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Mitogen-activated protein (MAP) kinases are stable enzymes that are mainly regulated by phosphorylation
and subcellular targeting. Here we report that extracellular signal-regulated kinase 3 (ERK3), unlike other
MAP kinases, is an unstable protein that is constitutively degraded in proliferating cells with a half-life of 30
min. The proteolysis of ERK3 is executed by the proteasome and requires ubiquitination of the protein.
Contrary to other protein kinases, the catalytic activity of ERK3 is not responsible for its short half-life.
Instead, analysis of ERK1/ERK3 chimeras revealed the presence of two destabilization regions (NDR1 and -2)
in the N-terminal lobe of the ERK3 kinase domain that are both necessary and sufficient to target ERK3 and
heterologous proteins for proteasomal degradation. To assess the physiological relevance of the rapid turnover
of ERK3, we monitored the expression of the kinase in different cellular models of differentiation. We observed
that ERK3 markedly accumulates during differentiation of PC12 and C2C12 cells into the neuronal and muscle
lineage, respectively. The accumulation of ERK3 during myogenic differentiation is associated with the time-
dependent stabilization of the protein. Terminal skeletal muscle differentiation is accompanied by cell cycle
withdrawal. Interestingly, we found that expression of stabilized forms of ERK3 causes G1 arrest in NIH 3T3
cells. We propose that ERK3 biological activity is regulated by its cellular abundance through the control of
protein stability.

Protein kinases are signaling molecules whose activity must
be tightly regulated. Indeed, deregulation of protein kinase
expression and/or activity has been implicated in various hu-
man diseases such as cancer (11), insulin resistance syndromes
(19), inflammatory disorders (21, 22), and congenital malfor-
mations (53). The activity of protein kinases is controlled by
multiple mechanisms that include extracellular ligands, second
messengers, phosphorylation, subcellular localization, protein-
protein interactions, and regulated proteolysis.

Mitogen-activated protein (MAP) kinases are among the
most intensively studied families of protein kinases. These
evolutionarily conserved enzymes have been shown to partic-
ipate in pathways controlling embryogenesis, cell proliferation,
differentiation, cell survival, and adaptation (4, 23, 38, 55). All
of the MAP kinases characterized thus far are stable proteins
whose expression is generally not limiting for activity. The
biological activity of MAP kinases is mainly regulated by their
phosphorylation state and subcellular localization (8, 47).
MAP kinases are enzymatically activated by phosphorylation
of two residues within the activation loop motif Thr-Xaa-Tyr,
catalyzed by a family of dual-specificity protein kinases (37).
The amplitude and duration of MAP kinase activation, which
are controlled by the activity of MAP kinase kinases and phos-

phatases, play an important role in determining the final bio-
logical response (25, 29). The targeting of MAP kinases to
specific subcellular locations is also a key determinant of their
biological activity (3, 25, 43).

Extracellular signal-regulated kinase 3 (ERK3) was cloned
originally by virtue of its homology to the MAP kinase ERK1
(2). The ERK3 protein is nearly 50% identical to ERK1/2 in
the kinase domain and has similar lengths of inserts between
conserved subdomains, indicating that ERK3 belongs to the
MAP kinase family of protein kinases (2, 27, 57). However,
ERK3 presents structural features that are distinct from other
MAP kinases. Notably, ERK3 displays the sequence Ser-Glu-
Gly instead of the highly conserved Thr-Xaa-Tyr motif in the
activation loop. Moreover, ERK3 has a unique C-terminal
extension that is absent in classical MAP kinases. The impact
of these features on ERK3 function is unknown.

The physiological functions of ERK3 remain to be estab-
lished. ERK3 mRNA is detected in every adult tissue exam-
ined, although the relative levels of expression vary consider-
ably between tissues (2, 52). Interestingly, expression of ERK3
mRNA is acutely regulated during mouse development, sug-
gesting a possible role of the kinase during embryogenesis (52).
Another study reported that ERK3 mRNA is upregulated dur-
ing in vitro differentiation of P19 embryonal carcinoma cells
toward the neuronal or muscle lineage (2). However, nothing
is known about the regulation of ERK3 protein and kinase
activity. Here we report that, unlike other MAP kinases, ERK3
is an unstable protein that is rapidly and constitutively de-
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graded by the ubiquitin-proteasome pathway in exponentially
proliferating cells. Neither kinase activity nor the C-terminal
extension of ERK3 is required for the high turnover of the
enzyme. Instead, we have identified two degradation domains
in the N-terminal lobe of the kinase that are both necessary
and sufficient to target ERK3 for ubiquitination and degrada-
tion by the proteasome. Importantly, we show that the ERK3
half-life increases during muscle differentiation, leading to ac-
cumulation of the protein. We also show that expression of
stabilized forms of ERK3 inhibits S-phase entry in fibroblasts.
We propose that ERK3 biological activity is mainly controlled
by regulated protein turnover.

MATERIALS AND METHODS

Reagents and antibodies. MG-132 and lactacystin were obtained from Biomol
and Boston Biochem, respectively. E-64 and Z-VAD-FMK were supplied by
Calbiochem. Leupeptin was from ICN. 5-Bromo-2-deoxyuridine (BrdU) was
from Roche Diagnostics. Nerve growth factor 2.5S (NGF) was from Invitrogen.
Commercial antibodies were obtained from the following suppliers: polyclonal
anti-ERK3 (sc-156), anti-Cdk2 (sc-163), and polyclonal anti-Myc (Santa-Cruz
Biotechnology); monoclonal antibody (MAb) anti-p21 (Pharmingen); polyclonal
anti-green fluorescent protein (GFP; Affinity BioReagents); biotinylated goat
anti-rabbit immunoglobulin G (IgG) and horseradish peroxidase (HRP)-conju-
gated streptavidin (Vector Laboratories); HRP-conjugated goat anti-mouse and
anti-rabbit IgG (Bio-Rad); monoclonal anti-BrdU (Calbiochem); fluorescein
isothiocyanate-conjugated donkey anti-rabbit and rhodamine-conjugated donkey
anti-rabbit (Jackson Immunoresearch). MAb 12CA5 to influenza virus hemag-
glutinin (HA) was a gift from M. Dennis (SignalGene). Anti-Myc MAb was
prepared in-house from 9E10 hybridoma-producing cells. Polyclonal antibody to
the C terminus of ERK3 (E3-CTE4) was obtained by immunization of rabbits
with purified His6–E3365-721–glutathione S-transferase (GST) fusion protein ex-
pressed in Escherichia coli (7). The ERK3 phospho-Ser189-specific antibody was
generated in collaboration with Cell Signaling Technology by immunizing rabbits
with the synthetic phospho-Ser189 peptide CSHKGHL(p)SEGLVTKW coupled
to keyhole limpet hemocyanin. The antibody was purified by protein A and
peptide affinity chromatography.

