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Abstract: The evolutionarily conserved signaling pathway Notch is unequivocally essential for
embryogenesis. Notch’s contribution to the muscle repair process in adult tissue is complex and
obscure but necessary. Notch integrates with other signals in a functional antagonist manner to
direct myoblast activity and ultimately complete muscle repair. There is profound recent evidence
describing plausible mechanisms of Notch in muscle repair. However, the story is not definitive as
evidence is slowly emerging that negates Notch’s importance in myoblast proliferation. The purpose
of this review article is to examine the prominent evidence and associated mechanisms of Notch’s
contribution to the myogenic repair phases. In addition, we discuss the emerging roles of Notch in
diseases associated with muscle atrophy. Understanding the mechanisms of Notch’s orchestration is
useful for developing therapeutic targets for disease.
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1. Introduction

The evolutionarily conserved signaling pathway Notch is unequivocally essential
for cell fate determination during embryogenesis. In adult tissue, Notch is important for
regeneration. Activation of this peculiar pathway entails the binding of Notch receptors
(Notch 1–4 in mammals) with their ligands (Delta-like 1, Delta-like 4, Jagged1, and Jagged2
in mammals), which causes a series of enzymatic cleavages of Notch receptor. The cleaved
and now active intracellular region of Notch (NICD) translocates to the nucleus where
it binds to transcriptional regulators CBF-1, Suppressor of Hairless, and Lag-1 CSL (also
known as RBP-J). The CSL members release their inhibition which allows for activation of
transcription factors, including the basic helix-loop-helix (bHLH) family of transcription
factors hairy enhancer of split 1 (Hes/Hey gene family) (in mammals) [1,2]. Notch’s
role in skeletal muscle repair is broad yet disagreed upon. The repair of injured skeletal
muscle requires the activation of adult skeletal muscle stem cells, termed satellite cells, to
sequentially express key bHLH myogenic regulatory factors (MRFs), including myogenic
factor 5 (Myf5), myoblast determination protein 1 (MyoD), myogenin, and myosin heavy
chain (MHC), which direct myoblast proliferation, differentiation, and ultimately fusion [3].
Notch’s contribution to the muscle repair process is complex and obscure but necessary. It
is known that successful myogenesis includes tight regulation of Notch. Understanding
the mechanisms of Notch’s orchestration is useful for developing therapeutic targets for
disease. There is a conglomeration of skeletal muscle-related diseases associated with
defective Notch signaling. The purpose of this review article is to examine the prominent
evidence and associated mechanisms of Notch’s contribution to the myogenic repair
phases. In addition, we discuss the emerging roles of Notch in diseases associated with
muscle atrophy.
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2. The Public Health Concern of Skeletal Muscle Diseases

Understanding the role of Notch in regulating skeletal muscle repair will provide
useful information for the treatment of debilitating muscle-associated diseases. Since
skeletal muscle accounts for ~50% of human body mass [4] and is the most metabolic
tissue, many chronic diseases, including cardiovascular, pulmonary, metabolic, and cancer,
are associated with muscle-related consequences. These deleterious effects will foster a
more sedentary lifestyle and result in a poor quality of life, loss of independence, and
significant public health consequences. For example, sarcopenia is a condition related to
the loss of muscle mass and strength due to age [5]. The reported prevalence of sarcopenia
in adults 70.1 years of age was 36.5% [6,7]. It has been suggested that the direct healthcare
cost for sarcopenic patients is approximately USD 40.4 billion, showing a significant
economic burden [8]. Skeletal muscle is a vital organ, and sarcopenia exerts its negative
effects on other systems, such as weakening the cardiovascular system, decreasing bone
density, and causing poor glucose regulation, resulting in complete debilitation of the
inflicted patient [9]. In addition, our laboratory studied the healthcare costs of the muscle-
wasting condition cachexia and found increased hospital stays (6 versus 3 days) and higher
costs per stay (USD 4631.30) for patients diagnosed with cachexia [10]. Understanding
the pathology of these muscle-associated diseases will better create effective treatment
plans. Delineating the skeletal muscle repair process will provide critical information for
interpreting pathological findings to devise therapeutic strategies that counteract physical
frailty and improve quality of life. This, overall, will reduce the financial burden on the
healthcare system that diseases associated with muscle wasting (such as cardiovascular,
pulmonary, metabolic, and cancer diseases and acquired immune deficiency) induce.

3. Notch during Embryogenesis

Notch’s essentiality was determined during studies of embryogenesis in Drosophila
melanogaster. Notch signaling is highly expressed in mitotically active cells throughout
the various developmental stages. Through cell-to-cell interaction, Notch directs position-
dependent development and cell fate decision. This allows for segregating lineages from
groupings of precursor cells [11]. For example, Notch is critical in the formation of epider-
mal cells during the separation of the mesoderm and ectoderm germ layers. In addition,
Notch directs the differentiation of embryogenic precursor cells into neuroblasts and der-
moblasts within the ectoderm, ultimately deciding the precursor cells’ fate to either neural
or epidermal pathways [12].

The process of muscle development during embryogenesis consists of epiblasts being
converted to mesoderm, where somites eventually form. The environment around the
somites consists of Notch 1 inhibiting MyoD activity. Upon signaling, the Notch-induced
myogenic repression is released, and the somites differentiate into dermomyotome, which
is the source of muscle precursor cells [13]. However, Notch signaling is critical. If Notch
signaling is not present, cell fate decisions cease and there would be no delineation of
various tissues, resulting in embryonic death [1].

4. Notch and the Adult Skeletal Muscle Tissue

Notch’s action of delineating tissue homeostasis and cell fate decisions is also active in
repairing injured adult tissue, including skeletal muscle. Since the mid-1990s, there has been
an abundance of published work on the numerous roles of Notch within postnatal skeletal
muscle repair [13]. Although Notch is critical for myogenesis in the developing embryo, as
well as for adult skeletal muscle repair, the mechanisms for these muscle-related processes
may differ. Special attention to the role of the inflammatory process needs to be given
when discussing Notch and skeletal muscle repair. Contraction-induced muscle injury
(such as exercise) activates a cascade of cellular processes that set the stage for satellite
cell activation and initiation of the myogenic pathways. The orchestration of the invading
and resident inflammatory cells for satellite cell activation and the muscle repair process
is well known [14]; however, although the connection of inflammatory cells to Notch
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signaling in regulating myogenesis is clear, evidence suggests that there is an antagonistic
relationship [15–17]. Macrophages recruited to injured skeletal muscle activate satellite cells,
possibly by inhibiting Notch signaling [15]. Infiltrating macrophage-derived ADAMST1 (a
disintegrin-like and metalloproteinase with thrombospondin type 1 motif) activates satellite
cells yet inhibits downstream targets (Hes-1 and Hey-1) by interacting with the NOTCH1
receptor. Although the contextual role of Notch during satellite cell activation and myoblast
proliferation is not clear, these data suggest that macrophage activity during skeletal
muscle repair inhibits Notch activation and initiation of the muscle repair process [15].
The adversarial relationship between Notch and inflammatory cells was also reported
in an ischemic model of muscle injury [16]. Inhibiting Notch signaling through ligand
blocking (Delta-like 4) resulted in a 2.5-fold increase in leukocyte recruitment (using CD45+

and CD11b+ markers) as well as increased presence of leukocyte chemoattractant CXCL1
(chemokine |C-X-C motif|) ligand and recruitment of leukocytes to the ischemic-induced
muscle injury site [16]. Furthermore, ingestion of a non-steroidal anti-inflammatory drug
(NSAID) following injurious electrically stimulated muscle contractions resulted in greater
Notch signaling in activated satellite cells, suggesting that inhibiting the inflammatory
process upregulates Notch and affects myogenesis [17]. The contextual relationship of the
inflammatory process, Notch signaling, and myogenesis needs to be studied. Investigating
cross-talk between inflammatory cells and Notch would provide significant insight on
Notch’s role during skeletal muscle repair.

