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The	transcription	factors	in	the	myocyte	enhancer	factor	2	(MEF2)	family	play	important	roles	in	cell	sur-
vival	by	regulating	nuclear	gene	expression.	Here,	we	report	that	MEF2D	is	present	in	rodent	neuronal	
mitochondria,	where	it	can	regulate	the	expression	of	a	gene	encoded	within	mitochondrial	DNA	(mtDNA).	
Immunocytochemical,	immunoelectron	microscopic,	and	biochemical	analyses	of	rodent	neuronal	cells	
showed	that	a	portion	of	MEF2D	was	targeted	to	mitochondria	via	an	N-terminal	motif	and	the	chaperone	
protein	mitochondrial	heat	shock	protein	70	(mtHsp70).	MEF2D	bound	to	a	MEF2	consensus	site	in	the	region	
of	the	mtDNA	that	contained	the	gene	NADH	dehydrogenase	6	(ND6),	which	encodes	an	essential	component	
of	the	complex	I	enzyme	of	the	oxidative	phosphorylation	system;	MEF2D	binding	induced	ND6	transcrip-
tion.	Blocking	MEF2D	function	specifically	in	mitochondria	decreased	complex	I	activity,	increased	cellular	
H2O2	level,	reduced	ATP	production,	and	sensitized	neurons	to	stress-induced	death.	Toxins	known	to	affect	
complex	I	preferentially	disrupted	MEF2D	function	in	a	mouse	model	of	Parkinson	disease	(PD).	In	addition,	
mitochondrial	MEF2D	and	ND6	levels	were	decreased	in	postmortem	brain	samples	of	patients	with	PD	com-
pared	with	age-matched	controls.	Thus,	direct	regulation	of	complex	I	by	mitochondrial	MEF2D	underlies	its	
neuroprotective	effects,	and	dysregulation	of	this	pathway	may	contribute	to	PD.

Introduction
Mitochondria are the primary energy-generating organelles in 
most eukaryotic cells. In addition, they also participate in metab-
olism, calcium signaling, and apoptosis (1, 2). Mitochondrial 
dysfunction and the ensuing oxidative stress cause damages to 
key cellular macromolecules, including DNA, which affects basic 
biological processes ranging from bioenergetics to gene transcrip-
tion to structural integrity. These detrimental effects have been 
proposed to play important roles in aging, metabolic disorders, 
and particularly neurodegeneration (3, 4). Strong evidence from 
molecular studies, genetic analyses, and mouse models shows that 
etiological factors associated with Alzheimer disease, Parkinson 
disease (PD), Huntington disease, amyotrophic lateral sclerosis, 
hereditary spastic paraplegia, and cerebellar degenerations lead 
to mitochondrial impairment and may contribute to the patho-
genesis of these disorders (5). Therapeutic approaches targeting 
mitochondrial dysfunction have great promise but require a much 
better understanding of fundamental mitochondrial biology and 
how it may be dysregulated under pathological conditions.

Mitochondrial DNA (mtDNA) encodes some of the compo-
nents of enzymatic complexes for oxidative phosphorylation. 
Proper assembly of a functional oxidative phosphorylation system 
requires coordination of mitochondrial and nuclear gene expres-
sion. The individual strands of the supercoiled circular mtDNA 
are denoted heavy (H) strand and light (L) strand based on their 

different buoyant densities. Of the 13 proteins determined by 
mtDNA, only 1 polypeptide — NADH dehydrogenase 6 (ND6), an 
essential component of complex I (6) — is encoded by the L strand 
(7). Mutations in the ND6 gene or alteration in its protein level 
have been linked etiologically to Leber hereditary optic neuropa-
thy (LHON) (8) and associated with PD (9, 10). The basic mtDNA 
transcription machinery consists of 1 mitochondrial RNA poly-
merase and 3 transcription factors: mitochondrial transcription 
factor A (TFAM), mitochondrial transcription factor B1 (TFB1M), 
and mitochondrial transcription factor B2 (TFB2M), which bind 
to the D-loop promoters in mtDNA to stimulate transcription. 
However, whether there are mechanisms that control strand-spe-
cific transcription of mtDNA and how they may be dysregulated 
under pathological stress remain unknown (11).

Various isoforms of transcription factor MEF2 (MEF2A–MEF2D) 
constitute a group of nuclear proteins found to play important roles 
in increasing types of cells. For example, MEF2s have been shown 
to regulate immune cell response, control glucose metabolism in 
adipocytes, participate in angiogenesis, promote liver fibrosis, and 
modulate muscle cell differentiation. Many key signaling mecha-
nisms converge on MEF2 to regulate its activity (12). In neurons, 
MEF2s are required to regulate neuronal development, synaptic 
plasticity, and survival (13). Indeed, MEF2s promote the survival of 
several types of neurons under different conditions (14–17). In cellu-
lar models, negative regulation of MEF2s by stress and toxic signals 
contributes to neuronal death (18). In contrast, enhancing MEF2 
activity not only protects primary neurons from death, but also 
attenuates the loss of dopaminergic (DA) neurons in substantia nigra 
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pars compacta (SNpc) in a 1-methyl 4-phenyl 1,2,3,6-tetrahydro-
pyridine (MPTP) mouse model of PD (19). The precise mechanisms 
by which MEF2s promote neuronal survival are not fully under-
stood, although it is assumed that MEF2s exert their effects, like in 
other cell systems, by directly regulating the expression of nuclear 
target genes, given their well-established presence in the nucleus 
(20). Here we report the unexpected finding of MEF2D in mito-
chondria and its role therein. We identified the mtDNA-encoded  
ND6 gene as the direct target regulated by MEF2D. Disruption of 
this pathway underlaid neurotoxicity induced by toxic signals rele-
vant to PD in culture and animal models and was found in the post-
mortem brains of PD patients.

