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The expression of the c-jun proto-oncogene is rapidly induced in response to mitogens acting on a large
variety of cell surface receptors. The resulting functional activity of c-Jun proteins appears to be critical for cell
proliferation. Recently, we have shown that a large family of G protein-coupled receptors (GPCRs), repre-
sented by the m1 muscarinic receptor, can initiate intracellular signaling cascades that result in the activation
of mitogen-activated protein kinases (MAPK) and c-Jun NH2-terminal kinases (JNK) and that the activation
of JNK but not of MAPK correlated with a remarkable increase in the expression of c-jun mRNA. Subsequently,
however, we obtained evidence that GPCRs can potently stimulate the activity of the c-jun promoter through
MEF2 transcription factors, which do not act downstream from JNK. In view of these observations, we set out
to investigate further the nature of the signaling pathway linking GPCRs to the c-jun promoter. Utilizing NIH
3T3 cells, we found that GPCRs can activate the c-jun promoter in a JNK-independent manner. Additionally,
we demonstrated that these GPCRs can elevate the activity of novel members of the MAPK family, including
ERK5, p38a, p38g, and p38d, and that the activation of certain kinases acting downstream from MEK5
(ERK5) and MKK6 (p38a and p38g) is necessary to fully activate the c-jun promoter. Moreover, in addition
to JNK, ERK5, p38a, and p38g were found to stimulate the c-jun promoter by acting on distinct responsive
elements. Taken together, these results suggest that the pathway linking GPCRs to the c-jun promoter involves
the integration of numerous signals transduced by a highly complex network of MAPK, rather than resulting
from the stimulation of a single linear protein kinase cascade. Furthermore, our findings suggest that each
signaling pathway affects one or more regulatory elements on the c-jun promoter and that the transcriptional
response most likely results from the temporal integration of each of these biochemical routes.

Activating protein 1 transcription factors (AP-1) are com-
posed of Fos family (c-Fos, FosB, Fra1, and Fra2) (10, 44, 52,
77) and Jun family (c-Jun, JunD, and JunB) (3, 37, 60, 61)
proteins. Jun members can form homodimers or heterodimers
with any Fos member, as well as with different members of the
ATF family of transcription factors (4). The resulting com-
plexes bind to specific DNA sequences known as tetradecanoyl
phorbol acetate (TPA)-responsive elements (TRE) or AP-1
sites (2, 50). These sequences are found in the promoter re-
gions of a variety of cellular genes, including the genes for
collagenase, stromelysin, metallothionein IIA, interleukin 2,
and transforming growth factor b, and some viral genes, in-
cluding genes from simian virus 40, polyomavirus, and papil-
lomavirus, among others (46).

AP-1 transcription factors are key regulatory molecules that
participate in the conversion of extracellular signals into
changes in the expression of genetic programs (2). AP-1-de-
pendent promoters are rapidly induced by growth factors, se-
rum, and phorbol esters (2). These transcription factors are
likely to play a central role in the control of cell proliferation
(34), as suggested by the observation that the microinjection of

c-Jun- and c-Fos-specific antibodies can block cell cycle pro-
gression of NIH 3T3 fibroblasts (40). Moreover, specific anti-
sense mRNAs inhibit the entry of serum-stimulated cells into
the cell cycle (51). In addition, it has been shown that activa-
tion of endogenous AP-1 is essential for cellular transforma-
tion by a variety of transforming genes, such as v-src, v-H-ras,
and activated c-raf (53, 67).

How AP-1 activity is regulated is currently under intense
investigation. Available evidence suggests that each AP-1
member is tightly regulated at both the transcriptional and
posttranslational levels. Interestingly, as a critical component
of AP-1 coding complexes, the expression of c-jun itself is also
rapidly and transiently induced by growth factors, serum, and
tumor promoters (7, 9, 20, 41, 74). This gene has been de-
scribed as being among those that display TRE motifs in their
promoter regions, thus suggesting that the product of the c-jun
gene, c-Jun, regulates its own expression through a positive
autoregulatory loop (1). Furthermore, according to this model,
another critical step in this process is the activation of preex-
isting c-Jun by the family of c-Jun NH2-terminal kinases
(JNKs), which phosphorylate the transactivating domain of the
c-Jun protein on Ser-63 and Ser-73 (21, 35, 47, 48), thereby
increasing its transcriptional activity.

Workers in our laboratory have engineered NIH 3T3 murine
fibroblasts expressing the m1 class of human muscarinic ace-
tylcholine receptors, and they have used them as a model
system to study proliferative signaling through the large family
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of G protein-coupled receptors (15). In this cellular setting, the
m1 receptors can effectively transduce mitogenic signals (66)
and can also act as potent agonist-dependent oncogenes if
persistently activated (28). By using this biological system, it
has been shown that the cholinergic agonist carbachol induces
both mitogen-activated protein kinase (MAPK) and JNK ac-
tivities and that the activation of JNK but not of MAPK cor-
related with the potent induction of an AP-1-driven reporter
gene and the remarkable expression of c-jun mRNA (11).
Subsequently, however, evidence has been provided for the
existence of a novel signaling pathway initiated by the m1 G
protein-coupled receptors at the level of the plasma membrane
that converges on distinct response elements on the c-jun pro-
moter (13). In view of these observations, we set out to inves-
tigate further the nature of the biochemical routes linking G
protein-coupled receptors to the c-jun promoter. We present
evidence that G protein-coupled receptors potently activate a
number of newly identified MAPK family members and that
activation of these kinases is required to stimulate distinct
response elements on the c-jun promoter. Taken together, our
results suggest that the regulation of c-jun expression by re-
ceptors linked to heterotrimeric G proteins involves the inte-
gration of numerous signals transduced by a highly complex
network of MAPKs, rather than resulting from the stimulation
of a linear protein kinase cascade.

MATERIALS AND METHODS

Cell lines. NIH 3T3 fibroblasts expressing approximately 20,000 human m1
muscarinic receptors per cell, designated NIH 3T3-m1 cells (15), were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, Inc.)
supplemented with 10% calf serum. NIH 3T3-m1 cells expressing MAPK, JNK,
ERK5, p38a, p38g, and p38d as influenza virus hemagglutinin HA1 (HA)-tagged
protein kinases were maintained under the same culture conditions. The human
kidney keratinocytic cell line 293T was maintained in DMEM (Life Technolo-
gies, Inc.) supplemented with 10% fetal calf serum.

