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Stimulation of smooth muscle cells with basic fibroblast growth

factor (bFGF) results in the activation of the mitogen-activated

protein kinase (MAP kinase) cascade and leads to cell pro-

liferation. We show that transforming growth factor β1 (TGF-

β1), at concentrations that completely inhibited bFGF-induced

mitogenic activity, decreased bFGF-induced MAP kinase

activity. Under these conditions, tyrosine and threonine

phosphorylations of MAP kinase were differentially affected

depending on the time period of TGF-β1 pretreatment. After a

short (30 min) TGF-β1 pretreatment, the bFGF-mediated in-

crease in phosphorylation of p42mapk on threonine was inhibited,

with no effect on the level of phosphotyrosine or decrease in the

electrophoretic mobility of p42mapk. This suggests that TGF-β1

INTRODUCTION

Transforming growth factors β (TGF-β) are a family of

disulphide-bonded 25 kDa dimeric proteins that modulate the

growth of a wide variety of cell types. Three related proteins

termed TGF-β1, TGF-β2 and TGF-β3 have been identified in

various mammalian cells. TGF-β was originally identified by its

ability to stimulate anchorage-independent growth of non-

neoplastic fibroblasts [1]. TGF-β also has many other biological

effects, including the regulation of cell differentiation, stimulation

of extracellular matrix formation and modulation of the immune

response [2]. TGF-β exerts its biological effects via binding to

specific cell-surface receptors, which include the type I (53 kDa)

and the type II (75 kDa) receptors respectively.

If the structural organization of type 1 and type II TGF-β

receptors is well established [3–5], little is known about the TGF-

β1-induced transduction mechanism [6–9]. TGF-β1 inhibits

thrombin- and bFGF-induced DNA synthesis in fibroblasts

without affecting phosphoinositide metabolism, activation of

protein kinase C or intracellular Ca#+ mobilization [10]. In

human bone marrow fibroblasts, TGF-β1-mediated inhibition of

platelet-derived growth factor (PDGF)-induced proliferation

correlates with inhibition of PDGF receptor autophosphoryl-

ation and tyrosine kinase activity [11,12]. This inhibitory effect

was reversed by an inhibitor of type 1 and type 2A protein

phosphatases (okadaic acid) and is apparently correlated with an

activation of protein phosphatases [12]. A role for serine}

Abbreviations used: bFGF, basic fibroblast growth factor ; EGF, epidermal growth factor ; ERK, extracellular signal-regulated kinase ; MAP kinase,
mitogen-activated protein kinase ; PDGF, platelet-derived growth factor ; TGF-β1, transforming growth factor β1.
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inhibited MAP kinase activity through the action of a serine}
threonine phosphatase. In contrast, a longer TGF-β1 pre-

treatment (4 h) partly inhibited the bFGF-induced MAP kinase

mobility shift and correlated with the inhibition of

phosphorylation on both threonine and tyrosine, suggesting that

long-term TGF-β1 treatment prevented activation of the MAP

kinase cascade or directly blocked MAP kinase. The ability of

long-term (4 h) but not short-term (30 min)TGF-β1 pretreatment

to inhibit MAP kinase activity was completely dependent on

protein synthesis and suggests that TGF-β1 inhibits MAP kinase

activity by two distinct mechanisms. These findings provide a

molecular basis for the growth-inhibitory action of TGF-β1 on

bFGF-induced mitogenic activity.

threonine phosphatase activation by TGF-β1 was also suggested

to arrest the growth of keratinocytes [13].

Recently the crucial role of mitogen-activated protein (MAP)

kinase in signalling pathways involved in cell proliferation has

been appreciated [14]. MAP kinase is a serine}threonine kinase

that phosphorylates and activates various proteins including c-

Myc [15], cytoplasmic phospholipase A
#
[16], p90rsk [17] and the

epidermal growth factor (EGF) receptor [18]. Two highly related

mammalian MAP kinases, p44mapk and p42mapk, also called

extracellular signal-regulated kinase 1 (ERK1) and ERK2, have

been cloned and found to be ubiquitously expressed and activated

by many growth factors and cytokines [19]. Basic fibroblast

growth factor (bFGF)-induced mitogenic activity is mediated by

the receptor-tyrosine kinase cascade and leads to the activation

of MAP kinase. Phosphorylation of both tyrosine (Y185) and

threonine (T183) residues [20] is required for full activity. This

phosphorylation was mediated by a MAP kinase kinase

(MAPKK or MEK). In fibroblasts, a biphasic activation of

MAP kinase in response to bFGF [21] has been described. The

second phase of activation correlates with the mitogenic activity

induced by various growth factors [22], and the suppression of

MAP kinase activation inhibits cell proliferation [23].

The objective of this study was to investigate the effect of

TGF-β1 on MAP kinase activity induced by bFGF in smooth

muscle cells from pig aorta. We show that the inhibition of

bFGF mitogenicity by TGF-β1 involves the inhibition of bFGF-

activated MAP kinase at the level of threonine and tyrosine
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phosphorylation. Also, the inhibition of MAP kinase activity

after TGF-β1 pretreatment was prevented by cycloheximide,

suggesting that the TGF-β1-induced inhibition requires protein

synthesis to modify MAP kinase activity.

