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p21€P! is an inhibitor of cell cycle progression that promotes G,-phase arrest by direct binding to cyclin-
dependent kinase and proliferating cell nuclear antigen. Here we demonstrate that mitogenic stimuli, such as
epidermal growth factor treatment and oncogenic Ras transformation, induce p21“?' downregulation at the
posttranslational level. This downregulation requires the sustained activation of extracellular signal-regulated
kinase 2 (ERK2), which directly interacts with and phosphorylates p21<"!, promoting p21<**! nucleocytoplas-
mic translocation and ubiquitin-dependent degradation, thereby resulting in cell cycle progression. ERK1 is
not likely involved in this process. Phosphopeptide analysis of in vitro ERK2-phosphorylated p21<**! revealed
two phosphorylation sites, Thr57 and Ser130. Double mutation of these sites abolished ERK2-mediated p21<**!
translocation and degradation, thereby impairing ERK2-dependent cell cycle progression at the G,/S transi-
tion. These results indicate that ERK2 activation transduces mitogenic signals, at least in part, by downregu-

lating the cell cycle inhibitory protein p21<*!,

The cyclin-dependent kinase (CDK) inhibitor p21<"! is im-
portant in the control of cell proliferation, differentiation, se-
nescence, and apoptosis. p21<P! was initially identified as a
component of a quaternary complex containing CDK, cyclin,
and proliferating cell nuclear antigen (PCNA) that regulates
cell cycle progression and DNA replication. Overexpression of
p21<"P! results in cell cycle arrest (11), and p21<"P! expression
is induced at the transcriptional level by activation of p53 (10).
Although the inhibitory role of p21<'P! is well established, a
positive role for p21<"P* as an assembly factor for cyclin D1-
CDK4/6 complexes has also been shown (8, 18). In addition to
transcriptional regulation, p21<"P! function can be regulated at
the posttranslational level. AKT, protein kinase C zeta, CDK2,
and glycogen synthase kinase 3B (GSK-38) phosphorylate
p21<"P! at Thr145, Ser146, Ser130, and Thr57/Ser114, respec-
tively, resulting in inhibition, translocation, or destabilization
of p21°P! (19, 27, 28, 31, 40, 41). Paradoxically, phosphoryla-
tion of Ser130 (by JNKI1 or p38a) or Ser146 (by AKT) has also
been reported to enhance p21<"P! stability (16, 20). p21<'P" is
a highly unstable protein (7, 21) that has been shown to accu-
mulate following proteasome inhibition (3, 29). Multiple
mechanisms appear to be involved in the proteasomal degra-
dation of p21“P, Some of these mechanisms are ubiquitination
dependent, and others are ubiquitination independent (33),
including mechanisms mediated by an Skp2-containing SCF
(Skp1, Cullin, and F-box protein) complex (2, 5) and by N-
terminal ubiquitination (4) and a mechanism mediated by
direct p21<"P! interaction with the C8 subunit of the 20S pro-
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teasome (34). We previously demonstrated that nucleocyto-
plasmic translocation of p21<"P!, mediated by two nuclear ex-
port sequences (NES), is required for p21<! degradation
(13).

The Ras-dependent extracellular signal-regulated kinase 1/2
(ERK1/2) pathway plays a central role in controlling cell pro-
liferation (22). Various mechanisms have been proposed to
explain this action of the ERK1/2 pathway. For example, the
ERK pathway has been shown to induce cyclin D1 transcrip-
tion (1, 38) and to enhance the stability of the c-Myc protein
(32), which play a central role in cell cycle progression and cell
growth. A recent study has revealed that ERK associates with
and phosphorylates GSK-3B, resulting in inactivation of
GSK-3B and upregulation of B-catenin, which in turn stimu-
lates c-Myc and cyclin D1 transcription (9). ERK also directly
interacts with and phosphorylates FOXO3a, downregulating it
by enhancing its degradation, thereby promoting cell prolifer-
ation (39). While these observations have provided tantalizing
mechanisms, a complete picture of ERK1/2 regulation of cell
proliferation has yet to emerge (22).

Recently we observed that p21<"P! protein levels were de-
creased in hepatocytes from H-RasY'?-transgenic mice, which
contain high levels of constitutively activated ERK. Here we
focus on p21©P! downregulation as an alternative mechanism
of Ras-ERK signaling-mediated cell proliferation. We demon-
strate that ERK2 phosphorylates p21<'"* on both Thr57 and
Ser130 and show that this phosphorylation leads to cytoplasmic
translocation, ubiquitination, and proteasome-dependent deg-
radation of p21<P!, thereby resulting in cell cycle progression.

MATERIALS AND METHODS

Reagents. DNase-free RNase A and protein A-agarose were purchased from
Sigma. MG-132 was purchased from EMD Biosciences. Nickel affinity agarose
from Qiagen and 4’,6'-diamidino-2-phenylindole (DAPI) from Roche were used.
Cycloheximide, U0126, LY294002, and epidermal growth factor (EGF) were
purchased from Calbiochem. Blasticidin, zeocin, and tetracycline were purchased
from Invitrogen. The antibodies against green fluorescent protein (GFP) (FL),
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H-Ras (C20), lamin A/C (N18), p21©P! (C19 and F5), ubiquitin (P4D1),
MEK1/2 (12B), and B-actin (I19) were all obtained from Santa Cruz Biotech-
nology. Antibodies against hemagglutinin (HA) (H6908 [Sigma] and 12CAS5
[Roche]), Myc (Invitrogen), FLAG (M2; Sigma), tubulin (DM1A; Calbiochem),
ERK2 (Qiagen), tubulin (Calbiochem), and phospho-ERK1/2 and phospho-
MEK1/2 (Cell Signaling Technology) were used.

Cell culture. HCT116 p21€®'~/~ (human colon cancer), HeLa (human cer-
vical cancer), HEK293/HEK293T (human embryonic kidney), NIH 3T3 (mouse
fibroblast), and H-Ras-transformed NIH 3T3 cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) with 10% fetal bovine serum (Invitrogen),
20 mM HEPES, and antibiotics (Invitrogen) at 37°C in a humidified atmosphere
containing 5% CO,. HCT116 p21<iP'~/~ Hela, HEK293, and HEK293T cells
were transfected with various plasmids using calcium phosphate or Lipo-
fectamine/Plus reagents (Invitrogen).

