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Abstract

Creatine kinas€CK) is a phosphotransfeiirase that catalyzes the reversible transfer
of a phosphate moiety between ADP amdatineand that is highly expressed iskeletal
muscle.In fast glycolytic skeletal muscle, deletion of the cytosolic M isoform of CK in mice
(M-CK-/-) leads to a massivéncrease in the oxidative capacity and of mitochondrial volume.
This study was aimed at investigating the transcriptional pathways leading to mitochondrial
biogenesis in response @K deficiency Wild type and MCK-/- mice of eleven months of
age were ugkefor this study. Gastrocnemius muscles oCM-/- mice exhibited alramatic
increase in citrate synthagel20%)andcytochrome oxidaséCOX, +250%)activity, andin
mitochondrial DNA (+60%) showing a clear activation of mitochondrial biogenesis.
Similady, mRNA expression of the COXI (mitochondemcoded) and COXIV (nuclear
encoded) subunits wenecreasedy +103 and +94 % respectively. This was accompanied by
an increase ithe expression adhe nuclear respiratory factadiRF2a) andthe mitochondrial
transcription factor ritTFA). Expression of the cactivator PGEla, a master gene in
mitochondrial biogenesis was not significantly increased vthdé of PGG1b and PRC, two
members of the same familwas moderately increased (+45% and +55% respdgive
While the expression of the modulatory calcinetnteracting protein 1 (MCIP1) was
dramatically decreasean(nus68%) suggesting inactivation of the calcineurin pathviag,
metabolic sensor AMPK was activateeB6%)in M-CK-/- mice These resultsvedence that
mitochondrial biogenesis in response to a metabolic challenge exhibiique pattern of

regulation involving activation of the AMPK pathway

Key words: skeletal muscle, CiKO mice, energy metabolism, AMPK, transcription
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Introduction

The family of creatine kinase isoenzymes catalyzes the reversible transfer of a
phosphate moiety between creatine and ATP.Highly expresedin striated muscles and is
a key player in intracellular energy storage and transport. The megyzymes ofCK in
muscle arethe cytosolic isoform (MMCK) and the mitochondrial isoform (pUK). Fast
gastrocnemius muscle expresses almost exclusMBlyCK [1] thatis free in the cytosol or
structurally associated with myofibrils and membranes of the sarcoplasmic reticulum (SR),
and functionally coupled to ATPases for optimal funatigrof the contractile machinegnd
SR calcium uptakg].

Fast skeletal muscle fibers have very low mitochondrial contehtrainly rely on
quickly mobilisableenergy source@mainly phosphocreatine (PCr) and glycogenylevelop
strong and fast contractions but this is possible only for short periods of time because of
limited reserves. These muscles are thus quickly fdegabd should recover their energy
reserves through anaerobic glycolysis and less importantly mitochondrial oxidations.

Engineered rice with invalidated expression of 48K (M-CK™) were developecby
the group of B Wieringa [3] to understand the effects of altered energy metabolism.
Functional tests revealed that fast skeletal muscle of @Hce has abnormal calcium
transient, lacks burst activity at the onset of stimulation but exhibits paradoxical decreased
fatigability [4,5]. This is accompanied by marked increase in the relative mitochondrial
volume the mitochondrial enzymeontent andthe muscleoxidative capacityogether witha
relocation of mitochondria towards myofibri{l3,6-8]. Proteomic and mRNA analydi8,10]
confirmed the metabolic remodeling of the €kgastrocnemius muscle towards a more
oxidative phenotypeThis metabolic remodelingsithought to compensate for the lack of

creatine kinase by switching energy metabolism of gastrocnemius muscle from théGse of
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stores and anaerobic glycolysto oxidative metabolismHowever, the signaling and
molecular events governing this metabolic shift are currently unknown.