Plasmid constructs and mutagenesis. All recombinant ERK3 DNA constructs
were derived from the human cDNA sequence (27). Point mutations were
introduced into ERK3 cDNA by using the Altered Sites in vitro mutagenesis
system (Promega). pcDNA3-HA was constructed by inserting the HA sequence
from pcDNA I NEO (28) into the HindIII/EcoRI sites of pcDNA3 (Invitrogen
Life Technologies). pcDNA-HA-ERK1 was constructed by subcloning the cod-
ing sequence of hamster ERK1 (28) into EcoRI-digested pcDNA3-HA. pcDNA-
HA-ERK3 was constructed by first inserting an EcoRI site at the initiator ATG
codon of ERK3 cDNA by site-directed mutagenesis, followed by subcloning of
the ERK3 coding sequence into the EcoRI site of pcDNA3-HA. Expression
vectors for HA-tagged p38�2 (J. Han, Scripps Research Institute) and JNK2
(J. Woodgett, Ontario Cancer Institute) were constructed by amplifying the
respective coding sequences by PCR, followed by subcloning into the EcoRI/
XbaI (p38�2) or XhoI/XbaI (JNK2) sites of pcDNA3-HA. pREP10-HA-ERK5
was kindly provided by C. Prody (University of Toronto). The K49A/K50A (KD)
and S189A mutants of ERK3 were obtained by site-directed mutagenesis and
subcloned into pcDNA3-HA vector. HA-ERK31-365� was generated by PCR by
using pcDNA3-HA-ERK3 as a template and subcloned into the EcoRI/XbaI
sites of pcDNA3. To construct the GST-tagged ERK3 expression vector, the
GST coding sequence from pGEX-KG (13) was amplified by PCR and inserted
into the EcoRI/XbaI sites of pcDNA3-HA to generate pcDNA3-HA-GST; the
coding sequence of ERK3 wild-type and S189A was then amplified by PCR to
remove the stop codon and subcloned into the EcoRI site of pcDNA3-HA-GST.
pcDNA3-HA-ERK1-GST was constructed similarly by subcloning the PCR-
amplified ERK1 coding sequence into the EcoRI site of pcDNA3-HA-GST.
Retroviral expression vectors for HA-ERK1 and HA-ERK3 were constructed by
subcloning the inserts into the BamHI/EcoRI sites of pBabe-Puro (30). pMT123
vector encoding HA-tagged ubiquitin was kindly provided by Dirk Bohmann
(51). To generate chimeras between ERK1 and ERK3, specific regions of the two
proteins were amplified by PCR while introducing restriction sites that allow
conservation of the reading frame. The two inserts were then ligated simulta-
neously into pcDNA3-HA vector. To construct expression vectors for enhanced
GFP (EGFP) fusion proteins, the EGFP coding sequence from pEGFP-C2

(Clontech) was amplified by PCR and inserted into the EcoRI/XbaI sites of
pcDNA3-HA to generate pcDNA3-HA-EGFP; the coding region of ERK31-365

or ERK31-112 was then amplified by PCR and subcloned into the EcoRI site of
pcDNA3-HA-EGFP. pcDNA3-HA-ERK1-EGFP and pcDNA3-HA-ERK11-116-
EGFP were constructed by using a similar strategy. Myc6-EGFP was constructed
by inserting EGFP into EcoRI/XbaI of pCS3MT (gift of Andrew Jan Waskie-
wicz). To construct the bicistronic expression vector, poliovirus internal ribosome
entry site (IRES) (40) and Myc6-EGFP were amplified by PCR and cloned into
XbaI/ApaI-digested pcDNA3, yielding pcDNA3-IRES-EGFP. The indicated
coding sequences were then subcloned into the HindIII/EcoRI sites of pcDNA3-
IRES-EGFP. All mutations were confirmed by DNA sequencing. The sequences
of the primers used for PCR and details about the cloning strategies are available
upon request.

Cell culture, transfections, and infections. Human embryonic kidney 293 cells
were cultured in minimal essential medium supplemented with 10% fetal bovine
serum plus antibiotics. COS-7, BALB/c 3T3, and NIH 3T3 cells were cultured in
Dulbecco modified Eagle medium (DMEM) containing 10% calf serum and
antibiotics. Rat1 cells were cultured and transfected as described previously (46).
PC12 cells were maintained on poly-L-lysine-coated dishes in DMEM containing
10% heat-inactivated horse serum, 5% fetal bovine serum, and antibiotics. To
induce neuronal differentiation, PC12 cells were plated on collagen type VII
(Sigma) and stimulated with NGF (100 ng/ml) for the times indicated. C2C12
myoblasts were cultured in DMEM supplemented with 20% fetal bovine serum
and antibiotics (growth medium [GM]). Muscle differentiation of C2C12 cells
was induced by replacing GM with differentiation medium (DM; DMEM, 10 mM
HEPES [pH 7.4], 2% calf serum) when the cells reached confluence.

HEK 293 cells were transiently transfected by the calcium phosphate precip-
itation method with 6 to 9 �g of plasmid DNA per 60-mm dish. Cells were
harvested at 48 h posttransfection unless otherwise indicated. COS-7 and NIH
3T3 cells were transfected by using Lipofectamine reagent according to the
manufacturer’s specifications (Invitrogen). Retroviral infection of A31 and ts20
cells was performed by using the pCL-Ampho packaging vector (Imgenex Cor-
poration). Briefly, HEK 293 cells were cotransfected with pBabe-Puro constructs
and pCL-Ampho. After 48 h, the virus-containing medium was collected, sup-
plemented with 10 �g of Polybrene (Sigma)/ml, and incubated with subconfluent
A31 or ts20 cells for 24 h at 34°C (permissive temperature). The medium was
changed and, after an additional period of 24 h, infected ts20 and A31 cells were
selected for 2 days in complete medium containing 2 and 4 �g of puromycin/ml,
respectively. The cells were either kept at 34°C or shifted to 39°C for the
indicated times.

Immunoblot analysis, immunoprecipitation, and immunofluorescence. Cell
lysis, immunoprecipitation, and immunoblot analysis was performed as described
previously (49). The concentrations of primary antibodies used for immunoblot-
ting were as follows: anti-HA MAb 12CA5 (1:2,500), commercial anti-ERK3
antibody (1:1,000), E3-CTE4 serum (1:1,000), anti-GFP antibody (1:1,000), and
anti-phospho-ERK3(S189) (1:1,000). For detection of ectopically expressed
ERK3 constructs, cell lysates (750 �g of protein) were subjected to immunopre-
cipitation with 2 �l of anti-HA MAb preadsorbed on protein A-Sepharose beads.
Immunoprecipitated proteins were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes. The blocked membrane was first incubated for 1 h with anti-ERK3
or anti-GFP primary antibody. After extensive washing, the membrane was
incubated for 1 h with biotinylated anti-rabbit IgG (1:700) followed by a third
incubation of 1 h with HRP-conjugated streptavidin (1:20,000). Immunoreactive
bands were visualized by using enhanced chemiluminescence. For the detection
of Ser189-phosphorylated ERK3, GST-tagged or endogenous ERK3 protein was
isolated from cell extracts (750 �g of protein) by glutathione-agarose pull-down
or immunoprecipitation with antibody E3-CTD4, respectively. Precipitated pro-
teins were resolved by SDS-PAGE, transferred to nitrocellulose, and analyzed by
immunoblotting.