Notch has been identified to be critical in promoting cellular proliferation while
inhibiting differentiation, inducing apoptosis, maintaining cellular homeostasis and cel-
lular quiescence, and possibly activating adult skeletal muscle stem cells, (i.e., satellite
cells) [2,11,18,19]. The pleiotropic nature of Notch is interesting as Notch has a broad
spectrum of influences during postnatal expansion. Through a physical connection of
Notch receptors (Notch 1–4) and ligands (Delta-like 1, Delta-like 4, Jagged1, and Jagged2)
between two cells, Notch has the ability to influence a cell’s fate and the processes of
proliferation, differentiation, and apoptosis [1].

5. Notch Promotes Myoblast Proliferation and Inhibits Differentiation
5.1. Notch’s Effect on Proliferation and Differentiation Using Cell Culture Models

Notch’s ability to promote proliferation and inhibit differentiation signifies its impor-
tance during the early stages of muscle repair. When Notch is inhibited 2 days following
muscle injury via the soluble Jagged fusion protein Jagged1-Fc 2, muscle repair is delayed.
Interestingly, delayed repair did not occur when Notch was inhibited 5 days post-injury [20].
In addition, there was less early myoblast proliferating myogenic regulator factor Myf5 in
2-day-cultured myogenic cells isolated from single muscle fibers that were treated with
Notch inhibitors (gamma secretase inhibitor (GSI) or soluble Jagged 1 fusion protein) [20].
Since muscle repair was affected when Notch signaling was inhibited during the early
stages but not during the later stages, this provides evidence of Notch’s importance in the
early stages of muscle repair.

There are multiple studies that show increased myoblast proliferation when Notch
signaling is force-activated. The study [19] showed, using a cell-tracking dye, that bro-
modeoxyuridine (BrdU) incorporation was accelerated in myoblasts treated with active
Notch 1. In cultured myofiber explants, Notch 1 receptor was present at time 0 (when
explants were generated) and co-expression of active Notch and Desmin increased during
the first four days of explanation. Increased Notch also coincided with increased Delta 1
and levels of the proliferation marker M-Cadherin. Notch 1 transcripts with the myogenic
marker Myf5 were also elevated in proliferating chick embryo limb bud myoblasts [21].
Force activation of Notch increases proliferation, suppresses the myogenic regulatory
factor MyoD, and decreases differentiation [22–24]. Retroviral overexpression of Hey1
in primary myoblasts reduced MyoD and myotube formation when the myoblasts were
differentiated [24]. Accelerated cell cycle replication phases (S, G2, and M phases) were
seen in porcine satellite cells treated with the Notch force activator, recombinant human
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NF kappa-B protein (rhNF-κB). Interestingly, Buas et al. [25] suggested that Notch’s effects
may not solely impact proliferation. Using a retrovirus to force-activate NICD in C2C12
cells, Notch was not able to overcome p21-induced G1 arrest, and cell replication stopped
but differentiation was still inhibited.

Unique models of Notch inhibition exemplify inhibited proliferation yet accelerated
differentiation of myoblasts [22,24,26–32]. Our laboratory and others have shown pro-
motion of differentiation and impediment of proliferation in the presence of the gamma
secretase inhibitors L-685,458 and N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine
t-butyl ester) (DAPT), including a 30% increase in MHC-positive C2C12 myogenic cells
and a decrease in the cell cycle progression from G0/G1 to S phase [20,26,31].

5.2. Notch’s Effect on Proliferation and Differentiation in Rodent Models

Models of inducible transgenic mice that target Notch signaling have been consistent
in their reporting of increased expression of markers of differentiation but inhibited prolif-
eration [18,24,30,33–35]. There is increased MyoD and myogenin expression on isolated
myofibers and cross-sections of conditional double knockout HeyL/Hes1 mice [24]. Simi-
larly, using the muscle growth model of overload to study myogenic properties, HeyL-KO
mice showed decreased proliferation and bias towards differentiation [34]. Mouse mod-
els of satellite-cell-specific targeted disruption of Notch 1 and/or Notch 2 generated by
crossing Pax7CreERT2/+ mice with Notch 1-floxed and/or Notch 2-floxed mice provided
significant evidence of Notch 1 and 2′s impact on muscle repair [36]. Seventeen-day pro-
liferating primary myoblasts from the genetically ablated Notch 1 and 2 mice resulted in
decreases in the proliferative marker Ki67 but increased myogenin expression, showing
accelerated differentiation [36]. In addition, 4 days following cardiotoxin-induced injury,
decreases of 16.6%, 20.3%, and 59.0% in the muscle weight of Notch 1-inactived, Notch 2-
inactivated, and double knockdown mice, respectively, were found [36]. In addition, there
was significant collagen type I expression in all Notch-inactivated mice, with profound
fibrosis observed in the double knockdown mice. Notch 1 and Notch 2 coordination is
necessary for muscle repair [30].

Inducible depletion of the transcription repressor Rbpj (its inhibition is released upon
interacting with Notch, and downstream Notch targets are activated) increased myo-
genin levels by 4.5–7.5-fold and led to an 80% decline in satellite cell Pax7 expression.
Moreover, 40 days following Rbpj depletion, the only satellite cells remaining were those
with active Notch signaling (where the Rbpj escaped recombination) [33]. Meanwhile,
Bjornson et al. [18] demonstrated that Notch inhibition caused satellite cells to skip prolifer-
ation and transition directly into differentiation. Following chemical muscle injury induced
by barium chloride in Rbpj-depleted transgenic mice, the satellite cells activated, did not
proliferate, yet terminally differentiated. Bjornson et al. identified that the RBP-Jκ-deficient
SCs spontaneously activated, lacked the ability to self-renew, and underwent terminal
differentiation. This ultimately resulted in depletion of the satellite cell pool and a poor
regenerative capacity, illustrating Notch’s essential role in proliferation [18].

