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The mitogen-activated protein (MAP) kinase extracellular signal-regulated kinase 5 (ERKS5) plays a crucial role in cell prolifera-
tion, regulating gene transcription. ERKS5 has a unique C-terminal tail which contains a transcriptional activation domain, and
activates transcription by phosphorylating transcription factors and acting itself as a transcriptional coactivator. However, the
molecular mechanisms that regulate its nucleocytoplasmatic traffic are unknown. We have used tandem affinity purification to
identify proteins that interact with ERK5. We show that ERK5 interacts with the Hsp90-Cdc37 chaperone in resting cells, and
that inhibition of Hsp90 or Cdc37 results in ERK5 ubiquitylation and proteasomal degradation. Interestingly, activation of cel-
lular ERKS5 induces Hsp90 dissociation from the ERK5-Cdc37 complex, leading to ERK5 nuclear translocation and activation of
transcription, by a mechanism which requires the autophosphorylation at its C-terminal tail. Consequently, active ERKS5 is no
longer sensitive to Hsp90 or Cdc37 inhibitors. Cdc37 overexpression also induces Hsp90 dissociation and the nuclear transloca-
tion of a kinase-inactive form of ERK5 which retains transcriptional activity. This is the first example showing that ERKS5 tran-
scriptional activity does not require kinase activity. Since Cdc37 cooperates with ERK5 to promote cell proliferation, Cdc37 over-

expression (as happens in some cancers) might represent a new, noncanonical mechanism by which ERKS5 regulates tumor

proliferation.

Mitogen—activated protein kinases (MAPKs) are a family of
protein serine/threonine (Ser/Thr) kinases that transduce a
wide range of extracellular stimuli into intracellular responses,
and are activated in response to growth factors and different forms
of stress. Phosphorylating a broad range of substrates, MAPKs
regulate many cellular functions, including cell proliferation, dif-
ferentiation, metabolism, and apoptosis (1, 2). In mammals, four
subfamilies of conventional MAPKs have been characterized: ex-
tracellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun N-ter-
minal kinases (JNK), p38, and ERKS5 (3).

ERKS is activated in response to a wide range of growth factors
and oxidative and hyperosmotic stresses (4, 5). ERK5 phosphory-
lates several transcription factors, including the members of the
myocyte enhancer factor family, MEF2A, -C, and -D (4-6), and is
required for epidermal growth factor (EGF)-induced cell prolif-
eration and progression through the cell cycle (7).

ERKS5 and its upstream activator, mitogen-activated protein
kinase kinase 5 (MEK5), were independently cloned by different
groups (8, 9). MEKS activates ERK5 by dual phosphorylation of
the Thr-Glu-Tyr (TEY) motif within the activation loop, and
three findings indicate that MEKS5 is the only kinase that activates
ERKS: (i) MEKS5 and ERKS5 specifically interact with each other
but not with other MAPKs (9); (ii) targeted deletion of the ERK5
and MEKS5 genes renders identical phenotypes, with mice dying
around embryonic day 10.5, due to angiogenic failure and cardio-
vascular defects (10-13); and (iii) in MEK5/~ MEF cells, EGF
and stress fail to activate ERK5 but not other MAPKSs (13).

ERKS5 is twice the size of the other mammalian MAPKs (816
amino acids [aa] for human ERK5). ERK5 has a kinase domain
located in the N-terminal half of the protein, homologous to the
ERK2 kinase domain. In contrast with other MAPKs, ERK5 has a
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unique C-terminal tail that contains a transcriptional activation
domain (residues 664 to 789 of the human protein [14]). Thus,
ERKS5 is able to activate transcription not only by direct phosphor-
ylation of transcription factors but by acting itself as a transcrip-
tional coactivator, as, for example, in the case for the activator
protein 1 (AP-1) transcription factor (15). However, the molecu-
lar mechanisms that regulate nuclear-cytoplasmatic localization
of ERK5 are unknown, and different cellular localizations, de-
pending on the cell type studied, have been previously reported
(16).

Members of the heat shock protein 90 (Hsp90) family are es-
sential molecular chaperones expressed in the cytoplasm of mam-
malian cells, where they regulate the folding and the maturation of
awide array of proteins, comprising kinases, transcription factors,
and steroid hormone receptors (17, 18). Hsp90 family members
contain an ATP-binding site, required for the folding and release
of the client proteins. Hsp90 inhibitors block the interaction with
ATP, inducing the release of client proteins and its subsequent
unfolding and degradation by the proteasome (19). Since many
Hsp90 clients (such as Akt, Raf, ERBB2, and epidermal growth
factor receptor [EGFR]) are proteins which are mutated or dereg-
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ulated in cancer, Hsp90 inhibitors exhibit anticancer activity.
Among them, geldanamycin derivatives such as 17-AGG are in
clinical trials for the treatment of a wide variety of cancers (20).

The cochaperone cell division-cycle 37 (Cdc37) promotes the
association of Hsp90 with a protein kinase subset of client proteins
(21); therefore, some kinases require Hsp90 and Cdc37 chaper-
ones for maintaining their stability. Via its N-terminal domain,
Cdc37 first interacts with the catalytic domain of the kinase client,
and then its C-terminal domain recruits Hsp90, generating a
Cdc37-kinase-Hsp90 ternary complex (22). The superchaperone
Hsp90-Cdc37 keeps the client protein kinases either active or in a
conformation competent for activation (23). Interestingly, Cdc37
acts as an oncogene by stabilizing other oncogenes which are mu-
tated or overexpressed in cancer cells, and inhibition of the Cdc37
function with compounds such as celastrol represents a new ther-
apy for cancer treatment (24, 25). This compound, by inhibiting
the Cdc37-Hsp90 interaction, destabilizes kinase clients and sen-
sitizes tumors to Hsp90 inhibitors (26).

In this report, we provide for the first time biochemical and
pharmacological data showing that ERKS5 interacts with the super-
chaperone Hsp90-Cdc37. We also show that the Cdc37-ERK5-
Hsp90 complex resides in the cytosol of resting cells and that
ERKS5 activation results in Hsp90 dissociation and nuclear trans-
location of the kinase. Unexpectedly, we found that overexpres-
sion of Cdc37, an event occurring in several types of cancers, in-
duces nuclear translocation of a catalytically inactive but
transcriptionally active form of ERK5.

MATERIALS AND METHODS

Materials. MG-132, MDL28170, and Z-VAD inhibitors were from Calbi-
ochem. Radicicol, celastrol, G418 antibiotic, N-ethylmaleimide, rabbit
IgG-agarose, antihemagglutinin (anti-HA)-agarose, anti-FLAG-agarose,
MBP, and EGF were from Sigma; geldanamycin was from Serva; polyeth-
ylenimine was from Polysciences; and protein G-Sepharose, glutathione-
Sepharose, calmodulin-Sepharose 4B, p81 phosphocellulose paper, and
[y->*P]ATP were from GE Healthcare. Ni** -nitrilotriacetic acid (NTA)-
agarose was from Qiagen. The ERK5 competitive inhibitor XMD2-98 was
kindly provided by N. Gray (Dana-Farber Cancer Institute, Boston, MA).

Antibodies. The polyclonal antibody anti-ERK5 raised in sheep
against human protein was from the Division of Signal Transduction
Therapy (Dundee, Scotland), and anti-phospho-ERK5-pT*'*EY**® was
from Biosource. Anti-ERK5 rabbit polyclonal antibody, anti-ERK1/2,
anti-glutathione S-transferase (anti-GST), anti-FLAG, anti-HA, and an-
tiactin monoclonal antibodies were from Sigma; anti-Cdc37, antiubiqui-
tin, and anti-ERKS5 antibody (catalog. no. Sc-5626) were from Santa Cruz
Biotechnology; anti-Hsp90p was from Merck Biosciences; and mouse
monoclonal antibromodeoxyuridine (anti-BrdU) was from BD Pharmin-
gen. Antibodies to CREB, Akt, and phospho-S473-Akt were from Cell
Signaling Technology, and anti-glyceraldehyde-3-phosphate dehydroge-
nase (anti-GAPDH) monoclonal antibody was from Ambion. Anti-
MEKS5 and secondary Alexa Fluor 594-conjugated antibodies were from
Invitrogen.

