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Abstract
Skeletal muscle contains several myogenic populations:
satellite cells, muscle derived stem cells, PW1+ stem cells,
mesoangioblasts / pericytes, fibroadipogenic progenitor cells,
and hematopoietic stem cells. In response to muscle damage
in cachexia, these myogenic populations proliferate, but fail
to fuse into myofibers. Substantial evidence points to pro-inflammatory cytokines and other anti-myogenic factors, which
apparently are responsible for this paradoxical increase in the
muscle stem-cell pool in wasting muscle. Therapeutic efforts
are currently aimed at counteracting myofiber catabolism and
atrophy; nonetheless, functional myogenic cells could be an
additional therapeutic targets. As in dystrophic muscles, myogenic cells can sustain muscle homeostasis for a long time,
even in the presence of overt muscle damage and wasting.
Many tools are already available to stimulate their differentiation, from exercise to the pharmacological removal of inhibitory signals blocking this very differentiation. However, an
extended characterization of the various myogenic stem-cell
populations, in search of the one resistant to cachectic factors,
has not been performed to date. The identification of either
an engineered or an endogenous myogenic cell type able to
differentiate or fuse to cachectic myofibers in the presence of
a non-permissive milieu would represent a revolutionary approach to counteract cachexia.
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Skeletal muscle mass and function are physiologically diminished with aging or, severely, in acute conditions such as severe injuries (burn, brain injury) or chronic conditions (cancer,
organ failure, autoimmune diseases). The latter form of muscle
wasting, known as cachexia, directly accounts for a significant
percentage of deaths among patients and negatively affects
survival and quality of life. So far, cachexia has been regarded
primarily as a catabolic condition affecting the muscle mass, i.e.
the myofibers. We and others demonstrated the importance in
muscle wasting of factors within the muscle microenvironment
surrounding the myofibers. With this view, it is of the greatest
interest to shed light on the behavior of satellite cells and other
stem cells with myogenic potential in muscle interstitial space
upon the onset of cachexia.
Treatments against muscle wasting aimed at interfering
with central mechanisms (such as the release of cytokines) or
peripheral responses (such as myofiber protein catabolism) are
promising, but an effective cure against cachexia is still lacking. In the light of the most recent findings on stem cells in
cachexia, exploiting their myogenic potential would represent
an alternative approach in order to counteract muscle wasting.
This review focuses on the poorly explored domain of stem cell
populations with myogenic potential as a target to combact cachexia.

Stem Cells with Myogenic Potential
At present, we know several stem cell populations which
can be exploited to enhance muscle regeneration and homeostasis in pathological conditions, as reviewed by Sirabella as
well as by Rinaldi [1,2]. Although these stem cell populations,
including the satellite cell population, are all potentially myogenic, it is of pivotal importance to briefly summarize some differences among them.

Satellite Cells (SCs)
In 1961, by means of electron microscopy, Mauro first described the satellite cells as mononuclear cells located between
the basal lamina and the sarcolemma [3]. By correlating their
absence in the other striated muscle, i.e. cardiac muscle, and
the lack of regenerative potential in this tissue, he speculated
on the importance of SCs for muscle regeneration. These findings are now established and satellite cells are considered as the
main source of new nuclei in skeletal muscle postnatal growth
and repair, thus playing a major role in skeletal muscle plasticity
[4]. Approximately 2.5–6% of nuclei in muscle belong to SCs
[5,6]. SCs reside in a particular niche in proximity to the capillaries [7], allowing interactions between SCs, myofibers and endothelial cells on each side of the basement membrane [8,9].