Mitochondrial biogenesis depends on the coordinated expression of the nuclear and
mitochondrid genomes. MitochondridDNA (mtDNA), enco@s 13 subunits of the oxidative
phosphorylation system (OXPHOS). The remaining OXBHsDibunits as well as other
mitochondrial proteins are encoded by the rarcleNA. An inducible transcriptional ce
activator termred peroxisome proliferator activated receptor gammactwator h (PGG1la)
has emerged as a critical factor coordinating the activation of metabolic genes required for
substrate utilization and mitochondrial biogene$isl-13]. Effects of PGCGla on
mitochondrial biogenesisould be explained via its interaction with several DbiAding
transcription factors, such as the nuclear respiratory factor&NRhese factorsn turn
upregulate the expression of nuclear genes encoding respiratory chain compodeuttser
mitochondrial proteinsas well asof the mitochondrial transcrijgin factor A (mtTFA), a
factor required for mtDM replication and transcriptiofil4]. In rodent skeletamuscles,
regularly performed exercise induces an increase in-P& Coincidently with an increase in
NRFs and mtTFA mRNA and/or protein expression (for recent revieese[15-17]). In
humans, PGda and its transcription cascaderrelate with exercise capacity and vastus
lateralis muscle oxidative capacid8].

In response to changes in environment, muscle activity or energy siaehondrial
biogenesis is controlledy upstream signaling event€alcineurin, 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 P@C20].

In human skeletal muscle, the transcriptionalvétgtiof calcineurin correlates with exercise

capacity and muscle oxidative capagdig]. However,calineurin inhibition fails to block the
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exercise induced PG@a expression and activation of mitochondrial biogend&ik|.
Moreover, calcineurin inhibition increases rather than decreases oxidative capacity in soleus
muscle consistent with the partial transition from type | to the more oxidative type lla fiber in
this musclg22]. Other pathwaysave been implicated in the control of PG& expression

and activity. Among thosethe p38 mitogesactivatal protein kinase (p381APK) andthe
calciumcalmodulin dependent protein kinas€al/Ks), also activated during exercise, could
contribute to increase muscle oxidative capd@8s;24].

On the other hand, skeletal muscle mitochondrial biogenesis can be induced by
energetic deficiency. Energetic deficiency can activate the -AMPated protein kinase
(AMPK). Under conditions of high (exercise) or disturbed (energetic deficiency) energy
turnover, AMP concentration increases amdlicesthe phosphorylation of the Thr172 of the
a subunit thus activating the catalytic activity of AMP&hronic depletion of create by
feeding an asog (b-guanidino propionic acid b§GPA), activates AMPK, increases
mitochondrial content and tggulats expression of genes involved in mitochondrial
biogenesis among which NRF1 and REL[25,26] Thus by sensing metabolic state of the
muscle, AMPK appears to be an important regulator of mitochondrial biogeHesisver,
deletion of one or the other catalytic subunit of AMPK did not impair the exeérdseed
activation of mitochondrialgene expressiof27]. Moreover at presenthé way by which
AMPK activation increased?GGla gene transcription in skeletal muscle gsirrently
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 mele 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 seesnto be triggered by energy depletion induced AMPK
activation and increased PA@ transcriptional activityrather tharby calcium dependent

increase in PGQa expression.

Material and methods

Animals

Procedures involved in the generatiand genotyping of MCK-/- (kind gift from Drs
B. Wieringa and F. Oerlemans University of Nijmegen, Netherlands) have been described in
detail elsewher¢3]. Elevenmonth old C57BL6 wild type (WT, n=6and M-CK-/- (n=6)
mice were used for this study. Animals weamaesthetizedwith an intraperitoneal
pentobarbital injection (0.15 mg.g BY sacrifced and the superficial pamf gastrocnemius
(fasttwitch, glycolytic) muscles were isolated, rapidly frozen and kept8&° C. The
investigation conform$o Inserm Institution guidelines defined by the European Community
guiding principles in the carand use of animals and the French decree n°87/848 of October

19, 1987.