For BrdU incorporation studies, NIH 3T3 were seeded at 40,000 cells/well
onto poly-L-lysine-coated glass coverslips placed in six-well-plates, and trans-
fected with expression plasmids (1 �g of DNA) by using Lipofectamine reagent.
After 24 h, the cells were serum starved for 24 h and stimulated with 10% serum
for 20 h in the presence of 10 �M BrdU. The cells were fixed with 3.7% para-
formaldehyde–phosphate-buffered saline for 20 min at 37°C. After a quenching
step in 0.1 M glycine for 5 min, the cells were permeabilized by incubation in
0.1% Triton X-100 for 5 min at room temperature. Nonspecific sites were
blocked in phosphate-buffered saline–1% bovine serum albumin for 60 min at
37°C. The transfected proteins were detected by staining with anti-Myc as pri-
mary antibody and fluorescein isothiocyanate-conjugated anti-rabbit IgG as a
secondary reagent. Then, DNA was denatured with 2 N HCl for 10 min at room
temperature. Staining for BrdU incorporation was performed by incubating the
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FIG. 1. ERK3 is an unstable protein. (A) HEK 293 cells were transiently transfected with the indicated constructs, and cell lysates were
analyzed by immunoblotting with anti-HA MAb. (B) Expression vectors for HA-ERK3 (E3) and HA-ERK1 (E1) were translated in vitro in the
presence of [35S]methionine-cysteine and analyzed by fluorography. (C) HEK 293 cells were transfected with HA-ERK3 and HA-ERK1. After
48 h, the cells were treated with cycloheximide (100 �g/ml) for the indicated times. HA-ERK3 protein was immunoprecipitated with anti-HA MAb
and detected by immunoblotting with a commercial anti-ERK3 antibody coupled to a biotin-streptavidin amplification system (upper panel).
HA-ERK1 was analyzed as in panel A (lower panel). (D) Specificity of anti-ERK3 antibody. The polyclonal anti-ERK3 antibody E3-CTE4 was
incubated in the absence (lane 1) or presence of the immunogen His6ERK3365-721GST (lane 2) or ERK3 N terminus (lane 3) prior to
immunoblotting analysis of HEK 293 cell lysate. (E) HEK 293 (upper panel) and NIH 3T3 (lower panel) cells were treated with cycloheximide
(100 �g/ml) for the indicated times. Endogenous ERK3 was detected by immunoblotting with a polyclonal antibody to the C terminus of ERK3
(E3-CTE4).
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cells for 1 h at 37°C with anti-BrdU antibody, followed by incubation with
rhodamine-conjugated anti-mouse IgG as secondary reagent. DAPI (4�,6�-di-
amidino-2-phenylindole) staining was performed to visualize the nuclei. Cell
samples were analyzed by fluorescence microscopy (Leica DM RB). The results
are expressed as the percentage of transfected cells showing nuclear labeling for
BrdU.

In vivo ubiquitination assay. HEK 293 cells were cotransfected with expres-
sion vectors for HA-ERK3-GST (4 �g) and HA-ubiquitin (2 �g). After 48 h, the
cells were treated with 25 �M MG-132 for 12 h. The cells were lysed in Triton
X-100 lysis buffer supplemented with 10 mM N-ethylmaleimide (NEM; Sigma),
and the clarified lysates were further incubated for 10 min with 2.5 mM dithio-
threitol to quench any free NEM. Cell lysates (750 �g of protein) were then
incubated for 2 h at 4°C with 20 �l of glutathione-agarose resin. The bound
proteins were washed four times in lysis buffer and resolved by SDS-PAGE.
Ubiquitin-containing conjugates were detected by immunoblotting with MAb
12CA5 as described above.

Biosynthetic labeling experiments and in vitro translation. Biosynthetic label-
ing experiments were carried out as described previously (49). To assess the rate
of biosynthesis of HA-ERK1 and HA-E31-73-E187-369, transfected HEK 293 cells
were starved of methionine and cysteine for 30 min. 35S-labeled methionine-
cysteine (300 �Ci/ml) was then added to the medium, and the cells were incu-
bated for 5 min at 37°C. The cells were lysed in Triton X-100 lysis buffer, and
HA-tagged proteins were immunoprecipitated as described above. The labeled
proteins were separated by SDS-PAGE and detected by fluorography. To de-
termine the turnover rate of HA-ERK1 and HA-E31-73-E187-369 proteins, trans-
fected HEK 293 cells were pulse-labeled for 2 h at 37°C with 100 �Ci of
35S-labeled methionine-cysteine/ml and then chased for the indicated times in
complete medium containing 100 �g of methionine/ml and 150 �g of cysteine/ml.
Labeled HA-tagged proteins were detected as described. In vitro transcription-
translation was performed by using TNT coupled reticulocyte lysate system
(Promega) according to the manufacturer’s instructions. The reaction products
were detected by fluorography with Amplify (Amersham).

Statistical analysis. The results are expressed as the mean � the standard
error of the mean. Statistical significance between experimental groups was
determined by one-way analysis of variance, followed by Bonferroni analysis by
using GraphPad software (version 2.01). P values of �5% were considered
significant.

Modeling of ERK3 structure. The ternary structure of ERK3 was modeled by
using the SWISS-MODEL server (14, 39), based on the structure of unphos-
phorylated rat ERK2 protein (pdb number 1ERK�) (56). The model contains
amino acids 3 to 346 of human ERK3.

RESULTS

ERK3 is a highly unstable protein. To get insights into the
regulation of ERK3, we constructed several expression vectors
encoding N-terminal HA-tagged human ERK3 cDNA. The
constructs were transiently transfected into HEK 293 cells, and
the expression of ERK3 was analyzed by immunoblotting with
anti-HA antibody. Surprisingly, the expression of ERK3 (ap-
parent molecular mass of 105 kDa) was undetectable in HEK
293 cells, whereas similar constructions of the other MAP
kinase family members ERK1, p38�2, JNK2, and ERK5
yielded high protein levels (Fig. 1A). The failure to ectopically
express ERK3 was also observed in other cell types, such as
Rat1, COS-7, NIH 3T3, or BHK cells (data not shown). Iden-
tical results were obtained by using the mouse ERK3 cDNA
(data not shown). In vitro transcription-translation of ERK3
expression vector in the presence of [35S]methionine con-
firmed the integrity of the plasmid and showed that ERK3 and
ERK1 constructs are translated with comparable efficiency
(Fig. 1B). We also tested the possibility that ERK3 might be
present in the insoluble fraction obtained from the cell lysis
procedure. However, no expression of ERK3 could be de-
tected in either the soluble or the insoluble fraction of trans-
fected HEK 293 cells (data not shown). Notably, the overex-
pressed ERK1 protein was found in both fractions.

