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General Introduction



Skeletal Muscle Development

The skeletal muscles of the body and limbs arevddrirom myogenic
progenitors of the somitic compartment in a develgrembryo [1]
[2]. The somites are initially formed as epithekgheres that bud off
the anterior end of the paraxial mesoderm. Sonttidding occurs
sequentially in an anterior to posterior directmm either side of the
neural tube, thus providing the basis for a biltesegmental body
pattern for musculoskeletal development (Fig.1l).thiMi hours of
somite epithelialization, dorsoventral orientatioecomes established
by the formation of the epithelial dermomyotome r&&b) and the

mesenchymal sclerotome (ventral).
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Figure 1- Schematic representation of vertebrate somitegjeras it occurs in the
mouse embryo. Somites are formed and mature fallgairostrocaudal gradient on

either side of the axial structures.



The cells of the sclerotome give rise to the comepbexial skeleton,
while myogenic progenitor cells (MPC) of the somitgginate from
the dermomyotome. MPCs of the dermomyotome caunldetified by
the expression of markers suchRex3[3-5], Pax7[6], Dash2 Eya2
and Six1 [7]. The dermomyotome subdivides into three regjon
defined by the dorsal medial lip (DML), the ventiateral lip (VLL),
and the intervening central dermomyotome region. odjes
originating from the DML contribute to the formaticof the deep
back epaxial muscles, whereas the VLL providesatiterior hypaxial
muscles and limb muscle progenitors. Developmemtggenesis is
divided into the early embryonic and late fetalgst [8]: embryonic
MPCs differentiate, forming the primary myofiber affolding;
continual muscle growth into the later stages ofettgpment occurs
through the addition of secondary myofibers fronalfenyogenic
progenitors. Satellite cells are the primary souafe myogenic
progenitors during the postnatal period [9].

Myogenic Signal Induction in the Developing Somite

The interplay of diffusible signals secreted byghéioring tissues
induces the determination of the somitic myogemimpartment [10,
11]. In the early embryonic somite, the myogenienpartment is
composed of the dorsally-positioned epithelial damgotome and the
underlying mesenchymal myotome. This myogenic catmpant is

anatomically divided into the medial epaxial and thteral hypaxial
domains. Myogenic determination of these regiomahains is largely

influenced by the action of signaling moleculeshatse locales. Axial



structures such as the notochord and the neural [tL14] secrete
signaling molecules such as Sonic Hedgehog (Shth)Mmts, that act
as positive effectors of epaxial MPC determinaf{itd20]. Hypaxial
MPCs are subject to the effects of Wnt signalingmfrthe dorsal
ectoderm, in addition to negative bone morphogerm@ttein (BMP)
signaling from the nearby lateral mesoderm in lileNel somites [21-
23].

The Shh signaling pathway is important in developtalepatterning,
proliferative control, cell survival, and growth the embryo and the
adult [24]. Shh is a secreted glycoprotein thatbito and activates a
heterodimeric receptor complex of Patched (Ptc) Snubothened
(Smo) proteins. Shh functions as an inhibitor af, Rthich in turn is
an inhibitor of Smo. Shh signaling ensues when &meleased from
Ptc inhibition by Shh. Induction of Shh signalingloiizes the Gli
family of transcription factors into the nucleusieteby activating
target genes.

Wnt proteins are highly conserved secreted molsculeat are
involved in developmental signaling [11, 25, 26]n¥Mgands initiate
signaling by binding to their target receptors knoas Frizzled (Fz).
Downstream Wnt signaling cascades are currentlyggd into two
categories. First, the so-called canonical pathwadych involves the
stabilization of cytoplasmid3-catenin and its subsequent nuclear
localization and target gene activation via TCF/LEFeraction.
Second, all other Wnt mediated signaling that gependent of3-
catenin and TCF/LEF activation are grouped as raorowical

pathways.



BMPs are members of the T@&Fsuper-family of growth factors.
BMPs are critical developmental factors involvedchondrogenesis
and chondrocyte differentiation [27, 28]. BMP sityngis also known
to inhibit adipocyte differentiation and myogeniiferentiation [29,

30]. In the context of somitic myogenesis, BMPsvte important

inhibitory signals that are coordinated with Shid ant signaling

[22].

Myogenic Transcription Factors

Skeletal muscle specific gene regulation in the moric somite
requires a family of bHLH transcription factors kwio as the
myogenic regulatory factors (MRFS) [2]. The membairshe family
include Myf5, Mrf4 (Myf6), MyoD, and myogenin.

Clear candidates for upstream regulators that dcoat@ lineage
specification during myogenesis are thighly homologous paired-
box transcription factorPax3 and PaxPax3expression can first be
detected in the presomitic mesoderm prior to then&tion of the
epithelial somite [4, 5]. At the onset of dorsalntral somite
compartmentalization,Pax3 is expressed throughout the entire
epithelial dermomyotome. Expression Réx3is subsequently down
regulated in the DML, and becomes regionalizech&ohypaxial VLL
domain [4, 31]. Unlike Pax3, Pax7 deficiency doest maffect
embryonic myogenesis [32]. ThPax7 expression domain does
partially overlap that of Pax3 during the early epithelial
dermomyotome stage [6]. Pax7 is also capable aftgubng for most

of Pax3's function [33, 34]In summary, myogenic transcription



factors interact in a developmentdbierarchy with partially
overlapping functions. Myogenicanscriptional activation results &
cascade of gene induction events that ultimatelgultein a
physiologically functional myotube.

Myotubes are sustained by hundreds of postmitoyiormaclei and are
efficiently repaired and regenerated by a pool tefnscells located
beneath the basal lamina that surrounds each fdadled satellite
cells [35].

10



a Myogenic induction

b Muscle integrity

Figure 2- Signalling pathways for myogenic induction antegrity. a | Myogenic
induction in the mouse. In the epaxial muscle,qzhlvox gene 3 (PAX3), myogenic
factor 5 (MYF5) and MYF6 (also known as MRF4) arapable of inducing
myogenic differentiation 1 (MYODZ1; also known as D) independently31. By
contrast, in the hypaxial dermomyotome, PAX3 indu@xpression of MYF5
directly, which in turn activates MYOD1 expressiofNNT1 signalling from the
dorsal neural tube induces myogenesis through tda&tosation of MYF5, whereas
WNT7A expression from the dorsal ectoderm preféadipt activates MYODLI.
Hedgehog signalling also regulates myogenesis g¢ffralne maintenance of MYF5.
The SIX protein family also have a role in myogésesine oculisrelated homeobox
1 (SIX1) and SIX4 regulate MYF6 in the epaxial demyotome, and, together with
the cofactors eyes absent 1 homologue (EYA1l) andZYnduce PAX3 in the
hypaxial dermomyotome. SHH, Sonic hedgehog. b |dumtegrity in the chick.
Canonical WNT1 and WNT3A signalling from the neutabe inhibits WNT6
expression in the medial surface ectoderm throtigh non-canonical WNT11
signalling that originates in the dermomyotome. WINTacts to maintain the
epithelial nature of the dorsomedial lip and WNTé ventrolateral lip. Prior to the
second myogenic phase cells of the disintegratuiigpelium divide perpendicular to
the plane of the epithelium, apical cells maint&ircadherin expression and

contribute to myogenesis, with the basal cell aidgpa dermal fate.
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Satellite cells

Skeletal muscle satellite cells were first desdiloe frog muscle by
Mauro [35] based on their morphology and positielative to mature
myofibers and were later identified in adult aviand mammalian
muscle [36]. Satellite cells adhere to the surfaicenyotubes prior to
the formation of the basal lamina, such that theabdamina
surrounding the myofiber and satellite cells is toarous [36, 37].
Satellite cells mediate the postnatal growth of cteusand are the
primary means by which the mass of adult muscferimed [38, 39].
The overall population of satellite cells decreaséh increasing age
in rodents [40, 41]. At birth satellite cells acabdor about 32% of
muscle nuclei followed by a drop to less than 5%tha adult (2
months for mice) [42]. This decline in satellitellceuclei as the
postnatal muscle develops is a direct reflectiosatéllite cell fusion
into new or preexisting myofibers. Satellite ceiils adult skeletal
muscle are normally mitotically quiescent but amcdivated (i.e.,
initiate multiple rounds of proliferation) in respee to stress induced
by weight-bearing exercise or trauma [41, 43, Z4f descendants of
activated satellite cells, called myogenic precursells (mpcs),
undergo multiple rounds of division prior to fusimgth existing or
new myofibers [42, 43, 45]. Satellite cells app@aiorm a population
of stem cells that are distinct from their daughtgacs as defined by
biological and biochemical criteria [42, 45]. Thenmber of quiescent
satellite cells in adult muscle remains relativebystant over multiple

cycles of degeneration and regeneration, demoimgjrain inherent
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capacity for self-renewal [40, 46]. However, theniners and
doubling potential of satellite cells become selyereduced in muscle
diseases such as Duchenne muscular dystrophy pabSumue to
high levels of ongoing regeneration [46-49].

Satellite cells are believed to constitute a myagesell lineage
distinct from the embryonic lineages and first appi@ the limbs of
mouse embryos at about 17.5 days postcoitum [S50Ad])It satellite
cells may also be further divided into subclassasetl on the fiber
type in which they take up residence in the mamuscle. It is clear
from several studies that satellite cells form fifogenetically similar
to the muscle from which they originate [53-55].

The MRF expression program during satellite celltivation,
proliferation, and differentiation is analogous the program
manifested during the embryonic development ofetkéimuscle (Fig.
5). Quiescent satellite cells express no detectihlels of MRFs.
MyoD is rapidly up-regulated within 12h of experimally induced
muscle injury prior to expression of proliferatingll nuclear antigen
(PCNA), a marker for cell proliferation. Myogenia expressed last
during the time associated with fusion and difféiegion [56, 57].
Activated satellite cells (satellite cells enteritige cell cycle) first
express eitheMyf5 or MyoD followed soon after by co-expression of
Myf5 and MyoD. Following proliferation,myogeninand MRF4 are
expressed in cells beginning their differentiagwagram.

13
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Figure 5- Role of MRFs in satellite cells. When satelldells are activated, they
start to express Myf5 and MyoD, originating myogepiecursor cells that complete

their differentiation program fusing in myotubes.

The main role of the satellite cell during the garbstnatal period is
to provide myonuclei for skeletal muscle growth.altult muscle, its
role changes to one of providing myonuclei for hostasis and
hypertrophy, or in response to the more sporadimahels for
myofibre repair and regeneration. Moreover, saéelicells are
comparatively numerous group — approximately 2-5Pmnuclei in

muscle of adult mouse belong to this population.[38ese features
decide about considering satellite cells as a gowmaterial for

autologous transplantations in cases of muscleudgsbn.
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Morphological Characteristics of Skeletal Muscle

Regeneration

Adult mammalian skeletal muscle is a stable tissitie little turnover

of nuclei. Minor lesions inflicted by day-to-day areand tear elicit
only a slow turnover of its constituent multinud¢kdhmuscle fibers. It
is estimated that in a normal adult rat musclemuwe than 1-2% of
myonuclei are replaced every week. Nonetheless, madian skeletal
muscle has the ability to complete a rapid andrestte regeneration
in response to severe damage. Whether the muguhy is inflicted

by a direct trauma (i.e., extensive physical attiand especially
resistance training) or innate genetic defects,aeusegeneration is
characterized by two phases: a degenerative plmasa eegenerative
phase. The initial event of muscle degeneratiomesrosis of the
muscle fibers. This event is generally triggereddisruption of the
myofiber sarcolemma resulting in increased myofipermeability.

Disruption of the myofiber integrity is reflected Increased serum
levels of muscle proteins, such as creatine kinabéch are usually
restricted to the myofiber cytosol. In human andmah models,

increased serum creatine kinase is observed aféehamical stress
(e.g., extensive physical exercises) and in thersgowf muscle
degenerative diseases such as muscular dystrogitiied, which are

characterized by the induction of a muscle regditgrgrocess. It has
been hypothesized that increased calcium influgrafarcolemmal or

sarcoplasmic reticulum damage results in a loss cafcium
15



homeostasis and increased calcium-dependent pysiedhat drives
tissue degeneration. Calpains are calcium-activatetbtases that can
cleave myofibrillar and cytoskeletal proteins amh¢e are implicated
in the process. Thus disrupted myofibers undergealfor total
autolysis depending on the extent of the injurye Barly phase of
muscle injury is usually accompanied by the ackat of
mononucleated cells, principally inflammatory cedad myogenic
cells. Neutrophils are the first inflammatory cdlisinvade the injured
muscle, with a significant increase in their numbeing observed as
early as 1-6 h after myotoxin or exercise inducagsale damage.
After neutrophil infiltration and 48 h post-injurymacrophages
become the predominant inflammatory cell type witkhe site of
injury. Macrophages infiltrate the injured sitegbagocytose cellular
debris and may affect other aspects of muscle ergéon by
activating myogenic cells. Moreover, studies denratisng the
stimulation of peritoneal macrophages after intemsiphysical
exercise suggest that a systemic factor capablendadicing an
inflammatory response throughout the body is reléa®llowing
muscle damage. Although several mediators invoilndte activation
of the inflammatory response have been characterimether studies
are necessary to demonstrate their potential rolethe muscle
regeneration process in vivo. Thus muscle fibeross and increased
number of non-muscle mononucleate cells withindamaged site are
the main histopathological characteristics of thdyeevent following
muscle injury. Muscle degeneration is followed bg &ctivation of a

muscle repair process. Cellular proliferation is iarportant event
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necessary for muscle regeneration as demonstratettieb reduced
muscle regenerative capacity after exposure tcha@ie (an inhibitor
of mitotic division) or after irradiation. This press is carried out by
myogenic stem cells. Myogenic stem cells are aeilk the ability to
differentiate into muscle fibers. There are stilloa of controversies
concerning origin, potential and characteristictdeas of different
subpopulations of this heterogenous group. Thec@&ypopulation of
cells which are recognized as myogenic stem cedissatellite cells,
even if in the last decade other cell types werstypated as
potentially contributing to regeneration of skeletaiscles, including
skeletal muscle side population cells, bone marewed
haematopoietic lineages, mesoangioblast and pesicgndothelial
precursor cells of blood vessel walls and, quiteendy, brown fat

precursor cells [59-62].
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Contribution of other stem cells to the muscle
repair process: mesoangioblasts

Recent findings have demonstrated the presence ultipatential
stem cells in various adult tissues and challenigedvidely held view
that tissue-specific stem cells are predetermimed specific tissue
lineage. In fact, adult stem cells isolated frommas tissues appear to
differentiate in vitro and in vivo into multipleneages depending on
environmental cues. In particular, the demonstatioat postnatal
murine bone marrow contains a transplantable, keiticlg progenitor
that can differentiate into skeletal muscle stirtedathe search for
non-canonical progenitors of mesodermal tissues.

