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Mitogen-activated protein (MAP) kinase phosphatases (MKPs) are dual-specificity phosphatases that
dephosphorylate phosphothreonine and phosphotyrosine residues within MAP kinases. Here, we describe a
novel posttranslational mechanism for regulating MKP-3/Pyst1/DUSP6, a member of the MKP family that is
highly specific for extracellular signal-regulated kinase 1 and 2 (ERK1/2) inactivation. Using a fibroblast
model in which the expression of either MKP-3 or a more stable MKP-3—green fluorescent protein (GFP)
chimera was induced by tetracycline, we found that serum induces the phosphorylation of MKP-3 and its
subsequent degradation by the proteasome in a MEK1 and MEK2 (MEK1/2)-ERK1/2-dependent manner. In
vitro phosphorylation assays using glutathione S-transferase (GST)-MKP-3 fusion proteins indicated that
ERK2 could phosphorylate MKP-3 on serines 159 and 197. Tetracycline-inducible cell clones expressing either
single or double serine mutants of MKP-3 or MKP-3-GFP confirmed that these two sites are targeted by the
MEK1/2-ERK1/2 module in vivo. Double serine mutants of MKP-3 or MKP-3-GFP were more efficiently
protected from degradation than single mutants or wild-type MKP-3, indicating that phosphorylation of either
serine by ERK1/2 enhances proteasomal degradation of MKP-3. Hence, double mutation caused a threefold
increase in the half-life of MKP-3. Finally, we show that the phosphorylation of MKP-3 has no effect on its
catalytic activity. Thus, ERK1/2 exert a positive feedback loop on their own activity by promoting the degra-
dation of MKP-3, one of their major inactivators in the cytosol, a situation opposite to that described for the

nuclear phosphatase MKP-1.

Extracellular signal-regulated kinases (ERKs) are central to
numerous biological responses, including cell growth, differen-
tiation, and survival. ERK1 and ERK2 (ERK1/2; also referred
to as p44/p42 mitogen-activated protein [MAP] kinases) are
activated through the stimulation of tyrosine kinase receptors,
G protein-coupled receptors, and integrins (30). Receptor li-
gation leads to the activation of the small G protein ras, fol-
lowed by the recruitment of the raf kinase to the membrane
and by subsequent activation of downstream kinases, MEK1
and MEK2 (MEK1/2) and ERK1/2. Once activated by phos-
phorylation on both Thr and Tyr residues, ERK1/2 phosphor-
ylate in turn numerous substrates in the cytosol, the nucleus,
and the plasma membrane (30).

The activity of ERK1 and ERK2 is tightly regulated in a
spatiotemporal manner that is determinantal for their biolog-
ical action (31). Inactivation of ERKs following exposure to a
mitogenic signal occurs in two steps. Different phosphatases
with a Ser/Thr (PP2A) or a Tyr (PTP-SL, STEP, and He-PTP/
LC-PTP) specificity are involved in the initial step, correspond-
ing to a rapid inactivation of ERK1 and ERK2 (1, 31). These
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phosphatases are constitutively expressed in the cell. In con-
trast, the delayed phase of ERK inactivation is dependent on
new gene expression and protein synthesis, implying more spe-
cific phosphatases with a dual specificity for Ser/Thr and Tyr
and referred to as MAP kinase phosphatases (MKPs) (6, 18,
38).

The MKP family, which belongs to the dual-specificity phos-
phatase (DUSP) family, is defined by a common structure,
comprising a C-terminal catalytic domain sharing sequence
homology with the DUSP VH1 and an N-terminal noncatalytic
domain containing two regions homologous to sequences
found in the phosphatase cdc25. Ten MKPs, which exhibit
differential specificities towards their MAP kinase (MAPK)
substrates as well as distinct subcellular localizations and
modes of regulation, have been described so far. While MKP-1
and MKP-2, also called DUSP1 and DUSP4, are strictly nu-
clear and dephosphorylate both ERKs and the stress-activated
protein kinases p38 MAPK and c-Jun N-terminal kinase
(JNK), MKP-3, also called Pyst-1 or DUSP®6, is cytoplasmic
and specific to ERKs (6, 18, 28, 37). Apart from ERK1 and
ERK2, MKP-3 can also dephosphorylate ERKS, another
MAPK family member downstream of MEKS activated by
diverse stimuli, including growth factors (14, 16).

The genes encoding MKP-1 and MKP-2 are early genes,
rapidly induced by both stress and growth factors with direct
involvement of ERKs (3, 7, 15). The regulation of MKP-3
expression is, however, still a matter of controversy. Depending
on the study, and possibly on the different cell lines for which
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it was analyzed, MKP-3 expression appears to be either con-
stitutive in some cell types (13) or induced by some growth
factors, including nerve growth factor and basic fibroblast
growth factor (5, 32).

The regulation of MKPs by ERKSs also takes place at a more
direct, posttranslational level. Hence, both MKP-1 and MKP-3
are activated through conformational changes upon binding of
their N-terminal domain to ERKs. This phenomenon is inde-
pendent of ERK activity. In MKP-3, the N-terminal domain
does not allow firm interaction with p38 MAPK and JNK,
thereby ensuring the specificity of the dephosphorylation event
towards ERK1 and ERK2 (reviewed in references 6 and 18).

Phosphorylation of MKP-1 and MKP-2 by ERKs provides
an additional level of regulation of this phosphatase by reduc-
ing its rate of degradation by the proteasome (3, 35). However,
nothing is known about the regulation of MKP-3 stability.
Because, in contrast to MKP-1 and MKP-2, MKP-3 displays a
high specificity towards ERK1/2 and an exclusive cytosolic
localization, the regulation of its stability may follow a distinct
scheme.

The purpose of the present work was to investigate whether
MKP-3 undergoes posttranslational modification that could
affect its stability. We have identified two serine residues in the
N-terminal domain of MKP-3 which are modified by ERKs in
vitro and phosphorylated following activation of the MEK1/2-
ERK1/2 pathway in cells. In addition, our results indicate that,
in contrast to the results obtained with the nuclear MAPK
phosphatases (MKP-1 and MKP-2), phosphorylation of
MKP-3 enhanced its degradation by the proteasome.

MATERIALS AND METHODS

Materials. Restriction and DNA-modifying enzymes and calf intestine phos-
phatase (CIP) were obtained from New England Biolabs (Beverly, Mass.) or
from Eurogentec (Seraing, Belgium). Synthetic oligonucleotides were from Cy-
bergene (Evry, France) and Eurogentec. Tetracycline, 4-hydroxytamoxifen (4-
OHT), and N-acetyl-Leu-Leu-norleucinal (LLnL) were obtained from Sigma (St.
Louis, Mo.). U0126 and SB202190 were from Calbiochem (Meudon, France).
PD184352 was a kind gift of Philip Cohen (University of Dundee, Dundee,
United Kingdom).

