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Post-natal growth and regeneration of skeletal muscle is highly dependent on a population of resident myogenic precursors known as
satellite cells. Transcription factors from the Pax gene family, Pax3 and Pax7, are critical for satellite cell biogenesis, survival and poten-
tially self-renewal; however, the underlying molecular mechanisms remain unsolved. This is particularly true in the case of Pax7, which
appears to regulate myogenesis at multiple levels. Accordingly, recent data have highlighted the importance of a functional relationship
between Pax7 and the MyoD family of muscle regulatory transcription factors during normal muscle formation and disease. Here we
will critically review key findings suggesting that Pax7 may play a dual role by promoting resident muscle progenitors to commit to the
skeletal muscle lineage while preventing terminal differentiation, thus keeping muscle progenitors poised to differentiate upon environ-
mental cues. In addition, potential regulatory mechanisms for the control of Pax7 activity will be proposed.
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Introduction

The ability to repair adult damaged tissues is critical for organ
function and maintenance. In vertebrates, adult skeletal muscle
possesses a tremendous capacity for regeneration in response to
acute injury or chronic disease. Because the nuclei within skeletal
muscle fibres are terminally differentiated and thus incapable of
participating in muscle repair, these responses are largely attrib-
uted to a distinct and small population (1-6% of total muscle
nuclei) of resident myogenic progenitors referred to as satellite
cells [1-4]. This cell population is physically distinct from the
adult myofibre as they reside between the sarcolemma and the
basal lamina in a non-proliferative, low metabolic state [1, 4, 5].
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Quiescent satellite cells do not express Muscle Regulatory tran-
scription Factors (MRFs) [3, 6], which are required for myogenic
lineage commitment and terminal differentiation. However, upon
stimuli such as muscle injury, satellite cells become activated,
proliferate extensively and induce the expression of MRFs such as
MyoD and Myf-5. Proliferating satellite cells are referred to as
adult myoblasts. Ultimately, adult myoblasts become committed
to terminal differentiation by inducing the expression of the MRF
myogenin, withdraw from the cell cycle and either fuse with exist-
ing fibres or fuse one to another to form new myofibres [7].
During muscle regeneration, the quiescent satellite cell pool must
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Fig. 1 Satellite cells and skeletal muscle
regeneration. In resting and uninjured mus-
cles, satellite cells reside quiescent (green)
sandwiched between the muscle fibre
(multi-nucleated cell) plasma membrane and
the basal lamina (not depicted). Upon exter-
nal stimuli such as muscle injury (blue flash
symbol), satellite cells become activated
(yellow/green), re-enter the cell cycle and
commit to the muscle lineage. After a few
rounds of proliferation, myoblasts (yellow/
orange) undergo terminal differentiation (red
cells) and fuse one to another to form new
myotubes (red syncytia) or to pre-existing
damaged fibres. During the process of
myofibre repair, the pool of quiescent satellite
cells is renewed.

+— activated
satellite cell

ﬂtellil;! cell
aelf-runml

& fusion i i I

be replenished to ensure muscle maintenance and additional
muscle regeneration throughout adulthood [8, 9] (Fig. 1).
Maintenance of the satellite cell population occurs via self-renewal
[10-18], for which satellite cells are considered tissue-specific
adult stem cells [19-21].

Although important advances have been made toward under-
standing the molecular regulation of embryonic muscle formation
and adult myoblast differentiation, the mechanisms that control
satellite cell fate decisions and lead to maintenance and renewal of
the progenitor population remain to be elucidated. Quiescent
satellite cells express a number of molecular markers including
cell surface receptors and adhesion molecules such as Syndecan-
3, syndecan-4, c-Met, calcitonin receptor, p75 NTR/BDNF, a7-inte-
grin, CD34 and m-cadherin [6, 22-24] and transcription factors
such as Sox8/9 and Pax7 [25, 26]. However, the relationship
between expression of these markers and the establishment and
maintenance of the quiescent state is not clear.

Since the beginning of the present decade, a number of reports
have suggested a critical role for Pax7 function in satellite cell bio-
genesis, perinatal satellite cell survival and regulation of myogenic
progression [13, 26-32]. Nevertheless, the exact nature of Pax7’s
role in these processes remains veiled behind contradictory
results concerning Pax7 function and the lack of detailed analysis
regarding Pax7 protein regulation. In this review we will discuss
how the available data may be reconciled and suggest that Pax7
plays a bivalent role in satellite cells: while promoting myogenic
commitment by inducing MRF expression, Pax7 prevents differen-
tiation by repressing MRF function. Finally, we will discuss puta-
tive regulatory mechanisms for Pax7 activity in satellite cells and
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the potential for the extrinsic regulation of muscle stem cells in
cell-based treatment of acute and/or chronic muscle loss.

