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Like other cellular models, endothelial cells in cultures stop growing when they reach confluence, even in the
presence of growth factors. In this work, we have studied the effect of cellular contact on the activation of
p42/p44 mitogen-activated protein kinase (MAPK) by growth factors in mouse vascular endothelial cells.
p42/p44 MAPK activation by fetal calf serum or fibroblast growth factor was restrained in confluent cells in
comparison with the activity found in sparse cells. Consequently, the induction of c-fos, MAPK phosphatases
1 and 2 (MKP1/2), and cyclin D1 was also restrained in confluent cells. In contrast, the activation of Ras and
MEK-1, two upstream activators of the p42/p44 MAPK cascade, was not impaired when cells attained con-
fluence. Sodium orthovanadate, but not okadaic acid, restored p42/p44 MAPK activity in confluent cells. More-
over, lysates from confluent 1G11 cells more effectively inactivated a dually phosphorylated active p42 MAPK
than lysates from sparse cells. These results, together with the fact that vanadate-sensitive phosphatase activity
was higher in confluent cells, suggest that phosphatases play a role in the down-regulation of p42/p44 MAPK
activity. Enforced long-term activation of p42/p44 MAPK by expression of the chimera ARaf-1:ER, which
activates the p42/p44 MAPK cascade at the level of Raf, enhanced the expression of MKP1/2 and cyclin D1 and,
more importantly, restored the reentry of confluent cells into the cell cycle. Therefore, inhibition of p42/p44
MAPK activation by cell-cell contact is a critical step initiating cell cycle exit in vascular endothelial cells.

Cell proliferation in multicellular organisms is a highly reg-
ulated process with multiple levels of control. One of these
mechanisms is the inhibition of cell growth by cellular contact,
even in the presence of growth factors. In adult tissues, contact
inhibition is thought to be continuously active, playing a critical
role in the repression of somatic cell proliferation. Release
from this state is associated with abnormal cell growth (i.e.,
cellular transformation) (5, 16). Vascular endothelial cells are
particularly sensitive to cell contacts and undergo rapid and
very tight cell cycle withdrawal at confluence both in vivo and
in vitro (11, 31). These cells therefore represent an interesting
model for studying the mechanisms implicated in the inhibition
of cell growth by cellular confluence.

The membrane proteins implicated in growth arrest by cell-
cell contact are relatively unknown. It has been suggested that
cell surface adhesion molecules transmit growth-inhibitory sig-
nals. This role has been proposed for cadherins, which are
transmembrane polypeptides that undergo homophilic binding
in different cellular types, such as epithelial and endothelial
cells (31). VE-cadherin, a specific vascular endothelial cell
cadherin, has been shown to reduce cell growth when it is
overexpressed in CHO cells (6). Other candidates shown to be
implicated in the control of cell growth are the Drosophila
tumor suppressor-like genes dlg and fat (34, 53). When these
genes are mutated, they cause imaginal disc overgrowth due to
greater cell proliferation. Dlg is a cytoplasmic protein with
PDZ and SH3 domains and guanylate kinase activity, and it
seems to be required for signal transduction processes. Fat is
an enormous transmembrane protein containing 33 cadherin-
like repeats of unknown function (34). Another protein impli-
cated in the transduction of cell-cell contact signals is contact-
inhibin, a protein responsible for the density-dependent growth
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inhibition of normal human diploid fibroblasts (52). A receptor
for this protein which is implicated in cell-cell contact-medi-
ated arrest of human fibroblasts has been identified (19). All
these molecules might be able to transduce growth-inhibitory
signals, but the nature of these signals and the pathways in-
volved are not yet known.

In fibroblasts, cellular confluence is accompanied by a lack
of phosphorylation of the retinoblastoma product, a conse-
quence of the inhibition of cyclin-dependent kinases 2 and 4/6
(13). Two cyclin-dependent kinase inhibitors, p27 and p16, have
been shown to play a determinant role in controlling G(-G;-
phase to S-phase progression by inhibiting cyclin-dependent
kinases (26). In particular, studies have highlighted a critical
role for p27, since p27 levels increase at confluence (21, 44).
However, the increase in p27 levels at confluence might not
be the cause of growth arrest but merely might be the con-
sequence. Indeed, embryonic fibroblasts derived from p27-
knockout mice still display contact inhibition of growth (38).
Therefore, despite many attempts to understand the nature of
the signals directly mediating growth arrest by cell-cell contact,
the molecular bases of this regulation remain largely unknown.

The p42/p44 mitogen-activated protein kinase (MAPK) cas-
cade is one of the most characterized signalling pathways that
connects different types of membrane receptors to the nucleus
after mitogenic stimulation (8, 46) or differentiation (36). The
activation of the p42/p44 MAPK cascade involves the activa-
tion of low-molecular-weight GTP-binding proteins (Ras) at
the plasma membrane and the sequential activation of a series
of protein kinases: a MAPK kinase kinase (Raf-1) is activated
and then activates by phosphorylation a MAPK kinase (con-
sisting of MEK-1 and MEK-2 [MEK1/2]), which in turns phos-
phorylates p42/p44 MAPKs on threonine and tyrosine resi-
dues, leading to their activation. p42/p44 MAPKs are then able
to phosphorylate cytoplasmic and nuclear targets (7, 18, 33).
This pathway has been found to play a critical role in the
control of cell proliferation via growth factor receptors and
integrins (23). The objective of our work was to study the effect
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of cellular contact on p42/p44 MAPK activation in mouse
vascular endothelial cells. We found that p42/p44 MAPK ac-
tivation was indeed inhibited by confluence. However, the fact
that the upstream activators Ras and MEK-1 were not affected
by confluence suggests that specific MAPK phosphatases play
a key role in cell-cell contact-mediated growth inhibition.

MATERIALS AND METHODS

Materials. PD98059 was obtained from New England BioLabs, okadaic acid
was obtained from BioMol, 4-hydroxytamoxifen was obtained from ICI Pharma-
ceuticals, fibroblast growth factor (FGF-2) was obtained from Pepro Tech Inc.,
and [y->>P]ATP was obtained from ICN. Cell culture media, fetal calf serum
(FCS), glutamine, and antibiotics were obtained from Gibco-BRL. Most com-
monly used chemicals were purchased from Sigma.

