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SUMMARY

Skeletal muscle regeneration following injury depends on the
ability of satellite cells (SCs) to proliferate, differentiate, self-
renew, and eventually repair the damage. SC function declines
with age and in certain pathological conditions, such as Duchenne
Muscular Dystrophy (DMD). Previously we demonstrated that
lack or inhibition of Protein kinase C6 (PKC8), in a mouse model
of DMD (mdx mouse) is associated with a significant improvement
in muscle regeneration, which is primarly due to reduced
inflammation; hovever, it might also depend on a direct effect on
SCs. Therefore, in this study we examined the potential role of
PKCH in SC function. We show that PKCH is expressed in SCs and
its active form is localized to the chromosomes during prophase, to
the centrosomes during metaphase and to the midbody during
cytokinesis. Interestingly, symmetric division of Pax7+/MyoD-
SCs and the number of self-renewing SCs were significantly
increased on single myofibers isolated from PKC6-/- mice
compared to wild type, after 2 and 3 days in culture. Genetic
ablation of PKC# or its pharmacological inhibition in vivo had no
effect on SC number in healthy muscle. By contrast, after
induction of muscle injury lack or inhibition of PKCO resulted in a
significant expansion of a population of self-renewing SCs known
to contribute to the maintenance of the satellite cell pool. Lack of
PKCHO had no effect on SC proliferation in vitro and in vivo and did
not alter the inflammatory milieu after acute injury in muscle.
Thus, the enhanced self-renewal ability of SCs in PKC6-/- mice is
not due to an increased proliferation or a different crosstalk
between SCs and immune cells. Together, these results suggest that
PKCO absence or inhibition lead to an increased SC self-renewal
by stimulating their expansion through symmetric division. In
conclusion, PKCO may be a promising target to manipulate
satellite cell self-renewal in pathological conditions.
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1. INTRODUCTION

1.1 Satellite cells and muscle regeneration
1.1.1 Satellite cells in normal and regenerating muscle

Satellite cells (SCs) are the adult stem cells of skeletal muscle, first
identified by Mauro [1]. They are so called because of their
position between the sarcolemma and the basal lamina of the fiber
[1]. During development, satellite cells originate from the
dermomyotome, an epithelial structure on the dorsal part of the
somites, from progenitor cells expressing the transcription factors
Pax7 and Pax3. In the mouse embryo, during day 16.5 to 18.5,
progenitor cells migrate to a position between the primitive basal
lamina and the myotome. After birth, these cells begin to expand
and acquire the adult phenotype [2]. Pax7 is the common
biomarker used to identify satellite cells in adult muscle, because
quiescent and proliferating satellite cells express it. Other
important markers of satellite cells include, among others, M-
cadherin, c-Met, a7-integrin, CD34, and syndecan 3 and 4 [3].
Satellite cells have long been considered a homogeneous
population of progenitor cells. However, more and more studies
support the findings that SCs are a heterogeneous population of
cells based on their genetic signature, phenotype as well as
stemness and myogenic propensity [4].

Satellite cells are mitotically quiescent (in Go phase) under steady
state, but following muscle injury they enter the cell cycle, expand
and fuse to repair the muscle. At the same time, some of the
satellite cells undergo self-renewal, a process necessary for the
maintenance of the SC pool [5]. Quiescent SCs show a unique
transcriptomic profile, with genes involved in transcriptomic
control, negative regulators of cell cycle, cell-cell and cell- ECM
adhesion and lipid transporter for metabolic control. At the
epigenetic level half of the protein-coding genes show an active
chromatin state, acquiring histone H3 Lys4 trimethylation
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(H3K4me3). These findings suggest that quiescent SCs are primed
for activation, to respond to an injury signal rapidly [6]. One of the
key factors promoting SC quiescence is the transmembrane protein
Notch. When Notch ligands Delta or Jagged bind to the receptor,
the Notch intracellular domain Nicd 1s cleaved. Nicd then
translocates to the nucleus where it interacts with downstream
effectors such as recombining binding protein-Jx (RBPJx) [7].
RBPJx and Nicd can bind the Pax7 promoter directly, thereby
inducing its expression. Furthermore, Hes and Hey, two of the
Notch target genes, reduce Myod mRNA, one of the main
myogenic regulatory factors [8].

After muscle injury SCs are exposed to external stimuli that induce
their activation, and cause a profound epigenetic transformation.
Activated satellite cells express genes involved in cell cycle entry
and progression, chemotaxis, and metabolic processes [9]. After
activation, satellite cells start to express other myogenic factors
such as Myf5 and MyoD, and enter cell cycle by 24-48h after
injury. Activated satellite cells also start to migrate to reach the site
of injury [5]. These cells can migrate along the same myofiber, or
they can also migrate to other myofibers, by crossing the basal
lamina [10].

MyoD is an important regulator of satellite cell differentiation. In
the absence of MyoD, satellite cells do not differentiate and remain
mostly in the proliferative state, with propensity for self-renewal
[11].

After the proliferative phase, SCs enter the myogenic program and
begin to fuse together or with preexisting fibers. The transcription
factors regulating the switch from proliferation to differentiation
are Myf6 (aka Mrf4), Mef2, and myogenin, which is mainly
induced by MyoD [12]. These are master regulators that induce
muscle-specific genes, such as myosin, actin and troponin. The
transcriptional activity of these master transcription factors can be
regulated at the post-transcriptional level: p38 o/p has been shown
to phosphorylate and activate Mef2 and MyoD, stimulating their
binding to promoters [13]. HDACs can either directly inhibit
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MyoD transcriptional activity [14], or indirectly through a Mef2-
dependent pathway [15].

Micro RNAs, have also been shown to regulate myogenic
differentiation. MRFs induce the expression of microRNAs such as
miR-1, miR-133 and miR-206, which regulate the expression of
myogenic genes [16].
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.E. Almada and A.J. Wagers, Mol Cell Biol (2016).

Figure 1: a: recapitulation of satellite cell activation and differentiation
mechanism; b: Intrinsic factors expressed in quiescent, activated and self-
renewing cells.

The process of myoblast fusion is regulated by different
intracellular or membrane-bound proteins, such as Pl-integrin,
VLA-4 integrin, the receptor VCAM, and caveolin-3. These
proteins promote cell recognition and adhesion. A first phase of
myoblast fusion (primary fusion) forms small myotubes. Then, a
second myoblast fusion wave incorporates new myoblasts to the
nascent myofiber, thereby completing the myofiber growth. Newly
formed myofibers can be recognized by their small size compared
to normal fibers, by the centrally located nuclei, and the by
expression of embryonic Myosin Heavy Chain (eMHC). With the
progression of muscle regeneration, these fibers increase in size,
the nuclei move to the periphery, and the muscle is fully
regenerated by day 50 after injury [5].
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1.1.2 Satellite cell self-renewal

As previously mentioned, like other adult stem cells, satellite cells
are also able to self-renew, to maintain the muscle stem cell pool
throughout life. Self-renewal can be achieved by symmetric or
asymmetric division. In the first case a single cell gives rise to two
identical cells that will both differentiate or go back to quiescence.
In the asymmetric division, a cell generates two cells, one of which
will differentiate and the other will self-renew [5]. Satellite cell
ability to self renew was demonstrated with single myofiber
transplantation experiments in scid-mdx (immunodeficient and
dystrophic) mice. It was found that myofiber associated satellite
cells after engraftment could undergo 10 fold expansion via self-
renewal [17]. In addition experiments of single SC transplantation
in scid-mdx mice, showed that transplanted SC could form new
myofibers and also migrate to the quiescent niche [18]. Rudnicki's
group demonstrated that the choice of SCs to undergo symmetric
or asymmetric self-renewal, depends on the mitotic spindle
orientation relative to the myofiber axix. Experiments conducted
with  Myf5Cre; R26R-loxP-stop-loxP-YFP mice, showed that
asymmetric division is predominantly perpendicular to the
myofiber axis. It gives rise to one SC ‘stem’ cell (Pax7+/Myf5-)
that remains anchored to the basal lamina, and one cell
(Pax7+/Myf5+) adjacent to the myofiber that will differentiate.
Symmetric division happens when the mitotic spindle is parallel to
the myofiber and can generate Pax7+/Myf5- or Pax7+/Myf5+ cells
[19]. The Pax7+/Myf5- symmetric division is promoted by Wnt7a,
or by the inhibition of JAK-STAT pathway during muscle
regeneration [20], [21]. Pax7+/Myf5- SCs represent 10% of the
total population of SCs. They are considered the true stem cells,
because when transplanted into Pax7-/- mice they can reconstitute
the stem cell compartment much more efficiently than
Pax7+/Myf5+ cells [19].
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Figure 2: Satellite cell model of self-renewal: apico-basal division generates
one differentiating cell and one self-renewing cell by asymmetric division.
Planar division generates two self-renewing cells by symmetric division.

Another proposed mechanism governing self-renewal is lineage
regression. Several studies have shown that while most of the
Pax7+/MyoD+ cells undergo differentiation, some of them repress
MyoD expression and keep Pax7 high, acquiring the quiescence
marker Nestin [22].

The type of division can depend on the distribution of cellular
components to one or the other side of the cell. For example during
SC division, it has been shown that the DNA strand used for
replication is segregated to the self-renewing cell [23]. Also p38
o/p shows an asymmetric distribution during SC division, with the
differentiating cell acquiring p38 o/f [24]. Furthermore, during
asymmetric SC division, the differentiating cell expresses higher
level of Notch ligand Deltal, while the self-renewing SC expresses
higher level of Notch3 [19].

During stem cell division the axis of polarity is already determined
during interphase. The molecular machinery composed by Par-3,
Par-6 and aPKC (PAR complex) is a well conserved mechanism to
establish cell polarity in different organisms. In drosophila
neuroblasts, it has been shown that the PAR complex is localized
to the apical side of the cell cortex, from which the self-renewing
cell will generate. PAR complex is responsible for the localization
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of cell fate determinants to one or the other side of the dividing
cell. One of these determinants is Numb, the Notch receptor
antagonist, that is localized to the basal side of the cell cortex,
giving rise to the differentiated cell [25]. On the contrary, in
intestinal stem cells, PAR complex localizes to the side of the cell
that generates the differentiating cell [26].