Pax proteins in muscle formation

The Pax gene family defines an evolutionary conserved group of
transcription factors that play critical roles during organogenesis
and tissue homeostasis [33-35]. Nine Pax proteins have been
described in mammals (Table 1), where presence of the paired box
DNA-binding domain is a common feature. The family is further
sub-grouped by the presence of an octapeptide motif and the
presence, absence or truncation of a homeodomain, which can
mediate both DNA-protein and protein—protein interactions.
Spontaneous mutations in Pax genes can lead to developmental
defects both in mice and humans [36]. Perturbation in Pax func-
tion can also lead to cancer [35, 37].

Pax3 and Pax7 are two closely related family members
involved in the specification and maintenance of skeletal muscle
progenitors [34, 35, 38—40]. Pax3 expression is critical for delam-
ination and migration of muscle precursors from the somites to
the limbs [38—-40]. In contrast, Pax7s role in muscle development
may not be critical because Pax7~'~ mice have no gross defects
in muscle formation. However, in the absence of Pax7 adult skele-
tal muscles appear devoid of satellite cells [26]. Accordingly, Pax7
null mice exhibit reduced muscle growth, marked muscle wasting
and an extreme deficit in muscle regeneration after acute injury
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Table 1 Pax family of transcription factors in mammals

J. Cell. Mol. Med. Vol 16, No 5, 2012

Examples of diseases/syndromes associated

. - . . t

Pax gene  Protein domains Expression during development’ o oo o tions in humanst

* Pax3 e CNS, neural crest, somites/ » \Waardenburg syndrome, rhabdomyosarcoma,
skeletal muscle Erwing’s sarcoma

* Pax7 l - -HD' Mo e CNS, neural crest, somites/ * Melanoma, neuroblastoma, rhabdomyosar-
skeletal muscle coma, Erwing’s sarcoma

* Pax2 e CNS, kidney, ear, eye * Colomba syndrome, renal carcinomas

* Pax5 * CNS, B lymphoid, testis * Large cell lymphomas, lymphocytic leukaemia

* Pax8  CNS, kidney, thyroid  Congenital hypothyroidism, thyroid follicular

carcinoma

* Pax4 * CNS, pancreas, gut * Diabetes, insulinoma

* Pax6 . - _HD' o * CNS, pancreas, gut, nose, eye e Aniridia, cataracts, glioblastomas

* Pax1 * Sclerotome/skeleton, thymus, < Klippell-Feil syndrome, Jarcho-Levin syndrome
parathyroid  QOligodontia, craniofacial defects

* Pax9 m I L |  Sclerotome/skeleton, thymus,

craniofacial tissue, teeth

*Family members are distributed according to the presence or absence of described functional domains: paired-box domain (PD), octapeptide
(OP) and a homeodomain (HD) that may include the helix-turn-helix motif of the homeodomain (HD2/3) as well as the first helix (HD1). Note that
Pax3 and Pax7 are the only family members that possess all functional domains described in mammalian Pax proteins.

TMain expression domains during embryonic development are listed. CNS denotes regions of the central nervous system.

fHuman diseases, associated with Pax mutations are extensively reviewed by Robson et al. (2006), Lang et al. (2007) and Wang et al. (2008).

[26, 27]. Both Pax3 and Pax7 mark a population of muscle pro-
genitors in the embryonic somites (Pax3+/Pax7 + cells) [41-44].
Pax3+/Pax7+ cells proliferate and persist throughout embryonic
and foetal development and are proposed to give rise to postnatal
satellite cells. Pax3 expression is down-regulated before birth, and
in the adult is confined to a subpopulation of satellite cells in spe-
cific muscle groups [28, 43], whereas Pax7 expression is consid-
ered a universal satellite cell marker. Inducible post-natal inactiva-
tion of PAX7 [32] has recently challenged the significance of Pax7
expression in satellite cells. In this model, early post-natal and
juvenile (P0-P20) PAX7 inactivation severely impaired myogene-
sis, whereas Pax7 inactivation later after birth (over P20) did not
compromise adult myogenesis (i.e. muscle regeneration) [32].
The authors of that study concluded that Pax7 is critical for main-
tenance of satellite cell progenitors, but after the establishment of
the quiescent phenotype (~P20), Pax7 function is dispensable for
muscle repair. It is worth noting that these studies do not rule out
the participation of infiltrating cells, such as bone marrow—derived
cells [45] compensating for Pax7 depletion during muscle repair.
The effect of PAX7 post-natal inactivation was not explored during
muscle aging, although a correlation between Pax7 expression,
regeneration potential and self-renewal in aged satellite cells has
been suggested [46]. Similarly, Pax7 function during regeneration
may be partially redundant with other pathways, which may com-
pensate for Pax7 loss in adult muscle progenitors [47]. Thus, the
absence of dramatic in vivo phenotypes cannot directly rule out a
Pax7 function in adult myogenesis.