Cells and culture conditions. Murine lung endothelial cells (1G11 cells) were
obtained from Alberto Mantovani and Annunciata Vecchi (Instituto Ricerche
Farmacologiche Mario Negri, Milan, Italy) (14). They were cultured in Dulbecco
modified Eagle medium (DMEM) containing 20% inactivated FCS, 50 U of
penicillin per ml, 50 pg of streptomycin sulfate per ml, 150 g of endothelial cell
growth supplement (Becton Dickinson) per ml, 100 pg of heparin per ml, 1%
nonessential amino acids, and 2 mM sodium pyruvate. Cells were plated at a
density sufficient to reach confluence in 2 days (50,000 cells/cm?) or at a density
sufficient to maintain sparse-cell conditions (5,000 cells/cm?). After 3 days of
culturing, cells were depleted for 24 h in a 1:1 mixture of DMEM and Ham’s F12
medium before stimulation with growth factors.

Mouse brain capillary endothelial cells (LIBE cells) were obtained from L.
Claesson-Welsh (Ludwig Institute for Cancer Research, Uppsala, Sweden).
These cells were established from transgenic mice expressing a temperature-
sensitive (tsA458) variant of the simian virus 40 large T antigen under the control
of a gamma interferon-responsive promoter (25). Cells were cultured in Ham’s
F12 medium containing 20% inactivated FCS, 50 U of penicillin per ml, 50 p.g of
streptomycin sulfate per ml, 150 pg of endothelial cell growth supplement per
ml, 10 ng of epidermal growth factor (EGF) (Sigma) per ml, 5 pg of insulin
(Sigma) per ml, and 20 U of recombinant mouse gamma interferon (Sigma) per
ml at 33°C. Cells were cultured for 2 days until they reached confluence or
remained sparse and were depleted for 24 h in Ham’s F12 medium at 39°C
before stimulation with growth factors.

Retroviral transfection and generation of 1G11-ARaf-1:ER cells. Retroviral
supernatants were generated by transient transfection of BOSC23 cells with
plasmid pLNC ARaf-1:ER (45) and were used to infect 1G11 cells as previously
described (42). Positive clones were selected on the basis of resistance to neo-
mycin G418 (400 pg/ml) and morphology alterations in the presence of 1 pM
estradiol in normal medium. Various studies were performed with two indepen-
dent clones of 1G11-ARaf-1:ER cells (1G11 cells stably expressing ARaf-1:ER
[45]). All the experiments were performed by adding 4-hydroxytamoxifen, an
antiestrogen which binds and activates ARaf-1:ER, instead of estradiol to pre-
vent nonspecific effects. Tamoxifen was dissolved in ethanol; therefore, the same
concentrations of ethanol (0.1 to 1%) were added to control cells.

Thymidine incorporation. 1G11 cells were cultured in 24-well plates under
conditions promoting confluence or sparseness and were deprived of growth
factors for 24 h in a 1:1 mixture of DMEM and Ham’s F12 medium. Cells were
then stimulated in fresh DMEM medium containing 20% FCS in the presence or
absence of 1 uM 4-hydroxytamoxifen and 0.25 wCi of [methyl-*H|thymidine
(Amersham) per ml (3 uM final concentration). After 20 h of incubation, cells
were fixed and washed three times with ice-cold trichloroacetic acid (5%). Cells
were then harvested with 0.1 N NaOH, and the incorporated radioactivity was
counted by liquid scintillation.

BrdU. DNA synthesis was measured by incorporation of bromodeoxyuridine
(BrdU; Amersham) into DNA. Cells were cultured on glass coverslips for 72 h
until they attained confluence or remained sparse. After 24 h of serum depletion,
cells were stimulated with 20% FCS in the presence or absence of 1 wM 4-hy-
droxytamoxifen for 24 h. BrdU (10 uM) was added to the culture medium during
the last 4 h. Cells were rinsed three times with phosphate-buffered saline (PBS)
and fixed in 3% paraformaldehyde for 20 min. After four washes with PBS, cells
were permeabilized with PBS-0.2% Triton X-100 for 5 min, treated with 2 N HCI
for 10 min, and blocked for 45 min at room temperature in PBS containing 10%
FCS (PBS/FCS). Incorporated BrdU was immunodetected by incubation with a
mouse monoclonal anti-BrdU antibody (Amersham; diluted 1:1 in PBS/FCS) for
1 h at room temperature, followed by a Texas red-conjugated anti-mouse anti-
body (Molecular Probes; diluted 1/500 in PBS/FCS) for 45 min at room temper-
ature. Three washes in PBS-0.1% Tween 20 followed each addition of antibody.
Finally, cells were incubated with PBS—4’,6-diamidino-2’'-phenylindole dihydro-
chloride (DAPI; Boehringer; 0.2 pug/ml) for 5 min at room temperature. Cover-
slips were then mounted with CITIFLUOR (UKC Chem Laboratory), and im-
munofluorescence was visualized with a Nikon Diaphot microscope (X40 lens).

Western blot analysis. Cells were washed twice with cold PBS and lysed with
Triton X-100 lysis buffer (50 mM Tris-HCI [pH 7.5], 100 mM NaCl, 50 mM NaF,
5 mM EDTA, 40 mM B-glycerophosphate, 200 uM sodium orthovanadate, 100
M phenylmethylsulfonyl fluoride, 1 ug of leupeptin per ml, 1 wM pepstatin A,
4 ng of aprotinin per ml, 1% Triton X-100) for 15 min at 4°C. Insoluble material
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was removed by centrifugation at 12,000 X g for 5 min at 4°C. Proteins from cell
lysates (between 25 and 75 pg) were separated on acrylamide-bisacrylamide
(29:1; Gibco-BRL)-sodium dodecyl sulfate (SDS) gels and electrophoretically
transferred to Immobilon-P membranes (Millipore) in 25 mM Tris-HCI-0.19 M
glycine-20% ethanol. Membranes were blocked in PBS containing 5% nonfat
dry milk (blocking solution) for 1 h at 37°C. The blots were then incubated with
rabbit antiserum E1B (1:3,000), which specifically recognizes p42/p44 MAPK
(37), rabbit antiserum Alb-1 (1:250), which specifically recognizes MAPK phos-
phatases 1 and 2 (MKP-1 and MKP-2, respectively) (2), monoclonal anti-cyclin
D1 antibody (NeoMarkers; 1:300), polyclonal anti-Fos antibody (Santa Cruz;
1:1,000), polyclonal anti-MEKI1 antibody (33), polyclonal anti-active p42/p44
MAPK antibody (Promega; 1:3,000), and polyclonal anti-active MEK1/2 anti-
body (New England BioLabs; 1:1,000) in blocking solution overnight at 4°C.
After being washed in PBS-0.1% Tween 20, the blots were incubated with
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (1:3,000)
or anti-mouse immunoglobulin G (1:1,000) in blocking solution for 1 h and
analyzed with an ECL kit (Amersham).