One possible explanation for the above findings is that ec-
topically expressed ERK3 is rapidly degraded in cells. To test
this hypothesis, we measured the half-life of ectopic ERK3
after shutting off protein synthesis with cycloheximide. In order
to detect the expression of HA-tagged ERK3, the protein was
enriched by immunoprecipitation with anti-HA MAb, followed
by immunoblotting analysis with a commercial polyclonal an-
tibody to ERK3 coupled to a biotin-streptavidin amplification
system. Using this sensitive approach, HA-ERK3 was detected
in transfected HEK 293 cells as an �105-kDa band (Fig. 1C).
Cycloheximide-chase experiments indicated that HA-ERK3 is
a highly unstable protein with a half-life of ca. 30 min in
exponentially growing HEK 293 cells (Fig. 1C, upper panel). In
contrast, HA-ERK1 has an apparent half-life of 	2 h (Fig. 1C,
lower panel). We also tried to determine the half-life of HA-
ERK3 by pulse-chase analysis, but the level of expression was
too low to yield a detectable signal (data not shown).

To confirm that the observed instability of HA-ERK3 is an

FIG. 2. ERK3 is degraded by the proteasome. (A) HEK 293 cells
were transfected with empty vector or with expression vectors for
HA-ERK3 and HA-ERK1. After 48 h, the cells were treated for a
period of 12 h with various protease inhibitors: MG-132 (25 �M), E-64
(25 �M), leupeptin (0.1 mM), lactacystin (20 �M), and Z-VAD-FMK
(25 �M). Expression of HA-ERK3 protein was detected by immuno-
precipitation with anti-HA MAb, followed by immunoblotting with
anti-ERK3 antibody coupled to a biotin-streptavidin amplification sys-
tem. Expression of ERK1 was analyzed by immunoblotting with an-
ti-HA MAb. (B) HEK 293 cells were treated for 12 h with the indicated
protease inhibitors. Endogenous ERK3 expression was detected by
immunoblotting with E3-CTE4 antibody. (C) HEK 293 cells were
treated with dimethyl sulfoxide (0.1%) or MG-132 (25 �M). After 30
min, cycloheximide was added to the medium for the times indicated.
Expression of endogenous ERK3 was detected as in panel B.
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intrinsic property of the protein, we generated a rabbit poly-
clonal antibody against the C terminus of ERK3 (E3-CTE4).
This antibody detects an endogenous protein of 105 kDa in
HEK 293, NIH 3T3, Rat1, HeLa, and BALB/c 3T3 cell lysates
(Fig. 1D and data not shown). Incubation of the antiserum
with the immunogen ERK3 C-terminus fusion protein, but not
with ERK3 N terminus, completely abolishes the immuno-
reactivity, thus confirming the specificity of the antibody
(Fig. 1D). By cycloheximide-chase, we found that endogenous
ERK3 is also unstable, with a half-life comparable to that
measured for transfected HA-ERK3 (Fig. 1E).

ERK3 is ubiquitinated in vivo and is degraded by the 26S
proteasome. We used various pharmacological inhibitors to
address the role of known proteolytic systems in mediating the
observed rapid ERK3 degradation. Two inhibitors of the pro-
teasome, the peptide-aldehyde MG-132 (45) and the Strepto-
myces metabolite lactacystin (9), were found to significantly
increase the steady-state level of transfected ERK3 (Fig. 2A,
upper panel). In contrast, inhibitors of cathepsins (E-64 and
leupeptin), calpains (E-64), or caspases (Z-VAD-FMK) had
no effect on HA-ERK3 expression. No change in the abun-
dance of HA-ERK1 protein was observed under these condi-
tions (Fig. 2A, lower panel). Similarly, treatment of HEK 293
cells with MG-132 or lactacystin resulted in the accumulation
of endogenous ERK3 protein, as revealed by immunoblot
analysis (Fig. 2B). Cycloheximide-chase experiments con-
firmed that proteasome inhibitors act by increasing ERK3 sta-
bility. The half-life of ERK3 increased from 30 min to 	2 h
upon MG-132 treatment (Fig. 2C). These results indicate that
ERK3 is actively degraded by the proteasome.

Efficient degradation of proteins by the proteasome gener-
ally requires the conjugation of multiple molecules of ubiquitin
to the substrate (17, 18). We thus sought to determine whether
ERK3 is ubiquitinated in vivo. To this end, we engineered
C-terminal GST-tagged versions of HA-ERK3 and HA-ERK1
as a means to specifically purify the kinases from cell extracts.
In vitro translation experiments confirmed that the GST-
tagged ERK3 and ERK1 constructs are translated with similar
efficiency (Fig. 3A, left panel). However, when the two con-
structs were transfected into HEK 293 cells, no detectable
expression of ERK3-GST could be observed under stan-
dard immunoblotting conditions, whereas ERK1-GST was ex-
pressed to high levels (Fig. 3A, middle panel). The weak ex-
pression of ERK3-GST was detected by using a biotin-
streptavidin amplification system (data not shown). To verify
the in vivo ubiquitination status of ERK3, HEK 293 cells were

cotransfected with ERK3-GST and HA-tagged ubiquitin, fol-
lowed by treatment with MG-132. The GST fusion kinases
were then purified from cellular extracts and analyzed by an-
ti-HA immunoblotting. High-molecular-weight immunoreac-
tive species were detected only in cells transfected with both
ERK3-GST and HA-ubiquitin and not in cells transfected with
ERK1-GST (Fig. 3A, right panel). These results strongly sug-
gest that ERK3 is polyubiquitinated in vivo.

In rare cases, such as p21Cip1 (50), ubiquitination is not
necessary for proteasomal degradation. To test the importance
of ubiquitin conjugation in targeting ERK3 to the proteasome,
we used the ts20 cell line that harbors a temperature-sensitive
allele of the ubiquitin-activating enzyme E1 (6). For these
experiments, ts20 and parental A31 cells were infected with
retroviruses encoding HA-ERK3 or HA-ERK1. As shown in
Fig. 3B (upper panel), the ectopic HA-ERK3 protein signifi-
cantly accumulated when ts20 cells were shifted to the nonper-
missive temperature (39°C), whereas no change in expression
was observed in A31 cells expressing a normal E1. In contrast,
the expression of HA-ERK1 was unaffected by inactivation of
E1 at the nonpermissive temperature (Fig. 3B, lower panel).
The steady-state level of endogenous ERK3 expression also
markedly increased when ts20 cells were incubated at 39°C
(Fig. 3C, upper panel). No temperature-dependent upregula-
tion of ERK3 was observed in A31 cells. To unambiguously
demonstrate that the increase of endogenous ERK3 expression
observed at the restrictive temperature results from stabiliza-
tion of the protein, we measured its half-life by cycloheximide-
chase experiments. The half-life of ERK3 increased from ca.
30 min at 34°C to more than 2 h at 39°C (Fig. 3C, lower panel).
We conclude from these results that a functional ubiquitin-
conjugating system is required for efficient degradation of
ERK3 by the proteasome.

