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Nuclear respiratory factors NRF1 and NRF2 regulate the expres-
sion of nuclear genes encoding heme biosynthetic enzymes, pro-
teins required for mitochondrial genome transcription and protein
import, and numerous respiratory chain subunits. NRFs thereby
coordinate the expression of nuclear and mitochondrial genes rel-
evant to mitochondrial biogenesis and respiration. Only two of the
nuclear-encoded respiratory chain subunits have evolutionarily
conserved tissue-specific forms: the cytochrome ¢ oxidase (COX)
subunits VIa and VIIa heart/muscle (H) and ubiquitous (L) iso-
forms. We used genome comparisons to conclude that the pro-
moter regions of COX6A;; and COX7Ay, lack NRF sites but have
conserved myocyte enhancer factor 2 (MEF2) elements. We show
that MEF2A mRNA is induced with forced expression of NRF1 and
that the MEF2A 5'-regulatory region contains an evolutionarily
conserved canonical element that binds endogenous NRF1 in chro-
matin immunoprecipitation (ChIP) assays. NRF1 regulates
MEF2A promoter-reporters according to overexpression, RNA
interference underexpression, and promoter element mutation
studies. As there are four mammalian MEF?2 isotypes, we used an
isoform-specific antibody in ChIP to confirm MEF2A binding to
the COX6A,, promoter. These findings supportarole for M EF2A as
an intermediary in coordinating respiratory chain subunit expres-
sionin heart and muscle through aNRF1 —MEF2A — COX, tran-
scriptional cascade. MEF2A also bound the MEF2A and
PPARGCIA promoters in ChIP, placing it within a feedback
loop with PGCla in controlling NRF1 activity. Interruption of
this cascade and loop may account for striated muscle mito-
chondrial defects in mef2a null mice. Our findings also account
for the previously described indirect regulation by NRF1 of
other MEF2 targets in muscle such as GLUT4.
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The electron transport chain (ETC)* consists of four multi-
subunit enzyme complexes within the inner mitochondrial
(mito) membrane. These act in concert to transfer electrons
from succinate or NADH to molecular oxygen while pumping
protons from the matrix to the intermembranous space, estab-
lishing the electrochemical gradient required for oxidative
phosphorylation (OXPHOS) (1). Nuclear genes encode all of
the components of complex II, but the other complexes have
subunits encoded by both mito (ETC,,,;,,) and nuclear (ETC,,,.,)
genes (1, 2). Appropriate ETC subunit stoichiometry requires
the coordinate expression of genes on the two genomes and an
accounting for a variable number of mito genomes per cell (2,
3). This is orchestrated by the nuclear respiratory (transcrip-
tion) factors, NRF1 and NRF2 (2-5). These structurally unre-
lated factors, encoded by nuclear genes, regulate the transcrip-
tion of TFAM, TFBIM, and TFB2M, nuclear genes of the mito
transcription factor Tfam (mtTFA) (6) and Tfbm specificity
factors (7). Tfam and Tfbm proteins are imported into mito
where they direct transcription from both heavy and light
strands of mito DNA (mtDNA). These transcripts are pro-
cessed to yield the various ETC,,;,, mRNAs, as well as rRNAs,
tRNAs, and a primer for the RNA-dependent activity of DNA
polymerase y and mtDNA replication. This NRF — [TFAM,
TFBM]—ETC,,,,, transcriptional cascade functions in parallel
with the direct control of promoters of overlapping sets of
ETC,, ., genes by NRF1 and NRF2 (2, 3, 8). As NRFs also regu-
late nuclear genes encoding complex V (F,F,-ATPase) sub-
units, heme biosynthetic enzymes, and mito protein import
machinery (2, 3, 9, 10), they are the central regulators of mito
biogenesis and cellular respiration. This is underscored by the
mito deficiency and peri-implant lethality of #nrfI null mouse
embryos (11).

Although the entire ETC can be regarded as functioning as a
single unit, the reaction catalyzed by cytochrome ¢ oxidase
(COX, complex 1V) involves the largest free energy change

*The abbreviations used are: ETC, electron transport chain; AMPK, 5'-AMP-
activated protein kinase; Cdk, cylin-dependent kinase; ChIP, chromatin
immunoprecipitation; COX, cytochrome ¢ oxidase; CYCS, cytochrome c,
somatic form; EWG, erect wing; GLUT4, facilitated glucose transporter 4;
MEF2, myocyte enhancer factor 2; mito, mitochondri(on/a/al); NRF, nuclear
respiratory factor; OXPHOS, oxidative phosphorylation; PPAR, peroxisome
proliferator-activated receptor; PGC1a, PPARy coactivator 1«; QPCR,
quantitative polymerase chain reaction; RPA, ribonuclease protection
assay; TSS, transcription start site; ds, double stranded; HEK, human embry-
onic kidney; GFP, green fluorescent protein; siRNA, small interfering RNA;
RNAI, RNA interference; chr, chromosome.
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among ETC reactions (1). Subunits I, II, and III that together
form the catalytic core of COX are encoded in the mito genome,
whereas the remaining 10 subunits serve structural or regula-
tory functions and are products of nuclear genes. Among ETC
enzymes, COX alone has tissue-specific subunit isoforms that
are the products of separate nuclear genes. Thus, there are both
ubiquitous (L, for liver) and heart and muscle-specific (H) iso-
forms of subunits VIa and VIIa® in all mammals, and some
species also have L and H variants of COX VIII (2, 8, 12). Mul-
tiple COX VIa and VIla isoforms and cognate genes are also
present in lower metazoan species including Drosophila (13).
Biochemical studies have suggested that COX,; may confer
sensitivity of muscle COX activity and respiration to cellular
energy demands (14).

In this study, we began with the question as to how the
COX,; subunit isoforms are coordinately expressed with one
another in a tissue-specific manner but also in harmony with
other nuclear-encoded proteins that are critical to mito
function in muscle. We show that MEF2A, the gene encod-
ing the transcription factor myocyte enhancer factor 2A
(MEF2A), is a target of NRF1 regulation. COX,, subunit
genes are in turn targets of MEF2 (15, 16), and we show
binding of endogenous myocyte MEF2A protein to the
cox6a,,; gene promoter. We therefore propose that a tran-
scriptional cascade exists (NRF1 — MEF2A — COX,,) that
functions with the NRF — [TFAM, TFBM] — ETC,,,,, cas-
cade and direct NRF — ETC,,, , regulation to provide coor-
dinate control of respiratory chain component expression in
muscle. Our observations also place MEF2A with NRF1 and
PGCla in a mutually reinforcing transcriptional network.