When needed the activity of p42/p44 MAPK was determined by a mobility
shift assay in which, following cell lysis, proteins were separated by SDS-poly-
acrylamide gel electrophoresis (PAGE) with a 12.5% gel (acrylamide-bisacryl-
amide, 30:0.2) and Western blotting was performed with antiserum E1B.

Immune complex kinase assays. (i) p44 MAPK activity. Cells were seeded in
6-cm plates and rendered quiescent by serum starvation for 24 h under condi-
tions promoting confluence or sparseness. Cells were stimulated in DMEM with
the appropriate agonist at 37°C for various times. Cells were then washed with
ice-cold PBS and lysed with Triton X-100 lysis buffer for 15 min at 4°C. Insoluble
material was removed by centrifugation at 12,000 X g for 5 min at 4°C. Proteins
from lysates (150 pg) were incubated for 2 h at 4°C with a specific polyclonal
anti-p44 MAPK antibody (Santa Cruz) preadsorbed to protein A-Sepharose
beads (Pharmacia Biotech). Immune complexes were washed three times with
Triton X-100 lysis buffer and twice with kinase buffer (20 mM HEPES [pH 7.4],
20 mM MgCl,, 1 mM dithiothreitol, 10 mM p-nitrophenyl phosphate [pNPP]).
p44 MAPK activity was assayed by resuspending the final pellet in 40 pl of kinase
buffer containing 50 uM [y-**PJATP (5,000 cpm/pmol) and 0.25 mg of myelin
basic protein (MBP) per ml. The reaction was carried out for 30 min at 30°C and
stopped by the addition of Laemmli sample buffer (30). The samples were
separated on a 12% polyacrylamide gel and analyzed with a phosphorimager
system.

(ii) MEK-1 activity. Confluent or sparse 1G11 cells were serum starved for
24 h and treated with 25 ng of FGF-2 per ml for 5 min. When needed, 50 pM
PD98059 was added 15 min before the addition of FGF-2. After two washes with
cold PBS, cells were lysed with Triton X-100 lysis buffer. MEK-1 protein was
immunoprecipitated from 1 mg of lysate by incubation for 4 h at 4°C with a
specific anti-MEK-1 antibody, MKK16 (33), preadsorbed to protein A-Sepha-
rose beads. Immune complexes were washed three times with Triton X-100 lysis
buffer and twice with kinase buffer. MEK-1 activity was assayed by resuspending
the final pellet in 40 pl of kinase buffer containing 50 uM [y->?PJATP (5,000
cpm/pmol) and 15 pg of GST-p44 MAPK-KAKA (a generous gift from S.
Meloche, University of Montreal). The reaction was carried out for 30 min at
30°C and stopped by the addition of Laemmli sample buffer (30). The samples
were separated on a 7.5% polyacrylamide gel and analyzed with a phosphorim-
ager system.

p21'* activation assays. A novel assay to measure the activity status of p21™*
was used as described previously (12, 37a, 51). Briefly, confluent or sparse 1G11
cells were seeded in 15-cm plates and rendered quiescent by serum starvation for
24 h. Cells were stimulated in DMEM with 25 ng of FGF-2 per ml for 5 min at
37°C prior to being washed with ice-cold PBS and lysed with buffer A (50 mM
Tris-HCI [pH 7.5], 15 mM NacCl, 20 mM MgCl,, 5 mM EGTA, 100 uM phenyl-
methylsulfonyl fluoride, 1 pg of leupeptin per ml, 1 wM pepstatin A, 1% Triton
X-100, 1% N-octylglucoside) for 15 min at 4°C. Insoluble material was removed
by centrifugation at 12,000 X g for 5 min at 4°C. Proteins from lysates (1 mg)
were incubated for 2 h at 4°C with 30 wg of glutathione S-transferase (GST)-
RBD fusion protein (where RBD is amino acids 51 to 131 of Raf-1 and is the
minimal domain required for the binding of Ras-GTP) preadsorbed to glutathi-
one-Sepharose beads. Precipitates were washed three times with buffer A. The
presence of p21™ was detected by resuspending the final pellet in 25 pl of
Laemmli sample buffer (30), followed by protein separation on 12.5% polyacryl-
amide gels and Western blotting with monoclonal antibody pan-Ras-Ab3, which
specifically recognizes p21"* (Calbiochem). As a control, 25 pg of the superna-
tant was loaded to immunodetect total Ras.

