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Perm1 regulates CaMKIl activation and shapes
skeletal muscle responses to endurance
exercise training

Yoshitake Cho "> ", Shizuko Tachibana "2, Bethany C. Hazen ', James J. Moresco '-%, John R. Yates Il "3,
Bernard Kok "°, Enrique Saez ">, Robert S. Ross %, Aaron P. Russell %, Anastasia Kralli ">*

ABSTRACT

Objective: Endurance exercise training remodels skeletal muscle, leading to increased mitochondrial content and oxidative capacity. How
exercise entrains skeletal muscle signaling pathways to induce adaptive responses remains unclear. In past studies, we identified Perm1 (PGC-1
and ERR induced regulator, muscle 1) as an exercise-induced gene and showed that Perm1 overexpression elicits similar muscle adaptations as
endurance exercise training. The mechanism of action and the role of Perm1 in exercise-induced responses are not known. In this study, we
aimed to determine the pathway by which Perm1 acts as well as the importance of Perm1 for acute and long-term responses to exercise.
Methods: We performed immunoprecipitation and mass spectrometry to identify Perm1 associated proteins, and validated Perm1 interactions
with the Ca”/calmodulin-dependent protein kinase Il (CaMKIl). We also knocked down Perm1 expression in gastrocnemius muscles of mice via
AAV-mediated delivery of shRNA and assessed the impact of reduced Perm1 expression on both acute molecular responses to a single treadmill
exercise bout and long-term adaptive responses to four weeks of voluntary wheel running training. Finally, we asked whether Perm1 levels are
modulated by diet or diseases affecting skeletal muscle function.

Results: We show that Perm1 associates with skeletal muscle CaMKIl and promotes CaMKIl activation. In response to an acute exercise bout,
muscles with a knock down of Perm1 showed defects in the activation of CaMKIl and p38 MAPK and blunted induction of regulators of oxidative
metabolism. Following four weeks of voluntary training, Perm1 knockdown muscles had attenuated mitochondrial biogenesis. Finally, we found
that Perm1 expression is reduced in diet-induced obese mice and in muscular dystrophy patients and mouse models.

Conclusions: Our findings identify Perm1 as a muscle-specific regulator of exercise-induced signaling and Perm1 levels as tuners of the skeletal
muscle response to exercise. The decreased Perm1 levels in states of obesity or muscle disease suggest that Perm1 may link pathological states

to inefficient exercise responses.
© 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION exercise is vital in finding ways to tailor exercise training and maximize

exercise benefits.

Skeletal muscle plays key roles in metabolic homeostasis and whole
body energy expenditure. Decreased physical activity is a risk factor for
obesity, type 2 diabetes, and cardiovascular diseases [1]. Conversely,
regular exercise, particularly when combined with dietary in-
terventions, is effective in the prevention and treatment of type 2
diabetes and cardiovascular diseases [2,3]. Notably, not all individuals
show effective responses to a given exercise training program, indi-
cating a high degree of variation in the pathways activated by exercise
[4]. Understanding the mechanisms that determine responses to

Endurance exercise training remodels skeletal muscle by activating
signaling pathways and regulating transcription factors that drive long-
term changes in gene expression, thereby leading to increases in
mitochondrial oxidative capacity and alterations in metabolic and
contractile properties. Mediators of the adaptive responses to exercise
include the kinases CaMKIl, MAPK p38, and AMPK and the tran-
scriptional regulators PGC-1¢., PPARJ, and MEF2 [5,6]. Notably, there
is little known on muscle-specific proteins that may regulate these
signaling pathways and shape responses to endurance training bouts.
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The family of CaMKIl kinases comprises of four distinct genes
(Camk?2a-d) that are widely expressed and play central roles in ca?t
signaling pathways in many tissues, including learning and memory
in the CNS, contractility in heart, and insulin secretion in pancreatic
B-cells [7]. In skeletal muscle, CaMKIIB, y, and O are auto-
phosphorylated and activated in response to exercise [8]. CaMKIl
then activates MEF2-dependent transcription, inducing the expression
of PGC-1o. and PGC-1o driven pathways, such as mitochondrial
biogenesis [9—11]. Thus, CaMKIl, together with the Ca?* -induced
phosphatase calcineurin, plays a major role in transducing muscle
excitation signals to changes in gene expression, a process known as
“excitation-transcription coupling” [5].