The notion that hematopoietic stem cells origintem a locally
specified subset of endothelial progenitors in flber of the dorsal
aorta — within the aorta—gonad—mesonephros (AGNgjore [63],
suggested the somewhat speculative hypothesis thidter
progenitor/stem cells might be generated in the esambryonic
region. Asymmetric cell division would generate Ioal
(hematopoietic) and abluminal (solid-phase mesojipnogenitors as
the spatially segregated offspring of multipotenhgiapoietic
progenitors. Retention of the ability to generateesodermal
progenitors in growing blood vessels of the fetusl gost-natal
organism would contribute to the growth and repapacities of
mesoderm-derived tissues.

The name ‘mesoangioblasts’ was thus chosen to éematommon

progenitor for vascular and extravascular mesodemeaivatives,

18



suited for marking the conceptual resemblance o tiovel entity
with the hemoangioblast, a common progenitor foscuéar and
hematopoietic (intravascular) mesodermal derivativAt variance
with hemoangioblasts, the ultimate progenitors ¢f definitive,

rapidly turning over hematopoietic cells, mesoahfgists would be
only an additional source of post-natal differetgita mesoderm-
derived tissues — the bulk of which are establisfrech canonical
embryonic sources during development and turn slerly — but

possibly a main source of post-natal progenitoesetbf.

Primnitive
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entralizing Darsalizing Primitive ancestor
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Cual progenitors
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Figure 6- A tentative scheme define a possible origin afsocangioblasts cells.
Enviromental cues impart a hematopoietic potertiiala subset of angiopoietic
progenitors.
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Mesoangioblasts express angioblast markers suSlea4, Flk-1, and
CD34, as well as genes typical of the mesoderm. [B#jong the
family of membrane receptors, signal transducers tanscription
factors, mesoangioblasts express at high level nagybers of the
TGH3/BMP pathway [65], including several receptors &MADs:
more than 50% and up to 80% of the mesoangioblasimptly
differentiate into smooth muscle cells in respottsd GH31 and into
osteoblasts in response to BMP2.

Many members of the Wnt signalling pathway are egped at high
level in mesoangioblasts, including several Fridzad co-receptors,
axin, GSK-3, beta catenin and Tcfs. Besides tlaé in cell growth
and transformation, different Wnts have a positnde in the
activation of differentiation in many cell types.oWever, simple
withdrawal of mitogens did not induce spontaneoiffer@ntiation
into any recognizable cell type, such as neuronsketetal muscle.
Indeed, mesoangioblasts mainly express Wnt5a thamviolved in
early angiogenesis and this is compatible with argiablast
phenotype.

Among genes selectively expressed by mesoangisbEs many
cytokines, chemokines and their receptors. Thisoissistent with a
role of these cells in tissue regeneration andt finlammatory
response to damage. In this context it is intergsid note that, when
injected into the femoral artery, mesoangioblasts adhere to the
endothelium and extravasate but only in the presehmflammation,

as it occurs in muscular dystrophy or after locajection of a
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myotoxic agent. Indeed, mesoangioblasts expresy tmainnot all of
the proteins that leukocytes use to this purpase tlais may explain a
lower efficiency (only 30% of injected mesoangiattaend up in
downstream skeletal muscle). To increase the effcy of muscle
repair by mesoangioblasts, it is essential to emeeheir migration to
skeletal muscle, with the additional benefit of ueithg unspecific
trapping in the capillary filters of the body, suah liver and lung. For
example, it was shown that expressionuéfintegrin and exposure of
cells to SDF-1 or TNF improve up to fivefold migration of wild-
type (WT) mesoangioblasts to the dystrophic musates consequent
production of new fibers that express the normalycof the mutated
gene [66].

Furthermore, mesoangioblasts respond to high niplghoup box 1
(HMGBL1), a nuclear protein released by necrotic lapechflammatory
cells [67]. They proliferate, migrate through thedethelial layer and
accumulate in vivo around beads soaked with HMGEJ ienplanted
into skeletal muscle [68]. Indeed, dystrophic mesobntains a high
amount of HMGB-1, as it happens in the regeneratmgscle. In
agreement with the observation that the recruitroéntesoangioblast
depends on the generation of specific chemoattrectat the site of
damage and the generation of signals, which fatemn sell survival
and differentiation, a model in which macrophagasuit stem cells
was recently proposed [69]: they demonstratedttiepolarization of
macrophages dramatically skews the secretion of BIMGINF,
vascular endothelial growth factor, and metallopiredse 9 (MMP-9),
molecules involved in the regulation of cell migoat

21



Another factor that limits the effect of cell thpya with
mesoangioblasts is the reduced ability of thesks d¢el fuse and to
resist to the cytotoxic environment existing in th@maged muscle,
where several pro-inflammatory and pro-apoptotimgli may be
present [70, 71]. A good candidate molecule togase the efficiency
of muscle repair by mesoangioblasts is nitric 0X®), a short-lived
messenger generated by skeletal muscle to playrtargoroles in
regulating its own physiological function [72-74} brief ex-vivo
treatment of mesoangioblasts with NO donors entsatiagr ability to
migrate, resist death-inducing stimuli of the tym®wn to be present
in dystrophic muscles and fuse with regeneratingfibgrs.

A necessary prerequisite to optimizing stem cedidoatherapeutic
strategies is to increase stem cell survival. lis ttontext, it was
shown that TGP, a pleiotropic cytokine that plays a major role in
development and specifically induces smooth muddferentiation
of mesoangioblasts, efficiently protects them frpmgrammed cell
death [75]. In particular, TG#exerts a marked anti-apoptotic action
in mesoangioblasts with a mechanism involving ragoh of
sphingosine kinase 1 (SphK1l), a key enzyme in thi@ngolipid
metabolic pathway. These effects can be conceivakploited in
strategies aimed at ameliorating the efficacy aisththerapies on
which mesoangioblast administration has been pexpos
Interestingly, more recently mesoangioblasts wsotated from post-
natal mouse, dogs and also human muscle. In piatjaells derived
from blood vessels of human skeletal muscle caenegte skeletal

muscle, similarly to embryonic mesoangioblasts [58] future
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clinical protocols, systemic delivery seems to behligate choice, as
intra-muscular delivery would require an excessivember of
injections and pericyte-derived human cells exprssme of the
proteins that leukocytes use to adhere to and dres®ndothelium
(that is,B2 anda4 integrins), thus can diffuse into the interstitiwf
skeletal muscle when delivered intra-arteriallydfatinct advantage
over resident satellite cells that cannot). Moreptreeir extensive, but
not indefinite,in vitro proliferation and the maintenance of normal
karyotype and myogenic potency, indicates that huathult pericytes
from a single biopsy may generate enough cellsdat ta paediatric
patient with minimal risk of malignant transfornati Because of
these features, pericyte-derived cells are an idethlpopulation for

future cell therapy of muscular dystrophy.
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Muscular Dystrophies

The muscular dystrophies are a group of inheritadorders
characterized by progressive muscle wasting andkmess [48]. A
unifying feature of the dystrophies is the histatad) analysis of
muscle samples which typically includes variation§iber size, areas
of muscle necrosis, and, ultimately, increased artsowf fat and
connective tissue. Dystrophin and other associatedeins form a
link between the extracellular matrix (endomysiuanyg intracellular
F-actin (fig 4). It seems that the absence of amgy af these proteins
(and dystrobrevin might be the final common pathwayould
interfere with the integrity and the strength oé tmembrane and so

result in muscle weakness.
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Figure 4- Muscle membrane proteins. Specific muscular rdp$ties have been

found to be caused by deficiencies of dystrophina@articular sarcoglycan, or

merosin
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The original classification scheme proposed by Weakind Nattrass
depended on two considerations: the distributionpofdominant
muscle weakness (whether mainly proximal or distadl whether
facial muscles were affected) (fig 1) and the madlanheritance.
They identified three principal groups of musculdystrophies
(Duchenne-type, facioscapulohumeral, and limb gjrdand three
comparatively uncommon forms (distal, oculophargigeand
congenital).

Duchenne-type muscular dystrophy (Meryon's disease)
Duchenne-type muscular dystrophy (also known asybtés disease)
iIs the commonest form of dystrophy; it is inheritesl an X linked
recessive trait and therefore predominantly affeotgs. It is a serious
condition with progressive muscle wasting and weaknwhich
causes most boys to start using wheelchairs byldgeand to die in
their 20s. Becker-type muscular dystrophy is chflic similar but
milder, with onset in the teenage years or eark; 2Oss of the ability
to walk may occur later and many individuals witlecRer-type

dystrophy survive into middle age and beyond.

Facioscapulohumeral muscular dystrophy

Over the past few years the essential clinicaluiest of weakness of
the facial, scapulohumeral, anterior tibial, andvigegirdle muscles
have been extended to include retinal vascularadese sensory
hearing loss (usually asymptomatic) and, in sevesses, even

abnormalities of the central nervous system.13 Madyiduals are
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only mildly affected by these dystrophies thoughmeomay later

become dependent on wheelchairs.

Limb girdle muscular dystrophy

Limb girdle muscular dystrophy has turned out toabdinically and
genetically heterogeneous group of conditions. ltkeas 10% of cases
are inherited as an autosomal dominant trait (fyp@nd are relatively
mild. One subtype (1B) may be allelic to autosoialery-Dreifuss
dystrophy. All other cases are inherited as aut@soptessive traits
(type 2) affecting both males and females; typs @fien more severe
and resembles Duchenne-type dystrophy. At leastetldominant
subtypes and eight recessive subtypes have beatifigtk Apart
from limb girdle muscular dystrophy 2A, which isusad by a muscle
specific protease (calpain 3) deficiency, four otfexzessive subtypes
have been found to be caused by deficiencies oticpkar
sarcoglycans (dystrophin associated glycoproteutnsgh form part of

the dystrophin associated protein complex of muswenbrane.

Distal myopathies

These rare forms of dystrophy are associated witisting and
weakness of the distal muscles, usually without tiagiceable
involvement of other muscle groups. Many individuaith distal
myopathies are only mildly affected although somaymltimately

develop serious problems in walking and everyd@y li
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Oculopharyngeal muscular dystrophy

This autosomal dominant disorder is characterlsgdnset in late
adulthood of progressive ptosis and dysphagia whidollowed by
involvement of other cranial and limb muscles.2E Bene associated
with the disease is located on chromosome 14 ngtamong French
Canadians but also in other populations; therefois likely to be
genetically homogeneous but with different ancéstnatations in

different populations.

Congenital muscular dystrophy

This relatively uncommon autosomal recessive forimdystrophy

presents at birth or in early infancy with symptoofidiypotonia and
generalised weakness which may be associated witimt |
contractures. Around 50% of cases are caused pgdfis deficiency

of the extracellular muscle protein known as lamigR chain, or

merosin (on chromosome 6).
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Strategies for muscular dystrophies therapy

Muscular dystrophies are among the most difficisiedses to treat,
even though the underlying molecular defects are kimown. This is
due to the fact that skeletal muscle is the moshdént tissue of the
body and is composed of large multinucleated fibdre nuclei of
which have permanently lost the ability to dividgonsequently, any
cell or gene replacement must restore proper gemeession in
hundreds of millions of post-mitotic nuclei, whielne embedded in a
highly structured cytoplasm and surrounded by ektlhiasal lamina.
Similarly, most pharmacological trials must overeomie complex
and partly unknown biochemical mechanism of fibegeheration that
involves pathways, such as calcium fluxes and pesteactivity, for

which inhibitors are associated with high systetoidcity.

