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Abstract

Aging mammalian skeletal muscle satellite cells (MuSCs) undergo a decline of stem cell/progenitor cell
proliferative and regenerative capacity, and the development of a physiological milieu characteristic of a state of
chronic sterile inflammation. p38aMAPK and ERK1/2 are two major signaling pathways that regulate the
age-associated decline of MuSC proliferative capacity. In this review we propose the following mechanism that links
the p38aMAPK pathway to the decline of self-renewal and regenerative capacity of aged MuSCs: a) the
HS-FGF-2-FGFR1-p380MAPK-Axis, a tightly linked homeostatic signaling complex, is in synchrony with the
autoinhibition of FGFR1; b) autoinhibition contributes to the Axis’ regulation of the homeostasis of P-p38aMAPK
activity in juvenile MuSC; c) this combination of protein-protein interactions is characteristic of a juvenile
cytoplasmic milieu of beneficial P-p38aMAPK activity and d) includes Sproutyl inhibition that supports the
stimulation of FGF-2 --> miR-29a; e) the miR29a dismantles the basement membrane in preparation for the initiation
of replication; f) an age-associated impaired, dysregulated, over-sulfated heparan sulfate ligand (HS)-FGF-2 fails to
activate FGFR1 in aged MuSCs; g) this uncouples its regulation of p38aMAPK and ERK1/2 pathways and results in
desensitization of FGFR1; h) desensitization of FGFR1 and Sproutyl interaction in aged MuSC uncouples their
regulation of P-p38aMAPK in the aged MuSCs; i) this enables a state of chronic sterile inflammation to
promote and sustain an increased level of P-p38aMAPK activity; and, j) the increased activity of P-p38aMAPK in
aged MuSC stimulates the production of cell cycle inhibitors, miR-1 and miR-133, thereby attenuating the expression
of the cell cycle regulators, SP1 and cyclin D1, resulting in a G1/S arrest; j) the increased level of p38aMAPK
activity promotes the apoptosis of the aged activated MuSCs.

This mechanism involves the synergistic interactions of HS-FGF2-FGFR-1, Sprouty (spry1), miR-1, miR-133
and miR-29a that unify the extracellular niche and intracellular milieu for the juvenile vs age-associated regulation
of proliferative capacity of the MuSC. Our hypothesis unifies these interactions with the role of the extracellular

niche and intracellular milieu in the stimulation of juvenile proliferation vs age-associated decline of skeletal muscle
satellite cell self-renewal and regenerative proliferation. Word Count = 344

DOl : Vol-1 Issue 1 Pg. no.— 27


http://www.openaccesspub.org/
http://openaccesspub.org/
http://openaccesspub.org/journal/jsm
https://openaccesspub.org/journal/jsm/copyright-license
https://doi.org/10.14302/issn.2832-4048.jsm-20-3211

Freely Available Online

Received: Feb 14, 2020

Background

Overview of the Role of the HS-FGF-2-FGFR1-p38aMAPK

Axis, p38aMAPK and Sprouty 1 in the Regulation of
Aged Skeletal Muscle Satellite cell Proliferation.

Aging mammalian skeletal muscle satellite cells
(MuSC) progress simultaneously with the development
of a physiological milieu characteristic of a state of
chronic inflammation. It is accompanied by what is
referred to as an “irreversible growth arrest (IGA)” — a
decline of stem cell/progenitor cell self-renewal and
regenerative capacity [1-8]. This age-associated loss of
MuSC replicative capacity is, however, reversible by the
inhibition of p38a/BMAPK activity [1, 2] or exposure, by
parabiosis, to a young physiological environment
[9-12]. In this proposal, we refer to aged MuSCs as
senescent cell guiescence (SCQ), i.e. senescent cells that
have retained a reversible replicative capacity [13]. This
characteristic of aging stem and progenitor cells
occurs in multiple  tissues including  heart
muscle [14], hematopoietic [15], lung [16], neuronal
[17], pancreatic B cells [18, 19], and hepatocytes [20].

There are multiple signaling processes such as
p38aMAPK, ERK1/2 and NFkB [21] and factors such as

syndecan 4, heparan sulfate, B-integrin, fibronectin, etc.,

involved in the regulation of skeletal MuSC
proliferation, [3, 22]. Our model specifically
focuses on the role of heparan sulfate (HS) in the
(HS)-FGF-2-FGFR1-p38aMAPK Axis signaling pathway
and Sproutyl (a tyrosine kinase inhibitor of the FGFR1
kinase domain) that regulate juvenile MuSC proliferative
capacity. We propose a mechanism that links the
desensitization of aged skeletal MuSC FGFR1 signaling to
an impaired response by the receptor due to

DOI :

Corresponding author: John Papaconstantinou, Department of Biochemistry and Molecular Biology, The
University of Texas Medical Branch, 391 University Boulevard, Galveston, Texas 77555-0643

Keywords: skeletal muscle, satellite cells, fibroblast growth factor-2, fibroblast growth factor receptor-1;
p380MAPK, Sprouty 1, senescence, microRNAs-1, -133, -29a

Accepted: Mar 31, 2020

Editor: Jean-Francois Grosset , University of Technology of Compiegne, France.

Published: Apr 4, 2020

over-sulfated heparan  sulfate-FGF-2
ligand [1, 2, 4, 22, 23]. Dysregulation of the
HS-FGF-2-FGFR1-p380MAPK-Axis  signaling  capacity
results in an age-associated decline of MuSC self-
renewal and proliferative capacity and the development
of SCQ (Figure 1; [13].

Homeostatic  intercommunications  between
MuSCs, the muscle milieu and microenvironment, control
the normal growth and self-renewal of juvenile (young
adult) skeletal muscle. We will discuss the alterations of
these intercommunications that play an important role in
the regulation of muscle regeneration and the
pathophysiological consequences of aging on these
functions [4].

(HS-FGF-2)

It is important to recognize that uncontrolled
FGF-ligand signaling is associated with malignancies and
other pathophysiological syndromes thus requiring a
self-regulatory control of physiological protective
mechanisms [24]. This is accomplished by FGFR1
autoinhibition, a process that serves as a self - defense
mechanism that minimizes inadvertent FGFR1 signaling.
Autoinhibition of FGFR1 thus also serves as a strongly
coupled regulator of beneficial p38aMAPK activity in
juvenile skeletal muscle [24]. Our model thus proposes
that the HS-FGF-2-FGFR1-p38aMAPK Axis is a molecular
self-defense system that protects against inadvertent
FGFR1 signaling thereby regulating the beneficial level of
FGFR1 signaling and consequently, the beneficial level of
its p38aMAPK target.
aging progresses the juvenile MuSCs develop a
desensitization-dysregulation of the HS-FGF-2-FGFR1
signaling interaction [1, 2] that enables the development
of an elevated, sustained state of chronic inflammation,

activity of Furthermore, as
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Figure 1. The role of the HS-FGF-2-FGFR1-p38aMAPK Axis in the regulation of skeletal muscle
satellite cell (MuSC) proliferation-differentiation in (A) juvenile (young) and (B) aged MuSCs.

(A) Juvenile (Young) MuSC: The level of P-p38aMAPK activity in juvenile MuSC is regulated by
FGFR1 autoinhibition and is coupled to and regulated by the interaction of HS-FGF-2 with FGFR1
that forms and activates the HS-FGF2-FGFR1-p38aMAPK-Axis. This regulates the beneficial
homeostatic level of p38aMAPK activity and downregulates miR-1/miR-133 synthesis thus
stimulating the expression of the cell cycle regulators, Spl and cyclin D1 and the progression of
myoblast proliferation.

(B) Aged - Senescent MuSC: Control of P-p38aMAPK is uncoupled by the

desensitization-dysregulation of FGFR1 signaling; its level of activity is thus increased in response
to elevated endogenous sterile inflammation in the absence of FGFR1 involvement. The increased
P-p38aMAPK activity stimulates miR-1/miR-133 levels thereby enhancing their inhibition of Sp1 and
Cyclin D1 respectively; this results in the G1/S cell cycle arrest.

(C). Reversal of IGA in Aged Tissue: Reversal of the Cell Cycle arrest in aged skeletal MuSC is as
follows: The age-associated over-sulfation of HS decreases, i.e., it is down regulated to the levels
in juvenile MuSC. The HS-FGF-2 interaction with FGFR1 is reinitiated thereby establishing the level
of juvenile FGFR1-coupled regulation of MuSC P-p38aMAPK; the decline of miR-1 and miR-133
levels, promotes reactivation of Spl and Cyclin D1; cell cycle progression and cell proliferation is
initiated, i.e., reprogramming of the aged MuSCs. This Figure does not include the synergistic
interaction of spryl with the kinase domain.
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a consequence of endogenous-sterile inflammation. This
promotes an elevated sustained level of P-p38aMAPK
activity that is independent of MuSC FGFR1
signaling [25-28]. We thus propose that the tightly
linked HS-FGF-2-FGFR1-p38a MAPK signaling complex
regulates and maintains the beneficial level of
P-p38aMAPK activity in juvenile MuSCs by controlling the
level of autoinhibition of FGFR1; this autoinhibition is
uncoupled in the aged satellite cells thereby enabling the
physiological state of chronic sterile inflammation to
promote and sustain an elevated P-p38aMAPK activity.

As tissues age they develop a state of chronic
inflammation characterized by the elevated, sustained
activity of P-p38a/BMAPK [1, 2, 23, 29] and, more
specifically p38aMAPK [18, 23, 30]. Furthermore,
p38aMAPK plays a key role in the regulation of MuSC
functions associated with regenerative capacity and the
decline of self-renewal [1, 2, 23, 30, 31], their exit from
the cell cycle, the progression of their terminal
differentiation to form myofibers, and the decline of
MuSC pool levels [1, 2, 4, 32].

