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RIASSUNTO:

Diverse patologie sistemiche, quali il diabete dapsi, la cachessia
neoplastica, e condizioni cataboliche, come la dexsone, I'immobilitazione, i
trattamenti con glucocorticioidi o digiuno, portangonseguenza sono
caratterizzate dalla perdita di massa muscolafmidecome atrofia muscolare.
Questa perdita di massa muscolare € dovuto all’atongell’attivita di sistemi
proteolitici, come il sistema dell’'ubiquitina-pratgoma e il sistema autofagico-
lisosomiale. Studi di espressione genica hannoeewidto |'esistenza di un
gruppo comune di geni, sovra espressi 0 repressialte condizioni atrofiche.
Questi geni sono stati chiamati geni dell’atrofiatmogeneqJagoe and Goldberg,
2001; LECKER et al., 2004). Tra questi spiccano geri, MURF-1 and atrogin-
1, altamente espressi in molte condizioni atrofichbe codificano per due
ubiquitine ligasi muscolo specifiche. L'induzionaduzione di atrogin-1 and
MuRF-1 precede la perdita di massa muscolare eant@nper tutto il processo.
L’identificazione di queste due ubiquitine ligas f geni dell’atrofia € importante
in quanto esse costituiscono il la componente &ntg del processo di
ubiquitinizzazione, e, quindi, sono cruciali perrégolazione della degradazione
proteica dipendente dal proteasome (Gomes et(fl1)2Atrogin-1 e regolato dai
fattori trascrizionali FoxO che sono a loro voltabiti dalla via di segnale di
IGF1-PI3K-Akt. L'assenza di stimoli della crescitmme IGF1 o I'insulina, rende
AKT non attivo e quindi non in grado di bloccardattori FoxO, che possono
traslocare nel nucleo e interagire con i promaderigeni bersaglio (Sandri et al.,
2004). Nel tessuto muscolare dei mammiferi sonaessp tre fattori FoxO:
FoxO1, FoxO3 and FoxO4, caratterizzati da un “feddhbox”, che comprende il
dominio di legame con il DNA. | fattori FoxO ricoscono e legano, come
monomeri, una stessa sequenza consensus sul. P&edenti studi hanno
dimostrato che FoxO1 e FoxO3 sono coinvolti nelikh muscolare (Kamei et
al., 2004; Sandri et al., 2004, Stitt et al., 200dpn sono ancora stati resi noti
quali siano i geni controllati dai entrambi i faitéoxO o in modo specifico da
uno dei due, che determinano la perdita di massohare. L'identificazione di

geni bersaglio dei FoxO e oggetto di numerosi stddio il coinvolgimento di



questi fattori nel regolare svariate funzioni claliu Nell'ottica di comprendere in
vivo l'interazione tra i FoxO e promotori dei gebersaglio, ho applicato la
tecnica della Chromatin immunoprecipitatetion (2asl., 2004). Questa tecnica
combina la specificita dellimmunoprecipitazioneerppurificare proteine di
interesse, con la potenza della reazione della R&&R,amplificare sequenze
genomiche potenzialmente legate alla proteina atadHo iniziato con I'analisi
dell'interazione di FoxOl e FoxO3 con una regiorenmtore di atrogin-1
contenente 14 siti potenziali per il legame di Fox@po una prima serie di
esperimentin virto per verificare I'efficienza della ChIP nel rilewar legami dei
fattori FoxO con il DNA, sono passata a stimdvivo, prima in condizioni di sovra
espressione dei fattori FoxO e successivamenta madello di atrofia. Mediante
elettroporazione in muscoli tibialis anteriori dpt CD1, ho indotto I'espressione
delle forme costitutivamente attive di FoxO1 e F8xéhtrambi con all’epitopo
HA. Dopo 7 giorni dall’'operazione, i muscoli sontats prelevati, lisati e trattati
per essere utilizzati in esperimenti di ChlP. Awtgd’ immunoprecipitazione, i
frammenti di cromatina legati ai fattori FoxO sastati amplificati mediante PCR
utilizzando primer specifici per i 14 i siti poteakz di legame sul promotore di
atrogin-1. Da questi esperimenti € emerso che FogiO8ga in molti siti sul
promotore di atrogin-1, mentre per FoxO1 ho indigith una debole interazione
Su un unico sito. Per comprendere meglio qualssitio fisiologicamente rilevanti
nella regolazione di atrogin-1, ho analizzato Enmsizione FoxO-promotore di
atrogin-1 durante l'atrofia. Come modello di ateof stato scelto il digiuno,
modello in cui c’@ una notevole attivazione deitddt FoxO e un incremento
dellespressione di atrogin-1 di circa 10 voltespetto alla condizione di
controllo. Ho utilizzato per studi di ChIP il lisanuscolari di topi a 24 ore di
digiuno e di topi di controllo. Questa serie didstdi ChlP hanno dimostrato che,
durante il digiuno, FoxO3 lega in modo preferereiaé regioni del promotore di
atrogin-1, in cui aumentano i livelli di acetilam® della cromatina. L’analisi per
FoxO1 rilevato solo una debole interazione di Fox@lL una regione del
promotore di atrogin-1. Per indagare la capacit&rdrambi i fattori FoxO nel
promuovere la trascrizione del gene, indipendentéendal legame al promotore,
ho utilizzato il sistema del gene reporter lucigefaso al promotore di atrogin-1.
Dall'analisi al luminometro € emerso che FoxO3 puone fortemente I'attivita



promotoriale, mentre FoxO 1 non ha alcuna capatithansattivare atrogin-1.
Questi risultati hanno suggerito il coinvolgimemtioaltri geni regolati dai FoxO
nel programma atrofico. Come conferma di questtegi@ stato osservato che la
sovra-espressione di atrogin-1 per sé non e seffiei a indurre la perdita di
massa muscolare. Ho preso in esame altri due gg¢rardppo degliatrogenes
LC3 e Bnip3, compresi tra il gruppo deglirogenesmaggiormente indotti.
Entrambi appartengono al sistema dell’autofagia iataddai lisosomi. Le
rispettive proteine codificate, LC3 and Bnip3, dostcono due componenti
cruciali per la formazione degli autofagosomi, ttme vescicolari deputate alla
degradazione di porzioni citoplasmatiche. L'anadisi promotori di LC3 e Bnip3
ha evidenziato molti siti potenziali per l'interame con i fattori FoxO. Gli
esperimenti condotti di ChlIP hanno dimostrato checondizioni di digiuno
FoxO3 lega regioni specifiche di questi promoto@li studi funzionali
dell’attivita promotoriale hanno confermato chelégame di FoxO3 con |l
promotore li LC3 € essenziale per attivare la tiamme del gene. Inoltre,
mediante l'espressione di FoxO3 costitutivamentevate del dominante
negativo, &€ emerso che FoxO3 regola i livelli paitdi Bnip3. Tuttavia questi
risultati non hanno chiarito ancora quali sononigegolati da FoxO1 e se ci sono
altri atrogenes controllati da FoxO3. Nell'obiettivo di estendegdi studi
d’interazione proteina-DNA a piu regioni promotdel genoma, e stato scelto di
applicare la tecnica della ChIP on Chip. Questaitaccombina la ChIP con
I'ibridazione su microarrays genomici. Gli esperriali ChIP on Chip sono stati
condotti in colture cellulari, utilizzando miotubinfettati con adenovirus
esprimenti la forma costitutivamente attiva di F8x€dn I'epitopo HA. | risultati
ottenuti hanno messo in evidenza che FoxO3 intecagton i promotori di geni
che apprtengono a diverse vie del segnale e soplicat in importanti processi
metabolici e nella regolazione trascrizionale. fat® interessante notare che tra i
promotori genici bersaglio di FoxO3 otto di quesino promotori datrogenes
Dall’analisi dei livelli di espressione di alcuriiguesti geni bersaglio, € emerso il
ruolo chiave di FoxO3 nella loro regolazione. llomavoro svolto durante |l
dottorato pone le basi tecniche per lidentifica®odi geni fondamentali al
programma atrofico e costituisce un contributo Ipesviluppo di nuove strategie
farmacologiche contro la perdita di massa muscolare






SUMMARY:

Loss of muscle mass occurs in many debilitatirspases including sepsis,
burn injury, cancer, diabetes, heart and renalif@jlbut also in other catabolic
conditions like denervation, immobilization, glucetcoid treatment, or fasting.
The reduction in muscle cell size is caused by rammease of the activity of
proteolytic systems, such as the ubiquitin-proteasaystem and the lysosome
autophagic system. Gene expression studies reveakst of genes which are
commonly up- and down-regulated in different atngph conditions. These
genes are calledtrophic related genesr atrogeneqJagoe and Goldberg, 2001;
LECKER et al., 2004). Two of the most induced gemd®se activation precedes
muscle loss, are muscle-specific and encode foquitm ligase. These two
enzymes, named MURF1 and Atrogin-1, are rate-ligitin the ubiquitination
process and therefore, regulate the proteasomaldept protein breakdown
(Gomes et al., 2001). Atrogin-1 is controlled by®atranscription factors, which
are in turn inhibited by the IGF1-PI3K-Akt pathwawn the absence of growth
factors, like IGF1 or insulin, AKT is not activateahd does not block FoxOs
which can translocate into the nuclei and interaith promoters of their target
genes (Sandri et al., 2004). In mammalian musdieret are three FoxO
transcription factors: FoxOl1, FoxO3 and FoxO4. RtxOs share the same
“forkhead box” which contains the DNA-binding domaiPrevious studies
showed FoxO1 and FoxO3 to be involved in musclepdity (Kamei et al., 2004).
However, it is completely unknown how many genes w@aquired for FoxO-
mediated muscle loss and whether these genes are apt commonly regulated
by both FoxO1 and FoxQO3. In this study we proprosednderstand which are
the atrophy-related genes target of FoxO1 and FoX¥@8set up ChIP technology
in order to dissect in vivo, the interaction betweeoxOs and promoters of
FoxO's target genes. This technique combines theecifsgty of
immunoprecipitation in purifying specific proteingith the power of PCR to
amplify specific sequences of DNA. First, we idkad the potential FoxO1 and
FoxO3 potential binding sites on the atrogin-1 poten Bioinformatic analysis

of atroginl promoter showed that there are 14 pieiefroxO binding sites.



Second, we used a cell culture system to estabtifferent parameters for a
successful ChlP . We then moved to in vivo studiedoth overexpressed
FoxOs and endogenous FoxO proteins. Tibialis AotgfiA) of adult CD1 mice
were transfected with constitutively active HA tadg ca-FoxO3 or ca-.FoxO1.
After seven days muscles were collected, lysatetl aaralysed for ChlP. ChIP
studies demonstrated that FoxO3 strongly binds nséteg of atrogin-1 promoter,
while FoxO1 weakly interacts with only one site. Better understand which sites
are physiologically relevant for atrogin-1 regubati endogenous FoxO1l and
FoxO3 were immunoprecipitated. Fasting was used a®del of atrophy, since
this model strongly activates FoxOs increasinggatrd. levels to more than 10
fold. ChIP experiments were performed on TA musadifed and starved mice.
Interestingly, we could demonstrate by ChIP thak@® preferentially binds
chromatin at three sites of atrogin-1 promoter.sehgites showed also an increase
of histone acetylation during fasting. FoxO1 digplh a weak interaction with
atrogin-1 promoter. To understand if both FoxOs avke to regulate atrogin-1
expression, we used a functional assay in whichatnegin-1 promoter was
cloned upstream the luciferase gene. This reparéer transfected together with
FoxO1 or FoxO3 in the tibialis anterior muscle @eden days later the assay was
performed. This approach confirmed that FoxO3, Imat FoxO1, could
transactivate the atrogin-1 promoter. Since botkG=ocan induce muscle loss,
the probability that other genes are required fascie atrophy was seriously
considered. Indeed overexpression of atrogin-1sgeis not sufficient to induce
muscle wasting. To understand how FoxOs cause milss$ we focused on the
atrophy-related genes which belong to other prgt@osystems and especially to
autophagy-lysosome system. In fact LC3 and BingBamong the upregulated
atrogenes and are rate limiting proteins in autgpbame formation. Their
promoters contain several potential FoxO bindingssiand ChIP experiments
showed that FoxO3 binds chromatin of LC3 and Brmgpdnoters in specific sites
during starvation. Functional promoter assay camdnl that FoxO3 binding on
LC3 promoter is essential to activate transcriptibtoreover, gain and loss of
function experiments showed that FoxO3 regulatespBi protein levels.
Altogether these findings show that FoxO3, but RoxO1, coordinates the two

major proteolytic systems of the cell by regulatittge promoter activity of



atrogin-1, LC3 and Binp3 genes. However these tewve not clarified yet
which atrogenes are regulated by FoxO1l and if tlaeeeother atrogenes under
FoxO3 control. For this reason, we extend the CidBay to a genome wide
analysis using a ChlP-on-Chip approach. This tepisicombines the Chromatin
iImmunoprecipitation with hybridization on genomidcnearray to allow a global
analysis of protein—-DNA interaction. The techniguees set up using a cell culture
system. Differentiated C2C12 myotubes were infeetgld adenovirus expressing
HA tagged c.a.FoxO3 and 48 hours later a ChIP vemfpned using anti-HA
antibody. The results of ChIP on Chip identifiedes@al binding sites on genome.
Many of these regions are promoters for transamptfactors, enzymes of
different metabolic pathways and different kinasegolved in regulation of
different pathways. Importantly a FoxO3 bindingesitas detected in regulatory
regions of other eight atrophy-related genes. Wihenfunction of this binding
sites was validated it was found that 5 of theseganes were modulated by
FoxO3. In conclusion, this PhD project establisk technical basis for the
identification of the fundamental genes, underdatetrol of a certain transcription
factor, involved in the atrophy program. All thedata will contribute to the

development of new pharmacological strategy agamscle loss.
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INTRODUCTION:

Skeletal muscle: structure and function

Skeletal muscle is constituted by cylindricaultinucleatedcells, called
muscle fibers, bundled together and wrapped by ecthre tissue. Each muscle is

surrounded by a connective tissue sheath calledethmysium Fascia,the

connective tissue outside the epimysium, surrowar$ separates the muscles.
Portions of the epimysium project inward to divile muscle into compartments.
Each compartment contains a bundle of muscle fideash bundle of muscle
fiber is called a fasciculuand it is surrounded by a layer of connectiveutiss
called perimysium Within the fasciculus, each individual muscle efibis
surrounded by connective tissue called_the endamygtigl).

Skeletal muscles have an important vascularisat@rprovide nutrients and
oxygen and are innervated. Generally, an arteryaarieast one vein accompany
each nerve that penetrates the epimysium of atsketeiscle. Branches of the
nerve and blood vessels follow the connective #ssomponents of the muscle

reaching the single myofibers together with theltzapes network.
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Figure 1 A Schematic representation of skeletal mate structure.
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The nuclei of muscle cells are located at the perp of the muscle cell, just
under plasma membrane, the sarcolem@anversely, the presence of central-
located nuclei is pathological and it is consisteuith a disease called centre
nuclear myopathy. Mice have a peculiarity sinceerggating muscles maintain
the nuclei in a central position, therefore, omymice the presence of central-
nucleated myofibers reveal a precedent injury whislas followed by
regeneration.

Closed to muscle cell and surrounded by their ovembrane,are preset the
nuclei of satellite cell, the skeletal muscle stet.

Cytoplasm of muscle cells is filled by the contilacproteins organized in
myofibrils (also called simply fibrils); they are all packed a parallel
arrangement. Each myofibril runs the entire lengththe fibre In transversal
section, myofibrils display a characteristic bawgdipattern of striated skeletal
muscle. This aspect is owing to the lined up ineseof sarcomeresthat are the
structural units. The sarcomere comprises two gkefgament: thin ones, made
mostly of actin, and thick filaments, made mostliy myosin. Several other
important proteins, like troponin and tropomyositin, nebulin, and desmin, help

to hold these units together.