EXPERIMENTAL PROCEDURES

RNA Analyses—Human tissue RNA was obtained from
Ambion. Murine tissue and C2C12 and 10T1/2 cell RNA was
isolated as described (17). Ribonuclease protection assays
(RPA) and radiolabeled cRNA probe syntheses were carried out
as described (17, 18). Human MEF2A and murine mef2a, mef2c,
and mef2d cRNA probes have been described (17-19). Tem-
plates for other cRNA probes were PCR amplicon fragments
subcloned into pBluescript, oriented to permit cRNA produc-
tion from the vector T7 promoter. The 149-bp template for
murine nrfl cRNA used mouse heart RNA and reverse tran-
scription-PCR with primers 5'-cccggatCCCAGGCTCAGCT-
TCGGGCA-3" and 5'-cccgaattcGCTCTTCTGTGCGGACA-
TCAC-3'. The underlined letters are restriction sites used in
subcloning. The uppercase letters are cDNA sequences lower-
case are extraneous to the cDNA but used to generate the PCR
amplicon and restriction site. Templates for murine cox sub-
units were made using PCR on expressed sequence-tagged
c¢DNAs or reverse transcription-PCR using liver and heart
RNA. Primers and expressed sequence tag clones were: cox6a;
(143 bp) IMAGE clone 3487598, 5'-gggcgcggatcCTCGGAT-
GTGGAAGGCCCTC-3" and 5'-gggcgegaattCTTGGTCCT-
GATGCGCAGG-3'; cox6a,; (120 bp) IMAGE clone 695934,
5'-gggcgeggat CCAACACCTGGCGCCTC-3" and 5'-gggegeg-

aattcGGTGGTGATACGGGATGAAC-3'; cox7a; (206 bp)
129 strain heart cDNA and IMAGE clone 1248366, 5'-gggcgc-
ggatccGAGGATAATGGGATGCCAG-3" and 5'-gggcgcgaat-
TCAGATTCCTGGTCCATCG-3'; cox7a;; (171 bp) IMAGE
clone 463628, 5'-gggcgcggaTCCCAGGCTCTGGTCCGG-3’
and 5'-gggcgcgaattcGCCCCCCAGAGTCAGCGTC-3'; cox7Zay
(102 bp) IMAGE clone 678445, 5'-gggcgcggaTCCAGAAGGC-
TGATGGTTTCC-3" and 5'-gggcgcgaat TCAGGCAGTAGA-
TGGTCCCTC-3'.

Reverse transcriptase reactions (Promega) used 1 ug of total
RNA and an oligo(dT) primer. Real-time PCR was performed
using a MX-3000 multiplex thermal cycler and SYBR Green
with reaction conditions according to the master mix reagent
supplier (Stratagene). Quantitative polymerase chain reaction
(QPCR) primers for human ¢cDNAs were: (GAPDH, 238 bp)
5'-GAGTCAACGGATTTGGTCGT-3" and 5'-TTGATTTT-
GGAGGGATCTCG-3'; (NRF1,281bp) 5'-GTACAAGAGCA-
TGATCCTGGA-3" and 5'-GCTCTTCTGTGCGGACATC-
3"; (MEF2A, 187 bp) 5'-GTGTACTCAGCAATGCCGAC-3’
and 5'-AACCCTGAGATAACTGCCCTC-3'; (CYCS, 106 bp)
5'-GTTGAAAAGGGAGGCAAGCA-3" and 5'-TGTTCTTA-
TTGGCGGCTGTG-3'; and (ACTB, 233 bp) 5'-GGACTTCG-
AGCAAGAGATGG-3" and 5'-AGCACTGTGTTGGCGTA-
CAG-3'. QPCR primers for murine cDNAs were: (gapdh, 223
bp) 5'-CTGGAGAAACCTGCCAAGTA-3" and 5'-TGTTGC-
TGTAGCCGTATTCA-3'; (cycs, 177 bp) 5'-TTCAGAAGTG-
TGCCCAGTGC-3" and 5'-CTCCAAATACTCCATCAGGG-
TATC-3'; (cox5b, 217 bp) 5'-CAAGGTTACTTCGCGGA-
GTG-3" and 5'-TCCTTGGTGCCTGAAGCTG-3'; and (actb,
160 bp) 5'-AAGAGCTATGAGCTGCCTGA-3' and 5'-TAC-
GGATGTCAACGTCACAC-3'. Mouse mef2a and nrfl primer
pairs were identical to the respective human MEF2A and NRF1
primers. Real-time PCR results were analyzed using MX-3000
software, and the various mRNA quantities were normalized to
that of B-actin (ACTB or actb). In brief, the fractional difference
in the expression of a gene of interest (goi) mRNA in experi-
mental (e) versus control (c) samples was determined using the
formula AmRNA (arbitrary units) = 246" = 4<%} ywhere Agoi
is the difference ([e] — [c]) in cycle number at critical threshold
for the goi and Aactb is the difference ([e] — [c]) in cycle number
at critical threshold for actb. Fluorescence determinations were
also used to establish conditions (cycle number) to retrieve ali-
quots of parallel reactions for direct visualization of amplicon
levels by agarose gel electrophoresis. All reported results were
repeated in three independent small interfering RNA (siRNA)
transfections.

Reporter Plasmids—ptkLuc and the MEF2Ap,-Luc and
MEF2Ap,-Luc deletion series and p,[mlyep,]-Luc and
po[mlypp,]-Luc have been described (19). tata-Luc (Gift of
Grace Gill) has been referred to as E1BLuc (20). p,[m1yge;]-
Luc and p,[m2 5 ]-Luc were created using PCR mutagenesis,
exploiting the MEF2A promoter Fspl site within the NRF1 ele-
ment (TGC | GCACGCGCA). Mutations corresponded to
those used in mobility shift assay probes (Fig. 3C). A reverse
luciferase primer was used in combination with 5’-gggcgc-
tgg | cCCACGgGCAGCACA-3’ (mlyypp) or 5'-gggegcttt | aaA-

® Genes encoding the H and L forms of COX VIl are sometimes referred to as
COX7A1 and COX7A2, respectively.
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CttGCAGCACA-3" (m2,zr;) on a MEF2A-Luc template.
Amplicons were cut with Ncol and either Mscl (m1ygg;) Or
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Dral (m2yxy;), and the Ncol-blunt fragments were substituted
into Fspl- and Ncol-cut S-MEF2Ap,-Luc. A BamHI-Xbal frag-
ment was substituted into S-MEF2Ap,-Luc to give p,[m1ygg; |-
Luc. This strategy was also used with p,;[m1l,zg,]-Luc and
polmlypps]-Luc (19) to construct reporters containing dual
NRF1 and MEF2 element mutations, p;[ml,pp,/m1lyge]-
Luc and p,[m1,,gp,/m1yge;]-Luc. II-E-Luc was made by iso-
lating and subcloning a RPCI-98-01L01 BAC clone EcoRI frag-
ment, using this as a template with forward vector and reverse
(5'-gggcgegtcgacTCTCCTCTCATTGCGTTTTCC-3') prim-
ers in PCR, and subcloning the EcoRI- and Sall-restricted
amplicon into tata-Luc. An analogous construct containing an
EWG element mutation, II-E[m1]-Luc, was made by com-
bining PCR with vector primers and 5'-GGTTTTTTGCcCA-
TGgGCTCCTTCCCCACAG-3' and 5'-GAAGGAGCcCAT-
GgGCAAAAAACCGTAAACTC-3'. Bold letters indicate the
binding site for the relevant transcription factor.

Eukaryotic Expression Vectors—pCDNA-MEF2A  «2/f3,
-MEF2C o2/B, and -MEF2D «2/3 have been described (17, 18).
PAc, pAc-EWG, and pAc-EWG 144 Were gifts of Grace Gill
(Tufts University) and have been described (20). The human
NRF1 coding region was PCR-amplified from IMAGE cDNA
clone 591311 template using primers (forward) 5'-gggcgcaagc-
ttgccaccATGGAGGAACACGGAGTGAC-3 and (reverse) 5'-
gaggtggcggccgettcaCTGTTCCAATGTCACCAC-3', and the
HindIII- and Notl-restricted amplicon was subcloned to make
pCDNA-NRF1. pCDNA-NRF1 s was made using PCR on
this template with forward primer 5'-gggcgcaagcttgccaccATG-
GCAACAGGAAAGAAACG-3' and a reverse vector primer
followed by substitution of a HdIII- and EcoRI-restricted
amplicon. pPCDNA-NRF1,,;, was constructed using PCR with
reverse primer 5'-gaggcgccctgcaggCTGTTCCAATGTCACC-
ACC-3’ to delete the NRFI stop codon and then reintroducing
the coding region into a modified pCDNA3 containing
sequences encoding the herpes simplex virus VP16 transactiva-
tion domain downstream of an SbfI site. pPCDNA3-EWG and
-EWGn144 and pAc-NRF1 and -NRF1 45 Were constructed
by swapping coding regions between pAc and pCDNA vectors.
A derivative of pCDNA3 containing a viral internal ribosome
entry site and enhanced green fluorescent protein was used in
pCDNA-NRF1,,;,,/GFP. pCDNA-PGCla included the
IMAGE clone 30094033 Sall to Notl insert.