In satellite cells, PAR complex localises to the side of the future
differentiated cell. The localization of Pard3 (the analogous of Par3
in mammals) is regulated by Mark2 (Parl in Drosophila), which
segregates the PAR complex to the opposite side of the cell cortex.
Rudnicki's lab has shown that a protein localized to the cell
membrane, called dystrophin, regulates Mark2 localization. When
dystrophin is absent, Mark2 is dysregulated, and thus Pard3
polarization to the side of the cell that will differentiate, is broken.
The aberrant localization of Pard3 leads to cell polarity defects,
and impaired mitotic spindle orientation. As a consequence, the
number of apico-basal divisions are reduced, and the number of
simmetric divisions generating self-renewing cells increases [27].
Coherently, it has been shown that Pard3 knockdown causes loss
of asymmetric division and impaired formation of progenitor cells
[28].

1.1.3 Satellite cells in Duchenne Muscular Dystrophy

Duchenne Muscular Dystrophy (DMD) is an X-linked genetic
disease caused by mutations in the dystrophin gene, a component
of the dystrophin glycoprotein complex (DGC). This protein forms
a link between the actin cytoskeleton of the muscle fiber and the
ECM, protecting the fiber from breaking during muscle
contraction. In the absence of dystrophin, muscle fibers are fragile,
and muscle undergoes progressive degeneration [29]. Continuous
cycles of muscle degeneration and regeneration cause chronic
inflammation, which worsens the disease. Initially, skeletal muscle
is able to regenerate, but eventually the regenerative ability
decreases, and muscle is replaced by non-functional fibrotic tissue

Page 14



PhD in Morphogenesis and Tissue Engineering

[30]. Mdx mice also show defects in the satellite cell compartment,
that contribute to the impaired regeneration. It has been suggested
that dystrophic SCs undergo progressive exhaustion due to the
continuous need for DMD muscle to regenerate [31], [32].
Moreover, one study showed that dystrophic SCs display reduced
self-renewal ability, associated with attenuated Notch signaling.
These evidence can further explain the reduction in stem cell pool
observed in dystrophic muscle [33].

On the contrary, another study suggested that lack of dystrophin in
satellite cells leads to an impairment in the asymmetric division,
with an increased number of quiescent cells and a reduced number
of myogenic precursors. This leads to a progressive increase in the
number of quiescent satellite cells, which however, cannot
participate to regeneration efficiently [27]. The mechanism by
which dystrophin absence leads to increased number of quiescent
cells is explained in the chapter above.

Although contrasting, all these studies agree with the fact that
satellite cell defects contribute to the reduced regeneration in mdx
mice. Thus, pharmacological therapies should target both the
inflammation and the stem cell defects.

1.2 The immune response in skeletal muscle
1.2.1 The immune response after muscle injury

Skeletal muscle regeneration after injury is a complex phenomenon
involving different cell types: satellite cells, immune cells, and
other cells in the niche. The first event to take place after muscle
injury is necrosis, with the disruption of the muscle fiber integrity
and the release of proteins and micro-RNAs that are normally
confined inside the cell. During necrosis, an increase in Calcium
release causes calcium-dependent proteolysis, exacerbating the
degeneration of muscle fibers [34]. Following tissue damage,
released chemotactic factors orchestrate the recruitment of
circulating leukocytes to the injury site. Neutrophils (CD11b+
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Ly6G+) are the first inflammatory cells to infiltrate damaged
tissue, peaking between 1 and 6 h after damage. Resident
macrophages (CD11b+, F4/80+), attract neutrophils to the injury
site by producing neutrophil chemoattractant chemokine ligands
CXCL1 and CCL2. Neutrophil number remains high until 24h
after injury, and then rapidly decreases. These cells phagocytose
cell debris and release free radicals, proteases and pro-
inflammatory cytokines. Circulating monocytes extravasate and
infiltrate the site of injury within the first 24-48h [35]. Pro-
inflammatory cytokines such as Tumor Necrosis Factor a (TNF-a)
and interferon y (IFN-y), drive the differentiation of recruited
monocytes into pro-inflammatory macrophages (M1), which are
responsible for the perpetuation of the inflammatory response.
Phagocytosis promoted by M1 macrophages and neutrophils is an
important process necessary for removing dead cells and debris
and preparing the tissue for the following phase of regeneration.
M1 produced cytokines IL-1p, IL-6 and TNF-a are important for
the induction of satellite cell activation and proliferation [36], [37].
During the regeneration phase M1 macrophages undergo a
transition to M2 anti-inflammatory macrophages (CD11b+,
F4/80+CD206+). M1 and M2 macrophages represent the two
extremes of different subpopulations of macrophages showing
intermediate phenotype. M1 and M2 macrophages can also coexist
in the same area after muscle injury. M2 macrophages peak around
day 4, and remain high throughout the regenerative phase. They
are activated by Th2 cytokines IL-4, IL-10 and IL-13. In particular,
IL-10 plays a fundamental role in the switch from M1 to M2
macrophages in injured muscle in vivo. The ablation of this
cytokine inhibits this switch, exacerbating tissue inflammation and
altering muscle regeneration [38].

M2 macrophages are important to sustain muscle regeneration by
secreting anti-inflammatory cytokines IL-4 and IGF-1 and TGF-p.
They sustain ECM matrix deposition and suppress the
inflammatory response.
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Myeloid cells are the most abundant immune cell types during
muscle acute injury. However, CD4+ and CD8+ T cells are also
present in injured muscle and play a role, although less important
than myeloid cells [35]. It was found that FOXP3, the master gene
of T cells, peaks during the regenerative phase. These results
suggested that Ty cells may play an important role in muscle
regeneration. In line with this, it was found that the suppression of
this cell population leads to slowed muscle regeneration and
increased inflammation. In addition T depletion also seems to
impair the normal switch from M1 to M2 macrophage phenotype
[39]. It is important to state that the stages of muscle inflammation
are closely associated to the stages of satellite cell activation,
proliferation and differentiation. The close interaction between
these type of cells will be discussed in detail in the next chapter.
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Figure 3: Muscle immune response after injury. Neutrophils are the first cells to
peak 24h after injury, followed by M1 macrophages at day 3 after injury, and
M2 macrophages at day 2-4 after injury. M2 number remains elevated for all the
duration of the regenerative phase.
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1.2.3 Satellite cell and immune cell crosstalk during injury

After muscle injury, neutrophils are the first cells to arrive,
followed by macrophages later, which begin to express the pro-
inflammatory cytokine TNF-a. The level of this cytokine peaks
24h after injury, indicating its role in the early inflammatory
response and the promotion of muscle fiber damage. TNF-a
induces the production of NO by myeloid cells, that is linked to
fiber damage. However, TNF-a level remains elevated for the
following 2 weeks after injury, suggesting a role of this cytokine
also in muscle regeneration [40]. These different roles of TNF-a
may depend on the cell target. If the target is macrophages, TNF-a
acts by inducing their pro-inflammatory phenotype, if the target is
satellite  cells TNF-a stimulates their activation and
proliferation. /n vivo studies of TNF-a-null mice showed a reduced
expression of MyoD and Mef-2 compared to WT, suggesting a role
of this cytokine in the induction of the early differentiation phase
[41]. However, in vitro studies showed that TNF-a acts as an
inhibitor of myoblast fusion, suggesting that this cytokine acts as a
negative regulator for the switch from the early to the terminal
differentiation phase of SCs[42]. TNF-a can also activate NF-xB
transcription factor, which induces the expression of TNF-a and
IL-1 further amplifying the inflammatory response. NF-kB acts by
stimulating satellite cell proliferation and inhibiting their
differentiation, by promoting Cyclin D1 expression and reducing
MyoD expression in satellite cells [42], [43]. Furthermore NF-xB
induces IL-6 expression, a pleiotropic cytokine that amplify the
proliferative anti-differentiation effects of NF-kB. However, IL-6
can also influence the late phase of differentiation, contributing to
muscle formation and growth [44].

IFN-y 1is another critical cytokine for the coordination of
inflammation and the early regeneration stage. Neutrophils and
macrophages produce IFN-y, which peaks within the first 24h after
muscle injury. However, its levels remain high up to day 5 after
injury. Together with TNF-a and IL-1B, IFN-y induces monocyte
differentiation to M1 macrophages [45]. IFN-y also binds to
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myoblasts, where it activates the JAK-STAT1 pathway, inhibiting
their differentiation by reducing myogenin expression and inducing
the expression of genes such as CIITA. IFN-y is thus important for
the clearance of cell debris, and satellite cell proliferation [46].
Around day 3-4 after injury, an increase in IL-10 level drives the
switch of macrophages from M1 to M2 phenotype, and this
corresponds to the transition from the proliferation to the
differentiation phase of satellite cells. As discussed in the previous
chapter, the M2 macrophage population is characterized by the
production of IL-10 and TGF-B, and is essential to suppress
inflammation and promote muscle regeneration. Ablation of IL-10
negatively affects the macrophage switch, prolonging the
inflammatory phase and severely impairing muscle regeneration.
M2 macrophages secrete numerous types of ECM proteins,
fibronectin and Collagen VI [47]. Besides, IL-4 and IGF-1 released
by M2 macrophages are essential to induce SC differentiation.
IGF-1 is also produced by myofibers, satellite cells and endothelial
cells. This cytokine binds to the IGF-1 receptor and induces AKT
pathway to initiate protein synthesis and inhibit protein
degradation, contributing to muscle growth [48].

In conclusion, the immune system and satellite cell crosstalk
during muscle injury is a finely bidirectionally regulated process.
Alterations in the balance of the type and level of cytokines
translates in regeneration defects.
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Figure 4: The immune-satellite cell crosstalk. M1 macrophages secrete
inflammatory cytokines with proliferative effects on myoblasts. Myotube
differentiation is driven by M2 macrophage-secreted cytokines (IGF1 and
TGFDb). Tregs influences myoblast proliferation and differentiation, and are
necessary for M1 to M2 macrophage polarization.

1.3 PKCO in muscle
1.3.1 PKCO0 in skeletal muscle

PKCO is the most abundant of the PKCs expressed in skeletal
muscle, where it is involved in a variety of processes regulating
muscle development and homeostasis [49]. During mouse skeletal
muscle development, PKCH is expressed in foetal and post-natal
but not in embryonic myoblasts in vivo. During skeletal
myogenesis three different muscle cell precursors coexist at the
same time: embryonic myoblasts, foetal myoblasts and satellite
cells. However, they undergo different waves of differentiation,
and the factors regulating this different response are still unknown.
One of the possible mechanisms proposed is the differential
response of the skeletal muscle precursors cells to TGF-
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differentiation inhibitory effect. Embryonic myoblasts usually
differentiate when treated with TGF-. However, when PKCO is
expressed ectopically in these cells, they become sensitive to the
differentiation inhibitory effect of TGF-f. This results suggest that
PKCO, together with TGF-f regulate the asynchronous
differentiation of the muscle precursors [50].