5.3. Manipulating O-fucosylation Activity to Study Notch’s Effect on Proliferation
and Differentiation

In recent years, methods of manipulating the o-fucosylation activity of Notch receptors
have been informative in studying Notch’s role in muscle repair. O-fucosylation controls
the interaction of a Notch receptor with its ligands, and hypofucosylation of Notch receptor
has been shown to inhibit Notch activity [27,35,37]. Generation of a stable C2C12 cell
line with knockdown of O-fucosyltransferase 1 (Pofut1), the protein responsible for o-
fucosylation of the Notch receptor, caused decreased expression of the intracellular domain
of active Notch (range of 34–87%) and a 66% decrease in downstream Rbpj and Hes1 (range
between 53% and 71%) but no effect on the full-length Notch receptor [27]. There was
a greater decline in Pax7 expression in the Pofut1 knockdown proliferating C2C12 cells
yet accelerated differentiation relative to wild-type C2C12 cells. When Pofut1 expression
was re-established, cleaved Notch and Pax7 increased 3.4-fold and 5.4-fold, respectively.



Int. J. Environ. Res. Public Health 2021, 18, 12558 5 of 20

Moreover, this led to a 72% reduction in myotube formation relative to Pofut1 knockdown
C2C12 cells [27].

Similar findings were also seen in a mouse model in which Pofut1 was mutated, result-
ing in inhibited Notch signaling [35]. After 10 days of differentiating the primary myoblast
cultures, the Pofut1-mutated myotubes had a 13% fusion index, and the primary cultures
derived from the wild-type mice showed only 9% fusion. In addition, Pofut1 mutation
promoted earlier differentiation initiation and upregulated myogenin expression [35].

5.4. Manipulating Sialylation Activity to Study Notch’s Effect on Proliferation and Differentiation:
Cell Culture and Rodent Models

Recent studies investigated the role of sialylation in the regulation of Notch and
myogenesis. Sialylation is active during myoblast proliferation and is decreased during
differentiation [38]. Inhibiting sialylation by downregulating α2,6 sialytransferase activity
through generation of an st6gal1-knockdown C2C12 cell line results in decreased myoblast
proliferation coupled with less Pax7 and a 70% decline in Notch signaling while initiating
earlier differentiation [32]. Table 1 displays the literature on models used to study the role
of Notch in myoblast proliferation and differentiation.

Table 1. Summary of recent evidence on models that investigated Notch’s role in myoblast proliferation and differentiation.

Model Observation of Myoblasts References
(Cell Culture or Rodent Models)

Force activation of
Notch in satellite cells

↑ proliferation
↓ differentiation

Qin (2013) [22] (cell culture),
Vasyutina E (2007) [23] (cell culture)

Noguchi (2019) [24] (rodent)

NICD
(overexpressed Notch) to inhibit Pax7 in

Pax7-expressing cells
↓ differentiation Wen et al. [36] (rodent)

Silenced Pax7 w/siRNA in RH30 PAX7+ cells ↓ proliferation
↑ differentiation Skrzypek et al. [39] (cell culture)

Overexpressing YAP in atrophied chick embryos ↓ differentiation Esteves de Lima et al. [40] (rodent)

Hes1 mutation plasmid in primary muscle stem cells ↓ differentiation Lahmann et al. [41] (cell culture)

MEGF-10 knockout in primary myoblasts ↓ proliferation Saha et al. [42] (rodent)

Smo inhibitor on Shh in C2C12 cells ↓ proliferation Ma et al. [29] (cell culture)

Stra13 knockout in mice
Active Stra13 inhibits Notch in mice

↑ proliferation
↓ proliferation
↑ differentiation

Sun et al. [43] (rodent)

Gamma secretase inhibitor (DAPT) inhibits PGE2/EP2 ↑ differentiation Sakai-Takemura et al. [28]
(cell culture)

Inhibiting sialylation
Active sialylation

↓ proliferation
↑ proliferation Vergé (2020) [32] (cell culture)

6. Mechanisms of Notch’s Action on Proliferation and Differentiation
6.1. Notch’s Effects on Proliferation/Differentiation through Pax7

Cell culture models. The mechanisms that regulate Notch’s activity during myoblast
proliferation and differentiation may consist of a collaborative effort to maximize muscle
repair. Pax7 and Notch orchestration is a mechanism that regulates myoblast proliferation
and differentiation. Pax7 may inhibit differentiation by interacting with MyoD. Active
Notch, NICD, was induced in Pax7-expressing satellite cells from the Pax7-CreER/ROSA-
N1ICD mouse line. In this overexpressed Notch model, there was a 3–4-fold decrease in
MyoD and myogenin [36]. The data suggest that Notch’s activation of Pax7 caused Pax7 to
inhibit differentiation by either activating DNA binding and differentiation (ID) proteins
(Id2 and Id3) to MyoD or activating proteasome-dependent MyoD [39,44,45]. Silenced
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PAX7 expression with siRNA in rhabdomyosarcoma cell line RH30 PAX7+ cells led to
decreased proliferation of the factors ID1, -2, -3, and -4 and sine oculis-related homeobox
(SIX1 and -4) but increased MyoD and MyoG [39]. How Pax7 directs ID’s inhibition of
MyoD is not clear, but there is evidence that IDs bind to the MRFs’ E-proteins and prevent
transcriptional activity [46].

Rodent models. Active Notch, NCID, was induced in Pax7-expressing satellite cells
from the Pax7-CreER/ROSA-N1ICD mouse line. In this overexpressed Notch model,
there was a 3–4 fold decrease in MyoD and myogenin [36]. The muscular dystrophy with
myositis (mdm) mouse model showed a physical interaction of IDs with Ankyrin repeat
domain protein 2 (ANKRD2), resulting in inhibited myogenic differentiation [47]. This
may be one mechanism of Pax7′s ability to interact with ID to inhibit differentiation.

Notch and Pax7 may regulate myoblast proliferation through the Yes-Associated Pro-
tein (YAP), which is known for promoting proliferation and inhibiting differentiation [40].
Overexpressing YAP in decamethonium-induced atrophied chick embryos rescued Notch
and Pax7 yet decreased MyoD/myogenin, ultimately resulting in less differentiation [40].
Since ANKRD is a direct target gene of YAP, there may be a relationship between YAP,
Pax7, Notch, IDs, and ANKRDs. There are opposing views of Pax7′s mechanism in in-
hibiting differentiation. It is possible that Pax7 does not inhibit MyoD but rather delays
myogenin activity [48]. Nevertheless, the relationship between Notch and Pax7 is critical
since Pax7 expression allows for proliferation and prevents differentiation. It should be
noted that although Pax7 may inhibit differentiation during postnatal myogenesis, during
embryogenesis, Pax7 upregulates MyoD to promote myogenic determination; therefore,
the relationship between Pax7 and MyoD should be considered contextual [44].

6.2. Notch’s Effects on Proliferation/Differentiation through Hes/Hey

Independent of Pax7, Notch may affect MyoD during regulation of myogenic prolifera-
tion and differentiation through the Hes/Hey family or by affecting the cell cycle [22,25,41].
Lahmann et al. [41] believe that the balance of proliferation and differentiation is directed
by Hes1 expression. Using real-time imaging of muscle stem cells expressing luciferase
reporters for HES1 and MyoD, Lahmann et al. [41] determined the expression oscillations
of Hes1 and MyoD with mathematical modeling and predicted that Hes1 oscillation in-
hibits MyoD expression. The prediction was tested by culturing muscle stem cells with
Hes1 mutation, and increased intensity and presence of MyoD bioluminescence was ob-
served, demonstrating altered oscillations of MyoD. Furthermore, overexpression of Hes1
plasmid in primary muscle stem cells inhibits MyoD and myogenin expression, possibly
by directly binding to MyoD promoter [41]. It was initially thought that Hey1 inhibits
differentiation by directly binding to MyoD, possibly by depriving the bHLH E47 to form
a heterodimer with MyoD [25,49,50]. Instead, recent evidence shows that HeyL and Hes1
form heterodimers that bind to myogenin promoters and inhibit differentiation [24]. It
should be noted that although the HeyL/Hes1 heterodimer is important for myogenin
suppression, this is not the complete story of Notch’s role in muscle repair. Notch may
inhibit differentiation through CBF1-dependent and -independent mechanisms [50,51].

