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Abstract

After extensive proliferation during development, the adult skeletal muscle cells remain outside
the cell cycle, either as post-mitotic myofibers or as quiescent muscle stem cells (MuSCs). Despite
its terminally differentiated state, adult skeletal muscle has a remarkable regeneration potential,
driven by MuSCs. Upon injury, MuSC quiescence is reversed to support tissue growth and repair
and it is re-established after the completion of muscle regeneration. The distinct cell cycle states
and transitions observed in the different myogenic populations are orchestrated by elements of
the cell cycle machinery. This consists of i) complexes of cyclins and Cyclin-Dependent Kinases
(CDKs) that ensure cell cycle progression and ii) their negative regulators, the Cyclin-Dependent
Kinase Inhibitors (CDKIs). In this review we discuss the roles of these factors in developmental

and adult myogenesis, with a focus on CDKls that have emerging roles in stem cell functions.



Cell cycle and myogenesis overview

Tight control of the cell cycle is imperative throughout the life of multicellular organisms.
Deregulation of the cell cycle has been associated with cancer [1,2], age-related pathologiea
[1,3], developmental abnormalities [4,5], defective stem cell self-renewal [1,6] and stem cell loss
[7]. Appropriate embryonic growth and patterning depend on a balance between proliferation
and differentiation, to ensure sufficient cell propagation but not at the expense of formation of
differentiated structures [8]. Once growth or tissue repair are completed, cell division plays a

minor role in the homeostasis of many tissues, including skeletal muscle.

The cell cycle includes the phases of DNA synthesis and mitosis, separated by the transition G1
and G2 phases. After division, cells return to G1 and will either proceed to a new division or exit
the cell cycle. In the latter case they remain in a resting, non-proliferative phase either
permanently (terminal differentiation, senescence) or reversibly (quiescence). Quiescence allows
cells to start cycling given specific needs. In contrast, cells driven to terminal differentiation do
not re-enter the cell cycle in physiological conditions [9]. Similarly, cells can irreversibly stop
dividing and go into senescence in response to developmental or regenerative cues [10-12] or to
pathological damage/stress [13]. When it comes to muscle, after extensive proliferation of
muscle progenitors prenatally and early postnatally, the adult skeletal muscle is mainly
comprised of multinucleated myofibers, which are post-mitotic syncytial cells [14]. In addition,
skeletal muscle always contains several mononucleated cell populations, with muscle stem cells
(MuSCs) being central among them (see below). MuSCs exist in quiescence, a reversible state of
cell cycle exit [15,16]. Despite cell cycle arrest, adult skeletal muscle can efficiently regenerate,
and this regenerative capacity is largely driven by MuSCs [17-20]. Under both physiological (e.g.
cellular turnover) and pathological (e.g. physical or chemical injuries, muscular dystrophies, etc)
conditions, MuSCs play a pivotal role in the remodeling and regeneration processes of muscle

tissue, to restore muscle mass, architecture, and function [21].

During myogenesis, activation of a complex repertoire of transcription factors is crucial for the
acquisition of the myogenic fate and skeletal muscle differentiation. The myogenic lineage
initially expresses the transcription factors PAX3 and PAX7, which are maintained in adult
quiescent MuSCs (PAX7) or a subset of them (PAX3) [22—-24]. Myogenic determination and
differentiation largely rely on the Myogenic Regulatory Factors (MRFs), a family of basic helix-
loop-helix transcription factors that includes MYF5, MYOD, MRF4/MYF6, and MYOG (reviewed in
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[25]). As shown in Fig. 1, most quiescent MuSCs express MYF5 [26]; in addition, when muscle
regeneration is required, MuSCs are rapidly activated, reenter the cell cycle, expand, and robustly
express MRFs (MYF5 upregulation, followed by MYOD expression, followed by MYOG
expression). The activated population initially co-expresses PAX7 and MYOD [27]. Subsequently,
most myoblasts downregulate PAX7 but maintain MYOD, express MYOG, and follow the
myogenic program to supply differentiated progeny for muscle repair (Fig. 1) [27]. It was recently
shown that MYOG expression corresponds to limited further mitosis, as evidenced by live imaging
[28]. Importantly, a subpopulation of activated satellite cells does not engage in terminal
differentiation, maintains PAX7 (while losing MYOD) and returns to the quiescent state (Fig. 1)
[27].

Disruption of MuSC quiescence leads to their exhaustion, which compromises their regenerative
potential [29]. It is therefore essential to understand the mechanisms of cell cycle control and
self-renewal of MuSCs through repeated cycles of growth and regeneration. These findings can
lead to the development of more efficient methods to manipulate stem cells and maximize our

ability to expand them in vitro for tissue regeneration, while avoiding malignant transformation.

Cell cycle progression and withdrawal are controlled by the same core molecular machinery
across cell types, consisting of a network of Cyclin-Dependent Kinases (CDKs), Cyclins, Cyclin-
Dependent Kinase Inhibitors (CDKIs), retinoblastoma protein (Rb) and E2F factors (Fig. 2). Briefly,
cell cycle progression is achieved by an array of CDKs and their activating subunits named Cyclins
[30]. The regulation of these CDK-Cyclin complexes depends on the CDKls, which are classified in
two families based on their structural homology and specificity of action [31]: the INK4 family
that includes p15'™k40 (p15), p16'"k42 (p16), p18'"°4¢ (p18), and p19'"k*d (p19) and the CIP/KIP family
that includes p21°P? (p21), p27XiP! (p27) and p57¥P? (p57). In case of CDKI-mediated inhibition,
the CDK-Cyclin complexes lose the capacity to phosphorylate Rb [32]. In its hypophosphorylated
form, Rb can target E2F family factors, negatively affecting E2F-responsive genes that promote
cell cycle progression [33]. Apart from their functions in cell proliferation, many other roles have
been described for the majority of these factors, including regulation of transcription, control of

translation, cell migration and apoptosis, reviewed elsewhere [34-38].

