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The serine/threonine kinase Cot is a member of the mitogen-activated protein kinase (MAPK) kinase kinase
family implicated in cellular transformation. Enhanced expression of this protein has been shown to activate
both the MAPK and the c-Jun N-terminal kinase (JNK) pathways and to stimulate the nuclear factor of
activated T cells and NF-kB-dependent transcription. However, the nature of the normal functions of the Cot
protein and the molecular mechanisms responsible for its oncogenic potential are still largely unknown. Here,
we show that overexpression of the cot proto-oncogene is sufficient to stimulate the expression of c-jur and that,
in turn, the activity of c-Jun is required for Cot-induced transformation. These observations prompted us to
explore the molecular events by which Cot regulates c-jun expression. We found that Cot potently stimulates
the activity of the c-jun promoter utilizing JNK-dependent and -independent pathways, the latter involving two
novel members of the MAPK family, p38y (ERK6) and ERKS. Molecularly, this activity was found to be
dependent on the ability of Cot to activate, in vivo, members of each class of the MAPK kinase superfamily,
including MEK, SEK, MKK6, and MEKS. Furthermore, the use of dominant interfering molecules revealed
that Cot requires JNK, p38s, and ERK5 to stimulate the c-jun promoter fully and to induce neoplastic
transformation. These findings indicate that Cot represents the first example of a serine/threonine kinase
acting simultaneously on all known MAPK cascades. Moreover, these observations strongly suggest that the
transforming ability of Cot results from the coordinated activation of these pathways, which ultimately

converge on the regulation of the expression and activity of the product of the c-jun proto-oncogene.

The serine/threonine protein kinase Cot was originally iden-
tified as a carboxy-terminally truncated protein encoded by the
cot oncogene, which was isolated by cellular transformation
assays upon transfection of a human thyroid carcinoma cell
line DNA onto hamster cells (49). Similarly, the rat cot ho-
molog, designated pl-2, was identified as a target for provirus
insertion in Moloney murine leukemia virus-induced rat T-cell
lymphomas, which resulted in the enhanced expression of a
carboxy-terminally truncated kinase (11, 41, 56). In addition,
the cot proto-oncogene, designated est, was also isolated as a
highly transforming gene when using NIH 3T3 cells as the
recipient for a human ¢cDNA expression library (12), thus in-
dicating that both gene rearrangement and overexpression may
unmask the oncogenic potential of the Cot protein.

Interestingly, the cot gene appears to be highly expressed in
a number of tissues, including the spleen, thymus, liver, and
lung (56), and is also expressed at lower levels in many other
tissues and cell lines (54, 56). Furthermore, mitogenic stimuli
such as concanavalin A (56), inflammatory mediators such as
interleukin-1 (IL-1) (12), and tumor promoters such as okadaic
acid (12) were all shown to potently induce the expression of
cot transcripts in a variety of cell types. However, the normal
functions of the Cot protein, as well as the molecular mecha-
nisms responsible for its oncogenic potential, are still poorly
defined.

In this regard, Cot has been shown to participate in the

* Corresponding author. Mailing address: Oral and Pharyngeal Can-
cer Branch, National Institute of Dental and Craniofacial Research,
National Institutes of Health, 9000 Rockville Pike, Building 30, Room
211, Bethesda, MD 20892-4330. Phone: (301) 496-6259. Fax: (301)
402-0823. E-mail: gutkind@nih.gov.

1747

transcriptional regulation of several important genes, including
those for tumor necrosis factor alpha and IL-2 (5, 6, 67).
Recently available evidence suggests that Cot is also an inte-
gral component of signaling pathways that control the proteo-
lytic processing of the NF-kB1 p105 protein (7) and is able to
stimulate NF-kB-dependent transcription through the interac-
tion and activation of the NF-kB-inducing kinase (NIK) (40).
In addition, it has been shown that Cot potently stimulates
both (i) the mitogen-activated protein kinase (MAPK) path-
way by acting downstream from Ras (63) and (ii) the c-Jun
N-terminal kinase (JNK) pathway by acting upstream of JNK
kinases (30, 63).

Nuclear transcription factors are often the final target of
signal-transducing kinase cascades, thereby converting mem-
brane and cytoplasmic signaling events into specific changes in
gene expression (66). In this regard, members of the AP-1
(activating protein 1) family of transcription factors are fre-
quently regulated at the transcriptional and posttranscriptional
levels by MAPKs. AP-1 complexes have been shown to be
necessary for cell cycle progression in several cell systems (39,
51) and for cellular transformation by a variety of oncogenes,
including src, ras, and raf (55, 65). Members of the AP-1 family
of transcription factors are usually classified into two subfam-
ilies, namely, the Jun (c-Jun, JunB, and JunD) (4, 61, 62) and
the Fos (c-Fos, FosB, Fra-1, and Fra-2) (13, 44, 52, 73) fami-
lies. Homodimerization of Jun proteins or heterodimerization
between proteins of the two subfamilies (59) or with other
transcription factors, including the ATF2, CREB, NFAT, and
SMAD proteins (8, 53, 74), confers on the complexes the
ability to recognize specific DNA sequences known as tetrade-
canoyl phorbol acetate-responsive elements or AP-1 sites (2,
50). Through these elements, the different complexes regulate
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the expression of many cellular genes, including those for col-
lagenase, metallothionein IIA, stromelysin, IL-2, and trans-
forming growth factor B (45). Interestingly, the c-jun gene itself
contains AP-1 sites in its promoter region, thus being the target
for a positive autoregulatory loop (1) which is dependent on
the ability of JNK to phosphorylate the c-Jun transactivation
domain and increase its transcriptional activity (21, 36, 48).
However, recent data from our laboratory and others indicate
the existence of JNK-independent pathways regulating c-jun
expression (16, 34, 42).