Ser189 phosphorylation, kinase activity, and C-terminal ex-
tension of ERK3 are not involved in its constitutive degrada-
tion. We next carried out experiments to identify signals in
ERK3 that are important for degradation. ERK3 displays the
sequence S189EG in its activation loop instead of the conserved
TXY motif. In agreement with previous findings (5), we ob-
served by in vivo labeling experiments that ERK3 is phosphor-
ylated on Ser189 in living cells (P. Coulombe and S. Meloche,
unpublished data). To further study the regulation of ERK3
phosphorylation on Ser189, we developed a phospho-specific
antibody to this residue. The specificity of the antibody is
illustrated in Fig. 4A, which confirms that ERK3 is phos-
phorylated on Ser189 in proliferating HEK 293 cells. We

FIG. 3. A functional ubiquitin-conjugating system is required for ERK3 proteolysis. (A) ERK3 is ubiquitinated in vivo. In the left panel is
shown in vitro translation of expression vectors encoding HA-ERK3GST and HA-ERK1GST in the presence of [35S]methionine-cysteine. The
products were detected by fluorography. In the central panel, HEK 293 cells were transfected with HA-ERK3GST and HA-ERK1GST expression
constructs. After 48 h, GST-tagged proteins were precipitated with glutathione-agarose beads and analyzed by immunoblotting with anti-HA MAb.
In the right panel, HEK 293 cells were cotransfected with GST-tagged expression vectors together with HA-ubiquitin. After 48 h, the cells were
treated with MG-132 (25 �M) for an additional 12 h, and GST-tagged proteins were precipitated with glutathione-agarose beads. Immunoreactive
ubiquitin conjugates were detected by immunoblotting with anti-HA MAb. (B) Parental BALB/c 3T3 (A31) and E1 mutant ts20 cells were infected
with retroviruses encoding HA-ERK3 or HA-ERK1. At 3 days after selection in puromycin-containing medium, the infected cells were shifted or
not at the restrictive temperature (39°C) for the times indicated. Expression of ectopic ERK3 and ERK1 proteins was detected as in Fig. 1E. (C) In
the upper panel, A31 and ts20 cells were incubated at the permissive or restrictive temperature for the indicated times. Endogenous ERK3
expression was detected by immunoblotting with E3-CTE4 antibody. In the lower panel, ts20 cells were incubated at the permissive or restrictive
temperature for 12 h. The cells were then treated with cycloheximide for the indicated times. Expression of endogenous ERK3 protein was
monitored with E3-CTE4 antibody.
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FIG. 4. Role of Ser189 phosphorylation, kinase activity, and C-terminal extension on the stability of ERK3. (A) ERK3 is phosphorylated on
Ser189. HEK 293 cells were transfected with GST fusion constructs of ERK3 wild-type or S189A mutant. GST-tagged proteins were purified from
lysates by using glutathione-agarose beads and analyzed by immunoblotting with anti-phospho-ERK3(S189) (upper panel) or E3-CTD4 antibody
(lower panel). (B) HEK 293 cells were transfected with the indicated expression constructs. Ectopically expressed ERK3 proteins were detected
by immunoprecipitation with anti-HA MAb, followed by immunoblotting with anti-ERK3 antibody coupled to a biotin-streptavidin amplification
system. (C) HEK 293 cells were transfected with the indicated expression constructs and cell lysates were analyzed by immunoblotting with anti-HA
MAb. (D) The same expression constructs were translated in vitro in the presence of [35S]methionine-cysteine and analyzed by fluorography.
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FIG. 5. A signal located in the N terminus of ERK3 regulates its stability. (A) Schematic representation of the constructs used in these
experiments. (B) In the upper panel, HEK 293 cells were transfected with the indicated expression constructs and cell lysates were analyzed by
immunoblotting with anti-HA MAb. In the lower panel, in vitro translation of the same constructs was visualized by fluorography. (C) Synthesis
of ERK1 and E31-73-E187-369 proteins. HEK 293 cells were transfected with the indicated constructs and pulse-labeled with [35S]methionine-
cysteine for 5 min. The HA-tagged proteins were immunoprecipitated with anti-HA MAb and analyzed by fluorograply. (D) Turnover of ERK1
and E31-73-E187-369 proteins. Transfected HEK 293 cells were pulse-labeled for 2 h with [35S]methionine-cysteine and then chased for the indicated
times in complete medium. The HA-tagged proteins were immunoprecipitated with anti-HA MAb and visualized with a PhosphorImager appa-
ratus. (E) In the upper panel, HEK 293 cells were transfected with the indicated expression constructs, and lysates were analyzed by immuno-
blotting with anti-HA MAb. In the lower panel, in vitro translation of the same constructs was visualized by fluorography. (F) HEK 293 cells were
transfected with an expression vector encoding HA-ERK11-201-ERK3201-721 chimera. After 48 h, the cells were treated with cycloheximide for the
indicated times, and expression of the protein was detected by immunoblotting with anti-HA MAb.
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next evaluated the impact of Ser189 phosphorylation on ERK3
degradation. No change in the steady-state level of ERK3
expression was observed for the S189A mutant, suggesting that
activation loop phosphorylation does not influence ERK3 sta-
bility (Fig. 4A to C). To investigate the contribution of ERK3
kinase activity on its stability, we generated a catalytically in-
active mutant by changing two lysine residues present in sub-
domain II to alanine (KD; kinase dead). Transient transfec-
tions into HEK 293 cells showed that ERK3 KD is expressed at
levels similar those for the wild-type protein (Fig. 4B and C).
This suggests that the kinase activity of ERK3 is not required
for the high turnover rate of the protein.

ERK3 possesses a unique C-terminal extension that is not
found in ERK1 or other classical MAP kinases. We therefore
tested the hypothesis that sequences contained within this re-
gion might have a role in regulating ERK3 stability. As shown
in Fig. 4C, deletion of the C-terminal extension of ERK3
(ERK31-365�) did not increase its expression to detectable
levels. In vitro assays confirmed that the deletion mutant of
ERK3 was translated efficiently (Fig. 4D). These results argue
that the major determinants of ERK3 stability are contained
within the first 365 amino acids of the kinase.

