MOLECULAR AND CELLULAR BIOLOGY, Sept. 2004, p. 8264-8275
0270-7306/04/$08.00+0 DOI: 10.1128/MCB.24.18.8264-8275.2004

Vol. 24, No. 18

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Phosphorylation and Alternative Pre-mRNA Splicing Converge To

Regulate Myocyte Enhancer Factor 2C Activity

Bangmin Zhu and Tod Gulick*

Diabetes Research Laboratory, Department of Medicine, Massachusetts General Hospital, Charlestown, and
Department of Medicine, Harvard Medical School, Boston, Massachusetts

Received 15 February 2004/Returned for modification 5 April 2004/Accepted 11 June 2004

Myocyte enhancer factor 2 (MEF2) transcription factors play pivotal roles in cardiac, muscle, and neuron
gene expression. All products of MEF2 genes have a common amino-terminal DNA binding and dimerization
domain, but the four vertebrate MEF2 gene transcripts are alternatively spliced among coding exons to
produce splicing isoforms. In MEF2C alone, alternative splice acceptors in the last exon give forms that include
or exclude a short domain that we designate y. We show that MEF2C is expressed exclusively as y— isoforms
in heart tissue and predominantly as y— in other adult tissues and in differentiating myocytes. MEF2C y—
isoforms are much more robust than y+ forms in activating MEF2-responsive reporters in transfected
fibroblasts despite indistinguishable expression levels, and they better synergize with MyoD in promoting
myogenic conversion. One-hybrid transcription assays using Gal4-MEF2C fusions give similar distinctions
between y— and y+ isoforms in all cell types tested, including myocytes. Cis effects of v on MEF2C DNA
binding, dimerization, protein stability, or response to CaM or p38 mitogen-activated protein kinase signaling
are not apparent, and the isolated y domain represses transcription when fused to Gal4. One phosphoserine
residue is present within the y domain according to tandem mass spectrometry, and mutation of this residue
abolishes y-mediated transrepression. A similar activity is present in the constitutive y domain and serine
phosphoacceptor of MEF2A. Our findings indicate that vy functions autonomously as a phosphoserine-depen-
dent transrepressor to downregulate transactivation function of MEF2 factors and that alternative splicing

and serine phosphorylation converge to provide complex combinatorial control of MEF2C activity.

Myocyte enhancer factor 2 (MEF2) proteins are members of
the MADS (MCMI, agamous, deficiens, serum response fac-
tor)-box family of transcriptional regulators (5). MEF2 was
originally recognized as a sequence-specific DNA binding ac-
tivity at conserved elements in the promoters of various genes
encoding muscle structural proteins and as products of cDNAs
encoding proteins related to serum response factor (42, 52).
Four distinct vertebrate genes encoding MEF2 forms were
subsequently recognized, MEF2A4, MEF2B, MEF2C, and
MEF2D (7, 27-29). Initial studies of MEF2 largely considered
a role in myogenesis, but a wider province is now appreciated.
Thus, MEF2 target genes include those encoding structural
proteins, transporters and metabolic enzymes of muscle, and
effectors of stress signaling (5, 16, 36). In addition, although
specific MEF2 gene targets relevant to neuronal function re-
main to be determined, MEF2 proteins interact directly with
neuron-specific transcription factors and have been shown to
play a critical role in programmed cell death in this cell type
(13, 26, 39).

Regulation of MEF2 function is complex and occurs at many
levels. Abundance of MEF?2 proteins is controlled at transcrip-
tional (47), translational (4), and degradation (40) steps. The
transactivation function of MEF?2 proteins is regulated by var-
ious means, including through protein-protein interactions
with other transcription factors (21, 25, 34, 48) and transcrip-
tional coregulators (19, 31, 33, 45, 50); via phosphorylation by
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mitogen-activated protein kinases (MAPK) (18, 53) and cyclin-
dependent kinase 5 (cdk5) (13); and by determinants of MEF2
and coregulator subcellular localization, including calcium-de-
pendent effects on MEF2 interactors and interactions (9, 19,
32, 38).

The four MEF2 genes are differentially expressed spacially
and temporally during development and in mature tissues (12).
MEF?2 isotype functions partially overlap, but distinct roles for
the different genes remain to be fully elucidated and under-
stood. Murine gene disruption studies provide genetic evi-
dence in support of discrete MEF2 isotype-specific functions
(24, 37). Thus, mef2-c null mice die at embryonic day 9 due to
failure of cardiac development, and the animals also exhibit
vascular defects (23, 24). In the mef2-c”/~ mouse embryo,
there is selective underexpression of only a subset of cardiac
contractile proteins whose genes are regulated by MEF2. Since
the other mef2 genes are expressed at normal or supraphysi-
ologic levels in the mef2-c null animals, the lack of compensa-
tion by these forms indicates a unique role for mef2-c in cardiac
development. mef2-a null mice survive to the neonatal period,
or in some cases to adulthood, but severe myocardial mito-
chondrial defects are present that predispose to sudden death
(37). Expression of the other mef2 genes is upregulated in
these animals, again indicating lack of compensation in vivo for
selective MEF2 gene loss. At present it is not clear whether
MEF?2 isotype-selective functions relate solely to distinctions in
temporal or spacial expression or to unique features of the
MEEF?2 protein forms encoded by the different genes.

Each vertebrate MEF2 gene gives rise to multiple isoforms
through alternative splicing patterns that are conserved among
vertebrates (5). These splicing patterns include use of bona
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fide alternative exons, a splice versus no-splice option, and use
of alternative splice acceptors within one exon. In contrast to
extensive work on MEF2 gene and MEF?2 protein regulation at
the various levels noted above, the differential expression and
unique roles and responses of MEF2 splicing variants have
remained virtually unexplored (17). No MEF2 protein-protein
interactions or MEF2 protein modifications have been identi-
fied that involve domains unique to the splicing variants. One
genetic study of splicing variants of the sole Drosophila MEF2
gene, Dmef2, has been reported (14). No significant differences
were noted in the abilities of the various DMEF2 splicing
forms to rescue muscle differentiation defects in a Dmef2 mu-
tant. However, distinctions in splicing variant function may
have been obscured by the particular conditions in this study.
Furthermore, Dmef2 gene structure and alternative splicing
patterns are not analogous to those of the vertebrate MEF2
genes, such that these findings do not specifically inform func-
tion of the vertebrate MEF2 splicing forms.

We have initiated a systematic study of the expression and
function of MEF2 pre-mRNA splicing variants. Here we de-
scribe one critical aspect of the control of MEF2C activity that
is exerted by serine phosphorylation within a domain that is
included or excluded through alternative splice acceptor site
usage in the terminal coding exon of MEF2C. Our findings
demonstrate that there are significant differences among
MEF2C splicing isoforms in both expression pattern and trans-
activation function. They also reveal a previously unrecognized
phosphorylation-sensitive MEF2 repressor domain and indi-
cate one important mode in which MEF2C is unique among
MEF?2 genes.

