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Abstract

Myocyte enhancer factor-2 (MEF2), a family of transcription 
factors originally identified in muscles cells, was recently found 
to be expressed in the central nervous system. It is involved in 
the modulation of synapse elimination, a vital process that deter-
mines the fate and function of neurons. Recent studies suggested 
that MEF2 transcription factors are involved in synaptic plastic-
ity, the molecular mechanism underlying learning and memory 
and other processes involved in dementia and neurodegenerative 
disease. This review summarizes recent advancements in under-
standing the role of MEF2 in neurodegenerative diseases, such 
as Alzheimer’s disease and Parkinson’s disease, and Fragile X 
syndrome.

Introduction

Diseases in the central nervous system (CNS) including neurodegen-
erative diseases are a group of diseases characterized by progressive 
loss of neuronal function in the brain, such as dementia (represented 
by Alzheimer’s disease, AD) and Parkinson’s disease (PD). In past 
decades, a growing body of evidence has suggested that neurodegen-
erative diseases originate with long-term changes in gene transcrip-
tion in the central CNS, resulting in dysregulation of cellular energy 
homeostasis, transcription, translation, and folding of proteins.[1] 
Regulation of gene transcription and protein synthesis by transcrip-
tion factors in the CNS plays vital roles in connecting intrinsic and 
extrinsic stimuli to protein production, the establishment of neuronal 
networks, and the formation and maintenance of long-term memo-

ries.[2]
Belonging to the minichromosome maintenance protein 1 

(MCM1)-agamous-deficiens-serum response factors (MADS), 
myocyte enhancer factor-2 (MEF2) is a family of transcription 
factors that have been well-characterized in the development of 
multiple tissues. The role of MEF2 in muscles, where MEF2 was 
initially identified, has been well characterized.[3] Recent studies 
have indicated that the differentiation and maturation of neural 
stem/progenitor cells (NSCs) in conditional knockout of Mef2c 
mice were impaired and that Mef2c conditional knockout mice 
exhibited behavioral abnormalities.[4] Given the diverse role of 
MEF2 in the CNS, it follows that MEF2 may be involved in AD, 
PD, and Fragile X syndrome (FXS), through regulating synaptic 
plasticity[2,5] and N-methyl-D-aspartate receptors (NMDAR).[6]

Expression of MEF2 family transcription factors in CNS

The MEF2 family of transcription factors include four different 
nuclear proteins named MEF2A-D and was originally detected in 
muscle and later found to be differentially expressed in neurons of 
different regions of the brain. MEF2, either homodimers or heter-
odimers, can activate gene expression by binding as a co-factor to 
helix-loop-helix factors in specific tissues.[7–9] The N-terminal of 
MEF2 contains a highly conserved MADS-box, a motif that me-
diates dimerization, DNA binding, and interaction with co-factor, 
while the C-terminal sequence of MEF2 is variable and contains 
transcriptional activation domains that are targets of phosphorylation 
and other modifications. [8–10]

In the CNS, the four members of MEF2 are differentially ex-
pressed in the olfactory bulb, frontal cortex, cerebellum, hippocam-
pus, thalamus, midbrain, and hindbrain during maturation of neu-
rons.[11,12] In rat embryonic cortical neurons, MEF2A, MEF2C, 
and MEF2D mRNAs are all highly expressed, but MEF2 proteins 
are only encoded by the Mef2c gene.[13] MEF2D is developmen-
tally expressed in proliferating neuronal cells and glial cells, i.e., 
MEF2D expression is increased in neurons following differentiation 
and growth and is decreased in mature glial cells.[14] All four mem-
bers of MEF2 are expressed in apoptotic cerebellar granule neurons, 
but only MEF2A and MEF2D proteins were found to be phospho-
rylated.[15] Taken together, these results suggest that MEF2 is in-
volved in the modulation and development of the CNS. In addition, 
MEF2D is expressed in microglia, and its level is increased in ac-
tivated microglia by various in vivo and in vitro stimuli. MEF2D 
bound to the promoter of interleukin-10 (IL-10) increased its pro-
duction and decreased the production of tumor necrosis factor-α 
(TNF-α).[16] Therefore, MEF2 likely plays an important role in 
neurodegenerative diseases, as IL-10 and TNF-α are important fac-
tors in the pathology of neurodegenerative disease.
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MEF2, synapse elimination, and plasticity