Construction of plasmids. C-terminally HA-epitope-tagged human p21<iP!
c¢DNA was generated by PCR and subcloned into the BamHI and Xhol sites of
pcDNA3 (Invitrogen). Site-directed mutagenesis was carried out according to
the manufacturer’s protocol (Stratagene). The Thr57 and Ser130 residues in
p21€iP! were replaced with alanine (p21€P! T57A S130A). Two phenylalanines
in the FXF docking motif (*'FDF) and two arginines in the KIM docking motif
were together converted to alanine (p21P! FS1A F53A R93A R94A). Human
ERK1 and mouse ERK2 ¢cDNAs were cloned into the pFLAG-CMV2 vector
(Sigma). Mouse ERK2 was also inserted into the pCMV (Clontech) vector with
an N-terminal HA tag. Human ubiquitin cDNA was inserted into the pCMV
(Clontech) vector with an N-terminal His, tag. For bacterial expression, human
p21€P! ¢DNA was cloned into the pET-28a vector (Novagen). Short hairpin
RNAs (shRNAs) targeting human ERK2 mRNA were designed according to the
manufacturer’s protocol (Invitrogen). To construct an shRNA expression vector,
oligonucleotides (5'-CACCGGACCTCATGGAAACAGATCTCGAAAGATC
TGTTTCCATGAGGTCC-3" and 5'-AAAAGGACCTCATGGAAACAGATC
TTTCGAGATCTGTTTCCATGAGGTCC-3") were annealed and ligated into
the pENTR/H1/TO vector.

Immunoprecipitation and immunoblotting. Cells washed in phosphate-buff-
ered saline (PBS) were lysed with lysis buffer [20 mM HEPES, 150 mM NaCl,
0.5% Triton X-100, 10% glycerol, 1 mM NaF, 0.1 mM Na;VO,, 0.1 mM 4-(2-
aminoethyl)-benzenesulfonyl fluoride hydrochloride, 2 wg/ml leupeptin, and 5
pg/ml aprotinin] and centrifuged to remove insoluble debris. Cell lysates were
incubated with anti-HA or anti-FLAG M2 agarose (Sigma) for 4 h at 4°C. The
immobilized proteins were collected by centrifugation, washed three times with
lysis buffer, and solubilized by boiling for 5 min in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (10 mM Tris-
HCI [pH 6.8], 1 mM EDTA, 10% glycerol, 0.0004% bromophenol blue, 4% SDS,
20 mM dithiothreitol). After electrophoresis, proteins were transferred onto a
nitrocellulose membrane (Schleicher & Schuell), blocked with 5% skim milk,
washed briefly, and incubated with specific antibodies. Blots were washed three
times with TTBS buffer (20 mM Tris [pH 7.4], 150 mM NaCl, and 0.05% Tween
20) and incubated with horseradish peroxidase-conjugated anti-mouse (Pierce),
anti-rabbit (Pierce), or anti-goat imunoglobulin G (Sigma) antibody and then
developed using a chemiluminescence detection system (Pierce).

Protein purification. Recombinant His,-tagged p21<'P! was expressed in Esch-
erichia coli and purified by an inclusion body refolding method (14). Briefly, the
inclusion body fraction was solubilized in 8 M urea and dialyzed against a buffer
containing 20 mM Tris [pH 8.0], 150 mM NaCl, 0.1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochloride, 2 wg/ml leupeptin, and 5 pg/ml aproti-
nin. The dialysate containing refolded proteins was passed over a nickel column
to increase homogeneity. The purity of the resulting Hisg-p21<"P! preparation as
assessed by SDS-PAGE was >90%.

In vitro kinase assay. For in vitro kinase assays, recombinant active ERK2
(kindly provided by E. J. Woo) and Hise-tagged p21<"P! purified from E. coli
were used. Hisg-p21<'P! immobilized on nickel agarose was incubated with ERK2
in a kinase reaction mixture containing 25 mM Tris-HCI, 10 mM MgCl,, 0.1 mM
EGTA, 2 mM dithiothreitol, 0.1 mM Na;VO,, 50 uM ATP, and 5 pCi of
[y-**P]ATP for 30 min at 30°C. The reaction was terminated by the addition of
SDS sample buffer, and proteins were separated by SDS-PAGE and visualized by
autoradiography. Immunoprecipitates from mammalian cell lysates were also
used in kinase assays. Accordingly, HEK293T cells were transfected with either
HA-tagged wild-type p21<'P!, TS7A S130A mutant p21<P! or the HA-ERK2
expression vector, and 36 h after transfection each population of cells was lysed
and separately immunoprecipitated with an anti-HA antibody. HA-p21<P! im-
munoprecipitates and HA-ERK2 immunoprecipitates or recombinant active
ERK2 were incubated in kinase reaction buffer containing [y->*P]ATP. Phos-
phorylated proteins were resolved by SDS-PAGE and analyzed by autoradiog-
raphy.
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Phosphoamino acid analysis. Recombinant Hisg-p21<'P! protein purified from
E. coli was incubated with the active fraction of purified recombinant ERK2 in
the presence of [y->*P]ATP. 3?P-labeled proteins were separated by SDS-PAGE
on 15% acrylamide gels and blotted onto a polyvinylidene difluoride membrane.
Radiolabeled protein was excised from the membrane, washed several times with
water, and hydrolyzed for 1 h at 110°C in 6 M HCI. The acid was evaporated, and
the sample was dissolved in 10 pl of water and mixed with 0.1 pg cold phospho-
serine, phosphothreonine, and phosphotyrosine standards. Phosphoamino acids
were separated on cellulose-thin-layer-chromatography plates (Merck) using the
HTLE 7000 (CBS Scientific) apparatus. The first-dimension separation was at
1.5 kV for 20 min in TLE (pH 1.9) buffer containing 2.2% formic acid and 7.8%
acetic acid; the second-dimension separation was at 1.3 kV for 13 min in TLE
(pH 3.5) buffer containing 5% acetic acid and 0.5% pyridine. Phosphoamino
acids were located by ninhydrin staining, and the position of **P-amino acids was
determined by autoradiography.