Gene therapy

The task of replacing a missing gene in all, orleatst in a good
proportion, of the post-mitotic nuclei of skeletaliscle is daunting.
Furthermore, for DMD, the form of dystrophy that shaneeds a
therapy, the gene to be replaced is the largesvknwith a cDNA of
14 Kb. Two successive waves of enthusiasm werergttke by the
use of adenoviral vectors that were successfutlivering dystrophin
to a very large fraction of muscle fibers in newbdlystrophic mice.
The first generation of treatments, however, cawssttong immune
reaction against the vector (which was not apparenthewborn
animals, which were tolerant). The second generabibtreatment,

28



‘gutted’ vectors, can accommodate the full-lengtbN& for
dystrophin, but do not carry genes encoding vinatgns. These
induce a much weaker immune reaction, but havedsscthe basal
lamina of muscle fibers and the efficiency of tidungtion is greatly
reduced in juvenile and adult animals [76]. Adessexiated viral
(AAV) vectors are derived from a non-pathogenic licgpion-
deficient virus with a small (w4.7-kb) single-stded DNA genome.
They appear to be more efficient for transducingjtaitbers (owing to
their smaller size) [77], especially if deliveregsgemically together
with factors that increase vascular permeabilitgliaical trial using
these vectors is ongoing. They cannot accommodieefull-length
dystrophin cDNA, but a truncated version (microtdyghin) that
gives good functional rescue when replacing dysiirojn transgenic
mdx mice [78]. Moreover, they can accommodate thi&ldngth
sarcoglycan cDNAs, the proteins that are mutateskireral forms of
limb girdle muscular dystrophies [79].

An alternative strategy for gene therapy involvegoh skipping'.
This molecular strategy prevents the transcriptiohn the exon
containing the mutation. Skipping can be achievddough
oligonucleotides or by small RNAs that hybridizettwithe donor
and/or acceptor sites of the mutated exon, causngxclusion from
the otherwise intact transcript. Because the skippen usually does
not encode a functionally essential domain, thelltieg protein is
shorter but functional. Despite the fact that tHegomucleotides
appear to function for only a short period in vjtiieey are much more

stable in muscle fibers in vivo and, recently, ldagm correction of
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dystrophy in mdx mice was achieved by a single ctip@ of
oligonucleotides.

Cell therapy

The identification of satellite cells in 1961 oféer the first hope for
treating muscular dystrophy with cells that can enadew muscle.
Since the beginning, two alternatives appearedisfilg cells obtained
from a healthy donor, which express the normal coipthe mutated
gene but induce an immune rejection unless themas permanently
immune suppressed; or (i) using cells obtainednfrthe patient,
which do not require immune suppression but mustgeeetically
corrected’ in vitro (to restore the expression lté tutated protein).
This latter task was made possible (although famfreasy) by the
cloning of the genes that result in muscular dystyo Satellite cells
and cell lines derived from them have been useckdine late 1970s,
mainly through intra-muscular injection. A firstyptal study involved
the injection of wild-type myoblasts (from the imrtad myogenic cell
line C2C12) into mdx mice and resulted in the cosio® of muscles
from dystrophin-negative to dystrophin-positive J[8This study led
to several clinical trials in the early 1980 s tlfiaited for several
reasons, the most important of which were the poovival and the
very limited migratory capacity of injected donaalls, together with
the immune response of the patient that was ngpregped at that
time. The major problem still faced by this approachhe tack of
dispersion of donor cells, which remain in the addainjection,
making it difficult to reach an even distributionittvn the whole

muscle. This might be overcome by using blood-bostem or
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progenitor cells. The possible systemic deliverycw€ulating cells
was the obvious choice over satellite cells thatnoa cross the
endothelial layer.

New generations of viral vectors, improved methfmtsefficient and
long-lasting exon skipping, and increasing knowkedgbout the
various types of stem cells (resulting in more odéint ways to
manipulate them) should be the basis for the nereration of trials,
all of which might benefit from the design of coméd

pharmacological therapies.
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Necdin

Necdin is a member of the melanoma antigen-encodarg family
[81], a large family of proteins initially isolatefifom melanomas.
Most MAGE genes have a number of properties in comrthey are
specifically expressed in a number of different dusnand in the
healthy testis, they have an open reading frameFjORith an
approximately 200-aa-long MAGE-homology domain &tk tC-
terminal end; and they are situated on the X chswmmee. The 23
different human MAGE genes known today have beerded into
four subfamilies,A to D, based on their sequence homology and
chromosomal location. The most conserved parts hef MAGE
proteins are located toward the C-terminal endshefproteins and
include a MAGE/NECDIN consensus sequence and aopydbic
region (fig 7). It has been suggested that the dphuvbic region
serves as a trans-membrane domain. However, thegtyobic region
is small and it may function only when associateithvthe trans-
membrane region of other protein. Only one MAGElirotein has
been shown to associate with the plasma membraaeeurotrophin
receptor-interacting MAGE homologue (NRAGE) [82RNGE most
likely belongs to the MAGE-D subfamily since a nrajmart of the
NRAGE protein is 100% homologous to MAGE-D. NRAGE
associates with the plasma membrane when boundhdo p75

neurotrophin receptor [83].
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Conserved MHD

Necdin (1-325)

e e P R
E1ALarge T/E2F/p53
Figure7 - Schematic representation of Necdin protein. B#olin and

aminoacid-rich domairp is a portion of beta sheet. MHD: MAGE Homology
Domain, conserved domain of MAGE protein familyidtshown the portion

Necdin is a 325-amino acid residue protein encootecd cDNA
sequence isolated from the library of neurally etéintiated P19
embryonal carcinoma cells [84].The Necdin gene igressed
predominantly in postmitotic neurons [85] and thias led to the
suggestion that it functions in growth suppressiEvidence that this
is indeed the case comes from the observationetttapic expression
of Necdin in NIH3T3 cells suppresses cell growthhaut affecting
cell viability [86]. Furthermore, Necdin has bedmown to physically
interact with cell-cycle-promoting proteins such &¥40 large T,
adenovirus E1A, and the transcription factor E2BI].[ The E2F
proteins act as important components of the cellecgnachinery, and
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E2F1 specifically binds and trans-activates gehat dre involved in
cell cycle progression. This pathway is regulatgdrétinoblastoma
protein (Rb), which represses E2F1 activation lmdinig to the trans-
activating domain of E2F1 during the G1 phase. Wbelts move
toward the S phase, Rb repression is released duethe
phosphorylation of Rb, and the E2F1 complex becofmessto trans-
activate cell cycle progression genes. Necdin iactsway similar to
that of Rb; by binding to E2F1 Necdin represseslERiaction which
leads to cell growth arrest [87].

Necdin also interacts with p53, a well-known tunsoppressor that
trans-activates genes involved in growth arrest apdptosis [88].
Necdin binds to the trans-activating domain of @&l in this way
inhibits p53-induced apoptosis and represses pparikent activation
of the p21/WAF. In particular, necdin promotes plcetylation by
facilitating the interaction between the deacew/l&rtuin-1(Sirtl)
and p53 to suppress p53-dependent neuronal apepd8$i Thus, it is
likely that Necdin acts as a specific growth suppoe and anti-
apoptotic protein in early neurons through inteoactwith p53 and
E2F proteins.

The humamecdingene NDN) is maternally imprinted and maps to
15911—-g12, a region known to be deleted in patisafiering from
the Prader-Willi syndrome (PWS) [90] (Fig. 8). PWS a
neurobehavioral disorder characterized by respiattistress and
poor muscle tone in the newborn and by mental datam,
hypogonadism, and obesity later in childhood [QBéveral genes,

includingNDN, are present and paternally expressed from the 35q11
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gl3 region, a fact which has led to the suggestimt PWS is a

multigenic disorder.

SNURF-  IPW — GABR—  HERC2

O ——rr—w—v— J
? 7

"y

MuIC /27w
o

Figure 8 - A) Genes on 15g11-q13 human chromosomic region. :Blue
maternally imprinted region, red: paternally impeich region; black: non-
impinted region. Zig-zag lines are breakpoint gbitwal deletion of Prader-
Willi and Angelman syndrome®) Corresponding mouse chomosomic region
(7C). IC: imprinting centre.

Necdin knockout mice show a phenotype resemblirgdé&trWilli

syndrome, a genomic imprinting-associated neurobets disorder,

suggesting that the absence of Necdin impairs malidifferentiation

or maturation. These findings suggest that Necdailifates terminal

differentiation and prevents apoptosis in neurams that Necdin has
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a similar function in terminally differentiated noeuronal cells. The
precise cellular mechanism leading to cell cyclesris still unclear,
although evidence points to interaction with pnoegeinvolved in cell
cycle progression such as p53 and E2F [87, 8832,

Recently, it was shown that Necdin promotes celtleyexit of
hematopoietic stem cells (HSCs) thus service tontaei their
qguiescence [94], but this function is restrictedth@ regenerative
phase of hematopoiesis [95].

Necdin associates with the Msx homeodomain protaam$AGE-D1
to modulate their function. In particular, it retes Msx2-induced
repression of myogenic differentiation in C2C12 tolgsts. This
supports the notion that necdin promotes terminireéntiation of
postmitotic cells by repressing cell proliferatif®8]. Our group have
shown that Necdin cooperates with Msx2 during simowtuscle
differentiation of mesoangioblast cells [96]. WhaatiNecdin acts as a
transcriptional cofactor or as a direct transcoipél repressor or
activator in these different scenarios is still nown.

Necdin is also expressed in developing skeletal cteuswhich
suggests that it plays a relevant role in thisugs®3, 96, 97]. Recent
studies in our laboratory demonstrated that Necslian important
player in skeletal muscle differentiation and mamance [98]. In
particular, we identified Necdin as a novel, impottfactor required
for proper myoblast differentiation in vitro and wvo, for the first
phase of muscle fiber growth, and for efficientaiepupon muscle
injury. We also showed that Necdin acts at differésvels: it

cooperates with MyoD to promote the transcriptioaativation of
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myogenin by direct binding to the promoter, and siuyg by
contributing to p53 action, and by accelerating bigsts
differentiation. In addition, it exerts a pro-swai, anti-apoptotic
action in vitro and in vivo, counteracting the dgiic effect of
several apoptotic agents, including the formatiboxadant specieA
prosurvival role of Necdin consistent with this lzdso been described
in neurons [90, 92], where caspase 3 was foune tachvated. In this
work, in addition to caspase-3 activation, it wasablished for the
first time a link between Necdin and the extrinsegspase 9-
dependent apoptosis pathway. Altogether, these deteacterized at
molecular level the function of Necdin in myogenalls, showing its

relevance in muscle growth and regeneration.
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Scope of the thesis

The two chapters of results of my PhD thesis foonsthe role of
Necdin in skeletal muscle differentiation and regyation.

In the first chapter, in which is described the mfamicus of my PhD
project, | investigated the function of Necdin inespangioblasts-
dependent skeletal muscle regeneration. Since wadl knew that
Necdin could enhance differentiation ability of edbite-derived
myoblasts cells, we wondered if this role couldesgloited also in
mesoangioblasts cell system, because they areeitechndidates for
stem cell therapy for muscular dystrophy. What wenfl was that
Necdin not only potentiates mesoangioblasts diffiméon potential
in vitro, but it increases dystrophic muscle redibason in vivo. This
may be very important to widen our knowledge abmdlecular
mechanisms through which mesoangioblasts act tlyiroptimize
their therapeutic applications and make them ssfgef®or humans.
The second chapter regards the role of Necdin otha&n model of
muscle wasting and degeneration, the muscle atra@phgachexia,
induced by tumour. We showed that Necdin protedsifinhibition
of myogenic differentiation and fibers regeneratiaterfering with
TNFa signaling at different levels, in particular by ntwlling
expression of TNFRI and p53, and also regulatirgpases activity.
These results identify Necdin as a candidate targetesign new
therapeutic approach to treat cachexia, for whigltvalid protocol is

still available.
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ABSTRACT

Improving stem cell therapy is a major goal for the treatment of muscle diseases, where
physiological muscle regeneration is progressively exhausted. Mesoangioblasts are vessel-
associated stem cells that appear to be the most promising cell type for the cell therapy for muscular
dystrophies because of their significant contribution to restoration of muscle structure and function
in different muscular dystrophy model. Here we report that MAGE protein Necdin enhances muscle
differentiation and regeneration by mesoangioblasts. Indeed, when Necdin is constitutively over-
expressed, it accelerates their differentiation and fusion in vitro and it increases their efficacy to
restore dystrophic phenotype of a-sarcoglycan mutant mouse. Moreover, Necdin confers a
enhanced survival ability when mesoangioblasts are exposed to cytotoxic stimuli that mimic
inflammatory dystrophic environment. Taken together, these data demonstrate the pivotal role of
Necdin in muscle reconstitution from which we could take advantage to boost therapeutic

applications of mesoangioblasts.



INTRODUCTION

Adult mammalian skeletal muscle is a stable tissue with little turnover of nuclei. Nonetheless, it has
the ability to complete a rapid and extensive regeneration in response to severe damage inflicted by
direct trauma or genetic defects, like muscular dystrophies. Anyway, in the most severe forms of
muscular dystrophy, such as Duchenne muscular dystrophy, muscle regeneration is progressively
exhausted leading the patient to complete paralysis and death. Therapeutic approaches based on
exogenous stem cell administration have been proposed with success in animal models of the
disease. In particular, the mesoangioblasts (MABs) are a population of vessel-associated stem cells
that have been shown to contribute to muscle repair in dystrophic mice and dogs when injected

intra-arterially [1].

