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Background: The regulatory mechanisms that control skeletal muscle bioenergetics are not fully understood.
Results: The muscle-specific protein Perm1 is induced by exercise and exercise-activated regulators and controls the expression

of energy homeostasis genes.

Conclusion: Perm1 is a regulator of mitochondrial oxidative capacity and bioenergetics.
Significance: Novel muscle regulators of bioenergetics may facilitate approaches for preserving/enhancing muscle function.

Mitochondrial oxidative metabolism and energy transduc-
tion pathways are critical for skeletal and cardiac muscle func-
tion. The expression of genes important for mitochondrial bio-
genesis and oxidative metabolism are under the control of
members of the peroxisome proliferator-activated receptor y
coactivator 1 (PGC-1) family of transcriptional coactivators and
the estrogen-related receptor (ERR) subfamily of nuclear recep-
tors. Perturbations in PGC-1 and/or ERR activities have been
associated with alterations in capacity for endurance exercise,
rates of muscle atrophy, and cardiac function. The mecha-
nism(s) by which PGC-1 and ERR proteins regulate muscle-
specific transcriptional programs is not fully understood. We
show here that PGC-1a and ERRs induce the expression of a
so far uncharacterized muscle-specific protein, PGC-1- and
ERR-induced regulator in muscle 1 (Perm1), which regulates the
expression of selective PGC-1/ERR target genes. Perml is
required for the basal as well as PGC-1a-enhanced expression of
genes with roles in glucose and lipid metabolism, energy trans-
fer, and contractile function. Silencing of Perml in cultured
myotubes compromises respiratory capacity and diminishes
PGC-1a-induced mitochondrial biogenesis. Our findings sup-
portarole for Perm1 acting downstream of PGC-1a and ERRs to
regulate muscle-specific pathways important for energy metab-
olism and contractile function. Elucidating the function of
Perm1 may enable novel approaches for the treatment of disor-
ders with compromised skeletal muscle bioenergetics, such as
mitochondrial myopathies and age-related/disease-associated
muscle atrophies.
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Cellular energy homeostasis is central to skeletal and cardiac
muscle function. Impaired capacity for energy production as
seen in patients with mutations in mitochondrial DNA or in
nuclear genes encoding lipid oxidation enzymes and respira-
tory chain components can lead to myopathies and cardiac dys-
function (1-3). An inability to match energy supply to energy
needs is also seen in heart failure (4, 5). Thus, a better under-
standing of the signaling and transcriptional networks that reg-
ulate the expression of genes important for mitochondrial bio-
genesis, fueling, and function may identify novel therapeutic
targets for the treatment of diseases associated with muscle
bioenergetic defects.

Peroxisome proliferator-activated receptor (PPAR) -y coacti-
vator la (PGC-1a)* and PGC-183 are two members of the
PGC-1 family and important regulators of mitochondrial bio-
genesis and function in cardiac and skeletal muscle (5-8). They
are expressed at high levels in heart and skeletal muscle and can
induce mitochondrial biogenesis and oxidative capacity when
expressed ectopically in myotubes in vitro and muscle tissue in
vivo (9-14). Mice lacking PGC-1a or PGC-1 show defects in
cardiac and skeletal muscle energetics and decreased exercise
capacity (15-20). PGC-1a KO mice in particular develop car-
diomyopathy when stressed (16). PGC-1a and PGC-1 act
complementarily to each other in maintaining muscle bioener-
getics; deletion of both PGC-1s leads to prominent mitochon-
drial dysfunction accompanied by death after birth (in heart-
specific double KOs) or a dramatic loss in exercise capacity (in
skeletal muscle-specific KOs) (19, 20). Interestingly, PGC-1«
and/or PGC-18 expression in muscle is decreased in states
associated with mitochondrial dysfunction, such as diabetes,
denervation, cancer cachexia, and amyotrophic lateral sclerosis
(ALS), suggesting that decreases in PGC-1 activity may contrib-

2The abbreviations used are: PGC-1, peroxisome proliferator-activated
receptor vy coactivator 1; ERR, estrogen-related receptor; Perm1, PGC-1-
and ERR-induced regulator in muscle 1; OxPhos, oxidative phosphoryla-
tion; PPAR, peroxisome proliferator-activated receptor; ALS, amyotrophic
lateral sclerosis; m.o.i., multiplicity of infection; qPCR, quantitative PCR;
ERRE, ERR response element.
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ute to the pathology of these states (21-24). Supporting this
notion, transgenic expression of PGC-1la in skeletal muscle
protects from age-related or denervation-induced muscle atro-
phy and delays the onset of mitochondrial myopathies, whereas
transgenic expression of PGC-1 in the heart protects from
sepsis-induced cardiomyopathy (23, 25-27). However, trans-
genic expression of PGC-1a can also promote pathophysiolog-
ical changes in a tissue-, developmental stage-, and environ-
ment-dependent manner, leading to heart failure or skeletal
muscle insulin resistance, and underlying the need for a better
understanding of the mechanisms by which PGC-1a/f control
muscle energy homeostasis pathways (28, 29).