DNA constructs. Recombinant DNA procedures were performed
using standard protocols. We used the pPEBGFP-C2-TAP vector previ-
ously described (63) to generate the pPEBGFP-C2-TAP-ERKS5 wild type
(pEBGFP-C2-TAP-ERK5wt) and the pPEBGFP-C2-TAP-ERK5(1-490)
used in this work. The vector encoding human C-terminal FLAG-
tagged ERK5 was generated by inserting the human ERKS5 full-length
coding sequence into a pCMV-Tag4 vector, using the restriction sites
BamHI and Xhol. Human ERK5 C terminus (aa 401 to 816) was cloned
into the BamHI and NotI sites of pEBG-2T. pCDNA3 vector encoding
FLAG-tagged Cdc37 was a gift of C. Scheidereit (Center for Molecular
Medicine, Berlin, Germany) (64), pcDNA3.1 vector encoding HA-
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tagged Hsp90B was from A. Papapetropoulos (University of Athens,
Greece) (65), pRBG4 encoding HA-ubiquitin was from S. D. Conzen
(University of Chicago) (66), pPCMV vector encoding 6 XHis-tagged
ubiquitin was from A. C. Vertegaal (Leiden University, Netherlands)
(67), and pEBG-2T vectors encoding GST-tagged human ERK5 (full
length and N terminus) (aa 1 to 490) were a gift from P. Cohen (Uni-
versity of Dundee, United Kingdom) (28), whereas those encoding
GST-tagged human ERKS5 in which residues Ser567, Ser720, Ser731,
Thr733, and Ser803 were mutated to Ala (ERK5-5A) or Glu (ERK5-
5D) were from A. Cuenda (Centro Nacional Biotecnologia, Spain)
(36). pPCMV plasmid encoding HA-tagged MEK5-DD was from E.
Nishida (Kyoto University, Japan) (35). AP-1-luciferase vector was
purchased from Stratagene and pRL-CMV-Renilla from Promega.

Cell culture, transfection, and lysis. Cells were cultured at 37°C under
conditions of humidified air (5% CO,). Human HEK293, HeLa, PC-3,
and MEF MEK5 /" cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
antibiotics, and human neuroblastoma SH-SY5Y cells were cultured in
DMEM F-12 Ham containing 15% FBS and antibiotics. HEK293, HeLa,
and PC3 cells were transfected using polyethyleneimine as described be-
fore (68). MEF MEK5 /" cells (kindly provided by Cathy Tournier) were
transfected using Lipofectamine 2000 and Opti-MEM medium supple-
mented with 2 mM L-glutamine. Three hours after transfection, the me-
dium was changed to DMEM. Unless otherwise stated, cells were lysed in
ice-cold lysis buffer (50 mM Tris-HCI [pH 7.5], 1 mM EGTA, 1 mM
EDTA, 1% [wt/vol] NP-40, 1 mM sodium orthovanadate, 10 mM sodi-
um-B-glycerophosphate, 50 mM sodium fluoride, 5 mM sodium pyro-
phosphate, 0.27 M sucrose, 0.1% [vol/vol] 2-mercaptoethanol, and com-
plete protease inhibitor cocktail). Lysates were centrifuged at 12,000 X g
for 12 min at 4°C, and supernatants were stored at —20°C. Protein con-
centrations were determined by the Bradford method (69).

Cell proliferation assays. For cell counting, PC-3 cells were plated in
12-well plates at a density of 10° per well. After 24 h, the cells were cotrans-
fected with plasmids encoding GFP and the indicated proteins (0.33 g of
each plasmid, except for Cdc37, for which 1 pg was used), and cells were
counted at 12, 24, 48, 72, and 96 h posttransfection. Briefly, cells were
subjected to trypsinization, washed with FBS, and centrifuged at 1,000 X
g for 5 min. The pellets were resuspended in phosphate-buffered saline
(PBS), and GFP-positive cells were counted in a Beckman Coulter FC 500
flow cytometer. Results are presented as means = standard deviations
(SD) of the results of triplicates of a representative experiment. For BrdU
labeling, PC-3 cells plated in 6-well plates were transfected with the indi-
cated plasmids as described above. At 24 h after transfection, cells were
incubated with 3 g/ml BrdU for 16 h, harvested, and processed using an
anti-BrdU primary antibody followed by an Alexa Fluor 488 —donkey
anti-mouse fluorescein isothiocyanate (FITC)-conjugated secondary an-
tibody, according to the protocol of the manufacturer (Becton, Dickin-
son). Total and BrdU-positive cells were counted in a Beckman Coulter
FC 500 flow cytometer.

Cdc37 knockdown (siRNA). A heterogeneous mixture of small inter-
fering RNAs (siRNAs) that target the same human Cdc37 mRNA se-
quence was purchased from Sigma (Mission siRNA; EHU104551). HeLa
cells were transfected with 1 g (per well of a six-well plate) of Cdc37
siRNAs or control (scrambled) siRNA.

Subcellular fractionation. Three 10-cm-diameter dishes of cells were
homogenized in 0.5 ml of buffer (10 mM HEPES [pH 7.9], 10 mM KCl,
1.5 mM MgCl, ) in a Potter-Elvehjem homogenizer, left 30 min at 4°C, and
centrifuged at 15,000 X g for 15 min at 4°C. Supernatants (cytosolic frac-
tions) were kept at —20°C, and pellets were resuspended with 100 pl of
radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCI [pH
7.5], 150 mM NacCl, 0.1/% [wt/vol] SDS, 1% [wt/vol] NP-40, 0.5% [wt/
vol] deoxycholic acid, I mM EGTA, 5 mM sodium pyrophosphate) and
homogenized by passing them through a 1-ml syringe with a 25-gauge
needle. After centrifugation for 10 min at 20,000 X g, supernatants (nu-
clear fractions) were saved and kept at —20°C until use.
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Immunofluorescence microscopy. HeLa and MEF cells grown on
polylysine-coated coverslips were fixed with 4% paraformaldehyde for 20
min and mounted in medium with 4,6'-diamidino-2-phenylindole
(DAPI) for DNA staining. To monitor endogenous ERK5, fixed cells were
processed as described before (68) using anti-ERK5 antibody (C termi-
nus; Santa Cruz) and the corresponding fluorescence-labeled secondary
antibody. Cells were visualized by fluorescence microscopy in a Nikon
Eclipse 90i epifluorescence microscope.

Generation of stable cell lines, tandem affinity purification (TAP),
and nanoscale liquid chromatographic tandem mass spectrometry
(nLC-MS/MS) analysis. SH-SY5Y cells cultured in 10-cm-diameter
dishes were transfected with 5 g pEGFP-C2-TAP construct encoding no
protein (control), full-length human ERKS, or human ERKS5 aa 1 to 490
(N terminus). Transfected cells were selected by adding G418 antibiotic
(300 pg/ml) 24 h posttransfection. At 20 days after transfection, individ-
ual colonies were visualized, selected, and expanded. Cell lines expressing
low levels of GFP were analyzed by immunoblotting to ensure that ex-
pressed proteins migrated as a single polypeptide at the expected molec-
ular weight.

