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The contractile phenotype of smooth muscle (SM) cells is
controlled by serum response factor (SRF), which drives the
expression of SM-specific genes including SM �-actin, SM22,
and others. Myocardin is a cardiac and SM-restricted coactiva-
tor of SRF that is necessary for SM gene transcription. Growth
factors inducing proliferation of SM cells inhibit SM gene tran-
scription, in a manner dependent on the activation of extracel-
lular signal-regulated kinases ERK1/2. In this study, we found
that ERK1/2 phosphorylates mouse myocardin (isoform B) at
four sites (Ser812, Ser859, Ser866, and Thr893), all of which are
located within the transactivation domain of myocardin. The
single mutation of each site either to alanine or to aspartate has
no effect on the ability of myocardin to activate SRF. However,
the phosphomimetic mutation of all four sites to aspartate
(4�D) significantly impairs activation of SRF by myocardin,
whereas the phosphodeficient mutation of all four sites to ala-
nine (4�A) has no effect. This translates to a reduced ability of
the 4�D (but not of 4�A) mutant of myocardin to stimulate
expression of SM �-actin and SM22, as assessed by correspond-
ing promoter, mRNA, or protein assays. Furthermore, we found
that phosphorylation of myocardin at these sites impairs its
interaction with acetyltransferase, cAMP response element-
binding protein-binding protein, which is known to promote
the transcriptional activity of myocardin. In conclusion, we
describe a novel mode of modulation of SM gene transcription
by ERK1/2 through a direct phosphorylation of myocardin.

Myocardin (MyoCD)2 and myocardin-related transcrip-
tion factors (MRTF-A and MRTF-B) represent a family of
coactivators of serum response factor (SRF) that drives the
transcription of multiple genes containing CArG consensus
sequences CC(AT)6GG (1, 2). Whereas MRTFs are ubiqui-
tously expressed (3),MyoCD expression is restricted to cardiac

and smooth muscle (SM) (4, 5). MyoCD is a powerful activator
of SM gene transcription (5–8), and knock-out of the MyoCD
gene leads to a defective differentiation of vascular SM cells (9).
Although the function of MyoCD andMRTFs is quite estab-

lished, regulation of their activity is poorly understood. Activa-
tion of MRTFs occurs by a complex mechanism involving a
small GTPase RhoA, actin polymerization, and translocation of
MRTFs from the cytoplasm to the nucleus where they bind and
activate nuclear-localized SRF (10–12). In contrast, MyoCD is
localized constitutively to the nucleus (4), and regulation of its
activity probably occurs by a mechanism distinct from that of
MRTFs. One potential mechanism may involve AKT-depen-
dent phosphorylation and cytoplasmic retention of the
inhibitor of MyoCD, forkhead transcription factor Foxo4
(13). However, the activities of both MyoCD and MRTFs are
negatively regulated by extracellular signal-regulated pro-
tein kinases (ERK1/2) through a similar mechanism involv-
ing phosphorylation of Elk1 transcription factor by ERK1/2
and competition of phosphorylated Elk1 with MyoCD or
MRTFs for SRF binding (14, 15).
Emerging evidence suggests that MyoCD and MRTFs are

themselves targets of protein phosphorylation. Mouse MyoCD
was shown to be phosphorylated by glycogen synthase kinase-3
at serines 455, 459, 463, 467 and 624, 628, 632, 636; and this
phosphorylation by glycogen synthase kinase-3 attenuates the
transcriptional activity of MyoCD by an unknown mechanism
(16). Human MRTF-A, also called megakaryoblastic leukemia
1, is phosphorylated by ERK1/2 at Ser454, which inhibits its
activity through a nuclear extraction of phosphorylated
MRTF-A (17). In the present study, we found that ERK1/2
phosphorylates MyoCD at four novel sites within its transacti-
vation domain, and we examined the functional consequences
of MyoCD phosphorylation by ERK1/2 at these sites.