Phosphatase activity. Cell lysates were prepared as described for the Western
blot protocol in the absence of phosphatase inhibitors. Fifty micrograms of lysate
was incubated for 30 min at 37°C in phosphatase buffer (50 mM HEPES [pH 7.0],
60 mM NaCl, 60 mM KCI, 5 mM EDTA, 10 mM dithiothreitol, 0.1 mM phe-
nylmethylsulfonyl fluoride, 1 pg of leupeptin per ml, 1 uM pepstatin A, 5 pg of
aprotinin per ml, 1 mg of bovine serum albumin per ml) and in the presence or
absence of 200 wM sodium orthovanadate (final volume, 50 pl). The reaction was
initiated by the addition of 10 mM pNPP. The reaction was stopped by the
addition of 0.9 ml of 1 N NaOH. The results were quantified by spectrophotom-
etry at 410 nm. The activity sensitive to orthovanadate was calculated by sub-
tracting the activity in the presence of orthovanadate from the activity in the
absence of orthovanadate.
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FIG. 1. Effect of confluence on p42/p44 MAPK activation by FGF-2 and FCS. Confluent or sparse 1G11 cells were rendered quiescent by 24 h of serum starvation.
Cells were then stimulated or not stimulated with 25 ng of FGF-2 per ml (A and B) or 20% FCS (C and D) for the times indicated. Cells were rinsed three times with
cold PBS, and lysates were obtained as described in Materials and Methods. (A) and (C) p44 MAPK was immunoprecipitated from lysates with a specific antibody.
p44 MAPK activity was measured by the phosphorylation of MBP in the presence of [y->*P]JATP. Proteins were separated on an SDS-12.5% polyacrylamide gel, and
radioactivity was measured with a Fuji phosphorimager. Results are the means *+ standard errors for five independent experiments and are expressed relative to the
basal activity in the absence of stimulation. (B) and (D) Cell lysates were separated on an SDS-12.5% polyacrylamide gel with a special shift-up polyacrylamide
(acrylamide-bisacrylamide, 30:0.2) and p42 MAPK and p44 MAPK were detected by immunoblotting with antiserum E1B. Hyperphosphorylated and active forms of
p42 MAPK and p44 MAPK (indicated as pp42 and pp44, respectively) migrated more slowly than nonphosphorylated forms. Western blots representative of four

experiments performed with identical results are shown.

Active p42 MAPK dephosphorylation. Extracts from confluent or sparse 1G11
cells were obtained by lysis with Triton X-100 lysis buffer in the absence of
phosphatase inhibitors. Five nanograms of bacterially expressed, dually phos-
phorylated active p42 MAPK (28) was incubated for 30 min at 37°C in the
presence or absence of 50 pg of cell lysates in phosphatase buffer (final volume,
50 wl). The reaction was stopped by the addition of 1 mM sodium orthovanadate.
To visualize the phosphorylation of MBP by active MAPK, 3X kinase buffer
containing 50 M [y-**P]ATP (5,000 cpm/pmol) and 0.25 mg of MBP per ml was
immediately added. The reaction mixture was incubated at 30°C for 30 min, and
the reaction was stopped by the addition of Laemmli sample buffer (30). The
samples were separated on a 12.5% polyacrylamide gel and analyzed with a
phosphorimager system.

RESULTS

p42/p44 MAPK activation by growth factors is inhibited in
confluent endothelial cells. On culture plates, 1G11 endothe-
lial cells grow until they form a perfect monolayer. At this
stage, cells stop growing and become quiescent. This pattern
can be easily shown by the overexpression of the cyclin-depen-
dent kinase inhibitor p27 and the arrest of thymidine incorpo-
ration (data not shown). In order to evaluate the effect of cell
confluence on p42/p44 MAPK activation, 1G11 cells were
plated at two cell densities (50,000 and 5,000 cells/cm?) and
grown for 3 days. At the higher density, cells formed a conflu-
ent monolayer in 2 days, whereas at the lower density, cells
were still growing (sparseness). After a 24-h depletion of
growth factors, confluent or sparse cells were stimulated for
different times with 25 ng of FGF-2 per ml (Fig. 1A and B). In

sparse 1G11 cells, FGF-2 induced transient activation of p42/
p44 MAPK (measured by phosphorylation of the MBP), which
peaked after 5 min and returned to near basal levels after 4 h
(Fig. 1A). This transient activation of p42/p44 MAPK corre-
lates well with the weak mitogenic effect of FGF-2 on 1G11
cells (data not shown). In contrast, stimulation of confluent
cells by FGF-2 caused a much more moderate activation of
p42/p44 MAPK. The activity also peaked after 5 min but was
only 60% of the maximum effect obtained in nonconfluent
cells. We also evaluated MAPK activation by monitoring the
shift up of the hyperphosphorylated and therefore active forms
of p42/p44 MAPK. The shift up of p42/p44 MAPK correlated
perfectly with the level of activation obtained in kinase assays
with MBP (compare Fig. 1A and B). In response to FGF-2, the
shift up obtained in confluent cells was less marked than that
obtained in sparse cells and declined very rapidly (compare the
values at 30 min of stimulation).

We next studied the effect of a strong mitogen for 1G11
cells, 20% fetal calf serum (FCS) (Fig. 1C and D). In sparse
1G11 cells, p42/p44 MAPK was rapidly activated by 20% FCS,
with a maximum at 10 min. This activation was sustained until
60 min, and after this time it declined to near basal levels by
8 h. Confluence reduced the capacity of FCS to activate p42/
p44 MAPK in comparison with the activation obtained in
sparse cells. In confluent cells, the activity at 10 min of stimu-
lation was only 47% the maximal activity obtained in sparse
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FIG. 2. Cellular confluence inhibits MAPK-dependent signalling events. Confluent or sparse 1G11 cells were depleted of growth factors for 24 h and stimulated
for the indicated times with 25 ng of FGF-2 per ml. Cells were lysed, and proteins were separated on a 10% polyacrylamide gel and Western blotted with anti-MKP1/2
and anti-MAPK (as a protein loading control) antisera (A), with an anti-Fos antibody (B), and with anti-cyclin D1 and anti-MAPK (as a control) antisera (C).

Representative Western blots are shown.

cells. As with FGF-2, the same results were obtained in shift-up
experiments (Fig. 1D). These results were not due to changes
in the amount of p42/p44 MAPK present in confluent or sparse
1G11 cells (Fig. 1B and D). Moreover, the same “repression”
of p42/p44 MAPK activity was observed in another endothelial
cell model, LIBE cells (data not shown). These results suggest
that the abrogation of p42/p44 MAPK activity by cellular con-
tact could be a general mechanism in endothelial cells. In
addition, we found that this restrictive activation of p42/p44
MAPK in confluent cells was reversible. When confluent cells
were trypsinised and replated under conditions promoting
sparseness, they recovered the capacity for stimulation of p42/
p44 MAPK by FCS 2 h after trypsinisation (data not shown).