For ERK5-TAP, we followed the method described by Al-Hakim et al.
(63), which is a modification of the original method (27). For each TAP
procedure, 140 dishes (150-mm diameter) were cultured for each stable
cell line. Each dish was washed three times with phosphate-buffered saline
(PBS) and lysed in 0.5 ml of ice-cold TAP buffer (10 mM Tris-HCI [pH 8],
150 mM NaCl, 0.1% NP-40, and complete protease inhibitor cocktail).
Combined lysates were then centrifuged for 45 min at 40,000 X g, and the
supernatant was incubated with 0.5 ml of rabbit IgG-agarose beads for 90
min at 4°C. IgG-agarose beads were then washed twice with buffer B (50
mM Tris-HCI [pH 8.0], 150 mM NaCl, 0.1% NP-40, and 1 mM dithio-
threitol [DTT]), followed by two washes with buffer B containing 0.5 mM
EDTA, prior incubation for 4 h at 4°C with 100 pg of tobacco etch virus
(TEV) protease. TAP-ERKS5 released protein was diluted with 3 vol of
buffer C (50 mM Tris-HCI, [pH 8.0], 150 mM NaCl, 0.1% NP-40, 1 mM
Mg**-acetate, 1 mM imidazole, 2 mM CaCl,, and 1 mM DTT) and fur-
ther incubated with 0.25 ml of calmodulin-Sepharose beads (pre-equili-
brated in buffer C) for 1 h at 4°C. Beads were then washed three times with
buffer C and twice with buffer C lacking NP-40 detergent. Then, 0.5 ml of
0.0125X NuPAGE-LDS sample buffer (6.8 mM Tris, 0.1% [wt/vol] LDS
[lithium dodecyl sulfate], 0.5% [vol/vol] glycerol containing 1 mM DTT
[final pH, 8.5]) was added to the washed beads, subjected to a vortex
procedure, incubated 15 min at room temperature, and filtered through
Spin-X filters (Costar) (0.45 wm pore size). Finally, filtrates containing the
eluted proteins were concentrated to 5 pl by the use of a Speed Vacuum,
resuspended in 25 pl of H,O Milli-Q containing 10 mM DTT, heated 5
min at 70°C, and subjected to electrophoresis on a precast 4%-to-12%
Bis-Tris LDS-polyacrylamide gel (Invitrogen). Resolved proteins were
stained with colloidal Coomassie blue (Pierce). All visible bands were
excised, washed, and digested with trypsin as previously described (70).
Protein digests were identified by LC-MS/MS on a 4000 Q-Trap system
(Applied Biosystems) as described previously (71). Database searching
was performed using Mascot 2.1 (Matrixscience) run on a local server,
using both the Swiss-Prot and Celera human databases.

Immunoprecipitation and immunoblotting. A 10- .l volume of pro-
tein G-Sepharose beads bound to 2 g of the corresponding antibody was
incubated with 0.5 mg of cell lysate for 2 h at 4°C. The immunoprecipitates
were washed twice with lysis buffer containing 0.15 M NaCl and twice
with buffer A (50 mM Tris-HCl [pH 7.5], 0.1 mM EGTA, 0.1% 2-mer-
captoethanol), and the immune complexes were eluted in 2X sample
buffer. GST-, HA-, and FLAG-tagged overexpressed proteins were immu-
noprecipitated as described above, using the appropriate resin. Immuno-
blotting was performed as described previously (72).

ERK5 ubiquitylation in vivo assay. We followed the method de-
scribed by Tatham et al. (73). Dishes (10-cm diameter) of HEK293 cells
overexpressing His-tagged ubiquitin and the indicated form of ERK5 were
resuspended in 5 ml of buffer 1 (6 M guanidinium-HCI, 10 mM Tris, 100
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mM Na,HPO,-NaH,PO, buffer, pH 8), sonicated for 1 min, and centri-
fuged at 5,000 X g for 5 min. The resulting supernatants were incubated
with 20 ul of Ni**-NTA-agarose beads for 2 h at room temperature with
rotation. Beads were successively washed as follows: twice with 4 ml of
buffer 1 plus 10 mM 2-mercaptoethanol; three times with 4 ml of buffer 2
(8 M urea, 10 mM Tris, 10 mM 2-mercaptoethanol, 100 mM Na,HPO,-
NaH,PO, buffer, pH 8); twice with 4 ml of buffer 3 (8 M urea, 10 mM Tris,
100 mM Na,HPO,-NaH,PO, buffer, pH 6.3) containing 10 mM 2-mer-
captoethanol; once with 1 ml of buffer 3 containing 0.2% Triton X-100;
once with 1 ml of buffer 3 containing 0.1% Triton X-100 and 0.5 M NaCl;
and three times with 1 ml of buffer 3. Finally, proteins were eluted by
incubating the beads with 200 mM imidazole in 5% SDS, 0.15 M Tris-
HCI, pH 6.7, 30% (vol/vol) glycerol, 0.72 M 2-mercaptoethanol for 1 h at
37°C with mixing.

ERKS5 kinase activity assay. HeLa or HEK293 cell extract (0.5 mg)
overexpressing GST-ERK5 and the indicated proteins was incubated for 1
h at 4°C with 10 pl of glutathione-Sepharose beads. Beads were then
washed twice with lysis buffer containing 0.15 M NaCl, followed by two
washes with buffer A. A kinase activity assay was performed in an assay
volume of 50 pl containing glutathione-Sepharose beads, buffer A, 10
mM magnesium acetate, and 0.1 mM [y-*P]ATP (500 cpm/pmol), with
500 pM PIMtide (ARKKRRHPSGPPTA) or 10 g MBP as the substrate.
Assays were carried out for 45 min at 30°C and terminated by applying the
reaction mixture onto p81 paper, and the incorporated radioactivity was
measured as described previously (70). The amount of enzyme that cata-
lyzes the phosphorylation of 1 pmol of PIMtide in 1 min was defined as 1
mU of activity.

Reporter luciferase assay. Cells cultured in 12-well plates were trans-
fected with 650 ng of DNA, which contained 100 ng of AP-1-driven lucif-
erase reporter construct and 50 ng Renilla luciferase, and 100 ng of the
indicated amounts of plasmids (except for Cdc37, for which 300 ng was
used). After 24 h, a luciferase activity assay was performed using a dual-
luciferase kit.

Gel filtration analysis. Rat brain or human HeLa cells were lysed in
lysis buffer and centrifuged at 25,000 X g for 15 min to remove cellular
debris and insoluble material. One milligram of each sample was loaded
onto a Superdex-200HR-10/30 column on an AKTA system and equili-
brated in buffer A containing 0.15 M NaCl at a flow rate of 0.3 ml/min,
and 0.33-ml fractions were collected. Aliquots of each fraction were ana-
lyzed for ERK5 and MEK5 by immunoblotting. The column was cali-
brated using blue dextran (void volume) and gel filtration standards (Bio-
Rad).

Statistical analysis. Figures, tables, and statistical analyses were gen-
erated using Microsoft Excel, Prism 4.0, or Adobe Photoshop software.
Statistical significance was determined using one-way analysis of variance
(ANOVA) followed by Dunnett’s test.

RESULTS
Isolation of ERK5-associated proteins by TAP. We subjected ly-
sates of rat brain and human SH-SY5Y cells to size exclusion chro-
matography and immunoblotted the eluted fractions for ERK5
and its upstream activator MEKS5. As expected, endogenous rat
and human MEKS5 protein eluted with a molecular mass of ~50
kDa (Fig. 1A). However, ERK5 eluted in two ranges: one corre-
sponding to the expected molecular mass of ~100 to 120 kDa, and
another corresponding to a high molecular mass range, above 679
kDa (Fig. 1A). Quantification of the immunoblots revealed that
~70% (rat brain) and 40% (human SH-SY5Y) of endogenous
ERKS5 eluted as a high-molecular-mass complex. This chromato-
graphic analysis demonstrates that a pool of endogenous ERK5
exists as a high-molecular-mass protein complex.