© 2011 The Authors

Pax7 persists in recently activated, proliferating satellite cells
and is rapidly down-regulated in cells that commit to terminal dif-
ferentiation [13, 15]. In primary adult, myoblast cultures a small
population of Pax7+/MyoD+ cells down-regulate MyoD expres-
sion while retaining or up-regulating Pax7 (Pax7+/MyoD— cells).
This subpopulation remains undifferentiated and mitotically inac-
tive, resembling a quiescent satellite cell [13, 15, 48]. In this con-
text, we have previously shown that transient Pax7 overexpression
in primary adult myoblasts and satellite cell-derived cell lines
results in: (i) down-regulation of MyoD expression, (ii) inhibition
of myogenesis and (iii) reduction in BrdU incorporation in trans-
fected cells [13, 29]. Thus, expression pattern analyses and gain
of function experiments were among the first indications that Pax7
could functionally interact with the MRFs to regulate satellite cell
fate decisions.

Pax7/MRF cross-regulation and the
control of satellite cell fate

MyoD is considered the myogenic master gene as its activity can
trigger the entire myogenic program when ectopically expressed
in non—-muscle cell types [49, 50]. Interestingly, ectopic expression
of Pax7 can efficiently repress the MyoD-dependent conversion of
C3H10T1/2 mesenchymal cells to the muscle lineage [13] and
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myogenic progression in G2C12 myoblasts [17, 30, 51, 52].
Interestingly, Pax3 overexpression also inhibits myogenesis in
MyoD-expressing fibroblasts and C2C12 myoblasts [53]. Analysis
of MyoD transcriptional activity upon Pax7 co-expression and
identification of potential Pax7 transcriptional targets indicate that
Pax7 inhibits early events in the molecular cascade leading to
muscle differentiation [13, 29, 52], possibly by repressing MyoD
transcriptional activity.

In apparent contradiction with a role for Pax7 repressing mus-
cle differentiation, genetic interactions and transcriptional profile
analyses indicate that Pax7 could participate in the induction of the
myogenic program during development and in cell culture models
[30, 31, 41-44], possibly through induction of MYOD and/or MYF-5
expression [28, 30, 54]. In addition, different cell populations
isolated from skeletal muscle tissue (distinct from satellite cells)
that have shown myogenic capacity in vivo, such as Pw1™ inter-
stitial cells and CD45%/Sca1™ cells, also require the induction of
Pax7 expression to commit to the skeletal muscle lineage [55, 56].

Could it be possible that a single transcription factor can trig-
ger lineage commitment while preventing further progression
towards terminal differentiation? It is usually argued that different
experimental models (i.e. in vivo versus tissue culture) may
account for the apparent contradictory reports analysing Pax7
function. Despite many technological advances, satellite cells are
still difficult to isolate in sufficient numbers for biochemical analy-
sis without expanding the purified population in vitro, which also
precludes a fine biochemical characterization of truly quiescent
satellite cells. In addition, the adult regenerating tissue environ-
ment is difficult to manipulate and to ‘decode’ on a molecular
scale. Thus, in vitro studies on primary adult myoblasts and/or
myogenic cell lines have been largely exploited as valuable
methods to examine the biochemical and genetic pathways that
direct satellite cell function. Aside from the variability associated
to different experimental models, there is increasing evidence
suggesting a stem cell-specific molecular mechanism underlying
the two-faced behaviour of Pax7 in muscle progenitors.