MATERIALS AND METHODS

Plasmid construction. Plasmid sequences are available from the correspond-
ing author. All construct sequences were verified by dideoxy sequencing (1).
[MEF2¢pyplstk-Luc  and  [MEF2y 0 4]5-tk-Luc, [—252]-MEF2A-1-Luc,
[—150-+75]-jun-Luc, and pPCDNA-HA-MKKG6 have been described (G. S. Yu,
B. Zhu, and T. Gulick, submitted for publication). pG5Luc (Promega) was
modified to include a simian virus 40 (SV40) enhancer fragment from pGL3-
Enhancer (Promega) to give pG5Luc[SV40]. The coding region for constitutively
active CamK IV lacking the regulatory domain (25) was generated using reverse
transcription-PCR with primers 5'-gcgeccaagettgecaccATGgTCAAAGTCACG
GTGCCC-3' and 5'-gaggtggeggecgctttaGAGCTTCTTTTGAGCGGTATC-3'
(uppercase letters indicate wild-type residues, lowercase letters indicate either
mutations or sequence that is extraneous to the sense of interest and used in
vector construction, and underlining indicates restriction sites used in subcloning
or as signatures), and the HindIII- plus NotI-restricted amplicon was subcloned
to give pPCDNA3-CamK IV, 3.

MEF?2 coding regions were obtained using reverse transcription-PCR with
human or murine heart, brain, or skeletal muscle RNA as templates. pET-
MEF2C o2.8 containing the human MEF2C «2.8 isoform coding region has
been described, as have pET-MEF2A «l and pET-MEF2D «l (Yu et al., sub-
mitted). Additional MEF2C isoform coding regions were obtained by fragment
swapping from EST IMAGE clones 3076773 («l), 2009507 (B—) and 3071011
(y+). MEF2 isoform coding regions from pET28 were introduced into
pCDNA3.hygro (Invitrogen) ()CDNA-MEF2C), pM (Clontech) (pM-MEF2C),
and pPac (pPac-MEF2C) (T. Gulick, unpublished data). pPac contains the CMV
immediate-early promoter driving expression of the cloned insert, as well as the
puromycin acyltransferase and EBNA-1 genes expressed from minimal promot-
ers and the Epstein-Barr virus origin of replication, and is stably maintained as
an episome at low copy number in mammalian cells under puromycin selection.

Combination PCR on a pET-MEF2C al.B.y template was used with vector
and mutation-specific complementary primers for mutagenesis of the y-domain
Ser396 and for introduction of a silent mutation to install an Xbal site immedi-
ately downstream of the y domain. The forward primer 5'-ACCCCTTCtAGAT
ACCCACAAC-3' was used in combination with various reverse primers, includ-
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ing 5-GTGGGTATCTaGAAGGGGTGGTGGTACGGTCccGggGAGGtgcA
ACAGGTTCTG-3'(S396A), 5'-GTGGGTATCTaGAAGGGGTGGTGGTAC
GGTCTCTAGGAGGACAAACAGG-3' (S396C), and 5'-GTGGGTATCTaGA
AGGGGTGGTGGTACGGTCccGegGAGGttcAACAGGTTCTG-3" (S396E).
Notl- plus Kpnl-restricted amplicons were introduced into pM-MEF2C al1.B.y.
PM-MEF2A al,375.49; Was constructed using PCR on a pET-MEF2A ol tem-
plate with a reverse vector primer and forward primer 5'-cccgagCCTAGGACA
AGCAGCCCTCAGCTCTCTTGTcGAcCGTATGACCCCATCG-3’, followed
by introduction of the AvrlI- plus Notl-restricted amplicon into pM-MEF2A «l.
PM-MEF2A algzoga Was created by using combination PCR with complemen-
tary primers for mutagenesis of the y-domain Ser398 and introduction of a silent
mutation to install an Xhol site. The forward primer 5'-CGATTgCACCTC
CTCGaGATCGTATG-3" was used in combination with the reverse primer
5'-ACGATCtCGAGGAGGTGcAATCGGTTC-3" and vector primers on the
pET-MEF2A «l template, and the Avrll- plus Notl-restricted amplicon was
introduced into pM-MEF2A «1. Each MEF2C and MEF2A coding region mu-
tant was also subcloned into pCDNA3.hygro.

Human MEF2C sequences 3’ of the MADS box/MEF2 signature domain were
amplified by PCR using forward primers 5'-cccgecgccATGGTGACGTTGAGA
AAGAAGGGCC-3' (al) or 5'-cccgegccATGGCATTGAACAAGAAAGAAA
ACAAAGG-3' (a2) and reverse vector primer on pM-MEF2C templates. Ncol-
and Pstl-digested amplicons were reintroduced into pM-MEF2C to give pM-
AN87-MEF2C constructs. MEF2C open reading frames with the stop codon
removed were made by using PCR with a forward vector primer and reverse
primer 5'-gegtgtgectgcagg TGTTGCCCATCCTTCAGAAAG-3', and the Ncol-
and Sbfl-cut amplicons were introduced into a derivative of pPCDNA3 containing
green fluorescent protein coding sequences to give pCDNA3-MEF2C-EGFP
constructs. The MEF2C vy domain with or without the S396A mutation was
amplified using PCR with primers 5'-cccgaattccccATGGCTTGCACTAGCAC
TC-3" and 5'-cccgeggeggeegctttaTCTAGGAGGAGAAACAGGTTC-3' (y) or
5'-ccegeggeggeegetttacCTAGGAGG AGcAACAGGTTC-3" (ys3964), and the
Ncol and Notl-restricted amplicons were subcloned into pM to give pM-
[YImer2c and pM-[vs3o06almer2cs Tespectively. Nhel-Notl inserts from these and
the Gal4 DNA binding domain (Gal4,,)-MEF2C fusions were subcloned into
pCDNA3 to give pCDNA-Gal4ppp-[Ymerac and -[Yssosalmerac and pCONA-
Gal4,5p-MEF2C isoform expression constructs.

Cultured-cell transfection. C2C12 cells were maintained and differentiated as
described previously (51). HeLa, COS, and 293 cells were maintained in Dul-
becco’s modified Eagle’s medium (DME) with 10% fetal calf serum. Cells were
split into 12-well plates 1 day prior to transfection with Superfect (Invitrogen).
Triplicate wells received 1.0 pg of reporter plasmid, 0.1 or 0.3 pg of control
reporter, and 1.0 g of expression vector(s) except where otherwise indicated,
and cells were harvested for reporter activity determinations 24 to 36 h after
transfection. Luciferase readings were corrected for transfection efficiency using
B-galactosidase activity from pSV40BGal or Renilla luciferase activity from
pRL-tk (Promega). 10T1/2 MyoD-ER cells (gift of Stephen Tapscott, Hutchin-
son Cancer Research Center) were maintained in DME with 10% charcoal-
stripped fetal bovine serum and 500 pg of G418/ml. Cells were stably transfected
with pPac-EGFP or the pPac-MEF2C variants and incubated in 5 wg of puro-
mycin/ml to create stable cell lines. Total cell RNA and protein were harvested
at serial time points after a change to differentiation medium containing G418
and puromycin and 10 nM estradiol (E2) (Sigma) (3).