Capz

hbn

Zedice

Kyodn
head

Kyodn
il
Mckin
filament

Ll-lin=

Figure 2 A scheme of muscle contraction.
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The sarcomere is defined as the segment betweennéighbour Z-lines. In
electron micrographs the Z-line appears as a sefidark lines. Surrounding the
Z-line, there is the region of the I-band (the tigtand). Following the I-band
there is the A-band (the dark band). Within the ak, there is a paler region
called the H-band. The nomenclature of A- and lebeome form their properties
to reflect the polarized light under a polarizatimicroscope. Finally, inside the
H-band is a thin M-linerfiddleof the sarcomere).

Actin filaments are the major component of the I-band axtend into the A-
bandMyosin filaments extend throughout the A-band and areighoto overlap
in the M-band. The giant proteititin (connectin), extends from the Z-line of the
sarcomere, where it binds to the thin filament eystto the M-band, where it is
thought to interact with the thick filaments. Seeproteins important for the
stability of the sarcomeric structure are foundha Z-line as well as in the M-
band of the sarcomere. Actin filaments and Titireooles are cross-linked in the
Z-disc via the Z-line protein alpha-Actinin. The b&nd myosin as well as the M-
proteins bridge the thick filament system to thebBfd part of titin (the elastic
filaments).

The interaction between actin and myosin filamemsthe A-band of the
sarcomere is responsible for the muscle contra¢siating filament modél

Upon muscle contraction, the A-bands do not chdahge length, whereas the I-
bands and the H-zone shorten.This is calledslidéng filament hypothesihich

is now widely accepted. There are projections friv@ thick filaments, called
cross-bridgeswhich contain the part (head) of myosin which kirtd actin; and
can hydrolyze ATP and convert chemical energy michanical energy. This
process is quite efficient and 40-60% of energyoissumed for mechanical action
while the remaining energy is lost as heat. Thesssebridges can be seen by
electron microscopy. The cross bridges are mosignted transverse to the fibre
axis in relaxed fibres and are angled at aboutetfseks in rigor. Contraction is a
transient state, hard to capture because it is fasty but it is assumed that these
two states are representative of relaxed and adettaituations.

To allow the simultaneous contraction of all saremsn the sarcolemma
penetrates into the cytoplasm of the muscle cetvéen myofibrils, forming

membranous tubules calleédubules The t-tubules are electrically coupled with
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the terminal cisternae which continue into the skgmic reticulum. Thus the
sarcoplasmic reticulum, which is the enlargement sofooth endoplasmic
reticulum and which contains the majority of cafoiuions required for
contraction, extends from both sides of t-tubutgs the myofibrils. Anatomically
the structure formed by t-tubules surrounded by s$mooth ER cisternal is called
the triad and it allows the transmission of membraepolarization from the
plasmalemma to the endoplasmic reticulum.

The contraction starts when an action potentidusds from the motor neuron to
the sarcolemma and then it travels along t-tubuies it reaches the sarcoplasmic
reticulum. Here the action potential changes thenpability of the sarcoplasmic
reticulum, allowing the flow of calcium ions intdhé cytosol between the
myofibrils. The release of calcium ions induces itingsin heads to interact with
the actin, allowing the muscle contraction. The tcaction process is ATP-
dependent. The energy is provide by mitochondriechvare located closed to Z-
line.

Skeletal muscles contains several fiber types wididfer for structural and
functional properties. Mammalian muscle fibers dreided into two distinct
classes: thgype I, also called slow fibers, artgpe 1, called fast fibers. This first
classification considered only the mechanical prigge However the different
fiber types show also peculiar myosin ATPase typetabolism (oxidative or
glycolitic), mitochondrial content revealed by smate dehydrogenase (SDH)
staining, resistance to fatigue(Pette and Heilmal®v9; Pette et al., 1979;
Schiaffino et al., 2007). Altogether these biochmahiand molecular properties
explain the contraction properties.

Since in most cases both fiber types coexist inronscle, the type of contraction
(slow or fast) results form the percentage of défg fiber types present in the
muscle. In this way, the skeletal muscle can besdiad either in slow, if it
contains more type | fibers, or in fast, if typefibers are more abundant. The
different fiber types contain also peculiar Myosieavy Chain (MHC) which are
coded by different genes. The fiber type | expresbe slow isoform of MHC
(MHCPB or MHC1), a great content of mitochondria, higkels of myoglobin,

high capillary densities and high oxidative enzycapacity. Muscles containing
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many type | fibers display red colour for the grgascularisation and for the
myoglobin content.

The type Il, fast, myofibers are divided in thremups depending on which
myosin is expressed. In fact distinct genes endod®HC lla, lIx (also called
[Id) and llb. Type Ila myofibers are faster thapeyi, but they are still relatively
fatigue-resistant. lla fibers are relatively slowban lix and Ilb and have an
oxidative metabolism due to the rich content ofactiondria (Schiaffino and
Reggiani, 1996). Given all those characteristits,fibers are also termed fast-
oxidative fibers. They have been classically charamed as exhibiting a
phenotype that has fast contraction, high oxidat&pacity and a relative fatigue
resistance. The lIx and llb fiber types are callast-glycolitic fibers and they
show a prominent glycolitic metabolism containimgvfmitochondria of a small
size, high myosin ATPase activity, expression of (B and MHCIIX proteins,
the fastest rate of contraction and the highe# lef/fatigability.

The fiber type profile of different muscles is ialty established, during
development, independently of nerve influence. Maetivity has a major role in
maintenance and modulation of fiber type propeitieadult muscle (Schiaffino,
Sandri et al. 2007). Indeed type | fibers starappear only after innervation and
the absence of the nerve maintains a fast progradmbbocks the expression of

slow isoform of myosin.

Plasticity of skeletal muscle: hypertrophy versus @ophy

Skeletal muscle comprise 40-50% of total body massl it is the major
protein storage for the bodBeing the largest protein reservoir, muscle seages
a source of amino acids to be utilized for energydpction by various organs
during catabolic periods (Lecker et al., 2006a)r Fuwstance, amino acids
generated from muscle protein breakdown are udilig the liver to produce
glucose and to support acute phase protein systhésicker et al., 2006a).
Skeletal muscle is a dynamic tissue continuousfptidg its size in response to a
variety of external stimuli, including mechanicakt, neural, hormones/growth

factors, stress and nutritional status (Waddedil.e2008b). For instance, exercise
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stimulates protein synthesis that leads to increddéder size and in general to
increase muscle mass and force. This process ischagpertrophy.

Conversely muscle disuse causes a rapid loss ofilbnjlar proteins that results
in a decrease of fiber size and in general a dsered muscle mass and force.

This condition is called atrophy.

Hypertophy

The growth of skeletal muscle mass, like the masany other tissue,
depends on protein turnover and cell turnover (Beltt and Fulco, 2004).
Cellular turnover plays a major role during musdevelopment in embryo.
Moreover satellite cell incorporation into the giog fibers takes place during
post-natal muscle growth (Moss and Leblond, 198hcomitantly with increased
protein synthesis. The activation of satellite £é#l important for maintaining a
constant size of each nuclear domain (quantity yobptasm/number of nuclei
within that cytoplasm). Unlike young muscle, thenzdoution of cellular turnover
to homeostasis of adult fibers is minor and it riol hypertrophy has even been
recently debated (McCarthy and Esser, 2007; Rethf20d7). In adult muscle the
physiological conditions promoting muscle growtherefore, do so mainly by
increasing protein synthesis and decreasing prategradationThe IGF1-AKT
signaling is the major pathway which controls measgrowth. In addition to
circulating IGF-1, mainly synthesized by the livander GH control, local
production by skeletal muscle of distinct IGF-1isplg products has recently
raised considerable interest. A specific IGF-1cplj product is important for
load- and stretch-induced adaptations in skeletakate (Goldspink, 1999)
Muscle-specific over-expression in transgenic notean IGF1 isoform, locally
expressed in skeletal muscle, results in muscleitisgphy and, importantly, the
growth of muscle mass matches with a physiologimaiease of muscle strength.
Furthermore, the over-expression of a constituivattive form of Akt, a
downstream target of IGF1, in adult skeletal musatiiced muscle hypertrophy.
Similar results were obtained by the generationasfditional transgenic mice in
which Akt is expressed in adult skeletal muscledy oafter tamoxifen or
tetracycline treatment. Taken together with othésenvations, these results

suggest that IGF1-Aktl axis is a major mediatosksletal muscle hypertrophy.
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While it has been established that Akt plays aiatuole in muscle growth, the

downstream targets involved in muscle hypertrogmain to be defined.

Atrophy

Atrophy is a decrease in cell size mainly causgdidss of organelles,
cytoplasm and proteins. A general loss of skeletascle mass occurs in many
debilitating diseases including sepsis, burn injugncer, AIDS, diabetes, heart
and renal failure.

In most types of muscle atrophy overall rates otgin synthesis are suppressed
and rates of protein degradation are consistelyaged; this response accounts
for the majority of rapid loss of muscular proteifi$ie identification of precise
signaling cascade, that directs muscle wastingnig at the beginning, although
in recent years several pathways have emerged ¢oitisal for the maintenance
of muscle mass. A major contribution in understagdmuscle atrophy comes
from the pioneering studies on gene expressiorilimgpperformed independently
by groups of AL Goldberg and DJ Glass. The ideadimpare gene expression in
different models of muscle atrophy leads to thaifieation of a subset of genes
that are commonly up- or down-regulated in atropgymuscle. Since all the
diseases used for the experiments of microarray Qiabetes, Cancer cachexia,
chronic renal failure, fasting and denervation) enawvuscle atrophy in common,
the commonly up- or down-genes are believed to lagéguhe loss of muscle
components and are calledrophy-related genesr atrogenes.Together these
findings indicate that muscle atrophy is an acfivecess controlled by specific
signaling pathways and transcriptional program®sehgenes encode for proteins
involved in different cellular processes like energroduction, transcription
factors, regulators or protein synthesis and enzymie metabolic pathways.
Among the upregulated atrophy-related genes thera subset of transcripts
related to protein degradation pathways. The mapooteolytic systems
responsible for protein breakdown in eukaryotic Isceare the ubiquitin-
proteasome system and the autophagy lysosome pathwadiverse types of
muscle wasting, the ubiquitin-proteasome pathwaydtvated, as shown by

increased sensitivity to proteasome inhibitors;reased levels of ubiquitin
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conjugates; enhanced rates of ubiquitin conjugatan induction of genes for
ubiquitin, several proteasomal subunits, and twtcal ubiquitin ligases (E3s),
atrogin-1/MAFbx and MuRF1 (Bodine et al., 2001; kec et al., 2004). An
increased capacity for lysosomal autophagic prgge®has been demonstrated in
various types of atrophy (Bechet et al., 2005; Raret al., 1990). Electron
microscopic studies have previously shown that ghdgy is activated in
denervation atrophy (Schiaffino and Hanzlikova, A9)7 and this system is

stimulated in different conditions leading to mesatrophy (Bechet et al., 2005).

The Ubiquitin-Proteasome System

Several evidences strongly support a major rolaitmfuitin proteasome
system (UPS) during muscle loss. Decrease in musaks is associates with: i)
increase conjugation of ubiquitin to muscle pradeim increase of proteasomal
ATP-dependent activity, iii) increase protein bréakn which can be efficiently
blocked by proteasome inhibitors and iv) upregatatof mRNA for ubiquitin,
some ubiquitin-conjugating enzymes (E2), few ultigeprotein ligases (E3) and
several proteasome subunits. The rate limiting erezypf UPS is the E3 which
catalyzes the transfer of ubiquitin from the EZhe lysine in the substrate. This
reaction is highly specific and the proteins, coibeali to ubiquitination and to
proteasomal degradation, are recognized by theFi€gB3). Thus the amount and
the type of proteins degraded by the proteasonrgely determined by which
E3 ligases are activated in the cell (Gomes eR@0})

Among the atrogenes, the two most induced genesvareovel ubiquitin ligases
E3, atroginl (muscle atrophy F-box- MAFbx ) and NRIRmuscle ring fingerl).
These enzymes are up regulated in different moalelsuscle atrophy and are
responsible for the increased protein degradatibrough the ubiquitin
proteasome system (Sacheck et al., 2004).

Atrogin-1, also known as MAFbx, contains an F-baxmain, a characteristic
motif seen in a family of E3 ubiquitin ligases hajing to SCF complex (for
Skp1, Cullin, F-box) (Gomes et al., 2001; Jacksuh Bldridge, 2002). The F-box
protein interacts with the substrates, while CuticR components associate with

the E2 Ub-conjugatingnzymes. Skpl is an adaptor that brings F-box iorate
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the Cull-Rocl-E2 complex. Most substrates requime phosphorylation to
interact with the F-box protein in an SCF compléxckson and Eldridge, 2002).

(o]
ATP + @-C-oH AMP + PP,

VA o}
, Il
Substrate gIRCEIVUN Substrate JENELR! Ub)
H

Figure 3: Ubiquitin —proteasome pathwayUbiquitin (Ub) is covalently attached to substrate
proteins via a three-step mechanism involving #gguential actions of E1 (ubiquitin-activating ena)mE2
(ubiquitin-conjugating enzyme) and E3 (ubiquitigdse) enzymes. The attachment of multiple ubiquitin
moieties by E3is the rate limiting steldodified from Lori A. Passmorel and David Barfofiochem. J
2004.

MuRF1 belongs to the RING finger E3 ligase subfgmtharacterized by three
RING-finger domains (Borden et al,1996) which a¥quired for ubiquitin-ligase
activity (Kamura et al., 1999). Those domains idela B-box, whose function is
still unknown, and a coiled-coil domain, which nag required for the formation
of heterodimers between MuRF1 and a related protéinRF2 The precise
substrates of atrogin-land MuRF1 have not beertift&h but their expression is
increased in many diseases (Price, 2003), everrébdtie loss of muscle mass
become evident, underling their important role. Bl®ng induction of atroginl
and MuRF1 at early stage of muscle wasting and thigh expression suggests
the role of both E3s in initiation and maintenarafeaccelerated proteolysis.

Knockout animals lacking either MuRF1 or atrogirsiow a reduced rate of
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muscle atrophy after denervation (Bodine et alQ12), confirming that these
liagases are necessary for the atrophy prograntoWow atrogin-1 and MuRF1
are actually the best markers for muscle atropliyculd be consider as master

genes for muscle wasting.

Autophagy-Lysosome System

Autophagic Lysosome Systennvolves dynamic rearrangements of
membranes which engulf a portion of cytoplasm ft&r degradation in the
lysosome. The portion of cytoplasm, including exces abnormal organelles, is
sequestered into double-membrane vesicles andedstivio the degradative

organelle, the lysosome, for breakdown and forckay the generated molecules
(Fig4).

Lysosome/vacuole

Autophagic / =
body
NG

Breakdown

Formation
and completion

Autophagosome
Induction Docking/fusion

Figure 4: Principal steps of Autophagy Lysosome Syain pathway.