Lang et al. elegantly showed that in skin stem cells, Pax3
activates expression of Mitf, a transcription factor critical for
melanogenesis [57], while competing with Mitf to occupy an
enhancer element of a key target gene required for melanin syn-
thesis [58]. Thus, Pax3-expressing melanoblasts are committed
yet undifferentiated. Activated B-catenin can then relieve Pax3-
dependent repression leading to rapid melanocyte differentiation
[58]. Based on these results, Lang et al. suggested the existence
of a heterogeneous class of stem cell transcription factors that
can both determine cell fate and simultaneously maintain an
undifferentiated state, keeping a cell poised to differentiate upon
external stimuli.

A similar model has been described for alveolar rhab-
domyosarcoma (ARMS) development. The most common cytoge-
netic feature of this soft tissue sarcoma is represented by the
chromosomal translocations leading to fusion between either
PAX3 or PAX7 and the FKHR (FOX01) gene. The Pax-FKHR fusion
protein contains intact Pax3 or Pax7 DNA binding domains fused
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to the FKHR transcriptional activation domain [59]. Pax-FKHR pro-
teins exhibit increased abundance and transcriptional activity
compared to their wild-type counterparts [60-63]. Thus, it has
been suggested that deregulation of Pax3/Pax7 downstream tar-
get genes contributes to tumourigenesis. Although ARMS exhibits
a muscle lineage phenotype, the cells evade terminal differentia-
tion despite expressing the potent myogenic transcriptional
regulator MyoD. Intriguingly, Pax-FKHR proteins can regulate
myogenesis by inducing expression of MyoD but preventing
terminal differentiation, via a mechanism that involves repression
of MyoD activity [64-68]. Thus, by differentially regulating MyoD
expression and function, Pax7-FKHR may promote retention of
muscle progenitor characteristics and ARMS development.

Additional examples for transcription factors with similar dual
functions have been described including Sox1 that maintains neu-
ral crest lineage commitment while inhibiting neuronal differentia-
tion [69] and other two members of the Pax family: Pax5 during
B-lymphocyte lineage maintenance and differentiation [70, 71]
and Pax6 during retina development [72, 73].

Thus, it is likely that also Pax7 plays a dual role in the regula-
tion of myogenesis by activating commitment to the myogenic
program and simultaneously preventing terminal differentiation
(Fig. 2). In the short term, such mechanism would allow muscle
progenitor expansion and/or maintenance preventing precautious
differentiation. Similarly, Pax7 expression in quiescent satellite
cells may be associated with quick entry into the myogenic pro-
gram upon satellite cell activation. In the context of tissue regen-
eration, it seems advantageous to have a ‘designated driver’ in
charge of both the gas and the brake pedal regulating adult stem
cell function. The evolution of this strategy may be related to a
transition from a regeneration strategy characterized by cell de-
differentiation followed by de novo tissue formation, which is
present in organisms such as urodeles [74, 75], to the regenera-
tion plan that relies on tissue-specific stem cells with specific
differentiation repertoires present in mammals [76, 77]. A central-
ized mechanism that can direct adult stem cell fate may allow for
maintaining their regenerative potential throughout the lifespan of
an organism in the form of quiescent precursors (therefore, mini-
mizing the potential for transformation and tumour formation), but
at the same time assuring prompt and efficient response upon
specific activation.

Different lines of evidence indicate that regulation of MyoD
activity by Pax7 represents a nodal point for the regulation of myo-
genic progression. Indeed, once myogenin expression is induced,
Pax7 is unable to repress muscle differentiation [13, 51].
Accordingly, gain and loss of function experiments suggest that
myogenin up-regulation results in rapid loss of Pax7, while pre-
venting myogenin induction may be necessary to maintain Pax7
expression. Thus, a model has been proposed where an inhibitory
circuit between Pax7, MyoD and myogenin may regulate the cell
fate decisions in muscle progenitors [29]. In this model, the
Pax7:MyoD ratio plays a critical role in cell fate determination
(Fig. 3). From this model, it is possible to predict that even
transient changes in this ratio can likely introduce variability in

© 2011 The Authors
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Fig. 2 Proposed model for Pax7 function as
a Pan gene. Pax7 (and possibly Pax7/Pax3
during embryonic development) are
required for acquisition of muscle commit-
ment (yellow/orange cell) by inducing the
expression of MyoD (and/or Myf-5). MyoD
will eventually activate the expression of key
targets such as myogenin (red cells), direct-
ing progression trough myogenesis and ter-
minal differentiation (pink multi-nucleated
cell). Pax7 may act downstream the induc-
tion of MyoD expression regulating MyoD
activity, preventing myogenin induction and
thus, muscle differentiation. This dual role of
Pax7 may allow for the expression of key
myogenic factors in an undifferentiated
state, keeping a cell poised to rapidly differ-
entiate on external stimuli.

myogenic
commitment

differentiation
induction

terminal
differentiation

cellular phenotypes when manipulating Pax7 and/or MRFs levels
in muscle progenitors.

