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In this report, we identify myogenin as an important transcriptional target under the control of
three intracellular signaling pathways, namely, the p38 mitogen-activated protein kinase-
(MAPK), calcium-calmodulin—dependent protein kinase- (CaMK), and calcineurin-mediated
pathways, during skeletal muscle differentiation. Three cis-elements (i.e., the E box, myocyte
enhancer factor [MEF] 2, and MEFS3 sites) in the proximal myogenin promoter in response to these
three pathways are defined. MyoD, MEF2s, and Six proteins, the trans-activators bound to these
cis-elements, are shown to be activated by these signaling pathways. Our data support a model in
which all three signaling pathways act in parallel but nonredundantly to control myogenin
expression. Inhibition of any one pathway will result in abolished or reduced myogenin expres-
sion and subsequent phenotypic differentiation. In addition, we demonstrate that CaMK and
calcineurin fail to activate MEF2s in Rhabdomyosarcoma-derived RD cells. For CaMK, we show
its activation in response to differentiation signals and its effect on the cytoplasmic translocation
of histone deacetylases 5 are not compromised in RD cells, suggesting histone deacetylases 5
cytoplasmic translocation is necessary but not sufficient, and additional signal is required in

conjunction with CaMK to activate MEF2 proteins.

INTRODUCTION

Myogenic regulatory factors (MRFs) and myocyte enhancer
factor (MEF) 2s are recognized as two families of transcrip-
tion factors critically involved in skeletal muscle differenti-
ation (Arnold and Winter, 1998; Lassar et al., 1994; Molkentin
and Olson, 1996; Yun and Wold, 1996; Puri and Sartorelli,
2000). Among four members of MRFs, MyoD and Myf5 are
involved in myogenic cell fate determination, whereas myo-
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genin and MRF4 are involved in executing the differentia-
tion program (Molkentin and Olson, 1996; Yun and Wold,
1996; Arnold and Winter, 1998). MEF2s can directly associ-
ate with MRFs to synergistically activate many muscle-spe-
cific genes (Molkentin et al., 1995; Molkentin and Olson,
1996).

In addition to MRFs and MEF2s, the homeodomain-con-
taining Six proteins, the vertebrate homologs of the Drosoph-
ila sine oculis (so) product involved in Drosophila compound
eye formation, also play important roles in myogenesis (Re-
laix and Buckingham, 1999; Kawakami et al., 2000). Genetic
and biochemical analysis show that Six proteins physically
associate with Eya, the vertebrate homologs of the Drosophila
eye absent (eya) product, whereas Eya proteins directly bind
Dach, the vertebrate homologs of the Drosophila Dachshund
(dach) product (Pignoni ef al., 1997; Heanue et al., 1999; Ohto
et al., 1999). Among Six, Eya, and Dach proteins, only Six
proteins are known to directly bind DNA (e.g., the MEF3 site
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in the myogenin promoter) (Spitz et al., 1998). However,
both Six/Eya and Eya/Dach complexes are shown to syn-
ergistically induce myogenesis and MEF3-containing genes
(Heanue et al., 1999; Ohto et al., 1999).

Although the biological roles of MRFs, MEF2s, and Six
proteins in myogenesis are well established, the question of
how these transcription factors are in turn regulated by
intracellular signaling pathways is poorly understood. Re-
cently, we showed the insulin-like growth factors (IGFs)/
phosphatidylinositol 3-kinase (PI3K)/Akt-mediated path-
way increases myogenin transcription by activating both
MyoD and MEF2 proteins, which then bind the specific sites
in the promoter to induce myogenin expression (Florini et
al., 1991; Coolican et al., 1997; Tamir and Bengal, 2000; Xu
and Wu, 2000). We and others also showed that the p38
mitogen-activated protein kinase (MAPK) enhances the
transcriptional activity of both MyoD and MEF2C/2A (Zet-
ser et al., 1999; Zhao et al., 1999; Han et al., 1997; Wu et al.,
2000b). Although our data suggest the p38 MAPK acts early
during differentiation, the immediate downstream myo-
genic genes under the control of MyoD, MEF2s, and the p38
MAPK pathway have not been well characterized.

In addition, calcineurin, a calcium-calmodulin-activated
serine/threonine phosphatase, is found to activate MEF2s in
several different cell types (Blaeser et al., 2000; Youn ef al.,
2000). In skeletal muscles, activation of MEF2s by cal-
cineurin mediates electrical signals from motor neurons to
determine the muscle fiber types (Wu et al., 2000a). How-
ever, this process mainly occurs in innervated, mature mus-
cle fibers. Whether the calcineurin-mediated pathway plays
any role during early muscle differentiation is not convinc-
ingly addressed. Two recent reports suggest that calcineurin
can enhance early myogenic differentiation either by increas-
ing myogenin expression (Friday et al., 2000) or by stimulat-
ing MyoD-mediated myogenic conversion of 10T1/2 fibro-
blasts (Delling et al., 2000). However, the detailed
mechanism by which calcineurin regulates myogenin ex-
pression in the former case and the identity of the key early
myogenic genes under the control of calcineurin in the latter
remain unclear.

Recently, CaMKIV, a calcium-calmodulin—dependent
protein kinase, was also shown to activate MEF2s by disso-
ciating class II histone deacetylases (e.g., HDAC5) from
MEF2s, thus relieving the transcriptional repressive effect of
HDACs (Lu et al., 2000a,b; McKinsey et al., 2000a,b). How-
ever, in myogenic cells, the identity of the key early myo-
genic genes controlled by MEF2s and the CaMK-mediated
pathway remains unknown.

In this study, we demonstrate that myogenin is a key early
myogenic gene under the influence of the p38 MAPK,
CaMK-, and calcineurin-mediated signaling pathways.
These signaling pathways significantly enhance myogenin
transcription. Several key cis-elements in the myogenin pro-
moter in response to these pathways are defined. MyoD,
MEF2, and Six proteins that bind these cis-elements are
shown to be activated by these three signaling pathways.
The relationship among the three pathways is studied and
the ability of the constitutively active CaMK and calcineurin
to activate MyoD and MEF2s in Rhabdomyosarcoma-de-
rived RD cells is also investigated.
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MATERIALS AND METHODS

Cell Lines and Antibodies

C2C12 (American Type Culture Collection, Manassas, VA) and
10T1/2MyoD cells were cultured in DMEM supplemented with
20% fetal bovine serum and antibiotics (growth medium, or GM). To
induce differentiation, near confluent C2C12 cells were grown in
DMEM supplemented with 2% horse serum (differentiation me-
dium, or DM). HeLa, 10T1/2, and RD cells were grown in DMEM
plus 10% fetal bovine serum. Antibodies used in this work included
anti-sarcomeric myosin heavy chain (MF20), anti-myogenin (F5D),
anti-B-actin, and anti-hemagglutinin (HA). Except for MF20 (Devel-
opmental Studies hybridoma bank), all other antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA).