The decline of proliferative capacity of senescent
MuSCs is linked to increased levels of over-sulfated
heparan sulfate-FGF-2-ligand (HS-FGF-2) and the
desensitization - dysregulation of a potentially
over-sulfated HS-fibroblast growth factor receptor-1
(HS-FGFR1). This results in the loss of control of p38a/
BMAPK activity [13, 30, 33-38] which is linked to the
inability of desensitized HS-FGFR1 to respond to
HS-FGF-2 ligand. This enables the sterile chronic
inflammation to promote an uncontrolled elevation of
P-p38aMAPK activity and the decline of stem cell/
progenitor cell proliferative and regenerative capacity.
This is a physiological characteristic of inflammation that
is linked to the loss of MuSC asymmetric replication
[1-4]. These characteristics are major components of
the aging skeletal muscle phenotype. Importantly, a
consequence of the increased P-p38aMAPK activity
results in the increased transcription of the cell cycle
inhibitors, miR-1/miR-133 [38, 39]; these miRNAs
attenuate the expression of the cell cycle regulators, SP1
and cyclin D1, resulting in a G1/S arrest (Figure 1).
Thus, the upregulation of HS-FGF-2 that occurs in
juvenile muscle regeneration stimulates the production
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of Sp1 and cyclin D2 and myoblast proliferation at the
early developmental stage of regeneration when the
level of P-p38aMAPK activity is controlled by the
HS-FGF-2-FGFR1-p38aMAPK Axis. We thus propose that
the age-associated stimulation of transcription of the cell
cycle-inhibiting miRNAs, miR-1 and miR-133, that
directly control the promotion of MuSCs SCQ, is
increased by the elevated P-p38aMAPK activity.
Meanwhile, the desensitization-dysregulation of the
HS-FGF-2-FGFR1 interaction uncouples its coordinated

and rigorous control of P-p38aMAPK activity. This allows

the chronic inflammation-mediated elevation of
P-p38aMAPK  activity and miRNA transcription.
Consequently, the dysregulation of the

HS-FGF-2-FGFR1-p380MAPK Axis and the elevated
P-p38aMAPK activity associated with chronic sterile
inflammation promotes the development of the SCQ in
aged tissues.

Skeletal muscle extracellular matrix plays a
critical role in the maintenance of life-long ability of
MuSCs to sustain their stem cell functions. This is
attributed to their ability to maintain the reversibility of
their quiescence in response to muscle injury. These
stem cells maintain self-renewal and differentiation via
asymmetric replication [40].

MuSCs perform asymmetric replication to
produce a replicatively competent daughter cell while
the other cell proceeds to terminal differentiation. At this
time a subpopulation of cells returns to replenish the
satellite cell pool and quiescence. This physiological
cycle, which is maintained throughout life is
programmed for activation and return to dormancy as a
critical function for muscle self-renewal and injury repair.
This physiological cycle is dependent upon extracellular
matrix regulators of stem cell quiescence within the
niche-intracellular signaling interaction that promotes
quiescence. The development, therefore, of a reversible
quiescent state is mediated by Sproutyl (spry 1) a
receptor tyrosine kinase (RTK) inhibitor, and miR-29a,
an inhibitor of basement membrane (BM) proteins that
enables dismantling of the BM and the initiation of

proliferation. Furthermore, we  propose that
these inhibitors work synergistically with the
FGF-2-FGFR1-p38aMAPK-Axis to achieve their
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contribution to the reversibility of MuSC quiescence in
the juvenile muscle. For example, the juvenile quiescent
MuSCs break out of quiescence in response to muscle
injury under controlled levels of P-p38aMAPK and low
levels of over-sulfated HS-FGF-2. These physiological
conditions support the progression of myofiber
(myogenesis) formation. On the other hand, in the aged
muscle, the cells that break out of quiescence do so
under physiological conditions of elevated
over-sulfated FGF-2, desensitized FGFR1 and elevated
levels of P-p38aMAPK activity. The latter, elevated levels

of p38aMAPK, strongly supports the pathway to
apoptosis, which would explain the observation that
these cells do not participate in myogenesis.

Main Text

The Role of p38aMAPK in the Regulation of Skeletal
MuSC Self-Renewal and Regenerative Capacity.

Our model proposes that a) age-associated
chronic sterile inflammation and over-sulfated heparan
drive the desensitization of HS-FGF-2-FGFR1 signaling
that, b) uncouples the level of p38aMAPK activity
thereby allowing increased levels of p38aMAPK activity
and the c) loss of asymmetric distribution of P-p38a
and attenuation of their replication, but permitting
their differentiation [1]. The uncoupling of the HS-FGF-2
-FGFR1-p38aMAPK Axis thus allows the activity of

P-p38aMAPK to continue independent of its interaction
with and control by FGFR1, thereby maintaining the
production of the cell cycle inhibiting miRNAs and the
G1/S arrest.  Furthermore, as the HS-FGF-2-FGFR1
signaling regulates the levels of P-p38aMAPK activity in
juvenile MuSCs, the consequences of aging on this
regulation dictate the loss of proliferative activity and
the gain of quiescence of the MuSC. The replicative
capacity of aged MuSC is thus no longer controlled by
HS-FGF-2-FGFR1 signaling but is taken over by the
chronic inflammation-mediated levels of P-p38aMAPK
activity. Restoration of self-renewal and regenerative
capacity must therefore be achieved by the
reprogramming of the HS-FGF-2-FGFR1-p38aMAPK-Axis
activity to its level of coupled and coordinated juvenile
homeostasis. That this reprogramming of aged cells can
be achieved has been experimentally shown by specific
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small molecule inhibition of p38aMAPK activity or
parabiosis and grafting [1-4, 10, 12].

P38aMAPK Regulates Myoblast Differentiation and Cell
Cycle Exit in aged Skeletal MuSC

p38aMAPK signaling plays a key role in the
regulation of expression of skeletal muscle genes that
control myotube formation [3, 30, 41]. Myoblasts
deficient in p38aMAPK are primarily uninuclear and
exhibit a severe defect in their ability to form
multinuclear myotubes whereas cells deficient in p38B,
p38y or p38d display a multinucleated morphology
(Figure 2, [30, 41]). This suggests that p38aMAPK
plays an important role in the regulation of
myogenesis [30, 41]. The defective myogenesis
attributed to p38aMAPK deficiency is the basis
for the delayed cell cycle exit, and continuous
proliferation [30, 41]. The p38aMAPK genetic deficiency
experiments suggest that its inhibition by small molecule
inhibitors should result in the failure to initiate terminal
differentiation i.e., failure to exit the cell cycle and to
produce myotubes (Figure 2). We thus propose that the
elevated level of P-p38aMAPK activity plays a key role in
the development of SCQ. Furthermore, the loss of
asymmetric distribution of P-p38aMAPK to the daughter
cells promotes the loss of asymmetric proliferation
suggesting that the continuation of terminal
differentiation by both daughter cells may account for
the decrease of the MuSC pool level.

Our model suggests that partial inhibition,
genetically or pharmacologically, of p38aMAPK in aged
mice should either restore [1, 2], or delay the loss of the
self-renewal of aged MuSC [18, 22, 23]. Based on
studies using inhibitors of p38a/B we demonstrated that
the partial and specific inhibition of p38aMAPK achieved
by these inhibitors could be achieved in vivo by a

dominant negative mutation of the p38aMAPK allele (DN
-p380”*) and that this mutant would delay the decline
of proliferative capacity [18, 22, 23]. Using this mutant
we demonstrated that the genetic attenuation of
p38aMAPK in gastrocnemius MuSC, in vivo, delays the
development of multiple age-associated markers that
includes the delayed decline of BuBR1, the attenuated
expression of pl6lnk4a and pl9Arf and the elevated
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Figure 2. Multinucleated myotube formation is inhibited by
p38aMAPK deficiency. Wt and p380”°PMAPK myoblast
cultures were induced to undergo myoblast fusion. The
immunohistochemical data show that myogenic cells do not
exhibit cell cycle withdrawal and terminal differentiation; that
p38aMAPK deficient myoblasts have impaired ability to exit the
cell cycle; the p38a®PMAPK myoblasts also exhibit an enhanced
proliferative potential. Myogenic cells lacking p380MAPK possess

an increased propensity for self-renewal. (This figure is a modifi-
cation of Figure 3A from Perdiguera et al. EMBO J 26, 1245,

pendcces:

(2007) with permission of the publisher.)

protective activity of ALDH1A1, [22, 23].

Using primary myoblasts derived from neonatal
mice deficient in p38a, p38B, p38y, or p380 MAPKs has
shown that p38aMAPK is the signaling protein
that is central to myogenesis /n vitro and Jin
vivo [30, 41]. Moreover, p38aMAPK was shown to
promote muscle differentiation and fusion and to be a
critical regulator of myoblast cell cycle exit which leads
to activation of the muscle differentiation gene
program [30, 41]. Thus, with the increased level of
P-p38aMAPK and the increased level of miRNA-1 and
miRNA-133 the replicative capacity of the senescent
MuSC is inhibited. In our model, the inactivation
(desensitization) of FGFR1 in aged MuSC enables sterile
inflammation to independently promote the elevation
and maintenance of P-p38aMAPK activity and the
production of cell cycle inhibiting miRNAs that result in
G1/S arrest. An important characteristic of our model is

DOI :

that p38aMAPK activity is required for the downregula-
tion of cell proliferation.