EXPERIMENTAL

Materials

Fetal calf serum, Dulbecco’s modified Eagle’s medium, -glu-

tamine, penicillin and streptomycin were purchased from Gibco

(Grand Island, NY, U.S.A.). Recombinant bFGF was obtained

from Biotech Trade Service (St. Leon-Rot, Germany) and TGF-

β1 from R&D Systems (U.K.). [methyl-$H]Thymidine (74 GBq}
mmol) and [γ-$#P]ATP (111 TBq}mmol) were from Amersham

International (Buckinghamshire, U.K.). BSA, leupeptin, myelin

basic protein, pepstatin A and protein A–Sepharose were ob-

tained from Sigma (St. Louis, MO, U.S.A.). Antibody E1B is a

rabbit polyclonal antibody raised against a C-terminal peptide of

ERK1. Anti-(rat MAP kinase R2) (C-14), a rabbit polyclonal

antibody raised against the C-terminal peptide of ERK1, was

purchased from Santa Cruz Biotechnology (Santa Cruz, CA,

U.S.A.). MPM-2, a monoclonal antibody that specifically recog-

nizes Thr-183 present in the regulatory region of p42mapk only

when Thr-183 is phosphorylated, and anti-phosphotyrosine

antiserum were obtained from UBI (Lake Placid, NY, U.S.A.).

Nitrocellulose sheets were purchased from Schleicher & Schuell

(Dassel, Germany).

Cell culture

Smooth muscle cells were isolated from pig thoracic aorta and

cultured as previously described [24]. The cells were cultured in

Dulbecco’s modified Eagle’s medium, supplemented with 10%

(v}v) fetal calf serum, 2 mM glutamine, 50 i.u.}ml penicillin and

50 µg}ml streptomycin, at 37 °C in an air}CO
#

(19:1) atmos-

phere. Cultures were rendered quiescent by incubation in serum-

free medium containing 0.2% BSA for 48 h. All experiments

were performed with cell cultures having had fewer than eight

passages.

DNA synthesis

Quiescent smooth muscle cells in six-well plates were pre-

incubated with various concentrations of TGF-β1 (0–10 ng}ml)

for either 30 min or 4 h before addition of bFGF (5 ng per well).

After 30 h, [$H]thymidine (1 µCi}ml) was added for 3 h. Cells

were washed in PBS, pH 7.4, then treated with 10% ice-cold

trichloroacetic acid for 10 min and lysed in 0.2 M NaOH.

Radioactivity was quantified in a β-scintillation liquid counter

(Beckman, Fullerton, CA, U.S.A.).

Immune complex MAP kinase assay

Quiescent smooth muscle cells in six-well plates were stimulated

with 5 ng}ml bFGF in the presence or absence of various

concentrations of TGF-β1 (0–10 ng}ml) for 15 min at 37 °C
before lysis in Triton X-100 lysis buffer [50 mM Tris}HCl,

pH 7.5, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 40 mM β-

glycerophosphate, 0.2 mM sodium orthovanadate, 1 µg}ml

leupeptin, 1 µM pepstatin A and 1% (w}v) Triton X-100]. Equal

amounts of cell lysate were first precleared for 1 h at 4 °C with

1 µl of rabbit serum and Protein A–Sepharose beads. Cell lysates

were then immunoprecipitated overnight at 4 °C with 1 µg of

polyclonal antibody against MAP kinase. Then protein A-

Sepharose beads were added for 1 h. Immune complexes were

collected by centrifugation at 12000 g (4 °C, 15 min) and washed

four times in lysis buffer and once with kinase buffer (20 mM

Hepes, pH 7.4, 10 mM MgCl
#
, 1 mM dithiothreitol and

10 mM p-nitrophenyl phosphate), before being resuspended in

40 µl of kinase buffer containing 10 µg of myelin basic

protein, 50 µM unlabelled ATP and 3 µCi of [γ-$#P]ATP

(5000 c.p.m.}pmol) per sample. After 10 min at 30 °C the reaction

was stopped by adding 40 µl of 2¬Laemmli’s sample buffer,

followed by boiling for 5 min. Samples were subjected to

electrophoresis on an SDS}polyacrylamide gel [12% (w}v) gel].

The gel was then stained with Coomassie Blue, dried and

autoradiographed.

Western blot analysis

Smooth muscle cells in 10 cm dishes were stimulated with bFGF

(5 ng}ml) in the presence or absence of various concentrations of

TGF-β1 (0–10 ng}ml) for 15 min at 37 °C. The cells were then

washed twice with cold PBS and lysed in Triton X-100 lysis

buffer. The cell lysates were immunoprecipitated as above with a

polyclonal antibody against MAP kinase and were centrifuged at

12000 g for 15 min at 4 °C. Immune complexes were separated

by SDS}PAGE (12% gel) and electroblotted onto nitrocellulose

filters. Filters were blocked for 2 h in Tris-buffered saline

containing 10 mM Tris}HCl, pH 7.5, 150 mM NaCl, 0.1%

Tween-20 and 5% (w}v) non-fat dried milk and then incubated

for 2 h at room temperature with the polyclonal antibody

E1B-3 (1:1000), an anti-phosphotyrosine monoclonal antibody

(1 µg}ml), or a monoclonal antibody MPM2 (1:2000). Filters

were then incubated respectively with either horseradish

peroxidase-conjugated goat anti-rabbit IgG (1:50000) or anti-

mouse IgG (1:20000) for 1 h. The blots were made visible by

using the Amersham enhanced chemiluminescence system, as

recommended by the manufacturer.