EXPERIMENTAL PROCEDURES

Cell Culture and Transient Transfection of DNA—10T1/2
cells and HT1080 cells (American Type Culture Collection)
were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine, 100
units/ml streptomycin, 250 ng/ml amphotericin B, and 100
units/ml penicillin. Chinese hamster ovary (CHO) cells were
grown in Ham’s F-12 medium supplemented as above. In
experiments described in Figs. 1 and 2, CHO cells were
serum-deprived for 24 h in Ham’s F-12 medium containing
0.1% bovine serum albumin and 2 mM L-glutamine. Tran-
sient transfection of DNA was performed using Lipo-
fectamine-PLUS reagent (Invitrogen) following the manu-
facturer’s standard protocol.

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01 HL071755 (to N. O. D.), GM085058 (to N. O. D.), T32 HL07605 (to
D. M. Y.), T32 HD07009 (to N. S.), and T32 HL07237 (to J. K.) and by Ameri-
can Heart Association Postdoctoral Fellowship Awards 0720151Z (to S. T.),
0520109Z (to N. S.), and 0825868G (to D. M. Y.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

1 To whom correspondence should be addressed: Dept. of Medicine, Univer-
sity of Chicago, 5841 S. Maryland Ave., MC 6076, Chicago, IL 60637. Tel.:
773-702-5198; E-mail: ndulin@medicine.bsd.uchicago.edu.

2 The abbreviations used are: MyoCD, myocardin; CREB, cyclic AMP response
element-binding protein; CBP, CREB-binding protein; CHO, Chinese ham-
ster ovary; ERK, extracellular signal-regulated kinase; MAP, mitogen-acti-
vated protein; MEK, MAP kinase/ERK kinase; MRTF, MyoCD-related tran-
scription factor; PMA, phorbol 12-myristate 13-acetate; SM, smooth
muscle; SRF, serum response factor; WT, wild type.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 49, pp. 33789 –33794, December 4, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

DECEMBER 4, 2009 • VOLUME 284 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 33789

http://www.jbc.org/cgi/content/full/M109.048983/DC1


DNA Reagents and Antibodies—The cDNA for mouse
MyoCD (isoform B, accession number AF384055) was pro-
vided by Dr. Eric Olson. All MyoCD deletion constructs were
generated by PCR, cloned into FLAG-tagged CMV-Tag2B vec-
tor (Stratagene), and confirmed by sequencing. Point muta-
tions were introduced by using the QuikChange site-directed
mutagenesis kit (Stratagene) following the manufacturer’s
instruction and confirmed by sequencing. The luciferase
reporter plasmids for SRF (CArG-Luc), SM �-actin promoter
(�-SMA-Luc), and SM22 promoter (SM22-Luc) were used
previously (17–19). The antibodies were from the following
sources: anti-SM �-actin (antibody A2547), anti-�-actin
(A5441), and anti-FLAG (F1804) were from Sigma. Anti-SM22
(Ab14106) was from Abcam. Anti-ERK1/2 was a gift from Dr.
Michael Dunn. Anti-MAP kinase substrate antibodies (2325)
were from Cell Signaling. Anti-CREB-binding protein (CBP)
(sc-369), anti-SRF(sc-335), and anti-Myc (sc-40), were from
Santa Cruz Biotechnology. U0126 was from EMD Biosciences.
Phorbol 12-myristate 13-acetate (PMA) was from Sigma.
Immunoprecipitation andWestern Blot Analysis—Cells were

washed twicewith ice-cold phosphate-buffered saline and lysed
in extraction buffer containing 20 mM Tris-HCl, pH 7.5, 150
mMNaCl, 0.5% Nonidet P-40, 1 mM sodium orthovanadate, 2.5
mM �-glycerophosphate, 1 mM EGTA, and protease inhibitors
(1 �g/ml leupeptin, 1 �g/ml aprotinin, 1 mM phenylmethylsul-
fonyl fluoride). The lysates were passed through a 27.5-gauge
needle five times and cleared by centrifugation at 20,000� g for
10 min. The immunoprecipitation of FLAG-tagged MyoCD
and its mutants was performed by incubation of the cleared
lysates with agarose-conjugated mouse anti-FLAG antibodies
followed by three washes in the same buffer. The immune com-
plexes were boiled in Laemmli buffer and subjected toWestern
blotting with the desired antibodies using the standard tech-
nique. The digital chemiluminescence images were taken by a
Luminescent Image Analyzer LAS-4000 (Fujifilm).
In Vitro ERK2 Kinase Assay of MyoCD—FLAG-tagged