To identify the putative ERK5-interacting proteins, we used
TAP (27). We generated human SH-SY5Y cells stably expressing
green fluorescent protein (GFP)-TAP empty vector (control) or a
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FIG 1 Gelfiltration chromatography and tandem affinity purification for ERK5. (A) A 1-mg volume of rat brain or human SH-SYSY cell lysates was loaded onto
a Superdex 200HR 10/30 column. A 15-pl volume of each fraction was immunoblotted for EKR5 or MEK5. The elution positions of protein standards are
indicated as follows: thyroglobulin (670 kDa), gamma globulin (158 kDa), ovoalbumin (44 kDa), and myoglobin (17 kDa). Vo, void volume. Similar results were
obtained in three separate experiments. (B) Tandem affinity purification of ERK5. SH-SY5Y cells stably expressing empty TAP-GFP vector (control), TAP-GFP-
ERKS (full length), or TAP-GFP-ERK5(1-490) were subjected to TAP as described in Materials and Methods. Purified proteins were resolved in 4% to 12%
LDS-PAGE gels and visualized by colloidal-Coomassie blue staining. Bands were cut, subjected to in-gel digestion with trypsin, and analyzed by nLC-MS/MS.
The designations of the bait proteins used are underlined. (C) Details of mass spectrometry analysis. GANAB, neutral alpha-glycosidase antibody; GRP-94,
glucose-regulated protein 94; GRP-78, glucose-regulated protein 78; AtpA, ATP synthase alpha; PP2B, protein phosphatase 2B catalytic subunit; FSCN1, fascin
homolog 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LDH, L-lactate dehydrogenase; MLCK?2, skeletal myosin light-chain kinase 2. Scores refer to

Mascot protein scores, and a value >70 was considered significant.

GFP-TAP-tagged fusion full-length human ERK5 and an N-ter-
minal form (aa 1 to 490) that contains a functional kinase domain,
which can be phosphorylated and activated by MEKS5 (28). Clones
overexpressing low levels of TAP-ERKS5 were selected, expanded,
and subjected to tandem affinity purification under mild condi-
tions to preserve the integrity of ERK5 interactors. Purified pro-
teins were resolved by LDS-PAGE (Fig. 1B), and bands were ex-
cised, subjected to tryptic digestion, and identified using tandem
mass spectroscopy. Twelve interacting proteins were identified for
full-length and N-terminal ERK5s which were not detectable in
the gel in the control purification, revealing the ERK5 N-terminal
half as the region involved in the binding of those putative inter-
actors. Six proteins also detected in the control sample were con-
sidered nonspecific contaminants.

Figure 1C summarizes the results obtained, which met the re-
quirement of having three or more peptides matched to our data
by the database-searching program. Importantly, four of those
proteins correspond to different isoforms of the 14-3-3 protein, a
known ERK5-interacting protein (29), thus validating the TAP
approach for identification of physiological binding proteins. Of
note, heat shock protein 90B rendered the highest peptide score
and sequenced peptides covered 33% (full-length ERK5) and 55%
[ERK5(1-490)] of the Hsp90B sequence. Therefore, we focused
on Hsp90P in the ensuing experiments.

Hsp90 and Cdc37 interact with the N-terminal half of
ERK5. The cochaperone Cdc37 promotes the association of
Hsp90 with a protein kinase subset of client proteins; therefore,
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many kinases require Hsp90 and Cdc37 chaperones for maintain-
ing their stability. To check that Hsp90B and Cdc37 interact with
ERKS in vivo, we performed immunoprecipitation assays of en-
dogenous proteins from SH-SY5Y cells and immunoblotted for
each protein. The three proteins were detected in the correspond-
ing ERK5, Hsp90B, and Cdc37 immunoprecipitates but not in
control experiments lacking the antibody (Fig. 2A). We obtained
identical results for human HeLa cells, mouse embryonic fibro-
blasts (MEF), and rat brain lysates (Fig. 2B), demonstrating that
endogenous ERKS5 is associated with Hsp90 and Cdc37 in vivo. We
also observed the ERKS5-Cdc37-Hsp90 trimeric complex in
MEK5 /" MEEF-deficient cells (Fig. 2B), indicating that chaper-
ones Hsp90 and Cdc37 do not require MEKS5 to interact with
ERKS5.

To identify the region of ERK5 involved in the binding to
Hsp90 and Cdc37, we transiently expressed these proteins in hu-
man HEK293 cells and performed immunoprecipitation assays.
Overexpressed ERK5, Hsp90, and Cdc37 were detected in each of
the pellets of the affinity-purified proteins (Fig. 2C). Thus, over-
expressed EKR5, Hsp90, and Cdc37 proteins form a trimeric com-
plex, as happens for the endogenous proteins. Next, we performed
similar experiments in cells overexpressing ERK5 forms encoding
either the N-terminal half (aa 1 to 490) or the C-terminal half (aa
401 to 816), in different combinations with Hsp90B and Cdc37.
ERK5 and Cdc37 were subjected to affinity purification and im-
munoblotting for the three proteins studied. Panels D and E of
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FIG 2 ERKS5 associates with Hsp90 and cochaperone Cdc37 through its N-terminal half. (A) One milligram of SH-SY5Y lysates was immunoprecipitated (IP)
with anti-Cdc37, anti-ERKS, or anti-Hsp90 antibodies followed by immunoblotting of the immune complexes. (B) One-half milligram of the indicated cells
and tissue lysates was immunoprecipitated with anti-ERK5 antibody and immunoblotted as described for panel A. (C to E) HEK293 cells were transfected with
1 pg of each of the indicated expression plasmids, and overexpressed ERK5 and Cdc37 were purified using glutathione-Sepharose and anti-FLAG-agarose resins,
respectively. Immune complexes were immunoblotted for ERK5, Hsp90, and Cdc37. Similar results were obtained in three independent experiments.

Fig. 2 show that Hsp90 and Cdc37 interact with the N-terminal
half of ERK5 but not with the C-terminal half.

Hsp90 inhibition or Cdc37 silencing induces loss of ERK5
expression. The importance of Hsp90 for ERK5 stability was ad-
dressed by treating cells with two structurally unrelated Hsp90
inhibitors, geldanamycin and radicicol, which inhibit the chaper-
one function of Hsp90 by binding its ATP-binding pocket. Treat-
ment of SH-SY5Y cells for 24 h with increasing amounts of either
geldanamycin or radicicol resulted in a dose-dependent decrease
in the expression of ERK5, which was completely abolished at 5
M concentrations (Fig. 3A), without affecting the expression of
the non-Hsp90 client protein kinases ERK1 and ERK2. Identical
results were obtained for HeLa cells (results not shown).

To confirm the role of Cdc37 in ERKS stability, we undertook
experiments to silence endogenous Cdc37. Transfection of a
siRNA specific for Cdc37 resulted in complete knockdown of
Cdc37 at day 5 posttransfection. Cdc37 depletion abolished the
expression of ERK5 and Akt without affecting the levels of ERK1/2
(Fig. 3B). Control siRNA affected neither Cdc37 expression levels
nor the levels of Akt and ERKS5 proteins.

Hsp90 inhibition induces ERK5 ubiquitylation and protea-
some-dependent degradation. Next we studied the effect of in-
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hibitors of proteasome (MG-132), calpain (MDL-128), caspase
(Z-VAD), and lysosomal function (ammonium chloride) in pre-
venting the geldanamycin-induced degradation of ERK5. We an-
alyzed the soluble and insoluble fractions of SH-SY5Y cells lysed in
NP-40 buffer. In cells treated with geldanamycin, MG-132 pre-
vented the loss of ERK5 expression, resulting in the accumulation
in the NP-40 insoluble fraction (Fig. 3C). In contrast, caspase,
calpain, and lysosome inhibitors had no effect on geldanamycin-
induced loss of ERK5 expression. These findings are in agreement
with those obtained for other Hsp90 client proteins, in which
Hsp90 inhibition results in the ubiquitylation and proteasomal
degradation of the client protein (17, 30-33).