Mapping of the regions conferring ERK3 instability. To
identify the regions that target ERK3 for rapid degradation, we
generated a series of chimeras between ERK1 (E1) and ERK3
(E3) (Fig. 5A). These chimeric constructs were subcloned into
pcDNA3-HA vector and transiently expressed in HEK 293
cells. We found that a chimera containing the first 73 amino
acids of ERK3 was expressed at low level compared to ERK1
or to a chimera containing amino acids 318 to 365 of ERK3
(Fig. 5B, upper panel). Although no difference was observed in
the in vitro translation rates of the constructs (Fig. 5B, lower
panel), it is still possible that the weak expression of the chi-
mera containing the N-terminal region of ERK3 is due to a
reduction in de novo biosynthesis. To exclude this possibility,
pulse-labeling experiments were performed in transfected
cells. The results clearly indicated that the rate of synthesis of
HA-E31-73-E187-369 was similar to that of HA-ERK1 (Fig. 5C).
Thus, the N-terminal region of ERK3 must regulate the turn-
over of the protein. Indeed, pulse-chase experiments con-
firmed that the half-life of HA-E31-73-E187-369 (1.2 h) is more
than 15-fold less than that of HA-ERK1 (	20 h) (Fig. 5D).
This difference is likely responsible for the marked differences
in steady-state levels of the proteins observed by immunoblot-
ting. In a complementary experiment, we replaced the first 199
amino acids of ERK3 by the equivalent residues of ERK1.
Although wild-type HA-ERK3 and HA-E11-201-E3199-721 were
translated with comparable efficiency in vitro, the HA-E11-201-
E3199-721chimera is expressed to much higher levels than HA-
ERK3 when transiently transfected into HEK 293 cells (Fig.
5E). This enhanced expression results from the stabilization of
the protein. As revealed by cycloheximide-chase experiments,

the HA-E11-201-E3199-721 chimera has a half-life of 4 to 6 h,
which is at least eight times longer than wild-type ERK3 (Fig.
5F). These data indicate the presence of a functional degrada-
tion domain in the N-terminal extremity of ERK3.

To define more precisely this degradation domain, we con-
structed additional chimeras between ERK1 and ERK3. We
first engineered ERK1 chimeras containing N-terminal ERK3
sequences of increasing length (Fig. 6A). Substitution of the
first 15 or 38 amino acids of ERK1 by the equivalent residues
of ERK3 resulted in a two- to threefold reduction in protein
expression. This finding suggests the presence of a destabiliza-
tion signal in the first 15 amino acids of ERK3. A chimeric
kinase containing the first 73 amino acids of ERK3 was ex-
pressed four- to sixfold less than the HA-E31-38-E151-369 chi-
mera, thereby indicating the presence of an additional desta-
bilization signal located between residues 38 and 73 of ERK3.
A chimeric protein containing the N-terminal 177 amino acids
of ERK3 was expressed at levels comparable to HA-E31-73-
E187-369 chimera. Expression of HA-ERK31-365� was barely
detectable under these conditions. In the complementary ap-
proach, we generated ERK3 chimeras containing N-terminal
sequences of ERK1 (Fig. 6B). Chimeras containing the first 19
or 64 amino acids of ERK1 were expressed at similar levels and
were slightly stabilized compared to HA-ERK31-365�. This is
consistent with the loss of a destabilization signal present in the
very first amino acids of ERK3. Substitution of the first 81 or
198 amino acids of ERK3 by the corresponding sequences of
ERK1 further stabilized the protein, yielding expression levels
that were four to six times higher than HA-E11-64-E353-365

chimera. These last results confirm the existence of a second
destabilization motif present between residues 53 and 82 of
ERK3. Notably, the destabilization regions identified by these
two independent series of chimeras were found to overlap (Fig.
6A and B). Because of their critical role in regulating ERK3
protein stability, these two regions were named N-terminal
degradation regions 1 and 2 (NDR1 and -2).

To further analyze the NDR1 and NDR2, we generated a
structural model of ERK31-365� based on the X-ray crystal
structure of unphosphorylated ERK2 (see Materials and Meth-
ods). In this theoretical model comprising amino acids 3 to 346
of ERK3, the enzyme adopts a structure highly similar to that
of ERK2, with an N-terminal lobe rich in beta strands and a
C-terminal lobe rich in alpha helices (Fig. 6C). The predicted
structure of ERK3 reveals that the two degradation regions
identified by chimera analysis are both found within ERK3
N-terminal lobe. Interestingly, the NDR1 and NDR2 are lo-
cated on the same side of the molecule (Fig. 6C, highlighted in
yellow). A surface representation of ERK3 structure clearly
shows that NDR1 and NDR2 are juxtaposed and could define
a putative interaction domain (Fig. 6D).

The N-terminal lobe of ERK3 is sufficient to target proteins
for proteasomal degradation. The results presented above sug-

FIG. 6. The N-terminal lobe of ERK3 kinase domain contains two regions that control protein stability. (A) Left panel, schematic represen-
tation of the constructs. In the upper right panel, HEK 293 cells were transfected with the indicated expression constructs, and cell lysates were
analyzed by immunoblotting with anti-HA MAb. In the lower right panel is shown in vitro translation of the same constructs as visualized by
fluorography. (B) Same as in panel A. (C) Ribbon diagram of ERK3 structure (amino acids 3 to 346) modeled from the X-ray structure of
unphosphorylated ERK2. The N-terminal lobe is green, and the C-terminal lobe is red. NDR1 and NDR2 are yellow. (D) Surface representation
of ERK3. NDR1 and NDR2 are yellow.
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gest that NDR1 and NDR2 form a transferable degradation
signal that is independent of the kinase C-terminal lobe. To
test this hypothesis, we constructed fusion proteins between
ERK3 and the stable heterologous protein EGFP (Fig. 7A).
Immunoblot analysis indicated that EGFP alone is expressed
at high levels in transfected HEK 293 cells (Fig. 7B). Addition
of the first 365 amino acids of ERK3 to EGFP almost com-
pletely abolished expression of the fusion protein, whereas the
equivalent fusion of ERK1 had no significant effect. Fusion of

only the N-terminal lobe of ERK3 (residues 1 to 112) was
sufficient to downregulate EGFP expression, whereas the
equivalent sequence in ERK1 had little effect. A cyclohexim-
ide-chase experiment confirmed that the N-terminal lobe of
ERK3 increases the degradation rate of EGFP. The E31-112-
EGFP fusion protein has a half-life of less than 30 min in
transfected cells compared to a half-life of more than 2 h for
E11-116-EGFP hybrid protein (Fig. 7D). Results with pharma-
cological inhibitors indicated that the N-terminal lobe of ERK3

FIG. 7. The N-terminal lobe of ERK3 kinase domain is sufficient to target proteins for rapid proteasomal degradation. (A) Schematic repre-
sentation of the constructs used. (B) HEK 293 cells were transfected with the indicated expression constructs, and cell lysates were analyzed by
immunoblotting with anti-GFP antibody. (C) The same expression constructs were translated in vitro in the presence of [35S]methionine-cysteine
and analyzed by fluorography. (D) HEK 293 cells were transfected with expression vectors encoding HA-ERK31-112-EGFP and HA-ERK11-116-
EGFP. After 48 h, the cells with treated with cycloheximide for the indicated times. The HA-ERK31-112-EGFP protein was detected by immu-
noprecipitation with anti-HA MAb, followed by immunoblotting with anti-GFP antibody coupled to a biotin-streptavidin amplification system
(upper panel). HA-ERK11-116-EGFP was detected by immunoblotting with anti-GFP antibody (lower panel). (E) Transfected HEK 293 cells were
treated for 12 h with the following protease inhibitors: MG-132 (25 �M), E-64 (25 �M), and lactacystin (20 �M). Expression of EGFP-tagged
proteins was detected as in panel D.
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targets proteins for degradation by the proteasome. Indeed,
treatment with MG-132 and lactacystin increased the steady-
state level of E31-112-EGFP, whereas E-64 had no effect (Fig.
7E). Under these conditions, the expression of E11-116-EGFP
was not significantly modified by these protease inhibitors.
These results demonstrate that the N-terminal lobe of ERK3 is

a transferable degradation signal that is sufficient to efficiently
target proteins to the proteasome.