MyoCD or its mutants were expressed in CHO cells as de-
scribed above. Cells were lysed in a buffer containing 50 mM

Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.5% Triton
X-100, 1 mM sodium orthovanadate, 2.5 mM �-glycerophos-
phate, 1 mM EGTA, 1 mM dithiothreitol, and protease inhibi-
tors (1 �g/ml leupeptin, 1 �g/ml aprotinin, 1 mM phenylmeth-
ylsulfonyl fluoride). The lysates were cleared from insoluble
material by centrifugation at 20,000 � g for 10 min at 4 °C, and
MyoCD or its mutants were purified using anti-FLAG-agarose
beads. The beadswerewashed oncewith a kinase buffer (25mM

Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1
mM dithiothreitol, 0.1 mM ATP, 0.01% Brij 35, 5 mM �-glycer-
ophosphate) and subjected to a kinase reaction (45 �l) in the
same buffer supplemented with 50 ng of recombinant activated
ERK2 (Upstate, 14-173) and 10 �Ci of [�-32P] ATP at 30 °C for
30min. The reactionwas stopped by the addition of 15�l of 4�
Laemmli buffer and heating for 5 min at 95 °C. Proteins were
subjected to SDS-PAGE followed by autoradiography orWest-
ern blotting with the desired antibodies.

32P Labeling of MyoCD in Intact Cells—Phosphorylation of
MyoCD in intact cells was performed as described previously
(20–22). CHO cells were transfected with cDNAs for FLAG-

taggedMyoCDmutants and serum-starved for 24 h. Cells were
incubated with 0.25 mCi/ml 32Pi in a phosphate-free and
serum-free medium followed by three washes and stimulation
with 1 �M PMA for 15 min. Cells were then lysed, and the cell
lysates were subjected to immunoprecipitation with FLAG
antibodies, followed by electrophoresis, 32P autoradiography,
or Western blotting with FLAG antibodies as described above.
Luciferase Reporter Assay—Cells grown in 24-well plates

were cotransfected with 20 ng of the desired firefly luciferase
reporter plasmid, 10 ng of thymidine kinase-driven Renilla
luciferase plasmid (Promega), and 20 ng of empty vector or
cDNA for WT MyoCD or its mutants per well. Cells were
serum-starved overnight following transfection, washed with
phosphate-buffered saline, and lysed in protein extraction re-
agent. The lysates were assayed for firefly and Renilla luciferase
activity using the PromegaDual luciferase assay kit. To account
for differences in transfection efficiency, the firefly luciferase
activity of each sample was normalized to Renilla luciferase
activity.
Reverse Transcription-Quantitative Real Time PCR—Total

RNA was harvested using RNA STAT-60 (Tell-Test, Inc.) fol-
lowing the manufacturer’s protocol. One microgram of total
RNA was used as a template for random-primed reverse tran-
scription using an iScript cDNA synthesis kit (Bio-Rad) accord-
ing to themanufacturer’s protocols. Real time PCR analysis was
performed using iTaq SYBR Green supermix with ROX (Bio-
Rad) in a MyIQ single color real time PCR detection system
(Bio-Rad). Real time PCR primers were of the following
sequences: �-SMA, forward AAAGACAGCTACGTGGGT-
GACGAA and reverse TTCCATGTCGTCCCAGTTGGT-
GAT; SM22, forward AAGAATGATGGGCACTACCGTGGA
and reverse TGAAGGCCAATGACATGCTTTCCC. The
18 S transcript was used to normalize the amount and qual-
ity of the extracted RNA, using the following primer set: 18 S
forward, GATTAAGTCCCTGCCCTTTG; reverse, GTTC-
ACCTACGGAAACCTTG.
Statistics—Student’s t test was utilized to test for statisti-

cally significant differences (p values are indicated in the
figure legends).