PGC-1a and PGC-1f exert their regulatory functions by
interacting with DNA-binding transcription factors, such as
estrogen-related receptor a (ERRa), nuclear respiratory factor
1, and GA-binding protein, and activating the expression of
genes targeted by these factors (6). ERRa and the related recep-
tors ERRB and ERRyare orphan nuclear receptors that act both
downstream and parallel to PGC-1 coactivators to control the
expression of a broad set of genes important for energy homeo-
stasis, including genes for mitochondrial biogenesis and oxida-
tive function (30, 31). Genome-wide studies show that ERR«
and ERRvy bind and regulate the same target genes, suggesting
that they act in a redundant and/or complementary fashion
(32). Mice lacking ERRa show similarities to mice lacking PGC-
la; they have decreased mitochondrial gene expression, are
unable to defend their body temperature when exposed to cold,
and develop heart failure when challenged with cardiac pres-
sure overload (33, 34). ERRy-null mice also show defects in
PGC-1-controlled pathways, such as cardiac oxidative capacity,
and die shortly after birth (35). Skeletal muscle-specific knock-
out of ERRy and ERRf3 leads to decreased capacity for exercise
(36). Conversely, mice overexpressing ERRvy in skeletal muscle
show increased oxidative capacity and exercise performance
(37, 38).

The transcriptional programs induced by PGC-1a/8 and
ERRs include genes that encode components of cellular energy
pathways (e.g. tricarboxylic acid cycle, OxPhos, and mitochon-
drial biogenesis genes) as well as genes that encode additional
gene expression regulators, which act with or downstream of
PGC-1/ERRs to amplify and/or specify the induced program.
For example, PGC-1a acts with ERRa in myotubes to induce
nuclear respiratory factor 1, GA-binding protein « chain,
PPARa, and striated muscle activator of Rho signaling, each of
which further contributes to the activation of subsets of PGC-
1/ERR targets (39 —41). Similarly, PGC-1a, ERRe, and ERR7y in
heart induce Lpin1, which can specify and amplify the PGC-1a-
induced program (42, 43). To identify new regulators that may
act in the PGC-1/ERR pathway and enable the execution of
muscle energy programs, we searched for uncharacterized
genes that are induced by PGC-1« in differentiated myotubes,
are expressed selectively in muscle, and are required for the
induction of PGC-1/ERR-regulated genes. We show here that
PGC-1/ERR-induced regulator in muscle 1 (Perm1) is a mus-
cle-specific gene that is induced by PGC-1a/B and ERRs and
required for the expression of a subset of genes important for
muscle mitochondrial biogenesis and oxidative capacity.
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EXPERIMENTAL PROCEDURES

Identification and Cloning of Perm1—For the identification
of PGC-1a-induced genes, C2C12 myotubes were infected on
day 6 of differentiation with adenoviruses expressing LacZ
(control) or PGC-1« at an m.o.i. of 50 and in triplicates. RNA
was isolated 20 h later and profiled using Illumina MouseWG-6
v1.1 Expression Beadchip microarrays (48,318 probes). Raw
data were normalized using Illumina software. Significantly dif-
ferentially regulated genes were determined by one-way analy-
sis of variance. Genes of unknown function that were strongly
induced by PGC-1a were next screened in silico for tissue-spe-
cific expression patterns using BioGPS (44) and the Attie labo-
ratory genome database (45). Expression patterns for genes of
interest were validated by RT-qPCR as described for Fig. 2C.
Perml (2310042D19Rik) was among the 15 highest induced
genes. The mouse Perm1 (2310042D19Rik) and human PERM 1
(Clorf170) cDNAs were amplified using RT-PCR with gene-
specific primers (5'-TATAGAATTCATGGACAACTTC-
CAGTACAGCGT-3" and TATATCTAGACTAGCAGCTG-
GGGTTTGAGCTG for Perml and 5'-TATAAAGCTTATG-
CCGACCCAGGACGGGCAG-3' and 5'-TATATCTAGAG-
CGCCTGTGGTCGTCTC-3' for PERM1) and RNA isolated
from mouse and human skeletal muscles, respectively. The
amplified PCR products were cloned into pDrive vector (Qiagen),
sequenced, and subcloned into expression vectors.

Generation of Adenoviruses—Adenoviruses expressing LacZ,
FLAG-tagged PGC-1a, FLAG-tagged PGC-13, FLAG-tagged
ERRe, FLAG-tagged ERRY, and short hairpin RNA (shRNA)
for ERRa have been described (46, 47). Adenoviruses express-
ing mouse FLAG-tagged Perm1 and shRNA for PermI and GFP
were generated as described previously (46) using pAdlox (for
FLAG-Perm1) and pAdlox-SUPER (for shPerm1 and shGFP).
The shPerm1 sequences are shown in supplemental Table 1. All
plasmids were sequenced to verify the sequence of inserts.

Cell Culture and Adenoviral Infections—C2C12 myoblasts
were maintained in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum at 37 °C with 5% CO,. Confluent myo-
blasts were differentiated into myotubes by the addition of
DMEM with 2% horse serum. For experiments using shRNA,
myotubes were infected on day 4 after differentiation with
adenoviruses expressing shRNAs (at an m.o.i. of 50) and on day
6 after differentiation with adenoviruses expressing LacZ (con-
trol), FLAG-PGC-1a, FLAG-PGC-18, or FLAG-ERRY (at an
m.o.i. of 50) together with a second dose of shRNA-expressing
adenoviruses (at an m.o.i. of 25). The cells were assayed or har-
vested 24 h later. For overexpression of Perm1 and ERRs, dif-
ferentiated myotubes were infected on day 4 or 5 (as specified in
the figure legends) with adenoviruses expressing LacZ (con-
trol), FLAG-Perml, FLAG-ERRa, FLAG-ERRB, or FLAG-
ERRvy at an m.o.i. of 50. Cells were harvested on day 6.