Antibodies. Specific antisera directed against MKP-3/Pyst1 and ERK1/2 have
been previously characterized (4, 21). The monoclonal antibody directed against
dual-phosphorylated ERK1/2 was purchased from Sigma. For immunoprecipi-
tation experiments, polyclonal antibodies directed against the transcription fac-
tor Sp3 and against MKP-3 were purchased from Santa Cruz Biotechnology
(Santa Cruz, Calif.). The antibody directed against ERK5 was kindly provided by
Philip Cohen (University of Dundee).

Horseradish peroxidase (HRP)-conjugated anti-mouse and anti-rabbit anti-
bodies were purchased from Promega (Charbonniéres, France). The HRP-con-
jugated anti-sheep antibody was purchased from DakoCytomation (Copenha-
gen, Denmark).

Plasmid construction and site-directed mutagenesis. MKP-3 cDNA cloned
into the pSGS5 vector (Stratagene, La Jolla, Calif.) was kindly provided by Ste-
phen Keyse (4), and the MKP-3-green fluorescent protein (GFP) fusion cDNA
vector was previously described (24). Both cDNAs were subsequently subcloned
into pcDNA4/TO/myc-His (Invitrogen, Leek, The Netherlands).

The pcDNA4/TO-MKP-3-229 truncated mutant was obtained by subcloning
the EcoRI fragment of MKP-3 into the same site of the pcDNA4/TO/myc-His
vector. Serine mutations in both the pcDNA4/TO-MKP-3 and MKP-3-GFP
constructs were generated by using the Stratagene site-directed mutagenesis kit
and the following couples of oligonucleotides: 5'-GCTCGTGTAGCAGCAGC
GCGCCGCCGTTGCCAGTGC66-3" and 5'-GCACTGGCAACGGCGGCGC
GCTGCTGCTACACGAGC-3' (Serl59 to Ala mutation) and 5'-GCAACAGA
CTCGGATGGTGCTCCGCTGTCCAACAGCC-3" and 5'-GGCTGTTGGAC
AGCGGAGCACCATCCGAGTCTGTTGC-3" (Ser197 to Ala mutation).

pGEX-6P1 plasmids coding for glutathione S-transferase (GST)-MKP-3 fu-
sion proteins were constructed as follows: full-length MKP-3 was amplified by
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PCR from the pSG5-MKP-3 vector by using the oligonucleotide 5'-GCAGGA
TCCATAGATACGCTCAGACCCGTG-3', in which the START codon of
MKP-3 was replaced by a BamHI restriction site, and the oligonucleotide 5'-G
CACTCGAGCGTAGATTGCAGAGAGTCCAC-3', containing an Xhol site,
and subsequently cloned into the same sites of the pGEX-6P1 vector (Amersham
Biosciences, Saclay, France). The AC346 truncation mutant of MKP-3 was also
constructed by PCR by replacing the above described 3’ oligonucleotide with
5'-GCACTCGAGCCTCTCGAAGTCCAGCAGCTG-3' and using the same re-
striction sites. The pGEX-6P1-MKP-3-C/S full-length and AC346 mutants were
also constructed by PCR with the same oligonucleotides but by using pSGS5-
MKP-3-C/S as a template (13).

For the GST-MKP-3-AC229 mutant, the BamHI-EcoRI fragment of pGEX-
6P1-MKP-3 (corresponding to the N-terminal domain of MKP-3) was digested
and subcloned into pGEX-6P1. The plasmid coding for the AN-MKP-3 trunca-
tion mutant was constructed by subcloning the EcoRI-Xhol fragment of MKP-3
into the same sites of pGEX-6P1.

The cDNA of rat ERK1 was cloned in the EcoRI sites of pGEX-2T for
production of GST-ERK1.

Cell culture and transfection. Clone S19R443, derived from the CCL39 ham-
ster fibroblast cell line and expressing both the ARafl:estrogen receptor (ER)
chimera and the tetracycline repressor, has been previously described (25). These
cells were used for further transfection with either pcDNA4/TO-MKP-3 or
pcDNA4/TO-MKP-3-GFP, as described by Marchetti et al. (24), or with
pcDNA4/TO plasmids encoding MKP-3 and MKP-3-GFP mutants. Zeocine-
resistant clones were screened by immunofluorescence and Western blotting
after tetracycline induction (1 wg/ml).

Metal affinity precipitation of ubiquitinated proteins. Precipitation of ubiqui-
tinated proteins was done essentially as described previously (9). Briefly, HeLa
cells were cotransfected with the pSG5-MKP-3 plasmid and with pRBG4-six-
HisUb (30 pg/5 X 10° cells). Thirty hours after transfection, cells were lysed in
ULB (8 M urea, 20 mM Tris-HCI [pH 7.5], 200 mM NaCl, 10 mM imidazole, and
0.1% Triton X-100). Next, lysates were purified for histidine-tagged ubiquitin on
30 wl of cobalt-chelated resin (Clontech) that had been previously incubated in
5% bovine serum albumin (radioimmunoassay grade; Sigma). After lysate incu-
bation, the beads were washed four times in ULB and once in phosphate-
buffered saline (PBS) and resuspended in 1 volume of Laemmli buffer. Proteins
were resolved by sodium dodecyl sulfate—7.5% polyacrylamide gel electrophore-
sis (SDS-7.5% PAGE), and polyubiquitylated MKP-3 was visualized by immu-
noblotting.

Western blotting. Cells from MKP-3 or MKP-3-GFP-inducible clones were
seeded in 12-well plates at a density of 10° cells per well and grown for 48 h in
Dulbecco’s modified Eagle medium containing 7.5% serum. Cells were next
serum starved for 20 h in the absence or presence of 1 pg of tetracycline/ml to
induce transgene expression. Cells were then stimulated for various times with
either 20% fetal calf serum or 1 WM 4-OHT (for the activation of the ARaf1:ER
chimera). In some experiments, cells were preincubated either for 4 h with LLnL
(50 pM) or for 45 min with cycloheximide (10 wg/ml) to block proteasomal
activity or protein neosynthesis, respectively. After two washes with ice-cold PBS,
cells were immediately lysed in Laemmli sample buffer. Proteins were quantified
with a bicinchoninic acid (BCA) kit (Sigma), resolved on SDS-10% PAGE gels
(made with acrylamide-bisacrylamide [37.5:1]; Sigma), and transferred onto
polyvinylidene difluoride membranes (Immobilon-P; Polylabo, Strasbourg,
France). Membranes were incubated with the appropriate specific primary an-
tibody followed by the corresponding HRP-conjugated secondary antibody, and
proteins were detected by enhanced chemiluminescence (Amersham Bio-
sciences). When indicated, protein levels were quantified with the Gene Gnome
(Syngene Bio Imaging).