RESULTS

Phosphorylation of MyoCD by ERK1/2—Fig. 1A shows phos-
phorylation ofMyoCD in intact cells at consensus sites of phos-
phorylation by MAP kinases, as assessed by immunoprecipita-
tion of MyoCD followed by Western blotting with antibodies
against phosphorylated MAP kinase substrate motif (PXpS/
pTP). Activation ofMAP kinase by platelet-derived growth fac-
tor increased phosphorylation of MyoCD, and this was abol-
ished by the inhibitor of ERK1/2 upstream activator MEK1
(U0126), which supports the role of ERK1/2 in this effect. The
efficiency of U0126 was confirmed by inhibition of ERK1/2
phosphorylation, as assessed by electrophoretic mobility shift
assay for phosphorylated ERK2 (Fig. 1A, bottom panel). ERK-
dependent phosphorylation of MyoCD was also induced by
PMA (Fig. 1B).
MyoCD was also readily phosphorylated by ERK2 in vitro as

determined by a kinase assay of immunoprecipitated MyoCD
with recombinant activated ERK2 in the presence of [32P]ATP
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(Fig. 2B). Some basal phosphorylation was also observed in the
absence of ERK2, which was likely a result of phosphorylation
by endogenous kinase(s) coimmunoprecipitated with MyoCD.

Deletion analysis showed that the N-terminal fragment-(1–
660) of MyoCD was poorly phosphorylated by recombinant
ERK2 in vitro, whereas the basal phosphorylation remained
(Fig. 2B). Focusing on the MyoCD C-terminal region, we gen-
erated additional deletionmutants (Fig. 2A), and we found that
the region comprising the transactivation domain of MyoCD
(fragment-(720–935)) is phosphorylated by ERK2 in vitro at
multiple sites, as viewed by 32P autoradiography as well as by
electrophoretic mobility shift ladder (Fig. 2C).
The fragment-(720–935) region of MyoCD contains a num-

ber of proline-directed putative ERK1/2 phosphorylation sites
(S/TP), whose phosphorylation was examined by site-directed
mutagenesis. To exclude the potential artifact of in vitro kinase
assay, we examined the phosphorylation of the alaninemutants
of fragment-(720–935) of MyoCD by 32P incorporation in
intact cells. PMA was used as an ERK1/2 activator, whereas
U0126 was used to dissect the role of ERK1/2-dependent phos-
phorylation. As shown in Fig. 3A, the single alaninemutation of
Ser812, Ser859, Ser866, and Thr893 residues resulted in a clear
reduction of PMA-induced and U0126-inhibited phosphoryla-
tion, whereas mutation of all four residues (4�A) nearly abol-
ished phosphorylation, as evident by 32P autoradiography, as
well as by a change in electrophoretic mobility shift ladder
(indicative of phosphorylation). Fig. 3B shows the location of
these sites in the sequences of MyoCD from different species
aligned with MRTF-A and MRTF-B. All four phosphorylation
sites of MyoCD are highly conserved among species. Interest-
ingly, the homologous sequences of MRTF-A or MRTF-B lack
putative ERK phosphorylation sites, with the exception of one
site that is analogous to Ser859 of MyoCD. This may suggest
that, within the family of these transcription factors, phos-
phorylation of transactivation domain by ERK1/2 is unique to
MyoCD.
Phosphorylation ofMyocardin Attenuates Its Transcriptional

Activity—Having identified the four ERK phosphorylation
sites, we then generated the corresponding phosphodeficient

FIGURE 1. Phosphorylation of MyoCD by ERK1/2. A, CHO cells were trans-
fected with FLAG-tagged MyoCD and stimulated with 1 ng/ml platelet-de-
rived growth factor (PDGF; A) or 1 �M PMA (B) for 10 min in the presence or
absence of a MEK inhibitor U0126 (10 �M). Myocardin was immunoprecipi-
tated (IP) from cell lysates with FLAG antibodies, and the immune complexes
or total cell lysates were examined by Western blotting (WB) with antibodies
against FLAG, phosphorylated MAP kinase substrates (PXpS/pTP), or ERK1/2
as indicated.