Perm1, a recently identified protein, is selectively expressed in skeletal
and cardiac muscles, enriched in oxidative muscle fibers, and induced
by PGC-1a., Estrogen related receptors (ERRs), and endurance exercise
[12,13]. In cultured myotubes, Perm1 enables high respiratory capacity
and PGC-1a-induced mitochondrial biogenesis [12]. In vivo, targeted
overexpression of Perm1 in skeletal muscle leads to increases in
mitochondrial content, oxidative capacity, and fatigue resistance,
suggesting a role for Perm1 in exercise-induced adaptations [13].
The pathways by which Perm1 exerts these actions, and the impor-
tance of Perm1 for skeletal muscle responses to endurance exercise
are not known.

To gain insights into the cellular function of Perm1, we sought Perm1
interacting proteins and used gain- and loss-of function approaches to
probe the extent and pathway by which Perm1 impacts endurance
exercise responses. We show that Perm1 regulates physical activity-
dependent CaMKIl and MAPK p38 signaling and is important for a
subset of exercise-induced responses. Our findings suggest that
Perm1 modulates excitation-transcription coupling and shapes the
response to endurance exercise.

2. MATERIALS AND METHODS

2.1. Constructs and viral vectors

The MEF2C expression and TATA-MEF2-Luc reporter plasmids, the
adenoviruses expressing LacZ and FLAG-tagged Permi, and the
AAV1-Perm1 vector have been described [10,12,13]. pAdlox-HA-
CaMKIIp expresses the HA-tagged human CaMKII [cDNA sequence of
pDONR-CAMK2B (Addgene #23820)]. The AAV1-shPerm1 vector was
produced by the Vector Core of the University of Pennsylvania and
expresses a short hairpin RNA against mouse Permi sequence
AAGGAGGGCTTGAGGCATC [12].

2.2. Cell culture

C2C12, U20S, and HEK293 cells were maintained in DMEM containing
10% fetal bovine serum at 37 °C and 5% C02, and transfected using
Polyethylenimine HClI MAX (Polysciences, Inc). C2C12 cells were
differentiated as described [12].

2.3. Purification of Perm1 interacting proteins

C2C12 myotubes were infected with Ad-LacZ or Ad-FLAG-Perm1 at
M.0.1 of 50 [12]. Two days later, cell lysates were subjected to affinity
purification, using beads coupled to anti-FLAG antibody (Clone M2,
Sigma). Affinity-purified proteins were subjected to MudPIT for protein
identification [14].

2.4. Immunoprecipitation and CaM affinity pull-down

For immunoprecipitation, HEK293 cells were transfected with
expression vectors for HA-tagged CaMKII and FLAG-tagged Perm1
or control vectors. Forty-eight hours later, cells were lysed; lysates
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were subjected to immunoprecipitation with FLAG antibody (Clone M2,
Sigma) and immunoprecipitated proteins detected by western blotting.
For the CaM affinity pull-down, GAS muscles were homogenized in
lysis buffer [20 mM Tris-HCl pH 7.8, 150 mM NaCl, 1 mM NasV04, 1%
Triton X-100, 5 pl/ml protease inhibitor cocktail P8340 (Sigma),
20 pg/ml phenylmethylsulfonyl fluoride], in the presence of 5 mM
EGTA or 2 mM CaCl,, and mixed with CaM-agarose slurry (Upstate) for
3 hat 4 °C. CaM bound proteins were eluted with 10 mM EGTA, and
subjected to western blotting.

2.5. MEF2 reporter assay

U20S cells were transfected with MEF2-TATA-Luc reporter plasmid
(50 ng/well), pCMV-beta-galactosidase (10 ng/well), and expres-
sion vectors for Perm1, CaMKIIB, or control (5—20 ng/well).
CaMKIl inhibitor KN93 or its inert analogue KN92 were added to
the media. Relative luciferase activities were determined as
described [15].

2.6. Animal studies

C57BL/6J male mice were housed at 21 °C on a 12 h light-dark cycle
and free access to food and water. Experimental procedures were
conducted according to protocols approved by the Scripps Research
Institute Institutional Animal Care and Use Committee. For intramus-
cular injections of AAV vectors, mice (4-week old) were anesthetized
with isoflurane and injected with AAV1 vectors. For overexpression of
Perm1, AAV1-LacZ or AAV1-Perm1 was injected to TA muscle, and
muscles were harvested 4 weeks later, at 11 pm (active state), as
described [13]. For suppression of Perm1, each mouse had the
gastrocnemius (GAS) muscle of one leg injected with AAV1-shPerm1
(1.0 x 10" viral genomes) and of the contralateral leg with
AAV1-shControl (AAV1.H1.shLuc.ZsGreen). Six weeks later, mice were
subjected to an acute bout of exercise on a treadmill (AEX) during the
light cycle (11 am—2 pm) or given wheels for 4 weeks of voluntary
wheel running training (TR). For the obese mouse model, 6-week old
C57BL6/J male mice were fed for 22 weeks either control diet (10%
fat, Research Diets, D12450B) or a high-fat diet (60% fat; Research
Diets, D12492).