For experiments with CIP, cells were first lysed on ice in 1% Triton X-100 lysis
buffer (50 mM Tris [pH 7.5], 100 mM NaCl, 0.5 mM EDTA). CIP (20 U/ml) was
then added to the lysates, which were incubated for 30 min at 30°C. The reaction
was stopped by adding Laemmli sample buffer.

Metabolic labeling with [>*P]orthophosphate and immunoprecipitation of
endogenous MKP-3. S19 parental cells, expressing the ARaf1:ER chimera, were
serum starved for 16 h in a phosphate-free medium supplemented with 20 wCi of
[>*PJorthophosphate/ml. Cells were then stimulated in the presence of LLnL (50
M) for 4 h with tamoxifen and lysed in 1% Triton X-100 lysis buffer (1% Triton
X-100, 50 mM Tris [pH 7.5], 100 mM NaCl, 5 mM EDTA, 50 mM sodium
fluoride, 40 mM B-glycerophosphate, 200 pM sodium orthovanadate, 5 ug of
aprotinin/ml, 0.7 ug of pepstatin/ml, 0.5 wg of leupeptin/ml, and 0.1 mM phe-
nylmethylsulfonyl fluoride). Clarified lysates were then submitted to immuno-
precipitation with two different antibodies preabsorbed onto protein A-Sepha-
rose (Pharmacia). First, protein extracts were incubated with an irrelevant
antibody directed against the transcription factor Sp3 as a negative control.
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FIG. 1. Serum induces the phosphorylation of MKP-3. (A) Serum induces a shift in the electrophoretic mobility of MKP-3-GFP. Cells
expressing MKP-3-GFP under the control of tetracycline were starved for 20 h and stimulated with 20% FBS for the indicated times (in minutes).
Levels of MKP-3-GFP were analyzed by Western blotting with a polyclonal anti-MKP-3 antibody. Levels of ERK2 were taken as a loading control.
(B) Serum induces a shift of native MKP-3 (uncoupled to GFP). Cells expressing a native form of MKP-3 under the control of tetracycline were
starved for 20 h and stimulated or not with 20% FBS for 20 min. Levels of MKP-3 were analyzed by Western blotting, and ERK2 levels were taken
as a loading control. When indicated, cells were pretreated with 10 pg of LLnL/ml for 20 h. Note that the higher-molecular-weight form of MKP-3
is stabilized by LLnL. (C) MKP-3 is ubiquitinated in vivo. HeLa cells were cotransfected with plasmids encoding MKP-3 and His-tagged ubiquitin.
Ubiquitinated proteins were precipitated as described in Materials and Methods, and polyubiquitinated MKP-3 was revealed by Western blotting.
(D) Treatment of cell lysates with CIP reverses the shift of MKP-3. Cells expressing MKP-3 under the control of tetracycline were starved,
stimulated with FBS for 20 min, and then lysed in 1% Triton X-100 lysis buffer as described in Materials and Methods. Lysates were then incubated
or not with CIP for 30 min at 30°C. The mobility of MKP-3 was analyzed by Western blotting.

Then, precleared supernatants were incubated with a specific antibody directed
against MKP-3 (Santa Cruz Biotechnology). After 1 h at 4°C, immunocomplexes
were washed three times with lysis buffer, boiled in Laemmli loading buffer, and
separated by SDS-PAGE (10% acrylamide). Radiolabeled proteins were ana-
lyzed by autoradiography.

In vitro ERK assay. GST fusion proteins were produced from BL21 bacteria
transformed with either pGEX-6P1 vector, as previously described (34). The
assay was performed in kinase buffer (20 mM Tris, pH 7.5, 10 mM p-nitrophe-
nylphosphate [p-NPP], 10 mM MgCl,, 2 mM dithiothreitol) containing 30 U of
recombinant active p42 MAPK/Erk2 (New England Biolabs), GST proteins, and
5 wCi of [y-*?P]ATP (Amersham Biosciences) for 30 min at 30°C. The reaction
was stopped by addition of Laemmli sample buffer and resolved on SDS-PAGE.

In vitro phosphatase assay. Phosphatase activity was measured as previously
described (7). Briefly, samples were measured in 96-well plates in 200 wl of 50
mM imidazole (pH 7.5) containing 5 mM dithiothreitol, 20 uM p-NPP, and
various concentrations of GST-MKP-3 and GST-ERKI1. Reaction rates were
measured at 405 nm in a microplate reader (Labsystems).

Immunofluorescence. Cells were grown on coverslips, starved overnight, and
treated or not treated with tetracycline to induce MKP-3-GFP expression. Cells
were then fixed in 3.3% paraformaldehyde, permeabilized in PBS containing
0.5% Triton X-100, blocked in 20% fetal bovine serum (FBS), and stained with
the anti-MKP-3 antibody. Cells were next labeled with an anti-rabbit secondary
antibody coupled to biotin, followed by staining with Alexa594-coupled strepta-
vidin (Molecular Probes, Eugene, Oreg.). Cells were observed by confocal mi-
croscopy (Leica).

RESULTS

Serum induces phosphorylation of MKP-3 and degradation
of MKP-3 by the proteasome machinery. We recently de-
scribed a fibroblast cell system, derived from the Chinese ham-
ster CCL39 cell line, in which the expression of either the
MKP-3 phosphatase or a chimeric MKP-3-GFP can be in-
duced by tetracycline. It was shown that the fusion of GFP
strongly increased the stability of MKP-3, thereby allowing
efficient blockade of the ERK signaling pathway and cell
growth, in vitro as well as in vivo (24). Using the same cellular
model, we now report that serum stimulation of previously

starved cells causes a change in the electrophoretic mobility of
MKP-3-GFP (Fig. 1A). While MKP-3—-GFP appears as a sin-
gle 65-kDa band (Fig. 1A, bottom arrow) in unstimulated cells,
its electrophoretic mobility was gradually modified following
serum addition (Fig. 1A, upper arrow). After 20 min, the
higher-molecular-weight form became the major form of
MKP-3-GFP. Interestingly, the intensity of the signal for
MKP-3-GFP decreased after 60 min, suggesting that the mo-
bility shift could be associated with a destabilization of the
protein.

To rule out the possibility that the shift of MKP-3-GFP
depends on the presence of GFP itself, we also tested cell
clones expressing tetracycline-inducible MKP-3. Figure 1B
shows that serum stimulation modified the apparent molecular
weight of native MKP-3. However, MKP-3 is much more un-
stable than MKP-3-GFP (24), and therefore, the serum-in-
duced shift in electrophoretic mobility was more easily visual-
ized when cells were preincubated with the proteasome
inhibitors LLnL (Fig. 1B) or lactacystin (data not shown). This
finding suggested the hypothesis that the phosphorylation of
MKP-3 could accelerate its degradation by the proteasome.
We therefore investigated whether MKP-3 was subjected to
ubiquitination. To this end, HeLa cells were cotransfected with
the plasmid coding for MKP-3 and with a plasmid coding for
His-tagged ubiquitin. After 30 h, cells were lysed, and His-
ubiquitin conjugates were purified. Figure 1C shows that
polyubiquitinated MKP-3, visible as ladders, could be precip-
itated from cells transfected with both plasmids. Treating cells
with the proteasome inhibitor LLnL for the last 6 h before lysis
increased the amount of ubiquitinated MKP-3. This result in-
dicates that the proteasome is a major route for the degrada-
tion of MKP-3.