In this study, we show that overexpression of the cot proto-
oncogene is sufficient to stimulate the expression of c-jun and
that the activity of c-Jun, in turn, is required for Cot-induced
transformation. In this regard, we found that Cot potently stim-
ulates the activity of the c-jun promoter by enhancing the en-
zymatic activity of JNK and two novel members of the MAPK
family, p38y (ERK6) and ERKS, through the stimulation of
their respective MAPK kinases, SEK, MKK6, and MEKS, re-
spectively. Furthermore, the activity of these MAPK kinases
was found to be required for full stimulation of the c-jun pro-
moter by Cot and for Cot-induced neoplastic transformation.
Thus, these findings indicate that Cot represents the first ex-
ample of a serine/threonine kinase acting simultaneously on all
known MAPK cascades and that its biological activity results
from the coordinated activation of these pathways, which ulti-
mately converge on the regulation of the expression and activ-
ity of the product of the c-jun proto-oncogene.

MATERIALS AND METHODS

Cell lines. NIH 3T3 fibroblasts were maintained in Dulbecco’s modified Ea-
gle’s medium (Life Technologies, Inc.) supplemented with 10% calf serum.

DNA constructs. A plasmid encoding a luc gene driven by a wild-type murine
cjun promoter was kindly provided by R. Prywes (33). Plasmids pJC6, pJTX,
pJSX, and pJSTX are pPBLCAT3-based reporter constructs carrying a chloram-
phenicol acetyltransferase (CAT)-encoding reporter gene controlled by the wild-
type murine c-jun promoter and its mutant forms as previously described (33).
The pCEV27Cot (est) expression vector used for the focus-forming assays has
already been described (12). The Cot coding sequence was transferred to the
pCDNAIIIB expression vector to obtain the pCDNAIIICot plasmid. An expres-
sion plasmid for a kinase-deficient mutant form of Cot, Cot KR, was obtained by
replacing a lysine residue in position 167 with arginine by PCR-mediated site-
directed mutagenesis. ERKS, p38a, p38y, and p388 cDNAs were amplified by
the PCR technique using human skeletal muscle cDNA (Clontech, Inc.) as the
template. The sequences of the oligonucleotides utilized are available upon
request. The amplified DNA fragments were subcloned in pCEFL, a modified
pcDNAIII expression vector containing the elongation factor 1 promoter driving
the expression of an in-frame N-terminal tag of nine amino acids derived from
the influenza virus hemagglutinin HA1 protein (HA) (72). The expression vec-
tors containing HA-tagged MAPK and JNK have been previously described (15,
18). MEK, expressed as a glutathione S-transferase (GST) fusion protein, was
cloned as a BamHI/Notl fragment in the pEBG vector. SEK-1, expressed as a
GST fusion protein from the vector pEBG, was kindly provided by L. I. Zon
(64). PCR-amplified MKK6 ¢cDNA was cloned as a BarnHI/NotI fragment in a
pCEFLGST vector. MEKS cDNA was obtained from Kevin Walton at Cephalon
Inc. and subcloned in pCEFL and in pCEFLGST as a BamHI/NotI fragment.
pCEFL MEKSDD and MEKS5AA, dominant active and dominant negative forms
of MEKS, respectively, were obtained by site-directed mutagenesis (Quick-
Change Site-Directed Mutagenesis; Stratagene), replacing serine 311 and thre-
onine 315 with aspartate or alanine, respectively. A kinase-deficient mutant form
of MKK6, MKK6KR, was obtained using the same method, replacing a lysine
residue in position 82 with arginine (58, 64). Raf CAAX-, MEKEE-, and
MEKK1-containing expression vectors have already been described (15, 16). The
expression vector for Raf CAAX, pEF Raf CAAX, was kindly provided by
Andrew Larner. Dominant negative MEK1 was generated by replacing Ser-218
and Ser-222 with alanine; this construct was designated pCDNAIIIMEKAA
(17). The pCDNAIII JIP-1-expressing vector was kindly provided by R. Davis
(23). The c-Jun dominant negative expression vector pPCEFLAUS5c-JunTAM67
was obtained by cloning the c-jun gene lacking amino acids 3 to 122 (9) into the
pCEFLAUS vector. The pPCEFLAUS RasV12 expression vector was obtained by
cloning murine Ha-RasV12 into the pCEFLAUS vector. The pAP-1 and pSRE
luciferase reporters were obtained from Stratagene. The transactivation domain
of the Elk1 (amino acids) 307 to 428) (58) transcription factor was subcloned as
a Gal4 fusion protein in a pCDNAIII vector containing the DNA-binding do-
main of the yeast transcription factor Gal4. TATA-Gal4-driven luciferase re-
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porter plasmid pGal4 Luc was constructed by inserting six copies of a Gal4
responsive element and a TATA oligonucleotide to replace the simian virus 40
minimal promoter in the pGL3 vector (Promega). A GST-MEF2C fusion protein
carrying amino acids 174 to 327 of the MEF2C transactivation domain was
obtained by PCR using murine MEF2C cDNA as the template and oligonucle-
otides 5'-GGG GAT CCC CGT CTC TGC AGA GGA AT-3' and 5'-TAG AAT
TCA GCC AGA CAG AGA GGG ACA-3'. The amplified DNA fragment was
cloned between the BamHI and EcoRI sites of pPGEX4T-3 (Pharmacia) in frame
with the GST-encoding gene. The GST-ATF2 fusion protein has been already
described (15).

Focus-forming assays. NIH 3T3 cells were transfected by the calcium phos-
phate precipitation technique with different expression plasmids together with
1 g of pCDNAIIIB-gal, a plasmid expressing the enzyme B-galactosidase, and
the total amount of plasmid DNA was adjusted with empty vector. The day after
transfection, cells were washed in medium supplemented with 5% calf serum and
then maintained in the same medium until foci were scored 2 to 3 weeks later.
Duplicate plates were fixed with a phosphate-buffered saline (PBS) solution
containing 2% (vol/vol) formaldehyde and 0.2% (vol/vol) glutaraldehyde and
stained at 37°C for B-galactosidase activity with a PBS solution containing 2 mM
MgCl,, 5 mM K;Fe(CN)g, 5 mM K, Fe(CN)g, and 0.1% 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside (X-Gal) to score transfection efficiency.

