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Abstract

Creatine kinase (CK) is a phosphotransfer kinase that catalyzes the reversible transfer
of a phosphate moiety between ADP and creatine and that is highly expressed in skeletal
muscle. In fast glycolytic skeletal muscle, deletion of the cytosolic M isoform of CK in mice
(M-CK-/-) leads to a massive increase in the oxidative capacity and of mitochondria volume.
This study was aimed at investigating the transcriptional pathways leading to mitochondrial
biogenesis in response to CK deficiency. Wild type and M-CK-/- mice of eleven months of
age were used for this study. Gastrocnemius muscles of M-CK-/- mice exhibited a dramatic
increase in citrate synthase (+120%) and cytochrome oxidase (COX, +250%) activity, and in
mitochondrial DNA (+60%), showing a clear activation of mitochondria biogenesis.
Similarly, mRNA expression of the COXI (mitochondria-encoded) and COXIV (nuclear-
encoded) subunits were increased by +103 and +94 % respectively. This was accompanied by
an increase in the expression of the nuclear respiratory factor (NRF2a) and the mitochondrial
transcription factor (mtTFA). Expression of the co-activator PGC-1a, a master gene in
mitochondrial biogenesis was not significantly increased while that of PGC-1b and PRC, two
members of the same family, was moderately increased (+45% and +55% respectively).
While the expression of the modulatory calcineurin-interacting protein 1 (MCIP1) was
dramatically decreased (minus 68%) suggesting inactivation of the calcineurin pathway, the
metabolic sensor AMPK was activated (+86%) in M-CK-/- mice. These results evidence that
mitochondrial biogenesis in response to a metabolic challenge exhibits a unique pattern of

regulation, involving activation of the AMPK pathway.
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I ntroduction

The family of creatine kinase isoenzymes catalyzes the reversible transfer of a
phosphate moiety between creatine and ATP. It is highly expressed in striated muscles and is
a key player in intracellular energy storage and transport. The major isoenzymes of CK in
muscle are the cytosolic isoform (MM-CK) and the mitochondrial isoform (mi-CK). Fast
gastrocnemius muscle expresses amost exclusively MM-CK [1] that is free in the cytosol or
structurally associated with myofibrils and membranes of the sarcoplasmic reticulum (SR),
and functionally coupled to ATPases for optimal functioning of the contractile machinery and
SR calcium uptake [2].

Fast skeletal muscle fibers have very low mitochondrial content and mainly rely on
quickly mobilisable energy sources (mainly phosphocreatine (PCr) and glycogen) to develop
strong and fast contractions but this is possible only for short periods of time because of
limited reserves. These muscles are thus quickly fatigable and should recover their energy
reserves through anaerobic glycolysis and less importantly mitochondrial oxidations.

Engineered mice with invalidated expression of M-CK (M-CK™) were developed by
the group of Bé Wieringa [3] to understand the effects of atered energy metabolism.
Functional tests revealed that fast skeletal muscle of CK™ mice has abnorma calcium
transient, lacks burst activity at the onset of stimulation but exhibits paradoxical decreased
fatigability [4,5]. This is accompanied by a marked increase in the relative mitochondrial
volume, the mitochondrial enzyme content, and the muscle oxidative capacity together with a
relocation of mitochondria towards myofibrils [3,6-8]. Proteomic and mRNA analysis [9,10]
confirmed the metabolic remodeling of the CK™ gastrocnemius muscle towards a more
oxidative phenotype. This metabolic remodeling is thought to compensate for the lack of

creatine kinase by switching energy metabolism of gastrocnemius muscle from the use of PCr
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stores and anaerobic glycolysis to oxidative metabolism. However, the signaling and
molecular events governing this metabolic shift are currently unknown.