Plasmids

Various forms of CaMKIV, CaMKK, calcineurin, 4RE-luc, 3SMEF2-
luc, gal4-luc, galdMyoD, gal4dMEF2 (full length), HA-p38a, GST-
ATF2 (1-92), HA-MKK6EE, and HDAC5-GFP were described pre-
viously (Enslen et al., 1996; Werlen et al., 1998; Wu et al., 2000b).
Construction of the mouse myogenin promoter G133-luc and its
derivatives [G133E, G133MEF2, G133MEF3, G133(E+2), G133(E+3),
G133(2+3), and G133TM] were also described previously (Xu and
Wu, 2000). The following primers were used to generate
G133(E+2+1) and G133(E+3+1): forward, P83: 5' TGT GCA GCA
ACA taT gAG AGG GGG GCT C 3'; and reverse, P84: 5" GAG CCC
CCC TCT cAt aTG TTG CTG CAC A 3’ (lowercase letters indicate
where mutations are introduced). 3XMEEF3-Luc reporter plasmid
was constructed by inserting the oligo pair 5’ (forward) CCG GCT
CAG GIT TCC TTT TCA GGT TTC CTIT TTC AGG TT and 5’
(reverse) TCG AAA CCT GAA AAG GAA ACC TGA AAA GGA
AAC CTG AG upstream of the thymidine kinase core promoter.

Northern Blot

Total RNA was extracted from 1 X 107 cells with TRIzol reagent
(Invitrogen, Carlsbad, CA) following manufacturer’s suggestions.
Total RNA (20 ug) was resolved in a 1% agarose gel, transferred and
cross-linked (using a UV cross-linker; Stratagene, La Jolla, CA) to a
Hybond-N* membrane (Amersham Biosciences, Piscataway, NJ),
and hybridized with a 3?P-labeled probe derived from cDNA en-
coding either mouse myogenin or glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) essentially as described previously (Xu and
Wu, 2000).

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted as described above. Total RNA (500 ng)
was subjected to a one-step RT-PCR using Access RT-PCR kit (Pro-
mega, Madison, WI). Primer pairs used were as follows: myogenin
(forward: 5" GAC TCC CCA CTC CCC ATT CAC ATA,; reverse: 5
GGC GGC AGC TTT ACA AAC AAC ACA) and GAPDH (forward:
5" TGA TGC TGG TGC TGA GTA TGT CGTG; reverse: 5’ TCC TTG
GAG GCC ATG TAG GCC AT).

Transfection and Reporter Assays

Cells were first transfected with various DNA using Lipo-
fectAMINE Plus kit (Invitrogen) and cultured in GM for 36 h. Cells
were than cultured in DM for 24 h followed by cell lysis for lucif-
erase activity determination. Whole cell extracts (WCEs) were pre-
pared by lysing cells in lysis buffers (50 mM HEPES, pH 7.6, 1%
Triton X-100, 150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl,, 100 mM
NaF, 20 mM p-nitrophenylphosphate, 20 mM B-glycerolphosphate,
50 uM sodium vanadate, 2 mM dithiothreitol, 0.5 mM phenylmeth-
ylsulfonyl fluoride, 2 ug/ml aprotinin, 0.5 ug/ml leupeptin, and 0.7
png/ml pepstatin) followed by removal of insoluble debris with a
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tabletop minicentrifuge (12,000 rpm/2 min). Luciferase activity was
determined with a luciferase assay kit (Roche Applied Science,
Indianapolis, IN) and a Monolight 2010 luminometer (Analytical
Luminescence Laboratory, San Diego, CA). Luciferase units were
normalized against total protein amount present in each sample.

Drug Treatment

Pathway-specific drugs were added to the culture media at the time
of media change from GM to DM. The final concentration of drugs
used was as follows: 10 uM SB202190, 25 uM LY294002, 10 uM
KN93, 20 uM KN62, 15 uM cyclosporin A (CsA), 100 uM 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid/acetyloxymethyl
ester (BAPTA/AM), 10 uM nifedipine, and 25 uM PD98059. WCE
or total RNA was prepared 10 h after the drug treatment and
subsequently subjected to various analyses (i.e., Western blot, re-
porter assays, Northern blot, and RT-PCR).

Immunostaining and Immunofluorescence Imaging

At times indicated in the figure legends, cells (grown on coverslips)
were fixed for 15 min in 4% paraformaldehyde, permeabilized with
0.2% Triton X-100 in phosphate-buffered saline for 15 min at room
temperature, and stained with specific antibodies as indicated. The
coverslips were then mounted on slides with a few drops of Mowiol
(Calbiochem, San Diego, CA). The fluorescent images were obtained
using a Nikon immunofluorescence microscope (Optiphot-2) linked
to a charge-coupled device camera.

Kinase Assays

His or HA-tagged kinases from 50 or 100 ug of WCE were pulled
down with either Talon beads (CLONTECH, Palo Alto, CA) or
specific antibodies and protein A-Sepharose beads, respectively,
and washed. To measure the kinase activity of His-CaMKIV, the
pulled-down kinases were incubated with 40 uM syntide-2 in the
kinase buffer (20 mM HEPES, pH 7.6, 10 mM MgCl,, 20 mM B-glyc-
erolphosphate, 20 uM ATP, 1 mM CaCl,, 10 uM calmodulin, and 10
pCi of [y-*2P]ATP). The reactions were carried out at 30°C for 30
min, terminated with trichloroacetic acid, subjected to the standard
P-81 filter paper assay, and *?P incorporation was determined with
a scintillation counter. For immunoprecipitated HA-p38 MAPK, 1
png of GST-ATF2 (1-92) was added to the same kinase buffer as
described above (except without CaCl, and calmodulin), and reac-
tions were incubated at 30°C for 30 min. The kinase mixtures were
resolved by SDS-PAGE, and labeled protein bands were visualized
by autoradiography.

Western Blot

Cells were harvested in the above-described lysis buffer and 30 ug
of WCE was resolved by SDS-PAGE, transferred to a membrane
(Immobilon-P; Millipore, Bedford, MA), and probed with various
antibodies. Protein bands were visualized using ECL kit (Amer-
sham Biosciences).