Statistics

The figures represent the means³S.E.M. for at least four

independent experiments. Statistical significance was assessed

with Student’s t-test for paired comparisons. Where indicated,

Figures represent the results from one experiment that was

repeated at least three times.

RESULTS

TGF-β1 inhibits bFGF-induced MAP kinase activity

To determine the effect of TGF-β1 on bFGF-induced MAP

kinase activity, we initially tested the effect of TGF-β1 on bFGF-

induced mitogenic activity at two distinct time points. Under

conditions where 10 ng}ml TGF-β1 was added either 30 min or

4 h before 5 ng}ml bFGF, TGF-β1 significantly inhibited the

bFGF-induced mitogenic activity by 88.5% and 79.5% re-

spectively (0.0005!P% 0.005) (Figure 1a). These conditions of

treating smooth muscle cells with 10 ng}ml TGF-β1 and 5 ng}ml

bFGF were used for subsequent studies.

We then explored the effect of TGF-β1 on bFGF-induced

MAP kinase activity after a 15 min stimulation period cor-

responding to the first phase of activation of p42mapk and p44mapk

(results not shown). Smooth muscle cells were pretreated for

either 30 min or 4 h with TGF-β1 before the addition of bFGF.

Stimulation with bFGF, which induced a significant increase in

MAP kinase activity compared with the control without growth

factor, was partly inhibited by both a 30 min and a 4 h TGF-β1

pretreatment (Figure 1b). Densitometric measurements con-

firmed a significant inhibition of bFGF-induced MAP kinase
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Figure 1 Effect of TGF-β1 on bFGF-induced MAP kinase activity

After 48 h of serum deprivation, smooth muscle cells were first pretreated for two different times

(30 min and 4 h) with 10 ng/ml TGF-β1 and then incubated in the presence of 5 ng/ml bFGF.

(a) After a 30 h stimulation period, 1 µCi/ml [3H]thymidine was added for a 3 h pulse period.

The radioactivity incorporated into trichloroacetic acid-insoluble material was determined. Results

are expressed as c.p.m. per well and are the means³S.E.M. for three separate experiments.

(b) After a 15 min stimulation period, corresponding to the activation of the first phase of bFGF-

induced MAP kinase activity, smooth muscle cells were lysed and cell lysates were

immunoprecipitated with an anti-p42mapk antibody, and MAP kinase activity was measured as

described in the Experimental section. (c) Autoradiograms were scanned with a laser

densitometer. For each experiment the control value obtained with bFGF alone was defined as

100%. The results after 30 min (solid bar) or 4 h (hatched bar) of TGF-β1 pretreatment are

expressed relative to bFGF-induced MAP kinase activities and are the means³S.E.M. for three

separate experiments.

activity (Figure 1c). The remaining activity represented only

52.3³17.3% (0.001!P% 0.025) and 34.6³24.0% (0.025!P

% 0.05) of bFGF-induced MAP kinase activity. These results

suggest that pretreatment of smooth muscle cells for either

30 min or 4 h in the presence of TGF-β1 affects bFGF-induced

MAP kinase activity.

bFGF-induced MAP kinase activity is modulated by the
concentration of TGF-β1 used for pretreatment

To confirm the effect of TGF-β1 pretreatment on MAP kinase

activation we investigated the effect of various concentrations of

TGF-β1 (0.1–10 ng}ml) on bFGF-induced MAP kinase activity.

After a 30 min pretreatment with low concentrations of TGF-β1

(0.1 or 0.2 ng}ml), no detectable change in bFGF-induced MAP

Figure 2 Dose-dependent effect of TGF-β1 inhibition on bFGF-induced
MAP kinase activity after 30 min of TGF-β1 pretreatment

After 48 h of serum deprivation, smooth muscle cells were pretreated with various concentrations

of TGF-β1 (0–10 ng/ml) for 30 min ; 5 ng/ml bFGF was then added and the samples were

incubated for 15 min. (a) Cells were lysed and lysates were immunoprecipitated with an anti-

p42mapk antibody, and MAP kinase activity was measured as described in the Experimental

section. MBP, myelin basic protein. (b) Autoradiograms were scanned with a laser densitometer.