OPR Science

Open Access Open Peer Review

SCs are in a quiescent state and are characterized by co-expression of the transcription factors Pax3 and Pax7 until they are
activated by muscle damage, proliferate, and fuse to form new
myofibers. The same processes also occurring during postnatal
growth [10]. SC proliferative life span is limited, with the potential number of cell divisions decreasing considerably as a function of donor age in humans and animals [11]. Activated SCs
re-enter the cell cycle and express Pax7, Myf5 and MyoD, thus
becoming myoblasts. Their division can be symmetric, leading
to two activated cells (Pax7+/Myf5+) or asymmetric, leading to
one activated cell (Pax7+/Myf5+) and a quiescent cell (Pax7+/
Myf5-), a process which replenishes the SC pool, and is a typical stemness feature [12]. Transcription factors such as Myf5,
MyoD, myogenin, and MRF4 promote myogenic differentiation
[13], while Pax7 and Pax3 expression progressively decreases
upon SC differentiation [14]. The activated SCs fuse to existing
damaged muscle fibers or fuse together to form nascent myofibers, or myotubes, expressing Mrf4 and the heavy chain of
myosin (MHC), together with other markers of terminally differentiated myofibers [15-17]. Worth noting, whilst expressed
in quiescent SCs, Pax7 maintains proliferation and prevents
precocious differentiation, but does not promote quiescence,
as elegantly demonstrated by Zammit [18]. In addition, one of
the most striking stem cell features of SCs is the fact that a subpopulation of these cells retains all template DNA strands in
their chromosomes after asymmetric cell division [19]. Other
evidence of the heterogeneity of the SC subpopulations come
from the studies of single myofiber grafting by Collins et al. in
irradiated hosts, showing different muscle repopulation capacities displayed by SCs from different hind-limb muscles [20].
This and other studies globally highlighted the remarkable SC
myogenic potential, showing that «as few as seven satellite
cells associated with one myofiber can give rise to sufficient
differentiation-competent progeny to generate thousands of
myonuclei» [20].

Pw1+ Interstitial Cells (PICs)
PICs are characterized by expression of PW1, aka Peg3, a
zing finger protein which regulates two major cell-stress pathways, the Tumor Necrosis Factor (TNF)- and the p53-dependent
signaling, both involved in muscle atrophy [21-23]. Several
studies demonstrated that PICs are not derived from the same
embryonic lineage of satellite cells [24,25]. Naive PICs do not
express any gene involved in the myogenic lineage like Pax7 or
MyoD, but in vitro, in a pro-myogenic environment, PICs are
able to form myotubes by fusion. In vivo PICs are able to regenerate muscle fibers and reform PICs and the SC pool when
they are injected in injured muscle [25]. Differently from SCs,
PICs are multipotent and can differentiate into both skeletal
and smooth muscle [26].

Muscle-Derived Stem Cells (MDSC)
MDSC are another multipotent stem cell population, originally identified in the interstitial space of murine muscles [27].
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The characteristic weak adhesion to plastic in culture shown by
MDSC provides an easy way to isolate this stem cell population
ex vivo. Interestingly, MDSC have a good myogenic potential,
in addition to having 10 times higher efficiency in hematopoiesis than hematopoietic stem cells themselves [28,29]. MDSC
are also able to differentiate into mesenchymal tissues regenerating bone and muscle [27]. Clones of MDSCs express some
stem cell markers, such as CD34, Bcl-1 and Sca-1, and myogenic
markers, such as MyoD. Mouse MDSCs can be expanded in vitro without undergoing senescence [30]. For all of the above,
MDSC and SCs are clearly distinct populations. The long-term
self-renewal process of postnatal MDSC, and their embryonic
origin, are not known yet. Interestingly, MDSC isolated from female mice have a higher regeneration capacity than their male
homologues [31].

Mesoangioblasts (MABs) / Pericytes
MABs and pericytes are multipotent stem cells [32] which
contribute to muscle regeneration [33]. Pericytes and mesoangioblasts co-express endothelial and myogenic markers,
since they derive from the embryonic dorsal aorta. Later on,
they take place along blood vessels. Indeed, pericytes are adult
MABs and they differ from MABs inasmuch as their express Alkaline Phosphatase, Platelet-Derived Growth Factor (PDGGF)
receptor, and Neural/Glial antigen 2 [34]. Pericytes locate onto
the basement membrane, rely on type VI collagen for cell adhesion to the extracellular matrix (ECM) [35] and on PDGFR to
bind PDGF-b expressed by endothelial cells for cell-cell interactions [36]. Pericytes directly participate to muscle fiber formation and can differentiate in satellite cells during postnatal
development [37]. Mesoangioblasts proliferate and maintain
the ability to differentiate into different mesoderm cell types,
like skeletal and smooth muscle, osteoblasts or adipocytes [32].

Fibroadipogenic Progenitors Cells (FAPs)
FAPs have been recently added to the list of stem cells with
myogenic potential. FAPs do not arise from the myogenic lineage and can also differentiate into adipocytes and fibroblasts
[38, 39]. They are abundant in healthy muscle, recruited upon
injury, and enhance pro-myogenic signals [39]. FAPs are located in the interstitial space between myofibers, next to blood
vessels. They express PDGFRα and produce IL-6, and IGF1, thus
modulating myogenesis [39]. In IL-4/IL-13 dependent fashion,
FAPs contribute to necrotic debris clearance and promote muscle regeneration [38]. However, FAPs can also trigger fibrosis in
muscles upon myostatin stimulation, through Smad3 signaling,
in the presence of chronic kidney disease [40].