The dynamic balance between synapse formation and synapse 
elimination is critical for the development and maturation of the 
brain throughout life in order to adapt to the intrinsic and extrinsic 
environment. Recent studies indicated that MEF2 plays a vital role 
in synapse elimination and is modulated by multiple molecules. Ac-
tivation of MEF2 was shown to decrease synapse strength in cortical 
neurons via major histocompatibility complex class I (MHCI) and 
calcineurin[17] and to eliminate excitatory synapses in hippocam-
pus.[18] Likewise, inhibition of endogenous MEF2 increased syn-
apse number.[18] The effects of MEF2 activation and inhibition on 
synapse number were blocked in hippocampal neurons from Fragile 
X mental retardation gene (Fmr1) knockout mice, an animal model 
of FXS. These effects were restored by acute postsynaptic expres-
sion of the RNA-binding protein Fragile X Mental Retardation Pro-
tein (FMRP), encoded by Fmr1.[18] In vivo, knockdown of MEF2A 
suppressed expression of synaptoragmin-1 and eliminated synapses 
via a presynaptic mechanism.[19] In MEF knockout mice, the fre-
quency of miniature excitatory postsynaptic currents (mEPSCs) in 
dentate gyrus was increased with no change in amplitude, and the 
paired-pulse ratio (ratio of P2/P1) was decreased. Over-expression 
of MEF2C decreased the frequency of mEPSCs.[20] Taken to-
gether, these studies suggest that MEF2 plays an important role in 
synapse elimination.

Several target genes have been reported to be involved in syn-
apse elimination by MEF2. Knockdown of MEF2 was reported to 
reduce expression of the glucocorticoid receptor (GR) target gene 
c-jun in hippocampal culture.[21] The bidirectional modulation of 
synapse function in hippocampus by FMRP was also modulated 
by MEF2 activity, which was tuned by neuronal depolarization 
and potentiated during development.[22] In addition, MEF2 was 
shown to activate the RNA-binding protein FMRP and the autism-
spectrum disorder gene protocadherin 10 (Pcdh10), decrease the 
level of eukaryotic translation elongation factor 1 alpha (EF1al-
pha), and induce degradation of postsynaptic density protein-95 
(PSD-95), leading to synapse elimination.[23] In addition, in 
striatal medium spiny neurons cocultured with cortex, depolari-
zation decreased synapse number in a MEF2-dependent manner 
via activation of the synapse remodeling genes Nur77 and activ-
ity-regulated cytoskeletal-associated protein (Arc, also known 
as Arg3.1). [24] Chan et al. found that MEF2D can be activated 
through phosphorylation by ataxia telangiectasia mutated (ATM) 
gene encoding kinase, which promoted the survival of cerebellar 
granule cells and was, thus, neuroprotective in ataxia-telangiecta-
sia.[25] In addition, the gene encoding Arc was shown to be re-
quired for MEF2-induced synapse elimination.[26]

The effects of MEF2 on synapse elimination can be modulated 
by other factors. Arc is a protein targeted to neuronal dendrites, 
where it regulates MEF-induced synapse elimination. The expres-
sion of Arc is modulated by dendritic metabotropic glutamate re-
ceptor 5 (mGluR5) in hippocampal CA1 neurons,[26,27] suggest-
ing that mGluR5 is involved in the modulation of MEF2-induced 
synapse elimination. In addition, dopamine receptors can change 
synapses number via MEF2. Cocaine increased synapse number 
in the striatum and induced phosphorylation of MEF2A, and this 
effect was attenuated by inhibition of D1 dopamine receptors but 
potentiated by inhibition of D3 receptors.[28] In delta-catenin 
knockdown mice, a model of mental retardation, expression of 
MEF2 promoted spine elimination in neurons.[29] Taken together, 
these studies on MEF2 in synapse elimination and plasticity sug-
gest that MEF2 may play a critical role in neurodegenerative dis-
eases.