Substantial work has identified essential participants of in vitro cell cycle exit and differentiation
of muscle cells, based on studies of the mouse myogenic cell line C2C12 or primary myoblast

cultures. Nevertheless, information is generally lacking to confirm these interactions in vivo,
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notably to understand the mechanism of MuSC entry into quiescence. In the following sections,
after a brief presentation of each group of factors, relevant discoveries in the muscle field are

summarized.

CDK-Cyclin complexes: cell cycle progression

General features in cell cycle requlation

The cell cycle is orchestrated by a cascade of CDKs and their associated Cyclin subunits. CDKs are
serine/threonine kinases that acquire their catalytic activity via binding to a Cyclin molecule
which results in conformational modifications [30]. Cyclins are structurally defined by a 100-
residue domain termed the Cyclin box, which is required to bind and activate CDKs [39-41] and
their expression is subject to oscillations during the cell cycle [42,43];. The mechanisms governing
CDK activity involve i) activation by Cyclin binding and by CDK phosphorylation at a conserved
threonine site and ii) repression by either CDKI binding (see next section), phosphorylation at
inhibitory sites near the N terminus [44] or through inhibition of phosphorylation at activating
sites [42]. To acquire full activation, the CDK-Cyclin complex is then phosphorylated by the CDK-
Activating Kinase (CAK) [45]. The importance of CDK-Cyclin complexes in promoting transitions
through the cell cycle was established in the 1990s. Less than a decade later, the Nobel prize in
Physiology or Medicine (LH Hartwell, T Hunt, PM Nurse; 2001) acknowledged these key cell cycle
players of all eukaryotic organisms, from yeasts to plants and animals. Studies performed in single
and double knock-out mouse models showed redundant roles among some CDKs and Cyclins,
with the exceptions of CDK1 [46], CyclinA2 [47] and CyclinB1 [48], the loss of which results in

lethality at very early stages of embryonic development.

Mitogen availability throughout the cell cycle is an important determinant of the quiescence-
proliferation decision [49]. Briefly, in the absence of signals that would impose return to
quiescence, CDK4/6-CyclinD operate in G1 to bind the alpha-helix of Rb [50-52] and these
complexes are followed in S-phase by CDK2-CyclinE complexes and then CDK2-CyclinA, while
CyclinA further regulates important aspects of mitosis including splindle geometry (Fig. 2) [38,52—
58] An alternative non-canonical model suggests that Rb protein phosphorylation by CDK2 rather
than CDK4/6 is the critical step for the G1/S transition [59]. Finally, CDK1 (CDC2) is involved in the
S/G2 checkpoint and transition, where it forms complexes with CyclinB or CyclinA [53,60-62].



Finally, non-canonical CyclinF is involved in the degradation of cell cycle proteins such as E2Fs

[63] and its proteolysis ensures timely mitotic progression [64].

Apart from their canonical roles, some CDK and cyclin families have been implicated in translation
[65,66], telomere protection [67], and transcription [68,69]. Some family members may
exceptionally play a role in the control of proliferation, such as the requirement of CyclinK for
prereplicative-complex assembly [70] or CDK9 involvement in cancer [71]. These CDK families are
more conserved and their ablation results in embryonic lethality, suggesting non-redundant roles
[72].

Implications in skeletal muscle cell cycle requlation

Dividing and differentiating myoblasts have been extensively analyzed for the presence and
activity of various CDK-Cyclin complexes. Among CDKs, CDK4 has been broadly studied (Table 1).
CDK4 is expressed in both myoblasts and myotubes [73,74], but in myotubes it is associated with
the cell cycle inhibitors p21 and p27 rather than with Cyclins [75]. Moreover, CDK4 subcellular
localization depends on CyclinD1: nuclear in dividing myoblasts expressing CyclinD1, and
cytoplasmic in myotubes, which lack CyclinD1 [76]. This subcellular pattern is opposite to that
observed for the cell cycle inhibitor p57 [77]. Chemical inhibition of CDK4/6 activity by PD
0332991 promotes accumulation at G1 at the expense of S phase and it enhances muscle-specific
gene expression [78] (Table 2). Conversely, forced expression of CDK4 and CyclinD1 in C2C12 or
primary myoblast cultures triggers DNA synthesis in myotubes, alters muscle-specific gene
expression [79] and represses MEF2 activity [80] (Table 2). Zhang and colleagues showed that
MYOD-CDK4 binding can block the DNA binding capacity of MYOD [76] and the ability of CDK4 to
phosphorylate Rb [81] (Table 2). These inhibitory interactions might depend on MYOD and/or
CDK4 levels, involvement of other partners in the MYOD-CDK4 complexes or subcellular
trafficking. It should be noted that MYOD-CDK4 complexes were observed in the nuclei of dividing
myoblasts, but not in differentiated myogenic cultures [76]. Even though most CDK4/6 studies
rely on the C2C12 cell line, the data are concordant with those coming from primary cells, when

such cells were analyzed.