Reverse Transcription and Quantitative Real Time PCR
Analysis—Total RNA was extracted from cells using TRIzol
reagent (Invitrogen), and ¢cDNA was synthesized using the
Superscript II reverse transcription system (Invitrogen) as pub-
lished (47). Relative mRNA levels were determined by quantitative
PCR using cDNA, gene-specific primers (supplemental Table 1),
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and SYBR Green reagent (USB Corp.) and normalized to levels of
36B4 as described (34).

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays
were performed with adenovirus-infected C2C12 myotubes as
described previously (48). Briefly, C2C12 myotubes were cross-
linked for 10 min at 37 °C in 1% formaldehyde in PBS. After
quenching, sonication to ~500-bp fragments, and preclearing
by treatment with protein A/G-Sepharose, soluble chromatin
was immunoprecipitated with the following antibodies: anti-
GEFP, anti-FLAG (Clone M2, Sigma) for the detection of FLAG-
tagged PGC-la, and anti-ERRa (2131-1S1353, Epitomics).
Genomic DNA from each immunoprecipitation was quantified
by quantitative PCR using primers flanking an ERR response
element (ERRE) in the first intron of Perm1I as well as primers
specific to the ERR response element-containing region of the
Esrra gene (positive control) and a region that lacks ERREs and
is distal to the Esrra promoter (negative control) (primers are
described in Supplemental Table 1). Data were first normalized
against total genomic input and then expressed relative to levels
of immunoprecipitated DNA in anti-GFP control samples.

DNA Isolation and Quantification—Total DNA was pre-
pared according to standard procedures (49) and digested with
100 pg/ml RNase A for 30 min at 37 °C. The relative copy num-
bers of mitochondrial and nuclear DNAs were determined by
quantitative PCR with primers specific to the CoxII (mitochon-
drial) and NripI (nuclear) genes (Supplemental Table 1).

Oxygen Consumption—Oxygen consumption rates were
measured using a Clark-type electrode as described previously
(34) and normalized to total protein levels in each sample.

Subcellular Fractionation—The mitochondrial fraction was
obtained according to Sun et al. (50), and the nuclear fraction
was obtained according to Dignam et al. (51). Briefly, C2C12
myotubes were suspended in homogenizing buffer (10 mm
Tris-HCI, pH 8.0, 300 mm sucrose, 1 mm EDTA, 1 mm EGTA)
supplemented with protease inhibitors (1 mm PMSF, 2 ug/ml
aprotinin, 5 ug/ml pepstatin A, 10 ug/ml leupeptin), homoge-
nized using a Dounce homogenizer, and centrifuged at 600 X g
for 10 min to generate a crude nuclear pellet and a supernatant
containing the mitochondria and cytosol. The supernatant was
then centrifuged at 5,000 X g for 10 min, giving rise to a pellet
(crude mitochondrial fraction) and a supernatant with the
crude cytosolic fraction. The crude mitochondrial fraction was
washed with homogenizing buffer and centrifuged again at
7,000 X gfor 10 min; the pellet was designated as the mitochon-
drial fraction. The supernatant from the 5,000 X g centrifuga-
tion was centrifuged again at 14,000 X g for 20 min; the result-
ing supernatant was designated as the cytosolic fraction. The
first crude nuclear fraction pellet was further washed with
Buffer A (20 mm Tris-HCI, pH 8.0, 1.5 mm MgCl,, 10 mm KCI)
containing 0.5% (v/v) Nonidet P-40 and centrifuged at 1,000 X
gfor 10 min. Nuclear proteins were extracted from the pellet by
incubation with Buffer B (20 mm Tris-HCI, pH 8.0, 10% (v/v)
glycerol, 0.5 M NaCl, 1.5 mm MgCl,, Imm EDTA, 1 mm EGTA)
supplemented with protease inhibitors. The extracted proteins
were cleared by centrifugation at 14,000 X g for 20 min; the final
supernatant was designated as the nuclear fraction. All proce-
dures were conducted at 4 °C.
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Western Blot and Antibodies—Protein samples were sepa-
rated by SDS-PAGE and transferred onto nitrocellulose mem-
brane (Hybond C Extra, Amersham Biosciences). Western blot
was performed using the following antibodies: anti-FLAG
(Clone M2, Sigma), anti-PERM1 (anti-Clorf170, Sigma), anti-
GAPDH (MAB374, Chemicon), Anti-Rt/Ms Total OxPhos
Complex kit (Invitrogen), anti-lactate dehydrogenase (sc-33781,
Santa Cruz Biotechnology), anti-HSP60 (Clone LK-1, Cayman
Chemical), anti-lamin A/C (2032, Cell Signaling Technology).
Horseradish peroxidase-conjugated anti-mouse or anti-rabbit
antibodies were purchased from Bio-Rad. The blots were devel-
oped using an enhanced chemiluminescence reagent (Pierce).

Animal Studies—C57BL/6] mice were housed under a
12:12-hlight-dark cycle at constant temperature and given food
and water ad libitum. To determine the expression pattern of
Perm1, tissues were collected from 10-week-old male mice. To
determine the effect of exercise training on Perml expression,
14-week-old C57Bl/6 female mice were housed individually with
access to electronically monitored in-cage running wheels for 5
weeks. Control littermates were housed individually in similar
cages and for the same time but without access to wheels. All pro-
cedures were performed in compliance with standard principles
and guidelines for the care and use of laboratory animals at The
Scripps Research Institute. Tissues were dissected immediately
after euthanization and stored at —80 °C until processing.