Results
Localization of MEF2D in mitochondria of neuronal cells. The find-
ing that MEF2s are involved in mitochondrial biogenesis (21) 
prompted us to ask whether MEF2s directly regulate mito-

chondrial function. To determine mitochondrial localization 
of MEF2D, we prepared purified mitochondrial fractions from 
SN4741 cells, a mouse DA neuronal cell line expressing tyrosine 
hydroxylase (TH) (Supplemental Figure 1; supplemental material  
available online with this article; doi:10.1172/JCI43871DS1) 
and widely used in the study of neuronal toxins (22). Western 
blot analysis showed that MEF2D was present in highly puri-
fied mitochondrial fractions (Figure 1A). The cytoplasmic  
(c-Raf and GAPDH) and nuclear (PARP and H1) markers were 
only detected in their respective fractions, which indicated that 
the mitochondrial preparations were not contaminated with 
other subcellular fractions. The monoclonal antibody used to 
probe MEF2D was very specific: it recognized a single band on 
Western blot that was reduced to background by MEF2D siRNA 
(Supplemental Figure 2). Consistent with our Western blot 
findings, immunocytochemical studies confirmed colocaliza-
tion of MEF2D with the mitochondria-specific fluorescent dye 

Figure 1
Localization of MEF2D in mitochondria of neuronal cells. (A) Localization of MEF2D in mitochondria of SN4741 cells (n = 3). Cyto c and VDAC 
are mitochondrial (Mt) markers; c-Raf and GAPDH are cytoplasmic (Cy) markers; PARP and histone H1 are nuclear (Nu) markers; GRP78 is a 
ER marker. (B) Colocalization of MEF2D with MitoTracker in both SN4741 cells and primary rat midbrain DA neurons (n = 4). TH is a DA neuron 
marker. Scale bars: 10 μm. Inset original magnification, ×1,000. (C) Localization of MEF2D in rat brain mitochondria under TEM. The control is 
without primary antibody (n = 4). Scale bars: 100 nm. (D) Localization of MEF2D in mitochondria of SN4741 cells under TEM (n = 4). Scale bars: 
50 nm. (E) Localization of MEF2D in the inner membrane of rat brain mitochondria. Tom20, Cyto c, complex I 39-kDa protein, and MnSOD are 
markers for mitochondrial outer membrane (Om), inter-membrane space (IMS), inner membrane (Im), and matrix (Ma), respectively. n = 3. (F) 
In vitro mitochondrial import of MEF2D. Lane 1, MEF2D control (1:10 input); lane 2, imported MEF2D; lane 3, valinomycin-induced (20 μM) loss 
of membrane potential on MEF2D import; lane 4, resistance to proteinase K digestion after MEF2D import; lane 5, complete digestion of MEF2D 
by proteinase K after solubilization of mitochondria with Triton X-100. n = 3.
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MitoTracker in cultured SN4741 cells and primary midbrain DA 
neurons (Figure 1B and Supplemental Figure 3). MEF2D siRNA 
reduced the MEF2D-MitoTracker colocalization signal (Supple-
mental Figure 3). We further investigated the ultrastructural 
distribution of MEF2D by immunogold transmission electron 
microscopy (TEM). Specific immunogold particles were prefer-
entially found in mitochondria of rat brain and SN4741 cells. 
This immunogold particle distribution was not observed when 
the primary anti-MEF2D antibody was omitted and was great-
ly reduced by MEF2D siRNA (Figure 1, C and D). To localize 
MEF2D within mitochondria biochemically, we performed sub-
fractionation of highly purified rat brain mitochondria. West-
ern blot analysis of the subfractions showed that MEF2D was 
present predominately in the inner membrane of mitochondria 
(Figure 1E). In vitro mitochondrial import assay showed that 
MEF2D translated in vitro was imported into isolated energized 
mitochondria (Figure 1F). Collectively, these data demonstrated 
that a portion of MEF2D in neurons is localized to mitochon-
dria and enriched in the mitochondrial inner membrane.

Specific sequence and chaperone protein required for localization of 
MEF2D to mitochondria. Proteins are often targeted to mitochon-
dria if their sequence contains a mitochondria-targeting motif; 
sometimes, they require the aid of chaperones (23). The structure 
of MEF2D is divided into the smaller N-terminal DNA-bind-
ing domain and the larger C-terminal transactivation domain 
(20). The N-terminal 30 aa residues of MEF2D are involved in 
protein interactions including chaperones and are predicted 
to have a weak motif for mitochondrial localization signal by 
iPSORT (http://hc.ims.u-tokyo.ac.jp/iPSORT/). To verify this 
prediction, we generated a MEF2D-Flag mutant with the puta-
tive mitochondrial targeting signal deleted (ΔN30MEF2D) and 
studied its subcellular distribution (Supplemental Figure 4).  
When overexpressed in SN4741 cells, WT MEF2D-Flag was 
detectable in nuclear, cytoplasmic, and mitochondrial fractions 
(Figure 2A), just as the endogenous MEF2D was (Figure 1A). 
The ΔN30MEF2D-Flag mutant, when transfected into cells, was 
well expressed and readily detectable in whole cell lysate. How-
ever, unlike its WT counterpart, ΔN30MEF2D-Flag mutant was 

Figure 2
Specific sequence and chap-
erone protein required for 
localization of MEF2D to 
mitochondria. (A) Lack of 
mitochondrial localization by 
ΔN30MEF2D. Western blot-
ting showed the presence of 
overexpressed ΔN30MEF2D in 
cytoplasmic and nuclear frac-
tions, but not in the mitochon-
drial fraction, of SN4741 cells  
(n = 3). VDAC, PARP, and  
c-Raf are mitochondrial, nucle-
ar, and cytoplasmic markers, 
respectively. Control indicates 
the control vector group. (B) 
Immunocytochemistry analysis 
of mitochondrial localization 
of transfected MEF2D-Flag. 
Overexpressed ΔN30MEF2D 
did not colocalize with Mito-
Tracker in SN4741 cells (n = 50 
cells; **P < 0.01). Experiments 
were repeated 4 times. Scale 
bars: 15 μm. (C and D) Require-
ment of mtHsp70 for mitochon-
drial targeting of MEF2D (n = 4;  
**P < 0.01). Control indicates 
untreated. Knocking down 
mouse mtHsp70 by siRNA 
reduced MEF2D level in puri-
fied mitochondria from SN4741 
cells (C). Knocking down mouse 
mtHsp70 by siRNA did not 
reduce whole cell MEF2D level 
in SN4741 cells (D). MnSOD 
is a known mtHsp70-imported 
mitochondrial matrix protein.
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absent from the mitochondrial fraction, but detectable in the 
cytoplasmic and nuclear fractions (Figure 2A). Consistent with 
this, immunocytochemical studies showed that, in contrast to 
WT MEF2D-Flag, ΔN30MEF2D-Flag largely lost its colocaliza-
tion with MitoTracker in SN4741 cells (Figure 2B).