P38aMAPK Down-Regulates Cyclin D1

Increased cyclin D1 expression in
p38aMAPK-deficient myoblasts supports their continued
proliferation [30, 41]. Inhibition of p38aMAPK, however,
shown to attenuate myofibrogenesis and maintain
proliferation of adult mammalian MuSC and
cardiomyocytes supports our proposal for skeletal
MuSC [30, 41]. Furthermore, constitutive activation of
p38aMAPK in human rhabdomyosarcoma cells restores
growth arrest and terminal differentiation. For example,
MyoD inhibits proliferation and promotes muscle
differentiation  but in  rhabdomyosarcoma, the
differentiation program is blocked, and proliferation is
p38aMAPK
activation, which is essential for muscle differentiation, is
deficient in rhabdomyosarcoma cells and the enforced

deregulated despite MyoD expression.
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induction by MKK6EE, which activates MKK6 -->

p38aMAPK, restores MyoD function, growth arrest and

terminal differentiation. These studies support the
proposal that activation of P-p38aMAPK is required for
myogenic differentiation [32].

miR-1 and miR-133 Control cell Cycle Progression of
Myoblasts via Targeting of Cyclin D1, a key Regulator of
G1/S Transition

The elevated levels of P-p38aMAPK activity in
aged MuSCs attenuates cell cycle progression
while promoting the development of SCQ (Figure
1; [38, 39]. This is mediated by the increased levels of
miR-1 and miR-133 and their interactions with the 3'UTR
(PolyA) of Spl (miR-1) and cyclin D1 (miR-133) mRNAs
(Figure 1; [38, 39]). We propose a novel mechanism for
the development and maintenance of the age-associated
SCQ that is linked to, a) the level of expression of
over-sulfated HS-FGF-2 and its failure to activate the
FGFR1-p38aMAPK-Axis. This allows the elevation
P-p38aMAPK activity and, b) increases levels of miRNA
cell cycle inhibitors and, c) the elevated levels of
inhibition of the tyrosine kinase domain of FGFR1 by
Sprouty1.

An Alternative Model of the Regulation of MuSC
Regenerative capacity

In this alternative model FGF-2 regulates
juvenile skeletal MuSC regenerative capacity based on
its ability to inhibit p38aMAPK signaling during the early
phase of regeneration thereby lowering the levels of
miR-1 and miR-133 synthesis and enabling the Cyclin
D1- and Spl-mediated progression of the cell cycle and
myoblast proliferation (Figure 1; [38, 39]. The model
proposes that FGF-2 released from a frozen tissue
myotrauma - promoted regeneration, represses
p38aMAPK signaling thereby attenuating the expression
of miR-1/miR-133.This facilitates satellite cell
proliferation and the progression of regeneration.
Importantly, this sequence of events reportedly occurs
in the early phase of regeneration, i.e., the proliferation
phase of the activation of muscle regeneration [38, 39].
This may also involve FGFR1 autoinhibition-mediated
attenuation of p38aMAPK activity thereby decreasing
miRNA levels. This inhibition regulates the levels of
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p38aMAPK that benefit regenerative proliferation.

Furthermore, this is consistent with our proposal that
the level of P-p38aMAPK is coupled to the level of

autoinhibition of HS-FGF-2-FGFR1-p38aMAPK—-AXxis thus
enabling a controlled homeostatic level of juvenile MuSC
proliferation to proceed. The consequences of our model
vs. the alternative model are otherwise similar in that
the HS-FGF-2-FGFR1  mediated attenuation of
p38aMAPK activity enables muscle differentiation and
fusion to proceed as well as the regulation of cell cycle
exit. Furthermore, as the down regulator of miR-1 and
miR-133 it up regulates cyclin D1 mRNA expression by
HS-FGF-2 thereby supporting proliferation These results
also showed that the specific inhibition of FGFR1 with
PD173074 blocked its signaling and attenuated the
inhibitory effect of FGF-2 on the transcription of miR-1
and miR-133 in isolated gastrocnemius. These data
suggest that HS-FGF-2-FGFR1 promoted the decline of
miRNA via the inhibition of p38aMAPK activity.
These studies conclude that in the early stages of
regeneration, HS-FGF-2 interacts with FGFR1 to activate
HS-FGF-2-FGFR1 signaling and that this attenuates the
inhibition of the cell cycle and promotes the progression
of MuSC proliferation. In this model, the role of FGF-2 in
the regulation of juvenile MuSC renewal is based on its
ability to attenuate the P-p38aMAPK signaling pathway
during the early replicative phase of regeneration
thereby lowering the levels of miR-1 and miR-133
synthesis and enabling the Cyclin D1- and Sp1-mediated
progression of the «cell cycle and myoblast
proliferation  [38]. The controlled level of
FGF-2-P-p38aMAPK activity thus plays a key role in the
induction of skeletal MuSC proliferation [38, 42]. For
example, myoblasts with a deficiency of p38aMAPK
exhibit delayed cell cycle exit and continuous
proliferation /in vitro, indicating that P-p38aMAPK is a
critical regulator of myoblast exit [30, 41], which is a
necessary step prior to commencing the muscle
differentiation program [30]. Interestingly, upon
differentiation to myofibers the P-p38aMAPK
increases. This is consistent with the loss of proliferative
capacity by the terminally differentiated myoblasts.
Furthermore, P-p38aMAPK  signaling  stimulates
the transcription of miR-1 in hypoxic cardiac
myocytes [39] and both miR-1 and miR-133 in

level
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regenerating rat liver [38, 39]. Thus, the p38aMAPK
linked miR-1 and miR-133 are attenuated in muscle
regeneration and up-regulated in quiescent aged cells;
miR-1 and miR-133 thus induce myoblast growth arrest
at the G1/S phase of the cell cycle.

The HS-FGF-2-FGFR1-p38a MAPK-Axis and Sprouty 1

The coupled coordinated signaling activities
of the HS-FGF-2-FGFR1-p38aMAPK-Axis
Sproutyl regulate specific processes of juvenile
MuSC myogenesis. Chronic inflammation, desensitization
-dysregulation of HS-FGF-2-FGFR1, the sustained
elevated activity of the P-p38aMAPK, and the levels of
inhibition of the kinase domain by Sproutyl are major
physiological characteristics of the aged skeletal muscle
phenotype (Figure 1). These functions promote the loss
of asymmetric P-p38aMAPK to
daughter cells, self-renewal and regenerative
proliferation [1-3, 31]. The mechanism underlying the
age-associated decline of satellite cell replicative
capacity involves the physiological desensitization-
dysregulation of the HS-FGF-2-FGFR1-p38aMAPK-Axis
signaling in combination with the elevated levels of
Sprouty 1 (Figure 1 [1, 2, 4]. Furthermore, the HS-FGF-2
-FGFR1- and Sprouty-linked, coordinated control of P-
p38aMAPK activity in juvenile skeletal muscle enables
levels of P-p38aMAPK
activity to perform its multiple functions that include the
regulation of MuSC proliferation and differentiation.
Development of insensitivity of the aged MuSC HS-FGF-2
-FGFR1 signaling on the other hand, results in
uncoupling of its regulation of P-p38aMAPK activity,

and

distribution  of

the physiologically beneficial

while Sprouty inhibits the tyrosine kinase domain. This
enables the sterile endogenous and/or exogenous
inflammation-mediated level of P-p38aMAPK activity to
expand thereby establishing the physiological
milieu that characterizes the chronically inflamed
SCQ [1, 2, 4]. Consequently, it is this age-associated
physiological milieu of chronic inflammation and the
decline of FGFR1-Sproutyl mediated regulation of
P-p38aMAPK activity that plays a major role in the
stabilized elevated P-p38aMAPK activity.

HS-FGF-2-FGFR1 and Sprouty 1 Synergistically Regulate
the Homeostasis of P-p38aMAPK Activity in Juvenile
MusC
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=)
J pen

Our mechanism proposes that the autoinhibition
of FGFR1 signaling and the Sprouty-1-mediated
inhibition of the FGFR1 tyrosine kinase domains regulate
the beneficial level of P-p38aMAPK activity in juvenile
skeletal MuSC and that this coupled interaction is
uncoupled in the aged MuSCs. This process of regulating
FGFR1 signaling is supported by the observation that a)
inhibition of FGFR1 signaling reduces the activity of
P-p38a/BMAPK in juvenile MuSCs but not in aged MuSCs
(uncoupled activity) [1, 2, 4]. This enables
age-associated elevation of P-p38aMAPK activity in
response to sterile inflammation. Furthermore, inhibition
of FGFR1 with SU5402 eliminates the coupled FGFR1
stimulation of p38a/BMAPK phosphorylation in juvenile
MuSCs but has no effect on the phosphorylation of
uncoupled p38a/BMAPK in aged MuSC [1]. These
observations suggest that the elevated activity of
P-p38a/BMAPK can proceed in the absence of HS-FGF-2-
FGFR1 regulation and is due to and maintained by other
signaling pathways, a likely candidate being chronic
inflammation; b) the number of MuSCs in young mice
can vary whereas the number of MuSCs in aged mice is
not affected. This suggests an insensitivity of MuSCs
from aged mice to over-sulfated HS-FGF-2 and supports
our proposal that HS-FGF-2-FGFR1 controls the level of
P-p38aMAPK activity in juvenile MuSC; that c) addition
of FGF-2 to cultured young MuSC stimulates p38a/
BMAPK phosphorylation in juvenile MuSCs but has no
effect on p38a/BMAPK phosphorylation in aged MuSCs;
d) p38a/BMAPK is insensitive to HS-FGF-2 due to the
loss of function of FGFR1 signaling; e) loss of FGFR1 D1
or AB/linker domains by alternative splicing increases
the signaling capacity of FGFR demonstrating that the
splicing removed the sequences that control
the coupling of FGFR1 to p38aMAPK [24]. These
results suggest that there is a coupling of the HS-FGF-2-
mediated stimulation of FGFR1 signaling that targets and
activates p38a/BMAPK and highlights the insensitivity of
p38a/BMAPK to over-sulfated HS-FGF-2 in aged MuSCs;
f) ectopic activation of FGFR1 signaling via iFR1 and
partial inhibition of p38a/BMAPK in MuSCs of aged mice
restores asymmetric localization of P-p38a/BMAPK thus
partially rescuing self-renewal in cultured
cells [1, 2].