This process has an important role in various lgickl events, such as adaptation
to environmental changes, cellular remodelling myridevelopment and
differentiation and ageing. Autophagy is also iweal in preventing certain types
of disease, like Parkinson and Huntington, althougmay contribute to some
pathologies. Autophagy is also constitutively aetia skeletal muscle, as shown
by the accumulation of autophagosomes seen in humapathies, caused by
genetic deficiency of lysosomal proteins (Pompeid ®anon’s diseases), or by
pharmacological inhibition of lysosomal functiors & chloroquine myopathy
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(Shintani and Klionsky, 2004). The generation @nsgenic mice for LC3, the
mammalian homolog of the essential autophagy getyS,Afused with GFP
defined the amount of autophagy in different tissaed whether different organs
respond to fasting by activating autophagosome dtion (Kamura et al., 1999).
Indeed skeletal muscle has been found to be orleeofissues with the highest
induction of autophagy (Mizushima et al., 2004). fast skeletal muscle of
transgenic mice, food deprivation induced the ragggearance of cytoplasmic
fluorescent dots, corresponding to autophagosomezughima et al., 2004). In
different cell systems, autophagy is activated kepletion of nutrients or of
growth factors and, according to current viewsmiost cases this is mediated by
the kinase mTOR (Lum et al., 2005). Autophagy igpsassed by mTOR, which
is in turn controlled directly by the level of iatrellular amino acids, by growth
factors via Akt/PKB and by cell energy status viaMPAK. Accordingly,
rapamycin, a specific inhibitor of mTOR, activateaitophagy. However,
autophagy can also be induced by mTOR-independesthamisms: leucine
starvation has been reported to induce mTOR-inddgr@nautophagy in cultured
myotubes (Mordier et al., 2000), and mTOR has hésen found to be dispensable
in other cell systems (Kochl et al., 2006; Sarkiaale 2007; Yamamoto et al.,
2006). Up regulation of autophagy and lysosomakgems been documented at
the transcript and protein level in different seg8, but the mechanisms
controlling this transcriptional regulation and ithehysiological relevance have
not been characterized. The lysosomal proteinabegsin L is induced in muscle
wasting (Sacheck et al., 2007), and microarrayyaeal suggest that this is also
true for the autophagy-related genes LC3 and Gpdai&ecker et al., 2004).
Several studies point to up regulation of autophggges in other cell systems
and in different experimental conditions (Juhaszakt 2007). However, the
factors involved in the transcriptional regulatioihautophagy genes have not yet

been identified (Mammucari et al., 2007).
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Signaling Pathways Controlling Muscle Atrophy Progiam

Given the important role of muscle loss in progaas many diseases, a
subsequent crucial step was the identificationhef signaling pathways which
regulate the expression of the atrophy related g€&andri, 2008). Previous
studies have already shown th@F1/insulin signalling while promoting muscle
growth is able to suppress protein breakdown (Bsodat al., 2001b). The
insulin/IGF1 signaling cascadwas the first example of a pathway which
promotes protein synthesis and at the same timpraesges protein breakdown,
indicating that the dynamic regulation of skelataiscle mass is the result of a

balance between hypertrophic and atrophic prog(&ngss).

g
g

Figure 5. Insulin-like growth factor 1 (IGF-1)- medated signalling pathways.
Signalling molecules, that have been shown to heveegative effect on hypertrophy are red
coloured, and the proteins, whose activation induggertrophy are green. Protein that have not
been dissected their role are b{@ass,D J 2003).

The binding of IGF1 or insulin to their membraneeagtors activates two major
signalling pathways: the Ras-Raf-MEK-ERK pathwayd athe PISK/AKT
pathway. The Ras-Raf-MEK-ERK is involved in conlired fiber type by
promoting, in vivo, a nerve-dependent slow phenety@onversely the activation
of PIK3/ AKT pathway induces muscle growth. OnceAis activated, it initiates

22



a cascade of phosphorylation events targeting maisomgarget of rapamycin
(mTOR) and glycogen synthases kinafgGSK33). GSK3 is inhibited by Akt

and, in turn, blocks the eukaryotic translatiotiation factor 2B (elF-2B), which
Is involved in protein synthesis. mTOR is partwbtcomplexes: TORC1, which
contains Raptor and is rapamycin sensitive. TOR@da¢s to S6K1 and 4EBP1
and it controls proteins synthesis, while TORCZ2,iclvh contains Rictor,

phosphorylate, in a retrograde way, AKT, affectaigp FoxO signalling. TORC2

complex is rapamycin insensitive and it does nfgcafprotein synthesis-{g 6).
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Figure 6: IGF-1 AKT m-TOR pathway

Several finding suggest that the decrease actofityGF /PI3K /AKT signalling
pathway can regulate the muscle atrophy prograrfadt) the inhibition of PI3K
activity and the expression of dominant negativAldT reduces the mean size of
myotubes and increases protein degradation andiattoexpression. Conversely,
both IGF1 transgenic mice and overexpression oftitotively active AKT in
adult myofibers suppress protein degradation andchauatrophy induced by

denervation. Moreover the up regulation of MuRFd atrogin-1 is blocked by
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IGF1 treatment or AKT activation. The up-regulatiohatrogin-1/MAFbx and
MuRF1 is normally blocked by Akt functioning thrdugegative regulation of the
family of transcription factors FoxO The FoxO fayniin skeletal muscle is

comprised of three isoforms: FoxO1, FoxO3 and FoxO4
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Figure 7: Regulation of FOXO transcriptional activity. (A) Growth/survival signals
activate AKT/PKB, which then translocates into thecleus. Phosphorylation of FOXO by
AKT/PKB results in release from DNA and in binding 14-3-3 proteins. This complex is then
transported out of the nucleus, where it remaiastine in the cytoplasmBj Upon removal of
growth/survival signals, FOXO is dephosphorylated3-3 is released and FOXO is transported
back into the nucleus where it can bind target mtens and transcribe thefBirkenkamp K.U. et
al., 2003).

Akt phosphorylates FoxOs, promoting the export ok®s from the nucleus to

the cytoplasm. AKT blocks FoxO activity by phosplation of three conserved

residues leading to 14-3-3 bindingid 7). The resulting complex prevents re-
entry of FoxOs into the nucleuas predicted, the reduction in the activity of the
Akt pathway, observed in different models of musdi®phy, results in decreased
levels of phosphorylated FoxO in the cytoplasm anmdarked increase of nuclear
FoxO protein. The translocation and activity of Bomembers is required for the

up-regulation of atrogin-1/ MAFbx and MuRF1, andxB8 was found to be
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sufficient to promote atrogin-1/MAFbx expressiondamuscle atrophy when

transfected in skeletal musclesvivo (Fig 8).
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Figure 8: IGF-1/ AKT pathway and FoxO action during muscle atrophy (on the right)
and hypertrophy (on the left) (Sandri, Sandri et al. 2004)

Recently the NF-kB signaling cascade beside the IGF-1/PI3K/Akt/FoxO
pathway, emerged to play an important role in tbetrol of muscle mass. First
hints on involvement of NF-kB in muscle wasting @from the up-regulation of
this gene during disuse atrophy (Hunter et al.,2208r sepsis (Penner et al.,
2001). In the inactive state NdB is sequestered in the cytoplasm by a family of
inhibitory proteins calledkiB. In response to tumour necrosis factor-a (&)\Ehe
IxB kinase (IKK) complex phosphorylatesBl, resulting in its ubiquitination and
proteasomal degradation; this leads to nuclearslvaation of NF«B and
activation of NFkB mediated gene transcription.

Experiments in cultured myotubes demonstrated ttiatblock of transcription

factor NFxB by over-expression of a mutant form @Bb, that is insensitive to
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degradation by the proteasome, inhibits proteirs liosluced by TNé& (Li and
Reid, 2000). Interestingly, treatments with TdNBttenuates insulin stimulated
protein synthesis (Williamson et al., 2005).

To further study the role of NF-kB in muscle wagtiiCai and co-workers created
two transgenic mice in which the N@ pathway was activated or inhibited,
through the muscle-specific expression of K& a dominant inhibitory form of
IxBa respectively (Cai et al., 2004). In these anintlaésactivation of the NkB
pathway is sufficient to induce significant museophy, marked by muscle
weight loss, and the expression of the E3 ubiquigase MuRF-1, but not
atrogin-1, providing the first functional dissectiof the roles of the two E3
ligases. On the other hand, while muscle-specifibibition of NFkB by
transgenic expression of a constitutively activ® Imutant leads to no overt
phenotype, denervation atrophy is substantiallyuced. Similarly in another
study, transgenic animals lacking NB; undergo less atrophy induced by hind
limb unloading than control littermates (Hunter alkdndarian, 2004). Finally
conditional knockout mice for IKR are resistant to muscle atrophy confirming
the role of this pathway in regulating muscle ma&éswever, despite the indirect
evidence from genetic studies, up to now thereoigevidence of a direct NFKB
recruitment on MuRF1 promoter or on any other primnof the atrophy-related

genes.

FoxO Family members: role and functions

FoxO transcription factors belong to the large ifaraf Forkhead proteins.
Forkhead family is present in all eukaryotes. Tresber of Forkhead family are
transcriptional regulators characterized by a comsk DNA binding domain
termed the “forkhead box “(Calnan and Brunet 200B)e forkhead box is
approximate 100-ammino acid, which contains the Diikding domain (DBD)
and it represents a variant of the helix-turn hetwotif. Forkhead-DBD is
constituted of threex helices and two characteristic large loops desdribs

butterfly-like wings (Burgering, 2008). In humarrkhead proteins (Fox) have
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been divided on the basis of sequence similantig L9 subgroups which are
classified by alphabetic letters form A to S.

FoxO subfamily is conserved fror@aenorhabditis eleganso mammalians.

Invertebrates have only one gene whereas mammaiaves four FoxO family

members: FoxO1(FKHR) FoxO3 (FKHRL1), FoxO4 (AFXdafoxO6. Fox01,3

and 4 are ubiquitously expressed, while FoxO6 esgio@ is restricted to
brain.(Jacobs, van der Heide et al. 2003).

T24 §256 s319

FoxO1 “h:.:ﬂ!&!_ o 63522
T3 $253 S315

FoxO3 I—:mlm&m_ <u 673aa
T28 S193 S258

FoxO4 N'_::ﬁi_ <t 501aa
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Figure 9: Structure of FoxO proteins.The Akt phosphorylation sites are shown (black).
The green region depicts the Forkhead domain (FRB,nAuclear localization signal (NLS) and the
nuclear export sequence (NES) are shown ilEedGreer and et al 2005)

Structure: FoxO proteins show four classical domains: a lyiglanserved DNA
binding domain (DBD), a nuclear localization sign@lLS) located just
downstream the DBD, a nuclear export sequence (NiB8)a C-terminal trans-
activation domain.Kig 9)

FoxO 1 3 and 6 proteins have similar length of appnately 650 amino-acid
residues, whereas FoxO4 sequence is shorter andirco@bout 500 amino-acid
residues. Analysis of multiple sequence alignméioins that several regions of
FoxO proteins are highly conserved. The regionplalysng the highest sequence
homology include the N-terminal region surroundihg AKT phosphorylation
site (Thr32), the DBD, the region containing NLSldhe COOH-terminal trans
activation domain (Obsil and Obsilova 2008). Beeanfsthe shared DNA binding
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domain, FoxOs are expected to bind similar or idahtDNA sequences within
the genome. The core consensus DNA sequence fdD Fiding has been
determined by using gel shift experiments and #& ke following sequence:
5TTGTTTACS'.

Regulation of FoxO factors FoxO transcription factors are regulated by aewid
range of external stimuli, such as insulin, IGFltheo growth factors,
neurotrophins, nutrients, inflammatory cytokineeemgy balance and oxidative
stress . Altogether these stimuli control FoxO fiorc by affecting protein
stability, subcellular localization, DNA-binding @nranscriptional activity. Most
of these FoxO regulations are achieved by possiaiion modification and
include phosphorylation, acetylation, mono and pdhquitination, N-
acetylglucosamination and possibly other modifaradi that are not yet identified
(Obsil and Obsilova, 2008). The subcellular loaian of FoxO proteins is
controlled by some post-transcriptional — modificaip particularly
phosphorylation and monoubiquitination.

Phosphorylation of FoxO at three conserved sitethéyprotein kinases AKT and
SGK causes the sequestration of FoxO factors ioptggm. An exception is
FoxO6, which is phosphorylated at only 2 of thréegphorylation sites and it is
not regulated by nucleus cytoplasmic shuttling ¢bacet al., 2003). In response to
growth factors stimulation FoxOs can be phosphteglaat additional sites, and
sequestered into cytoplasm. Anyway, phosphorylahas not only a negative
effect on FoxOs activity. Through phosphorylati@ttess stimuli trigger the
relocalization of FoxO proteins into the nucleuseSs activated kinases MST1
(Lethinen at al 2006) and JNK (Essers et al., 20p0dysphorylate FoxOs,
disrupting the 14-3-3 /FoxO interaction and promgtithe transcriptional
adaptations to cell stress response. Oxidativesststimuli caused the nuclear
relocalization of FoxO via mono-ubiquitination ata lysines (van der Horst
2006). Furthermore, these lysines are also acetylay CBP/p300 and can also
be deacetylated by sir2/Sirtl. FoxO acetylation caither promote and
accumulate FoxO in nuclear compartment or blockRbeO binding on target
promoters (Brunet, Sweeney et al. 2004; Kitamurigariura et al. 2005; Wang
and Tissenbaum 2006). On the other hand, Sir 2/8gtcetylase contributes to
life extension, promoting FoxO DNA binding (Tissawin and Guarente 2001,
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Tsai, Sun et al. 2007). Thus the role of acetytata FoxO activity is dependent
on cell type and by the presence of other sigraliments. In response to energy
stress activated AMPK can phosphorylate FoxO3atsies triggering FoxO3
nuclear localization and transcriptional activitydependently from Akt status
(Greer et al., 2007). Genome wide microarray amalgsinted out that AMPK
phosphorylation of FoxO3 induces changes in theesgon of specific target
genes, including energy metabolism and stresstaesis genes (Greer et al.,
2007).

Besides the post-transcriptional regulation, thellef FoxO expression is also
tightly regulated. Fasting and glucocorticoid induthe expression of FoxO
factors in mouse liver and in mouse muscle, whefeeding suppress FoxO gene
induction (LECKER et al., 2004; Sacheck et al.,20Bandri et al., 2004}-{g 8).
Functions: The roles of FOXO in whole organisms has beegirmaily dissected
by genetic studies in worms and, more recentlfljes in which there is only one
FoxO gene (Greer and Brunet, 2005). In worms FostBotbgue DAF 16 plays a
crucial role downstream of the insulin-signallingtipivay to regulate longevity.
DAF-16 appears to induce a program of genes thatdamately extend life span
by promoting resistance to oxidative stress, ptaiecfrom protein unfolding-
damage and resistance to pathogens. These findimggest that one way in
which DAF-16 activity leads to an increase in onganlife-span is by increasing
the cellular resistance to various stresSasilarly, in drosophila, dFOXO plays
an important role in conferring stress resistandeinger et al., 2003).
Interestingly, expression of a wild-type form of @KO is sufficient to increase
longevity in flies (Giannakou et al., 2004) and grevent the age associated
decline of cardiac functions (Arden, 2008; Wesselisal., 2004). (Greer and
Brunet, 2005)While the roles of mammalian FOXO sa@iption factors in
cultured cells are well established, their targetshe whole organism are just
beginning to be unravelled. Several studies havadahat FoxO1,3 4 regulate
important processes including cellular differembat tumour suppression,
metabolism, skeletal muscle and heart size, cetlecwrrest, cell death and
protection from stress (Arden, 2008). In prolifargtcells, the main effect of the
expression of active forms of FoxO family membertoi promote cell cycle arrest
at the G1/S boundary (Medema et al.,, 2000) by hmttregulating cell cycle
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inhibitors (p21 and p27) and repressing cell cydesivators (cyclinD1/D2).
Moreover FoxO factors mediate cell cycle arrestttet G2/M by regulating
cycling G2. Consistent with this FoxO factors’ rallee expression of active forms
of FoxO proteins up regulates several genes indgolmethe cellular response to
stress, such as DNA damage inducible protein 4500G46) Mn-dismutase, and
catalase.