Despite the identification of mesoangioblasts as potential sources of skeletal muscles, and the
experimental evidence that they can be used to support in vivo skeletal myogenesis, the molecular
mechanism regulating their growth and differentiation into skeletal muscle remain unexplored.
Many genes and molecules are now being investigated in order to manipulate their fate and act as a
pool of resident stem cells. We believe that Necdin may be an ideal candidate molecule. Necdin
(Ndn) is a member of melanoma antigen-encoding gene (MAGE) protein family, a large family of
proteins initially isolated from melanomas [2]. It is a maternally imprinted gene that maps on a
chromosomal region known to be deleted in patients suffering from the Prader—Willi syndrome
(PWS), a neurobehavioral disorder which occurs in 1 in 10000-15000 births [3]. Necdin null mice
exhibit an high post-natal lethality due to a respiratory defect that resemble neonatal respiratory
distress observed in humans with PWS. In particular, the absence of Necdin impairs differentiation

and maturation of hypothalamic neurons [4, 5].



Necdin is also expressed in developing and regenerating skeletal muscle, where it plays a pivotal
role in tissue differentiation and maintenance [6, 7]. In particular, our group provided the first
evidence that this protein is required for proper myoblast differentiation in vitro and in vivo, for the
first phase of muscle fiber growth, and for efficient repair upon muscle injury. We also showed that
Necdin acts at different levels: it cooperates to promote the transcriptional activation of myogenin
by direct binding to the promoter, and possibly by contributing to p53 action; in addition, it exerts a
pro-survival, anti-apoptotic action in vitro and in vivo, counteracting the cytotoxic effect of several
apoptotic agents, including the formation of oxidant species [6]. Moreover, we found that Necdin
activity, when combined with that of the homeobox transcription factor Msx2, is required for
smooth muscle differentiation of mesoangioblasts [8]. Finally, we recently showed in vivo that
Necdin counteracts the muscle wasting and inhibition of differentiation specifically induced by
cachexia, a pathology in which atrophy is associated with tumor load [9]. In this context, Necdin
exerts its protecting effect by interfering with TNFa-activated signaling at various levels: it causes
a reduction of TNFRI expression on the surface of myoblasts, modulating the extent of TNFa
signaling, and it influences the activity and the expression of p53, which is the key downstream
mediator of the effect of TNFa.

These data prompted us to investigate if this role of Necdin could be exploited also to enhance
myogenic differentiation of mesoangioblasts and promote their survival. Understanding the
molecular mechanism of the effect of Necdin on regeneration and designing tools to boost this
process may be a crucial step towards the optimization of cell therapy by mesoangioblasts or other

stem cells.



MATHERIALS AND METHODS

Mesoangioblasts cell culture and infection

Mesoangioblasts were isolated from explants of mouse muscle and cultured as previously described

[10].

The necdin lentiviral vector (in pRRLsin.PPT.CMV.NTRiresGFPpre) and the GFP lentiviral vector
(pRLLsin.PPT.CMV.GFP) were generated and prepared as described in Brunelli et al. (2004). The
final MOI was 10" TU/ml. After 24 h in culture, mesoangioblasts were transduced with an MOI of
100 in proliferation medium overnight. The next day, the medium was changed and cells were
maintained in proliferation medium. Viral titer was determined by GFP fluorescence, with serial

dilution of the virus.

In vitro differentiation of mesoangioblasts

Mesoangioblasts were induced to differentiate to smooth muscle and osteogenic cells as described
in Tagliafico et al. (2004). The proportion of cells differentiating in each different cell type was
calculated by counting the cells expressing the appropriate differentiation markers against the total
number of cells. An average value was determined by counting cells in at least ten microscopic

fields, in at least three different experiments.

Mesoangioblasts derived from adult muscle can spontaneously differentiate into multinucleated
skeletal myotubes when cultured onto matrigel coated plastic support in differentiation promoting

medium (complete medium supplemented with 2% Horse Serum).

Immunofluorescence

Immunofluorescence on cell cultures and cryosections was performed according to Brunelli et al.

(2004), using antibodies specific for sarcomeric myosin MF20, alpha-smooth muscle actin (a-



SMA, Sigma), laminin (Abcam), GFP (Chemicon International) and alpha-sarcoglycan. For
fluorescent detection, we used appropriate secondary antibodies conjugated with either Alexa 488

(green; Invitrogen) or Alexa 594 (red; Invitrogen).

The fusion index of differentiating myoblasts was measured as the number of nuclei in sarcomeric

myosin-expressing cells with more than two nuclei versus the total number of nuclei.

RT-PCR

RNA (1 pg) collected from cells or tissues using RNeasy Mini (or Micro) kit (Quiagen) or the
TRIzol protocol (Invitrogen) was converted into double-stranded cDNA using the cDNA synthesis
kit “High Capacity Reverse Transcription Kit” (Applied Biosystem), according to the
manufacturer’s instructions. Real-time quantitative PCR was carried out with a real-time PCR
system (Mx3000P; Stratagene). Each cDNA sample was amplified in duplicate by using the SYBR
Green Supermix (Bio-Rad Laboratories) for 28s (5° AAACTCTGGTGGAGGTCCGT 3’; 5°
CTTACCAAAAGTGGCCCACTA 3°), cyclophillin A (5> CATACGGGTCCTGGCATCTTGTCC
3’; 5 TGGTGATCTTCTTGCTGGTCTTGC 3’), Necdin (5> GGTGAAGGACCAGAAGAGGA
3’; 5 TGGGCATACGGTTGTTGAG 3°), SCAl (5 CTCTGAGGATGGACACTTCT 3’; 5°
GGTCTGCAGGAGGACTGAGC 3’), CD34 (5° TTGACTTCTGCAACCACGGA 3°; 5°
TAGATGGCAGGCTGGACTTC 3’); VE-CAD (5 GTACAGCATCATGCAGGGCG 3°, 5’
GTACAGCATCATGCAGGGCG 3’), PDGFR (5° TCATTGAGTCTGTGAGCTCTG 3’; 5°
AACATGGGCACGTAATCTATA 3°); NG2 (5° ACAAGCGTGGCAACTTTATC 3’; 5§
ATAGACCTCTTCTTCATATTCAT 3°), MHC (5> GGCCAAAATCAAAGAGGTGA 3’; §°
CGTGCTTCTCCTTCTCAACC 3’), Myogenin (5° GACATCCCCCTATTTCTACCA 3’; 5°
GTCCCCAGTCCCTTTTCTTC 3’), MyoD (5° ACGGCTCTCTCTGCTCCTTT 3’; 5

GTAGGGAAGTGTGCGTGCT 3°), GFP (5° ACAAGCAGAAGAACGGCATC 3’; %



CGGTCACGAACTCCAGCA 3’), a-SG (5 CTTGTGGGTCGTGTGTTTGT 3°; 5

GGTGAGCGTGGTAGGTGAGT 3°).
Cell resistance to cell death

Mesoangioblasts from the different genotypes were incubated with or without 20uM As,O; for 24
h. Cells were detached and stained with propidium iodide (PI) according to the kit’s manufacturer’s

instructions and analyzed by flow cytometry as described [11].
Protein extracts and immunoblot analysis

Cells were scraped in Tris HCI pH=7.4, 150mM NaCl, ImM EDTA, 1% TRITON X-100, and
protease inhibitor cocktail 1X (Roche), cells were centrifuged 10 minutes at 10000 rpm at 4°C to

discard cellular debris.

After electrophoresis, polypeptides were electrophoretically transferred to nitro-cellulose filters
(Schleicher & Schuell, Dassel, Germany) and antigens revealed by the respective primary Abs and
the appropriate secondary Abs, as already described [6]. We used specific antibodies for MyHC and

Myogenin; protein levels were normalized to GAPDH protein expression.
In vivo injection

3-months-old a-SG null mice were injected by intra-muscular delivery with 5x10° mouse
mesoangioblasts. A set of animals was sacrificed after 10 days and the other ones after 20 days.
Different muscles (quadriceps, gastrocnemius, and tibialis) were collected and real-time PCR for

GFP and a-sarcoglycan were performed on all the samples as described (see Real-time PCR).

Image acquisition and manipulation

Images in fluorescence and phase contrast have been taken on the Nikon microscope Eclipse E600,

(lenses Plan Fuor: 4x/013, 10x/0.33, 20x/0.50, 40x/0.75) or on the Leica AF6000. Images have been



acquired using the NIKON digital camera DXM1200, and the acquisition software NIKON ACT-1,
or using the DFC350 FX digital camera and the Leica AF600 acquisition software, imaging
medium, PBS buffer, room temperature. Images were assembled in panels using Adobe Photoshop
7.0. Images showing double fluorescence were first separately acquired using the different

appropriate filters, the two layers then merged with Adobe Photoshop 7.0.



RESULTS

Isolation and characterization of mesoangioblasts from mouse muscle biopsies

Mesoangioblasts were first isolated from the dorsal aorta of mouse embryos, but more recently cells
with similar properties have been isolated from biopsies of post-natal mouse and human skeletal

muscle, where they express markers of pericytes.

This work has been carried out on mesoangioblasts isolated from muscles of adult (6 month old)
C57 mice. Fragments of interstitial tissue containing vessels were dissected and plated on collagen-
coated dishes. After the initial outgrowth of fibroblasts, small round and refractile cells were
observed. These cells were collected and cultures for many passages in standard proliferation

medium (Fig 1A-B).

To test the role of Necdin on proliferating cells, we generated a cell line that over-express Necdin
constitutively: we cloned the coding sequence of Necdin in plresEGFP mammalian expression
vector and then we produced a lentiviral vector expressing NecdinlresEGFP to infect wt
mesoangioblasts (Fig 1D). As a control, we transduced the same cells with a lentiviral vector
expressing EGFP under a constitutive promoter (Fig.1C). As shown in Fig 1E, mesoangioblasts that
were transduced with lentiviral vector get near 2,5 thousand times fold increased Necdin

expression.

RT-PCR assay confirmed that the two populations retained mesoangioblasts stem cells markers (Fig

1F).

As the other stem cells, mesoangioblasts are able to differentiate into cell types of the tissue from
which they derive. We tested the ability of GFPMabs (Fig 1H) and NdnMabs (Fig 11) to respond to

differentiation programs induction by appropriate stimuli. TGFf treatment, usually used to induce



smooth muscle differentiation, led to an high and comparable differentiation frequency in the two
populations (fig 1L). Likewise, after BMP2 treatment (Fig 1M-P), known to promote osteogenic

differentiation, NdnMabs showed a number of AP-positive cells similar to GFPMabs (Fig 1Q).

NEcdin enhance s Skeletal muscle differentiation of mesoangiobalst stem cells

Unlike their embryonic counterpart, mesoangioblasts derived from adult muscle are able to

differentiate in skeletal muscle cells spontaneously.

Thanks to this property, skeletal muscle differentiation was induced only by culturing Ndnmabs and
GFPmabs, as control, in muscle-differentiation medium (Fig 2A-B) and fusion index was calculated
to compare their differentiation potential (Fig 2C): over-expressing necdin mesoangioblasts

showed an higher fusion degree.

Increased differentiation potential of over-expressing necdin mesoangioblasts may depend on
changed expression of myogenic regulatory factors (MRFs) and/or decreased cell death. To
investigate the first hypothesis we first analyzed myogenic genes expression during a time course
skeletal muscle differentiation. Myogenic markers are not expressed by proliferating cell, but they

start to be activated when skeletal muscle differentiation is induced.

GFPmabs and Ndnmabs were cultured for six days in differentiating medium (DMEM with 2%HS).
Protein extracts from cells was collected two (T2), three (T3), five (T5) and six (T6) days after
differentiation to perform a Western Blotting analysis (Fig 2 D). The increased fusion index we
observed in over-expressing Necdin mesoangioblasts was accompanied by increased expression of

MyHC and Myogenin proteins (Fig 2E).

Necdin protects mesoangiobalsts from cell death




An important aspect of damaged muscle is that it originates a pro-apoptotic microenvironment in
which cytokines such as TNFa oxidative stress and immune-competent cells play a role, and that

may contribute the the limited effect of myogenic cells transplantation.

Our previous studies revealed that necdin acts as a pro-survival factor in muscle cells. In particular,
myogenic precursor cells from both necdin-over expressing MlcNec2 mice and C2C12 cells were
protected from apoptosis induced by three different stimuli (radiation, hydrogen peroxide, and
staurosporine), whereas cell death of Ndn—/— myoblasts was greatly increased, indicating that

necdin acts as an anti-apoptotic agent.

In view of these results, we studied whether Necdin has the same role also on mesoangioblasts cells.
We performed a cell death experiment in which we treated cells with a cytotoxic stimulus, arsenic
trioxide (As;Os3). GFPmabs and Ndnmabs were exposed for 12 hours to As,O; (20 uM). After
treatment, we evaluated cell death by measuring Propidium Iodide (PI) incorporation by FACS (Fig

2F). We can say that over-expressing Necdin mesoangioblasts are more resistant to cell death.

Necdin promotes mesoangioblasts mediated muscle reconstitution in vivo.

Given the promising results obtained in vitro, we decided to move to in vivo analysis, to check if
Necdin could optimize mesoangioblasts contribution to muscle repair in a murine model of

muscular dystrophy, a-sarcoglycan (a-SG) null mice.

As a preliminary experiment, we performed intra-muscular injections of GFPMabs mesoangioblasts
and NdnMabs mesoangioblasts in dystrophic mice. We treated 3 mice with each cell line, and we
injected four muscle for mouse (right and left anterior tibialis, right and left quadriceps). We

injected 5 x 10° cells (50 ul of physiological solution) for muscle.



