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Background: Myocyte enhancer factor 2 (MEF2) proteins are essential for skeletal muscle development and regeneration,
but their diverse roles in differentiation have not been defined.
Results: Individual MEF2 proteins regulate distinct gene programs in skeletal muscle.
Conclusion: Certain genes are preferentially sensitive to a specific MEF2 isoform.
Significance: These findings provide opportunities to modulate MEF2 isoform-sensitive genes in skeletal muscle health and
disease.

Skeletal muscle differentiation requires precisely coordinated
transcriptional regulation of diverse gene programs that ulti-
mately give rise to the specialized properties of this cell type. In
Drosophila, this process is controlled, in part, by MEF2, the sole
member of an evolutionarily conserved transcription factor
family. By contrast, vertebrate MEF2 is encoded by four distinct
genes, Mef2a, -b, -c, and -d, making it far more challenging to
link this transcription factor to the regulation of specific muscle
gene programs. Here, we have taken the first step in molecularly
dissecting vertebrate MEF2 transcriptional function in skeletal
muscle differentiation by depleting individual MEF2 proteins in
myoblasts. Whereas MEF2A is absolutely required for proper
myoblast differentiation, MEF2B, -C, and -D were found to be
dispensable for this process. Furthermore, despite the extensive
redundancy, we show that mammalian MEF2 proteins regulate a
significant subset of nonoverlapping gene programs. These
results suggest that individual MEF2 family members are able to
recognize specific targets among the entire cohort of MEF2-reg-
ulated genes in the muscle genome. These findings provide
opportunities to modulate the activity of MEF2 isoforms and
their respective gene programs in skeletal muscle homeostasis
and disease.

Formation of multinucleated, contractile skeletal myotubes
from muscle precursor cells involves precise integration of
numerous muscle gene programs that are regulated by the
cooperative activity of muscle-specific and broadly expressed
transcription factors (1, 2). The gene regulatory network that
drives skeletal muscle formation in Drosophila is centered on

MEF2,2 the exclusive member of this evolutionarily conserved
transcription factor in these animals, whose activity is essential
for muscle differentiation and the control of a spectrum of
genes throughout all stages of muscle development (3–5).
Whereas Drosophila possess a single Mef2 gene, vertebrates
have evolved to encode multiple isoforms of MEF2, adding to
the complexity of the transcriptional circuitry required to gov-
ern this biological process. Thus, to properly understand skel-
etal muscle differentiation in vertebrates, it is important to dis-
sect the mechanisms by which individual members of the MEF2
transcription factor family regulate muscle gene programs.

The vertebrate MEF2 family of transcription factors is
encoded by four genes: Mef2a, -b, -c, and -d, which display
differences in their temporal and tissue expression patterns but
are co-expressed throughout developing and adult skeletal
muscle (6). Furthermore, vertebrate MEF2 proteins share sub-
stantial amino acid similarity in their DNA-binding domains
and bind to similar cis-acting sequences, thereby obscuring the
mechanisms through which these factors regulate distinct tar-
get genes (3). The lack of conservation between the four indi-
vidual MEF2 isoforms in their carboxyl-terminal transactiva-
tion domain and the dramatically different phenotypes of the
various MEF2-deficient vertebrate models suggests that indi-
vidual MEF2 isoforms regulate distinct gene programs in mus-
cle. MEF2 transcriptional function is further complicated by
complex tissue-specific and temporal alternative splicing of
mRNA transcripts produced from each of the four Mef2 genes
(3, 7, 8).

There is growing evidence that the MEF2 family of transcrip-
tion factors function nonredundantly in mammalian skeletal
muscle. Skeletal muscle-specific MEF2C knock-out mice dis-
play widespread myofiber structural abnormalities perinatally,
and a subset of these mice survives to adulthood with altera-
tions in skeletal myofiber type (9, 10). Conversely, mice with a
global deletion of MEF2A or skeletal muscle-specific deletion
of MEF2D display normal skeletal muscle development (9).
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Interestingly, adult MEF2D knock-out mice also exhibit altera-
tions in skeletal myofiber type distribution (10). We and others
have previously shown that MEF2A deficiency results in
impaired differentiation of C2C12 skeletal myoblasts and pri-
mary myoblasts isolated from injured skeletal muscle of adult
MEF2A knock-out mice (11, 12). In contrast, differentiation is
not impaired when MEF2A is deleted specifically in adult sat-
ellite cells in the context of muscle injury but is perturbed when
MEF2A, -C, and -D are deleted simultaneously in these cells
(13). These results suggest that some of the transcriptional
functions of mammalian MEF2 proteins in skeletal muscle
overlap but that distinct regulatory activities emerge in certain
biological settings.

Because no study to date has comprehensively analyzed the
individual transcriptomes of the four mammalian MEF2 pro-
teins in muscle, we sought to gain a better understanding of
their diverse regulatory roles in skeletal muscle differentiation.
Toward this end, we developed isoform-specific short hairpin
RNAs to knock down the expression of each MEF2 protein in
C2C12 myoblasts, followed by phenotypic analysis of myotube
formation along with global gene expression profiling. With the
exception of MEF2A, we found that knockdown of MEF2B, -C,
or -D either individually or in combination did not impair
C2C12 myotube formation, indicating that MEF2B, -C, and -D,
are dispensable for this process. Remarkably, dysregulated gene
expression analysis revealed that individual mammalian MEF2
proteins regulate numerous nonoverlapping genes in C2C12
cells. Finally, computational analysis of MEF2 isoform-depen-
dent target genes failed to show differences in the predicted
MEF2 DNA-binding sites, but each gene set displayed dramat-
ically different enriched transcription factor-binding site
motifs located within their proximal upstream regulatory
regions.

EXPERIMENTAL PROCEDURES

Cell Culture—C2C12 and COS cells were cultured as
described previously (14). Specificity of the Mef2b and Mef2d
shRNAs was tested by co-transfection of COS cells with MEF2-
FLAG and pENTR shRNA constructs. For modulating MEF2
expression levels in myoblasts, C2C12 cells were transduced
either with adenoviruses harboring shRNAs targeting individ-
ual Mef2 isoforms or in combination with adenoviruses over-
expressing full-length MEF2 cDNAs. Cells were allowed to dif-
ferentiate for 72 h before being analyzed.

