors in this cell type: these include
prostaglandins E4, E, and D, (4-6), adenosine {7), type B8
transforming growth factor (8), interferon a (9) and heparin
(10,11). Among these antiproliferative factors, prostaglandins
and adenosine have been suggested to exert their antiproliferative
action through cyclic AMP (5-7), but the modes of action of other
factors have not yet been clarified.

We have shown in preceding reports that, in addition to these
antiproliferative factors, TPA also serves as an antiproliferative
factor in rabbit aortic SMC (12-14). The antiproliferative action
of TPA is mimicked by another protein kinase C-activating PDBu but
not by 4oaPDD known to be inactive for protein kinase C {12-14).
The down-regulation of protein kinase C induced by prolonged
treatment of the cells with PDBu abolishes the antiproliferative
action of TPA (12-14). On the basis of these observations, we
have proposed that the antiproliferative action of TPA is mediated
through the activation of protein kinase C. The studies on the
mode of antiproliferative action of protein kinase C have revealed
that this enzyme inhibits the progression from the Gqi into S phase
of the cell cycle and thereby suppresses DNA synthesis in this
cell type (14). The similar antiproliferative action of TPA has
recently been confirmed in rat vascular SMC (15).

The relationships among the inhibitory actions of cyclic AMP,
TPA and other antiproliferative factors, however, have not been
clarified. 1In the present study, we have compared the modes of
antiproliferative action of cyclic AMP, TPA and interferon o/B.

We describe here that cyclic AMP, TPA and interferon a /8
independently inhibit the progression from the G} into S phase of
the cell cycle in rabbit aortic SMC.

EXPERIMENTAL PROCEDURES

Materials and Chemicals Japanese White rabbits were
purchased from Shizuoka Animal Center. Rabbit interferon a/f was
purchased from LEE Biomolecular Research Inc.. TPA and PDBu were
from CCR Inc.. 4oPDD was from Sigma. BtycAMP, 8-bromo-cyclic AMP
and the cyclic AMP assay kit were purchased from Yamasa Shoyu Co..
PGEq was from Funakoshi Pharmaceutical Co.. WBS was prepared from
Japanese White rabbits as described previously (16). FCS was from
GIBCO. [methyl3H]Thymidine and Eyo—[3H]inositol were from
Amersham. Other materials and chemicals were obtained from
commercial sources.

338



Vol. 167, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Cell Culture Primary cultures of rabbit aortic SMC were
obtained from thoracic aortae of male Japanese White rabbits by
the explantation method of Ross (17) as described previously (12).
The cells in secondary cultures maintained in DMEM containing 10%
FCS were trypsinized and seeded for each experiment. The cells
were always cultured at 37°C in a humidified atmosphere of
5% COp : 95% air.

Assays——DNA synthesis was assayed by autoradiography of
labeled nuclei or by measuring the incorporation of [ 3H] thymidine
into acid-insoluble materials as described previously (14). The
cellular cyclic AMP level was assayed by radioimmunocassay (18).
Rabbit aortic SMC in secondar% cultures were seeded into 35-mm
dishes at a density of 2 x 102 cells/dish in DMEM containing 10%
FCS. After 3 days, the cells were washed twice with DMEM and
incubated in serum-free DMEM for 48 h. The cells were then
incubated with various agents in 1 ml of balanced salt solution
containing 20 mM Hepes at pH 7.4, 130 mM NaCl, 5 mM KCl1, 1 mM
MgClp; and 1.5 mM CaCly at 37°C for 30 min. After the incubation,
the medium was rapidly removed and cyclic AMP was extracted with
400 yl of 0.1 N HC1l. Appropriate dilutions of the extracts were
succinylated, and the cyclic AMP concentrations were determined by
radioimmunoassay (18). The phospholipase C~mediated hydrolysis of
phosphoinositides was assayed by measuring the formation of
radiocactive IP4, 1P, and IP3 in rabbit aortic SMC prelabeled with
[3H]inositol as described previously (14).

Determinations——The radioactivities of 3g- and 12%1-labeled
samples were determined with a Beckman liguid scintillation system
Ls3801 and Aloka gamma scintillation system ARC-251, respectively.

RESULTS

Incubation of quiescent cultures of rabbit aortic SMC with
WBS induced DNA synthesis as estimated by measuring the
incorporation of [3H]thymidine into acid-insoluble materials.

This serum-induced DNA synthesis was inhibited by TPA in a
dose~dependent manner as described previously (12-14). The dose
of TPA necessary for the half maximal inhibition was about 3
ng/ml. The serum-induced DNA synthesis was also inhibited by
Bt,cAMP and interferon a/B in a dose-dependent manner as described
(6,9). The similar inhibitory action of TPA, BtpcAMP and
interferon o/f in the serum-induced DNA synthesis was confirmed
when DNA synthesis was assayed by autoradiography (data not
shown) .

