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Big mitogen-activated protein (MAP) kinase (BMK1), a
member of the mammalian MAP kinase family, is acti-
vated by growth factors. The activation of BMKI1 is re-
quired for growth factor-induced cell proliferation and
cell cycle progression. We have previously shown that
BMKI1 regulates c-jun gene expression through direct
phosphorylation and activation of transcription factor
MEF2C. MEF2C belongs to the myocyte enhancer factor
2 (MEF2) protein family, a four-membered family of
transcription factors denoted MEF2A, -2B, -2C, and -2D.
Here, we demonstrate that, in addition to MEF2C, BMK1
phosphorylates and activates MEF2A and MEF2D but
not MEF2B. The blocking of BMK1 signaling inhibits the
epidermal growth factor-dependent activation of these
three MEF2 transcription factors. The sites phosphoryl-
ated by activated BMK1 were mapped to Ser-355, Thr-
312, and Thr-319 of MEF2A and Ser-179 of MEF2D both
in vitro and in vivo. Site-directed mutagenesis reveals
that the phosphorylation of these sites in MEF2A and
MEF2D are necessary for the induction of MEF2A and
2D transactivating activity by either BMK]1 or by epider-
mal growth factor. Taken together, these data demon-
strate that, upon growth factor induction, BMK1 di-
rectly phosphorylates and activates three members of
the MEF2 family of transcription factors thereby induc-
ing MEF2-dependent gene expression.

Mitogen-activated protein (MAP)! kinase signal transduc-
tion pathways constitute one of the major mechanisms by
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which extracellular stimuli are converted into specific nuclear
responses (1-3). These pathways are considerably evolutionar-
ily conserved, as they have been identified in a diverse group of
organisms ranging from Saccharomyces cerevisiae to humans
(2, 4). In mammalian cells, four families of MAP kinases have
been identified, including the extracellular signal-regulated
protein kinase (ERK1/2), c-Jun N-terminal kinase, p38 kinase,
and big MAP kinase 1 (BMK1/ERK5). Each MAP kinase family
is regulated by a distinct signal transduction mechanism that
influences specific cellular functions, including cell growth, cell
differentiation, programmed cell death, neoplastic transforma-
tion, and certain stress-related responses (1, 5-7).

An ever growing number of nuclear targets for the different
MAP kinase cascades are being identified and, in most cases, it
appears that a specific transcription factor acts as a target for
one or a limited subset of MAP kinases (8). For example, MAP
kinases have been shown to regulate the activity of c-Jun,
CHOP10, c-Myc, ternary complex factor, and MEF2 transcrip-
tion factors (9-13). MEF2 transcription factors bind as ho-
modimers and heterodimers to MEF2 sites found within the
promoters of numerous genes, including muscle-specific genes
and the proto-oncogene c-jun (14, 15). Interestingly, these four
MEF2 proteins exhibit amino acid sequence similarity within
their DNA binding and transactivating domains (16).

BMK1, a newer member of the MAP kinase family, was
cloned by us and others using distinct approaches (17, 37). We
have previously demonstrated that BMK1 is activated by
growth factors, oxidative stress, and hyperosmolarity and that
BMK]1 activity is required for growth factor-induced cell cycle
progression through S phase (18-20). Transcription factor
MEF2C is a direct substrate for BMK1, and its phosphorylation
by BMK1 is involved in serum-induced proto-oncogene c-jun
expression via the MEF2 site found within c-jun promoter (18).
However, the effect of the BMKI1 signaling pathway on other
MEF2 family members has not yet been explored. In this study,
we have investigated the regulation of MEF2A, -2B, and -2D
proteins by BMK1. We found that, in addition to MEF2C,
BMK1 can specifically phosphorylate and activate MEF2A and
-2D but not -2B. The BMKI1 phosphorylation sites within
MEF2A and MEF2D were subsequently identified both in vivo
and in vitro and shown to be critical for both BMK1 and growth
factor-mediated activation of these transcription factors.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—HeLa cells and Chinese hamster ovarian
(CHO-K1) cells were maintained in Dulbecco’s modified Eagle’s me-