Protein analyses. Western blotting of polyacrylamide gel electrophoresis
(PAGE)-separated proteins was performed with horseradish peroxidase chemi-
luminescence assays (ECL; Amersham). Primary antibodies recognized skeletal
muscle myosin heavy chain (2) (MF20; Development Studies Hybridoma Bank,
University of Iowa), a-actin (MAB1501R; Chemicon), the Gal4pp (SC510 and
RKS5C1; Santa Cruz Biotechnology) or MEF2C (Yu et al., submitted). Immu-
noprecipitations of cell protein extracts were performed with protein A Sepha-
rose after protein solubilization in buffer containing protein phosphatase inhib-
itors (1). Precipitated proteins were resolved by sodium dodecyl sulfate (SDS)-
PAGE and visualized using silver staining. Bands of interest were excised and
submitted for extraction, tryptic digestion, and tandem mass spectrometry (MS/
MS) at the Taplin Biological Mass Spectrometry Facility at Harvard Medical
School.

RNA analyses. Murine tissue and C2C12 cell RNA was isolated by conven-
tional procedures (1). RNA was harvested from C2C12 myoblasts daily during
growth to confluence in DME with 20% fetal calf serum and daily during
differentiation after cell confluence in DME with 2% horse serum. RNase pro-
tection assays (RPA) and radiolabeled cRNA probe syntheses were carried out
as described previously (51). The template for the mef2-c cRNA probe was a
186-bp BgllI-to-HinclI fragment from a mouse mef2-c y— cDNA subcloned into
pBS-SK (Stratagene).
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RESULTS

One MEF2C alternative splicing pattern is unique among
vertebrate MEF2 genes. The structures of the four vertebrate
MEF?2 genes, MEF2A, MEF2B, MEF2C, and MEF2D, either
have been described (46, 47), were established by us (Yu et al.,
submitted), or can be inferred from genomic and cDNA se-
quences in GenBank. All but MEF2B have highly similar gene
structures and alternative splicing patterns among coding ex-
ons (Fig. 1A and B). In each case, coding exon 1 encodes part
of the MADS box, while exon 2 encodes the carboxy terminus
of this domain and the adjacent MEF?2 signature (5). Alterna-
tive third exons 3al and 3a2 are present in each gene, as is a
short exon B between exons 6 and 7 that is variably included in
mRNAs. MEF2D is unique in having one extra coding exon
(exon 10) at the 3’ end of the gene. Domains encoded by the
alternative o and the B exons of these MEF2 genes have similar
primary structures.

MEF2C also has an alternative cryptic splice acceptor within
exon 9, and we designated the region excluded by use of this
alternative y. Nucleotide sequences within and directly flank-
ing MEF2C vy are >98% conserved among vertebrates (Fig.
1C). In the other vertebrate MEF2 genes and Drosophila
Dmef2, nucleotide sequences within the last coding exon do
not conform to a splice acceptor (Fig. 1D), such that alterna-
tive splicing of this kind is unique to MEF2C. This said, other
MEF2 forms and particularly MEF2A have a region that is
similar to MEF2C +v. In summary, MEF24A and MEF2D
mRNAs each have four potential distinct coding regions. We
refer to these and their cognate encoded protein isoforms as
al, al.B, a2, or a2.8 based on their composition with respect
to alternative domains. By contrast, there are eight potential
MEF2C variants, half of which exclude (y—) and half of which
include (y+) a y domain (Fig. 1B).

MEF2C splicing isoforms have distinct transactivation ca-
pacities. MEF2 mRNAs and MEF2 proteins are widely ex-
pressed, yet MEF2 target gene expression is highly restricted
(5, 11, 41). This discordance led us to consider selective tem-
poro-spacial expression and differential functions of the splic-
ing variants. To begin to explore this, we tested the activities of
the eight MEF2C splicing isoforms on MEF2-responsive re-
porters in cotransfected cells. COS cells were used in these
studies because endogenous MEF2 factor expression and ac-
tivity are low in this cell type. Results of a representative
experiment using a reporter containing three copies of the
CPT-IB gene MEF2 element upstream of a minimal HSV 1k
promoter ([MEF2 ;. ,5]5-tk-Luc) are shown in Fig. 2A. Each
of the four MEF2C isoforms lacking the y domain (y—) was
substantially more transcriptionally active than the corre-
sponding y+ form. The influence of y was independent of the
alternative a or B domains. The activity ratio of y— to y+
MEF2C forms in common « and  contexts (e.g., al.B/al.B.y
or a2/a2.y) averaged ~8 in a series of COS cell transfections.
Immunoblots of transfected-cell extracts using a MEF2C-spe-
cific antibody (Yu et al., submitted) confirmed that the differ-
ent isoforms were expressed to equivalent levels (Fig. 2B).
Similar distinctions in activities of MEF2C isoforms were ap-
parent when using reporters containing promoters or isolated
MEF?2 elements from the CPT-IB, MEF2A, or c-jun (16) genes
(data not shown). Thus, differences in transactivation given by
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FIG. 1. Vertebrate MEF2 transcripts are alternatively spliced.
(A) Schematic of the highly similar structures of three vertebrate
MEF?2 genes among coding exons. Splicing patterns of MEF2A4 and
MEF2D differ from MEF2C (top) only at the extreme 3’ exons.
(B) Schematic of the MEF2C alternative splicing isoforms. Forms are
named according which « domain is present (a1 or a2) and whether or
not the B or y domains are present (e.g., al.y or a2.p.y). (C) Se-
quences flanking and within (bold) the MEF2C vy domain are shown,
with two splice acceptors underlined. Human, cow, and rat MEF2C
nucleotide sequences are 100% conserved in the region shown. Nu-
cleotide substitutions in opposum (Dv), chicken (Gg), and mouse
(Mm) sequences are indicated. (D) Alignment of the carboxy terminus
of the MEF2C +y domain with similar regions of human MEF2 and
Drosophila Dmef2 gene forms. The cryptic splice acceptor of MEF2C is
not conserved in the other MEF2 genes. Residues that do not conform
to a splice acceptor polypyrimidine tract (gray boxed characters) or
that preclude splicing at this locus (white characters) are indicated.

MEF2C isoforms were MEF2 element and promoter context
independent and was not attributable to differential expression
or stability.