Reporter gene assays. NIH 3T3 cells were transfected by the calcium phos-
phate precipitation technique with different expression plasmids together with
1 pg of pCDNAIIIB-gal and 1 pg of each of the reporter plasmids. After 24 h of
incubation, the cells were washed and kept for 24 h in serum-free Dulbecco’s
modified Eagle’s medium. Cells were then lysed using reporter lysis buffer (Pro-
mega). Luciferase activity present in cellular lysates was assayed using b-luciferin
and ATP as substrates, and light emission was quantitated using a Monolight
2010 luminometer as specified by the manufacturer (Analytical Luminescence
Laboratory). CAT activity was assayed in the cell extracts by incubation at 37°C
for 10 to 16 h in the presence of 0.25 p.Ci of [**C]chloramphenicol (100 mCi/
mmol; ICN) per sample and 200 pg of butyryl coenzyme A (Sigma) per ml in 0.25
M Tris-HCI, pH 7.4. Labeled butyrylated products were extracted using a mix-
ture of xylenes (Aldrich) and counted as previously described (42). B-Galacto-
sidase activity present in each sample was assayed by a colorimetric assay and
used to normalize for transfection efficiency.

Kinase assays. NIH 3T3 cells were transfected by Lipofectamine Plus Reagent
in accordance with the manufacturer’s (Life Technologies, Inc.) instructions;
with different expression plasmids. The phosphorylating activity of epitope-
tagged MAPK and JNK was previously described (14). Briefly, cells were seeded
at 10% confluence and 2 days later were incubated in serum-free medium
overnight for MAPK or for 2 h for JNK, p38a, p38y, p383, and ERKS. After
serum starvation, cells were washed with cold PBS and lysed at 4°C in a buffer
containing 25 mM HEPES (pH 7.5)-0.3 M NaCl-1.5 mM MgClL,-0.2 mM
EDTA-0.5 mM dithiothreitol-20 mM B-glycerophosphate-1 mM vanadate—
1% NP-40-1 mM phenylmethylsulfonyl fluoride (PMSF)-20 pg of aprotinin per
ml-20 pg of leupeptin per ml. Cleared lysates containing HA-tagged kinases
were immunoprecipitated at 4°C for 2 h with anti-HA monoclonal antibody
(MADb) HA.11 (Berkeley Antibody Company). Immunocomplexes were recov-
ered with the aid of protein G-Sepharose (Pharmacia Biotech). Beads were
washed three times with PBS containing 1% NP-40 and 2 mM vanadate, once
with 100 mM Tris (pH 7.5)-0.5 M LiCl, and once with kinase reaction buffer
(25 mM HEPES [pH 7.6], 20 mM B-glycerophosphate, 20 mM MgCl,, 0.5 mM
sodium fluoride, 0.1 mM vanadate, 2 mM dithiothreitol). Samples were then
resuspended in 30 wl of kinase reaction buffer containing 1 wCi of [y->*P]JATP
per reaction and 20 pM of unlabeled ATP. After 20 min at 30°C, the reactions
were terminated by addition of 10 pl of 5X Laemmli buffer. In vitro kinase assays
were performed using as substrates 1.5 ug of myelin basic protein (MBP; Sigma)
per pl for MAPK, p38a, and p38y; 1 pg of purified, bacterially expressed
GST-ATF2 for JNK and p383; and GST-MEF2C protein for ERKS. Samples
were analyzed by sodium dodecyl sulfate-12% (or 15% for MBP) polyacrylamide
gel electrophoresis, and autoradiography was performed with the aid of an
intensifying screen.

Bacterial expression of GST fusion proteins. The BL21Lys strain of Esche-
richia coli was transformed with the vector pGEX-4T3 encoding the fusion
protein GST-ATF2 or GST-MEF2C. The transformed bacteria were grown in
500 ml of Luria-Bertani medium until the optical density was 0.5, at which time
isopropyl-B-p-thiogalactopyranoside (1 mM final concentration) was added and
the mixture was incubated for 3 h. The cells were collected by centrifugation at
3,000 X g for 30 min and resuspended in 10 ml of PBS-1% Triton X-100-1 mM
EDTA-2 g of aprotinin per ml-2 ug of leupeptin per ml-1 mM PMSF. The cell
suspension was sonicated, and cellular debris was removed by centrifugation at
10,000 X g for 15 min. The supernatant was mixed with 300 pl of glutathione-
agarose beads (Pharmacia Biotech, Piscataway, N.J.) and centrifuged at 3,000 X
g for 5 min. The pellet was washed three times with PBS-1% Triton X-100-1 mM
EDTA-2 pg of aprotinin per ml-2 pg of leupeptin per ml-1 mM PMSF and then
twice with PBS-2 g of aprotinin per ml-2 pg of leupeptin per ml-1 mM PMSF.
Finally, purified fusion proteins were eluted in 50 mM Tris—10 mM glutathione—
2 pg of aprotinin per ml-2 ug of leupeptin per ml-1 mM PMSF.

Western blot analysis and antibodies. Expression of HA-tagged MAPK,
JNK1, ERKS, p38a, p38y, and p388 cDNAs in transfected NIH 3T3 cells was
analyzed by Western blotting after sodium dodecyl sulfate-polyacryalmide gel
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electrophoresis using anti-HA MAb HA.11 (Berkeley Antibody Company).
Epitope-tagged proteins were visualized by enhanced chemiluminescence detec-
tion (Amersham Corp.) using goat anti-mouse immunoglobulin G (IgG) coupled
to horseradish peroxidase as the secondary antibody (Cappel). Rabbit polyclonal
antisera to the phospho-MKKG6 and phospho-SEKI1 proteins were purchased
from New England Biolabs, Inc. Specific polyclonal antibodies to phosphoserine
were purchased from Zymed Laboratories. Rabbit anti-Tpl-2/Cot antibodies
were purchased from Santa Cruz Biotechnology, Inc.

Indirect immunofluorescence. NIH 3T3 cells were transfected by Lipofect-
amine Plus Reagent in accordance with the manufacturer’s (Life Technologies,
Inc.) instructions. Cells serum starved for 24 h were washed twice with PBS and
then fixed with 4% formaldehyde and 5% sucrose in PBS for 10 min and
permeabilized with 0.5% Triton X-100 in PBS for 10 min. The cells were incu-
bated with an anti-c-Jun MADb (Santa Cruz Biotecnology, Inc.) and an anti-Tpl2/
Cot (Santa Cruz Biotechnology, Inc.) or anti-MEKKI antibody for 1 h and
washed three times with PBS and then with a 1:100 dilution of fluorescein-
conjugated goat anti-mouse F(ab’), IgG and tetramethyl rhodamine isocyanate-
conjugated anti-rabbit F(ab’), IgG antibodies (Jackson ImmunoResearch Lab-
oratories, Inc.). Coverslips were mounted in Gel-Mount (Biomeda Corp., Foster
City, Calif.) containing p-phenylenediamine (ICN) at 1 mg/ml to inhibit photo-
bleaching and viewed using a Zeiss Axiophot photomicroscope equipped with
an epifluorescence detector. Immunofluorescence was photographed using Kodak
TMAX 3200 film.