In differentiation, FoxO factors can either inhilsihd promote differentiation,
depending on cell type and on which member of Fta@ily has been studied. In
adipocytes and myoblasts, the expression of a itatngtly active form of FoxO1
inhibits differentiation injn vitro differentiation assays, while FoxO3 appears to
potentiate erythroid differentiation.

In neurons and in lymphocytes the expression oftitively nuclear forms of
FoxO proteins trigger cell death by inducing twoagotitic Bcl2 family member,
BIM and Bnip3 and the death cytokines Fas ligandi BRAIL.

FoxO transcription factors also play an importanié lin up regulating genes that
control both glucose and lipid metabolism. FoxOsnpote a switch in skeletal
muscle energy metabolism from glucose oxidatiolipid oxidation .

The classical studies of single FoxO family memtbeletion have suggested that
FoxO1 is critical during embryonic development, MhFoxO3 and FoxO4
ablation can be compensated by the other FoxOmctnFoxO1-null mice die at
embryonic day 10.5, from defects in angiogenesisuffama et al., 2004; Hosaka
et al., 2004). FoxO3-null mice are viable and loskgmal (Castrillon et al.,
2003). The main defect of FoxO3-null mice is an-dgpendent female infertility
(Castrillon et al., 2003), due to the prematurevatibn of the ovarian follicles.
FoxO3 mutant mice exhibit defects in glucose uptéRastrillon et al., 2003),
consistent with a role for FoxO family members Incgpse metabolism. FoxO3-
null mice also display over proliferation of helpercells, in line with FoxO3's
role in promoting cell cycle arrest (Lin et al.,0). FoxO4-null mice are viable
and do not appear to have any phenotype (Hosa#th, &004) FoxO6-null mice
have not been generated yet. Taken together, tlessdts suggest that FoxO1,
FoxO3, FoxO4, and possibly FoxO6 family members imaye both distinct and
overlapping functions.
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Recently tissue specific FoxO knockout mice havenbgenerated. The deletion
of all FoxO1, FoxO3 and FoxO4 in hematopoietic stathdetermined a defect in
ROS detoxification (Tothova et al., 2007). Moreouwetal FoxOs knockout
engendered a progressive cancer-prone conditioractieaized by lymphomas
and hemangiomas, demonstrating that FoxOs are bod@aumor suppressors
(Paik et al., 2007)

Foxo in Skeletal Muscle

Previous studies have shown that FoxO1 and Fox@®solved in muscle
atrophy (Brunet et al., 1999),(Stitt et al., 2008@xcheck et al., 2004; Sandri et al.,
2004). FoxO levels increase during starvation anhecogorticoid treatment,
conditions that promote muscle atrophy (Furuyam#gyama et al. 2003; Imae,
Fu et al. 2003) Genes profiling studies have reliean up regulation of FoxO1
after denervation or spinal cord isolation and iangn systemic wasting states,
suggesting a fundamental role of FoxO1 in all typéstrophy (Lecker et al.,
2004).

TA EDL Sol. Gastro. Quadri.

Figure 10: FoxO1 transgenic mice (lines Al) show mnsule atrophy. Muscles were
smaller in size and paler in color in FOXO1 tramggamice than in control mice. (TAtibialis
anterior; Sol, soleus; Gastro, gastrocnemius; Quadadriceps) (Kamei, Miura et al. 2004).

Since FoxO1 expression persists at high levels @&nays after denervation,
this transcription factor may have a role in thentemance of muscle in atrophied
states (Sacheck et al., 2007).Consistent with tléservations, muscle specific

transgenic mice which overexpressed FoxO1 weightlean the wild-type control
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mice and they show a reduced skeletal muscle nkagsl(). Their muscle are
paler than wild type mice. Histological analysesenahown a marked decrease in
size of both type | and type Il fibers and a sigaift decrease in the number of
type | fibers (Kamei et al., 2004). Both in C2C1%ablasts and in FoxO1
transgenic mice, FoxO1 overexpression blocks pradgnthesis through the up-
regulation the translation inhibitor 4E-BP1 (Souwtteg et al., 2007). Moreover
FoxO1 activation reduced mTOR signalling by blogkRAPTOR expression and
by decreasing mTOR protein (Southgate et al., 2@@@Agally in C2C12 myotubes
glucocorticoid receptor and FoxO1 synergisticaltyiee MuRF1 gene (Waddell
et al., 2008a)In fully differentiated skeletal azatdiac muscle cells, expression of
a constitutively active form of FoxO3 causes atsoffandri et al., 2004; Skurk et
al., 2005; Stitt et al., 2004). Muscle fibers exgsiag a costively active form of
FoxO3 appear smaller than the untransfected suimogribers Fig 11).

Merge Anti-HA/
Hoechst
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Figure 11: Foxo3 expression, revealed by immunohistochemistajning for the HA tag
(FoxO3 tag), caused important muscle atrophy.

Since there is no evidence of apoptosis, the remudf fiber size inducted by
FoxO3 activation is caused by activation of protbmeakdown via atrogin-1
regulation (Sandri et al., 2004). Indeed differerperiments of mutagenesis and
deletion of atrogin-1 promoter have identified trdical promoter region where

FoxO can interact and modulate atrogin-1 expresdienker et al., 2004).
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AlIM:

The main interest of the laboratory, where | penied my PhD program, is
the characterization of the signalling involved skeletal muscle atrophy and
hypertrophy. It is well known that FoxO1 and Fox@gulate a muscle atrophy
program, but it is still unclear the underlying mahlar mechanisms and which
are the FoxO target genes involved in muscle [0Rs. aims of my PhD project
are:

1) to understand how many atrophy-related geatsgenes are under FoxOs
control.

2) to investigate which of these genes are comm@gylated by FoxO1 and 3.
3) to identify which atrogenes are specifically tolled by FoxO1 or FoxO3.

In this study we have characterized the FoxO tammbes necessary for
maintaining an atrophy program. In order to achi#éivis goal we set up the
Chromatin Imunoprecipitation approach for in vivtudies. Our results are
extremely important for the development of new dpeutic strategies in

combating muscle loss.
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MATERIALS AND METHODS

Cell Culture

Forin vitro experiments we used HEK (Human Embryonic Kidne33rR2T
and C2C12 cells. HEK 293T were cultured in D-MEMu(Becco’s modified
Eagle’s medium) (Invitrogen) 1% penicillin-streptpem (Gibco), 10% FBS
(Fetal bovine serum) (Gibco) in until the cells dlead the 80% of confluence,
than they were spited in another flask, using Tng€DTA 1X (Invitrogen).
C2C12 mouse myoblasts were culturedDHMEM (Dulbecco’s modified Eagle’s
medium) (Invitrogen)1% penicillin-streptomycin (Gibco), 10% FBS (Fetal o
serum) (Gibco) until the cells reached the 70%@ifluence. The medium was
then replaced with DMEM 1% penicillin-streptomydj@ibco) 2% horse serum

(Gibco) and incubated for four days to induce miesiformation.

Adenovirus infection

For infection, myotubes were incubated with adémusvat a multiplicity of
infection (MOI) of 250 in differentiation medium.h& infection was typically
greater than 90%. The efficiency of viral infectiovas directly revealed by
observation at fluorescent microscope. In factatienoviral vector contains, into
the viral backbone, the GFP under the control séeond CMV promoter. Thus
each construct expresses both the cloned genedg@3) and the GFP allowing
us to follow the morphological changes in myotubes.

Infected cells are used for chromatin immunopreaijmn experiments or for
RNA extraction. For those experiments we used aderm expressing
constitutively active FoxO3 (ca-.FoxO3) (Brunet ak, 1999) and mock
adenoviruses as control. The FoxO3 adenovirus weasl created using the
AdEasy strategy (Stratagene) (Luo et al., 2007CPpE.a. FoxO3 was sub-cloned
into the pAdTrack-CMV vector. Subsequent steps werdormed according to

the manufacturer’s instructions.
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Transfection of HEK 293 FT
To transfection of HEK 293 FT we used the LipofaecineTM2000 Reagent

(Invitrogen) and we proceed as following described:

-500.000 cells were plated on 6-well plates( Falcon D-MEM (Dulbecco’s
modified Eagle’s medium) (Invitrogen) 1% penicitstreptomycin (Gibco), 10%
FBS (Fetal bovine serum) (Gibco).

-24 hours late, the medium of the cells was diseend the cells were incubated
with Opti-MEM® | Reduced Serum Medium (Invitrogeand 10 % FBS. 4ug of
the expression vector for well and 10 ul of LipdésnineTM2000 Reagent were
added to a well.

The plasmids used for all those kind of experimerdee the following:

- pECE c.a.-FoxO3 expression vector coding for the human full-léngt
sequence of constitutively active form FoxO3. Thee¢ canonical Akt
phosphorylation sites, T32, S253 and S315 are ediiatalanines (Brunet
et al., 1999);

- pECE dn-FoxO3: expression vector coding for the human full-length
sequence of FoxO3, lacking for the transactivatiomain. (Brunet et al.,
1999);

The transfected cells were grown for 24 hours iMBEM and 10% FBS.

Mouse Tibialis Anterior Muscle Electroporation

Experiments were performed on 2 month old CD1 midbialis anterior
muscles were electroporated as described previdmslgandri (Sandri et al.,
2004) and Dona (Dona et al., 2003).The tibialiseaat muscle was isolated
through a small hind limb incision. In the experintge performed fochromatin
Immunoprecipitatioron overexpression of ca-FoxO1 and ca-FoxO3 in,\2@oug
of Expression vectosolubilizated in 40 ul of 0.9% NaCl water solutiarere

injected along the muscle length.

In the Reporter experimentghe following mixture of DNA was injected along
the muscle length:
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Expression vectoR0 ug
Reporter plasmidl0 pg
pRL-TK (Promega)5ug

The volume was adjusted to 0 with 0.9% NaCl water solution. The plasmids

used for all those kind of experiments were thitaihg:

- PECE ca.-FoxO3 expression vector coding for the human full-léngt
sequence of constitutively active form FoxO3. Thee¢ canonical Akt
phosphorylation sites, T32, S253 and S315 are euiiatalanines (Brunet
et al., 1999);

- pCMV5 ca-FoxOL expression vector coding for the human full-léngt
sequence of constitutively active form FoxO1l1.Thes¢hcanonical Akt
phosphorylation sites are mutated as follow: T2&253D and S316A
(Nakae et al,2001).

- pGL3-pAtrogin-1 3.5 kb: reporter vector containing 3.5 kilo bases of
atrogin-1 promoter sequence driving the fireflyilease gene;

- pRL-TK (Promega): control vector driving the renilla fiecase gene;

-  pECE dn-FoxO3: expression vector coding for the human full-length
sequence of FoxO3, lacking for the transactivatiomain. (Brunet et al.,
1999 Shin et al 2001)

In the control electroporation experiments an egmbunt of mock vector was

injected.

Electric pulses were then applied by two stainktegl spatula electrodes placed
on each side of the isolated muscle belly (20 Vaits 5 pulses, 200 ms intervals)
with the Electro Square Porator (ECM 830, BTX). Nwacrosccopic or
microscopic evidence for necrosis or inflammatignaaresult of the transfection
procedure has been noted. The experiments wereoaggprby the veterinary
office and the ethical institutional review boards.

Reporter Analysis On Electroporated Tibialis Anterior Muscles

Promoter activity can be studied by using theféwese firefly gene. In our

experiments we usddual-Luciferase®Reporter Assay ChemistRromega), that
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includes “dual reporters”. The studied promoteriagegs cloned upstream and is
driving the firefly luciferase expression. Renilleciferase is under a minimal TK
promoter control and it is used to normalize thefliy data for the efficiency of

transfection, which can vary from animal to animal.

Both reports were co-transfected in tibialis amtenf 2 month old CD1 mice.
After 7 days the muscle were collected, weightedi mwdered in liquid nitrogen
by a ceramic pestle and then were lysed in Padsisis Buffer 1x (Promega )
accordingly to manufacturer instruction. An optimgsis was achieved by 2
cycles of thawing at 4°C and freezing in liquidrogen. Firefly luciferase and

renilla luciferase activities were measured sedakiyin 5 pl of the muscle lisate.

Mutagenesis:

The LC3 promoter was mutated in the FoxO binditgy ssingQuikChange
Multi Site-Directed(Stratageng The technique consists of a PCR amplification
with a primer mutated at the nucleotide sites tiratwanted to change. The PCR
reaction amplifies only one DNA strand of the teatel

The used primer was:

LeC3 S-AACAATGCAAAGCAAGCAACCCAAGGAAAGTAACCAGCC- 2
LC3 Mutated S-GGCTGGTTACTTITCCTTGGGTTGCTTGCTTTGCATTGTT-3

Promoters Analyzes For Transcription Binding Sites

To investigate the FoxOs binding sites on seve@raimoters we used

Genomatixool available on linehttp://www.genomatix.de/products/

Matinspector). This bioinformatics tool is a soft@athat utilizes a position
weight matrices to find transcription factor binglirsites along a genomic
sequence. Matlnspector gives a quality rating ® gbtential binding sites and
thus allows quality-based filtering and selectidmmatches.We looked for FoxO

binding sites on the following promoter sequences :
the 3.5 kilo bases promoter of atrogin-1

the 5.0 kilo bases promoter of Gadd4bC3, Bnip3
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Chromatin immunoprecipitation (ChIP) assay

The chromatin immunoprecipitation (ChlP) technigeethe best tool to
identify specific proteins associated with a regidthe genome or, conversely, to
find regions of the genome associated with specpgioteins. Chromatin
Immunoprecipitation experiments were performed @si@hlP assay kit
(UpState).

The principal phases of this procedure are theviohg:
1. Cross-link of the protein to the chromatin aysld

2. Sonication of DNA

3. Immunoprecipitation (IP) of cross-linked Prof&INA

4. Elution of Protein/DNA complexes

5. Reverse cross-link of Protein/DNA complexesrézfDNA
6. DNA extraction with phenol/chloroform

7. PCR chromatin immunoprecipitated

Chromatin immunoprecipitation (ChlP) assayin vitro
We used one 10 cm dish plate of cell culture ( HEI3 FT and C2C12

myotubes) for each ChIP assay.
Cross-link of the protein to the chromatin and lyss

The proteins were crosslinked by adding 1% formiaydie (Sigma-Aldrich)
to cell culture medium for 10 minutes at room terapgre. Formaldehyde is a
reversible cross-linker which is used for the chemazation of protein-protein
and protein-DNA interactions. After bleaching foldehyde action with 0.02M
glycine (Sigma-Aldrich), the cells were washed aweith 4ml of cold Phosphate
buffer saline (PBS)1x (GIBCO) containing 5ul Praealnhibitor Cocktall
(Roche).
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The plates were collected by scraping and cengdugr 5 min at 2000 rpm at 4°
C. After removing the supernatant fraction, thdutet pellet was resuspended in
650 ul of SDS Lysis BuffeUpstate Millipore).

Chromatin sonication

The cross-linked DNA was sonicated to shear thrernhtin to an average
size of 200-1000 bp in length. Efficient chromdtiagmentation was obtained by
using 10 seconds pulse of a sonicator “Sonic Viélfaon ice repeated for 6
times. After sonication the samples were centrifuge 13000 rpm for 10 min at
4°C.