hancer factor; FCS, fetal calf serum; GAL4(BD), GAL4 DNA binding
domain.
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BMK1 Directly Regulates the Activity of MEF2A and MEF2D
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Fic. 1. BMK1 phosphorylates MEF2A, -2C, and -2D. a, equal
amounts of recombinant MEF2A, -2B, -2C, -2D, MBP, and c-jun (1-93)
were used as substrates for BMK1 in an in vitro protein kinase assay as
described. The phosphorylation of these substrates by BMK1 was de-
tected by SDS-PAGE followed by using a PhosphorImager (Molecular
Dynamics). b, Coomassie Blue staining of MEF2s, MBP, and c-jun
(1-93) proteins used in the protein kinase assay.
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Fic. 2. BMKI1 simulates the transcriptional activity of MEF2A
and MEF2D. a, HeLa; b, Chinese hamster ovary; ¢, 293; or d, PC12
cells were cotransfected with the reporter plasmid pG5EIbLuc (0.2 pg)
and a plasmid encoding a given MEF2 isoform fused with GAL4(DB) as
indicated. Additionally, control vector pcDNA3 (0.4 ug) or expression
plasmids encoding MEK5(D) (0.2 ug) along with BMK1 (0.2 ug) were
included in each transfection as indicated at the bottom of each panel.
Cell extracts were prepared 48 h following transfection. The luciferase
activities were normalized against cells transfected with pG5ElbLuc
and GAL4 reporter plasmid alone, whose value was taken as 1.

dium (Sigma) supplemented with 10% fetal calf serum (FCS), 2 mm
glutamine, 50 units/ml penicillin, 50 mg/ml streptomycin, and 1% non-
essential amino acids (Life Technologies, Inc., Gaithersburg, MD). NIH-
3T3 cells were maintained in the same medium but with 10% FCS.
RAW264 cells were maintained in RPMI 1640 medium (Sigma) contain-
ing 10% FCS, 2 mM glutamine, 50 units/ml penicillin, 50 mg/ml strep-
tomycin, and 1% nonessential amino acids.

MEF2 Constructs—Expression plasmid GAL4-MEF2A(wt) was con-
structed by fusing the GAL4 DNA binding domain (GAL4(BD)) with the
transactivation domain of human MEF2A (amino acids 87-507). GAL4-
MEF2B, -MEF2C, and -MEF2D were constructed by fusing GAL4(BD)
separately with mouse MEF2B (amino acids 87-349), human MEF2C
(amino acids 87-442), and mouse MEF2D1b (amino acids 87-506) as
described previously (13, 18, 21). Plasmids carrying point mutations
such as MEF2A(S355A), MEF2A(T312A/T319A), MEF2A(S355A,
T312A/T319A), MEF2D(S179A), and MEF2D(S430A) were generated
as described elsewhere (18, 21). The His-tagged full length MEF2A,
MEF2B, MEF2C, MEF2D, MEF2A(S355A), MEF2A(T312A/T319A),
MEF2A(S355A, T312A/T319A), MEF2D(S179A), and MEF2D(S430A)
were individually cloned into the bacterial expression vector pETM1 as
described elsewhere (18, 21).

Preparation of Recombinant Proteins—Escherichia coli BL21(DE3)
was transformed with the vector pETM1 with individual cDNAs encod-
ing MEF2A, MEF2B, MEF2C, MEF2D, MEF2A(S355A), MEF2A(T-
312A/T319A), MEF2A(S355A, T312A/T319A), MEF2D(S179A), and
MEF2D(S430A). The transformed bacteria were grown at 37 °C in L
broth until the A4y, reached 0.5, at which time isopropyl-D-thiogalacto-
pyranoside at a final concentration of 1 mM was added for 5 h. Cells
were collected by centrifugation at 8,000 X g for 10 min, and the
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Fic. 3. BMK1 mediates EGF-induced activation of MEF2A and
-2D. a, HeLa cells were transfected with the reporter plasmid
pG5ElbLuc (0.4 ng) along with either no MEF plasmid (Mock) or plas-
mids encoding GAL4/MEF2A, -2B, -2C, or -2D (0.4 ug) as indicated. 24 h
after transfection, the cells were transferred into serum-free media for
an additional 24 h. Then 5 ng/ml EGF was added and the cells were
incubated for an additional 6 h. Relative luciferase activities were
normalized to non-EGF-treated mock cells whose activity was taken as
1. b, HeLa cells were transfected with the reporter plasmid pG5ElbLuc
(0.3 pg) and GAL4/MEF2A (0.3 pg) along with various amounts of
plasmids encoding the inactive MAP kinases BMK1(AEF), ERK(AEF),
or p38(AGF) (0, 0.1, 0.2, or 0.3 png) as indicated. The total amount of
transfected DNA was adjusted to 1.0 ug through the addition of empty
vector pcDNA3. Cells were then incubated, treated with EGF, and then
assayed as described above. Relative luciferase activities were normal-
ized to cells transfected with pG5ElbLuc and GAL4/MEF2A whose
value was taken as 100%. ¢, same as b, except that GAL4/MEF2D was
used in place of GAL4/MEF2A.