Mobility Shift Assays—The NRF1 coding region from
pCDNA-NRF1 was subcloned into pET28 (Novagen) to give
pET-NRF1. pET-NRF1_,  was created by substituting a NRF1
insert lacking a stop codon from pCDNA-NRF1,,,,,, with a Sbfl
to Notl fragment containing sequence encoding the c-myc
epitope (EQKLISEEDLN) and a stop codon. Ix vitro transcrip-
tion/translation reactions used these plasmid templates with
the TNT system (Promega). Muscle cell nuclear extracts were
prepared, and electrophoretic mobility shift assays were con-
ducted as described previously (19). Probe and competitor oligo
sequences were: MEF2A NRF1, 5'-gatccGGTAGTGCGCAC-
GCGCAGCACAa-3' and 5'-gatct TGTGCTGCGCGTGCGC-
ACTACCg-3'; MEF2A NRF1 m1ygg;, 5'-gatccGGTAGTGCc-
CACGgGCAGCACAa-3" and 5'-gatct TGTGCTGCcCGTGg-
GCACTACCg-3'; MEF2A NRF1 m2,py, 5'-gatccGGTAGT-
GCaaACttGCAGCACAa-3' and 5'-gatct TGTGCTGCaaGTt-
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tGCACTACCg-3"; DMef2EWG, 5" -gatccTTTTTTGCGCAT-
GCGCTCCTTCa-3" and 5'-gatctGAAGGAGCGCATGCGC-
AAAAAAg-3';and MEF2CNRF1, 5'-gatccTTCGGTGCGCG-
CGCGAATGCGCAAGCCCa-3' and 5'-gatct GGGCTTGCG-
CATTCGCGCGCGCACCGAAg-3'.

Chromatin Immunoprecipitation—Three 15-cm dishes of
C2C12 or HEK 293 cells were grown to confluence prior to
cross-linking in situ, nuclear isolation, DNA shearing, preclear-
ing, and immunoprecipitation. Procedures used were modified
from the ChIP-IT kit (Active Motif) using enzymatic DNA
shearing as described previously in detail (19). Results were
taken only when validated with both positive and negative pre-
cipitation and PCR controls. Processing of three independent
cross-linked samples gave similar results. Primers for human
sequences were: chromosome (chr.) 12 intergenic (174 bp), 5'-at-
ggttgccactggggatct-3' and 5'-tgccaaagectaggggaaga-3'; GAPDH,
chr. 12 (166 bp), 5'-tactagcggttttacgggcg-3' and 5'-tcgaacaggagg-
agcagagagcga-3'; MEF2A, chr. 15 (199 bp) 5'-accgagaggataattcag-
tectg-3' and 5'-acatccgegeacggate-3'; PPARGCIA, chr. 4 (204 bp),
5'-gagatggacaatgaagaacagtg-3' and 5'-agttcccaggagatgtacacg-3’;
and GLUT4, chr. 17 (242 bp), 5'-aaggcgtcatctccctgte-3" and 5'-a-
actctgegggtctggac-3'. Primers for murine sequences were: inter-
genic, chr. 6 (248 bp), 5'-aacctcatggttgccacag-3' and 5'-accacgag-
atctgtaggcaag-3'; gapdh, chr. 6 (207 bp), 5'-agctactcgeggctttacg-3’
and 5'-tcacctggcactgcacaag-3'; mef2a, chr. 7 (233 bp), 5'-accgaga-
gcagaaatatacccta-3' and 5'-gagccegectecttcage-3'; ppargela, chr. 5
(124 bp), 5'-gagcacattaaattaacctcagtgg-3’ and 5'-ccagctcatttecttt-
acttgac-3'; glut4, chr. 11 (215 bp), 5'-taaggctccatctectttge-3' and
5'-gtatgggctacatgtacttgee-3'; and (cox6ah, chr. 7, (179 bp) 5'-gga-
tctectgecagtcaagac-3' and 5'-ttagaggcagagecattgtca-3'. Immuno-
precipitations used rabbit anti-NRF1 (Abcam, ab34682), mouse
anti-RNA polymerase II (Upstate Biologicals, clone 8WG16),
rabbit anti-MEF2A (19), or control IgG.

Cultured Cell Transfection—C2C12 cells were maintained
and differentiated as described (17-19). HeLa and HEK 293
cells were maintained in Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum. S2 cells were maintained
at 25°C in DS2 medium with 10% fetal bovine serum.
HEK 293 cells in 15-cm dishes were transfected with 10 ug of
pCDNA-NRF1y,p,4/GFP prior to GFP ™" versus GFP™~ fluores-
cence-activated cell sorting after 48 h. Promoter reporter
assays in mammalian cells in 12-well plates were performed
as described using Superfect (Qiagen) (19). S2 cells in 6-well
plates were transfected at 50% confluence. Triplicate wells
received 3 ug of reporter plasmid and 1 ug of expression
vector, and cells were harvested for luciferase assays after
48 h.10T1/2 cells stably transformed with a MyoD-ER fusion
were maintained in medium with G418 and 10% charcoal-
stripped fetal bovine serum, and myogenesis was induced
using 10 nM estradiol as described (17).

RNA Interference—siRNA transfections were performed
using HiPerFect (Qiagen) according to the supplier instruc-
tions. C2C12 cells were transfected every 24 h for 2 days with
subdivisions to maintain cell subconfluence, and RNA was har-
vested after a total elapsed time of 72 h. HEK 293 cells were
transfected once 48 h before RNA harvesting at 80% cell con-
fluence. 75 ng/well (12-well plate) or 150 ng/well (6-well plate)
of dsRNA was used in transfections. Double-stranded siRNAs
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all had 19 bp corresponding to the targeted mRNA and 3’ UU
extensions on each strand. Human siRNA sense sequences
were: GAPDH, 5'-GUCAACGGAUUUGGUCGUAUU-3’;
NRFI, 5'-GAAACGGCCUCAUGUAUUUUU-3', 5'-UAGU-
AUAGCUCAUCUUGUAUU-3’, 5'-CACAUUGGCUGAUG-
CUUCAUU-3’, and 5'-GCUAUUGUCCUCUGUAUCUUU-
3'. Mouse siRNA sequences were: gapdh, 5'-GUGUGAACCA-
CGAGAAAUAUUUU-3'; nrfl, 5'-GAAUGAACGCCACCG-
AUUUUU-3’, 5'-CAGUAUAGCUCAUCUCGUAUU-3/, 5'-
UGAAAUAAGCCUCCCGAUAUU-3', and 5'-CAACAGGG-
AAGAAACGGAAUU-3'. A control siRNA that fails to
recognize any human or mouse targets (Qiagen catalog No.
1027280) was used as a negative control. An Alex Fluor 488-
labeled negative control ds-siRNA (Qiagen) was used initially to
optimize transfection conditions.

Miscellaneous Reagents and Procedures—All plasmid seg-
ments derived from PCR were verified by dideoxy sequencing
(21). Mouse anti-myc epitope (clone 9E10) was from United
States Biologicals, and anti-NRF1 antiserum was the generous
gift of Richard Scarpula (Northwestern).