Plasmids—MEF2A-FLAG and MEF2C-FLAG plasmids were
generated by cloning full-length mouse cDNAs into pCMV-
tag4 (Invitrogen). MEF2B-FLAG and MEF2D-FLAG (human)
were kind gifts from T. Gulick (Sanford Burnham Medical
Research Institute, Orlando, FL). shRNA sequences targeting
either Mef2b or Mef2d transcripts were cloned into the pENTRTM/
U6 RNAi entry vector according to the manufacturer’s instruc-
tions (Invitrogen).

shRNA Design and Knockdown—Adenoviruses carrying shR-
NAs were generated as described previously (15). Briefly,
shRNA sequences targeting either Mef2b or Mef2d transcripts
were generated using the BLOCK-iT RNAiTM designer system
(Invitrogen). Human, mouse, and rat mRNA sequences were
analyzed for conservation of the proposed shRNA sequences.

shRNAs that targeted multiple Mef2 isoforms or that were
found within alternatively spliced exons were excluded. The
Mef2a shRNA adenovirus was used at a multiplicity of infection
of 25 for all assays. The Mef2b, -c, and -d shRNA adenoviruses
were used at a multiplicity of infection of 50 for all assays. �-gal,
MEF2A, MEF2C, MEF2D, and MEF2-VP16 overexpression
adenoviruses were generously provided by Jeff Molkentin (Chi-
ldren’s Hospital, Cincinnati, OH) and Ken Walsh (Boston Uni-
versity Medical School) and were used at a multiplicity of infec-
tion of 50.

Microarray—Seventy-two hours after induction of differen-
tiation, total RNA from shlacZ (n � 6), shMef2a (n � 6),
shMef2b (n � 6), shMef2c (n � 6), and shMef2d (n � 6) C2C12
myotubes was prepared by TRIzol� isolation (Invitrogen).
Samples were pooled in sets, for a total of three biological rep-
licates per condition. Samples were hybridized to the Mouse
GeneChip� Gene 1.0 ST array (Affymetrix) at the Boston Uni-
versity Microarray Facility (n � 3 per shRNA; 15 arrays total).
Microarray data are available in GEO (NCBI) with accession
number GSE63798.

Construction of Isoform Sensitive Gene Sets—Microarray data
were annotated with Entrez ID numbers. Genes were analyzed
for statistical significance and sorted into groups based on
shared dysregulation among the treatment groups.

Quantitative RT-PCR—RNA from C2C12 MEF2 knockdown
experiments (n � 3) was used to synthesize cDNA using reverse
transcriptase (Moloney murine leukemia virus) with random
hexamers (Promega). Quantitative RT-PCR was performed in
triplicate wells using Power SYBR� Green Master Mix (Applied
Biosystems) with the 7900HT sequence detection system
(Applied Biosystems). The primers used were: Gapdh forward,
5�-TGGCAAAGTGGAGATTGTTGCC, and reverse, 5�-
AAGATGGTGATGGGCTTCCCG; Cdkn1c forward, 5�-CCA-
ATGCGAACGACTTCTTCGC, and reverse, 5�-AACTAAC-
TCATCTCAGACGTTTGCGC; Sept4 forward, 5�-TACACT-
CATGGTGGCAGGAGAATCTG, and reverse, 5�-CACTCT-
GTGTTGTTGACTGCATCC; Hspb7 forward, 5�-GCTGAG-
AAGCTGGCAGCTGATG, and reverse, 5�-ATCTCAGTCC-
GGAAGGTCTGCTG; Myom1 forward, 5�-CTACTCTGGA-
CGGCAAGTGCAC, and reverse, 5�-GTGGTCCGTTTGGA-
GGTTGC; Stc2 forward, 5�-CTGCAGAACACAGCGGAGA-
TCC, and reverse, 5�-CTGGGCATCGAATTTTCCAGCGT;
Tex16 forward, 5�-CTTCTTGCCCTTTCAAGGTGT, and
reverse, 5�-TACCTGTTTGGAGTCTGAGCTGAA; Selp for-
ward, 5�-TACACAGCCTCCTGCCAGGA, and reverse, 5�-
CTGAAGGTGCACTGTGAGTTGAAGG; C1ql1 forward, 5�-
GGTCACCAACCTAGGCAACAACTAC, and reverse, 5�-
CTCCATCCAGCTTGATGAAGACCTC; Bace2 forward, 5�-
ACTCAGAGAGCTCCAGCACATACC, and reverse, 5�-GCCA-
AAGCAGCATAAGCAAGTCC; Pi16 forward, 5�-CTGCAG-
ATGAGGTGGGATG, and reverse, 5�-GCCGTGCTGAAAT-
TGTAATACTC; Themis forward, 5�-CTACGGACGACCTT-
TTTGAAAT, and reverse, 5�-CTAAGATCCTCGAAGCCT-
GGTA; Glipr1 forward, 5�-ACTCAGGTTGTTTGGGCAGA-
CAG, and reverse, 5�-TGCAGAGACTGTTGAGACACTTG-
TCA; Cpa4 forward, 5�-GTACACGCAAAGCCAGAACC, and
reverse, 5�-CCATGGTACACTTCAGAGCAAG; Fam78a for-
ward, 5�-AGCAGGGCATGTCTAGCTGG, and reverse, 5�-
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CACGTGGTGAAGCTCTGGTC; and Ppp1r3a forward, 5�-
GCTAGACTTGATGATAAACCAACGG, and reverse,
5�-CCCATGAACAAGTCAGTGTTGA.

Western Blot Analysis—Western blots were performed as
previously described (12). Antibodies included: anti-GAPDH
(1:1,000; Santa Cruz), anti-MEF2 (1:1,000; Santa Cruz), anti-
MEF2C (1:1,000; Sparrow Biosciences), anti-MEF2D (1:1,000:
BD Biosciences), anti-FLAG (1:10,000; Sigma), anti-�-tubulin
(1:1,000; Sigma), and anti-MF-20 (1:200; supernatant, DSHB).
Blots were incubated with horseradish peroxidase-conjugated
secondary antibodies (1:10,000; Sigma) and reacted with West-
ern Lightning chemiluminescent reagent (PerkinElmer Life
Sciences).

Computational Pathway Analysis—Statistically distinct gene
sets sensitive to individual MEF2 isoforms were analyzed using
three independent pathway analysis algorithms. Gene Ontol-
ogy term and Kyoto Encyclopedia of Genes and Genomes path-
way analyses were performed through the DAVID bioinformat-
ics database (16, 17). Ingenuity Pathway Analysis (Ingenuity�
systems) was used to determine the canonical cellular pathways
associated with each uniquely sensitive gene set.

MEF2-binding Site Variation Analysis—MEF2-binding site
comparisons were performed by extracting putative MEF2-
binding sites from the proximal promoter regions (5 kb
upstream of the putative transcriptional start site) of gene sets
uniquely sensitive to each MEF2 isoform using the Find Indi-
vidual Motif Occurrences (FIMO) tool from the Multiple Em
for Motif Elicitation (MEME) suite (18). Extraction was per-
formed by scoring 10 base pair motifs against the MEF2 motif
stored in the JASPAR database (MA0052.1) using a p value
threshold of less than 0.0001. The output position-weight mat-
rices were then used to compile a sequence logo using the
WebLogo (19).