Mitochondrial heat shock protein 70 (mtHsp70) is a key 
component of the mitochondrial import machinery (23, 24). 
We tested whether blocking mtHsp70 affects localization of 
MEF2D to mitochondria by transfecting SN4741 cells with 
siRNA oligos targeting mouse mtHsp70 and then examining 
MEF2D in purified mitochondria. Mouse mtHsp70 siRNA 
led to a marked reduction of mtHsp70 protein level. This was 
accompanied by a similar decline in the levels of mitochondrial 
MEF2D and manganese superoxide dismutase (MnSOD) (Fig-
ure 2C), the latter of which is known to require mtHsp70 for 
its mitochondrial localization. On the other hand, the level of 
MEF2D in whole cell lysate was not affected (Figure 2D), which 
indicates that translocation of MEF2D into mitochondria is 
specifically regulated by mtHsp70.

Identification of MEF2D regulatory target in mtDNA. The specific 
targeting of MEF2D to mitochondria prompted us to search for 
possible MEF2 regulatory targets in the mtDNA. Analyzing the 
entire mtDNA revealed the presence of a single putative MEF2 
consensus site (5′-CC[A/t][t/a]AAATAG-3′) (25) in the coding 
region of the ND6 gene (Figure 3A). Moreover, this putative MEF2 
binding site was conserved among several species. To test whether 

MEF2D binds to this putative MEF2 site, we 
performed EMSA. N-terminal MEF2D formed a 
complex with the labeled probe containing the 
ND6 MEF2 site. Mutation of the ND6 MEF2 site 
disrupted the complex formation (Figure 3B), 
which suggests that MEF2D specifically binds 
to this site in vitro. To corroborate this finding, 
we carried out ChIP assay using highly purified 
mitochondria. Our ChIP analysis showed that 
MEF2D bound specifically to this ND6 region in 
SN4741 cells, as ND6- but not ND2-based prim-
ers amplified the bound sequence (Figure 3C). 
Sequence analysis of the DNA bound by MEF2D 
after amplification confirmed the presence of 
the ND6 MEF2 site (Figure 3D).

Transcriptional regulation of mitochondrial gene 
ND6 by mitochondrial MEF2D. To assess the func-
tion of MEF2D specifically in mitochondria 
without affecting nuclear MEF2, we generated 
MEF2D mutants (active and dominant-nega-
tive MEF2D; referred to herein as Mt2D and 
Mt2Ddn, respectively) that lack the nuclear 
localization signals at the very C terminus of the 
protein and carry an additional mitochondria-
targeting signal fused to the N terminus (Figure 
4A). These mutants displayed an enhanced abil-
ity to preferentially localize to the mitochon-
dria versus the nucleus. When overexpressed in 
SN4741 cells, they colocalized with MitoTracker 
in the cytoplasm with greatly reduced nuclear 
presence, as analyzed by immunocytochemistry 
(Supplemental Figure 5A). MEF2 reporter 
assay, which measures nuclear MEF2 activity, 
showed that, unlike their nuclear counterparts, 

neither Mt2D nor Mt2Ddn affected the expression of nuclear 
MEF2 reporter (Supplemental Figure 5B). When overexpressed in 
SN4741 cells, both Mt2D and Mt2Ddn modulated the binding of 
full-length MEF2D to the ND6 MEF2 site, as shown by ChIP assay 
(Figure 4B). Interestingly, although it bound to the ND6 MEF2 site 
at a high level, Mt2D did not significantly change the level of ND6 
protein, whereas Mt2Ddn caused a marked reduction (Figure 4C). 
Furthermore, Mt2Ddn did not alter the levels of PGC1, a known 
nuclear target of MEF2, which suggests that Mt2Ddn preferentially 
changes the MEF2D target in mitochondria but not in the nucleus. 
ND6 is a key component for oxidative phosphorylation complex 
I. To assess whether the effect of Mt2Ddn on ND6 is specific, we 
determined the mRNA levels for the components of various other 
oxidative phosphorylation complexes. Mt2Ddn had little effect on 
the mRNA levels of other mitochondria-encoded proteins tested 
under the condition in which it clearly reduced ND6 mRNA (Figure 
4D). To further confirm that mitochondrial MEF2D is required for 
ND6 expression, we knocked down MEF2D by siRNA in SN4741 
cells and found that ND6 level was indeed reduced (Supplemen-
tal Figure 6C). An active MEF2D targeted to mitochondria and 
not affected by MEF2D siRNA (Mt2DVP16) completely blocked 
MEF2D siRNA–induced reduction of ND6 level (Supplemental 
Figure 6C). To explore how MEF2D regulates ND6 gene expres-
sion, we performed in vitro mtDNA L-strand transcription assay. 
Our data showed that Mt2D increased, whereas Mt2Ddn reduced, 
the level of L-strand promoter transcripts (Figure 4E). Consistent 