To determine whether ERKS5 is ubiquitylated prior to protea-
somal degradation, we overexpressed ERK5 and His-tagged ubiq-
uitin in cells that were treated with or without geldanamycin and
MG-132. Levels of ubiquitylation were determined by pulling
down His ubiquitin with Ni**-NTA-agarose beads and immuno-
blotting for ERK5. ERK5 slow-migrating species (corresponding
to ubiquitylated forms) were detected in the His-ubiquitin pull-
downs from cells treated with MG-132 that were more apparent in
those from cells treated with geldanamycin and MG-132
(Fig. 3D). To identify the region of ERKS5 that had been ubiquity-
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FIG 3 Hsp90 inhibition or Cdc37 silencing induces loss of ERK5 protein by promoting its ubiquitylation and proteasome-mediated degradation. (A) Hsp90 inhibition
induces loss of ERK5 expression. SH-SY5Y cells were treated with the indicated concentrations of geldanamycin or radicicol for 24 h (upper panels) or with a 5 uM
concentration for the indicated times (lower panels). After the cells were subjected to lysis in buffer containing 1% SDS, protein levels were determined by immuno-
blotting. (B) Cdc37 silencing induces loss of ERK5 expression. HeLa cells transfected with 1 pg of Cdc37 siRNA or nonspecific siRNA (siINS) were lysed at the times
indicated in buffer containing 1% SDS. Lysates were immunoblotted with the indicated antibodies. NT, no transfection; MK, mock transfection. (C) Treatment with the
proteasome inhibitor and geldanamycin (GA) results in ERK5 accumulation in insoluble cellular fractions. SH-SY5Y cells were pretreated for 3 h with 20 uM proteasome
inhibitor MG-132, 10 pM calpain inhibitor MDL-28170, 10 M caspase inhibitor Z-VAD, or 20 mM ammonium chloride (inhibitor of lysosomal degradation),
followed by 24 h of treatment with 5 uM geldanamycin. Cells were lysed in Nonidet P-40 buffer and centrifuged, and the NP-40 insoluble fraction (pellet) was solubilized
in 1% SDS buffer. ERK5 and actin levels were analyzed by immunoblotting. (D and E) Treatment with geldanamycin induces ERK5 ubiquitylation. HEK293 cells
overexpressing the indicated proteins were treated with MG-132 alone or with geldanamycin, and His-tagged ubiquitins were purified using Ni**-NTA-agarose beads
and immunoblotted (IB) for ERKS5. ERKS5 and total ubiquitin expression levels are shown in the middle and bottom panels, respectively. Levels of overexpressed free

His-tagged ubiquitin are also shown in panel D. Similar results were obtained in three separate experiments.

lated, we set out to perform similar experiments overexpressing
the N-terminal or the C-terminal half of ERK5. The N-terminal
half, but not the C-terminal tail, became ubiquitylated after treat-
ment of cells with MG-132 at the same level as that used for cells
treated with geldanamycin and MG-132 (Fig. 3E). Interestingly,
untreated cells also rendered faint bands of slow-migrating (ubiq-
uitylated) species for the N-terminal-half form. These results
show for the first time that Hsp90 inhibition results in the ubiq-
uitylation of ERKS5 at its N-terminal half, prior to degradation at
the proteasome.

Activation of ERK5 causes Hsp90 dissociation from the
Cdc37-ERKS5 complex, by a mechanism that requires autophos-
phorylation of the ERK5 C-terminal tail. Since inactive ERK5
associates with Hsp90 and Cdc37 in resting cells, we next asked if
this was also the case for active ERK5. Treatment of HeLa cells
with EGF activated ERK5, as measured by both electrophoretic
mobility shift and phosphorylation of the T-loop (Fig. 4A, left
panels). Unexpectedly, immunoprecipitation assays showed that
activation of endogenous ERK5 by EGF resulted in Hsp90B dis-
sociation from the ERK5-Cdc37 complex. To our knowledge, this
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is the first report showing that activation of a MAPK induces
Hsp90 dissociation. As a control for a canonical Hsp90 protein
kinase client, the right panels of Fig. 4A show that activation of Akt
in response to EGF (measured by monitoring Ser473 phosphory-
lation [34]) did not induce Hsp90 dissociation.

To check if kinase activity was necessary for Hsp90 dissoci-
ation, we overexpressed in cells Hsp90, Cdc37, and ERK5 or a
ERK5 mutant which lacks kinase activity (D200A) (28), alone
or together with a constitutive active human MEK5 mutant
(MEKS5DD, in which residues S311 and S315 are replaced by
Asp). ERK5 was affinity purified, and associated proteins were
visualized by immunoblotting. MEK5DD induced T-loop
phosphorylation of the overexpressed-ERK5 wild type and the
kinase-inactive mutant, but only the wild-type form showed an
electrophoretic mobility shift (Fig. 4B). More importantly, ac-
tivation of ERKS5 resulted in Hsp90 dissociation, whereas the
phosphorylated dead kinase still interacted with Hsp90. This
suggests the requirement of the ERKS5 kinase activity for Hsp90
dissociation. To further study this, we set out to perform sim-
ilar experiments using the ERK5 N-terminal half, shown to
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FIG 4 ERKS5 activation induces Hsp90 dissociation from the ERK5-Cdc37 complex. (A) HeLa cells were starved for 16 h prior to stimulation with EGF. One
milligram of lysate was immunoprecipitated with anti-ERK5 (left panels) or anti-Akt (right panels) antibodies, and the immunoprecipitates were immuno-
blotted for the indicated proteins. (B to D) HeLa cells were transfected with 1 pg of each of the indicated expression plasmids. (B and C) After 24 h, cells were lysed
and GST-ERK5 complexes affinity purified and immunoblotted for the indicated protein. Panel B shows the results for ERK5 wt or the kinase-dead mutant
(D200A), panel C shows the results obtained for the N-terminal half of ERK5, and panel D shows the results for a form of ERK5 in which the autophosphorylated
residues at the C terminus are mutated to Ala (5A) or Glu (5E). Similar results were obtained in four separate experiments.

bind Hsp90 and Cdc37 in Fig. 2D. Although MEK5DD induced
T-loop phosphorylation of the N-terminal half, it did not in-
duce Hsp90 dissociation (Fig. 4C), indicating that Hsp90 re-
lease from the complex requires the C-terminal half of the
kinase. Overall, these results suggest the requirement of ERK5
kinase activity for Hsp90 dissociation, perhaps due to the au-
tophosphorylation of the C-terminal tail. Of note, we checked
that ERK5 does not phosphorylate Hsp90 or Cdc37 (data not
shown), discarding the possibility that phosphorylation of
these proteins mediates the dissociation of Hsp90 from the
ERK5-Cdc37 complex.

After phosphorylation of the TEY motif by MEKS5, ERK5 be-
comes active and autophosphorylates several residues at the C-
terminal tail, inducing a conformational change that results in an
open conformation (35). To study the role of ERK5 autophos-
phorylation of its C-terminal tail, we overexpressed Hsp90,
Cdc37, and/or MEK5DD proteins together with ERK5 mutants in
which 5 autophosphorylated residues at the C-terminal were mu-
tated to Glu (ERK5-5E, to mimic phosphorylation) or to Ala
(ERKS5-5A, to prevent phosphorylation). We previously showed
in HeLa cells that the wild-type and ERK5-5A forms are cytosolic,
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whereas ERK5-5E resides in the nucleus, mimicking ERK5 nuclear
translocation after activation (36). The ERK5-5A mutant inter-
acted with Cdc37 and Hsp90, even when active MEKS5 was coex-
pressed, whereas in the ERK5-5E mutant, interaction with Hsp90
was lost (Fig. 4D). Taken together, these results show the require-
ment of the C-terminal autophosphorylation for Hsp90 dissocia-
tion from the ERK5-Cdc37 complex.