MS/MS. The electrophoretically separated p21<P! protein band was excised
and stain stripped in 50% acetonitrile-25 mM ammonium bicarbonate, dehy-
drated with 100% acetonitrile, and dried in a vacuum evaporator. Gel pieces
were rehydrated in 25 mM ammonium bicarbonate and treated with 12 ng/pl
trypsin overnight at 37°C. Peptides were extracted with 50% acetonitrile-25 mM
ammonium bicarbonate and then with 50% acetonitrile containing 0.3% triflu-
oroacetic acid. The extracts were combined, dried, and reconstituted in 5%
acetonitrile containing 0.1% trifluoroacetic acid. Protein digests were analyzed
using an LTQ ion trap mass spectrometer (ThermoFinnigan) coupled with a
nano-electrospray ionization source and an Agilent 1100 Series Capillary LC
inlet system (Agilent Technologies). Peptides were separated on a capillary
column (75-pm inside diameter by 150 mm) prepared by packing a fused-silica
capillary with 200-A Magic C18AQ resin (Michrom BioResources Inc.). The
chromatographic system was configured to generate a flow rate of approximately
200 nl/min using a precolumn split. Peptides were eluted over 60 min using a 5
to 40% linear gradient of acetonitrile containing a constant 0.1% formic acid.
The eluted peptides were analyzed in data-dependent MS experiments employ-
ing dynamic exclusion. Each analytical event consisted of four consecutive scans:
the first, full MS (m/z 300 to 2,000) scan was followed by three tandem mass
spectrometry (MS/MS) scans on the three most intense peptide ions from the full
MS spectrum. The spray voltage was set at 1.4 kV, and the normalized collision
energy for MS/MS peptide decomposition was set at 30%. The resultant spectra
were analyzed using SEQUEST and then manually inspected using the Bioworks
3.1 software program (ThermoFinnigan).

Immunofluorescence. HeLa cells were plated onto glass coverslips at a density
of 7 X 10%ml in six-well dishes. The cells were transfected with 0.5 pg of
wild-type p21€P! or T5S7A S130A mutant p21<P! together with a FLAG-ERK2
expression construct or control vector. At 42 h after transfection, cells were
treated with MG132 for 2 h, fixed in 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, and incubated with rabbit polyclonal anti-HA and mouse
monoclonal anti-FLAG antibodies for 1 h. Cells were then incubated with flu-
orescein isothiocyanate-conjugated antirabbit secondary antibody (Sigma) or
tetramethylrhodamine isothiocyanate-conjugated antimouse secondary antibody
(Sigma) plus DAPI. Coverslips were mounted in 10% glycerol and examined
under a fluorescence microscope (Axioskop; Zeiss).

Flow cytometry analysis. Cell cycle progression was assayed by DNA content
using propidium iodide and flow cytometry. HEK293 and HCT116 p21 /" cells
were cotransfected with wild-type p21<! or T57A S130A mutant p21<P! and an
ERK?2 expression plasmid or control vector using Lipofectamine/Plus reagents.
A vector encoding membrane-bound GFP was cotransfected to identify trans-
fected cells. Approximately 1 X 10° cells were trypsinized and washed twice with
ice-cold PBS and then fixed overnight at —20°C in 70% ethanol. Immediately
before flow cytometry, the cells were resuspended in PBS containing propidium
iodide (50 pg/ml) and DNase-free RNase (10 pg/ml). Flow cytometry was per-
formed using a FACScalibur (BD biosciences) system with CELLquest software.
The percentages of cells in different phases of the cell cycle within the GFP-
positive population were determined using the software program ModFit.

RESULTS

ERK2 activation downregulates p21<'*! at the posttransla-
tional level. In hepatocytes from H-Ras"'-transgenic mice
expressing a constitutively active form of Ras (36), p21<»!
levels were decreased and inversely correlated with ERK1/2
phosphorylation (Fig. 1A). Consistent with this observation,
we found that p21<"P! levels were decreased in H-Ras-trans-
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FIG. 1. Downregulation of p21<P!* by ERK activation. (A) p21<P! levels are decreased in Ras transgenic mice. Hepatic tissue from normal and
H-Ras"!2-transgenic mice was lysed and immunoblotted with anti-p21<"P! and anti-phospho-ERK antibodies and normalized with anti-B-actin
antibody. (B) Ras overexpression reduces p21“P! level. H-Ras-transformed and mock-transformed NIH 3T3 cells were lysed and immunoblotted
with anti-p21“"P!, anti-phospho-ERK, and anti-H-Ras antibodies and normalized with anti-B-actin antibody. (C) ERK inhibition blocks EGF
stimulation-induced p21<"! downregulation. HeLa cells were pretreated with U0126 (20 M, 1 h) or LY294002 (5 uM, 1 h) and then incubated
with or without EGF. Cell lysates were prepared 40 min after stimulation, analyzed by immunoblotting with anti-p21<P! and anti-phospho-ERK
antibodies, and normalized with anti-B-actin antibody. (D and E) ERK inhibition prolongs p21<"! half-life. HeLa cells were pretreated with U0126
(10 wM) or dimethyl sulfoxide (vehicle) for 1 h and were incubated with cycloheximide (CHX) (10 pg/ml) in the absence or presence of EGF (50
ng/ml). At the indicated times, cell lysates were prepared, analyzed by immunoblotting with anti-p21P! antibody, and normalized with anti-B-actin
antibody. A representative Western blot (D) was quantified by densitometry (E). All signals are normalized to the signal at time zero (100%).

formed NIH 3T3 cells in association with elevated levels of
phosphorylated ERK1/2 (Fig. 1B). We next tested whether
activating the ERK pathway with EGF would produce similar
effects on p21<"P! levels. HeLa cells were incubated with or
without the MEK1/2 inhibitor, U0126, and then treated with
EGF. EGF stimulation decreased p21<! levels, an effect that
was abrogated by pretreatment with U0126 (Fig. 1C, upper
panel), which inhibits EGF-induced ERK activation (Fig. 1C,
middle panel), but not by pretreatment with L.Y294002, which
inhibits EGF-induced phosphatidylinositol-3 kinase activation.
These data indicate that EGF-induced p21“?' downregulation
requires the ERK pathway. To determine whether the ERK
pathway-mediated downregulation of p21<"! was due to ef-
fects on p21<'P! protein stability, we examined the half-life of
the p21<"! protein in cells treated with U0126. Following
inhibition of protein synthesis with cycloheximide, p21<'P! lev-
els were measured in the presence and absence of EGF,
U0126, and EGF plus U0126 (Fig. 1D and E). Blocking de
novo p21<P! protein synthesis with cycloheximide resulted in a
rapid decrease in the p21<'P! protein (half-life, ~90 min), a
decrease that was accelerated by EGF treatment (half-life,
~50 min) but dramatically attenuated in the presence of the
MEK inhibitor, U0126. These data indicate that the ERK
pathway regulates p21“"P! by reducing its protein stability.