De Novo Motif Discovery—Transcription factor-binding
motif enrichment analysis was performed on the proximal pro-
moter region of genes preferentially sensitive to each MEF2
isoform using MatInspector from the Genomatix software suite
(20). A default background composed of a cross-section of
genomic promoter sequences was used to discriminate
between enriched features and nonspecific promoter regions.
The resulting transcription factor motifs were then sorted by Z
score. Motifs with a Z score of greater than or equal to 2 were
considered to be enriched. Additional data for each enriched
motif was extracted from the Genomatix MatBase and NCBI
databases.

Statistical Analysis—All numerical quantification is repre-
sentative of the mean � S.E. of at least three independently
performed experiments. Statistically significant differences
between two populations of data were determined using
Student’s t test. p values of �0.05 were considered to be statis-
tically significant. The technical quality of the arrays was eval-
uated using relative log expressions and normalized unscaled
standard error. Relative log expressions and normalized
unscaled standard error values �0.1 and �1.05, respectively,
are considered out of normal limits. All arrays had median val-
ues within the limits of these tests. Microarray data were nor-
malized using the robust multiarray average algorithm and
were log2 transformed by default. Knockdown efficiency was

determined by calculating a fold change for each MEF2 isoform
knockdown relative to the shlacZ control. Significant dysregu-
lation of gene expression was determined using a one-way anal-
ysis of variance. The Benjamini-Hochberg false discovery rate
correction was then applied to obtain corrected q values, and a
q value threshold of less than or equal to 0.05 was used to deter-
mine significant dysregulation. Tukey’s honest significant dif-
ference post hoc test was performed to identify significantly
dysregulated genes and correct for multiple testing error across
all intergroup comparisons. A corrected q value of 0.05 was
used to determine statistically significant gene dysregulation
among groups.

RESULTS

MEF2 Isoform-specific Short Hairpin RNA Adenovirus—To
address the roles of the mammalian MEF2 transcription factors
in skeletal muscle differentiation, we depleted each protein in
C2C12 myoblasts using isoform-specific shRNA adenoviruses.
These shRNAs were designed to target all mRNA transcripts
generated from each Mef2 gene. Previously, we described the
specific and robust knockdown of MEF2A and MEF2C using
shRNA adenoviruses (11, 15). We subsequently generated
shRNAs to specifically target MEF2B (Fig. 1A) and MEF2D (Fig.
1D). The efficacy of these newly designed MEF2 shRNAs was
examined in COS cells co-transfected with each shRNA along
with either MEF2B-FLAG or MEF2D-FLAG. These shRNAs
robustly knocked down the expression of the respective MEF2
protein without affecting the expression of the other MEF2
family members, demonstrating the specificity of these shRNAs
(Fig. 1, B and E). The MEF2B and MEF2D shRNAs were subse-
quently packaged into adenovirus for transduction in C2C12
cells. Transduction of MEF2B- and MEF2D-specific shRNA
adenoviruses robustly knocked down the expression of the
respective endogenous MEF2 factor but did not deplete the
expression of the other MEF2 family members (Fig. 1, C and F).

Knockdown of MEF2 Proteins in C2C12 Myoblasts—The four
mammalian MEF2 factors display different temporal expres-
sion patterns in C2C12 differentiation (11, 21). Therefore, we
focused our analysis of the individual MEF2 isoform knock-
downs on differentiation day 3, because this reflects the time at
which the four MEF2 proteins are co-expressed in myotubes.
Proliferating C2C12 myoblasts were transduced with the
shRNA adenoviruses, and on differentiation day 3, MEF2-de-
pleted myotubes were evaluated for gross morphological
defects in the formation of multinucleated myotubes. As previ-
ously reported by us and others, MEF2A depletion resulted in
impaired myotube formation and differentiation (Fig. 2, A–C)
(11, 12). By contrast, individual depletion of the other MEF2
proteins failed to show any obvious impairment in myotube
formation or differentiation (Fig. 2, A–C). These results suggest
that, with the exception of MEF2A, the remaining MEF2 pro-
teins are dispensable for C2C12 myogenic differentiation.

We then asked whether depletion of MEF2B, -C, or -D could
modulate the impaired differentiation phenotype of MEF2A-
deficient C2C12 cells. As shown in Fig. 2 (D–F), individual
depletion of the other MEF2 proteins in the MEF2A-deficient
C2C12 myoblast background resulted in a phenotype similar to
MEF2A deficiency alone (Fig. 2D, upper panels). We subse-
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quently knocked down MEF2B, -C, and -D in combination to
investigate the potential redundancy of these proteins in C2C12
differentiation. Knockdown of MEF2B and -C, MEF2B and -D,
MEF2C and -D, or all three MEF2 proteins did not adversely
affect C2C12 differentiation (Fig. 2, D, lower panels; E; and F).
These results demonstrate that MEF2A is sufficient for C2C12
differentiation and that it may play a dominant role in this
context.

MEF2 Overexpression in Wild Type and MEF2A-depleted
C2C12 Cells—In a complementary set of experiments, we asked
whether overexpression of each MEF2 protein in C2C12 myo-
blasts is sufficient to induce a morphological phenotype in
these cells. For these experiments, we used adenoviruses har-
boring MEF2A, -C, and -D cDNAs, which have been previously
described (22). Transduction of these MEF2 viruses individu-
ally in C2C12 myoblasts resulted in an increase of the respective
MEF2 protein over endogenous levels (Fig. 3A). However, over-
expression of the individual MEF2 isoforms in proliferating
C2C12 myoblasts followed by differentiation failed to trigger an
overt morphological phenotype in these cells (Fig. 3B). Curi-

ously, contrary to a recent report (8), acute overexpression of
MEF2D did not appear to enhance myotube formation in
C2C12 cells, even though this adenovirus encodes the muscle-
specific �2 isoform described in that study.

We next determined whether overexpression of MEF2A, -C,
or -D was capable of rescuing the differentiation defect in
MEF2A-deficient C2C12 cells. Transduction of MEF2C or -D
adenoviruses failed to rescue myotube formation or differenti-
ation in MEF2A-depleted C2C12 cells (Fig. 3, C, F, and G). By
contrast, transduction of MEF2A-depleted C2C12 cells with
MEF2-VP16 adenovirus (22), consisting of only the MEF2C
DNA-binding and the VP16 transactivation domains, effec-
tively promoted myotube formation and differentiation (Fig. 3,
C, F, and G). Importantly, the rescue by MEF2-VP16 strongly
suggests that impaired C2C12 differentiation is caused by the
specific knockdown of MEF2 and not secondary off target
effects caused by the shRNA. It is worth noting that MEF2A
overexpression was unable to rescue the MEF2A-deficient phe-
notype because the MEF2A cDNA encoded in this adenovirus
is knocked down by this shRNA (Fig. 3, D and E).
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FIGURE 1. Robust and specific knockdown of MEF2 proteins using shRNA adenoviruses. A and D, schematic representations of Mef2b (A) and Mef2d (D)
transcripts. shRNA adenoviruses were generated to target the carboxyl-terminal region of the Mef2 transcripts (black bar) for knockdown in C2C12 myoblasts.
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Gene Expression Profiles and Comparative Analysis of Indi-
vidual MEF2 Knockdown in C2C12 Cells—The lack of readily
observable phenotypes in the individual and combinatorial
knockdowns of MEF2B, -C, and -D suggested that these pro-
teins function redundantly in C2C12 myotube formation. Fur-
thermore, the inability of MEF2C and -D overexpression to
rescue impaired myotube formation in MEF2A-depleted
C2C12 cells demonstrates that they are not functionally redun-
dant with MEF2A in this process. Therefore, to determine what
sets of genes and cellular processes are regulated by individual
MEF2 proteins in skeletal myotubes, we performed global gene
expression profiling for each knockdown.