Levels of both CDK4 and CDK6 are constant during myocyte differentiation [75], while their
CyclinD partners show divergent patterns in myogenic cell line cultures: i) CyclinD1 is high in the

proliferating population and low in the differentiating one, ii) CyclinD2 is not detectable in any of
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the populations, and iii) CyclinD3 surprisingly increases upon differentiation, although Cyclins are
traditionally involved in proliferation rather than differentiation (Table 1) [73,75,82-86]. In line
with these in vitro results, CyclinD1 protein levels are high prenatally and decline after birth, while
CyclinD3 is high at fetal and early postnatal stages [86,87]. Studies on CyclinD1 levels during aging
have reached contradictory results depending on the cell activation status: the Brack lab showed
through mouse MuSC single-cell RNAseq age-related (20-month-old vs. 3-month-old)
upregulation of CyclinD1 in activated and activated+quiescent MuSCs [88], while the Rando lab
found decreased CyclinD1 in quiescent old MuSCs (18-22 months of age), which was restored by
exercise [89]. Lack of CyclinD1 causes defects in other organs [90-92], but not in skeletal muscle,
which implies the presence of compensatory effects by other factors. However, MuSC-specific
CyclinD1 deletion results in reduced MuSC activation post-injury (Table 2) [89]. As mentioned
above, CyclinD3 is the only G1 Cyclin upregulated upon myogenic differentiation [73,75,82]. In
fact, the myogenic regulatory factor MYOD activates CyclinD3 expression, assisted by the co-
activator p300 [93]. CyclinD3 is involved in the induction but not the maintenance of muscle
differentiation. Consistent with this, CyclinD3 is highly expressed during development and
perinatal growth, but is absent in adult skeletal muscles [86,87,94]. Furthermore, when
overexpressed, CyclinD3 primes C2C12 myoblasts for differentiation by enhancing the expression
of myogenic differentiation and cell cycle exit factors [95]. Interestingly, ectopic expression of
CyclinD3 rescues the differentiation phenotype of Myotonic Dystrophy type 1 myoblasts [96].
Studying CyclinD3 knock-out mouse muscles showed smaller fibers and lower MuSC numbers
under homeostatic conditions as well as reduced MuSC renewal after in vitro or in vivo activation
[86]. Furthermore, CyclinD3 is involved in muscle metabolism and myofiber type identity (Table
2) [97].

Fewer studies focused on the other CDK-Cyclin complexes. The mitotic complex of CDK1-Cyclin B
phosphorylates MYOD, leading to the repression of MYOD-dependent transactivation as well as
to diminished MYOD protein levels during mitosis (Table 2) [98]. CyclinB1 expression is induced
by muscle injury (Table 1) [99]. Muscle-specific expression of different CDKs and Cyclins in
C.elegans activates the cell cycle transcriptional program, without loss of the differentiated state.
Under these experimental conditions, cell cycle reentry and S-phase induction are not driven by
CDK2-CyclinE but rather by CDK4-CyclinD [100]. In line with this observation, ectopic CDK2-
CyclinE does not reinforce cell cycle reentry in differentiated myotubes, as opposed to the G1
CDK4-CyclinD complex, in C2C12 and primary myoblasts [79]. CDK2-associated kinase activity was

observed in lysates from proliferating C2C12 myoblasts, but not from differentiated myotubes
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(Table 1), while inactive CDK2-CyclinE complexes persist in the latter [74,101]. CDK1 is found in
dividing fractions of satellite cells/myoblasts rather than in their quiescent or differentiating
counterparts [74,102]. Accordingly, CDK2 and CDK1 exhibit high kinase activity towards MYOD in
C2.7 myoblasts but not in myotubes, regulating MYOD turnover; specifically, by phosphorylating
Ser200, CDK1/2 promote MYOD degradation (Table 2) [103]. CDK2 immunoprecipitates with
CyclinA in proliferating C2C12 myoblasts [84], in agreement with the role of this complex in S-
phase (Fig. 2). However, upon differentiation there is evidence that CDK2 is sequestered away
from CyclinA into inactive CDK2-CyclinD3-p27 complexes [84]. In addition, CDK2 regulates
satellite cell migration following injury-induced activation during muscle regeneration (Table 2)
[104]. CDK1 also controls satellite cell-mediated muscle regeneration and hypertrophy following
injury and overload, respectively (Table 2) [74]. Finally, single-cell RNAseq analysis showed that
CyclinA2, CyclinB1, and CyclinE2 are present in clusters of activated but not quiescent MuSCs
[105], while CyclinB and CyclinE are transiently upregulated at three days post-injury when
MuSCs are generally activated (Table 1), possibly to allow myoblast expansion before
differentiation to new muscle fibers [106]. In aged regenerating muscles, the CyclinB/E
upregulation window spreads from day 1 to day 3, implying extensive or premature proliferation

and exhaustion of myoblasts before efficient regeneration of the injured muscle [106].

Cyclin transcription is directly regulated at the epigenetic level by the PRC2 complex and more
precisely by the EZH2 catalytic subunit of the complex. EZH2 represses the expression of several

Cyclins and their associated CDKs in myogenic cells (C2C12 cell line and primary myoblasts) [107].

Regarding the CDK families that are implicated in transcription rather than cell cycle progression,
scarce data are available. In contrast to cell cycle-related CDK-Cyclin complexes, CDK9-CyclinT2
enhance MYOD function and promote differentiation [108,109]. In addition, CDK12 is linked to
transcription of DM1 expanded repeats in Myotonic Dystrophy type 1, which is counteracted by
CDK12 selective inhibition, thus providing a druggable target for this disease (Table 2) [110].