FIGURE 2. In vitro phosphorylation of MyoCD by ERK2. A, diagram of
MyoCD deletion mutants used in these experiments depicting the estab-
lished functional domains of MyoCD. B and C, CHO cells were transfected with
FLAG-tagged fragments of MyoCD as indicated. The fragments were immu-
noprecipitated (IP) with FLAG antibodies, and the immune complexes were
subjected to a kinase reaction with [32P]ATP in the presence (�) or absence
(�) of recombinant-activated ERK2. The samples were resolved by electro-
phoresis and analyzed by 32P autoradiography or by Western blotting (WB)
with FLAG antibodies. PRFL, proline, arginine, phenylalanine, leucine motifs;
Q, polyglutamine region; SAP, SAP (SAF-AB, Acinus, PIAS) domain; TAD, trans-
activation domain.

FIGURE 3. Identification of ERK1/2 phosphorylation sites on MyoCD.
A, CHO cells were transfected with cDNAs for FLAG-tagged MyoCD fragment-
(720 –935) or the corresponding alanine mutants as indicated. Cells were then
labeled with 32Pi and stimulated with 1 �M PMA for 10 min in the presence or
absence of a MEK inhibitor U0126 (10 �M). Myocardin fragments were immu-
noprecipitated with FLAG antibodies, followed by electrophoresis and 32P
autoradiography or Western blotting with FLAG antibodies as indicated.
B, alignment of MyoCD, MRTF-A, and MRTF-B at the sites of MyoCD phos-
phorylation by ERK1/2. The numbered sites correspond to the mouse MyoCD,
isoform-B. m, mouse; h, human; r, rat.
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alanine (A) mutants or phosphomimetic aspartate (D) mutants
of the full-lengthMyoCD, and we examined the ability of these
mutants to activate SRF. As expected, overexpression of
MyoCD resulted in a profound activation of SRF, as determined
by CArG-luciferase reporter assay (Fig. 4). Apparently, a single
mutation of each phosphorylation site of MyoCD (either to
alanine or to aspartate) had no effect on its ability to activate
SRF (Fig. 4,A and B). Mutation of all four phosphorylation sites
to alanine (4�A) also had no effect on SRF reporter activity
(Fig. 4C). In contrast, mutation of all four phosphorylation sites
to aspartate (4�D) diminished the ability ofMyoCD to activate
SRF reporter (Fig. 4C), suggesting that phosphorylation of
MyoCD attenuates its transcriptional activity.
We then examined the ability of these MyoCD mutants to

drive SM gene transcription, focusing on SM �-actin (�-SMA)
and SM22.As shown in Fig. 5,A andB, activation of�-SMAand
SM22 promoters by the 4�D mutant of MyoCD was signifi-
cantly reduced as determined by the corresponding luciferase
reporters. Furthermore, the 4�Dmutant was significantly less
active in induction of �-SMA and SM22 mRNA as assessed by

real time PCR (Fig. 5, C and D). Finally, stimulation of �-SMA
and SM22 protein expression by 4�D mutant was also signifi-
cantly reduced compared with theWT (Fig. 5, E and F). In all of
these assays, the activity of the phosphodeficient 4�A mutant
was not significantly different from that of the WT MyoCD
(Fig. 5). Together, these data suggest that phosphorylation of
MyoCD at these four sites attenuates its ability to activate SRF
and SM gene transcription.
Phosphorylation of MyoCD Inhibits Its Association with CBP—

Multiple binding partners interact with various regions of
MyoCD and modulate its activity (4, 13, 14, 23–26). Among
those, the acetyltransferases CBP/p300 interact with transacti-
vation domain of MyoCD (24). Given that all four phosphoryla-
tion sites that we have identified are located within the trans-
activation domain ofMyoCD,we examined how theirmutation
affects the interaction of MyoCD with CBP by coimmunopre-
cipitation. As shown in Fig. 6, activation of ERK by PMA
resulted in a significant reduction of CBP binding by WT
MyoCD. The binding of 4�A mutant of MyoCD to CBP was
higher than that of theWT, and it was not affected by PMA. In