Transcriptional activity and responses to signaling mediated
by MEF2 elements can depend on the composition of MEF2
proteins bound to a target element (41, 53). We found that
MEF2C splicing variants, including the y+ and y— isoforms,
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FIG. 2. MEF2C splicing isoforms have distinct transactivation ca-
pacities. (A) COS-7 cells were cotransfected with [MEF2p;.;5]5-tk-
Luc, control pRL-tk reporter, and pCDNA3 expression vector for the
indicated MEF2C splicing isoforms. Firefly luciferase activities were
normalized for transfection efficiency by using extract Renilla luciferase
and normalizing to activity in pCDNA3-transfected cells (= 1.0).
(B) Extracts from cells transfected in panel A were resolved by SDS-
PAGE, and MEF2C expression was visualized by immunoblotting with
anti-MEF2C antibody that recognizes all MEF2C splicing isoforms
(upper panel). Sample loading was normalized using a-actin immuno-
reactivity (lower panel). (C) COS-7 cells were cotransfected with
[MEF2,,5554]5-tk-Luc, pRL-tk, and either pCDNAS3 or the indicated
ratios of pPCDNA-MEF2C a1.8.y (y+) to pPCDNA-MEF2Cal.8 (y—).
Each well received a total of 0.3 g of expression vector. Samples were
analyzed as for panel A.

can pair promiscuously in MEF2 element binding in vitro (data
not shown). This was expected based on prior mapping of
MEF2 dimerization and DNA binding functions to the MADS
box and MEF2 domains, which are shared among all splicing
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isoforms (35). Functional consequences were explored by mea-
suring the activity of another MEF2-responsive reporter
(IMEF2,,5p4]5-tk-Luc; Yu et al., submitted) in COS cells co-
transfected with different ratios of MEF2C «l.B.y (y+) and
MEF2C al.B (y—). Expression of the y— form alone produced
more than 75-fold induction of [MEF2,,,.;»4]5-tk-Luc, whereas
the y+ form alone induced reporter activity that was less than
10-fold above basal activity (Fig. 2C). Intermediate responses
were seen with forced expression of the two forms together,
indicating that neither form is dominant and that no unex-
pected novel transcriptional activity stems from MEF2C splic-
ing isoform coexpression.

MEF2C vy domain function is cell type independent. MEF2C
isoforms were expressed as Gal4p DNA binding domain
(Gal4ppp) fusions in tests of transactivation of a Gal4-respon-
sive reporter (pG5Luc). In this one-hybrid system, differences
in transactivation produced by the various Gald,z,-MEF2C
fusions recapitulated those of the native MEF2C isoforms.
Specifically, Gal4,zp-MEF2C y— isoforms gave ~20-fold-
higher activity than the corresponding y+ form in transfected
COS cells (Fig. 3A). In a series of transfections, each fusion
protein containing the y domain activated the reporter only
slightly above the basal activity in cells expressing the Gald g
alone (2- to 10-fold, depending on transfection conditions).
Taken together with the potent transactivation given by each
vy— isoform, a capacity for a wide dynamic range of function
among the MEF2C splicing isoforms was evident. As for the
native MEF2C forms, an influence of the y domain was seen in
each alternative « and B context in these fusions, and distinc-
tions in activity were not attributable to differences in levels of
expression (Fig. 3B). These observations suggest that the pres-
ence or absence of y does not control MEF2 transcriptional
activity via cis effects on formation of a ternary DNA-bound
complex. Specifically, y does not appear to act to blunt MEF2C
function by interfering with DNA binding or MEF2 dimeriza-
tion, nor does deletion of the y domain give amplified trans-
activation through enhanced dimerization or DNA binding
affinity.

Having validated the one-hybrid system as an approach for
evaluation of MEF2C splicing isoform function, we examined
whether distinctions in transactivation generalized to cell types
in which MEF?2 proteins are endogenously expressed. In HeLa
(41) and 293 HEK (53) cells, the pattern of Gal4,z,-MEF2C
isoform fusion activities was identical to that seen in COS (data
not shown). Thus, all isoforms containing the y domain were
substantially less active than the corresponding y— forms in
activating pG5Luc. Some subtle differences in Gal4ppp-
MEF2C fusion activities were apparent among the cell types.
For example, y+ forms gave higher activity relative to the
Gal4pp control in both 293 cells and C2C12 myoblasts than
in COS cells. In addition, in C2C12 cells transfected during
serum withdrawal-mediated differentiation to myotubes, dis-
tinctions in transactivation produced by the y— versus y+
isoform fusions were less pronounced than in C2C12 myoblasts
or nonmuscle cell types (Fig. 3C). Nonetheless, transactivation
by the y+ isoforms was much lower in all cell types tested,
including myocytes.

mef2-c is expressed predominantly as y— splicing isoforms.
The relative abundance of mef2-c¢ splicing isoforms among
murine tissues was examined using RPA. The cRNA probe
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FIG. 3. MEF2C +-domain function is cell type independent.
(A) COS-7 cells were cotransfected with pG5Luc, control pRL-tk
reporter, and pM vectors expressing indicated Gal4p,-MEF2C splic-
ing isoform fusions. Experiments were analyzed as for Fig. 2, except
that normalization was to activity in pM-transfected cells (= 1.0).
(B) Extracts from cells transfected in panel A were resolved by SDS-
PAGE, and Gal4z,-MEF2C expression was visualized by immuno-
blotting with monoclonal antibody that recognizes the Gal4 gy, (upper
panel). Sample loading was normalized using a-actin immunoreactivity
(data not shown). (C) C2C12 myoblasts and myotubes were trans-
fected and analyzed as for panel A.

used to detect y domain isoforms spanned the mef2-c exon 8-9
junction of a y— murine mef2-c cDNA (Fig. 4A). In all tissues
examined, including skeletal muscle, heart, and brain, where
relatively high mef2-c mRNA expression levels were seen, y—
mRNAs were more abundant than y+ messages (Fig. 4B). The
ratio of y— to y+ mRNA was similar among tissues studied,
with the exception of heart tissue, where abundant y— message
was apparent in the absence of detectable y+ mRNA. All
combinatorial alternative splicing events related to the g and vy
domains were evident in tissue mRNAs based on RPA with
additional probes (data not shown). We also measured the
expression of mef2-c¢ splicing isoform mRNAs in cultured
C2C12 cells after serum withdrawal to determine if the ratio of
v— to y+ mRNA was dynamic during myocyte differentiation.
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FIG. 4. MEF2C is expressed predominantly as +y— isoforms.
(A) Schematics of the MEF2C cDNA region and the y— template used
for cRNA probe synthesis. (B) RPA results for indicated mouse tissue
total RNA samples. Protected probe fragment sizes that are specific
for y— (186 bases) and y+ (117 bases) mRNAs are indicated at the
right of the autoradiogram. Reactions each included 5 pg of RNA.
(C) RPA using total RNA harvested from C2C12 cells undergoing
differentiation. Numbers reference days prior to or after cell conflu-
ence, at which time medium serum was changed from 20% fetal calf
serum to 2% horse serum. Reactions each included 5 pg of RNA.