The decline of MuSC self-renewal is linked to the
increased transcription of the cell cycle inhibiting
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miRNAs, miR-1 and miR-133, in response to the
sustained, elevated P-p38aMAPK activity and the
simultaneous desensitization-mediated attenuation of an
over-sulfated HS-FGFR1 complex (Figure 7]. In our
hypothesis, we propose that both loss of function of the
HS-FGF-2-FGFR1 and gain of function of P-p38aMAPK is
the underlying basis that promotes the development of
SCQ in aged MuSC. This is consistent with our proposal
that there is a coordinated, coupled rigorously
controlled HS-FGF-2-FGFR1 regulation of the level of
P-p38aMAPK activity that supports the replicative and
regenerative capacity of juvenile tissue stem cells
whereas in aged tissues attenuation by over-sulfated HS
-mediated desensitization of the HS-FGF-2-FGFR1
complex enables the elevation of P-p38aMAPK activity
thereby promoting a physiological milieu that supports
the loss of asymmetry and replicative capacity of aged
MuSCs.

Our mechanism proposes that the reversibility of
the SCQ to a replicatively competent MuSC may be
restored by the downregulation of over-sulfation of HS
thereby regaining HS-FGF-2-FGFR1 functions and
reactivation of the coupled control of the level of
P-p38aMAPK Our hypothesis thus
proposes that the physiological consequences of
desensitization-inactivation of HS-FGF-2-FGFR1 elevates
P-p38aMAPK activity in chronically inflamed aged MuSCs
and that these are physiological factors of the
programming of the aging phenotype. Furthermore, an
important component of our mechanism proposes that
the elevated activity of P-p38aMAPK enhances the
transcription of two microRNAs, miR-1 and miR-133,
which are P-p38aMAPK-activated cell cycle
inhibitors [38, 39].

Autoinhibition of FGFR1 Activity Plays a Protective Role

by Regulating the Level of P-p38aMAPK Activity in
Juvenile Skeletal MuSC

activity.

The mammalian FGFRs are transmembrane
proteins whose extracellular regions consist of three
immunoglobulin (Ig)-like ligand-binding domains (D1, D2
and D3), a transmembrane domain and an intracellular
kinase domain (Figures 3, 4,). The D1, D2, and D3
extracellular domains are connected by a flexible linker
(Figure 4; [43]). The D1-D2 linker is composed of a
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stretch of glutamate-, aspartate- and serine-rich
sequences, i. e., the acid box (AB) [44]. The linker
between D2 and D3 (D2-D3 region) is the site of FGF
ligand binding and specificity [45]; and the heparan
sulfate binding site (HS) which is located upstream in D2
(Figure 3, 4, [46]).

Removal of the AB/linker by alternative splicing
produces an isoform that enhances the affinity of FGFR1
for HS-FGF-2 thereby releasing the coupled control of
receptor signaling for its p38aMAPK target. Furthermore,
it revealed that these linker sequences (AB) control
receptor autoinhibition, and potentially the regulation of
the level of p38aMAPK activity. This demonstrates that

the level of P-p38aMAPK activity is linked to the AB/

linker and strongly supports its regulation of
P-p38aMAPK activity. We propose this as a potential
protective mechanism that links the HS-FGF-2-FGFR1
control of p38aMAPK activity in juvenile MuSC, and
allows for the maintenance of the beneficial levels of
P-p38aMAPK activity that are critical
homeostasis [47-52]. The formation of the desensitized

FGFR1 complex results in the uncoupling of the control

to juvenile

of p38aMAPK activity. Furthermore, the removal or
inactivation of this region supports the age-associated
uncoupling by sterile inflammation-mediated elevation of
P-p38aMAPK activity, which in turn stimulates miR-1/
miR-133 and cell cycle arrest. The loss of the AB/linker
by alternative RNA splicing in cancer cells suggest a
mechanism that mediates the uncoupling of the
linker-controlled regulation of P-p38aMAPK activity and
consequently the loss of control of proliferation [53-56].

The Role of HS-FGF-2-FGFR1-Signaling in Skeletal
Muscle Regeneration and Reversal of the SCQ of Aged
MuSCs.

As mice age the HS-FGF-2-FGFR1-p38
aMAPK-Axis of MuSCs undergoes a significant
homeostatic alteration that involves the parallel loss of
the HS-FGF-2 activation of FGFR1 signaling
(desensitization); the over-sulfation of heparan; the
development of a state of chronic inflammation (either
sterile or exogenous), and the elevated level of
P-p38aMAPK activity. A major consequence of these
physiological changes induces the equal distribution of P
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Figure 3. The formation and stabili-
zation of a 2:2:2 HS-FGF-2-FGFR1
signal transducing dimer. (a) The
wild type HS-FGF-2-FGFR1 complex;
(b) The extracellular complex
consisting of the immunoglobulin
domains, D1, D2, and D3; the FGF-2
ligand and bound heparan
sulfate (HS). (c) The linker between
immunoglobulin domains D2 and D3
affect the affinity and specificity of
the receptor; (d) The intracellular
tyrosine kinase domain (TK) that
activates downstream targets, e.g
p38aMAPK. (This
modification of Figure 5 in DM Ornitz
et al. Dev. Bio. 4, 215-266 (2015)
with permission of the publisher
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Figure 4. A schematic diagram of the extracellular FGFR Domains and
the Intracellular Kinase Domains. The model shows the extracellular
autoinhibition and ligand binding domains of FGFR1. The Acid Box or
AB linker is involved in the process of autoinhibition and is localized
between D1 and D2. In our model, direct inhibition of HS binding to
FGFR1 attenuates the autoinhibitory process and is mediated by the AB
linker (See Figure 7-Closed Model). On the other hand, the removal of
the AB linker by alternative splicing eliminates the autoinhibitory
function of the extracellular domain (D2). The heparan sulfate-binding
site (HBS-Red) is in D2. The Ligand Binding Site is composed of the D2
-D3 linker region and the D3 domain (GREEN). The heparan binding
site (HBS: RED) is in D2 and the Heparan sulfate-FGF2 binding site
(GREEN) is in D3. (This figure is a modification of Figure 2 in
Mohammadi, M et al. Cytokine Growth Factor Rev. 16, 107-137 (2005)
with permission of the publisher
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-p38aMAPK to the MuSC daughter cells that results in
the loss of asymmetric replication [1-4] This gain of

equal distribution of P-p38aMAPK activity establishes

that both cells loose replicative capacity but retain
capability of terminal differentiation [1, 2, 4, 31].
Importantly, the increased level of P-p38aMAPK activity
mediates the increased transcription of miR-1 and
miR-133, both of which down regulate the cell cycle,
thus promoting the SCQ (Figure 1). Secondly, the
HS-FGF-2 activation of FGFR1 signaling is desensitized

so that its rigorous control of P-p380MAPK activity is

uncoupled, thus enabling the increase in P-p38aMAPK
activity to proceed in response to chronic inflammatory
challenges. Furthermore, the failure of over-sulfated
HS-FGF-2 to activate FGFR1 is an important
characteristic of the overall physiological milieu of the
aged skeletal muscle that contributes to the loss of
replicative capacity of the MuSC. We propose that the

loss of the rigorous homeostatic control of p38aMAPK

activity by desensitization of the HS-FGF-2-FGFR1
complex enables the sterile inflammation-mediated
elevation of the P-p38aMAPK activity to promote the
loss of asymmetry and replicative capacity and the

progression of the aging phenotype in response to
sterile inflammation.

The Muscle Heparanome is Altered in Aged Skeletal
Muscle: The Role of Over Sulfated Heparan Sulfate
Modlification in Aged Muscle

HS functions are linked to specific sulfation
structural modifications that differentially activate
HS-FGF-2-FGFR1 ligand-receptor binding [35, 57, 58]
[58-61]. A major causative factor of the age-associated
decrease in regenerative capacity of MuSC is
attributed to the a) level of extracellular sulfated
glycosaminoglycans (GAG), [1, 2, 13, 33, 34, 58, 62]
and b) the pattern of heparan sulfate modifications.
These physiological characteristics promote signaling
alterations in aged MuSCs (Figure 5, 6) [35, 58, 63].
This involves an age-associated overall increase in
6-O-sulfation of HS as occurs in the quadriceps of aged
mice (1 year and 2 year old) compared to young mice (3
mos old) [36]. On the other hand, desulfation of the 2-O
position in the HS chain promotes premature senescence
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in various cell lines, e.g., MCF7 and HDF cells [64] which
is consistent with the cell type specificities of HS
sulfation. Furthermore, the specificity of sulfation at the
2-O-position prevents the stimulation of FGFR1 signaling
and senescence [62, 64]. The 2-O position in HS thus
plays an important role in preventing cellular senescence
via the modulation of FGFR1 signaling. We propose that
over-sulfated HS, a characteristic of aged MuSCs,
dramatically reduces MuSC numbers, i.e., proliferative
capacity, but does not affect differentiation, even at high
concentrations [61]. These differential responses are
thus due to the increased age-associated HS levels, to
differential sites of sulfation of HS oligosaccharides, and
to the resultant structural changes caused by these
modifications (Figure 5, 6]. Furthermore, this is
attributed to cell cycle arrest promoted by over-sulfated
heparan. This sequence of physiological events is
consistent with the observation that there is an increase
in 6-O-sulfation in aging muscle and that aged
over-sulfated MuSCs are impaired [1, 2, 13, 33, 36].
Importantly our hypothesis is further supported by the
observation that treatment with a  specific
over-sulfated HS mimetic results in the loss of MuSC
proliferation [36, 61]. Thus, an increase in 6-O-sulfation,
which is mimicked by 2-de-sulfated-N-acetylated
heparin, also results in the loss of proliferation; this
mimetic contains a greater proportion of 6-O-sulfation as
a result of selective desulfation of the 2-O and N-
positions (Figures 5, 6]. Levels of 6-O-sulfation of
endogenous HS increase with age as well as when MuSC
-derived myoblasts exit the cell cycle to initiate terminal
differentiation [36]. These observations support our
proposal that age-associated /loss of proliferative
capacity of MuSC is linked to the desensitization of
FGFR-1-signaling caused by the inability of over-sulfated
HS-FGF-2 to bind to an oversulfated HS-FGFR-2
complex. This would explain the failure of an
age-associated increase in over-sulfated HS-FGF-2 to
stimulate MuSC proliferation. In general, the
physiological activities of HS sulfation are consistent with
the aging phenotype of MuSCs. This supports our
proposal that modification of HS-sulfation patterns
attenuate HS-mediated signaling and contribute to the
loss of proliferative capacity.
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Figure 5. Structural representations of heparan sulfate (HS) and
heparin (Hp) and their binding motifs proposed for FGF-2 and FGF-1
(See also Figure 6)