Muscle Biopsies—Human skeletal muscle samples were from
the belly of the vastus lateralis muscle and have been described
previously (24, 41).

Statistics—For cell culture experiments, the data presented are
the mean =+ S.D. of three to four experimental replicates from one
of at least two representative experiments. For animal experi-
ments, values are shown as mean * S.E. The unpaired two-group
Student’s ¢ test was performed to assess significant differences.

RESULTS

PGC-1o, PGC-1B, and ERRs Induce Perml in C2CI2
Mpyotubes—To identify novel proteins that may cooperate with
PGC-1a and/or mediate the effects of PGC-1« in skeletal mus-
cle, we screened for genes that are induced by PGC-1a in dif-
ferentiated C2C12 cells, are expressed selectively in muscle,
and encode for so far uncharacterized proteins. Based on these
criteria, we focused our studies on the gene 2310042D19Rik,
which we name here Perml. As shown in Fig. 1A, Perml was
strongly induced by PGC-1a and to a lesser extent by PGC-1f3
in C2C12 myotubes. The induction by PGC-1« and PGC-1f3
was lost when endogenous ERRa expression was suppressed
(Fig. 1A4), suggesting that Perm 1 is regulated by PGC-1a/f via
ERRa, the predominant ERR isoform in C2C12 cells. Consist-
ent with Perml being an ERR target gene, Perml was also
strongly induced by the introduction of ERR3 and ERRy whose
endogenous levels are low in C2C12 myotubes (Fig. 1B). The
presence of two putative ERREs in the first intron of Perml
coupled to the conservation of one of them, ERRE2, among
mammalian species (Fig. 1C) suggested that Perm1 is a direct
transcriptional target of ERRa. Indeed, ChIP assays showed
PGC-1a and ERRa occupancy at the DNA region that includes
ERRE2 and is dependent on the expression of endogenous
ERRe (Fig. 1D). Notably, PGC-1a and ERRa occupancy at the
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FIGURE 1. PGC-1¢«, PGC-1p, and ERRs regulate Perm1 expression in myotubes. A, C2C12 myotubes were infected with adenoviruses expressing shGFP
(shCont) or shERR« on day 4 of differentiation and LacZ, PGC-1¢, or PGC-1 on day 6. RNA was harvested on day 7. Perm1 mRNA levels were determined by
RT-qPCR, normalized to 36B4 levels in each sample, and expressed relative to Perm1 levels in control cells (LacZ/shCont). B, C2C12 myotubes were infected with
adenoviruses expressing LacZ, ERRB, or ERRy on day 5. RNA was harvested on day 6, and Perm1 levels were quantified as in A. C, graphic representation of the
Perm1 locus showing the location of the ERREs relative to the transcriptional start site and an alignment of the ERRE2 sequence (highlighted in black) across
species. D, ChIPs were performed using antibodies against GFP (a-GFP; control), FLAG-tagged PGC-1a (a-FLAG), or ERRa (a-ERRa), and C2C12 myotubes
infected with adenoviruses as described in A. The abundance of the Perm1 ERRE2, the Esrra ERRE (positive control for comparison), and a negative control
genomic region in the ChlPs was quantified by qPCR, normalized to input signal, and expressed relative to the levels of each region in the control a-GFP
samples.In A, B,and D, data are the mean of three to four experimental replicates from one of at least two representative experiments. Error bars represent S.D.

Perm1 ERRE2 in PGC-1a-expressing cells was comparable with
that seen at the Esrra proximal promoter region, one of the best
characterized ERREs (31). Neither PGC-1a nor ERRa binding
were detected at significant levels in a control region that lacks
ERREs (Fig. 1D). These results suggest that PGC-1a/B and
ERRs induce Perml expression directly via binding to the
intronic ERRE2.

Perm1 Is Expressed in a Muscle-selective Manner and Regu-
lated by Physical Activity—The Perml protein has not been
described so far. The mouse and human loci have been pre-
dicted to give rise to both mRNAs and non-coding RNAs. To
gain insights into the encoded products, we amplified, sub-
cloned, and sequenced cDNAs corresponding to the human
(Clorfl170) and mouse (2310042D19Rik) genes using human
and mouse skeletal muscle RNA, respectively (GenBank™
accession numbers KF150175 and KF150176). The predicted
protein sequences (790 and 807 amino acids) contain a con-
served putative nuclear localization signal (NLS), nuclear
export signals, and a @XXLL-type motif (where @ is a hydro-
phobic amino acid, L is a leucine, and X is any amino acid) that
is often involved in protein-protein interactions (52) but no
other obvious protein motifs suggestive of a molecular func-
tion. The identity between the mouse and human proteins is
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highest in the N- and C-terminal regions, which include the
putative @XXLL, nuclear localization signal, and nuclear export
signal motifs (Fig. 24). Consistent with the presence of the nuclear
localization signal and nuclear export signals, the majority of the
PGC-1a-induced Perml protein was in the cytoplasmic and
nuclear fractions of C2C12 myotubes (Fig. 2B). In the absence
of PGC-1a, basal Perml protein was barely detectable and
mostly in the cytoplasm. Interestingly, the anti-PERM1 serum
(raised against the human amino acids 555-658) detected two
major Perm1 protein isoforms in C2C12 cells, both of which
were induced by PGC-1a and silenced by shRNA specific for
Perm1 (Figs. 2B and 4B). The upper isoform co-migrated with
the predominant protein species expressed from the cloned
c¢DNA (Fig. 4B). The molecular events underlying the presence
of two Perml isoforms are currently unclear and may not
involve alternative splicing as we have so far identified just one
cDNA species in skeletal muscle.