Figure 3
Identification of MEF2D regulatory target in mtDNA. (A) Presence of a conserved MEF2 
consensus site in ND6 gene in mtDNA of different species. Underlined sequence indi-
cates the MEF2 consensus site. Black-shaded areas show the conversed MEF2 site 
and sequences around it in ND6. (B) Specific binding of MEF2D to the consensus site 
in ND6 in vitro (n = 3). EMSA assay revealed that MEF2D bound to WT but not mutant 
(Mut) probe. Arrow indicates the specific binding complex. GST, glutathione S-transfer-
ase; GST-MEF2D(1-91), GST-fused MEF2D1–91 aa. Hot and cold refer to labeled and 
unlabeled probes, respectively. (C) Binding of MEF2D to the consensus site in ND6 in 
cells in vivo (n = 3). ChIP assay showed that MEF2D binds to ND6 in SN4741 cells. A 
fragment bound by anti-MEF2D antibody could only be specifically amplified by PCR with 
ND6 primers after immunoprecipitation. TFAM, a known mtDNA D-loop binding protein, 
was used as a control. Ab–, without primary antibody. (D) Sequence analysis of the puri-
fied PCR fragment bound by anti-MEF2D antibody in C confirmed that it is the predicted 
ND6 fragment and contains the MEF2 consensus sequence.
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with these data, Mt2Ddn reduced the de novo transcription of 
ND6 in vivo (Figure 4F). These findings suggest that mitochon-
drial MEF2D activity is specifically required for the transcription 
of mitochondrial ND6 gene driven by L-strand promoter.

Specific modulation of complex I activity by mitochondrial MEF2D. 
ND6 has previously been reported to be required for the proper 
assembly of complex I (6). We tested whether activity of mito-
chondrial MEF2D affects complex I function. Overexpression 
of Mt2Ddn in SN4741 cells markedly reduced the protein 
level of mitochondrial complex I, but had no effect on com-
plexes II–V, by nondenatured gel electrophoresis (Figure 5A). 
Similarly, Mt2Ddn also significantly reduced mitochondrial 
complex I activity, but not that of complexes III–V (Figure 5, A 
and C). Interestingly, Mt2D increased neither the protein level 
nor the activity of complex I (Figure 5, A and C). To further 
demonstrate that mitochondrial MEF2D-ND6 is required for 
maintaining complex I activity, we overexpressed ND6 via a con-
struct (Supplemental Figure 6, A and B) that was not regulated 
by mitochondrial MEF2D; this rescued complex I activity from 
Mt2Ddn-induced inhibition (Figure 5B). Together, these results 
demonstrate that the activity of mitochondrial MEF2D is specif-
ically required for complex I function. To corroborate the role of 
MEF2D in the regulation of complex I, we determined whether 

MEF2D affects mitochondrial function. Mt2Ddn led to a clear 
reduction in cellular ATP level and significantly increased H2O2 
production by mitochondria; however, it did not significantly 
alter mitochondrial membrane potential (Figure 5D). Consis-
tent with findings in Figure 5, A and B, Mt2D did not alter the 
levels of ATP, H2O2, and mitochondrial membrane potential. 
These data indicate that direct regulation of ND6 by MEF2D is 
critical and required for proper mitochondrial function.

Inhibition of mitochondrial MEF2D by toxic signals relevant to PD. 
Mitochondrial dysfunction and oxidative stress have been impli-
cated in the pathogenesis of PD (26). This led us to test whether 
toxic signals implicated in PD (27, 28) regulate mitochondrial 
MEF2D. We treated SN4741 cells with the toxicants 1-methyl-
4-phenylpyridinium (MPP+) and rotenone and performed ChIP 
assays. Relatively short exposure to these toxicants greatly 
reduced the binding of mitochondrial MEF2D to the ND6 MEF2 
site and the mRNA level of ND6 (Figure 6A and Supplemental 
Figure 7A). Consistently, exposure to MPP+ and rotenone also 
led to a decrease in the levels of mitochondrial MEF2D and ND6 
proteins, whereas under the same condition, the levels of MEF2D 
in the nucleus and in whole cells were not affected (Figure 6B and 
Supplemental Figure 7B). To support these Western blot find-
ings, we performed immunocytochemistry studies in SN4741 

Figure 4
Regulation of mitochondrial gene ND6 by mitochondrial MEF2D. (A) Mt2D and Mt2Ddn, which lacks the transactivation domain (TAD). Mito, 
mitochondrial targeting sequence; MADS, minichromosome maintenance 1, agamous, deficiens, and serum response factor domain. (B) Effects 
of Mt2D and Mt2Ddn on binding of full-length MEF2D to ND6 gene in mitochondria of SN4741 cells, revealed by ChIP assay (n = 4; **P <  0.01). 
Control indicates the control vector group. (C) Effects of Mt2D or Mt2Ddn on ND6 expression in SN4741 cells. Overexpression of Mt2Ddn in 
SN4741 cells reduced ND6, but not PPAR-γ coactivator 1 (PGC1), expression (n = 4; **P < 0.01). Control indicates the control vector group. (D) 
Effects of overexpression of Mt2D or Mt2Ddn on mRNA levels of mitochondria encoded genes. Real-time PCR results showed specific reduction 
of ND6 mRNA level by overexpression of Mt2Ddn in SN4741 cells (n = 4; **P < 0.01). Control indicates the control vector group. (E) Effects of 
Mt2D or Mt2Ddn on mtDNA L-strand transcription initiation in vitro (n = 3; **P < 0.01). A human mtDNA fragment containing mitochondrial L-strand  
promoter (LSP) and ND6 gene was used in the in vitro transcription assay. Blot shows 32P-UTP–labeled transcripts. (F) Effects of Mt2D or 
Mt2Ddn on mtDNA de novo transcription in vivo (n = 3; **P < 0.01). Control(-) is without primers. Control(+) indicates the control vector group.
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cells and in cultured primary midbrain DA neurons. MPP+ 
and rotenone preferentially reduced colocalization of MEF2D 
and MitoTracker signals in these neuronal cells (Figure 6C  
and Supplemental Figure 8).