6.3. Notch’s Effects on Proliferation/Differentiation through Myoblast Transmembranes

Manipulating processes within myoblast proliferation creates unique models to study
Notch’s role in myoblast proliferation. The type I transmembrane receptor protein Multiple
EGF-like domain 10 (MEGF10) is important for myoblast proliferation. The expression
patterns of both Megf10 and Notch correspond during C2C12 myoblast proliferation.
Primary myoblasts from MEG10 knockout mice show reduced Notch 1 expression along
with poor myoblast proliferation [42]. Immunoprecipitation studies show that Megf1
and Notch 1 interact at their intracellular domains and appear to co-localize. Due to the
structural similarity of MEGF10 and Notch ligands, their interaction may be required for
activation of Notch signaling [42]. More work is needed to study the interaction of MEGF10
and Notch in regulating myoblast proliferation.



Int. J. Environ. Res. Public Health 2021, 18, 12558 7 of 20

6.4. Notch’s Effects on Proliferation/Differentiation through NUMB

The inhibition of Notch by NUMB is another mechanism to describe myogenesis.
NUMB is asymmetrically expressed in myogenic daughter cells. It is proposed that NUMB-
positive cells that co-express the proliferating marker proliferating cell nuclear antigen
(PCNA) inhibit Notch and promote myoblast differentiation. Force activation of Notch
with a retroviral Notch 1 construct in myoblasts showed decreased MyoD and desmin
expression, while forced expression of Numb resulted in increased desmin levels [19].
It is suggested that elevated Numb levels cause the proliferating myoblasts to exit the
cell cycle, express myogenic regulatory factors such as desmin, and undergo myogenic
differentiation [19]. The mechanism of how Numb inhibits Notch may be by binding to
Notch’s activated C-terminal intracellular domain via NUMB’s N-terminal phosphotyro-
sine binding (PTB) domain and inducing either endocytosis of Notch receptors and ligands
or ubiquitin-mediated protein degradation. Ultimately, NUMB prevents translocation of
Notch’s intracellular domain to the nucleus for transcriptional activation [19,50]. Recently,
Luo et al. [52] provided a novel finding that NUMB stabilized Notch instead of inhibiting
it. Using HeLa, HEK-293T, and SH-SY5Y cell lines, the authors demonstrated that NUMB
binds to a region on Notch that is different than the endocytosis/ubiquitination region,
followed by NUMB’s activation of a deubiquitinating enzyme, BRCA1-associated protein 1
(BAP1), which binds to Notch 1 and prevents its degradation [52]. Although these observa-
tions have yet to be tested during myogenesis, the data provide interesting information on
the complexity of Notch and NUMB interactions.

6.5. Notch’s Effects on Proliferation/Differentiation through Signaling Pathways

During the transition from myoblast proliferation to the differentiation process, Notch
may interact with signaling pathways that promote the later stages of myogenesis. Similar
to Notch, the evolutionarily conserved signaling pathway Wnt plays critical roles in cell
fate determination during embryogenesis and the regeneration of adult skeletal muscle.
During postnatal myogenesis, Wnt promotes the later stages of muscle repair.

Wnt. There is an abundance of evidence describing the critical role of Wnt signaling
in controlling myogenic regulatory factor expression in embryogenesis as well as canonical
Wnt signaling driving myoblast differentiation during postnatal skeletal muscle repair [53].
Wnt signaling interacts with multiple signaling pathways during muscle repair, including
transforming growth factor β (TGFβ) and Notch [53]. Our laboratory and others have
demonstrated increased Wnt signaling during muscle regeneration [20,54]. There is in-
creased desmin and reduced Myf5 and proliferation activity in cultured single myofibers
treated with recombinant Wnt3a, and premature myotube formation and depleted myo-
genic progenitors were observed in freeze-injured muscle treated with Wnt3a [20]. This
suggests that a balance of Wnt signaling is needed for complete muscle repair. A reciprocal
interaction between Notch and Wnt during muscle regeneration occurred as premature
increases in Wnt signaling were observed when Notch signaling was inhibited during the
proliferation phase and impaired Wnt when Notch was force-activated [20]. A negative
feedback loop of these signaling pathways has been observed during tongue development.
Genetically mutated mice with epithelial Wnt deficiency resulted in reduced Jagged1 Notch
ligand and Hes1 in embryonic tongues [55]. Wnt signaling upregulates Notch which then
negatively feeds back to regulate Wnt signaling activity to promote embryonic tongue
development. The complex relationship between Notch and Wnt is needed for complete
muscle repair. There are numerous possible points of interaction between Notch and
Wnt, including GSK3Beta, beta-catenin, Jagged1, Hes1, and Numb [3,20,56–60]. Moreover,
Protein Kinase C, which regulates cell cycle progression and affects proliferation and dif-
ferentiation, may play a role in the Notch–Wnt interaction. Fas-associated death domain
(FADD) phosphorylation of Protein Kinase C alpha (PKCα) stabilized Notch 1 and resulted
in beta-catenin inhibition [61]. Studies are needed to verify the cross-talk points of Notch
and Wnt during skeletal muscle regeneration.
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mTOR. Since the mechanistic target of rapamycin (mTOR) pathway regulates the later
stages of muscle repair, it is plausible that mTOR and Notch interact during muscle regen-
eration [62–64]. Our laboratory has shown that with Notch inhibition in 4-day myotubes,
there is increased phosphorylation of mTOR at Ser2448 and Ser2481, and 4EBPI mTOR
signaling corresponds with myotube formation. In addition, PTEN (expression protein
upstream of mTOR) was also inhibited, suggesting that Notch may act upstream of mTOR
to inhibit mTOR signaling and, ultimately, the later stages of muscle repair [31].

Sonic Hedgehog (Shh). Recent evidence demonstrates Sonic Hedgehog (Shh)’s re-
lationship with Notch to promote proliferation [29]. Shh contributes to myogenesis by
promoting proliferation and is known to interact with Notch in proliferating chondrocytes
and neuroepithelial cells [29,65], so it is plausible to study whether they co-ordinate with
myoblast proliferation. Force activation of Notch (rNotch1) in C2C12 cells upregulates
the expression of Shh and its components, including Smo and downstream Gli proteins,
suggesting that Notch regulates Shh signaling [29]. When Shh was inhibited with the
Smo inhibitor cyclopamine, there was decreased myoblast proliferation and less cell cycle
transition from G0/G1 to S phase in C2C12 cells exposed to rNotch1.