p42/p44 MAPK-dependent events are inhibited in confluent
endothelial cells. We next investigated the effect of confluence
on the induction of proteins under the control of p42/p44
MAPK activation. We first examined the induction of MKP-1
and MKP-2 (MKP1/2) by FGF-2. MKP1/2 are two dual-spec-
ificity MAPK phosphatases that participate in the inactivation
of MAPKs and that have been shown to be induced by p42/p44
MAPK activation (2). In sparse cells, activation by FGF-2
caused the induction of MKP1/2, with a maximum at 1 h, and
this induction persisted at low levels until 24 h (Fig. 2A). In
contrast, the evolution of MKP1/2 in confluent cells was less
important and more transient, with the total loss of the signal
at 20 h. The same result was obtained for the induction of
c-Fos. It has been shown that the c-fos gene is under the
control of a serum response element and that proteins which
bind to this element and activate the promoter are targets of
the Ras-p42/p44 MAPK pathway (22). Treatment of serum-
starved sparse 1G11 cells with FGF-2 caused an increase in the
levels of c-Fos protein, with maximal expression after 1 h of
FGF-2 stimulation (Fig. 2B). In contrast, the same treatment
of confluent cells induced very low levels of expression of

c-Fos. Similarly, the induction of cyclin D1, a cyclin that is also
under the control of the p42/p44 MAPK cascade (32), was
barely detectable in confluent endothelial cells, whereas mod-
erate induction occurred in sparse cells (Fig. 2C). These results
indicate that, in accordance with the respective p42/p44 MAPK
activity levels, all the effects which depend on the stimulation
of p42/p44 MAPK become inhibited when endothelial cells
attain confluence.

Growth factor activation of Ras and MEK-1 is not sensitive
to confluence. In order to determine whether cellular contacts
affected upstream members of the p42/p44 MAPK cascade, we
studied the effect of confluence on the activation of p21™* and
MEK-1 by FGF-2. To study Ras activation, we used a new
method that consists of the pull-down of active cellular p21"*
by a GST fusion protein that contains the Ras-binding domain
of Raf (12, 37a, 51). In this experiment, stimulation of 1G11
cells for 5 min with FGF-2 was followed by precipitation of
active p21™ present in confluent and sparse cells. Using this
method, we did not detect any difference in p21™ activation
between confluent and sparse cells (Fig. 3A).

We next analyzed the effect of confluence on the activity of
MEK-1, the immediate upstream activator of p42/p44 MAPK.
After stimulation of confluent and sparse cells with FGF-2 for
5 min, MEK-1 was immunoprecipitated from lysates, and the
capacity of MEK-1 to phosphorylate its natural substrate, p44
MAPK, was evaluated. As shown in Fig. 3B, the activation of
MEK-1 in confluent and sparse 1G11 cells was identical, where-
as preincubation of cells with the MEK-1 inhibitor PD98059
(15) completely abolished MEK-1 stimulation by FGF-2 in
confluent and sparse cells. Under these conditions, the shift up
of p42/p44 MAPK activation was markedly reduced in conflu-
ent cells, and as expected, preincubation with PD98059 com-
pletely abolished p42/p44 MAPK activation (Fig. 3C).

In order to confirm these results, we performed experiments
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FIG. 3. Cellular confluence does not affect the activation of upstream mem-
bers of the p42/p44 MAPK cascade. (A) Confluent or sparse 1G11 cells were
depleted of growth factors for 24 h and stimulated for 5 min with 25 ng of FGF-2
per ml. Cells were lysed and incubated with a GST-RBD fusion protein (where
RBD is amino acids 51 to 131 of Raf-1 and is the minimal domain required for
the binding of Ras GTP) preadsorbed to glutathione-Sepharose beads. The
presence of active p21"** was detected by resuspending the final pellet in 25 ul of
Laemmli sample buffer (30), followed by protein separation on 12.5% polyacryl-
amide gels and Western blotting with an antiserum specifically recognizing p21™**
(Active Ras). The total amount of Ras present in the cells was detected by
loading 25 wg of the total cell extract and performing Western blotting as
indicated (Total Ras). An autoradiogram representative of four different exper-
iments is shown. (B) Quiescent confluent or sparse cells were stimulated or not
stimulated for 5 min with 25 ng of FGF-2 per ml in the presence or absence of
50 pM PD98059. After this time, cells were lysed and MEK-1 was immunopre-
cipitated by incubation with specific anti-MEK-1 antiserum preadsorbed to pro-
tein A-Sepharose beads. MEK-1 activity was assessed by incubation of the beads
with [y->*P]ATP and GST-p44 MAPK-KAKA as a substrate. After SDS-PAGE
(8% polyacrylamide), the radioactivity incorporated was measured with a Fuji
phosphorimager. The results are the means * standard errors for three inde-
pendent experiments and are expressed relative to the basal activity in the
absence of stimulation. (C) The cell lysates used for measuring MEK-1 activity
were loaded on a shift-up SDS-12.5% polyacrylamide gel as described in Mate-
rials and Methods, and p42/p44 MAPK was immunodetected by Western blot-
ting with antiserum E1B. A representative Western blot is shown.

with antibodies against the active forms of p42/p44 MAPK and
MEK1/2 (47). Confluent and sparse 1G11 cells were stimu-
lated for different times with 20% FCS, and the activities of
p42/p44 MAPK and MEK1/2 were measured by Western blot-
ting (Fig. 4). The results obtained confirmed the lack of effect
of confluence on MEKI1/2 activation under the same condi-
tions in which the activation of p42/p44 MAPK was clearly
reduced. Also, stimulation of phospholipase C activity by FCS,
an effect that is independent of p42/p44 MAPK activation, was
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the same in confluent and sparse cells (data not shown). These
results indicate that confluence specifically antagonizes p42/
p44 MAPK activation and MAPK-dependent events, whereas
the upstream portion of the signalling cascade (Ras and MEK-
1) remains unaffected by the state of confluence.

Sodium orthovanadate reverses the inhibition of p42/p44
MAPK by confluence, and phosphatase activity is increased in
confluent cells. As indicated before, the activity of MAPKSs is
completely dependent on the state of phosphorylation (8, 46).
Thus, another mechanism able to inhibit p42/p44 MAPK acti-
vation is the increased expression of a phosphatase able to
dephosphorylate and inactivate MAPKs. To address the po-
tential role of a phosphatase in the inhibition of p42/p44
MAPK activation by endothelial cell confluence, we used the
protein tyrosine phosphatase inhibitor sodium orthovanadate
(50). Preincubation of 1G11 cells for 15 min with 200 uM
sodium orthovanadate before the addition of FGF-2 for an
additional 10 min potentiated the effect of FGF-2 on the shift
up of p42/p44 MAPK (Fig. SA). Strikingly, the addition of
orthovanadate completely abolished the MAPK inhibition trig-
gered by confluence (Fig. 5A, compare FGF-2 plus orthovana-
date in confluent and sparse cells) in the absence of any effect
on MEK-1/2 activation (data not shown). In contrast, preincu-
bation of cells with 1 uM okadaic acid, a specific serine/thre-
onine phosphatase inhibitor (9), had no effect on the MAPK
activity observed in confluent cells. All these results suggest
the implication of a tyrosine phosphatase or a dual tyrosine/
threonine phosphatase in the effect of confluence on p42/
p44MAPK activation.