To assess the role of mitochondrial MEF2D in neuronal surviv-
al, we exposed SN4741 cells to different doses of MPP+ known to 
cause selective degeneration of DA neurons in vivo and measured 
cellular viability by 4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate (WST-1) assay. MPP+ caused 
loss of neuronal viability in a dose-dependent manner (Figure 6D). 
Blocking mitochondrial MEF2D with Mt2Ddn clearly sensitized 
the cells to low-dose MPP+ toxicity, as measured by WST-1 assay, 
and Mt2Ddn also impaired cellular viability over time (Figure 
6D). Consistent with these results, immunocytochemical stud-
ies revealed that Mt2Ddn increased the number of propidium 
iodide–positive cells following MPP+ treatment (Supplemental 
Figure 9). In agreement with the findings that constitutively active 
Mt2DVP16 enhanced ND6 expression (Supplemental Figure 6) 
and that MtND6 overexpression restored complex I activity (Fig-
ure 5B), overexpression of Mt2DVP16 or MtND6 in mitochondria 
partially attenuated MPP+-induced neuronal death (Figure 6D).

Correlation of mitochondrial MEF2D in MPTP model of PD and in post-
mortem brains of PD patients. Mice treated with the neurotoxin MPTP 
exhibit classic pathological and behavioral features observed in 
Parkinsonism and are widely used to model the disease (27). We 
examined the effects of this toxin on mitochondrial MEF2D in 
vivo using the brains of MPTP-treated mice. Chronic MPTP expo-
sure caused a loss of immunohistochemical signal for TH in SNpc 
and striatum (Supplemental Figure 10A). This correlated well with 
a significant reduction of mitochondrial MEF2D in MPTP-treated 
mouse brain compared with saline-treated controls (Supplemental 
Figure 8, A and B). Furthermore, MPTP also led to a clear decline 

in the level of ND6 protein (Figure 7A). To show that inhibition of 
mitochondrial MEF2D plays a direct role in the loss of DA neurons 
in animal model of PD, we injected recombinant lentivirus encod-
ing Mt2Ddn, Mt2DVP16, or MtND6 into the SNpc of mouse brain 
and then exposed mice to MPTP. Quantification of TH showed that 
loss of MEF2D function in mitochondria significantly accelerated 
the loss of TH signal in DA neurons in vivo (Figure 7B). Overexpres-
sion of Mt2DVP16 or MtND6 in mitochondria partially attenuated 
MPTP-induced neuronal death (Figure 7B). To probe the relevance 
of mitochondrial MEF2D to human disease, we assessed the levels 
of mitochondrial MEF2D and ND6 proteins in postmortem brain 
samples of PD patients. Immunoblotting analysis revealed that the 
level of mitochondrial MEF2D was preferentially reduced in PD 
patients compared with matched controls (Figure 7C), which corre-
lates closely with a significant reduction in the level of ND6 protein.

Discussion
Nuclear transcription factor MEF2s are involved in a growing 
number of critical cellular functions involving both neuronal 
and non-neuronal systems. The basic assumption has always 
been that MEF2s exert their control on cells solely through 
modulating the expression of nuclear target genes (20). Indeed, 
MEF2A has previously been shown to affect mitochondrial func-
tion by regulating the expression of mitochondrial proteins 
encoded by the nuclear genes (21). In this study, we provide the 
first evidence to our knowledge showing that MEF2D is pres-
ent in neuronal mitochondria, where it binds to a discrete and 
well-conserved MEF2 consensus site within the coding region of 
mitochondrial gene ND6 to regulate its transcription, thereby 
directly modulating complex I activity and affecting a number 
of key mitochondrial functions and physiology. Thus, we believe 
MEF2D to qualify as a bona fide, novel mitochondrial transcrip-

Figure 5
Specific modulation of complex I activity by mitochondrial MEF2D. (A) Requirement of mitochondrial MEF2D for complex I activity. Overexpres-
sion of Mt2Ddn reduced mitochondrial complex I activity, revealed by BN-PAGE and in-gel activity staining. Coomassie blue staining showed 
specific reduction of complex I protein level after overexpression of Mt2Ddn (n = 3; **P < 0.01). Control indicates the control vector group. (B) 
Overexpression of ND6 rescued complex I activity reduced by Mt2Ddn. Control indicates the control vector group. (C) Measurement of various 
complex activities. Quantitative analysis of mitochondrial complex activities showed specific reduction of complex I activity by Mt2Ddn in SN4741 
cells (n = 4; **P < 0.01). Control indicates the control vector group. (D) Effect of overexpression of Mt2D or Mt2Ddn on mitochondrial function. 
Mt2Ddn reduced cellular ATP level and elevated H2O2 production in SN4741 cells (n = 4; *P < 0.05, **P < 0.01). Δym, loss of mitochondrial 
membrane potential. Control indicates the control vector group.



research article

936	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 3   March 2011

tion factor. Our findings broaden the cellular roles played by 
MEF2D and raise a series of interesting questions, such as how 
nuclear and mitochondrial MEF2 activities are coordinated; 
what signal pathways are involved specifically in modulating 
mitochondrial MEF2D; whether unique posttranslational modi-
fications are required for regulation of MEF2D in mitochon-
dria; and what interactions may exist between mitochondrial 
MEF2D and other components of mitochondrial transcriptional 
machinery. Our recent study showed that the autophagic path-
way regulates the activity of nuclear MEF2D (29); thus, it would 
be interesting to examine whether autophagy plays a similar role 
in controlling mitochondrial MEF2D activity. Although MEF2D 
levels in the whole cell are elevated in the brains of alpha-synu-
clein transgenic mice and PD patients (29), its levels in the mito-
chondria are decreased in PD patients. Collectively, these data 

indicate that the decrease in MEF2D level in mitochondria is 
accompanied by a buildup of MEF2D in the cytoplasm. It is pos-
sible that reduced mitochondrial MEF2D may contribute to the 
overall increase of cytoplasmic MEF2D. But this effect should 
be small, since only a small fraction of MEF2D will normally go 
to mitochondria. Whether and how alpha-synuclein may affect 
mitochondrial MEF2D requires further investigation.