Transforming growth factor β (TGFβ). The TGFβ superfamily member Activin A
is known to promote cellular proliferation and was found to increase Notch 1 as well as
Smo, Gli1, Gli2, and Gli3 [29]. In addition, proliferating C2C12 cells treated with Activin A
and the Notch inhibitor DAPT resulted in decreased expression of Shh, Smo, Gli1, Gli2,
and Gli3. The authors suggested that Activin A induces the proliferative effects onto Shh
through Notch signaling [29].

Post-transcriptional modifications. A recent study has identified a novel mechanism
of Notch’s influence on proliferation [66]. N6-methyladenosine (m6A) modification is a
post-transcriptional modification of mRNA needed for appropriate gene expression and
consists of either methylating the mRNA with methyltransferase METTL3 or demethylat-
ing with demethylases FTO and ALKBH5. Since it was identified that the active writer
m6A modification METTL3 influences the proliferation and differentiation of satellite
cells. [67], Liang et al. [66] tested whether Notch was affected by the mRNA modifications
and influenced myoblast proliferation. Skeletal muscle repair was inhibited in METTL3
conditional knockout with decreased proliferation (less 5-Ethynyl-2′-deoxyuridine (EdU)
incorporation into replicating DNA), Pax7-positive cells, and myogenin yet increased
fibrosis presence [66]. However, METTL3 knock-in mice showed increased proliferation
using Ki67 as well as elevated Pax7-positive cells, myogenin, and myosin expression. The
authors suggested that the decreased proliferation in the METTL3 knockout mice could be
due to decreased m6A methylation of Notch, particularly Notch 2 receptor, Jagged1 ligand,
and downstream target Rbpj at the translational level, since there was mRNA expression
of those components [66].

Prostaglandins. Prostaglandins regulate myogenesis by affecting myoblast prolifera-
tion or myotube fusions [68]. Recently, prostaglandin E2 receptor 2 subtype 2 (PGE2/EP2)
inhibited differentiation through Notch signaling [28]. The Notch inhibitor DAPT downreg-
ulates EP2 signaling, suggesting that EP2 signaling is downstream of Notch. The addition
of PGE2 to Hu5/KD3 cells resulted in decreased myotube formation, while an inhibitor
of EP2, TG6-10-1, increased the fusion index. COX-2 produces PGE2, which activates
EP2 signaling. There was increased myotube formation in the presence of the COX-2
inhibitor indomethacin in Hu5/KD3 cells [28]. Treatment of mouse primary myoblasts
with CAY 10,598 for 48 h resulted in 21% and 17% increases in cell count for PGE2 and EP4,
respectively [68]. In addition, there was improved muscle repair as noted with increased
Pax7 expression as well as increased cross-sectional area in injured mouse muscles that
were injected with PGE2 [69]. These data demonstrate that the PGE2/EP2 signal inhibits
differentiation of human muscle progenitors, possibly through Notch 3 [28].

bHLH transcription factor Stra13/DEC1/SHARP-2. The bHLH transcription factor
Stra13/DEC1/SHARP-2 is expressed in skeletal muscle and has been shown to be impor-
tant for regulating cellular differentiation [43]. Stra13 knockout mice showed accelerated
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myoblast proliferation, poor quality myotubes, and fibrosis within the skeletal muscle [43].
While Notch is important for the early stages of muscle repair, Stra13 contributes to the
later stages, including myotube formation, so it is interesting to examine whether Stra13
interfaces with Notch signaling. Interestingly, Notch expression is increased in Stra13-/-
mice. Furthermore, when treated with the Notch inhibitor Jagged-Fc fusion protein, there
was reduced myoblast proliferation in both WT and Stra13-/- mice but a 20–30% increase
in myotube formation. Upon injecting the Notch inhibitor at 7 days following injury and
analyzing samples at 10 days post-injury, there was an acceleration of muscle repair [36].
The authors suggested that Stra13 may inhibit Notch signaling, specifically by binding
directly to the intracellular domain of Notch and preventing the active region of Notch
from interacting with CBF1. Stra13′s ability to inhibit Notch may allow for completion of
the repair of injured skeletal muscle.

p53 pathway. Another possible mechanism of how Notch directs proliferation could
be cross-talk with the p53 pathway. Tumor suppressor Trp53 (p53) is known to contribute to
apoptosis and cell senescence. In addition, p53 promotes myoblast proliferation as well as
myoblast survival [70]. Evidence of this is seen with abolished p53 transcriptional activity
in primary muscle cells isolated from conditional Rbpj knockout mice with Dll1-induced
Notch signaling [71]. This suggests that Rbpj must be activated in order for Notch signaling
to upregulate p53 transcriptional activity. The mechanism for the p53 activity by Notch
may be due to the binding of Notch’s downstream target, Hey, to the promoter of the p53
antagonist, Mdm2, thereby allowing p53 activity and myoblast proliferation [71].

There are other pathways of interaction with Notch to regulate myoblast proliferation
and differentiation; for example, there is evidence of the sine oculis-related homeobox SIX
family member Six1 interacting with Pax7 and Notch to inhibit myogenin and ultimately
differentiation [72] and primary myoblasts from liver kinase B1 knockout mice promoting
proliferation while inhibiting differentiation and expressing Notch 1 and Hes1 [73].

7. Conflicting Thoughts on Notch’s Role in Proliferation and Differentiation in
Skeletal Muscle

Interesting insights have emerged as to Notch’s role during skeletal muscle repair,
specifically that Notch’s function may be contextual or not as critical for proliferation as
once thought [2]. Although there is robust evidence of Notch’s importance in inhibiting
differentiation and convincing evidence of Notch’s role in promoting proliferation, there
are reports that Notch does not participate in myoblast proliferation, such as those showing
decreased Notch signaling in primary proliferating myoblasts [2]. Furthermore, evidence
shows that Notch was elevated in quiescent satellite cells, reduced within 20 h following
injury, and did not elevate again until 4–5 days post-injury [2].

The reasons for these findings could be that only certain targets of Notch signaling
contribute to satellite cell activation, such as reductions in Hey1, -2, and -L and Hes1 and
-5 in activated satellite cells and increases in Hes6, which is not a direct Rbpj target [2,18].
Alternatively, perhaps there is a non-canonical Notch pathway [23]. Rbpj-null satellite cells
still show proliferation and do not inhibit MyoD, so Rbpj may not be required to inhibit
differentiation [23,33,49]. Similarly, Notch 1, 2, and 3 receptors may have different functions.
While Notch 1 receptor inhibition results in increased differentiation and poor self-renewal,
inhibition of Notch 3 receptor resulted in accelerated proliferation and increased self-
renewal of satellite cells [74]. Notch 3 may have a specific target gene different than Notch
1 and Notch 2 receptors. Perhaps Notch’s role is a moderator instead of an activator.