bacterial pellet was resuspended in 10 ml of buffer A (30 mm NaCl, 10
mM EDTA, 20 mm Tris-HCI, 2 mm phenylmethylsulfonyl fluoride) for
every 100 ml of original bacterial culture. The cell suspension was
sonicated, and cellular debris was removed by centrifugation at
10,000 X g for 30 min. Recombinant proteins were then purified from
the cleared lysate by using a Ni-nitrilotriacetic acid purification system
(Qiagen). GST c-jun was purchased from Calbiochem.

Protein Kinase Assays—In vitro kinase assays were carried out at
37 °C for 60 min, using 0.1 pg of recombinant kinase, 1 ug of kinase
substrate, 250 um ATP, and 10 uCi of [y-*PJATP in 20 ul of kinase
reaction buffer as described previously (18). Reactions were terminated
by the addition of Laemmli sample buffer. Reaction products were
resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). 22P;-Labeled proteins were visualized by
autoradiography.

Phosphoamino Acid Analysis and Phosphopeptide Mapping—These
experiments were performed as described previously (18). In brief,
recombinant proteins were phosphorylated in vitro by BMK1 as de-
scribed above. Phosphorylated MEF2A and MEF2D proteins were sep-
arated by SDS-PAGE, transferred to nitrocellulose membranes, visual-
ized by autoradiography, and excised. Eluted proteins were digested
with trypsin, and the resulting tryptic peptides were analyzed by thin-
layer electrophoresis followed by thin-layer chromatography. In some
cases, phosphopeptides were recovered from thin-layer chromatography
plates and then analyzed for phosphoamino acid content as described
elsewhere (18). Phosphopeptides were visualized and quantitated using
a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). To detect in
vivo phosphorylation site(s) in MEF2A and -2D, HeLa cells expressing
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Fic. 4. BMK1 phosphorylates
MEF2A at amino acids Ser-355, Thr-
312, and Thr-319. a, phosphopeptide
map of MEF2A phosphorylated by BMK1
in vitro as described under “Experimental
Procedures.” b, phosphoamino acid anal-
ysis of the phosphorylated peptide from a.
¢, phosphopeptide mapping of MEF2A,
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MEF2A(S355A), MEF2A(T312A/T319A), c
and MEF2A(S355A/T312A, T319A),
which have been phosphorylated by
BMK1 in vitro as indicated. d, HeLa cells
expressing wild-type GAL4/MEF2A were
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GAL4-MEF2A and GAL4-MEF2D proteins were labeled with 32P; for
3 h followed by treatment with or without 50 nM epidermal growth
factor (EGF) for 20 min. These MEF2A or -2D proteins were recovered
from the cell lysate (from 5 X 10° cells) by immunoprecipitation using
50 pg of anti-GAL4 antibody (Santa Cruz Biotechnology), and the
resulting immunoprecipitates were then subjected to peptide mapping
analysis as described above.

Reporter Gene Assays—The GAL4-responsive reporter plasmid
pG5E1bLuc contains five GAL4 binding sites upstream of a minimal
promoter driving a luciferase gene. Plasmids encoding a luciferase gene
driven by the wild-type c-Jun promoter (pJluc), or a c-Jun promoter
with a mutated MEF2 site (pJSXluc), were kindly provided by Dr. R.
Prywes (22, 23). The reporter plasmid pG5E1bLuc was cotransfected
into cells along with a construct encoding the GAL4(BD) fused to
MEF2A, MEF2B, MEF2C, MEF2D, MEF2A(S355A), MEF2A(T312A/T-
319A), MEF2A(S355A, T312A/T319A), MEF2D(S179A), or MEF2D-
(S430A). In some experiments, the expression vector encoding
MKKG6b(E), MEK1(E), or MEK5(D) was also included in the transfec-
tion mixtures as indicated in the figure legends.