Heparan sulfate (HS) and Heparin (Hp) share a precursor
disaccharide composed of glucuronic acid/iduronic (GlcA/IdoA) and
glucosamine (GIcN). This precursor disaccharide is used to
build up their backbone structure which is composed of [D-GIcA-(-1-
4)- a-GIcN]. Heparin (Hp) is composed of alternating 4-linked uronic
acid and 4-linked a-glucosamine (GIcN) units with varying substitu-
tions. The major disaccharide is predominantly composed of a disac-
charide unit. Other disaccharides composed of non-sulfated iduronic
acid (IdoA), glucuronic acid (GlcA), N-acetyl glucosamine (GIcNAc), N
-sulfated glucosamine (GIcNS3S6S) also occur but at lower levels.
Heparan sulfate (HS) is less modified than Hp and is mainly com-
posed of alternating unsulfated GIcA and GIcNAC units. (This Figure
is a modification of Figure 1A in Pomin, VH Biochimie 127, 214-226,
(2016) with permission of the publisher.
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Figure 6. The (A) FGF-2 and (B) FGF-1 binding sites. Structural representations of Heparin (Hp) and Heparan
sulfate (HS) and their binding motifs proposed for (A) FGF-2 and (B) FGF-1. (A) The FGF-2 binding site is
proposed as the following pentasaccharide structure [—4)-D-GIcA/L-IdoA-B/a(1 — 4)-D-GIcNS-a(1 — 4)-D-GIcA/
L-IdoA-B/a(1 — 4)-D-GIcNS-a(1 — 4)-L-IdoA2S-a(1—]. (B) The FGF-1-binding site is proposed as the following
pentasaccharide/heptasaccharide structure—4)-L-IdoA2S-a(1—4)-D-GIcNS6S-a(1 — 4)-L-IdoA2S-a(1—]. (C)
Molecular model of FGF-2-FGFR1-Hp-tetrasaccharide [Pellegrini et al (2000); Schlessinger et al (2000)]. The
model shows the surface of FGF-2, the D2 domain and the Hp tetrasacchride (stick model). O; and O, indicates
the reducing and non-reducing ends and the 2:2;2 molecular ratio of the complex components The Hp ligands
bind symmetrically on the canyon formed by the complex FGFR1 dimer-FGF-2-dimer In all panels the glycosidic
bonds are indicated in ellipses whereas monosaccharide types are indicated in rectangles. Sulfation is highlighted
in cyan. (This Figure is a modification of Figure 1B and 1C in Pomin VH Biochemie 127, 214-226 (2016) and Fig-
ure 4 in Schlessinger, J et al. Molecular Cell 6, 743-750 (2000) with permission from the publisher.
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The mechanism of activation of FGFR1
signaling involves the formation and stabilization of a
2:2 HS-FGF-2-FGFR1 signal transducing dimer (Figure 3,
6C ; [44, 56]). HS interacts with the heparan sulfate
binding site (HBS) of the FGFR1 D2 domain and the
HS-FGF-2 ligand binding site (D2-D3) (Figures 4, 7). This
enhances protein-protein interaction at the dimer
interface thereby sustaining dimerization [65] which
activates signaling via tyrosine phosphorylation of the
intracellular kinase domains (Figure 6c; [66, 67]). The
binding of HS-FGF-2 creates the docking sites for
recruitment and phosphorylation of downstream
signaling substrates that mediate changes in gene
expression [68]. More specifically, identification of the
structure that includes the sequence of monosaccharides
and sites of sulfation of HS has shown that overall the
minimal FGF HS binding sequence exhibits a high degree
of FGF specificity. Thus, the specificity of the minimal
FGF-2 HS binding sequence requires the 2-O-sulfation at
the IdoA site combined with N-sulfation at GIcN as the
key structural requirement of interaction (Figures 5, 6;
[58, 69]). Furthermore, the importance of the specificity
of HS sulfation for a particular FGF ligand is indicated by
the specificity of the minimal FGF1 binding sequence,
which is a structure, composed of 5-7 monosaccharides
containing a critical trisulfated IdoA2S-GIcNS6S that is,
however, inactive with FGF-2 (Figure 6). On the other
hand, the inability of over-sulfated HS-FGF-2 to bind to
the D2-D3 domain is a factor in the failure to elicit the
FGFR1 dimerization required for its activation (Figure 4,
6¢, 7). Thus, desensitization of FGFR1 may in part be
due to the structural changes conferred upon a
functional complex by an over-sulfated HS-FGF-2
thereby preventing its binding and activation of receptor
phosphorylation of the intracellular kinase domains [66,
67]. This orientation is consistent with the inability of
over-sulfated HS-FGF-2 to bind to the D2-D3
domain and consequently the failure to elicit FGFR1
dimerization-activation (Figures 4, 6, 7). Thus, the
importance of the position of sulfation is seen by the
6-O-sulfation of GIcN that is functional for FGF-1 but
non-functional for FGF-2 binding [69]. This
demonstrates that alteration of these specific patterns of

sulfation in aged MuSCs, as a consequence of
over-sulfation of HS, is a major factor in the
DOI :
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desensitization-dysregulation of the FGF-2-FGFR1

signaling complex.

The OPEN-CLOSE Model of the HS-FGF-2-FGFRI-
P3SAMAPK  Axis:
Reversal of Replicative Capacity of Senescent MuSC.

Autoinhibition-Desensitization and

Uncontrolled FGF signaling is associated with the
development of human malignancies and other
pathophysiological syndromes. The control of these
FGF-linked pathophysiological characteristics is achieved
by a self-regulatory mechanism, i.e., FGFR-autoinhibition
that controls FGFR activity. This autoinhibition is
mediated by the D1 domain and acid box (AB)
containing linker (Figure 4, 7). It serves as a defense
mechanism that minimizes and controls the level of
FGF-2 signaling that maintains the P-p380MAPK activity
required for efficient juvenile cell metabolic
performance. This is critical for beneficial juvenile MuSC
functions and homeostasis. Furthermore, with the
progression of the MuSC aging phenotype, accumulation
of over-sulfated HS-FGF-2 desensitizes FGFR1 signaling
and loss of autoinhibitional control thereby enabling the
elevation and stabilization of P-p380MAPK activity in
response to chronic sterile inflammation. We thus
propose the OPEN-CLOSED model [24] as a mechanism
by which the D1 and AB/linker mediate the molecular
interactions that control the beneficial homeostatic levels
of P-p38aMAPK activity and the
proliferation of juvenile MuSCs.

regulation of

The OPEN model shown in Figue 7D-F, provides
a mechanism for the autoinhibition-mediated control of
the level of coupled P-p380aMAPK activity essential for
juvenile cell myogenesis, whereas age-associated
modifications driven by elevated over-sulfated HS-FGF2
and HS-modified receptor (HBS) results in the
desensitization of FGFR1 and loss of the Axis regulatory
function.

The mechanism by which D1 and AB/linker
impose receptor autoinhibition is attributed to the
“electrostatic interactions” of AB with D2 and
intramolecular interactions of D1 with HS- FGF-2
ligand [24]. We present the following mechanism of
age-associated inactivation-desensitization of FGFR1 and

the reactivation of the HS-FGF-2-FGFR1-p38aMAPK-Axis
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Figure 7. The heparan sulfate, FGF-2, FGFR1, interactions of the OPEN-CLOSE model that regulates the
HS-FGF-2-FGFR1-p38aMAPK Axis in juvenile MuSCs and promote the desensitization-dysregulation of
FGFR1 signaling in aged MuSCs.

A, B, C: The CLOSED model in juvenile MuSC: The equilibrium in juvenile MuSC favors the OPEN function
of HS-FGF2-FGFR-1-p38aMAPK axis. In this model there is a (A) controlled autoinhibition that prevents
uncontrolled FGF signaling which controls the level of p38aMAPK activity; this also maintains beneficial
levels of P-p38aMAPK activity and beneficial homeostatic levels of P-p38aMAPK activity. This supports a
balanced myogenesis.

In the aged MuSCs the equilibrium favors the desensitization-dysregulation of FGFR1 and inhibition of the
HS-FGF-2-FGFR1-p38aMAPK Axis. The desensitization of. the Axis Heparan sulfate (HS) thus enforces the

elevation and stabilization of levels of P-p380MAPK activity. This physiological picture of the exogenous
D1, D2, D3 FGFR1 domains that mediate the (D) ligand dependent dimerization needed for signal
activation. In this model the level of autoinhibition of FGFR1 tightly regulates the level of coupled
p38aMAPK signaling activity by (A) (a partial) steric autoinhibition of ligand binding to FGFR1; (B) Direct
(partial) sulfoinhibition of HS binding to FGFR1; (C) Partial steric autoinhibition of receptor-receptor
interaction. The levels of these interactions in the juvenile MuSCs regulate the beneficial, homeostatic
levels of P-p380MAPK (and other Axis targets) as depicted by the OPEN model. D, E, F: The OPEN model
The equilibrium indicates that the OPEN model predominates thus promoting the progression of
myogenesis. This establishes the level of P-p380MAPK activity needed for the beneficial functions of the

juvenile MuSCs (D, E, F). This physiological milieu promotes the replicative and regenerative capacity in
myogenesis. This figure is a modification of Figure 6 in Kalinina J. al. Structure 20, 77-88 (2012) with
permission from the publisher.
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by the reprogramming of aged MuSC signaling to a
juvenile phenotype (Figure 7D-F):

D1 prevents the binding of HS-FGF-2-ligand to
D3 and HS-binding (HBS) interacting with D2-D3. This
complex suppresses both HS-FGF-2 ligand (A) and
HS-binding affinity of the receptor (B) [50]). We propose
that the failure of HS binding and HS-ligand-receptor
interaction results in the partial autoinhibition that
regulates the level of P-p380aMAPK activity. This occurs
in the juvenile MuSCs and depends on the low level of
HS over-sulfation. Alternatively, the desensitization of
FGFR1 signaling in the aged MuSC is due to the
age-associated increase of over-sulfated HS and shift in
equilibrium (Figure 7B).