Enzyme Analysis

Frozen issue samples were weighed, homogenized heate buffer (50 mg wet weight
per ml) containing: HEPES 5mM (pH 8.7), ethyleneglyaisl (Faminoethyl ether) NN, N',
N'-tetraacetic acid (EGTA) 1mM, dithiothreitol 1mM, and TritorlBO (0.1%) and incubated
for 60 min at 4°C for complete enzyme extraction. The cytochrome c¢ oxidase (COX), and
citrate synthase (QSvere assayelly standard spectrophotometric methati80°C andpH

7.5[28].
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RealTime Quantitative RTPCR Analysis

Total muscle RNA was extracted using standard procediggo-dT first strand
cDNA was synthesized from 5 pg total RNA using superscript Il reverse transcriptase
(Invitrogen). Reattime RT-PCR was performed using the SYBBreen method on a
LightCycler rapid thermal cycler (Roche Diagnostics) as previously desd@BgdPrimers
were designed in a different exon of the target gene sequence, eliminating the possibility of
amplifying genont DNA. A BasicLocal AlignmentSearchTool (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
expressiondid not differ between the two groupgalues for each gene were normalized to
GCB mRNA contentin order to compensate for variation in input RNA amounts and
efficiency of reverse transcription, then they were multiplied digl tRNA per amount of

tissue(.g wet weight) to compare expression level in different conditif2gj.

Southern Blot Analysis of Total DNA

Total cellular DNA was extracted by standard methods including successive steps of
proteinase K digestion, organic extraction and ethanoliptaton. 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 &NA
previously describef8]. Signals were detected bjieniluminescenteagents (CDStar ™,
Amersham) and quantified using an image analyzerf&id) to determine mtDNA to nDNA

ratio.

Western Blot Analysis
Specific antibodies were used to measure the protein contgtosphorylated and

non phosphorylateAMPK (Upstate Biotechnology Inc., Lake Placid, New York, Uy
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phosphe and total p38 MAPK(Cell Signaling)in control andM-CK-/- gastrocnemius
muscles.Blots wererevealed with enhanced chemiluminescent substrate (ECL, Amersham,
France). Light emission as detected by autoradiography using an iragdysis 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 he nonphosphorylated protein.

Statistical analysis
All data are expressed as meanS.E.M andwere comparedising aStudent’st-test

Values of £0.05 were considered significant.

Results

Mitochondrial activity and protein expression

Mitochondrial conént 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 IV of the respiratory ch&iK M
deletion resultedn significant 3.5fold and 2.2fold increases in COX and CS activity
respectively (Figure JA). The COX/CS ratio was significantly increased b¥.55fold,
showing & excessincrease INCOX specific activity. Moreover,a 1.6 fold increase in
mitochondrial INA over nuclear DNA ratio (from 0.28.06 to 1.2&0.15, p<0.05)
confirmed the increase in mitochondrial maske total mMRNA content was significantly
increasedrom 0.4630.028 to 0.6420.043mg.gww" (p<0.05) in MCK-/- gastrocnemius
muscle. Thus, thisicrease in mMRNA was taken into account to calculate theeotmation of

MRNAS in muscles.
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In order to confirm that bothhe mitochondrial and the nuclear genonwesre
activated, v measured expression of two subunits of COX, one encoded by the
mitochondral genome (COXI) and one encoded by the nuclear genome (COMINgn
expressed per mg of tissue, the amount of mMRNA encoding COXI and COXIV were both
significantly increased by 203% and 194% respectively (FiguBg showing that both
genomes were coorditely activated in MCK-/- gastrocnemius muscléMitochondrial
biogenesis alsanvolves mitochondrial dynamics. Shape and size of mitochondria are
regulated by a complex process of fusion and fission. Two protiieslynaminrelated
protein 1 (Drpl)involved in fission andthe mitofusin 2 (Mfn2) involved in fusionare
implicatedin this processin M-CK-/- mice, Drpl expression was increased-fol while

Mfn2 exhibited a non significant increag@ggure1B).