To further dissect this signaling pathway, we measured
p21<'P! Jevels in cells transiently overexpressing ERK1, ERK2,
dominant-negative (DN) MEKI, or ERK2 shRNA. Overex-
pression of ERK1 or ERK?2 significantly increased the levels of
phosphorylated ERK in a dose-dependent manner (Fig. 2A

and B), indicating ERK activation. ERK2 overexpression in-
duced a pronounced and dose-dependent decrease in p21<P!
protein levels (Fig. 2A). In contrast, ERK1 overexpression had
little effect on p21<'P! levels (Fig. 2B). Furthermore, overex-
pression of DN MEKI1, which inhibits downstream ERK activ-
ity, led to a dose-dependent increase in the level of the p21<P!
protein (Fig. 2C). This link was confirmed by RNA interfer-
ence-mediated silencing of ERK2. Transfection of ERK2
shRNA constructs, which significantly decreased ERK2 levels
(Fig. 2D, middle panel), resulted in an increase in the level of
endogenous p21<"P! (Fig. 2D, upper panel). Collectively, these
results indicate that p21<"P! destabilization is specifically de-
pendent on ERK?2 activity.

ERK2 activation induces proteasome-dependent p21<'®!
degradation. p21<"P! protein levels are known to be regulated
by the proteasome pathway (23). In HeLa cells, treatment with
the proteasome inhibitor MG-132 prevented the decrease in
p21<"P! protein levels induced by ERK2 overexpression (Fig.
2A), indicating that ERK2 activation triggers proteasome-de-
pendent degradation of p21<"P!, To determine whether ubig-
uitination is involved in ERK2 activation-induced p21<P!
degradation, we coexpressed Hiss-tagged ubiquitin and HA-
tagged p21<'P' in HEK293 cells with and without FLAG-
ERK2 coexpression. We then purified ubiquitin-conjugated
p21<P! from MG-132-pretreated cells by nickel affinity chro-
matography and probed for p21<"P! by immunoblotting with an
anti-HA antibody. High-molecular-weight bands correspond-
ing to polyubiquitinated proteins appeared in the ERK2-over-
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FIG. 2. ERK2 induces proteasome-dependent p21<"P! degradation. (A and B) ERK2 expression decreases the p21<'P! level, an effect that is
blocked by the proteasome inhibitor, MG-132. HeLa cells were transfected with a plasmid encoding FLAG-ERK2 (A) or FLAG-ERKI1 (B). After
36 h, cells were incubated with or without MG132 for 4 h prior to preparing cell extracts. Extracts were analyzed by immunoblotting (I/B) with
anti-p21<"P! anti-phospho-ERK1/2 (pERK1/2), anti-FLAG (a-FLAG), anti-ERK1/2 («-ERK1/2), and anti-B-actin antibodies. (C) DN MEK
increases p21iP! levels. HEK293T cells were cotransfected with HA-tagged p21©P'-encoding and increasing amounts of DN-MEK-encoding
plasmids. After 40 h, cells were harvested and lysed. Extracts were analyzed by immunoblotting with anti-HA (a-HA), anti-phospho-ERK1/2,
anti-phospho-MEK1/2 (pMEK), anti-MEK1/2, and anti-B-actin antibodies. (D) shRNA-mediated ERK2 knockdown increases p21<P! levels.
HelLa cells were transfected with an ERK2 shRNA (shERK2) expression plasmid or control vector. After 48 h, cells were harvested and lysed.
Extracts were analyzed by immunoblotting with anti-p21“"P', anti-ERK2, and anti-B-actin antibodies. (E) ERK2 expression induces p21<P!
ubiquitination. HEK293 cells were cotransfected with HA-tagged p21“P'- and His,-tagged ubiquitin-encoding plasmids together with a FLAG-
ERK2 expression plasmid or control vector. After 36 h, cells were incubated with MG132 for 4 h prior to preparation of cell extracts.
Hiss-ubiquitin-conjugated HA-p21<P! proteins were purified by nickel affinity chromatography and analyzed by immunoblotting with an anti-HA
antibody. Total cell extracts were analyzed by immunoblotting with anti-phospho-ERK1/2, anti-HA, anti-FLAG, anti-ERK1/2, and antiubiquitin

antibodies.

expressing cells (Fig. 2E), suggesting that ERK2-mediated
p21<iP! degradation is ubiquitination dependent.

ERK2 physically interacts with p21<"*', To explore the
mechanism of ERK2-mediated p21“"*' downregulation, the
interaction between ERK2 and p21<P! was characterized.
p21<'P! physically interacts with several protein kinases that
are capable of phosphorylating the protein (26, 37, 40). To
detect an association between ERK2 and p21<'P!, we cotrans-
fected HEK293T cells with HA-p21<"P! and FLAG-ERK2 ex-
pression plasmids and probed immunoprecipitates by immu-
noblotting. p21<'P! was consistently detected in immunoblots
of FLAG-ERK2 immunoprecipitates (Fig. 3A); similar results
were obtained by probing HA-p21“"P! immunoprecipitates
with anti-FLAG antibodies to detect associated ERK2 (Fig.
3E). In the absence of stimulation, the association of endoge-
nous ERK2 with endogenous p21<"! was barely detectable
(Fig. 3B, lane 2), but it was prominent in cells treated with
EGF (Fig. 3B, lane 3). This endogenous association was
blocked by U0126 (Fig. 3B, lane 5), suggesting that only the
active form of ERK2 is capable of associating with p21<'!,
Inhibition of proteasome-mediated degradation by MG132 en-
abled us to detect not only this endogenous ERK2-p21<P!
association in EGF-treated cells but also the increase of en-
dogenously polyubiquitinated p21“"P' complex (Fig. 3B, sec-

ond panel). U0126 also blocked p21<P! ubiquitination, sug-
gesting that p21<P! ubiquitination is dependent on ERK
activation.