DNA constructs. A plasmid containing a luciferase gene driven by a wild-type
murine c-jun promoter was kindly provided by R. Prywes (32). The plasmids
pJC6, pJC9, pJTX, pJSX, and pJSTX are pBLCAT3-based reporter constructs
that carry a chloramphenicol acetyltransferase (CAT) reporter gene controlled
by the full-length murine c-jun promoter and its mutants, as previously described
(31). ERK5, p38a, p38g, and p38d cDNAs were amplified by the PCR technique
with human skeletal muscle cDNA (Clontech Laboratories, Inc.) as a template.
The sequences of the oligonucleotides utilized will be made available upon
request. The amplified DNA fragments were subcloned into 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
HA (73). The expression vectors containing HA-tagged MAPK and JNK have
been previously described (12, 16). MEK5 cDNA was obtained from Kevin
Walton at Cephalon Inc. and was subcloned into pCEFL as a BamHI/NotI
fragment. pCEFL-MEK5 DD and -MEK5 AA, dominant-active and dominant-
negative forms of MEK5, respectively, were obtained by site-directed mutagen-
esis (QuickChange kit; Stratagene), replacing serine 311 and threonine 315 by
aspartate and alanine, respectively. A kinase-deficient mutant of MKK6, MKK6
KR, was obtained by the same method, replacing a lysine residue in position 82
by arginine (57, 63). Raf CAAX, MEK EE, MEK AA, and MEKK-containing
expression vectors have already been described (12–14). Transactivation do-
mains of the ATF2 (amino acids [aa] 1 to 96) (26), Elk-1 (aa 307 to 428) (57),
MEF2A (aa 151 to 411), MEF2B (aa 161 to 350), MEF2C (aa 87 to 467), and
MEF2D (aa 160 to 515) transcription factors were expressed as Gal4 fusion
proteins by subcloning the corresponding sequences in a pcDNAIII vector en-
coding the DNA binding domain of the yeast transcription factor Gal4. A
TATA-Gal4-driven luciferase reporter plasmid, pGal4-Luc, was constructed by
inserting six copies of a Gal4 responsive element and a TATA oligonucleotide in
place of the simian virus 40 minimal promoter into the pGL3 vector (Promega).
GST-MEF2A (aa 151 to 411), -MEF2B (aa 161 to 350), -MEF2C (aa 87 to 467),
and -MEF2D (aa 160 to 515) fusion proteins were obtained by PCR, using
human MEF2A and murine MEF2B, MEF2C, and MEF2D cDNAs as tem-
plates. The sequences of the oligonucleotides utilized will be made available
upon request. The amplified DNA fragments were cloned between the BamHI
and NotI or EcoRI sites of pGEX4T-3 (Pharmacia Biotech, Piscataway, N.J.), in
frame with the glutathione S-transferase (GST) gene. The GST-ATF2 fusion
protein has already been described (12).

Transient and stable transfections. Transient transfections in NIH 3T3 and
NIH 3T3-m1 cells were performed by the calcium phosphate precipitation tech-
nique or with the Lipofectamine Plus reagent (GIBCO BRL). Stable transfec-

tions were performed by the calcium phosphate precipitation technique, and cells
were selected in culture medium containing Geneticin (750 mg/ml). 293T cells
were transfected by the Lipofectamine Plus reagent (GIBCO BRL) according to
the manufacturer’s instructions.

Reporter gene assays. NIH 3T3-m1 cells were transfected with different ex-
pression plasmids, together with 1 mg of pcDNAIII–b-gal (a plasmid expressing
the enzyme b-galactosidase) and 1 mg of each of the reporter plasmids, adjusting
the total amount of plasmid DNA with empty vector. After overnight incubation,
the cells were washed and kept for 24 h in serum-free DMEM. Cells were then
stimulated with agonists for an additional 4 h and lysed with reporter lysis buffer
(Promega). CAT activity was assayed in the cell extracts by incubation for 16 h
in the presence of 0.25 mCi of [14C]chloramphenicol (100 mCi/mmol) and 200 mg
of butyryl-coenzyme A per ml in 0.25 M Tris-HCl, pH 7.4. Labeled butyrylated
products were extracted with a mixture of xylenes (Aldrich) and were counted as
described previously (64). Luciferase activity present in cellular lysates was as-
sayed with D-luciferin and ATP as substrates, and light emission was quantitated
with a Monolight 2010 luminometer as specified by the manufacturer (Analytical
Luminescence Laboratory). The b-galactosidase activity present in each sample
was assayed by colorimetry, and it was used to normalize luciferase activity for
transfection efficiency.

Kinase assays. Phosphorylating activity of epitope-tagged MAPK and JNK
was previously described (11). The activity of the epitope-tagged kinases in cells
stably transfected with expression vectors for HA-MAPK, HA-JNK, HA-ERK5,
HA-p38a, HA-p38g, and HA-p38d, as well as in 293T cells transiently trans-
fected with the same expression vectors, was assayed by following a similar
protocol. 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,
p38g, and p38d. After serum starvation, they were stimulated for the time
indicated below with 1 mM carbachol, 10 ng of platelet-derived growth factor
(PDGF) per ml, or other agonists when they were used as controls. Cells were
washed with cold phosphate-buffered saline (PBS) and lysed at 4°C in a buffer
containing 25 mM HEPES (pH 7.5), 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
0.5 mM dithiothreitol, 20 mM b-glycerophosphate, 1 mM vanadate, 1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 20 mg of aprotinin per ml,
and 20 mg of leupeptin per ml. Cleared lysates containing HA-tagged kinases
were immunoprecipitated at 4°C for 2 h with anti-HA monoclonal antibody
(HA.11; Berkeley Antibody Company). Immunocomplexes were recovered with
the aid of protein G-Sepharose (Sigma). Beads were washed three times with
PBS containing 1% Nonidet P-40 and 2 mM vanadate, once with 100 mM Tris
(pH 7.5)–0.5 M LiCl, and once with kinase reaction buffer (12.5 mM morpho-
linepropanesulfonic acid [MOPS] [pH 7.5], 12.5 mM b-glycerophosphate, 7.5
mM MgCl2, 0.5 mM EGTA, 0.5 mM sodium fluoride, 0.5 mM vanadate). Sam-
ples were then resuspended in 30 ml of kinase reaction buffer containing 1 mCi
of [g-32P]ATP per reaction and 20 mM of unlabeled ATP. After 20 min at 30°C,
the reactions were terminated by the addition of 10 ml of 53 Laemmli buffer. In
vitro kinase assays were performed with 1.5 mg of myelin basic protein (MBP)
per ml (Sigma) or 1 mg of purified, bacterially expressed GST-ATF2, -MEF2A,
-MEF2B, -MEF2C, or -MEF2D as a substrate. Samples were analyzed by sodium
dodecyl sulfate gel electrophoresis on 12% (or 15% for MBP) acrylamide gels,
and autoradiography was performed with the aid of an intensifying screen.

Bacterial expression of GST fusion proteins. The BL 21 Lys strain of Esche-
richia coli was transformed with the vector pGEX-4T3 encoding the fusion
protein GST-ATF2 or GST-MEF2A, -MEF2B, -MEF2C, or -MEF2D. The
transformed bacteria were grown in 500 ml of Luria-Bertani medium until the
optical density was 0.5, at which time isopropyl-b-thiogalactopyranoside (1 mM
final concentration) was added for 3 h. The cells were collected by centrifugation
at 3,000 3 g for 30 min and were resuspended in buffer containing 10 ml of PBS,
1% Triton X-100, 1 mM EDTA, 2 mg of aprotinin per ml, 2 mg of leupeptin per
ml, and 1 mM PMSF. The cell suspension was sonicated and cellular debris was
removed by centrifugation at 10,000 3 g for 15 min. The supernatant was mixed
with 300 ml of glutathione-agarose beads (Pharmacia Biotech) and was centri-
fuged at 3,000 3 g for 5 min. The pellet was washed three times in a buffer
containing 13 of PBS, 1% Triton X-100, 1 mM EDTA, 2 mg of aprotinin per ml,
2 mg of leupeptin per ml, and 1 mM PMSF and twice in a solution containing 13
PBS, 2 mg of aprotinin per ml, 2 mg of leupeptin per ml, and 1 mM PMSF.
Finally, purified fusion proteins were eluted in a buffer containing 50 mM Tris,
10 mM glutathione, 2 mg of aprotinin per ml, 2 mg of leupeptin per ml, and 1 mM
PMSF.