Mitochondrial transcription cascade

We nextexamined the transcription cascade involved in mitochondrial biogenesis
(Figure2A). It is well accepted that the mitochondrial transcription factor mtTFA is involved
in both transcription and replication of mitochondrial DNA. InQK-/- mice mtTFA
expresion was significantly increased by 50%, in accordance with increased COXI mRNA
expression and mtDNA conterih rodents, mtTFApromotercontainsNRF2a but not NRF1
recognition site$29]. Accordingly, NRF2 expression was also increased by 43% Tkt
/- gastrochemius muscle.

Upstream of NRFSPGGla transcriptional ceactivator family plays a major rol@ i
mitochondrial biogenesis induced by diverse physiological stifa@li30]. We investigated
whether PG€la, PGG1lb and PGGla related ceactivator (PRC)were increased in
gastrocnemius muscl&igure 2B) Surprisingly, PGEla expression was not increased while

PGG1b andPRCwere slightly increased witRRC only reaching significancéAs PPARI
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has also been involved in skeletal muscle bioger@sjsve evaluated its mMRNA expression.

No significant change was observed irRQK-/- muscles.

Mitochondrial biogenesis signaling

We thenattemped to elucidate the ghaling pathways involved in mitochondrial
biogenesis in gastrocnemius muscle ofQW-/- mice In order to assess calcineurin
transcriptional activity, wemeasuredthe level of transcriptiorof the myocyteenriched
calcineurin interacting protein 1 (MCIR2Which 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-f8ld decrease suggesting
decreasedather than incr@sedranscriptional activity of calcineurin in MK-/- mice (Figure
3A). Expression level of th®IEF2C transcription factor which acts in synergy with NFAT to
regulate muscle fiber tyd82] was slightly but not significantly increased ir@®K-/- mice.
On the other hand, we examined whether the p38 MAPK pathway was activated in
gastrocnemius muscle of-&K-/- mice by western blotting with antibied specific for the
phosphorylated or the total p38 MAPK (Figu@B). No increase in p38 MAPK
phosphorylation wasbserved in gastrocnemius muscle of-CKnice 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. AMPIsgitarylation was significantly increased

in M-CK-/- gastrocnemius muscle (Figute

Discussion

This study was aimed at investigating the transcriptional cascade involved in

mitochondrial biogenesis induced by creatine kinase depletion in fast skelstzle of mice

10
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(Figure 5) The results show that the tfmld increase in mitochondrial mass was accounted
for by an increase in both mitochondria and nuckusoded mitochondrial proteins,
accompanied by a 60% increase in mitochondrial DNA. This couléxpéained by an
increase in MtTFA and NRF2 transcription factors. However, while neither expression of
PGG1la or PPARY, factors implicated in muscle mitochondrial biogenesis was increased, a
slight increase in PRC expression was observed. Moreover, AMPKob calcineurin or p38
MAPK wasactivated, 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 leas to
massivemetabolic remodeling especially in the fgastrocnemius musclendeed, a doubling
of oxidative capacityand mitochondrial volume densityas described in gastrocnemius of
M-CK or M-CK and miCK deficient mice[6,8,33] As miCK is almost absent from fast
fibers [1], this mitochondrial remodeling results from-@K deficiency.At the same time,
mitochondrial DNA is increased by only 60%, showing the complexity of mitochondrial
biogenesis. On the other hamda more than twdold increase in CS activity was measured,
this suggest that notonly mitochondrial mas$ut also mitochondrial specific activitywas
increasedin line with increasedstate 3respiration rategh mitochondria isolated fror®K-/-
gastrocnemius muscli84]. 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 providgmrt of protons required for ATP synthesis. COX assembly
dependson COX subunits that are both nucleand mitochondrieencoded. Both the
mitochondria encoded COX | and the nuclear encoded COX IV subunits were upregulated by

a factor of 2 in MCK 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 sgl@bk)han in fast glycolytic
muscle (0.3 in gastrocnemius), showing the complex regulation of mitochondstainpr
expression in muscles. Interestingly, in@K-/- mice the COX/CS ratio wasignificantly
increasedo 0.5toward that of an oxidative muscle, but still chulower than WT soleus
muscle.