Ten and twenty days after injections, mice were sacrified and muscles were collected to check if
mesoangioblasts were able to survive and give their contribution to muscle regeneration: some
muscles were used to have RNA extract and the other ones to perform immunofluorescence
analysis. In both the experiments, we measured survival level of mesoangioblasts by testing the
presence of GFP protein (Fig 4A), while we determined their ability to regenerate new muscle
fibers by evaluating restoration of a-SG expression (Fig 4B). We normalized our results with those
obtained with intra-muscular injections of D16 mesoangioblasts, a control mesoangioblasts line

already characterized in our lab.

As shown in the charts, after ten days from injection, over-expressing Necdin mesoangioblasts
showed a greater GFP expression, marker of an higher survival level of these cells. This date fits
with the in vitro one, in which Necdin conferred an higher resistance to cell death to
mesoangioblasts. More interestingly, while muscle injected with GFPMABs exhibited a modest a-
SG expression, comparable with injections with D16 line, muscles treated with NdnMABs showed
an outstanding level of a-SG expression. This result is very encouraging, because it means that
Necdin enhances mesoangioblasts ability to restore dystrophic phenotype. Anyway, twenty days
after injection, both GFP and a-SG expression decreased also in muscle treated with over-
expressing necdin mesoangioblasts, probably because cells could not survive so long. For this
reason, we will try to optimize efficacy of cell injection, by performing multiple intra-muscular

injections, three for each mouse.

Results obtained with RT-PCR analysis was then confirmed by immunofluorescence analysis on
muscle sections. We performed immunofluorescence staining for GFP and a-SG on cryo-sections
of tibialis muscle of a-SG KO mice treated with intra-muscular injections of GFPMabs (Fig 4C)
and NdnMabs (Fig 4D). GFP expression was higher in muscles from a-SG mice treated with
NdnMABs, that means that these cells could survive more that the other ones . More interestingly,

only sections from mice treated with NdnMabs showed a-SG positive fibers (Fig 4M-0), that



means that over-expressing Necdin mesoangioblasts are more efficient to contribute to muscle

regeneration.



DISCUSSION

In this work we demonstrate that the efficacy of mesoangioblasts stem cells to reconstitute
dystrophic muscle is improved by the MAGE protein Necdin. In particular, when Necdin is over-
expressed, mesoangioblasts differentiation and survival is enhanced both in vitro and in vivo. This
may be a powerful tool to optimize stem cell therapy protocols. Indeed, even if they have been
shown to give a significant contribution to restore muscle structure and function in mouse and dog
models of muscular dystrophy [1, 14], their effect is still modest. Since we already showed that
Necdin has an important role in skeletal muscle differentiation and maintenance by satellite-derived
myoblasts [6], we thought we could take advantage of these properties to developed a new strategy

to improve mesoangioblasts therapeutic potential.

Mesoangioblasts usually don’t express detectable level of Necdin, but when it is over-expressed
together with the homeobox transcription factor Msx2 it promotes their smooth muscle
differentiation [8]. In order to investigate a possible role of Necdin in mesoangioblasts skeletal
muscle differentiation, we constitutively over-expressed it in mesoangioblasts from adult muscle of
C57 mouse. In contrast to their embryonic counterpart, these cells are able to spontaneously
differentiate in skeletal muscle, even if their efficacy is partial. Anyway, we found that in presence
of a constitutive over-expression of Necdin, mesoangioblasts show an higher fusion rate in vitro.
This suggests that Necdin is required to increase their differentiation potential by promoting new
myofibers growth and fusion. To understand the molecular mechanisms that regulate this process,
we first investigated if Necdin could act on transcriptional pathways, as we already demonstrated
for satellite-derived myoblasts. The gain-of-function effect in vitro in myoblast cultures correlates
with an increased fusion index and with changes in the expression of different myogenic markers,
including myogenin and sarcomeric myosin. In particular, Necdin acts through a transcriptional

regulation of myogenin, in cooperation with MyoD. In addition, when muscle regeneration is



induced in adult muscle after acute injury the reconstitution of new fibers is accelerated. But in the
case of mesoangioblasts, when skeletal muscle differentiation is induced, over-expression of Necdin
doesn’t affect transcriptional levels of myogenic markers, even if Western Blot analysis
demonstrate an higher level of myogenic proteins respect to wild type cells. Maybe some post-

transcriptional mechanisms are altered, like protein degradation pathways.

Given this result about a transcriptional role of Necdin, we hypothesized that the enhanced
differentiation of over-expressing Necdin mesoangioblasts could be due to an higher survival ability
of these cells. Indeed, Necdin has been described also as pro-apoptotic protein, both in neurons and
in satellite cells. In particular, we demonstrated that Necdin interacts both with caspase-3 and
caspase-9 pathways in satellite cells. Since the reduced ability of mesoangioblasts to resist the
cytotoxic environment existing in the damaged muscle is one of the main reasons for their partial
effect, it would be of great interest if Necdin could act as pro-survival factor also in this cells. To
investigate this aspect, mesoangioblasts were exposed to a cytotoxic stimulus, As;Os;. We found
that Necdin protects mesoangioblasts from cell death. We are now further investigate this aspect, to
clarify what are the mechanisms that drive this observation, in order to take advantage of this
property to improve their clinical application. Indeed, as already said, the latest goal of
mesoangioblasts is to restore the dystrophic phenotype in vivo. We found that, when Necdin is
over-expressed, mesoangioblasts delivered in a-sarcoglycan null mice are able to better resist to the
inflammatory environment and, more interestingly, provide a greater contribution to muscle repair,
as demonstrated by the restoration of a-sarcoglycan protein. Next step will be to deliver
mesoangioblasts intra-arterially in the same murine model, to allow them migrate to several
dystrophic muscles and make their efficacy more powerful.

We think our results are very encouraging and open a new way to manipulate mesoangioblasts fate.

In conclusion, we proved that Necdin plays an active role in growth and differentiation of

mesoangioblasts, as well as in their ability to contribute to skeletal muscle reconstitution. Detailed



studies about its way of action in this cell system are needed in view of the chance to further

enhance the benefic effect of Necdin on therapeutic potential of mesoangioblasts.
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Figure 1

(A-E) Mesoangioblasts were transduced with lentiviral vector pRLL-CMV-Necdin-Ires-EGFP to
over-express Necdin constitutively (NdnMABs) (A, C) and with lentiviral vector pRLL-CMV-
EGFP (GFPMABs) (B, D) as control. After 24h, transduction efficacy was evaluated by GFP
expression by fluorescence microscopy. Necdin over-expression was tested by qPCR (E):
NdnMABs express more than two thousand fold than wild-type mesoangioblasts.

(G-H) FACS analysis of GFPMABs and NdnMABs using SCA1 and CD34 antibodies.

(I-L) Smooth muscle differentiation was induced by treating mesoangioblasts with 5ng/ml of TGFbD.
Immunofluorescence with a specific antibody against aSMA was performed on GFPMABs (I) and
NdnMABs (L) to quantify differentiation rate. Percentage of differentiated cells was calculated as
number of positive cells to the staining. Results were expessed as mean + SEM of three independent
exprerients.

(M-P) Osteogenic differentiation as induced by treating mesoangioblasts with BMP2. Alkaline
Phosphatase staining was peformed on GFPMABs and NdnMABs to quantify differentiation rate.

Percentage of differentiated cells was calculated as number of positive cells to the staining.

Figure 2

(A-B) Skeletal muscle differentiation assay. GFPMABs (A) and NdnMABs (B) were cultured for
six days in differentiating medium (DMEM with 2% Horse Serum). Immunofluorescence was
peformed with specific antibodies (MF20, red; GFP, green). Nuclei were stained with HOECHST.
(C) Fusion index was determined by counting the number of nuclei in myotubes: over-expressing
mesoangioblasts showed an higher number of cells fused to myofibers. Results were expressed as
the mean + SEM of three independent experiments.

(D-E) time course skeletal muscle differentiation. Western Blotting as performed at two (T2), four

(T4) and six (T6) days after inducing skeletal muscle differentiation with specific antibodies for



Myosin Heavy Chain (MHC) and Myogenin. Results were compared with those obtained in
proliferating cells (T0). MHC and Myogenin expressions were normalized with GAPDH
expression.

(F) Cell death assay. Cell death of GFPMABs and NdnMABs was induced by a cytotoxic stimulus,
As203 (20mM). Percentage of dead cells was evaluated 24h after treatment by measuring

Propidium Iodide (PI) incorporation by FACS analysis.

Figure 3

(A-O) In vivo assay. GFP (A) and a-SG (B) expression in a-SG null mice treated with
mesoangioblasts intra-muscular delivery evaluated by qPCR. D16 = mesoangioblasts control line;
WT NT = negative (for GFP expression) and positive (for a-SG expression) control mouse. 10d and
20d are the days after which mice were sacrified. The values indicated in the chart are the results of
a mean between the results obtained from all the analyzed muscle.

Immunofluorescence with specific antibodies against GFP (green) and Laminin (violet) on sections
of tibialis of a-SG null mice treated with intra-muscular delivery of GFPMABs (C) and NdnMABs
(D). Nuclei were stained with HOECHST.

Immunofluorescence with a specific antibodies for a-SG (red) and Laminin (green) on sections of
tibialis of a-SG null mice treated with intra-muscular delivery of GFPMABs (H-I) and NdnMABs
(M-N). Nuclei were stained with HOECHST. Results were compared with immunofluorescence on

tibialis of wt mouse (E-F). G, L, O are merges of a-SG and Laminin stainings.
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Abstract

Skeletal muscles of subjects with advanced cancer undergo progressive wasting,
referred to as cachexia. Cachexiais an unmet medical need: strategies proposed until
now have yielded little benefit. We have recently identified necdin as a key player in
physiological myogenesis and muscle regeneration. Here we show that necdin is
selectively expressed in muscles of cachetic mice and formally prove that its
expression is causaly linked to a protective response of the tissue against tumor-
induced wasting, inhibition of myogenic differentiation and fiber regeneration.
Necdin plays this role mainly via interference with TNF-a signaling at various levels,
including regulation of expression of TNFR1, of p53 and of the activity of caspase 3
and 9. The data suggest that inhibition of muscle wasting via necdin is a feasible

approach to treat cachexiain neoplastic patients.
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INTRODUCTION

Cachexia consists of marked muscle wasting and atrophy associated with tumor load
(Morley et a., 2006; Tisdale, 2002). This condition lowers responsiveness to
treatment, contributing to poor prognosis and quality of life.

Several mediators of muscle wasting have been identified. These include immune and
tumor-derived cytokines such as tumor necrosis factor (TNF-c), interleukin (IL)-1,
IFNYy, and IL-6 (Argiles et al., 2006); in addition angiotensin-mediated activation of
caspases and p53 transcription factors have al been shown to play a role (Tisdale,
2005). Most of these pathways mediate their effects by reducing the rate of protein
synthesis at the level of protein translation or RNA content and by stimulating protein
catabolism through the activation of the ubiquitin-proteasome pathway accompanied
by induction of the ubiquitin E3 atrophy markers, muscle RING finger-1 (MuRF1)
and muscle atrophy F-Box (MAFBXx or atrogin-1) (Tisdale, 2005). The heterogeneity
of these factors and their potential synergistic mode of action have made their
targeting challenging and yielded little clinical benefit: therapeutic options against the
cachectic syndrome are in fact still lacking.

A defective skeletal muscle regeneration also substantially contributes to
muscle wasting (Coletti et al., 2005; Mores et a., 2008). The key cells in muscle
regeneration are satellite cells, that are activated and undergo myogenic
differentiation and fusion with damaged muscle fibers or with themselves to produce
new fibers (Charge and Rudnicki, 2004). A balance between cell proliferation,
differentiation and fusion is required for the correct muscle regeneration to occur. The
mechanisms leading to impaired muscle regeneration in cachexia have not been fully
investigated.

We recently found that necdin, a member of the MAGE family of proteins, plays key
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roles in regeneration (Brunelli et a., 2004; Deponti et a., 2007). Here we show that
necdin is central to the strategy operated by the muscle to physiologically counteract
tumor-induced muscle wasting and identify the mechanisms of necdin action that

suggestsit as a suitable target for therapeutic intervention in cachexia.
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RESULTS

Necdin is a physiological inhibitor of colon carcinoma-induced muscle wasting

To investigate whether necdin plays a role in tumor induced muscle atrophy we
initially measured its expression in muscles of cachectic mice. 2 months old wt mice,
(F1C57xBalbC) were inoculated with 10° colon-26 carcinoma cells (C26), a well
described model of cachexiainducing tumor cells (Tanaka et al., 1990). Muscles were
collected 6, 8, 10, 12 days after the injection. Necdin expression, measured by Real
Time PCR, was significantly upregulated during the first phases of cancer induced
cachexia, followed by a decrease from day 10 onwards (Fig. 1A), suggesting that
upregulation of necdin is aphysiological response of muscle to wasting.

To verify this hypothesis, MIcNec mice overexpressing the protein in the muscle
(Deponti et al., 2007), Ndn”~ (Muscatelli et al., 2000) and wt mice were inoculated
with C26 cells as above. Treated mice underwent hypoglycemia and a substantial
weight loss at least partialy due to loss of skeletal muscle mass (see below)
(Fig.1B,C). The lack of necdin in the muscle of Ndn” mice undergoing cachexia
resulted in a substantial and significant increase of these events. In contrast,
overexpression of necdin in MIcNec mice clearly protected against the systemic
effects related to the growing tumor (Fig.1B,C).