Hematopoietic stem cells (HSC)
HSC are located in red bone marrow and originate all
blood cell lineages in hematopoiesis. Strikingly, bone marrow
cells can contribute to skeletal muscle fiber formation, but it
is not well known which subpopulation plays a major role in
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muscle regeneration. It was suggested that either HSC, mesenchymal stem cells, myelo-monocytic cells or even macrophages
are implicated in this phenomenon; however, HSC appear the
major contributors to muscle regeneration [41]. Noteworthy
studies showed that a single HSC transplanted into sublethally-irradiated recipient, can give rise to a mixed progeny reconstituting both blood cells and myogenic cells that integrate into
regenerating myofibers[42].

Muscle Homeostasis in Health and Disease
Skeletal Muscle Regeneration After Injury
Skeletal muscles regenerate following muscle damage,
thus maintaining functional muscle mass throughout life. Skeletal muscle is composed of bundles of multinucleated cells,
called myofibres, surrounded by ECM. During embryonic development muscles fibers derive from the fusion of precursors
know as myoblasts, a process which is somehow recapitulated in adult life during muscle regeneration, even though this
paradigm has been elegantly challenged [43,44]. The syncytial
nature of myofibers determines some peculiar features of muscle regeneration, recently reviewed by Coletti et al. [45]. The
fine regulation of a sequence of phases following acute injury
is of pivotal importance to grant fully, effective regeneration
[46]. The latter requires the following steps: 1) Innate immune
system recruitment: inflammatory cells of the innate immune
system, such as neutrophils, are attracted to the damaged site,
and, in turn, recruit monocytes; the latter convert initially to
pro- and later to anti-inflammatory macrophages, phagocyte
debris of necrotic tissue and stimulate myogenesis and muscle
regeneration [47]. Regulatory signals are represented by chemotactic growth factors released by ECM fragmentation or by
growth factors of macrophagic origin. 2) Angiogenesis: angiogenesis is necessary to restore blood vessels that ensure supply
of oxygen and nutrients to myofibers. Skeletal muscle regeneration is strongly enhanced by Angiopoietin-1 (Ang-1, a ligand
secreted by satellite cells) after injury, inducing the angiogenic
program in endothelial cells. Also, recombinant Ang-1 increases
survival, proliferation, migration and differentiation into myotubes in human skeletal myofibers [48]. Prolonged ischemia, favors fibroblast proliferation and fibrosis development, instead
of muscle formation. 3) SC activation: upon SC activation and
proliferation myoblasts express MyoD and divide asymmetrically or symmetrically. 4) SC differentiation: SCs quit the mitotic
cycle and switch to differentiation expressing specific muscle
proteins. Differentiating myoblasts line up and fuse to form
multinucleated myotubes characterized by seriatim central nuclei [49]. It has been recently shown, for instance, that stabilin 2 (type 1 transmembrane receptor of phosphatidylserine)
contributes to cell-cell interaction, apoptotic cell clearance and
especially to myoblasts fusion. This interaction, which requires
phosphatidylserine in the myoblast membrane, promotes myoblast fusion into myotubes [50]. 5) Reinnervation: innervation
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by motor neurons is required to complete the regeneration of
mature, fully functional myofibers. In fact, denervation leads to
skeletal muscle atrophy and functional impairment [51]. Motor
neuron axons end on the basal lamina of the myofiber forming
the neuromuscular junctions, thus innervation is much more
likely to be successful if the basal lamina integrity is preserved.

Muscle Atrophy and Hypertrophy: Not
Just a Matter of Protein Metabolism

atrophying muscle shows deregulation of muscle homeostasis,
due to increased activity of the ubiquitin-proteasome system
and induction of defective autophagy, but also to decreased
myofibrillar proteins synthesis and mitochondrial content and
function. The latter contributes to the increase of stress oxidation in myofibers, further exacerbating myofiber damage and
wasting.