Cells were grown on 35-mm-diameter multiwell plates (Nunc, Na-
perville, IL) and transiently transfected with 1 ug of total plasmid DNA,
using Lipofectamine Plus reagent (Life Technologies, Inc.). A B-galac-
tosidase expression plasmid (pCMV-g-gal; CLONTECH, Palo Alto, CA)
was used to determine the transfection efficiency in each transfection.
The total amount of DNA for each transfection was kept constant by
using the empty vector pcDNA3. After 24 h, the medium was changed
to serum-free Dulbecco’s modified Eagle’s medium supplemented with 2
mM glutamine and nonessential amino acids; 24 h after transfection,
cell extracts were prepared and the activities of B-galactosidase and
luciferase were measured as described previously (18).

RESULTS

MEF2A and MEF2D Are Downstream Targets for BMKI—
We have previously shown that the transcription factor
MEF2C is phosphorylated and activated by BMK1 in response
to serum (18). Because MEF2 family members share amino
acid sequence similarity within the DNA binding and transac-
tivating domains, we speculated that other MEF2 family mem-
bers may be substrates of BMK1. Using recombinant MEF2A,
-2B, -2C, and -2D as substrates in in vitro protein kinase
assays, we found that BMK1 phosphorylated MEF2A, -2C, and
-2D but did not phosphorylate MEF2B (Fig. 1). We next inves-
tigated the ability of BMKI1 to regulate the transactivating

Electrophoresis pH8.9

Electrophoresis pH1.9

activity of these transcription factors in a trans-reporter assay
as described previously for MEF2C (18). First, expression vec-
tors encoding MEF2A, -2B, and -2D as fusion proteins contain-
ing the GAL4 DNA binding domain (GAL4(BD)) were con-
structed. These fusion proteins were cotransfected with a
GALA4-driven luciferase reporter gene to measure the transac-
tivating activity of each transcription factor. In this system,
activated BMK1 enhanced the transactivating activity of
MEF2A, -2C, and -2D but not MEF2B in a variety of cell types
(Fig. 2). Taken together, these results indicate that BMK1
phosphorylates and activates all MEF2 family members with
the exception of MEF2B.

EGF Activates MEF2A and MEF2D via BMK1—We previ-
ously demonstrated that BMKI1 is strongly activated by EGF
and that this event leads directly to activation of MEF2C (18,
20). Therefore, we investigated whether MEF2A and MEF2D
were also be activated by EGF through BMK1. Using the GAL4
trans-reporter assay, we found that EGF enhanced the trans-
activating activity of MEF2A, -2C, and -2D about 3-fold but had
no effect on the activity of MEF2B (Fig. 3a). To ascertain the
role of BMK1 pathway in EGF-mediated MEF2A and -2D ac-
tivation, we expressed enzyme-dead forms of the MAP kinases
BMK1 (BMK1(AEF)), ERK2 (ERK2(AEF)), or p38 (p38(APF))
in the trans-reporter assay. The activation of MEF2A and
MEF2D by EGF was only inhibited by the enzyme-dead form of
BMK1 but not by enzyme-dead forms of ERK2 or p38 MAP
kinases (Fig. 3). These results suggest that the EGF-induced
activation of MEF2A and MEF2D is specifically mediated by
BMK1.

Identification of BMKI-mediated Phosphorylation Sites in
MEF2A—We have previously demonstrated that BMK1 regu-
lates the activity of MEF2C by phosphorylating a specific
amino acid residue within the transactivating domain of this
transcription factor (18). To identify the specific amino acids
within MEF2A and MEF2D that are phosphorylated by BMK1,
we performed tryptic phosphopeptide mapping on MEF pro-
teins incubated with BMK1 in an in vitro protein kinase assay.
This analysis on MEF2A revealed one BMK1-phosphorylated
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Fic. 5. BMKI1 phosphorylation sites in MEF2A are required for
both EGF and BMKIl-mediated MEF2A activation. HeLa cells
were transfected with plasmids pG5ElbLuc (0.2 pg) along with empty
vector pcDNA3 (Mock) or individual plasmids (0.2 pg) encoding
MEF2A, MEF2A(S355A), MEF2A(T312A, T319A), or MEF2A(S355A/
T312A, T319A) as indicated. a, plasmids encoding BMK1 and MEK5(D)
were included as indicated. b, EGF was used, as indicated, to stimulate
the cells as described in legend of Fig. 3. All luciferase activities were
normalized to unstimulated mock cells whose value was taken as 1.