Mitochondrial biogenesis depends on the coordinated expression of the nuclear and
mitochondrial genomes. Mitochondrial DNA (mtDNA), encodes 13 subunits of the oxidative
phosphorylation system (OXPHOS). The remaining OXPHOS subunits as well as other
mitochondrial proteins are encoded by the nuclear DNA. An inducible transcriptional co-
activator termed peroxisome proliferator activated receptor gamma co-activator 1la (PGC-1a)
has emerged as a critical factor coordinating the activation of metabolic genes required for
substrate utilization and mitochondrial biogenesis [11-13]. Effects of PGC-la on
mitochondrial biogenesis could be explained via its interaction with several DNA-binding
transcription factors, such as the nuclear respiratory factors (NRFs). These factors in turn
upregulate the expression of nuclear genes encoding respiratory chain components and other
mitochondrial proteins, as well as of the mitochondrial transcription factor A (mtTFA), a
factor required for mtDNA replication and transcription [14]. In rodent skeletal muscles,
regularly performed exercise induces an increase in PGC-1a, coincidently with an increasein
NRFs and mtTFA mRNA and/or protein expression (for recent reviews see [15-17]). In
humans, PGC-1a and its transcription cascade correlate with exercise capacity and vastus
lateralis muscle oxidative capacity [18].

In response to changes in environment, muscle activity or energy state, mitochondrial
biogenesis is controlled by upstream signaling events. Calcineurin, a calcium sensitive
phosphatase, involved in the transcriptional response of skeletal muscle to endurance training
through the dephosphorylation and the nuclear import of the nuclear transcription factor of
activated T cell (NFAT) family [19], was proposed to control the expression of PGC-1a [20].
In human skeletal muscle, the transcriptional activity of calcineurin correlates with exercise

capacity and muscle oxidative capacity [18]. However, calcineurin inhibition fails to block the
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exercise induced PGC-la expression and activation of mitochondrial biogenesis [21].
Moreover, calcineurin inhibition increases rather than decreases oxidative capacity in soleus
muscle consistent with the partial transition from type | to the more oxidative type Ilafiber in
this muscle [22]. Other pathways have been implicated in the control of PGC-1a expression
and activity. Among those, the p38 mitogen-activated protein kinase (p38 MAPK) and the
calcium-calmodulin dependent protein kinases (CaMKs), also activated during exercise, could
contribute to increase muscle oxidative capacity [23,24].

On the other hand, skeletal muscle mitochondrial biogenesis can be induced by
energetic deficiency. Energetic deficiency can activate the AMP-activated protein kinase
(AMPK). Under conditions of high (exercise) or disturbed (energetic deficiency) energy
turnover, AMP concentration increases and induces the phosphorylation of the Thr172 of the
a subunit thus activating the catalytic activity of AMPK. Chronic depletion of creatine by
feeding an analog (b-guanidino propionic acid (b-GPA), activates AMPK, increases
mitochondrial content and upregulates expression of genes involved in mitochondrial
biogenesis among which NRF1 and PGC-1a [25,26]. Thus by sensing metabolic state of the
muscle, AMPK appears to be an important regulator of mitochondrial biogenesis. However,
deletion of one or the other catalytic subunit of AMPK did not impair the exercise-induced
activation of mitochondrial gene expression [27]. Moreover at present, the way by which
AMPK activation increases PGC-la gene transcription in skeletal muscle is currently
unknown.

The aim of the present work has been to determine whether and how mitochondrial
biogenesis occurs in response to cytosolic creatine kinase deficiency. The superficial part of
the gastrocnemius muscle of M-CK deficient mice was used for this study because this
muscle mainly rely on creatine kinase for contractile activity and because it is known to

undergo thorough remodeling towards increased oxidative capacity. The results show that
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mitochondrial biogenesis seems to be triggered by energy depletion induced AMPK
activation and increased PGC-1a transcriptional activity, rather than by calcium dependent

increase in PGC-1a expression.