Microarray analysis of C2C12 myotubes depleted of individ-
ual MEF2 proteins (n � 3 arrays for each MEF2 shRNA)
resulted in a range of significantly dysregulated genes (Fig. 4, A
and B), as determined by a one-way analysis of variance using
the Benjamini-Hochberg false discovery rate correction and a

threshold q value less than or equal to 0.05. Using these strin-
gent criteria, the most striking difference in the total number of
dysregulated genes was observed for MEF2A and -D knock-
downs. As shown in Fig. 4 (A and B), depletion of MEF2A
revealed 4,020 significantly dysregulated genes, whereas
MEF2D deficiency resulted in only 110 dysregulated genes. A
wide disparity was also noted when comparing the MEF2A
knockdown with that of MEF2B and -C, suggesting that
MEF2A plays a major transcriptional function in C2C12 cells.
The microarray results were subsequently validated by quanti-
tative RT-PCR analysis on a subset of the top dysregulated
genes (up- and down-regulated) from each individual knock-
down. Most of the genes examined displayed the expected dys-
regulation (Fig. 4C).

To identify genes sensitive to a given MEF2 isoform, we com-
pared the various dysregulated gene sets to determine the
extent of overlapping genes. MEF2-dependent genes were des-
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FIGURE 2. shRNA-mediated knockdown of MEF2 proteins in C2C12 myoblasts. C2C12 myoblasts were transduced with adenoviruses harboring shRNAs
targeting Mef2a, -b, -c, or -d, or with an shRNA against lacZ as a negative control. A–C, knockdown of Mef2a (A), but not Mef2b, -c, or -d, resulted in impaired
myotube formation and differentiation as shown by Western blot analysis of the muscle-specific marker myosin heavy chain (MHC) (B and C). D, combinatorial
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depleted cells. The data are means � S.E. **, p � 0.01; ***, p � 0.001.
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FIGURE 3. Overexpression and rescue of MEF2 in C2C12 myoblasts. A, Western blot analyses of C2C12 cells transduced with MEF2 isoform adenovi-
ruses confirm an increase in MEF2 protein levels, relative to the �-gal control. OE, overexpression. B, overexpression of MEF2A, -C, or -D did not overtly
modulate C2C12 myotube formation. Interestingly, overexpression of the MEF2D muscle-specific isoform did not result in enhanced myotube forma-
tion, as previously described. C, overexpression of MEF2-VP16, but not overexpression of MEF2C or -D alone or in combination, was able to rescue the
differentiation defect observed in MEF2A depleted C2C12 myotubes. D, overexpression of MEF2A was unable to restore MEF2A to wild type levels,
because the MEF2A cDNA encoded in this adenovirus is knocked down by shMef2a. E, quantification of MEF2A Western blot analysis. F, Western blot
analysis of myosin heavy chain (MHC) expression demonstrates overexpression of MEF2-VP16, but not MEF2C or -D alone or in combination, was able
to rescue impaired differentiation in MEF2A deficient cells. G, quantification of the myosin heavy chain expression Western blot analysis. The data are
means � S.E. **, p � 0.01; ***, p � 0.001.
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ignated as isoform-sensitive (or nonoverlapping) if they were
significantly different from each other using the Tukey’s honest
significant difference post hoc test. Based on these strict statis-
tical criteria, a subset of genes in each MEF2 knockdown was
clearly found to be significantly more sensitive to the respective
MEF2 isoform compared with the other family members. As
shown in the Venn diagram (Fig. 4B), these nonoverlapping dys-
regulated groups included 3,248 genes (81% of the total dysregu-
lated by MEF2A) for MEF2A, 126 genes (12%) for MEF2B, 101
genes (10%) for MEF2C, and 28 genes (25%) for MEF2D. This

comparative analysis also revealed that many (75–90%) of the
genes dysregulated in the MEF2B, -C, and -D knockdowns were
dysregulated in one or more of the other MEF2 depletions. Fur-
thermore, the overlap of dysregulated genes in the pairwise com-
binations of MEF2D and either B or C gene sets was quite low (two
and three genes, respectively) in comparison with the extent of
overlap seen in any of the other combinations, such as MEF2A and
-B (171 overlapping genes), MEF2A and -C (110 genes), MEF2A
and -D (32 genes), and MEF2B and -C (298 genes). Finally, there
were only 21 of over 7,000 dysregulated genes (�0.003%) shared by
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FIGURE 4. Comparative analysis of MEF2 knockdown gene sets. Microarray analysis reveals that C2C12 cells are differentially sensitive to depletion of the
four MEF2 isoforms. A, summary of total significantly dysregulated (q � 0.05) genes in each MEF2 isoform shRNA knockdown. B, a composite Venn diagram
incorporating all overlapping gene sets as determined by the Tukey’s honest significant difference post hoc test (q � 0.05). C, quantitative RT-PCR analysis of
a subset of genes dysregulated in the Mef2 knockdown microarrays. Cdkn1c, cyclin-dependent kinase inhibitor 1c; Sept4, septin 4; Hspb7, heat shock protein
family member 7; Myom1, myomesin 1; Stc2, stanniocalcin 2; Tex16, testis expressed gene 16; Selp, selectin, platelet; C1ql1, compliment component 1, q
subcomponent-like 1; Bace2, beta-site app-cleaving enzyme 2; Pi16, peptidase inhibitor 16; Themis, thymocyte selection associated; Glipr1, GLI pathogenesis-
related 1 (glioma); Cpa4, carboxypeptidase a4; Fam78a, family with sequence similarity 78; Ppp1r3a, protein phosphatase 1, regulatory (inhibitor) subunit 3a.
The primer sequences are listed under “Experimental Procedures.” D, only five of the possible patterns of dysregulation are represented in the commonly
dysregulated gene set. Of these patterns, the most prevalent group (66%) were genes that were down-regulated in MEF2A or MEF2D depletion and up-reg-
ulated in MEF2B or MEF2C depletion. Additionally, only a single gene, Dpy19l1 (DumPY19-like 1), was dysregulated in the same direction upon individual
knockdown of each MEF2 factor. The data are means � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001; n.s., not significant.