Muscle Hypertrophy
Muscle hypertrophy is obtained by an expansion of myofiber size («true» hypertrophy) or an increase in myofiber number (hyperplasia). It has been demonstrated that myonuclear
addition on to human myofiber by SC recruitment may achieve
substantial myofiber growth. This is the rationale for proposing
SC expansion and incorporation into myofiber as an intervention against muscle atrophy [52]. It is generally accepted that
the phosphatidylinositol 3-kinase(PI3K)-Akt-mammalian target
of rapamycin (mTOR) pathway is implicated in this phenomenon, being sensitive to mechanical pressure, and leads to translation initiation during hypertrophy [53,54]. In addition, incorporation of new myonuclei, likely from satellite cells, has been
associated to IGF-1 -dependent muscle hypertrophy, suggesting
that myofiber growth is achieved by a combination of metabolic and cell dependent phenomena [53,54].

Muscle Atrophy
Two major pathways are involved in muscle fiber atrophy
following denervation, malnutrition, disuse, or cachexia: the
ATP-dependent ubiquitin/proteasome and the autophagy lysosome systems, both leading to loss of muscle mass and reduction of contractile strength. FoxO3 has been shown to be
sufficient and necessary to induce atrophy in skeletal muscle by
controlling these two pathways [55]. Despite the contribution
of autophagy in muscle atrophy is still debated, impaired proteasome activation clearly is protective for skeletal muscle subjected to atrophying conditions [56,57]. Nonetheless, events independent of protein catabolism could participate in myofiber
atrophy, by involvement of nuclear loss such as in denervation
[58]. Even though this notion is controversial, failure to maintain the regular turnover of myonuclei into muscle fibers could
contribute to muscle atrophy [59].

Cachexia and its Effects on Myogenic Cells
Cachexia is a muscle wasting syndrome associated to
acute or chronic diseases like AIDS, some organ failure, chronic
inflammation due to burning or infection, metabolic diseases
[60]. This syndrome is characterized by severe body weight loss
of at least 5% in 6 months in the presence of illness. Anorexia and abnormal biochemistry can be associated to cachexia [61,62]. The consequent muscle wasting decreases muscle
strength and fatigue. In both cachectic patients and animals the
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Figure 1: Loss of myogenic potential is not cell intrinsic in cachexia.
Upon focal injury healthy muscles regenerate, showing robust formation of myofibers characterized by central nuclei; on the contrary, muscles from tumor-bearing mice have delayed/hampered regeneration.
Nonetheless, this deficit is not due to a cell intrinsic decrease in myogenic potential, as shown by primary cultures obtained by isolating
myogenic cells from injured muscle of control and cachectic murine
muscle. The latter contains cells capable to express myosin starting
from 2 days of culture in vitro in differentiation medium (DMEM supplemented with 2% horse serum) by the time cells from control muscles begin the process of myogenic differentiation, parallel cell cultures
from cachectic muscle show even bigger myotubes, suggesting an accelerated differentiation. In the photomicrographs myosin is stained
in red and nuclei in blue. This suggests that the myogenic potential is
not lost in cachexia and is fully expressed once the cells are removed
from the inhibitory environment represented by a tumor-conditioned
organism.

Additional studies pinpoint the potential contribution of
altered muscle regeneration in cachexia. Indeed, skeletal muscle is damaged in cachexia, due to an acquired downregulation
of dystrophin [63]. Likely, in response to damage, stem cells
proliferate in the musculature in cachectic conditions, thus being even more abundant than in healthy subjects, but clearly
fail to support muscle regeneration and homeostasis [64,65].
As shown in Figure 1, a regeneration assay following focal injury highlight the hampered regeneration potential of cachectic
muscles. However, this is not due to a myogenic deficit intrinsic to muscle stem cells, since these cells are perfectly capable
to form myotubes in differentiation assays in vitro, i.e. once
extracted from the pro-cachectic environment. One potential
inhibitory cue for muscle regeneration is represented by pro-inflammatory cytokines, which are elevated in cachectic patients
and animal models. Figure 2 shows the inhibitory effects of the
serum from tumor-bearing mice on myogenic cells and how
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this is mimicked by recombinant TNF, a pro-inflammatory cytokine. This kind of evidences suggest the hypothesis that a major
limitation to muscle homeostasis in cachexia is not the lack of
myogenic stem cells but the fact that their myogenic potential
is significantly reduced due to the environmental cues linked to
chronic pro-inflammatory state. This issue, is further discussed
below.