Here, total mef2-c mRNA gradually increased from undetect-
able to high levels and, as in tissues, y— mRNAs predomi-
nated. The ratio of y— and y+ message was constant among
these RNA samples (Fig. 4C). However, our results cannot
exclude the possibility of predominant expression of y-+
MEF2C message, or a dynamic ratio of y— to y+ forms, in
tissues or developmental stages not examined here.

MEF2C vy domain Ser phosphorylation controls its func-
tion. Although mRNAs for the various MEF2 alternative splic-
ing isoforms are clearly expressed, the existence of cognate
proteins has not been established. We used MS/MS of proteo-
lytic digests of immunoprecipitated MEF2C isoforms to con-
firm the existence of the variants and for analysis of their
modification. These studies and those with overexpressed
MEF?2 fusions revealed several previously unreported MEF2
phosphoserine and phospho-threonine residues. Among these
was a modified Ser residue within the MEF2C vy domain cor-
responding to position 396 of the al.B.y isoform (Fig. 5A).
The identical tryptic fragment lacking Ser modification was
also identified in samples (Fig. 5B), despite preparation of
samples in the presence of a cocktail of protein phosphatase
inhibitors.

To examine the influence of y-domain Ser phosphorylation
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FIG. 5. A MEF2C y-domain Ser is phosphorylated. Extracts were
harvested from COS-7 cells transfected with pCDNA-Galdppp-
MEF2C isoforms in the presence of phosphatase inhibitors. Overex-
pressed fusions were immunoprecipitated and resolved on SDS-
PAGE. Proteins extracted from gel slices were trypsinized, and
resulting fragments were resolved using high-performance liquid chro-
matography and identified by MS/MS. The y-domain tryptic fragment
SEPVSPPR with (A) and without (B) Ser phosphorylation was de-
tected. Insets show tabular data of detected peptide fragment masses.
The MEF2C Ser phosphoacceptor corresponds to residue 388 of the
al.y form, 396 of al.B.y, 386 of a2.y, and 394 of «2.B.y.

at this residue, the transactivation function of point mutants of
MEF2C al.B.y (y+) were tested in transfected COS cells.
Initially, S396 was mutated to either Ala or Cys to destroy the
phosphorylation potential. In the one-hybrid system, the
Galdppp-MEF2C al.B.yg3064 and -.yg306c fusions activated
pG5Luc more than 50-fold compared to only 4-fold for the
analogous wild-type y+ fusion (Fig. 6A) despite comparable
expression levels (Fig. 6B). Similar results were obtained in
tests of mutations in the native MEF2C «1.B.y context. Thus,
the [MEF2 ., 5]5-tk-Luc reporter was activated 20- to 30-fold
by MEF2C al.B8.vg3064 compared to only 3-fold by the wild-
type y+ form (Fig. 6C). Augmentated transactivation by these
mutants was apparent in all cell types examined, including
C2C12 cells. y+ S396E mutants were not less transcriptionally
active than the analogous wild-type forms, suggesting that sub-

from cells transfected in panel A were immunoblotted as in Fig. 3.
(C) COS-7 cells cotransfected with pCDNA3 constructs expressing
indicated MEF2C forms or mutants were analyzed as with Fig. 2.

stitution of an acidic Glu residue did not effectively mimic the
phosphoserine. Nonetheless, these findings indicate a critical
role for phosphorylation of Ser 396 in y-domain-mediated
transcriptional dampening.

MEF2C vy-domain function is independent of calmodulin
and MAPK signaling and of the MADS and MEF2 domains.
MEF?2 factor transactivation functions are known to be regu-
lated by signaling through MAPK and calcium-calmodulin ki-
nase (CaMK) pathways (Fig. 7A). MEF2A and MEF2C are
direct substrates for p38 a and B (49, 53) and Erk5 (18)
MAPK, and the respective phosphorylations enhance MEF2
transactivation function. Recognized substrate sites for these
enzymes are within regions of MEF2A and MEF2C transacti-
vation domains that are common to all splicing isoforms.
CaMK 1V activity influences MEF2 protein function indirectly
through phosphorylation of class II histone deacetylase
(HDAC) proteins to dissociate sequestered MEF2 from a
complex with HDAC (30).

We next examined whether y-domain Ser phosphorylation
involved these previously recognized pathways of MEF2C
functional regulation. One-hybrid studies of Gal4,z,-MEF2C
isoform fusions were conducted with 293 cells cotransfected
with pCDNA-MKKG6; or pPCDNA-CaMK 1V, _5,,, expressing



8270 ZHU AND GULICK

A. CK Il P38 w/p Erk5
93
S T300 5419
MEF2C . H “ ‘
W 38 o/p S396

I 11D AC 11, bHLH, NFAT,
TR, CBP/p300, PGC1

HDAC II CamK VI

o f Normalized Luciferase Activity

=

o 50 100 200 300 400
= 7

+

0
pM -[
+

[ H
al + - [ H

[H

I

[T+

4 —

aly + -

aly gy, + -

& Galdpy,
al.y

of PN
AN87.aly [ N

BIEn

ANB7.al

D. Normalized Luciferase Activity

50 100 150 200

-

pM

al
aly

LY gagen

ANBT.al
ANBT.aly

I
[H
| I—
g
ANST.cly g —_'

FIG. 7. y-Domain function is independent of p38 MAP and cal-
modulin kinase signaling and of the MADS box and MEF2 domains.
(A) Schematic of known sites of MEF2C phosphorylation (black dots)
and of protein kinase, class II HDAC, transcription factor, and coac-
tivator interaction domains (solid bars). The MADS and MEF2 do-
main interaction with HDAC proteins is abolished with CamK IV-
mediated phosphorylation of HDAC. (B) 293 HEK cells were
cotransfected with pRL-tk, pG5Luc, the indicated pM-MEF2C iso-
form fusions, and with or without pCDNA-MKKG6g, followed by in-
cubation in the presence or absence of SB203580 prior to harvesting
for analysis as described for Fig. 3. (C) Schematic of Gal455,-MEF2C
fusions. (D) COS-7 cells were cotransfected and analyzed as for Fig. 3,
using constructs expressing the indicated fusions.
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a constitutively active kinase that activates p38 MAPK (43) or
a constitutively active CaMK IV (25), respectively. After trans-
fection, cells were incubated in the presence or absence of the
p38 and CaMK IV inhibitors SB203580 and KN62 (8). As
shown in Fig. 7B, p38 signaling activity regulated the transac-
tivation functions of y+ and y— Gal4-MEF2C fusions, as well
as that of the y+ Ser mutant, to a similar degree on the
pGS5Luc reporter. This was consistent both with the fact that
the p38 «/B docking domain (49) is present in all MEF2C
splicing isoforms (Fig. 7A) and with the isolation of both y—
and y+ partial cDNAs in the original two-hybrid screen that
identified MEF2C as a p38 substrate (15). CamK IV signaling
activity also controlled the transactivation function of each
isoform and the yg;964 mutant comparably (data not shown).
Furthermore, distinct activities of the isoforms and this mutant
were maintained in cells incubated in medium supplemented
with both SB203580 and KN62. Thus, modification of MEF2C
by p38 MAPK or CaMK IV is neither responsible for nor
prerequisite to vy Ser phosphorylation.