FIGURE 4. Activation of SRF-dependent gene transcription by ERK1/2
phosphorylation mutants of MyoCD. 10T1/2 cells were transfected with
cDNAs for firefly luciferase driven by two copies of CArG elements (CArG-Luc),
Renilla luciferase driven by thymidine kinase promoter, together with either
empty vector (pCMV), or cDNAs for the full-length MyoCD or the correspond-
ing single-site alanine mutants (A), single-site aspartate mutants (B), or qua-
druple mutants where all four indicated residues were mutated either to ala-
nine or aspartate (C) for 24 h. Luciferase activity was measured as described
under “Experimental Procedures.” Data represent mean � S.D. from a repre-
sentative (of three) experiment performed in triplicate (*, p � 0.05).

FIGURE 5. Phosphorylation of MyoCD by ERK1/2 reduces its induction of
SM gene transcription. A and B, 10T1/2 cells were transfected with cDNAs for
the full-length MyoCD or its quadruple phosphodeficient alanine (4�A) or
phosphomimetic aspartate (4�D) mutant, along with firefly luciferase report-
ers for SM �-actin (A) or SM22 (B) promoters and Renilla luciferase driven by
thymidine kinase promoter control reporter. Following 24 h of transfection,
the luciferase activity was measured as described under “Experimental Pro-
cedures.” C and D, 10T1/2 cells were transfected with cDNAs for the full-
length MyoCD or its quadruple 4�A or 4�D mutant for 24 h, and cells were
analyzed for mRNA levels of SM �-actin (C) and SM22 (D) by quantitative real
time PCR. E and F, HT-1080 cells were transfected with cDNAs for the full-
length MyoCD or its quadruple 4�A or 4�D mutant for 24 h, and cells were
analyzed for protein expression of SM �-actin (E) and SM22 (F) by Western
blotting with corresponding antibodies. Data represent mean � S.D. from a
representative (of three) experiment performed in triplicate (*, p � 0.05).
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contrast, the binding of 4�Dmutant was reduced significantly
compared with that of WTMyoCD (Fig. 6). This suggests that
phosphorylation of MyoCD at the sites that we have identified
inhibits its interaction with CBP.

DISCUSSION

It was reported previously that ERK1/2 may regulate SM
gene transcription through phosphorylation of Elk1, which
then competes with MyoCD for SRF binding (14). The present
study demonstrates for the first time thatMyoCD itself is phos-
phorylated by ERK1/2 at multiple sites (Ser812, Ser859, Ser866,
and Thr893). Furthermore, our data suggest that phosphoryla-
tion of MyoCD by ERK1/2 attenuates its ability to activate SRF
and SM gene transcription, at least in part, through inhibition
of the interaction between MyoCD and CBP.
It was shown previously that mouse MyoCD (isoform B) is

phosphorylated by glycogen synthase kinase-3 at serines 455,
459, 463, 467 and 624, 628, 632, 636, resulting in inhibition of
MyoCD transcriptional activity by an unknown mechanism
(16). In this study, we describe four novel sites that are simul-
taneously phosphorylated by ERK1/2, all of which are located
within the C-terminal transactivation domain of MyoCD,
downstream of those phosphorylated by glycogen synthase
kinase-3 (Fig. 3). Glycogen synthase kinase-3-dependent phos-
phorylation at multiple sites often results in the proteasomal
degradation of a target protein. However, we did not see any
difference in the degradation rate ofWT versus 4�Amutant of
MyoCD (data not shown). Thus, we believe that phosphoryla-
tion ofMyoCD by glycogen synthase kinase-3 or by ERK down-
regulates its activity by distinct mechanisms.