For each experiment the control value obtained with bFGF alone was defined as 100%. The

results are expressed relative to bFGF-induced MAP kinase activities and are the means³S.E.M.

for three separate experiments. (c) After a 30 h stimulation period with 5 ng/ml bFGF, 1 µCi/ml

[3H]thymidine was added for a 3 h pulse period. The radioactivity incorporated into trichloroacetic

acid-insoluble material was determined. Results are expressed as c.p.m. per well and are the

means³S.E.M. for three separate experiments.

kinase activity was observed (Figures 2a and 2b), indicating that

there was no significant effect of low concentrations of TGF-β1

on bFGF-induced MAP kinase activity. In contrast, increasing

the concentration of TGF-β1 significantly inhibited bFGF-

induced MAP kinase activity. The remaining activity represented

62.3³6.3% with 1 ng}ml TGF-β1 (0.0005!P% 0.005) and

38.7³20.4% with 10 ng}ml TGF-β1 (0.01!P% 0.025). To

determine a possible relation between MAP kinase activity and

mitogenic activity, we investigated the effect of different concen-

trations of TGF-β1 on the bFGF-induced increase in DNA
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Figure 3 Dose-dependent effect of TGF-β1 inhibition on bFGF-induced
MAP kinase activity after 4 h of TGF-β1 pretreatment

After 48 h of serum deprivation, smooth muscle cells were pretreated with various concentrations

of TGF-β1 (0–10 ng/ml) for 4 h ; 5 ng/ml bFGF was then added and the samples were

incubated for 15 min. (a) Smooth muscle cells were lysed and cell lysates were

immunoprecipitated with an anti-p42mapk antibody, and MAP kinase activity was measured as

described in the Experimental section. MBP, myelin basic protein. (b) Autoradiograms were

scanned with a laser densitometer. For each experiment the control value obtained with bFGF

alone was defined as 100%. The results are expressed relative to bFGF-induced MAP kinase

activities and are the means³S.E.M. for four separate experiments. (c) After a 30 h stimulation

period with 5 ng/ml bFGF, 1 µCi/ml [3H]thymidine was added for a 3 h pulse period. The

radioactivity incorporated into trichloroacetic acid-soluble material was determined. Results are

expressed as c.p.m. per well and are the means³S.E.M. for three separate experiments.

synthesis, as measured by [$H]thymidine incorporation. Increased

concentrations of TGF-β1 (0.1–10 ng}ml), added 30 min before

bFGF, significantly inhibited the bFGF-induced mitogenic ac-

tivity by 33–100% (Figure 2c), suggesting that TGF-β1 was a

more potent inhibitor of bFGF-mediated [$H]thymidine in-

corporation than of p42mapk activation. The ability of TGF-β1 to

inhibit bFGF-induced mitogenic activity was most pronounced

at 1 and 10 ng}ml TGF-β.

To validate the hypothesis that 4 h of TGF-β1 pretreatment

inhibited bFGF-induced MAP kinase activity, we analysed MAP

kinase activity in the presence of various concentrations of TGF-

β1 (0.1–10 ng}ml). No detectable change in bFGF-induced MAP

kinase activity was observed in the presence of low concentrations

of TGF-β1 (0.1 and 0.2 ng}ml) (Figures 3a and 3b). In contrast,

increased concentrations of TGF-β1 significantly inhibited

bFGF-induced MAP kinase activity. The remaining activity

represented 41.3³16.3% with 1 ng}ml TGF-β1 (0.025!P%
0.05) and 19.1³20.4% at 10 ng}ml (0.01!P% 0.025) (Figures

3a and 3b). Under the same conditions that were used to test

Figure 4 Effect of TGF-β1 pretreatment on the mobility shift of bFGF-
induced MAP kinase

After 48 h of serum deprivation, smooth muscle cells were first pretreated for two different times

(30 min and 4 h) with 10 ng/ml TGF-β1 and then incubated in the presence of 5 ng/ml bFGF.

Smooth muscle cells were lysed and cell lysates were immunoprecipitated with an anti-p42mapk

antibody. (a) Immunoprecipitates were reduced and subjected to SDS/PAGE (12% gel) and

Western blotting with an anti-p42mapk and anti-p44mapk antibody. (b) Autoradiograms were

scanned with a laser densitometer. For each experiment the ratio of phosphorylated MAP kinase

pp42mapk to unphosphorylated MAP kinase p42mapk was normalized to that of cells treated with

bFGF alone and is expressed as the relative intensity. Results are the means³S.E.M. for three

separate experiments.

MAP kinase activity, we investigated the effect of different

concentrations of TGF-β1 after 4 h of TGF-β1 pretreatment on

bFGF-induced mitogenic activity (Figure 3c). No modification

of bFGF-induced mitogenic activity was observed in the presence

of low concentrations of TGF-β1 (0.1 and 0.2 ng}ml). In contrast,

increased concentrations of TGF-β1 (1 and 10 ng}ml) signifi-

cantly inhibited the bFGF-induced mitogenic activity by 78%

and 76% (0.0005!P% 0.005). Thus TGF-β1 at a concentration

of both 1 and 10 ng}ml potently inhibits bFGF-induced mito-

genic activity. In addition, the TGF-β1-mediated inhibition of

MAP kinase activity was equivalent, irrespective of the time of

TGF-β1 pretreatment.

Different effects of TGF-β1 pretreatment on the bFGF-induced
mobility shift of p42mapk

To identify a possible relationship between the TGF-β1-mediated

inhibition of MAP kinase activity and a reduction in the level of

MAP kinase phosphorylation, we investigated the state of

phosphorylation of MAP kinase, which correlates with a re-

duction in the electrophoretic mobility of p42mapk and p44mapk.