Preincubating the cells with cycloheximide prior to serum
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stimulation did not prevent the mobility shift (see below),
indicating that this modification was posttranslational. There-
fore, we tested whether the mobility shift of MKP-3 was the
result of its phosphorylation. Figure 1D shows that the serum-
induced electrophoretic mobility of MKP-3 was totally abol-
ished following in vitro dephosphorylation of cell lysates with
the CIP. This result clearly indicates that the serum-induced
shift in the electrophoretic mobility of MKP-3 is due to its
phosphorylation.

Phosphorylation and degradation of MKP-3 depends on the
MEKI1/2-ERK1/2 pathway. The cell line in which the expres-
sion of MKP-3 or MKP-3-GFP can be induced by tetracycline
also expresses the ARafl:ER chimera, which allows direct and
specific activation of the MEK-ERK pathway by estradiol or
4-OHT (24). Because serum strongly activates the MEK-ERK
pathway as well as other signaling pathways, we tested whether
exclusive activation of the MEK-ERK module by the
ARafl:ER chimera could reproduce the phosphorylation in-
duced by serum. Figure 2A shows that 4-OHT also caused a
decrease in MKP-3-GFP mobility, although it started later
than with serum, 30 min after the beginning of the stimulation.
Phosphorylation of MKP-3 induced by 4-OHT was, however,
independent of protein neosynthesis, like serum stimulation
(Fig. 2B). The delay in MKP-3 phosphorylation observed with
4-OHT compared to serum, which varies slightly between ex-
periments, may be due to the kinetics of ERK1/2 phosphory-
lation under the two conditions. While serum triggers a rapid
but transient burst of ERK activity, stimulation of the
ARafl:ER chimera causes a gradual but long-lasting activation
of ERKSs (20, 21), as shown in Fig. 2A. Alternatively, this delay
may indicate that other signaling pathways cooperate in, and
possibly accelerate, MKP-3 phosphorylation by the MEK-ERK
pathway.

Note, as we reported previously (24), that the expressed
MKP-3-GFP chimera is active in dephosphorylating serum-
stimulated ERK2 (Fig. 2A, compare lanes 9 and 10 of the left
panel). MKP-3-GFP seems to be even more efficient at later
time points (Fig. 2A, left panel; compare lanes 5 and 6 with
lanes 9 and 10), even though it is phosphorylated and subjected
to degradation. This result is related to the spatiotemporal
regulation of phosphorylated ERK (phosphoERK) signaling.
At early time points, MKP-3 and its substrate phosphoERK
are found in different cellular compartments, with a large part
of the phosphoERK signal being in the nucleus, protected
from the exclusively cytosolic MKP-3. However, the phos-
phoERK signal declines much more rapidly in the nucleus than
in the cytosol (31, 39). Hence, at later time points, phos-
phoERK is mainly found in the cytosol, where it can be readily
dephosphorylated by MKP-3.

The critical role of the MEK-ERK pathway in serum-in-
duced phosphorylation of MKP-3 was confirmed with U0126, a
pharmacological inhibitor of MEKs, which completely blocked
the mobility shift of MKP-3—-GFP induced by serum (Fig. 2C).
In contrast, neither the inhibition of p38 and JNK, two other
members of the MAPK family, nor the direct activation of p38
MAPK by anisomycin had any effect on MKP-3 phosphoryla-
tion (Fig. 2C).

Although the results obtained with U0126 demonstrate the
role of MEKSs in the phosphorylation of MKP-3 induced by
serum, they do not allow for discrimination between the
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MEK1/2-ERK1/2 and the MEKS-ERKS5 pathways (15), the
latter being activated by certain stress and proliferative stimuli,
including serum growth factors (14, 16). Because ERKS is also
a substrate for MKP-3 (14), its potential role was to be defined.
To this end, we tested whether the specific inhibition of
MEK1/2 was sufficient to block the phosphorylation of MKP-3
induced by serum by using PD184352, previously shown to be
specific to MEK1/2 at 2 uM while also being able to inhibit
MEKS at 20 uM in HeLa cells (26). Another report showed
that even 20 uM PD184352 was not sufficient to block ERK5
activation in CCL39 cells, from which cell lines used in the
present study are derived, whereas it efficiently inhibited
ERK1/2 at a low dose (36). Figure 2D shows that PD184352
efficiently blocked the phosphorylation of ERK1/2 induced by
serum in a dose-dependent manner. In contrast, we confirmed
the results reported by Squires et al. (36) that even at a con-
centration of 20 wM, PD184352 could not block the serum-
induced activation of ERKS, visualized as a shift. Interestingly,
it seemed that PD184352 even promoted ERKS activation in
serum-stimulated cells, suggesting a negative control of the
MEKS-ERKS pathway by the classical ERK cascade, as previ-
ously described (26). U0126 efficiently blocked both ERKS and
ERK1/2 at 10 uM but was less efficient on ERKS activation
when used at 1 pM. Figure 2D also shows that low doses of
both U0126 and PD184352 abolish the phosphorylation of
MKP-3 induced by serum, suggesting that the MEKS5-ERKS
pathway does not play a significant role in the phosphorylation
of MKP-3 induced by serum, at least in the cellular model used
in this study.

We have shown in Fig. 1 that the phosphorylation of MKP-3
correlates with its degradation by the proteasome. To demon-
strate that the two mechanisms are truly connected, we ana-
lyzed the effects of the MEK1/2 inhibitor U0126 on MKP-3
stability, using ERK2 levels as a loading control. To avoid any
dilution of the signal upwards, which may be confused with a
degradation of the molecule, proteins were run on SDS-PAGE
(12% acrylamide) for this particular experiment, as shown in
Fig. 2E. Therefore, the shift of MKP-3, though visible, is less
stressed than in other figures, for which 7.5 or 10% acrylamide
gels were used. Corresponding quantification of MKP-3 levels
are shown in Fig. 2E. U0126 protected MKP-3 from degrada-
tion, especially at late time points. However, this protection
was partial, suggesting that other signaling pathways are in-
volved in the destabilization of MKP-3 by serum.