MEF2 and neurodegenerative diseases

MEF2 and dementia diseases

Dementia diseases range in severity from mild cognitive impair-
ment to AD, which is characterized by the formation of amyloid 
β (Aβ) plaque in neurons. Wild-type human amyloid precursor 
protein (hAPP) can phosphorylate MEF2 via activation of p38 
mitogen-activated protein kinase (p38MAPK), a modulator in AD, 
and MEF2 may potentiate the anti-apoptotic effect of hAPP in neu-
rons. [30] A genetic analysis of MEF2A in late-onset AD indicated 
that there was a correlation between the Pro279Leu mutation in 
exon 8 of MEF2 and late-onset AD,[31] suggesting that MEF2 is 
involved in the pathology of AD. Indeed, it was found that over-
expression of MEF2 disrupted the formation of spatial memory 
specific to the dentate gyrus of mice and blocked the formation of 
long-term contextual and fear memory specific to lateral amyg-
dala. Overexpression of MEF2 also blocked training-induced in-
creases in neuronal spine density. In contrast, inhibition of MEF2 
activity via its phosphorylation and downregulation of MEF2A 
and MEF2D proteins has been shown to promote memory forma-
tion. In addition, it was shown that artificially disturbing MEF2 
function rescued the formation of memory by decreasing the ex-
pression of Arc and thereby increasing the surface expression of 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
(AMPARs).[32] MEF2C knockout mice demonstrated impaired 
contextual and cue-dependent learning and memory, which are 
hippocampus-dependent.[20] These studies demonstrate a key role 
for MEF2 in learning and memory and support the hypothesis that 
MEF2 activity is involved in the pathology of AD. The major subu-
nit of MEF2 involved in the learning and memory deficit is thought 
to be MEF2D because mice with MEF2A knockout alone did not 
show any changes in behavior, including learning and memory, 
and mice with MEF2A/2C double knockout only exhibited im-
paired motor coordination and enhanced release probability in 
hippocampal Schaffer collateral-CA1 synapses but no changes in 
learning and memory, long-term synaptic plasticity, or spine struc-
ture or density. However, triple MEF2A/2C/2D knockdown mice 
showed early postnatal lethality, increased neuronal apoptosis, 
and impaired short-term synaptic plasticity of Schaffer collateral-
CA1.[33] Glycogen synthase kinase 3beta (GSK3β) phosphoryl-
ates MEF2D and is known to play a role in synaptic plasticity and 
neuronal death-related neurodegenerative diseases.[34] Therefore, 
MEF2D is likely neuroprotective, and dysregulation of MEF2 may 
contribute to the development of dementia diseases.