RESULTS

MEF?2 Regulatory Elements Are Common to Heart/Muscle-
specific Respiratory Chain Subunit Gene Promoters—We exam-
ined the distribution of cox6a and cox7a isoform mRNA in
adult mouse tissues using RPA to discriminate between the
highly similar mRNA sequences. Consistent with previous
reports (22), cox6a,; was present exclusively in skeletal muscle
and heart, whereas cox6a; was expressed in all other tissues
examined (Fig. 1). cox7a,, was also expressed exclusively in stri-
ated muscle, and although cox7a; was highest in non-muscle
tissues, it was present in skeletal muscle and quite abundant in
heart. cox7a, a third isoform of this subunit (23), was expressed
ubiquitously at a relatively low level. Using 10T1/2 MyoD-ER
cells wherein myogenesis is induced by estrogen (24), isoform
switching from cox6a; to cox6a;, coincided with the appear-
ance of a myosin heavy chain skeletal muscle differentiation
marker (not shown).

The COX6A, COX7A, and COX8 (H and L forms of each) are
compact genes, each having a single promoter and splicing pat-
tern and one initiation codon within the first exon (8). We com-
pared 5'-flanking region sequences of each of these genes
among mammals to identify conserved elements (Fig. 1).
Transgenic promoter-reporter studies in mice have shown that
MEF2 and E box elements provide heart- and muscle-specific
expression of mouse cox6a,, (16). The corresponding region of
other mammalian COX6A ,, genes is highly conserved (25). Spe-
cifically, the region has either one canonical MEF2 element or
two sites separated by 7-10 bp (supplemental Table S1).
COX7A,; and COX8,, gene regulatory regions also have func-
tional MEF2 elements (15, 16). No sequences corresponding to
NRF1 or NRF2 elements were detected in COX,; promoters. By
contrast, both the COX6A; and COX7A; promoters have puta-
tive or documented NRF1 or NRF2 elements (2, 3, 8), but none
has a MEF2 site. Although the COX7A gene promoter region
has not been functionally characterized, we found NRF1 and
MEF2 elements within 1.2 kb of the transcription start site
(TSS). No other transcription factor binding sites that are con-
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FIGURE 1. Tissue-specific COX subunit 6A and 7A isoform genes have con-
served promoter elements. cRNA probes (p) specific for murine cox6a and
cox7a isoforms were used in RPA with 2 ng of mouse brain (B), heart (H), liver
(L), skeletal muscle (M), and testis (T) total RNA. Assays presented in the two
cox7a, panels used probes from C57BL/6J (left) and 129 strain templates
(right), which differ at 2 nucleotides. RNA was isolated from 129 (heart) and
C57BL/6J (other tissues) mice. The locations of MEF2 (diamonds) and NRF1
(hexagons) elements in the COX subunit gene promoters are shown below
each RPA.

served and selectively present in the COX,, versus COX, pro-
moters were found.

Forced Expression of NRF1 Induces MEF2A Expression—Four
mammalian MEF2 genes encode MEF2 factors® (18, 26). These
genes have overlapping but distinct patterns of expression, and
the respective protein products also have both unique and
redundant functions (26, 27). Our in silico analyses and the
prior mouse cox6ah promoter-reporter transgene studies (16)
led us to suspect that COX,, transcription is regulated by one or
more MEF2 factors. Coordinated expression with other ETC
components could then be given by a NRF if it controls expres-
sion of the cognate MEF2 gene(s). nrfl expression is known to
precede expression of the mef2 genes during mouse embryonic
development and to be present in differentiating muscle (11),
establishing one prerequisite for such a cascade.

Overexpression of native NRF1 does not typically give robust
activation of target genes either in vivo (28) or in cultured mam-

6 Primary transcripts of mammalian MEF2A, MEF2C, and MEF2D, but not
MEF2B, are alternatively spliced among exons containing coding
sequences to produce multiple splicing variants or isoforms. In this paper
we refer to MEF2 isotype proteins as those encoded by the different genes
and to MEF2 isoform or variant proteins as those encoded by splicing
variants.
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FIGURE 2. NRF1 activity induces MEF2A expression. A, diagram of the con-
struct used to co-express NRF 1,4 and enhanced green fluorescent protein
(EGFP) and the scheme for RNA isolation from control and experimental cell
populations. B, RPA using RNA from NRF1,,,/GFP-expressing and control
cells using a human MEF2A cRNA probe (19).

malian cells (2). We therefore forced expression of a NRF1
fusion to the strong transactivating domain from viral VP16
(NRF1yp,s) to determine whether MEF2 gene expression
might be controlled by NRF1. Enhanced green fluorescent pro-
tein was co-expressed with NRF1,p,4 from a viral promoter
using an internal ribosome entry site between the fusion and
marker coding sequences (Fig. 24). Human HEK 293 cells were
used because they express all MEF2 isotype mRNAs at modest
levels under control conditions (29). Transfected cells (GFP™)
were separated from untransfected cells (GFP ™) by flow cytom-
etry, and gene expression was compared in the populations.
MEF2A mRNA was strongly induced in the NRF1,,,,,/GFP*
cells as confirmed by RPA (Fig. 2B), implicating MEF2A as a
target of NRF1 regulation.

MEF2A Promoter 1 Contains a Conserved Canonical NRF1
Element—We mapped the 5'-regulatory region of human
MEF2A. The gene has two closely approximated alternative
first exons, A, and A,, and cognate promoters ~65 kb upstream
of the first coding exon 1 (Fig. 3, A and B). A MEF2 element
overlies the major promoter 1 TSS (TSS p,), and we have shown
that this site provides for MEF2A transcriptional autoregula-
tion (19). Of particular interest to our hypothesis, a canonical
NRF1 (2, 4) element is centered at —47 relative to TSS p, (Fig.
3C and supplemental Fig. S1). Two E boxes and two potential
NREF2 sites (2, 5) are located further upstream (Fig. 3B and sup-
plemental Fig. S1). The MEF2A 5'-regulatory region within
~0.8 kb upstream of TSS p; is highly conserved among mam-
mals, and the MEF2, NRF, and E box elements are each con-
served in sequence and location (supplemental Fig. S1). The
proximal promoter 1 location of the putative NRF1 element
and its evolutionary conservation strongly suggested functional
relevance.

We performed both mobility shift and chromatin immuno-
precipitation (ChIP) assays to verify NRF1 binding to the puta-
tive MEF2A promoter element. In the former, one specific
retarded complex was formed in resolved binding reactions of
recombinant epitope-tagged NRF1 (NRF1,, ) and a dsDNA
probe containing the element (Fig. 3E). This complex was not
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competed by otherwise analogous probes containing either two
(m1yge;) or four (m2ygg;) substitutions within the GC core
repeats of the element (Fig. 3D). The complex was supershifted
in reactions containing anti-myc antibody, confirming a recom-
binant NRF1 component. Specific complexes were also formed
with the probe and C2C12 myoblast and myotube nuclear pro-
tein extracts, and these were supershifted in resolved reactions
containing anti-NRF1 antibody (Fig. 3F).

Endogenous nuclear NRF1 interaction with the MEF2A pro-
moter element was verified using ChIP. PCR primers were
designed to amplify the region surrounding TSS p; that
includes the NRF1 and MEF2 elements (Fig. 3B), or a down-
stream region. Anti-NRF1 antibody specifically co-precipitated
the MEF2A promoter fragment from HEK 293 (human) cells
(Fig. 3G). Similar findings were obtained in ChIP assays using
C2C12 (murine) cells and primers designed to detect the anal-
ogous region of mef2a (not shown). We had previously shown
that MEF2A factors also bind this promoter region (19). NRF1
is therefore positioned to directly regulate MEF2A transcrip-
tion and to influence its autoregulation.