Phosphorylation of endogenous MKP-3. We next investi-
gated whether endogenous, and not only tetracycline-induced,
MKP-3 was phosphorylated upon activation of the MEK-ERK
module. Parental cells expressed very low levels of endogenous
MKP-3, but transcription can be induced by long-term stimu-
lation of the ARafl:ER chimera expressed in these cells (24).
Parental cells were thus arrested for 16 h in the presence of
[**PJorthophosphate and stimulated with 4-OHT for 4 h to
induce both the expression and the phosphorylation of endog-
enous MKP-3. Cell lysates were then immunoprecipitated for
either MKP-3 or an irrelevant protein taken as a negative
control. Autoradiography of the Western blot revealed the
presence of a phosphoprotein of 45 kDa immunoprecipitated
by the anti-MKP-3 antibody in cells treated for 4 h with 4-OHT
(Fig. 3A). Immunolabeling with the anti-MKP-3 antibody con-
firmed that this protein was MKP-3. Addition of the protea-
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FIG. 2. Phosphorylation of MKP-3 depends on the MEK1/2-ERK1/2 pathway. (A) Stimulation of the ARafl:ER chimera by 4-OHT induced
the phosphorylation of MKP-3-GFP. Cells expressing MKP-3-GFP were starved overnight and stimulated for the indicated times with either 20%
FBS or 1 pM 4-OHT. The mobility of MKP-3-GFP as well as that of phosphoERK1/ERK2 were analyzed by Western blotting. ERK2 levels were
taken as a loading control. (B) Phosphorylation of MKP-3 induced by either serum or 4-OHT is independent of protein synthesis. Cells were
treated as described for panel A, but cycloheximide (10 wg/ml) was added or not 30 min prior to serum or 4-OHT stimulation. (C) ERKSs but not
p38/INK MAPKs are involved in the phosphorylation of MKP-3. (Left panel) Cells expressing MKP-3—-GFP under the control of tetracycline were
starved overnight, pretreated with either 10 uM U0126 or 10 nM SB202190 for 30 min, and stimulated with 20% serum for 20 min. Phosphorylation
of MKP-3-GFP was analyzed by Western blotting. Levels of ERK2 were taken as a loading control. (Right panel) Cells were starved overnight
and treated with either 20% FBS or 1 ug of anisomycin (A)/ml. Phosphorylation of MKP-3-GFP was analyzed by Western blotting. The
phosphorylation of ERK1/2 and p38 MAPK are shown as controls for serum and anisomycin stimulation, respectively. (D) ERKS is not involved
in serum-induced phosphorylation of MKP-3. Cells were starved overnight, pretreated with either U0126 (1 or 10 uM) or PD184352 (P; 2 to 20
wM) for 60 min, and stimulated for 30 min with 20% FBS. Cells were lysed and assayed for ERKS, ERK1/2, and MKP-3 phosphorylation. Note
the phosphorylation of ERKS, visualized as a shift. (E) Inhibition of MEK-ERK stabilizes MKP-3 in serum-stimulated cells. Cells were starved
overnight and stimulated or not with 20% FBS. When indicated, cells were pretreated with 10 uM U0126 for 30 min before FBS stimulation. Cells
were lysed, and levels of MKP-3 and pERK1/2 were analyzed by Western blotting. Levels of ERK2 were taken as a loading control.
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FIG. 3. Activation of the MEK—ERK pathway induced the phos-
phorylation of endogenous MKP-3. (A) Parental S19 cells, expressing
the ARafl:ER, were metabolically labeled with [**PJorthophosphate
and stimulated for 4 h with 1 uM 4-OHT in the presence of LLnL.
Cells were then lysed, and lysates were immunoprecipitated with either
an anti-MKP-3 antibody or an irrelevant antibody. Precipitated pro-
teins were separated on SDS-PAGE, and gels were either exposed for
autoradiography or transferred for Western blotting analysis with the
anti-MKP-3 antibody. (B) Parental S19 cells were treated for 4 h with
1 uM 4-OHT to activate the ARafl:ER chimera in the presence or in
the absence of LLnL. When indicated, U0126 (10 wM) was added
during the last hour of 4-OHT treatment.

some inhibitor LLnL, which stabilized the higher-molecular-
weight form of MKP-3, strongly increased the amount of
phosphoMKP-3, confirming that the phosphorylated form of
MKP-3 is also the most unstable (Fig. 3A). Figure 3B, in which
the analysis of MKP-3 in total cell lysates by Western blotting
is shown, confirms the stabilizing effect of LLnL on the phos-
phorylated form of endogenous MKP-3 and shows that pre-
treating cells with 10 wM U0126 during the last hour of 4-OHT
stimulation decreases both the phosphorylation and the deg-
radation of MKP-3.

ERK?2 phosphorylates MKP-3 in vitro. The experiments de-
scribed above, using either 4-OHT or U0126, strongly suggest
an involvement for ERK1 and ERK?2 in the phosphorylation of
MKP-3. The simplest hypothesis is that MKP-3 could be a
direct substrate for ERKs. Examination of the primary se-
quence of MKP-3 revealed the presence of six putative phos-
phorylation sites for ERKs. GST fusion proteins that comprise
full-length or truncated forms of MKP-3, containing all 6, 4, or
only 2 putative ERK phosphorylation sites, were produced
(schematically depicted in Fig. 4A). Chimeric GST-MKP-3
proteins were incubated with phosphorylated, constitutively
active ERK2. GST-EIlk-1 was taken as a positive control for
phosphorylation by ERK2. ERK2 incorporated *?P in full-
length GST-MKP-3 with more efficiency than in GST alone,
indicating that MKP-3 is a substrate for ERK2 in vitro. Inter-
estingly, the C-terminal deletion mutant of MKP-3, GST-
MKP-3-AC346, was a much better substrate for ERK2 (Fig.
4B, left panel). One hypothesis for this result could be that
truncation may alter the phosphatase activity of MKP-3, low-
ering its efficiency towards its substrate, phosphoERK2, in the
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FIG. 4. Recombinant, constitutively activated ERK2 phosphory-
lates MKP-3 in vitro. (A) Schematic structures of full-length and trun-
cated GST-MKP-3 chimeric proteins. Positions of putative ERK1/2
phosphorylation sites are indicated. DS, docking site; CD, catalytic
domain. (B) Phosphorylation of GST-MKP-3 chimeras by ERK2.
GST-MKP-3-FL, GST-MKP-3-AC346, and GST-MKP-3-AC229 were
assayed for phosphorylation by ERK2 in vitro. GST-MKP-3-FL-WT
(wild type) and GST-MKP-3-FL-DM, mutated on both serine 159 and
serine 197, were also compared for the ability to be phosphorylated by
ERK2. GST-EIk-1 and GST were taken as positive and negative con-
trols for phosphorylation, respectively. Proteins were then run on SDS-
PAGE, and gels were stained with Coomassie blue and exposed for
autoradiography. Phosphorylation of GST-MKP-3-FL-WT and GST-
MKP-3-FL-DM were quantified and compared by using Coomassie
blue staining as a control. When phosphorylation of GST-MKP-3-
FL-WT was set as 100%, mutation of both serine 159 and serine 197
(GST-MKP-3-FL-DM) resulted in an 80% decrease in phosphoryla-
tion.

reaction. We therefore tested the phosphorylation of GST
fusion proteins containing either a full-length or a truncated
version of a phosphatase-dead mutant of MKP-3, MKP-3-C/S
(13). Once again, the truncated GST-MKP-3-C/S-AC346 be-
haved as a better substrate than full-length GST-MKP-3-C/S
(data not shown), indicating that the increased phosphoryla-
tion of the AC346 forms is not due to an alteration of the
phosphatase activity of MKP-3 by C-terminal truncation. Al-
ternatively, phosphorylation may be facilitated by conforma-
tional changes in the molecule caused by the deletion of the C
terminus.

