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ABSTRACT

Although the O-GIcNAcylation process was discovered in 1984, its potential role in the
physiology and physiopathology of skeletal muscle only emerged twenty years later. An increasing
number of publications strongly support a key role of O-GIcNAcylation in the modulation of important
cellular processes which are essential for skeletal muscle functions. Indeed, over a thousand of O-
GlcNAcylated proteins have been identified within skeletal muscle since 2004, which belong to various

classes of proteins, including sarcomeric proteins.

In this review, we focused on these myofibrillar proteins, including contractile and structural
proteins. Because of the modification of motor and regulatory proteins, the regulatory myosin light chain
(MLC2) is related to several reports that support a key role of O-GlcNAcylation in the fine modulation
of calcium activation parameters of skeletal muscle fibers, depending on muscle phenotype and muscle
work. In addition, another key function of O-GIcNAcylation has recently emerged in the regulation of
organization and reorganization of the sarcomere. All together, this data supports a key role of O-
GIcNAcylation in the homeostasis of sarcomeric cytoskeleton, known to be disturbed in many related

muscle disorders.



INTRODUCTION

Skeletal muscle is recognized to be an intricate and highly complex machinery whose function
is to generate force through muscle contraction.! Indeed, the efficient work of skeletal muscle is allowed
by specialized myofibrils resulting from end to end arrangement of sarcomeres. The sarcomere is the
functional unit of skeletal muscle (and in larger extent of striated muscles) and results from the strict
organization of extremely sophisticated macromolecular protein complexes within a cytoskeletal
network, termed nowadays ‘“sarcomeric cytoskeleton”.*® The precise and conserved localization of
constitutive proteins of these complexes is highly regulated, and leads to regular arrangement of the thin
and thick filaments predominantly composed of actin and myosin; these two contractile proteins
transiently interact during the cross-bridge cycles, leading to filament sliding and so generating force.*
Among actin and myosin which drive the mechanism of contraction, additional proteins regulate the
process; in particular, tropomyosin coordinates the activation of thin filament, and the troponin complex
modulates actomyosin cross-bridge formation. In addition to the thin and thick filaments, a third
filament, composed of the giant protein titin, contributes to sarcomere elasticity and completes its
organization through the constitution of a genuine scaffold which permits the anchoring of several
proteins and regulation of their sarcomeric localization. Titin filament is essential to muscle function
ensuring not only the modulation of mechanical elasticity properties, but also the modulation of

intracellular signaling pathways.®

While the contractile apparatus has to be maintained in this semi-crystalline organization to
ensure its work, the sarcomeric cytoskeleton is neither passive nor static, but outstandingly dynamic. As
consequence, all the components of this cytoskeletal framework need to be strictly maintained in an
equilibrium in terms of protein-turnover, assembly and maintenance.®® It is worth to note that
phosphorylation regulates some aspects of this structural homeostasis, in particular through the
modulation of protein-protein interactions at two nodal points of the sarcomere: M-band and Z-disk.
Phosphorylation is involved in the formation and maintenance of the structural interactome, as it was
demonstrated for telethonin,® myomesin,'®! or desmin.'? Interestingly, changes of protein

phosphorylation were associated to skeletal muscle disorders, such as for desmin filaments*2 or MyBPC



in mouse dystrophic muscles.*® Phosphorylation is also involved in the modulation of skeletal muscle
contraction in particular through the modification of regulatory myosin light chain which provides a