We next determined the tissue distribution of Perml in
mice. Perm1 mRNA was highly expressed in skeletal muscles
and heart with lower but detectable levels in brown adipose
tissue. Consistent with the mRNA levels, Perm1 protein was
also enriched in skeletal muscle and heart and to a lesser
extent in brown adipose tissue (Fig. 2D). Similar to C2C12
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FIGURE 2. Perm1 encodes a protein found in multiple cellular compartments, is selectively expressed in muscle, and is regulated by physical activity.
A, schematic representation of the human (h) and mouse (m) PERM1 proteins, showing the percent identity at the amino acid level and highlighting the
conserved motifs (BXXLL, protein interaction motif; NLS, nuclear localization signal; aa, amino acids) and the region recognized by the anti-PERM1 serum. B,
detection of endogenous Perm1 in C2C12 myotubes infected with adenoviruses expressing shGFP (control), shPerm1, or PGC-1a on day 6 of differentiation.
Cells were harvested on day 8, cell lysates were subjected to subcellular fractionation, and Perm1 protein was detected using the PERM1 antibody (a-PERM1).
Endogenous Perm1 in control cells was detectable only after long exposure (second panel from top). Antibodies against cytoplasmic lactate dehydrogenase
(LDH), mitochondrial HSP60, and nuclear lamins (three bottom panels) were used to assess the purity of the cytoplasmic (C), mitochondrial (M), and nuclear (N)
fractions. Arrows indicate the two major protein isoforms encoded by Perm1; # indicates a nonspecific protein reacting with the antibody and enriched in the
nuclear fraction. C, Perm1 mRNA levels in the indicated tissues of 10-week-old male mice (n = 3) were determined by RT-gPCR and normalized to levels of 36B4
in each tissue (Sol, soleus; EDL, extensor digitorum longus; GC, gastrocnemius). D, Perm1 protein in lysates from skeletal muscles, heart, brown adipose tissue
(BAT), and liver of 10-week-old male mice was detected by SDS-PAGE and Western blot using the PERM1 antibody (upper panel); an antibody against GAPDH
was used as a loading control (lower panel). E, Perm1 mRNA levels in the quadriceps muscles of 19-week-old female mice that had access to electronically
monitored in-cage running wheels for 5 weeks (Trained; n = 7) and control sedentary littermate females (Control; n = 7) were determined by RT-qPCR,
normalized to levels of GAPDH, and expressed relative to Perm1 levels in the control sedentary mice. F, PERMT mRNA levels in muscle biopsies taken from male
subjects (n = 7) before (Pre) or 3 h after (Post) an acute cycling bout (60 min at ~70% of their VO, peak) were quantified by RT-qPCR as described (41). G, PERM1
mRNA levels in biopsies taken from male control subjects or ALS patients (n = 9) were quantified by RT-qPCR as described (24). Error bars represent S.E. *, p <
0.05; **, p < 0.01; ***,p < 0.001.
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myotubes, two major Perm1 protein isoforms were seen in
muscle in vivo.

The expression and activity of skeletal muscle PGC-1a and
ERRa are increased by endurance exercise, which promotes
mitochondrial biogenesis and function (48, 53, 54). Thus, we
asked whether Perm 1 expression is also changing in response to
exercise, as expected for a PGC-1/ERRa-regulated gene.
Indeed, PermI mRNA was significantly higher in the quadri-
ceps muscle of voluntary wheel-trained mice compared with
control sedentary littermates (Fig. 2E). Similar regulation was
seen in human subjects where PERMI expression was
increased 2.3X by an acute endurance exercise bout (Fig. 2F).
Conversely, PGC-1a and ERRa muscle levels are decreased in
states of physical inactivity or in patients with ALS who present
muscle atrophy and mitochondrial dysfunction (24). PERM1
levels were also significantly lower in muscle biopsies from ALS
patients compared with control subjects (Fig. 2G) (24). These
findings suggest that Perm1 is a muscle-selective protein that
can cycle between the cytoplasm and nucleus and whose levels
are regulated by physical activity.

Perm1 Regulates the Expression of Selective PGC-1 and ERR
Targets—To test whether Perml affects the expression of
PGC-1a and ERR gene targets, we first used a gain of function
approach. C2C12 myotubes were infected with adenoviruses
expressing LacZ (control) or Perm1, and the levels of known
PGC-1a/B and ERRa/y targets were determined by RT-qPCR.
As shown in Fig. 3, Perm1 enhanced the expression of a subset
of PGC-1 and ERR targets, such as Ckmt2, Tnni3, and Glut4; it
did not affect the levels of other PGC-1/ERR targets, such as
Fabp3, Cptlb, and Ppara (Fig. 3). It also did not significantly
alter the expression levels of PGC-1 and ERR family members
(Fig. 3), suggesting that Perm1 does not act by altering general
PGC-1 or ERR levels and activity.