RESULTS

Myogenin Is Under Transcriptional Control of p38
MAPK-, CaMK-, and Calcineurin-mediated
Signaling Pathways

In previous studies by us and others, it was known that
specific inhibition of the p38 MAPK activity with the inhib-
itor SB202190 blocks muscle cell differentiation and myoge-
nin protein expression (Cuenda and Cohen, 1999; Zetser et
al., 1999; Wu et al., 2000b). In addition, we and others also
found that KN93 and CsA, drugs specifically inhibiting
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Figure 1. Inhibition of the p38 MAPK-, CaMK-, and calcineurin-
mediated signaling pathways blocks myogenin expression. (A)
When C2C12 cells were near confluent, the media were changed
from GM to DM in the absence or presence of 10 uM SB202190.
WCEs were made at indicated time points and subjected to Western
blot analysis. (B) Various drugs were added to near confluent C2C12
cells at the time of media change from GM to DM. Ten hours after
drug treatment, WCE were prepared and subjected to Western blot
analysis. Dimethyl sulfoxide was added to the sample without drug
treatment. The final concentration of drugs used was as follows: 15
uM CsA, 10 uM KN93, and 10 uM nifedipine (Ni). C+K, both CsA
and KN93 were added. (C and D) Total RNA was extracted, and 20
g of total RNA was subjected to Northern blot analysis. (E) Total
RNA (500 ng) was subjected to RT-PCR by using primers specific for
mouse myogenin and GAPDH. Polymerase chain reaction products
were separated and visualized on a 2% agarose gel. The drug
treatment scheme in C and D and E was similar to that in B, except
KN62 (20 uM), PD98059 (PD, 25 uM), and BAPTA/AM (BA, 100
uM final) were also used. (D) Dimethyl sulfoxide. All experiments
described above were done twice with similar results. A represen-
tative picture for each experiment is shown herein.

CaMKs and calcineurin, respectively, also partially inhibited
myogenin expression (Figure 1B; Friday et al., 2000). These
data suggested that myogenin expression might be under
the control of the p38 MAPK-, CaMK-, and calcineurin-
mediated pathways. To fully understand the molecular
mechanisms underlying the regulation of myogenin by var-
ious intracellular signaling pathways, we first examined the
myogenin protein expression profile during differentiation
of mouse C2C12 cells in either the absence or presence of
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various pharmacological inhibitors. SB202190, KN93, CsA,
and nifedipine are specific inhibitors for the p38 MAPK,
CaMK, calcineurin, and the L-type membrane calcium chan-
nels, respectively. As shown in Figure 1A, expression of
myogenin was almost completely blocked by 10 uM
SB202190 as early as 12 h after cells were grown in DM,
which was the time when myogenin just started to be ex-
pressed in this in vitro differentiation system. Myogenin
protein expression was also significantly reduced by KN93,
CsA, and nifedipine (Figure 1B). Addition of KN93 and CsA
together further reduced the myogenin expression (Figure
1B, compare lane 6 with lanes 3 and 4), suggesting the CaMK
and calcineurin may act cooperatively on two separate path-
ways. The fact that nifedipine could also block myogenin
expression suggested that it was the extracellular calcium
influx through the L-type membrane Ca®* channels that was
mainly responsible for subsequent activation of CaMK and
calcineurin.

To understand the nature of myogenin regulation by these
three pathways, we also examined myogenin mRNA level in
either the absence or presence of various drugs in a North-
ern blot assay. Indeed, myogenin mRNA level was drasti-
cally reduced in the presence of SB202190 (Figure 1C) and
partially reduced by KN62, CsA, and BAPTA/AM (a mem-
brane-permeable specific chelator for intracellular calcium)
(Figure 1D). Similar result was also obtained using RT-PCR
(Figure 1E). This suggested that the p38 MAPK-, CaMK-,
and calcineurin-mediated signaling pathways regulate myo-
genin expression at the mRNA level. The stronger reduction
in myogenin mRNA level by BAPTA/AM treatment con-
firmed a key role for calcium in myogenin regulation (Figure
1D, lane 3).

Deliberate Activation of p38 MAPK-, CaMK-, and
Calcineurin-mediated Pathways Increases
Endogenous Myogenin Expression and Enhances
Muscle Differentiation

Because the above-mentioned loss-of-function data gener-
ated with pharmacological inhibitors could potentially be
due to nonspecific effects of the drugs, we also tested
whether deliberate activation of any one of the pathways
described could enhance the expression of myogenin and
phenotypic differentiation. MKK6EE, CaMKIVc¢, and cal-
cineurin AA (CnAA) are constitutively active signaling mol-
ecules used in our subsequent assays (Enslen ef al., 1996;
Werlen et al., 1998; Wu et al., 2000b). We transiently trans-
fected C2C12 cells with either an empty expression vector or
vectors encoding one of the constitutively active signaling
molecules and then let cells differentiate in DM for 24 h. We
then examined the cell morphology by microscopy and the
endogenous myogenin protein expression by immunoblot.
As shown in Figure 2A, the cells transfected with either the
constitutively active MKK6EE, CaMKIVc, or CnAA showed
enhanced and accelerated differentiation as manifested by
increased appearance of the muscle-specific myosin heavy
chain. In addition, an increase in the expression of endoge-
nous myogenin was also seen in cells transfected with plas-
mids encoding either MKK6EE, CaMKIVc, or CnAA com-
pared with cells transfected with the empty vector (Figure
2B). This result indicated that signals initiated from these
constitutively active signaling molecules could indeed target
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Figure 2. Deliberate activation of the p38 MAPK-, CaMK-, and
calcineurin-mediated pathways enhances myogenic differentiation
and endogenous myogenin expression. C2C12 cells were trans-
fected with various plasmids as indicated. After 36 h of growth in
GM and 24 h of growth in DM, cells were either fixed and stained
with various antibodies/or 4,6-diamidino-2-phenylindole (DAPI)
(A and C) or lysed to prepare WCE (B). (A) Cells were stained with
anti-MHC (top) or DAPI (bottom). Vec, empty expression vector. (B)
WCEs were subjected to Western blot analysis. (C) C2C12 cells were
cotransfected with a plasmid encoding GFP along with either an
empty vector or one of the three constitutively active molecules as
indicated. Cells were fixed after 12 h of growth in DM, stained with
anti-myogenin antibody, and subsequently visualized for GFP (top)
and myogenin (bottom). Please note that the cells stained positive
for myogenin in the (empty) vector-transfected cells (the leftmost
column) were not the same as those positive for GFP.

the endogenous myogenin promoter. When individual
transfected cells were examined for myogenin expression
using immunostaining technique, indeed cells transfected
with the constitutively active molecules (green) showed en-
hanced myogenin staining (red) (Figure 2C).