Figure 2: Myogenic differentiation in vitro is inhibited by factors present in the serum of tumor-bearing mice and mimicked by pro-inflammatory cytokines. The myogenic cell line C2C12 can be cultured for 3
days in vitro in the presence of a differentiating medium, constituted
by DMEM supplemented as follows: 5% horse serum; 5% horse serum
plus 20 ng/ml TNF; 5% murine serum from control, healthy animals;
5% murine serum from C26 tumor-bearing animals. In the photomicrographs myosin is stained in red and nuclei in blue. Low concentrations
of either homologous or heterologous serum prompt robust myotube
formation, a phenomenon which is diminished in the presence of serum obtained from tumor-bearing, cachectic mice. This effects mimics the well know inhibitory effect of recombinant TNF added to the
cell culture, suggesting that the serum from cachectic mice contains
pro-inflammatory cytokine(s) or other factor(s) which hamper the
myogenic potential of muscle cells.

Current Research on Stem Cell Impairment in Cachexia
Satellite Cells are Activated but Fail to
Fuse in Cachexia
Cachexia is associated with muscle damage resulting in
activation of both satellite and non satellite muscle progenitor
cells [63,65]. In agreement, it was shown that the number of
SCs increases in cachexia [65]. However, in the presence of a
tumor SC myogenic potential is reduced. These data, along with
the observation that the same SCs retain their differentiation
capacity in vitro, suggest that in cachexia satellite cells proliferate but the microenvironment inhibits their differentiation,
which prompts further investigation on the underlying mechanisms.
In patients and animal models of cachexia SCs overexpress
Pax7, which represents an inhibitory signal for their differen-
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tiation [65,66]. NFkB activity mediates Pax7 dysregulation and
inhibits myogenic differentiation [65,66]. Both in cell culture
and in vivo, the amount of MyoD mRNA decreases when NFkB
is activated [67]. NFkB can translocate in nuclei and recognizes
FoxO. The latter intervenes in the regulation of atrogenic gene,
such as the ubiquitin ligase MuRF1. Thus, in cachexia, NFkB activity increases and keeps satellite cells in an undifferentiated
state and, at the same time, participates to protein degradation
in myofibers.
Many studies demonstrated that NFkB activity is associated with inflammatory factors like TNF, angiotensin II (Ang II),
TGF family members, and to the production of reactive oxygen
species (ROS) in cancer cachexia. This is particularly relevant,
since in cachexia pro-inflammatory cytokines significantly increase. Several studies showed that TNF is sufficient to inhibit myogenic differentiation in vitro [68] and to induce myofiber atrophy in vivo by a blockage of the myogenic program
[69] and a negative effect on muscle regeneration [70]. Some
groups showed that TNF-mediated blockage of muscle regeneration requires NFkB activity [67,71]. We demonstrated that
TNF inhibits myogenic differentiation and muscle regeneration
through the p53 cell death pathway including PW1/Peg3, bax,
and caspases-dependent signaling [22,23,72]. Studies on IL-6, a
pro-inflammatory cytokine elevated in cachexia, and its effects
on SCs and muscle homeostasis are more controversial. IL-6 activates the JAK/STAT3 pathway [73,74], but also the ERK and
PI3K/AKT pathways, which are typically active in response to
exercise and hypetrophying stimuli. IL-6 also induces myostatin
expression [75] and, in vitro, impairs myogenic differentiation
by modulation of p90RSK/eEF2 and mTOR/p70S6K [73]. Ang
II increases in animal models of cancer cachexia by inhibition
of the angiotensin converting enzyme [76]. An increase of Ang
II in the SC microenvironement induces activation of smad2/3
which plays a catabolic function by blockage of AKT/ mTOR signaling [77]. Consistently with a role in cachexia, Ang II promotes
NFkB activity [78], but it is still unknown whether this occurs in
cancer cachexia. The smad2/3 complex is activated by Ang II as
well as by the TGF family member Myostatin. The latter inhibits
MyoD expression in satellite cells [79]. In addition, Myostatin
can induce TNF expression by NFkB and ROS mediation in vitro, highlighting potential crosstalk among pro-catabolic factors
[80]. The CCAAT/enhancer binding protein beta (C/EBPβ) is a
bZIP transcription factor expressed in satellite cells, it inhibits
myogenic differentiation and prevents the myogenic regeneration in cancer cachexia in vivo and in vitro; in fact, C/EBPb is
normally downregulated in myogenic differentiation [81]. Many
studies have been done on the role of C/EBP b in adipogenesis
and osteogenesis but not on myogenesis of satellite cells, thus,
its role in the inhibition of myogenic differentiation in cachexia
is still poorly characterized.
In conjunction with an altered humoral milieu, an increase
in oxidative stress seems to play a role in cachexia. TNF increases reactive oxygen species (ROS) in C2C12 cells, revealing that
cytokines are able per se to increase oxidative stress in muscle
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cells [82]. Consistently, oxidative stress is elevated in cancer patients [83], likely due to a decrease of antioxidant enzymes such
as superoxide dismutase (SOD) and glutathione peroxidase. Inducible nitric oxide synthase/nitric oxigen (iNOS/NO) pathway
also affects the fate of satellite cells. In cachexia this pathway
could induce muscle wasting [84]. NO released by fibers can
mediate SC activation [85,86]. A recent study on aged cancer
patients showed a loss of oxidative defense inducing a blockage
of SC maturation in skeletal muscle [87].
The Wnt/β-catenin pathways promotes SC differentiation
[88] and the Notch signaling pathways represses differentiation
of satellite cells [89]. In cachexia, Wnt signaling declines [90]
and notch signaling is unchanged [91], suggesting another molecular mechanism for the observed decrease of SC myogenic
activity.