molecular memory of contraction.'*

In addition, another post-translational modification emerged in the last fifteen years which is
crucial in the physiology and physiopathology of skeletal muscle. This post-translational modification,
termed O-GIcNAcylation (O-N-acetyl-R-D-glucosaminylation), corresponds to an atypical
glycosylation since a unique monosaccharide, the N-acetyl-D-glucosamine, is linked on hydroxyl group
of serine and threonine amino acids of a protein through a R-linkage® (for recent reviews'’-%%). In
addition, O-GIlcNAcylation is highly dynamic and reversible (such as phosphorylation) because of a
unique pair of antagonist enzymes: the OGT or O-GIcNAc transferase, which transfers the
monosaccharide onto a protein,?>?! and the OGA or O-GIlcNAcase, which removes it.?22* In the overall
skeletal muscle cell, over a thousand of O-GIcNAc-modified proteins have been identified since 2004.24
29 The nature of these proteins is diverse, including contractile, sarcolemmal, structural and cytoskeletal
proteins, which are involved in sarcomeric cytoarchitecture; an updated and summarized schematic
cartoon of the O-GIcNAcylated skeletal muscle proteome is presented figure 1. The nature of O-
GlcNAcylated proteins is even more diverse, including mitochondrial proteins, enzymes, transcription
factors and signaling proteins as well. Thus, akin to phosphorylation,®-32 O-GIcNAcylation could play
a significant role in sarcomere regulation as well as in various physiological functions of skeletal muscle.
This review discusses the updated involvements of O-GIcNAcylation in the modulation of contractile
and structural properties of skeletal muscle, as well as its potential repercussion in a physio-pathological

context.



O-GLCNACYLATION: A MODULATOR OF CALCIUM ACTIVATION PROPERTIES OF

THE SARCOMERE IN SKELETAL MUSCLE
A first story with evidences

Many O-GIcNAc-modified contractile proteins as well as regulatory proteins of the contraction
have been identified within the sarcomere of skeletal muscle including actin, myosins, myosin light
chains (the essential MLC or MLC1, and the regulatory MLC or MLC2), and tropomyosins, troponins
T and I, respectively (Figure 1). In the view of a large number of contractile and regulatory proteins
bearing O-GIcNAc moiety, our lab focused on the involvement of O-GIcNAcylation in skeletal muscle
contractility and successfully highlighted O-GIcNAcylation as a modulator of calcium activation
properties of the sarcomere using skinned skeletal muscle fibers. Measurement of relative tension
developed by the fiber depending on various calcium concentrations (tension/pCa relationship) led to
determine four parameters (i) the calcium sensitivity of sarcomere from pCa threshold for fiber tension
activation; (ii) the affinity of sarcomere for calcium from pCaso for 50% of maximal developed tension;
and (iii) the cooperativity between the different regulatory proteins (troponins and tropomyosins) within
the thin filaments from the slope of the curve (Hill coefficient nu) (Figure 2).2* The maximal tension P
developed by the fiber, induced by a saturating calcium concentration (pCa 4.2), had been consequently

determined as well (Figure 2).%

In a first approach, fibers from slow-twitch rat soleus were incubated with N-acetyl-D-
glucosamine (GIcNAc) in excess to impair potential O-GIcNAc-dependent protein-protein
interactions.?® Compared to control conditions, T/pCa relationship shifted toward lower pCa values
(Figure 2). The pCa threshold and pCaso value were significantly reduced, meaning that calcium
sensitivity and affinity of sarcomere were decreased respectively. Hill coefficient (ny) and Po value were
not significantly altered (Figure 2). Interestingly, when GIcNAc was then removed from the solution,
the modulated effects were fully reversible and returned to control values.?® These results were also
reproduced on human skeletal muscle fibers, and confirmed the reversible decrease of sarcomere
sensitivity and affinity to calcium.® Additional experiments were done on rat soleus fibers after an

increase of global O-GIcNAc level by using PUGNACc and Thiamet-G, both potent inhibitors of O-



GlcNAcase (OGA).% Unlike the excess GICtNAc conditions, T/pCa relationship was shifted to higher
pCa values (Figure 2). Indeed, pCaso value was significantly increased (but not pCa threshold value)
meaning that calcium affinity of sarcomere was increased, whereas Hill coefficient (ny) and Po value
were not significantly altered (Figure 2).% This first story with evidences revealed that calcium
activation properties of sarcomere were modulated according to O-GIcNAcylation. However, the exact
mechanism(s) involved in the modulation of calcium activation parameters through O-GIcNAcylation

is (are) still not well understood and need to be clarified.