One-hybrid studies using Gal4,5,-MEF2C isoform fusions
devoid of the N-terminal 87 amino acids of the MADS box and
MEF?2 signature (AN87 MEF2C) were used to determine if vy
function involved these domains (Fig. 7C). In transfected COS
cells, the AN87 MEF2C fusions produced more robust trans-
activation than the corresponding full-length MEF2C fusions,
probably due to relief from HDAC interactions. However,
activation of pG5Luc by the AN87 MEF2C v- and y+ Ser
mutant fusions was again much higher than that by the corre-
sponding y+ fusion (Fig. 7D). In transfected C2C12 cells, the
basal activities of AN87 isoform fusions were lower than the
full-length constructs, perhaps resulting from loss of interac-
tions with myogenic bHLH factors or an important subset of
transcriptional coactivators (data not shown). However, inde-
pendence of y-domain function from the MADS box and
MEF2 domains was also apparent. These findings confirmed
that y does not regulate or require dimerization or DNA bind-
ing by intrinsic MADS and MEF2 domains. Further, mecha-
nistic roles for numerous previously described protein interac-
tors with the MADS box and MEF2 signature domain are
excluded (19, 21, 22, 31, 33, 34, 45, 50).

The constitutive MEF2A vy domain functions as MEF2C v.
We defined the amino-terminal limit of the y domain of
MEF2A as the residue encoded at the 5’ end of coding exon 9,
since the amino acid sequence alignment between the gene
forms in this region was somewhat ambiguous. By contrast, a
high degree of sequence similarity is apparent between the
respective y carboxy termini (Fig. 8A). To determine if the vy
domain of MEF2A also acts to limit transactivation, we com-
pared the transactivation function of Gal4pg, fusions of
MEF2A «al to that of a construct in which residues 372 to 401
(the putative MEF2A vy domain) were deleted (pM-MEF2A
alas75.401)- As shown in Fig. 8B, this artificial y— MEF2A
fusion produced a ~20-fold-higher level of stimulation of
pGSLuc than the wild-type MEF2A form. Further, mutation of
MEF2A «al Ser 398, analogous to MEF2C «1.B.y Ser 396, also
produced marked enhancement of MEF2A activity. Thus, vy
domain function and the effects of y Ser phosphorylation are
evident in both MEF2C and MEF2A. Less conspicuous se-
quence similarity in the related regions of MEF2D, MEF2B,
and DMEF2 (Fig. 8A) leave it uncertain as to whether a
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FIG. 8. The constitutive MEF2A vy domain functions like MEF2C
v. (A) Alignment of the y domain of human MEF2C with related
regions of human MEF2A, MEF2D, and MEF2B and Drosophila
DMEF2. Numbers reference residues in the ol.y (MEF2C), al
(MEF2A and MEF2D), or A (Drosophila DMEF2) splicing isoform.
(B) COS-7 cells were cotransfected and analyzed as for Fig. 3, using
pM constructs expressing the indicated isoform or point or deletion
mutant Galdygp fusions.

functional y domain exists in these proteins. However, the
activities of analogous y+ isoforms of MEF2C (al.y) and
MEF2A and MEF2D (each a1) were low and similar, confirm-
ing that the MEF2C y— isoforms have uniquely strong activity
among the various MEF2 gene and splicing forms (Fig. 8B).
MEF2C v functions autonomously as a repressor domain.
Transrepression of MEF2-responsive reporters by y+ isoforms
of MEF2C was not seen in our studies in any of a wide variety
of cells. This suggested either that -y is not a repressor domain
per se but provides for negative modulation of MEF2C trans-
activation or, alternatively, that an authentic y repressor func-
tion is masked by more-potent activation domain activities of
MEF2 under the conditions studied. The latter conclusion was
supported by investigations with a fusion of the isolated 32-
amino-acid y domain to the Gal4pp (Galdpsp-[YIMER2C), IN
parallel with the analogous fusion containing the S396A mu-
tation (Galdppp[Yssosalmerac). Transcription of a Gal4-re-
sponsive luciferase reporter with a high basal activity level
(pG5Luc[SV40]) was significantly depressed in COS cells ex-
pressing Gald,zp-[Y]mer2c to 18% of control but not in those
expressing Galdpgp-[Yss06almerac (Fig. 9A). Consistent with
this observation, MS/MS detected -y Ser phosphorylation in the
Galdppp-[Y]Imer2c protein (data not shown). Immunoblots of
transfected cells showed that the fusions were stable and were
expressed to similar levels (Fig. 9B). Thus, our findings are
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FIG. 9. The MEF2C y domain functions autonomously as a repres-
sor domain. (A) COS-7 cells were cotransfected and analyzed as for
Fig. 3, using constructs expressing the indicated Gal4pgp fusions.
(B) Extracts from cells transfected in panel A were immunoblotted as
for Fig. 3.

most consistent with autonomous repression by -y, mediated in
trans and controlled by a modification of a Ser residue within
v that requires only y-domain residues.

Myogenic conversion of progenitor cells is differentially con-
trolled by MEF2C splicing isoforms. Functional synergism be-
tween MEF2 proteins and myogenic basic helix-loop-helix
(bHLH) factors, such as MyoD and myogenin, is well estab-
lished. Interaction between members of these two families
occurs at several levels, including transcriptional cross talk and
direct protein-protein interaction (34, 47). Although the latter
occur via the MADS and MEF2 domains, which are common
to all MEF2 splicing variants, we speculated that the dramat-
ically different transactivation functions of the MEF2C y— and
v+ isoforms could ramify on myogenic potential. We used
10T"/, cells transformed with a retrovirus directing expression
of a MyoD-estrogen receptor fusion protein (MyoD-ER) (3) to
address this question. Estrogen (E2)-dependent MyoD nuclear
localization and function are exerted in these cells, providing a
system for testing of MEF2C splicing isoforms in the synergis-
tic induction of myogenesis.