Studies on HSC in Cachexia are Scarce
Decreased DNA content proportional to muscle mass
wasting in cancer cachexia was observed by our group: this reduction was associated to a decrease in the number of nuclei
occurring in the muscular but not in the stromal compartment
[64]. In the same study, a statistically significant enrichment in
Sca-1+, CD45+ HSC in the cachectic muscle [64], suggesting that
this could represent an attempt to maintain muscle homeostasis by recruitment and/or activation of stem cells of various origin along with SCs [64]. We are not aware of other studies addressing the abundance or functional status of HSC in cachexia
are missing. Various studies suggest that muscle mass and activity affects HSC survival and function in different pathological
settings (HSC transplantation), highlighting, nonetheless, the
crosstalk between the two tissues was reported [92].

PICs are Potent Myogenic Cells but Very
Sensitive to Cytokines
As described above, PICs express PW1, which participates
in both intrinsic (p53) and extrinsic (inflammatory cytokine signaling) cell stress responses [22,23,93]. A recent study showed
that PICs contribute to preserve the integrity of myofibers and
SCs: PICs expresse follistatin (FST), which in turn neutralizes
myostatin, and insulin-like growth factor-1 (IGF-1) that account,
in part, for their promyogenic activity [94]. The PW1(+)/Pax7() PICs show myogenic potential in vitro, efficiently contribute
to skeletal muscle regeneration and are able to generate SCs
and other PICs in vivo. They are therefore potentially very interesting as a therapeutic target against muscle atrophy. However, PICs are very sensitive to cytokines, in particular to TNF,
as shown by our pioneeristic studies regarding an interstitial
myogenic stem cell population, which clearly corresponds to
PICs, even though this name was not in use at that time. By
exploiting an animal model of muscle regeneration in the absence or presence of TNF (such as it occurs in cachexia), we
noticed striking caspase activity localized in interstitial cells,
which expressed Sca-1, CD34, and PW1 [95]. Perturbation of
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PW1 activity blocked caspase activation and improved regeneration, indicating on the one hand the importance of PICs in
muscle regeneration, on the other a novel regulatory mechanism whereby TNF inhibits muscle regeneration through
caspase activation [96]. Worth noting, caspase activation was
independent of their classical, pro-apoptotic role and did not
simply deplete muscle of myogenic cells; caspase activation appeared to control myogenesis by an unconventional pathway
[96]. The treatment with a potent pro-myogenic factor, such as
vasopressin, abolished caspase activation in the putative PICs
and rescued muscle regeneration [95], showing that PICs - and
myogenic stem cells in general - can be a target for pharmacological or hormonal intervention in conditions characterized by
altered muscle homeostasis and regeneration.

Very Little is Known on Other Stem Cells
Populations in Cachexia
To the best of our knowledge, the only study showing a
direct tumor cell effect on muscle stem cells was done on MDSC
and indicates, again, that tumor cells inhibit MDSC myogenic
potential. Indeed, it was shown that the myogenic potential of
MDSCs decreases when these cells are cocultured with osteosarcoma cells, a response rescued by Notch inhibition [97].