In this last study, the regulatory myosin light chain sMLC2 was the only slow fiber isoform
presenting a significant modulation and increase of O-GIcNAcylation in slow-twitch skinned rat soleus
treated with PUGNAC (the rest of proteins showing a modulation of O-GIcNAcylation belonged to fast
isoforms and were then excluded from the study). Thus, sSMLC2 was proposed to be one of the candidate
proteins which could be involved in the regulation of calcium activation parameters of skeletal muscle

fibers through its O-GIcNAcylation (for review?¢).?

The regulatory myosin light chain (MLC2): a candidate protein involved in this mechanism

Calcium release from sarcoplasmic reticulum is essential for skeletal muscle to modulate
actomyosin interactions and contraction. Calcium binds troponin C that changes the conformational state
of tropomyosin and troponin complex to provide free binding sites on actin filaments to myosin motor
domain and assists actomyosin interactions (for reviews*3°).3-4% If calcium is essential to trigger the
sliding theory of actomyosin filaments, it can also modulate the contraction in another way. Indeed,
through the increase of cytoplasmic calcium concentration, four calcium ions bind calmodulin and
initiate its interaction with Myosin Light Chain Kinase (MLCK).** This Ca?*/calmodulin-dependent
serine-threonine protein kinase is thus activated, and exposes its catalytic domain to phosphorylate the
disordered N-terminal region of SMLC2 at Ser14 (or Ser15 for fMLC2) (for review**). The MLC2 non-
covalently surrounds the neck domain of myosin and provides it a mechanical support.*>** Although

non-essential for contraction, phosphorylation of regulatory light chains enhances sarcomere



contractility, especially by increasing the calcium sensitivity.**#> This raise of calcium sensitivity is
proportional to ATPase activity of actomyosin and suggests that MLC2 phosphorylation enhances the
number of actomyosin cross-bridges.*® More precisely, some studies revealed that addition of negative
charge from phosphate leads to position shift of myosin heads through electrostatic repulsive forces
between MLC2 and myosin heavy chains. The myosin motor domain is moved toward actin thin
filaments axially and proximally which facilitates cross-bridges formation.*’~*° From a kinetic point of
view, MLC2 phosphorylation is slower than contraction and would be a biochemical memory to enhance
muscle mechanical functions during prolonged or repetitive activity, and modulate muscle fatigue.**
This molecular mechanism is also reversible through myosin phosphatase target subunit 2 (MYPT2)%

and protein phosphatase 1 (PP1)0°! that recognizes and dephosphorylates MLC2, respectively.

Interestingly, MLC2 has been identified as O-GIcNAcylated in skeletal muscle.?® While the O-
GIcNAcylation site is not precisely localized to date in skeletal muscle, it is mapped in cardiac muscle
tissue at Ser15.52 Interestingly, this potential O-GIcNAcylated site on slow skeletal isoform is located to
the only site of phosphorylation at Serl4 on sMLC2.“4%2 Thus, O-GIcNAcylation would play a
significant role in calcium activation properties of sarcomere including a close interplay with
phosphorylation in skeletal muscle. In this way, an original study on rat soleus showed that
phosphorylation and O-GIcNAcylation were mutually exclusive on sMLC2.%® This fine interplay was
reinforced by the interaction of enzymes involved in O-GlcNAcylation and phosphorylation of MLC2,
i.e. the pairs MLCK/MYPT2/PP1 and OGT/OGA, within a multienzymatic complex around the Z-line
of the sarcomere (Figure 3); it was the first report showing that OGT and OGA presented a preferential
localization at the Z-line in striated muscle and in less extent to the I-band.>® To support the key role of
this multienzymatic complex in the modulation of O-GIcNAcylation/phosphorylation interplay in the
fine regulation of SMLC2 activity, it was demonstrated that the co-localization of MLCK and OGA
changed in disuse conditions, in correlation with changes in the level of O-GlcNAcylation and
phosphorylation on SMLC2 (this specific point will be discussed later in this review).>® However, the
exact role and molecular mechanism of O-GIcNAcylation on MLC2 is still unknown. Its involvement

in the modulation of electrostatic forces between MLC2 and MHC seems unlikely, since O-GIcNACc is



a non-charged moiety. One hypothesis would be that O-GIcNAc moiety causes a steric hindrance
between MLC2 and MHC since O-GIcNACc gets its large size due to its Stokes radius which is four to
five times larger than a phosphate.> Taken together, this data strongly suggests that MLC2 is one of the
protein candidates to explain the role of O-GIcNAcylation as a modulator of contractile activity in

skeletal muscle.

