
MEF2 Family of Transcription Factors

The myocyte enhancer factor-2 (MEF2)
proteins are members of the MADS (MCM1-
agamous-deficiens-serum response factor)
family of transcription factors (1,2). A hall-
mark of MADS-box proteins is their combina-

tional association with other MADS domain
factors and additional heterologous classes of
transcriptional regulators (3). Vertebrate MEF2
proteins are encoded by four genes (MEF2-A,
-B, -C, and -D), each of which gives rise to
alternatively spliced transcripts (1,4–7). The
MEF2 isoforms are expressed in distinct, but
overlapping patterns during embryogenesis
and in adult tissues. Posttranslational regula-
tion is largely responsible for the functional
pattern of expression of the MEF2 proteins (1).

MEF2 transcription factors contain a N-ter-
minal 56 amino acid MADS-box domain that
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Abstract

Myocyte enhancer factor-2 (MEF2) transcription factors regulate genes that control critical cel-
lular processes including proliferation, differentiation, and survival. Although MEF2 proteins
were first identified as transcription factors that bound A/T rich DNA sequences and controlled
muscle-specific genes during myogenic development, it is now apparent that MEF2 transcription
factors are also highly expressed in neurons and are critical determinants of neuronal differentia-
tion and fate. Here we focus our discussion on the role of MEF2 proteins in nervous tissue and the
regulation of these transcription factors by calcium and phosphorylation signaling pathways.
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serves as a minimal DNA-binding domain (see
Fig. 1). The MADS box is a highly conserved
structural motif involved in the regulation of
homeotic fate, growth, and differentiation in
many organisms (1,8–10). Adjacent to the
MADS box is a 29 amino acid MEF2 domain
that mediates high-affinity DNA binding and
homo- and heterodimerization with other
MEF2 proteins. The vertebrate MEF2 proteins
share about 50% amino acid identity overall
and about 95% similarity in the highly con-
served MADS box and MEF2 domain (11).
MADS box proteins generally bind A/T rich
DNA sequences, whereas MEF2 binds prefer-
entially to the consensus sequence CTA(A/T)4
TAG/A (11). The MADS box and MEF2 domain
are necessary and sufficient for DNA binding
but lack transcriptional activity on their own.
The C-terminal half of MEF2 proteins contains
the transcriptional activation domain, as well

as, a number of regulatory domains including a
nuclear localization sequence and multiple
phosphorylation motifs (12). There is relatively
low amino acid homology between the C-ter-
minal regions of the various MEF2 isoforms
and the C-terminus is subject to complex pat-
terns of alternative splicing (11). The structural
organization of MEF2 proteins allows them to
receive and respond to multiple inputs from
various intracellular signaling pathways. In
this way, MEF2 activity is profoundly influ-
enced by developmental cues and signals from
the extracellular environment.

MEF2 Transcription Factors 
in Muscle and Immune Cells

The MEF2 family of genes is highly expressed
in cells of muscle lineage, where they have been
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Fig. 1. Structural schematic of a MEF2 transcription factor. MEF2 proteins contain a highly conserved N-ter-
minal MADS box and MEF2 domain. These elements are involved in DNA binding, dimerization with other
MEF2 proteins and basic helix-loop-helix (bHLH) transcription factors, and interaction with various coactivators
and repressors. The C-terminal region of MEF2 contains the transcriptional activation domains (TADs) as well as
a nuclear localization sequence (NLS). MEF2 proteins are substrates for many protein kinases that regulate both
DNA binding and transcriptional activity. For example, a conserved casein kinase II (CKII) site lies within the
MEF2 domain and its phosphorylation enhances DNA binding. Multiple residues within the C-terminus are sub-
strates for MAP kinase family members, p38 and/or ERK5, and phosphorylation of these sites generally enhances
transcriptional activation. In contrast, phosphorylation at the extreme C-terminus by Cdk5 or at Ser255, by an as
yet unidentified kinase, leads to inhibition of transcriptional activity and degradation, respectively.