Transcriptional and non-transcriptional
Pax7 functions in myogenic progenitors

Unlike Pax3, Pax7 is a poor transcriptional activator. Moreover,
Pax7 contains two cis-acting repressor domains at the N-terminus
and the homeodomain, respectively, which may correlate with
poor Pax7-dependent reporter gene activation in vitro [78].
Interestingly, Pax7 represses myogenesis in the absence of either
its paired-box or the transactivation domains, both thought to be
critical for its transcriptional activity. Deletion of the home-
odomain, however, completely abrogates the ability of Pax7 to
inhibit myogenesis [29]. In light of these observations, it is
possible that Pax7 could act to indirectly regulate transcription of
additional gene(s) required for MyoD function and/or via a non-
transcriptional mechanism, such as post-translational control of
MyoD. Both mechanisms have been experimentally supported:
Pax7 activates the expression of Id2 and 1d3, two inhibitory
porteins from the helix-loop-helix (HLH) superfamily, that directly
regulate MyoD function and expression in muscle precursors [52].
On the other hand, Pax7 can induce proteasome-dependent degra-
dation of MyoD [29]. Proteasome-dependent MyoD degradation is

© 2011 The Authors
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muscle specific
genes

inhibited by MyoD binding to DNA in vitro [79], thus decreased
MyoD protein stability could be a consequence of Pax7-dependent
disruption of MyoD transcriptional complexes.

Replacement of the Pax7 transcriptional activation domain
(TAD) by the Engrailed repressor domain (Pax7:EnR) converts
Pax7 into a dominant-repressor of transcription and can be used
to analyse the effect of negative regulation of putative Pax7 target
genes. Ectopic expression of Pax7:EnR in primary myoblasts and
myogenic cell lines in culture indicates that Pax7 transcriptional
activity also is involved in the regulation of cell survival, prolifera-
tion and morphology [28, 31, 54]. So it is likely that additional
Pax7 functions require its transcriptional activity. However, is
worth noting that manipulation of the Pax7 TAD may have second-
ary effects besides inducing or repressing expression of putative
Pax7 targets. It has been shown that substitution of the TAD in
Pax3 alters its homeodomain function, changing Pax3 transcrip-
tional activity and DNA-binding specificity [80]. Normal Pax3 reg-
ulatory protein—protein interactions are also affected by replace-
ment of its TAD [81]. Similar effects may occur upon replacement
of Pax7 TAD by the Engrailed repressor domain. Supporting this
concept, we have recently shown that MyoD is required for Pax7-
FKHR to activate transcription in cell cultures. Interestingly, the
MyoD domains sensitive to repression by Pax7 and those that
cooperate with Pax7-FKHR are distinct [68]. Thus, it is likely that
chimeric proteins such as Pax7:EnR or Pax7-FKHR affect muscle
progenitor cell fate via additional mechanisms not directly related
to activation or repression of endogenous Pax7 pathways.
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Fig. 3 Proposed model for the significance of Pax7:MRF protein ratios and satellite cell fate decisions. Modified from Olguin et al. (2007). Satellite cells
(Pax7+/MyoD—/myogenin—) must commit to proliferate, differentiate or renew the progenitor population to maintain muscle function. Extrinsic
signalling activates satellite cells and up-regulate MyoD (orange) with a concomitant decline in Pax7 expression (grey). Upon commitment to terminal dif-
ferentiation, up-regulation of myogenin (red) directly or indirectly down-regulates Pax7. In a small subset, Pax7 down-regulation is prevented by unknown
mechanisms resulting in MyoD down-regulation, blocking myogenin induction and eventually leading to the commitment to a quiescent, undifferentiated
phenotype (yellow cell, black nucleus). In this model, the Pax7:MyoD expression ratio is regulated primarily by post-translational regulation of Pax7 and
MyoD. Black arrowheads indicate putative control points (discussed in the text) where regulation of Pax7 activity/stability may participate in the control

of satellite cell fate decisions.