The mechanism of MEF2 in dementia diseases is related to 
its interaction with glutamate receptors. In dementia patients in-
fected with human immunodeficiency virus (HIV), neuronal 
MEF2C is downregulated by NMDA-induced activation of mi-
croRNA-21. [35] NMDA-induced excitotoxicity in cortical neu-
rons is considered a major cause of dementia diseases due to 
oxidative stress and in vivo focal stroke, leading to the activation 
of caspase-3/7 and subsequent cleavage of MEF2A, 2C, and 2D 
isoforms. Ultimately, these changes result in neuronal apoptosis, 
which can be prevented by transfection of constitutively active 
MEF2 (MEF2C-CA).[36] Excitotoxicity-induced activation of 
extrasynaptic NMDARs promoted calpain-mediated degrada-
tion of MEF2D, while knockdown of MEF2D ameliorated exci-
totoxicity induced by NMDA.[6] In the perforant-dentate gyrus 
synapses of MEF2 KO mice, the AMPAR and NMDAR EPSCs 
were increased.[20] MEF2C was shown to bind to the promoter 
of NMDAR subunit 1 (NR1).[37] White noise visual stimulation 
reduced MEF2A/2D and structural and developmental metaplas-
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ticity of neurons involving NDMAR and capsase-3/7/9.[38] The 
interaction between MEF2 and glutamate receptors may be me-
diated by Arc. Arc, a MEF2 target gene, is localized to neuronal 
dendrites where it regulates the processing and storage of infor-
mation, synaptic plasticity, and learning/memory by modulating 
AMPAR endocytosis.[27] Furthermore, Arc activation of MEF2 
as well as inhibition of phosphatidylinositol 3 kinase (PI3K)-AM-
PAR-GluA2 contributed to postoperative cognition disorder.[39] 
Taken together, these data suggest that MEF2 plays a role in both 
synaptic plasticity and dementia diseases via its interaction with 
glutamatergic receptors.

MEF2 and fragile X mental retardation

FXS is the most common form of inherited mental retardation and 
autism and is caused by a mutation in the Fmr1 gene, which en-
codes a non-functional RNA-binding protein, FMRP. The major 
symptoms/signs of FXS are hypersensitivity to sensory stimuli, 
stereotypic movements, social anxiety, hyperactivity, and severe 
impairment of cognition. FRMP has been shown to regulate syn-
apse formation and maturation bidirectionally during develop-
ment, i.e., facilitation in the first postnatal week and inhibition in 
the second postnatal week.[22] During development in Fmr1 KO 
mice, the dendritic spine density in dentate gyrus is higher than 
wild-type mice,[40] suggesting a delay in synapse downregulation. 
However, MEF2-induced synapse elimination and the increase in 
synapses due to inhibition of MEF2 are blocked in hippocampal 
neurons of Fmr1 KO mice. These deficits can be recovered by 
acute postsynaptic expression of FMRP,[18] demonstrating that 
the postsynaptic interaction between MEF2 and FRMP is disturbed 
in FXS.

In the hippocampus, it was found that FMRP can bidirection-
ally regulate excitatory synaptic function in dendrites by binding 
to dendritic RNA, i.e., promoting synapse maturation at P6–7 
while suppressing synapse formation at P13–16. FMRP expression 
was also modulated by MEF2 activity, which is, in turn, tuned by 
neuronal depolarization and is potentiated following the develop-
ment.[22] In delta-catenin knockdown mice, which is a model of 
mental retardation, induction of MEF2 expression promoted spine 
elimination in neurons.[29] In FMRP-lacking neurons, the ubiqui-
tination of PSD-95 induced by MEF2 was blocked,[23] while the 
expression of NMDAR subtypes (NR2A and NR2B) and PSD-95 
were decreased.[41] These studies suggest a role of MEF2 in FXS 
through FMRP and glutamatergic receptors.

MEF2 and Parkinson’s diseases

PD is due to the progressive and selective loss of dopaminergic 
neurons in the substantia nigra pars compacta (SNpc) and the sec-
ond most common neurodegenerative disease. Given the role of 
MEF2 in neuronal fate, it is possible it plays a role in the patho-
physiology of PD. MEF2 was reported to be phosphorylated by GR 
activation and, therefore, can be switched from enhancer to repres-
sor of transcription through c-JUN.[21] In primary hippocampal 
neuronal culture, activation of cyclic AMP (cAMP)/protein kinase 
A (PKA) signaling pathway inhibited trans-activation of MEF2D, 
which resulted in inhibition of the transcriptional target Kruppel-
like factor 6 (KLF6) and induced apoptosis.[42] Cocaine can re-
duce the activity of MEF2 through calmodulin and calcineurin 
signaling, promoting an increase in the density of dendritic spines 
on medium spiny neurons in the nucleus accumbens,[43] a region 
implicated in the pathology of PD. In addition, MEF2 activity was 