8. Dysfunctional Notch Signaling

Muscle atrophy occurs within many different pathologies of diseases. These include
sarcopenia, sepsis, AIDS, kidney and heart failure, and cancer [75,76]. This occurs through
an increase in protein degradation and a reduced capacity for protein synthesis [76]. Older
individuals that presented with lower muscle mass and higher amounts of sedentary time
had higher all-cause mortality than those that did not [77]. In-patient stays in the ICU
resulted in muscle atrophy after 7 days [78]. Around 75% of those patients had muscle
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atrophy up to six months later [78]. At day 7 and 6 months post-discharge, these patients
presented with a decrease in total satellite cell content [78]. Satellite cell activation is integral
for muscle hypertrophy [79]. One such pathway is the Notch signaling pathway. Notch
signaling preserves the quiescence of satellite cells during homeostatic conditions and
maintenance during proliferation [2]. However, Notch signaling can become dysfunctional
in many diseases. Understanding the emerging roles of Notch signaling in different
diseased states is imperative to developing new therapeutic strategies. Here, we will
discuss the implications of Notch signaling within the musculoskeletal environment in
aging, cachexia, muscular dystrophy, and diabetes.

9. Aging and Vitamin D deficiency

Aging is accompanied by malnutrition [80,81], satellite cell dysfunction [18,82,83],
decreased anabolic hormone secretion [80,84], increased inflammation [18,80,85], and
morphological alterations of the neuromuscular junction [80,86]. Collectively, this leads to
sarcopenia and dynapenia, characterized by the gradual decline in skeletal muscle mass
and strength, respectively [75]. The loss of skeletal muscle mass and strength impedes
physical functioning and the ability to perform daily activities, resulting in a loss of personal
independence [87]. Importantly, physical activity throughout the lifespan may preserve
skeletal muscle mass and strength, thus delaying loss of physical function [88]. However, a
better understanding of the cellular and molecular alterations that contribute to sarcopenia
may uncover novel targets for therapeutic and pharmacological intervention to preserve
muscle mass and function.

Malnutrition encompasses undernutrition, overnutrition, and nutrient deficiencies [89].
One such deficiency that may contribute to sarcopenia is that of vitamin D [80]. Vitamin D is
produced by the skin or absorbed by the intestines [80,90]. The skin plays a large role in this
deficiency due to skin atrophy associated with aging [80]. In elderly populations, vitamin
D deficiencies have been associated with muscle weakness and a higher risk of falling [81].
Vitamin D receptors (VDRs) are inversely related to age [91]. One potential target is the
Notch signaling pathway and its interaction with vitamin D. Vitamin D plays an important
role in the skeletal muscle environment as it targets skeletal muscle VDRs and modulates
the muscle repair process [81]. VDRs are expressed at low levels within uninjured muscle
fibers but become expressed in injured muscle fibers and satellite cells [91,92].

9.1. Vitamin D Deficiency in Mice and Rats

In C2C12 cells, treatment with vitamin D showed an increase in myotube size through
downregulation of myostatin [93]. This response was also paired with an anti-proliferative
effect in myoblasts [93]. Overexpression of VDR demonstrated increased recruitment of
Pax7+ satellite cells when compared to a control [94]. Vitamin D deficiency in old-age
Wistar rats showed a decrease in Notch signaling activation, though its exact mechanisms
are not fully understood [81]. Notch mRNA expression did not change, while Notch 1
protein expression was reduced [81]. Domingues-Faria et al. [81] proposed a potential
explanation that there is a decrease in proteolytic processing of the Notch receptor that
involves a disintegrin and metalloprotease domain (ADAM) proteases or the gamma
secretase complex. This relationship was examined in bone marrow precursor cells [95].
The reduction in Notch signaling was confirmed by the downregulation of the downstream
target hairy enhancer of split 1 (Hes1).

9.2. Vitamin D Deficiency in Humans

In human skeletal muscle, vitamin D3 treatment inhibited myoblast proliferation
by expressing cyclin-dependent kinase (CDK) inhibitor proteins p27 and p21 to control
cell cycle progression [96]. Myoblast differentiation was downregulated along with a
decreased expression of myoblast determination protein 1 (MyoD), myogenin, and Myocyte
Enhancer Factor 2C (MEF2C). In addition to these findings, Hes1 was upregulated while
the Notch downstream effectors Hes6 and hairy/enhancer-of-split related with YRPW
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motif protein 1 (Hey1) were downregulated [96]. An explanation for this anti-proliferative
effect is that it aids in maintaining the SC pool along with the potential of self-renewal [97].
Myoblasts that have not undergone proliferation or differentiation could then return to a
quiescent state [96].

Notch signaling is upregulated by vitamin D and could be promising for maintaining
satellite cell populations, which are reduced in diseases such as sarcopenia. The complexi-
ties surrounding the differences between effects on humans and effects from in vivo and
in vitro experiments on mice and rats should be explored.

10. Age-Related Notch Signaling Deficiencies

Inadequate muscle repair may be attributed to the age-related decline in Notch signal-
ing. This is caused in part by a decline in the upregulation of Notch [98]. Carlson et al. [99]
showed that in old human myofibers, the Notch signaling ligand Delta was decreased in
comparison to younger myofibers. Genes that regulate Notch expression, including Notch
1, Jagged1, and Delta1, present with a decrease in their expression in older human skeletal
muscle when compared to younger skeletal muscle [100].

10.1. Notch Signaling and FGF-2

A proposed contributor to the reduction in Notch signaling is the downregulation
of classical mitogen-activated protein kinase (MAPK) signaling with increasing age [82].
The MAPK/phosphate extracellular signal-regulated kinase (pERK) signaling pathway
is necessary for canonical activation of Notch [99]. Insufficient Notch activation in older
satellite cells showed a decrease in MAPK activation. MAPK activation in the presence of a
gamma secretase inhibitor, through fibroblast growth factor 2 (FGF-2), suggests that MAPK
signals upstream of Notch [99]. Satellite cell regenerative responses were blockaded in
response to this forced activation of MAPK [99]. Notch signaling and Delta expression are
regulated by activation of the fibroblast growth factor 2 (FGF-2)/fibroblast growth factor
receptor 1 (FGFR-1) pathway, which subsequently activates MAPK [99,101]. There is an
attenuation of FGFR-1 that coincides with increasing age [99]. Activation of FGFR-1 with
p38 MAPK inhibition rescues the SC niche [99]. FGF-2 has been shown to be elevated in
aged muscle fibers along with MAPK [99,102]. The reason for the elevation in FGF-2 is that
it becomes a compensatory signaling stimulus to repair muscle [99,102]. For this reason,
elevated levels of FGF-2 have been implicated in modulating SCs’ quiescent state [99,102].
Sprouty 1 (spry1) is an FGF antagonist that, when deleted from aged mice, caused a 50%
decrease in SCs compared to control mice [102]. SCs that present with higher levels of
spry1 remain in quiescence [102].

10.2. Notch and TGF-B

Aged myofibers hamper regeneration upon injury due to a failure to activate Notch
signaling and increase its activation of transforming growth factor beta (TGF-B), which
hampers muscle regeneration [82]. To have an adequate muscle repair response, Notch
signaling must coordinate with the signaling cascade of TGF-B [102]. Notch signaling acts
antagonistically on TGF-B by inhibiting its downstream effector phosphorylated Sma- and
Mad-related proteins (pSMAD3). pSMAD3 upregulates CDK inhibitors P15, P16, P21, and
P27 [103]. These proteins are responsible for inducing arrest of the cell cycle [104]. P16 is a
protein of interest because of its activation through the INK4A locus. When activated, its
expression inhibits the phosphorylation of retinoblastoma protein (Rb). By inhibiting the
phosphorylation of Rb, the protein E2F cannot signal genes that are mandatory for cell cycle
progression from the G1 phase to the S phase [104]. It is for this reason that p16 has been
implicated in the geroconversion of SCs [105]. Geroconversion puts SCs in a pre-senescent
state; then, when forced to break quiescence, they undergo accelerated senescence [105].