MyoD-ER 10T'/, and control 10T"/, cells were stably trans-
fected with episomally maintained vectors expressing either
the MEF2C «2.B isoform, the a2.B.y variant, the a2.8.vg304a
mutant, or enhanced green fluorescent protein (EGFP) as a
control. Endogenous MEF2C protein was undetectable in im-
munoblots of extracts from the MyoD-ER control cell line
stably expressing EGFP. The MEF2C forms and the y-domain
mutant were stably overexpressed to identical high levels with
this system (Fig. 10A). The various cell lines were then incu-
bated in medium with or without E2 supplementation to test
for MEF2C isoform effects on myogenesis. None of the stably
transfected control 10T/, cell lines differentiated under any
condition studied, as expected (data not shown). By contrast,
E2 treatment of the MyoD-ER cells produced clear changes in
cell morphology. The rate of morphological change in appear-
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FIG. 10. MEF2C isoforms are differentially active in promoting myogenesis. (A) 10T'/, MyoD-ER cells were stably transfected with pPac
expressing green fluorescent protein (GFP), MEF2C «2.8, MEF2C «2.8.y, or MEF2C a2.B.vs304a- MEF2C isoform and mutant overexpression
was confirmed by immunoblotting with antibody to MEF2C (upper panel). Sample loading was normalized using a-actin immunoreactivity (lower
panel). (B) Culture medium bathing the cell lines was changed to differentiation medium containing 10 nM E2, followed by harvesting of total cell
RNA and protein at the indicated times. Protein extracts were resolved by SDS-PAGE and immunoblotted using monoclonal antibody MF20,
which recognizes skeletal muscle myosin heavy chain, a marker of muscle differentiation. (C) 10T/, MyoD-ER cells stably transfected with pPac
expressing the MEF2Ca2.B.v43044 mutant and control cells expressing the wild-type a2.8 or a2.p.y isoform were incubated in differentiation
medium for 3 days before protein extract harvesting and immunoblotting as for panel B.

ance and of mRNA and protein markers of muscle phenotype
differed significantly among cells overexpressing the MEF2C
variants. Thus, obvious synergy between MyoD-ER and
MEF2C in inducing skeletal muscle myosin heavy chain pro-
tein was seen in cells expressing the MEF2C «2.3 (y—) form,
but this was barely apparent in those expressing the y+ variant
(Fig. 10B). Cells overexpressing MEF2C a2.8.yg3044 Showed
E2-dependent myogenesis with a time course similar to that of
the y—-expressing cells (Fig. 10C). Taken together, this con-
firmed attribution of the distinct kinetics of myogenesis to both
the vy domain and its Ser phosphorylation. Since MyoD and
other myogenic bHLH factors activate mef2-a and mef2-c tran-
scription (44, 47), this system undoubtedly understates func-
tional differences in the MEF2C splicing isoforms. Nonethe-
less, the biological impact of distinctions in MEF2C splicing
isoform transactivation functions is shown categorically.

DISCUSSION

Splicing variants of the various MEF2 gene transcripts are
long established, in some cases having been identified during
the original cDNA cloning effort (5, 7, 27, 29, 42, 52). Despite
this fact, with the exception of PCR-based semiquantitation of
tissue expression of the alternative mRNAs, there has been
little information reported as to distinct expression or func-
tions of the various MEF2 splicing isoforms (17). Here we have
presented one such distinction that involves the convergence of
alternative MEF2C pre-mRNA splicing with MEF2C protein
modification. The encoded alternative splicing variants include
or exclude a trans-acting repression domain whose function
depends on serine phosphorylation.

Our work clearly demonstrates that y-domain transrepres-
sion function is autonomous, i.e., does not involve cis effects on
other MEF2 protein functions outside of the domain. Further,
v activity does not involve previously characterized MEF2 in-
teractions or modifications. The precise mechanism for repres-
sion remains to be elucidated. Among several possibilities, we
favor vy phosphoserine-dependent recruitment of a transcrip-

tional corepressor, perhaps by phosphorylation-induced
changes in conformation or electrostatic interactions. This
would not involve the previously described MEF2 interaction
with class I HDAC corepressors, since this has been mapped
to the MADS and MEF2 signature domains (31). As one
alternative, y may directly interfere with RNA polymerase II
complex assembly or initiation. Although vy phosphoserine-
dependent displacement of a coactivator interaction may play
some role, this as an exclusive mechanism cannot be reconciled
with the transcriptional repression shown by the isolated +y
domain in the Galdpgp[Y]merc fusion. In any case, previ-
ously described MEF?2 coactivators are not relevant, since p300
(45) and PGC1 (22) interact with the MADS box and MEF2
signature domain, both of which are functionally independent
of v, and the SRC-MEF2 interaction is retained in carboxy-
terminal deletion mutants of MEF2 lacking v (19).

The demonstrated autonomy of y-domain transrepression
function does not exclude the possibility that «y can control or
modulate additional MEF2 functions. However, our studies
did not detect any such activities. In particular, we saw no
evidence for distinctions between y+ and y— forms in terms of
DNA binding or dimerization, in protein accumulation or deg-
radation when overexpressed in any of a variety of cell types, or
in subcellular or subnuclear localization of MEF2C isoform-
EGFP fusions (unpublished data). Further, the magnitude of
control of MEF2 transactivation function exerted by p38
MAPK or CaMK 1V signaling was not substantially different
among the MEF2C splicing variants. This said, the transrepres-
sion function of y was more pronounced in the homologous
MEF?2 protein context than in isolation, and this may relate to
additional roles for this domain.

MS/MS analyses detected MEF2C tryptic fragments con-
taining both phosphorylated and unmodified y-domain Ser
(Ser396 of the al.B.y isoform). While fragments with an un-
modified residue could have resulted from dephosphorylation
of a constitutively modified Ser residue during sample isolation
and processing, we favor a scenario in which there is regulated
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phosphorylation and/or regulated dephosphorylation in re-
sponse to signaling. Consistent with this hypothesis, differences
in the degree of repressor function conferred by vy, as well as
the extent of mitigation by -y Ser mutation, were seen in various
cells and stages of myocyte differentiation, and we suspect that
this is due to a dynamic ratio of modified to unmodified vy Ser.
Direct confirmation of an inconstant phosphorylation status at
this residue awaits results of our studies with antiphosphopep-
tide and antipeptide antibodies developed for the MEF2C vy
domain. However, regardless of whether control of MEF2C
activity occurs at this level, regulation of a functionally critical
MEF2C Ser modification is clearly exerted by alternative pre-
mRNA splicing to include or exclude this phosphoacceptor
site.

Primary sequence near the MEF2C y phosphoacceptor site
suggests that this is a substrate for proline-directed Ser/Thr
protein kinase(s) of the mitogen-activated or cyclin-dependent
kinase families. Indeed, there is a recent report of cdkS-medi-
ated phosphorylation of MEF2D in neurons at a residue that
corresponds to the MEF2C vy Ser phosphoacceptor discussed
in our work (13). While we cannot dispute a role for cdk5 in
controlling the activity of MEF2D and perhaps other MEF2
isoforms in neurons, activity of this enzyme is considered by
most to depend on the p35/p39 coregulators that are expressed
exclusively in cells of this tissue (10). Our findings suggest a
role for signaling through one or more protein kinases other
than cdkS, including enzyme(s) expressed and active in both
proliferating and quiescent cells derived from various tissues,
including muscle. We saw no significant increase in transacti-
vation by MEF2C v+ isoforms in cells incubated with various
inhibitors of MAP- or cyclin-dependent kinases, such that
modification of the y-domain Ser by multiple different protein
kinases appears likely.