Active ERKS5 is no longer sensitive to Hsp90 or Cdc37 inhibi-
tion. To confirm that active ERK5 does not interact with Hsp90,
we used the Hsp90 inhibitor radicicol in cells overexpressing
MEKS5DD and ERKS. Expression of active endogenous and over-
expressed ERK5 (as judged by the electrophoretic mobility shift) is
not affected by treating cells with radicicol, at a concentration that
abolished the expression of Akt or inactive ERK5 (Fig. 5A). These
results further demonstrate that active ERK5 does not associate with
Hsp90 and, therefore, that it is no longer sensitive to Hsp90 inhibi-
tion.

We next addressed the role of Cdc37 in ERK5 stability. We used
celastrol, a compound that binds Cdc37 and disrupts the Cdc37-
Hsp90 complex, leading to the proteasomal degradation of the
client protein (37). Celastrol induced a decrease in ERK5 and Akt
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FIG 5 Active ERK5 is no longer sensitive to Hsp90 or Cdc37 inhibition. HeLa cells overexpressing GST-ERK5 and MEK5DD (A) or MEK5DD (B) were treated
with 5 uM radicicol (A) or celastrol (B) for the indicated times. After the cells were subjected to lysis with buffer containing 1% SDS, the levels of the indicated
proteins were monitored by immunoblotting. Similar results were obtained in three independent experiments. endog, endogenous.

protein levels in a time-dependent manner, and completely abol-
ished expression of both kinases at 24 h without affecting Hsp90 or
nonclient kinases ERK1 and -2 (Fig. 5B). Interestingly, and as seen
with Hsp90 inhibitors, celastrol did not induce degradation of active
ERKS5, at a concentration and time that induced Akt degradation.

Overexpression of high levels of Cdc37 induces Hsp90f dis-
sociation from the ERK5-Cdc37 complex and nuclear transloca-
tion of ERKS5. Since Cdc37 is overexpressed in a number of can-
cers (38), we asked if Cdc37 overexpression had any effect on
ERKS5 activity or function. To do so, we overexpressed in cells
ERKS5, Hsp90, and increasing quantities of Cdc37. ERK5 was af-
finity purified, and associated proteins were visualized by immu-
noblotting. Figure 6A shows the presence of Hsp90 in pellets from
cells cotransfected with 1 wg of plasmid encoding Cdc37 (as
shown in Fig. 2C) but not in those from cells cotransfected with 2
or 4 pg of the plasmid encoding Cdc37. Thus, expression of high
levels of Cdc37 induces Hsp90 dissociation from the ERK5-Cdc37
complex, similar to what happened when ERK5 became activated
in response to EGF stimulation (Fig. 4A). Since EGF also induces
ERK5 nuclear translocation (16), we next studied whether this is
also the case for Cdc37 overexpression.

We first studied the cellular localization of exogenous and en-
dogenous ERK5 in HeLa cells overexpressing Cdc37. Subcellular
fractionation showed most of the ERKS5 in the cytosolic fraction of
resting cells, and cells coexpressing MEK5DD showed active ERK5
mainly located at the nuclear fraction (Fig. 6B). Overexpression of
Cdc37 induced the nuclear localization of both exogenous and
endogenous ERK5 proteins. We further confirmed these results by
fluorescence microscopy. Both overexpressed ERK5 and endoge-
nous ERK5 mainly localized throughout the cytoplasm of HeLa
cells, while expression of MEK5DD induced ERK5 nuclear trans-
location (Fig. 6C and D). Consistent with results obtained by sub-
cellular fractionation, overexpression of Cdc37 induced nuclear
translocation of endogenous and exogenous ERKS5. Finally, over-
expression of Cdc37, but not of MEK5DD, induced nuclear trans-
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location of the C-terminal autophosphorylation-defective mutant
GST-ERK5(5A) (Fig. 6E).

Cdc37 overexpression enhances ERK5-mediated AP-1 tran-
scriptional activity, without affecting ERK5 kinase activity. Ac-
tivation of ERK5 induces its translocation to the nucleus, where,
among other effects, it enhances the activity of the AP-1 transcrip-
tional complex (39, 40). We tested if overexpression of Cdc37
and/or Hsp90 had any effect on AP-1 activity using a luciferase-
based reporter assay. In HeLa and HEK293 cells, coexpression of
ERKS5 and MEK5DD enhanced AP-1 activity by ~25-fold over the
levels seen with the control (ERK5 or MEK5DD alone) (Fig. 7A).
Interestingly, coexpression of ERK5 with Cdc37, but not with
Hsp90, increased AP-1 activity to the same extentas MEK5DD did
(Fig. 7A). Overexpression of Hsp90 or Cdc37 had a negligible
effect on AP-1 transcriptional activity. It is worth noting that co-
expression of Hsp90 abolished the effect on Cdc37-induced AP-1
activity via ERK5, indicating that an excess of Cdc37 over Hsp90 is
required to observe the effect. This is probably due to fact that the
high levels of Hsp90 would sequester Cdc37 and therefore impair
its action directed at the ERK5 protein. Importantly, Cdc37 over-
expression also increases the AP-1 transcriptional activity of the
ERKS5 mutant defective for autophosphorylation of its C-terminal
ERK5(5A) (Fig. 7B).

To check if ERKS kinase activity mediates the increase of AP-1
transcriptional activity in cells oeverexpressing Cdc37, we ex-
pressed ERKS5, Cdc37, and Hsp90 proteins in cells and performed
kinase assays with affinity-purified ERK5 complexes using two
different substrates (MBP and PIMtide). Overexpression of
Cdc37 or/and Hsp90 had no effect on ERKS5 activity, phosphory-
lation of the T-loop, or autophosphorylation (Fig. 7C). As a con-
trol, ERK5 phosphorylation and activation in response to
MEKS5DD overexpression are shown.

To further demonstrate that Ccd37 induces nuclear transloca-
tion of a catalytically inactive form of ERK5, we used MEK5 '~
MEEF cells. As MEKS5 is the only upstream kinase for ERK5, ERK5
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(whole lysate). (B to E) HeLa cells were transfected with 1 pg of plasmids encoding the indicated proteins, except for Cdc37, for which 3 pg was used. (B) Cells
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ting. GAPDH and CREB proteins are used as markers of cytosolic and nuclear fractions, respectively. (C) Cells overexpressing GFP-ERKS5 and MEK5DD or
Cdc37 were fixed, and GFP-ERKS5 (green) localization was visualized directly by GFP fluorescence. (D) HeLa cells transfected with the indicated plasmids were
fixed and subjected to immunofluorescence staining for endogenous ERK5 (red). (E) HeLa cells overexpressing ERK5 C-terminal autophosphorylation-defective
mutant GST-ERK5(5A) and MEK5DD or Cdc37 were fixed and subjected to immunofluorescence staining for GST (green). Nuclei are shown in blue (DAPI).
Similar results were obtained in three independent experiments. Bars, 20 pm.

cannot be activated in these cells (13). Cdc37 overexpression in-
duced endogenous ERK5 nuclear translocation in MEK5 ~/~ MEF
cells (Fig. 7D). We also used the ERK5 competitive inhibitor
XMD8-92, which blocks ERK5 activity and autophosphorylation
(41). XMD8-92 did not prevent Cdc37-induced ERK5 nuclear
translocation, at a concentration that blocked the ERK5 nuclear
entry induced by MEK5 (Fig. 7E). According to those results,
XMD8-98 inhibited the AP-1 transcriptional activity induced by
active MEK5 but had no significant effect on that induced by
Cdc37 overexpression (Fig. 7F). Furthermore, Cdc37 also induced
AP-1 transcriptional activity of the ERK5 kinase-dead mutant
D200A (Fig. 7G).