GST-MKP-3-AC229, which corresponds to an additional
truncation deleting the catalytic domain, was phosphorylated
to the same extent as GST-MKP-3-AC346. As GST-MKP-3-
AC229 still contains two potential phosphorylation sites, this
result suggested that in vitro phosphorylation of MKP-3 occurs
in the N-terminal domain of the protein.

Although the truncated mutants behave as better ERK2
substrates than full-length MKP-3, we did not introduce single
amino acid mutations into those truncated proteins for fear
that they may have led to artifactual conclusions. Rather, we
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FIG. 5. In vivo phosphorylation of MKP-3 occurs on residues con-
tained in the MKP-3-AC229 truncation mutant. (A) Serum induces the
phosphorylation of MKP-3-AC229. Cells expressing the MKP-3-AC229
truncation mutant under the control of tetracycline were starved over-
night and stimulated with FBS for the indicated times (in minutes).
The shift in mobility was analyzed by Western blotting, and ERK2
levels were taken as a loading control. (B) Phosphorylation of MKP-
3-AC229 is dependent on the MEKI1/2 activity. Cells inducible for
MKP-3-AC229 expression were starved overnight in the presence of
tetracycline, pretreated with either U0126 (10 pM) or SB202190 (10
uwM) for 30 min, and stimulated with 1 uM 4-OHT for 2 h. (C) Phos-
phorylated MKP-3-AC229 accumulates in the presence of LLnL. Cells
expressing MKP-3-AC229 were starved overnight and stimulated or
not with serum in the presence or in the absence of the proteasome
inhibitor LLnL. ERK2 levels were taken as a loading control.

tested the phosphorylation of a double mutant form of GST-
MKP-3-FL, in which both serine 159 and serine 197, contained
in the N-terminal region, were replaced by alanine residues.
Figure 4B, right panel, shows that wild-type MKP-3 (MKP-3-
FL-WT) was more phosphorylated than the double serine mu-
tant (MKP-3-FL-DM). Quantification of the signal revealed a
75% decrease for double mutant phosphorylation compared to
wild-type MKP-3 phosphorylation. This result suggests that
serines 159 and 197 of MKP-3 are at least targets for ERK2 in
vitro.

In vivo phosphorylation of MKP-3 occurs mainly on Ser159
and Ser197. Our next goal was to check the ability of MKP-3
mutants to be phosphorylated in vivo, using the tetracycline-
inducible system. Tetracycline-inducible stable cell clones that
expressed either the C-terminal truncated forms of MKP-3
(AC346 and AC229) or the single or double serine mutants of
full-length MKP-3 were established. Several stable transfectant
clones were isolated for each mutant that provided analogous
results.

Serum stimulation induced a shift of MKP-3-AC229 trun-
cated proteins (Fig. 5A), confirming the finding that phosphor-
ylation predominantly occurs in the N-terminal domain of
MKP-3. Similar results were obtained with the MKP-3-AC346
truncation mutant (data not shown). Experiments performed
with MKP-3-AC229 even revealed two steps in the molecular
weight shift, suggesting the existence of two phosphorylation
sites. Incubating cell lysates in the presence of CIP confirmed
that the shift of MKP-3-AC229 was indeed due to its phos-
phorylation (data not shown). As with full-length MKP-3, this
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phosphorylation could be induced by stimulation of the
ARafl:ER chimera and was blocked by the MEK1/2 inhibitor
U0126 but not by the p38 and JNK inhibitor SB202190 (Fig.
5B). Again, addition of LLnL strongly increased the signal of
the highest-molecular-weight form (Fig. 5C). Thus, phosphor-
ylation of the MKP-3-AC229 truncation mutant shares many
similarities with phosphorylation of full-length MKP-3.

Since in vitro experiments indicated that C-terminal deletion
could alter phosphorylation stoichiometry (Fig. 4) and may not
be truly representative of physiological conditions, we turned
to full-length MKP-3 or MKP-3-GFP coding sequences for
introducing the serine-to-alanine point mutations. Figure 6A
shows that both MKP-3-S159A and MKP-3-S197A gave a mo-
bility shift due to phosphorylation, although it seemed that
phosphorylation was more affected in the serine 159 mutant.
However, phosphorylation was completely blocked when both
serines were mutated (MKP-3-DM). This result clearly estab-
lishes that both serine 159 and serine 197 are phosphorylated
in response to serum.

Cell clones expressing either wild-type or serine mutants of
MKP-3-GFP were also analyzed. The following experiment
was performed with cycloheximide-pretreated cells in order to
investigate the role of S159 and S197 in the stability of the
chimeric phosphatase. Equal amounts of cell lysate protein
were compared, and ERK2 levels were taken as a loading
control. Again, MKP-3-S197A-GFP shifted in much the same
way as wild-type MKP-3-GFP (MKP-3-WT-GFP), and phos-
phorylation of MKP-3-GFP was much more affected by the
serine 159 mutation. Most importantly, phosphorylation of
MKP-3-DM-GFP was strongly inhibited (Fig. 6B). The blot
shown in Fig. 6B also suggests that MKP-3-DM-GFP was
efficiently protected from degradation 90 min after serum ad-
dition compared to its wild-type counterpart. Both serines ap-
peared to be involved in this regulation, as the degradation of
single mutants was intermediate to that of the wild-type and
the double mutant (Fig. 6B).

Serum-induced degradation of the wild-type and double mu-
tant of MKP-3-GFP was also analyzed at later time points for
cycloheximide-treated cells and compared to the intrinsic sta-
bility of each protein in unstimulated conditions (Fig. 6C).
Levels of MKP-3 were quantified by using ERK2 levels as a
loading control. The respective stabilities of MKP-3-WT-GFP
and MKP-3-DM-GFP were not significantly different in qui-
escent cells. In contrast, MKP-3-DM-GFP proved to be much
more stable than its wild-type counterpart in serum-stimulated
cells. Hence, MKP-3-WT-GFP displayed a half-life of 60 min,
while that of MKP-3-DM-GFP reached 200 min. Double mu-
tant MKP-3 (uncoupled to GFP) was also more stable than its
wild-type counterpart (data not shown).