The structural and functionaldaptations of the mitochondriaétwork in challenged
skeletal muscles result not only from changes in the mitochondrial protein expression and
proper assembly but also involveitochondrial dynamicsTraining induced mitochondrial
biogenesis in humans involve the coordinate increadmih Mfn2 a protein involved in
fusion,and Drpl a protein involved in mitochondrial fissiom vastus lateralis musc[&8].

Here we see a significant 50% increase in expressiondf, While the expression &fifn2
remained unchangedhis suggests that in this model, the increase in mitochondrial number

results from growing and fission of preexistimgtochondria.

Mitochondrial biogenesidranscription cascade

It is now well documented that mitochondrial biogenési®lves the integration of
multiple transcriptional regulatory pathways controlling both the activation of nuclear and
mitochondrial gaomes.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 transcrifi8gn
Accordingly mtTFA expression was significantly enhanced iRCKt/- gastrocnemius
muscle. Upstream of mtTFA, the NRFs are thought to increase the expression of multiple
mitochondrial proteins by binding specific recognition site3he expression of NRE&2 the

main isoform involved in rodent mitochondrial biogeng38&] was also inaased in MCK-/-

12
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mice, but with lower significance (p<0.057). Upstream of NRFs, P1&Cis thought to
orchestrate mitochondrial biogenesis in most tisJ@&$ Moreover, PG€la expression
corrdates with oxidative apacity of cardiac and skeletal musc]28]. It was thus surprising

that its expression was nacreased in gastrocnemius muscle ofCM-/- mice despite
massive increase in mitochondrial contémissof-function experiments have established that
PGGla is not an absolute requirement for mitochondrial biogenesis. KO mice have
preserved volume dsity of mitochondria in both heart and skeletal mu§g8, but reduced
MRNA for mitochondrial proteing38]. In a similar studyhowever,Leone et al described
slightly different muscle phenotype with a 30% decrease in mitochondrial volume and mRNA
expression ofmitochondrial proteins in soleus muscle and decrease in respiratigi39hate
Although results differ between the two studies, they show that the absence-BR@EG be
partly overcome by other mitochondrial biogenesis pathw@&CGla is a member of an
important imily of transcriptional cactivatos that includes PGQb and PGG&elated ce
activator (PRC)[40]. Those transcription factors share a high degree of homology and
redundancy with PGQa with respect to the manner they activate mitochondrial biogenesis
althaugh they seem to respond differently to activators of mitochondrial biogemhasis the
slight increase in both PGIh (P<0.069) and PRC (P<0.06puld participate in increased
mitochondrial biogenesism M-CK-/- gastrocnemiugrinally, PPARI whose invalilation was

also shown to alter mitochondrial cont¢B1,41] was unchanged in NLK mice. However,

the dight 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

(Figure 5)
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Signaling pathways

It is likely that C&" and energy depleth signalsact in concert to promote metabolic
plasticity in CK-/- fast skeletal musclelndeed, altered calcium movements have been
described in skeletal muscle of-®K and Ck/- gastrocnemius muscle. €K fast muscle
fibers have increased resistancefdbgue and prolonged calcium transi¢h}. It was thus
proposed that calcium homeostasis impairmenttdu@K deficiency may have played a role
in directing the increase in mitochondrial capacif$4]. The calciumregulated
serine/threonine protein phosphatase calcineurin has been implicated in the transduction of
motor neuron signals to alter gene expression programs in skeletal midewlever,
assessment of the transcriptional activity of calcineurinMyiP1 expression showed a
decreased rather than increased calcineurin actMibyeover, MEF2C was not uggulated
to significant level in these mice. This suggetat calcium is not primarily involved in
gastrocnemius increase in mitochondrial bicges The absence of increased calcineurin
activationcould indeedbe linked tothe low level of physical activity and thus of contraction
induced calcium increase in-MK-/- mice[35].