M aterial and methods

Animals

Procedures involved in the generation and genotyping of M-CK-/- (kind gift from Drs
B. Wieringa and F. Oerlemans University of Nijmegen, Netherlands) have been described in
detail elsewhere [3]. Eleven-month old C57BL6 wild type (WT, n=6), and M-CK-/- (n=6)
mice were used for this study. Animas were anaesthetized with an intraperitoneal
pentobarbital injection (0.15 mg.g BW™), sacrificed and the superficial parts of gastrocnemius
(fast-twitch, glycolytic) muscles were isolated, rapidly frozen and kept at —80° C. The
investigation conforms to Inserm Institution guidelines defined by the European Community
guiding principles in the care and use of animals and the French decree n°87/848 of October

19, 1987.

Enzyme Analysis

Frozen tissue samples were weighed, homogenized in ice-cold buffer (50 mg wet weight
per ml) containing: HEPES 5mM (pH 8.7), ethyleneglycol-bis ([3-aminoethyl ether) N, N, N',
N'-tetraacetic acid (EGTA) 1mM, dithiothreitol 1mM, and Triton X-100 (0.1%) and incubated
for 60 min at 4°C for complete enzyme extraction. The cytochrome ¢ oxidase (COX), and
citrate synthase (CS) were assayed by standard spectrophotometric methods at 30°C and pH

7.5[28).
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Real-Time Quantitative RT-PCR Analysis

Total muscle RNA was extracted using standard procedures. Oligo-dT first strand
cDNA was synthesized from 5 pg total RNA using superscript Il reverse transcriptase
(Invitrogen). Red-time RT-PCR was performed using the SYBR®Green method on a
LightCycler rapid thermal cycler (Roche Diagnostics) as previously described [28]. Primers
were designed in a different exon of the target gene sequence, eliminating the possibility of
amplifying genomic DNA. A Basic Local Alignment Search Tool (BLAST) search performed
for each set of primers revealed that sequence homology was obtained only for the target
gene. Glucocerebrosidase (GCB) was chosen as housekeeping gene for normalization as its
expression did not differ between the two groups. Vaues for each gene were normalized to
GCB mRNA content in order to compensate for variation in input RNA amounts and
efficiency of reverse transcription, then they were multiplied by total RNA per amount of

tissue (.g wet weight™) to compare expression level in different conditions [28].

Southern Blot Analysis of Total DNA

Total cellular DNA was extracted by standard methods including successive steps of
proteinase K digestion, organic extraction and ethanol precipitation. To measure mtDNA
levels, a Southern blot analysis was performed using concomitant hybridization with a cDNA
probe for mtDNA and a cDNA probe for nDNA as control for the amount of nuclear DNA as
previously described [28]. Signals were detected by chemiluminescent reagents (CDP-Star ™,
Amersham) and quantified using an image analyzer (Bio-Rad) to determine mtDNA to nDNA

ratio.

Western Blot Analysis
Specific antibodies were used to measure the protein content of phosphorylated and

non phosphorylated AMPK (Upstate Biotechnology Inc., Lake Placid, New York, USA) and
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phospho- and total p38 MAPK (Cell Signaling) in control and M-CK-/- gastrocnemius
muscles. Blots were revealed with enhanced chemiluminescent substrate (ECL, Amersham,
France). Light emission was detected by autoradiography using an image-anaysis system
(Bio-Rad Geldoc 1000). Quantification was performed using Quantity One software (Biorad)
and expressed as a ratio of the signal obtained with the phosphorylated protein of interest

relative to the non-phosphorylated protein.

Statistical analysis
All data are expressed as means + S.E.M and were compared using a Student’s t-test.

Values of p£0.05 were considered significant.