We next evaluated orthovanadate-sensitive phosphatase ac-
tivity (measured as the capacity to dephosphorylate the sub-
strate pNPP) present in confluent and sparse endothelial cells.
As shown in Fig. 5B, confluent 1G11 cells had two times more
orthovanadate-sensitive phosphatase activity than sparse cells.
Moreover, lysates from confluent 1G11 cells more effectively
inactivated bacterially expressed, dually phosphorylated active
p42 MAPK (28) than lysates from sparse cells (22 and 37%

Confluent Sparse

= = = i = = Active MAPK
T EEEE=EWET  Total MAPK

SR —— _— e —— Active MEK
————— ————— Total MEK

0 10’ 30° th 4h 0 10’ 30’ th 4h

Time of FCS stimulation

FIG. 4. MEK1/2 is normally activated in confluent cells. Confluent or sparse
1G11 cells were depleted of growth factors for 24 h and stimulated for the times
indicated with 20% FCS. After lysis, 40 wg of protein was separated on an
SDS-10% polyacrylamide gel, and active p42/p44 MAPK, total p42/p44 MAPK,
active MEK1/2, and total MEK1/2 were immunodetected with specific antibod-
ies. A representative Western blot is shown.
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FIG. 5. Sodium orthovanadate but not okadaic acid restores p42/p44 MAPK
activation in confluent cells, and confluence affects phosphatase activity. (A)
Quiescent confluent or sparse 1G11 cells were preincubated or not preincubated
for 15 min in the presence of 200 uM sodium orthovanadate (VAN) or 1 pM
okadaic acid (OA). After this time, cells were stimulated or not stimulated with
25 ng of FGF-2 per ml for 10 min in the presence or absence of orthovanadate
or okadaic acid. After lysis, the level of activation of p42/p44 MAPK was deter-
mined by migration in a shift-up 12.5% polyacrylamide gel and Western blotting
with antiserum E1B. A representative Western blot of three different experi-
ments is shown. (B) Starved confluent or sparse cells were lysed in Triton X-100
lysis buffer in the absence of inhibitors of phosphatases. Cell lysates (50 ng) was
incubated in the presence or absence of 200 uM sodium orthovanadate and 10
mM pNPP in phosphatase buffer for 30 min. The reaction was stopped by the
addition of 0.9 ml of 1 N NaOH, and the absorbance of the samples was
measured at 410 nm. The results shown are the means * standard errors for
three independent experiments showing orthovanadate-sensitive phosphatase
activity. Phosphatase activities that were not sensitive to sodium orthovanadate
and that were subtracted from the total activity were 5.8 = 0.9 and 7.2 = 1.7
optical density units/mg of protein for the confluent and sparse cell lysates,
respectively. (C) Extracts from confluent or sparse 1G11 cells were obtained by
lysis in Triton X-100 lysis buffer in the absence of phosphatase inhibitors. Active
p42 MAPK (5 ng) was incubated for 30 min at 37°C in the presence or absence
of 50 pg of cell lysates in phosphatase buffer (final volume, 50 pl). The reaction
was stopped by the addition of 1 mM sodium orthovanadate. Immediately, the
phosphorylation of MBP was determined to measure the activity status of p42
MAPK. The reaction mixture was incubated at 30°C for 30 min, and the reaction
was stopped by the addition of Laemmli sample buffer (30). The samples were
separated on a 12.5% polyacrylamide gel and revealed and quantified with a
phosphorimager system.

remaining p42 MAPK activity, respectively) (Fig. 5C). This
result clearly suggests the existence of a MAPK phosphatase
activity which is more important in confluent than in sparse
endothelial cells. However, the MAPK phosphatase implicated
does not seem to be MKP1/2, since Western blotting did not
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reveal any difference between confluent and sparse cells (Fig.
2).

Enforcing persistent activation of p42/p44 MAPK restores
growth-signalling events at confluence. We wanted to evaluate
the importance of p42/p44 MAPK inactivation caused by cell
confluence in cell cycle withdrawal. For these experiments, we
constructed 1G11 endothelial cells stably expressing the chi-
mera ARaf-1:ER (45). This construct is a fusion between an
oncogenic form of human Raf-1 and the steroid-binding do-
main of the human estrogen receptor. It can be simply acti-
vated by the addition of estradiol or of its antagonist 4-hy-
droxytamoxifen, leading to the stimulation of downstream
components of the p42/p44 MAPK cascade. As expected, the
addition of tamoxifen to parental untransfected cells had no
effect on p42/p44 MAPK activation and did not cause any
morphological change over 24 h of treatment (data not shown).
In contrast, when clones of 1G11-ARaf-1:ER cells were treated
with 20% FCS plus 1 pM tamoxifen, the time course of p42/
p44 MAPK activation was more sustained than with FCS
alone. Tamoxifen, however, did not modify the level of short-
term activation (Fig. 6A, sparse cells).

We therefore analyzed the effect of tamoxifen on FCS-stim-
ulated confluent 1G11-ARaf-1:ER cells. As shown in Fig. 6A,
confluence inhibited p42/p44 MAPK activation by FCS, as was
the case for parental 1G11 cells (Fig. 6A, compare shift up of
p42/p44 MAPK in confluent and sparse cells). The addition of
1 uM tamoxifen to the medium in the presence of 20% FCS
did not change the inhibition of p42/p44 MAPK activation
observed in confluent cells but caused a more sustained acti-
vation of p42/p44 MAPK in both confluent and sparse cells. To
confirm the persistence of p42/p44 MAPK activation in con-
fluent 1G11-ARaf-1:ER cells, the same extracts as those used
in the experiment shown in Fig. 5SA were analyzed with an
antibody that recognizes active p42/p44 MAPK. As shown in
Fig. 6B, we clearly detected the presence of the active forms of
p42/p44 MAPK in confluent 1G11-ARaf-1:ER cells treated
with FCS for 4 and 8 h. These active forms were enhanced by
the addition of tamoxifen. These results indicate that the in-
hibitory effect caused by confluence is still present in confluent
1G11-ARaf-1:ER cells and that tamoxifen cannot reverse this
inhibition but can maintain p42/p44 MAPK activation for a
longer period of time.