Another role of PKCO in fetal myogenic development is the
regulation of the fetal muscle creatin kinase (MCK) expression.
MCK transcription is directly mediated by MEF2A, which is
expressed already in embryonic myoblasts, but is not active. Its
activation is regulated by Nuclear Factor I X (Nfix), which is
selectively expressed in fetal but not in embryonic myoblasts. The
proposed mechanism for MCK expression is that MEF2A binds
Nfix, which recruits PKCO that in turn activates MEF2A by
phosphorylating it. A study in C2C12 supports the regulation of
MEFA activity by PKCO, showing that PKCO interacts with
calcineurin to regulate HDAC shuttling and MEF2 activation [51].
Together these results show that PKCO is involved in the fetal
skeletal muscle myogenesis.

As mentioned before, PKCO is expressed in neonatal muscle,
suggesting its potential involvement in the regulation of postnatal
muscle growth. Accordingly, we observed a delay in muscle and
body growth in total and muscle specific PKCO knock out mice,
during the first weeks of life. Moreover, even muscle regeneration,
after induction of freeze injury was delayed in PKCO-/- mice,
compared to WT. As a further confirmation of delayed
regeneration, we observed reduced expression of myogenin, but
not Pax7, indicating a role of PKCH in the regulation of myogenic
differentiation. In vitro, we found that PKCO is expressed in
satellite cells, and reaches a peak during the initial phase of
myoblast fusion. Indeed, cultured myoblast derived from PKCO-/-
mice generated smaller myotubes with less myonuclei, compared
to WT. This phenotype was associated with a reduced
phosphorylation/ activation of FAK (focal adhesion kinase), and a
reduced expression of FAK target genes caveolin-3 and B1D-
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integrin (two genes upregulated during myoblast fusion). This
results suggest that PKCO regulates the myogenic differentiation
program by activating FAK [52].

In another study, it was shown that silencing PKCO in the myoblast
cell line C2C12, led to opposite results. The authors showed that
PKCOPRNA C2C12 cells had increased fusion rate, with bigger
myotubes and an increased rate of protein synthesis. These effects
were mediated by the modulation of IRSI and ERKI1/2
phosphorylation. The discrepancy between this results and our
findings may depend on the different cell system used [53].

PKC0 is also localized at the Neuro Muscular Junction (NMJ), and
its expression in muscle peaks concomitantly with the NMJ
maturation. Thus, PKCO may also be involved in nerve maturation.
In line with this, it was found that synapse elimination, a process
normally occurring during NMJ maturation, was altered in PKCO-
/- mice [54]. However, adult PKC6-/- mice showed normal NMJ,
indicating that PKCO may not be required for its final maturation
[55].

PKCO also regulates other pathways involved in skeletal muscle
homeostasis, such as ER stress induced autophagy in C2C12 cells
[56]. Furthermore, PKCO controls the sarcolemma electrical
activity by regulating the CIC-1 chloride channel [57].
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Figure 5: Summary of the multiple roles of PKCO in skeletal muscle
homeostasis, maintenance and disease.

1.3.2 PKCO and the immune system

Protein kinase C Theta (PKCO) is a serine and threonine kinase
belonging to the family of PKCs, which is composed of 3
subclasses: classic PKCs (cPKCs), novel PKCs (nPKCs) and
atypical PKCs (aPKCs). All PKCs are composed of a C-terminal
catalytic domain with a lipid binding domain, a N-terminal
regulatory domain, for the Ca**- dependent binding to membrane
phospholipids, and a flexible domain in between, called V3
domain. The 3 subclasses of PKCs differ in the regulatory domain
structure and the cofactors needed for activation. The cPKCs
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require for their activation both binding to DAG and Ca™. The
nPKCs only require DAG but not Ca™ for the activation, while the
aPKC do not require DAG nor Ca™ [58]. PKCO belongs to the
class of the novel PKCs, and its structure has been solved by Xu et
al. These researchers showed that there are two main
conformations for PKCO: open/active and closed/ inactive. The
switch from the closed state to the open state involves the biding to
DAG, and the phosphorylation of Thr-538, which is fundamental
for kinase activation [59]. PKCO is mainly expressed in
hematopoietic cells, in particular in T cells, but also in mast cells,
natural killer cells and platelets [60], [61], [62]. PKCO is also the
most abundant PKC expressed in skeletal muscle [63], where it
mediates insulin resistance associated with type 2 diabetes [64].
PKCHO best characterized role however, is that in T cells, where it
regulates cell activation and proliferation. When a T cell
recognizes an antigen presenting cell, a tight junction called
immunological synapse forms at the site where the T cell receptor
(TCR) binds to the peptide-MHC complex. PKCH is selectively
recruited to the immunological synapse in conventional and
effector T cells, where it directs signal transduction cascade. PKCO
activation regulates the expression of NF-kB, AP-1, and NFAT,
three genes fundamental for T cell function. In addition, PKC6 can
regulate gene expression by physically associating with chromatin
and inducing genes associated with the immune response [65].

PKCO knock out mice (PKCBO-/-) are healthy and live normally,
and show a normal development of T cells in the thymus [66].
However, PKCO-/- mice show a severely impaired Th2 response.
Following TCR binding to MHC, PKC6-/- mice display a
reduction in the production of IL-2, with a consequent defective
proliferation of T cell, and impaired NF-kB and AP-1 activation
[67]. Despite these findings, Berg-Brown et al. showed that PKCO-
/- mice could mount an immune response against vesicular
stomatitis virus (VSV) infection. This, together with other studies
led to the finding that PKCO-/- is dispensable for the immune
response against viruses and bacteria. This apparently contradictive
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response can be explained by the fact that other mechanisms such
as innate immune responses can compensate for the absence of
PKC6. Therefore, the innate immune response can overcome the
need for a CD8" T cell response [68].

CD28-LCK-PKC-0
s*e., complex

PSMAC

Brezar et al. Front. In Immunol. (2015)

Figure 6: PKCO localized to the immunological synapse in Tefr cells, where it
regulates their activation and proliferation by inducing NF-kB, AP-1, and NFAT
activation.

Also Treg cells express PKCO. These cells are important regulators
of CD4*, CD8" NK, and B cell responses. PKCO-/- mice showed
impaired Tr; development in the thymus, with a consequent
reduced number of Trg in the periphery, although not completely
suppressed [69][70]. However, Trg 1solated from PKCO-/- mice
showed a normal suppressive activity in vitro. Although some
studies 1identified PKCO as a necessary enzyme for Tieg
differentiation, some other studies found that PKCO inhibition
actually enhances Trg cell suppressive activity [71]. These
discrepancies have yet to be elucidated. However, what emerges
from these findings is that T activity is not significantly
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compromised following PKCH inhibition. This, together with the
finding that PKCO is not necessary for Tefr cell response against
viruses and bacteria, makes PKCO a promising target for the
treatment of diseases requiring immune modulation.

1.3.3 Targeting PKCO in Duchenne Muscular Dystrophy

As discussed above, PKCO plays an essential role in the immune
response. Lack of PKCO inhibits Terr cell function without
significantly compromising Trg suppressive activity. For this
reason PKCO inhibition has been proposed for the treatment of
immune diseases, such as autoimmune diseases, graft versus host
disease, Th2 and Th17 mediated inflammatory diseases [58]. In
our laboratory we tested the therapeutic effect of PKCO inhibition
for the tratment of a chronic muscle inflammation in Duchenne
Muscular Dystrophy (DMD). The only available therapy for DMD
is glucocorticoid treatment, general immunosuppressors which
initially slow down the disease progression, but are associated with
many adverse effects. Works from our lab in the mdx mouse, the
animal model for DMD, showed that CD3" T cells (CD4+ and
CD8+) are among the first cells to infiltrate dystrophic muscle,
prior to the onset of necrosis. These findings identified T cells as
one of the main cell populations orchestrating the early acute
inflammatory response in mdx mice. Pharmacological inhibition of
PKCO with C20, a very potent and selective inhibitor of PKC8, led
to a significant reduction in T cells, but also neutrophils,
macrophages and eosinophils recruited to dystrophic muscle.
Reduced inflammation was associated with reduced muscle
degeneration, reduced collagen deposition and improved muscle
performance [72], [73]. Similar results were obtained with the
PKCO-/- mouse model [74].

Interestingly, in our mdx PKC6-/- mouse model, although muscle
damage was reduced, we found that muscle regeneration was
increased (Figure 7A). The increased muscle regeneration was
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associated with an increase in satellite cell number up to late stages
of the disease, such as 12 months of age (Figure 7B). Furthermore,
we found an increase in Notch expression in satellite cells isolated
from mdx PKC0-/-, suggesting that self-renewal may be facilitated
in absence of PKCO (Figure 7C), (Fiore P. et al. Int J Mol Sci.
Accepted). Together these results suggest that PKCO inhibition in
mdx mice is able to ameliorate the disease phenotype by reducing
inflammation and by possibly improving satellite cell function.

%of regenerating area/ % of damaged area

W WT/hI10
mdx(n=7)
B mdxO-/- (n=7)

Em MDX
MDX©-/-

cells/ FOV

nof pax7+

Fiore P. et al. Int J Mol Sci (2020)

Figure 7: A: The ratio between muscle regeneration and degeneration is always
higher in mdx PKCO-/- mice compared to mdx. B: SC number is increased in
mdx PKC6-/- mice up to 12 months of age. C: SCs isolated from mdx PKC6-/-
mice at 6 wks of age express higher level of Notchl compared to mdx mice.
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2. AIMS OF THE THESIS

Our preliminary results in mdx PKCO-/- mice suggest that lack of
PKC8 improves regeneration and influences satellite cell function.
Indeed, we observed an improved regenerative ability in mdx
PKCO-/- mice compared to control, even at later stages of the
disease, which should be due predominantly to changes in the
inflammatory response. However, there might be also a direct
effect on SCs. Indeed, mdx PKC6-/- mice show an increase in the
number of satellite cells, which express higher level of Notch
compared to mdx mice, indicating that self-renewal may be
facilitated in the absence of PKCH. Thus, we speculated that PKCO
may control satellite cell behavior via direct and/or indirect
pathways (such as immune cell crosstalk).