Results

Mitochondrial activity and protein expression

Mitochondrial content of gastrocnemius muscles was estimated by measuring the
activity of two markers of mitochondrial activity, citrate synthase (CS) an enzyme of the
Krebs cycle and cytochrome oxidase (COX), the complex 1V of the respiratory chain. M-CK
deletion resulted in significant 3.5-fold and 2.2-fold increases in COX and CS activity
respectively (Figure 1A). The COX/CS ratio was significantly increased by 1.55-fold,
showing an excess increase in COX specific activity. Moreover, a 1.6 fold increase in
mitochondrial DNA over nuclear DNA ratio (from 0.78£0.06 to 1.26+0.15, p<0.05)
confirmed the increase in mitochondrial mass. The total MRNA content was significantly
increased from 0.469+0.028 to 0.642+0.043 mg.gww™ (p<0.05) in M-CK-/- gastrocnemius
muscle. Thus, this increase in mRNA was taken into account to cal culate the concentration of

MRNAS in muscles.
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In order to confirm that both the mitochondrial and the nuclear genomes were
activated, we measured expression of two subunits of COX, one encoded by the
mitochondrial genome (COXI) and one encoded by the nuclear genome (COXIV). When
expressed per mg of tissue, the amount of mMRNA encoding COXI and COXIV were both
significantly increased by 203% and 194% respectively (Figure 1B), showing that both
genomes were coordinately activated in M-CK-/- gastrocnemius muscle. Mitochondrial
biogenesis also involves mitochondrial dynamics. Shape and size of mitochondria are
regulated by a complex process of fusion and fission. Two proteins, the dynamin-related
protein 1 (Drpl) involved in fission and the mitofusin 2 (Mfn2) involved in fusion are
implicated in this process. In M-CK-/- mice, Drpl expression was increased 1.9-fold while

Mfn2 exhibited a non significant increase (Figure 1B).

Mitochondrial transcription cascade

We next examined the transcription cascade involved in mitochondrial biogenesis
(Figure 2A). It iswell accepted that the mitochondrial transcription factor mtTFA is involved
in both transcription and replication of mitochondrial DNA. In M-CK-/- mice mtTFA
expression was significantly increased by 50%, in accordance with increased COXI mRNA
expression and mtDNA content. In rodents, mtTFA promoter contains NRF2a but not NRF1
recognition sites [29]. Accordingly, NRF2a expression was also increased by 43% in M-CK-
/- gastrocnemius muscle.

Upstream of NRFs, PGC-1a transcriptional co-activator family plays a magjor role in
mitochondrial biogenesis induced by diverse physiological stimuli [13,30]. We investigated
whether PGC-1a, PGC-1b and PGC-la related co-activator (PRC) were increased in
gastrocnemius muscle (Figure 2B). Surprisingly, PGC-1a expression was not increased while

PGC-1b and PRC were dlightly increased with PRC only reaching significance. As PPARd
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has also been involved in skeletal muscle biogenesis [31] we evaluated its MRNA expression.

No significant change was observed in M-CK-/- muscles.

Mitochondrial biogenesis signaling

We then attempted to elucidate the signaling pathways involved in mitochondrial
biogenesis in gastrocnemius muscle of M-CK-/- mice. In order to assess calcineurin
transcriptional activity, we measured the level of transcription of the myocyte-enriched
calcineurin interacting protein 1 (MCIP1), which contains 15 repeats of the NFAT binding
site and thus has been shown to be the most sensitive indicator of calcineurin transcriptional
activity (Yang et al., 2000). MCIP1 expression exhibited a 3-fold decrease suggesting
decreased rather than increased transcriptional activity of calcineurinin M-CK-/- mice (Figure
3A). Expression level of the MEF2C transcription factor which actsin synergy with NFAT to
regulate muscle fiber type [32] was dightly but not significantly increased in M-CK-/- mice.
On the other hand, we examined whether the p38 MAPK pathway was activated in
gastrocnemius muscle of M-CK-/- mice by western blotting with antibodies specific for the
phosphorylated or the total p38 MAPK (Figure 3B). No increase in p38 MAPK
phosphorylation was observed in gastrocnemius muscle of CK-/- mice suggesting that this
pathway does not participate in mitochondrial biogenesis.