shown to be important regulators of gene
expression during development of skeletal, car-
diac, and smooth muscle (6,7,13). In these tis-
sues, MEF2 proteins interact with myogenic
basic helix-loop-helix (bHLH) transcription fac-
tors such as Myo D to activate myogenesis
(14–16). MEF2 factors are thought to activate
transcription by binding to individual E-box
or MEF2 consensus sites or via adjacent E-
box/MEF2 elements. During myogenesis,
MEF2 transcription factors activate the expres-
sion of structural genes, as well as maintain and
amplify the expression of other transcription
factors that initiate muscle differentiation (17).
Loss-of-function mutations of the mouse
MEF2C (18) and the Drosophila MEF2 gene
(19,20) have demonstrated an essential role of
MEF2 proteins in myogenesis and morphogene-
sis of striated and nonstriated muscle cell types.
In addition to their critical role in muscle devel-
opment, MEF2 proteins are involved in adult
cardiac hypertrophy (21–23).

MEF2 proteins are also present in cells of the
immune system where they mediate cell fate
decisions. T-cell activation leads to MEF2-
mediated transcriptional activation of Nur77,
an orphan nuclear steroid receptor that acti-
vates apoptosis in these cells (24). MEF2 binds
directly to regulatory elements in the Nur77
gene and also cooperates with NFAT to drive
Nur77 expression (25). The increase in MEF2
transcriptional activity on the Nur77 regula-
tory element occurs in the absence of changes
in DNA binding, implicating other regulatory
mechanisms such as cofactor binding and/or
changes in phosphorylation of the transactiva-
tion domain.

MEF2 Transcription Factors in Brain

MEF2 family members are also highly
expressed in neurons of the central nervous sys-
tem (5,6,26–29). In vertebrates, each MEF2 iso-
form shows a unique temporal expression
pattern in different regions of the brain. The tim-
ing of MEF2 expression in neurons is consistent
with a role of MEF2 transcription factors in neu-

ronal differentiation and maintenance. In human
brain, MEF2C is preferentially expressed in cer-
tain neuronal layers of the postnatal cerebral cor-
tex in a temporal manner declining from
postnatal d 2 to adult (5,6). These immunocyto-
chemical data suggest that MEF2C regulates the
laminar differentiation of central neurons. Of
note, is the absence of MEF2C in dividing neu-
rons in the subventricular zones (6). An alterna-
tive splice variant of MEF2C is found
exclusively in the brain and contains a unique
SEDVDLLL peptide sequence in the transactiva-
tion domain that may serve to mediate tissue-
specific protein–protein interactions (26).

In the mouse brain where more extensive
regions have been examined by in situ
hybridization, the timing of MEF2 gene expres-
sion is also associated with neurons exiting the
cell cycle and entering differentiation (27).
Mef2C mRNA is first detected in the mouse
telencephalon at postnatal d 11.5. This region of
the brain is one of the first to begin neuronal
differentiation. At postnatal d 13.5, Mef2C is
expressed in a layer of cells in the intermediate
zone of the frontal cortex and in the olfactory
bulb. At this time MEF2 transcripts are also
localized in different regions of the neural tube.
Mef2A is distributed in a gradient with highest
levels in the dorsal portion and lowest levels in
the ventral portion. Mef2C is expressed only in
the dorsal region, whereas, Mef2D is distrib-
uted throughout the neural tube. At postnatal d
14.5, Mef2C and Mef2D are detected in frontal
cortex, hippocampus, amygdala, midbrain,
olfactory bulb, and cerebellum. Mef2B is abun-
dant in frontal cortex, present at lower levels in
the hippocampus, midbrain, and amygdala,
and absent in cerebellum. At postnatal d 16.5,
low levels of Mef2A overlap with high levels of
Mef2C in the hippocampus, midbrain, and
frontal cortex. Mef2B is also present in both
frontal and midbrain cortex. Mef2D is the most
widely distributed of the four genes at this
time. At birth, the expression pattern of Mef2B
and Mef2C overlap in frontal cortex and olfac-
tory bulbs. Mef2B transcripts appear in the
cerebellum. In the 2 wk postnatal brain, all four
gene transcripts are present in dendate gyrus.
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Mef2C, -D, and -A appear in neurons of the
horn of Ammon. Mef2C and Mef2D are
expressed equally throughout the layers of the
frontal cortex. Between 2 and 6 wk after birth,
Mef2 transcripts show a striking pattern of dif-
ferential expression in the mature cerebellum.
Mef2A and Mef2D are found predominantly in
the granule layer of the cerebellum. Mef2C is
expressed primarily in Purkinje neurons and
Mef2B is very low or absent. This dynamic pat-
tern of mRNA expression during pre- and post-
natal development in the mouse suggests that
different MEF2 isoforms may perform unique
roles at different stages of neuronal maturation.