RESULTS

Cot enhances c-Jun expression. c-Jun is a nuclear proto-
oncoprotein whose expression is stimulated by a variety of
growth-promoting agents and activated oncogenes (35, 59).
Thus, we investigated if overexpression of the Cot proto-onco-
gene, known to transform NIH 3T3 cells (12), is also able to
affect c-Jun protein levels. For these experiments, NIH 3T3
cells were transfected with a Cot expression vector, fixed, and
analyzed by double immunofluorescence using specific anti-
Cot and anti-c-Jun antibodies. As shown in Fig. 1A, only cells
overexpressing Cot (panel a) demonstrated marked nuclear
staining with specific anti-c-Jun antibodies (panel b), indicative
of an increase in the endogenous c-Jun protein level. This
effect was dependent on the Cot kinase activity, as its kinase-
deficient mutant, CotKR, was unable to stimulate c-Jun ex-
pression (panel d), even if expressed at levels comparable to
those of the wild-type protein (panel ¢). Nearly identical results
were obtained when MEKKI, a potent activator of the JNK
pathway (47) and of c-jun expression (16), was transfected as a
positive control (panels e and f). However, transfection of the
vector alone or expression plasmids for the green fluorescent
protein or an activated form of Raf did not induce c-Jun
expression (data not shown).

To investigate whether the increased level of c-Jun protein
upon Cot overexpression results from direct stimulation of the
c-jun promoter, we took advantage of the availability of a
reporter plasmid carrying the luc gene under the control of the
murine c-jun promoter (34). Cotransfection of this reporter
with the Cot ¢cDNA in NIH 3T3 cells revealed that Cot can
strongly induce the activity of the c-jun promoter (Fig. 1B), to
an extent comparable to that induced by MEKKI1. However,
the kinase-deficient mutant form of Cot, CotKR, failed to elicit
a transcriptional response (Fig. 1B). As an additional control,
Raf CAAX, a constitutively active form of Raf, a MAPK ki-
nase kinase (MAPKKK) acting on the MAPK pathway (27),
failed to stimulate the c-jun promoter (Fig. 1B), further con-
firming that activation of MAPK is not sufficient to regulate
the activity of this promoter (16, 42). These data therefore
indicate that Cot can regulate the expression of c-Jun and
suggest that c-Jun, in turn, represents a potential candidate to
mediate the biological activities elicited by Cot.

A dominant negative mutant form of c-Jun inhibits Cot-
induced transformation of NIH 3T3 cells. Cellular transforma-
tion is the best-characterized biological effect resulting from
Cot overexpression and/or carboxy-terminal truncation (3, 11,
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12, 26, 56). We thus decided to investigate if the c-Jun/AP-1
transcription factor might participate in Cot-induced cellular
transformation. For these experiments, we used a dominant
negative c-Jun protein which consisted of a c-Jun molecule
with NH, deleted that still binds DNA but is incapable of
transactivation (9, 10). First, we confirmed the specificity of
this dominant negative protein. As shown in Fig. 2A, Cot
overexpression readily enhanced the transcription of a luc re-
porter gene under the control of tandemly repeated AP-1
responsive elements, probably through JNK activation (63).
Accordingly, coexpression of the c-Jun dominant negative pro-
tein strongly reduced Cot-induced transactivation of the AP-1
responsive element (Fig. 2A). As expected, a similar effect of
the dominant negative c-Jun protein on RasV12 stimulation of
the AP-1 reporter element was observed (Fig. 2A). In contrast,
no inhibition by c-Jun TAM67 on Cot or RasV12 stimulation
of a serum responsive element-driven reporter was observed
(Fig. 2B), confirming the specificity of c-Jun TAMG67 as a
dominant negative molecule for the c-Jun/AP-1 transcription
factor. We next decided to assess the effect of this mutant on
Cot-induced cellular transformation. Indeed, whereas trans-
fection of the Cot proto-oncogene into NIH 3T3 cells readily
induced the appearance of foci of transformation after 2 to 3
weeks of culture (12), cotransfection with dominant negative
c-Jun caused a remarkable inhibition of Cot transforming po-
tential (Fig. 2C). However, in agreement with previous results
(37, 43), this mutant c-Jun did not interfere with RasV12-
induced transformation of NIH 3T3 cells (Fig. 2C). In each
case, a plasmid carrying the B-galactosidase-encoding gene was
included in the transfection mixture and parallel plates were
stained for B-galactosidase expression, showing comparable
transfection efficiencies (data not shown). Taken together,
these results suggest that the activity of c-Jun is necessary for
the transforming ability of Cot.

JNK-dependent and -independent pathways contribute to
the stimulation of the c-jun promoter by Cot. Posttranslational
modifications of the c-Jun transactivating domain through JNK
phosphorylation have been recognized as a central mechanism
of AP-1-mediated regulation of the c-jun promoter itself (1).
To test whether the activation of JNK by Cot mediates the
stimulation of the c-jun promoter, we took advantage of the
observation that overexpression of JNK-interacting protein 1
(JIP-1) blocks the nuclear translocation of JNK, thereby im-
peding JNK-dependent gene expression (23, 69). For these
experiments, we performed parallel cotransfections of Cot and
MEKKI1 cDNAs together with increasing amounts of the JIP-1
expression plasmid and then evaluated the effect of JIP-1 on
expression from the c-jun promoter-driven reporter plasmid.
As shown in Fig. 3A, JIP-1 caused strong, dose-dependent
inhibition of the MEKKI-induced response. This inhibition
was almost complete at the highest doses tested (100 to 250
ng). In contrast, increasing amounts of JIP-1 caused a more
modest inhibition of Cot-induced c-jun promoter stimulation
(Fig. 3A), suggesting the existence of both INK-dependent and
-independent pathways linking Cot to the c-jun promoter.
Equal levels of expression of the Cot and MEKKI proteins,
upon cotransfection with increasing amounts of the JIP-1 ex-
pression plasmid, were confirmed by Western blot analysis
(Fig. 3A).