Finally AMPK was also shown to induce mitochondrial biogenesis in muscle, in
response to metabolic stress and exercise. AMPK phosphorylation was significantly increased

in M-CK-/- gastrocnemius muscle (Figure 4).

Discussion

This study was aimed at investigating the transcriptional cascade involved in

mitochondrial biogenesis induced by creatine kinase depletion in fast skeletal muscle of mice
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(Figure 5). The results show that the two-fold increase in mitochondrial mass was accounted
for by an increase in both mitochondria and nucleus-encoded mitochondrial proteins,
accompanied by a 60% increase in mitochondrial DNA. This could be explained by an
increase in MtTFA and NRF2 transcription factors. However, while neither expression of
PGC-1a or PPARd, factors implicated in muscle mitochondrial biogenesis was increased, a
dlight increase in PRC expression was observed. Moreover, AMPK but not calcineurin or p38
MAPK was activated, evidencing a unique pattern of mitochondrial biogenesis in response to

M-CK depletion.

Mitochondrial activity and content

Creatine kinase deficiency is a unique model of metabolic deficiency. It leads to a
massive metabolic remodeling especially in the fast gastrocnemius muscle. Indeed, a doubling
of oxidative capacity and mitochondrial volume density was described in gastrocnemius of
M-CK or M-CK and mi-CK deficient mice [6,8,33]. As mi-CK is ailmost absent from fast
fibers [1], this mitochondrial remodeling results from M-CK deficiency. At the same time,
mitochondrial DNA is increased by only 60%, showing the complexity of mitochondrial
biogenesis. On the other hand, as a more than two-fold increase in CS activity was measured,
this suggests that not only mitochondrial mass but also mitochondrial specific activity was
increased, in line with increased state 3 respiration rates in mitochondria isolated from CK-/-
gastrocnemius muscle [34]. Mitochondrial function depends on the proper assembly of
complexes of the electron transport chain (ETC) that are embedded within the inner
mitochondrial membrane. The most widely studied ETC complex is COX which converts
oxygen to water and provides part of protons required for ATP synthesis. COX assembly
depends on COX subunits that are both nuclear- and mitochondria-encoded. Both the
mitochondria encoded COX | and the nuclear encoded COX IV subunits were upregulated by

afactor of 2 in M-CK deficient mice. This led to a 3.5 increase in COX activity. Moreover

11
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this increase in COX activity exceeded that of CS as a significant 1.5 increase in COX/CS
activity was observed. Indeed the COX/CS activity ratio can vary in a muscle type specific
manner being much higher in oxidative (2.3 in heart, 2.6 in soleus) [35] than in fast glycolytic
muscle (0.3 in gastrocnemius), showing the complex regulation of mitochondrial protein
expression in muscles. Interestingly, in M-CK-/- mice the COX/CS ratio was significantly
increased to 0.5 toward that of an oxidative muscle, but still much lower than WT soleus
muscle.

The structural and functional adaptations of the mitochondrial network in challenged
skeletal muscles result not only from changes in the mitochondrial protein expression and
proper assembly but also involve mitochondrial dynamics. Training induced mitochondrial
biogenesis in humans involve the coordinate increase in both Mfn2, a protein involved in
fusion, and Drpl, a protein involved in mitochondrial fission, in vastus lateralis muscle [18].
Here we see a significant 50% increase in expression of Drpl, while the expression of Mfn2
remained unchanged. This suggests that in this model, the increase in mitochondrial number

results from growing and fission of preexisting mitochondria

Mitochondrial biogenesis transcription cascade

It is now well documented that mitochondrial biogenesis involves the integration of
multiple transcriptional regulatory pathways controlling both the activation of nuclear and
mitochondrial genomes. The mitochondrial genome however should not only be expressed
but also replicated. This can be achieved by the nuclear encoded transcription factor mtTFA
that binds to the mitochondrial DNA and induces both replication and transcription [13].
Accordingly mtTFA expression was significantly enhanced in M-CK-/- gastrocnemius
muscle. Upstream of mtTFA, the NRFs are thought to increase the expression of multiple
mitochondrial proteins by binding to specific recognition sites. The expression of NRF2a, the

main isoform involved in rodent mitochondrial biogenesis [36] was aso increased in M-CK-/-