We and others showed previously that the p38 MAPK
kinase activity and the calcineurin phosphatase activity in-
creased upon muscle differentiation (Delling ef al., 2000; Wu
et al., 2000b). No one has directly looked at the CaMK
activity before and after differentiation. To address this is-
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sue, we measured the kinase activity of a transfected CaMK
during differentiation. As shown in Figure 3A, the CaMK
activity slightly but consistently increased upon differentia-
tion. Because the CaMK activity was linked to HDACS5 cy-
toplasmic shuttling (McKinsey et al., 2000a,b), we also exam-
ined cytoplasmic translocation of a HDAC5 fused with
green fluorescent protein (HDAC5-GFP) during C2C12 dif-
ferentiation. As early as 2 h after cells were placed in DM, a
significant portion of HDAC5-GFP (77.2 vs. 12.6% in GM)
was already present in the cytoplasm (Figure 3, B and C).
This clearly indicates activation of the CaMK well precedes
the expression of myogenin (which normally appears after
10 h in DM). The data given above indicated that the p38
MAPK-, CaMK-, and calcineurin-mediated pathways play
positive and decisive roles in early muscle differentiation by
participating in regulation of myogenin expression.

Myogenin Promoter Regulation by p38 MAPK-,
CaMK-, and Calcineurin-mediated Pathways
Requires E box, MEF2, and MEF3 Sites

To further prove that the p38 MAPK-, CaMK-, and cal-
cineurin-mediated pathways increase myogenin gene tran-
scription, we used a reporter assay using a 133-base pair
proximal myogenin promoter linked to a luciferase reporter
gene. This short fragment of myogenin promoter was shown
to contain sufficient regulatory elements for somite-re-
stricted expression of a lacZ transgene and for specific re-
sponse to the IGF/PI3K/Akt signaling pathway (Yee and
Rigby, 1993; Xu and Wu, 2000). When deliberately activated,
all three pathways could activate the promoter with
MKKG6EE being the strongest stimulus (Figure 4A). This
activation of myogenin promoter was also specific, because
the same luciferase construct (pXP2) without the 133-base
pair myogenin promoter failed to be activated by either
MKKG6EE, CaMKIVc, or CnAA (Figure 4A).

We next sought to identify the cis-elements in the myoge-
nin promoter responsive to each of the three signaling path-
ways. Recently, we showed that a unique E box, MEF2, and
MEFS3 sites in the mouse proximal 133-base pair myogenin
promoter were critical cis-elements responsive to the IGF/
PI3K/Akt signaling pathway (Xu and Wu, 2000). To test
whether these sites were also involved in activation of the
myogenin promoter by these three signaling pathways, we
transfected myogenic C2C12 cells with various combina-
tions of plasmids encoding the constitutively active signal-
ing molecules and luciferase reporters under the control of
different mutant myogenin promoters. As shown in Figure
4B, all three myogenin reporters with single-site mutation
displayed reduced activities in response to either the consti-
tutively active MKK6EE or CaMKIVe. Interestingly, only
GI133E and GI133MEF2 showed reduced activities in re-
sponse to CnAA, whereas the responsiveness of G133MEF3
to CnAA was as good as that of the wild-type G133, sug-
gesting the MEF3 site was not absolutely required for cal-
cineurin to activate the myogenin promoter. Because signif-
icant activation of the single-site mutant promoters could
still be seen, it suggested multiple cis-elements were respon-
sive to the activating kinases and phosphatase (Figure 4B).
We then tested the responsiveness of the promoters harbor-
ing mutations at two of the three critical cis-elements. A
further decrease in activities was observed in most of the
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Figure 3. CaMKIV kinase activity increases during C2C12 differentia-
tion. (A) C2C12 cells were cotransfected with His-CaMKIV along with
either an empty vector or a constitutively active CaMKK (positive control),
and cells were harvested at times indicated (CaMKK, DM 24 h). After
normalization of CaMKIV level by Western blot, the kinase activity of the
CaMKIV toward syntide in each sample was determined. Fold activation:
the ratio of the kinase activity in DM over that in GM. The experiment was
done twice and the mean * SD is shown. A two-sample f test was
performed with p < 0.05 considered statistically significant. (B) C2C12
cells were transfected with HDAC5-GFP. Cells were fixed at times indi-
cated and visualized under fluorescent microscope. (C) The average ratio
of cells containing HDAC5-GFP in the cytoplasm over those with green
colors (i.e., total transfected cells) from five random fields in each sample
from B is plotted.

Molecular Biology of the Cell



A.
25 Wvec 23.3
L a c
20 MCn AA
=
=
=
N
3]
<
=
o
pXP2 G133
B. 127
[ OMKKG6EE
ECaMKIVc
HCn AA

LO}

Fold Reduction/Activation

o o oon o Loy

QPR ELYETIEETR

5 H HmmaoabB Qo

Pz M m

84
I MEF3 MEF2 E-box

G133 CAGCTT-TCAGGTT--CTATATTTAT-------- CAGTTG-
E CAGCTT-TCAGGTT--CTATATTTAT-~--~--~-~-~ tgGTca-
MEF2 CAGCTT-TCAGGTT--CTtTATTaAT-------- CAGTTG-
MEF3 CAGCTT-TCtGagT--CTATATTTAT-------- CAGTTG-
E+2 CAGCTT-TCAGGTT--CTLtTATTaAT---==--~- tgGTca-
E+3 CAGCTT-TCtGagT--CTATATTTAT-------- tgGTca-
2+3 CAGCTT-TCtGagT--CTtTATTaAT-------- CAGTTG-
™ CAGCTT-TCtGagT--CTtTATTaAT-----~-~-~ tgGTca-
E+2+] CAtaTg-TCAGGTT--CTtTATTaAT-------- tgGTca-
E+3+] CAtaTg-TCtGagT--CTATATTTAT-------~ tgGTca-

Figure 4. Mapping of the cis-elements in myogenin promoter re-
sponsive to the p38 MAPK-, CaMK-, and calcineurin-mediated
pathways. (A) Luciferase constructs without (pXP2) or with the
133-base pair proximal myogenin promoter (G133-luc) were sepa-
rately transfected into C2C12 cells along with either an empty
expression vector (vec) or expression vectors encoding constitu-
tively active signaling molecules. The transfection scheme was the
same as described in the Figure 2 legend. Luciferase activity was
measured and normalized against total protein present in the ex-
tracts. Fold activation was the ratio of luciferase activity of samples
transfected with the active signaling molecules over that transfected
with an empty vector. The experiment was repeated five times, and
a representative set of values is presented. (B) C2C12 cells were
transfected with either G133-luc or various mutant myogenin pro-
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reporters with double-site mutation compared with their
single-site mutation counterparts with the exception of
G133(E+3) in response to the constitutively active CaMK
and calcineurin (Figure 4B). It was interesting to note that
G133(E+3) (in which the MEF2 site remained intact) could
still be significantly activated by CaMK and calcineurin
compared with the other two reporters with double-site
mutation. This suggested that activation of the myogenin
promoter by CaMK and calcineurin is mainly mediated by
the MEF2 site. The promoter with triple mutations
(G133TM) in which the E box, MEF2, and MEF3 sites were
all mutated had further decreased responsiveness to
MKK6EE and CaMKIVc, suggesting all three sites re-
sponded to the p38 MAPK- and CaMK-mediated signals. In
contrast, the responsiveness of G133TM to calcineurin was
similar to that of G133(E+2), in agreement with the previous
notion that the MEF3 site in the myogenin promoter did not
respond well to the calcineurin-mediated signal.