To further confirm the specificity of the JIP-1 inhibitory
activity on the JNK pathway, we performed a similar dose-
response analysis testing the effect of this protein on the trans-
activation of a Gal4-Elkl fusion protein. The transcription
factor Elkl is a substrate for activating phosphorylation by
several members of the MAPK family, including MAPK (28),
JNK (71), and p38a (70). The Gal4-Elk1 fusion protein, in



1750 CHIARIELLO ET AL.

A

MoL. CELL. BIOL.

FIG. 1. Cot kinase enhances c-Jun expression. (A) NIH 3T3 cells were transfected with a wild-type Cot (a and b)-, CotKR (c and d)-, or MEKKI1 (e and f)-expressing
vector (0.5 pug). At 24 h after transfection, cells were transferred into serum-free medium for an additional 24 h, fixed, and then analyzed by double immunofluorescence
with specific anti-c-Jun (b, d, and f) and anti-Cot/Tpl2 (a and c) or anti-MEKK]1 (e) antibodies. (B) NIH 3T3 cells were transfected with the reporter plasmid pJLuc,
which encodes a luc gene driven by the wild-type c-jun promoter. These cells were also cotransfected with expression vectors (1 pug) encoding the MEKKI1 Cot, and Raf proteins,
as indicated. At 24 h after transfection, cells were transferred to serum-free medium for an additional 24 h, lysed, and then analyzed for luciferase activity as described in
Materials and Methods. Luciferase activity was normalized with respect to that of vector-transfected cells, whose value was taken as 1. B-Galactosidase activity resulting from
the cotransfection of a pCDNAIII B-galactosidase expression vector was used to normalize the luciferase values to the corresponding transfection efficiencies. The results
shown are averages * the standard errors of triplicate samples from a typical experiment. Similar results were obtained in three independent experiments. ¢, control.
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which the Elk1 transactivating domain is fused to the DNA-
binding domain of the yeast transcription factor Gal4, can
respond to the activating effects of each of these kinases when
assessed with a luc reporter gene under the control of 6X
Gal4-responsive elements and a minimum TATA promoter
(pGal4). As shown in Fig. 3B, both a constitutive active form of
MEKI1, MEKEE (17), and the JNK stimulator MEKKI1 (47)
activated reporter gene expression. The MEKK1-induced ac-
tivation of Gal4-Elk1 was readily blocked in a dose-dependent
manner by JIP-1 cotransfection, but increasing amounts of the
JIP-1 expression plasmid did not affect this response when
elicited by MEKEE (Fig. 3B), confirming the specificity of
JIP-1 on the JNK pathway in our cellular setting. In addition,
JIP-1 cotransfection partially affected the transcriptional activa-
tion of Gal4-Elk1 by Cot (Fig. 3B). Taken together, these data
support the specificity of the use of JIP-1 overexpression as an
approach to evaluate the contribution of JNK to transcrip-
tional regulation. They also further support the existence of
both JNK-dependent and -independent pathways participating
in the transduction of signals from Cot to the c-jun promoter.

A MEF2 responsive element is critical for induction of the
c-jun promoter by Cot. The activity of the c-jun promoter is
tightly regulated on key regulatory elements (1, 33, 42). Among
them, an AP-1/ATF site at position —71 to —64 and a MEF2
site at position —59 to —50 appear to be critical for the inte-
gration of signals transmitted by distinct MAPK signaling path-
ways (16, 38, 42). More specifically, whereas the JNK pathway
regulates the activity of the AP-1/ATF site, the ERKS pathway
acts on the MEF?2 responsive element (42). Conversely, differ-
ent members of the p38 family of MAPK are able to regulate
the c-jun promoter by acting on both responsive elements (42).
Based on the previous evidence that both JNK-dependent and
-independent pathways participate in the induction of the c-jun
promoter by Cot, we decided to examine the relative contri-
bution of the AP-1/ATF and MEF?2 sites to this transcriptional
response. To this end, we used reporter plasmids encoding the
CAT-encoding gene under the control of the wild-type c-jun
promoter (pJC6) or mutant promoters lacking a functional
AP-1/ATF (pJTX) or MEF2 (pJSX) responsive element or
both (pJSTX) (33) (Fig. 4A).

As shown in Fig. 4B, Cot strongly stimulated the pJC6 re-
porter plasmid, to an extent similar to that observed with the
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luc-based reporter construct (see above). When the AP-1/
ATF-deficient reporter (pJTX) was tested, the stimulation in-
duced by Cot was strongly affected (Fig. 4B). Surprisingly, how-
ever, the mutation in the MEF?2 responsive element (pJSX)
also had a dramatic effect on the Cot-induced response. As
controls, we confirmed, in parallel experiments, that the stim-
ulation of the JNK and ERKS pathways by overexpression of
MEKKI1 and an active MEKS5 protein, MEK5DD (38), respec-
tively, readily induces CAT expression from the wild-type c-jun
promoter (Fig. 4B). Mutations in the AP1/ATF site (pJTX)
abolished the response to MEKKI1, while these mutations had
a much more limited effect on the activation of the c-jun
promoter by MEKSDD (Fig. 4B). Work in progress is aimed to
address the contribution of transcription factors binding the
AP-1/ATF site to the stimulation of the c-jun promoter by the
ERKS pathway. Nonetheless, mutations in the MEF2 site
(pJSX) prevented the enhanced expression from the reporter
plasmid provoked by MEKSDD but not when induced by
MEKKI1 (Fig. 4B), supporting a critical role for the MEF2
responsive element in the transcriptional response elicited by
ERKS. Furthermore, a double AP-1/MEF2 mutant reporter
(pJSTX) was not stimulated by any of these kinases (Fig. 4B).
Taken together, these data indicated that signaling pathways
acting on MEF2 transcription factors might participate in the
activation of the c-jun promoter by Cot, thus raising the pos-
sibility that ERKS or p38 family members act downstream
from this oncoprotein.