To date, there have not been extensive
immunocytochemical studies performed to
localize the specific MEF2 proteins in the brain
partly due to the scarcity of high affinity iso-
form-specific antibodies. The data thus far indi-
cate that MEF2 protein expression in the brain
correlates with mRNA expression (30). For
example, in the developing mouse cerebellum
(postnatal d 7), MEF2A protein expression
occurs primarily in the internal granule layer
where the final differentiation and maturation
of granule neurons occurs. Levels of MEF2A
are very low in the external granule layer
where granule neuron precursors are still
dividing. This pattern of expression matches
that of mRNA localization (27,31). In the devel-
oping rat cerebral cortex, MEF2C protein
expression is detectable at embryonic d 17 and
peaks around E21 (29). MEF2C is expressed in
the cortical plate but not in the ventricular zone
where dividing neuronal precursors reside.
Cortical cells expressing MEF2C also express β-
tubulin type III, but not glial fibrillary acidic
protein, indicating that MEF2C expression is
restricted to neurons. Again, the pattern of
expression of MEF2C protein in cerebral cortex
correlates with the pattern of expression of
Mef2C mRNA. The immunocytochemistry
data taken together with the in situ hybridiza-
tion studies indicate that MEF2 transcription
factors are primarily expressed in differentiat-
ing neurons but not in dividing neuronal pre-
cursors. Distinct MEF2 isoforms may mediate
similar functions in different populations of

neurons, but because of their structural varia-
tions they might be regulated in cell type-spe-
cific and isoform-specific manners.

In Vitro Studies of Neuronal MEF2

Studies of primary neuronal cultures sup-
port the hypothesis that MEF2 transcription
factors regulate neuronal survival and differ-
entiation. In cultures of cerebral cortical neu-
rons where proliferating precursor cells and
postmitotic differentiating neurons can be
distinguished, MEF2C is selectively expressed
in newly generated postmitotic neurons and
is not detectable in BrdU-positive precursor
cells (31). Blocking the function of MEF2C in
the postmitotic cortical neurons, by introduc-
ing a dominant-interfering form of MEF2,
results in apoptotic cell death. Similar results
have been obtained in cultures of cerebellar
granule neurons where expression of a domi-
nant-interfering form of MEF2 reduces the
survival of granule neurons grown in the
presence of depolarizing potassium (32). Con-
versely, expression of a constitutively active
form of MEF2 promotes the survival of gran-
ule neurons grown in the absence of depolar-
izing potassium, conditions that normally
trigger apoptosis (32). Additional evidence
that MEF2 regulates activity-dependent sur-
vival of granule neurons comes from gene
silencing experiments demonstrating that
RNA interference (RNAi) of MEF2A in pri-
mary cerebellar cultures markedly decreases
the survival of granule neurons (33). The loss
of MEF2 activity also contributes to the death
of cortical neurons subjected to excitotoxic
stress (34). Exposure of primary cortical neu-
rons to excitotoxic concentrations of NMDA
leads to caspase-mediated cleavage of MEF2
that yields dominant-interfering foms of
MEF2 (34). Caspase-mediated cleavage of
MEF2A and MEF2D also contributes to the
death of granule neurons when deprived of
trophic support (32).

In P19 neuronal precursor cells, expression of
MEF2C induces a mixed neuronal/myogenic
phenotype (35). During retinoic acid-induced
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neurogenesis of these cells, a dominant-negative
form of MEF2C enhances apoptosis but does
not affect cell division. On the other hand, P19
cells induced to undergo apoptosis can be
rescued from cell death by expression of consti-
tutively-active MEF2C. In addition, over-
expression of MEF2C in P19 cells results in
induction of neurofilament protein, the nuclear
antigen NeuN, and MASH-1, a neural-specific
bHLH transcription factor known to interact
with MEF2s (36). These data suggest that MEF2
proteins regulate neuronal development not
only by promoting survival but by also inducing
differentiation.