To prove that the three cis-elements identified above were
specific, we mutated another conserved region (site I) in
G133(E+2) and G133(E+3) (Figure 4C). Like the E box, and
MEF2 and MEE3 sites, this site I (CAGCTTAG) was com-
pletely conserved in the chick, mouse, and human 133-base
pair proximal myogenin promoters (Xu and Wu, 2000). Un-
like G133TM, however, when the site I was mutated in the
G133(E+2) or G133(E+3) background [i.e., G133(E+2+1I),
G133(E+3+1)], no significant further decrease in their re-
sponsiveness to the three pathways was detected compared
with that of their double-site mutation counterparts (Figure
4B). This indicated that the three cis-elements (i.e., E box,
MEF2, and MEFS3 sites) are specific response elements to the
p38 MAPK-, CaMK-, or calcineurin-mediated pathways.

MyoD, MEF2s, and Six Proteins Are Common
Nuclear Targets for p38 MAPK-, CaMK-, and
Calcineurin-mediated Signaling Pathways

The implication of the E box, MEF2, and MEFS3 sites in the
myogenin promoter in response to the p38 MAPK-, CaMK-,
and calcineurin-mediated signaling pathways suggested
that MyoD, MEF2, and Six proteins, which bind the above-
mentioned sites, respectively, are the nuclear signal receiv-
ers mediating the stimulatory effect of the signaling path-
ways. Indeed, we and others demonstrated previously that
38 MAPK could not only directly phosphorylate and acti-
vate MEF2A and 2C but also enhance transcriptional activity
of MyoD (Han et al., 1997; Zetser et al., 1999; Zhao et al., 1999;

moter reporters along with different constitutively active signaling
molecules as indicated. Fold reduction/activation was the ratio of
the luciferase activity of various mutant myogenin reporters over
that of G133-luc. The experiment was repeated five times and the
mean * SD was presented. When each mutant was compared with
the wild type, a two-sample ¢ test was performed with p < 0.05
considered statistically significant. The symbols underneath the bar
graph indicated in which cis-element mutations were introduced in
the G133-luc. TM, the triple mutant in which the E box, MEF2, and
MEEFS3 sites were all mutated as shown in C. (C) Schematic showing
the key cis-elements mutated in the 133-base pair proximal myoge-
nin promoter. Lowercase letters indicate where mutations were
introduced. Site I is a putative cis-element conserved in the mouse,
chicken, and human proximal myogenin promoters.
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Wu et al., 2000b). For the CaMK- and calcineurin-mediated
pathways, we also consistently observed the activation of
either MEF2-dependent (3MEF2-luc) or MyoD-dependent
(4RE-luc) reporters by the constitutively active CaMK and
calcineurin in C2C12 cells (Figure 5, A and B). The stimula-
tory effect of CaMK and calcineurin on MEF2s was more
pronounced than that on MyoD. The strong stimulatory
effect of CaMK and calcineurin on MEF2 was in agreement
with several recent reports (Blaeser ef al., 2000; Lu et al.,
2000a,b; Wu et al., 2000a; Youn ef al., 2000), however, the
effect of CaMK and calcineurin on MyoD was revealed for
the first time. To further prove that MyoD could indeed
serve as a target for CaMK and calcineurin, we transfected
4RE-luc and the constitutively active signaling molecules
into 10T1/2 cells stably expressing MyoD (10T1/2MyoD
cells). MKK6EE was used as a positive control (Puri ef al.,
2000; Wu et al., 2000b). In agreement with the data from
C2C12 cells, MyoD could also be activated in 10T1/2 cells by
CaMK and calcineurin (Figure 5C).

Next, we asked whether the activation of MyoD by CaMK
and calcineurin occurred independently of its DNA binding
activity. We fused a full-length MyoD with the yeast gal4
DNA binding domain (gal4MyoD) and cotransfected HeLa
cells with the fusion gene and a gal4-dependent reporter
(gal4-luc) in combination with various plasmids as indicated
in Figure 5D. Indeed, like MKK6EE (positive control),
CaMKIVc and CnAA could activate MyoD by enhancing its
transcriptional activity, because any effect on the DNA bind-
ing ability of MyoD is less likely to be revealed in this assay
system. To directly examine the effect of the active signaling
molecules on the DNA binding ability of MyoD, a gel mo-
bility shift assay was carried out using the same cell extracts
of 10T1/2MyoD as used in Figure 5C and the 3?P-labeled E
box as a probe. No obvious change in the DNA binding
activity of MyoD could be detected (data not shown). In
agreement with the reporter assay described above, the re-
sults shown herein strongly suggest that MyoD is another
important downstream target of CaMK and calcineurin in
addition to MEF2s and that CaMK and calcineurin activate
MyoD by enhancing its transcriptional activity.

Because Six1 and 4 are present in C2C12 cells and could
bind the MEFS3 site in the myogenin promoter and activate a
luciferase reporter under the control of multimerized MEF3
sites (Spitz et al., 1998), we tested whether the constitutively
active signaling molecules could activate a MEF3-containing
reporter (3MEF3-luc) in C2C12 cells. As expected, MKK6EE,
CaMKIVc, and CnAA all activated the MEF3 reporter (Fig-
ure 5E). As a negative control, a constitutively active
JNKK2CA that activates the c-Jun NH,-terminal kinase
pathway failed to activate this reporter (our unpublished
data).