Western blot analysis. HA immunoprecipitates from stably transfected NIH
3T3-m1 cells carrying HA-MAPK, -JNK, -ERK5, -p38a, -p38g, and -p38d
cDNAs were analyzed by Western blotting after sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis with an anti-HA monoclonal antibody (HA.11;
Berkeley Antibody Company). Extracts from cells transfected with Gal4-MEF2
proteins were analyzed by the same technique and detected with anti-Gal4
monoclonal antibody RK5C1 (Santa Cruz Biotechnology). Epitope-tagged pro-
teins were visualized by enhanced chemiluminescence detection (kit from Am-
ersham Corp.) with goat anti-mouse immunoglobulin G coupled to horseradish
peroxidase as the secondary antibody (Cappel).

Northern blot analysis. NIH 3T3 cells were grown to 70% confluence in
10-cm-diameter plates and were transfected with pCEFL HA-tagged m1 recep-
tor and expression vectors carrying green fluorescent protein (GFP), MEK5 AA,
MKK6 KR (1 mg per plate each), or JNK interacting protein 1 (JIP-1) (0.1 mg per
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plate). The total transfected DNAs were adjusted to the same amount with
empty expression vector. Transiently transfected cells or cells from the NIH
3T3-m1 line were serum starved for 24 h, stimulated with 1 mM carbachol for the
times indicated below, and washed with cold PBS. Total RNA was extracted from
the cells by homogenization with Trizol (GIBCO BRL) according to the manu-
facturer’s specifications. For Northern blotting, 10 to 20 mg of total RNA and 10
mg of total RNA from human and mouse brains and hearts (Clontech Labora-
tories, Inc.) were fractionated in 2% formaldehyde-agarose gels, transferred to
nitrocellulose membranes, and hybridized with 32P-labeled DNA probes pre-
pared with the Prime-a-Gene labeling system (Promega). DNA templates were
full-length murine c-jun cDNA and fragments from MEF2A (nucleotides [nt]
800 to 1100) (accession no. X63381), MEF2B (nt 487 to 1051) (accession no.
D50311), MEF2C (nt 990 to 1400) (accession no. L13171), and MEF2D (nt 710
to 1010) (accession no. S68893) cDNAs. Accuracy in gel loading and transfer was
confirmed by fluorescence under UV light after ethidium bromide staining.

RESULTS

The m1 class of G protein-coupled receptors can activate the
c-jun promoter in a JNK-independent manner. Phosphoryla-
tion of the NH2-terminal transactivating domain of c-Jun by
JNK has been established as one of the essential mechanisms
in the regulation of c-jun expression and AP-1-mediated tran-
scription (35). Consistent with these observations, it has been
reported that the stimulation of the m1 G protein-coupled
receptor by carbachol induces JNK activity and greatly in-
creases the expression of c-jun mRNA and AP-1 activity (11).
However, in recent studies it has been shown that the tran-

scription factor MEF2 can also play a role in c-jun expression
(13). As an approach to explore in depth how signaling routes
emerging from the m1 receptor control c-jun expression, we
first took advantage of the newly discovered scaffolding pro-
tein, JIP-1 (70), which, when overexpressed, blocks the nuclear
translocation of JNK, thereby impeding JNK-dependent gene
expression regulation (22). In order to control the effectiveness
and specificity of JIP-1 inhibitory action, we first assessed its
effects on the activation of the transcription factor Elk-1 by
JNK-dependent and -independent mechanisms. The ternary
complex factor protein Elk-1 can be activated by phosphory-
lation by several members of the MAPK family, including
MAPK (23), JNK (71), and p38a (72). For these experiments,
we cotransfected NIH 3T3-m1 cells with an expression vector
for the transactivation domain of Elk-1 that is fused to the
DNA binding domain of Gal4, together with pGal4-Luc, a
luciferase reporter gene under the control of six Gal4 respon-
sive elements and a minimum TATA promoter. As shown in
Fig. 1, Elk-1-dependent reporter gene expression was potently
activated by cotransfection of MAPK and MEK EE, the con-
stitutively active form of MEK1 (14), or MEKK, a truncated
JNK kinase kinase, which is a potent activator of JNK (47).
Under these experimental conditions, increasing concentra-
tions of JIP-1 blocked in a dose-dependent manner the en-
hanced transcriptional activity of Gal4–Elk-1 when it was

FIG. 1. JIP-1 inhibits only partially the stimulation of the c-jun promoter by m1 G protein-coupled receptors in NIH 3T3 cells. (A) NIH 3T3-m1 cells were
cotransfected by the calcium phosphate technique with increasing amounts of JIP-1 expression plasmid together with pcDNAIII–Gal4–Elk-1, pGal4-Luc, pcDNAIII–
b-gal (1 mg each), and MEKK (0.1 mg) or MEK EE (1 mg). (B) Cells were transfected as described above with pJLuc and pcDNAIII–b-gal and then were either
cotransfected with MEKK or exposed for 4 h to 1 mM carbachol. Lysates were collected 48 h later and were assayed for luciferase and b-galactosidase activities. The
data represent luciferase activity normalized by the b-galactosidase activity present in each sample and are expressed as percentages of induction with respect to cells
transfected without JIP-1. Results are the averages 6 standard errors of triplicate samples from a typical experiment. Similar results were obtained in four independent
experiments.
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caused by MEKK, but they did not affect significantly the
response to the activated form of MEK, MEK EE (Fig. 1A).

Using the same experimental approach, we compared the
effect of JIP-1 on a murine c-jun promoter-driven luciferase
reporter gene (pJLuc) (32) stimulated in parallel by carbachol
and MEKK. As shown in Fig. 1B, induction of the c-jun pro-
moter by MEKK was strongly inhibited by increasing amounts
of JIP-1 in a dose-dependent manner, further supporting the
belief that JNK activation enhances the expression from the

c-jun promoter. In contrast, the JNK inhibitor reduced only
slightly the effect of carbachol, thus strongly suggesting that m1
G protein-coupled receptors can also stimulate JNK-indepen-
dent pathways controlling the c-jun promoter.