Other examples of a differentiation role of
MEF2 during neuronal development include
MEF2C activation of the NMDA receptor sub-
unit 1 (NR1) gene in cerebral cortical cultures
(37) and the role of the MEF2B/2C het-
erodimer to mediate adhesion related kinase
repression of the GnRH gene in GnRH neu-
ronal cells (38). In the former case, MEF2C
interacts with Sp1 proteins to activate tran-
scription. This mechanism of transcriptional
activation represents a nonclassical mode of
gene regulation by MEF2 proteins that may
not involve bHLH binding partners. In the
case of the GnRH promoter, the putative
homeodomain partner interacting with
MEF2B/2C heterodimer has not yet been
identified.

Activation of MEF2 Proteins 
by Protein Kinases

Direct phosphorylation of MEF2 proteins
plays an important role in the regulation of
MEF2 function. A casein-kinase II (CKII) phos-
phorylation site is conserved in the MEF2
domain of all MEF2 proteins. Phosphorylation
of this site by CKII enhances DNA binding of
MEF2 (39). This site appears to be constitu-
tively phosphorylated in vivo with no evi-
dence for its regulation. It is likely that
phosphorylation by CKII induces a conforma-
tional change that enhances the ability of the
MADS box and MEF2 domain to contact DNA.

Phosphorylation of the transactivation
domain of MEF2 transcription factors has also
been shown to increase MEF2 activity. At least
two isoforms of p38 MAP kinase (p38α and
p38β) activate MEF2A and MEF2C by phos-
phorylating residues located in their activa-
tion domains (40,41). In the case of MEF2A,
p38-mediated phosphorylation of T312 and
T319 within the transactivation domain is
required for transcriptional activation in mus-
cle cells (42). Additional serine residues
including S355, S453, and S479 are phosphory-
lated in vitro by p38 but their relevance to
transcriptional activation is questionable
(40,41,43). Activation of MEF2C by p38 seems
more complex than for MEF2A and is subject
to cell-type specific regulation. Three promi-
nent residues (T293, T300, and S387) in the
activation domain of MEF2C are phosphory-
lated by p38 in vitro (41). Phosphorylation of
these residues has been shown to be important
for MEF2C activation by p38 in T lymphocytes
(44). However, only phosphorylation of T293
is induced in differentiating myocytes and is
required for MEF2C activation by p38 during
muscle differentiation (45). Introduction of
dominant-interfering mutants of p38 in pri-
mary neurons and differentiating P19 neurons
has been shown to reduce MEF2-dependent
transcription and induce apoptosis (31,35),
suggesting that p38 mediates the activation of
MEF2 in neurons. The isoforms of MEF2 that
are phosphorylated by p38 in neurons and the
sites that are critical for enhanced transactiva-
tion are not yet understood. Moreover,
whether activation of Mef2 proteins by p38 is
a common mechanism shared by diverse types
of neurons is unclear.

In addition to p38 MAP kinase, the serine/
threonine kinase ERK5 is capable of phos-
phorylating the transactivation domains of
MEF2A, -C, and -D resulting in increased tran-
scriptional activity (46–49). Interestingly, ERK5
has also been shown to possess a transactivation
domain and may stimulate MEF2-dependent
transcription by functioning as a coactivator
that facilitates recruitment of the basal tran-
scription machinery (50). In T lymphocytes,

MEF2 Transcription Factors 159

Molecular Neurobiology Volume 29, 2004



ERK5-MEF2 interactions are stimulated by
increases in intracellular calcium and inhibited
by Cabin (50). Recent studies indicate that ERK5
activation of MEF2 plays an important role in
BDNF-mediated survival of primary cortical
neurons (51). Similarly, the temporal survival
effects of BDNF in cerebellar granule neurons
appear to be mediated by an ERK5/MEF2 sig-
naling pathway that induces transcription of
neurotrophin-3 (52).