Cross Talk among Different Signaling Pathways

To further understand the relationship and cross talk among
the three signaling pathways, we first cotransfected C2C12
cells with the myogenin reporter G133-luc and different
activating signaling molecules. Drugs specifically blocking
different pathways were added at the start of differentiation
and the activity of G133-luc was measured 10 h after the
addition of the drugs. The rational of this experiment was as
follows: if molecule A acts upstream of molecule B, when a
constitutively active A is transfected into cells, inhibition of
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Figure 5. Transcriptional activity of MyoD and MEF2 is activated by the
CaMK- and calcineurin-mediated signaling pathways. (A and B) C2C12
cells were transfected with either SMEF2-luc (A) or 4RE-luc (B) in combi-
nation with either an empty vector, the constitutively active CaMKIVc, or
CnAA. (C) 10T1/2 cells stably expressing MyoD were transfected with
4RE-luc along with various plasmids as indicated. (D) HeLa cells were
transfected with gald-luc, gal4dMyoD along with either an empty expres-
sion vector or various active signaling molecules as indicated. (E) C2C12
cells were transfected with SMEF3-luc in combination with vectors encod-
ing signaling molecules as indicated. WCE were made for luciferase ac-
tivity determination either 24 h (for assays in A, B, D, and E) or 48 h (for
assays in C) after cells were grown in DM. All of the above-mentioned
experiments were repeated three times, and a representative is shown.
The numbers on top of each bar indicate the fold activation.
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Figure 6. p38 MAPK-, CaMK-, and calcineurin-mediated path-
ways act on separate pathways. C2C12 cells were cotransfected with
G133-luc in combination with either MKK6EE (A), CaMKIVc (B), or
CnAA (C). Drugs were added at the time of media change from GM
to DM and maintained for 10 h before determination of luciferase
activity of each sample. Fold reduction was the ratio of luciferase
activity in drug treated samples over that in the nontreated control.
The experiments were done three times, and the mean *= SD is
shown. The concentration of drugs was described in MATERIALS
AND METHODS. LY, LY294002; SB, SB202190; BA, BAPTA/AM;
PD, PD98059; C+K, both CsA and KN62 were added.

endogenous B should reduce the stimulatory effect of A. In
contrast, when a constitutively active B is transfected, inhi-
bition of endogenous A should not affect the stimulatory
effect of B. If A and B act on separate but nonredundant
pathways, inhibition of either pathway would be expected
to partially reduce the stimulatory effect mediated by the
other pathway. As shown in Figure 6A, MKK6EE-mediated
myogenin reporter activation could be partially blocked by
drugs that either specifically inhibited CaMK (KN62), cal-
cineurin (CsA), or chelated intracellular calcium (BAPTA/
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AM). Addition of KN62 and CsA together further reduced
the promoter activation by MKK6EE. Similarly, activation of
G133-luc by CaMKIVc could also be partially inhibited by
CsA, SB202190, and LY294002, the latter two being inhibi-
tors that specifically block p38 MAPK and PI3K, respec-
tively, whereas the effect of CnAA could be partially inhib-
ited by SB202190, LY294002, and KN62 (Figure 6, B and C).
As a control, PD98059, which specifically inhibited the acti-
vation of the extracellular signal-regulated kinase pathway,
failed to reduce the stimulatory effect of either MKK6EE,
CaMKIVc, or CnAA. In contrast, PD98059 enhanced their
stimulatory effect, in agreement with a negative role by
extracellular signal-regulated kinase at the early phase of
differentiation (Bennett and Tonks, 1997; Wu et al., 2000b).
Collectively, these results suggest the p38 MAPK-, CaMK-,
and calcineurin-mediated pathways act on separate path-
ways, yet all three are required to regulate myogenin ex-
pression.

Because the cross talk between the CaMK- and p38
MAPK-mediated pathways was observed previously in neu-
ronal cells (Enslen et al., 1996), we asked whether such a
cross talk operated in C2C12 cells. We first cotransfected
C2C12 cells with a His-tagged wild-type CaMKIV along
with either an empty vector (negative control) or vectors
encoding either MKK6EE, CnAA, or CaMKKc (the constitu-
tively active upstream activator for CaMKIV, positive con-
trol) (Enslen et al., 1996). His-CaMKIV was pulled down
(Figure 7A, see legend) and the kinase activity toward syn-
tide-2 was then measured and quantified. Although
CaMKKc activated CaMKIV as expected, both MKK6EE and
CnAA failed to activate CaMKIV (Figure 7A). We then did a
reverse experiment in which C2C12 cells were cotransfected
with HA-p38a along with plasmids as indicated in Figure
7B. HA-p38a was immunoprecipitated and its kinase activ-
ity toward GST-ATF2 (1-92) was demonstrated. MKK6EE
strongly activated p38a, whereas CaMKIVc and CnAA
failed to do so. The above-mentioned experiments suggest
CaMK and calcineurin do not significantly cross-activate p38
MAPK and that MKK6 and calcineurin do not significantly
cross-activate CaMKIV in C2C12 cells. These data further
strengthened our hypothesis that all three signaling path-
ways act on separate but nonredundant pathways to control
myogenin expression.

CaMK and Calcineurin Fail to Activate MEF2
in RD Cells

We recently showed that both the p38 MAPK- and IGF/
PI3K/Akt-mediated pathways were defective in Rhabdomy-
osarcoma-derived RD cells (Puri et al., 2000; Xu and Wu,
2000). To test whether CaMK and calcineurin were able to
activate MyoD and MEF2s in RD cells, we cotransfected RD
cells with different combinations of myogenic reporters and
the activating signaling molecules. As shown in Figure 8A,
although MKK6EE could significantly activate the MyoD-
dependent (4RE-luc), MEF2-dependent (3MEF2-luc), and
the native myogenin promoter (G133-luc, both MyoD- and
MEF2-dependent) reporters as we showed previously (Xu
and Wu, 2000), CaMK and calcineurin showed significantly
decreased activation potential toward G133-luc (compare
with Figure 4A). Interestingly, when we directly examined
the effect of CaMK and calcineurin on MyoD, similar fold of
activation of 4RE-luc was obtained compared with that in
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Figure 7. p38 MAPK- and calcineurin-mediated pathways do not
activate CaMK, and the CaMK, calcineurin-mediated pathways do
not activate p38 MAPK. (A) C2C12 cells were cotransfected with a
vector encoding either His-CaMKIV (A) or HA-p38a (B) in combi-
nation with various plasmids as indicated. WCEs were prepared
24 h after transfection (in GM). (A) Level of His-CaMKIV was
monitored by Western blot in the same order as shown in the bar
graph (inset). His-CaMKIV from 50 ug of WCE was pulled down
with Talon beads and subjected to in vitro kinase assays by using
syntide-2 as the substrate. Radioactive counts were measured in a
scintillation counter, and fold activation was the ratio of counts in
samples transfected with the active signaling molecules over that
with an empty vector. The experiment was done twice with similar
results, and a representative is shown. (B) HA-p38a from 100 ug of
WCE was immunoprecipitated and subjected to kinase assays by
using GST-ATF2 (1-92) as the substrate. Proteins were resolved in

SDS-PAGE and shown is an autoradiograph of the gel (top). The
level of HA-p38a was monitored by Western blot (bottom).