Stimulation of MAPK family members by m1 G protein-
coupled receptors. Members of the MAPK family of proline-
targeted serine/threonine kinases play an important role in
transducing proliferative signaling from G protein-coupled re-
ceptors (27). Furthermore, it has recently been shown that in

FIG. 2. Activation of novel MAPK family members and c-jun expression by m1 G protein-coupled receptors. (A) NIH 3T3-m1 cells were stably transfected with
expression vectors containing HA-tagged MAPK, JNK, ERK5, p38a, p38g, and p38d. The gels show expression of HA-tagged kinases in lysates from the control
(designated C) and each transfectant by Western blot analysis with a specific anti-HA antibody. MW, molecular weight (in thousands). (B) After serum starvation, cell
lines were treated with 1 mM carbachol for 5 to 60 min. Nonstimulated cells were used as controls. After stimulation, lysates were immunoprecipitated with anti-HA
antibody and used for kinase reactions as described in Materials and Methods. 32P-labeled substrates are indicated. Autoradiograms correspond to representative
experiments for each MAPK family member. Similar results were obtained in three to five independent experiments. (C) Total RNA was extracted from NIH 3T3-m1
cells treated with carbachol for the indicated times. Samples containing 10 mg of RNA were fractionated in agarose gels and analyzed by Northern blotting, as described
in Materials and Methods, with 32P-labeled murine c-jun cDNA as a probe. The material present in each lane was judged to be equivalent by ethidium bromide staining
of rRNAs. (D) NIH 3T3-m1 cells stably transfected with HA-tagged MAPKs were treated with carbachol (cch), 10 ng of PDGF per ml, 10 mg of anisomycin (aniso)
per ml, 500 mM H2O2, or 0.3 M NaCl. Treatments were performed for 5 min for MAPK, p38a, p38g, and p38d; 15 min for JNK; and 10 min for ERK5. 32P-labeled
substrates are indicated. Autoradiograms correspond to representative experiments for each MAPK family member. Data are the means 6 standard errors from three
to five independent experiments and are expressed as fold induction with respect to nonstimulated cells (controls). C, control.
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NIH 3T3-m1 cells carbachol activates effectively both MAPK
and JNK pathways (11, 13). Thus, in light of our present
results, we decided to examine the ability of carbachol-stimu-
lated m1 receptors to regulate the newly identified kinase,
ERK5, as well as the new members of the p38 family, p38g and
p38d. For these experiments, we generated stably transfected
NIH 3T3-m1 cells carrying the cDNA for HA-tagged forms of
each of these kinases. Lysates from these cell lines were ob-

tained, and expression of epitope-tagged kinases was analyzed
by Western blotting with an anti-HA antibody, as shown in Fig.
2A. Stably transfected cells were stimulated with the cholin-
ergic agonist carbachol for 5, 10, 30, and 60 min to establish the
temporal pattern of activation for each kinase and to compare
it with the pattern of expression of c-jun mRNA. Interestingly,
all MAPK family members were strongly activated by carba-
chol (Fig. 2B), including the recently discovered ERK5, for

FIG. 3. Kinases downstream from MKK6 and MEK5 mediate the stimulation of the c-jun promoter by carbachol in NIH 3T3 cells expressing m1 G protein-coupled
receptors. (A) NIH 3T3-m1 cells were cotransfected by the calcium phosphate technique with pJLuc and pcDNAIII–b-gal reporter plasmid DNAs (1 mg per plate each),
along with MEK AA (1 mg), MKK6 KR (1 mg), MEK5 AA (1 mg), or JIP-1 (0.1 mg). Forty-eight hours later, cells were left untreated or exposed for 4 h to 1 mM
carbachol. (B) Cells were transfected as described above with MEKK (0.1 mg), pJLuc, pcDNAIII–b-gal, MEK5 AA, MKK6 KR, or JIP-1. (C) Cells were transfected
as described above with pGal4–Elk-1, pGal4-Luc, Raf CAAX, and MEK AA (1 mg per plate each). After 48 h, cells were collected and the lysates were assayed for
luciferase and b-galactosidase activities. The data represent luciferase activity normalized by the b-galactosidase activity present in each sample, expressed as fold
induction relative to the control, and are the averages 6 standard errors of triplicate samples from a typical experiment. Similar results were obtained in three
independent experiments. (D) NIH 3T3 cells were transfected by the Lipofectamine Plus technique (GIBCO BRL) with pCEFL HA-tagged m1 receptor and GFP,
MEK5 AA, MKK6 KR (1 mg per plate each), or JIP-1 (0.1 mg). In all cases, the total transfected DNAs were adjusted to the same amount with empty expression vector.
Twenty-four hours after serum starvation, cells were treated with 1 mM carbachol for 30 min and total RNA was extracted as described in Materials and Methods.
Samples containing 20 mg of total RNA were fractionated and analyzed by Northern blotting with 32P-labeled murine c-jun cDNA as a probe. The amounts of total
RNA present in the lanes were assessed to be equivalent by ethidium bromide staining of rRNAs. Data are the means 6 standard errors of replicate samples from two
independent experiments and are expressed as percentages of the maximal induction with carbachol. The autoradiogram corresponds to a representative experiment.
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which the activating pathways are still not well known. Fur-
thermore, kinase stimulation preceded the increased expres-
sion of c-jun mRNA (Fig. 2C). Thus, all of these MAPKs could
be considered potential candidates to mediate signaling from
the m1 receptor to the c-jun promoter.

In order to compare the profiles of activation induced by two
different mechanisms, such as G protein-coupled receptors and
tyrosine kinase receptors, we also used PDGF, which acts on
endogenously expressed tyrosine kinase receptors, as an ago-
nist. The effect of agonists used as positive controls, carbachol,
and PDGF on each kinase is shown in Fig. 2D. As previously
reported, carbachol, PDGF, and TPA potently induced the
MBP-phosphorylating activity of MAPK after 5 min. However,
only carbachol induced JNK activity to an extent comparable
to that caused by anisomycin when it was used as a positive
control. Interestingly, ERK5 was potently activated by carba-
chol after 5 min, and its activity remained higher than that of
the controls for up to 1 h after stimulation (see above); PDGF,
however, produced only a limited and transient ERK5 activa-
tion that peaked at 10 min and returned to the basal level at 30
min (data not shown). In this case, we used as a specific sub-
strate a GST fusion protein carrying aa 174 to 327 from the
transactivation domain of MEF2C. Of interest, another growth
factor acting on tyrosine kinase receptors, epidermal growth
factor, has been recently shown to activate ERK5; however,
this activation was shown in another cell type (39). p38a, p38g,
and p38d were also potently activated by the cholinergic ago-
nist, but in contrast, PDGF had no significant effect on their
kinase activities (Fig. 2D). Taken together, these results estab-
lish that whereas MAPK can be stimulated by both tyrosine
kinase and G protein-coupled receptors, in these cells, ERK5,
p38g, and p38d, in addition to JNK and p38a, are specific
targets for activating signals downstream from the G protein-
linked class of receptors.