Fig. 1. A summary of the effects of MEF2 and the signaling pathways involved in synapse elimination and Parkinson’s Disease.
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negatively regulated by CDK5 and GSK3β, kinases activated by 
toxic signals during PD pathology.[1] Phosphorylation of MEF2 
by CDK5 led to its inactivation and loss, resulting in inactivation 
of Nur77 and in vivo nigrostriatal degeneration,[44] a hallmark 
of PD. In striatal medium spiny neurons co-cultured with cortex, 
depolarization decreased synapse number in a MEF2-dependent 
manner through the synapse remodeling genes Nur77 and Arc.[24] 
Clinically, PD significantly decreased the level of MEF2D in the 
cytoplasm and nuclei of neurons in SNpc compared to the SNpc of 
age-matched controls and AD cases. In addition, oxidized MEF2D 
was increased in postmortem brains of PD patients.[45] These 
studies suggest that MEF2 is involved in PD pathology. Further-
more, MEF2D was found to increase microglial release of IL-10 
and decrease TNF-α and, therefore, negatively regulate inflamma-
tion and inflammation-mediated cytotoxicity, important aspects of 
PD.[16] These studies suggest that MEF2D is involved in inflam-
mation and oxidization processes during PD.

The role of MEF2 in PD is related to the activities of the dopa-
mine system. Inhibition of MEF2D increased the toxicity of 1-me-
thyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, a neurotoxin that 
destroys dopaminergic neurons and causes permanent symptoms 
of PD) and decreased the viability of SNc dopamine neurons.[46] 
Silencing MEF2C prevented the differentiation of hESC-derived 
neural stem/progenitor cells (NPCs) into dopaminergic neurons 
in vitro.[47] In contrast, overexpression of MEF2C facilitated the 
differentiation of dopaminergic neurons in vitro, improved the sur-
vival and differentiation of NPCs, and improved the PD signs in a 
rat model of PD induced by 6-hydroxydopamine (6-OHDA). [47] 
Furthermore, 6-OHDA was shown to oxidize MEF2D and increase 
the expression of the receptor for chaperone-mediated autophagy 
in the SNpc of mouse. Oxidized MEF2D was shown to be bound 
to heat-shock cognate protein 70 kDa (Hsc70) in the dopamine 
neuronal cell line SN4741, which caused cell death.[45] The mod-
ulation of cocaine-induced phosphorylation of MEF2A by dopa-
minergic activity is also consistent with a role for MEF2 in PD 
pathology.[28]

Prospective and prediction

The prevalence of neurodegenerative diseases like PD and AD con-
tinues to increase in modern society. However, no ideal therapeutic 
and preventive strategies are available. Most neurodegenerative 
diseases are associated with memory impairment due to the dis-
turbances in synaptic plasticity. Considering the role of MEF2 in 
synaptic plasticity and synapse elimination,[2] it is very possible 
that MEF2 plays an important role in the pathology of neurodegen-
erative diseases. It is our working hypothesis that the disturbance of 
MEF2 activity by congenital and acquired factors creates an imbal-
ance in synapse dynamics, altering the fate of neurons and resulting 
in the onset of neurodegenerative disease. Following the clarifi-
cation of the mechanisms underlying MEF2 in neurodegenerative 
diseases, some therapeutic strategies targeting MEF2 may include 
upstream and downstream signals, which will benefit the large 
number of patients suffering from neurodegenerative diseases.

Conclusions

MEF2 is a group of transcription factors playing multiple roles 
in different tissues. Recently studies indicated that MEF2 can 
modulate the functions of CNS through changing the activities of 
synapses such as synapse elimination and further determining the 

fate of neurons. Thus, MEF2 is identified to be involved in the 
pathology of some disorders in CNS such as AD, PD and Autism 
through multiple signal pathways, as shown in schematic Fig. 1. 
Following the clarification of the mechanisms of MEF2 in these 
disorders of CNS, it will be one target for the therapy of these 
disorders in future.
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