Inactivation of Neuronal MEF2
Proteins by Phosphorylation 
and Regulation by Calcium
Signaling

MEF2 transcription factors in muscle cells are
sensitive to calcium signals that act through
multiple mechanisms to modulate transcrip-
tional activity (12). Recent work suggests that
MEF2 activity in neurons is similarly regulated
by intracellular calcium. Calcineurin is a ser-
ine/threonine phosphatase that is activated by
the binding of calcium and calmodulin. Recent
studies have shown that calcineurin promotes
the DNA binding and activity of MEF2 tran-
scription factors in neurons that depend on
depolarization-mediated calcium influx for
their survival (29,31,32). Cultured cerebellar
granule neurons survive in the presence of high
intracellular calcium, a condition that mimics
activity-dependent neuronal survival during
development. The neurons are cultured in ele-
vated (25 mM) potassium that promotes an
influx of calcium by opening L-type voltage
sensitive calcium channels resulting in persis-
tent activation of calcineurin. Removal of depo-
larization induces hyperphosphorylation of
MEF2D and MEF2A on serine/threonine
residues, resulting in decreased DNA binding
and susceptibility to caspase cleavage (29,32).
The subsequent loss of MEF2 dependent gene
transcription leads to apoptosis of granule neu-
rons (see Fig. 2). The hyperphosphorylation of
MEF2 is mimicked by the addition of cal-
cineurin inhibitors to depolarizing medium,

indicating that calcineurin maintains MEF2 in a
hypophosphorylated state that has enhanced
DNA binding and transcriptional activity
(29,32). The kinase(s) responsible for phospho-
rylating the sites that calcineurin keeps dephos-
phorylated in healthy neurons is unknown.
Recent findings, however, indicate that a MEF2
kinase activated during neuronal apoptosis is
lithium-sensitive but is distinct from glycogen
synthase kinase-3 (GSK-3) (53). Additional
studies, discussed in the following section,
have shown that Cdk5 phosphorylates and
inactivates MEF2 in cerebral cortical neurons
undergoing apoptosis (54). Whether or not
Cdk5 regulates MEF2 phosphorylation in gran-
ule neurons during removal of depolarization
signals remains to be determined.

In primary cortical neurons, phosphoryla-
tion of MEF2 by Cdk5 results in inhibition of
MEF2 transcriptional activity (54). The Cdk5
phosphorylation site is conserved in MEF2A, -
C, and -D and lies within the transactivation
domain of MEF2. Oxidative stress and excito-
toxic concentrations of glutamate increase
nuclear Cdk5 activity leading to Cdk5-depen-
dent phosphorylation of MEF2 and inhibition
of function. Moreover, MEF2 mutants that are
resistant to Cdk5 phosphorylation rescue neu-
rons from neurotoxin-induced apoptosis. In
light of accumulating evidence that Cdk5
activity is dysregulated in a number of neu-
rodegenerative disorders including, Alz-
heimer’s disease, amyotrophic lateral sclerosis,
and Parkinson’s disease (55–58), these data
raise the possibility that decreased function of
the survival-promoting transcription factor
MEF2 contributes to the neuronal loss
observed in neurodegenerative diseases.

The mechanism by which phosphorylation
by Cdk5 inhibits MEF2 function is not under-
stood. Phosphorylation by Cdk5 may target
MEF2 for cleavage and/or degradation.
Whether or not Cdk5 phosphorylation of
MEF2 is related to the caspase cleavage of
MEF2 proteins that occurs during neuronal
apoptosis remains to be investigated. Another
possibility is that phosphorylation changes the
conformation of MEF2 which in turn alters its
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interaction with cofactors or the basal tran-
scription machinery.

Indirect Mechanisms of MEF2
Regulation by Protein Kinases
In addition to the direct phosphorylation of

MEF2 proteins that regulate their activity, there
are also indirect mechanisms by which protein
kinases influence MEF2 function. In particular,
serine phosphorylation of two repressors of
MEF2 activity, class II histone deacetylases
(HDACs) and MEF2-interacting transcription
repressor (MITR), leads to their nuclear export
and association with cytoplasmic scaffolding