Together, these results indicate that the phosphorylation of
MKP-3 upon activation of the ERK1/2 pathway leads to the
rapid degradation of the phosphatase and that both serine 159
and serine 197, which are part of phosphorylation sites for
ERKSs, are involved in this regulation.

Phosphorylation of MKP-3 does not modify its catalytic
activity. Previous works have shown that MKP-3 is catalytically
activated by direct binding to purified ERK2, linked to GST or
not. Using p-NPP hydrolysis as a measure of MKP-3 phospha-
tase activity, here we show that GST-ERKI is also able to
efficiently activate the phosphatase activity of GST-MKP-3.
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FIG. 6. Role of serine 159 and serine 197 in the phosphorylation
and destabilization of MKP-3. (A) Mutation of both serine 159 and
serine 197 abolishes MKP-3 phosphorylation. Cell clones expressing
either wild-type MKP-3, MKP-3-S159A, MKP-3-S197A, or the double
mutant (DM) of MKP-3 were starved overnight and stimulated with
serum for 20 min. Proteins were then analyzed by Western blotting.
(B) Mutation of both serine 159 and serine 197 abolishes the phos-
phorylation of MKP-3-GFP but stabilizes it. Tetracycline-inducible
cell clones expressing either the wild type or serine mutants of MKP-
3-GFP were starved overnight, pretreated with 1 g of cycloheximide/
ml, and stimulated with 20% FBS for 30 or 90 min. The levels of ERK2
were taken as a loading control. (C) Increased stability of MKP-3-
DM-GFP. Cells expressing either the wild type or the double mutant
MKP-3 were starved overnight, pretreated with 1 g of cycloheximide/
ml, and treated or not treated (NS) with serum for the indicated times.
The graph shows the time course of degradation of MKP-3-WT-GFP
and MKP-3-DM-GFP under nonstimulated or serum-stimulated con-
ditions. MKP-3 levels were quantified with a Gene Gnome (Syngene
Bio Imaging), taking ERK2 levels as a loading control.

Increasing amounts of GST-MKP-3 (5, 10, or 20 pg) were
incubated in a p-NPP-containing phosphatase reaction buffer,
in the presence or in the absence of 10 pg of GST-ERKI.
Figure 7A shows that the catalytic activities of the WT and DM
forms of GST-MKP-3 are similar. GST-ERK1 (10 pg) in-
creased this activity up to 20-fold when 5 or 10 ng of GST-
MKP-3 were used. If a significant basal catalytic activity was
observed with 20 pg of GST-MKP-3-WT or GST-MKP-3-DM
alone, it was largely increased by adding GST-ERKI in the
reaction (up to sixfold). These data indicate that the mutation
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of serines 159 and 197 does not, per se, interfere with ERK1
binding on MKP-3.

Next, we analyzed the potential effects of MKP-3 phosphor-
ylation on its catalytic activity. For this purpose, GST-MKP-
3-WT and GST-MKP-3-DM were first incubated in kinase
buffer in the presence of a recombinant active ERK2 and in the
presence (phosphorylated) or absence (unphosphorylated) of
ATP. GST-MKP-3 phosphorylation was monitored by **P in-
corporation. Proteins were next incubated in phosphatase
buffer in the presence of 10 pg of GST-ERKI. Figure 7B shows
that phosphorylation of GST-MKP-3 did not modify the
course of p-NPP hydrolysis.

MKP-3-DM-GFP also proved to be as efficient as MKP-3-
WT-GFP in dephosphorylating ERK1/2 in cells (Fig. 7C) (in
this experiment, cells were not treated with cycloheximide),
indicating again that its inability to be phosphorylated is due to
the disruption of phosphorylation sites for ERK1/2 rather than
to an impairment of the interaction with ERK1/2.

Finally, Fig. 7D shows that the cytosolic localization of
MKP-3-GFP (previously described in reference 24) was not
affected by the mutation of serines 159 and 197. Similar results
were obtained for native MKP-3 (uncoupled to GFP) and its
double mutant (data not shown).

DISCUSSION

Using a tetracycline-inducible system, we have shown that
stimulation of the MEK1/2-ERK1/2 pathway by either serum
or direct activation of a ARafl:ER chimera resulted in the
phosphorylation of the MAPK phosphatase MKP-3, visualized
by reduced mobility on SDS-PAGE. This phosphorylation also
occurred on endogenous MKP-3 and led to the degradation of
MKP-3 by the proteasome machinery. Mutation of serines 159
and 197 in MKP-3 prevented both its phosphorylation and
serum-induced degradation in vivo, suggesting that MKP-3
destabilization is a direct consequence of ERK activation. Both
serines seemed to be involved in this regulation, as double
mutation was most efficient in stabilizing the phosphatase. Fi-
nally, we have shown that the phosphorylation of MKP-3 does
not affect its catalytic activity.

Serines 159 and 197 are both followed by a proline residue,
a hallmark of putative phosphorylation sites for cyclin-depen-
dent kinases and for enzymes of the MAPK family, including
ERK1, ERK2, ERKS, p38 MAPK, JNK, and their isoforms.
The hypothesis that MKP-3 is a direct substrate for ERK1/2 is
strongly supported by four lines of evidence. First, specific
activation of the MEK-ERK pathway through activation of the
ARafl:ER chimera mimicked the phosphorylation of MKP-3
induced by serum. Second, pharmacological inhibition of
MEK1/2 with U0126 completely abolished MKP-3 phosphor-
ylation, while neither the inhibition of JNK/p38 MAPK nor
direct activation of p38 by anisomycin had any effect. Inhibition
of cyclin-dependent kinases did not affect MKP-3 phosphory-
lation either (data not shown). Third, a potential role for the
MEKS-ERKS cascade was ruled out on the basis of results
obtained with another pharmacological inhibitor, PD184352,
more specific to MEK1/2. Fourth, MKP-3 was found to be an
in vitro substrate of recombinant active ERK2, and this phos-
phorylation was strongly reduced when serines 159 and 197
were replaced by alanines. It should also be noted that
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FIG. 7. The phosphorylation of MKP-3 does not modify its phosphatase activity. Phosphatase activity was measured as p-NPP hydrolysis at 25°C
monitored at an absorbance of 405 nm (A44ys). GST-MKP-3 and GST-ERK1 were expressed in Escherichia coli cells and purified on glutathione-
Sepharose. (A) Mutation of serines 159 and 197 does not modify the in vitro phosphatase activity of MKP-3. Increasing amounts of GST-MKP-
3-WT or the DM (5, 10, or 20 pg) were incubated in the phosphatase reaction buffer in the absence or in the presence of 10 pg of GST-ERK1
for the indicated times. Note that the reaction rates are similar with GST-MKP-3-WT and the DM. This figure is representative of results from
three different experiments. (B) Phosphorylation of MKP-3 does not modify its catalytic activity. GST-MKP-3-WT or the DM were first
phosphorylated (indicated by a P) or not by recombinant active ERK2 and incubated in phosphatase reaction buffer with or without 10 pg of
GST-ERKI1 for the indicated times. Phosphorylation was monitored by 3*P incorporation, shown in the upper left corner of the graph. This figure
is representative of results from five different experiments. (C) The double mutant of MKP-3-GFP (MKP-3-DM-GFP) efficiently dephosphory-
lates ERK1/2. Cells expressing either the wild type or the double serine mutant of MKP-3 were starved overnight in the presence of tetracycline
and stimulated for the indicated times (in minutes) with 20% serum. Phosphorylation of MKP-3 and ERK1/2 were analyzed by Western blotting
using appropriate antibodies. ERK2 levels were taken as a loading control. (D) MKP-3-DM-GFP retains a cytosolic localization. Cells were grown
on coverslips and treated overnight with tetracycline to induce either MKP-3-WT-GFP or MKP-3-DM-GFP expression, then fixed, processed for
immunofluorescence using the anti-MKP-3 antibody, and observed by confocal microscopy (Leica). Note the cytosolic localization of both
MKP-3-WT-GFP and MKP-3-DM-GFP, the background staining in the nucleus also being present in cells that do not express MKP-3-GFP (cells
on the right side of the photograph).