2.1 To investigate the direct role of PKCO in satellite cell
function

To understand whether PKCO influences SC function directly, we
studied PKCO expression kinetics and its localization in satellite
cells. We then analyzed the effect of PKCO absence/ inhibition on
self-renewal  in  vitro, by  studying  satellite  cell
symmetric/asymmetric division and Pax7/MyoD expression on
single myofibers. To understand whether PKCO influences satellite
cell self-renewal in vivo, we analyzed the effect of PKCO
absence/inhibition on satellite cell number in steady state and after
muscle injury.

2.2 To investigate the indirect pathways by which PKCO
influences the satellite cell compartment

It is known that satellite cell behaviour is strongly influenced by
the inflammatory environment [75]. PKCO regulates T cell
activation and proliferation, and in the context of chronic muscle
inflammation is important for T cell recruitment. On the other
hand, its role in neutrophil and macrophage responses, which are
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known to affect SC ability to regenerate muscle, is less clear [58].
To understand whether PKCO also influences myeloid cell
infiltration we used a model of acute muscle injury, where
neutrophils and monocytes but not T cells predominate during the
first week following injury. Following intra-muscular injection of
cardiotoxin (CTX) in WT and PKCO-/- mice we analyzed the
quality and quantity of the inflammatory infiltrate by flow-
cytometry at 3 and 10 days after injury, during the inflammatory
and the regenerative phase respectively. We also analyzed the
production of inflammatory cytokines by Real Time PCR. These
experiments helped to clarify whether PKCO regulates the
recruitment and activity of innate immune cells known to influence
satellite cell ability to regenerate muscle.
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3. RESULTS

3.1 PKCO is expressed in satellite cells

3.1.1 PKCO is expressed in freshly isolated and differentiating
satellite cells, and it is downregulated in proliferating cells

Satellite cells can exist in a quiescent state in physiological
conditions, or as activated/committed progenitors during muscle
regeneration. To elucidate the functional role of PKCH in satellite
cells, we first analyzed the kinetics of PKCO expression by real
time PCR (rtPCR) during myogenic differentiation. Satellite cells
were isolated by magnetic bead labeling from WT hindlimb
muscles, before or after CTX injury.

It is known that after isolation satellite cells become activated.
Indeed, the isolation procedure leads to their dissociation from the
fiber, causing profound transcriptomic and epigenetic
modifications, compared to quiescent cells [76].

To investigate whether PKCO is expressed in early activated cells,
PKCO was analyzed in freshly isolated satellite cells from
uninjured muscle.

PKCO expression was also analyzed in satellite cells isolated from
regenerating muscle at 3, 5 and 7 days after CTX injury.
Interestingly, rtPCR analysis showed that PKCO expression is high
in early activated cells and drastically decreases in cells isolated
from 3 day-injured muscle, corresponding to the proliferation
phase, in vivo. PKCO expression then increases in cells isolated
from 5 and 7 day-injured muscle, corresponding to the
regeneration phase (Figure 8).

To confirm the differential expression observed by rtPCR, we
examined PKCO expression by western blot analysis in cultured
myoblasts. Satellite cells were isolated by magnetic bead labeling
and cultured in growth medium (GM) for 72h, and subsequently in
differentiation medium (DM) for 24h, to analyze PKCO expression
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in proliferating and differentiating cells respectively. Another
subset of satellite cells was collected for analysis immediately after
isolation to analyze PKCHO expression in activated cells. Western
Blot analysis showed that PKCO is already expressed in activated
cells, its expression declines in proliferating cells and increases
again in differentiating cells (Figure 9A and B). The analysis of the
phosphorylated/active form instead, revealed that the ratio between
p-PKCO and PKCO was maximal at 72h in GM, during the
proliferative phase (Figure 9A and C).
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Figure 8: A: experimental design. B: tPCR showing PKC0 expression in freshly
isolated SCs (n = 9 mice) and SCs isolated from 3, 5 and 7 day-injured WT
muscles (n > 4 mice per group). Total RNA extract from WT tibialis muscle was
used as positive control. GAPDH was used for normalization. Error bars
represent mean £+ sem, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
calculated by One-way Anova with adjustment for multiple comparison test.
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Figure 9: A: WB analysis showing PKC8 expression in activated SCs (freshly
isolated), proliferating SCs (72h GM), differentiated myotubes (24h DM) (n= 3
individual experiments). B: Densitometry of WB analysis showing PKCO
expression normalized on GAPDH protein. C: Densitometry of WB analysis
showing p-PKCO/ PKCH ratio, normalized on GAPDH protein. Error bars
represent mean + sem, *p < 0.05 calculated by One-way Anova with adjustment
for multiple comparison test.
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3.1.2 Phospho-PKCO is localized to the chromosomes,
centrosomes and midbody of dividing satellite cells

PKCO shows two conformational states: one closed/inactive and
one open/active [58]. The transition to the active state requires
binding to the DAG and T538 phosphorylation. To understand the
specific role of PKCH in satellite cells, we assessed its activation
and localization in cultured satellite cells.

To this aim we isolated satellite cells from WT mice and cultured
them for 72h in GM. After 72h in culture we performed
immunofluorescence analysis of phospho-PKC8 and a-Tubulin, to
visualize the mitotic spindle.

At 24h of culture in GM a diffused phospho-PKCO
immunostaining was visible on satellite cell membrane (Figure
10A). At 72h in culture in growth medium, satellite cells are
proliferating. At this stage it was possible to distinguish the
different phases of mitosis thanks to the nuclear shape.

The results showed a diffused membrane localization of phospho-
PKCO during interphase. During prophase phospho-PKC6O moves
to the nucleus, where chromatin is condensating. During
metaphase phospho-PKCO immunostaining is detectable close to
the centrosomes, and partially to the mitotic spindle. In telophase
phospho-PKC6 is visible at the spindle midzone, and during
cytokinesis it moves to the intercellular bridge of the midbody
(Figure 10B).

These results suggest that PKCO could be involved in the
regulation of satellite cell division processes.
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Figure 10: Representative immunofluorescence images of satellite cells after
24h (A) and 72h in culture (B), stained for a-Tubulin (red) and phospho-PKC60
(green). Nuclei were counterstained with Hoechst. Scale bar 20 pm.
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3.1.3 Satellite cell proliferation is not influenced by PKC0

The localization of phospho-PKC0 to the chromatin, centrosomes
and midbody of dividing satellite cells, suggested that PKC6 could
be involved in the regulation of satellite cell division.

To understand whether satellite cell proliferation is affected by
PKC8, we analyzed proliferation both in vitro and in vivo. For the
in vitro analysis, SCs were isolated from WT and PKC6-/- muscles
and cultured in growth medium in the presence of CellTrace CFSE
Cell Proliferation Kit. CFSE is used to detect different generations
of dividing cells by analyzing die dilution by flow-cytometry.
After 72h of culture in GM with CFSE, satellite cell proliferation
was analyzed. As shown, no difference was observed in CFSE
fluorescence between WT and PKCO-/- cells (Figure 11B),
suggesting that the cells underwent similar rounds of cycling. Cell
proliferation was also analyzed in regenerating gastrocnemius
(GA) muscles in vivo, 3 and 7 days after CTX injury during the
peak of SC proliferation and the initial phase of regeneration
respectively, by immunofluorescence staining for Ki67 and Pax7.
The number of cells double positive for Pax7 and Ki67 were
counted, and the results were normalized to the total number of
Pax7+ cells. As shown in Figure 11C, the percentage of
proliferating SCs (Pax7+/Ki67+) was similar between WT and
PKC8-/- mice.

These results indicate that satellite cell proliferation is not
influenced by PKC6, neither in vitro nor in vivo.
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Figure 11: A: Representative immunofluorescence images of WT and PKC0-/-
GA muscles, stained for Pax7 and Ki67, 3 days after the induction of CTX
injury, scale bar: 100pm. B: Flow-cytometry analysis of CFSE stained WT and
PKCO-/- SCs, cultured for 72h in GM. C: Quantification of proliferating SCs,
counted by immunofluorescence for Pax7 and Ki67 on WT and PKC6-/- GA
muscle sections, 3 and 7 days after CTX injury.
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3.2 Lack of PKCO increases satellite cell self-
renewal in vitro

3.2.1 Lack of PKCO increases the number of ‘self renewing’
SCs by promoting symmetric division

In stem cells, centrosomes and mitotic spindle orientation
determine whether the outcome of a cell division is symmetric or
asymmetric. In T cells, PKCO promotes MTOC reorientation and
cell polarization in the direction of the antigen presenting cell. This
process may also promote asymmetric division, that is important
for the acquisition of T cell memory [77]. The localization of
phospho-PKC6 at the centrosomes and mitotic spindle of dividing
satellite cells, led us to hypothesize that this protein may be
involved in the regulation of symmetric/asymmetric division.

To investigate this possibility we isolated single myofibers from
WT and PKC6-/- EDL muscles, and cultured them for 48h, the
time necessary for the first cell division to occur. In this system
satellite cells are not dissociated from their fiber, allowing to keep
them in a niche-like environment. When myofibers are cultured
satellite cells become activated, upregulate MyoD and enter cell
cycle. The cells that undergo self-renewal will be positive for Pax7
and negative for MyoD, whilst satellite cells committed to
differentiation will express MyoD. After 48h in culture cell
doublets were visible, and symmetric/asymmetric division was
studied by immunofluorescence staining for Pax7 and MyoD. We
observed a significant increase in the number of symmetric satellite
cell division in myofibers isolated from PKC6-/- mice, compared
to WT (Figure 12B). Within the symmetric division events, the
number of ‘self-renewing’ Pax7+/MyoD- cell doublets was
significantly higher in myofibers from PKC6-/- mice compared to
WT (Figure 12C).

Consistent with this result, also the number of total Pax7+/ MyoD-
single cells was higher in PKC6-/- myofibers, compared to the
ones isolated from WT mice (Figure 12D).
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Figure 12: A: Representative pictures of single myofibers isolated from EDL
muscles of WT and PKCO-/- mice, after 48h in culture. Myofibers were stained
for Pax7 (red) and MyoD (green) after 48h of culturing, nuclei were
counterstained with Topro3. B: Quantification of symmetric division events. C:
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Quantification of Pax7+/MyoD- cell doublets, and D: quantification of total
Pax7+/MyoD- cells in WT and PKCO -/- single myofibers. (WT, n = 3 mice,
PKCO-/-, n = 3 mice, n > 20 myofibers analyzed per mouse). Error bars
represent mean =+ sem, *p < 0.05 calculated by Student’s t-test.