Our data suggest that MEF2D exclusively regulates expression of 
the ND6 gene without significant effects on several other protein-
encoding mtDNA genes tested. The reason for this high degree of 
specification is not clear but quite intriguing. Since ND6 is the only 
protein-encoding gene present in the L strand of mtDNA, whereas 
the rest of the 13 protein-encoding mitochondrial genes all reside 
in the H strand (7), this apparent specificity may be due, at least 
in part, to the unique organization of mtDNA. Indeed, cAMP 

Figure 6
Inhibition of mitochondrial MEF2D by toxic signals relevant to PD. (A) Reduced binding of MEF2D to ND6 after neurotoxin treatment. SN4741 
cells were treated with MPP+ (25 μM) or rotenone (Rot, 100 nM) for 12 hours. ChIP assay showed that binding of MEF2D to ND6 was greatly 
reduced (n = 4; **P < 0.01). Control indicates untreated. (B) Reduced mitochondrial MEF2D and ND6 protein levels after neurotoxin treatment. 
Western blotting showed that levels of MEF2D and ND6 in purified mitochondria, but not in nuclei, were significantly reduced (n = 4; **P < 0.01). 
Control indicates untreated. (C) Immunocytochemical analysis of mitochondrial MEF2D after MPP+ and rotenone treatment. MPP+ and rotenone 
preferentially reduced colocalization of MEF2D with MitoTracker (n = 50 cells; **P < 0.01). Scale bars: 10 μm. Experiments were repeated 4 
times. Control indicates untreated. (D) Effect of mitochondrial MEF2D-ND6 pathway on MPP+ toxicity in SN4741 cells. SN4741 cells were treated 
with MPP+ after infection with the control or with Mt2Ddn, Mt2DVP16, or MtND6 lentiviruses. Treatment was either with different doses for 24 
hours (top) or the 5-μM dose for different times (bottom). Cell viability was measured by WST-1 assay (n = 4; *P < 0.05; **P < 0.01). Control 
indicates the control vector group.
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Figure 7
Correlation of mitochondrial MEF2D in a MPTP model of PD 
and in postmortem brains of PD patients. (A) Reduced mito-
chondrial MEF2D and ND6 levels in the brains of MPTP-treated  
mice (n = 18; **P < 0.01). Mitochondria purified from brain 
SNpc region were analyzed by Western blotting. Experiments 
were repeated 3 times. (B) Role of mitochondrial MEF2D-ND6 
pathway in maintaining TH+ neurons in SNpc in a MPTP mouse 
model of PD. For each group, 3 mice received stereotactic 
injection of control vector (GFP) or Mt2Ddn lentivirus in SN.  
2 weeks later, mice were exposed to MPTP. After treatment 
for 7 days, survival of lentivirus-transduced TH+ neurons in SN 
was determined by immunohistochemistry. Scale bars: 30 μm.  
Quantitative analysis of 9 mice from 3 independent experi-
ments is also shown (**P < 0.01). (C) Reduced mitochondrial 
MEF2D and ND6 levels in the brains of human PD patients. 
Mitochondria were purified from brain striata of postmortem 
PD patients and normal controls. Equal amounts of mitochon-
drial proteins were subjected to Western blotting. Quantitative 
analysis of the bands is also shown (n = 13 patients and 13 
controls; *P < 0.01). Experiments were repeated 2 times.
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response element–binding protein (CREB) has previously been 
shown to bind the D-loop, whereas p53 can also localize to mito-
chondria under stressful conditions. But none of them has been 
reported to affect L-strand transcription (30–32). Insufficiency of 
ND6 protein is known to lead to severe disruption of complex I  
structure (6). Therefore, maintaining adequate levels of ND6 is 
critical for the proper assembly of complex I (33). Our data clearly 
showed that a reduction of MEF2D activity specifically in mito-
chondria resulted in substantial disorganization of complex I and 
subsequent loss of complex I activity without affecting other com-
plexes. These findings highlight the critical and distinctive role of 
MEF2D in maintaining the function of complex I. Together with 
the reported mitochondrial localization by CREB and p53 (30, 31), 
these studies emphasize a previously underappreciated mechanism 
of interaction between nucleus and mitochondria. The selective 
degeneration of DA midbrain neurons in the substantia nigra (SN) 
is a hallmark of PD. DA neurons in the neighboring ventral teg-
mental area (VTA) are markedly less affected. The mechanisms for 
this differential vulnerability of DA neurons are unknown. Recent 
studies have identified several differences between them, including 
different transcriptional response to MPTP (34), divergent electro-
physiological features (35), and selective activation of ATP-sensi-
tive potassium channels (36). It is therefore possible that SN and 
VTA DA neurons may have different sensitivity to mitochondrial 
malfunction induced by MEF2D defects.

Although the full biological significance of this added layer of regu-
lation of ND6 gene expression by MEF2D requires further exploration, 
our studies offer multiple lines of evidence, including a cellular model, 
animal studies, and examination of human tissues, to implicate this 
regulatory mechanism in the pathogenic process of PD. Our results 
indicated that well-established toxins known to target complex I and 
induce parkinsonism in model systems also reduced MEF2D levels 
in mitochondria and disrupted MEF2D binding to the ND6 MEF2 
site, offering an alternative mode of action by which these important 
toxins inhibit mitochondrial function. Because low-dose toxins pref-
erentially reduce mitochondrial MEF2D without affecting its level 
in the nucleus, our data suggest that inhibition of the MEF2D-ND6 
pathway could represent one of the earlier steps involved in patho-
logic changes at the subcellular level (37). More importantly, the lev-
els of both MEF2D and ND6 proteins were greatly reduced in brain 
mitochondria of both chronic MPTP-treated mice and human PD 
patients. These findings are consistent with the notion that reduced 
complex I activity secondary to toxic agent–induced inhibition of the 
MEF2D-ND6 pathway may contribute to the mitochondrial dysfunc-
tion and oxidative stress often observed in PD and possibly in other 
neurodegenerative diseases (3, 26). The molecular mechanisms by 
which complex I inhibitors disrupt MEF2D mitochondrial function 
are presently unclear. Since both MPP+ and rotenone directly bind 
complex I (38), it is possible that these toxins may exert their effects 
on MEF2D via a mechanism involving complex I inhibition or disrup-
tion of mitochondrial redox balance.