Rationale for Stem Cell Based Interventions Against Cachexia
The main axes of intervention against cachexia and the
underlying strategies have recently been reviewed [98]. While
most of the current approaches are based on pharmacological treatments, nutritional supplementation or multimodal
approaches including exercise, stem cells do not seem to be a
major nor a specific target for intervention to date. Some of the
main avenues for intervention are suggested by current phase
III clinical trials and are based on pro-anabolic agents (which
often also have a pro-myogenic effect) such as androgen receptor or ghrelin receptor agonists (reviewed by Crawford [99]).
Ghrelin treatments are paradigmatic of hormone-based interventions, since they counteract cachexia by promoting myogenic differentiation and fusion of muscle stem cells, besides
having multiple tissue targets [100,101]. In parallel, exercise has
been often proposed as a intervention against cachexia, since it
counteracts cachexia, a systemic syndrome, thanks its pleiotropic effects including muscle stem cell mobilization [102].
As described in detail above, in the last few years we have
shown the importance of the environmental cues for myogenic
stem cell function impairment in cachexia. From a therapeutic standpoint, this would emphasize the necessity to exploit
population(s) more resistant to the inhibitory cues of a cachectic environment, rather than to transplant myogenic stem
cells. In addition, one can foresee that modifying the stem cell
niche in cachectic patients would favor stem cell activation and
myogenic differentiation, by either inducing pro-myogenic sig7
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nals or by removing negative signal which block myogenesis.
In this regard, physical activity is a promising approach, since
it modulates the inflammatory status of different tissues and
organs, favoring resolution of inflammation, promoting muscle
homeostasis and increasing survival in the presence of a tumor
[66,103].
Which are the major issues related to the myogenic stem
cell populations here reviewed? Advantages and disadvantages
of SCs for cell-based therapies have been reviewed by Kuang
and Rudnicki [104]. Briefly, these cells have been widely studied
and they have been already used in clinical trials; however, they
seem unsuitable for systemic delivery and have limited expansion potential in vitro; furthermore, their myogenic program is
inhibited by pro-inflammatory cytokines. PICs are present in big
mammals, such as swine and humans, but they are a far less
represented population in muscles as compared to SCs [105].
MDSC are attractive as a therapeutic myogenic source, and
have already been used against muscle diseases [106], even
though currently there is a large variability in their purification
and expansion in vitro, so that the possibility of setting up standard quality control procedures for their use in clinical practice
is still a challenge [107]. MABs have been isolated from humans
or other mammals and used for intra-arterial transplantation
[108]; however, nothing is known about MABs behavior in
pathological settings other than dystrophies.
Not all stem cell populations have been characterized
bearing in mind their potential sensitivity to circulating factors,
which are the most likely candidates to mediate the anti-myogenic, atrophying responses in cachexia. For instance, activin
plays a role in cachexia by binding to its type 2 receptor B (ActRIIB) [109]; however, ActRIIB expression in the different stem
cells populations has not been fully elucidated by proteomic,
comparative analysis. Identifying a myogenic population expressing low levels or no ActRIIB would hamper its sensitivity
to activin making it the ideal candidate for a cell based therapy
of cachexia, as the latter is characterized by high activin levels.
Independently of the specific stem cell population of
choice, other neglected but substantial differences may exist
in the myogenic potential of different stem cells, especially in
pathological conditions and upon stress. A striking work by
Deasy et al. reported that MDSC isolated from male or female
differ in their myogenic capacity, with the latter being slower
but significantly more robust to produce myotubes, a response
due to resistance to oxidative stress [31].

Conclusion
Muscle fiber growth can occur by cytoplasmic increase
following anabolism (hypertrophy) or by incorporation of precursor cells into damaged myofibers. Pro-hypertrophic treatments are promising for the rescue of muscle homeostasis in
cachexia, but still not routinely used in clinic practice. Stem cell
based therapies are not currently foreseen for cachexia, even
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though they would represent an interesting approach and an
alternative to metabolism stimulation. Which would be the ideal candidate for a cell based therapeutic intervention against
cachexia? An autologous, possibly recombinant, or an exogenous stem cell, with a potent myogenic potential, reliably and
repeatedly expandable in culture, which could be directed toward a myogenic program independently of the presence of
factors inhibiting myogenic differentiation. We are not aware of
any research group having addressed this question by comparing different types of myogenic stem cells and their behavior in
cachexia. Using a genomic or proteomic, comparative approach
stem cell populations could be possibly identified which retain
their myogenic potential even in adverse conditions such those
occurring in cachexia.
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