We next studied the consequence of the enhanced long-term
p42/p44 MAPK activation on confluent 1G11-ARaf-1:ER cells.
The induction of MKP1/2 (Fig. 7A) and cyclin D1 (Fig. 7B) by
FCS was inhibited in confluent 1G11-ARaf-1:ER cells, as in
parental 1G11 cells (Fig. 2). In contrast, the addition of 20%
FCS plus 1 pM tamoxifen completely reversed the inhibition of
MKP1/2 and cyclin D1 induction in confluent cells (Fig. 7,
FCS+Tam), restoring the levels seen in sparse cells.

Finally, we evaluated whether the tamoxifen-induced incre-
ment in p42/p44 MAPK activation was sufficient to force the
cells to reenter the cell cycle at confluence. We measured
BrdU incorporation in confluent and sparse parental and
1G11-ARaf-1:ER cells in the presence of FCS alone or FCS
plus 1 uM tamoxifen. As shown in Fig. 8, FCS alone increased
BrdU incorporation in sparse cells only, with a negligible effect
on confluent cells. The addition of FCS plus tamoxifen to
sparse 1G11-ARaf-1:ER cells increased BrdU incorporation
(25%) in the absence of any effect on parental cells (Fig. 8B),
demonstrating that sustained activation of p42/p44 MAPK has
a positive effect on DNA synthesis in nonconfluent cells. Fur-
thermore, the addition of FCS plus tamoxifen to confluent
1G11-ARaf-1:ER cells drastically increased BrdU incorpora-
tion by more than eight times, compared to that in cells treated
with FCS alone. These results indicate that the sustained p42/
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FIG. 6. Stimulation of p42/p44 MAPK by FCS and tamoxifen in confluent or sparse 1G11-ARaf-1:ER cells. Confluent or sparse 1G11-ARaf-1:ER cells were
depleted of growth factors for 24 h. After this time, cells were stimulated or not stimulated with 20% FCS in the presence or absence of 1 wM tamoxifen for the times
indicated. Cell extracts were prepared as described in the text. (A) Proteins were analyzed in a shift-up 12.5% polyacrylamide gel and blotted with p42/p44 MAPK
antiserum E1B. (B) The same extracts from confluent cells stimulated for the times indicated were separated on an SDS-10% polyacrylamide gel, and active or total
p42 MAPK and p44 MAPK were detected by immunoblotting. Representative autoradiograms of three Western blots are shown.

p44 MAPK activation observed in 1G11-ARaf-1:ER cells stim-
ulated with FCS plus tamoxifen was sufficient to force conflu-
ent cells to reenter the cell cycle. The same results were ob-
tained with measurements of thymidine incorporation. Finally,
and most importantly, cell numbers were doubled 3 days after
the start of treatment with FCS plus tamoxifen (data not shown).

DISCUSSION

In this work, we have shown that (i) cellular confluence re-
duces p42/p44 MAPK activation by growth factors, while up-
stream members of the cascade are normally activated, (ii)
p42/p44 MAPK activity is a limiting factor in the mitogenic
response of mouse endothelial cells, and (iii) inhibition of
p42/p44 MAPK activation by cellular confluence is sufficient to
account for growth inhibition. Thus, the “repression” of MAPK
activation by confluence appears to be an efficient mechanism
for initiating cell cycle withdrawal of confluent vascular endo-
thelial cells.

The p42/p44 MAPK cascade has been shown to be essential
for the induction of proliferative responses in many cell types.
This key role has been determined by experiments in which the

interruption of the p42/p44 MAPK cascade by the expression
of antisense p44 MAPK, the expression of a dominant neg-
ative p44 MAPK mutant (T192A), or the overexpression of a
MAPK phosphatase (MKP-1) prevented quiescent fibroblasts
from entering the S phase of the cell cycle in response to
growth factors (3, 10, 39, 49). On the other hand, the expres-
sion of a constitutively active mutant of MEK-1 (S218D/
$222D) in fibroblasts raised basal MAPK activity and induced
oncogenicity (4, 10, 35). In endothelial cells, pretreatment with
the MEK-1-specific inhibitor PD98059 inhibited the prolifera-
tion induced by vascular endothelial cell growth factor (29, 41).

In this work, we have shown that in capillary mouse endo-
thelial cells, the p42/p44 MAPK cascade is also essential for
mitogenicity, and if its activation is blocked, cells remain qui-
escent. This was the case when we preincubated cells with
PD98059 before the addition of agonists (data not shown) as
well as in a natural situation, such as cell-cell contact, in which
p42/p44 MAPK activation is inhibited, as we have shown in this
work. If p42/p44 MAPK is maintained in an active state in
confluent cells (tamoxifen experiments), cells reenter the cell
cycle and undergo DNA synthesis. Recently, similar results
have been obtained with confluent NIH 3T3 cells (27). In these
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FIG. 7. Enforced long-term activation of p42/p44 MAPK increases the ex-
pression of MKP1/2 and cyclin D1 at confluence. (A) Confluent or sparse 1G11-
ARaf-1:ER cells were depleted of growth factors for 24 h. After this time, cells
were stimulated or not stimulated (lane B) with 20% FCS (FCS) or 1 pM
tamoxifen plus 20% FCS (FCS+Tam) for 4 h. (B) Quiescent 1G11-ARaf-1:ER
cells were stimulated or not stimulated for 24 h with the same agonists as in panel
A. Cells were lysed, and proteins were separated by SDS-12.5% PAGE. Western
blot analysis was performed to immunodetect MKP1/2, cyclin D1, and p42/p44
MAPK as a control. Representative Western blots from three different experi-
ments are shown.

cells, hyperactivation of the p42/p44 MAPK cascade also re-
versed the quiescent state in cell-cell contact-inhibited cells.
However, the authors correlated this result with a change in
morphology that interrupts cellular contact and relieves anti-
proliferative signals mediated by cell-cell contact. In contrast,
confluent 1G11-ARaf-1:ER cells stimulated by FCS in the
presence of tamoxifen did not change their morphology during
the first 48 h of treatment, probably due to the small increase
in p42/p44 MAPK activity. Thus, the notion that a change in
morphology could trigger the proliferation of contact-inhibited
cells does not apply to our work.