Immunoprecipitation (IP) of cross-linked Protein/DNA

The supernatant was collected and brought to fumdlime 2.2ml with

Dilution Buffer (Upstate Millipore). 1ml of sheared chromatin vit@ssferred in a

1.5ml tube for each immunoprecipitation experiméi. aliquot of fragmented
chromatin (200ul) was stored at -80°C. This sangptalled the “input” and is the
control sample for PCR analyses. The remaining mnaeluis used for the
immunoprecipitation reaction. To remove proteins DNA that could no-
specifically bind to the immunoglobulins or can suecifically bind Protein A-
Agarose beads, the samples were pre-cleaned byud ihcubation at 4°C in
rotation with 75ul of Protein A Agarose/Salmon SpddNA (Upstate Millipore).
The beads were removed by centrifuging at 1300Ggerd minutes, at 4°C. Then
5ug of specific antibody or general IgG was addedstipernatant and was
incubated overnight at 4°C in rotation. 60ul of teno A Agarose/Salmon Sperm
DNA was added to the antibody/antigen/DNA complexl avas incubated for 1
hour at 4° C in rotation. The agarose beads welleated by centrifugation at
1,000 rpm for 1 min at 4°C and the supernatantifraovas removed. Then the
beads were washed for three times with increasamicistrength cold buffers
(Low Salt Immune Complex Wash Buffer, High Salt loom Complex Wash
Buffer, LiCl- Immune Complex Wash Buffer Upstate IIlNore). Finally the

beads were washed with 1ml of TE for two times.

Elution and Reverse cross-link of Protein/DNA compxes to free DNA
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The samples were briefly centrifuged for 1 min &000 rpm and the
supernatants were discarded. The beads were reslespen 250 ul of fresh
Elution Buffer ( 1%SDS, 0.1M NaHC¢) and incubated for 15 min at room

temperature in rotation. The samples were briefiyticfuged for 1 min at 13,000

rom and the supernatants were collected. The samweegure was repeated
another time to reach the final volume of 500 ul éach sample. The “input”
control was thawed at room temperature and broawghb500ul with Elution

Buffer. To reverse the formaldehyde cross-linki2dul of 5M NaCl was added to
the samples and to the“input” control and was frtimcubated for 6 hours at
65°C. At this stage the samples could be used reftirebiochemical studies,
including western blotting analysis to confirm teiicient immunoprecipitation,

or molecular approaches to reveal which part obgewas pulled down.

For PCR analysis we added 10 ul 0.5 M EDTA, 20uM1Tris-HCI, 20ug
proteinase K ( Gibco) for 1 hour at 45° C to remgpveteins. The genomic DNA
was purified by Phenol/Chloroform:/Isoamyl AlcoB:24:1 extraction (Sigma-
Aldrich). Briefly the samples were mixed by vortegiand centrifuged at 13,000
rpom for 5 minutes at room temperature. The aqupbases were collected in new
tubes. DNA was precipitated by adding 50ul of 3M(Mea, 20ug glycogen
(Ambion), 1 ml of 100% EtOH (Sigma-Aldrich) and ufzating overnight at -
20°C. To collect the DNA, the samples were cengefilat 12000 g for 30 min at
4° C and the pellet were resuspended in 50ul€f (GIBCO).

PCR chromatin immunoprecipitated DNA

To avoid unspecific amplification the primers wetdesigned to amplify
regions around 200-300 pb. The quality of primeesenchecked with Primer3
software (http://frodo.wi.mit.edu/cgi-bin/primer3iimer3_www.cgi ). 7 primer
pairs were designed to specifically amplify theFbkO binding sites on atrogin-1
promoter; three primer pairs for LC3, two for Ga8d4four for Bnip3 were
designed to specifically amplify the FoxO bindings on different promoters.

PCR reaction was prepared as following:
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Template DNA 2

PCR buffer 10X ( Invitrogen) 215
dNTPs 10mM 0.5
MgCI2 1.5mM 0.75u
Primer forward 10M1.25ul

Primer reverse 1M 1.25d
Taq DNA Polymerase 5l (Invitrogen) 0.25ul
H20 pure (Gibco) 16.75ul
Total volume 25l

The following PCR reaction program was used:

stepl: 94°C for 3 minutes
step2: 94°C for 30 seconds
step3: 58°C for 30 seconds
step4: go to step 2 for 29 times
step5: 72°C for 45 seconds
step6: 94°C for 30 seconds
step7: 58°C for 30 seconds
step8: 72°C for 10 minutes

10ul of each PCR was analyzed by 2% gel electragsi®r The size of the PCR

products was determined by using 1 Kb DNA molecoiarker (Invitrogen).

Chromatin immunoprecipitation (ChlP) assayin vivo

Since the muscle structure and in vivo experimanésmore complex than
myotubes and cell cultures, several changes hase performed to the protocol

and specifically a further step of nuclear purifica was added.
Extraction and lysis nuclei

We used 4 tibialis anterior muscles of 2 month©RIL mice for each ChIP
experiment. The muscles were frozen in liquid & and powdered with pestle

and mortar in liquid nitrogen and resuspended il Himmogenization Buffer
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(18M Surcose, 10mM HEPES,1mM EDTA, 50mM KCI, 5%agyol in distilled
pure water). The muscles were homogenized with-Pahytron for 5 seconds.
The homogenation procedure was repeated 3 times effltiency of extraction
was analyzed by spotting 20ul of homogenized sanmmyether with 20ul of
Trypan Blue 1X (Sigma-Aldrich) on a slide and bysetving the released nuclei
at light microscope. The volume of homogenized tsmhuwas brought to 18ml
with cold Lysis Buffer (10mM HEPES pH 7.5, 1mM EDTA, 50mM KClI,
12.5mM NaCl, 5mM MgCa 0.1mM EGTA in distilled and pure water).

Cross-link of the protein to the chromatin and lyss

The myonuclei were precipitated by centrifuging@@0rpm for 10 minutes
at 4°C, were resuspended in 5ml of Lysis Bufi@nd treated with 1%
formaldehyde for 10 minutes at room temperatur@2Md. glycine was added to
the samples to quench the formaldehyde action. Timgmuclei are centrifuged
at 900rpm for 10 minutes and resuspended in 600UResuspention Buffer
(10mM HEPES pH 7.5, 1mM EDTA,0.5%SDS, 1mM PMSF)

Chromatin sonication

An efficient chromatin fragmentation was obtaineg using 10 seconds
pulse of a sonicator “Sonic Vibracell” at 4°C refpeh for 10 times. After

sonication the samples were centrifuged at 13060fgp 10 min at 4°C.

The next steps were identical to the steps prelialescribed for ChIP in vitro

experiments

Lysis and Protein extraction from transfected HEK 23 FT:

The transfected cells were mechanically stccaten fthe plate and were
collected by centrifugation at 1250rpm for 5minutése pellet was resuspended
in 200ul of the following lysis buffer:
5mM Tris, pH 7.5
100 mM NacCl
5mM MgCI2

1 mMDTT
10% Glicerolo ( Sigma)
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0.5% Triton (Sigma)

1X Cocktail di inibitori di proteasi (Complete, Ruz)

After a centrifugation at 10000 rpm for 5 min atC4fve measured the protein
concentration of the surnatant using BradFord a&#a{PIRCE) following the

manufacture protocol.

Gel Electrophoresis And Western Blot

Electrophoretic run of proteins

The extracted protein from differentiated C2CI&nf HEK 293 FT and
from tibialis anterior (TA) were solubizated in ldbag buffer made for esch

semple as following:
1X NUPAGE® LDS Sample Buffer (Invitrogen) 4 ul
1X NuUPAGE® Reducing Agent (Invitrogen) 1.6 pl

The volume of each sample was adjasted to 20 [l #6 SDS. The samples
were denaturated at 70 °C for 10 minutes. Sampte Wwaded on SDS 4-12 %
precast polyacrylamide gels ( NUPAGE Novex Bis-geé$s) ( Invitrogen). The
electrophoresis was run in 1X MOPS Running buffevi{rogen) for 1hour and
30 minutes at 150V constant.

Transfer of the protein to the nitrocellulose membane

After electrophoretic run, proteins were transgfdrr from gels to
nitrocellulose membranes. The gel and the membraeee equilibrated in

Transfer BufferThe Transfer Buffer was prepared as following:

20X NUPAGE® Transfer buffer(Invitogen) 50l
10X NuPAGE® Antioxidant (Invitogen) Imi
20% Methano[(Sigma-Aldrich) 200ml

The volume was brought to 1l with distilled wat&€he transfer was obtained by

applying a current of 400mA for 1 hour and 30 masuat 4°C. To evaluate the
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efficiency of transfer, proteins were stained wRbd Ponceau 1x (Sigma). The

staining was easily reversed by washing wlitiilled water.

Incubation of the membrane with antibodies

Once the proteins were transferred on nitrocedlelonembranes, the
membranes were saturated with Blocking Buffer (5% fat milk powder
solubilizated in TBS 1X) for 1 hour at room temgara and were overnight
incubated with various primary antibodies dilutadiBS 1X with 5% no fat milk
powder at 4°C . Then membranes were washed 3 tvitasTBS-T, 1% no fat
milk at room temperature and incubated with a 12@0ution of a Goat Anti-
Rabbit 1IgG (H + L)-HRP Conjugate (Bio-Rad) dissalven TBS-T 5% no-fat
milk, for 1 hour at room temperature. Membraneseneashed 3 times in TBS-T,
1% no fat milk. Immunoreaction was revealed by H®ierce) and followed by
exposure to X-ray film (KODAK Sigma-Aldrich).

Antibodies

The following antibodies were used: anti-HA, aptixO3 anti-FoxO1
(Santa Cruz), anti-Bnip3 (Calbiochem), anti-Acdttone3 (Upstate), anti-LC3
antibody (MBL International) and IgG (Upstate). 8edary antibody peroxidase-

conjugated were from Bio-Rad..

ChIP on Chip

To identify the FoxO1l- and FoxO3-target genes weeregded the ChIP
technology to genome analysis by using the ChiRclup procedure. ChIP on
Chip is a combination of standard ChIP and micepgrassay. This microarrays
are DNA microarrays representing several promoégjions or hole genome.
Following the ChIP immunoprecipitation, DNA samphlas amplified using
Ligation Mediated PCR method (LM-PCR). SubsequerdyA fragments were
labeled to hybridize onto Nimblegen’s promoter gstalhe arrays are covering
the combined gene annotations from RefSeq (NM), O®Bown genes and the
Mammalian Gene Collection (MGC). 4.4Kb (mouse). Bgmparing the
hybridization signals generated by the immunopittigd sample versus the
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“input”, the binding sites of given protein wereeidified. ChIP on Chip
experiments were supported Bull ChIP-Chip Analysis ServicéNimbleGen)
that provides to label the amplified samples, tbridize, to scan the array and to

perform data analysis.

The principal phases to amplify immunoprecipitaieA and input are the
following

e Blunting DNA Ends

» Ligation of linkers

» Ligation Mediated-PCR

Blunting DNA Ends

The immunoprecipitated sample and 200ng of itauirgmd were treated
with T4 DNA polymerase (New England Biolabs) in tb#owing reaction mix:
10X T4 DNA polymerase buffer (New England Biolak) pl
BSA (10 mg/ml) (New England Biolabs) 0.5 pul
dNTP mix (10 mM each) 1l
T4 DNA polymerase (3U/ul) (New England Biolabs) Q2

The volume was adjusted to BM®f final volume with BO. After a 20 minutes
incubation at 12°C, 1/10 volume of 3M sodium acetgiH 5.2) and 20ug of
glycogen (Roche Applied Sciences) were added tdube. The DNA sample is
extracted by phenol/chloroform/isoamyl alcohol @B1) (Sigma-Aldrich)

purification. After ethanol precipitation, the DNWas dissolved in 25 pul of
distilled HO.

Ligation of linkers

The blunt-ended DNA was mixed in the ligation teat

Templete DNA 25l
10X ligase buffer (New England Biolabs) 10 pl
15mM annealed oligonucleotidiekers 6.7 ul

(oligo-1: GCGGTGACCCGGGAGATCTGAATTC,

46



oligo-2: GAATTCAGATC))

T4 DNA ligase (New England Biolabs) 0.5 ul
of distilled HO 7.8 pl
total volume 50 ul

The ligation reaction was incubated overnight &tCL6After ligation, the DNA
was purified by ethanol precipitation and dissolue@5 pl of distilled HO.

Ligation Mediated-PCR
The ligated DNA was added to Mix A

10X ThermoPol reaction buffer (New England Biolabg)pul

10X dNTP mix (2.5 mM each) 5ul
oligo-1 (40 uM stock) 1.25 pl
distilled H,O 4.75 pul
total volume 15 pl

into a 200 ul thin-walled PCR tube. The tube wast fincubated at 55°C for 2

minutes in a thermal cycler, then 10 pl of MixBisadded:

ThermoPol reaction buffer (New England Biolabs) 11
Tag DNA polymerase (5U/ul) 0.5 ul
distille H,O 8.5ul
total volume 10 pl

Subsequently, the following PCR protocol is perfedn

step 1: 72°C for 3 minutes;
step 2: 95°C for 2 minutes;
step 3: 95°C for 30 seconds;
step 4: 60°C for 30 seconds;
step 5: 72°C for 1 minutes
step 6: go to step 3, 24 times;
step 7: 72°C for 5 minutes;
step 8: 4°C indefinitely
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After PCR, the DNA was purified by using the QiadquiPCR purification kit
(Qiagen) and eluted in 50 ul elution buffer. Ptiodabel samples, we check the
quality of our DNA fragments. We used an Agilenb&nalyzer and a Nanodrop
spectrophotometer to quantity and to determinesibe of our amplified DNA

fragments.

Spectrophotometry of LM- DNA

lul of each test and control LM-PCR sample were memsuwising
NanoDropTM instrument.
All samples met the following requirements for gutemce:
concentration > 0.05 ug/ul
-A260/A280 > 1.7
-A260/A230 >1.5

Analysis of LM-DNA with Agilent 2100 Bioanalyzer:

The quality of LM-DNA samples was assayed with l&gi 2100
Bioanalyzer, using the NanoRNA 6000 LabChip kit lagt Technologies),

following the manufacturer protocol.

NimbelGen Chip array:

The NimbleGenMouse Promoter Tow Array Sets 38%¥ere chosen for
ChIP on Chip experiments. Those arrays cover theboted gene annotations
from RefSeq, UCSC known genes and Mammalian Getled@ion. Each array
contains 385.000 probes that represent 11.000 gesmegions of 5 kilo bases.
There are 50-75mer probes per region, with roudttl9 basis pairs spacing,

dependendn the sequence composition of the region.

Gene Expression Analysis

Quantitative Real-time PCR was performed with$iY&8BR Green chemistry
(Applied Biosystems). SYBR green is a fluoresceye dhat intercalates into
double-stranded DNA and produces a fluorescentakighhe Real-Time PCR

Instrument allows real time detection of PCR prddwas they accumulate during
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PCR cycles and create an amplification plot, whichhe plot of fluorescence
signal versus cycle number. In the initial cycléP€R, there is little change in
fluorescence signal. This defines the baseline tifier amplification plot. An
increase in fluorescence above the baseline ireidae detection of accumulated
PCR products. A fixed fluorescence threshold casdieabove the baseline. The
parameter Ct (threshold cycle) is defined as thetifvnal cycle number at which
the fluorescence passes the fixed threshold. Shigjireer the initial amount of the
sample, the sooner accumulated product is detaoteadle PCR process as a

significant increase in fluorescence, and the IaverCt value.

Quantification of the PCR products and determination of the level of
expression

A relative quantification method were used to eatd the differences in
gene expression, as described by Pfaffl (Pfafflp120 In this method, the
expression of a gene is determined by the ratiovden a test sample and a

housekeeping gene.

The relative expression ratio of target gene isutated based on PCR efficiency
(E) and threshold cycle deviatiaxt) of unknown sample versus a control, and

expressed in comparison to reference gene.

The mathematical model used of relative express®omrepresented in this

equation:

(F‘. arge r) ACt

ACE
reference-

Ratio=

The internal gene reference used in our real tifR Rvas b-actin, whose

abundance did not change under the experimentditamms.
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Primer pairs design

Gene-specific primer pairs were selected with Br8n software
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_wwcgi); sequences of distinct
exons were chosen to avoid amplifying contaminamtognic DNA. Primer pairs
were selected in a region close to the 3'-end ef tthnscript, and amplified
fragments of 150-250 bp in length. To avoid the Eoption of contaminant
genomic DNA, the target sequences were chosensbinatiexons, separated by a
long (more than 1000 bp) intron. The temperaturmelting chosen was of about
58-60° C.