D. The Open Circle

e In the juvenile MuSCs the negatively charged AB
subregion of the AB/linker electrostatically engages the
positively charged HBS site of D2 thereby enforcing a
partial suppression of HS binding that promotes the

autoinhibition of p38aMAPK (Figure 7D, E, F).

Surface electrostatic potential of the first
monomeric HS-FGF-2-FGFR1 complex indicates that the
HBS on D2 (Figure 4, 7D) forms a contiguous positively
charged surface (Figure 7C-F: [70] that promotes the

regulation of p38aMAPK.

The electrostatic interactions of AB with D2 in
turn promote intramolecular interactions of D1 with
HS-FGF-2-ligand binding sites in the D2-D3 region to
suppress ligand binding [47].

e The AB/linker region plays an important role in
FGFR1 autoinhibition and the coupled regulation of
p38aMAPK levels in juvenile MuSCs (Figure 7D-F). This
is a partial reversible desensitization of FGFR1.

e The juvenile equilibrium controls the level of
P-p380MAPK activity via the level of HS-FGF-2-FGFR1 at

equilibrium.

e Desensitization of the HS-FGF-2-FGFR1 function is
due to age-associated MuSC impairment, which involves
the inhibition of the complex formation due to over-
sulfation of HS-FGFR1 (Figure 7A-C).
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In aged tissue the equilibrium shifts to the
CLOSED FGFR1 structure. This desensitization decreases

the Axis activation of p38aMAPK and enables the sterile
inflammation-activation to elevate and stabilize P-p38a/

B MAPK activity.

The conversion of FGFRs by alternative splicing
produces isoforms whose altered functions include the
loss of autoinhibition thereby resulting in an uncoupled

increase of p38aMAPK activity. The alternatively spliced

FGFRs regulate such normal processes as embryonic
development and adult metabolism [24, 71-73] as well
as cancer metabolism. We propose that autoinhibition of
FGFRs, as mediated by either the interaction with over-
sulfated HS-FGF-FGFR  or alternatively  spliced
immunoglobulin (Ig) domain 1 (D1) and the acid box
(AB)-containing linker, may play a role in the
desensitization-dysregulation of FGFRs in aged MuSC.
This is done by uncoupling and enabling elevated

p38aMAPK activity to proceed thereby allowing the

increased stabilized activity of this inflammatory
pathway and its stimulation of cell cycle inhibiting
miRNAs (Figure 1). We note here, however, that there is
no evidence that alternative splicing occurs in aged
MuSC.

Is the Age Associated FGFR1 Desensitization and Loss of
Self-Renewal Associated with (a) Protein Modification or
(b) Redox Regulation?

The increased P-p38aMAPK activity and its
insensitivity to over-sulfated HS-FGF-2 in aged
MuSCs [1, 2] is attributed to the loss of function of
HS-FGF-2-FGFR1. However, other age-associated factors
may contribute to the loss of function of HS-FGF-2-
FGFR1 signaling such as: a) increased receptor
post-translational maodification, e.g., chronic
inflammation-promoted oxidative modification of FGFR
proteins; b) modification(s) that block signal
transduction via the extracellular D1, D2, D3 domains or
the FGFR-cytoplasmic kinase domain may alter the
structure of the binding domains thereby resulting in
desensitization and loss of function. The protein
structure caused by disulfide linkages of D1, D2, or D3
(Figure 4) may be important for the maintenance of
their functions which may be abrogated by their
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reduction to  cysteines. These  modifications
may, for example, achieve a reversible sulfhydryl
oxidation-reduction desensitization-reactivation of
reduced D1, D2, D3 domains [74]. Thus,
HS-FGF-2-ligand mediated stimulation of FGFR1 may be
desensitized by products of the metabolic environment
of chronic inflammation.

On the other hand, there are 3 Gly residues,
GOGCTG, also known as the Gly logp in the kinase
domain that is a universally conserved signature motif
among all protein kinases [75]. This loop is directly
involved in catalysis of ser/thr kinases, (CAMP dependent
protein kinases [76] and FPS (a PTK; [77]. The receptor
kinases in FGF2 --> miR-29a all contain a cysteine
residue (Cys 488 in FGFR1) which is a redox site in their
kinase domain. The observation that FGFR1 is subject
to redox regulation via the Cys residue in the Gly loop
suggests that this may also be a regulatory event
associated with the elevated redox state (sterile chronic
inflammation) of the aged MuSCs. FGFR1 has been
shown to form a disulfide linked dimer under oxidizing
conditions, but mutation of Cys 488 does not completely
abolish the dimerization suggesting that the oxidation of
other residues may also be involved in dimerization. At
the same time a symmetric dimer of FGFR2 has been
reported [78] indicating that disulfide bridges can be
part of the mechanism of dimerization and
desensitization of the FGFRs. We thus propose that the
SCQ of aged skeletal MuSCs may be susceptible to the
oxidative milieu of chronic sterile inflammation
(Figure 1).

Contributions of the Sproutyl (spry1) and FGF2 --> miR-
29a pathway: How do they fit into our Model?

Under normal juvenile skeletal muscle
physiological conditions (homeostasis) the MuSCs,
juvenile and aged, are in a state of reversible quiescence
[33, 79, 80]; they also exhibit a negligible turnover. Only
the juvenile MuSCs can enter the cell cycle when they
are activated to proliferate in muscle repair and
regeneration [80, 81].

Monitoring of aged cycling MuSC identified two
populations of cells, the most abundant of which showed
an increase in breaking quiescence (as indicated by
BudR incorporation). Very importantly, however, their
potential for self-renewal and contribution to the
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progression of myogenesis is significantly curtailed [40,
79]. These breakthrough senescent cells also have lower
levels of Sprouty which decreases the level of inhibition
of FGF-2 signaling and also serves as an important
factor that promotes satellite cell quiescence [81]. Thus,
in the aged breakout MuSCs, although the inhibition of
FGF-2 by Sprouty is reduced, the over-sulfated HS, the
desensitization of FGFR1, and the elevated levels of
P-p380MAPK activity persist and maintain the ability to
promote apoptosis rather than proliferation and
myogenesis. This suggests that the uncoupled increased
level of P-p380MAPK activity promotes the p38aMAPK
apoptotic pathway. It is interesting, therefore, that in
the juvenile MuSC the level of Sprouty inhibitory activity
combined with the controlled autoinhibition of FGFR1
appear to synergistically support the homeostatic level
of beneficial activity of the HS-FGF-2-FGFR1-p380MAPK
Axis. This is in keeping with the Axis-coupled control of
P-p380MAPK activity, the
maintenance of a beneficial juvenile homeostasis. In the
aged MuSC, however, although treatment with FGF-2
stimulates their exit from quiescence, these cells do not
undergo self-renewal, but instead, exhibit an increase in
cell death, a process that can be promoted by the

elevated P-p380MAPK activity.

which is essential for

The FGF2--> miR-29a Stimulation of Regenerative
Proliferation.

The FGF-2 mediated stimulation of regenerative
myoblast proliferation is linked to the FGF-2 regulated

activation of miR-29a that mediates basement
membrane protein alterations in preparation for
proliferation [82]. Thus, the inhibition of major

basement membrane structural proteins, e.g., Col4al,
Lamc 1, Nid2, and HSPg2, whose inhibition is associated
with the initiation of MuSC regenerative-proliferation, in
vivo, is regulated by miR-29a. Furthermore, evidence for
the role of FGF-2 --> miR-29a activation in the
stimulation of MuSC proliferation is supported by the
observation that Tamoxifen-induced deletion of miR-29a
in adult MuSC decreases the proliferation and formation
of newly formed myofibers during both CTX-induced
muscle injury and after a strong bout of exercise [82].
This suggests that the desensitization of FGFR1 by
over-sulfation of HS-FGF-2 in aged MuSCs has the
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potential to abrogate the FGF2 --> miR-29a pathway
and its promotion of MuSC proliferation if this interaction
is indeed linked to the influence of over-sulfation and
the desensitization of FGF-2-FGFR1 signaling. On the
other hand, if, in the aged MuSC FGF2 --> miR-29a is
independent of an FGF-2-FGFR1 activation the
over-sulfated HS-FGF-2 desensitized complex may
independently down regulate the stimulation of miR-29a.
Thus, the desensitized HS-FGF-2 may not be able to
activate the miR-29a thereby failing to promote the
dismantling of the basement membrane and initiation of
proliferation. At the same time, these aged MuSC are
activated and exit the quiescent state, but their
self-renewal and contribution to the progression of
myogenesis is significantly decreased. Since these
MuSC take the pathway to apoptosis instead of
proliferation-differentiation [33], we propose that the

elevated P-p38aMAPK, which plays an important role in
the stimulation of apoptosis, may be an important factor

in promoting their cell death. We also propose that the
desensitized FGFR1 may contribute to their apoptosis.

Although  miR-29a  stimulates  myoblast
proliferation it is not clear whether this process proceeds

via the HS-FGF2-FGFR1-p380MAPK Axis or whether it is
a direct FGF2 --> miR-29a — proliferation pathway.

We have presented a mechanism by which
HS-FGF-2-FGFR1 stimulates myoblast miR-1 and
miR-133 transcription and downregulation of their
targets, Spl and cyclin D1, which inhibits cell cycle
progression. Furthermore, the lower levels of Sprouty
inhibition of the receptor tyrosine phosphorylation and
the FGF-2 stimulation of miR-29a in juvenile MuSCs
support the breakout of senescent MuSCs and the
initiation of their self-renewal and proliferation. We
propose that these miRNAs, by directly controlling
cell cycle inhibitor activity, and the integrity of the

basement membrane synergistically regulate
myogenic  proliferation and differentiation. The
desensitization-dysregulation of these synergistic

interactions result in the failure of aged MuSCs to
mediate  MuSC  self-renewal and regenerative
proliferation.