2.7. Acute exercise bout (AEX)

Mice were habituated to a motorized treadmill (Columbus In-
struments, Columbus, OH) on two occasions (10 min at 10 m/min
and 10° grade) prior to the experimental exercise bout. For the AEX
bout, mice (fasted for 3 h) completed 55 min of running on the
treadmill (10° grade) at repetitions of variable exercise intensity
(10 m/min, 2.5 min; 12.5 m/min, 2.5 min; 15 m/min, 15 min;
17.5 m/min, 2.5 min; 20 m/min, 20 min; 22.5 m/min, 2.5 min;
25 m/min, 10 min). Following AEX, mice were returned to their
cages without food, but with access to water, until muscle collection.
Muscles were collected either immediately (Oh AEX) or 3 h (3h AEX)
after AEX. Sedentary (SED) littermate mice were fasted and eutha-
nized under similar conditions.

2.8. Voluntary wheel running training (TR)

Mice were given access to running wheels for 28 days (TR, trained)
with time run per day recorded via a digital recorder or assigned to a
sedentary (SED) group (housed singly in similar cages as TR mice but
without access to a running wheel). TR mice run on average ~10 km
per night. To minimize effects of acute exercise activity in TR mice,
running wheels were removed at the end of 4 weeks and GAS muscles
were harvested ~ 48 h later, during the day (11 am—1 pm, rest
state).
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2.9. Histology, fiber type composition analysis, and mitochondrial
enzyme activities
Samples were prepared and analyzed as described [13].

2.10. Reverse transcription and quantitative real-time PCR analysis
Total RNA was extracted from whole muscles using TRIzol reagent (Life
Technologies) and cDNA was synthesized as described [16]. Relative
mRNA levels were determined by quantitative PCR using cDNA,
gene-specific primers (Table S1), SYBR green reagent (Affymetrix), and
normalization to levels of 36B4 (Rplo) or GAPDH [16].

2.11. DNA isolation and quantification

Total DNA was prepared from whole muscles and digested with
100 pg/ml RNase A for 30 min at 37 °C. The relative copy numbers of
mitochondrial and nuclear genomes were determined by quantitative
PCR with primers specific to the Cox/l (mitochondrial) and Dio3
(nuclear) genes [13].

2.12. Western blot and antibodies

Whole muscles were homogenized in lysis buffer containing 20 mM
Tris-HCI pH 7.8, 150 mM NaCl, 1 mM NasVQ4, 5 mM EDTA, 1% Triton
X-100, 5 pl/ml protease inhibitor cocktail (P8340, Sigma), and 20 pg/
ml phenylmethylsulfonyl fluoride. Protein lysates were resolved by
SDS-PAGE and transferred to nitrocellulose membrane (Hybond C
Extra; Amersham Biosciences). Western blotting was performed
using the following antibodies: anti-FLAG (Clone M2, Sigma), anti-HA
antibody (sc-7392, Santa Cruz), anti-PERM1 (anti-C1orf170,
#HPA031711, Sigma), anti-tubulin (#2184, Cell Signaling), anti-Rt/Ms
Total OxPhos Complex Kit (Invitrogen), anti-ERRa (ab76228, Abcam),
anti-PGC-1a [17], anti-Sirt3 (#5490, Cell Signaling), anti-myoglobin
(sc-25607, Santa Cruz), anti-phospho-p38 MAPK (#9211, Cell
Signaling), anti-p38 MAPK (#9212, Cell Signaling), anti-phospho-
AMPKa (#2535, Cell Signaling), anti-AMPKa. (#2532, Cell Signaling),
anti-phospho-CaMKIl (#12716, Cell Signaling), and anti-CaMKIl
(#3362, Cell Signaling). The intensity of the bands was quantified
using ImageJ software. The values were then normalized by the levels
of GAPDH (intensity of internal control) and expressed relative to levels
in control muscle.

2.13. DMD muscles

Human muscle specimens were sourced from the Telethon Network
of Genetic Biobanks (Neuromuscular Tissue Bank, Padova, [taly).
Skeletal muscle biopsies were taken from the vastus lateralis muscles
of patients with DMD (aged 1—9 years) or healthy control subjects
(aged 18—25 years) using either a Bergstrom or open biopsy
technique. For the healthy control subjects, informed consent was
obtained and procedures approved by the Deakin University Human
Ethics Committee. All biopsies were frozen immediately in liquid ni-
trogen and stored at —80 °C until analysis. Tibialis anterior muscle
samples from 8 to 9 week old male C57BL/10, mdx and dystrophin/
utrophin double knock-out (dko) mice were obtained as published
previously [18,19]. Procedures were approved by the Animal Ethics
Committee of The University of Melbourne and conformed to the
Australian code of practice for the care and use of animals for
scientific purposes.