peptide (Fig. 4a). Subsequent phosphoamino acid analysis re-
vealed that this phosphopeptide consisted of both phospho-
serine and phoshothreonine (Fig. 4b). The relative radioactivity
between phosphoserine and phosphothreonine was approxi-
mately 1:2.2 in this phosphopeptide. After examining the
amino acid sequence of MEF2A, only one tryptic peptide con-
tained both Ser-Pro and Thr-Pro amino acid sequences (con-
sensus phosphorylation sites for MAP kinases) at a ratio of 1:2.
This peptide comprises amino acids 301-403 of MEF2A and
contains one Ser-Pro (Ser-355) and two Thr-Pro (Thr-312 and
Thr-319) sites. Interestingly, others have shown that threoni-
nes 312/319 as well as serine 355 of MEF2A are phosphorylated
by the MAP kinase p38 after stimulation of cells using stress-
related agonists. To confirm that these are the sites in MEF2A
phosphorylated by BMK1 in vitro, mutant forms of MEF2A
were constructed with serine 355 and/or threonines 312 and
319 converted to alanines. These mutant forms of MEF2A,
denoted MEF2A(S355A), MEF2A (T312A, T319A), and
MEF2A(S355A/T312A, T319A), were utilized as substrates in
an in vitro kinase reaction containing BMKI1 followed by tryptic
peptide mapping. A single radioactive peptide was observed
using MEF2A(S355A) or MEF2A(T312A, T319A) as a sub-
strate. As expected, no radioactive tryptic peptide was detected
using MEF2A(S355A/T312A, T319A) as a substrate (Fig. 4c).
These results indicate that in vitro BMK1 phosphorylates
MEF2A at Thr-312, Thr-319, and Ser-355.

To investigate whether these sites in MEF2A are phospho-
rylated in cells following EGF stimulation, GAL4-MEF2A was
expressed in HeLa cells labeled with [32P]orthrophosphate and,
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Fic. 6. BMK1 phosphorylates MEF2D at Ser-179. a, phosphopep-
tide map of MEF2D that was phosphorylated by BMK1 in vitro. b,
phosphoamino acid analysis of the phosphorylated peptides from a. c,
phosphopeptide mapping of MEF2D, MEF2D(S179A), and MEF2D-
(S430A) that have been phosphorylated by BMK1 in vitro. d, HeLa cells
expressing wild-type GAL4/MEF2D were starved in serum-free media
for 24 h, metabolically labeled with [*?Plorthophosphate for 3 h, and
then stimulated with EGF for 30 min. GAL4/MEF2D protein was im-
munoprecipitated from the cell lysate using the anti-GAL4 DNA bind-
ing domain monoclonal antibody RK5C1 followed by phosphopeptide
mapping. e, phosphoamino acid analysis of the phosphorylated peptide
from d. f, phosphopeptide map of a mixture of equal counts of in vitro (a)
and in vivo labeled MEF2D (d).

after treating the cells with 5 ng/ml EGF, GAF-MEF2A protein
was immunoprecipitated from the cell lysate. One phosphopep-
tide (Fig. 4d) was detected following tryptic peptide mapping of
immunoprecipitated GAL4-MEF2A. Phosphoamino acid anal-
ysis revealed that the phosphopeptide contained both phospho-
serine and phosphothreonine (Fig. 4e) with a ratio of radiola-
beling of about 1:2. To confirm that the phosphorylation of
MEF2A obtained in vivo and in vitro is identical, we mixed
equal counts of these phosphopeptides followed by two-dimen-
sional phosphopeptide mapping. The identical migration of the
two phosphopeptides confirms that cellular MEF2A is phospho-
rylated at amino acids Thr-312, Thr-319, and Ser-355 upon
stimulation with EGF (Fig. 4/).

We next examined the role of these phosphorylation sites in
regulating MEF2A activity as a result of either BMK1 activa-
tion or EGF induction. Mutation of Thr-312, Thr-319, and
Ser-355 to alanine in GAL4-MEF2A significantly reduced the
BMK1- and EGF-mediated activation of MEF2A (Fig. 5, a and
b). Moreover, the BMK1- or EGF-induced transactivation of
MEF2A was completely abrogated by mutating all three phos-
phorylation sites of MEF2A (Fig. 5, @ and b). These results
indicate that BMK1 or EGF mediates transactivation of
MEF2A through all three of the phosphorylation sites identi-
fied by phosphopeptide mapping.