All together, our results show that overexpression of Cdc37
induces ERKS5 nuclear translocation and enhances ERK5-medi-
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ated AP-1 transcriptional activity by a mechanism which does not
require ERKS5 kinase activity or C-terminal phosphorylation.
Cdc37 cooperates with ERK5 to promote cell proliferation.
As the ERK5 pathway is critical for cell proliferation, we next
tested if overexpressed Cdc37 collaborates with ERK5 to promote
cell proliferation. We used human prostate cancer PC-3 cells,
since prostatic cells that overexpress MEK5 or EKR5 show an en-
hanced proliferation rate and enhanced efficiency in forming tu-
mors in vivo (42—44). PC-3 cells were cotransfected with plasmids
encoding GFP or GFP-ERKS5, alone or together with those encod-
ing MEK5DD or Cdc37, and GFP-positive cells were counted at
different days in a flow cytometer. No morphological changes
between the transfected cells and control cells were apparent (data
not shown). Overexpression of MEK5DD or Cdc37 resulted in a
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the Renilla values. (G) The pAP-1-luciferase reporter and pRL-CMV-Renilla plasmids were cotransfected in HEK293 cells with the ERK5 kinase-dead mutant
D200A and/or MEK5DD and/or Cdc37, and 24 h later, lysates were subjected to the dual-luciferase assay. Each value is the mean = SD of the results of three
different determinations, each performed in triplicate.

slight but significant (P < 0.01) increase in PC-3 cell proliferation  overexpressing different combinations of proteins were labeled
after 4 days (Fig. 8A), as previously shown (42, 45). Interestingly, ~ with the nucleotide analogue BrdU, a method used to quantify
overexpression of ERK5 alone had no effect but its coexpression  cells undergoing DNA synthesis. Similar to data shown in Fig. 8A,
with MEKS5 or Cdc37 resulted in a robust increase (P < 0.001) in  ERK5, MEKS, or Cdc37 overexpression had little or no effect on
cell proliferation (Fig. 8A). the number of BrdU-positive cells, whereas cells overexpressing

To quantify the percentage of proliferating cells, PC-3 cells both ERK5 and MEK5 or Cdc37 showed a consistent marked in-
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FIG 7 continued

crease of cell proliferation (Fig. 8B). All in all, our results show that
Cdc37 cooperates with ERK5 to promote cell proliferation.

DISCUSSION
We used tandem affinity purification to identify ERK5-interacting
proteins. This methodology identified the chaperone protein
Hsp90p as the major protein associated with ERK5 (Fig. 1). Im-
munoprecipitation assays revealed that endogenous Hsp90 and
ERKS5 proteins interact. Cdc37, the canonical Hsp90 cochaperone
for many kinase clients, also interacted with ERKS, resulting in an
Hsp90-Cdc37-ERKS trimeric complex in cells (Fig. 2). Our anal-
ysis also identified other ERK5-interacting proteins, whose phys-
iological relevance is being currently investigated.

The importance of the interaction of Hsp90 with ERK5 was
established by the fact that two structurally unrelated Hsp90 in-
hibitors (geldanamycin and radicicol) promoted ERK5 degrada-

April 2013 Volume 33 Number 8

tion. Although Truman et al. observed that yeast Hsp90 binds
human ERK5 (46), other authors excluded ERK5 as a client of
mammalian Hsp90 since the expression of this kinase was not
affected by treatment of COS7 cells with the Hsp90 inhibitor 17-
AAG (47). This was probably due to the use of a relatively low dose
(1 wM) of inhibitor, since we noticed that ERK5 expression is not
affected by low concentrations of Hsp90 inhibitors that alter other
Hsp90 clients. For instance, 1 pM geldanamycin induces deg-
radation of LKB1 (48), JAK1/JAK2 (49), CHK1 (50), or IRAK-1
(51) kinases after 4 h of treatment, a concentration that has
almost no effect on ERKS5 after 18 h. The use of 5 uM geldana-
mycin was necessary to induce complete degradation of ERK5
(Fig. 3A). This is not surprising, since closely related kinases
show differential levels of sensitivity to geldanamycin, as is the
case for the receptor tyrosine kinases ErbB1 and ErbB2. Both
proteins require Hsp90 for proper folding, but only ErbB2
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FIG 8 Cdc37 collaborates with ERK5 to promote cell proliferation. (A) PC3
prostate cancer cells were transfected with plasmids encoding proteins GFP, GFP-
ERK5, MEK5-DD and GFP, Cdc37 and GFP, GFP-ERK5 and MEK5-DD, or GFP-
ERKS5 and Cdc37, as described in Materials and Methods. At the indicated times,
green fluorescent cells were counted by flow cytometry. Each value is the mean +
SD of the results determined for three different transfected cell dishes. Similar
results were obtained in three independent experiments. *, P < 0.01; **, P < 0.001
(for values at 96 h after transfection compared with the GFP results at 96 h). (B)
PC-3 cells were transfected with empty plasmid (MOCK) or with plasmids encod-
ing the indicated proteins as described for panel A. Cells were treated with BrdU,
and incorporation of BrdU was detected by flow cytometry. Ratios of numbers of
BrdU-positive cells to total numbers of live cells were determined in triplicate
samples, and data are expressed as the mean = SD of the results determined for
two independent experiments. *, P < 0.01; **, P < 0.001 (in comparison to the
mock transfection data).

binds Hsp90 in the mature state, making ErbB2 more sensitive
to geldanamycin (52). We also show the requirement of Cdc37
for ERKS stability. Treatment of cells with the cdc37 inhibitor
celastrol or silencing the Cdc37 protein results in loss of ERK5
expression (Fig. 3B and 5B). Celastrol inhibits Cdc37-Hsp90
interaction, preventing the recruitment of Hsp90 to the kinase
domain of the client protein (22), therefore resulting in the
proteasomal degradation of this protein (26).

ERKS5 comprises two well-differentiated regions; the N-termi-
nal region contains the kinase domain, and the C-terminal region
contains a nuclear localization signal and a transcriptional trans-
activation domain. We show that Hsp90 and Cdc37 bind the N-
terminal region but not the C-terminal tail (Fig. 2D and E). The
fact that the N-terminal half is ubiquitylated in the absence of
proteasomal inhibitor (Fig. 3E) suggests that this half becomes
unstable in the absence of the C-terminal region.
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Our most striking finding is the observation that activation of
ERKS5 (in response to either EGF stimulation or active MEK5
overexpression) results in Hsp90 dissociation from the ERK5-
Cdc37 complex (Fig. 4A and B). According to this, active ERK5 is
not sensitive to Hsp90 inhibitors (Fig. 5A). These results suggest
that ERKS5 is an unstable kinase in its inactive form and that bind-
ing to Hsp90 stabilizes it, whereas its activation results in a stable
protein that does not require Hsp90 stabilization. Although un-
usual, a transient interaction of Hsp90 with certain kinase clients,
such as the cyclin-dependent kinase CDK4, has been reported.
Inactive CDK4 binds Hsp90 and Cdc37, and binding of cyclin D
induces the release of the Hsp90-Cdc37 superchaperone and
CDK4 activation (53). In this case, Hsp90-Cdc37 promotes stabi-
lization until cyclin D takes over this activity by interacting with
(and displacing Hsp90-Cdc37 from) the N-terminal lobe of the
kinase domain. For other kinases, only the mutated forms show
Hsp90 dependency. For instance, wild-type B-Raf does not bind
Hsp90 but the mutant active form most commonly found in can-
cer B-Raf"*°F shows a strong Hsp90 dependence for its stability
(30). The substitution of Val600 for Glu within the T-loop pro-
vokes a conformational change of the N-terminal lobe, exposing
the chaperone binding site.