2.14. Statistics

Data shown are mean 4+ SEM and were analyzed with a two-tailed
Student’s t-test for single variables. For comparisons between multi-
ple variables, p-values were determined using a two-way ANOVA test,
followed by a Bonferroni analysis.

3. RESULTS

3.1. Perm1 associates with CaMKIl and enhances CaMKIl signaling
To gain insights into the pathway by which Perm1 increases oxidative
capacity, we isolated Perm1-interacting proteins from C2C12 myo-
tubes expressing FLAG-tagged Perm1 (Figure S1A). Using Mud-PIT
mass spectrometric analysis [14], we identified the doublecortin-like
kinase 1 (Dclk1) in immunopurified Perm1 complexes. Dclk1 is a
neuronal serine/threonine protein kinase that is highly expressed in
C2C12 myotubes but not present in skeletal muscle (Figure S1B) [20].
We noted that Dclk1 shares substantial homology to kinases of the
CaMK family, and that the CaMKIl isoforms that are highly expressed in
skeletal muscle are found at comparatively lower levels in C2C12
myotubes (Figure S1B). We thus tested for interactions between Perm1
and CaMKIL. First, we assessed the ability of heterologously expressed
HA-tagged CaMKIIf3 and FLAG-tagged Perm1 to co-immunoprecipitate.
As shown in Figure 1A, CaMKIl and Perm1 expressed in HEK293 cells
interacted with each other. Next, we determined the ability of
endogenous skeletal muscle Perm1 to co-purify with CaMKII bound at
calmodulin (CaM), the activator of CaMKIl. Both Perm1 and CaMKII
interacted with CaM in a Ca’™ - dependent manner, suggesting that
Perm1 is part of a CaM/CaMKIl complex (Figure 1B). To assess the
impact of Perm1 on CaMKIl function, we then determined the activity
state of CaMKIl, using an antibody detecting CaMKIl phosphorylated at
Thr287 [8], in muscles injected with control or AAV1-Perm1 [13]. The
increase in Perm1 levels led to increased CaMKIl phosphorylation
(Figure 1C), consistent with Perm1 enhancing CaMKIl activity. Finally,
to test the functional consequences of Perm1 overexpression on
CaMKII downstream signaling, we assessed the effect of Perm1 on the
activity of MEF2, a transcription factor that is activated by CaMKII
[9,21]. As shown in Figure 1D, Perm1 enhanced MEF2C transcriptional
activity (~4x), a similar effect as the one exerted by CaMKIIp; the
enhancement was suppressed by the CaMKIl specific inhibitor KN93,
but not the inert related compound KN92. In sum, Perm1 enhanced
CaMKII activity and increased MEF2-dependent transcription in a
CaMKII-dependent manner.

3.2. Perm1 is required for the activation of CaMKIl and p38 MAPK
by exercise and shapes the transcriptional response to an acute
exercise bout

In vivo, CaMKII kinases are activated in response to an acute exercise
bout [8]. To study the role of Perm1 in the exercise-induced CaMKIl
activation, we knocked down endogenous Perm1 expression in the
gastrocnemius muscle (GAS) of one leg, by injecting AAV expressing
shRNA against Perm1 (Perm1 KD). As control, the GAS muscle of the
contralateral leg received an AAV expressing a control short hairpin
RNA. Mice were then subjected to an acute exercise bout (AEX) or left
sedentary in cages (SED). AEX increased CaMKIl phosphorylation in
control muscles. Perm1 KD caused a ~ 4x decrease in Perm1 levels
and suppressed exercise-induced phosphorylation of CaMKII
(Figure 2A). It also decreased the basal activity state of MAPK p38, and
suppressed exercise-induced activation of MAPK p38 (Figure 2B). We
did not detect an exercise-induced activation of AMPK in control
muscles, suggesting the AEX bout was not intense enough to change
the myocellular energy state, and Perm1 KD did not have a significant
effect on AMPK activation state [though we observed a trend for higher
AMPK activity in AEX vs. SED Perm1 KD muscles (Figure 2C)]. These
findings show that Perm1 is required in vivo for activation of CaMKII
and p38 MAPK by AEX.