CDKIs: negative regulators of CDK-Cyclin activity

General features in cell cycle requlation

The control of CDK-Cyclin complex formation and activity is largely dependent on the CDKls,

which fall into two broad categories based on their structural and functional profile. Proteins of
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the INK4 family contain conserved ankyrin repeats [111-113], a motif participating in protein
recognition and interaction [114]. CIP/KIP family members show partial structural homology.
They share a kinase inhibitory domain in their N-terminal region and a nuclear localization signal
in their C-terminal region [115-117]. In addition, p21 and p57 contain a C-terminal PCNA-binding
domain that allows interaction with PCNA and prevents DNA replication [118-120]. Moreover,
p27 and p57 contain a C-terminal QT box with a consensus CDK phosphorylation site [115-117],
involved in their SCF/Skp2-mediated degradation [121].

These structural differences underlie the divergent specificity of action between the two CDKI
families at two levels:

1) the INK4 family members are selective inhibitors of CDK4 and CDK6, leaving the other CDKs
unaffected [111-113,122,123]. In contrast, CIP/KIP proteins bind and inhibit all CDK-Cyclin
complexes that are formed throughout the cell cycle [115-117,124-127], consistent with the fact
that these complexes exhibit intrinsic flexibility and are largely disordered before binding to other
proteins [128].

2) INK4 inhibitors can bind to untethered or Cyclin-associated CDK subunits, causing a strong
inhibition of CDK catalytic activity and inducing G1 arrest [111-113,122,123]. In contrast, p21,
p27, and p57 bind CDK-Cyclin heterodimers, with the affinity for CDKs increasing with Cyclin
association [115,117,124-127,129].

Some exceptions to the standard dogma of CDKIs inhibiting CDK-Cyclin activity have been
described. Briefly, there are sporadic reports of p21, p27 or p57 binding to CDK-Cyclin complexes
without stopping their kinase activity [130], stabilizing CDK-Cyclin complexes (p21: [129,131—
133], p27: [134-136], p57: [137]), or promoting their nuclear localization and thus substrate
access [138]. Thus, CIP/KIP proteins might function as titratable buffers and repress CDKs in a
concentration-dependent manner. It has also been proposed that sequestration of p21 and p27
in CDK4-CyclinD complexes early in G1 prevents these CDKIs from binding to CDK2-CyclinE
complexes to allow cell cycle progression [44,139]. The above properties could explain the
observations that p21 is among the most highly induced genes during early MuSC activation
[140], even though MuSC activation signifies passing from quiescence to proliferation. Finally,
contrary to its role in inhibiting the cell cycle, p57 was recently found to transactivate the proto-

oncoprotein c-Jun and c-Jun-induced transcription [141].



Apart from their role in the cell cycle, CDKls have been implicated in terminal differentiation of
multiple lineages during organogenesis [142—-145], cellular senescence [91,146—-151], apoptosis
(reviewed in [34]), transcription [141,152,153], and autophagy via an mTORC1-dependent

mechanism [154].

Implications in skeletal muscle cell cycle requlation

Expression of CDKls is generally increased during myogenesis, as shown in mouse embryos and
myogenic cells. When the equilibrium is shifted to or against one of these factors, the
differentiation and proliferation capacities are rapidly affected in vitro. More recently, in vivo
data started to support the unique and redundant roles of CDKIs for muscle development,
homeostasis, and regeneration. Further studies are expected to elucidate the currently poorly
understood role of CDKls in the entry (early postnatally) or re-entry (post-regeneration) of MuSC

into quiescence.

A limited number of studies have evaluated the impact of the INK4 family on the muscle lineage.
Terminally differentiated adult muscles or C2C12-derived myotubes lack p15 (Table 1) [155] and
pl15-null mice are not reported to display muscle defects (Table 2) [156]. However, p15 is
elevated in MuSCs from aged animals along with other CDKIs and this could contribute to the
defective regeneration of old muscle [157]. Similarly to p15, p16 is absent from proliferating
C2C12 cells, myotubes or adult muscle samples (Table 1) [155,158]. However, during muscle
regeneration both p15 and p16 proteins increase to reach a peak at day 3 post-injury (Table 1)
[159], with p16 being upregulated in mesenchymal stromal cells at days 1 and 3 post-injury [160].
Furthermore, ectopic p16 is associated with increased muscle-specific gene expression (Table 2)
[73] as well as protection of differentiating C2C12 from apoptosis [161], the latter occurring only
in the presence of Rb [162]. p16 transcript and protein levels increase with aging in experimental
models and human samples (Table 1), with its promoter exhibiting higher chromatin accessibility
following injury-induced MuSC activation [157,163,164]. In addition, aging-associated p16
derepression ignites a switch of resting geriatric MuSCs from reversible quiescence to an
irreversible pre-senescence state, compromising muscle regeneration [165]. p16 levels depend
on the transcription factor Slug that represses pl6 in MuSCs, inhibiting their entry into
senescence, while Slug overexpression enhances muscle regeneration during aging [146]. The
extent of pl6/senescence in human MuSCs remains to be properly characterized, due to

technical challenges [166,167], even though preliminary analyses show that p16/p21/p14 mRNA
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is present in some Duchenne muscular dystrophy samples as opposed to controls [168].
However, proper controls and quantifications are lacking in that study. In the context of muscle
cancer rhabdomyosarcoma, p16 inactivation was found to not be important for pathogenesis
[169]. Apart from MuSCs, pl6 has also been found in endothelial progenitors (CD34+
intramuscular cells) and in cells infiltrating necrotic myofibers after exercise [170]. p18 shows a
remarkable increase upon C2C12 differentiation, that is regulated transcriptionally (promoter
switch to produce a different transcript) and translationally (Table 1) [155,171]. Furthermore,
there is a continuing increase of p18-associated CDK4 and CDK6 [155]. In adult muscle tissue, p18
is abundant in mouse and human (Table 1) [122,155] and it is associated with all CDK6 molecules
and half of the CDK4 ones (shared with p27) [155]. However, p18 deficiency is not reported to
cause a muscle phenotype [156,172]. In vivo regeneration studies show an early transient
increase in p18 levels (Table 1), although this effect was not further evaluated [159]. p19 is the
only CDKI expressed at high levels in proliferating C2C12 myoblasts and declining following
differentiation [155]. The reciprocal p19 decrease and p18 increase (Table 1) suggests either that
p19 loss is compensated by p18 expression to induce cell cycle exit during differentiation or that
p19 and p18 play distinct functions during myogenic cell cycle progression and exit. Finally, p19
(as well as p16 and other senescence markers) were found upregulated in the context of a

muscular dystrophy [168].