Protein interactions, post-translational
modifications and the regulation of Pax7

Protein—protein interactions provide an attractive mechanism for
regulating Pax7 function in satellite cells. Moreover, this appears
to be a conserved theme in the Pax family [33]. Pax proteins inter-
act with many cofactors, resulting in a wide range of biological
effects including: (i) regulation of their transcriptional activity [82,
83], (i) limiting access to regulatory kinases [84], (iii) changes in
subcellular localization [85] and (iv) establishment of new protein
interactions [86].

Co-immunoprecipitation experiments indicate that Pax7 and
MyoD co-exist in a protein complex through indirect interactions
[29]. The importance of protein—protein interactions on the regu-
lation of Pax7 function is underscored by recent studies indicating
that Pax7 associates with the Wdr5-Ash2L-MLL2 histone methyl-
transferase complex at the MYF-5 proximal promoter. Thus, Pax7
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may regulate entry into the developmental myogenic program by
inducing specific chromatin modifications at the MYF-5 promoter
[30]. Intriguingly, MYF-5 induction by Pax7 requires the paired
box domain but not the homeodomain [30]. These results indicate
that the ability of Pax7 to either induce or repress myogenesis
depends on differential contribution of both transcriptional and
non-transcriptional mechanisms, which reside in different Pax7
functional domains. In addition, attempts to identify direct Pax7
transcriptional targets have returned a low number of putative
targets and only a fraction of them have been further confirmed
[52, 87], suggesting that an indirect control of transcription by
Pax7 could be more prevalent than previously anticipated.

Currently, several groups are involved in the identification of
new Pax7 interacting proteins. Indeed, the most recent data from
our laboratory suggest that Pax7 may be part of additional protein
complexes (Olguin ef al.,, in preparation). Differential protein—
protein interactions may be critical to sustain Pax7’s dual role in
myogenesis.

© 2011 The Authors
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Pax proteins undergo post-translational modifications, includ-
ing phosphorylation [88], sumoylation [89], ubiquitination [90,
91] and glutathionylation [92]. No specific post-translational
modifications have been described for Pax7 during myogenesis,
although our research suggests that Pax7 undergoes protea-
some-mediated degradation in cells that up-regulate myogenin
and commit to terminal differentiation [29]. Although recent
reports from Boutet ef al. suggest that Pax3, but not Pax7, is sub-
ject to ubiquitination and proteasome-dependent degradation
[90, 91], work in progress from our group may suggest that Pax7
stability is also tightly requlated (Bustos ef al., in preparation).
Alternatively, there is increasing evidence for the importance of
regulated ubiquitin-independent proteasomal degradation of pro-
teins including c-Fos, p53 and retinoblastoma protein (reviewed
in Ref. [93]). Similar mechanisms could explain the absence of
Pax7 ubiquitination in previously reported in vitro ubiquitination-
degradation assays [90, 91]. Control of Pax7 levels during myo-
genic progression is likely to be complex and to involve additional
mechanisms. Accordingly, recent reports indicate that Pax7
expression is negatively regulated by microRNAs [94, 95]. miR-
1, miR-206 and miR-486 have been shown to target elements in
the Pax7 3’-untranslated region [94, 95]. Loss of function exper-
iments and the expression of a microRNA-resistant form of Pax7,
result in delay of myoblast differentiation and persistent Pax7
expression. Interestingly, MyoD induces miR-1, miR-206 and
miR-486 expression during differentiation [94, 95]. Because
MyoD and Pax7 are generally co-expressed in myoblasts, it is
possible to envision an expression level balance maintained by
mutual inhibition. In this context, disruption of Pax7:MyoD ratio
(Fig. 3) triggered by decrease in Pax7 protein stability (e.g. via
proteasome degradation) would disrupt such balance, allowing
microRNA-dependent down-regulation to further suppress Pax7
expression in differentiating cells.

In silico analysis of the Pax7 protein sequence reveals several
regions with high probability of being post-translationally modi-
fied. Such modifications include Ser/Thr phosphorylation, ubiqui-
tination and caspase-mediated cleavage (Olguin, unpublished
results). Interestingly, it has been shown that phosphorylation can
directly regulate degradation of several key players in the control
of myogenesis progression, including MyoD [41, 96-101]. Pax7
contains potential sites for phosphorylation by PKCs, CSK2 and
CaMKIl (Olguin, unpublished results). Although whether Pax7
represents a direct substrate for these candidate kinases still
needs to be determined, differential phosphorylation of Pax7 rep-
resents a potential molecular switch regulating Pax7 dual role in
muscle progenitors.