The dynamic of O-GlcNAcylation/phosphorylation interplay on MLC2 varies according to

activity pattern of skeletal muscle

(i) Impact of exercise on O-GIcNAcylation/phosphorylation of MLC2. Two recent studies revealed the
impact of exercise on the interplay between phosphorylation and O-GIcNAcylation on rat MLC2,
considering a treadmill running through a single acute exercise (exercise exhaustion) or a long-term

exercise (6-weeks training).>°®

After a single acute exercise, whereas the global O-GIcNAcylation level remained unchanged
in both slow-twitch soleus and fast-twitch EDL,® a fine modulation of O-GIcNAcylation was observed
on some specific myofilament proteins.> Indeed, in the soleus, the O-GIcNAc level of SMLC2 tended
to slightly increase (p=0.07), while its phosphorylation significantly decreased.>® The modulation of
sMLC2 phosphorylation and O-GIcNAcylation was reversed and similar to control after 24h recovery.>®
After this acute exercise, expression of MLCK was not altered in the total extract, whereas its expression
in the myofilament fraction was decreased (Figure 4). The modulation of SMLC2 and MLCK seemed
to be swift since a 100 sec in situ exercise protocol (fatiguing shortening contractions) in the soleus
showed both a decrease of SMLC2 phosphorylation and MLCK expression in myofilament fraction.>® It
reveals a quick responding system, and might suggest changes of MLCK localization by dissociating
the enzyme from the myofilament to reduce the amount of available MLCK near SMLC2. As already
described above, MLCK can be localized at the sarcomere within a multienzymatic complex including
OGA and OGT (Figure 3).>® However, after acute exercise, expression of O-GIcNAc processing

enzymes OGT/OGA was not altered in the total nor in myofilament fraction, and rather suggested that



enzyme activity could change to finely modulate the O-GIcNAcylation level in the soleus.>® Regarding
EDL, no changes of fMLC2 phosphorylation/O-GIcNAcylation balance or regulating enzyme
expressions were observed.>® This data reinforces the paradigm of a differential modulation of fatigue
through MLC2, and in fine the calcium sensitivity of sarcomere, between slow and fast-twitch skeletal
muscles (Figure 4) (for review®?).585° The role of O-GIcNAcylation in this mechanism is still unclear
and might be complex, since unlike the soleus and EDL, the global O-GIcNAcylation level of fast-twitch
white gastrocnemius was significantly increased following a single acute exercise in rat; however post-
translational modifications of MLC2 were not investigated (Figure 4).°° Such complexity was also
displayed at resting conditions since O-GlcNAcylation and phosphorylation level of MLC2 were higher
in EDL compared with soleus, on slow as well as on fast isoforms; there was also a discrepancy between

the two type of muscles in the expression of proteins involved in both post-translational modifications.*

Unlike a single acute exercise, a long-term training program on rat led to an increase of global
O-GIcNAcylation level in the total extract of soleus and EDL, but remained unaltered in the myofilament
fraction (Figure 4).%® In the soleus, phosphorylation of SMLC2 decreased while its O-GIcNAcylation
was not modified; the fMLC2 post-translational modifications in EDL were not provided. Finally, in the
soleus, expression of MLCK was decreased in the myofilament fraction and in the total extract as well
(Figure 4).% Contrary to the acute exercise and a potential relocalization of MLCK, the involvement of
transcriptional mechanisms was also suggested for the regulation of MLCK expression in a long-term
exercise. Interestingly, OGA expression was decreased in the total extract but not in the myofilament
fraction, which could explain the increase of global O-GIcNACc level in soleus. In contrast, expression