PDBu, known to be another protein kinase C-activating phorbol
ester (19), also inhibited the serum-induced DNA synthesis as
described (12-14). 4o0PDD, known to be inactive for protein kinase
C (19), was ineffective in this capacity. These results suggest
that the antiproliferative action of phorbol esters is mediated
through the activation of protein kinase C as described previously
(12-14).
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Table 1. Effect of cyclic AMP derivatives and PGE¢ on the
WBS-induced DNA synthesis

Additions DNA synthesis

(cpm x 10_4)
None 0.1 £ 0.1
WBS (10%) 10.4 £ 0.4
WBS + BtpcAMP (5 mM) 2.0 £ 0.3
WBS + 8-bromo-cyclic AMP (5 mM) 2.3+ 0.3
WBS + PGE7 (20 uM) 9.5 £ 0.2
WBS + IBMX (50 uM) 9.2 x 0.2
WBS + PGEq + IBMX 4.9 + 0.3

Quiescent cultures of rabbit aortic SMC were incubated with
WBS in the presence of indicated agents. After the incubation for
24 h, DNA synthesis was assayed by measuring the incorporation of
["H]thymidine into acid-insoluble materials. Other details are
described under EXPERIMENTAL PROCEDURES. Results are the means +
SE of three independent experiments.

8-Bromo-cyclic AMP as well as BtchMP inhibited the
serum-induced DNA synthesis as shown in Table 1. PGE1, known to
elevate the cellular cyclic AMP level (20), showed the similar
inhibitory effect in the presence of IBMX, an inhibitor for
phosphodiesterase (21). Either PGE, or IBMX alcne showed little

1
effect. PGE, elevated markedly the cellular cyclic AMP level in

the presence1of IBMX, but elevated it to a small extent in the
absence of IBMX (see Table 2).

It has been shown that TPA increases agonist-stimulated as
well as basal, guanine nucleotide- and fluoride ion-stimulated
adenylate cyclase activities in frog erythrocytes (22). In the
next set of experiments, we examined whether TPA and interferon
o/B inhibit the serum-induced DNA synthesis through the formation
of cyclic AMP. As shown in Table 2, neither TPA nor interferon
a/B elevated this cyclic AMP level even in the presence of IBMX.
Either PGE1 or IBMX alone elevated slightly the cellular cyclic
AMP level, but the simultaneous addition of both agents elevated
it markedly.

In order to know whether BtchMP and interferon o/g inhibit
the serum-~induced DNA synthesis through the activation of protein
kinase C which could be induced by the phospholipase C-mediated
hydrolysis of phosphoinositides (19), the effects of Bt,cAMP and

2

interferon o/f on the formation of IP1, IP2 and IP3 were examined.
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Table 2. Effect of PGEq(, TPA and interferon o/8 on the cellular
cyclic AMP level

Additions cyclic AMP
(pmo1/108 cells)

None 4.0 % 0.5
PGEq1 (20 uM) 9.5 = 1.1
TPA (100 ng/ml) 3.8 % 0.8
Interferon o/8 (500 U/ml) 4.0 £ 0.7
IBMX (100 uM) 6.2 = 0.7
IBMX + PGE4 28.0 % 2.1
IBMX + TPA 6.4 + 0.8
IBMX + Interferon a/8 6.7 = 1.0

Quiescent cultures of rabbit aortic SMC were incubated with
PGE{, TPA or interferon o/8 in the presence or absence of IBMX.
After the incubation for 30 min, cyclic AMP was extracted and
assayed as described under EXPERIMENTAL PROCEDURES. Results are
the means + SE of three independent experiments.

As shown in Fig. 1, WBS induced the formation of these inositol
phosphates. Under the same conditions, neither BtchMP nor
interferon a /B8 induced the formation of IP,, IP. and IP..

We have previously shown that prolong;d triatment gf SMC with
PDBu causes the down-regulation of protein kinase C (12-14,23).
This down-regulation of protein kinase C abolished the
antiproliferative action of TPA as described previously (12-14)
but did not affect the antiproliferative action of BtchMP or
interferon o /B as shown in Fig. 2.

In the last set of experiments, the effect of time of the
addition of TPA, BtchMP and interferon o/8 on the inhibition of
the serum~induced DNA synthesis was examined. As shown in
Fig. 3A, DNA synthesis started at about 18 h after the addition of
the serum. TPA and BtchMP inhibited the serum-induced DNA
synthesis when added within 12 h after the addition of the serum
as shown in Fig. 3B. However, interferon a/g inhibited the
serum-induced DNA synthesis only when it was added within 6 h

after the addition of the serum.
DISCUSSION

We have confirmed here the earlier observations that TPA,

cyclic AMP and interferon o/f show an antiproliferative action in
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Fig. 1. Failure of the formation of inositol phosphates by Bt cAMP and
1nterferon a/B. Quiescent cultures of rabbit aortic SMC prelabcled with