The sequences of the primer pairs are listed inTihble Real Time PCR

Primers.

Extraction of total RNA:
Total RNA was prepared from differentiated myosilusing thePromega

SV Total Isolation kit.

Synthesis of the first strand of cDNA

400ng of total RNA was reverse transcribed witlp&gcript™ 1

(Invitrogen) in the following reaction mix
Random primer hexamers (50 piglandom) 1yl
dNTPs 10 mM ul

H.O Rnase-free 8.4l

The samples were mixed by vortexing and brieflytefirged and denaturated by

incubation for 5 min at 70C to prevent secondary structures of RNA.

Samples were incubated on ice for 2 minutes tonatlee primers to align to the
RNA; and the following components were added setiaign

First strand buffer ¥( Invitrogen) 5ul
DTT 100mM 2ul
RNase Out (Invitrogen) [l
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SuperScript 1l (Invitrogen) 0.5ul
The volume was adjusted to 20 ul with water.

The used reaction program was:

stepl: 25°C for 5 minutes
step2: 42° C for 50 minutes
step3: 70°C for 15 minutes

At the end of the reaction, the volume of each dampwas adjusted to 50ul with

RNase free water.

Real-Time PCR reaction

1 pl of diluted cDNAs were amplified in 10 pul PCR réaos in a ABI
Prism 7000 (Applied Biosystem) thermocycler, codplath a ABI Prism 7000
Sequence Detection System (Applied Biosystemspwélls plates (Micro Amp
Optical, Applied Biosystems).

In each well it was added : 10ul Sample mix + I@alction mix.

Sample mix was prepared as:

Template cDNA ul
H.O Rnase-free fl
Total volume 1Qu

The SYBR' Green qPCR (Qiagen) was used for the Real-Time R@Btion as

following:

SYBR” Green gPCR (Qiagen) 10
Mix Primer forward /reverse 50 mM o4
Total volume T

The PCR cycle used for the Real-Time PCR was:

step 1: 95° C for 15 min
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step2:
step3

step4:

95° C for 25 sec
60° C for 1 min

go to step2 for 34 times
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Table PCR-Primers For ChIP experiments:

atrogin-1 promoter primersc

Region | Primer forward Primer reverse
1 S-CAGCATCTTGGTGGCGACAGCTAC-Y S-CTCAGCATTCCCAGAGTCAGGAG-2
2 5-CAGCGAGGATCGCTCTGAGTTGAG-3 S-GAGCAGCGAGTGTAGCCTGAGA-3
5-TGGACACAGTGCTTGATGAACAGTC-3
3 5-GACAAACGTGAGCAAGGAAGACAC-3
4 5-GAATGCTGGGAGTTGTAGTCCTT-2 S5-TGGACACAGTGCTTGATGAACAGTC-3
5 5-CCTETGETTTCTCCCTGCAAGCAG-Y 5-GCAACACAGAACCCACAAGACACA-Z
5-GAGACGGCTTTGCCACTCCC-3
6 5-CTGGCAGGGAGCAGCCTAATGAATC-3
S-CAACTTGCTATCTCTGAGGCTAAC-
7 S-TTCTCCAGGCCAGTAGGTGGTCTGE-¥

Table 1: atrogin-1 promoter primers

Gaddgsu promoler primers

Site Primer forward Primer reverse
1 S-CCTCCTTCCAACCATAATACTC-3 S-GGTGCCCTCTGTTTTTGA-S
2 5-GGGCACCAAAAGACTACTACTG-3 5'-GGTTCAAGTGTCCTCAGCTCT-3

Table 2: Gadd4%. promoter primers
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LC3 promoler primersc

Region | Primer forward Primer reverse
1 5-CATGCCTTGGGACACCAGATY 5-ACCTTCTTCAAGTGCTGTTTGT-3'
2 5-TATGTTTTCTAGGTTCACACTGC-3 5-AGGCAATGTTTGTGG AAG TGG-3'
9-CTG GTC TAC AGA GTG AGT TC-Z
3 5-GGC AGCGATGCAGCTAAT C-3F

Table 3: LC3 promoter primers

Bnpg promoter primersc

Region | Primer forward Primer reverse
1 5-CAGCTCCGGEGAGTGCTTATGT -3 5-GCCATTGATGCTGCAGTAGA-3
2 5- GCCCTCGTATAACCTTAGCA-3 5-TGGGTCAGGTCACTAGAAGC-3
3 5-CCTGGCTTACATGGTGAGTT-2 S-ATTTGAAGGGGTTAGGGATG-Y
5-CTCCACGACACCAGGATTAC-3
4 5-GCTGTAGGTCAGAGCCAAAL-F

Table 4 Bnip3 promoter primers
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Table Real Time PCR Primers:

['orward | 5-GCAAACACTGCCACATTCTCTC-3’
atrogin-1

Reverse | 5-CTTGAGGGGAAAGTGAGACG-3'

Forward 5-CCCAGTGTCTTGGCATTCTT-3’
p62

Reverse | 5-AGGGAAAGCAGAGGAAGCTC-3'

Forward | 5-TTTCCTCATCAGCAGCCTCT -3’
Tgif

Reverse 5-CTTTGCCATCCTTTCTCAGC-3’

Forward | 5-TCCTGAACAGCGAAGTGTTG-3’
Atfq

Reverse | 5-ACCCATGAGGTTTCAAGTGC-3'

Forward 5-TGGCACAGATCAAGAGCAAC-2

Pmsegq
Reverse | 5-AGAAAGGACCAGAACGCIGA-3
Forward | 5-CATCGTGGAGAAGGCTCCTA-3'
GabaraplL-1
Reverse | 5-ATACAGCTGGCCCATGGTAG-3'
Forward | 5-CTGGCTCCTAGCACCATGAAGAT-3'
B-actin
Reverse | 5-GGTGGACAGTGAGGCCAGGAT-3’
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RESULTS:

Set Up of ChIP Technology And Validation In Vitro:

Analysis of atrogin-1 promoter in vitro
Previous studies have shown the role of FoxO trgsteon factors in

regulating atrogin-1 expression, but the molecutachanism underlying this
regulation still remains unclear. Especially at ethisites FoxO3 can bind and
modulate atrogin-1 expression was unclear. We wantlarify this issue and

develop a powerful technique to identify genes ta regulated by a certain
transcription factor. We first analyzed the 3,%Kiase long region of the atrogin-
1 promoter with Genomatix bioinformatic tool to eaf putative FoxO binding

sites. There are 14 potential FoxO binding sitesSldTR promoter region,

suggesting a possible direct role of FoxO in cdhm the activity of atrogin-1

(Fig 12).
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Figurel2: Computational analysis of atrogin-1 promdter. The 3.5 kilo bases of atrogin-1
promoter were analyzed with the Genomatix bioinfatim tool (http://www.genomatix.de/) to
identify putative FoxO binding sites. The blackctas represent putative FoxO binding sites found
by the program. Arrows represent the primers usedife ChlIP analysisT@ble 1). F: primer

forward; R: primer reverse.

To study the possible direct interaction betweemoua transcription factors and
the atroginl promoter, we used the Chromatin Immuedpitation (ChIP)
technique, which allows the detection of physic#iaction between proteins and
genomic DNA (Kuo, 1999 Das, 2004). The same approaalso widely used to
reveal chromatin modifications. ChIP is a powerfabl to identify proteins
associated with specific regions of the genome bingu specific antibodies

against either specific transcription factors oredfic chromatin/histone
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modifications. The initial step of the ChIP is tbess-linking between proteins
and chromatin which is achieved by treating livogdls with formaldehyde. After
cross-linking, the cells are lysated and crudeagek$r are sonicated to break the
chromatin into fragments of an average of 400-2p0The proteins, which are
cross-linked to the DNA, are subsequently immunciprated. Protein-DNA
cross-links in the immunoprecipitated material #men reversed, and the co-

purified DNA fragments are amplified by PCRid 13).
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Use of PCR to amplify specific
Protein detection by WD DNA sequences

Figure 13 Chromatin immunoprecipitation (ChIP) principal steps. Schematic

description of the major steps of the ChlIP is diepic

58



To identify which are FoxO1 and FoxO3 binding sitesatrogin-1 promoter, 7

primers pairs were designed to include all 14 paaeRoxO sites.

In order to adjust the technique for our studies, started with experimenta
vitro using HEK 293T cells. A distinct advantage of HEB3Z is that they are
easy to cell culture and they have a high efficyen€ transfection. Using the
Lipofectaminé“ system, we contransfetced ca-FoxO1 or ca-FoxO3 atibgin-1
promoter. Those two recombinant proteins have antatf\ and they are
mutagenized at the Akt phosphorylation sites toageticlear localization. We co-
transfected the atrogin-1 promoter because HEK 28&Tan epithelial cell line
which does not express atrogin-1 due to a hypeemsetl and inaccessible

chromatin at this locus.

24 hours after transfection cells were treated vitimaldehyde in order to
preserve  DNA-FoxO interaction. The protein-DNA cdexes were
immunoprecipitated with 5ug of antibody againsheitthe HA-tag or FoxO1 or
FoxO3. As negative control, the same quantity oflulzer lisate was
immunoprecipitated with mouse 1gG. The quality ofmunoprecipitation was
confirmed by 4-12% SDS page and by western blotongnti-HA tag Fig 14).
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Figure 14: Western Blott to reveal the specificityof the immunoprecipitation. Crude

lisates were immunoprecipitated with anti FoxO1IFoxO3 and blotted for anti HA. In control
experiment we used non specific IgG. Arrows poire specific FoxO protein, which are around

70 KD. IP: Immunoprecipitate. ID: Immunodetection.
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Next, the immunoprecipitated DNA was amplified b€ using the different

primers pairs for FoxO binding sites on the atrefjipromoter. As a positive

control for the PCR conditions and the primer desige used the “input” which

is the non-immunoprecipitated DNA. Input represer@%o of the total extracted
chromatin. As a negative control, we used DNA, \whicas immunoprecipitated
with non specific-lgG. The results from the PCRaclg show that overexpressed
FoxO1 significantly binds regions 3 and 6, whileakly interacting with regions

4 and 5 Fig 15).
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Figure 15 FoxO1 weakly binds atrogin-1 promoterHEK293T were transfected with the
ca-FoxOlexpression vector together with 3.5 kbgatrd promoter and after 2 days the chromatin
was immunoprecipitated with anti-HA antibody or lwinouse IgG. We used 7 primer pairs to
amplify 7 regions of atrogin-1 promoter, which idé all 14 FoxO binding sites. The PCR
products were loaded in 2%agarose gel and runtfonibutes at 100V. In each gel the PCR band
on the left corresponds to amplification of inpihie band in the middle is the immunoprecipitated
DNA and the band on the right represents the negatintrol. The 1Kb DNA Ladder (Invitrogen)
was used to determinate the correct size of thdgan
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Conversely, FoxO3 is able to interact with all stedied regions of atroginl
promoter, with the exception of the region RAg( 16). The strength of FoxO
binding can be determined by comparing the intgrdithe immunoprecipitated
DNA PCR band with its corresponding input. Bandast look similar indicate a
strong interaction between the transcription facdod the chromatin while a
lighter band in the immunoprecipitated DNA is cabsint with a weak binding.

S
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Figure 16: In vitro ChIP analysis showed the direct binding of FoxO3HEK293T were

transfected with the ca-FoxO3 expression vector afiger 2 days the chromatin was
immunoprecipitated with HA antibody or with normabuse IgG. The seven gels represent the
seven amplified regions of atrogin-1 promoter timelude FoxO binding sites. In each gel the

PCR products were loaded in the same order asideddor FoxO1 in figure 15.

Analysis Of Atrigin-1 Promoter In Vivo

After having optimized the conditions for cell ttuk experiments, we

moved to in vivo. Initially we used TA muscles transfected with Box
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transcription factors. Four TA muscles were elgmrated with either a plasmid
encoding for ca-FoxO1, or a plasmid encoding feFo&03.Electroporation of
plasmids into adult mouse skeletal muscles is agpivtool to study the effects
and function of the studied protein (Dona, et 2Q008andri et al, 2004). This
technique allows the over-expression of proteins inormal muscle of a wild
type animal giving results more quickly than tragrsig animals. Furthermore, it
avoids the compensatory effects that can occuransgenic animals. Another
important advantage of this technique is that thesfection happens only in a
portion of muscle fibers (between 30% and 90%ip (17). Therefore we can
compare, in the same muscle, the size and morppoloiipe fibers expressing the
transgene within the untransfected ones. Extergwrol experiments have been
conducted to prove that the process of electrojporatoes not affect the size of
muscles and the expression of genes involved ophjyprogram (Murgia, et al
2000 ; Sandri,e al 2004 ).

Figure 17: Transfection of adult Tibialis Anterior mouse muscles by electroporatian

A: Mouse tibialis anterior (TA) muscles were isolatetbugh a small hind limb incision and the

plasmid DNA is injected along the muscle length cEleal pulses were then applied through two

stainless steel spatula electrodes placed on édelofsthe isolated muscle and induced the uptake
of the DNA.B cross section of an electroporated TA. The bleriindicate the transfected ones

which expresg-Gal gene

Seven days after transfection, the muscles weleatetd and powdered with a

pestle and mortar in liquid nitrogen. After homogation and lysis the extracted
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nuclei were fixed whit formaldehyde to preserve fhretein-DNA interaction.

Chromatin was sonicated and immunoprecipitated Wit of antibody either
against specific FoxO factors, or against the H#\-#&s negative control, 5ug of
mouse IgG were used. To check the quality of IPpitoeein fraction was loaded
in a SDS 4-12 % precast polyacrylamide gel and evesblotted with anti-HA

antibody Fig 18A).
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Figure 18: In vivo ChIP assay for FoxO1 recruitment on atrogin-1 promogér. For
immunoprecipitation 5ug of anti-HA or 5ug of normabtouse IgG was usedA: The
immunoprecipitation efficiency was controlled bysigrn blot using the anti FoxO1 antibody.
The gels represent the amplification of 6 atrogiprbmoter regions. Input DNA has been
detected, suggesting good PCR conditions. On theeroside the amplification of DNA

immunoprecipitated with FoxO1 didn't give positikands .
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Figure 19: Analysis of FoxO3 recruitment on atrogin-1 promoterin vivo. Chromatin
from tibialis anterior was, as for FoxO1 study, immunoprecipitation we used 5ug of anti-HA or
5ug of normal mouse Ig@&: The SDS 4-12 % precast polyacrylamide gel show&tx®© protein
immunoprecipitated. Anti FoxO3 antibody was uSsdmmunoprecipitated DNA and input were
amplified by PCR and the gel electrophoresis digploxO3 binding on every region except for

the region 7.

Subsequently immunoprecipitated DNA and the inpetevamplified by PCR,
with appropriate primerd={g 18 B andtable 1). Consistent withn vitro results,
the primer pairs of region 2 didn’t produce any P@RBduct, suggesting that the
chromatin is either highly condensed or not an irtggdg binding site for FoxO
transcription factors. In all our following expemmis we didn't take into
consideration this region, but we maintained theneration for the other regions.
As it can clearly be seen from the results obtaibgdPCR, transfected FoxO1
interacts weakly with region 3 of the atrogin-1 mager, while the input was

significantly amplified in each region.
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Importantly we obtained completely different resufor FoxO3. Except for

region7, the PCR revealed an interaction in allatiner regions studiedrig 19).