Members of the CIP/KIP family have been more extensively explored in the myogenic lineage.
Historically, most studies focused on p21, the first family member to be identified that showed
early and robust skeletal muscle-specific expression (Tables 1-2). When C2C12 myoblasts are
maintained in proliferation conditions, p21 is generally low [101]. p21 protein reaches detectable
levels close to G1, but at mitosis entry it rapidly decreases [98]. After switching to differentiation
conditions, p21 sharply increases [101,155,158,173,174], appearing in myocytes and myotubes
[175,176]. Consistent with a role in differentiation-associated growth arrest, myotube p21 (a)
immunoprecipitates with CDK2 and CDK4, (b) shows increased interaction with CDK2, CDK4, and
CDK6 compared to myoblasts, and (c) exceeds the quantity of active CDK4-Cyclin
[75,155,162,177]. In fact, p21 overexpression in C2C12 cells is sufficient for cell cycle withdrawal
under growth conditions [178], while p21-deficient primary myoblasts show increased
proliferation [179] and siRNA-mediated p21 suppresion stimulates S phase entry in myotubes
[180]. p21 maintains CDK4/6-CyclinD3 inactive in differentiating C2C12 myogenic cells [180],
while CyclinD3 regulates p21 expression at the post-transcriptional level in C2.7 myoblasts [86].

It has been suggested that the interaction of p21 and CDK4 in differentiating C2C12 cells is
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inhibitory, whereas p21 stabilizes CDK4-CyclinD1 activity when myogenic cells undergo

hypertrophy [85].

Apart from the effects on muscle cell proliferation, p21 has also been studied in the context of
myogenic differentiation (Tables 1-2). In vivo, it was shown that when myogenic nuclei fuse with
myofibers, they present terminal differentiation characteristics and p21 protein expression once
they are in the myofiber [181]. Forced p21 expression promotes muscle-specific gene expression,
rescues CyclinD1-mediated MyoD repression and exerts protection against apoptosis in
myogenic cell lines [73,161]. It would be interesting to verify if these results are reproducible in
vivo with the newly generated mice that allow Cre/Dre-inducible p21 overexpression [182].
Conversely, primary myoblast cultures from p21-null animals show differentiation defects and
increased apoptosis [179]. MYOD transcriptionally activates p21 [98,173] and p21 is able to
inhibit MYOD phosphorylation, stabilizing it [158]. A MYOD version that cannot be
phosphorylated sustains p21 expression, which interferes with M-phase entry [98]. However, in
the absence of MYOD, p21 expression is delayed during muscle development [142]. MYOD-
mediated p21 induction and p21 expression in the developing muscle are p53-independent
[142,173], although p21 is transcriptionally regulated by p53 in other cell types [183].
Overexpression and silencing approaches established CyclinD3 as another factor that enhances
p21 expression [86,95]. This is in agreement with the notion that CyclinD3 is the only G1 Cyclin
that promotes myogenic differentiation rather than proliferation. p21 has been postulated to be
a direct target of MYOG because (a) MYOG binding sites are detected in the p21 promoter [184]
and (b) on a protein level, p21 expression follows MYOG upon differentiation [185]. However,
when myoblasts are induced to differentiate, p21 transcripts appear before Myog, while MYOG
knock-out embryos provided unequivocal evidence that MYOG is not required for p21 induction
[142]. p21 has also been identified as a target gene of the histone deacetylase HDAC4, which
represses p21 to allow MuSC amplification [186]. Finally, it was shown that the protein arginine
methyltransferases PRMT5 and PRMT7 participate in the epigenetic silencing of p21 in MuSCs
[187,188]. The effect of PRMT7 is mediated by the methyltransferase DNMT3b [188]. In addition,
DNMT3a has been implicated in the epigenetic control of p57 in MuSCs [189].

The in vivo profiling of p21 expression in muscle reveals age-related differences. During
development and the establishment of the muscle lineage, p21 mRNA first appears in the forming
myotome of E8.5 embryo somites [142]. From E10 it follows the Myog expression pattern [142].

In the adult, p21 protein is not detected in skeletal muscles [155]; our unpublished observation],
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while mRNA expression is unclear. Very high [142,190] or undetectable [191] transcripts were
reported in adult skeletal muscles; differences in analyzed muscles, mouse background, age
window, or probes could partially explain these differences. In the mdx mouse model of
Duchenne Muscular Dystrophy, elevated p21 transcripts have been reported [192], while trans-
differentiating fibroblasts from a rare human congenital myopathy also show upregulated p21
[193]. MuSC-focused analysis revealed p21 increases with aging along with increased chromatin
accessibility at the p21 locus and high p21 protein expression post-injury [157,163,164,194]. The
interplay of TGFB and Notch seems to ensure low p21 (and also p15, p16, p27) in young muscles
as opposed to their upregulation upon aging [195]. However, a more recent study reported a
striking 90% reduction in p21 protein levels in aged human muscles, with the reduction being
unaffected by exercise training [196]. Rat primary myoblasts from aged animals also show a delay

in expressing p21 when cultured [197].