Proteins that physically interact with ERK share conserved
FXF (or DEF, docking site for ERK) and/or KIM (kinase
interacting motif) docking motifs (15, 25). As the name sug-
gest, FXF itself is the conserved amino acid sequence; KIM
shares an L/V-X,-R/K-R/K-X,-L consensus sequence. Se-
quence alignment identified putative FXF (°*'FDF) and KIM
(*LX;RRX(L) docking motifs within the p21<'P' molecule
(Fig. 3C and D). To determine whether these putative docking
sites were required for the interaction of p21<"! with ERK2,
we generated p21<'P! variants in which the two phenylalanines
in >'FDF (F51A and F53A) and two arginines in ¥LX;RRX L
were changed to alanines (R93A/R94A), separately and to-
gether, and tested the effects of these mutations on ERK2
interaction in coimmunoprecipitation experiments in the pres-
ence of MG132. While variants containing mutations of each
docking site alone showed partial defects in ERK2 interaction
(data not shown), the double mutation totally abrogated ERK2
interaction (Fig. 3E, top panel) and further impaired ERK2-
mediated ubiquitination (Fig. 3E, second panel; also see below
in Fig. 6A) and subsequent degradation (see below in Fig. 6C).
We thus conclude that p21<'P! interacts directly with ERK2,
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FIG. 3. p21°P! interacts with ERK2. (A) HEK293T cells were cotransfected with HA-p21! and FLAG-ERK?2 or control vector. After 36 h,
cells were lysed and ERK2 was immunoprecipitated (I/P) with anti-FLAG (a-FLAG) antibody. p21“"P! and ERK2 were detected by immuno-
blotting with anti-HA (a-HA) and anti-FLAG antibodies, respectively. (B) HeLa cells were pretreated with MG132 alone and along with U0126
(10 wM) for 2 h and were treated with EGF (50 ng/ml) or left untreated for 30 min. Cells were lysed, and p21<"P! was immunoprecipitated (I/P)
with an anti-p21“"*! (a-p21<™') antibody. ERK1/2, polyubiquitinated p21<"*!, and native p21<'P! were detected by immunoblotting with anti-
ERKI1/2, antiubiquitin (a-ubiquitin), and anti-p21<'P! antibodies, respectively. Total cell extracts were analyzed by immunoblotting with anti-
phospho-ERK1/2, anti-ERK1/2, and anti-p21<"P! antibodies. (C) Aligned amino acid sequences of the ERK-docking FXF motifs of human p21<!
and other known ERK substrates: human mitogen-activated protein kinase phosphatase 1 (hMKP1), Elk-1, phosphodiesterase 4A (PDE4A),
serum response factor accessory protein 1 (hSAP-1), and mouse kinase suppressor of Ras 1 (mKsr1). Conserved residues are highlighted. Numbers
on the right indicate the positions of the final residues shown in each case. (D) Aligned amino acid sequences of the ERK-docking KIM motifs
of human p21<P! and other known ERK substrates: hMKP2, Elk-1, PDE4A, striatally enriched tyrosine phosphatase (STEP), and p90 ribosomal
S6 kinase 1 (RSK1). (E) HEK293T cells were cotransfected with either HA-tagged wild-type (WT) p21<'P! (1 pg) or docking mutant (DM) p21<P!
(0.4 ng) and FLAG-ERK?2 or control vector. Different amounts of p21<"P! constructs were used to adjust the levels of protein expression equally.
After 36 h, cells were incubated with MG132 for 4 h prior to preparing cell extracts. p21<"P! was immunoprecipitated with an anti-HA antibody.
p21€P! and ERK2 were detected by immunoblotting with anti-HA and anti-FLAG antibodies, respectively.

presumably through the concerted action of the FXF and KIM digested with trypsin, and the resulting peptides were analyzed
docking sites. by tandem mass spectrometry with a liquid chromatography

ERK2 phosphorylates p21<'*' at Thr57 and Ser130. Be-  system (LC-MS/MS) (see Table S1 and Fig. S1 in the supple-
cause a number of ERK2 substrates contain the docking motif, mental material). Two different phosphopeptides, SGEQAEG
we performed in vitro kinase assays to determine whether pSPGGPGDSQGR (Fig. 4D, upper panel) and ERWNFDFV
p21<"P! is a direct substrate of ERK2. HA-p21“P! and HA-  TEpTPLEGDFAWER (Fig. 4D, lower panel), were reproducibly
ERK2 were immunoprecipitated from lysates of HEK293T cells identified. The MS/MS spectra of the peptides indicated that
expressing either HA-p21“P' or HA-ERK?2 using an anti-HA the fragment ion from the neutral loss was notably abundant
antibody and incubated together in the presence of and clearly showed a decrease of 49.0 m/z resulting from the
[y->*P]ATP. HA-p21<P! was clearly phosphorylated under  loss of phosphoric acid from the doubly charged precursor
these conditions (Fig. 4A). These results were confirmed by in (Fig. 4D, upper panel) and a decrease of 33.7 m/z from the
vitro kinase assays using purified recombinant Hisg-p21<'P! triply charged precursor (Fig. 4D, lower panel). The presence
and active recombinant ERK2 (Fig. 4B). Collectively, these of the intense peaks y,, (927.6 m/z) and y, (447.3 m/z) along
results strongly suggest that p21<"P! is indeed a substrate for with the neutral loss fragments of y,, (y,, — H;PO, at 1,053.8

ERK2. m/z) and bg (bg — H;PO, at 728.6 m/z) in the MS/MS spectrum
Phosphoamino acid analysis of in vitro-phosphorylated Hisg- of SGEQAEGpSPGGPGDSQGR verified that Ser130, and
p21<"P! revealed that serine and threonine residues were phos- not any of the other serines in the peptide, is the specific