The exercise-induced activation of protein kinases regulates tran-
scription factor activity and leads to gene expression changes [5,6]. We
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Figure 1: Perm1 associates with and activates CaMKIl. (A) Perm1 interaction with CaMKIIB by colP. HEK293 cells were transfected with plasmids expressing HA-CaMKIIf,
FLAG-Perm1 or control vector (—), as indicated. Protein lysates were immunoprecipitated with anti-FLAG antibody and immunoblotted with anti-HA or anti-FLAG antibodies. IP,
immunoprecipitation. (B) Skeletal muscle Perm1 co-purification with CaMKII on calmodulin (CaM)-affinity beads. Skeletal muscle lysates were subjected to CaM affinity pull-down

(PD) in the presence of EGTA or CaCl, (Ca“). Bound proteins were eluted and analyzed
Perm1 protein isoforms, as reported earlier [12]. (C) Perm1, phospho- and total CaMKiIl

by western blot, using CaMKIl and Perm1 antibodies. Note the presence of two endogenous
protein levels in control (—) and AAV-Perm1 TA muscles, determined by western blot. The

overexpressed Perm1 co-migrates with the high MW, full length Perm1 [13]. Quantitation of phospho-CaMKiIl, after normalization to total CaMKIl, is shown at the right. (D)
Activation of MEF2 transcription by Perm1 and CaMKII. U20S cells were transfected with the MEF2-TATA-Luc reporter and expression vectors for MEF2C (+), Perm1 or CaMKIIp
(5—20 ng), or control vector (—), and treated with DMSO (vehicle), the CaMKIl inhibitor KN93 (10 pM) or the inactive compound KN92 (10 pM). *, p < 0.05 vs DMSO.

next quantified the expression of key regulatory exercise-responsive
genes, immediately and 3 h after acute exercise (0 h and 3 h post-
AEX, respectively). Muscles with decreased Perm1 levels (Perm1
KD) had an attenuated induction of exercise-responsive genes that
have been implicated in the control of oxidative capacity, such as
PGC-1c, Nr4A3 and to a lesser degree, Gadd45g (the latter gene being
at lower levels only at 3 h post-AEX). Interestingly, the decrease in
Perm1 levels led to higher expression and/or induction of other
exercise-responsive genes that are associated with cellular stress,
such as Atf3 and Mt2, suggesting that Perm1 enables the efficient
induction of select critical nodes of the exercise-induced response.

3.3. Perm1 is important for skeletal muscle adaptation to
endurance training

Next, we assessed the effect of Perm1 KD on long-term responses to
endurance training. Mice with decreased Perm1 levels (Perm1 KD) in
just one GAS muscle were given access to voluntary running wheels
for 4 weeks for training (TR). Wheel use was monitored digitally and
TR mice run on average ~ 10 km per night. Control sedentary (SED)
mice, also with Perm1 KD in just one GAS muscle, were singly housed
in similar cages but without running wheels. Training led to efficient
remodeling of control muscles, including increases in Perm1 protein
(~ 2x), mitochondrial DNA content (mtDNA, ~ 50% increase), OxPhos
proteins (40%—2.4x increases), activities of citrate synthase (CS,
~30% increase), complex IV (~80% increase) and succinate
dehydrogenase (SDH), levels of other proteins important for muscle
physiology (Mb, Ckmt2, Sirt3, ERRe), and a shift in contractile protein
expression [Figure 3A—G, Figure S2A—D]. Perm1 KD muscles had
~ 4-fold less Perm1 protein than control muscles in both SED and TR

MOLECULAR METABOLISM 23 (2019) 88—97 © 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mice. Perm1 was still induced by training in Perm1 KD muscles,
however, Perm1 expression was lower in TR Perm1 KD muscles
compared to both SED and TR control muscles (Figure 3A). Knock
down of Perm1 significantly attenuated several of the exercise
training-induced adaptations. First, it led to a significant reduction in
the induction of mtDNA content, without affecting mtDNA levels in
SED mice (Figure 3B). Second, Perm1 KD decreased protein levels of
all OxPhos complexes in both SED and TR mice; the training-induced
response was lost for complex Il but preserved for other complexes
(Figure 3C,D). In agreement with the decreased OxPhos protein levels,
we observed reduced activities of complex IV and SDH (Fig. S2A,B).
Similarly, citrate synthase (CS) activity was significantly reduced in
Perm1 KD muscles of both SED and TR mice (Figure 3E). Finally,
knock down of Perm1 abolished the training-induced increases of
myoglobin (Mb), mitochondrial creatine kinase (Ckmt2), and carnitine
palmitoyl transferase Cptib that were seen in control muscles
(Figure 3F,G). Levels of the coactivator PGC-1a. were significantly
decreased in both SED and TR Perm1 KD muscles (Figure 3F,G), while
expression of the transcription factor ERRa and the deacetylase Sirt3
was increased.