m1 G protein-coupled receptor signaling to the c-jun pro-
moter is transduced by JNK and kinases acting downstream of
MEK5 and MKK6. Our findings indicated that a number of
MAPK family members could be considered potential candi-
dates to mediate the signal from m1 receptors to the c-jun
promoter, with the exception of MAPK, which had previously
been demonstrated to fail to activate the c-jun promoter (13).
In view of these results, we decided to examine whether the
kinases downstream of MEK5 (ERK5) and MKK6 (p38a,
p38g, and p38d) play a role in signaling from m1 receptors to
the c-jun promoter. Thus, we transfected NIH 3T3-m1 cells
with pJLuc and JIP-1 or dominant-negative forms of MEK5,
MKK6, and MEK, the last of which was a negative control (14,
30, 38). As shown in Fig. 3A, MEK AA had no effect on the
c-jun promoter activity, whereas MEK5 AA and MKK6 KR
partially inhibited the c-jun promoter-dependent gene expres-
sion induced by carbachol. The inhibition was greater when
MEK5 AA and MKK6 KR were cotransfected in combination,
and it was even greater when they were cotransfected together
with JIP-1. Furthermore, when the three inhibitory molecules
(MEK5 AA, MKK6 KR, and JIP-1) were transfected together,
they completely abolished the stimulatory effect of carbachol
on the c-jun promoter. To ensure that MEK5 AA and MKK6
KR did not exert nonspecific inhibitory activities on the JNK
pathway, we performed control experiments in parallel which
confirmed that neither MKK6 KR nor MEK5 AA prevents the
MEKK-induced pJLuc activity. In contrast, JIP-1 almost abol-
ished this response (Fig. 3B). In addition, we confirmed the
inhibitory effect of MEK AA by assessing its blocking activity
on the activation of Gal4–Elk-1 by Raf CAAX, a membrane-
targeted activated form of this MAPK kinase kinase (Fig. 3C).
These results indicated that ERK5 and the kinases down-
stream of MKK6, p38a, p38g, and p38d could mediate the
JNK-independent stimulation of the c-jun promoter by G pro-

FIG. 4. Stimulation of the c-jun promoter activity by novel members of the MAPK family. (A) NIH 3T3-m1 cells were cotransfected with pJLuc and pcDNAIII–
b-gal (1 mg per plate each) plasmid DNAs by the calcium phosphate technique. Expression vectors for MAPK, JNK, ERK5, p38a, p38g, and p38d (1 mg each), alone
or in combination with their upstream activating kinases MEK EE (1 mg), MEKK (0.1 mg), MEK5 DD (1 mg), and MKK6 (1 mg), were included in the transfection
mixtures. (B) Cells were transfected as described above with MKK6 and p38d, alone or in combination with pcDNAIII-Gal4-ATF2, pGal4-Luc, and pcDNAIII–b-gal
(1 mg each). Forty-eight hours after transfection, cells were collected and the lysates were assayed for luciferase and b-galactosidase activities. The data represent
luciferase activity normalized by the b-galactosidase activity present in each sample, expressed as fold induction relative to the control. Values are the averages 6
standard errors of triplicate samples from a typical experiment. Nearly identical results were obtained in three additional experiments.
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tein-coupled receptors. To confirm these data, we studied the
effect of these dominant interfering molecules on the expres-
sion of the endogenous c-jun mRNA. For these experiments,
we transfected NIH 3T3 cells with m1 receptors along with
MEK5 AA, MKK6 KR, or JIP-1. Transfection efficiencies were
assessed by cotransfection with empty vector and were judged
to be nearly identical in each case; mRNA expression levels
were adjusted by cotransfection with a GFP-expressing plas-
mid. As shown in Fig. 3D, the induction of c-jun mRNA ex-
pression elicited by carbachol was diminished by JIP-1 and the
inhibitory kinases to an extent similar to that observed for the
luciferase reporter assays. On the contrary, the dominant-neg-
ative MEK, MEK AA, had no effect on the mRNA level (data
not shown). Thus, these results provided further evidence that
multiple kinase pathways participate in the stimulation of c-jun
expression when elicited by G protein-coupled receptors.

Activation of the c-jun promoter by specific members of the
MAPK family. The previous results prompted us to explore
whether ERK5, p38a, p38g, and p38d were able to activate the
c-jun promoter. For these experiments, we cotransfected the
reporter plasmid pJLuc, together with the MAPKs, alone or in
combination with their upstream activating kinases, using
MAPK and JNK as controls. A dominant-active form of
MEK5, MEK5 DD, in which the phosphorylation sites at Ser-
313 and Thr-317 were replaced by aspartate, was used as an
activator for ERK5 (30). MKK6 was cotransfected to activate
p38a, p38g, and p38d because its specific effect on these ki-
nases had already been established (18, 19, 24, 29). As de-
scribed above, we used MEK EE and MEKK as activating
molecules for MAPK and JNK, respectively. As shown in Fig.
4A, the pathways defined by MEK5 DD-ERK5, MKK6-p38a,

and MKK6-p38g increased the c-jun promoter activity nine-,
seven-, and nearly sixfold, respectively, an extent comparable
to that caused by MEKK acting on JNK. Instead, MEK EE-
MAPK and MKK6-p38d did not have any effect on the activity
of the c-jun promoter. Transfection of the kinases alone served
as controls, as none of them affected significantly the promoter
activity under our experimental conditions. On the other hand,
activating upstream kinases did not activate the promoter at
the assayed concentration, although cotransfection with larger
amounts of MEKK, MKK6, and MEK5 DD DNA alone were
able to increase the promoter activity (data not shown).

To control the functionality of MKK6-p38d in NIH 3T3-m1
cells, we cotransfected these kinases together with the fusion
protein Gal4-ATF2 and the pGal4-Luc reporter gene. As
shown in Fig. 4B, ATF2-dependent reporter gene expression
was activated by MKK6-p38d as previously reported (24). To-
gether, these results supported the contention that, in addition
to JNK, specific members of the MAPK family, such as ERK5,
p38a, and p38g, but not MAPK or p38d, participate in the
regulation of the c-jun promoter.

Target sequence elements for JNK, ERK5, p38a, and p38g
on the c-jun promoter. As depicted in Fig. 5A, several respon-
sive elements have been identified on the c-jun promoter,
including sites for the transcription factors SP1, CTF, AP-1,
and MEF2 (1, 31), as well as two GATAA elements. Among
them, the two AP-1-like sites placed at nt 271 to 264
(Jun1TRE) and 2190 to 2183 (Jun2TRE) seem to be respon-
sible for mediating the UV- and TPA-induced expression of
c-jun in HeLa cells (65). The MEF2 family of transcription
factors has also been shown to activate the c-jun promoter by
binding the MEF2 site at position 259 to 250 (13, 29). In a

FIG. 5. Distinct regulatory elements mediate the activation of the c-jun promoter by MAPK family members. (A) Schematic representation of the murine c-jun
promoter. (B) NIH 3T3-m1 cells were cotransfected with the reporter plasmid pcDNAIII–b-gal together with pJC6, pJTX, pJSX, or pJSTX (1 mg per plate). Crosses
indicate the sites of point mutations in the AP-1-like (pJTX) and the MEF2 (pJSX) binding sites. The plasmid pJSTX contains mutations for both the AP-1-like and
MEF2 sites. JNK plus MEKK, MEK5 plus ERK5, MKK6 plus p38a, and MKK6 plus p38g (1 mg per plate each) were included in the transfection mixtures. Forty-eight
hours later, cells were collected and the lysates were assayed for CAT and b-galactosidase activities. The data represent CAT activity normalized by the b-galactosidase
activity present in each sample, expressed as the percentages of the pJC6 induction elicited by each kinase, and are the averages 6 standard errors of triplicate samples
from a typical experiment. Similar results were obtained in three independent experiments.
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previous work, it was observed that deletion of sequences up-
stream of position 280 did not modify the response to carba-
chol (13). In contrast, both the MEF2 regulatory site and the
AP-1-like regulatory site at position 271 to 264 were critical
for the regulation of expression from the c-jun promoter in
response to signals transmitted by m1 G protein-coupled re-
ceptors, since the individual deletion of each element signifi-
cantly reduced the response to carbachol, whereas the absence
of both of them completely abolished it (13). Based on those
findings, we next investigated which of these response elements
within the c-jun promoter responded to each of the kinases
acting downstream from the G protein-coupled receptors. As
shown in Fig. 5B, pJC6, which includes the full-length c-jun
promoter, was activated by JNK, ERK5, p38a, and p38g path-
ways to the same extent as pJLuc (data not shown). Mutations
on the AP-1-like site (pJTX) resulted in a complete reduction
of JNK and p38a induction, while a MEF2 site-defective pro-
moter (pJSX) lacked any response to ERK5. In contrast, mu-
tations in either the AP-1-like or the MEF2 site only partially