To understand whether the increased number of ‘self-renewing’
satellite cells is maintained after further divisions, we cultured
single myofibers from WT and PKCO-/- mice for 72h. After this
time in culture satellite cells have proliferated, and cell clusters are
visible on the myofiber surface. Pax7 and MyoD
immunofluorescence revealed that the number of ‘self-renewing’
(Pax7+/MyoD-) cells was significantly higher in PKC8-/- fibers
compared to the WT ones. The fraction of Pax7+/MyoD+, and
Pax7-/MyoD+ satellite cells, was reduced in PKCBO-/- myofibers
instead (Figure 13B). The number of satellite cells per cluster was
similar between the two genotypes, suggesting again that PKCO
does not affect satellite cell proliferation (Figure 13C).

Together, these results suggest that PKCO absence increase satellite
cell self-renewal in vitro by promoting symmetric cell division.
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Figure 13: A: Representative pictures of single myofibers isolated from EDL
muscles of WT and PKCO -/- mice. Myofibers were stained for Pax7 and MyoD
after 72h of culturing, nuclei were counterstained with Topro3. B:
Quantification of SCs per fiber, single or double positive for Pax7 and/or MyoD.
C: number of SCs per fiber in WT and PKC8 -/- single myofibers. (WT, n =4
mice, PKCO-/-, n = 4 mice, n = 100 cells analyzed per group). Error bars
represent mean =+ sem, *p < 0.05 calculated by Student’s t-test.

3.2.2 C20 treatment in cultured primary myoblasts increases
the fraction of reserve cells

As described above, lack of PKCO leads to increased satellite cell
self-renewal in vitro. We next analyzed whether pharmacological
inhibition of PKCO with C20 might lead to similar results as
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genetic ablation of PKCO in cultured satellite cells. To answer this
question, we cultured primary satellite cells from hind limb
muscles of WT and PKCBO-/- mice, in presence of a PKC6O
inhibitor, the C20. To analyze the effects of C20 throughout the
different phases of myogenic progression, the cells were cultured
for 4 days in growth medium (GM), and for 2 days in
differentiation medium (DM). C20 was used at different
concentration: 0.5 uM, 1 uM and 2 uM. These concentrations were
already shown not to be toxic for in vitro and in vivo treatment
[78], [72]. Control cultures were treated with DMSO at the same
concentration used for C20 dilution. To analyze any possible
indirect effect of C20, we treated PKC0-/- satellite cells with C20,
at the maximum concentration used for the experiment (2 uM).
Treatment with C20 significantly increased the fraction of
Pax7+/MyoD- reserve cells in a dose dependent manner (Figure
14A and B). In parallel, the fraction of cells committed to
differentiation Pax7-/MyoD+ was reduced (Figure 14C). Fusion
index was also reduced after treatment with C20, but the reduction
was significant only at the highest dose of C20 used (Figure 14D).
Similar results were obtained analyzing the phenotype of the
PKCO-/- cultured cells. Treatment of PKC6-/- cells with C20, did
not show any difference compared to the non-treated PKCO-/-
cells, instead (not shown). These results together suggest that
pharmacological inhibition of PKCO with C20 increases the
fraction of ‘self-renewing’ satellite cells in culture.
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Figure 14: A: Representative pictures of PKCO-/- and WT SCs, cultured or not
with C20 at the concentration of 0.5, 1 and 2 uM (or DMSO as control). The
cells were stained for Pax7 (red) and MyoD (green) after culturing for 4 days in
GM and 2 days in DM. Nuclei were counterstained with Hoechst. B: percent of
Pax7+/MyoD- SCs in WT and PKC0-/- cultures, or in WT cultures treated with
C20 (C). D: Percent of total MyoD+ SCs in WT and PKC6-/- cultures, or in WT
cultures treated with C20 (E). F: Fusion index of WT and PKC6-/- myotubes, or
WT myotubes treated with C20 (G) after culturing for 4 days in GM and 2 days
in DM. (n = 3 replicate dishes per group). Error bars represent mean + sem, *p <
0.05, **p < 0.01 calculated by One-way Anova with adjustment for multiple

comparison test.
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3.3 Genetic and pharmacological ablation of
PKCO expands satellite cell reservoir after acute
injury

3.3.1 The pool of quiescent satellite cells is amplified in PKC0-
/- mice 28 days after injury

The immunofluorescence analysis performed on WT and PKC0-/-
myofibers in vitro, suggested that PKCO is implicated in the
regulation of satellite cell self-renewal. To understand whether
PKCHO absence leads to similar results in vivo as well, we analyzed
the number of satellite cells in WT and PKC0-/- mice, before and
after the induction of Cardiotoxin (CTX) injury.

To study satellite cell self-renewal in vivo we analyzed the number
of satellite cells in WT and PKCO-/- mice 7 and 28 days after
injury, when the muscle is regenerating or is completely
regenerated respectively. Contralateral uninjured muscle was used
as control.

Immunofluorescence analysis of Pax7+ cells revealed that the
number of satellite cells per mm? and the number of satellite cells
per fiber was similar in PKCO-/- and WT gastrocnemius (GA)
muscles in uninjured conditions. 7 days after injury, the number of
Pax7+ cells was increased in both WT and PKCO-/- mice, as a
result of cell proliferation. However, the number of Pax7+ cells in
PKCO-/- mice was significantly higher compared to WT mice
(Figure 15). 28 days after CTX injury when muscle is completely
regenerated and satellite cells have returned to quiescence, the
number of Pax7+ cells is significantly higher in PKCO-/- muscle
compared to the injured WT, with an increment of 64.4% (Figure
16B and C). To confirm that at this stage all of the satellite cells
have gone back to quiescence, we analyzed their cycling status by
immunofluorescence staining for Pax7 and Ki67. The result
showed that more than 99% of the Pax7+ cells were negative for
Ki67 in both WT and PKC6-/- mice, indicating that they are not
proliferating cells (Figure 16F). Moreover, all the cells analyzed 28
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days after CTX were located in the final position of quiescent cells,
beneath the basal lamina and the sarcolemma of muscle fibers
(Figure 16A).

This observation demonstrates that satellite cells returned to
homeostatic conditions 28 days after CTX in WT and PKC6-/-
mice, and the pool of quiescent satellite cells is amplified in the
absence of PKCO-/-.

To compare the regenerative ability of WT and PKCBO-/- mice, we
analyzed myofiber CSA 28 days after injury (Figure 16 D and E),
and we observed that the mean myofiber CSA, and the distribution
of myofiber CSAs were similar in WT and PKC0-/- mice. These
results suggest that lack of PKCO increases satellite cell self-
renewal without affecting muscle regenerative ability after injury.
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Figure 15: A: representative immunofluorescence pictures of WT and PKCO-/-
GA sections, 7 days after CTX injury. Sections were stained for Pax7 (red) and
Laminin (green). Nuclei were counterstained with Hoechst. Scale bar: 100um.
B: quantification of the number of SCs per mm? and C: number of SCs per fiber
in uninjured and 7 day-injured GA muscle, in WT and PKC0-/- mice (WT, n=4
mice, PKCBO-/-, n = 4 mice). Error bars represent mean + sem, *p < 0.05, **p <
0.01, ***p < 0.001, **** p < 0.0001 calculated by Two-way Anova with
adjustment for multiple comparison test.
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Figure 16: A: representative immunofluorescence pictures of WT and PKCO-/-
GA sections, 28 days after CTX injury. Sections were stained for Pax7 (red) and
Laminin (green). Nuclei were counterstained with Hoechst. Scale bar: 100um.
B: quantification of the number of SCs per mm? and C: number of SCs per fiber
in uninjured and 28 day-injured GA muscle, in WT and PKCO-/- mice. D: mean
CSA and E: CSA distribution of muscle fibers in WT and PKC0-/- GA sections,
28 days after injury. F: quantification of non proliferating SCs 28 days after
CTX injury, in WT and PKC6-/- GA, analyzed by immunofluorescence staining
for Pax7 and Ki67. (WT, n =4 mice, PKCO-/-, n = 4 mice). Error bars represent
mean + sem, *p < 0.05, **p < 0.01, ***p < 0.001, **** p <(0.0001 calculated by
Two-way Anova with adjustment for multiple comparison test.

3.3.2 Pharmacological inhibition of PKC0 expands the pool of
quiescent satellite cells after injury

As we already demonstrated, lack of PKCH leads to expansion of
the satellite cell pool after induction of CTX injury.

To investigate whether pharmacological inhibition of PKCO leads
to similar results, we treated WT mice with the pharmacological
inhibitor of PKC6 (C20), and we analyzed satellite cell number
before and after CTX injury. C20 is a highly potent and selective
inhibitor of PKCO, which has been already used in our lab to test
its ability to counteract the dystrophic phenotype in a mouse model
of Duchenne Muscular Dystrophy, the mdx mouse [72], [73]. In
those studies we showed that C20 treatment administered to mdx
mice for 2 weeks , is able to successfully inhibit PKC6, without
causing any major collateral effect.

Thus, we injured GA muscles of WT mice by CTX injection, and
we treated the mice with daily intra peritoneal injections of C20, at
a dose of 5 mg/Kg (previously established to be effective in vivo,
[78]). Control mice were treated with Vehicle (DMSO) at the same
concentration used to dissolve C20. Treatment was started one day
prior to the CTX injection, and was continued for 10 days
following injury, during the phase of satellite cell activation,
proliferation and differentiation (Figure 17A). Satellite cell number
was then analyzed by Pax7 immunofluorescence 28 days after
injury, in the injured GA and in the contralateral uninjured GA.

Page 49



Anna Benedetti

The results showed that the number of Pax7+ cells per mm?, and
the number of Pax7+ cells per fiber was similar in uninjured GA in
C20 and Vehicle treated mice. However, the number of satellite
cells that returned to quiescence 28 days after injury, was
significantly higher in mice treated with C20, compared to Vehicle
treated ones, with an increment of 50% (Figure 17C and D). The
analysis of the mean CSA and the CSA distribution of myofibers
showed no significant differences between C20 and Vehicle treated
mice, indicating that C20 treatment does not affect muscle
regenerative ability (Figure 17E and F). These results suggest that
C20 can be used in vivo to target satellite cell self-renewal.
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Figure 17:

CSA (x10 ym?)