Novel members of the MAPK family can be activated by Cot.
Overexpression of Cot is able to potently activate both the
MAPK and JNK pathways in Cos-7 cells, being the activity of
p38a only modestly affected (63). However, it has been ob-
served that MAPK does not affect the activity of the c-jun
promoter (16) and that Cot can stimulate this promoter utiliz-
ing JNK-independent pathways, probably involving kinases
such as p38 family members and/or ERKS, involved in the
regulation of MEF?2 transcription factors (see above). To ad-
dress this possibility, we transiently cotransfected NIH 3T3
cells with expression vectors containing the Cot cDNA and
HA-tagged forms of MAPK, JNK, p38a, and the more recently
identified members of the MAPK family p38y (46), p38%
(29), and ERKS (75) (Fig. 5). As a positive control, we used
MEKEE (15) for MAPK, MEKK1 (47) for JNK, MKKG6 for
members of the p38 family of kinases (19, 29, 32), and an
activated form of MEKS, MEKS5DD, for ERKS (38). After
transfection into NIH 3T3 cells, each HA-tagged kinase was
immunoprecipitated from cellular lysates with anti-HA anti-
bodies and assayed for kinase activity using MBP as the sub-
strate for MAPK, p38a, and p38y or bacterially expressed
GST-MEF2C for ERKS and GST-ATF2 for JNK and p388.

As shown in Fig. 5A, both MAPK and JNK were potently
activated by Cot overexpression in NIH 3T3 cells, whereas no
specific effect was observed for p38a or p3838 kinase activity
(Fig. 5A and B), both of which were potently stimulated by
MKKG®6 under identical experimental conditions. Interestingly,
however, we observed that Cot overexpression was sufficient to
stimulate p38y potently, to an extent even greater than that
caused by its upstream activator, MKK6 (Fig. 5B). Cot also
activated a novel member of the MAPK superfamily, ERKS,
causing a more-than-10-fold increase in its kinase activity (Fig.
5C). In this case, however, the stimulation of ERKS by Cot was
more limited than that caused by the activated form of MEKS,
MEKSDD. To explain this difference, we reasoned that the
availability of endogenous MEKS protein might be the limiting
step for transducing the Cot signal to the ERKS kinase. We
speculated that if this was the case, then overexpression of
wild-type MEKS protein might overcome this limitation, thus
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Representative plates for all of the transfections are shown.

allowing the full activation of ERKS by Cot. Indeed, as shown
in Fig. 5C, overexpression of wild-type MEKS, which itself had
no demonstrable effect on ERKS activity, dramatically en-
hanced the response to Cot. These data indicated that ERKS
can be regulated by Cot, thus establishing Cot as the first
ERKS kinase kinase. Furthermore, these observations sug-
gested that Cot possesses the unique ability to act simulta-
neously as an upstream activator of multiple MAPK pathways.

Cot activates in vivo distinct members of the MEK super-
family of MAPK kinases. The high degree of homology be-

tween the Cot protein and both yeast and mammalian MAP-
KKKs (63) and its ability to phosphorylate in vitro and activate
MEKI1 and SEK1 (63) suggest that the Cot protein can itself
be considered a MAPKKK. Activation of MEKs by upstream
kinases involves the phosphorylation of specific serine and/or
threonine residues; in turn, these dual-specificity kinases phos-
phorylate threonine and tyrosine residues within the TXY mo-
tif of the corresponding MAPK (see references 20 and 22 for
a review). To investigate whether the activity of the Cot kinase
results in the in vivo phosphorylation of different MEKs, we
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sulting luciferase activities were then expressed as percentages of the values from
Cot (or MEKK1)-transfected cells. Protein expression in cellular lysates was
determined by Western blotting with appropriate antibodies, as indicated. (B) Same
as in panel A but using a Gal4-driven luciferase-expressing reporter plasmid to
score MEKKI1-induced activation of a chimerical Gal4 Elk1 protein. The results
shown are averages * the standard errors of triplicate samples from a typical
experiment. Similar results were obtained in three independent experiments.

took advantage of the existence of anti-phospho-specific anti-
bodies recognizing the serine and threonine residues respon-
sible for the activation of these proteins (22). As shown in Fig.
6, MEK, SEK1, and MKK®6 anti-phospho-specific antibodies re-
vealed that, upon Cot expression, cotransfected MEK, SEK1,
and MKK6 were heavily phosphorylated in vivo, at levels com-
parable to those of the corresponding positive controls (data
not shown). MEKS also presents a conserved S*"'XXXT3!°
motif (25, 75), whose phosphorylation has been demonstrated
to be necessary for its kinase activity (38). As no anti-phospho-
specific antibodies for MEKS are available, we assessed the
status of MEKS phosphorylation in response to Cot overex-
pression using antiphosphoserine antibodies upon affinity pre-
cipitation of a coexpressed GST-tagged MEKS protein (Fig. 6).
Under these experimental conditions, the serine phosphoryla-
tion of MEKS was greatly enhanced by Cot. These results
suggest that, in addition to stimulating the MAPK and JNK
pathways, Cot phosphorylates MKK6 and MEKS in vivo, thus
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resulting in their activation. Taken together, these observa-
tions strongly suggest that the stimulation of several members
of the MAPK superfamily by Cot is mediated by its ability to
activate their corresponding MAPK kinases, including MEK,
SEK1, MKK6, and MEKS.