diminished the stimulatory effect of p38g. The activation of the
c-jun promoter by each of these kinases was almost abolished
when a construct carrying a double mutation at both sites
(pJSTX) was used. These results suggest that the AP-1-like site
(also termed junATF [9]) is critical for JNK and p38a induc-
tion, whereas the MEF2 responsive element is essential for
ERK5, and both AP-1 and MEF2 elements can individually
mediate activation by p38g. However, it was noticeable that the
stimulation of the pJTX reporter plasmid (lacking the AP-1
site) by ERK5 and p38g was slightly diminished with respect to
that observed for the pJC6 construct (Fig. 5B). Similarly, the
induction of the pJSX reporter plasmid (lacking the MEF2
site) by JNK, p38a, and p38g was also lower than that observed
with the pJC6 plasmid, thus suggesting that the presence of
both elements (AP-1 and MEF2) is necessary for maximal
stimulation. Taken together, these findings indicate that, in
addition to JNK, several members of the MAPK family can
effectively stimulate the activity of the c-jun promoter and that
G protein-coupled receptors signal to the c-jun promoter
through a network of MAPKs, each acting, coordinately, on
distinct c-jun regulatory elements.

Expression of MEF2 family members in NIH 3T3 cells.
Since the MEF2 response element appears to play a key role in
regulating the activity of the c-jun promoter in response to G
protein-coupled receptors through ERK5 and p38g, we set out
to investigate which MEF2 family members could be the tar-
gets for these MAPKs in NIH 3T3 cells. Currently, the MEF2
family of transcription factors comprises four members,
termed MEF2A, -B, -C, and -D (42). Whereas these factors
were originally characterized in muscle cells (5, 17, 25), they
also appear to be expressed in many other tissues (31, 32, 36,
43, 55, 76). As an approach to examine the expression of MEF2
family members, we analyzed the presence of MEF2 tran-
scripts in NIH 3T3 cells by Northern blot analysis (Fig. 6). As
a probe, we used 32P-labeled cDNA fragments corresponding
to nonconserved regions of the transactivation domains of
MEF2A, -B, -C, and -D, using total RNA from human and

FIG. 6. Expression of MEF2A, -B, -C, and -D mRNAs in NIH 3T3 and NIH
3T3-m1 cells. Samples containing 20 mg of total RNA per lane, extracted from
NIH 3T3 and NIH 3T3-m1 cells, were fractionated and analyzed by Northern
blotting with 32P-labeled DNA fragments that were unique for each MEF2 as
probes, as described in Materials and Methods. Ten micrograms of total RNA
from human and mouse hearts and brains was used for positive controls. The
arrows on the left indicate the detected mRNAs species. rRNA positions are
indicated on the right. Ethidium bromide staining of the rRNAs shows the
amounts of RNA present in each lane.

FIG. 7. Differential in vitro phosphorylation of bacterially expressed GST-
MEF2A, -MEF2B, -MEF2C, and -MEF2D fusion proteins by MAPK family
members. (A) 293T cells were transfected with expression vectors containing
GPF or HA-tagged MAPK, JNK, ERK5, p38a, p38g, and p38d and the upstream
activating kinases. After serum starvation, cellular lysates were immunoprecipi-
tated with anti-HA antibody and were used for in vitro kinase assays as described
in Materials and Methods. The transactivation domains of MEF2A (aa 151 to
411), -B (aa 161 to 350), -C (aa 87 to 467), and -D (aa 160 to 515), expressed as
GST fusion proteins, were used as substrates. 32P-labeled products are indicated.
Autoradiograms are representative of three independent experiments. C, con-
trol.
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mouse skeletal muscles and brains as positive controls. As
previously reported (6, 45, 76), transcripts of approximately 6.5
and 3.5 kbp for MEF2A and MEF2B, a doublet around 7.5 and
a lower band of 4 kbp for MEF2C, and transcripts of 7 and 4
kbp for MEF2D were observed in positive controls. As shown
in Fig. 6, all MEF2 members were expressed in NIH 3T3 as
well as in NIH 3T3-m1 cells, albeit to different levels. MEF2D
appears to be the most abundant transcript, followed by
MEF2A and MEF2C. MEF2B expression was much lower, as
it required a prolonged exposure (.48 h) to be detectable. To
ensure the specificity of the signal, blots were stripped and
rehybridized with probes corresponding to several distinct non-
conserved regions, yielding identical results (data not shown).

The transactivation domains of MEF2 family members
are differentially phosphorylated and stimulated by specific
MAPKs. At present, the regulation of the MEF2 proteins is
still poorly defined (29, 38, 78). In order to compare the ability
of each MAPK family member to phosphorylate the four
MEF2 factors, we performed in vitro kinase assays with puri-
fied GST-MEF2 fusion proteins containing the transactivation
domain of each MEF2 isoform. For these experiments, each
MAPK was expressed in 293T cells together with a control
plasmid expressing GFP or with the corresponding upstream
activating kinase, immunoprecipitated, and tested for kinase
activity. The expression of each kinase was confirmed by an-
ti-HA Western blotting (data not shown). As shown in Fig. 7,
these MEF2s did not serve as in vitro substrates for MAPK,
JNK, and p38d, whereas MEF2A and -C were phosphorylated
by ERK5 and p38a and to a lesser extent by p38g. In contrast,
only p38a and p38g phosphorylated MEF2D, and none of the
assayed kinases phosphorylated MEF2B.

We next sought to determine whether this differential pat-
tern of phosphorylation by MAPKs was reflected by their abil-
ity to stimulate the transcriptional activity of MEF2 proteins in
vivo. As an experimental approach, we fused the transactiva-
tion domain of each MEF2 protein to the DNA binding do-
main of Gal4 and assessed their ability to induce the expression
from the pGal4-Luc reporter plasmid. As shown in Fig. 8A, all
constructs were expressed at comparable levels. We observed
that when Gal4-MEF2 fusion proteins were coexpressed with
molecules stimulating the different MAPK family members,
the ERK5 pathway induced a remarkable increase (;20-fold)
in MEF2A activity and a smaller increase (;10-fold) in
MEF2C activity (Fig. 8B). p38a also stimulated both MEF2A
and MEF2C but to a lesser extent than ERK5. In contrast,
p38g activated only MEF2A (;5-fold); it had no significant
effect on MEF2C. p38d, MAPK, and JNK did not activate any
of the MEF2 constructs, which was consistent with the pattern
of phosphorylation in the in vitro kinase assays. Remarkably,
MEF2B and MEF2D were not activated by any of these ki-
nases (Fig. 8B).