Although p21 has been shown to play important roles in the regulation of the muscle lineage cell
cycle in vitro, ablation of p21 in mice does not affect skeletal muscle development, proliferation
or differentiation nor the establishment of the MuSC compartment [179,198-200], our
unpublished observation]. In addition, AAV-mediated transient suppression of p21 does not
affect the differentiation capacity of myoblasts nor does it induce genotoxic effects [201]. In
injury-induced activation of MuSCs, p21 seems to exert its function during the early period of the
regeneration process. Specifically, during the first few days post-injury, p21-deficient mice
display increased proliferation, cell numbers, and inflammation, accompanied by decreased
expression of myogenic differentiation markers. However, one month post-injury p21-null
muscles are comparable to controls [159,179,199,200], our unpublished observation]. It was
recently shown that p21 is part of the transient stress response core [202], which suggests that
it may play an early function in promoting assembly of the CDK-Cyclin complexes to drive entry

into proliferation, as previously proposed for p57 (see below).

Searching for alternative cell cycle regulators in cells undergoing G1 arrest and myogenic
differentiation, the groups of Maione, Lanfranchi, and Leibovitch independently identified p57
[158,177,203]. p57 increases when C2C12 cells are stimulated to differentiate (Table 1) [158,174]
and when embryonic muscle progenitors proceed to myogenic determination and differentiation
[204]. p57 also translocates from the cytoplasm to the nucleus during differentiation of adult
satellite cells [77]. During development, p57 is present in most nuclei of limb and abdominal wall

muscles [5,204,205], but p57 knock-out mice do not manifest a severe muscle phenotype
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[4,5,205], implying the presence of compensatory mechanisms (see below). In the adult muscle,
p57 progressively decreases as mice age based on whole-muscle analyses [190]. Furthermore,
p57 is barely detectable in adult mouse MuSCs at the protein level [77,189,199] with the
exception of one study of FACS-isolated MuSCs [206]. A recent single-cell RNAseq screen found
p57 transcripts in clusters of quiescent human MuSCs [105]. It remains to be established whether
this reflects specific flow cytometry gating, a difference in human versus mouse samples, and/or
activation artifacts that are commonly induced by sample preparation [140,207,208]. In contrast
to resting quiescent mouse MuSCs, p57 peaks soon after muscle regeneration is initiated and is
maintained at higher than homeostasis levels throughout regeneration (Table 1) [159,194], our
unpublished observation]. p57 deletion in the MuSC lineage severely impairs muscle
regeneration post-injury (Table 2) [77], while low expression of p57 is a marker of aggressive
phenotype and poor prognosis in the context of the skeletal muscle cancer rhabdomyosarcoma
[169].

p57 and MYOD have been implicated in a positive feedback loop in vitro and in vivo, whereby
MYOD induces p57 which then enhances MYOD activity and stability (Table 2). Although three
putative MYOD binding sites proximal and downstream from the transcription start site of p57
are not functional [203], MYOD-responsive regions upstream of the transcription start site of p57
were identified by us and others [203,204]. We found a muscle-specific p57 regulatory element
which contains MYOD-bound E-boxes that show transactivation in myogenic cells in vivo [204].
In addition, general (not muscle-specific) MYOD-regulated p57 regulatory elements have been
identified in vitro i) within the imprinting control region KvDMR1 [209] and ii) in a new intragenic
region [210]. /n vitro studies, based mostly on fibroblasts converted to the myogenic lineage,
suggested that MYOD plays a dual function in inducing p57. First, it counteracts cis-acting
repression, by sequentially interacting with CTCF, disrupting the CTCF-mediated chromatin loop,
and releasing the p57 promoter. Second, it assists upregulation by the intermediate factors p73,
SP1, and EGR1 [211-214]. MyoD knock-down in zebrafish embryos reduces p57 expression, while
MYOD overexpression promotes ectopic p57 in somatic and head mesoderm of zebrafish [215].
Notably, MYOD-induced myogenic conversion of fibroblasts upregulates p57 only in the absence
of p21 [81,177], implying intrinsic differences between fibroblasts and myogenic cells. In the
opposite direction, p57 was found to promote MYOD accumulation in the myogenic progenitors
(adaxial cells) of zebrafish embryos [215]. Co-immunoprecipitation assays showed that p57
directly binds to MYOD, through the basic region of MYOD and the amino-terminal domain of
p57 [216]. Remarkably, the same p57 helix domain that is indispensable for CDK-Cyclin inhibition
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is also important for MYOD binding [216,217]. In vitro dissection of the underlying mechanism
revealed that p57 increases MYOD stability by inhibiting its phosphorylation by CDK2-CyclinE
complexes [158], while p57- MYOD binding is competed by CDK4-CyclinD1 complexes [216].