Extracellular signalling and the control
of Pax7 in muscle progenitors

In its anatomical niche, the satellite cell interacts directly with
the myofibre and its basal lamina, however other cell types

© 2011 The Authors
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present in the muscle tissue in close proximity with satellite
cells have been shown to play important roles in regulating
satellite cell function through paracrine signalling. These cells
include endothelial cells [102], fibro-adipogenic progenitors
[103] and macrophages that infiltrate the muscle tissue during
injury-induced regeneration [104]. In this section, we summa-
rize some of the major extracellular signalling pathways
triggered by the satellite cell niche that control satellite cell fate
decisions via mechanisms that potentially involve regulation of
Pax7 protein (Fig. 4).

Wnt signalling

Whts are soluble ligands involved in several developmental path-
ways as well as regulation of a number of stem cell populations.
Whnts can signal either through a canonical pathway or through
non-canonical pathways [105]. The canonical pathway involves B-
catenin dephosphorylation and translocation into the nucleus,
where B-catenin binding to Tcf/Lef transcription factors induces
Whnt-responsive genes [106]. In contrast, the non-canonical path-
ways affect cell function independently of B-catenin status [105,
107]. Both canonical and non-canonical Wnt signalling have been
reported to regulate embryonic and adult myogenesis [108].
However, is yet to be determined how Wnt signalling affects criti-
cal effectors of cell fate specification, such as Pax7 and the MRFs
[109-111]. In post-natal and adult myogenesis, Wnt signalling
has been reported to induce Pax7 expression and myogenic spec-
ification of muscle-derived CD45+ cells [112] and rat bone mar-
row mesenchymal stem cells [113]. In satellite cells, B-catenin
promotes self-renewal and represses satellite cell commitment to
myogenesis by inducing Pax7 expression while repressing MyoD
expression [114]. Interestingly, Wnt signalling (by means of
Wnt7a and Fzd7) has been shown to play a role in asymmetric
satellite cell division by promoting symmetric expansion of
Pax7+/Myf5— satellite stem cells, therefore assuring maintenance
of the Pax+ undifferentiated population throughout life [115]. It is
unknown if unequal Pax7 expression during asymmetric cell divi-
sion is driven mainly by differential transcriptional regulation,
changes in protein stability or both.

Notch signalling

Notch is a family of transmembrane receptors involved in several
developmental pathways and in adult stem cell fate specification
[116, 117]. In embryonic myogenesis, Notch target genes (mainly
members of the Hes and Hey family of bHLH transcription factors)
have been shown to repress terminal myogenic differentiation by
directly binding MyoD and repressing its activity [118]. This could
possibly be the mechanism by which Pax7+ muscle progenitors
are allowed to expand and support both the generation of a myo-
genic lineage in the embryo and the generation of satellite cells at
later stages of embryonic development [119, 120]. Although a
direct role for Notch signalling in controlling Pax7 expression and
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Fig. 4 Extracellular regulation of satellite cell fate. Extracellular signalling pathways that participate in the regulation of satellite cell fate and are associ-
ated with positive regulation of Pax7 expression/function are depicted in green. Signalling pathways exhibiting negative regulation of Pax7
expression/function are depicted in orange. Molecules that function in the same pathway (e.g. Syndecan-3 and Notch; Wnt and B-catenin) or leading to
equivalent downstream effects in muscle progenitors (such as Syndecan-4 and p38), are depicted in common boxes. Signalling pathways that affect satel-
lite cell fate but have no clearly defined effects on Pax7 expression/function are not depicted. Dotted lines indicate effects on satellite cell fate that are cur-
rently less defined or controversial. Extracellular signalling can direct the transition from one status to another (black arrows), or can stabilize a specific
status (coloured cells). Green cells: uncommitted progenitor (i.e. recently activated and/or quiescent satellite cells); green/yellow cells: self-renewing satel-
lite cells; yellow/orange cells: proliferating, MyoD+ muscle precursors (i.e. adult myoblasts); red cells: myogenin—+, differentiating myocytes; pink multi-

nucleated cell: myofibre.

function has not been demonstrated yet, activation of Notch sig-
nalling has been shown to increase Pax7 protein levels and
decrease MyoD and myogenin protein levels in adult myoblast and
satellite cell-derived cell lines in culture [121], whereas inhibition
of Notch signalling leads to down-regulation of Pax7, loss of
reserve cells and concomitant enhancement of terminal differenti-
ation [122, 123]. Thus, an attractive possibility considers the
Notch signalling pathway as a key controller of the Pax7:MyoD
ratio to regulate satellite cell fate, as proposed in Figure 2.