12
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mice, but with lower significance (p<0.057). Upstream of NRFs, PGC-1a is thought to
orchestrate mitochondrial biogenesis in most tissues [37]. Moreover, PGC-1a expression
correlates with oxidative capacity of cardiac and skeletal muscles [28]. It was thus surprising
that its expression was not increased in gastrocnemius muscle of M-CK-/- mice, despite
massive increase in mitochondrial content. Loss-of-function experiments have established that
PGC-1a is not an absolute requirement for mitochondrial biogenesis. KO mice have
preserved volume density of mitochondriain both heart and skeletal muscle [38], but reduced
MRNA for mitochondrial proteins [38]. In a similar study however, Leone et a described
dlightly different muscle phenotype with a 30% decrease in mitochondrial volume and mRNA
expression of mitochondrial proteins in soleus muscle and decrease in respiration rate [39].
Although results differ between the two studies, they show that the absence of PGC-1a can be
partly overcome by other mitochondrial biogenesis pathways. PGC-1a is a member of an
important family of transcriptional co-activators that includes PGC-1b and PGC-related co-
activator (PRC) [40]. Those transcription factors share a high degree of homology and
redundancy with PGC-1a with respect to the manner they activate mitochondrial biogenesis
although they seem to respond differently to activators of mitochondrial biogenesis. Thus the
slight increase in both PGC-1b (P<0.069) and PRC (P<0.05) could participate in increased
mitochondrial biogenesisin M-CK-/- gastrocnemius. Finally, PPARd whose invalidation was
also shown to alter mitochondrial content [31,41] was unchanged in M-CK mice. However,
the dlight increase in transcription of members of PPAR and PGC transcription factor families
may not be sufficient to explain the robust increase in gastrocnemius mitochondrial content

(Figure5).
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Signaling pathways

It is likely that Ca?* and energy depletion signals act in concert to promote metabolic
plasticity in CK-/- fast skeletal muscle. Indeed, altered calcium movements have been
described in skeletal muscle of M-CK and CK-/- gastrocnemius muscle. CK-/- fast muscle
fibers have increased resistance to fatigue and prolonged calcium transient [5]. It was thus
proposed that calcium homeostasis impairment due to CK deficiency may have played a role
in directing the increase in mitochondria capacity [34]. The calcium-regulated
serine/threonine protein phosphatase calcineurin has been implicated in the transduction of
motor neuron signals to ater gene expression programs in skeletal muscle. However,
assessment of the transcriptional activity of calcineurin by MCIP1 expression showed a
decreased rather than increased calcineurin activity. Moreover, MEF2C was not up-regul ated
to significant level in these mice. This suggests that calcium is not primarily involved in
gastrocnemius increase in mitochondrial biogenesis. The absence of increased calcineurin
activation could indeed be linked to the low level of physical activity and thus of contraction-
induced calcium increase in M-CK-/- mice [35].

Evidences are accumulating that the transcriptional activity of PGC-la can be
regulated by posttrandational modifications including phosphorylations. Transcriptional
activity of PGC-la can be enhanced by phosphorylation and disruption of a PGC-
1a/pl60MBP interaction through activation of the p38 MAPK pathway [42,43]. However, no
activation of p38 MAPK was observed in this study suggesting that p38 MAPK is not
involved in mitochondrial biogenesisin this model.