Smooth muscle cells were pretreated for either 30 min or 4 h with

10 ng}ml TGF-β1 before addition of 5 ng}ml bFGF. The lysate

proteins were immunoprecipitated with anti-p42mapk and then

analysed by Western blotting by using an anti-(MAP kinase)

antiserum that recognized p42mapk and p44mapk. After 15 min of

bFGF stimulation there was a decrease in electrophoretic mo-

bility of p42mapk (Figure 4a) ; 30 min of TGF-β1 pretreatment

was unable to modify the reduction in electrophoretic mobility of

p42mapk induced by bFGF alone, whereas 4 h of TGF-β1

pretreatment increased the proportion of unphosphorylated

MAP kinase (Figure 4a). Densitometric measurements confirmed
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Figure 5 Effect of TGF-β1 pretreatment on bFGF-induced MAP phosphorylation

After 48 h of serum deprivation, smooth muscle cells were first pretreated for different times (30 min and 4 h) with 10 ng/ml TGF-β1 and then incubated in the presence of 5 ng/ml bFGF. Smooth

muscle cells were lysed and cell lysates were immunoprecipitated with an anti-p42mapk antibody. Immunoprecipitates were reduced and subjected to SDS/PAGE (12% gel) and Western blotting :

with an anti-MPM2 antibody (a) and with an anti-phosphotyrosine antibody (c). Autoradiograms were scanned with a laser densitometer (b and d). For each experiment the ratio of phosphorylated

MAP kinase (pp42mapk) to total MAP kinase (p42mapk) was normalized to that of cells treated with bFGF alone and is expressed as the relative intensity. The results are expressed relative to

bFGF-induced MAP kinase phosphorylation and are the means³S.E.M. for seven separate experiments.

these results : first, after 30 min of TGF-β1 pretreatment the ratio

of phosphorylated MAP kinase to unphosphorylated MAP

kinase was 0.86³0.17 (0.05!P% 0.1) ; secondly, after 4 h of

TGF-β1 pretreatment this ratio decreased to 0.49³0.10 (0.01!
P% 0.025) (Figure 4b). These results suggest that, although a

30 min TGF-β1 pretreatment did not modify the ability of bFGF

to augment the level of phosphothreonine and phosphotyrosine

on MAP kinase as determined by the electrophoretic mobility of

MAP kinase, a 4 h TGF-β1 pretreatment did promote a decrease

in the level of phosphothreonine and phosphotyrosine on MAP

kinase.

Different effects of TGF-β1 pretreatment on tyrosine and
threonine phosphorylations of p42mapk

Phosphorylation of MAP kinase on either threonine or tyrosine

is sufficient to induce a decrease in electrophoretic mobility [25].

Hence to test the hypothesis that one or two of the amino acids

were affected, we investigated the state of phosphorylation of

both threonine and tyrosine induced by bFGF after TGF-β1

pretreatment. Smooth muscle cells were pretreated for either

30 min or 4 h with 10 ng}ml TGF-β1 before addition of 5 ng}ml

bFGF. The lysate proteins were immunoprecipitated with an

anti-p42mapk and then analysed by Western blotting by using

either anti-MPM2 antibody, which recognizes the phospho-

threonine epitope of MAP kinase, or an anti-phosphotyrosine

antibody. After 15 min of bFGF stimulation there was an

induction of the threonine phosphorylation of p42mapk, whereas

no phosphorylation was observed in quiescent unstimulated

smooth muscle cells and smooth muscle cells pretreated for

30 min with TGF-β1 alone (Figure 5a). In the presence of TGF-

β1, bFGF induces to a smaller extent the threonine

phosphorylation of p42mapk, which was confirmed by densito-

metric measurements (Figures 5a and 5b). After either 30 min or

4 h of TGF-β1 pretreatment, the ratios of phosphothreonine on

MAP kinase to total MAP kinase were 0.64³0.07 (0.0005!P%
0.005) and 0.57³0.10 (0.0005!P% 0.005) respectively. Thus

pretreatment of smooth muscle cells for both 30 min and 4 h with

TGF-β1 decreased bFGF-induced threonine phosphorylation of

p42mapk. The fact that 4 h of TGF-β1 alone induced a threonine

phosphorylation of p42mapk suggested that different mechanisms

could be implicated in the presence or absence of bFGF.

We next performed a similar series of experiments with an

anti-phosphotyrosine antibody (Figures 5c and 5d). Under these

conditions, bFGF induced a significant increase in the level of

tyrosine phosphorylation of p42mapk compared with unstimulated

smooth muscle cells or with 30 min and 4 h of TGF-β1 pre-

treatment alone. After 30 min of pretreatment, TGF-β1 did not

significantly modify the tyrosine phosphorylation of p42mapk ; the

ratio of phosphotyrosine MAP kinase to total MAP kinase was

0.91³0.06 after 30 min of TGF-β1 pretreatment, whereas after

4 h a small but significant inhibition (0.78³0.04; 0.0005!P%
0.005) was observed. These results indicate that (1) treatment of

smooth muscle cells for 30 min with TGF-β1 diminished the

bFGF-induced phosphorylation of p42mapk on threonine, and (2)

treatment of smooth muscle cells for 4 h inhibited both threonine

and tyrosine phosphorylations, suggesting the presence of an

additional mechanism at later time points.