Conclusions

We have proposed a molecular mechanism that
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the HS-FGF-2-FGFR1-
p380MAPK Axis and Sproutyl to juvenile self renewal

links activities of juvenile

and the alterations of the Axis, and Sproutyl activities,
to the age-associated decline of self-renewal and
regenerative capacity. Our mechanism proposes that the
HS-FGF-2-FGFR1-p380MAPK Axis and Sproutyl activities
are tightly regulated in juvenile skeletal MuSCs thereby
supporting a beneficial homeostasis of the MuSC, while
as aging progresses these satellite cells develop their
Axis and Sprouty 1 senescent physiological
characteristics. This enables the state of sterile
inflammation to promote an elevated and sustained level
of P-p380MAPK activity in aged MuSC [1, 2, 4, 21, 22].
This mechanism involves an impaired response of FGFR1
to over-sulfated HS-FGF-2-ligand that uncouples the
FGFR1 p380MAPK activity. These
age - associated physiological  developments
synergistically promote the decline of self-renewal and
regenerative capacity as follows: a) the development of
desensitization-dysregulation of HS-FGF-2-FGFR1
signaling, that is a function of over-sulfated HS [1,2] and
b) desensitization uncouples the FGFR1 regulation of
P-p380MAPK activity while, ¢) the decreased inhibition
of the kinase domain
desensitization promotes

regulation of

by Sproutyl along with
the increased level of
p380MAPK activity by the state of sterile inflammation;
d) the age-associated state of chronic inflammation can,
in the absence of FGFR-controlled signaling, promote an

elevated level of P-p38aMAPK activity [23-26]. We thus

propose that the combined HS-FGF-2-FGFR1-p380MAPK
and Sproutyl signaling are tightly linked processes that
regulate the level of P-p38aMAPK activity, an event that
is critical to the beneficial homeostasis and healthspan
of juvenile MuSC; that the autoinhibitory processing of
FGFR1 plays an important role in controlling the level of
HS-FGF-2 signaling in juvenile MuSC thereby maintaining
of p38OMAPK activity. These
age-associated alterations
desensitization of the FGFR1 regulation of P-p38aMAPK
activity in aged satellite cells thereby enabling the
chronic sterile inflammation and/or a response to
exogenous toxins to promote and sustain an elevated

a beneficial level

result in an uncoupled
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P-p380MAPK activity. An important consequence of the

increased P-p38aMAPK activity involves the increased

transcription of the cell cycle inhibitors, miR-1 and
miR-133 [37, 38]. These miRNAs attenuate expression
of the cell cycle regulators, SP1 and cyclin D1, resulting
in a G1/S arrest i.e., the quiescence of the MuSCs
(Figure 1).

The age-associated stimulation of the
cell-cycle-inhibiting miRNAs, i.e., miR-1 and miR-133 is
increased in response to the increased P-p380MAPK
activity. This promotes the SCQ of MuSC. At the
same time, the desensitization-dysregulation of the
HS-FGF-2-FGFR1 interaction uncouples its coordinated
and rigorous control of P-p380MAPK thus enabling an
elevated, sterile, chronic endogenous and/or exogenous
inflammation-mediated increased expression of P-p38Q
MAPK activity and miRNA transcription.

Our proposal, suggesting that HS-FGF-2-FGFR1

signaling regulates the level of P-p38aMAPK activity in
juvenile MuSC and that this interaction is uncoupled in
aged MuSCs, is experimentally supported by the
observation that a) inhibition of FGFR1 signaling reduces
P-p38a MAPK activity in juvenile MuSCs but not in aged
MuSCs [1,2,4]; b); inhibiton of FGFR1 by SU5402
FGFR1 of P-p38a MAPK

phosphorylation in juvenile MuSCs but has no effect on
the phosphorylation in aged MuSCs [1]; c) treatment of

eliminates stimulation

young MuSC in culture with FGF-2 stimulates P-p38a

MAPK phosphorylation but has no effect upon aged
MuSCs; d) addition of FGF-2 to young MuSCs in culture

stimulates p38a/BMAPK phosphorylation but has no
effect on p380/BMAPK phosphorylation in aged MuSCs;

e) p380/BMAPK is insensitive to HS-FGF-2 due to the

loss of function of FGFR1 signaling. This suggests that
coupled HS-FGF-2 mediated stimulation of FGFR1

signaling p380/BMAPK;
this highlights the insensitivity of p38a/BMAPK to

over-sulfated HS-FGF-2 in aged MuSCs; f) ectopic
activation of FGFR1 signaling and partial inhibition of

p380/BMAPK in  MuSCs

targets and  activates

of aged mice restores

asymmetric localization of p380/BMAPK thus partially
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rescuing self-renewal in cultured cells [1, 2].

The extracellular matrix plays a major role
in the promotion of juvenile skeletal muscle
regeneration-proliferation and the age-associated loss of
self-renewal. The FGF2 stimulation of miR-29a is
another signaling pathway that stimulates the initiation
of MuSC proliferation. This pathway involves the
targeted downregulation of major basement membrane
structural proteins of the skeletal muscle, which
dismantles the basement membrane thereby allowing
the transport of FGF-2 into MuSCs during its early phase
of initiation of proliferation [82]. Thus, in aged MuSCs
the expression and maintenance of higher levels of
these basement membrane proteins favors MuSC
quiescence as compared to their inhibition and
dismantling of the basement membrane required for the
initiation of proliferation of juvenile cells. The stimulation
of FGF2 --> miR-29a thus promotes the dismantling of
glycoproteins of the basement membrane that facilitates
FGF-2 transport and activation of the FGF2-FGFR1
interaction and activation of the Axis.

The selective modifications of HS mimetics
convincingly supports our proposal that the alteration of
the levels or patterns of these modifications promote
differential proliferation vs. differentiation [61]. These 3
specific key site modifications of the basic disaccaride,
Gluc/IdoA and GlcnAg, i.e., R1, R2 and R3, (in Figure 6;
[36], exhibit a high degree of specificity for their
interaction with FGF ligand. The formation of additional
3-0 suflation provide evidence that selective sulfation
modifications influence differentiation and
proliferation [61]. Furthermore, varying levels of
sulfation in specific positions and/or combinations that
mimic the types of HS found in vivo, (sulfation in one,
two and/or all three positions, HS sulfated in more than
3 positions, and over sulfation in which additional
3-O-sulfations occur in glucosamine and uronic acid),
provide strong evidence that the activity of different HS
mimetics are structure-specific and concentration
dependent, and that almost all of the HS-mimetics
produce a marked reduction in differentiation and an
overall increase in numbers of heparan oversulfated
cells. The exception to this general trend, the over-
sulfated heparin mimetic, that did not reduce
differentiation even at high concentrations, but
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dramatically reduced cell numbers attributed to the
induction of cell cycle arrest [36]. This is consistent with
the observation that sulfation levels of endogenous HS
increase when MuSC derived myoblasts exit the cell
cycle to differentiate. The transition of a replicative
myoblast to a non-replicative myofiber is an excellent
example of gaining/losing replicative vs non-
replicative phenotypes. The metabolic characteristics of
this event, i.e., the transition of a replicatively
competent cell to a non-replicative fiber cell, is an
excellent example of gaining/losing replicative capacity
in terminal differentiation. Further studies showed that
the HS mimetics did not affect myoblast fusion.

P-p380MAPK actively participates as a regulator
of myoblast proliferation-to-differentiation in juvenile
MuSCs by inducing cell cycle withdrawal and the
repression of myogenesis associated genes. Thus, in
p380MAPK exerts its
functions, in part, by binding to and acting at specific
chromatin sites that encompass a large set of myogenic
gene promoters. This interaction facilitates myogenic
gene activation and repression, i.e., the silencing of
proliferation associated genes and activation of
differentiation promoting genes [83]. Thus, by

associating with chromatin, in juvenile cells, p380MAPK

juvenile MuSCs, myogenic

uncovers classes of genes associated with the transition
of myoblasts from proliferation-to-differentiation [83].
On the other hand the aged quiescent MuSC are
exposed to elevated levels of p38aMAPK while the
transmission from proliferation-to-differentiation is
blocked. Thus, although the aged MuSC can be activated
they proceed to enter the apoptotic pathway in response
to the elevated p38aMAPK promotion of apoptosis [80,
84]. We thus propose that contrary to activation of the
proliferation-to-differentiation taken by juvenile MuSC,
which occurs under conditions of beneficial p38aMAPK
homeostasis, the activated aged MuSCs response may
be due to the state of chronic sterile inflammation,

FGFR1 insensitivity and elevated levels of P-p38aMAPK.
Sirtl, a class III deacetylase, is another
regulatory protein that mediates chromatin binding

negative regulation of myogenesis.  The negative
response of Sirtl may be promoted by the elevated
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levels of p38aMAPK. Thus,
consequences of elevated age-associated state of
chronic inflammation may contribute to the loss of MuSC
proliferative capacity.

it appears that the

p380MAPK controls the transition of myoblasts
from proliferating-to-differentiating stages. It also plays
a key role in the inhibition of the differentiation program
by promoting MEF2 transcriptional activity and MyoD/
E47 heterodimer formation by direct phosphorylation of
MEF2 and E47 [85]. p380MAPK thus arises as a master
kinase for reprogramming gene expression during the
proliferation-to-differentiation transition of satellite cells,
both in vitro and in vivo [86]. However, as noted above
the age-associated, altered milieu supports the loss of
replicative capacity and the fact that terminal
differentiation can occur results in the decline of the
MuSC pool level.