MEF2 Isoform-dependent Gene Programs in C2C12 Differentiation

1262 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 2 • JANUARY 9, 2015



all four MEF2 knockdowns. These results suggest that only a small
fraction of MEF2-dependent genes in C2C12 cells can be regulated
by all four MEF2 proteins, but most can be regulated by two or
three of these transcription factors, either as homodimers or com-
binations of heterodimers.

Analysis of the dysregulated patterns, i.e. up- or down-regu-
lated in each MEF2 gene set, of the 21 genes revealed that only
five of the potential twenty-four different patterns were repre-
sented (Fig. 4D). Interestingly, genes that were down-regulated
upon depletion of MEF2A or MEF2D were up-regulated in
MEF2B or MEF2C depletion and were the most prevalent
group, comprising two-thirds of the dysregulated patterns.
Additionally, only a single gene, Dpy19l1 (DumPY19-like 1),
was down-regulated in each of the MEF2 isoform depletions.
Dpy19l1 is the apparent ortholog of a Caenorhabditis elegans
gene, dpy-19, that encodes a transmembrane protein with
C-mannosyltransferase activity involved in neuroblast migra-
tion (23, 24). Dpy19l1 may also function upstream of genes
involved in muscle development in worms, making it an excit-
ing MEF2-dependent gene to further investigate (WormBase).

Classification of Cellular Processes in MEF2 Knockdown Gene
Sets—To gain insight into the distinct roles of the MEF2 family
in C2C12 myotubes, nonoverlapping dysregulated genes in
each subgroup were categorized into cellular processes using
three independent functional pathway analysis algorithms:
Ingenuity Pathway Analysis (IPA), Gene Ontology, and Kyoto
Encyclopedia of Genes and Genomes. IPA of MEF2-sensitive
gene sets revealed that the preferentially dysregulated target
genes from each MEF2 knockdown function in vastly different
cellular processes (Table 1). Many genes distinctly sensitive to
MEF2A play roles in calcium signaling and actin cytoskeletal
rearrangement. Genes preferentially regulated by MEF2B are
associated with hepatic fibrotic pathways, ovarian cancer sig-
naling, and human stem cell pluripotency, whereas genes pref-
erentially regulated by MEF2C are involved in control of the
G1/S cell cycle checkpoint, eicosanoid signaling, and estrogen-
mediated S phase entry. Genes regulated by MEF2D appear to
be involved in JAK2-like signaling and hypoxic response. Other
canonical pathways in the MEF2D gene set, such as atheroscle-
rosis signaling and AMPK signaling, did not reach statistical
significance. Interestingly, IPA also revealed that some MEF2
family members regulate similar cellular processes, even
though the isoform-sensitive genes do not overlap and code for
different proteins. For example, the canonical pathways related
to cancer was shared by MEF2A (molecular mechanisms of
cancer) and MEF2C (ovarian cancer signaling), and Rho signal-
ing was shared by MEF2A (Rho family GTPases) and MEF2D
(RhoA signaling). These results likely reflect distinct proteins
belonging to the same pathway. IPA was also performed on the
21 dysregulated genes common to all four MEF2 proteins
(Table 1). Of the top five canonical pathways, three appear to be
highly relevant to muscle function. Integrin and FAK signaling
have been shown to play a role in adhesion and signaling at the
myofiber periphery (26), and calpain proteases are calcium-reg-
ulated proteases important in skeletal muscle homeostasis (27).

Like the IPA, both Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes algorithms revealed that the various
MEF2 isoform target genes function in different cellular pro-

cesses, and in most instances, these algorithms predicted path-
ways similar to those predicted by IPA (supplemental Tables S1
and S2). It is worth noting that some overlap in basic skeletal
gene programs is observed among the MEF2 family, particu-
larly between MEF2A and -C. Taken together, these computa-
tional analyses suggest that the four mammalian MEF2 factors
regulate partially overlapping but predominantly distinct gene
programs in C2C12 differentiation.

Identification of Distinct TF-binding Sites Associated with
Each MEF2 Knockdown Gene Set—To mechanistically under-
stand the preferential sensitivity of target genes to MEF2 iso-
forms, we reasoned that sensitivity to a given MEF2 protein is
determined by minor variations in the MEF2 DNA-binding site
consensus sequence, with the assumption that a number of
these genes are direct targets. Based on FIMO analysis of the
proximal promoter regions, no significant variations were
observed in the consensus MEF2 DNA-binding sequence,
CTA(A/T)4TAG (data not shown).

In the absence of any variations in MEF2-binding site
sequence, we reasoned that the isoform sensitivity of dysregu-
lated genes in each MEF2 group results from a distinct combi-
nation of transcription factor (TF)-binding sites in the various
promoters. To identify TF motifs enriched in gene sets associ-

TABLE 1
Analysis of canonical pathways associated with each MEF2 isoform
Each preferentially sensitive MEF2 gene set, including the 21 commonly dysregu-
lated genes, were analyzed using Ingenuity Pathway Analysis software. The top five
most significantly regulated canonical pathways are provided. These pathways
were analyzed for statistically significant association with each unique MEF2-sen-
sitive gene set, and all were found to be significant (p � 0.05) with the exception of
the MEF2D-associated canonical pathways, likely because of the small number of
MEF2D-sensitive genes dysregulated in the expression analysis. Also provided is the
amount of genes dysregulated in each MEF2 factor knockdown in relation to the
accepted number of genes associated with each canonical pathway (ratio).

Canonical pathway p value Ratio

MEF2A
Molecular mechanisms of cancer 2.40E-08 92/387 (0.238)
Calcium signaling 2.26E-07 55/217 (0.253)
Germ cell-Sertoli cell junction signaling 6.20E-06 46/169 (0.272)
Actin cytoskeletal signaling 1.63E-05 57/242 (0.236)
Signaling by Rho family GTPases 1.96E-05 60/262 (0.229)

MEF2B
Hepatic fibrosis/hepatic stellate cell

activation
1.31E-03 5/155 (0.032)

Ovarian cancer signaling 7.57E-03 4/152 (0.026)
Human embryonic stem cell pluripotency 7.77E-03 4/161 (0.025)
Ceramide signaling 1.13E-02 3/91 (0.033)
Apoptosis signaling 1.47E-02 3/100 (0.03)

MEF2C
Cell cycle: G1/S checkpoint regulation 3.14E-03 3/68 (0.044)
Eicosanoid signaling 3.14E-03 3/85 (0.035)
Molecular mechanisms of cancer 5.49E-03 6/387 (0.016)
Estrogen-mediated S phase entry 5.48E-03 2/28 (0.071)
Sulfate activation for sulfonation 9.42E-03 1/8 (0.125)