Identification of Phosphorylation Sites in MEF2D Catalyzed
by BMK1—Similar to the analyses performed on MEF2A, the
sites of MEF2D phosphorylated by activated BMK1 were de-
termined. Tryptic peptide mapping of recombinant MEF2D,
which had been phosphorylated by BMK1 in an in vitro protein
kinase assay, revealed two phosphopeptides with equal radio-
active intensity (Fig. 6a). Both phosphopeptides contained only
phosphoserine as indicated by phosphoamino acid analysis
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(Fig. 6b). The Ry and M, values of these phosphopeptides are
0.45 and 18.9 X 10~ * for peptide 1 and 0.32 and 26.7 X 10 * for
peptide 2, respectively. Sequence analysis reveals that there
are 10 predicted tryptic peptides containing Ser-Pro in the
transactivating domain of MEF2D. Among them, only two
phosphopeptides; one phosphorylated at Ser-179 and the other
phosphorylated at both Ser-355 and Ser-404, would produce
similar Ry and M, values observed for peptide 1. To distinguish
among these possibilities, we individually mutated each of
these serines to alanine and phosphorylated the resulting pro-
teins in vitro with BMKI1 followed by tryptic peptide mapping.
We found that phosphopeptide 1 was absent in the tryptic
peptide map of the MEF2D(S179A) mutant (Fig. 6¢) but not in
the tryptic peptide map on the other mutants (data not shown).
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Fic. 7. The BMK1 phosphorylation site in MEF2A is required
for both EGF and BMK1-mediated MEF2D activation. HeLa cells
were transfected with plasmids pG5ElbLuc (0.2 pg) along with empty
vector pcDNA3 (Mock) or individual plasmids (0.2 pg) encoding
MEF2D, MEF2D(S179A), or MEF2D(S430A) as indicated. a, plasmids
encoding BMK1 and MEK5(D) were included as indicated. b, EGF was
used, as indicated, to stimulate cells as described in the legend of Fig.
3. All luciferase activities were normalized to unstimulated mock-trans-
fected cells whose value was taken as 1.
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Two putative phosphopeptides; one phosphorylated at Ser-430
and the another phosphorylated at both Ser-436 and Ser-457,
would produce similar Rz and M, values observed for peptide 2
(Fig. 6a). These three serines in MEF2D were individually
mutated to alanine, and these mutant forms of MEF2D, de-
noted MEF2D(S430A) and MEF2D (S436A/S457A), were uti-
lized as substrates in an in vitro kinase reaction containing
BMK1 followed by tryptic peptide mapping. We found that
phosphopeptide 2 was present in the tryptic peptide map of
mutant MEF2D(S436A/S457A) but was absent using the mu-
tant MEF2D(S430A) mutant (Fig. 6¢). These results indicate
that S430 is the site phosphorylated in MEF2D by BMK1 in
vitro.

To determine the sites phosphorylated in MEF2D in cells
activated by EGF, GAL4-MEF2D-expressing HeLa cells were
labeled with 3?P and these cells were subsequently treated with
5 ng/ml EGF. Tryptic peptide mapping of immunoprecipitated
GAL4-MEF2D revealed only one phosphopeptide (Fig. 6d) con-
taining phosphoserine (Fig. 6e). Tryptic peptide mapping of a
mixed sample containing equal counts of in vitro and in vivo
phosphorylated MEF2D revealed a 2:1 ratio between phos-
phopeptide 1 and phosphopeptide 2 (Fig. 6f). These results
identify phosphopeptide 1 as the phosphoryated tryptic pep-
tide, and S179 as the site phosphorylated in MEF2D upon EGF
treatment of cells.

We next examined the role of these two phosphorylation sites
in regulating MEF2D activity in response to BMK1 activation
or EGF stimulation. Mutation of S179 to alanine in GAL4-
MEF2D alone completely abolished the BMK1- and EGF-me-
diated activation of MEF2D (Fig. 7, @ and b). In contrast,
BMKI1- or EGF-induced MEF2D activity was not affected by
mutating S430 to alanine (Fig. 7, a and b). These results
indicated that only S179 is involved in regulating MEF2D
activity in response to BMK1 and EGF.