In addition to the arrest of the cell cycle, SCs undergo mitotic catastrophe due to
decreases in Notch signaling with age [71]. Mitotic catastrophe is cellular death that occurs
during mitosis when DNA damage or malformation of spindle complexes was not halted
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during previous checkpoints in the cell cycle [106]. p53 is responsible for controlling the
cell cycle or inducing apoptosis when damage to DNA has occurred [104]. Notch signaling
has been implicated in controlling p53 by inhibiting Mdm2 at its promoter gene through
its downstream effector Hey1 [71]. p53 has been implicated in antagonizing levels of
p16INK4a through different cell types. However, a physiological threshold has not been
determined at which p53 suppresses p16INK4a [71].

Notch signaling must be tightly regulated for adequate maintenance of satellite cells.
In the absence of Notch signaling, compensatory mechanisms that control the senescence
of satellite cells become apparent.

11. Anabolic Hormone Decrements

Androgen receptors are expressed in satellite cells within skeletal muscle [107]. Testos-
terone regulates Notch signaling through the activation of p38 MAPK through testos-
terone’s regulation of myostatin [108]. Testosterone and estrogen build up the satellite cell
pool at the onset of puberty [109]. Mind bomb 1 (Mib1) is responsible for activating the
Notch signaling pathway through the activation of androgen and estrogen receptors [109].
Without this activation from testosterone and estrogen, satellite cells do not undergo self-
renewal after injury and further deplete reserves [109]. Satellite cell pools were rescued
through a sex hormone-Mib1-Notch axis [109].

Testosterone levels steadily decline with aging, resulting in reduced androgenic signal-
ing and implanting low testosterone in sarcopenia [84]. In males, circulating testosterone
levels decline at a rate of 1% each year from age 30 [84]. In females, testosterone levels
start to decline between the ages of 20 and 45 [84]. The recent literature suggests that
there is an age-related decrease in Mib1 [110]. This decrease is suggested to be the cause
of the atrophy of type II muscle fibers in an Actn3-dependent manner [110]. Mib1 binds
directly to Act3n and begins the process of ubiquitination [110]. Through Notch inhibition,
it was concluded that Notch signaling is not necessary for the maintenance of type II
skeletal muscle throughout the lifespan [110]. Given that there was an association of Mib1
and Notch signaling, the lack of Notch signaling should not be discounted in its role in
age-related maintenance and sarcopenic associations.

12. Cachexia

Cachexia is the progressive wasting of muscle mass and adipose tissue associated
with chronic diseases such as cancer, chronic obstructive pulmonary disease, chronic
heart failure, chronic kidney disease, and AIDS [111,112]. Pro-inflammatory pathways are
thought to be a main contributor in cancer cachexia (CAC) [113]. Tumor necrosis factor-
alpha (TNF-α), a prognosticator of cachexia, has been shown to regulate Notch signaling
within cancer development and metastasis [113]. In mice injected with K7M2 and K12
osteosarcoma lineages, Notch signaling became dysfunctional in the tibialis anterior muscle
and the tumors [113]. Notch signaling was inhibited through the use of MK-0752, a gamma
secretase inhibitor. Injections were dosed at 50 mg/kg and injected three times per week
for 4 weeks. However, upregulated levels of Notch were found within the muscle tissue
and were correlated with higher levels of TNF-α [113]. It is thought that there is a spillover
effect of TNF-α in the bloodstream from tumorigenesis, which activates Notch signaling
within the muscle [113]. This activation of Notch keeps satellite cells in a quiescent state
with competing signals to activate myogenesis [113]. In this prolonged quiescent state,
muscle tissue can no longer regenerate, leading to atrophy and senescence [113]. Mice
that had Notch signaling inhibited showed reduced muscle atrophy when compared to a
control. Tumor size was not affected by Notch inhibition [113]. In addition to these findings,
K7M2 tumors produced exosomes that could potentially contain miRNA to activate Notch
without cell-to-cell contact [113]. Exosomes released by the tumors in the K7M2 mice were
isolated and cultured with muscle-derived stem cells. Notch 1 and Hes1 mRNA was found
to be subsequently elevated [113]. More research is needed to elucidate a relationship
between Notch inhibition and cachexia improvement.



Int. J. Environ. Res. Public Health 2021, 18, 12558 13 of 20

In human sarcoma tumors, it was found that Notch signaling was increased [114].
In tumors of cachectic and non-cachectic sarcomas, those with cachexia exhibited Notch
dysfunction [114]. Co-cultured samples agree with Mu et al. [113] that Notch signaling
inhibits muscle differentiation due to higher expression of paired box 7 (Pax7+) cells.
Contrary to the findings of Mu et al. [113], pro-inflammatory cytokine gene expression was
not elevated between groups [114]. Specifically, TNF-α fell below detectable levels [85]. A
limitation of this study was the low sample size.

In non-cancer cachectic states such as congestive heart failure or chronic kidney
disease, there is an increase in the renin–angiotensin system leading to an increase in
angiotensin II [115]. Angiotensin II type 1 receptors (ATR1) are highly expressed in satel-
lite cells [115]. When overexpressed, angiotensin II binds to its receptor and inhibits
Notch signaling [115]. By halting the self-renewal capacity, skeletal muscle enters an in-
surmountable regenerative decline [115]. Satellite cell pools will be depleted and cannot
be replenished [115]. Angiotensin II infusions with cardiotoxin (CTX) injections lead to
a decrease in CSA and muscle weight in mice [115]. The number of Pax7+ and myoblast
determination protein (MyoD)-expressing satellite cells was also reduced [115]. The exact
mechanism of how angiotensin II elucidates Notch inhibition in muscle is unknown. Future
research should make this a focus.

13. Muscular Dystrophy

Muscular dystrophy is a muscle-wasting disease characterized by a genetic deficiency
causing a lack of dystrophin, resulting in muscle weakness, contractures, regenerative
insufficiency of the muscle, and ultimately death [116–119]. Notch signaling has been
controversially implicated in the disease’s progression [116]. Cytokine inflammation in-
duction of TNF-α and interleukin 1 beta (IL1B) triggers the transcription of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB). TNF-a and NF-kB work together
to suppress muscle regeneration in muscular dystrophic mice (dmx) [116]. TNF-a and
NF-kB also work in tandem to suppress Notch 1 signaling [111]. It has been shown that
NF-kB is required for suppression [116]. The mechanisms by which NF-kB accomplishes
this remains unclear. TNF-α signaling mediates Notch signaling epigenetically by recruit-
ing Ezh2 for short-term histone methylation within 48 h [117]. Long-term suppression
is preserved by Dnmt-3b methylation at the Notch 1 promoter through TNF-a recruit-
ment [116]. This long-term suppression contributes to the poor regeneration of the satellite
cell pool [116]. Consistent with the previous findings, blockading Notch signaling in
satellite cells causes exacerbation of the muscular dystrophy phenotype in mice [117].
Notch loss of function within satellite cells presented with premature differentiation and
reduced proliferation [117].