MEF2D
Role of JAK2 in hormone-like cytokine

signaling
4.03E-02 1/37 (0.027)

Hypoxia signaling in the cardiovascular
system

7.69E-02 1/68 (0.015)

RhoA signaling 1.32E-01 1/122 (0.008)
Artherosclerosis signaling 1.37E-01 1/138 (0.007)
AMPK signaling 1.50E-01 1/180

All MEF2
Regulation of cellular mechanics by

calpain protease
3.20E-05 3/73 (0.041)

nNOS signaling in neurons 1.20E-03 2/52 (0.038)
Integrin signaling 1.24E-03 3/208 (0.014)
Amyloid processing 1.41E-03 2/61 (0.033)
FAK signaling 4.05E-03 2/106 (0.019)
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ated with a single MEF2 factor knockdown, we performed de
novo motif discovery using the MatInspector transcription fac-
tor-binding site enrichment analysis (Genomatix). Motifs were
considered significantly enriched in a set of promoters if the Z
score was greater than or equal to 2. As shown in Fig. 5A, over
90% of the overrepresented binding site motifs were shared by
two or more MEF2 factors, and less than 10% of enriched motifs
were found in genes regulated by a single MEF2 protein. De
novo motifs were then sorted into groups based on their enrich-
ment in gene sets associated with each of the four MEF2 iso-
forms. This analysis showed that 14% of MEF2A-, 1% of
MEF2B-, 0% of MEF2C-, and 5% of MEF2D-sensitive genes
harbored motifs that were preferentially enriched in proximal
promoter regions in the respective MEF2 knockdown (Fig. 5B).
Similar to the disparity in the number of dysregulated genes in
each MEF2 knockdown, the number of de novo motifs associ-
ated with each MEF2 gene set varied greatly. As shown in Fig.
5B, a total of 15 DNA-binding site motifs were identified spe-
cifically in the MEF2A-sensitive gene set and were not shared
by the other MEF2 isoform gene sets. This was followed by one
distinct motif in the MEF2B-sensitive gene set and two distinct
motifs in the MEF2D-sensitive gene set. Remarkably, the
MEF2C-sensitive dysregulated genes did not harbor DNA-
binding site motifs specific to this data set. This analysis indi-
cates that all of the de novo motifs in MEF2C-sensitive genes
were found in one or more of the other MEF2 isoform gene sets.

Another intriguing result of this analysis was the finding that
not a single DNA-binding sequence motif was preferentially
associated with the overlapping genes from the MEF2B- and
-C-, MEF2B- and -D-, and MEF2C- and -D-sensitive promoter
sets (supplemental Table S3). All of the motifs found in these
overlapping gene sets were also found in the MEF2A sensitive
gene set. Thus, there may be a common mechanism through
which a subset of MEF2-dependent genes is regulated by the
individual MEF2 proteins.

Regardless of the MEF2 isoform-sensitive gene set, most of
the transcription factors predicted to bind to these DNA
sequence motifs are broadly expressed, and the vast majority
encode C2H2 zinc finger and homeodomains (Table 2). These
particular binding domains are among the most prevalent in
transcription factor superfamilies (28 –30). Moreover, they can
function both as activators and repressors and regulate a broad

spectrum of target genes and cellular processes, including dif-
ferentiation. Although these are large transcription factor fam-
ilies, this analysis clearly identified specific transcription factors
(Table 2).

We next performed an extensive literature search to deter-
mine the cellular function of these predicted transcription fac-
tors (Table 2) and focus on those that were likely to play a role in
skeletal muscle differentiation. Four of the TF-binding sites
enriched in the MEF2-sensitive gene sets bind factors that may
play a role in skeletal muscle differentiation. In the MEF2A
sensitive module, the distal-less homeobox transcription fac-
tors Dlx1– 6 were among the most significantly enriched TFs.
Dlx factors are important for limb and craniofacial develop-
ment. Although few studies exist on their role in muscle devel-
opment, a related family member, Msx1, is associated with
maintenance of an undifferentiated state during migration of
proliferative skeletal muscle precursors (25). Another signifi-
cantly enriched MEF2A-associated TF module identified
Zfhx3/Atbf1, a well characterized inhibitor of myogenic differ-
entiation. It acts primarily as a transcriptional repressor
through the obstruction of E-box motifs on muscle-specific
promoters. Although Zfhx3 functions as a repressor, one splice
variant, Zfhx3-B, acts as a transcriptional activator that con-
tributes to myogenic differentiation (31).

Two families of transcription factors were associated with
MEF2D-sensitive genes in our de novo motif analysis. Meis1
and Pknox2 are members of a small family of transcription fac-
tors that function in skeletal muscle as pioneer transcription
factors to stabilize the MyoD/E12 DNA interaction on subop-
timal E box sites, such as the E box found on the myogenin
promoter (32–34). Although little is known about the function
of Pknox2, it is similar in homology to Meis1 and is highly
expressed in skeletal muscle tissue (35).

The final transcription factor associated with MEF2D-sensi-
tive genes is Gtf2ird1/Gtf3. Gtf3 shares high homology with
TFII-1, suggesting an important role in the integration of mus-
cle-specific transcription factor activity and the general tran-
scriptional machinery of the cell (36). Gtf3 has 23 known splice
variants, 11 of which are only detectable in skeletal muscle.
Interestingly, the human Gtf3 ortholog is localized to a region
of the genome that is deleted in Williams-Beuren syndrome, a
disease associated with muscle weakness and atrophy. Of the

FIGURE 5. Identification of distinct TF-binding sites associated with each MEF2 knockdown gene set. A, transcription factor-binding motif enrichment
analysis was performed on the proximal promoter regions of each MEF2 gene set. Approximately 43% of binding motifs were shared by all four gene sets, 32%
were shared by three MEF2 gene sets, 18% were shared by two MEF2 gene sets, and 7% are enriched only in genes regulated by a single MEF2 factor. B,
breakdown of motif distribution by MEF2 isoform. MEF2A had the highest percentage of uniquely enriched motifs, and no unique motifs were identified for
MEF2C-sensitive genes. TFBS, transcription factor binding site.
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TABLE 2
Transcription factor-binding site enrichment analysis
Binding site enrichment analysis was performed on gene sets preferentially regulated by each MEF2 factor using the Genomatix software suite. Fifteen motifs were uniquely
enriched in the MEF2A-sensitive gene set, two were enriched in the MEF2B set, no motifs were enriched in the MEF2C set, and two were enriched in the MEF2D set. The
table provides the description of each enriched motif with a calculated Z score (Z � 2 was considered significantly enriched). The known binding factors and their relevant
binding domains are included. Finally, a summary of the function of each of these binding factors is provided.