phorylated whereas tyrosine residues were not (Fig. 4C). To phosphorylation site. Likewise, generation of y,, (1,219.8 m/z),
identify the ERK2-mediated phosphorylation sites, in vitro- by (1,326.0 m/z),y,; — H3PO, (1,303.0 m/z), and b;; — H;PO,
phosphorylated His,-p21<"P! was purified by SDS-PAGE and (1,408.9 m/z) from the precursor ERWNFDFVTEpTPLEGD
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FIG. 4. ERK2 phosphorylates Thr57 and Ser130 residues in p21<®! in vitro. (A) HEK293T cells transfected with either HA-p21<P! or
HA-ERK2 were lysed and separately immunoprecipitated with anti-HA antibody. p21“"?' and ERK2 immunoprecipitates were incubated in kinase
reaction buffer containing [y-**P]ATP. Phosphorylated proteins were resolved by SDS-PAGE and analyzed by autoradiography. The lower two
panels show immunoblots (I/B) for the p21“P! and ERK2 proteins used in the kinase reactions, detected with an anti-HA (a-HA) antibody.
(B) Recombinant ERK2 and p21"! proteins were purified from E. coli and incubated in kinase reaction buffer containing [y->P]ATP.
Phosphorylated proteins were resolved by SDS-PAGE and analyzed by autoradiography. The lower panel shows an immunoblot with anti-p21<P!
antibody as a loading control. (C) The samples in panel B resolved by SDS-PAGE were transferred onto a polyvinylidene difluoride membrane.
Radioactive protein was cut from the membrane, acid hydrolyzed, mixed with cold phosphoserine, phosphothreonine, and phosphotyrosine
standards, and separated on cellulose—thin-layer chromatography plates (Merck) in two dimensions using an HTLE 7000 (CBS Scientific)
apparatus. The positions of standard phosphoamino acids were determined by ninhydrin staining (left panel), and **P-amino acids were located
by autoradiography (right panel). (D) Identification of the ERK-mediated phosphorylation sites in p21<P!, Recombinant p21<P! protein was
phosphorylated in vitro with ERK2. After the sample was resolved on SDS-PAGE, the p21“P' protein band was excised and subjected to
proteolysis with trypsin, and the resulting peptides were analyzed by LC-MS/MS. Two different phosphopeptides were detected. The presence of
y- and b-type fragment ions in MS/MS spectra enabled identification of the tryptic peptides, SGEQAEGpSPGGPGDSQGR and ERWNFDFV
TEpTPLEGDFAWER; phosphorylated Thr57 and Ser130 are indicated. (E) HEK293T cells transfected with either HA-tagged wild-type or TS7TA
S130A p21°P! were lysed and immunoprecipitated with anti-HA antibody. p21“"P! immunoprecipitates were incubated with recombinant active
ERK2 (rec-ERK2) in kinase reaction buffer containing [y->*P]ATP. Phosphorylated proteins were resolved by SDS-PAGE and analyzed by
autoradiography. The lower two panels show immunoblots for the p21<"P! and ERK2 proteins used in the kinase reactions, detected with anti-HA
and anti-ERK2 antibodies, respectively.
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FIG. 5. ERK?2 alters the cellular localization of p21<"P'. (A and B) HeLa cells were cotransfected with HA-tagged wild-type p21P' (WT) or
T57A S130A mutant p21<P! together with FLAG-ERK2 or the control vector. At 42 h after transfection, cells were treated with MG132 for 2 h
prior to fixation. The cellular localization of p21<'P! was detected using an anti-HA antibody. After washing extensively in PBS, samples were
further incubated with an anti-FLAG antibody to detect ERK2. Nuclei were visualized by DAPI staining. Cells were observed by fluorescence
microscopy. A representative microscopic field in the lower middle panel in A shows that nuclear and cytoplasmic localization of p21<'P! is
indicated by two cells (arrows) coexpressing FLAG-ERK2 (red signals in ERK2 staining; right panel) and HA-p21<"*! and that nuclear localization
of p21°P! js indicated by two cells (starred) expressing HA-p21<"P! only (no signal in ERK2 staining; right panel). (C) HeLa cells were transfected
with HA-tagged wild-type p21°iP!. At 42 h after transfection, cells were treated with MG132 and U0126 (10 wM) or DMSO (vehicle) for 2 h prior
to treatment with EGF (50 ng/ml) for 30 min. After fixation, the cellular localization of p21"P! was detected using an anti-HA antibody. Nuclei
were visualized by DAPI staining. Cells were observed by fluorescence microscopy. (D) Cells in A and B were fractionated, and cytoplasmic (C) and
nuclear (N) proteins were resolved by SDS-PAGE and analyzed by immunoblotting with anti-HA (a-HA), anti-FLAG (a-FLAG), antitubulin, and
anti-lamin A/C antibodies. Lamin A/C and tubulin are nuclear and cytoplasmic markers, respectively. (E) HeLa cells were treated with MG132
and U0126 (10 pM) or with DMSO (vehicle) for 2 h prior to treatment with EGF (50 ng/ml) for 30 min. Cytoplasmic (C) and nuclear (N) proteins
were resolved by SDS-PAGE and analyzed by immunoblotting with anti-p21<!, anti-pERK1/2, anti-ERK1/2, antitubulin, and anti-PARP-1
antibodies. PARP-1 and tubulin are nuclear and cytoplasmic markers, respectively.

FAWER verified that Thr57 and not Thr55 is the specific Phosphorylation-dependent nucleocytoplasmic transloca-

phosphorylation site. We therefore conclude that ERK2 phos-
phorylates Thr57 and Ser130 of p21<P! in vitro. This result is
consistent with the phosphoamino acid analysis data, which
demonstrated dual Thr and Ser phosphorylation (Fig. 4C).
p21<'P! T57A S130A, a mutant in which both phosphorylation
residues were substituted for alanines to mimic a nonphosphor-
ylated status, was resistant to phosphorylation by ERK2 in the
kinase assay in vitro compared with wild-type p21<"P! (Fig. 4E).
Taken together, these data support that Thr57 and Ser130 of
p21°P! are specific phosphorylation sites for ERK2.

tion and degradation. We previously showed that nucleocyto-
plasmic translocation is required for ubiquitination and subse-
quent degradation of p21<P' (13). To determine whether
ERK2-mediated p21<'P! degradation is dependent on p21<'P!
translocation, we used immunoassaying (Fig. SA and B) and
fractionation experiments (Fig. 5D) in the presence of MG132
to analyze p21<P! subcellular localization. When expressed
alone in HeLa cells, ectopic p21<'P! was predominantly present
in the nucleus (Fig. SA, upper panels) but exhibited both cy-
toplasmic and nuclear localization when ERK2 was coex-



3386 HWANG ET AL.

MoL. CELL. BIOL.