The transforming growth factor-g (TGF-B)
superfamily

The TGF-B superfamily comprises soluble ligands, which have
been shown to regulate myogenesis, including TGF-g [124-126],
BMPs [127], myostatin [17, 128-130] and follistatin [131, 132].
TGF-B signalling is a negative regulator of myogenesis acting
mainly through repression of MyoD and myogenin activity
[133-135] as well as by repressing cell cycle progression [125].
Conversely, it has been shown that expression of TGFB-type |
receptor in rat myotubes is negatively regulated by electrical activ-
ity [136], whereas TGF-B bio-availability and signalling is nega-
tively regulated by proteoglycans present in muscle extracellular
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matrix (such as decorin, biglycan and betaglycan) [137]. Despite
regulating myogenesis, no direct effect of TGF signalling on Pax7
activity or expression has been reported yet.

Myostatin and follistatin have been shown to play a role in con-
trolling Pax7 expression and/or function, although the molecular
mechanisms involved remain largely uncharacterized [17, 130]. Itis
known that myostatin increases Pax7 levels through an extracellu-
lar signal-regulated kinase (ERK), isoforms 1 and 2-dependent
pathway and that Pax7 is the ultimate mediator of myostatin-
dependent control of terminal differentiation [17]. Pax7 overex-
pression in myostatin-treated differentiating C2C12 restores the
balance between differentiation and self-renewal to non-treated lev-
els [17]. By contrast follistatin, which binds to the same receptors
that interact with myostatin, has been shown to promote myoblast
terminal differentiation and fusion leading to myotube hypertrophy
[131, 132]. Whether the downstream effects of follistatin are
entirely dependent on inhibition of myostatin [138] or, at least in
part, myostatin independent [139] requires further investigation.

Syndecans

Syndecans are transmembrane heparan sulphate proteoglycans
expressed in several tissues where they are involved in mediating

© 2011 The Authors

Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



autocrine and paracrine signalling, cell-cell adhesion and
cell-matrix anchorage [140-142]. Of the four mammalian synde-
cans, two are expressed in satellite cells, Syndecan-3 (SDC3) and
syndecan-4 (SDC4), which play key roles in satellite cell fate spec-
ification. In sdc4 '~ injured muscles satellite cells fail to activate,
to up-regulate MyoD and to enter the cell cycle [143]. Conversely,
in sdc3~’ injured muscles activated satellite cells fail to return to
quiescence and remain in a transit-amplifying status eventually
leading to myofibre hypertrophy, myofibre hyperplasia and partial
loss of the undifferentiated Pax7+ pool [144]. Interestingly, injec-
tion of Syndecan-3 null G2CG12 myoblasts into normal regenerat-
ing muscle, fail to fuse into new myofibres [145], highlighting a
cell-autonomous requirement for Syndecan-3 function during
myoblast differentiation. Syndecan-3 is required for Notch pro-
cessing and signalling in activated satellite cells as well as for pro-
moting FGF2 signalling [146-148]. Whether Syndecan-3-medi-
ated signalling directly affects Pax7 expression and/or function is
yet to be determined. As discuss previously, regulation of Notch
and/or FGF signalling through Syndecan-3 may control muscle
progenitor cell fate by modulation of Pax7:MyoD protein ratio.

Tumour necrosis factor-a (TNF-«) and p38

The role played by TNF-« in satellite cells has been long debated
[149-151]. However, the elegant work produced by Palacio ef al.
[153] and by Mozzetta et al. [152] show how p38-mediated TNF-
a—signalling is transduced into the nucleus of satellite cells and
accounts for epigenetic control of Pax7 expression. In activated
satellite cells, the Pax7 gene is responsive to p38 signalling due to
a bivalent chromatin signature that features the coexistence of H3-
K27(3me) and H3-K4(3me) marks, which results in repression of
Pax7 expression. In the presence of active p38, H3-K4(3me) is
removed resulting in repression of Pax7 expression [152] and cell
cycle re-entry [153, 154]. Conversely, p38 blockade promotes
Pax7 expression by preventing H3-K27(3me) [152] and satellite
cell quiescence [154].

Concluding remarks

In several forms of muscular dystrophy, muscle damage is
triggered by genetic defects in proteins present in the dystrophin
protein complex [155, 156]. Although the biochemical and
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