A: experimental plan. B: representative immunofluorescence
pictures of WT GA sections 28 days after CTX injury, treated with C20 or
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vehicle. Sections were stained for Pax7 (red) and Laminin (green). Nuclei were
counterstained with Hoechst. Scale bar: 100um. C: quantification of the number
of SCs per mm? and D: number of SCs per fiber in uninjured and 28 day-injured
GA muscle, in WT mice treated with C20 or vehicle. E: mean CSA and F: CSA
distribution of muscle fibers in WT mice treated with C20 or vehicle, 28 days
after injury. (C20 treated WT, n = 4 mice, Vehicle treated mice n = 4 mice).
Error bars represent mean + sem, *p < 0.05, ***p < 0.001, **** p < 0.0001
calculated by Two-way Anova with adjustment for multiple comparison test.

3.3.3 The number of quiescent satellite cells increases in PKC0-
/- mice after repeated injuries

It has been shown that satellite cell population is maintained after
repeated traumas, thanks to their ability to self-renew. To
investigate the behavior of PKCB-/- satellite cells following
repeated injury, we induced 3 CTX injuries in WT and PKC6-/-
GA muscles. The three injuries were performed 20 days apart from
each other, and the muscles were analyzed 30 days after each
injury, when regeneration is completed (Fig. 18A). As shown
above, one month after the first injury we observed a 64% increase
in the number of SCs/mm? in PKCO-/- mice compared to WT.
After 2 injuries this increase remained constant. However, one
month after the third injury, while satellite cell number remained
constant in WT mice, we observed an increase of 110% in the
number of SCs/mm? in PKC0-/- mice compared to WT mice. Also,
the number of satellite cells per fiber was significantly higher.
Notably, this increase was significant also comparing the number
of satellite cells in PKCO-/- mice after 2 injuries.

The CSA of regenerated muscle fibers 30 days after the third injury
was similar between WT and PKCO-/- mice (Figure 18E and F),
suggesting that although more satellite cells undergo self-renewal
in PKCB-/- mice, the myogenic potential is maintained.
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Figure 18: A: Experimental plan. B: representative immunofluorescence
pictures of WT and PKC6-/- GA sections 30 days after 3 CTX injury, scale bar:
100 pm. Sections were stained for Pax7 (red) and Laminin (green). Nuclei were
counterstained with Hoechst. C: Quantification of the number of SCs/mm? D:
and the number of SCs per fiber in uninjured GA from WT and PKC6-/- mice,
or after 1, 2 or 3 injuries. E: mean CSA of regenerated fibers 30 days after the
third injury in WT and PKC6-/- mice. F: Frequency of myofiber CSA from GA
muscles of WT and PKC6-/- mice, 30 days after the third injury. Error bars
represent mean £+ sem, *p < 0.05,**p < 0.01, ***p < 0.001, **** p < 0.0001
calculated by Two-way Anova with adjustment for multiple comparison test.

3.3.4 Notch1 expression is similar in satellite cells isolated from
regenerating WT and PKCO-/- muscles

Notch is considered one of the key factors regulating satellite cell
self-renewal. In our preliminary results obtained in dystrophic
mice, we found an increased Notchl expression in satellite cells
derived from mdx PKCO-/- mice, compared to the ones isolated
from mdx mice (Fiore P. et al. Int J Mol Sci. Accepted). To
investigate whether the increased satellite cell self-renewal
observed in PKCO-/- mice depends on changes in Notchl, we
analyzed its expression in satellite cells isolated from injured or
uninjured muscles. We induced a CTX injury in WT and PKC6-/-
muscle, and we isolated satellite cells at 3, 5 and 7 days after
injury, during the phases of satellite cell activation/proliferation
and differentiation respectively. The results obtained show that
Notchl expression level in SCs isolated from WT and PKC6-/-
muscles either uninjured or injured, was similar (Figure 19A). The
expression level of Deltal and Jaggedl, two of the Notch-1
ligands, was also analyzed in WT and PKC8-/- uninjured or injured
muscles. While Jaggedl expression was similar in uninjured
muscle, it was significantly increased in PKC6-/- muscle 3 and 7
days after CTX injury, compared to WT (Figure 19C). Deltal
expression, although increased in PKCO-/- muscle after injury, did
not reach a significant difference compared to WT instead (Figure
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19B). These results together indicate that the increased satellite cell
self-renewal observed in PKCO-/- mice is not dependent on higher
Notchl expression. However, the increased expression of Notch
ligands Deltal and Jagged!l in injured in PKCO-/- muscle, suggests
that PKCO affects Notch signalling, and further experiments are
required to investigate this aspect.
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Figure 19: A: Notchl expression level in satellite cells isolated from WT and
PKCO-/- uninjured TA muscles, or 3, 5 and 7 days after CTX injury, analyzed by
RT-PCR. B: Deltal and C: Jaggedl expression level in WT and PKCO-/-

uninjured TA muscles, or 3, 5 and 7 days after CTX injury, analyzed by RT-
PCR. Error bars represent mean + sem, *p < 0.05 calculated by Student’s t-test.
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3.4 Genetic ablation of PKCO does not alter the
inflammatory milieu after induction of acute
injury

3.4.1 The quality and quantity of innate immune cells is not
altered in PKCO-/- regenerating muscle, in acute injury

While PKCO plays an important role in effector T cell recruitment
in the context of chronic muscle inflammation as we reported
previously, less is known about its role in myeloid cell recruitment.
Myeloid cells such as neutrophils and monocytes are the principal
immune cell players during acute muscle injury. They influence
satellite cell behavior by stimulating their activation, proliferation,
and differentiation following injury. To understand whether PKC6
indirectly affects satellite cell behavior via immune cells, we
analyzed myeloid cell infiltration in WT and PKC8-/- injured
muscles. Therefore, we injected WT and PKC6-/- GA muscles
with CTX, and we analyzed immune cell infiltration by flow
cytometry, at 3 and 10 days after injury. At 3 days after injury,
inflammatory monocytes invade the injured muscle and drive
satellite cell activation and proliferation. At 10 days after injury,
the switch of the pro-inflammatory M1 to the anti-inflammatory
M2 macrophages stimulates satellite cell differentiation and muscle
regeneration.

At 3 days after CTX, flow-cytometry analysis showed no
significant difference in myeloid cell infiltration between WT and
PKCO-/- mice. Total number of infiltrating mononuclear cells,
CD45+ cells, and CD11b+ cells, was similar between the two
genotypes. M1 and M2 macrophages were identified as CD11b+
F4/80+ Ly6c-hi cells, and CDI11b+ F4/80+ Lyé6c-lo cells,
respectively. As it is shown in figure 20, total number of M1 and
M2 macrophages did not change significantly between WT and
PKCO-/- muscles. Within the M2 macrophage population, we
analyzed the expression of CD206 marker, which was also similar.
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At 10 days after CTX injury, total number of infiltrating
inflammatory cells decreases in both WT and PKC6-/- mice,
compared to the 3 day-injured muscles. This evidence indicates
that the inflammatory phase has been resolved and regeneration is
ongoing. At this stage, total number of mononuclear cells, CD45+
cells, CD11b+ cells, M1 and M2 macrophages was similar in WT
and PKCO-/- mice. Also CD206 expression was similar (Figure
21).

Cytokines mediate the communication between immune and
satellite cells. In particular, pro-inflammatory cytokines induce
satellite cell activation and differentiation, and prevent their
differentiation. Thus, we analyzed the expression level of some of
the principal inflammatory cytokines from injured tibialis muscles,
by rtPCR. The results obtained showed no significant difference in
the expression level of TNF-a, IL-1B, and IL-6 between WT and
PKCO-/- mice, at 3 and 10 days after CTX injury (Figure 22).
These results together confirm that PKCO does not affect the
inflammatory milieu during acute injury.
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Figure 20: Flow Cytometry analysis of inflammatory cell infiltrate in WT and
PKCO-/- GA, 3 days after CTX injury. A: Total number of mononuclear cells, B:
CD45+ cells, C: CD11b+ cells, D: Ly6c-hi+ cells and E: Ly6c-low+ cells,
normalized on muscle mass 3 days after CTX injury in WT and PKC6-/- GA. F:
representative FACS plots showing M1 and M2 macrophage populations. G:
histogram showing CD206 mean fluorescence in WT and PKCO-/- GA 3d after
CTX. Error bars represent mean + sem.
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Figure 21: Flow Cytometry analysis of inflammatory cell infiltrate in WT and
PKCO-/- GA, 10 days after CTX injury. A: Total number of mononuclear cells,
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normalized on muscle mass 10 days after CTX injury in WT and PKC6-/- GA.
F: representative FACS plots showing M1 and M2 macrophage populations. G:
histogram showing CD206 mean fluorescence in WT and PKCO-/- GA 10d after
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Figure 22: A: RT-PCR analysis of inflammatory cytokines TNF-a, IL-1B, and
IL-6 at 3 days after CTX injury and B: 10 days after CTX injury, from total TA
muscle RNA extract of WT and PKCO-/- mice.
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4. DISCUSSION

In the present study, we show that PKCO is expressed in satellite
cells. We found that a high level of PKCO protein is expressed in
recently activated satellite cells (i.e. freshly isolated cells). PKC6
expression then decreases in proliferating cells to increase again in
differentiated cells. Interestingly, the ratio between the active
phospho-PKC6O and total PKCO is maximum in proliferating
satellite cells. This result suggests that despite PKCO expression
decreases in proliferating satellite cells, its activity is high.
Immunostaining with the phospho-PKC6 antibody allowed us to
localyze the active form of the protein. Although it was not
possible to identify phospho-PKCO in sections to study its
activation in quiescent satellite cells, we were able to stain cultured
cells. In proliferating satellite cells, we detected phospho-PKC6 at
the chromatin level during prophase. A previous study also
observed PKCHO at the chromatin level in T cells. Sudha Rao’s
group showed that PKCO can bind the promoter of genes and
microRNA important for cytokine regulation, and induce their
expression [79]. However, to the best of our knowledge, PKC6 was
never observed in association with DNA in prophase. Therefore, it
would be interesting to investigate in the future whether PKCO is
involved in the process of chromatin condensation. During
metaphase in satellite cells, we showed that phospho-PKC6O moves
to the centrosomes and partially to the mitotic spindle. During
telophase and cytokinesis we detected phospho-PKCO at the
contractile ring of dividing satellite cells, which has never been
reported previously. Abortive cytokinesis induces the formation of
abnormal cells containing 2 or more nuclei [80]. We did not
observe any aberrant cell division neither in PKC6-/- satellite cells,
nor in WT cells treated with C20. Although the role of PKCO in
cytokinesis is not known, based on our results we can speculate
that PKCO is not necessary for successful cytokinesis.