proteins of the 14-3-3 family (59–62). In this
manner, a serine kinase acts indirectly to dere-
press MEF2 activity. In all of the studies cited
above, overexpression of active calcium/
calmodulin-dependent kinases (CaMKs) I and
IV was utilized to stimulate phosphorylation
of the HDACs in muscle cells and nonmuscle
cells (e.g., COS or NIH3T3 fibroblasts). How-
ever, the identity of the endogenous kinase
responsible for phosphorylation of HDACs in
muscle is currently unknown. We have
recently shown that class II HDACs (HDAC4
and HDAC5) are excluded from the nuclei of
cerebellar granule neurons cultured in depo-
larizing medium (63). Either removal of the
depolarization stimulus or addition of CaMK
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Fig. 2. Regulation of neuronal MEF2 function by calcium signaling. Primary cultures of cerebellar granule
neurons require depolarization-stimulated MEF2 activity for their survival. Removal of extracellular depolariz-
ing potassium leads to a decrease in calcium influx and subsequent inactivation of calcineurin phosphatase
activity. The loss of calcineurin activity acts in a coordinated manner with activation of a pro-apoptotic MEF2
kinase (X), resulting in a marked hyperphosphorylation of MEF2 proteins. Hyperphosphorylation of MEF2
decreases its DNA binding and enhances its susceptibility to caspase-mediated degradation. The loss of MEF2-
dependent transcription of pro-survival genes contributes to granule neuron apoptosis. The hyperphosphoryla-
tion of MEF2 can be partially mimicked under depolarizing conditions by addition of calcineurin inhibitors
(cyclosporin A and FK506), demonstrating a key role for calcineurin in maintaining MEF2 proteins in a
hypophosphorylated (DNA-bound) state in healthy neurons. Neither the sites of hyperphosphorylation induced
on MEF2 during neuronal apoptosis, nor the kinase responsible, are currently known. However, the MEF2
kinase (X) is a lithium-sensitive kinase distinct from the known lithium target, glycogen synthase kinase-3.
Whether or not Cdk5, a pro-apoptotic kinase that phosphorylates and inactivates MEF2 in cortical neurons,
plays a role in the hyperphosphorylation of MEF2 in cerebellar granule neurons remains to be investigated.



inhibitors (KN93 or KN62) stimulates a rapid
translocation of HDACs into the nucleus,
resulting in repression of MEF2 activity and
induction of cerebellar granule neuron apopto-
sis. Furthermore, HDAC nuclear translocation
and apoptosis are induced by antisense-medi-
ated depletion of CaMKIIα, a neuronal specific
CaMK isoform. These results are the first to
identify an endogenous kinase capable of reg-
ulating HDAC localization and suggest a
mechanism by which depolarization-mediated
calcium influx acts through CaMKII to phos-
phorylate HDAC, promoting its nuclear export
and derepression of MEF2 activity (see Fig. 3).
In further support of this mechanism in neu-
rons, Chawla et al. (64) recently showed that
CaMK inhibitors similarly attenuate HDAC
nuclear export in hippocampal neuronal cul-

tures. Thus, CaMK-mediated inactivation of
HDACs may act in a cooperative manner with
kinases that directly phosphorylate and acti-
vate MEF2 proteins to regulate this important
transcription factor in neurons.

Summary and Future Directions

The MEF2 family of transcription factors act
as effectors of diverse signaling pathways that
regulate fundamental cellular processes. It
seems paradoxical that MEF2 could control
such diverse and opposing functions as prolifer-
ation, differentiation, and apoptosis. A likely
explanation lies in the identity of tissue-specific
DNA-binding partners and coactivators, as well
as, cell-type and isoform-specific regulation by
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Fig. 3. Derepression of neuronal MEF2 activity by CaMKII-mediated phosphorylation of HDAC. In cerebellar
granule neurons cultured in depolarizing extracellular potassium, the MEF2 repressor histone deacetylase-5
(HDAC5), is excluded from the nucleus. Under these conditions it is retained in the cytoplasm in a phosphory-
lated state, likely associated with scaffolding proteins of the 14-3-3 family. Removal of the depolarization stim-
ulus induces a rapid translocation of HDAC5 into the nucleus where it interacts with MEF2 to repress its
transcriptional activity. The nuclear translocation of HDAC5 can also be stimulated under depolarizing condi-
tions either by the addition of a calcium/calmodulin-dependent kinase (CaMK) inhibitor, KN93, or by the anti-
sense-mediated depletion of CaMKIIα. These data suggest a mechanism by which depolarization-mediated
calcium influx acts through CaMKII to induce phosphorylation and nuclear export of HDAC5, resulting in dere-
pression of MEF2 activity in healthy neurons.



a variety of protein kinases. The identities of the
MEF2 target genes that mediate many of the cel-
lular responses, particularly in neurons, remain
to be determined. Future studies using condi-
tional gene inactivation to assess the in vivo
functions of specific MEF2 isoforms in neuronal
development will further our understanding of
MEF2 function in the nervous system.
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