In addition to skeletal muscle metabolic remodeling, endurance
exercise training causes a shift in muscle fiber types from type llb to
type lld/x and lla [22]. Knock down of Perm1 did not affect this switch.
Voluntary wheel training led to similar decreases of llb and increases of
lla and lix MHC (myosin heavy chain) proteins in control and Perm1 KD
muscles (Fig. S2C,D). Training also decreased the size of white and
brown adipose depots and led to a relative increase in GAS muscle
mass (Fig. S2E,F). Knock down of Perm1 had no effect on muscle
mass or gross morphology (Fig. S2F,G).
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Figure 2: Perm1 KD attenuates the activation of CaMKIl and p38 MAPK, and induction of PGC-1a by exercise. (A—C) Levels of Perm1, phospho- and total CaMKII, phospho-
p38 and total p38 MAPK, and phospho-AMPK and total AMPK in control (AAV-shCont) and Perm1 KD (AAV-shPerm1) GAS muscles of SED or AEX mice, determined by western blot
analysis, and quantified. Images show 2 representative examples, and quantified data (right panels) are the mean + SEM, expressed relative to SED control muscles, of 4—6 mice.
(D) Quantitation of mRNA levels of the indicated genes in GAS muscles of SED mice or mice after AEX (0 h and 3 h post AEX). Data are the mean + SEM, expressed relative to SED
control muscles (n = 6—7). Muscles were harvested from mice immediately (0 h) and at 3 h after running for 55 min on a treadmill (AEX) or from control sedentary (SED) mice. *,

p < 0.05 for the effect of acute exercise (AEX vs SED) in muscles with same Perm1 expression; #, p < 0.05 for the effect of Perm1 levels (Perm1 KD vs control) in muscles of same
physical activity experience.
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Figure 3: Perm1 is important for specific skeletal muscle adaptations to endurance training. (A) Perm1 protein levels in GAS muscles of SED and TR mice, determined by
western blotting and the Perm1 antibody. GAPDH is shown as loading control. Numbers below each lane show normalized Perm1 levels, expressed relative to mean Perm1 levels in
SED Control muscles. (B) Relative mitochondrial DNA content, determined as the ratio of mitochondrial to genomic DNA copy numbers, and expressed relative to the ratio in SED
Control muscles. Data are the mean + SEM (n = 14). (C) Protein levels of OxPhos complexes, determined by western blot analysis and the Total OxPhos Complex antibody cocktail.
(D) Quantitation of OxPhos complexes, expressed relative to the mean levels in SED Control muscles. Data are the mean + SEM (n = 6). (E) Citrate synthase (CS) enzymatic
activities in total lysates. Data are expressed relative to CS activity in SED Control muscles and are the mean + SEM (n = 6). (F) Protein levels of Mb, Ckmt2, Cpt1b, PGC-1a, Sirt3,
ERRa., and GAPDH, determined by western blot analysis. (G) Quantitation of normalized protein levels in (F), expressed relative to the mean levels of each protein in SED Control
muscles. Data are the mean 4 SEM (n = 4). Muscles were harvested from mice that had access to voluntary wheels for 4 weeks (TR) or sedentary (SED) control mice. *, **, ***,
p < 0.05, 0.01, 0.001, respectively, for the effect of exercise (TR vs SED) in muscles with same Perm1 expression; #, ##, ###, p < 0.05, 0.01, 0.001, respectively, for the effect of
Perm1 levels (Perm1 KD vs Control) in muscles of same physical activity experience.
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3.4. Skeletal muscle Perm1 levels are decreased in diet-induced

obese mice and in muscular dystrophy patients and mouse models

Our study shows that decreased Perm1 expression is sufficient to alter
skeletal muscle responses to an acute exercise bout and to endurance
training. To address whether Perm1 levels are decreased by diet or in
disease states, we next quantified Perm1 in skeletal muscles of mouse
models of obesity and of muscle disease. Perm1 mRNA and protein
levels were down-regulated in diet-induced obese mice, as well as in
mouse models of Duchenne muscular dystrophy (DMD) (Figure 4A,B;
Fig. S3). Moreover, PERM1 expression was decreased in muscle of
DMD human patients (Figure 4C). Our findings show that Perm1 levels
are responsive to disease states, and suggest that decreased Perm1
expression may contribute to altered exercise responses in such states.