Dr. Prywes and co-workers (17) reported recently that
ERK1/2 phosphorylates humanMRTF-A at Ser449, Thr450, and
Ser454 sites and promotes nuclear extraction of MRTF-A,
resulting in inhibition of its transcriptional activity. However,
although MyoCD contains analogous conserved sites (Ser458

and Ser462), it is unlikely to be phosphorylated at these sites by
ERK1/2 because ERK1/2 failed to phosphorylate fragment-(1–
660) of MyoCD containing these sites (Fig. 2B). Furthermore,
unlike MRTF-A, MyoCD localized to the nucleus of the cell
under the basal conditions, which is consistent with the find-
ings of others (4); and the 4�A or 4�Dmutation did not affect
its nuclear localization (data not shown). Finally, sequence
alignment of MyoCD, MRTF-A, and MRTF-B suggests that
MRTFs lack at least three of four sites within the transactiva-
tion domain that are phosphorylated by ERK1/2 in MyoCD
(Fig. 3B). This suggests that, although both MyoCD and
MRTF-A are directly phosphorylated by ERK1/2, the sites of
phosphorylation and the mechanism of regulation are likely
distinct.
Apparently, the single mutation of each ERK phosphoryla-

tion site that we have identified either to alanine or to aspartate
has no effect on the activity of MyoCD (Fig. 4, A and B). How-
ever, the phosphomimetic mutation of all four of these sites to
aspartate resulted in a diminished ability of MyoCD to activate
SRF (Fig. 4C) and SM gene expression (Fig. 5). Even though we
did not assess the effect of dual or triplemutation ofMyoCDon
its activity, onemight think of a “titrated” regulation ofMyoCD,
dependent on the combination of phosphorylated sites and the
duration of phosphorylation of each site. This will be addressed
in the future once the phosphospecific antibodies against each
phosphorylation site are generated.
Many transcription factors, including MyoCD, recruit

acetyltransferases, such as CBP/p300, for an efficient transcrip-
tional activity (24). Our data indicate that phosphorylation of
MyoCD by ERK1/2 at the sites that we identified attenuates its
interaction with CBP (Fig. 6), suggesting themechanism of reg-
ulation. In contrast, we did not observe reproducible changes in
coimmunoprecipitation of FLAG-MyoCDwithMyc-SRF upon
phosphorylation of MyoCD by ERK or upon 4�A mutation of
MyoCD. This is consistent with the previous report showing
that SRF interacts with the N terminus of MyoCD (4) which is
distinct from transactivation domain phosphorylated by
ERK1/2 (Fig. 2B). However, in the functional studies, the 4�A
mutation ofMyoCDdid not translate to a stronger induction of
SM gene transcription (Fig. 5). This may suggest that the basal
level of CBP binding is sufficient for a full activation of SM gene
transcription by MyoCD. Furthermore, although activation of
ERK resulted in a reduced ability of WT MyoCD to stimulate
SM gene transcription as expected, the 4�A mutation of
MyoCD did not rescue this effect of ERK activation (supple-
mental Fig. S1). This suggests that other mechanisms of regu-
lation of SM gene transcription by ERK must exist. One
reported example is the regulation through Elk1 phosphoryla-
tion by ERK (14). However, it is possible that phosphorylation
of MyoCD by ERK can also affect its interaction with partners
other than CBP and hence, regulate a different function of
MyoCD. These possibilities will be addressed in the future.

FIGURE 6. Phosphorylation of MyoCD by ERK1/2 reduces its interaction
with CBP. HT1080 cells were transfected with cDNA for CBP together with
cDNAs for FLAG-tagged MyoCD or its quadruple 4�A or 4�D mutant for 24 h.
Cells were stimulated with 1 �m PMA for 10 min and lysed, followed by immu-
noprecipitation (IP) of cell lysates with FLAG antibodies. The FLAG�immune
complexes were immunoblotted (WB) with antibodies against CBP or against
the FLAG epitope as indicated. The relative amounts of MyoCD-bound CBP
were digitally quantified and expressed as percent of WT MyoCD binding
(mean � S.D. from three independent experiments; *, p � 0.05). Activation of
ERK2 was confirmed by electrophoretic mobility shift assay of cell lysates.
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