In juvenile MuSC, p38aMAPK is recruited to a
large set of gene promoters. This facilitates the
activation or repression of genes associated with
myogenesis. On the other hand, the progression of the
aging muscle phenotype promotes the decline of
juvenile protective factors, i.e., proteins whose benéeficial
functions translate directly to the self-renewal of
progenitor cells and the quality of life provided by a
beneficial homeostasis. Thus, the characteristics of the
aging phenotype (AP) are the consequences of the

elevated levels of p380MAPK activity. This is suggested

by the downregulation of the level of p38aMAPK activity

in the aged dominant negative p38MAPK mutant in
which the appearance of multiple age-associated
markers of aging are delayed. [18, 23]. Parabiosis, the

AF)MAPK, and the
genetic control i.e., downregulation of the level of
AP IMAPK
mutant all indicate that the age-associated phenotype is

pharmacological inhibition of p38cx(
p38aMAP in the dominant negative p380((

associated with the elevated p38aMAPK promoted by

the age-associated development of the state of chronic
sterile inflammation. We conclude that the maintenance

of low levels of p38aMAPK and a beneficial homeostasis

(as in juvenile MuSC) may delay or attenuate the
progression of the aging phenotype.
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By using the dominant negative p380MAPK
mouse (DN- p380*7*) we demonstrated that the in vivo

reduction of p38QaMAPK activity in the gastrocnemius of
the aged mutant (20 mos old) promoted the following
changes: a) the age-associated decline of BuBR1,
aldehyde dehydrogenases1Al and mitochondrial ALDH2
were all delayed in the aged mutant; b) the
age-associated increase of p16™* and p19*" tumor
suppressor genes of the Cdkn2a locus was attenuated;
c) the decreased level of hydroxynonenal protein
adducts; the expression of COX2 and iNOS levels were
attenuated; d) the delayed decline of senescent MuSC
pool levels and, d) the loss of gastrocnemius muscle
mass [23]. These studies showed that the control of

p380MAPK activity promotes the delay of MuSC aging;
and establishes the homeostasis of juvenile p38aMAPK

activity [23, 87]. We thus propose that p38aMAPK is
crucial to the onset and progression of skeletal muscle
differentiation. Moreover, it modulates the expression
and/or activity of many of the genes involved in the
transitional proliferation-to-differentiation and epigenetic
regulation of myogenesis [87, 88].

Sirtl is a member of the class III deacetylase
family [89]. It is regulated by the free concentration of
NAD* [90]; and acetylated lysine 16 of histone H4
(H4K16ac] is its preferred histone substrate [91]. Thus,
Sirtl enzymology becomes a rapid biochemical system
through which changes in the metabolic milieu can be
converted into distinct epigenetic states and patterns of
gene expression.

Sirtl and p38aMAPK are chromatin interacting
proteins that play a critical role in muscle differentiation.
Sirtl activity involves a negative effect on the activation
of myogenesis [92]. In this case the regulation of Sirtl
expression levels is dependent upon the decline in the
NAD*/NADH ratio [93]. Thus, the decline of Sirtl levels
that occurs in aged MuSC results in the differentiation of
C2C12 and primary human skeletal myoblasts which is
indicative of its effect on differentiation. Thus, in the

aged MuSC both p38aMAPK and Sirtl promote a decline

in replicative potential. This is indicative of the role of
Sirtl in myofiber formation (terminal differentiation) in
the myogenesis program. The regulatory Sirtl -
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chromatin interaction occurs simultaneously with the
p380MAPK regulatory chromatin-associated processes.
This suggests that the
p38aMAPKaand metabolic-mediated Sirtl

myogenesis demonstrate a co-ordinated participation
and crosstalk interactions that promotes the
proliferation-to-differentiation of juvenile MuSC.

The underlying molecular mechanisms
responsible for the inhibition of myogenesis are
attributed to the specific recruitment of Sirtl to muscle
regulatory regions on chromatin through its interaction
with the MyoD/ACAF complex and the histone
acetyltransferase. Sirtl controls the activity of the
myogenic factor, MEF2. This complex promotes the
deactivation of histones on muscle specific enhancers
and repression of the myogenic gene program.
Furthermore, it has been shown that restricted glucose
availability is one of the signals that inhibits muscle
differentiation in a Sirtl dependent manner. This
involves the activation of AMPK, a sensor of cellular
energy levels which results in enhanced expression of
nicotinamide monoribosyl transferase (Nampt) that is
the rate limiting enzyme in the biosynthetic pathway
that synthesizes NAD* from nicotinamide. The
consequences of Nampt may thus alter the NAD*/NADH
ratio thereby resulting in the down regulation of Srtl.

inflammation-mediated

regulated

In addition to the negative role of Sirtl, studies
with muscle cell precursors suggest that its enhanced
expression promotes proliferation by inhibiting the
expression of the cell cycle inhibitors, p21"27P and
p21¥P [94]. Low oxygen growth conditions have also
been identified as a factor that controls Sirtl expression

in MuSCs. Thus, p38aMAPK and Sirtl appear to be
central factors of the mechanism that controls the

balance between muscle cell precursor proliferation and
differentiation in response to environmental challenges.

Sirtl is a member of the class III deacetylase
family [89, 90]. It is regulated by the free concentration
of NAD™" [89, 90] and acetylated lysine 16 of histone H4
(H4K16ac] is its preferred histone substrate [91]. Thus,
Sirtl enzymology becomes a biochemical system
through which metabolic changes can be converted into
distinct epigenetic states and patterns of gene
expression.
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Following proliferation MuSC enter a quiescent
state [84, 95, 96]. In response to injury the activated
quiescent juvenile MuSC enter the cell cycle, These cells
are characterized by the presence of MyoD, a muscle
specific transcription factor and give rise to proliferating
muscle precursors which upon expression of myogenin
proceed to repair the damaged muscle [79]. During the
transition from quiescent cells to activated cells the
underlying changes in metabolism occur, i.e., a
metabolic shift from fatty acid and pyruvate oxidation in
quiescent cells to an increase in glycolysis
and glutaminolysis in the activated proliferating
cells [92]. This metabolic reprogramming is associated
with a decrease in the intracellular NAD*/NADH ratio
thereby reducing Sirtl-mediated deactivation of
H4K16ac, and activation of the myogenic program.
MuSC derived from mice with a muscle specific
inactivation of the Sirtl deacetylase domain (Sirt1™)
display increased H4K16ac and dysregulated activation
of the myogenic program. In addition, the Sirt ™ mice
have reduced myofiber size and exhibit impaired muscle
regeneration. The results of these experiments have
demonstrated that MuSC undergo a switch from fatty
acid and pyruvate oxidation to glycolysis which is
associated with the NAD*/NADH ratio that mediates the
down regulation of Sirtl activity. This class III protein
deacetylase uses NAD* as a cofactor in such a way that
its activity is modulated by the NAD*/NADH ratio.

Sirtl1 is a relevant factor in chromatin
remodeling by its histone deactivation and modulation.
It regulates the activity of multiple transcription factors
and co-regulators of cell metabolism, growth,
differentiation, survival, apoptosis, inflammation and
stress response [97]. More specifically the linkage of
Sirtl activity to metabolic activity enables it to play a
crucial role in muscle differentiation and metabolism that
involves a negative effect on myogenesis [93] i.e., on
the differentiation of primary human skeletal myoblasts.
The complexity of myogenesis is therefore clearly seen

in the crosstalk of the FGF2-FGFR1-p380MAPK axis and

Sirtl. Both of these signaling processes mediate
chromatin  modifications  that  synchronize the
proliferation-to-differentiation process. The metabolic

modifications, e.g., elevated levels of p38aMAPK and
altered NAD*/NADH mediate major changes; their
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crosstalk results in the age-associated changes in MuSC
proliferative capacity and differentiation.

Micro RNAs, many of which are associated with
p38aMAPK, play a major regulatory role in the processes
of skeletal muscle aging [98]. This involves their
interaction with p38aMAPK in the regulation of the cell

cycle inhibitors, miR-1 and miR-133. Mi-RNAs are well
established factors that promote the loss of replicative
capacity of aged MuSC. p38aMAPK modulates the
expression and/or activity of many of the miRNA players
involved in the transcriptional and epigenetic regulation
of myogenesis [87, 98]

Two classes of molecule—non-coding small RNAs
(miRNAs) and RNA binding proteins (RBPs) mediate the
post-translational regulation of Sirtl. More than 16
miRNAs that are differentially expressed in aged skeletal
muscle modulate Sirtl expression one of which is
miR-34a [98]. PCR analyses have shown that the
expression of miR-34a-5p and miR-19a are significantly
elevated in senescent cells. PCR analyses show that the
expression of miR-34a-5p (and mir-449-5p) are
significantly higher in an elderly human cohort (mean
age 82,4+-3.3 years compared to a young cohort (mean
age 37.6 +,- 14.5 years) [98]. Furthermore, the
expression of key target genes in senescent skeletal
muscle associated with Sirtl and p38QaMAPK signaling
was significantly increased in sarcopenia patients [98].
In conclusion it was proposed that miR-19a and miR-34a
play a regulatory role in skeletal muscle aging. The
repression of levels of Sirtl in cellular senescence

involves the interaction of p38aMAPK, miR-19a, and miR

-34a which are significant factors associated with human
MuSC senescence.

These studies have shown that muscle aging is
associated with an increase in 6-O-sulfation and it is well
established that aged MuSCs are impaired. The increase
in 6-O sulfation inhibits myogenesis by inhibiting
myoblast differentiation without promoting proliferation,
further support a key role for HS-mediated signaling in
age-associated MuSC impairment.

Our proposes a

interaction between HS-FGF2-FGFR-1-p38aMAPK,
Sproutyl, miR-1, miR-133, miR-29a that mediate the

mechanism synergistic
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juvenile proliferative activity vs the age-associated loss
of proliferative capacity of the MuSC. Our hypothesis
unifies the role of the extracellular niche and intracellular
milieu in the stimulation of juvenile proliferation vs the
age-associated decline of MuSC self-renewal and
regenerative proliferation.
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