Finally, AMPK can activate mitochondrial biogenesis during long term exercise or
energetic deficiency in muscle. It has been shown that AMPK can activate the transcription of
PGC-1a indicating that its mitochondriogenic action can partly originate from enhancement

of PGC-1la expression [26,44]. Moreover, skeletal muscle of transgenic mice expressing a

14
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dominant-negative mutant form of AMPK have blunted response to energy deprivation by b-
GPA feeding, showing that AMPK is necessary for mitochondrial biogenesis in response to
metabolic stress [26]. Low frequency stimulation that mimics exercise training induces
AMPK-PGC-1a signaling pathway [45]. AMPK is phosphorylated and activated in response
to the increase in the AMP/ATP ratio. Indeed, both a decrease in ATP and an increase in
AMP have been shown in hindlimb muscle of M-CK KO mice [3]. The present results show
that AMPK phosphorylation is robustly increased in the gastrocnemius muscle of M-CK-/-
mice. However, AMPK activation did not lead to increased expression of PGC-1a. It was
shown very recently that AMPK can directly interact with and phosphorylate PGC-la
showing a posttrandational regulation of mitochondrial biogenesis by AMPK; moreover,
AMPK phosphorylation of PGC-lapha initiates many of the important gene regulatory
functions of AMPK in skeletal muscle [46]. This strongly suggests that M-CK deficiency
creates an energy deprivation state in gastrocnemius muscle of M-CK-/- mice that induces
basal activation of AMPK, AMPK-dependent phosphorylation of PGC-1la and increased
transcriptional activity of PGC-la. Interestingly, activation of AMPK induces decreased
skeletal muscle fiber size and increased mitochondrial biogenesis [47] in S6K deficient mice.
Basal activation of AMPK in M-CK-/- mice could be a mgjor factor involved in muscle
atrophy and decreased exercise capacity of CK deficient mice [35].

Thus, following M-CK deletion, fast skeletal muscle undergoes a metabolic
remodeling and fiber atrophy. These events seem to be triggered by energy depletion-induced

AMPK activation, rather than by calcium-dependent processes (Figure 5).
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Figure Legends

Figure 1. Mitochondrial enzyme activity and expression in gastrocnemius muscle of WT
(n=6) and M-CK-/- (n=6) mice. A. Increase in cytochrome oxidase and citrate synthase
activity measured by spectrophotometry. B. Increased mRNA expression of subunit | (COXI,
mitochondria-encoded) and subunit IV (COXIV, nuclear-encoded) of the cytochrome oxidase
and of dynamin-related protein 1 (Drpl) but not mitofusin 2 (Mfn2) two proteins that are

involved in mitochondrial dynamics. Vaues are meanstsem. ** p<0.01 versus WT.

Figure 2: Mitochondrial transcription cascade in gastr ocnemius muscle of WT (n=6) and
M-CK-/- (n=6) mice. A. Real-time RT-PCR analysis of the nuclear respiratory factor2
(NRF2) and the mitochondrial transcription factor A (mtTFA). B. mRNA expression of the
peroxisome proliferator-activated receptor (PPAR) gamma coactivator 1la (PGC-1a) or 1b
(PGC-1b) isoforms, the PGC-1-related coactivator (PRC), and the delta isoform of PPAR.
Vaues are meanstsem and are shown as arbitrary units normalized to the glucocerebrosidase

and to the amount of mMRNA. * p<0.05, ** p<0.01 versus WT.

Figure 3: Calcium signaling pathways of mitochondrial biogenesis in gastrocnemius
muscle of WT (n=6) and M-CK-/- (n=6) mice. A. Calcineurin activation was assessed by
the level of expression of the modulatory calcineurin-interacting protein 1 (MCIP1) and the
myocyte-specific enhancer factor 2 (MEF2C). B. Activation of p38 MAPK has been assessed
by the ratio of signals obtained by immunaoblots of the phosphorylated and total forms; upper
part representative immunoblots; lower part mean values. Values are meanstsem. * p<0.05

versus WT.
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Figure 4: AMPK activation in gastrocnemius muscle of WT (n=6) and M-CK-/- (n=6)
mice. Activation of AMP-activated protein kinase (AMPK) has been assessed by the ratio of
signals obtained by immunoblots of the phosphorylated and total forms, upper part

representative immunobl ots; lower part mean values. * p<0.05 versus WT.