The transactivation domains of MEF2A and MEF2C are
activated by m1 G protein-coupled receptors. Once we estab-
lished a functional relationship between the different MAPKs
and the activation of MEF2 proteins, we investigated whether
these transcription factors were stimulated by m1 receptors. As
shown in Fig. 9A, expression from the Gal4-driven luciferase
reporter was stimulated by carbachol when cells were cotrans-
fected with Gal4-MEF2A and Gal4-MEF2C fusion proteins
(Fig. 9A), whereas Gal4-MEF2B and Gal4-MEF2D failed to

FIG. 8. Effect of MAPK family members on MEF2 transactivating activity.
(A) The expression of Gal4 fusion proteins containing the transactivation do-
mains of MEF2A (aa 151 to 411), -B (aa 161 to 350), -C (aa 87 to 467), and -D
(aa 160 to 515) in extracts of transfected cells was determined by Western
blotting with anti-Gal4 monoclonal antibody as described in Materials and Meth-
ods. MW, molecular weight (in thousands). (B) NIH 3T3-m1 cells were cotrans-
fected with the pDNAIII-Gal4-MEF2 chimeric molecules (0.5 mg), as described
above, along with pGal4-Luc and pcDNAIII–b-gal plasmid DNAs (1 mg per
plate each) by the calcium phosphate technique. Expression vectors for MAPK,
JNK, ERK5, p38a, p38g, and p38d (1 mg each), in combination with their
upstream activating kinases MEK EE (1 mg), MEKK (0.1 mg), MEK5 DD (1 mg),
and MKK6 (1 mg), were included in the transfection mixtures. Forty-eight hours
after transfection, cells were collected and the lysates were assayed for luciferase
and b-galactosidase activities. The data represent luciferase activity normal-
ized by the b-galactosidase activity present in each sample, expressed as fold

induction relative to the control. Values are the averages 6 standard errors of
triplicate samples from a typical experiment. Nearly identical results were ob-
tained in three additional experiments.
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stimulate transcription. Subsequently, we made use of the
dominant interfering molecules to examine whether m1 recep-
tors acted on these transcription factors through MAPK path-
ways. Indeed, MEK5 AA and MKK6 KR selectively inhibited
the luciferase activity induced by carbachol (Fig. 9B). Interest-
ingly, MEK5 AA was a more potent inhibitor of MEF2A trans-
activation than MKK6 KR, which is in line with previous re-
sults supporting a more prominent role for ERK5 in the
regulation of MEF2A. In contrast, MEK5 AA and MKK6 KR
affected MEF2C to comparable degrees. The absence of inhi-
bition by JIP-1 further supports the idea that JNK does not act
on these transcription factors, and it supports the specificity of
the inhibitory molecules for the carbachol-induced transacti-
vation. Altogether, these results indicate that both MEF2A
and -C could be regulated by m1 receptors through ERK5 and
p38s, and they are further evidence that MEF2 proteins par-
ticipate in the stimulation of the c-jun promoter by G protein-
coupled receptors.

DISCUSSION

Expression of the c-jun proto-oncogene is one of the earliest
nuclear events resulting from exposure of quiescent cells to
mitogens, such as serum and growth factors (20, 41, 56, 58, 62).
Furthermore, c-jun expression appears to be essential for nor-
mal progression of the cell cycle and cell growth in fibroblasts
(8, 40). However, the nature of signaling pathways that connect
external stimuli to the nuclear regulation of c-jun expression
still remains poorly understood. When NIH 3T3 cells express-
ing m1 G protein-coupled receptors were used, it had previ-
ously been observed that the addition of the cholinergic ago-
nist carbachol results in a remarkable increase in c-jun
expression, which was correlated with the potent stimulation of
the enzymatic activity of JNK (11). These results suggested a
linear mechanism connecting m1 receptors to the regulation of
c-jun expression through JNK. However, in subsequent studies
evidence was obtained that the transcription factor MEF2
plays a critical role in the regulation of the c-jun promoter
upon stimulation of G protein-coupled receptors (13). In this
study, we confirmed that JNK regulates the activity of the c-jun
promoter, using the overexpression of JIP-1, a scaffolding pro-
tein for the JNK signaling module (70), as a specific inhibitor
of the JNK-nuclear function (22). Indeed, we observed that
JIP-1 completely abolished the activation of the c-jun pro-
moter by MEKK, a JNK kinase kinase (47). However, JIP-1
only slightly reduced the elevated c-jun promoter activity
caused by carbachol, thus suggesting that biochemical routes,
in addition to JNK, may participate in the signaling from G
protein-coupled receptors to the c-jun promoter.

Since a number of proline-targeted serine/threonine kinases
related to MAPK and JNK have been identified, we next asked
whether any of these kinases could play a role in the regulation
of c-jun expression by G protein-coupled receptors. Thus, we
initially examined the ability of carbachol to stimulate the
enzymatic activity of epitope-tagged forms of MAPK, JNK,
ERK5, p38a, p38g, and p38d stably expressed in NIH 3T3-m1
cells. As previously reported, both MAPK and JNK were po-
tently activated by the cholinergic ligand (11), although only
MAPK was activated by endogenously expressed tyrosine ki-
nase receptors for PDGF. Here, we show that only carbachol
caused a potent and sustained activation of ERK5, p38a, p38g,
and p38d. Furthermore, the activation of all of these kinases
preceded the remarkable increase in the expression of c-jun
mRNA elicited by carbachol. In view of these observations, we
considered these MAPK family members potential candidates
to mediate the activation of the c-jun promoter by m1 recep-

tors. By using negative interfering mutants of kinases acting
upstream of these MAPKs, we obtained evidence indicating
that m1 G protein-coupled receptors stimulate the c-jun pro-
moter and c-jun expression through kinases acting downstream
of MEK5 and MKK6 in addition to JNK. Moreover, we dem-
onstrated that ERK5, p38a, and p38g, when activated by their
corresponding upstream molecules, were able to stimulate the
activity of the c-jun promoter to an extent similar to that of
JNK. However, p38d had no effect on the c-jun promoter
activity.