Here we show that a kinase-dead mutant of ERK5 (D200A)
remains associated with Hsp90 even after being phosphorylated at
the TEY motif by MEK5 (Fig. 4B). Thus, ERK5 kinase activity is
necessary for the dissociation of Hsp90 but not the phosphoryla-
tion of its TEY motif. On the other hand, a functional form of
ERK5(1-490) that lacks the C-terminal region remains associated
with Hsp90 after MEK5 phosphorylation (Fig. 4C). Finally, an
ERKS5 mutant in which 5 autophosphorylatable residues are mu-
tated to Glu does not bind Hsp90 under basal conditions
(Fig. 4D). Taken together, these results indicate that autophos-
phorylation of the C-terminal region induces the release of Hsp90
from the ERK5-Cdc37 complex. The ERK5 C-terminal tail might
work in a manner analogous to that of cyclin D for CDK4: upon
ERKS5 activation, autophosphorylation of its C-terminal region
results in a conformational change of this tail that induces the
release of Hsp90 and takes over its chaperone function in the
stabilization of the N-terminal lobe of the kinase domain. How-
ever, and unlike what happens for CDK4, Cdc37 remains bound
to active ERKS.

Unexpectedly, expression of high levels of Cdc37 in cells in-
duced the release of Hsp90 from the ERK5-Cdc37 complex
(Fig. 6A), by a mechanism that does not involve enzyme activation
and C-terminal autophosphorylation (Fig. 7). Thus, Cdc37 mim-
ics ERK5 C-terminal autophosphorylation, probably inducing a
conformational change that results in the release of Hsp90. This
was an unexpected result, since it is accepted that Cdc37 promotes
the association of Hsp90 with client proteins (21, 22). One possi-
bility might be that high levels of expression of Cdc37 result in the
binding of a second molecule to the ERK5 protein, displacing the
Hsp90 by an unknown, noncanonical mechanism. Interestingly,
Fig. 6A shows that larger amounts of Cdc37 bound to ERKS5 in
those cells that overexpress higher levels of Cdc37. We are cur-
rently investigating the mechanism by which Cdc37 displaces
Hsp90 from the trimeric complex.

We show that MEKS5 activation or overexpression of Cdc37
results in three common events: (i) Hsp90 dissociation from the
ERK5-Cdc37 complex; (ii) ERK5 nuclear translocation; and (iii)
an increase of ERK5-mediated AP-1 transcriptional activity. Sev-
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interaction would keep ERKS5 in the cytosol, even though the nuclear localization signal (NLS) is present at the ERK5 C-terminal tail. Upon MEKS5-
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inducing a conformational change that results in dissociation of Hsp90, exposition of the NLS, and ERKS5 nuclear translocation. In contrast, overexpres-
sion of Cdc37 (as happens in some cancers) induces the nuclear translocation of a catalytically inactive form of ERK5 that is transcriptionally active. TAD,

transcriptional-activation domain.

eral studies have addressed the issue of subcellular location of
ERK5. ERKS resides in the cytosol of HeLa cells and migrates to
the nuclei after activation in response to EGF (35, 54) or active
MEKS5 overexpression (55). However, other studies stated that the
cellular location of ERK5 depends on the cell type and can even be
nuclear in unstimulated cells (16, 56). Kondoh et al. proposed an
accepted mechanism for the nucleocytoplasmic transport of
ERKS5 (35). The C-terminal region contains a nuclear localization
sequence (NLS), and ERKS itself has nuclear export (NES) activ-
ity, so subcellular localization of ERK5 depends on the balance
between nuclear export and import: the N-terminal and C-termi-
nal halves bind each other, and this binding is necessary for cyto-

April 2013 Volume 33 Number 8

plasmatic localization. Thus, in resting cells, the two halves would
interact, forming either a putative NES or a domain that binds a
cytoplasmatic anchor protein. After activation, ERK5 autophos-
phorylates its C-terminal half, an event that would disrupt the
intramolecular interaction between the C-terminal and N-termi-
nal regions, resulting in the loss of the NES activity, exposition of
the NLS, and nuclear translocation. Supporting the idea of a role
of C-terminal phosphorylation in ERK5 nuclear localization, an
ERKS5 that is catalytically inactive (but phosphorylated at its C
terminus) that resides in the nucleus during mitosis has been pre-
viously reported (36, 57).

Our results suggest that Hsp90 might be the proposed cytosolic
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anchor, since dissociation of Hsp90 is the common event impli-
cated in two different mechanisms that induce ERK5 nuclear
translocation, i.e., MEK5 activation and Cdc37 overexpression
(Fig. 9). Thus, Hsp90 might act as it does for steroid receptors. In
the absence of the hormone, steroid receptors reside in the cytosol
complexed with Hsp90 and this interaction maintains the recep-
tor in a state capable of binding the hormone. Binding the steroid
leads to dissociation of Hsp90 and receptor nuclear translocation
(58). In an analogous way, the Hsp90-ERK5 complex resides in
the cytosol and ERKS5 activation induces Hsp90 dissociation and
nuclear translocation of the kinase, configuring a kinase activity-
dependent shuttling (Fig. 9). In this paradigm, it is likely that
Hsp90 would keep cytosolic/basal ERK5 properly folded for
MEKS5 recognition and activation.

We propose that Cdc37 overexpression represents an alterna-
tive, noncanonical mechanism of ERK5 nuclear translocation.
Unlike the results seen with MEKS5, overexpression of Cdc37 does
not result in activation of ERKS5 (Fig. 7C) or in a shift of its elec-
trophoretic mobility, and it induces the nuclear translocation of a
catalytically inactive form of ERKS5 that retains its transcriptional
activity (Fig. 9). This finding is strongly supported by the genetic
and pharmacological data (Fig. 7): (i) Cdc37 overexpression in-
duces ERK5 nuclear translocation in MEF MEK5 '~ cells, (ii)
ERKS inhibitor XMD2-98 blocks ERK5 nuclear translocation and
transcriptional activity induced by active MEKS5 but not by Cdc37
overexpression, and (iii) overexpression of Cdc37 induces tran-
scriptional activity of two ERK5 mutants unable to autophosphory-
late, D200A and ERK5(5A). Interestingly, Cdc37 overexpression
also increases nuclear translocation of other proteins, such as the
intracellular domain of the tyrosine kinase receptor Ryk, after be-
ing cleaved by +y-secretase (59). How Cdc37 overexpression in-
duces the release of Hsp90 remains to be studied, but it could be
the consequence of Cdc37 either directly displacing Hsp90 or in-
ducing a conformational change in ERK5 that results in Hsp90
dissociation. It is important to study if the different ERK5 cytoso-
lic/nuclear localizations observed in several cell lines are, in fact,
the consequence of a different Cdc37 expression level.

Cdc37 acts as an oncogene, stabilizing other oncogenes that are
mutated or overexpressed in cancer cells (25); it is overexpressed
in a number of cancers (60), and silencing Cdc37 reduces cell
growth and invasive capability (24, 61). On the other hand, MEK5
and ERKS5 represent a key pathway associated with some cancers,
such as breast and prostate cancer. Tumors showing a strong nu-
clear ERKS5 localization have a poor specific disease factor (42, 43,
54, 62), and silencing ERK5 or Cdc37 expression induces growth
arrest and inhibits the invasive capability of cancer cells (44). In
accordance with the results described above, we show that, in
prostate cancer cells, Cdc37 cooperates with ERKS5 to promote cell
proliferation, as it does proliferation of active MEKS5 (Fig. 8). It is
important to establish if ERK5 and Cdc37 also cooperate to regu-
late the progression and invasiveness of cancer. If so, our observa-
tion that active ERKS5 is no longer sensitive to Hsp90 or Cdc37
inhibitors supports the idea that the ERK5-Cdc37 interaction
might represent a new target for therapeutic intervention in some
cancers.
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