4. DISCUSSION

In response to endurance training, skeletal muscle undergoes struc-
tural and functional adaptations, including increased mitochondrial
content, a shift from fast/glycolytic toward slower/oxidative fiber types,
and changes in carbohydrate and lipid metabolism [5,6]. Training-
induced adaptations are mediated by muscle signaling pathways
that modulate expression of exercise-responsive proteins. Our study
shows that the muscle-specific regulator Perm1 controls activation of a
subset of these signaling pathways. Perm1 is itself induced by exercise
[12], suggesting a feed-forward system that entrains skeletal muscle
signaling and exercise responses, and may confer memory of past
exercise (Fig. S4).
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Figure 4: Perm1 expression is decreased in diet-induced obese mice and in muscular dystrophy patients and mouse models. (A) Levels of Perm1 mRNA (left panel) and
protein (right panels) in GAS muscles of mice fed control chow diet or HFD, determined by RT-qPCR and western analysis respectively, and expressed relative to Perm1 levels in
mice on control chow diet (n = 7—8 for mRNA; n = 4 for protein). (B) Levels of Perm7 mRNA levels (left panel) and protein (right panels) in TA muscles of control, dystrophin (mdx),
or dystrophin/utrophin double knock out mice, expressed relative to their respective corresponding control WT mice (n = 8 for RNA; n = 4 for protein). (C) PERMT mRNA levels in
vastus lateralis biopsies of male control subjects or DMD patients, expressed relative to PERM1 levels in control subjects (n = 7). Quantitative data in all panels are mean + SEM. *,

p < 0.05; **, p < 0.01; *, p < 0.001.
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We show that Perm1 levels are important determinants of the oxidative
metabolism adaptations to physical activity. Knock down of Perm1 led
to decreased OxPhos expression in sedentary mice, diminished CaMKII
activation and PGC-1qa¢ transcription in response to acute exercise,
and attenuated mitochondrial biogenesis in response to training.
Conversely, overexpression of Perm1 was sufficient to enhance acti-
vation of kinases CaMKIl and p38 and to drive increases in mitochon-
drial content and oxidative capacity (Figure 1 and [13]). Both Perm1
overexpression and knockdown selectively affect oxidative metabolism
pathways, having no effect on muscle fiber type composition [13]. The
selective action of Perm1 shows that mitochondrial biogenesis and fiber
type switching can be dissociated from each other, a notion supported
by other studies [23—25].

The sequence of Perm1 protein has revealed no similarities to other
proteins and offered no hints of its molecular function [12]. Our study
provides a first insight into how Perm1 acts. We find that Perm1 as-
sociates with CaMKII, regulates the activation of CaMKIl, and enhances
MEF2 transcription in a CaMKII-dependent manner. CaMKII - activated
MEF2 can induce multiple metabolic targets, including PGC-1¢., which
drives mitochondrial biogenesis [5,6]. Thus, our findings suggest that
Perm1 regulates endurance training-induced increases in skeletal
muscle mitochondrial content by controlling activation of CaMKIl by
physical activity. The exact mechanism of Perm1 action is currently
unclear. Perm1 is predominantly cytoplasmic, though also present in
the nucleus and possibly mitochondria [12]. Perm1 may enhance
Ca2+/CaM-dependent activation of CaMKIl or delay deactivation of
CaMKII; it may act as a scaffold and/or direct CaMKIl to specific
subcellular localizations. Future experiments are required to elucidate
the underlying molecular mechanism.

In addition to regulating CaMKII activation, Perm1 affects p38 MAPK
activity. Muscles overexpressing Perm1 show higher p38 activity at
night, when mice are physically active [13], while Perm1 KD leads to
decreased p38 activity in sedentary and acutely exercised mice. The
defect in p38 activity may stem from the reduction in CaMKII activity,
as there is evidence for CaMKII-dependent activation of p38 in skeletal
muscle and other cell types [26—28]. The decreased p38 activity is
likely to contribute to the impaired response to exercise. CaMKIl and
p38 converge in activating PGC-1a., regulating its expression and
activity [29—32] (see also model in Fig. S4). Mice that lack skeletal
muscle p38y also show attenuation of the exercise-regulated increase
of mitochondrial proteins [25].