Role Of Endogenous Foxol And Foxo3 During Fasting

The in vitro and in vivo results show a similar ability of FoxO3, when
overxpressed, to bind different regions of atrofjipromoter. To investigate
whether the endogenous FoxOs interact in the samoenatin regions revealed in
overexpression experiments, we performed ChIP @xpets using the TA
muscles of mice kept in starvation for 24 hourstifg is a widely used model of
acute muscle loss (LECKER et al., 2004; Mammuciésle 2007; Sandri et al.,
2004). During this catabolic condition the IGF1/RIBKT pathway is suppressed
and is not able to negatively regulate FoxOs. TRogQO transcription factors can

enter into the nucleus, interact with regulatoryisas and activate target genes.

Positive control for FoxO1 and FoxO3 binding on theDNA: Gadd45e
promoter

Since FoxO1 binding have not been detected iniguevexperiments, we
wondered whether this failure was caused by an fioefit FoxO1l
immunoprecipitation. Both FoxO1 and FoxO3 are regmbto regulate GADD4b
expression. Thus, we investigated the interactiohoth transcription factors on
the promoter of Gadd45 (Kamei et al., 2004; Tran et al.,, 2002a). Usihg t
Genomatix bioinformatic tool we identified two potal FoxO binding sites
along the 3.5 kb upstream the TATA-box regiig(20).
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Figure 20: Bioinfromatics analysis of Gadd4a 5kb promoter for FoxO binding sites To

identify putative FoxO binding sites, the 5 kilcska of Gadd4bpromoter were analyzed with the
Genomatix bioinformatic tool. The black circles reggnt putative FoxO binding sites. Arrows

represent the primers used for the ChIP analysiblé 2). F: primer forward; R: primer reverse.
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We designed two specific primer pairs to includesthsites and we performed the
ChIP assay. For each experiment, 4 tibialis anteniascles from both starved and
fed mice were used. The immunoprecipitation of Fbx@nd FoxO3 was
performed by using the specific antibodies previpussted in cell culture
experiments.
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input ToxO1ToxO3 IgG :input FoxOl1Fox03 IgG -
St o on ]1 Berel s : !i
: : : o —_— - : —
F F F F F F F F

Figure 21:Chromatin Immunoprecipitation analysis (ChIP) of Gadd45x promoter shows
the direct binding of the endogenous FoxO<Lhromatin was extracted from tibialis anterior of
fed (F) and starved miceS] and immunoprecipitated with antibodies againgtctfir FoxO
factors, or normal mouse IgG. We used 2 primerspairamplify the two putativadble 2) FoxO
binding sites. Each gel electrophoresis is dividedour zones. Starting from the left the first
region contains the PCR products from Input DNAe Becond area show the PCR products from
FoxO1-DNA interaction, the third region shows tHeRPproducts from FoxO3-DNA interaction,
and the in fourth one displays DNA immunoprecigitatvith normal mouse 1gG. The positive
PCR products in the region 2 means that FoxO1 axB8 are both able to bind the same region
of Gadd45.

The ChIP analyses show that both FoxOs bind chianeditregion 2, while the
region 1 is not involved in any interaction. Théiselings validate our approach
to detect both FoxO1- and FoxO3-DNA bindirkag 21).
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Study of endogenous FoxO1 and FoxO3 on the atrogihpromoter

To address whether both endogenous FoxO1l and Fox®8&ly interact
DNA

immunoprecipitated with both FoxO1 and FoxO3 fraed fand starved muscles

with the atrogin-1 promoter, we performed Chlih vivo

were amplified by PCR using the seven primer pargclude all 14 potential

FoxO binding sites on atrogin-1 promoteig 22 and table ).
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input FoxO1 FoxOg3 IgG input FoxO1 FoxO3 156 input FoxO1 FoxOg3 IgG
-— =
-] - - Chat - -
F FSF F FS FS F F FS FSF F

Figure 22: Recruitment of endogenous FoxO1 and FoxQ atrogin-1 promoter during
muscle atrophy. To immunoprecipitate cross-linked chromatin weduSag of antibodies against
specific FoxO factors, or normal mouse IgG. The DN&s amplified by PCR to include all 14
putative FoxO binding sitestaple 1). The seven gel electrophoresis represent the feadpli
regions. FoxO3 is recruited on region 1 (-541/-23)-1747/-1537) and 6(-3228/-2985)., and
more weakly on region 4 and 5. FoxO1 immunopregijaih resulted in a weak interaction with

chromatin of region 3 and 6.

The results show unexpected differences betweeogembus and overexpressed
FoxOs Fig 18and19). Moreover FoxO1 and FoxO3 display a differentegrat of
binding. While FoxO1 interacts weakly with the sit&f regions 3, and 6, FoxO3
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strongly binds regions 1 ,3 and 6 and weakly tooregy5 and 4. The absence of
any band in region 7 suggests that physiologicaljther FoxO3 or FoxO1
interacts with this region of chromatin.

In order to investigate how FoxO binding on theogim-1 promoter can regulate
the expression of this E3 ligase, we examinedéhel$ of chromatin acetylation
near the sites of FoxO3 binding. Acetylation is aofethe most important
chromatin structure modifications that occur iniay transcribing regulatory
regions. (Williams et al., 2008JFig 23).

Fig 23 The relationship between histone acetylatioand gene regulation Eukaryotic DNA is

packaged into chromatin by histone proteins, wlaiskemble the DNA into an organized, higher-
order structure. The organization of chromatin issitered to be regulated by a variety of post-
translational modifications of histones, such astydation. Acetylation neutralizes the charge on
histones, therefore, increasing chromatin accdigiltd trans-acting factors and transcriptional

machinery (Verdone et al., 2005).

Histone hyperacetylation is considered a marketrariscriptional activity. The
positive charge of the acetyl groups disturbs theraction between the histones
and relax the chromatin in an open conformatiomsequentially, the chromatin
becomes accessible to the transcriptional machingve performed ChIP
experiments using a specific antibody against detety lysines of histone 3. The
PCR data confirms that the three regions of Fox@8ibg are hyper-acetylated
during muscle atrophy. The highest increase ofyéat@n occurs in the region3
(Fig 24).
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Figure 24: analysis of Histone acetylation of atrdg-1 promoter by ChIP assay.
Chromatin from the tibialis anterior of feB)(and starved mices]. was immunoprecipitation with
anti-acetyl histone 3, or with anti-FoxO3 or normabuse IgG. The three gels correspond to the
three regions of atrogin-1 which have been showgréatly recruit FoxO3. The chromatin in all
these regions show a certain level of acetylatidnclv increases during fasting. The more
dramatic increase occurs in region 3

This results suggest that FoxO3, during starvatibngs to chromatin of three
specific sites of the atrogin-1 causing the histdnyperacetylation and the
transactivation of this gene

To understand if the FoxOs binding on the atrogiprdmoter has a functional
role, we studied the effect of FoxO1 and FoxO3 expression on the atrogin-1
promoter activity. To address this issue, a duglrer assay was used. By
electroporation we overexpressed in TA musclesatineginl reporter together
with either ca FoxO1 or ca FoxO3. The atroginl regaconsists of 3.5 kilo bases
upstream the TATA box of the atrogin-1 gene whicasweloned upstream the
firefly luciferase gene. We co-transfected this otgr gene with a renilla
luciferase plasmid to normalize the data for thengfection efficiency. Seven

days after the muscles were collected, and lug&eectivity was measure#ig

25)
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Figure 25:1n vivo ca-FoxO3, but not FoxO1 activates the atrogin-1 mmoter
Tibialis anterior were co-transfected with atrogineporter and the control renilla plasmid in
presence or absence of ca-FoxO1l or ca-FoxO3. Tlwtyaif atrogin-1 promoter was tested

measuring the firefly luciferase and normalizing tfee renilla luciferase. Error bars represent SD.

The analysis of the data show that overexpresdi¢ioxO1 does not activate the
atrogin-1 promoter. On the other hand, overexpoessif FoxO3 transactivate
atrogin-1 promoter.

All these data confirm the different role of Fox@ahd 3 on atrogin-1 promoter
and mirror the ChIP data. In fact during starvatieoxOl weakly binds the
atrogin-1 promoter and is not sufficient to strgngttivate the transcription of the
gene. Conversely, activated FoxO3 can bind spesifics of atrogin-1 promoter,

modify the chromatin conformation and transactivtg@xpression.

Atrophy related genes under control of FoxO:

The results obtained using the atrogin-1 promadtert explain how FoxO1
is able to induce muscle atrophy (Kamei et al., 20Moreover, when we
overexpressed atrogin-1 protein in TA, we didndlune a decrease in fiber size
(Fig 26). Thus, atrogin-1 expression is required for meistkophy but it is not
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sufficient to trigger muscle loss. This finding gegts that other genes have to be

coordinately induced in order to loose muscle Bssu
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Figure 26: atrogin-1 overexpression in TA musclesaks not affect myofiber size. AThe
immuno-histochemestry for anti-myc (atrogin-1 taegyealed the transfected fibers which did not
differ in size compare to the surrounding untractsfe fibers.B: The measure of cross-section
area display that there is no difference of crasdisnal area between the fibers overexpressing

atrogin-1 and untransfected ones

To investigate which are the other atrogenes thatbe regulated by FoxOs and
can contribute to muscle loss, we focused our @bierio other atrogenes, which
belong to the autophagy-lysosome system. Differeatlels of muscle atrophy,
including fasting and denervation, lead to an iasesl expression of different
genes of the autophagic/lysosomal pathway. Integdgt the most highly
upregulated genes in atrophying muscles are two beesnof the Atg8 family,
LC3, Gabarapll, and two other genes involved inrdgulation of autophagy,
namely Bnip3 and Bnip3l. Atg8 proteins are requifedvesicles formation and
together with Bnip3 are among the upregulated ameg (LECKER, 2004;

Mammucari, 2007). Evidence from our laboratory Blaswed that Akt actvation
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suppressed the induction of autophagy-related genesg fasting. At this point
we asked whether FoxO factors are directly involvedthe transcriptional

regulation of LC3 and Bnip3 genes.

The role of FoxO1 and FoxO3 on LC3 regulation

Initially we focused on LC3, the rate-limiting gerin autophagosome
formation. In fact this protein has a fundamentalerin the formation of
autophagic vesicles and is lost when autophagostuses with lysosome.
Therefore, LC3 protein level needs to be restooechaintain the autophagy flux
during catabolic conditions. Bioinformatic analy$sund three putative FoxO

binding sites on the 5 kb LC3 promoter regibig(27).
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Figure 27: Analysis of 5 kb LC3 promoter by Genomak bioinformatic tool. The dark
circles represent putative FoxO binding sites. Thmeémer pairs were designed to include all the
sites. Arrows represent the primers used for thB#> Gmalysis table 3). F: primer forward; R:

primer reverse.

To test the ability of FoxO1 and FoxO3 to bind thestes, ChIP experiments
were performed on transfected or fasted TA musddR results showed that
only the most proximal region is involved in thending of FoxO transcription
factors. In particular, overexpressed and endogerimxO3 stronlgy interacts
with the site in region 1, while FoxO1 weakly birttiés region of LC3 promoter
(Fig 28andFig 29).
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Figure 28: Analysis of FoxO1 and FoxO3 recruitment oi.C3 promoter in transfected
muscles. ca-FoxO1 and ca-FoxO3 were electroporated in tthiahterior of adult CD1 mice.
Chromatin from tibialis anterior was sonicated amenunoprecipitated with 5ug of anti-HA or
5ug of normal mouse IgG. The 2% agarose gels reptdilse most proximal region (-1608/-1379)
of LC3, which has been found to recruit FoxOs. Téfe panel shows the PCR result of the ChIP
of FoxO3 while the right panel reports the ChlFFokO1.
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Figure 29: Analysis of endogenous FoxO1 and FoxO3 araction with LC3 promoter
in fed and starved musclesFor immunuprrecipitation we used 5ug of eitheti-BoxO1 or anti-
FoxO3 antibodies while in control experiments wedidug of normal mouse IgG. The 2%
agarose gel shows the PCR analyses for regionD§H879) of LC3 promoterF=fed and

=starved.
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To determine the functional role of FoxO3 bindimge used a Dual Luciferase
Assay. First we cloned the studied region upstréfaenfirefly gene. Then we
disruptthe FoxO binding site by mutagenesis. We clonet bo¢ wild type and
the mutated region upstream a minimal SV40 promlotgferase reporter vector.
These constructs were transected in vivo into TAsctes together with
c.a.FoxO3. The data from the luciferase assay sthahat FoxO3 activates the
wild type LC3 promoter, but not the promoter in alnthe FoxO site was mutated
(Fig 30). In summary these data show that during stamafioxO3 binds and

activates the LC3 promoter.

T T 1

LC3-luc LC3-luc LC3-Mut-lu

ca-FoxQ3

Figure 30 FoxO3 activates LC3 promoter-reporter, btinot the promoter in which the
FoxO binding site is mutated.A plasmid coding for the region of the LC3 promatentaining
the proximal FoxO site or the mutated one was domgstram a minimal SV40 promoter of a
luciferase reporter . The LC3 reporter was tranefibdhto adult tibialis anterior muscle in
presence or absence of ca-FoxO3. A renilla lugfereonstruct was co-transfected to normalize
for transfection efficiency. Eight days later, flygrenilla luciferase activity was determined. ¥p

0.001. Error bars represent SD.

The role of FoxO1 and FoxO3 in Bnip3 regulation

We subsequently focused on Bnip3, which is amorgy rifost induced

atrogenes in various types of muscle wasting arsl been shown to control
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autophagy in other cell systems (Hamacher-Bradyl,e2007; Tracy et al 2007).

The overexpression of Bnip3 or Bnip3l is sufficidot induce autophagosome
formation in cardiac and skeletal muscles (Mammiueaal.2007). Analysis of 5

kilo bases of Bnip3 promoter showed the presendéeuwfFoxO binding sites

(Fig 31)

3 5 > 5
- .
e T E Ty Bnip3
N < < !
5000 4000 3000 2000 1000 TATA

BOX

Figure 31: Bionformatics analysis of Bnip3 promoter The 5 kilo bases of the Bnip3
promoter were analyzed using the Genomatix biomédic tool (http://www.genomatix.de/) in
order to identify putative FoxO binding sites. Tharldcircles represent putative FoxO binding
sites. Arrows represent the primers used for thB>@malysis table 4). F: primer forward; R:

primer reverse.
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Figure 32: Analysis of FoxOland FoxO3 binding on Bmpi3 promoter in fed and
starved muscles Chromatin from fedK) or starved ) CD1 mice was immunoprecipitated with
5ug of anti-FoxO1 or anti-FoxO3 antibodies or wsilng of normal mouse 1gG. Here it has been
reported the two sites involved in FoxO bindingeTtvo sites found to recruit FoxOs are depicted
The two panels show the PCR of region2 Fw2-Rv2 (61-2829) and 4 (-4772/-4413).
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To amplify these sites, we designed 4 specific pripairs. Next we performed
ChIP experiments using TA muscles of fed and sthimée. The results show
that only FoxO3 interacts with chromatin of regi@and 4 Fig 32).

To further investigate the role of FoxO3 in theulagion of Bnip3, we studied the
effect of FoxO3 gain and loss of function on Bnjp®tein levels. We changed
our strategy because we didn't succeed to cloneptré of promoter which
contains the two FoxO binding sites. FoxO3 overeggion increased Bnip3
protein levels in HEK 293Hig 33

Anti-Bnip3 | ] Bnips (S IR |

Figure 33: FoxO3 regulates the Bnip3 protein levelsThe left panel show the western
blot of transfected cells. FoxO3 gain of functiGused the increase of Binip3 protein levels. The
right panel show the reduction of Bnp3 protein wkeedominant negative FoxO3 mutant was

used.