[ H]1n051t01 were incubated with 10% WBS, 5 mM BtycAMP or 500 U/ml of
interferon a/8 for various periods of tlme, Other details are described under
EXPERIMENTAL PROCEDURES. (A}, IP1; (B), IPy; (C), IP3. (0O), with WBS; (&),
with Bt,cAMP; (o), with interferon o/B. Results are the means + SE of three
independent experiments.

vascular SMC (5,6,9,12-15). Extending these observations, we have
examined here the relationships among the modes of action of these
antiproliferative agents in this cell type. Since TPA does not
elevate the cellular cyclic AMP level, the antiproliferative
action of TPA is not mediated through cyclic AMP. Inversely,
since BtchMP does not induce the phospholipase C-mediated
hydrolysis of phosphoinositides, and the down-regulation of
protein kinase C does not affect the antiproliferative action of
Bt2cAMP under the condition where it completely abolishes the
antiproliferative action of TPA, the antiproliferative action of
Bt2cAMP is not mediated through protein kinase C. Moreover, since
interferon a/p does not elevate the cellular cyclic AMP level nor
induces the phospholipase C-mediated hydrolysis of phospho-
inositides and the down-regulation of protein kinase C does not

affect the antiproliferative action of interferon «/B8, the

342



Vol. 157, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A

e T 'E.___.__T
10 i-%—_ﬁi 0

DNA  Synthesis (cpm x 104

| ' ! ] ] ! !
0 25 50 0 2.5 50 0 250 500

TPA (ng/mi) Bt,cAMP (mM) interferon o/f (U/mi)

Fig. 2. Effect of the down-regulation of protein kinase C on the inhibition
of the WBS-induced DNA synthesis by TPA, Bt,cAMP and interferon ao/B8.

Quiescent cultures of the control rabbit aortic SMC or the cells pretreated
with 100 ng/ml of PDBu for 48 h were incubated with 10% WBS in the presence of
various doses of TPA, BtycAMP or interferon o/f. After the incubation for 24
h, DNA synthesis was assayed by measuring the incorporation of [3H]thymidine
into acid-insoluble materials. Other details are described under EXPERIMENTAL
PROCEDURES. (A), in the presence of TPA; (B), in the presence of Bt2cAMP;
(CY, in the presence of interferon «/8. (@), control cells; (0), the cells
treated with PDBu. Results are the means + SE of three independent
experiments.

antiproliferative action of interferon o/8 is not mediated through
cyclic AMP or protein kinase C. The intracellular messenger

system of interferon o/8 remains to be clarified.

The chronological analysis of the antiproliferative action of
TPA, BtchMP and interferon o /8 has revealed that these three
factors suppress the serum-induced DNA synthesis even when they
are added long after the completion of the transition from the GO
to G, phase, suggesting that they inhibit the progression from the

1

G1 into S phase. Since time courses of the antiproliferative

actions of TPA and Bt2

two agents exert their actions through a common pathway distal to

cAMP are similar, it is possible that these

the activation of each specific protein kinase, for example, the
phosphorylation of common substrate(s) for protein kinase C and
cyclic AMP-dependent protein kinase. Interferon o/8 does not show
a potent inhibitory effect on DNA synthesis when it is added more
than 6 h after the addition of the serum, while TPA and BtchMP
still show a potent antiproliferative action even when they are
added at 12 h after the addition of the serum. These results
suggest that the mechanism of antiproliferative action of

interferon o/8 is different from those of TPA and BtchMP.
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Fig. 3. Chronological analysis of the effect of TPA, BtpcAMP and interferon
/B on the WBS-induced DNA synthesis. (A), Time course of the WBS-induced DNA
synthesis. Quiescent cultures of rabbit aortic SMC were incubated with 10%
WBS. After the incubation for various periods of time, DNA synthesis was
assayed by measuring the incorporation of [3H]thymidine into acid-insoluble
materials. Other details are described under EXPERIMENTAL PROCEDURES. (B),
Time-dependent effect of addition of TPA, BtcAMP and interferon «/f on the
WBS-induced DNA synthesis. Quiescent cultures of rabbit aortic SMC were
incubated with 10% WBS. DNA synthesis was assayed 40 h after the addition of
WBS by measuring the incorporation of [3H]thymidine into acid-insoluble
materials. During this 40 h-incubation, TPA, BtcAMP or interferon o/B8 was
added at the indicated time at the final concentration of 100 ng/ml, 5 mM and
500 U/ml, respectively. Other details are described under EXPERIMENTAL
PRGCEDURES. (o), in the presence of TPA; (a), in the presence of BtcAMP;
(07, in the presence of interferon o/B8. Results are the means :+ SE of three
independent experiments.

Although the molecular mechanisms of antiproliferative action of
these three factors remain to be clarified, our present results
indicate that there are at least three independent signaling

systems which inhibit the progression from the G, into S phase of

1
the cell cycle in rabbit aortic SMC.
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