Specificity of at least some protein kinases is conferred by a
kinase docking site on the target in combination with appro-
priate phosphoacceptor site(s) (49). Thus, for example, all
products of the four vertebrate MEF2 genes have potential Thr
phosphoacceptors in a conserved region carboxy-terminal to
the B domain, but only those in MEF2A and MEF2C are
targets of p38 a/B MAPK (53). A p38 docking domain imme-
diately amino-terminal to B, present in MEF2A and MEF2C,
is required for kinase-mediated Thr modification (49). The
existence of Ser phosphorylation in the Galdppp-[Y]IMmer2c fu-
sion expressed in transfected cells suggests that y alone may be
sufficient to dock with the relevant kinase(s) that modify vy Ser.
However, the primary structure of y shows no signficant sim-
ilarity to other proteins, such that no hint is given as to the
identity of the modifying enzyme(s) that might interact here.
Alternatively, protein kinase(s) that modify the y Ser residue
may actually interact with the MEF2 holoprotein at a site
remote from . In this case, our detection of Ser phosphory-
lation of the overexpressed isolated y (in the Galdygp-
[YImer2c fusion) may simply reflect the promiscuous activities
of various Pro-directed Ser/Thr kinases.

Given our data, the previously described phenomenon of
stimulation of myogenesis by cdk5 activity (20) appears un-
likely to involve MEF2 factors directly. However, there are
several ways in which this reported observation could be rec-
onciled with cdk5 induction of repressor activity within the v
domain of MEF2 factors. Our finding that MEF2C is ex-
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pressed predominantly as y— isoforms provides one intriguing
possibility, particularly if there is compensatory induction of
MEF2C gene expression in a setting of cdk5-mediated down-
regulation of MEF2A and MEF2D activities.

A region with primary structure similar to that of MEF2C vy
is constitutively present in all splicing isoforms of MEF2A, and
we have shown that this domain functions like that of MEF2C.
Alignment of MEF2 protein sequences suggests that MEF2D
may also have a y domain as well as the phosphoacceptor Ser
(Fig. 8A). Consistent with this, we show that transactivation by
MEF2D and MEF2A forms is similar to MEF2C v+ factors,
i.e., that MEF2C y— forms are uniquely potent. As a conse-
quence, the MEF2C gene is likely to have novel functions
compared to MEF24 and MEF2D. Specifically, MEF2C alone
encodes variants that are able to escape y Ser phosphorylation-
mediated repression that restrains net transactivation capacity.
We speculate that this may explain several enigmatic findings
in genetic models and systems previously used to evaluate
MEF?2 functions. For example, disruption of mef2-c is lethal
early in murine embryogenesis (24), whereas mef2-a disruption
allows survival beyond birth and a selective muscle mitochon-
drial defect (37). In each case, expression of the mef2 genes
that are not disrupted is upregulated. The selective failure of
adequate compensation for loss of mef2-c by either upregula-
tion or forced expression of products of other mef2 genes (24)
may be a consequence of absence of y— forms of mef2 genes
other than mef2-c. We also propose that discordance between
MEF2 mRNA and MEF2 protein expression levels or MEF2
target gene expression observed among cell types and tissues
(11, 41) is partially accounted for by differential expression of
splicing isoforms, including MEF2C y— forms.

The 32-amino-acid y domain of vertebrate MEF2C proteins
is present or absent depending on alternative splice acceptor
site usage in the last exon. Carboxy-terminal residues of the vy
domain, conserved in MEF2C, MEF2A, and MEF2D, are Ser-
.Pro.(Pro or Ser).Arg, and it this region that is encoded by the
cryptic splice acceptor of MEF2C (Fig. 1D). No unusual codon
usage is present in any of the MEF2 gene forms here, and the
critical difference in MEF2C involves only the Arg codon
(AGA in MEF2C, CGN in MEF2A4 and MEF2D). This simple
substitution creates a splice acceptor in MEF2C with an intron/
exon boundary between the second and third residues of the
codon. The absence of this cryptic acceptor in MEF24 and
MEF2D or in lower eukaryotic genes suggests that acquisition
of alternative splicing to give the y— variant is a relatively
recent evolutionary event. The other possibility, that y+ versus
vy— alternative splicing was lost during evolution, appears
much less likely, since products of the single MEF2 gene in
lower eukaryotes show greatest similarity to those of vertebrate
MEF2A, the likely primordial vertebrate MEF?2 gene. Although
Drosophila mef2 transcripts are alternatively spliced within
coding exons (14), Dmef2 gene structure does not resemble
that of vertebrate MEF2 genes. We have not yet determined if
DMEF?2 is a substrate for phosphorylation at the Ser residue
corresponding to vertebrate MEF2 v Ser (e.g., MEF2C al.B.y
S$396) (Fig. 8A). Even if so, however, Dmef2 alternative splic-
ing does not impact inclusion of this site.

The cryptic acceptor in MEF2C coding exon 9 giving y—
forms is used preferentially in the tissue and cultured cell
samples examined. We favor the possibility that the relative
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abundance of MEF2C y+ to y— forms may vary at develop-
mental stages, tissues, or conditions not examined here, as is
implied by the complete absence of y+ forms in adult heart.
The conservation of nucleotide sequence within and immedi-
ately upstream of y among known vertebrate MEF2C genes is
remarkable and suggests that critical determinants of splicing
are contained within this short region. Both exon 9 splice
acceptors conform well to consensus and lack obvious distin-
guishing features. If there is largely unregulated preferred use
of the cryptic acceptor, a bias of U2AF binding to the down-
stream polypyrimidine tract or SF1 interaction with the respec-
tive branchpoint is likely. Regulated use of the two acceptors
would be reminiscent of alternative splicing control by Sx1 or
PTB, which can function to selectively displace U2AF from the
polypyrimidine tract of one alternative 3’ splice site (6). In
either case, the regulation of MEF2C splicing is likely to be
very complex, since there is covariation of splicing events in-
volving MEF2C exon B (between exons 6 and 7) and the exon
9 alternative splice acceptors (unpublished data). Given the
profound distinctions in MEF2C y— and y+ isoform activities
and the selective potential for control of the latter by phos-
phorylation, factors and RNA elements critical to this process
are of direct relevance to MEF2 target gene expression.

This report is the first in a series that will address MEF2
alternative splicing and the functions and regulation of the
encoded isoforms. Findings presented here make clear that
consideration must be given to splicing isoforms when exam-
ining functional distinctions among products of the different
vertebrate MEF2 genes. We have demonstrated that alterna-
tive splicing is critical to the regulation of MEF2C activity and
illustrated one way that this converges with protein modifica-
tion to provide complex combinatorial control of this transcrip-
tion factor. This work does not challenge previously reported
observations regarding posttranscriptional control of MEF2
proteins but introduces one additional crucial level of com-
plexity in the regulation of this important class of transcription
factors.
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