The p38 and ERKS pathways are involved in the regulation
of c-jun promoter activity by Cot. We next decided to explore
whether the p38 and ERKS kinases play a role in the JNK-
independent pathway linking Cot to the c-jun promoter, using
dominant interfering molecules specific for each MAPK path-
way as an experimental approach. As shown in Fig. 7A, both
MKK6KR and MEKSAA were able to diminish Cot-induced
c-jun promoter activity, to an extent comparable to that ob-
served with JIP-1. None of these molecules affected Cot ex-
pression (Fig. 7A). Combination of these dominant negative
interfering molecules completely abolished Cot stimulation of
the c-jun promoter (Fig. 7A). In contrast, the dominant nega-
tive form of MEK1, MEKAA, did not affect this response (Fig.
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FIG. 4. Distinct regulatory elements on the c-jun promoter mediate its stim-
ulation by Cot. (A) Schematic representation of the reporter for the wild-type
murine c-jun promoter (pJC6) and for its derivatives mutated in the AP-1
(pITX), MEF2 (pJSX), and AP-1/MEF2 (pJSTX) regulatory elements. The
crosses represent the sites at which the different reporters were mutated. (B) The
pJC6, pIJTX, pJSX, and pJSTX reporter plasmids and pCDNAIIIB-gal were
transiently cotransfected into NIH 3T3 cells together with the indicated plasmids
(1 pg each); in the case of MEKS5DD, an expression vector for ERKS was also
cotransfected (1 pg). At 24 h after transfection, cells were transferred to serum-
free medium for an additional 24 h, lysed, and then analyzed for CAT activity as
described in Materials and Methods. The data represent CAT activity normal-
ized to the B-galactosidase activity present in each sample, expressed as fold
induction relative to that of the corresponding gene fluorescent protein-trans-
fected control, and are averages * the standard errors of triplicate samples from
a typical experiment. Similar results were obtained in three independent exper-
iments.
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7A), although it blocked the activation of the Gal4-Elk1 re-
porter by Raf CAAX (Fig. 7B). As additional confirmation of
the specificity of MEKAA, no demonstrable effect of this pro-
tein on MEKKI1 and MKK6 activation of the Gal4-Elk1 re-
porter was observed (data not shown). The absence of non-
specific effects of MKK6KR and MEKSAA on pJLuc reporter
activity was also confirmed, as they did not exert any demon-
strable effect on the activation of this reporter by MEKK1 (Fig.
7D). Similarly, no effect of JIP-1 on MEKEE-induced acti-
vation of the Gal4-Elk1 chimera was observed (Fig. 7C and
see above). Altogether, these data suggest that at least three
MAPK, JNK, p38 (most likely the p38y isoform), and ERKS,
participate in the regulation of the c-jun promoter by Cot.
The JNK, p38, and ERKS signaling pathways are integral
components of the transforming pathway elicited by Cot in
NIH 3T3 cells. In view of the role of JNK, p38, and ERKS in
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FIG. 5. Activation of members of the MAPK family by Cot. (A) NIH 3T3
cells were transfected with 1 pg of pPCDNAIIIHAMAPK, pCDNAIITHAJNKI1,
or pCEV29HAp38a. For each of these kinases, cells were cotransfected with
the vector alone or 1 pg of P>CONAIIIMEKEE, pCEV29MEKKI, pCEFLGST-
MKK6, pCEFLAUIMEKSDD, or pCDNAIIICot. Cells were then lysed, and
kinase assays were performed as described in Materials and Methods. 3°P-la-
beled substrates are indicated. Phosphorylation of the respective substrates
(MBP for MAPK and p38a and GST-ATF2 for JNK1) was quantified by Phos-
phorImager analysis and is reported in the histograms as kinase activity relative
to that of vector-transfected cells, whose value was taken as 1. The data represent
the means of four independent experiments. (B) pCEFLHAp38y (1 pg)- and
pCEFLHAP385 (1 pg)-transfected NIH 3T3 cells were cotransfected and ana-
lyzed for kinase activity as described for panel A, using MBP and GST-ATF?2 as
substrates, respectively. Resulting kinase activities were normalized as described
for panel A. (C) HA epitope-tagged ERKS5 was cotransfected in NIH 3T3 cells
with the indicated expression vectors. Kinase activity was measured as described
in Materials and Methods, using GST-MEF2C as the substrate. Normalized
results are expressed as described above. C, control.

the activation of the c-jun promoter by Cot, we next asked
whether these kinases also participate in the transforming abil-
ity of Cot when expressed in NIH 3T3 cells. For that, we
cotransfected the Cot expression plasmid together with domi-
nant negative proteins for each of the known MAPK signaling
pathways: MEKAA, JIP-1, MKK6KR, and MEK5AA. As shown
in Fig. 8A, molecules interfering with the JNK, p38, and ERKS
signaling pathways reduced the focus-forming activity of Cot in
NIH 3T3 cells. In contrast, MEKAA displayed a very limited
effect, although it effectively diminished the transforming abil-
ity of an activated form of Raf, a MEK kinase (Fig. 8B). As
additional controls, none of these dominant interfering mole-
cules affected the focus-forming activity of an activated form of
MEK, MEKEE (15) (Fig. 8C) or Cot protein expression (Fig.
8D). In each case, cells were also cotransfected with a plasmid
encoding the gene for B-galactosidase and parallel plates were
fixed and stained for B-galactosidase activity, showing no sub-
stantial differences in transfection efficiency (data not shown).
These data indicate that activation of JNK, p38s (probably
p38y), and ERKS contributes to the transforming potential of
the Cot oncoprotein.

DISCUSSION

The complexity of the mechanisms controlling the activity of
regulatory elements found in the promoter region of growth-
regulating genes, including c-jun and c-fos, has just begun to be
appreciated. These elements appear to be under the control of
a number of transcription factors, each regulated by one or
more members of the MAPK superfamily of proline-directed
kinases (66). The transcriptional activation or repression of
these genes would then be expected to result from the coordi-
nated activity of multiple kinase cascades, indicating that the
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transcriptional regulation of these genes represents an impor-
tant site for signal integration. Specifically for c-jun, recently
available evidence suggests that, in addition to the autoregu-
latory loop by which c-Jun regulates its own expression (1),
another transcription factor, MEF2, plays a critical role in the
regulation of the activity of the c-jun promoter (16). The trans-
activating activity of these transcription factors may be tightly
regulated by distinct MAPKSs: c-Jun is phosphorylated by JNK
(21), while MEF2 transcription factors have been demon-
strated to be substrates for the p38a, p38y, and ERKS MAPKs
(31, 38, 42).