Forced NRF1 Expression Induces MEF2A Promoter Activity—
To evaluate the influence of the NRF1 element and factor on
MEF2A promoter 1 and 2 activities, we used the MEF2Ap,-Luc
and MEF2Ap,-Luc reporters, respectively (19) (Fig. 44). In gen-
eral, target gene promoters are only modestly sensitive to NRF1
overexpression in mammalian cells (30). By contrast, forced
expression of NRF1 (or its ortholog, EWG) has been reported to
have robust activity in cultured Drosophila cells (20, 30). We
therefore began by examining the effects of NRF1 expression on
the MEF2A reporters in Drosophila S2 cells. Our focus on the
NRF1 element led us to use the S-MEF2Ap,-Luc and
S-MEF2Ap,-Luc constructs that contain only proximal pro-
moter fragments in order to exclude superfluous upstream
enhancers (19). We expressed either human NRF1 or its Dro-
sophila ortholog, EWG, the product of erect wing (20, 31), or a
fusion or mutant of either (Fig. 4B) from the Drosophila B-actin
promoter. In these studies, MEF2Ap,-Luc activity was induced
17-fold and MEF2Ap,-Luc 25-fold in cells expressing full-
length NRF1 (Fig. 4C). Forced expression of EWG gave less
potent effects, but an EWG mutant deleted for the N terminus
(EWGan144) (20) activated both MEF2A promoters to a similar
extent as NRF1. These transcription factors gave up to 400-fold
stimulation of [NRF1,,zz,4]5-tata-Luc, a reporter containing 3
copies of the NRF1 site, but had minimal effect on the parent
tata-Luc control. The MEF2A promoters are highly responsive
to forced expression of NRF1 in the nuclear milieu provided by
this cell type.

To evaluate MEF2A promoter responses to NRF1 overex-
pression in mammalian cells, reporter activity was studied in
cells expressing intact NRF1, a deletion mutant analogous to
EWG any144 (NRF1 zyg6), OF the NRF1, 1, fusion. In HeLa cells,
NRF1 expression produced ~3-fold activation of MEF2Ap,-
Luc and ~4-fold activation of MEF2Ap,-Luc (Fig. 4D).
Although modest, these responses are equal to or greater than
those reported for other promoter reporters in mammalian cells
(7, 30). As expected, more robust effects were produced by
NRF1,p;6 which stimulated these reporters 12- and 15-fold,
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FIGURE 3. The MEF2A promoter has a conserved canonical NRF1 element. Mammalian MEF2A gene (A) and promoter (B) diagrams. E, E box; M, MEF2; N2,
NRF2; N1, NRF1; S, Sp1 elements. Locations of ChIP primers f1 and f2 are shown. Dotted vertical lines indicate locations of the 5" extent of the short (S)- and
intermediate (I)-length promoter fragments (19). C, alignment of mammalian MEF2A proximal promoter 1 (lowercase) and transcript template (uppercase)
sequences. A consensus MEF2 element overlies the TSS in each gene. Sequences are from GenBank™ entries AC013526 (human), AADA01045866 (chimpan-
zee), AANU01176656 (rhesus monkey), AC164694 (cow), CE302601 (dog), AC120123 (mouse), AC134737 (rat), AAQQO1634896 (squirrel), AAGV01302117
(armadillo),and AAFR03022775 (opossum). D, sense strand of the ds-MEF2A NRF 1 element probe and competitor oligonucleotides used in mobility shift assays.
Residues that conform to the consensus NRF1 element are in bold uppercase. Mobility shift assays using the MEF2A probe and in vitro translated NRF1,,, . (E)
or C2C12 myoblast or myotube nuclear extracts (F). L, unprogrammed lysate; wt, wild type. Antibodies: m, anti-myc; ns, unrelated antigen; N, anti-NRF1. Some
reactions included competitor oligonucleotides in 3-, 10-, 30-, or 100-fold molar excess as indicated by triangles. G, ChIP assays using anti-RNA polymerase Il
(Pol), anti-MEF2A (M2A), and anti-NRF1 (NRF1) antibody chromatin co-precipitates and primers specific for the amplification of mef2a p,, the gapdh proximal

promoter or an intergenic region.

respectively. These studies suggested that NRF1 co-regulates the
MEF2A gene promoters through its proximal promoter 1 element.

Mpyocyte mef2a mRNA Is Reduced with nrfl RNA Interference—
We used RNAI to study the effects of nrfl knockdown on
expression of endogenous mef2a mRNA in muscle cells. C2C12
cells were transfected with dsRNA targeted to nrfl. Control
cells received an siRNA that targets gapdh, one that fails to
hybridize with any known message, or no dsRNA in a mock
transfection. Transfection conditions were optimized using
Alexa Fluor 488-tagged control siRNA. Because myoblasts pro-
liferate rapidly, we performed serial transfections with a low
concentration (5 nm) of the siRNAs. Total cell RNA, harvested
at cell confluence after three transfections at doubling time
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intervals, was used in reverse transcriptase reactions. Validated
primer pairs specific for gapdh and nrfl were used in quantita-
tive PCR, with values normalized to sample B-actin (actb)
mRNA levels. Messenger RNAs of these targets were each
selectively down-regulated to 8 and to 15% of control levels,
respectively, with transfection of the cognate siRNA, as can be
seen in stained electrophoretic gels of the reaction products
(Fig. 5). Levels of the non-cognate siRNA-transfected cell and
control cell nRNAs were not affected and were indistinguish-
able from those in mock-transfected cells.

Having established the conditions under which nrfl expres-
sion in myocytes could be down-regulated, we tested the con-
sequences for mef2a expression. As controls, we examined
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FIGURE 4. Forced expression of NRF1 stimulates MEF2A promoter activity. A, schematic of MEF2A promoter-reporters (19). B, diagram of the domain
structures of NRF1 and EWG, and mutants and fusions used. Drosophila S2 cells in 6-well plates (C) and Hela cells in 12-well plates (D) were transfected in
triplicate for each condition with indicated reporters (S2, 3 ng/well; Hela, 1 wg/well) and SV40-Bgal (0.3 ng/well). After 48 h, cell extract luciferase activities
were determined, and values were normalized for transfection efficiency using B galactosidase. Data represent the average = S.E. of 3 independent
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FIGURE 5. nrf1l RNA interference leads to down-regulation of mef2a
mRNA in cultured myocytes. Subconfluent C2C12 cells were transfected
with 5 nm ds-siRNA directed at no gene (cntl, control), gapdh, or nrf1 at daily
intervals for 3 days followed by RNA harvesting at cell confluence. QPCR was
used on cDNA produced from these samples to determine nrf1, gapdh, mef2a,
cycs, and cox5b mRNA levels in samples, each normalized to the respective
actb level. One set of parallel reactions in a confirmatory QPCR was stopped at
the midpoint of exponential amplification of the control condition sample,
and reaction products were electrophoresed on 4% agarose gels containing
ethidium bromide. Similar results were obtained in three independent siRNA
transfections.

effects on the expression of established targets of NRF1, includ-
ing the cycs and cox5b genes that encode the somatic form of
cytochrome c and the cytochrome c oxidase Vb subunit, respec-
tively (4). Validated primer pairs for mef2a, cycs, and cox5b were
used, with the former pair designed to detect all splicing vari-
ants of mef2a (18). In an experimental series, the respective
mef2a, cycs, and cox5b mRNA expression levels were reduced in
nrfl siRNA-transfected cells to 33, 30, and 25% of control levels
(Fig. 5). Together with the NRF1 overexpression study findings,
this clearly demonstrates a strong correlation between cellular
NRF1 levels and MEF2A gene expression.
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MEF2A Promoter Activity Is Senmsitive to NRF1 Element
Mutation and to RNAi-mediated Down-regulation of nrfl
Expression—C2C12 transfections with a deletion series of both
MEF2A promoter-reporters, including short (S), intermediate
(I), and long (L) promoter constructs, showed that preferential
activity in myocytes was maintained in the (S) reporters (19).
These constructs each retain nearly 50% of full-length pro-
moter function (Fig. 6, A and B). MEF2A reporters with an
NRF1 element mutation corresponding to one that failed in
binding competition assays (p,- and p,-[mlygg;]-Luc) had
markedly compromised activity compared with the cognate
wild-type promoter reporters, consistent with positive control
of MEF2A transcription from this element. Similar results were
obtained in HEK 293 cells (not shown). This element therefore
appears to be crucial to full promoter activity in a variety of cell
types in which MEF2A is expressed.