At present, it is difficult to assess the relative contribution of

FIG. 9. Relationship between MAPKs and the activation of MEF2 proteins
by m1 receptors. The transcriptional activity of MEF2A and MEF2C is increased
by carbachol in NIH 3T3 cells expressing m1 G protein-coupled receptors. (A)
NIH 3T3-m1 cells were cotransfected by the calcium phosphate technique with
pDNAIII-Gal4-MEF2A (aa 151 to 411), -MEF2B (aa 161 to 350), -MEF2C (aa
171 to 328), and -MEF2D (aa 160 to 515) as well as with pGal4-Luc and
pcDNAIII–b-gal reporter plasmid DNAs (1 mg per plate). Twenty-four hours
later, cells were left untreated (control) (2) or exposed for 20 h to 1 mM
carbachol (1) and were assayed for luciferase and b-galactosidase activities. The
data represent luciferase activity normalized by the b-galactosidase activity
present in each sample, expressed as fold induction relative to the control.
Values are the averages 6 standard errors of triplicate samples from a typical
experiment. Similar results were obtained in three additional experiments. (B)
Cells were transfected with pGal4-MEF2A and pGal4-MEF2C, along with JIP-1
(0.1 mg), MEK5 AA (1 mg), or MKK6 KR (1 mg), and were exposed to carbachol
as described above. Lysates were collected and assayed for luciferase and b-ga-
lactosidase activities. The data represent luciferase activity normalized by the
b-galactosidase activity present in each sample, expressed as percentages of
induction with respect to control cells exposed to carbachol. Results are the
averages 6 standard errors of triplicate samples from a representative experi-
ment. Similar results were obtained in two independent experiments.
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each MAPK in the regulation of c-jun expression, as none of
the inhibitory molecules completely abolished the enhanced
c-jun promoter activity in response to the G protein-coupled
receptor agonist. Nevertheless, activation of ERK5 appears to
play a major role in the regulation of c-jun expression, as
blockage of activation of the c-jun promoter-containing re-
porter plasmid by the inhibitory MEK5 mutant was signifi-
cantly greater than that caused by molecules preventing JNK
and p38a or p38g function. On the other hand, the lack of
c-jun promoter activation by PDGF (13) can now be explained
by the fact that none of these novel MAPK family members are
significantly activated by the tyrosine kinase receptor agonist in
this cell type. These observations may have important impli-
cations, since the mechanisms of activation of ERK5, p38a,
p38g, and p38d are still poorly defined. Based on our findings,
we can postulate that molecules regulating the activity of these
MAPKs are selectively stimulated by G protein-coupled recep-
tors, thus providing a simple experimental model system to
investigate the nature of the molecules linking cell surface
receptors to each MAPK family member.

The final events in the control of the c-jun expression take
place at the level of the responsive elements regulating the
activity of the c-jun promoter. In vivo footprinting studies have
shown that nuclear factors are bound to the promoter prior to
the induction by external stimuli and that no additional inter-
actions occur upon stimulation (33, 58). Fast phosphorylation
events of such preformed complexes on the c-jun promoter can
explain the rapid and transient transcriptional responses of
c-jun to extracellular signals (58, 59). Previously, it was shown
that the MEF2 and the AP-1-like sites are involved in the
regulation of the c-jun promoter by G protein-coupled recep-
tors (13). In this study, we report that JNK, ERK5, p38a, and
p38g pathways exert a distinct control on these AP-1-like and
MEF2 sites: mutations on the former completely abolish the
stimulating effect of JNK and p38a, and mutations on the
latter impede the activation by ERK5. These data suggest that
the transcription factors bound to these DNA sequences are
the targets for each of these MAPKs.

For the AP-1-like site, it has been reported that Fos and Jun
proteins, along with ATF2 (33, 49), ATF1, and CREB (9), can
bind this regulatory element. This could explain the enhanced
transcriptional activity from the AP-1-like site, as c-jun and
ATF2 can be stimulated by JNK (18, 21) and ATF2 is also a
direct target for p38a. Similarly, ATF1 and CREB are sub-
strates of MAPKAP kinase 2, which is a substrate of p38a (68).
However, although both JNK and p38a can activate the c-jun
promoter through its AP-1 site, available evidence suggests
that JNK plays a more prominent role in signaling to this
promoter element from the m1 receptor. For example, with a
reporter plasmid lacking the MEF2 site, JIP-1 nearly abolishes
the response to carbachol, whereas treatment with SB303580,
a p38a- and p38b-specific inhibitor (69), diminishes this re-
sponse less than 30% (data not shown). Furthermore, it has
previously been shown that this drug has a very limited effect
on the response to carbachol when elicited on the wild-type
c-jun promoter (13), although we observed in this study that
the dominant-negative MKK6 could diminish this response
and c-jun expression. Thus, these results suggest that p38a
might participate in the regulation of the c-jun AP1 site, but
other SB303580-insensitive p38s, such as p38g, might also play
a role in the regulation of this site, as well as on the activity of
the additional c-jun regulatory elements. Ongoing work in our
laboratory is aimed at elucidating this issue.

Regarding the MEF2 site, all four members of the myocyte
enhancer family (MEF) of transcription factors, MEF2A, -B,
-C and -D, can bind this response element. Supershift analysis

has revealed that MEF2A and -D are the predominant factors
bound to the MEF2 site of the c-jun promoter in C2C12 myo-
cytes and HeLa cells (32, 54), and while this article was under
revision, it was demonstrated that the activation of dimers
between these factors is carried out by p38a through MEF2A
phosphorylation (78). Our results indicate that MEF2A is also
phosphorylated in vitro and its transcriptional activity is in-
creased in vivo by ERK5, in agreement with a recently pub-
lished report (75). Together with the fact that MEF2A and -D
are expressed in NIH 3T3 cells, these data strongly suggest that
ERK5 might regulate the c-jun promoter activity through
MEF2A proteins.

On the other hand, we observed that mutations in either the
AP-1-like site or the MEF2 site have a limited effect on p38g-
mediated activation of the c-jun promoter. p38g can phosphor-
ylate ATF2 and less effectively MAPKAP kinase 2 (24), which
could explain the activation of the promoter through the AP-
1-like site. Based upon our results, the phosphorylation of
MEF2A in vitro and its stimulation by p38g in vivo might
explain the dual effect of this particular kinase on both respon-
sive elements. Interestingly, p38a can phosphorylate MEF2A
and MEF2C proteins in vitro and potently activate their tran-
scriptional activity in vivo. Thus, why p38a does not act on the
MEF2 site in the c-jun promoter is at present unknown. The
composition of the MEF2 dimers and the regulatory phosphor-

FIG. 10. Proposed model for m1 G protein-coupled receptor signaling to the
c-jun promoter. MAPK family members are activated by heterotrimeric G pro-
tein upon m1 receptor stimulation. Activated JNK, ERK5, p38a, and p38g trans-
duce signals that converge in the nucleus to control the activity of transcription
factors bound to the AP-1-like and MEF2 regulatory elements within the c-jun
promoter. Known intermediate molecules and pathways are depicted, and they
are described in the text. The unknown molecules are indicated by question marks.
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ylation sites of each member seem to be cell type dependent
(29, 32, 54, 75, 78). Consequently, the accessibility of putative
docking sites for MAPKs and phosphorylation sites themselves
may vary from cell to cell due to interactions with cell-type-
specific factors. Another putative explanation for this variation
could be the existence of multiple cell-type-specific spliced
isoforms for each MEF2, which might be differentially phos-
phorylated.

The model emerging from this and other studies is that the
pathway linking G protein-coupled receptors to the c-jun pro-
moter is much more complex than initially anticipated, as it
involves a number of interrelated signaling pathways rather
than a linear series of sequential events (Fig. 10). Furthermore,
our findings suggest that each biochemical route might im-
pinge on one or more regulatory elements on the c-jun pro-
moter and that the resulting transcriptional response most
likely results from the temporal integration of each of these
biochemical routes. Further work will be required to unravel
the identity of the molecules connecting G protein-coupled
receptors to each MAPK, as well as to understand how the
enzymatic activities of these novel MAPK family members
affect, alone or in concert, the functional activity of each of the
transcription factors regulating the c-jun promoter.
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