TF module Module description
Z

score Known factor Binding domain Function

Mef2a
V$SF1F Vertebrate steroidogenic factor 13.53 Nr5a1 C4 zinc finger domain Essential for embryonic sex

determination
V$DLXF Distal-less homeodomain

transcription factors
12.93 Dlx1–Dlx6 Homeodomain Repressor, important of

embryonic development
(shared function)

V$IKZF Ikaros family zinc finger 5 10.16 Ikzf5 C2H2 zinc finger domain Repressor, lymphocyte
development

V$BARB Barbiturate-inducible element
box

9.68 Not characterized Not characterized

V$ZF05 C2H2 zinc finger transcription
factor 5

9.49 Zfp410 C2H2 zinc finger domain ECM remodeling

V$IKRS Ikaros zinc finger family 8.8 Ikzf1–Ikzf4 C2H2 zinc finger domain Repressor, lymphocyte
development (shared
function)

V$THAP THAP domain containing
protein

6.72 Thap1 THAP domain Cell cycle progression
downstream of Rb-E2F
signaling

V$HEAT Heat shock factors 6.34 Hsf1, Hsf2, Hsf4 HSF-HTH Heat-sensitive activator,
embryonic development

V$ATBF AT-binding transcription
factor

6.15 Zfhx3 C2H2 zinc finger domain,
C2HC zinc finger
domain, homeodomain

Repressor, promotes
neuronal and myogenic
differentiation

V$OVOL OVO homolog-like
transcription factor

6.15 Ovol1, Ovol2 C2H2 zinc finger domain Ovol1: repressor, contributes
to epithelial development

Ovol2: repressor, embryonic
cardiovascular
development

V$GTBX GT box 4.38 Zfp628 C2H2 zinc finger domain Uncharacterized
transcriptional regulator

V$PTF1 Pancreas transcription factor 1,
heterotrimeric transcription
factor

4.33 Ptf1a, Rbpj, Rbpjl Basic helix-loop-helix Ptf1a: involved in pancreatic
and neuronal
development

Rbpj: involved in cardiac and
hematopoeitic
development

Rbpjl: uncharacterized
transcriptional regulator

V$RU49 Zinc finger transcription factor
RU49, zinc finger
proliferation 1-Zipro1

3.4 Zscan21 C2H2 zinc finger domain Uncharacterized
transcriptional regulator

V$HZIP Homeodomain-leucine zipper
transcription factors

2.21 Homez Homeodomain Uncharacterized
transcriptional regulator

V$CHOP C/EBP homologous protein
(CHOP)

2.12 Ddit3 bZIP Stress sensitive
transcriptional regulator,
negative regulator of
myogenic differentiation

Mef2b
V$BTBF BTB/POZ (broad complex,

TramTrack, Bric-a-brac/pox
viruses and zinc fingers)

2.56 Zbtb33 BTB-POZ C2H2 zinc
fingers

Repressor of Wnt target
genes; activator of an
unrelated set of genes

Mef2c
Mef2d

V$TALE TALE homeodomain class
recognizing TG motifs

3.94 Meis1, Meis2, Meis3, Pknox1,
Pknox2, Tgif1, Tgif2

TALE class
homeodomain

Meis1: angiogenic and
hematopoeitic
development

Meis2: mammalian
eye/neuronal
development

Meis3: activator,
downstream of PKB
signaling

Pknox1: activator,
hematopoeitic and
angiogenic development

Pknox2: associated with
actin cytoskeleton

Tgif1: Downstream of TGF-
� signaling, embryonic
development

Tgif2: uncharacterized
regulator downstream of
TGF-� signaling

V$DICE Downstream immunoglobulin 2.31 Gtf2i, Gtf2ird1 GTF2I repeat domain Gtf2i: embryonic
development, negative
regulator of angiogenesis

Control element, critical for B
cell activity and specificity

Gtf2ird1: modulates cell
cycle progression, skeletal
muscle differentiation
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genes deleted in this region, Gtf3 is the only one associated with
skeletal muscle function, suggesting an important role for Gtf3
activity in human skeletal muscle (37).

The aforementioned transcription factors represent interest-
ing candidates to further investigate the mechanisms of MEF2
isoform-specific transcriptional regulation. Although we high-
lighted transcription factors that may function in muscle, the
computational analysis suggests that specificity in gene regula-
tion by MEF2 isoforms is primarily established by unique com-
binations of broadly expressed transcription factors. The
potential role of these transcription factors in muscle and their
ability to mediate specificity to MEF2 isoform-dependent gene
programs remains to be seen.

DISCUSSION

The molecular mechanisms by which MEF2 controls gene
expression and how its activity is regulated by signaling path-
ways in muscle have been intensely investigated. Previous stud-
ies have used dominant negative and genome wide ChIP
approaches to report the role of MEF2 in skeletal myoblast dif-
ferentiation in vitro (38 – 40). However, these studies did not
explore potential differences in MEF2 isoforms, and a carefully
designed systematic analysis into the distinct transcriptional
functions of the individual vertebrate MEF2 proteins in this
process has not been performed. Here, we have used acute iso-
form-specific knockdown of the four mammalian MEF2 pro-
teins in a well defined muscle differentiation context followed
by genome-wide expression profiling to examine the require-
ment of each MEF2 isoform and its downstream pathways in
this process.

Individual knockdown of mammalian MEF2 family members
in C2C12 cells revealed three key findings. First, that MEF2A is
absolutely required for C2C12 differentiation and that the
remaining MEF2 proteins, MEF2B, -C, and -D, were dispensa-
ble for this process. Second, that there was a surprisingly broad
spectrum in the number of genes sensitive to a given MEF2
isoform. Third, although depletion of MEF2B, -C, or -D either
individually, in combination, or altogether did not cause an
overt phenotype, we discovered that deficiency of individual
MEF2 isoforms resulted in significant gene dysregulation.
Interestingly, many of these genes did not overlap and were
sensitive to a particular mammalian MEF2 isoform.

Along these lines, our transcriptome results show varying
degrees of overlap with previously published MEF2 ChIP stud-
ies. Using a custom CpG island array and a pan-MEF2 antibody,
20 genes were identified in C2C12 cells whose promoters were
enriched for MEF2 binding (39). Of these, only nine overlapped
with our microarray data and were found exclusively in the
MEF2A gene set, suggesting that they may be direct targets of
MEF2A. Another study used a standardized microarray 4 days
postdifferentiation (C2C12 cells) to identify 22 genes enriched
for MEF2 binding (40), of which 16 were significantly dysregu-
lated in our study. These 16 genes were distributed among the
MEF2 knockdown gene sets. A more recent study (8) looked at
the binding enrichment of two MEF2D splice variants in C2C12
cells using ChIP sequencing. These assays yielded 160 genes
with significant MEF2D binding on differentiation day 5, of
which 126 were found in our MEF2 knockdown gene sets. Curi-

ously, we found many of their MEF2D-specific genes to be sen-
sitive to the knockdown of other MEF2 factors. These results
suggest that genes bound by MEF2D may also be regulated by
other MEF2 isoforms, depending on context or are regulated by
specific combinations of MEF2D heterodimers. Finally, while
this work was in revision, an RNA sequencing analysis of
MEF2A siRNA knockdown in C2C12 myotubes (day 2) was
performed (41). Of the 1,207 dysregulated genes described in
that study, �50% of the genes were found to overlap with our
MEF2A dysregulated gene set. The relatively modest overlap of
these gene sets may reflect the different time points, knock-
down method, or procedure used to analyze gene expression
profiles.