To confirm that RNAi-mediated NRF1 underexpression
reduced mef2a mRNA by a transcriptional mechanism, we
evaluated MEF2A promoter-reporter activity in C2C12 and
HEK 293 cells. In each case, cells were transfected with control
or NRF1 siRNAs as for the mRNA studies followed after 48 h by
co-transfection of the S-MEF2Ap,-Luc reporter. NRF1 knock-
down led to significant reductions in MEF2A promoter activity
to 42 and 25% of controls in C2C12 and 293 cells, respectively
(Fig. 6C). The rapid proliferation rate of these cells probably
means that this understates the impact of NRF1 down-regula-
tion on MEF2A promoter activity. Taken together with the
NRF1 element mutation studies, these results confirm that
NREF1 plays a critical role in MEF2A transcription in two diverse
cell types, including differentiating muscle cells.

PGCla Co-activates the MEF2A Promoters from the NRF1
and MEF2 Elements—The close proximity of the MEF2A pro-
moter NRF1 and MEF2 elements suggested the possibility of an
interaction. Indeed, the activities of reporters with or without
mutations in the MEF2 and NRF1 sites were consistent with
element cooperation (Fig. 7B). Under conditions where activity
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FIGURE 7. PGC1a« regulates MEF2A transcription from the adjacent MEF2
and NRF1 promoter elements. A, Hela cells were transfected as described
for Fig. 4G with p2MEF2A-Luc and expression vectors for MEF2A «2/8 and
NRF1 ,ns6 as indicated. Values are normalized to the activity of the reporter in
the absence of co-transfection (= 1.0). Averages from three independent
experiments are shown. B, C2C12 cells were transfected with S-MEF2Ap,-Luc
reporters containing wild-type (open symbols) or mutated (solid symbols)
MEF2A (19) and NRF1 elements, with or without pCDNA-PGC1¢, and ana-
lyzed as in A, except that activities were normalized to wild-type promoter-
reporter (= 100%).

of MEF2Ap,-Luc was ~5-fold higher than that of p,[m1gg]-
Luc and 3-fold higher than a reporter with a MEF2 site muta-
tion (p,[m1,,gp,]-Luc) (19), it was nearly 20-fold higher than a
reporter with mutations in both elements. Forced expression of
MEF2A «2/B and NRF1,,g, synergistically activated the
MEF2A promoter in HeLa cells, also suggesting cooperation of
the elements (Fig. 7A). No direct protein-protein interaction
between MEF2 and NRF1 was noted in a mammalian two-hy-
brid system (not shown), eliminating one possible mechanism
for element synergy.

NRF1 and MEF2 are each known to interact with PPARvy
coactivator la (PGCla) (32—36). This suggested that MEF2A
transcription might be sensitive to the abundance of this cofac-
tor. We therefore examined the sensitivity of MEF2A promoter
activity to forced expression of this coactivator. As shown in
Fig. 7B, PGCla stimulated MEF2Ap,-Luc activity ~4-fold in
C2C12 cells, which is similar to PGCla activities on other pro-
moters such as those of the TFBM genes (7). This effect is medi-
ated from the NRF1 and MEF2 elements, as mutation of either
site resulted in attenuation in the PGCla effect, and the
response was nearly abolished on p,[mlygr/mlyer.]-Luc.

11942 JOURNAL OF BIOLOGICAL CHEMISTRY

Input - Antibody -
DNA 1gG MEF2A H,0

Input - Antibody -
DNA 1gG MEF2A H,0

gapdh

FIGURE 8. Myocyte MEF2A protein isoforms recognize promoter ele-
ments of the cox6ah and ppargcia genes. ChIP assays were performed
using C2C12 myotube nuclear extracts and an antibody that recognizes all
four splicing variants of MEF2A but no other MEF2 proteins (19). This antibody
was used previously to show MEF2A binding to the MEF2 element in the
MEF2A gene (19). Primers specific for promoter regions of murine coxé6a,,
ppargcia, and gapdh were used to detect co-precipitated gene fragments.

intergenic

Co-recruitment of PGCla is one possible mechanism for coop-
erative control of MEF2A transcription by MEF2 and NRF1.

Endogenous Muscle Cell MEF2A Binds the Promoters of
Genes Encoding COX Vlia,, PGCla, and MEF2A—There are
four MEF2 isotype genes in all mammals. These genes have
distinct but overlapping expression patterns and functions (18,
26, 27). These genes encode either one protein (MEF2B)® or
multiple splicing variant proteins (MEF2A, MEF2C, and
MEF2D) that have a common N-terminal DNA-binding and
dimerization domain (17, 18), such that all MEF2 proteins can
heterodimerize promiscuously. Expression of the MEF2 iso-
types is induced at different stages of cultured myoblast differ-
entiation, but each is highly expressed in differentiated myo-
tubes (18). We therefore used C2C12 myotubes as substrate for
ChIP assays to confirm occupation of gene promoters relevant
to our hypothesis by MEF2A.

We developed a highly specific anti-MEF2A antibody that
recognizes all splicing variants of MEF2A but no other MEF2
form. This antibody had been used by us previously to demon-
strate MEF2A binding to the MEF2 element in the MEF2A pro-
moter (19). We performed ChIP assays with C2C12 myotubes
to verify that MEF2A proteins also bind the cox6a,, and
ppargcla gene promoters at the respective MEF2 element
regions. The gapdh gene promoter, which is not regulated or
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bound by MEF2 proteins, served as a negative control. As
shown in Fig. 8, MEF2A co-precipitated with chromatin con-
taining the cox6a,, and ppargcla gene fragments but failed to
precipitate gapdh. Thus, in this setting of co-expressed MEF2
isotype and splicing variant proteins, MEF2A forms occupy the
promoters of MEF2A, COXH, and PPARGCI1A. This work does
not exclude co-occupation by other MEF2 forms.

DISCUSSION

Mito density is particularly rich in cardiac and skeletal mus-
cle, where OXPHOS is brisk. The ETC is unique in these tissues
by virtue of the expression of tissue-specific complex IV sub-
units, COX VIa;; and COX VlIlay,. Although the functions of
these and other non-catalytic COX subunits are incompletely
understood, there is evidence to suggest that COX,, confer sen-
sitivity of COX to the cellular energy state. In specific, activity of
COX isolated from striated muscle is activated by ADP,
whereas enzyme purified from other tissues is not (14). In addi-
tion, an antibody that specifically recognizes COX VlIa;; neu-
tralizes this ADP sensitivity. It is therefore speculated that COX
Vla,; provides for rapid adaptation of ETC activity to energy
stores in muscle, where energy demands can vary acutely and
dramatically (1, 14). We explored a mechanism that could
orchestrate tissue-specific expression of COX;; subunits at lev-
els commensurate with other ETC components and the mito
and mtDNA density in muscle. We found that COX,, gene pro-
moters have evolutionarily conserved MEF2 elements, that
myocyte MEF2A occupies the cox6ah promoter, and that
MEF2A expression is in turn regulated by NRF1. We therefore
propose that a NRF1 — MEF2A — COX,, cascade functions in
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parallel with the NRF — TFAM —ETC,,,,,
pathways to control respiration in striated muscle (Fig. 9).