P90RSK, a direct substrate for ERKSs, is probably not respon- MKP-3 triggered by the direct activation of the ARafl:ER

sible for MKP-3 phosphorylation, as serines 159 and 197 are
not included in classical consensus sites for this protein kinase.
Together our results suggest that the protein kinases respon-
sible for MKP-3 phosphorylation upon serum stimulation are
ERK1 and ERK2.

This essential role of the MEK-ERK pathway in MKP-3
phosphorylation does not exclude, however, the potential par-
ticipation of other serum-induced signaling pathways, as sug-
gested by the partial protection provided by the MEK inhibitor
U0126 to MKP-3 degradation. Such signals might even pro-
mote or accelerate the MEK-ERK-dependent phosphorylation
of MKP-3, which could explain why the phosphorylation of

chimera occurs later than that induced by serum.

The hypothesis that MKP-3 is a substrate for ERKs is fur-
ther supported by previous reports that MKP-3 is able to form
a stable complex with ERKs, notably through the N-terminal
domain of the phosphatase (13), although other regions may
be involved (42). This interaction is required for efficient and
specific inactivation of ERK1/2, as an amino-terminally trun-
cated version of MKP-3 exhibits a nonspecific and much-re-
duced activity toward all MAPKs (7, 27). Although serines 159
and 197 are situated N-terminally to the MKP-3 catalytic do-
main, their mutation does not impair the interaction between
the phosphatase and ERKs. Indeed, the double mutant of
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MKP-3 dephosphorylates ERK1/2 in cells and hydrolyzes p-
NPP in vitro as efficiently as its wild-type counterpart, a reac-
tion that requires the catalytic activation of MKP-3 through
direct binding of ERK (7, 11, 12, 29, 33, 37, 41, 42). Therefore,
the inability of the double mutant to be phosphorylated is
probably caused by the mutation of phosphorylation consensus
sites for ERKSs rather than by the disruption of the interaction
between MKP-3 and ERKs.

The present report also shows that the phosphorylation of
MKP-3 by ERK2 does not modify the catalytic activity of the
phosphatase. This result may have been expected, since a ki-
nase-dead mutant of ERK2 is equally effective in activating
MKP-3 in vitro (7). However, our results clearly indicate that
ERK1/2 exert a novel regulatory role on MKP-3 at the level of
its stability. The involvement of the proteasome machinery in
MKP-3 degradation was confirmed by both pharmacological
inhibition and cotransfection studies with histidine-tagged
ubiquitin, which showed that MKP-3 was polyubiquitinated.
Numerous studies have implicated ERKSs in the regulation of
protein stability, either in the destabilization of their substrates
or, on the contrary, in their protection against ubiquitination.
For example, ERKs were shown to phosphorylate and promote
proteasome-dependent degradation of the proapoptotic pro-
tein BImEL (22, 23), while phosphorylation by the same pro-
tein kinases protects, on the contrary, the antiapoptotic Bcl2
from degradation (2). In the context of cell growth, ERK-
mediated phosphorylation facilitates the targeting of inducible
cyclic AMP early repressor, an important mediator of cyclic
AMP antiproliferative activity, to the proteasomal machinery
(40). Interestingly, the regulation of protein stability by ERK
phosphorylation takes place even within the enzymatic ma-
chinery responsible for the extinction of ERK signaling. This is
notably the case for MKP-1 and MKP-2, two other members of
the DUSP family, whose phosphorylation by ERK has been
previously reported (3). However, it is interesting in the
present context that phosphorylation by ERKs has the oppo-
site effect on the fates of MKP-1 and MKP-2, as it protected
them from degradation by the proteasome, reinforcing nega-
tive feedback on the ERK module.

Surprisingly, a lack of MKP-1 does not impair mouse devel-
opment or ERK inactivation in fibroblasts (8), suggesting that
other phosphatases may compensate for its loss. Compensation
may involve MKP-2, which shares with MKP-1 the same nu-
clear localization, substrate specificity, and ERK-dependent
phosphorylation site at the C terminus (6, 18, 38). In sharp
contrast, MKP-3 null mutation in Drosophila results in embry-
onic lethality and severe defects in oogenesis (19). Further
insights into its developmental role were provided by other
recent work performed on chick embryos (10, 17). These strik-
ing phenotypes are probably related to the unique features of
MKP-3 within the DUSP family, including its cytosolic local-
ization combined with its high specificity toward ERK1 and
ERK2. The discovery of novel posttranslational modifications
of MKP-3, like the one described in this study, could therefore
significantly advance the understanding of its biological roles.

Hence, our findings suggest a model in which the targeting
of MKP-3 to the proteasome may account for some aspects of
the spatiotemporal regulation of ERK signaling. It is well
known that growth factors induce a strong burst of ERK acti-
vation and the translocation of active ERK to the nucleus.
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However, the cytosol remains positive for phosphoERK for a
much longer time than the nucleus (31, 39). If MKP-1 and
MKP-2 are good candidates for the extinction of the ERK
signal in the nucleus, MKP-3 may be crucial for its termination
in the cytosol. Because the MKP-3 gene is rapidly induced by
growth factors (5; P. Lenormand, personal communication),
the only way to maintain sustained ERK activity in the cytosol
during G, progression would be to decrease MKP-3 activity,
with the proteasome providing an efficient solution. At later
time points, the balance between active ERK and MKP-3 lev-
els probably shifts in favor of the phosphatase, which eventu-
ally leads to the extinction of ERK signaling in the cytosol.
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