TGF-β1 pretreatment induces protein synthesis that could inhibit
MAP kinase activity

To explore whether TGF-β1 mediated inhibition of MAP kinase

requires protein synthesis, MAP kinase activity was examined

after TGF-β1 pretreatment in the presence of 100 µg of cyclo-

heximide per well (Figures 6a and 6b). Under these conditions,

30 min of TGF-β1 pretreatment inhibited bFGF-stimulated

MAP kinase activity (51.5³17.5% ; 0.025!P% 0.05). In con-
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Figure 6 Effect of TGF-β1 pretreatment on bFGF-induced MAP kinase
activity in the presence of cycloheximide

After 48 h of serum deprivation, smooth muscle cells were pretreated with 10 ng/ml TGF-β1

for 30 min or 4 h in the presence of 100 µg/ml cycloheximide. bFGF was then added and

samples were incubated for 15 min. Smooth muscle cells were lysed and cell lysates were

immunoprecipitated with an anti-p42mapk antibody and MAP kinase activity was measured as

described in the Experimental section (a). MBP, myelin basic protein. (b) Autoradiograms were

scanned with a laser densitometer. For each experiment the control value obtained with bFGF

alone was defined as 100%. The results after 30 min or 4 h of TGF-β1 pretreatment are

expressed as percentages of the control bFGF and are the means³S.E.M. for three separate

experiments.

trast, after 4 h of TGF-β1 pretreatment in the presence of

cycloheximide, complete restoration of MAP kinase activity was

observed (102.7³17.6%) compared with the control bFGF

without TGF-β1. This suggests that two different mechanisms

are involved in the inhibition of MAP kinase activity. Thus, after

30 min of TGF-β1 pretreatment, inhibition of MAP kinase

activity occurred without protein synthesis, whereas after 4 h of

TGF-β1 treatment this inhibition was fully dependent on protein

synthesis.

DISCUSSION

We have investigated the effect of TGF-β1 on the bFGF-induced

signal transduction mechanism directly implicated in cell pro-

liferation. The transduction mechanism induced by TGF-β1 is as

yet poorly defined, but here we present evidence to support the

proposal that TGF-β1 inhibits bFGF-induced MAP kinase

activity. Our results demonstrate a significant inhibition of the

first phase of MAP kinase activity, which could participate in

the inhibition of mitogenic activity. Surprisingly, depending on

the period of TGF-β1 pretreatment, phosphorylations of MAP

kinase on tyrosine and threonine were differently affected. In

addition, after 4 h of TGF-β1 pretreatment, this MAP kinase

activity was completely restored in the presence of cycloheximide,

suggesting a role for TGF-β1-induced protein synthesis in the

inhibition of MAP kinase activity. However, after 30 min of

TGF-β1 pretreatment, the addition of cycloheximide did not

abolish the inhibition of MAP kinase. Thus after 30 min and 4 h

of TGF-β1 pretreatment, different phosphatases and different

mechanisms of inhibition were implicated.

Previous reports have shown that MAP kinase activation is

required for growth factor-stimulated cells to progress and enter

S-phase [21–23]. For this reason we first examined the effect of

TGF-β1 on bFGF-induced sustained activation of MAP kinase

[26]. After either 30 min or 4 h of incubation, TGF-β1 inhibited

MAP kinase activity induced by bFGF. This inhibition of MAP

kinase activity was observed for TGF-β1 concentrations that

were able to inhibit bFGF-induced mitogenic activity completely.

These results suggest three possible mechanisms of inhibition: (1)

an upstream inhibition of the MAP kinase cascade resulting

from an inhibition of MAP kinase activity, (2) an inhibition of

the phosphorylation of threonine and}or tyrosine required for

full MAP kinase activity or (3) the presence of an inhibitor that

blocks MAP kinase activity.

As phosphorylation of both tyrosine and threonine is required

for full MAP kinase activity, we initially investigated the decrease

in electrophoretic mobility of MAP kinase, which is directly

correlated with the state of phosphorylation of MAP kinase [25].

The fact that TGF-β1, at concentrations that inhibit MAP

kinase activity and after 30 min of pretreatment, had no in-

hibitory effect on the reduction of electrophoretic mobility

suggests that TGF-β1 did not interfere with upstream signalling

from MAP kinase but acted directly on MAP kinase. This

suggests an apparently novel mechanism of MAP kinase in-

hibition. It has previously been noted that the MAP kinase

cascade might be inhibited at the level of the upstream activator,

Raf-1, resulting in a decrease in MAP kinase phosphorylation

and hence MAP kinase activity [17–20]. Inhibition of PDGF-BB-

induced MAP kinase signalling by protein kinase A occurs

between the receptor and MAP kinase kinase [27]. Elevation of

intracellular cAMP levels abrogated the first phase of EGF-

induced MAP kinase activity, which was correlated with growth

arrest [28,29]. In addition, increased concentrations of cAMP

block EGF-induced activation of Raf-1 and consequently MAP

kinase activation in Rat1hER fibroblasts [30].

The observation that 30 min of TGF-β1 pretreatment did not

affect the decrease in electrophoretic mobility of MAP kinase did

not exclude the possibility that (1) phosphorylation of one of the

two regulatory amino acids (tyrosine or threonine) was affected

and}or (2) TGF-β1 could act directly on MAP kinase activity.