The mean muscle weight in tumor-bearing Ndn”™ mice was significantly lower than in
wt mice, while it was significantly higher in MIcNec mice. (Fig.1D). This was also
true, though at a lesser extent, for the fat and liver weight (Fig.1D).

The muscles of Ndn”" mice appeared less preserved and showed a lower density of

fibers respect to wt and even more to MIcNec mice (Fig.2A). Reduction in muscle
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weight was accompanied by a reduction of the fiber cross-section area, more marked
in Ndn™ mice than in wt and less severe in MIcNec mice (Fig.2B).

Changes in muscle weight and morphology were accompanied by decreased levels of
the muscle specific proteins Myosin heavy chain, Myogenin and MyoD in C26-
inoculated wt mice (Fig.2C, Suppl.Fig.1), consistent with the increased protein
catabolism that occurs during tumor load (Acharyya et al., 2004; Langen et al., 2004;
Tisdale, 2005) and associated with expression of atroginl and MuRF1, specific
markers of muscle wasting (Fig.2D). In C26-inoculated Ndn™ mice loss of muscle-
specific proteins was increased, as increased were the levels of the atroginl and
MuURF1 transcripts. Protein catabolism and expression of atroginl and MuRF1 were
reduced in C26-inoculated MIcNec mice (Fig.2C,D, Suppl.Fig.1).

Rea time PCR analysis showed expression in C26-inoculated mice of embryonic
myosin, a molecular hallmark of fiber regeneration. Embryonic myosin levels were
increased in MIcNec mice respect to wt and reduced in Ndn” mice (Fig.2D),
indicating that regeneration occurs at some extent in all mice but that it is
significantly enhanced when necdin is overexpressed.

Thus necdin overexpression in muscle is per se sufficient to counteract tumor-induced

muscle wasting and its absence leads to an exacerbated phenotype.

The protective action of necdin is mediated through inhibition of TNF«a dependent
cachectogenic signaling

We next investigated the molecular mechanism underlying the effect of necdin in
tumors. To this end we designed an in vitro approach mimicking the situation

observed in vivo.
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We exposed differentiating primary myoblasts (wt, MIcNec and Ndn™) and C2C12
cells (transfected with either pIRESGFPNecdin or plRESGFP plasmid) (Deponti et
a., 2007) to the supernatant of confluent C26 cells, or 3T3 fibroblast as control. The
C26-conditioned medium inhibited myogenic differentiation, decreased the
expresson of the differentiation markers MyoD, myogenin and MyHC (Fig.3A,
Suppl.Fig.2A) and the number of MyHC-positive myotubes (Fig. 3B). This effect was
counteracted by the overexpression of necdin in C2C12 and MIcNec myoblasts and
enhanced by necdin ablation (Ndn”™ myoblasts).

TNF-a significantly contributes to cachexia (Zhou et al., 2003) (Coletti et al., 2005);
in addition, low concentrations of TNF-o inhibit myogenic differentiation without
causing apoptosis, which ensues a high concentration of the cytokine (Alter et al.,
2008; Coletti et a., 2002; Moresi et a., 2008). Oxidative stress (Reactive Oxygen
Species, ROS) accompanies and sustains the action of TNF-o. (Barreiro et al., 2005;
Li et a., 2003)

Myoblasts from MIcNec, Ndn” and wt mice were differentiated in the presence or
absence of TNFo (5-20 ng/ml) or the ROS-generating As,Os (2-5 pM). TNF-o
inhibited myogenic differentiation and decreased expression of MyoD, Myogenin and
MyHC. The effect of the cytokine was significantly enhanced in Ndn™ cells
(Fig.3B,C, Suppl.Fig2B) and inhibited in MIcNec cells. These results were confirmed
in C2C12 cells where necdin overexpression overcame the inhibition of
differentiation induced by TNF-a and As;O3 and maintained the expression of MyaD,
Myogenin and MyHC (Fig. 3B,C, Suppl.Fig.2B).

We decided next to investigate how necdin interacts with the TNFo pathway. We
examined whether the lower effect of TNFo in necdin-overexpressing cells was

related to a differential expression of its pS5kD receptor (TNFRI). The amount of
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TNFRI transcript measured by Real Time PCR in myoblasts from the three mouse
genotypes was comparable (Fig.4A). By contrast, the amount of TNFRI exposed at
the plasma membrane of myoblasts cells measured by FACS analysis, was decreased
in MIcNec cells, and increased in Ndn-/- mice with respect to wt (Fig.4B). The role of
necdin was confirmed by overexpression of the protein in C2C12 (Fig.4B).

A Kkey protein mediating the TNF-o-induced cachexia and its inhibition of
myogenesis is p53 (Schwarzkopf et al., 2006). Exposure of myoblasts to TNF-o
during differentiation increased the expression of p53 (Fig.4C, Suppl.Fig.2C).
Overexpression of necdin in C2C12 and MIcNec myoblasts counterbalanced p53
overexpression, while significantly higher levels of p53 induced by TNF-o. were
observed in Ndn”~ myoblasts (Fig.4C, Suppl.Fig.2C). Higher expression of p53
transcripts was also observed in muscles of Ndn” mice respect to wt and a lower one
in MIcNec (Fig. 4D). Of importance, we observed higher levels of p53 transcripts also
in Ndn”" untreated myoblasts (Fig. 4D) indicating that necdin acts on p53 also
independently of its action on TNFRI.

TNF-o activates caspases that can mediate proteolysis of muscle proteins (Mores et
al., 2008). In both myoblasts and C2C12 exposure to TNF-o led to the activation of
caspases 3 and 9. Overexpression of necdin significantly reduced this activation,
while in its absence we observed an increased activation of caspases 3 and 9 (Fig.4C,
Suppl.Fig.2C).

Thus, necdin protects skeletal muscle from tumor-induced cachexia by inhibiting the
action of TNF-o;; such inhibition occurs on the TNFo-activated cachectogenic

signaling pathways at various levels.

Discussion
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The aim of this study was to identify new candidate targets for cachexia, for which
still no valid therapy has been proposed (Morley et al., 2006; Tisdale, 2006). Our
results clearly indicate that such a candidate molecule is the MAGE protein necdin.
We previously demonstrated that in vivo necdin increases the ability of myoblasts to
survive in presence of toxic stimuli and improves their myogenic differentiation,
acting both at the transcriptional level, regulating the expression of myogenin, and by
inhibiting apoptosis (Deponti et a., 2007). Now we show in vivo that necdin
counteracts the muscle wasting and inhibition of differentiation specifically induced
by the cachectogenic C26 cells. Necdin overexpression inhibited the drastic weight
reduction, the loss of muscle mass and the decrease in cross section fiber area, and the
reduction of the Myosin, Myogenin and MyoD protein levels. These effect of necdin
were not an artifact due to its overexpression: necdin expression was physiologically
upregulated in the muscle by the tumor in vivo and when such increase was prevented,
such as in Ndn” mice, the cachectic phenotype was exacerbated. Thus, necdin
expression is aresponse by muscles to tumor load of biological significance.

An important characteristic of necdin valuable in therapeutic perspective is that it
exerts positive effects systemically even if overexpressed by skeletal muscle only.
When we overexpress necdin in the muscle, it reduced the wasting effects of tumor
also on epididyma fat and liver. It remains to be investigated whether necdin-
expressing muscles maintain a higher metabolic state, resulting in reduced need for fat
and liver energetic reserve, thus limiting wasting of these tissues, or act by releasing
some anti-wasting factors for other tissues.

The beneficial effect of necdin appears to reside in the enhancement of both satellite
cells resistance to tumor-generated toxic cues and their ability to differentiate. Indeed

muscles of cachectic Ndn” mice were not only smaller, but appeared less preserved,
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and showed a diminished expression of embryonic myosin, a molecular marker of
regeneration.

The mechanism of the beneficial effect of necdin includes a specific action on the
TNF-a- activated signaling, since necdin interferes with it at various levels. We found
a decrease of TNFRI expression on the surface of necdin-overexpressing myoblasts,
and an increase in Ndn™ cells. Since the relative abundance of TNFRI mediates the
extent of TNF-a signaling (Neznanov et al., 2001, Paland, 2008 #35), this may in part
explain the protective effect of necdin. TNFRI belongs to the TNF/NGF death domain
family and necdin has been described to bind to the death domain of p75NTR in
endosomes and to modulate its signaling (Bronfman et al., 2003; Kuwako et al.,
2005). Other proteins have been shown to interact with multiple death domains and
mediate or inhibit signaling of different receptors (Y azidi-Belkoura et a., 2003). It is
conceivable that necdin binds the death domain of TNFR1 to modulate TNF-o
signalling pathway. Further investigation will be required to clarify this issue.

A second level of interaction between necdin and the TNF-o. signaling occurs on the
key downstream mediator of the effect of TNF-o, i.e. p53. Several studies suggest a
role for p53 in regulating muscle homeostasis. Increased p53 levels are found in
skeletal muscle during unloading-induced muscle atrophy, as well as in aging skeletal
muscle (Chung and Ng, 2006; Siu et al., 2006). Importantly, tumor bearing p53-null
mice are resistant to cachexia (Schwarzkopf et al., 2006). We have previously shown
that necdin binds p53 (Deponti et al., 2007). We found that p53 transcript and protein
levels were increased by TNF-oo and that such increases were lower in necdin
overexpressing myoblasts, and higher in Ndn” myoblasts, suggesting that necdin
reduced the TNF-o. dependent transcription/translation of p53, but may also influence

its abundance or activity by directly binding it. Of importance, we also found that p53
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transcript levels were regulated by necdin independently of TNF-c., since untreatd
Ndn™ myoblasts express higher basal levels of p53; thus regulation of this protein is
not entirely a consequence of the effect of necdin on TNFRI expression. These results
indicate that p53 is a major target of necdin and that necdin has a dual action on it,
decreasing not only its activity but also its expression.

Important effectors downstream to p53 in skeletal muscle are caspases (Mores et al.,
2008). We detected an increased activation of caspases in Ndn”~ myoblasts treated
with TNFa and the opposite in MIcNec mice. Consistent with such protective role of
necdin is also the observation that this protein counteracts the deleterious role of
ROS, that lead to reduced antioxidant gene expression associated with muscle
catabolism (Li et al., 2003).

In conclusion, our data show that necdin is part of the biological response of muscle
to tumor-induced cachexia in vivo, and that it acts through a multitargeted inhibition
of a relevant cachectogenic pathway, that of TNFo.. Muscle specific overexpression
of necdin showed that this protein not only has a high degree of efficacy in preventing
tumor-induced muscle wasting but exerts beneficial effects also on other tissues
affected by the disease. We conclude that necdin can be considered a valid candidate

molecule to design new approaches to cachexia.

11
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Materials and Methods

Mice.

Necdin gain of funcion mice (MIcNec) and necdin loss of function mice Ndn™ were
described in (Deponti et a., 2007) and (Muscatelli et al., 2000). Male BALB/c x
C57BI/6 F1 and BALB/c x MIcNec F; or BALB/c x Ndn™ F, mice were used at the
age of 6 weeks, maintained in a temperature-controlled room under a 12 h light/dark
cycle and fed on water and food ad libitum. In the BALB/c x Ndn” F;, male
homozygote mice were used to obtain Ndn™*™ offspring, that do not express necdin
due to maternal imprinting of the gene (Deponti et al., 2007).

C26 colon carcinoma cells and injection.

Murine colon 26 adenocarcinoma cells (C26) (Tanaka et al., 1990) were cultured in
DMEM containing 10% foetal bovine serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin. For in vivo inoculation a single suspension of cells, 10° cells in 100 pl
of PBS, were injected subcutaneously into the inguinal flank of mice. The same
volume of PBS were injected into the control groups.

Body weight measur ements.

Mice body weight was measured the day of C26 cells injection and every 48h
thereafter. The amount of food consumed by one mouse per cage was calculated from
the weight of the food pellet that remains every 48h.

Glucose level measurements.

Serum glucose level was measured in both PBS and C26-treated animals 8 days after
the injection using peripheral blood obtain by tail and employing the Ascensia Breeze
2 Glucose Monitoring System from Bayer (Mishawaka, IN USA).

Tumorsand organsisolation.

12
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Mice were sacrificed 6-8-10-12 days after cancer cells injection by cervica
dislocation and gastrocnemius, tibiais anterior, quadriceps muscles collected and
wighted. Liver, epididymal fat pads, and tumor were also isolated and weighed while
wet at 12d. Tumor weights did not show any statistical significance between the
mouse lines.

Real Time PCR analysis.