ERK3 is stabilized and accumulates to high levels during
muscle differentiation. To establish the physiological relevance
of the short half-life of ERK3, it is important to identify stimuli
that cause the accumulation of the kinase in cells. To address

FIG. 8. Induction of ERK3 expression during cellular differentiation. (A) PC12 cells were stimulated or not with NGF for 4 days. Phase-
contrast micrographs show the outgrowth of neurites in NGF-treated cells. (B) C2C12 cells were grown in GM for 2 days or in DM for 7 days.
Phase-contrast micrographs show the formation of myotubes in DM. (C) PC12 cells were treated with NGF for the indicated times. The expression
of endogenous ERK3 was analyzed by immunoblotting with E3-CTE4 antibody. (D) C2C12 cells were incubated in GM or DM for the indicated
times. The expression of endogenous ERK3, p21Cip1 and Cdk2 was analyzed by immunoblotting. (E) The half-life of ERK3 was evaluated by
cycloheximide-chase experiments in proliferating (day 1) and differentiating (day 5 and 9) C2C12 myoblasts. (F) ERK3 is phosphorylated on Ser189
in differentiated muscle cells. Endogenous ERK3 was immunoprecipitated from differentiated C2C12 cells (day 9) with either preimmune serum
(lane PI) or E3-CTE4 antibody (lane I). Phosphorylation of ERK3 was monitored by immunoblotting with anti-phospho-Ser189-specific antibody.
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this question, we first examined the expression of ERK3 in
growth-arrested and proliferating cells. No change in the
steady-state levels of endogenous ERK3 protein could be ob-
served during cell cycle progression (data not shown). Treat-
ment with DNA-damaging agents, CoCl2 (hypoxia-mimetic),
or tumor necrosis factor alpha had no effect either on ERK3
turnover.

Because of the importance of MAP kinase pathways in cell
differentiation and lineage commitment (23, 38, 54), we also
monitored the expression of ERK3 in different cellular models
undergoing differentiation. The phaeochromocytoma cell line
PC12 differentiates into a sympathetic neuron-like phenotype,
characterized by neurite outgrowth and other cellular changes
(12), in response to neurotrophic factors (Fig. 8A). C2C12 is a
myogenic cell line derived from muscle satellite cells (1) that
form postmitotic, multinucleated myotubes when grown in low
serum (Fig. 8B). In both of these cellular models, differentia-
tion was accompanied by a dramatic and time-dependent ac-
cumulation of ERK3 protein (Fig. 8C and D). In C2C12 cells,
ERK3 upregulation paralleled that of the cell cycle inhibitor
p21Cip1, a marker of skeletal muscle differentiation (15, 36)
(Fig. 8D). Most importantly, cycloheximide-chase experiments
revealed that ERK3 accumulation results in large part from its
time-dependent stabilization during the differentiation pro-
cess. The half-life of ERK3 changed from �15 min in undif-
ferentiated C2C12 myoblasts to 1 h by the fifth day of differ-
entiation to more than 2 h in fully differentiated cells (Fig. 8E).
Immunoblot analysis with anti-phospho-ERK3(S189)-specific
antibody indicated that ERK3 is phosphorylated in the activa-
tion loop in differentiated C2C12 cells, suggesting that the
kinase is active.

Expression of stabilized forms of ERK3 inhibits S-phase
entry. Cellular differentiation is accompanied by cell cycle ar-
rest in the G1 phase. We thus evaluated the impact of ERK3
expression on cell cycle progression. For these experiments, we
constructed a bicistronic vector expressing Myc-tagged EGFP
downstream of the poliovirus IRES to enable detection of
transfected cells (Fig. 9A). Transfected NIH 3T3 fibroblasts
were synchronized in G0 by serum starvation and then stimu-
lated with serum in the presence of BrdU to monitor entry into
S phase (S-phase entry). As expected, overexpression of p27Kip1,
used as control, strongly inhibited the entry of cells into S
phase (Fig. 9B) (42). Under these conditions, ectopically ex-
pressed wild-type ERK3 had little effect on cell cycle progres-
sion (Fig. 9B and C). Using the information gained from our
chimera analysis, we next tested the effect of stabilized forms of
ERK3 (see Fig. 6B). Two chimeric constructs were made in
which part of ERK3 N-terminal lobe is replaced by the cor-
responding ERK1-derived sequences (Fig. 9A). Immunoblot
analysis confirmed that the two chimeric proteins are ex-
pressed at high levels compared to wild-type ERK3 (Fig. 9D).
Ectopic expression of the stabilized forms of ERK3 markedly

decreased the number of BrdU-positive cells (Fig. 9B and C).
No morphological change typical of apoptosis or cell death was
observed under these conditions. These results suggest that
ERK3 can act as a negative regulator of G1-phase progression.

DISCUSSION

Regulated intracellular proteolysis is now recognized as a
versatile and efficient mechanism to control gene expression.
The regulation of protein turnover can have a significant im-
pact on the activity of the corresponding target gene and is
associated with either a decrease or an increase in protein
stability. For example, the inhibitors of NF-
B (I
B) and the
cyclin-dependent kinase inhibitor p27Kip1 are expressed to high
levels in resting cells but are rapidly degraded in response to
cytokines or cell cycle progression, respectively (34, 35). In
contrast, the tumor suppressor gene product p53 and the tran-
scription factor hypoxia inducible factor 1� (HIF-1�) are both
constitutively degraded in unstimulated cells. However, in re-
sponse to specific stimuli, i.e., genotoxic stress for p53 (33) or
hypoxia for HIF-1 (48), the proteins accumulate as a result of
the inhibition of protein degradation, thereby allowing them to
exert their biological functions. Here we report that the atyp-
ical MAP kinase homologue ERK3 is a highly unstable pro-
tein, with a half-life of ca. 30 min, that is constitutively de-
graded in exponentially proliferating cells. This is the first
documented example of a MAP kinase family member whose
activity is acutely regulated by protein turnover. Interesting-
ly, Lu et al. (24) recently reported that prolonged exposure
to sorbitol induces polyubiquitination of the MAP kinases
ERK1/2 and promotes their degradation by a mechanism de-
pendent on the plant homeobox domain (PHD) of MEKK1. In
agreement with the results presented here, no ubiquitination
of ERK1/2 was observed in response to serum or other stress
stimuli, such as UV radiation or anisomycin. In contrast to
ERK3, which is rapidly degraded in proliferating cells, ubiq-
uitination of ERK1/2 (and possibly other MAP kinases) may
represent an alternative feedback mechanism for downregu-
lating kinase activity upon a persistent stress stimulus.