Figure5: A model for mitochondrial biogenesisin gastrocnemius muscle of CK deficient
mice. Energy deficiency induced by M-CK deletion lead to increased mitochondrial
biogenesis. This effect was not accompanied by increased activity of calcineurin or
phosphorylation of p38 MAPK suggesting that neither calcium signaling through calcineurin
or CaMK, nor p38 signaling was involved. AMPK appeared phosphorylated suggesting a
direct link between energy depletion, change in AMP/ATP ratio and mitochondrial
biogenesis. A dlight increase in PGC-1b and PRC but no change in PGC-1a or PPARd
expression, the two main regulators of mitochondrial biogenesis in muscle, was observed.
However, PGC-1a may be involved in mitochondrial biogenesis by direct phosphorylation

and activation by AMPK.
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Table 1. Primersused for real-time PCR amplification

Gene | GenBank AN Forward primer PCR Annealing
Reverseprimer (5-3) product temperature
size (pb) (¢C)
PGC-la | NM_008904 | CAC CAA ACCCACAGA GAA CAG 210 58
GCA GTT CCA GAG AGT TCC ACA
PGC-18 | NM_133249 | TGG AAA GCC CCT GTG AGA GT 202 60
TTG TAT GGA GGT GTG GTG GG
PRC XM_358330 | AGGAAA CTCAGGCAGCATTG 178 60
GGC GGT GGA TTT AGGAGA TT
NRF2a | NM_008065 | AGGTGACGAGATGGGCTGC 604 65
CGTTGTCCCCATTTTTGCG
mtTFA NM_009360 | GCT GAT GGG TAT GGA GAA G 161 56
GAG CCGAAT CATCCTTTGC
COX | NC 006914 | CACTAATAATCGGAGCCCCA 129 60
TTCATCCTGTTCCTGCTCCT
COX IV | NM_053091 | TGG GAGTGT TGT GAA GAG TGA 273 58
GCA GTGAAG CCGATGAAGAAC
Drpl NM_152816 | CTGACGCTT GTGGAT TTA CC 277 58
CCCTTC CCA TCA ATA CAT CC
Mfn2 NM_133201 | ACG AGC AAT GGG AAGAGCAC 284 60
TCCATCAGCACGAGGTCATC
MCIP1 NM_019466 | CAG CGA AAG TGA GAC CAG GG 309 60
ACG GGG GTG GCA TCT TCT AC
MEF2C | NM_025282 | CAG GGA ACG GGT ATG GCA ATC 239 60
CAA TGA CTG AGC CGA CTG GGA
PPARd | NM_011145 | GCCTCCATC GTC AAC AAA GA 230 60
TCT ACCTGG GGCACA TTCAT
GCB NM_008094 | CCCATTTCACTCTTT GCCAG 198 60
AGGTTCATT CTC CGC TGT CA

PGC-1a and PGC-1b: peroxisome proliferator-activated receptor gamma co-activator-la and b; PRC: PGC-la

related co-activator NRF2a: nuclear respiratory factor-2a; mtTFA, mitochondrial transcription factor A; COXI

and IV: cytochrome oxidase subunits | and IV; Drpl: dynamin related protein 1; Mfn2: mitofusin 2; MCIPL1:

modulatory calcineurin interacting protein 1; MEF2C: myocyte-specific enhancer factor 2; PPARd: peroxisome

proliferator activated receptor d; GCB: glucocerebrosidase.
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Figure3
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Figure4
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