Cot has been shown to stimulate both MAPK and JNK, but
only the latter is able to regulate the activity of the c-jun
promoter (16). However, we observed that inhibition of the
JNK pathway exerts only a partial effect on the stimulation of
the c-jun promoter by Cot. In addition, mutations in the MEF2
responsive element, whose regulation appears to be indepen-
dent of the JNK pathway (16), were found to affect deeply the
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Cot-induced response, thus raising the possibility that Cot ac-
tivates additional members of the MAPK family, which, in
turn, may control the activity of the c-jun promoter. Indeed,
both p38y and ERKS were potently activated by Cot overex-
pression, while no activation was observed for p38« and p383.
Furthermore, the use of dominant negative mutant forms of
their respective upstream kinases helped to establish a role for
ERKS and p38s in the regulation of c-jun promoter activity by
Cot. From these observations and the remarkable inhibition of
Cot-induced focus formation by a dominant negative c-Jun
protein, we can conclude that this transcription factor and the
multiple MAPK pathways controlling c-jun expression may
play a key role as part of the transforming pathway elicited by
Cot (Fig. 9).

An intriguing issue is why Cot stimulates MKK6 but this
results in the stimulation of p38y but not of p38a and p383. As
we have observed that Cot forms stable complexes in vivo with
cotransfected GST-MKKG6 (our unpublished observations), it
is possible that these complexes result in a distinct ability of
MKKG® to activate each p38 isoform, p38y being the best such
downstream target. Additionally, it is possible that the Cot-
MKKG6 complex can also specifically associate with yet to be
identified scaffolding proteins, which may discriminate among
p38 family members. An example of such a mechanism has
already been described in the yeast Saccharomyces cerevisiae,
where a MEKK homolog, Stell, can be used both in the
response to high osmolarity and in mating, which results in the
activation of HOG1 and FUS3, respectively (24, 57). Two
scaffolding proteins, Ste5 and Pbs2, have been shown to be
responsible for maintaining the necessary specificity between
these two pathways, thus avoiding dangerous cross talks (24,
57). These possibilities, as well as additional possibilities that
might help to explain the surprising specificity of the Cot-
MKKG6 complex for p38y in vivo, are under investigation.

It is of interest that p38y has recently been found to activate
both the Jun/ATF and the MEF2 regulatory elements in the
c-jun promoter (42) and that the MEKS-ERKS pathway has
recently been shown to regulate the activity of members of the
MEF?2 class of transcription factors (38, 42). Indeed, we have
observed that Cot can potently enhance the transcriptional
activity of chimeric molecules containing the DNA-binding
domain of Gal4 and the transactivating domain of ATF2
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FIG. 7. p38y- and ERK5-dependent pathways participate in the regulation of the c-jun promoter by Cot. (A and D) A pJLuc reporter plasmid and pCDNAIIIB-gal
were transiently cotransfected into NIH 3T3 cells together with the indicated plasmids (1 g of each; 250 ng of JIP-1). Cells were lysed, and luciferase activities were
measured as described in Materials and Methods. In panel A, the level of expression of the Cot protein was also analyzed by Western blotting. (B and C) Same as in
panel A but using a Gal4-driven luciferase-expressing reporter plasmid (1 pg) to score Raf CAAX (B)- or MEKEE (C)-induced activation of a chimeric Gal4-Elk1
protein. The data represent luciferase activity normalized to the B-galactosidase activity present in each sample, expressed as fold induction relative to that of the
control, and are averages = the standard errors of triplicate samples from a typical experiment. Similar results were obtained in three independent experiments. C,

control; —, empty vector.
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FIG. 8. Involvement of the JNK, p38y, and ERKS signaling pathways in
Cot-induced transformation. (A) NIH 3T3 cells were transfected with 0.5 pg of
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imately 3 weeks, fixed, and then stained as described in Materials and Methods.
Foci were counted, and results are expressed as percentages of the number of
foci observed in plates transfected with Cot alone. (B and C) Same as in panel
A but using expression plasmids for Raf CAAX and MEKEE, respectively, as
transformating genes. The data shown represent averages = the standard errors
of three independent experiments. (D) NIH 3T3 cells were transfected with 0.5
ng of the Cot expression vector, alone or in combination with plasmids express-
ing the indicated proteins, and cellular lysates were immunoblotted with specific
anti-Cot antibodies. —, empty vector.

through JNK and p38s and that Cot stimulates expression from
reporter plasmids under the control of a MEF2 responsive
element through ERKS (data not shown). In line with these
observations, mutations in the Jun/ATF and MEF?2 regulatory
elements of the c-jun promoter strongly affected its ability to be
activated by Cot. Thus, we can conclude that the remarkable
ability of Cot to stimulate the c-jun promoter and c-Jun ex-
pression may result from the concomitant activation of JNK,
p38y, and ERKS and the consequent stimulation of the activity
of transcription factors acting on the distinct regulatory ele-
ments within the c-jun promoter.

Typically, molecules controlling the activity of MAPKs are
organized in discrete signaling units, constituted by modules of
sequentially acting protein kinases: a MAPKKK stimulating a
MAPK kinase that, in turn, activates a MAPK (20, 60). Fur-
thermore, a growing number of scaffolding protein might help
to ensure the specificity of signal transmission (57). In this
regard, our present findings suggest that Cot represents the
first example of a MAPKKK which is able to activate several
MAPK signaling pathways. At the molecular level, this activity
may be dependent on the ability to form complexes in vivo and
to phosphorylate and activate different members of the MAPK
kinase superfamily, including MEK, SEK, MKK6, and MEKS.
This unique biochemical activity might help explain many of
the described functions of Cot (5, 6, 30, 67, 68). Furthermore,
it may also provide a novel molecular mechanism whereby
extracellular stimuli might simultaneously activate more than
one MAPK cascade, thereby enhancing the available reper-
toire of biochemical pathways by which signals are transmitted
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Cot, leading to c-jun promoter activation. Extracellular stimuli, such as mitogens
(56) or inflammatory cytokines (12), may stimulate Cot expression, in turn
leading to activation of different MAPK signaling pathways and to cell type-
specific cellular responses. Overexpression of Cot may constitutively activate
these signaling pathways, most of which converge on the regulation of the c-jun
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to the nucleus. In this scenario, stimuli inducing Cot expression
(12, 56) would be expected to provoke long-term activation of
multiple MAPK signaling pathways. The precise nature of such
stimuli, as well as that of the molecules controlling the expres-
sion and activity of Cot in physiological, as well as in patho-
logical, situations warrants further investigation.
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