Based on the profile similarities of p21 and p57 during myogenesis, their colocalization in
differentiating myotubes in vitro, and the normal muscle development of single p21 or p57
knock-out embryos, their possible redundancy during development was evaluated by
concomitantly ablating both factors [218]. Simultaneous abrogation of p21 and p57 increases Rb
phosphorylation by CDK2, increases myoblast proliferation and apoptosis, and induces
endoreplication of residual myotubes at the fetal stage. Multiple muscle groups (head, trunk,
limb) are severely diminished in double knock-out embryos, with the overall phenotype
resembling that of Myogenin-deficient embryos. Molecular genetic experiments placed p21 and
p57 in parallel to MYOG rather than upstream or downstream of this MRF. Whether the

redundant functions of p21 and p57 are at play during adult myogenesis remains to be shown.

p27 was found to participate both in the differentiation program and in maintaining a
subpopulation of MuSCs. During C2C12 myogenic differentiation, p27 protein levels increase
(Table 1), even though the mRNA amount remains constant, implying posttranslational
regulation [84,155,158,173,174,219)]. Ectopic p27 inhibits proliferation and promotes
differentiation, while p27 repression leads to opposite effects in C2C12 and primary myoblasts
(Table 2) [174,220]. The B2-adrenoceptor agonist clenbuterol that was tested in rodent models
of dystrophy, denervation and aging for its anabolic effects, was shown to induce cell cycle arrest
by increasing the levels and nuclear accumulation of p27 [219]. Co-IP experiments showed that
p27 can associate with MYOD (Table 2), possibly regulating transcription [221]. During
hypertrophy of myogenic cells in vitro, p27 was proposed to function primarily as a CDK2 inhibitor
at the G1/S transition [85]. p27 deficiency leads to general hyperplasia and increased body size
and muscle mass (Table 2), with the latter being partially mediated by decreased Myostatin [222],
a protein inhibiting muscle growth. An in-depth in vivo analysis of MuSC subpopulations was
performed using the retention of a H2B-GFP label as a reporter of proliferative history. This study
revealed that p27 is required to maintain the primitive fate of a subpopulation with label-
retaining dormant behavior (Table 1) [199]. The same team showed that p21 is acting in the non-
label-retaining MuSCs to promote lineage commitment [88,199]. These in vivo findings are in
agreement with early in vitro observations, whereby p21 is enriched in differentiated myotubes

and p27 in self-renewing reserve cells [176]. Further supporting this model, p27 is only transiently
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expressed in the developing muscle masses between E10.5 and E11.5 and all p27+ cells co-
expressed MYOD, while only a subset had MYOG [223]. During aging, hypophosphorylation of
AMPK and its downstream target p27 were recently found to be associated with reduced
autophagy and increased apoptosis that characterizes aged MuSCs [224]. Restoration of
phosphorylated p27 is sufficient to suppress the apoptosis and cell cycle defects, leading to

improved in vivo grafting capacity of aged MuSCs [224].

Concluding remarks

Skeletal muscle develops and repairs itself under fine molecular regulation, in which cell cycle
control is central. The precise regulation of proliferation and cell cycle arrest (quiescence,
differentiation) have been explored by many groups over the last 30 years, elucidating the
complex interactions between factors that sustain (e.g. CDK-Cyclin complexes) or inhibit (e.g.
CDKIls) proliferation of muscle cells. Few exceptions to this dogma have been noted and are
summarized here. First, analysis of cell cycle factor expression during the first week post-injury
has shown concomitant increase of proliferation-promoting and proliferation-inhibiting
molecules. As this was based on bulk cell analysis at each day post-injury, single cell analysis or a
finer time-course could elucidate whether proliferation-promoting and proliferation-inhibiting
factors are restricted to activated/proliferating and differentiating cells, respectively. Second,
CDK4 and p57 are found in differentiating and proliferating cells, respectively, but this
unexpected finding is accompanied with cytoplasmic rather than nuclear presence. In contrast,
both factors are nuclear when they are shown to promote (CDK4) or inhibit (p57) proliferation.
Third, CyclinD3 is the only Cyclin that is expressed in differentiation conditions, and it was shown
to actively block proliferation by sequestering CDK2 in inactive complexes. On a similar note,
CDK2-CyclinE complexes were reported in differentiating myoblasts, but they were inactive.
Lastly, the cell cycle inhibitor p19 is high in proliferating and low in differentiating C2C12 cells but

its role has not been further investigated.

Historically, most studies of cell cycle factor effects on the muscle lineage have been initiated on
the C2C12 myogenic cell line or on MYOD-converted fibroblasts, with results not being validated
on primary myoblasts, freshly isolated MuSCs or in vivo. More recently, in vivo high-throughput
transcriptomic analyses identified cell cycle regulators among differentially expressed genes, but
validation of these findings is lacking. Furthermore, whereas many early studies focused on
development, detailing expression patterns and knock-out phenotypes of cell cycle factors, less

work has been published on their postnatal role in muscle homeostasis, regeneration, and aging,
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including MuSC quiescence (Table 1). Elucidating the gatekeepers of MuSC quiescence could
have a major impact on the delivery of functional cells when cell therapies are considered as
treatment for myopathies. Moreover, it would be interesting to develop a mathematical model
describing the cell cycle dynamics of myogenic cells, as was recently done for the muscle
regeneration process [225]. Finally, the field would benefit from confirmation of findings in
human samples (normal or dystrophic muscle) which have been less studied than rodent models
(Table 1). Overall, there has been substantial research on the cell cycle regulation of myogenesis,

but many aspects remain to be characterized especially in postnatal and human muscle biology.
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Figure 1. Cellular and molecular aspects of myogenic differentiation during development (top)
or during postnatal skeletal muscle regeneration (bottom).

Top: embryonic and fetal progenitors are mitotically active and have not engaged in the myogenic
program. The transcription factors MYF5, MYOD, and MYOG are sequentially expressed in
progenitors that commit to the differentiated lineage and form the multinucleated myotubes
that mature into myofibers.