To determine the extent to which endogenous Perm1 con-
tributes to the expression of PGC-1/ERR targets, we next sup-
pressed Perml levels in C2C12 myotubes using shRNAs spe-
cific to PermI (shPerm1) and measured the expression of target
genes at the basal state and after induction by PGC-1a or ERRy
(ERRywas chosen because it can efficiently activate ERR targets
in a PGC-1-independent manner®). PermI mRNA and protein
levels were efficiently knocked down by either of two distinct
shPerm1 sequences in the absence and presence of PGC-1« or
ERRY (Fig. 4, A and B). Suppression of Perm1 expression did
not affect the protein levels of exogenously expressed PGC-1«
and ERRy (Fig. 4C). Measurements of PGC-1/ERR target gene
expression levels identified four classes of genes. In the first
class were genes that relied on Perm1 for both their basal and
their PGC-1a- and ERRy-induced expression levels (e.g
Ckmt2, Tnni3, Glut4, Myl2, Fabp3, and ERR) (Fig. 4D). Perm1
did not seem essential for the response of these genes to
PGC-1a or ERRYy (ie. the genes were efficiently induced by
PGC-1a and/or ERRY in cells with suppressed Perm1 expres-
sion). However, this could be due to the incomplete Perm1
suppression; note that Perm1 protein levels were still signifi-
cantly higher in PGC-la/shPerml1- and ERRy/shPerm1l-ex-

3Y. Cho and A. Kralli, unpublished observations.
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pressing cells than in control cells (Fig. 4B). In the second class
were genes that needed Perm1 for full induction by PGC-1a but
not for basal expression (e.g. Cpt1b in Fig. 4D; more genes of this
class are in Fig. 5). In the third class were PGC-1a-induced
genes whose basal and induced levels were not affected by
Perm1 knockdown, such as Sod2 (Fig. 4D). Finally, in the fourth
class were genes that were expressed at higher levels in cells
with suppressed Perm1 in basal and induced states, suggesting
that they are negatively regulated by Perml (Pdk4; Fig. 4D).
These results show that Perm1 modulates the expression of
selective PGC-1a and ERR targets in a gene- and state (i.e. basal
versus induced)-dependent manner.

Perml Is Required for PGC-1a-induced Mitochondrial Bio-
genesis and Maximal Oxidative Capacity—PGC-1a enhances
mitochondrial biogenesis and oxidative function in an ERRa-
dependent manner (40, 49). The ability of Perml to regulate
multiple PGC-1/ERR targets in C2C12 myotubes suggested
that Perm1 could also regulate mitochondrial biogenesis and
oxidative function. To test this hypothesis, we assessed the
effects of Perml knockdown on mitochondrial DNA copy
number, expression of genes encoding mitochondrial proteins
important for oxidative phosphorylation and mitochondrial
biogenesis, and respiratory capacity. As shown in Fig. 54,
knockdown of endogenous Perm1 did not affect basal mito-
chondrial DNA content but diminished the PGC-1a-induced
increase in mitochondrial DNA. Consistent with decreased
mitochondrial biogenesis in response to PGC-la, Perml
knockdown also prevented or diminished the ability of PGC-1c
to enhance the RNA levels of mitochondrial DNA-encoded
genes CoxII and CoxlII as well as nuclear genes encoding for
OxPhos components, such as Cox/V (Fig. 5B). Similar results
were observed with a different shPerm1 sequence (data not
shown). To confirm the extent to which these changes were
indeed affecting the abundance of mitochondrial OxPhos
complexes, we assessed the levels of mitochondrial complexes
I-V using antibodies against OxPhos subunits that are labile
when not properly assembled in their complexes. Perml
knockdown decreased the content of complexes I1, III, and V in
the basal state and abolished or attenuated the PGC-1« induc-
tion of complexes I-1V (Fig. 5C).

To gain insights into the pathway by which Perm1 affects
mitochondrial biogenesis, we next assessed the expression lev-
els of genes important for mtDNA replication and expression.
Perml did not affect the expression of the replication/tran-
scription factor Tfam but was required for the efficient induc-
tion of other biogenesis factors, such as Tfbim, Tfb2m, and
Polrmt, by PGC-1« (Fig. 5D). Perm1 was also necessary for both
the basal and PGC-1a-induced levels of Sirt3, which codes for a
mitochondrial deacetylase required for PGC-1a-induced mito-
chondrial biogenesis (55) (Fig. 5D).

To assess the functional consequences of the Perm1-depen-
dent changes in gene and protein expression, we next deter-
mined the contribution of Perm1 to oxygen consumption rates
in C2C12 myotubes. Knockdown of Perml had no effect on
oxygen consumption rates in the basal state or when cells were
treated with oligomycin but decreased maximal oxygen con-
sumption rates measured in the presence of the uncoupler
FCCP (Fig. 5E). The requirement of Perm1 for maximal mito-
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FIGURE 3. Overexpressed Perm1 up-regulates selective PGC-1«/ERR target genes in myotubes. C2C12 myotubes were infected on day 4 of differentiation
with adenoviruses expressing LacZ (control) or Perm1. RNA was harvested on day 6. RNA levels for the indicated genes were determined by RT-gPCR,
normalized to 36B4 levels, and expressed relative to the levels of each gene in control (LacZ) cells. Data are the mean of four experimental replicates from one

of at least two representative experiments. Error bars represent S.D. ¥, p < 0.05.

chondrial oxidative capacity was seen in both the absence and
presence of PGC-1a, although it may be more prominent in
PGC-1a-expressing cells. In summary, Perm1 contributes to
both basal and PGC-1a-induced levels of OxPhos complexes
(Fig. 5, B and C), PGC-1a-induced mitochondrial biogenesis
(Fig. 5, A and D), and maximal oxidative capacity (Fig. 5E).