A recent study found that mice with the Mef2d gene condition-
ally deleted are viable and show no obvious phenotypic abnormali-
ties (39). However, under stress, these mice showed defects in car-
diac remodeling. This is consistent with our data demonstrating 
that reduced MEF2D activity in mitochondria sensitized the cells 
to toxic stress. While our data have focused on the regulation of 
mitochondria by MEF2D in mediating PD-like injury, it is likely 
that mitochondrial MEF2D plays a role in other organ systems 
and disease processes as well.

Methods
Purification of mitochondria and mitochondrial subfractionation. Mitochondria 
were purified from brain tissue using the discontinuous sucrose gradient 
method. Briefly, brain homogenate was made in ice-cold homo-buffer (0.32 M  
sucrose, 20 mM Tris-HCl, pH 7.4) and spun at 900 g, 4°C, for 10 minutes. 
The supernatant was transferred to another clean tube and spun at 10,000 g,  
4°C, for 10 minutes. The resultant pellet, enriched for mitochondria, was 
resuspended in 2 ml homo-buffer, loaded on top of a sucrose gradient (1.2 M,  
0.8 M, and 0.32 M sucrose; 20 mM Tris-HCl, pH 7.4) and spun at 53,000 g,  
4°C, for 2 hours. The white band at the interface between medium (0.8 M)  
and heavy (1.2 M) solutions was collected as highly purified mitochon-
dria. Mitochondria from cultured cells were isolated using a kit (catalog 
no. 89874) from Pierce. Mitochondrial subfractionation was carried out as 
described by Hovius et al. (40). Briefly, purified mitochondria (1 mg) were 
resuspended in 500 μl ice-cold buffer (10 μM KH2PO4, pH 7.4) and allowed 
to swell on ice for 20 minutes. Then, 1 volume of iso-osmotic solution (32% 
sucrose, 30% glycerol, and 10 mM MgCl2) was added, and the mix was spun 
at 10,000 g, 4°C, for 10 minutes. The supernatant (S1) contained outer 
membrane and intermembrane space. The pellet (P1) was mitoplasts (matrix 
surrounded by intact inner membrane). P1 was resuspended in 500 μl  
ice-cold buffer (10 μM KH2PO4, pH 7.4) and allowed to swell on ice for 20 
minutes. Then, 1 volume of iso-osmotic solution (32% sucrose, 30% glycerol, 
and 10 mM MgCl2) was added. S1 and the resuspended P1 were spun at 
15,000 g, 4°C, for 1 hour. The supernatant from S1 contained the inter-
membrane space, and the pellet was the outer membrane. The supernatant 
from P1 contained the matrix, and the pellet was the inner membrane.

Immunofluorescence and immunogold electron microscope. SN4741 cells or 
primary midbrain DA neurons were plated on glass slides in 24-well plates. 
Localization of endogenous and exogenous MEF2D was visualized on a Zeiss 
LSM5 PASCAL confocal microscope. To visualize colocalization of MEF2D 
with the mitochondria, cells were stained with MitoTracker (Invitrogen) 
and anti-MEF2D (BD Bioscience) or anti-FLAG (Sigma-Aldrich) antibod-
ies. Quantification of colocalization of signals was done using the “Colo-
calization Analysis” program of software Image Pro (Media Cybernetics). 
Overlap coefficients of 50 cells in each group were collected. The overlap 
coefficient of the control group was set as 100%. For immunogold labeling 
of MEF2D, rat brains were fixed in 2% paraformaldehyde and 0.5% glutaral-
dehyde, embedded in London Resin White, and sectioned at 80 nm. Sections 
were incubated in 1:500 dilution of the monoclonal antibody to MEF2D. 
Goat anti-mouse IgG antibody conjugated to a 5-nm colloidal gold particle 
(Polysciences) was used as secondary antibody and photographed using a 
LEO EM-910 transmission electron microscope (LEO Electron Microscopy 
Inc.) at 80 kV. For TEM study on cultured cells, we diluted the anti-MEF2D 
antibody to 1:500 and goat anti-mouse IgG antibody conjugated to a 15 nm 
gold particle (Polysciences) was used as secondary antibody.

In vitro import assay. Mouse MEF2D cDNA was amplified by PCR using 
primers flanking the coding region. The T7 phage promoter was incorpo-
rated in the sense primer for in vitro transcription of the PCR fragment. 
In vitro transcription and translation were performed using the TNT T7 
Quick Coupled Transcription/Translation System (Promega) in the pres-
ence of 20 μCi [35S]methionine (Amersham). Fresh mitochondria prepared 
from 2 × 107 SN4741 cells (41) were suspended in incubation buffer (42) 
to a final protein concentration of 2 mg/ml. The in vitro import assay was 
then carried out as described previously (42). Samples were separated by 
SDS-PAGE. After fixation in 10% acetic acid and 25% isopropanol, the gel 
was dried and exposed to HyBlot film (Denville) under –80°C conditions.

Mouse mtHsp70 siRNA, MEF2D siRNA, and ChIP assay. Mouse mtHsp70 
siRNA was performed using a kit (catalog no. sc-35521) from Santa Cruz 
following procedures provided by the manufacturer. MEF2D siRNA 
expressing lentivirus was constructed as described by Tian et al. (43). The 
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siRNA against MEF2D targeted the sequence 5′-GTAGCTCTCTGGT-
CACTCC-3′. To produce a nonsilencing scrambled siRNA, the sequence 
of the MEF2D siRNA was altered such that it targeted the sequence  
5′-GTATCTCTCTGGTCGCTCC-3′ (mismatches in bold) (44). ChIP assay 
was done using a ChIP Assay Kit (catalog no. 17-295) from Upstate follow-
ing procedures provided by the manufacturer.