‘

C2C12 cells, suggesting the effect of CaMK and calcineurin
on MyoD was not compromised in RD cells (compare with
Figure 5, B and C). In contrast, when we examined the effect
of CaMK and calcineurin on MEF2, significant decrease in
the activity of BMEF2-luc was detected compared with that
in C2C12 cells (compare with Figure 5A). We also directly
compared the effect of CaMK and calcineurin on the tran-
scriptional activity of MEF2C in RD vs. HeLa cells by using
the vectors encoding gal4MEF2C fusion protein and a gal4-
luc reporter. Although MKK6EE enhanced the transcrip-
tional activity of gal4MEF2C in both RD and HeLa cells,
CaMK and calcineurin failed to activate gal4MEF2C in RD
cells as they did in HeLa cells (Figure 8B).

Recently, the CaMK-mediated pathway was shown to
target HDACS, resulting in its dissociation from MEF2s,
shuttling from the nucleus to cytoplasm and the subsequent
transcriptional activation of MEF2s (Lu et al., 2000a,b; McK-
insey et al., 2000a,b). We asked whether the reduced activa-
tion of MEF2s by CaMK in RD cells was caused by defective
cytoplasmic shuttling of HDACS. To this end, we cotrans-
fected RD or HeLa cells with a vector encoding HDAC5-GFP

1948

along with either an empty vector or various active signaling
molecules. In agreement with the previous report, only the
constitutively active CaMKIV efficiently shuttled HDACS5-
GFP from the nucleus into cytoplasm in HeLa cells (Figure
8C, top) (McKinsey et al., 2000a). The constitutively active
CnAA and MKK6EE did not have such an effect. To our
surprise, CaMK could also shuttle HDAC5-GFP into the
cytoplasm in RD cells as efficiently as in HeLa cells (Figure
8C, bottom). This strongly argues that cytoplasmic shuttling
of HDACS is not the only mechanism by which CaMK
activates MEF2s.

Because the constitutively active CaMKIV was used in the
above-mentioned experiment, it was still unclear whether
the endogenous CaMK was properly activated in response
to the differentiation signals in RD cells. To address this
issue, we used HDAC5-GFP cytoplasmic shuttling as a func-
tional readout for activation of the endogenous CaMK. As
seen in normal C2C12 myogenic cells (Figure 3B), HDAC5-
GFP was present solely in the nucleus in GM and was
predominantly cytoplasmic in DM (Figure 8D), suggesting
the signaling pathway leading to CaMK activation in re-
sponse to differentiation signals was not defective in RD
cells.

DISCUSSION

Multiple Intracellular Signal Transduction
Pathways Modulate Myogenesis by Increasing
Myogenin Gene Transcription

It is well recognized that myogenin plays a key role in
executing muscle differentiation program, because loss of
myogenin causes severe muscle defect without affecting the
formation and positioning of myoblasts (Hasty et al., 1993;
Nabeshima et al., 1993). Moreover, overexpression of MyoD
in embryoid bodies derived from myogenin null ES cells
fails to rescue the differentiation defect, suggesting a unique
role for myogenin in differentiation (Myer et al., 2001). We
recently showed the IGF/PI3K/Akt pathway enhances
myogenesis by transcriptionally up-regulating myogenin
mRNA level (Xu and Wu, 2000). Herein, we demonstrate
that the p38 MAPK and two calcium/calmodulin-activated
pathways (i.e., CaMK and calcineurin) also positively regu-
late myogenesis by increasing myogenin gene transcription.
A model summarizing our current data is presented (Figure
8E). In addition, many stimuli known to affect myogenesis
were also shown to affect the myogenin expression level
(Huang et al., 2000; Rochard et al., 2000). Thus, the myogenin
gene seems to serve as one of the main regulatory targets in
myogenic cells in response to various pro- or counterdiffer-
entiation cues.

Calcium Signal Is Required for Myogenin Induction

Because addition of BAPTA/AM inhibits myogenin expres-
sion (Figure 1D), it indicates that the calcium signal is re-
quired for myogenin expression. To find out whether it is
the influx of extracellular calcium through the plasma mem-
brane calcium channels or the calcium released from internal
calcium stores (e.g., endoplasmic reticulum) that is respon-
sible for the initial calcium signal, we checked the effect of
nifedipine, a specific blocker for the L-type membrane cal-
cium channels. The fact that nifedipine can significantly
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inhibit myogenin induction suggests the influx of extracel-
lular calcium plays a key role in myogenin induction (Figure
1B), in agreement with a recent report (Friday et al., 2000).
However, this result does not rule out a role for the calcium
released from internal calcium stores. It is possible that the
calcium influx from extracellular environment sends out the
initial signal, and this can then induce the calcium release
from the internal calcium stores (via inositol 1,4,5-trisphos-
phate receptor and the ryanodine receptor), which may in
turn augment and prolong the initial calcium signal (Miko-
shiba, 1997; Berchtold et al., 2000).

CaMK- and calcineurin-mediated pathways are identified
as two main cellular signaling pathways transmitting the
calcium signals (Klee et al., 1998; Soderling, 1999; Olson and
Williams, 2000a,b). Although CaMKIV is used in this study
and other reports, the exact isoform(s) that function in mus-
cle cells to regulate myogenin expression remains to be
identified. One piece of supporting evidence for a role of
CaMKIV in activating transcription is that CaMKIV mainly
localizes in the nucleus, whereas CaMKI is mainly cytosolic
(Soderling, 1999).

Stimulatory Signals from Multiple Pathways
Converge on MyoD, MEF2s, and Six Proteins

Like the IGF/PI3K/Akt pathway, the p38 MAPK-, CaMK-,
and calcineurin-mediated pathways also regulate myogenin
expression by enhancing the transcriptional activity of
MyoD and MEF2s, two families of transcription factors in-
dispensable for muscle differentiation. In C2C12 cells, Myf5
mRNA and protein are not detected, making MyoD the only
possible candidate in the MRF family that participates in
myogenin regulation. Because Myf5 is the first MRF ex-
pressed during myogenesis and it is also the only MRF
present in proliferating myoblasts of certain myogenic cell
lines (e.g., rat L6 cells), it is reasonable to postulate that Myf5
could also be a potential nuclear signal receiver in response
to various signaling pathways controlling myogenin expres-
sion. Whether this is the case remains to be experimentally
tested.