Total RNA from TA and gastrocnemius muscles dissected from PBS- or C26 injected
mice (or myoblasts) were extracted using TRIzol protocol (Invitrogen, Carlsbad, CA).
RNA (2 pg) was reverse-transcribed using SuperScript Il First-strand synthesis
system (Invitrogen) according to the manufacturer’s instructions (Random Hexamers
and dNTPs were from Invitrogen). Each cDNA sample was amplified in duplicate
using the iQ SYBR Green SuperMix (Bio-Rad, Hercules, CA) on a real time PCR
system (Mx3000P, Stratagene, La Jolla, CA). All results were normalized to levels of
the GAPDH or 28S ribosoma RNA

GAPDH forward: 5-TGAAGGTCGGTGTGAACGGATTTG-3;

GAPDH reverse: 5-CATGTGGGCCATGAGGTCCACCAC-3;;

NecdinFl: 5-GTCCTGCTCTGATCCGAAGG-3/;

NecdinR1A: 5-GGTCAACATCTTCTATCCGTTC-3;

TNFR1aF, 5 - TCAAAGAGGAGAAGGCTGGA-3 ;

TNFR1R,5 - GCAGAGTGATTCGTAGAGCAGA-3 ;

Atroginl forward, 5'- CAGAGAGGCAGATTCGCAAG-3';

Atroginl reverse, 5'-GGGAAAGTGAGACGGAGCA-3;

MurF1 forward, 5-GTTAAACCAGAGGTT CGG-3';

MurFl1 reverse 5-ATGGTTCGCAACATTTCGG-3';

p53 forward 5-ACCTCACTGCATGGACGATCT-3;

13
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p53 reverse 5-GACACTCGGAGGGCTTCACTT-3;;

embMHC forward 5-TGAAGAAGGAGCAGGACACCAG-3;

embMHC reverse 5-CACTTGGAGTTTATCCACCAGATCC-3';

Western Blot analysis

TA and gastrocnemius muscles dissected from PBS- or C26 injected mice or cells
(primary myoblaswts and C2C12) were homogenized in 50 mM Tris/HCI, pH 7.4, 1
mM EGTA, 1 mM EDTA, 1% Triton X-100 or in 100 mM NaHCO;, 1 mM EDTA,
2% sodium dodecy! sulfate and protease inhibitor cocktail (SSIGMA) and centrifuged
at 13,000 g for 5 min at 4°C to discard cellular debris.

Sample preparation and Western blot analyses were performed as described in
(Deponti et a., 2007). After electrophoresis, polypeptides were transferred to
nitrocellulose filters and antigens were revealed by incubation with primary
antibodies and followed by the appropriate secondary antibodies. The antibodies used
are the following: anti—glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mAb
from Biogenesis, anti-MyoD mAb from DakoCytomation, anti-sarcomeric myosin
MF20 and anti-myogenin from Developmental Studies Hybridoma Bank, anti-p53
antibody from Calbiochem, anti-activated caspase 3 pAb and anti-caspase 9 mAb
(recognizing both activated and non-activated forms) from Cell Signaling.

Histology and M or phometric analysis

TA and gastrocnemius muscles were dissected from PBS- or C26 injected mice
sacrificed 12 days after inoculation and frozen in liquid No—cooled isopentane. 8-um
serial muscle sections were either stained with haematoxyline/ecsine (H&E) as
described in (Deponti et al., 2007). Morphometric analyses were performed on
sections of tibialis anterior and gastrocnemius using and the Image 1.63 program

(Scion Corporation) to determine the cross sectional area. Ten sections and 300 fibers

14



Sciorati et al. Necdin protects muscles from tumor-induced wasting

were analyzed for each group.

Cell culture and tranfection.

C2C12 and fibroblast 3T3 cell line (3T3) cell lines were obtained from American
Type Culture Collection and cultured in DMEM supplemented with 10% FBS, 100
U/ml penicillin, and 100ug/ml streptomycin (proliferation medium). C2C12 cells
were differentiated in DMEM supplemented with 2% horse serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin (differentiation medium) as described in
(Deponti et al., 2007).

C2C12 cells were transiently transfected with Lipofectamine Plus reagent
(Invitrogen). as described in (Deponti et al., 2007), using plRESEGFPNecdin plasmid
or plRESEGPF plasmid. Cells were grown for 24 h in proliferation medium and than
incubated for additional 72 h in differentiation medium in presence of medium
obtained from confluent culture of 3T3 or C26 cells (1:2 dilution), 5ng/ml of TNFo or
2uUM of As;Os. The doses of TNFo. or As,O3 were previously determined as the one
resulting in no cell death (seen by Tunel assay, not shown). In the case of caspases or
p53 experiments, the incubation in differentiation medium was reduced to 24 h.
Primary myoblasts culture.

Primary myoblasts from newborn mice of the different strains were isolated as
described in (Deponti et al., 2007) and plated at clonal density using collagen-coated
dishes. Cells were grown in proliferation medium (DMEM supplemented with 20%
FBS, 3% chick embryo, 100 U/ml penicillin, 100 pg/ml streptomycin, and 50 pg/ml
gentamycin). To induce myotube formation cells were cultured in differentiation
medium (DMEM supplemented with 2% horse serum, 100 U/ml penicillin, and 100
ug/ml streptomycin) for 24 h in presence of medium obtained from confluent culture

of 3T3 or C26 cells (1:2 dilution), 20ng/ml of TNFo. or 5uM of As,Os. The doses of
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TNFo or As;O5 were previously determined as the one resulting in no cell death (seen
by Tunel assay, not shown). In the case of caspases or p53 experiments, the
incubation in differentiation medium was reduced to 16h.

Immunofluor escence

Immunofluorescence on cells were performed as in (Deponti et a., 2007) using the
antibody specific for sarcomeric myosin MF20 (Developmental Studies Hybridoma
Bank).

Flow cytometry

The cells were scraped of the petri dish and resuspended in PBS containing 1%
bovine serum albumin and 0,05% NaNs. Then, cells were stained a 4°C for 45
minutes with the TNF receptor 1 antibody (#19139, Abcam). After two washes with
PBS, the cells were stained at 4°C for 30 minutes with an Alexa Fluor 488 dye-
conjugated donkey anti-rabbit antibody (#A-21206, Molecular Probes). After three
washes, analysis of the fluorescence was performed using a FACScan flow cytometer
(Becton Dickinson). Cells stained with the secondary antibody alone were used as

control.

I mage acquisition and manipulation

Fluorescent and phase contrast images were taken on the Nikon microscope Eclipse
E600, (lenses Plan Fuor: 10x/0.33, 20x/0.50). Images were acquired using the NIKON
digital camera DXM1200, and the acquisition software NIKON ACT-1. The imaging
medium was PBS buffer, images were taken at room temperature. Images and scanned
films were assembled in panels using Adobe Photoshop 7.0. Images showing double
fluorescence were separately acquired using the appropriate filters, and the different

layers were then merged with Adobe Photoshop 7.0.
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Statistical analysis

The results are expressed as means = s.em.; n represents the number of individua
experiments. Statistical analysis was carried out using the ANOVA test. Asterisks in
the figure panels refer to statistical probabilities vs. wt controls respectively. Statistical

probability values (P) of less than 0.05 were considered significant.
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FIGURE LEGENDS

Fig.1. Necdin inhibits colon carcinoma-induced muscle wasting

A) Necdin expression was measured by Real Time-PCR on TA muscle from PBS or
C26-treated animals sacrificed 6, 8, 10 and 12 days after tumor injection. Five
animals were analyzed in parallel for each time. Results were normalized to levels of
the GAPDH RNA.

B) Body weight of both PBS- and C26- treated animals was measured the day of
tumor injection and every two days. Ten animals were analyzed in parallel for each
group: wild type mice (wt), MIcNec mice and necdin Ndn” mice. Results are
expressed as % + SEM of weight obtained for PBS-treated animals of each group
(PBS) (n=10 per group). The mean weight £ SD of the PBS treated animals was
21.60+ 0.42 g the day of injection and 24.95 +0.68 g 10 days later.

C) Glycemia measurement. Serum glucose level of PBS- and C26-treated animals
was measured eight days after tumor injection. Ten animal were analyzed in parallel
for each group: wild type mice (WT), MicNec mice and Ndn” mice. Results are
expressed as % + s.em. of the glycemia obtained for PBS-treated animals of each
group (PBS). The mean glycemia level + sem. The glicemia level of PBS treated
mice was 144.33 +17.8 mg/dl, P < 0.01.

D) Muscles (TA, gastrocnemius, Gst, and quadriceps, Quad), liver and epydidimal fat
(Ep.fat) were isolated from both PBS- and C26-treated animals 12 day after tumor
injection and weighted. Ten animals were analyzed in paralel for each group: wild
type mice (wt), MlcNec mice and Ndn”™ mice. Results are expressed as % + SEM of
the weight of PBS-treated animals for each group (PBS). The mean weigh + SD for

liver, epididymal fat pads, gastrocnemius, TA, quadriceps muscles of PBS treated
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animals were respectively 1235,6 +85,65, 385,5+77,8, 126,8+12,3, 54,5+7,1, 139,4+

5,7, 476,5+98,75 mg.

Fig.2 Necdin inhibits colon carcinoma-induced muscle protein catabolism

A) Hystology of tibialis anterior muscle. Rapresentative hystological images of H& E
stained sections of TA muscles of mice sacrificed 12 days after PBS or tumor
injection.

B) Distribution of cross sectional area of tibialis anterior fibers was analyzed on
section obtained from PBS- (red, bleu and green lines) and C26- treated (yellow, light
blue and light green lines) animals, 12 days after tumor injection (n= 5). Ten H&E
stained sections and a total of 300 fibers were measured for different group (wt mice:
red and yellow lines, MIcNec: blue and light blue lines, Ndn”™ mice: green and light
green lines).

C) Expression of myosin heavy chain (MHC), Myogenin, MyoD or glyeraldehyde
phosphate dehydrogenase (GAPDH) in TA of animals sacrificed 12 days after PBS or
C26 tumor cells injection. Images are representative of 3 different experiments with
muscles isolated from five animals for each group of wild type (WT), MIcNec or Ndn®
" mice. Quantification are shown in Supplementary Fig. 1B.

D) Embryonic myosin, (eMyHC), Atroginl (Atgl) and Murfl expression was
measured by Real Time PCR on TA muscle from C26-treated animals sacrificed 10
days after tumor injection. Five animals were analyzed in paralel for each group:
wild type mice (wt), MIcNec mice and Ndn™ mice. Results are normalized to levels
of the GAPDH RNA and expressed as % of the wt.

Bar errors represent s.em. Single and double asterisks indicate P < 0.01 and P <

0.001 respectively vs. wt, single cross indicate P < 0.05 vs PBS.
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Fig3. Necdin counteracts TNF-a and ROS induced inhibition of myogenic
differentiation

A) Expression of myosin heavy chain (MHC), Myogenin (Myog.), MyoD or
glyeraldehyde phosphate deidrogenase (GAPDH) in primary myoblasts isolated from
wild type (WT), transgenic (MIcNec) or null (Ndn™) newborn mice (myoblasts) or
C2C12 cells transfected with a plasmid containing pIRES2-EGFP (EGFP) or
pIRESEGF-necdin (EGFPNdn) (C2C12), and differentiated in presence of culture
medium of the fibroblast 3T3 cell line (3T3) or the C26 colon carcinoma cells (C26).
Images are representative of 3 reproducible experiments. Quantifications are shown in
Supplementary Fig. 2A.

B) Expression of sarcomeric Myosin Heavy Chain by immunofluorescence on C2C12
cells transfected with pIRES2-EGFP (EGFP) or pIRESEGF-necdin (EGFPNdn) and
differentiated in presence of culture medium of the fibroblast 3T3 cell line (3T3), C26
colon carcinoma cells, or of 5 ng/ml TNF-a (TNFo) or 2 pM of As;03 (As;03);
nuclei are stained with Hoechst. Scale bar: 200 pm.

C) Expression of myosin heavy chain (MHC), Myogenin (Myog.), MyoD or
glyeraldehyde phosphate deidrogenase (GAPDH) in primary myoblasts isolated from
wild type (WT), transgenic (MIcNec) or null (Ndn™) newborn mice (myoblasts) or
C2C12 cells transfected with a plasmid containing pIRES2-EGFP (EGFP) or
PIRESEGF-necdin (EGFPNdn) (C2C12), and differentiated in presence of TNFa
(TNF) (20 ng/ml myablasts, 5 ng/ml, C2C12) or of As,05 (As;03) (5 UM myablasts,
2 UM C2C12). Images are representative of 3 reproducible experiments.

Quantifications are shown in Supplementary Fig. 2B.
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Fig.4 Necdin inhibits TNF & chachectogenic signalling at different levels

A) Expression of TNFRL in primary myoblasts from wild type (wt), MlcNec or Ndn'
newborn mice by Real Time PCR. Results are normalized to levels of the GAPDH
RNA and expressed as % of the wt value (n=3)

B) How cytometry analysis of TNFR1 receptor in primary myoblasts (Ieft panel) or
trasfected C2C12 (right panel). Satellite cells, isolated from wild type (wt), transgenic
(MIcNec) or null (Ndn™) newborn mice, were analysed for TNFR1 expression (light
blue, orange and light green line respectively). Controls were made using FITC
conjugated secondary antibody alone (blue, red and green line dotted respectively)
(RFI: MIcNec, 29.9 = 0.4; wt 44.23 + 1.1; Ndn™ 55.7 + 0.73 P<0.001 vs. Wt, n=3).
C2C12 was transiently transfected with a plasmid containing pIRES2-EGFP (EGFP)
or plRESEGF-necdin (EGFPNdn) and analysed for TNFR1 expression after gaiting
of transfected cells (light blue and red line respectively). Control sample were made
using secondary antibody aone (blue and orange respectively) (RFI: pIRESGFP,
19,4966 + 1.15; pIRESEGFP-necdin, 9,136 + 1.03, P<0.001 vs. pIRESEGFP, n=3)

C) Expression of p53 and activate caspases 3 and 9. Primary myoblasts (myoblasts)
from wild type (wt), MIcNec or Ndn"™ newborn mice or C2C12 transiently transfected
with a plasmid containing pIRES2-EGFP (EGFP) or pIRESEGF-necdin (EGFPNdn)
were differentiated in absence (PBS) or in presence of 5-20 ng/ml of TNF-o. (TNF).
Cells were analyzed for p53 expression (p53) and for the activation of caspase 9
(Casp. 9, lower bands in the western blot images) and caspase 3 (Casp. 3). Images are
representative of 3 reproducible experiments. Quantification are shown in
Supplementary Fig. 2C.