A. Ni2*-pull down B.
/B : a-HA WT T57A/S130A
i - + - + Flag-ERK2
WT p21CP1-HA + + — — — — 2131
- - - + + —i - o o> p ip
T57A/S130A -HA - R dH]
BMAPEIE b = e e o . Flag-ERK2 »-
ag-
Flag-ERK2 — + + -+ i ‘.-. DERKA/2
His-ubiquitn + + + + + +
— = ERK2
MG132 + + + + + +
(I/B : o-Flag)
paq o GFP
-poly-ubi —— — —
= c. DM-p21CP1-HA
—  + Flag-ERK2
i - <« p21-Exo
“” i i |« p21-Endo
(/B o-HA) : (I/B : a-p21Co1)
BN
0 ERK2 ERK2
5 .‘ (1B : a-Flag) - (VB : a-Flag)
Qo
= .
..H Ubiquitin - B-actin

FIG. 6. ERK2 phosphorylation of p21P! at Thr57 and Ser130 induces p21<! ubiquitination and subsequent degradation. (A) HEK293 cells
were cotransfected with HA-tagged wild-type (WT) p21<P!, T57A S130A mutant p21<P!, or docking mutant (DM) p21<P! together with
Hisg-ubiquitin and FLAG-ERK2 or a control vector. After 36 h, cells were incubated with MG132 for 4 h prior to preparation of cell extracts.
Hisg-ubiquitin conjugates were purified by nickel affinity chromatography and analyzed by immunoblotting (I/B) with an anti-HA (a-HA) antibody.
Total cell extracts were analyzed by immunoblotting with anti-HA, anti-FLAG (a-FLAG), and antiubiquitin antibodies. (B) HEK293 cells were
cotransfected with either HA-tagged wild-type (WT) p21<%P! or T57A S130A mutant p21P! and FLAG-ERK2 or control vector. Cells were
cotransfected with an enhanced-GFP vector for normalization. After 40 h, cells were harvested and lysed, and extracts were analyzed by
immunoblotting with anti-HA, anti-phospho-ERK1/2, anti-FLAG, and anti-GFP antibodies. (C) HeLa cells were transfected with HA-tagged
docking mutant p21€P! together with FLAG-ERK2 or a control vector. After 48 h, cells were harvested, and cell extracts were analyzed by
immunoblotting with anti-p21<P! (a-p21<P'), anti-FLAG, and anti-B-actin antibodies.

pressed (Fig. 5A, lower panel). About 80% of ERK2-coex-
pressing cells showed cytoplasmic localization of p21<"*, In
contrast, double mutation of ERK2 phosphorylation sites
(T57A S130A) in p21<! caused the retention of p21<"P* in the
nucleus, even in ERK2-coexpressing cells (Fig. 5B, lower pan-
els). Similar results were obtained using cell fractionation and
immunoblot experiments, which showed that ERK2 coexpres-
sion could induce cytoplasmic localization of wild-type p21<*
(Fig. 5D, lane 3) but had no effect on T57A S130A p21<iP!
localization (Fig. 5D, lane 7). These results suggest that phos-
phorylation at Thr57 and Ser130 of p21<'P' by ERK2 are
critical in determining its cellular localization. To investigate
whether endogenous p21<P! can be regulated in a similar way,
we fractionated cells after activating the ERK pathway with
EGF treatment. p21<"P! was also located in both the cytoplasm
and the nucleus after EGF treatment (Fig. 5C, middle panel).
Cotreatment with U0126, which inhibits EGF-induced ERK
activation, abolished cytoplasmic localization (Fig. 5C, lower
panel). Cell fractionation experiments confirmed the effects of
EGF and U0126 on endogenous p21<"P* localization (Fig. 5E).
p21<"P! Jevels were reduced in the nucleus but increased in the
cytoplasm following EGF treatment, suggesting that p21<P!
was translocated from the nucleus to the cytoplasm following
ERK2-mediated phosphorylation.

We next tested whether phosphorylation had an effect on
p21<"P! ubiquitination and subsequent degradation. The T57A
S130A double mutation abolished ERK2-dependent p21<®!
ubiquitination (Fig. 6A) and degradation (Fig. 6B). Given that
enzyme-substrate association is a prerequisite for ERK-medi-

ated protein phosphorylation (15, 25), we tested whether ERK
association affected p21<'P! ubiquitination and degradation.
Mutation of the ERK docking sites of p21<'P* (F51A, F53A,
R93A, and R94A) also abolished p21“P! ubiquitination and
degradation (Fig. 6A and C). Collectively, these results suggest
that interaction with and phosphorylation by ERK2 is neces-
sary for p21<P! nucleocytoplasmic translocation, which may
initiate the p21<P! degradation pathway.

ERK?2 promotes cell cycle progression through p21<'*! deg-
radation. To determine the physiological relevance of ERK2-
mediated p21"P! downregulation in vivo, we investigated the
effects of ERK2 on p21“'P'-mediated cell cycle regulation.
Whereas ectopic expression of p21<"P! alone in HEK293 cells
efficiently inhibited entry into S phase and promoted G, arrest,
ERK?2 coexpression rescued cells from G, arrest, inducing S
phase entry (Fig. 7A). Overexpression of the phosphorylation-
deficient p21"P! T57A S130A mutant also induced G, arrest,
but in this case ERK2 coexpression had no effect (Fig. 7A),
confirming that phosphorylation of p21<'P' at Thr57 and
Ser130 is required for ERK2-induced S-phase entry. Although
HEK293 cells have a very low level of endogenous p21<®!
compared with normal human cells, it is possible that even
these low levels of p21<"P! could have affected the outcome. To
completely exclude interference from endogenous p21<'P', we
used HCT116 p21<'P'-null cells. Consistent with the results
obtained in HEK293 cells, ERK2 rescued the G, arrest in-
duced by ectopic expression of wild-type p21<"P! in HCT116
p21<PLnull cells but did not rescue that induced by p21<P!
T57A S130A (Fig. 7B). These results suggest that ERK2 in-
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FIG. 7. ERK2 promotes cell cycle progression via degradation of p21<P!, (A) HEK293 cells were transfected with HA-tagged wild-type (WT)
p21€P! or TS7A S130A mutant p21<P! together with FLAG-ERK2 or a control vector. A vector encoding membrane-bound GFP was cotrans-
fected, and cells were incubated for 32 h. During the last 16 h, cells were starved in serum-free medium and then returned to normal medium for
an additional 8 h before harvesting. The cell cycle profile of GFP-positive cells was determined by fluorescence-activated cell sorting analysis.
(B) HCT116 p21~/~ cells were transfected with HA-tagged wild-type (WT) p21<'P! or T57A S130A mutant p21<'P! together with FLAG-ERK2
or a control vector and a membrane-bound GFP vector. Cells were treated and analyzed as for panel A. The levels of HA-p21<P* and FLAG-ERK2
were analyzed by immunoblotting (see Fig. S2 in the supplemental material). (C) Schematic representation of the proposed pathway, showing that

ERK?2 interacts with and phosphorylates p21<P!

at Thr57 and Ser130; phosphorylation of these residues enhances p21

€iPl ybiquitination and

subsequent degradation through the proteasome pathway, leading to cell proliferation.

duces S-phase progression by phosphorylating p21<'P* and pro-
moting its subsequent degradation.