An acute exercise bout elicits a characteristic profile of changes in gene
expression. Central to this profile is the induction of PGC-1¢t, a master
regulator of mitochondrial biogenesis [5,6]. Consistent with decreased
CaMKIl and p38 activation, PGC-1a induction by AEX was attenuated in
Perm1 KD muscle. Additional regulators of oxidative metabolism were
also affected. Gadd45vy, an activator of p38 MAPK and oxidative ca-
pacity in brown fat [15], was highly induced immediately after exercise,
but was significantly lower at 3 h post-exercise in Perm1 KD compared
to control muscles. Induction of Nr4a3, a nuclear receptor that controls
oxidative metabolism in skeletal muscle, was also blunted, possibly
due to decreased CaMKIl activity, as CaMKIl contributes to the induction
of Nrda receptors in other cell types [33]. Mice overexpressing Nr4a3 or
its close homolog Nr4a1 in skeletal muscle show similarities to Perm1
overexpressing mice, with higher mitochondrial content and increased
resistance to fatigue [34,35]. Thus, Perm1-dependent signaling may
control induction of multiple regulators of oxidative capacity, including
PGC-1a, Gadd45y and Nr4a3. Notably, Perm1 is not required for in-
duction of all exercise responsive genes. Atf3 and Mi2, genes induced
by stress signals and not linked to oxidative metabolism, were more
robustly induced in Perm1 KD than control muscles. The sustained
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inductions of Aff3 and Mi2, coupled to an intact fiber type switch
response, support the notion that Perm1 controls a select subset of the
transcriptional response to exercise.

Repeated bouts of endurance exercise lead to sustained increases in
protein expression and long-term skeletal muscle adaptations. Consis-
tent with the attenuated acute transcriptional responses, Perm1 KD
muscles of trained mice had lower mitochondrial content, oxidative
metabolism enzyme activities, and protein levels of PGC-1a,, Mb and
Ckmt2 (compared to contralateral control muscles of same trained mice).
Interestingly, we observe three distinct patterns in the way Perm1 KD
affects oxidative metabolism components and their response to training.
First, some components, such as mitochondrial DNA, Mb, Ckmt2, and
Cpt1b, are not affected by Perm1 KD in sedentary mice, but show an
attenuated or no increase in Perm1 KD muscles following training.
Second, components like OxPhos proteins, CS activity, and PGC-1a., are
basally decreased in Perm1 KD muscles of sedentary mice; their
response to training varies, from no induction (e.g., complex Il) to strong
induction (e.g., complex V), but their levels remain lower in Perm1 KD
compared to control muscles in trained mice. Third, other components,
such as ERRa and Sirt3, are increased in Perm1 KD compared to control
muscles, in both SED and TR mice. To interpret these patterns, one must
keep in mind that “sedentary” mice still have bouts of physical activity
every night and that Perm1 may relay this regular physical activity to the
basal expression of some components. Thus, expression of such regular
physical activity-responsive genes may depend on Perm1 in “sedentary”
mice, while expression of other exercise-responsive genes may become
Perm1 dependent only upon physical activity of higher intensity, as seen
in voluntary wheel running. Moreover, residual Perm1 expression is still
induced ~ 2 fold by training in Perm1 KD muscles, so different sensi-
tivities to Perm1 levels may determine the degree by which a component
responds to training. Finally, the increased ERRa. and Sirt3 levels in
Perm1 KD muscles are surprising, given that both ERRa. and Sirt3 are
PGC-1a. induced genes and upregulated in muscles overexpressing
Perm1 [12,36,37]. Their increase in Perm1 KD may reflect some
compensatory response to the decreased PGC-1¢. and/or decreased
oxidative capacity. The mechanism by which an oxidative defect may
increase ERRa. but not PGC-1at is currently unclear.

Because Perm1 levels can qualitatively impact the response to exer-
cise, it is important to define physiological or disease states that may
lead to suppressed Perm1 expression. In addition to our previous
findings of decreased Perm1 levels in muscles of ALS patients [12], we
show here that Perm1 levels are reduced in DMD and mouse models of
muscular dystrophy and diet-induced obesity. Consistent with these
findings, human PERM1 has been found to be significantly decreased
in the skeletal muscle of Type 2 diabetes subjects [38] and to be lower
in muscles of untrained individuals compared to endurance trained
athletes [39]. Finally, Perm1 is rapidly decreased after muscle
denervation-induced atrophy in mice [40]. Though the causal rela-
tionship is unclear, (e.g., the decrease in Perm1 may be secondary to
decreased physical activity in ALS, DMD and diabetic patients, and in
obese mice), decreased Perm1 levels in these states may nevertheless
impact responses to exercise. Interestingly, compared to healthy
controls, individuals with type 2 diabetes and rats with low aerobic
capacity show differential responses to exercise rather than just
diminished profiles [41,42].

5. GONCLUSIONS
Our study is the first demonstration of a muscle-specific regulator of

exercise-driven activation of CaMKIl and p38. The levels of Perm1
qualitatively impact skeletal muscle signaling and gene induction
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following an acute exercise bout, as well as oxidative metabolism
pathway adaptations following endurance training. Our work provides
insights into mechanisms that shape endurance exercise-activated
pathways and that may contribute to the high degree of variation in
exercise training responses [4].
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