To test the hypothesis that TGF-β1 could induce an activation

of a phosphatase, we investigated tyrosine and threonine

phosphorylations of MAP kinases after p42mapk immuno-

precipitation. As TGF-β1 inhibited the bFGF-mediated increase

in threonine phosphorylation of MAP kinase without any effect

on tyrosine, an upstream inhibition of the MAP kinase cascade

is not involved, which suggests that the induction of serine}
threonine phosphatase activity might have occurred. Several

reports have described the induction of phosphatase activity by

TGF-β1 [12,13]. TGF-β1 has been shown to up-regulate serine}
threonine phosphatase activity in keratinocytes [13] and modu-

late PDGF-induced mitogenic activity and phosphorylation of

the PDGF receptor via activation of serine}threonine phos-

phatases [12]. In our study, activation of serine}threonine

phosphatases was perhaps involved in the inhibition of MAP

kinase activity. These results were in agreement with those of

Gruppuso et al. [13], who showed that incubation of keratinocytes

with TGF-β1 rapidly activated (within 30 min) protein serine}
threonine phosphatases, whereas tyrosine phosphatases were

activated only after 48 h [13]. In addition, different types of

phosphatase specific for MAP kinases have been described in the

literature. In �itro, 3CH134, CL100 and HVH1 seemed to be

dual-specific tyrosine}threonine phosphatases that were highly

specific for MAP kinases [30–34]. The 3CH134 gene was

originally identified as an immediate-early gene induced by

serum in mouse fibroblasts [30]. Recently this phosphatase was
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described to regulate MAP kinase in smooth muscle cells [31]. In

our experiments, after 30 min of TGF-β1 pretreatment and

where only the level of phosphothreonine present on MAP

kinase was affected, this phosphatase was not implicated. The

inactivation of MAP kinase could have involved a dual-specificity

phosphatase. Protein phosphatase 2A can dephosphorylate

Thr-183 in p42mapk in �itro, and treatment of cells with okadaic

acid, a potent inhibitor of serine}threonine phosphatases PP2A

and PP1, leads to a transient activation of MAP kinase [35]. A

recent report described a rapid inactivation of p42mapk within

30 min of stimulation with growth factors, which was catalysed

by a protein phosphatase 2A [36]. In addition, during interphase

of the first mitotic cycle in Xenopus, when MAP kinase is

dephosphorylated and inactive, a MAP kinase phosphatase with

the properties of the catalytic subunit of PP2A was purified from

extracts [37].

After 4 h of TGF-β1 pretreatment, TGF-β1 partly inhibited

the mobility shift of MAP kinase, an effect correlated with the

inhibition of tyrosine and threonine phosphorylation. This

suggests that additional phosphatases are involved in the TGF-

β1 mechanism of inhibition of MAP kinase activity. Moreover,

the fact that 4 h of TGF-β1 was by itself sufficient to induce a

threonine phosphorylation of MAP kinase suggested that these

phosphatases could be activated in the presence of bFGF. These

results do not exclude the possibility that TGF-β1 induces

inhibition of the MAP kinase cascade upstream of MAP kinase

or a direct inhibition of the phosphorylation of threonine and

tyrosine of MAP kinase. The hypothesis that another mechanism

was involved after 4 h of TGF-β1 pretreatment was boosted by

the complete restoration of MAP kinase activity after 4 h in the

presence of cycloheximide. This suggested that early protein

synthesis was involved. Because 30 min in the presence of

cycloheximide did not restore MAP kinase activity, this mech-

anism of inhibition probably did not require protein synthesis.

However, we have to take into account that such cycloheximide

treatment could prevent the production of dual-specificity MAP

kinase phosphatases, thus leading to a potentiation of MAP

kinase activity [30].

Although this study has not established the nature of the

phosphatases acting on MAP kinase activity that are induced by

TGF-β1, the results show that TGF-β1 can attenuate the bFGF-

induced MAP kinase activation pathway by two different mecha-

nisms involving phosphatases. These phosphatases remain to be

identified. Moreover these findings suggest that the effect of

TGF-β1 on MAP kinase activity can be regarded as a general

inhibitory mechanism on growth factor-induced mitogenic

activity.

REFERENCES

1 Roberts, A. B., Anzano, M. A., Lamb, L. C., Smith, J. M. and Sporn, M. B. (1981)

Proc. Natl. Acad. Sci. U.S.A. 78, 5339–5343

2 Moses, H. L., Tucker, R. F., Leof, E. B., Coffey, R. J., Halper, J. and Shipley, G. D.

(1985) in Cancer Cells , vol. 3 (Feramisco, J., Ozanne, B. and Stiles, C., eds.), pp.