DISCUSSION

The contractile activity of muscle requires a constant supply
of ATP. The generation and efficient transfer of ATP to the
cytoplasmic sites of ATP hydrolysis rely on multiple metabolic

AUGUST 30, 2013 +VOLUME 288-NUMBER 35

pathways, including glycogenolysis, glycolysis, oxidative
metabolism, and the creatine shuttle (56). The signaling and
transcriptional networks that control the expression of crucial
components of these metabolic pathways are thus important
determinants for the ability of muscle to maintain prolonged
work and to adapt to different nutritional and physiologic
states. To date, a number of transcription factors that control
muscle metabolic pathways have been described, including
coregulators, such as PGC-1a/f3, NCoR1, and Rip140, and
DNA binding factors, such as PPARs, FOXOs, MEF2, cAMP
response element-binding protein, and ERRs (6, 31, 57-61).

JOURNAL OF BIOLOGICAL CHEMISTRY 25213



A PGC-1/ERR-induced Muscle-specific Regulator

A

MW
Perm1 (kDa)
=
5 1.4 100 — Zo T + o-PERM1
§60 1.2 O shGFP 80 — ] —-=_.—#'
s 104 @ shPerm1 #1 BT
5 ' Ponceau
<%0 0.8+ B shPerm1 #2
4
DEC " 061 |.. C# #2 C #1 #2 C #1 #2
20 ok 04+
q>,) ¥ g ! *x
g o, 0.21 Perm1 LacZz PGC-1a ERRy
o 04
LacZ PGC-1a ERRy LacZ
C - = X @™ G .= - WS orAG
oo ®@®W (C/P)H o S gpa@® e = ese -CAPDH
FLAG- -+ + - -+ 4+ - -+ o+ FLAG- + + - -+ o+ - -+ o+
PGC-1a ERRy
shGFP shPerm1 #1  shPerm1 #2 shGFP shPerm1 #1 shPerm1 #2
Ckmt2 Tnni3 Glut4 Myl2 Fabp3
S 16 25 7 12 7
[
4 20 B 10 6
g 12 5 " 5
e 15 4 *H 5% 4 *%
s s .. 6 "
DE: -~ w10 i - 3 - . 3
o 4 5 2 2 2 gk
= 1 21 . ” 1 *
© Lo L [ *%
O 0 01 0 0 0
LacZ PGC-1a ERRy LacZ PGC-1a ERRY LacZ PGC-1a ERRy LacZ PGC-1a ERRy LacZ PGC-1a ERRy
Cpt1b ERRB ERRa Sod2 Pdk4
510 5 12 7 12 -
% 6 ok *ok
o 8 4 10 10
Y - 2 8 o
[0} 6 gy 3 8 4
< 6 X ‘ 6
x 4 2
E o 4 2 a4 .
g 2 1 S 2 1 2| &
®© L *
© 0 0 0 0 0

LacZ PGC-1a ERRy LacZ PGC-1a ERRy LacZ PGC-1aERRy LacZ PGC-1a ERRy LacZ PGC-1a ERRy

FIGURE 4. Endogenous Perm1 is required for the expression and/or induction of selective PGC-1a/ERR target genes. C2C12 myotubes were infected on
day 4 of differentiation with adenoviruses expressing control (shGFP) or shPerm1 and on day 6 with adenoviruses expressing LacZ, PGC-1¢, or ERRy. RNA and
protein were harvested on day 7. Aand D, mRNA levels of Perm T and the indicated PGC-1/ERR-regulated genes were measured by RT-gPCR, normalized to 36B4
levels, and expressed relative to levels of each gene in control cells (shGFP/LacZ). Perm1 mRNA levels in LacZ (control) cells are shown twice: in the same scale
as in PGC-1a/ERRy expressing cells (A, left panel) and in a smaller scale for better view of the mRNA levels (A, right panel). Data are the mean of three to four
experimental replicates from one of at least two representative experiments. Error bars represent S.D. *, p < 0.05; **, p < 0.01. B, Perm1 protein levels were
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Western blot analysis using an anti-FLAG antibody (upper panel). As a control for protein loading, the same blots were probed with an anti-GAPDH antibody
(lower panel).

PGC-1a/B and ERRs in particular play a key role in mitochon-
drial biogenesis and oxidative metabolism. We show here that
Perml is a novel downstream effector of PGC-1 and ERRs in
myotubes. Perml is induced by PGC-1la/fB and ERRs and
required for maximal oxidative capacity. Suppression of basal
Perm1 expression in C2C12 myotubes was sufficient to lead to
decreases in levels of mitochondrial respiratory chain com-
plexes and in maximal respiratory capacity. Furthermore, sup-
pression of PGC-1a-induced Perm1 expression led to a loss in

25214 JOURNAL OF BIOLOGICAL CHEMISTRY

the PGC-1a-induced mitochondrial biogenesis at DNA, RNA,
protein, and functional levels. Although some of the PGC-1a/
ERR/Perml-regulated genes and pathways (e.g. Ckmt2 and
complex III) seem to rely on Perm1 even at the low endogenous
levels of PGC-1 activity in C2C12 myotubes (62), others seem to
use Perm1 predominantly for the efficient response to PGC-1«a
(e.g. Cptlb, CoxIV, Tfblm, Tfb2m, and Polrmt). Interestingly,
there are also PGC-1/ERR targets that are not affected by
Perml (e.g Sod2 and Tfam) or are negatively regulated by
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expression is associated with cardiomyopathy (65). Finally, Perm1
contributed to the expression of lipid uptake and utilization

Perml (e.g. Pdk4), suggesting that Perm1 does not act in a uni-
form manner at all PGC-1/ERR genes and pathways.