Evidences are accumulating thathe transcriptional activity of PGQa can be
regulated by posttranslational modifications including phosphorylatidnanscriptional
adivity of PGGla can be enhanced by phosphorylation and disruption of a-PGC
1a/p160MBP interaction through activation of the p38 MAPK pathj¥&y43]. However, no
activation of p38 MAPK was observed in this stuslyggesting that p38 MAPK is not
involved in mitochondrial biogenesis in this model.

Finally, AMPK can activate mitochondrial biogenesis during long term exercise or
energéic deficiency in muscldt has been shown thAMPK canactivate the anscription of

PGGC1la indicaing that its mitochondriogenic action can partly originate freemhancement

of PGGla expression26,44] Moreover, skeletal muscle of transgenic mice expresaing

14
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dominantnegative mutant form of AMPK have blunted response to energy deprivation by
GPA feeding, showing that AMPK is necessary for mitochondrial biogenesis in response to
metabolic stres§26]. Low frequency stimulation thamimics exercise training induces
AMPK-PGGC1la signaling pathway45]. AMPK is phosphorylated and activated in response
to the increase in the AMP/ATP ratio. Indeed, batldecrease in ATP anan increase in
AMP have been shown inindlimb muscle of MCK KO mice[3]. The present results show
that AMPK phosphorylations robustly increased in the gastrocnemius muscle eCK4/-
mice. However, AMPK activationdid not lead to increased expression of PIaC It was
shown very recently that AMPK can directly interact with and phosphorylate-RGC
showing a posttranslational reguden of mitochondrial biogenesis by AMPKnoreover,
AMPK phosphorylation of PGQalpha initiates many of the important gene regulatory
functions of AMPK in skeletal musclg6]. This strongly suggests thM-CK deficiency
creates an energy deprivation state inrgasemius muscle of NCK-/- mice that induces
basal activation of AMPK AMPK-dependent phosphorylation of PA& and increased
transcriptional activity of PGQa. Interestingly, activation of AMPK induces decreased
skeletal muscle fiber size and increasaitbchondrial biogenesigl7] in S6K deficient mice.
Basal activation of AMPK in MCK-/- mice could be a major factor involved in muscle
atrophy and decreased exercise capacity of CK deficient[85¢e

Thus, bllowing M-CK deletion, fast skeletal muscle undergoes a metabolic
remodeling and fiber atrophy. These evesgem to be triggered by energy ¢jpn-induced

AMPK activation, rather than by calciudependenprocessegFigure 5)
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Figure Legends

Figure 1: Mitochondrial enzyme activity and expressionn gastrocnemius musa of WT
(n=6) and M-CK-/- (n=6) mice A. Increase in cytochrome oxidase and citrate synthase
activity measured by spectrophotomety.IncreasednRNA expression of subunit | (COXI,
mitochondriaencoded) and subunit IV (COXIV, nucleancoded) of the cytbcome oxidase
and of dynamirrelated protein 1 (Ep1l) but not mitofusin 2 (Mfn2)two proteinsthat are

involved in mitochondrial dynamic¥alues are meanszsefi p<0.01 versus WT.

Figure 2: Mitochondrial transcription cascade in gastrocnemius muscle oVT (n=6) and

M-CK-/- (n=6) mice. A. Realtime RT-PCR analysis of the nuclear respiratory factor2
(NRF2) and the mitochondrial tramgation factor A (mtTFA).B. mRNA expression of the
peroxisome proliferateactivatedreceptor(PPAR) gamma coactivatota (PGG1la) or 1b

(PGG1b) isoforms, the PGQ-related coactivator (PRC), and the delta isoform of PPAR.
Values are meanstsem and are shown as arbitrary units normalized to the glucocerebrosidase