Protein degradation by the ubiquitin-proteasome system is
involved in the regulation of many important cellular pro-
cesses, including signal transduction, transcription, cell cycle
progression, and class I major histocompatibility complex an-
tigen presentation (10, 26). Using a combination of pharma-
cological, biochemical, and genetic approaches, we found that
the ubiquitin-proteasome pathway is responsible for the rapid
degradation of ERK3. Treatment with MG-132 and lactacys-
tin, two structurally unrelated proteasome inhibitors, markedly
increased the steady-state levels of ERK3 protein without
changing the levels of ERK1. Importantly, we showed that
MG-132 treatment markedly increases the half-life of endog-

FIG. 9. Stable forms of ERK3 inhibit S-phase entry in NIH 3T3 fibroblasts. (A) Schematic representation of chimeric constructs used in these
experiments. The NDR1 and NDR2 regions are highlighted. (B) NIH 3T3 cells were transfected with the indicated constructs. The cells were serum
starved and then stimulated with 10% serum for 20 h in the presence of BrdU. The percentage of transfected cells (Myc-positive) that incorporated
BrdU was evaluated by fluorescence microscopy. ns, not significantly different; ‡, P � 0.01 compared to vector; §, P � 0.01 compared to wild-type
ERK3. (C) Representative example of the results shown in panel B. (D) NIH 3T3 cells were transfected or not with the indicated constructs. After
44 h, cell lysates were prepared and analyzed by immunoblotting with E3-CTE4 antibody (upper panel) and 9E10 MAb (lower panel).
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enous ERK3, clearly demonstrating that ERK3 is a direct
substrate of the proteasome.

Targeting of proteins to the proteasome generally requires
the attachment of a multiubiquitin chain to the substrate (17,
18). However, there are examples, such as ornithine decarbox-
ylase (32) and p21Cip1 (50), for which it has been demonstrated
that ubiquitination is not necessary for degradation by the
proteasome. Our results clearly indicate that ERK3 is ubiqui-
tinated in vivo and that ubiquitination is a required step for
efficient degradation by the proteasome. This conclusion is
supported by the following observations. First, cotransfection
experiments of ERK3 with HA-tagged ubiquitin revealed the
accumulation of high-molecular-weight HA-ubiquitin conju-
gates in MG-132-treated cells. These slowly migrating HA-
immunoreactive species were not observed in cells transfected
with ERK1. Second, the half-life of endogenous ERK3 protein
was markedly increased at the nonpermissive temperature in
cells bearing a thermolabile allele of the ubiquitin-activating
enzyme E1. Third, fusion of the degradation domain of ERK3
to the heterologous protein EGFP was sufficient to promote its
ubiquitination (data not shown) and to target it for proteaso-
mal degradation (Fig. 7D).

A role for the proteasome in the regulation of ERK3 ex-
pression was recently reported by Zimmermann et al., who
showed, by using a microarray-based differential cDNA hybrid-
ization technology, that ERK3 mRNA is upregulated by vari-
ous proteasome inhibitors (58). Proteasome inhibition also
resulted in the accumulation of ERK3 protein. It was con-
cluded that proteasome inhibitors influence ERK3 expression
mainly at the transcriptional level. However, these authors did
not evaluate the half-life or the ubiquitination status of ERK3.
Whereas our study does not exclude a role of the proteasome
in the transcriptional activation of ERK3 gene, the experiments

presented here clearly demonstrate the importance of this pro-
teolytic system in directly controlling ERK3 protein stability in
proliferating cells.

It is interesting that for most protein kinases shown to be
unstable, destabilization of the kinase is linked to enzymatic
activation. For example, activation of the serine/threonine ki-
nases PKC� (20) and GRK2 (41) by their specific activators
bryostatin and isoproterenol, respectively, leads to their pro-
teasomal degradation. Similarly, the turnover of many recep-
tor and soluble tyrosine kinases is also regulated by their
phosphotransferase activity. Ligand-activated platelet-derived
growth factor � receptor (31) or constitutively activated v-Src
(16) are both ubiquitinated and targeted to the 26S protea-
some. The activation-dependent destabilization of the enzyme
seems to be part of a negative feedback regulatory loop aimed
at decreasing overall protein kinase activity. In contrast, our
findings indicate that the control of ERK3 stability is indepen-
dent of its kinase activity and of activation loop phosphoryla-
tion.

From the results of mutagenesis analysis, we concluded that
the destabilizing signal is contained within the first 365 amino
acids of ERK3. To further define the degradation domain of
ERK3, we examined the stability of a series of chimeric kinases
made between the stable ERK1 kinase and ERK3. We were
able to delimit two regions in the N-terminal lobe of ERK3
kinase domain that contribute to protein instability. These two
regions correspond to the first 15 amino acids of ERK3
(NDR1) and parts of kinase subdomains II and III (NDR2,
residues 53 to 73). As one would expect, primary sequence
analysis revealed that these two regions display low identity to
the corresponding ERK1 sequences. Close inspection of the
sequences did not reveal any obvious resemblance with known
degradation motifs. Interestingly, in a recent study aimed at

FIG. 10. Model of ERK3 regulation by proteasome-mediated degradation.
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defining structural determinants controlling subcellular local-
ization and MEK recognition, Robinson et al. observed that a
chimera containing the N-terminal lobe of ERK3 and the C-
terminal lobe of ERK2 is expressed at a low level compared to
wild-type ERK2 (44). This observation is in agreement with the
results presented here. Despite the fact that NDR1/2 are not
contiguous in the primary sequence, a theoretical model of the
structure of ERK33-346 revealed that the two regions lie on the
same side of the molecule in close proximity. We postulate that
the NDR1/2 form a docking site for assembly of an E3 ubiq-
uitin-protein ligase. In support of this hypothesis, we showed
that ERK3 N-terminal lobe is sufficient to target heterologous
proteins for degradation by the proteasome. It remains to be
determined whether NDR1/2 activity is regulated by posttrans-
lational modifications or, alternatively, if the assembly of the
ERK3-E3 complex is regulated by interacting proteins. The
ERK3-specific E3 ligase may also be subject to direct regula-
tion.

Our results provide strong evidence for the physiological
relevance of ERK3 rapid turnover. We found that the stability
of ERK3 increases with time during in vitro myogenic differ-
entiation of C2C12 cells, resulting in a marked upregulation of
the protein. The accumulation of ERK3 is concomitant with
the induction of 21Cip1 protein and exit from the cell cycle,
suggesting that ERK3 may contribute in some way to cell cycle
withdrawal. In agreement with this idea, BrdU incorporation
studies revealed that expression of stabilized forms of ERK3,
but not unstable wild-type ERK3, inhibits the induction of S
phase in fibroblasts. This is the first biological effect of ERK3
described to date. All of these observations suggest that un-
identified cellular ERK3-specific E3 ligase(s) is able to repress
the cell cycle inhibitory activity of ERK3 by promoting its
ubiquitination and degradation by the proteasome. We thus
propose that the biological activity of ERK3 is mainly regu-
lated by its cellular abundance through the control of protein
degradation by the ubiquitin-proteasome pathway (Fig. 10).
This model is reminiscent of the regulation mode of the tran-
scription factors p53 and HIF-1�.
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