Conversely, inhibition of FoxO3 activity, by expsgsy a dominant negative
mutant, reduces Bnip3 protein levels in HEK293<ell

Altogether the study on Bnip3 shows that, duriren\sition, endogenous FoxO3
binds the Bnip3 promoter at specific sites and aeduan upregulation of Bnip3

protein.
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Defining genes under FoxO control by ChIP on Chip pproach:

In summary we demonstrated that FoxO3 binds tlwenpter of several
atrophy related genes and it regulates their eggmesGain and loss of functions
studies demonstrated (Mammucari, 2007 ) that thpression of atroginl, LC3
and Bnip3 is essential to maintain the atrophy mog but not sufficient to
induce it. We next wondered which are the targeegeof FoxO3 responsible for
mediating atrophy. To address this question we hawesen to extend ChIP
technology to a genome-wide analysisg( 34). We decided to hybridize the

immunoprecipitated chromatin with whole genomicmoters arrays.

Enriched samples and input are labeled in
separate reactions with fluorescent

" oo ot molecules
g = 5 e :2‘;"9"‘50 2
yotBor MoBer - %(
30000 Y000 (e} e
Tmmunoaffinity-enriched DN A 300080 ﬁmo
fragments sample and the input

are purified and amplified

Enriched samples and input are
pooled and hybridized to a .
ChIP-chip array
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Figure 34: A schematic view of ChIP on Chip stepsChiP-on-chip technique is a
powerful approach to identify the chromatin whichteracts with a specific protein. The
immunoprecipitated DNA and its input are purifieelaamplified to get sufficient amount of DNA
for the hybridization. The immunoprecipitated DNA competition with the input DNA are
hybridized with DNA microarrays, which contain noading promoter regions of mouse genome.

The statistical analysis of data show the promatevghich the studied protein was recruited.

Initial ChIP on chip tests were performed by usE®C12 myotubes infected with
adenovirus expressing c.a.FoxO3. 48 hours afteciiin, myotubes, expressing

FoxO3, started to shrink and to atrophy comparmgdntrol myotubes which
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were infected with mock construct. In fact the ameral plasmid that we have
used for FoxO3 infection co-expresses a GFP pratecter the control of an
independent promoter. This vector allow to monitar efficiency of infection and

the morphology of the transfected celsy(35).

GFP ca-FoxO3 GFP
Figure 35: FoxO3 overexpression caused a myotubes apthy. Fluorescence microscopy

of myotubes overexpressing pAdtrack-GFP(controlfd gAdtrack caFoxo3 GFP. Myotube
cultures were observed every 12 hours and phothgchg8 hr after infection.

At this time cells were treated with formaldehyddysated, and
immunoprecipitated with an antibody against HA. &aV steps have been
adjusted to get a sufficient amount of amplifiedorhatin for the hybridization
step. In fact, a single ChIP sample does not peowdough DNA for the
hybridization on promoters arrays. A general teghaiused to amplify the DNA
obtained from the ChIP involves a ligation-media®€R (LM-PCR) The quality
and the quantity of the LM DNA was tested with RNlano Agilent Bioanalyzer
and with NanoDrop spectrophotometer respectivehip@rrays were performed
by NimbelGen, which labelled the fragmented chromdtybridized the arrays
and carried out a statistical analyses to deterrtiresignificant FoxO3 binding
sites. The data revealed that FoxO3 binds chronudtseveral genes implicated
in various cell functions. Interestingly, eight gghy-related genes showed a
FoxO3 interaction on their regulatory regiofgy(36).
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FoxO3
promoter target

Figure 36: A schematic representation of the ChIP onchip result in C2C12
overexpressing ca-FoxO3.FoxO3 binds < 1000promoter genes that include e#fdgenes
promoter. To understand the functional role of F8x@teraction we have started to analyse the
MRNA levels of 6 of them in C2C12 overexpressinggnadenovirus vector or pAdca-FoxO3 by
real time PCR.

Next we tested whether these interactions have yasiglbgical relevance in
controlling gene expression. We monitored the mR&l&ls of these atrogenes in
myotubes infected with FoxO3 or control virus.

Beside atrogin-1, FoxO3 interacts and induced esgima of Tgif (transforming
growth interacting factor), Pmse4 (a proteasomeatcr), p62 (a protein which
clears ubiquitinated proteins via autophagy systang Gabarapl, (one of three
mammalian homologs of Atg8). Interestingly, Fox@pnesses the expression of
ATF4 (activating transcription factor 4) (Lecker a&t, 2006b; LECKER et al.,
2004) Fig 37). These results suggest that FoxO3, in C2C12 nwgstuis able to
control the expression of 5% of the atrophy-relajedes.
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Figure 37: FoxO3 recruitment affect the expressionfoseveral atrogenesThe mRNA
was extracted from C2C12 myotubes infected with tp#ak/GFP (control) and pAdtrack-
caFoxO3/GFP. The graphs show the quantitative neal-PCR (Materials and Methods) of
different atrogenes which have been found by CimiEbip approach to be potential under FoxO3

regulation {able primers real time ). The data were normalized fsactin. The vertical bars

indicates the standard error.
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DISCUSSION:

Muscle loss occurs in many diseases including ibilzation, disuse,
denervation, sepsis, burn injury, cancer, AIDSpdtas, renal or cardiac failure,
and microgravity. All these different condition®iin ageing sarcopenia to cancer
cachexia, diabetes, denervation, immobilization mmctogravity atrophy have in
common an increased activation of protein degradasystems (McKinnell and
Rudnicki, 2004). However the mechanisms of sucliegndoss was unclear until
the beginning of this century. The critical contion in understanding muscle
atrophy comes from the pioneering studies on gerpression profiling
performed independently by groups of AL Goldberd &J Glass (Bodine et al.,
2001a; LECKER et al., 2004). The idea to comparegexpression in different
models of muscle atrophy leads to the identificatsd a subset of genes that are
commonly up- or down-regulated in atrophying mus&ece all the diseases
used for the microarray experiments (i.e. Diabda@agicer cachexia, chronic renal
failure, fasting and denervation) have muscle d&yop common, the commonly
up- or down-genes are believed to regulate thedbssuscle components and are
called atrophy-related genes or atrogenes. Togehese findings indicate that
muscle atrophy is an active process controlledpegisic signaling pathways and
transcriptional programs. Furthermore the two midticed genes are two novel
muscle-specific ubiquitin ligases, atrogin-1/MAFlaxd MuRF1, that are up-
regulated in different models of muscle atrophy amd responsible for the
increased protein degradation through the ubicypitoteasome system. In fact,
knockout mice for either atrogin-1/MAFbx or MuRFieagpartially resistant to
denervation atrophy. Thus, up to now these two gesre actually the best
markers for muscle atrophy and could be considasethaster genes for muscle
wasting. A subsequent crucial step was the ideatifin of the signaling
pathways which regulate the expression of theseuquitin ligases. Our and
other studies define a role of Akt-FoxO pathwayn(Baet al., 2004) (Sandri et
al., 2004, Stitt et al., 2004). Akt phosphorylakEexOs, promoting the export of
FoxOs from the nucleus to the cytoplasm. As predicthe reduction in the
activity of the Akt pathway observed in differenbdels of muscle atrophy results
in decreased levels of phosphorylated FoxO in teptasm and a marked

81



increase of nuclear FoxO protein. The translocateomd activity of FoxO
members is required for the up-regulation of ammelfi MAFbx and MuRF1, and
FoxO3 was found to be sufficient to promote atrebfiMAFbx expression and
muscle atrophy when transfected in skeletal musoles/o. Accordingly, FoxO1
transgenic mice showed markedly reduced muscle avass$iber atrophy, further
supporting the notion that FoxO is sufficient tomote muscle loss (Kamei et al.,
2004). Simultaneously to the FoxO story anotheulagry mechanism has been
published. The IKK-NFkB pathway was found to befisignt to control MuRF1
expression, but not atrogin-1 expression, and gibrtrequired for denervation-
induced muscle atrophy. However from 2001, the pé#éne discovery of atrogin-
1 and MurF1, and from 2004, the year of publicatmihFoxO and NFkB
regulatory mechanisms, no major advances in atroplayed regulators appeared
in literature. It is important to notice that sesdenther genes among the atrophy-
related genes are of potential interest includirmnes coding for lysosomal
protease, transcription factors, regulators of girotsynthesis and enzymes of
metabolic pathways, but their particular role instle wasting is still unknown.
Furthermore it is unlikely that just two ubiquitigases are in charge for the total
protein degradation that occurs during muscle l@és.have recently found that
also autophagy-lysosome system can contributeganaile and protein removal
(Mammucari et al, 2007). However we need to seaesh players and define both
the role and the regulation of the still unknowrd adready published atrophy-
related genes to get an almost final picture ofctienges occurring during muscle
loss. Moreover all FoxOs recognize and bind theesBXNA sequence, thus those
factors should control the same genes. Howeverfunstional promoter assay
and results from FoxO1 transgenic mice (Kamei t28l04) show that FoxO1 is
not a major regulator of atrogin-1 expression whiHexO3 is critical for
expression of this ubiquitin ligase. For these grasve decided to apply ChlP
technology to our in vivo models of muscle atrophyorder to dissect which
regulatory regions of atrogenes recruit a certaandcription factor and to
understand whether this binding is functional foramnatin remodelling and for
transcription activation (Orlando, 2000). Many teiclal problems have been
solved and starting form in vitro system we sucdeegerform ChIP in an in vivo
contest. Our experimental conditions are able teaeboth FoxO1 and FoxO3
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binding on a commonly regulated genes like GAD@4®e could identify which
of the 14 potential binding sites on atrogin-1 poben were functional relevant
for FoxO3 recruitment and for promoter activatidndeed during starvation,
FoxO3 binds only three sites. These three sitesvshdranscriptional active
conformation of chromatin since histones are hygmatylated. Moreover the
promoter activity assay confirmed that atrogin-1sgecifically regulated by
FoxO3 and not by FoxO1. It is intriguing the faeat FoxOL1 is not or is poorly
recruited on the different promoters, studied sq & atrophy-related genes.
However these findings strongly suggest that dffier FoxOs can regulate
different set of genes. Therefore there have ta begulatory mechanism which
discriminate the recruitment of a specific FoxO armpromoter and this is not
caused by the nucleotide sequence which is the $amall the FoxO family
members. To support this hypothesis and to defieegenes regulated by each
FoxO we decided to extend the ChIP approach tonarge wide analysis. Since
the strategy to start the experiments using cdilii system to set up important
and crucial steps of the methodology was successfuperformed the genome-
wide analysis on FoxO3 infected myotubes. This negke is based on the
combination of ChIP and whole genome microarraylyaig (ChIP on Chip).
ChIP on Chip strategy have been applied to studiz bHwe binding of specific
transcription factors to genome and the struct@@hponents of chromatin,
including histone acetylation, methylation, ubiquation and pCG enrich island.
In our model we found that FoxO3 can interact withny regions of genome
which include promoters of 9 atrophy related geiégse genes are implicated in
different proteolytic systems and in transcriptiomgulation. Beside atroginl, the
microarray results indicate that FoxO3 binds twdeot genes of ubigitin
proteasome system, Pmse4 and UBB. The first onmedaalso PA200, is a
nuclear component of proteasome. Psme4 activabésqgbysis by binding the 20S
proteasome and is also involved in DNA double-strémeaks repair (DSBS)
(Ustrell et al., 2002). Interestingly GADD45 anattenzyme of DNA repairing
system is also controlled by FoxOs (Ramaswamy.eP@02; Tran et al., 2002a)
suggesting that a certain amount of DNA damageoca&nr during muscle loss.
FoxO3 binds the promoter of the a polyubiquitin 8hg which at is strongly
induce during skeletal muscle atrophy, cardiac phityp hypertrophy and
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hypoxemia.(UBB) (Razeghi et al., 2006). Mutatioattbauses loos of function of
UBB induces accumulation of the mutated UBB (UBB+#1)protein aggregates.
A recent study has showed that p62 co-localize$ WiBB+1 in the protein
aggregates of myofibrillar myophaties Olive, vareueen et al. 2008). P62 is a
scaffold protein that is able to bind polyubiquitthains and is under FoxO3
control. This protein can interact with LC3, and -localized into
autophagosomes. Another FoxO3 target gene is Gabkhrawhich is a
mammalian Atg8 homolog like GATE 16 and LC3 (Nemesal, 2003). Thus
UBB, p62 and Gabarapll are all FoxO3 target getiesefore it is possible that
FoxO3 is implicated in coordinating the autophaggtem to clear protein
aggregates. Interestingly we did not find FoxO@iattions with LC3 and Bnip3,
which in vivo have been found to be under FoxO3trmbr(Mammucalri et al,
2007; Zhao et al. 2007). The lack of any signifidainding may be caused by the
cell culture system. In fact C2C12 myotubes carthea level of differentiation
similar to a newborn muscle and therefore the clatonconformation on Bnip3
and LC3 promoter regions can be different from tba¢ present in an adult
muscle. A compact chromatin may be sufficient tabit FoxO3 binding even in
condition of overxpression. For this reason we have started to repeat these
studies in vivo by sequencing the chromatin whigimunoprecipitates with
endogenous FoxOs (ChIP sequencing). This approastsdéveral advantages on
ChIP on Chip which include a more sensibility. &ctf one of the major problem
of the in vivo experiments is that the amount @iginented chromatin obtained
form adult muscles is too low for a successful idibation on promoter arrays.
There are few transcription factors among the &yeaelated genes potentially
regulated by FoxO3 which are Mdx, Tgif and Atf4.eTfirst one is called Max
demonization protein and it acts as transcriptioegressor antagonizing the c-
Myc function. Interestingly Aurelio and co-workeave found that FoxO binds
myc promoter and negatively regulates its exprasgiell Metab 2008). Tqif
(Trasforming growth factof-induced factor) is a negative regulator of TGF-
signaling acting as a repressor of Smads transmmigactors (LECKER et al.,
2004). The reported Tgif action is similar to Skinother Smad repressor.
Interestingly Ski transgenic mice show hypertropmuscles. Atf4 is related to
unfolded protein response and it regulates theesgon of genes involved in
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oxidative stress, amino acid synthesis, differ¢ioiiaand angiogenesis Although
ATF4 belongs to the list of the up-regulated atragge our RT-PCR results show
that FoxO3 does not increase and seems to reptisexpression.

In conclusion we have set up an approach which baea used to characterized
the FoxOl1l and 3 binding on different atrophy-relatgenes and to better
understand the mechanisms of muscle atrophy. We hather extended this
technique to the whole genome analysis which willlde us to identify which
genes are controlled by specific transcription dextand to find new critical
pathways involved in the control of muscle masseskEnhapplications will be
crucial to identify new potential drug target andset up alternative therapies to

combat muscle loss.
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LEGEND OF ABBREVIATIONS:

bp = base pair;

BSA = albumin bovine serum;

°C = centigrade;

cDNA = DNA complementary to RNA;
DMEM = media for cell culture;

dNTPs = deoxyribonucleoside triphosphates;

EGTA= ethylene glycol tetraacetic acid)
EDTA= ethylenediaminetetraacetic acid

FBS = fetal bovine serum;

g = grams;

HCI = hydrochloric acid;

KCI = potassium chloride;

HEPES =4-(2-hydroxyethyl)-1-piperazineethanesutfauid )
HS = horse serum;

M = molar;

min = minutes;

ml = milliliters;

ms = milli seconds;

NaAc = sodium acetate;

NaCl= sodium chloride;

NaOH = sodium hydroxide;
NaHCO3 = sodium bicarbonate;
PCR = polymerase chain reaction;

PBS = Phosphate buffered saline
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rpm = revolutions per minute;
r. t. = room temperature;

SDS = sodium dodecyl sulfate;
sec = seconds;

TA = tibialis anterior;

TBS = Tris Buffered Saline

pl = microliters
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