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

Figure 3 Calcium ggnaling pathways of mitochondrial biogenesis in gastrocnemius
muscle of WT (n=6) and M-CK-/- (n=6) mice A. Calcineurinactivation was assessed by
the level of expression of the modulatory calcineumteracting protein YMCIP1) andthe
myocytespecific enhancer factor MIEF2C). B. Activation of p38 MAPK has been assessed
by the ratio of signals obtained bymunoblots of theghosphorylated and total forms; upper
part representative immmoblots; lower part mean valuégalues are meanstsernp<0.05

versus WT.
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Figure 4. AMPK activation in gastrocnemius muscle of WT (n=6) and MCK-/- (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 fotens; upper part

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

Figure 5: A model for mitochondrial biogenesis in gastrocnemius muscle of CK deficient
mice. Energy deficiency induced by KK deletion lead to increased mitoclioial
biogenesis. This effect was not accompanied by increasedityactif/ calcineurin or
phosphorylation of p38 MAPK suggesting that neither calcsigmaling through calcineurin

or CaMK, nor p38 signalingvas involved. AMPK appeared phosphorylated suggesting a
direct link between energy depletion, change in AMP/ATP ratio and mitochondrial
biogenais. A slight increase in PGIb and PRC but no change in PG@& or PPARI
expressionthe two main regulators of mitthondrial biogenesis in musgcleras observed
However, PGEla may be involved in mitochondrial biogenesis by direct phosphorylation

and activation by AMPK.
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Table 1. Primers used for realtime PCR amplification

Gene | GenBank AN Forward primer PCR Annealing
Reverse primer (5-3") product temperature
size (pb) (°C)
PGGla | NM_008904 | CAC CAA ACC CAC AGA GAA CAG 210 58
GCA GTT CCA GAG AGT TCC ACA
PGG1l | NM_133249 | TGG AAA GCC CCT GTG AGA GT 202 60
TTG TAT GGA GGT GTG GTG GG
PRC XM_358330 | AGG AAA CTC AGG CAG CAT TG 178 60
GGC GGT GGATTT AGG AGATT
NRF2a | NM_008065 | AGGTGACGAGATGGGCTGC 604 65
CGTTGTCCCCATTTTTGCG
MtTFA | NM_009360 | GCT GAT GGG TAT GGA GAA G 161 56
GAG CCG AAT CATCCTTTG C
COX | NC_006914 | CAC TAATAATCG GAG CCC CA 129 60
TTC ATC CTG TTCCTG CTC CT
COX IV | NM_053091 | TGG GAG TGT TGT GAA GAG TGA 273 58
GCA GTG AAG CCG ATG AAG AAC
Drpl NM_152816 | CTG ACG CTT GTG GAT TTACC 277 58
CCC TTC CCA TCA ATA CAT CC
Mfn2 NM_133201 | ACG AGC AAT GGG AAG AGC AC 284 60
TCC ATC AGC ACG AGG TCATC
MCIP1 | NM_019466 | CAG CGA AAG TGA GAC CAG GG 309 60
ACG GGG GTG GCATCT TCT AC
MEF2C | NM_025282 | CAG GGA ACG GGT ATG GCA ATC 239 60
CAA TGA CTG AGC CGA CTG GGA
PPARd | NM_011145 | GCC TCC ATC GTC AAC AAA GA 230 60
TCT ACC TGG GGC ACATTC AT
GCB NM_008094 | CCC ATT TCACTC TTT GCC AG 198 60
AGG TTC ATT CTC CGC TGT CA

PGGCla and PGEClb: peroxisome proliferateactivated receptor gamma-agtivatorla andb; PRC:PGGCla

related ceactivator NRF2: nuclear respiratory factéta; mtTFA, mitochondrial transcription factor A; COXI

and IV: cytochrome oxidase subunits | and IV; Drpl: dynamin related protein 1; Mfn2: mitofusin 2; MCIP1:

modulatory calcineurin interactingrotein 1; MEF2C: myocytspecific enhancer factor 2; PPARperoxisome

proliferator activated receptdr GCB: glucocerebrosidase.
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Figure 3
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Figure 4
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Figure 5
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