DISCUSSION

Here we propose that the oncoprotein ERK?2 acts through a
novel signaling pathway to downregulate the tumor suppressor
p21<"P! and thereby regulate cell cycle progression (Fig. 7C).
We have shown that ERK2 interacts with and phosphorylates
p21<iP1 promoting p21<P! ubiquitination. We identified two
ERK2 phosphorylation sites, Thr57 and Ser130, in p21<"P* and
showed that phosphorylation of these residues increases
p21<iP! cytoplasmic distribution and proteasome-dependent
degradation. Moreover, the phosphorylation-deficient T57A
S130A p21“! mutant, which is resistant to ERK2-mediated
downregulation, retains the ability to potently inhibit the G,/S
transition, providing direct evidence that phosphorylation by
ERK2 regulates p21<"P! function. Our data thus support an
essential role for ERK2-mediated p21<'P! regulation in mito-
genic signaling.

ERK has been shown to promote cell growth and tumori-
genesis (17). Sustained ERK activation arising from Ras mu-
tation, which is present in 30% of human cancers, is known to
result in posttranslational inactivation of GSK-3B (9) and
FOXO3a (39), leading to resistance to apoptosis and enhance-
ment of cell proliferation. We propose here that downregula-
tion of the p21<'P! protein is also involved in the Ras-MEK-
ERK signaling pathway in cancer cells. Thus, orchestrated
inhibition of GSK-3B, FOX03a, and p21<*! by activated ERK

may be responsible for the constitutive survival signaling cas-
cades that underlie tumorigenesis. An added level of complex-
ity is provided by several reports suggesting that ERK induces
an increase in p21“P" mRNA expression (6). It is possible that
ERK exerts opposing transcriptional and posttranslational in-
fluences on p21<'P! levels such that the net effect of ERK
activation might depend on the cellular context, determined by
the accompanying signaling pathways triggered in parallel by
ERK activation. Under our experimental conditions, however,
ERK activation did not affect the p21<'’P' mRNA level (see Fig.
S3 in the supplemental material). Without the potential con-
founding influence of transcriptional changes, we were thus
able to focus on changes in p21©"P! protein levels to elucidate
the mechanism by which the ERK cascade drives cell cycle
progression upon mitogenic stimulation.

Our finding that overexpression of ERK2 but not ERK1
reduces p21<'P! protein levels (Fig. 2A and B) is consistent
with recent reports that ascribe subtype-specific functions to
the two major ERK isoforms. The prevailing view maintains
that ERK1 and ERK2 are regulated similarly and contribute to
intracellular signaling by phosphorylating a largely common
subset of substrates. This seems reasonable given the extensive
amino acid identity between the two isoforms. However, it has
been reported that ERK2-deficient mice show embryonic le-
thality (12), whereas ERK1-deficient mice are viable, fertile,
and normal in size (24). ERK2 targeting was shown to impair
mitogenic signaling in trophectoderm cells (30) and to abolish
Ras-dependent cell proliferation (35). In contrast, ERK1 si-
lencing either had no effect on embryonic fibroblast prolifera-
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tion (24), or increased the proliferation rate of fibroblasts (35).
Thus, the ERK1 and ERK?2 isoforms may have unique roles at
least in certain cellular settings (22). Our demonstration that
ERK2 but not ERK1 modulates cell cycle progression via
p21<"P! phosphorylation lends support to the idea that these
two isoforms have distinct, as well as overlapping, roles.

Several kinases phosphorylate specific target sites on p21<P!
and modulate its fate by governing p21<"P! interaction poten-
tial, stability, and subcellular localization. GSK-3B and CDK2
are known to phosphorylate Thr57 (27) and Ser130 (41), re-
spectively, resulting in p21<'P! destabilization. Consistent with
this observation, we found that simultaneous phosphorylation
of Thr57 and Ser130 by ERK2 destabilizes p21<'P!. In contrast,
phosphorylation of Thr57 by JNK1 and p38a kinase (16) or of
Ser146 by Akt (20) was shown to stabilize p21<"P!. Thus, phos-
phorylation is not strictly a p21<"P! destabilizing mechanism
but rather may positively or negatively regulate stability de-
pending on the kinases that act and the cell type. We have
shown in this study that ERK2 is among the protein kinases
that are capable of phosphorylating and destabilizing p21<'P*.
However, although overexpression of ERK2 was correlated
with increased phosphorylation of p21“P' at Thr57 and
Ser130, we cannot exclude the possibility that the degradation
of p21°'P! requires additional ERK2-stimulated signaling
events that act in concert with ERK2-mediated p21<"! phos-
phorylation.

Previously we found that p21<'P* contains the NES ®*VR
GLGLPKLYL and '’LQGTAEEDHVDLSLSCTL, which
are required for nuclear export and subsequent degradation
(13). On the basis of the location of the phosphorylation sites,
Thr57 and Ser130, which are in close proximity to the corre-
sponding NES, we propose a model of phosphorylation-trig-
gered nucleocytoplasmic translocation of p21<'P!. Although
the three-dimensional structure of the entire p21<'?! protein is
not yet known, one possibility is that ERK2-mediated phos-
phorylation causes conformational changes that expose buried
NES structures, making NES accessible to the export factor,
CRM1/exportin-1, leading to phosphorylation-dependent nu-
cleocytoplasmic translocation. The molecular mechanism by
which ERK2 phosphorylation activates NES is an open ques-
tion that will require further research.

Here we have identified a novel p21<'®' phosphorylation/
degradation pathway playing a role in the ERK-mediated cell
proliferation signal, in addition to the known GSK-3B and
FOXO3a inactivation pathways (9, 39). Our study provides
new insight into the mechanism of tumor proliferation via
p21<"P! modulation and further supports the idea that ERK2
kinase activity may be a promising target for developing ther-
apeutic agents that inhibit tumor progression or increase the
sensitivity of cancer cells to chemotherapy.
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