Quantitative real-time PCR. Complementary DNA was generated from 
total RNA using random priming and MMLV reverse transcriptase 
(Invitrogen). Quantitative real-time PCR was performed using SYBR 
Green PCR Master Mix (Invitrogen) and analyzed on an AB Prism 7000 
analyzer (Applied Biosystems). All real-time values were normalized to 18S 
rRNA. The real-time oligonucleotides used in the study were: 18S forward, 
5′-CGGCTACCACATCCAAGGAA-3′, 18S reverse, 5′-GAGCTGGAAT-
TACCGCGGCT-3′; ND6 forward, 5′-ATTAAACAACCAACAAACCCAC-3′,  
ND6 reverse, 5′-TTTGGTTGGTTGTCTTGGGTT-3′; ND2 forward,  
5′-CCCATTCCACTTCTGATTACC-3′, ND2 reverse, 5′-ATAGTAGAGTT-
GAGTAGCGGG-3′; ATP6 forward, 5′-CATTCTTTCCAACACTGACTAG-3′,  
ATP6 reverse, 5′-GCCTAGGAGATTTGTTGATCC-3′; COX2 forward,  
5′-TAGCTCCTTAGTCCTCTATATC-3′, COX2 reverse, 5′-TGATAAGGAT-
TACAGCTGGTAG-3′; CYTB forward, 5′-GTCCCTTCTAGGAGTCTGCC-3′,  
CYTB reverse, 5′-TCCGTTTGCGTGTATATATCGG-3′.

In vitro transcription. A linear DNA fragment encompassing 14,560 nt to 
477 nt of human mtDNA was used as template for in vitro transcription. 
Individual reaction mixtures (25 μl) contained 2.5 pmol human TFAM, 
500 fmol human mtDNA-directed RNA polymerase (POLRMT), and 
500 fmol human TFB2M (Enzymax) as well as 1 pmol purified Mt2D or 
Mt2Ddn protein. In addition, the reactions contained 10 mM Tris-HCl 
(pH 8.0), 10 mM MgCl2, 1 mM DTT, 100 μg/ml bovine serum albumin,  
4 U RNA Guard (Roche), 0.4 mM ATP, 0.15 mM CTP, 0.15 mM GTP,  
0.01 mM UTP, 1.25 μCi [α-32P]-UTP, and 85 fmol DNA template (45). After 
incubation at 32°C for 30 minutes, the reactions were stopped by adding 
200 μl stop buffer (10 mM Tris-HCl, pH 8.0; 0.2 M NaCl; 1 mM EDTA; 
and 0.1 mg/ml glycogen). Samples were then incubated with 100 μg/ml  
proteinase K in the presence of 0.5% SDS at 42°C for 45 minutes, and the 
labeled transcripts were precipitated with 0.6 ml ice-cold ethanol. Pel-
lets were resuspended in 10 μl loading buffer (98% formamide; 10 mM 
EDTA, pH 8.0; 0.025% xylene cyanol; and 0.025% bromophenol blue), 
heated at 95°C for 4 minutes, kept on ice for 3 minutes, and loaded 
on a 4% polyacrylamide/7 M urea gel in 1× tris-borate-ethylenediamine-
tetraacetic acid (TBE). After electrophoresis, the gels were dried and 
exposed to HyBlot film (Denville) under –80°C.

In organello transcription assay. SN4741 cells were infected with Mt2D or 
Mt2Ddn lentiviruses for 24 hour. De novo transcription was measured 
in isolated mitochondria as described previously (46, 47). The mitochon-
drial fraction was suspended in transcription buffer containing 25 mM 
sucrose, 75 mM sorbitol, 100 mM KCl, 10 mM K2HPO4, 50 mM EDTA,  
5 mM MgCl2, 1 mM ADP, 10 mM glutamate, 2.5 mM malate, and 10 mM  
Tris-HCl (pH 7.4), with 1 mg of BSA per milliliter. Mitochondria con-
taining a total 200 μg protein were incubated in 300 μl of the transcrip-
tion buffer containing 0.1 mM Bio-11-UTP (Ambion) at 37°C for 30 
minutes. After incubation, the mitochondria were pelleted; washed with 

PBS; solubilized in 100 ml of lysis buffer containing 50 mM Tris-HCl 
(pH 8.0), 20 mM NaCl, 1 mM EDTA, 1% SDS, and 20 mg of protease K  
(Gibco, Invitrogen); and then incubated at room temperature for 15 min-
utes. The mitochondrial RNA was isolated by phenol extraction. Bioti-
nylated mitochondrial RNA was isolated by streptavidin (Invitrogen) 
purification. Reverse transcription and ND6 real-time PCR were done as 
described above. The primers for detection 16S RNA were 5′-GTACCG-
CAAGGGAAAGATGAAAG-3′ (forward) and 5′-GGTAACCAGCTATCAC-
CAAGCTC-3′ (reverse).

MPTP mouse model of PD and postmortem human brain samples. The MPTP 
mouse model of PD was created as described by Bezard et al. (48). All 
procedures were approved by the IACUC of Emory University. Postmor-
tem human brain samples obtained with proper consent were provided 
by the Brain Bank, Center for Neurodegenerative Disease, Emory Uni-
versity. Use of the deidentified archived specimens did not require IRB 
approval. The control and PD cases matched in age (control, 70.4 ± 5.3 
years; PD, 72.5 ± 8.1 years), race (all mixed European descent), sex (con-
trol, 6:7 female/male; PD, 7:6 female/male), and postmortem interval 
(control, 7.8 ± 3.4 hour; PD, 8.3 ± 3.2 hour). They were not diagnosed 
with other neurodegenerative diseases, including Alzheimer disease. 
The IRB of Emory University approved all procedures, and all subjects 
signed written informed consent.

Cell culture, plasmid and lentivirus preparation, mitochondrial complex activity 
and functional assays, electrophoretic mobility shift assay, MEF2 luciferase reporter 
assay, and WST-1 assay. See Supplemental Methods.

Statistics. Data were expressed as mean ± SEM. Differences between exper-
imental groups were evaluated using 2-tailed Student’s t test. A P value less 
than 0.05 was considered significant.
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