Phosphorylation of MEF2A and MEF2D Is Required for
MEF2-mediated c-jun Induction—The MEF2 site in the c-jun
promoter is important for the activation of c-jun expression in
response to various agonists, including EGF (18, 22, 24, 25). It
has been shown that MEF2 proteins are involved in serum-
induced expression of c-jun through binding of a MEF2 site
within the c-jun promoter (18, 22, 23). However, the mecha-
nism by which MEF2A and MEF2D regulate the activity of
c-jun has not yet been thoroughly explored. The activation of
BMKI1 in cells was found to activate the expression of a re-
porter gene driven by the c-jun promoter (Fig. 8a). In contrast,
this BMK1-dependent induction of c-jun was abolished using a

A

Fic. 8. BMK1 mediates c-jun induc-
tion by phosphorylation of MEF2A and
MEF2D. Hela cells were transfected with
the reporter plasmid pJLuc (0.2 ug) along
with empty vector pcDNA3 (Mock) or indi-
vidual expression plasmids (0.2 pg) encoding
MEF2A (Awt), MEF2A(S355A/T312A,
T319A) (Amut), MEF2D (Dwt), or
MEF2D(S179A) (Dmut) as indicated. Plas-
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of the MEF2 binding site (Fig. 8¢). To determine the contribu-
tion of the previously identified MEF2A or MEF2D phospho-
rylation sites to c-jun expression, the mutants MEF2A (S355A/
T312A, T319A) or MEF2D(S179A) were expressed in this
reporter assay. The expression of either MEF mutant blocked
BMK1-mediated c-jun induction. This effect was specific for the
MEF mutations, because expression of wild type MEF2A or
MEF2D had no effect on BMK1-dependent c-jun induction (Fig.
8b). These data indicate that BMK1 regulates c-jun expression
through phosphorylation of specific sites in MEF2A and
MEF2D.

Previous studies have implicated MEF2 proteins in EGF-
induced c-jun expression (24), however the signaling pathway
leading to MEF2 activation remains largely unknown. The
elimination of the MEF2 site in the c-jun promoter resulted in
a 50% reduction in the EGF-mediated activation of a reporter
gene (compare Figs. 9a and 9b). To determine whether phos-
phorylation of MEF2A or MEF2D by BMKI1 is involved in
EGF-dependent c-jun induction, MEF2A(S355A/T312A, T319A)
or MEF2D(S179A) was expressed in this reporter assay. The
expression of either MEF mutant resulted in a 50% decrease in
EGF-mediated c-jun induction (Fig. 9a). This decrease was
similar to that observed using the MEF2-deleted c-jun pro-
moter (Fig. 9b) indicating that expression of mutant MEF2A or
MEF2D eliminated the contribution of any MEF to EGF-in-
duced c-jun expression. In contrast, expression of wild type
MEF2A or MEF2D had no effect on EGF-dependent c-jun in-
duction (Fig. 9¢). Together, these results suggest that BMK1-
mediated phosphorylation of MEF2A and MEF2D makes a
significant contribution to EGF-induced c-jun expression.

DISCUSSION

The MEF2 family members, along with certain specific splice
variants, were originally described as muscle-specific DNA
binding proteins that recognize MEF2 motifs found within the
promoters of many muscle-specific genes (14, 26). Recently,
however, several groups have reported MEF2 binding activity
and MEF2 proteins in a wide variety of cell types where these
proteins appear to play an important role in growth factor- and
stress stimulus-induced early gene responses (13, 18, 22).
These findings suggest that the expression and function of
MEF2 transcription factors is broader than originally thought.
All four MEF2 family members can bind MEF2 promoter ele-
ments as either homodimers or a combination of heterodimers.
Our laboratory has previously determined that BMK1 can

MEF2A N’ -DSSMLSPPQ...QPLATPVVSVTTPSL...GFNSPGML....MGRSPVDSL-C’

174 178 289 303 335 342 384 392
[ [ 1 1 1 1 * 1
MEF2C N’ -HPS-L---Q....QSLATPVVSVATPTL.....GFNTASAL....AGRSPVDSL-C’

174 182 297 311 341 348 457 465
| * 1 [ [ |
MEF2D N’-DPRLLSPQQ...HSLTTPVVSVATPSL...AFSSPAGL....ARPEPGEGL-C’

FiG. 10. Sequence comparison of members of the MEF2 group
of transcription factors in the regions phosphorylated by BMK1.
The Pileup program (Wisconsin Genetics Group, Madison, WI) was
used for sequence alignment. Gaps introduced into the sequence to
optimize alignment are indicated by a hyphen. The numbers indicate
the starting and ending amino acid residues of each MEF2 protein
shown. Amino acid residues phosphorylated by BMK1 are indicated by
asterisks.

modulate MEF2C activity induced by growth factors (18, 20).
Herein, the effect of BMK1 on other MEF2 family members was
investigated, and we found that, in addition to MEF2C, the
transcriptional activity of MEF2A and -2D is also directly up-
regulated by BMK1-catalyzed phosphorylation. Nonetheless,
the biological consequence of BMK1-mediated activation of
MEF2 proteins in various cell types and tissues is still largely
unknown and needs to be explored.