The localization of phospho-PKC6O to the mitotic machinery
strongly suggested a role of this protein in the regulation of
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satellite cell division. However, satellite cell proliferation was not
affected by PKCO absence in vitro and in vivo, after induction of
CTX injury. Previously, Passalacqua et al. [81] provided evidence
that PKCO 1is recruited to the mitotic spindle of murine
erythroleukaemia (MEL) cells and associates with centrosomes and
kinetochore of dividing cells. Furthermore, in non-proliferating or
differentiated MEL cells, PKCO expression was down-regulated.
Although the authors have not tested the effects of PKC6 ablation/
inhibition on MEL cell proliferation, they speculated a potential
role of this protein in the regulation of cell growth and
proliferation. In our study we found that PKC6 is highly expressed
in satellite cells that have still to enter mitosis (i.e. freshly isolated
satellite cells).Thus, PKCO may be accumulated in non-dividing
satellite cells, to be rapidly activated when cells enter mitosis.
Another possibility is that PKCO plays a yet unknown roles in
satellite cells.

The localization of PKCH to the centrosomes and mitotic spindle
suggests a role of this protein in the mitotic spindle orientation
and/or in the asymmetric segregation of cell fate determinants.
Indeed, we found that satellite cell symmetric division was
significantly increased in cultured PKC6-/- myofibers compared to
WT. Furthermore, within the symmetric cell doublets, the number
of Pax7+/MyoD- satellite cells was markedly higher compared to
WT. This number remained elevated in PKCO-/- myofibers even
after 72h in culture, when satellite cells have proliferated.
Together, these results indicate that lack of PKCO stimulates
satellite cell self-renewal. These observations were confirmed by
the use of the pharmacological inhibitor of PKCO, the C20.
Treatment of cultured satellite cells with the C20 led to the
expansion of the Pax7+MyoD- ‘reserve cell’ population. We also
observed a reduction in cell fusion index after treatment with C20.
This result is coherent with the fact that more cells underwent self-
renewal. All of these effects were dose-dependent, with the highest
dose of C20 used resembling the phenotype of knock out cells.
Previously, we showed that PKCO is required for the initial phase
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of myoblast fusion, but not for the induction of terminal
differentiation [52]. In this study, we showed that PKCHO is
involved either directly or indirectly in the activation/
phosphorylation of Focal Adhesion Kinase (FAK). FAK, in turn,
induces the expression of the profusion genes caveolin-3 and 1D
integrin. Consequently, lack of PKCH led to reduced fusion index
in vitro, and slower muscle regeneration in vivo. In this study, no
significant differences were observed between WT and PKCO-/-
satellite cells before fusion. However, the authors did not
investigate the role of PKCO on satellite cell self-renewal ability.
The induction of FAK phosphorylation was associated with PKC0
activation and translocation to the cell membrane during myoblast
differentiation. It is possible that according to the different
dynamic subcellular localizations, PKC6 can play different roles.
Thus, we speculate that when PKC0 is localized at the centrosome
and mitotic spindle, it regulates division symmetry. Previous
studies mostly done in Drosophila suggested that self-renewal
regulators localize asymmetrically during mitosis, and they are
inherited differently by the two daughter cells. This axis is used to
distribute proteins that orient the mitotic spindle, and establish if
the cell division will be planar or apico-basal. Par-3, Par-6 and
aPKC form a complex involved in basically all the biological
processes that require cell polarization. In embryonic neuroblasts,
as well as in satellite cells, this complex localizes to the apical pole
of the dividing stem cell, and direct mitotic spindle orientation.
Parl is a protein that participates in cellular polarity by
phosphorylating Par3 and redistributing Par3-Par6-aPKC complex
to the apical pole, opposite to where Parl is localized. Parl activity
and localization 1is generally regulated by aPKC-dependent
phosphorylation. However, it was demonstrated that also nPKCs
can regulate Parl activation and localization in HEK 293 cells,
through PKD mediated phosphorylation [83]. PKCH belongs to the
family of nPKCs, and it is known to be an upstream regulator of
PKD. Thus, it remains to be investigated whether PKCO regulates
Parl phosphorylation and Par3 localization.
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It was previously shown that Parl absence in satellite cells leads to
Par3 mislocalization. This causes an increase in satellite cell
symmetric division, and an increase in the number of self-renewing
cells. This phenotype resembles that of PKCO-/- satellite cells.
Knockdown of Parl causes centrosome multipolarity and abnormal
cell division [84]. However, PKCO-/- satellite cells displayed a
normal mitotic spindle formation observed by immunofluorescence
analysis for tubulin.

The in vivo analysis confirmed that satellite cell self-renewal
ability is increased in PKCO-/- mice. After the induction of muscle
injury, the number of satellite cells going back to quiescence is
increased of 65% in PKCO-/- mice, compared to WT . Also the
pharmacological inhibition of PKC6O with C20 inhibitor leads to
similar results after injury. In this case, quiescent satellite cell
number was increased by 50% compared to vehicle treated mice.
The lower percentage compared to PKCO-/- mice could depend on
the dose of C20 used, which probably did not result in the
complete inhibition of the protein function. Indeed, we used the
lowest dose of C20 in vivo that was sufficient to reduce T cell
function significantly. As observed in cultured cells treated with
C20, the effect on self-renewal is dose-dependent. Thus, it is
possible that increasing the dose of C20 in vivo we can increase the
number of self-renewing satellite cells. Notably, a 10-day
treatment with C20 during the first phase of regeneration was
sufficient to observe the increase of the quiescent satellite cell
pool. This result suggests that PKCO inhibitor treatment can be
effective even when administered for a short period of time.

PKCO could be a promising target for the treatment of pathological
conditions where satellite cells show an enhanced myogenic
commitment, such as aging. Satellite cell number and function
decline in late adulthood and muscle gradually loses its
regenerative ability. The functional decline is due to modifications
in the satellite cell niche, such as deregulations in Wnt, Notch, and
TGFB pathways. Moreover, fibrosis and inflammation increase
with age, negatively affecting regeneration [85]. Intrinsic defects in
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satellite cells from aged mice involve the upregulation of p-38 and
JAK-STAT pathway, which result in the loss of self-renewal
ability and regeneration.

Treatment with p-38 inhibitors or JAK-STAT inhibitors led to the
rescue of self-renewal ability and improved regeneration in aged
mice [86]. Of note, it would be interesting to investigate whether
PKC8 expression/phosphorylation increases in aged satellite cells.
In this case, PKCO can be targeted to rescue aged satellite cell
defects.

We showed that the induction of repeated injuries in PKC6-/-
muscle leads to a progressive increase in the number of quiescent
satellite cells, without adverse effects on the regenerative ability.
This result suggests that PKCHO inhibition may counteract satellite
cell loss by limiting the number of cells committed to
differentiation, in aged mice. In mdx PKC6-/- mice, we observed
that the number of satellite cells increases at 12 months of age
compared to mdx (Fiore P. et al. Int J Mol Sci. Accepted).
Although 12-month-old mice are not considered aged, we can
speculate that this increased number of satellite cells is maintained
even in older mice.

Overall our results show that PKCO plays a direct role in SC
activity.

We previously demonstrated that PKCO is a promising anti-
inflammatory target in the context of muscular dystrophy. PKC6
inhibition targets effector T cells and ameliorates inflammation and
necrosis during the acute phase of the disease [72], [73]. Here we
show that PKCO can also be directly targeted to improve and
maintain the satellite cell pool.
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5. MATERIALS AND METHODS

5.1 Animal models

PKCO-/- mice (C57BL/6J background) were provided by Dan
Littman (New York University, New York). In these mice, the
gene encoding PKCO Is inactivated in all cells of the body, as
previously described [66].

CS57BL/6J control mice were purchased from Jackson laboratory.
The animals were housed in the Histology Department—accredited
animal facility. All the procedures were approved by the Italian
Ministry for Health and were conducted according to the U.S.
National Institutes of Health (NIH) guidelines.

5.2 Cardiotoxin injury

Before Cardiotoxin, mice were anesthetized by intra-muscular
injection of zoletil (50/50 mg/ml) and rompun (20 mg/ml).
Cardiotoxin injury was performed by injecting 20 pl of
Cardiotoxin from Naja Pallida (10 mMol in H20, Latoxan L8102)
with two injections of 10 pl each, in two different areas of the GA
muscle using a 30 Gauge microsyringe.

5.3 Single myofiber isolation and culture

Single myofibers were isolated from EDL muscles of 4-8-week-old
mice. EDL muscles were dissected from tendon to tendon and
incubated in DMEM (Sigma-Aldrich D6546) containing 0.2%
collagenase I (Sigma-Aldrich C01130) for 45 minutes. Myofibers
were then dissociated by gentle flushing with a glass pipette, in a
dish containing DMEM 1% penicillin streptomycin (Sigma-
Aldrich P0781). Then myofibers were washed 3 times in DMEM
1% penicillin-streptomycin, and were left for 1h in the last washing
dish. Myofibers were then cultured in suspension in Horse Serum
(Gibco, 26050088) coated dishes, in high glucose DMEM
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containing 1% penicillin-streptomycin, 1% Chick Embryo Extract
(CEE, produced in the lab), 20% FBS (Sigma-Aldrich F7524).

5.4 Satellite cell isolation and culture

SCs were prepared from hind-limb muscles of 4-8 week old mice.
Muscles were dissected with scissors and finely diced with a
scalpel. For enzymatic digestion, muscles were incubated in
Collagenase type II (Sigma-Aldrich C6885) 0.4 mg/ml in PBS
(Sigma-Aldrich D8537), for 45 min in shaking water bath at 37°C.
A second digestion was performed in 1 mg/ml of
Collagene/Dispase (Roche 11097113001) in PBS Calcium-
Magnesium free (Sigma-Aldrich D8537), for 30 min at 37°C.
Digestion was then blocked with 10 ml of FBS 10% in DMEM.
The digested muscle was then passed through 70um cell strainer
first, and 40pum cell strainer then, to remove debris. Next, satellite
cell purification was performed by using SC Isolation Kit (Miltenyi
Biotech 130-104-268). For magnetic labeling the cells were
resuspended in 80 pl buffer (PBS pH 7.2, 0.5% FBS, 2mM EDTA)
and 20 pl of Satellite Cell Isolation Kit per gram of tissue. The
cells were then incubated for 15 min at 4°C. Following the
incubation, volume was adjusted to 500 pl with the buffer, and cell
suspension was passed through a LS column placed in a magnetic
field of a MACS Separator. Flow-through was collected, and the
column was washed twice with 1 ml of buffer. Unlabeled cells
were collected with flow-through of the previous step. Cells were
then counted, washed, resuspended in growth medium (GM) and
plated. GM contained DMEM 20% HS, 3% Embryo Extract.
Differentiation medium (DM) contained DMEM 5% HS, 1% CEE.