In addition to MyoD and MEF2s, for the first time, we are
able to demonstrate that the homeodomain-containing Six
proteins can also be activated by the p38 MAPK-, CaMK-,
and calcineurin-mediated pathways (Figure 8E). Although
the MEFS3 site in the myogenin promoter does not respond to
calcineurin very well (Figure 4B), calcineurin can activate a
Six-dependent multimerized MEF3 reporter (Figure 5E). It is
possible that, even though activation of Six by calcineurin is
not critical in myogenin expression, it may be required for
the regulation of other genes containing the MEF3 site.
Among members of the Six family, Six1 and 4 are known to
be expressed in somites and myogenic cell lines. Whether
these are the actual Six proteins involved in myogenin reg-
ulation remains to be established. Because Six family pro-
teins are well conserved from Drosophila to mammals and
are implicated in many developmental processes (ranging
from eye formation, muscle differentiation to forebrain for-
mation), further analysis is needed to understand the de-
tailed mechanisms by which the three signaling pathways
regulate Sixs and their associated proteins (e.g., Eya and
Dach). These studies will be instrumental to the elucidation
of the above-mentioned biological processes.
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Although the three pathways are able to activate Six pro-
teins bound to the MEF3 site, MyoD and MEF2 seem to be
the main targets, because simultaneous deletion of the E box
and the MEF?2 site severely reduces the responsiveness of the
myogenin promoter to all three signaling pathways (Figure
4B). It is also interesting to note that, unlike MKK6 (which
not only activates MEF2 but also significantly activates
MyoD) (Wu et al., 2000b), CaMK and calcineurin seem to
preferentially target MEF2s (Figures 4B and 5, A and B).
However, data from Figure 4B (in which G133MEF2 could
still be activated by CaMK and calcineurin) and Figure 5
strongly argue that MyoD is another downstream target. In
support of our notion, it has recently been shown that the
constitutively active calcineurin significantly enhances myo-
genic conversion of 10T1/2 fibroblasts induced by a stably
transfected MyoD (Delling et al., 2000).

At present, we favor the model in which CaMK and
calcineurin do not directly bind MyoD and MEF2, because
we fail to detect direct interaction in either coimmunopre-
cipitation experiments or yeast two-hybrid assays (our un-
published data). In vitro, CaMK is shown to directly phos-
phorylate MEF2D and HDACS5 (Blaeser et al., 2000;
McKinsey ef al., 2000a). However, convincing in vivo phos-
phorylation and binding data are still lacking at present. As
to the effect of calcineurin on MEF2s, it is still controversial
whether this effect is dependent on nuclear factor of acti-
vated T cells (NFATSs), the well-documented calcineurin sub-
strates in lymphocytes. Two studies carried out in lympho-
cytes suggest NFATs can augment and mediate the effect of
calcineurin on MEF2s, even in the absence of direct binding
to the cognate NFAT sites (Blaeser et al., 2000; Youn et al.,
2000). In addition, physical interaction between NFATs and
MEEF2s has also been demonstrated (Blaeser et al., 2000; Youn
et al., 2000). However, it is not known whether such a
mechanism exists in myogenic cells, and it has not been
clearly demonstrated whether activation of MEF2s by cal-
cineurin absolutely requires NFATs. An MEF2 mutant un-
able to interact with NFATs will be useful to address this
question. In one report carried out in muscle cells, it shows
an independent but cooperative relationship between
NFATSs and MEF2s in response to calcineurin in determining
muscle fiber types (Wu et al., 2000a). As to a general role for
NFATs in early myogenic differentiation, conflicting data
exist. One report indicates NFATc3 can mediate the stimu-
latory effect of calcineurin on myogenic differentiation (Del-
ling et al., 2000), whereas the other report completely rules
out a role for NFAT in early muscle differentiation and
myogenin induction in response to calcineurin (Friday et al.,
2000). Thus, the mechanism by which calcineurin activates
MEF2s and the role of NFATs in myogenic differentiation
and MEF2 activation by calcineurin remain to be clarified.

Functional Status of CaMK- and Calcineurin-
mediated Pathways in RD Cells

We showed previously that both the p38 MAPK and the
IGEF/PI3K/ Akt pathways were defective in Rhabdomyosar-
coma-derived RD cells (Puri ef al., 2000; Xu and Wu, 2000).
Interestingly, when tested in RD cells, the ability of CaMK or
calcineurin to activate MyoD is as good as that in normal
C2C12 cells, whereas their effects on MEF2 are greatly com-
promised compared with that in C2C12 cells (Figures 5, A
and B, and 8, A and B). The mechanism by which CaMK
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activates MEF2s has been shown to involve HDACS5 trans-
location from the nucleus to cytoplasm (Lu et al., 2000a,b;
McKinsey et al., 2000a,b). In the cytoplasm, 14-3-3 proteins
bind the phosphorylated HDACS5 and retain it in the cytosol
(Grozinger and Schreiber, 2000; McKinsey et al., 2000b;
Wang ef al., 2000). In addition to HDAC5, MEF2s are also
known to be bound and repressed by many other transcrip-
tional repressors (e.g., Cabin 1, MITR, and HDAC4 and 7)
(Sparrow et al., 1999; Youn and Liu, 2000; Dressel ef al., 2001).
It is likely that the association of MEF2s with these different
repressors is cell type and target gene dependent. Regarding
the role of HDACS5, one unanswered question is whether
HDACS5 cytoplasmic translocation is necessary and sufficient
for subsequent activation of the MEF2 transcriptional activ-
ity. The defective MEF2 activation by CaMK in RD cells
provides a nice system for us to address a part of this
question. To our surprise, even though GFP-HDACS5 can be
shuttled to cytoplasm by the active CaMK in RD cells as
efficiently as in other cells, MEF2s remain inactive. This
indicates that at least two signals are required for CaMK to
activate MEF2s: one directly dependent on CaMK involving
HDACS5 cytoplasmic translocation. The other signal can be
either CaMK dependent (e.g.,, CaMK may help recruit a
transcriptional coactivator to MEF2s) or CaMK independent
(e.g., a signal from another pathway is also required). Be-
cause HDACS efficiently shuttles from the nucleus to cyto-
plasm upon differentiation (Figure 8D), it suggests that the
endogenous CaMK can be properly activated in RD cells in
response to differentiation cues and that the CaMK pathway
per se is normal in RD cells. Our results further suggest that
HDACS cytoplasmic shuttling is necessary but not sufficient
for CaMK to activate MEF2s.
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