We have provided multiple lines of evidence that the closely
approximated alternative MEF2A promoters are co-regulated
by NRF1, the first limb of the proposed transcriptional cascade.
We confirmed the evolutionary conservation of a canonical
NRF1 binding site in MEF2A promoter 1. Both mobility shift
assays with muscle cell nuclear extracts and myotube ChIP
assays verified endogenous nuclear NRF1 protein association
with this promoter. NRF1 homodimers recognize a 12-bp site,
YGCGCAYGCGCR, and there is little tolerance for sequence
degeneracy (4). By consequence of this and the presence of mul-
tiple CpG doublets, canonical NRF1 sites are predicted to
appear in a mammalian genome at a frequency of only 10~ ® bp.
This location at —47 relative to the promoter 1 TSS (and ~600
bp upstream of the promoter 2 TSS) and our DNA binding
study results strongly support a role for this site in regulating
MEF2A transcription. We saw no change in NRF1 binding to
the site during myoblast differentiation using either assay. This
was not surprising because this factor is constitutively bound to
its DNA targets (37, 38).

A second line of evidence in support of MEF2A as a target of
NRF1 was provided by experiments using forced expression of
NRF1, N-terminal deletion mutants of NRF1 and its Drosophila
ortholog EWG, or a NRF1y,, fusion protein. We initially
showed that the MEF2A mRNA level in cultured HEK cells was
strongly induced with expression of NRF1,,,s. We used the
VP16 transactivation domain fusion in these exploratory stud-
ies because the forced expression of native NRF1 is known to
induce rather small changes in target gene expression. For
example, NRF1 overexpression led to only an ~2-fold increases
in TFAM promoter activity (32), and a synthetic minimal pro-
moter containing four NRF1 elements is typically used to dem-
onstrate transactivity (30, 32). Likewise, transgenic expression
of NRF1 in muscle to a level that exceeded the endogenous level
by a factor of 10 produced only 1.5- and 2-fold increases in
cytochrome ¢ (cycs) and 8-aminolevulinic acid synthase (8-alas)
mRNAs, respectively (28). NRF1,,;, was therefore a valuable
tool in the detection of MEF2A as a potential NRF1 target.
Unlike the case in cultured mammalian cells, exogenous
expression of NRF1 or EWG has been shown by other investi-
gators to produce potent activation of target gene promoters in
Drosophila cells (20, 30). We were able to exploit this model
system to develop further evidence for the authenticity of
MEF2A as a target of NRF1. We also saw modest but significant
effects of NRF1 overexpression on MEF2A promoter-reporters
in mammalian cells that were similar to those reported for
other promoters.

Evidence that specifically addressed the role of NRF1 in con-
trolling MEF2A transcription in muscle came from studies of
the function of MEF2A promoter-reporters in C2C12 myo-
cytes. Mutation of the NRF1 element produced a drastic
decrease in reporter activity. Furthermore, nrfl RNAI in this
and other cell types led to coincident reductions in nrfl and
mef2a mRNA levels, as well as diminished MEF2A promoter
activity. We believe that the composite of evidence reported
here confirms that MEF2A transcription is controlled by NRF1.
MEF2A is expressed in neurons, adipocytes, in various immune

and NRF —ETC,

nucl
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cell types, and in smooth muscle, in addition to skeletal and
cardiac myocytes. We have previously provided evidence that
MEF2A has only two promoters, p; and p,, which do not have
tissue-specific activities (19). Because NRF1 is ubiquitously
expressed (39) and we have shown here that p, and p, are co-
regulated by this factor, NRF1 can probably control MEF2A
expression in non-muscle cells as well as in skeletal muscle and
heart. The effect of NRFI RNAi on MEF2A expression and pro-
moter activity in HEK 293 cells supports this contention.

In differentiating mouse myoblasts in vitro, there is a quan-
tum burst in mef2a expression at the time of cell cycle with-
drawal (18). There is recent evidence that the transactivity of
NRF1 is sensitive to cell cycle-regulated phosphorylation (40).
In specific, Cdk4 or Cdkeé, in association with the regulatory
subunit cyclin D1, can phosphorylate NRF1 Ser-47, which leads
to diminished transactivity. Disinhibition then occurs with cell
cycle withdrawal because of the associated reduction in cyclin
D1 levels and NRF1,,5,,. Negative regulation of NRF1 activity
by this mechanism is consistent with previous studies of the
EWG 144 N-terminal deletion mutant (20), as well as with our
present findings with this and the analogous NRF1 , o, mutant.
In each case, the mutants were more potent transactivators of
NRF1-responsive promoters than the full-length native factors
in proliferating cells. We speculate that cyclin D1/Cdk4 activity
on NRF1 may account for or be involved in the upsurge in
mef2a expression noted at cell cycle withdrawal. This stated,
NRF1 transactivity and DNA binding are also positively regu-
lated by incompletely characterized serum-responsive phos-
phorylation events (30, 38) and possibly in response to cellular
redox state (41). In addition, this factor may repress transcrip-
tion of some or all target genes under some circumstances (37).
This suggests additional regulatory complexity with relevance
to MEF2A transcription that will require further study.

nrfl mRNA is detectable very early in embryonic develop-
ment and is ubiquitously expressed in developing and
mature tissues (11, 39). Disruption of murine nrfl leads to
embryonic failure at a very early stage (3.5-6.5 days post-
coitus) (11), prior to the appearance of mef2a during normal
development. Tests of the role of NRF1 in controlling tem-
poral and spatial expression of MEF2A in vivo will therefore
require regulated interference with nrfl expression and/or
conditional nrfl knockout, complemented by paired trans-
genic MEF2A and MEF2A[myg,] promoter studies. In addi-
tion to the NRF1 element, the MEF2A 5'-regulatory region
has other conserved elements (supplemental Fig. S1). A
canonical MEF2 element overlies the major TSS of one of the
alternative TATA-less promoters, and MEF2 activity at this
site confers transcriptional autoregulation and sensitivity of
MEF2A expression to stress signaling (19). Additional sites
of potential relevance to both muscle-specific expression
and mito function are also present, including E boxes and
putative NRF2 sites. Explorations of the functions of each of
these sites are progressing in our laboratory.

Despite evidence presented here that NRF1 controls MEF2A
expression as part of a transcriptional cascade, we cannot
exclude a role for other MEF2 genes in this network. Indeed,
one of the several MEF2C promoters does have conserved
NRF1 elements (supplemental Fig. S2), suggesting that this iso-
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type may also be a target. MEF2C proteins may therefore par-
ticipate in the proposed transcriptional cascade in some cell
types or circumstances. However, neither MEF2C, MEF2B, nor
MEF2D mRNA was induced with forced expression of
NRF1yp,¢ under conditions where cultured cell MEF2A
expression was strongly stimulated. MEF2A may therefore play
a unique role among the isotypes as intermediary in communi-
cating NRF1 activity. This is compatible with the mef2a '~
mouse phenotype. These animals have deficient and disorga-
nized myocardial mito and a neonatal sudden death syndrome,
consistent with a defect in oxidative metabolism (42).