Overexpression of MEF2C, MEF2D, or both in the MEF2A-
deficient C2C12 background was unable to rescue the impaired
differentiation defect in these myoblasts. However, the MEF2-
VP16 adenovirus was able to restore myotube formation and
expression of MHC to wild type levels. This difference may be
explained by the ability of the MEF2-VP16 protein to function
as a potent transcriptional activator and overcome any encoded
specificity within the regulatory regions of MEF2A-dependent
genes. Additionally, because MEF2-VP16 contains the MEF2C
DNA-binding domain, which is highly conserved among the
mammalian MEF2 proteins and has only a single amino acid
difference between this and the MEF2A DNA-binding domain,
these results suggest that target gene selectivity is directed by
the carboxyl-terminal transactivation domain of the MEF2 pro-
teins. Therefore, an interesting area of investigation in the
future would be to generate chimeric MEF2 proteins harboring
different combinations of the DNA-binding and carboxyl-ter-
minal domains to determine whether any of these MEF2 vari-
ants are capable of rescuing the differentiation defect or alter-
ing target gene preferences.

Given the profound differentiation defect in MEF2A-defi-
cient C2C12 cells, we searched the MEF2A dysregulated gene
set for genes that may help explain the phenotype. Although the
MEF2A gene set has numerous dysregulated genes that may
explain the phenotype, we were intrigued by four of these genes.
The first gene that caught our attention was MyoD. MyoD is a
master muscle regulatory transcription factor in myogenic dif-
ferentiation, and among its myriad roles in muscle gene regu-
lation, its knockdown prevents myoblast differentiation (42).
We also noted the down-regulation of myoferlin (Myof).
Myoferlin is responsible for sarcolemmal repair at the site of
myoblast fusion, and a deficiency prevents myoblast fusion
(43). The final two gene candidates, palladin (Palld) and
formin-binding protein (Fnbp1l), are actin-associating remod-
eling molecules that play integral roles in actin-mediated
signaling required for myogenic differentiation and myotube
fusion (44, 45). Loss of either of these proteins leads to a fusion
deficient phenotype in C2C12 differentiation. Although
expression of none of these genes is completely abrogated in the
MEF2A knockdown, the collective down-regulation of these
genes may contribute to defective C2C12 differentiation.

The cellular pathways dependent on individual MEF2 iso-
forms in C2C12 myoblasts were found to vary considerably,
which is not surprising given the extent of nonoverlapping
genes. MEF2A was predicted to regulate genes involved in actin
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cytoskeletal rearrangement, consistent with its regulation of
structural genes encoding proteins localized to the costamere
in cardiac muscle (15, 46). It is intriguing that regulation of the
actin cytoskeleton was not identified among the top canonical
pathways in the MEF2B, -C, or -D dysregulated gene sets, con-
sidering these MEF2 proteins have been shown to regulate
muscle structural genes in vitro and in vivo (46). Although
expression profiling clearly identified this category of genes in
all of the MEF2 knockdowns, other pathways were found to be
more significantly dysregulated in the MEF2B, -C, or -D gene
sets. Based on the extensive overlap of the MEF2B, -C, and -D
dysregulated genes, it appears that regulation of muscle struc-
tural genes can be compensated for by any one of the remaining
MEF2 proteins and/or that regulation of these genes is more
dependent on MEF2A. Given the importance of cytoskeletal
proteins in muscle function, it is possible that these genes have
evolved less stringent transcriptional mechanisms relating to
their regulation by the various MEF2 isoforms.

The computational analysis of predicted MEF2-binding sites
in each of the MEF2-sensitive dysregulated gene sets did not
identify any significant differences in this consensus sequence.
This is not entirely surprising because the binding to different
MEF2 consensus sequences in an isoform-specific manner has
not been reported. One caveat of using FIMO to identify MEF2
cis-acting sequences is that this algorithm is based exclusively
on published MEF2-binding sites, thereby restricting the MEF2
motif analysis to this limited data set. Nevertheless, the compu-
tational analysis revealed a significant difference in the tran-
scription factor modules of overrepresented DNA-binding sites
associated with each of the various MEF2 isoform gene sets. An
interesting finding that emerged in this analysis is the observa-
tion that not a single, predicted transcription factor-binding
site motif was uniquely associated with the MEF2C-sensitive
cohort. This likely resulted from complete overlap with analo-
gous motifs found in the other MEF2 isoform-regulated genes.
These findings suggest that mechanisms beyond distinct co-
regulators in the proximal promoter are necessary for MEF2C-
dependent gene regulation in skeletal muscle. Perhaps tran-
scription of MEF2C-sensitive genes by MEF2C requires a
specific arrangement of common DNA-binding site motifs
rather than unique sequences in these regulatory regions.

Another intriguing finding was the lack of E-box motifs,
which are recognized by basic helix-loop-helix proteins such as
MyoD. It is firmly established that MEF2 and the MyoD family
form an important cooperative interaction in the regulation of
muscle genes (47). In our computational analysis, E-box motifs
were actually found to be significantly underrepresented. Our
interpretation of this result is that E-box motifs are prevalent
throughout the mouse genome (48) and consequently, using
proximal promoters as the background from which motifs are
subtracted, result in significantly reduced frequency of this
binding site in the MEF2-sensitive gene sets.

Our findings reveal isoform-specific differences in the regu-
lation of genes by the mammalian MEF2 transcription factors
in C2C12 differentiation. It is important to note, although
C2C12 myoblasts are a widely accepted in vitro model of skel-
etal muscle differentiation, that the MEF2-dependent tran-
scriptome in these cells may differ from that in primary skeletal

myoblasts. Additionally, our computational data support the
model whereby MEF2-dependent transcriptional regulation is
modulated by co-factor interactions and not through differ-
ences in the MEF2 consensus sequence. The present study has
taken this notion a step further by demonstrating that the target
gene selectivity of a given MEF2 isoform may be dictated by one
or more distinct co-regulatory partners. Our results pave the
way for future studies of MEF2-dependent regulation of iso-
form-sensitive genes in muscle by focusing on the in vivo occu-
pancy of specific dimeric combinations of MEF2 proteins in the
context of chromatin.
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