It is important to stress that in confluent 1G11-ARaf-1:ER
cells, a small sustained increase in p42/p44 MAPK activity is
sufficient to stimulate an additional round of division. This
result indicates that it is the sustained p42/p44 MAPK activity
rather than the level of stimulation that is important for push-
ing endothelial cells into the cell cycle. For fibroblasts, it has
been shown that sustained activation of p42/p44 MAPK is re-
quired for the cells to pass the G, restriction point and enter
the S phase (3, 39). This sustained activation of p42/p44 MAPK
is always accompanied by the translocation of both isoforms
into the nucleus (33). The same result has been obtained with
confluent 1G11-ARaf-1:ER cells, for which the addition of
FCS plus tamoxifen induced clear translocation of p42/p44
MAPK to the nucleus in more cells than did the addition of
FCS alone (data not shown).

A striking finding is that cellular confluence specifically tar-
gets p42/p44 MAPK activation without affecting the activation
of upstream members of this signalling cascade (Ras and
MEK-1). This finding eliminates the possibility that transmem-
brane receptors do not signal as efficiently in confluent cells as
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in sparse cells. Thus, the pathway from cell surface receptors to
MEK-1 is not subject to inhibition via cellular contact. More-
over, the activation of 1G11-ARaf-1:ER endothelial cells by
FCS supplemented with tamoxifen induced more sustained
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FIG. 8. Enforced long-term activation of p42/p44 MAPK induces cell cycle
reentry of confluent endothelial cells. Nontransfected parental 1G11 or 1G11-
ARaf-1:ER cells were grown under conditions promoting sparseness or confluence
and serum deprived for 24 h. Cells were stimulated or not stimulated (Basal) with
20% FCS (FCS) or 1 pM tamoxifen plus 20% FCS (FCS+Tam) for 24 h. During the
last 4 h, cells were labelled with BrdU. DNA synthesis was assessed by immunode-
tection of cells that had incorporated BrdU. Nuclei were stained with DAPL. (A)
Photographs of BrdU incorporation in sparse or confluent 1G11-ARaf-1:ER
cells. (B) Quantification of the number of BrdU-positive nuclei in confluent or
sparse parental and 1G11-ARaf-1:ER cells. Error bars show standard errors.
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p42/p44 MAPK activity but did not increase maximal activa-
tion, indicating that the mechanism causing the inhibition was
still operating in these cell-cell contact-inhibited cells. In con-
trast, treatment of confluent endothelial cells with sodium or-
thovanadate completely reversed the inhibition, indicating that
the full capacity to activate the p42/p44 MAPK cascade is still
intact in confluent cells. This result is particularly important, as
it suggests that the state of confluence has not sequestered
p42/p44 MAPK out of the signalling module complex (Ras-
MEK-MAPK) by changing, for example, the subcellular local-
ization of the MAPK isoforms. Sodium orthovanadate is a
known inhibitor of tyrosine phosphatases and dual-specificity
phosphatases (24, 50). In this regard, it is interesting to recall
that p42/p44 MAPK is activated by MEK-1 phosphorylation of
two residues, Thr 183 and Tyr 185 (p42 MAPK sequence) (8,
46). Therefore, we suggest that orthovanadate-sensitive phos-
phatases participate in the inactivation of p42/p44 MAPK in
confluent endothelial cells. In fact, a few reports have high-
lighted increases in both cytosolic and membrane-associated
tyrosine phosphatase activities at high cell densities in osteo-
blast cells (48), in endothelial cells (17), and in Swiss 3T3
fibroblasts (40). In accord with these results, we have shown
that the phosphatase activity sensitive to sodium orthovana-
date is increased in confluent mouse endothelial cells com-
pared to sparse cells. Moreover, extracts from confluent cells
are more efficient at inactivating active p42 MAPK than are
those from sparse cells. This cell density-dependent phospha-
tase activity represents a possible mechanism for maintaining a
low level of p42/p44 MAPK activity in confluent endothelial
cells.

The existence of this type of mechanism has been postulated
to explain the inability of ARaf-1:ER to activate p42/p44
MAPK in Ratl cells (45) and the capacity of extracts from
nonstimulated PC12 cells to dephosphorylate and inactivate
p44 MAPK (43). We have discarded the participation of PP2A,
a serine/threonine phosphatase responsible for the rapid inac-
tivation of p42/p44 MAPK in a number of cell models (1), since
okadaic acid, a known inhibitor of PP2A (9), has no effect on
p42/p44 MAPK activation in confluent cells. Phosphoamino
acid analysis of p44 MAPK isolated from confluent and sparse
cells reveals that the lower MAPK activity of confluent cells is
not the result of specific dephosphorylation of one of the
phosphoamino acid residues. Indeed, the stoichiometry of
phosphotyrosine and phosphothreonine is 1:1 in both conflu-
ent and sparse cells (data not shown). This finding favors the
hypothesis of the up-regulation of a dual-specificity tyrosine/
threonine phosphatase. However, we cannot exclude the up-
regulation of a limiting serine/threonine phosphatase that pro-
vides access to the action of a tyrosine phosphatase (1). We
have shown that two dual-specificity MAPK phosphatases
MKP1/2 (2) induced by growth factors were not particularly
up-regulated in confluent cells. However, MKP1/2 is nuclear
and could not account for the low p42/p44 MAPK activation
during short-term stimulation. A possible role of other mem-
bers of the MKP family, in particular, the cytoplasmic and
p42/p44 MAPK-specific phosphatase MKP-3 (20), is very ap-
pealing. Preliminary results have not shown changes in the
amount of MKP-3 protein in response to confluence; however,
further experiments are required to validate or not validate this
hypothesis.
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