MEF2A, -2C, and -2D in MEF2 family share amino acid
sequence similarity within their transactivating domains, and,
in this paper, we have demonstrated that their activity can be
modulated by the phosphorylation of these domains by BMK1.
Interestingly, our findings, combined with our previous report
(18), suggest that the MEF2 sites phosphorylated by BMK1 are
not conserved with respect to each other (Fig. 10). These results
indicate that the general structural similarity among MEF2
proteins may only contribute to their initial recognition/inter-
action with BMK1 but that the actual site phosphorylated by
BMKI1 is determined by other factors. One possibility is that
different cellular cofactors orient the kinase domain of BMK1
with different phosphorylation sites of these three MEF pro-
teins. Another possibility is that the more subtle variations in
the amino acid sequences of each of the MEF's contribute to the
precise site phosphorylated by BMK1.

The MAP kinase p38 has also been shown to regulate the
activity of MEF2A and MEF2C (13, 21, 27). In this regard, a
conserved p38-docking domain was found in both MEF2A and
MEF2C. In comparison, the docking domain of MEF2D is sig-
nificantly different and has been considered inaccessible by p38
(27). We have shown that BMK1 can interact with all three of
the aforementioned MEF proteins Thus, the recognition and
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interaction of BMK1 with MEF family members may to be less
stringent than that of p38. The other possibility is that BMK1
recognizes domains in these MEFs distinct from that utilized
by p38. Moreover, BMK1 has been shown to physically interact
with amino acids found within the DNA binding domain of
MEF2A and MEF2C (28). However, the functional conse-
quences or existence of this association in MEF2D have not yet
been explored. It appears unlikely that this function of p38 acts
in concert with BMK1 in the induction of c-jun expression, as
the agonists for p38 are largely activators of stress and inflam-
mation and are not mitogenic in nature (13, 29, 30).

In collaboration with B. C. Berk’s laboratory, we have previ-
ously shown BMKI1 is strongly activated by oxidative stress in
smooth muscle cells and by shear stress in endothelial cells (19,
31, 32). Interestingly, MEF2 proteins are expressed in these
cell types where they have been shown to be involved in vas-
cular development (33, 34). Thus, a possible role for BMK1 in
endothelial cell organization and smooth muscle cell differen-
tiation warrants investigation. In addition, because these
MEF2 proteins are critical in regulating muscle-specific gene
expression, it is worthy to determine if BMK1-mediated signal-
ing is involved in the MEF2-dependent differentiation or pro-
liferation of muscle cells during development.

The proto-oncogene c-jun is an immediate early gene ex-
pressed in quiescent cells in response to mitogens such as
growth factors. The induction of c-jun expression, mediated by
mitogens or by signals from G protein-coupled receptors, re-
quires ATF1 (AP-1 like) and MEF2 sites in the promoter of this
gene (24, 35). Here, we demonstrate that a MEF2 promoter
element is required for the BMK1-mediated activation of c-jun
expression as deletion of this element completely abrogates this
effect (Fig. 8a). The induction of c-jun expression appears to be
essential for cell proliferation as microinjection of a deactivat-
ing anti-c-jun antibody has been shown to abrogate serum-
induced cell cycle progression (36). In addition, previous stud-
ies in our laboratory have established that BMK1 activity is
required for mitogen-induced cell proliferation and cell cycle
progression (20). Taken together, these results indicate that
the requirement for BMK1 in mitogen-induced cell cycle pro-
gression may be due to its ability to activate MEF transcription
factors and thereby induce c-jun expression. As the ras/rac/
MEKKI1 signal transduction pathway has also been implicated
in EGF-induced c-jun expression (24), it will be interesting to
determine if this pathway, along with that provided by BMK1,
mediates synergistic effects on c-jun activation.

BMK1 Directly Regulates the Activity of MEF2A and MEF2D
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