Notch signaling was elevated in human muscular dystrophy cells due to increased
IL-1B [118]. IL-1B has mitogenic effects in human non-muscular-dystrophic muscle cells
(HNDMCs) and no effect in human dystrophic muscle cells (HDMCs) [118]. The expression
of its gene IL-B and its receptor 1L1R1 showed no difference between both cell types [118].
The differences came from the amount of Jagged1 and Notch expression between HNDMCs
and HDMCs. Jagged1 and Notch 3 were upregulated more in HDMCs than in HNDMCs.
Notch 1 levels in both groups were low and Notch 4 was undetectable. IL-1B was found
to upregulate Jagged1 during periods of inflated cytokine production [118]. This over-
stimulation of Jagged1 halts IL-1B’s progression of the cell cycle by activating Notch 3
receptors [118]. Further research needs to explore whether findings present with a Notch 1
decrease and, if so, whether there is also an increase in Notch 3 due to Jagged1 activation. It
is believed that Notch 3 provides an antagonistic effect on Notch 1, further suppressing the
ability of Notch 1 to induce proliferation and activation of satellite cells [118]. Gallot et al.
found that myeloid differentiation primary response 88 (MyD88) is necessary to prevent
aberrant Notch activation [119]. This is due in part to MyD88 having an inhibitory effect on
the IL-1 receptor family [119]. When ablated, Notch signaling is upregulated; however, this
coincides with a decrease in satellite cell numbers [119]. Notch signaling between humans
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and mice is in conflict about the interaction of IL-1B and its effect on Notch. Epigenetic
regulation of Notch by Ezh2 could be a starting point to narrow down the difference of
mechanisms between humans and mice.

14. Diabetes

Diabetes is a disease characterized by the dysregulation of glucose metabolism affect-
ing multiple organ systems [120]. Mice injected with streptozotocin will become diabetic
through the destruction of pancreatic B cells [120]. Streptozotocin is a chemotherapy drug
for pancreatic cancer but is highly toxic in mice [121]. In mice with induced diabetes, the
satellite cell regenerative capacity was impaired due to an upregulation of myostatin and its
TGF-B receptors [120]. This upregulation promotes the phosphorylation of Smad3, which
in turn activates its downstream target p15, a cell cycle inhibitor [120]. This relationship
between TGF-B and Notch signaling was observed previously in aging. Inhibition of TGF-B
receptors restored the regenerative capacity of satellite cells, though Notch’s involvement
in this process was unexplored. Further studies should look to identify Notch’s role in
muscle repair in a TGF-B/pSmad3-dependent manner within the diabetic environment.

14.1. Type 1 Diabetes

Decreases in satellite cell number along with regenerative capacity were found in
humans and Akita mice with type 1 diabetes [122]. In both humans and Akita mice,
Notch signaling was elevated above normal levels [122]. This elevated level keeps satellite
cells from activating and continuing their progression towards myogenicity [122]. Muscle
repair is then limited to only what is available, which in turn depletes reserve satellite
cells [122]. After a bout of downhill running, biomarkers of myogenesis were lower than
those in the control group along with a lower satellite cell content [122]. In comparison
with humans with and without type 1 diabetes, it was found that those with type 1 diabetes
had lower satellite cell numbers [122]. The results show a difference between humans and
mice in the activation of Notch. In humans, Delta-like ligand 1 (DLL1) was significantly
more elevated than in the mouse counterparts. This leads to speculation that Notch in
mice must be triggered another way than Notch–ligand contact [122]. In the murine
model, it was observed that Notch is activated by Jagged1 ligands [122]. It was not clear
which mechanism was responsible in humans for the increased Notch activation [122]. A
proposed theory by D’Souza et al. is that an abundance of matrix metalloproteinase activity
signals Notch due to impairments of extracellular matrix remodeling in type 1 diabetic
skeletal muscle [122].

14.2. Type II Diabetes

Dysfunctional Notch signaling appears to alter insulin signaling in c57bl/6j mice
with type II diabetes [123]. Poddar et al. [124] found in a subsequent study that in mice
with diabetes, miR-449a levels were decreased. When activated, miR-449a binds to and
inhibits Jagged1 expression, leading to a decrease in Notch signaling and its downstream
effectors [124]. It was found that Jagged1, NICD, Hes1, and Hey1 levels were significantly
decreased with miR449-a activation [124]. Human primary skeletal muscle cells were
grown and cross-referenced by immunofluorescence, confirming a decrease in miR449-a
activation [124]. By inhibiting Notch signaling in this manner, insulin signaling in the
muscle was restored. This was confirmed by the inhibition of Notch using DAPT.

The diabetic muscle environment seems to be one characterized by an overstimulation
of Notch signaling [123,124]. Due to the difference in the activation of ligands between
humans and mice, research should be focused on the determination of these differences.
Inhibition of Notch restored insulin signaling with the muscles [123,124]. In light of this
relationship, Notch’s relationship with TGF-B must be taken into account [120]. Inhibition
of Notch may restore insulin signaling, but would this inhibition interfere with the balance
of TGF-B/pSmad and Notch regarding muscle repair? Future research should take this
into consideration.
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15. Conclusions

The Notch signaling pathway is a complex cell signaling pathway that is vital to the
early formation of life in the embryonic stage and the maintenance of it in the postnatal
niche [13]. In the context of postnatal myogenesis, the discourse of its exact roles is
controversial. Notch’s role in postnatal myogenesis is that of myoblast proliferation and
inhibiting differentiation. Notch must be tightly balanced to regulate muscle regeneration.
Activation of Numb may repress Notch in order to initiate myoblast differentiation [19].
Stra13 has been proposed to inhibit Notch to complete muscle repair [43]. If there is an
imbalance between TGF-B and Notch, premature senescence can occur due to the induction
of CDK-inhibitors—specifically p16 [103,105]. Emerging thoughts have come about that
Notch signaling is not as critical for proliferation as previously considered and that its
actions are relative to the environment [2]. However, it can be argued that the body of
literature disagrees with this notion. Further research should focus on alternative ways
that Notch is activated non-canonically. Other avenues could also focus on the exact
mechanisms of interplay between Notch and Wnt to coordinate muscle repair [3,18,55–59].

In the state of chronic disease of the muscle, Notch signaling becomes dysfunctional.
This is due to a reduction over time with age [98,99], imbalances between Notch and
TGF-B signals [103], and decreases in androgens over time [84]. On the contrary, in cases
of cachexia [114,115], muscular dystrophy [118], and diabetes [123,124], Notch signaling
can become overexpressed. This could lead to a depletion of the satellite cell pool by
keeping satellite cells in quiescence under regenerative pressure and inadequately repairing
damaged tissues [105]. Due to the intricacies between C2C12, murine, rodent, and human
models, more research is needed to effectively come up with therapeutic modalities to
improve quality of life.
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