5.5 Immunofluorescence analysis

For immunofluorescence on sections, 8 um muscle cryosections
were fixed in 4% PFA (Sigma-Aldrich HT5011) for 10 min RT,
and then permeabilized in cold methanol for 6 min at -20°C. Next,
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antigen retrieval was performed in Citric Acid 0.01M pH 6, for 10
min at 90°C. Sections were then blocked in BSA (Sigma-Aldrich
A2058) 4%, Goat Serum (Sigma-Aldrich G9023) 5% for 30 min
RT. Sections were then incubated in M.O.M. Mouse Ig Blocking
reagent (Vector Laboratories MKB-2213) for 1h RT, and then in
M.O.M. Diluent for 5 min. Subsequently, sections were incubated
with primary mouse anti-Pax7 antibody (Developmental Studies
Hybridoma Bank) diluted 1:10 in M.O.M. Diluent, for 30 min RT.
Sections were then incubated with rabbit anti-laminin (Sigma-
Aldrich L9393) 1:200 diluted in BSA 4%, and biotin anti-mouse
1:1000 (BioLegend 405303) O/N at 4°C in humid chamber. The
next day sections were incubated in secondary antibodies
Streptavidin-Cy3 1:500 (BioLegend 405215) and goat anti rabbit
IgG Alexa Fluor 488 1:1000 (Abcam ab150077). Nuclei were
counterstained with Hoechst.

For immunofluorescence on cultured cells, the cells were fixed for
10 min with PFA 4% RT, and then permeabilized in cold methanol
for 6 min at -20°C. Next, cells were blocked in BSA (Sigma-
Aldrich A2058) 4%, Goat Serum (Sigma-Aldrich G9023) 5% for
30 min RT. The cells were then incubated over-night with primary
anti-Pax7 antibody 1:10 (Developmental Studies Hybridoma
Bank), anti-MyoD antibody 1:50 (Santa Cruz C20: sc-304), anti
phospho-PKCO antibody 1:50 (Thr538-Cell Signaling 9377), and
anti-o-tubulin 1:2000 (Sigma-Aldrich T5168). Primary antibodies
were diluted in BSA 1% PBS. The next day the cells were washed
three times with PBS and incubated with secondary antibodies
diluted in BSA 1% PBS, for 1h RT in dark. Secondary antibodies
used were: goat anti rabbit I[gG Alexa Fluor 488 1:1000 (Abcam
ab150077), and goat anti mouse IgG Alexa Fluor 555 1:1000
(Thermo-Fisher A-21422). Nuclei were counterstained with
Hoechst.

For myofiber staining, myofibers were fixed in PFA 4% for 5 min
RT, permeabilized in cold methanol -20°C for 6 min, and
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incubated in Glycin 1M for 10 min RT to reduce background.
Blocking was performed in BSA 4%, Goat Serum 5% for 30 min
RT. Primary antibodies mouse anti Pax7 and rabbit anti-MyoD
1:50 (Santa Cruz C20: sc-304) were incubated O/N at 4°C in
humid chamber. The next day myofibers were incubated for 1h RT
in biotin anti-mouse and subsequently in secondary antibodies goat
anti rabbit Alexa Fluor 488 and Streptavidin Cy3 for 1h RT, at the
concentration listed before. Nuclei were counterstained with
Hoechst and Topro3. Samples were analyzed under an
epifluorescence Zeiss Axioskop 2 Plus microscope.

5.6 CSA analysis

Muscle fiber CSA was analyzed by using Imagel] software from
Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA.

5.7 Western Blot

Satellite cells were homogenized in ice-cold buffer containing 20
mMTris (pH 7.5), 2 mM EDTA, 2 mM EGTA, 250 mM sucrose, 5
mM DTT, 200 mg/ml leupeptin, 10 mg/ml Trasylol, 1 mM PMSF,
and 0.1% Triton X-100 and then disrupted by sonication. The
homogenate was then incubated for 30 min at 4°C in rotation, then
centrifuged at 12,000g for 10 min at 4°C. The pellet was discarded.
Protein determination was performed by using the Comassie Plus
protein assay reagent (Pierce, Rockford, IL), according to the
manufacturer's instruction. Proteins from each sample were loaded
onto 10% SDS-polyacrylamide gels and transferred to a
nitrocellulose membrane (Schleicher and Schuell, Dassel,
Germany). The membranes were incubated with anti-PKC0 (Cell
Signaling #2059) and anti phospho-PKCO (Thr538-Cell Signaling
#9377) primary antibodies 1:1000 diluted in BSA 5% in TBS 1%
tween. HRP-conjugated goat anti-—rabbit IgG 1:5000 diluted in
BSA 5% in TBS 1% tween (Bethyl Laboratories A120-101P) was
used as secondary antibody, and immunoreactive bands were
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detected using ECL solution, according to the manufacturer’s
instructions. Chemiluminescent signals were acquired by
ChemiDoc MP Imaging System (Bio-Rad). Densitometric analysis
was performed using Imagel software. Proteins were normalized
to GAPDH (Santa Cruz 6C5: sc-32233).

5.8 Cell isolation and cytofluorimetric analysis

To prepare single cell suspension, muscles were dissected from
mice and finely minced with a scalpel in a dish containing DMEM.
Next, minced muscles were digested in a solution of Collagenase
type IV (Worthington Cat. No. 9001-12-1) 1 mg/ml in DMEM, (10
ml/g of muscle) for 1h 30 min in shaking water bath at 37°C. Then,
digested muscles were passed through a 70 um cell strainer first
and then through a 40 pum cell strainer, to exclude cell debris.
Muscle single cell suspension was then resuspended in FACS
buffer (PBS 1% FBS) and incubated 30 min on ice with the
following antibodies: anti-CD45 (Biolegend, clone 30-F11,
1:6000), anti-Ly6G (eBioscience, clone 1A8 and clone RB6-8C5,
1:3000), anti-Ly6c (Biolegend, clone HK1.4, 1:100), anti-F4/80
(Biolegend, clone BMS8, 1:1000), anti-CD206 (MMR) (Biolegend,
clone C068C2, 1:50), anti-CD11b (Biolegend, clone M1/70,
1:3000). Cell wviability was assessed with 4’ 6-diamidino-2-
phenylindole  dilactate ~ (DAPI) (BioLegend, 422801).
Compensation was set using the ABC compensation beads kit
(Thermo Fisher, Eugene, OR, USA; A10389 and A10344).
Samples were processed using a Dako CyAn ADP flow cytometer
and acquired data were analyzed using FlowJo software version 10
(FlowJo LLC, Ashland, OR, USA).

5.9 CFSE analysis

Isolated SCs were stained with CFSE (ThermoFisher Scientific.
C34554) 5 um for 20’ at 37°C in dark prior to culture. After 72h in
culture in GM SCs were detached with accutase and fluorescence
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was analyzed with a CyAn ADP (DAKO). Acquired data were
analyzed using FlowJo software version 10.

5.10 RNA isolation and Real Time PCR analysis

For RNA isolation, the cells were collected in TRI reagent (Sigma-
Aldrich T9424). For RNA preparation from muscle, the muscles
were homogenized in TissueLyser (Quiagen) in the presence of
TRI reagent. Next, homogenized tissue was syringed 3 times with
a 21G needle syringe. Then, samples were centrifuged at 12.000 g
for 10 minutes at 4°C and the pellet was discarded. For every ml of
TRI reagent used, 200ul of Chloroform were added. After
centrifugation for 15 minutes at 12000 g, the aqueous phase
containing the RNA was recovered. For every ml of TRI reagent
used, 500ul of isopropanol were added to the aqueous phase. After
10 minutes of incubation at RT and centrifugation for 10 minutes
at 12000 g, the RNA precipitates. The RNA in aqueous phase was
washed with a solution of cold 75% Ethanol in water and then
resuspended in RNAse and DNAse free water. RNA was
retrotranscribed to cDNA using the SensiFAST™ cDNA Synthesis
Kit (Bioline Cat. No. BIO-65054). PCR amplification was
performed using the SensiMix™ SYBR® Low-ROX Kit (Bioline
QT625-05), following the manufacturer’s protocol. Data analysis
was performed using 7500 Software v2.0.6 provided by Applied
Biosystems. Data are expressed as fold-change in expression
levels. Relative expression levels were normalized to GAPDH
mRNA. The primers used are listed below.
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GAPDH

For: 5’ ACCCAGAAGACTGTGGATGG 3’
Rev: 5’ CACATTGGGGGTAGGAACAC 3’
IL-6

For: 5> ATGAAGTTCCTCTCTGCAAGAGACT 3’
Rev: 5’ CACTAGGTTTGCCGAGTAGATCTC 3’
TNF-a

For: 5" ATGATCCGCGACGTGAA 3’

Rev: 5" AGGGAGGCCATTTGGGAA 3’
PKC6O

For: 5" CCTACTGCGCTGTGCTTGTC 3°
Rev: 5" GGGAGTAGAGTTCCACGGTTG 3’
Notchl

For: 5" GGTCGCAACTGTGAGAGTGA 3’
Rev: 5> TTGCTGGCACATTCATTGAT 3’
Deltal

For: 5’ CCGGCTGAAGCTACAGAAAC 3’
Rev: 5" GAAAGTCCGCCTTCTTGTTG 3’
Jagged1

For: 5" ATCGTGCTGCCAGTTT 3’

Rev: 5" GGTCACGCGGGATACT 3’
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IL-1B
For: 5> AGTGTGGATCCCAAGCA 3’
Rev: 5> CACTGTTGTTTCCCAGGA 3’

5.11 Statistical analysis

All statistical analyses were performed using GraphPad Prism
software version 6. Quantitative data are presented as means =+
SEM of at least three experiments. Statistical analysis to determine
significance was performed using Student’s t tests or Anova test.
Differences were considered to be statistically significant at the p <
0.05 level
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