Bottom: Myofibers of adult muscle are postmitotic and they are accompanied by muscle stem
cells, termed satellite cells because of their anatomical position in the periphery of myofibers.
Satellite cells are quiescent in resting muscle but enter the cell cycle to repair damaged muscle.
Most of these activated cells will proceed to myogenic differentiation to form new myofibers,
while a small subpopulation will self-renew to maintain the quiescent pool for future needs.
Markers of muscle stem/progenitor cells are shown in green. Myogenic regulatory factors
involved in myogenic progression during differentiation are shown in red. Cellular changes are

shown in blue.
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Figure 2. Cell cycle progression and arrest.

Non-cycling cells are maintained at the resting, non-proliferating phase called GO, while cycling
cells undergo S-phase (Synthesis; DNA replication step) and M-phase (Mitosis; division step),
which are separated by two "gap phases" (G1, G2). Cell cycle progression depends on the activity
of various complexes of Cyclin-Dependent Kinases (CDKs) and Cyclins, acting on different cell
cycle transitions. When active, these complexes phosphorylate the retinoblastoma protein (Rb),
blocking its inhibitory activity on proliferation. Two families of Cyclin-Dependent Kinase Inhibitors
(CDKIs) counteract the activity of CDK-Cyclin complexes at early G1 phase (family INK4,
encompassing pl15, pl16, p18, p19) or throughout the cell cycle (family CIP/KIP, including p21,
p27, p57).
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Table 1. Expression pattern of cell cycle factors in different cell or tissue states of myogenesis
white: no data; /: not expressed; grey: low expression; black: high expression VR: variable results have been reported by different groups, please
refer to text for details. In grey and black, subcellular expression is indicated when known: N (nuclear)/C (cytoplasmic)

Q AP D NI Al/R CP Ag

CDK1 [74,79,102]

CDK2 VR [74,79,84,101]

CDK4 [73-76,79]

CDK6 [75]

CyclinA [79,84]

CyclinA2 [105]

CyclinB [106]

CyclinB1 [99,105]

CyclinD1 VR | [73,75,79,82—-86]

CyclinD2 [73,75,82-86,88,89]

CyclinD3 [73,75,82,86,87,94]

CyclinE [74,79,101,106]

CyclinE2 [105]

p15 [155,157,159,195]

pl6 [155,157-160,163-165,168,170,195]

p18 [122,155,159,171]

p19 [155,168]

p21 VR VR [79,98,101,142,155,157,158,163,164,173-176,190—-
193,195-197,202]

p27 [79,84,88,155,158,173,174,176,195,199,219,220,224]

p57 VR [77,105,158,159,174,189,190,199,206]

*Q: quiescence (in vivo: satellite cells, ex vivo: reserve cells that appear in differentiating cultures and have satellite-cell-like features); AP:
activation and/or proliferation (myoblasts); D: differentiation (myocytes or myotubes or myofibers)
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**NI: non-injured, resting healthy adult muscle; Al/R: acute muscular injury and regeneration in adult muscle; CP: clinically pathological muscle;
Ag: aging muscle. Refer to the main text for details on the cell type(s) expressing each factor, in case data are not emanating from bulk analysis

of the entire muscle tissue.
$ exercise-induced

Table 2. Deletion and overexpression phenotypes of cell cycle factors elucidating their function on myogenic cells or the skeletal muscle

tissue

suppresses MuSC migration
@MuSC: impairs regeneration
post-injury and hypertrophy
post-overload

CDK1 phosphorylates MYOD

regulating its turnover

[74,98,103]

CDK2 phosphorylates MYOD
regulating its turnover

[103]

induces G1 accumulation &
muscle-specific gene expression

induces DNA synthesis in
myotubes,

represses MEF2 activity,
impairs muscle-specific gene
expression

CDK4 binds MYOD and blocks its
DNA binding capacity,

MYOD binds CDK4 and inhibits its
ability to phosphorylate Rb

[76,78-81,100]

the complex enhances MYOD
function & promotes differentiation

[108,109]

counteracts transcription of the
DM1 expanded repeats in
Myotonic Dystrophy type 1

[110]

knock-out: no muscle
phenotypes

@MuSC: reduced MuSC
activation post-injury

[89-92,100]
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knock-out: smaller fibers and
less MuSCs, reduced MuSC
renewal following activation,
fiber-type shifting,
hypermetabolism

promotes differentiation,
rescues differentiation problems
in Myotonic Dystrophy type 1

MYOD activates CyclinD3

[86,93,95-97]

CDK1-CyclinB complex [98]
phosphorylates & represses MYOD
knock-out: no muscle [156]
phenotypes reported
increases muscle-specific gene [73]
expression
knock-out: no muscle [156,172]
phenotypes reported
RNAI: stimulates S-phase entry induces C2C12 cell cycle MYOD transcriptionally activates [73,98,158,161
in myotubes withdrawal under growth p21, ,173,178—
knock-out myoblasts: increased | conditions, p21 inhibits MYOD phosphorylation 180,198—
proliferation induces muscle-specific gene stabilizing it 201,218]
AAV-mediated transient p21 expression,
suppression: no myogenesis protects against apoptosis
defect
knock-out: no defect in muscle
establishment (compensation by
p57), delayed regeneration upon
injury
repression: inhibits inhibits proliferation, promotes p27 interacts with MYOD [199,221,222]
differentiation & promotes differentiation
proliferation
knock-out: general hyperplasia &
increased muscle mass,
regeneration defects upon
muscle injury
knock-out: no defect in muscle positive feedback loop with MYOD [4,5,158,203—
establishment (compensation by 205,209-
216,218]
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p21), regeneration impairment
upon injury

@MuSC: regeneration
impairment upon injury

* non-canonical CDK-Cyclin complexes
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