Although it is clear that COX,, expression is controlled from
promoter MEF2 elements, any of the four mammalian MEF2
isotype proteins could conceivably act at these sites. We had
previously found that available anti-MEF2 antibodies do not
display MEF2 isotype specificities (19). We used a new validated
isotype-specific antibody and myotube chromatin to demon-
strate by ChIP that endogenous MEF2A occupies the cox6ah
promoter. Because disruption or knockdown of one MEF2 gene
results in the dysregulation of other isotypes (42, 43),° we
believe that this is the best evidence for a direct regulation of
COX,, genes by MEF2A, the second limb of our hypothesized
transcriptional cascade. mef2a is expressed in striated muscle
precursors in the developing embryo after day 9 post-coitus,
and expression is maintained in differentiated tissues after birth
(26, 42, 44, 45). In differentiating mouse myoblasts in vitro,
mef2a expression increases dramatically upon cell cycle with-
drawal (18), coincident with the appearance of cox;, (22). Thus,
MEF2A abundance in muscle in vivo and in vitro closely mimics
expression of the heart/muscle forms of COX VIa and VIla.
This contrasts with the expression pattern of mef2c, which is
present at high levels during embryonic development but sub-
sequently diminishes drastically (26, 44, 45), and mef2d, which
is an early marker of the myogenic lineage and is maintained in
differentiated skeletal muscle (44 —46). This stated, the MEF2A
N-terminal MADS/MEF2 region that mediates dimerization
and sequence-specific DNA binding is shared among all MEF2
proteins (26). We therefore cannot exclude co-regulation of the
COX,, genes by other MEF2 forms or by heterodimers of
MEF2A with MEF2B, MEF2C, or MEF2D at different stages of
muscle development or differentiation.

MEF2A is highly expressed in skeletal muscle and heart, but
it is also present at other sites including neural, adipose, and
immune cells (17, 18, 26). Selective expression of COX,, genes
may therefore require muscle-specific activities of either
MEF2A or its collaborating factors. Certain splicing variants of
MEF2A are expressed only in heart and muscle” (17, 18), pro-
viding one potential mechanism for a muscle-specific MEF2A
activity. Signaling that controls MEF2 protein or cofactor mod-
ifications may also be operative, particularly among pathways
regulated by intramyocellular Ca*>"* transients (47). Myogenic
basic helix-loop-helix factors could also contribute to muscle-
specific expression, because these factors can use DNA-bound
MEF?2 as scaffolding to transactivate MEF2 target genes (48),
and these factors could also regulate MEF2A transcription from

7 T. Gulick, unpublished observations.
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the promoter E boxes. The strict specificity of COX6AH
expression suggests that gene silencing must also occur in
non-muscle cells, the mechanisms for which remain to be
determined.

The control of MEF2A transcription by NRF1 has implica-
tions beyond the coordinated co-expression of ETC subunits in
muscle. Specifically, other genes that are regulated by MEF2A
are implicated by our findings as potential indirect targets of
NRF1. The GLUT4 gene provides one important example that
has particular relevance to muscle and cardiac metabolism.
Glut4 is the insulin-responsive facilitated glucose transporter
form that provides the major route for glucose uptake in stri-
ated muscle (49-51). Both cultured myocyte and transgenic
promoter-reporter studies have established that MEF2A regu-
lates glut4 expression through a promoter MEF2 element (49,
50). Muscle tissue Glut4-level, insulin-stimulated glucose
transport and MEF2A protein concentration were each found
to be increased ~2-fold in mice carrying a transgene that over-
expresses NRF1 in skeletal muscle compared with control tis-
sue (28). Our detection of MEF2A as a target of NRF1 suggests
the relevant mechanism, NRF1 — mef2a — glut4, because glut4
is not a direct target of NRF1. Given the tissue expression pat-
terns of both NRF1 and MEF2A, many more genes are likely to
be regulated by such a cascade in both muscle and non-muscle
sites.

PGCla was originally identified as a coactivator of PPARYy
and NRF1 in brown adipose tissue, but it is now recognized as a
key regulator of mito biogenesis in various tissues (32, 52).
PGCla also coactivates MEF2 factors (33, 35, 36), and its forced
expression in muscle increases mito density and OXPHOS and
produces a fast-twitch/glycolytic to slow-twitch/oxidative phe-
notype conversion (53). It is established that PGCla co-acti-
vates transcription from a PPARGCIA promoter MEF2 site (33,
35). We have shown here with myotube ChIP that MEF2A fac-
tors bind this PPARGCIA element where they are poised to
recruit PGCla in this autoregulatory loop. We have also shown
that PGCla co-activates the MEF2A promoter from its MEF2
and NRF1 elements, confirming that PGCla can also feed back
on MEF2A transcription. Taken together, this indicates that
MEF2A, NRFI1, and PPARGCIA and their respective protein
products form a mutually reinforcing network of auto- and
cross-regulation capable of directing mito biogenesis and
OXPHOS capacity in muscle (Fig. 9). The NRFI promoter has
not been characterized, although the 5'-exons of human NRF1
have been identified (54). There is a canonical MEF2 binding
site upstream of the human NRFI TSS,” suggesting the possi-
bility of direct reciprocal MEF2A and NRFI regulation. We are
exploring whether this vector is also part of this transcriptional
network.

The regulation of MEF2A transcription by NRF1 and PGCle
is highly relevant to metabolic dysregulation in diabetes. Mus-
cle glut4 mRNA, Glut4 protein, and insulin-stimulated glucose
uptake are reduced in animal models of diabetes, and there is a
coincident down-regulation of mef2a mRNA and MEF2A pro-
tein abundance (50, 51, 55). In these models, a hypercatabolic
state leads to a decline in the [AMP]/[ATP] ratio and a coinci-
dent reduction in 5'-AMP-activated protein kinase (AMPK)
activity (55—58). Because expression of both mef2a and of glut4
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can be restored with the administration of a small molecular
activator of AMPK (55), this pathway is implicated as a crucial
sensor linking cell energy state with the capacity for nutrient
uptake and metabolism (55, 56). There is recent evidence to
suggest that AMPK activity regulates nuclear DNA binding
activity of both NRF1 (59) and MEF2 (60). Neither factor
appears to be a direct target of AMPK (60). AMPK may there-
fore target co-repressor(s) of one or both factors to promote
dissociation and de-repression of targets such as MEF2A (19,
61, 62). As one alternative, AMPK activity could indirectly
influence the subnuclear locus or co-activator associations of
these factors. In any case, down-regulated MEF2A expression
may be a primary mechanism by which NRF1 and PGCla tar-
gets are coordinately down-regulated in humans with diabetes
and insulin resistance (63).

We saw no evidence for a direct protein-protein interaction
between NRF1 and MEF2A. These factors may cooperate in the
recruitment of transcriptional co-regulator(s) or the induction
of chromatin remodeling to account for the observed func-
tional synergy. Paired MEF2 and NRF1 elements also exist in
other MEF2 gene regulatory regions, including the aforemen-
tioned MEF2C promoter (supplemental Fig. S2) and the Dro-
sophila DMef2 1I-E enhancer (supplemental Fig. S3). The
DMef2 5'-region has various enhancers that govern the com-
plex developmental and spatial expression of the sole MEF2
gene in the fly (64). II-E is responsible for transcriptional auto-
regulation (65) and for DMef2 expression near and after termi-
nal differentiation of somatic muscle (64). We find that a
canonical EWG element in this region binds NRF1 and governs
enhancer activity (supplemental Fig. S3). Control of MEF2
transcription by NRF1 may therefore be conserved among
higher metazoans. The sea urchin NRF1 ortholog, P3A2,
directs territory-specific transcription of muscle genes during
embryonic development (66), and EWG is known to regulate
flight muscle development (31). Our work suggests a potentially
relevant mechanism and establishes a foundation for in vivo
functional analyses in various model systems to elucidate the
contributions of NRF1/EWG to the developmental and spatial
expression of MEF2 genes.
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