Besides playing a role in mitochondrial biogenesis and oxi-
dative metabolism, basal Perm1 expression in C2C12 cells is
required for the efficient expression of the glucose transporter
Glut4, suggesting that Perm1 may affect glucose uptake, and of
the mitochondrial creatine kinase Ckmt2. Ckmt2 uses mito-
chondrial ATP to phosphorylate creatine, thereby enabling the
transfer of high energy phosphate from mitochondria to cyto-
plasmic ATP-hydrolyzing sites while maintaining high ADP
levels at the mitochondria and stimulating oxidative metabolism
(63). Interestingly, mice deficient in creatine kinase show impaired
muscular contractile performance (64), and decreased Ckmt2
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genes (e.g. Fabp3 and Cptlb) and contractile genes (e.g. Tnni3
and Myl[2). The roles of Perm1 in glucose and lipid metabolism
as well as the contractile properties of muscle will be addressed
in vivo in future studies.

The dramatic induction of Perm1 by PGC-1« in C2C12 myo-
tubes depends on endogenous ERRe, which we show binds to
ERREs in the first intron of the PermI gene and is necessary for
the recruitment of PGC-1e at this site. The levels of PGC-1«
and ERRa in human skeletal muscle are increased in response
to exercise, which enhances oxidative capacity, and decreased
in motor neuron disorders, such as ALS, which is characterized
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by atrophy and mitochondrial dysfunction (66, 67). PERM 1 fol-
lowed a similar pattern of induction by exercise and suppres-
sion in ALS patients, suggesting that the regulatory pathways
seen in C2C12 cells reflect ones that are active in human exer-
cise physiology and in the pathophysiology of neuromuscular
disorders. Perm1 was also induced by PGC-18, ERRfB, and
ERRY. It is possible that regulatory input via these factors may
integrate distinct molecular pathways. Interestingly, ERRy lev-
els are also increased in skeletal muscle in response to exercise
(38) and in skeletal myotubes by chronic low frequency electri-
cal stimulation (36). Moreover, ERRy levels are higher in mus-
cle biopsies of physically active compared with sedentary
humans (36). In contrast to the insights we have on the factors
that may enable induction of Perm1 in response to physical
activity, we know nothing about what drives its muscle-specific
expression. Perml levels are high specifically in cardiac and
skeletal muscle; the moderate Perm expression in brown adi-
pose tissue may reflect the shared lineage and expression pro-
grams of brown adipose tissue and muscle (68). In support of
our findings, a BioGPS-powered search for genes with close
expression patterns shows that Perml expression correlates
best with other known muscle-specific genes, such as the ones
encoding y-sarcoglycan, obscurin, 8-taxilin, and Ckmt2 (44).

The mechanism by which Perm1 controls the expression of
genes is currently unclear. Perm1 localizes both in the cytosol
and nucleus, which would be compatible with Perm1 acting in
the nucleus and modulating gene expression. However, Perm1
does not behave like a classical coactivator; we have not been
able to detect a transcriptional activation function in Perm1 (i.e.
Perm1 fused to the Gal4 DNA binding domain does not activate
a Gal4-responsive reporter) or a physical interaction of Perm1
with ERRs or PGC-1a.® Moreover, Perm1 acts differentially at
different ERR targets in C2C12 cells (e.g. activates Ckmt2, has
no effect on Sod2, and represses Pdk4). Perm1 is also unlikely to
be a classical coactivator of other transcription factors required
for mitochondrial biogenesis and expression of OxPhos com-
ponents, such as nuclear respiratory factor 1 and GA-binding
protein, because it does not activate Tfam, a well characterized
nuclear respiratory factor 1- and GA-binding protein-respon-
sive gene target (69). It is possible that Perm1 acts by regulating
signaling pathways that control the activity of multiple tran-
scription factors, possibly in a gene context-dependent manner.
Future efforts to identify binding partners of Perm1 may pro-
vide mechanistic insights to its molecular function.

PGC-1s and ERRs are expressed in a wide range of tissues
with high metabolic activity where they regulate a wide range of
cellular pathways (e.g. lipid and glucose metabolism, mitochon-
drial biogenesis, mitochondrial function, oxidative stress
responses, contractile proteins, ion transporters, and angiogen-
esis) (5—8, 31). Many of these pathways are regulated by
PGC-1s and ERRs in a tissue-specific manner, suggesting the
presence of other proteins/regulators, such as Perm1, that are
expressed in a tissue-selective manner and that instruct (or
enable) PGC-1/ERRs to induce specific sets of genes. There are
other examples of such regulators: hepatic Lipin 1 acts as an
amplifier and coregulator of PGC-1a in the activation of lipid
metabolism genes (43). HIF2« is induced by PGC-1a/ERR«
and acts as a downstream effector in the regulation of fiber
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type-specific proteins (70). Striated muscle activator of Rho sig-
naling (Abra), which is also induced by PGC-1a and ERRa in
skeletal muscle cells, acts as a downstream effector in the reg-
ulation of fatty acid oxidation genes (41). Such regulators may
play central roles in shaping and specifying muscle adaptive
metabolic responses to signals that induce PGC-1a, possibly
integrating other physiologic and environmental cues.

In summary, identifying muscle-specific regulators in the
PGC-1/ERR network of factors, such as Perm1, and elucidating
their function will likely provide insights into how specific mus-
cle PGC-1/ERR outputs are established. Such regulators may
also provide new targets that could be used to modulate specific
subsets of PGC-1/ERR pathways in the muscle (e.g high capac-
ity for ATP production) and address the bioenergetic defects
seen in myopathies.
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