D) p53 expression was measured by Real Time PCR in TA muscle from C26-treated

wild type (wt), MlcNec and Ndn”" mice sacrificed 6, 8, 10 and 12 days after tumor
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injection (n=5) (left graph) or in primary myoblasts from wild type (wt), MIcNec or
Ndn'"~ newborn mice (myoblasts) (n=3) (right graph). Results are normalized to levels
of the GAPDH RNA and expressed as % of the wt value.

Bar errors represent s.e.m. Single and double asterisks indicate P < 0.01 and P <

0.001 respectively vs. wit.
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Figure 3
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Chapter 4

Discussion and futur e per spective

81



The aim of my PhD project was to study the rolehaf MAGE protein
Necdin in increasing dystrophic muscle repair bysoamgioblasts stem
cells. They are vessel-associated stem cells tha¢ leen shown to
contribute to muscle repair and ameliorate therdpsic phenotype of
the alpha sarcoglycan (SG) null mouse and in dybktoodogs when
delivered intra—arterially [1, 2]. However, the aafy of
mesoangioblasts to repopulate diseased muscleesiude their function
still needs to be optimized. This task is compidaty the limited
knowledge of the signals and the pathways thatlaggtheir proliferation
and commitment toward the myogenic lineage, as a&ltheir survival
and muscle homing upon transplantation. In parigdew information is
available on their behavior when they reach theatged muscle.

One of the main reasons for the partial effect esoangioblasts is likely
to be ascribed to the limited ability of these £é¢dl reach and colonize the
muscle, and their recruitment depends on the ggoeraf specific
chemoattractants at the site of damage and theragere of signals,
which favor stem cell survival and differentiatiauch as HMGB1, TNF-
a, vascular endothelial growth factor, and metalbopinase 9 (MMP-9),
molecules involved in the regulation of cell migoat[3].

Nowadays, there are a lot of genes and moleculas d@he being
investigating to improve mesoangioblasts activigr instance, Nitric
Oxide (NO) and TGE have been shown to be good candidate stem cell
survival and the ability of these cells to resist the inflammatory
environment in the damaged muscle [4, 5]. We dLitb build our
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strategy to this intent on the MAGE protein NecdNecdin was first
described as a protein expressed by post mitotiarons, but
subsequently it has been shown to be expressedmaldeveloping and
regenerating muscle, suggesting a critical roleis tissue. We provided
the first evidence that Necdin is required for naFrmuscle growth and
efficient muscle regeneration in vivo, by promotisgtellite-derived
myoblasts survival and accelerating their diffeismn [6]. Indeed,
Necdin acts at two different levels: it regulategogenin transcription, in
cooperation with MyoD and it protects myoblastsnirccell death,
probably by interacting with 53 activity.
We also recently showed in vivo that Necdin cowadts the muscle
wasting and inhibition of differentiation specifiyainduced by cachexia,
a pathology in which atrophy is associated with durioad [7]. Necdin
over-expression inhibited the drastic weight redunctthe loss of muscle
mass and the decrease in cross-sectional fiber anelathe reduction of
myosin, myogenin and MyoD protein levels. In thisntext, Necdin
exerts its protecting effect by interfering with Fétactivated signaling
at various levels. First of all, it causes a remuncof TNFRI expression
on the surface of myoblasts, probably binding itatd receptor to
modulate the extent of TNF signaling. Secondary, it influences the
activity and the expression of p53, not only byedir binding as
previously shown, but also reducing its reduce diNIEpendent
transcription and translation. Muscle-specific cegpression of Necdin
showed that this protein not only has a high degrkeefficacy in
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preventing tumor-induced muscle wasting, but algerts beneficial
effects on other tissues affected by the disease.

Given these previous results and since we foundNleadin, when it is
over-expressed together with the homeobox trartsmnigfactor Msx2,
promotes smooth muscle differentiation of mesodrigsis [8], we
wondered if it could play an active role also inelgkal muscle
differentiation and regeneration by them. To te& hypothesis, we over-
expressed Necdin under a constitutive lentivirakeein mesoangioblasts
from C57 adult mouse and we compared their behawithr wild type
cells both in vitro and in vivo. Osteogenic and stho muscle
differentiation potential of mesoangioblasts is affect by the presence
of Necdin, as well as their phenotypic expressias, shown by
microarray analysis. Anyway, when skeletal musciéeéntiation is
induced, over-expressing cells display an highsiofuindex. This results
is similar to that observed in satellite —deriveglolmasts, but is more
interesting if we think of the therapeutic applioatof mesoangioblasts.
In order to understand the molecular mechanisms ihgulate this
process, we first investigated if Necdin could act transcriptional
pathways, as in myoblasts. The gain-of-functione@ffin vitro in
myoblast cultures correlates with an increasedofusndex and with
changes in the expression of different myogenic kerar including
myogenin and sarcomeric myosin. It doesn’t happemeésoangioblasts.
Indeed, when skeletal muscle differentiation isuicet, over-expression
of Necdin doesn't affect transcriptional levelsnayogenic markers, even
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if these cells displays an higher level of myogepriateins respect to wild
type cells. A possible reason of the different medraof Necdin in the

two cell system may be its differentially cellulacalization. Necdin was
initially identified as a nuclear protein of posttatic neurons [9];

anyway it was found to be present also in the dg®p of these cells
[10], as well as in muscle [8], and in brown adijtectissue [11].

Furthermore, it is demonstrated that a myelin-aased protein NogoA
inhibits necdin-accelerated neuronal neurite owtjnioby sequestering
necdin in the cytoplasm [12]. Here we provided ekiglence that in wild-
type satellite-derived myoblasts, Necdin is exprdsm the cytoplasm,
both in proliferation and in differentiation conidit; anyway, cells from
transgenic mice, express Necdin only in the cysplavhen they are in
proliferation stage, but when they are induced iffer@ntiate it is

expressed both from cytoplasm and the nucleusrestiagly, over-

expressing Necdin mesoangioblasts display a difterpattern of

expression: both in proliferation and in differeiton condition, Necdin
is expressed only in the cytoplasm. This may explahy we don't

appreciate any effect on transcription processesoluld be useful to
target Necdin specifically to the nucleus, to ketct as transcriptional
factor and investigate the effect on myogenic gexgsession.

The other aspect that we investigated is a possitdeof Necdin as pro-
survival factor, as already demonstrated in necegl$ [13-15] but also in
muscle cells [6, 7]. It is known that the cytotoricvironment existing in

the damaged muscle, that produces several pravinfltory and pro-

85



apoptotic stimuli, is one of the main reasons fartipl effect of
mesoangioblasts [5]. So it would be of great irgereNecdin could act
as anti-apoptotic factor also in this cells. Tostlend, mesoangioblasts
were exposed to a cytotoxic stimulus,,®s We found that Necdin
protects mesoangioblasts from cell death. More istuavill need to
clarify what are the mechanisms underlying thiseobation, in order to
take advantage of this property to improve thamichl application. We
are focusing on the intrinsic death pathway. Hdtvated by intracellular
events, factors such as DNA damage, resulting toahondrial-mediated
cell death [16], where a cascade of events ultipmateluce caspase 9
cleavage and activation; activated caspase 9 m dativates caspase 3
[17]. Since we already shown in satellite-derivegbblasts that Necdin
acts by limiting events in the common pathway to@psis converging
on caspase 9 activation, we are investigating dait interact with the
apoptosis program also in mesoangioblasts.

Given the promising results obtaingdvitro, we decided to move to
vivo analysis, to check if Necdin could also optimizespangioblasts
contribution to muscle repair in a murine modelnaiscular dystrophy,
a-sarcoglycan -SG) null mice. We delivered over-expressing Necdin
mesoangioblasts intra-muscularly in thesarcoglycan null mouse and
we compare their effect with that obtained withivkaly of wild type
cells. After ten days from the treatment, we fotimat Necdin confers an
higher survival ability to mesoangioblasts, datat tborrelates with the

one obtained with satellite-derived cells. But thest interestingly results
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is that Necdin enhances mesoangioblasts abilityefmair dystrophic
phenotype, as showed by the higher restoratiom-sdrcoglycan protein
after treatment. This is a very encouraging resulzjew of new possible
strategy to improve mesoangioblasts activity andimdate their fate.
Nevertheless, intramuscular release of these legltds to a partial rescue
of dystrophic damage, localized to the area of itijection. For this
reason, we are now delivering over-expressing Neeaid wild type
mesoangioblasts intra-arterially, a more powerfutotg@col for
mesoangioblasts treatment. Preliminary results deinated a positive
effect of Necdin also in this system, even if thexea great variability
among the samples. Moreover, we found a remarkalnheber of cells
trapped inside filter organs, due to incomplete esthn and
extravasation. A possible strategy to limit thigeef will be a pre-
treatment of mesoangioblasts with cytokines andiasarexpression of
certain adhesion molecules, that is already shoveramatically improve
their migration to the affected muscles [18].

In conclusion, we proved that Necdin plays an &ctole in growth and
differentiation of mesoangioblasts, as well ashigirt ability to contribute
to skeletal muscle reconstitution. It is not yetlwmderstood what are
the pathways involved in this process, but prob#idyeffect of Necdin is
mainly due to its pro-survival role. Anyway, degall studies about its
way of action are needed in view of the chanceutthér enhance the
benefic effect of Necdin on therapeutic potentiistem cells. To this

purpose, we are also investigating the signalinthways leading to
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enhanced satellite cells activation and proliferatiand muscle
regeneration in the transgenic mice MIc2Nec, wingedin is controlled
by a muscle-specific promoter (Myosin Light Chaim)}comparison with
the wild type and Necdin null mice. We are focusorgtwo molecular
partners of Necdin in myoblasts and during skeletauscle
differentiation, Cell Cycle and Apoptosis Regulat@rotein 1
(CCAR1/CARP1) and Sirtuinl (Sirtl), not only to rifg what function
has Necdin in these cells but also looking for asfae role of Necdin in
stabilizing transcriptional complexes. CCARL1 isagipuclear protein that
we identified as Necdin interactby using the Two Hybrid system in
yeast; it mediates apoptosis signalling by diveagents, leading to the
activation of caspase 9 and 3, members of Jun iNitel kinase (JNK)
and p38 MAPK family of proteins. We were able alsadentify p53 in
the complex Necdin-CCAR1 and we postulated tha templex could
be responsible of the anti apoptotic mechanismctba of Necdin, by
blocking p53 and CCAR1 cell death induction (Frascet al.,
unpublished data).

Sirtl is a mammalian nicotinamide adenine dinuddeot(NAD)-
dependent histone deacetylase (HDAC) that downlagzsi the
acetylation levels of many regulatory proteins iwed in energy
homeostasis, DNA repair, cell survival, and lifesptension [19]. In
particular, it deacetylates p53 and repressecitgity to protect various
cells from DNA damage-induced apoptosis [20]. Régeit was shown

that necdin promotes p53 deacetylation by fadifitatthe interaction
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between Sirtl and p53 to suppress p53-dependembrreduapoptosis
[21]. Moreover, it is known that Sirtl retards migsdifferentiation [22],

increases satellite cells proliferation [23] anatcols the transcription of
the PGCla gene [24]. Now we are investigating itdiie and Sirtl

interact also in muscle cells and, if so, if itealtSirtl activity or the

expression of its target genes.

In satellite cells fine—tuned regulation of cell cty is critical for

activation in response to appropriate stimuli, gooliferation to increase
the cell population and maintenance of the pod, famally for return to

quiescence, a reversible GO phase. Since it wasntlgcshown that
Necdin promotes cell cycle exit of hematopoietienstcells (HSCs)
maintaining their quiescence [25] and restrictsrthmliferation [26], we

are wondering if it may affect also satellite cetjsiescence and/or
proliferation. Actually, Necdin over-expression seeto increase the
number of quiescent satellite cells, probably byregulating Pax7
expression. Getting more insight into the pathwayfs myogenic

commitment and differentiation of satellite cellsowld be of great
importance, not only in terms of a general undeditay of the biology of

muscle differentiation and homeostasis, but alsdepen our knowledge
on the mechanisms controlling commitment and teamdifferentiation

of skeletal muscle cells during regeneration.

In parallel, in the next future we will be interedt in further

characterizing the involvement of Necdin in mesaalpigsts cell fate by
analyzing two different models: the first one ise tgain-of-function
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mouse Mic2Nec, in which it will be over-expressedyoupon muscle
differentiation. The second one is the loss-of-fiortmodel, Necdin null
mouse. We are isolating mesoangioblasts from tleentwuse models and
we will characterize them both in vitro and in vivBreliminary data
show that these cells retain stem cells propettied,is the expression of
typical surface markers and the ability to takefeddnt mesodermic
tissues fate. Next step will be to investigate \Wbetmuscle-specific
expression or, on the contrary, the lack of expoessf Necdin could
anyway affect the contribution of mesoangioblastsskeletal muscle
regeneration. In this way, we will fully outline géhrole of Necdin in
controlling mesoangioblasts stemness, with a pdaicfocus on their
skeletal muscle fate. This approach may lead usldaafy molecular
mechanisms underlying their behavior in the permspecof making

mesoangioblasts stem cells therapy successful farmahs.
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