65–71, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY

Received 20 September 1995/15 January 1996 ; accepted 19 January 1996

3 Wrana, J. L., Attisano, L., Wieser, R., Ventura, F. and Massague! , J. (1994) Nature

(London) 370, 341–347

4 Massague! , J. (1992) Cell 69, 1067–1070

5 Lopez-Casillas, F., Wrana, J. L. and Massague! , J. (1993) Cell 73, 1435–1444

6 Mulder, K. M. and Morris, S. L. (1992) J. Biol. Chem. 267, 5029–5031

7 Assoian, R. K., Frolik, C. A., Roberts, A. B., Miller, D. M. and Sporn, M. B. (1984)

Cell 36, 35–41

8 Baskin, G., Schenker, S., Frosto, T. and Henderson, G. (1991) J. Biol. Chem. 266,
13238–13242

9 Muldoon, L. L., Rodland, K. D. and Magun, B. E. (1988) J. Biol. Chem. 263,
5030–5033

10 Chambard, J. C. and Pouysse! gur, J. (1988) J. Cell. Physiol. 135, 101–107

11 Bryckaert, M., Lindroth, M., Lo$ nn, A., Tobelem, G. and Wasteson, A. (1988) Exp. Cell

Res. 179, 311–321

12 Fontenay, M., Bryckaert, M. and Tobelem, G. (1992) J. Cell. Physiol. 152, 507–519

13 Gruppuso, P. A., Mikumo, R., Grautignan, D. L. and Braun, L. (1991) J. Biol.Chem.

266, 3444–3448

14 Lenormand, P., Page' s, G., Sardet, G., L’Allemain, G., Meloche, S. and Pouysse! gur, J.

(1993) in Advances in Second Messenger and Phosphoprotein Research (Brown, B.

L. and Dobson, R. M., eds.), vol. 30, pp. 237–244, Raven Press, New York

15 Seth, A., Alvarez, E., Gupta, S. and Davis, R. J. (1991) J. Biol. Chem. 266,
23521–23524

16 Lin, L. L., Wartmann, M., Lin, A. Y., Knopf, J. L., Seth, A. and Davis, R. J. (1993)

Cell 72, 269–278

17 Wood, K. W., Sarnenecki, C., Roberts, T. M. and Blenes, L. (1992) Cell 68,
1040–1050

18 Alvarez, E., Nortwood, I. C., Gonzales, F. A., Latour, D. A., Seth, A., Abate, C., Curnna,

T. and Davis, R. J. (1991) J. Biol. Chem. 266, 15277–15285

19 Boulton, T. G., Nye, S. H., Robbins, D. J., Ip, N. Y., Radziejewska, E., Morgenbesser,

S. D., Depinho, R. A., Panayotatos, N., Cobb, M. H. and Yancopoulos, G. D. (1991)

Cell 65, 663–675

20 Payne, D. M., Rossomando, A. J., Martino, P., Erickson, A. K., Her, W. H.,

Shabanowitz, J., Hunt, D. F., Weber, M. J. and Sturgill, T. W. (1991) EMBO J. 10,
885–892

21 Meloche, S., Seuwen, K., Page' s, G. and Pouysse! gur, J. (1992) Mol. Endocrinol. 6,
845–854

22 Chambard, J. C., Paris, S., L’Allemain, G. and Pouysse! gur, J. (1987) Nature (London)

326, 800–803

23 Page' s, G., Lenormand, P., L’Allemain, G., Chambard, J. C., Meloche, S. and

Pouysse! gur, J. (1993) Proc. Natl. Acad. Sci. U.S.A. 90, 8319–8323

24 Ross, R. (1971) J. Cell Biol. 50, 172–186

25 Posada, J. and Cooper, J. (1992) Science 255, 212–215

26 Kahan, C., Seuwen, K., Meloche, S. and Pouysse! gur, J. (1992) J. Biol. Chem. 267,
13369–13375

27 Graves, L. M., Bornfeldt, K. E., Raines, E. W., Potts, B. C., MacDonald, S. G., Ross, R.

and Krebs, E. G. (1993) Proc. Natl. Acad. Sci. U.S.A. 90, 10300–10304

28 Hordijk, P. L., Verlaan, I., Jalink, K., van Corven, E. J. and Moolenaar, W. H. (1994)

J. Biol. Chem. 269, 3534–3538

29 Wu, J., Dent, P., Jelinek, T., Wolfman, A., Weber, M. J. and Sturgill, T. W. (1993)

Science 262, 1065–1069

30 Sun, H., Charles, C. H., Lau, L. F. and Tonks, N. K. (1993) Cell 75, 487–493

31 Duff, J. L., Monia, B. P. and Bradford, C. B. (1995) J. Biol. Chem. 270, 7161–7166

32 Zheng, C. F. and Guan, K. L. (1993) J. Biol. Chem. 268, 16116–16119

33 Charles, C. H., Sun, H., Lau, L. F. and Tonks, N. K. (1993) Proc. Natl. Acad. Sci.

U.S.A. 90, 5292–5296

34 Ward, Y., Gupta, S., Jensen, P., Wartmann, M., Davis, R. J. and Kelly, K. (1994)

Nature (London) 367, 651–654

35 Gotoh, Y., Nishida, E. and Sakai, H. (1990) Eur. J. Biochem. 193, 671–674

36 Alessi, D. R., Gomez, N., Moorhead, G., Lewis, T., Keyse, S. M. and Cohen, P. (1995)

Curr. Biol. 5, 283–295

37 Sarevic, B., Erikson, E. and Maller, J. (1993) J. Biol. Chem. 268, 25075–25083