of the regulating enzymes was not altered in the EDL (Figure 4).%°

Thus, these O-GIcNAc adaptations following skeletal muscle activity seemed to be fully
different according to exercise protocol as well as skeletal muscle fiber type. Using the “MLC2 case”,
first concepts can be assumed since a single acute exercise might involve local short-term O-GIcNAc-
related adaptations on localization and protein activity. In another way, a long-term exercise might
involve additional global long-term O-GIcNAc-related adaptations on gene expressions (Figure 4). The

differences observed between muscle types might also be partly explained by a differential metabolism
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linked to O-GIcNAcylation. Indeed, the modulation of the O-GIcNAc pattern and the O-GIcNAc
processing enzymes is also completely different between both of these muscle fiber type at resting
conditions.®®? [t is well known that the metabolism and stress response between fast-twitch glycolytic
muscles and slow-twitch oxidative muscles are different; this could suggest a differential modulation of
the O-GIcNAcylation process with differential consequences on cellular functions during basal and

exercise conditions (for recent review®?),

(ii) Impact of disuse on O-GIcNAcylation/phosphorylation of MLC2. In a model of disuse atrophy (rat
model of hindlimb unloading (HU)), it was shown that global O-GIcNAcylation level decreased in the
soleus (whereas it increased in EDL),% while specific variations were investigated on proteins of
interest, in particular MLC2. Following 14-days HU, sSMLC2 O-GIcNAcylation decreased while its
phosphorylation increased (Figure 5).5% This modulation of these post-translational modifications was
totally reversed and returned to control values after 14-days reloading.>® Interestingly, both post-
translational modifications were mutually exclusive on sSMLC2, and the multienzymatic complex
involved in O-GIcNAc and phospho-MLC2 modifications, seemed to be partially reorganized at the Z-
line where the colocalization between the MLCK and OGA was increased (Figure 3).> Interestingly, in
the cardiac tissue of diabetic STZ-rats and diabetic human patient where global O-GIcNAcylation level
is increased and sarcomere calcium sensitivity is decreased, OGT and OGA localization pattern
appeared to be redistributed along the sarcomere. This observation was associated with an increase of
OGA interactions with a-actin, a-tropomyosin, and MLC1, whereas its interaction with OGT was
unaltered.®® In the context of skeletal muscle disuse, we can likely assume that potential fine
relocalizations and changes of interactions might happen between enzymes regulating O-GIcNAc- and
phospho-MLC2 modifications (Figure 3). A second level of regulation showed that OGT and OGA
activities were respectively increased and decreased in atrophied soleus following HU period (Figure
5).%1 A potential redistribution of enzymes within the sarcomere associated to a change of activity might
result to a change of O-GIcNAcylation/phosphorylation stoichiometry in some compartments within the

sarcomere, and explain the fine regulation of PTMs of some key myofilament proteins, including MLC2.
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Such further investigations could reinforce the close interplay concept between phosphorylation and O-
GlcNAcylation to modulate MLC2 functions, as well as contractile properties in atrophied soleus

regardless of muscle mass loss.

In human, sMLC2 was also altered following 60-days Bed-Rest.* Indeed, MLC2 O-
GlcNAcylation decreased while its phosphorylation increased (Figure 5),% which was associated to
impairment of sarcomeric calcium properties.®® These changes were accompanied by slow-to-fast
transitions in Myosin Heavy and Light chains, as well as troponin C and T.%* The modulation of muscle
phenotype and MLC2 modifications was fully reversed following a resistance training program and
aerobic exercises during Bed-Rest while branched chain amino acids supplementation was not
successful to counteract the atrophy phenotype nor the MLC2 modifications (Figure 5).54 Unfortunately,
the modification of O-GIcNAcylation and phosphorylation pattern on MLC2 were not investigated in
human EDL following Bed-Rest. It would have been interesting to compare the molecular response of

the EDL, since the modulation after exercise seems to be dependent of muscle phenotype.

It is worth noting that several data suggested that phosphorylation of MLC2 was closely
associated to increase of calcium sensitivity of muscle fibers.1*44%> However, disuse and aging are
closely associated to decrease of calcium sensitivity®® whereas MLC2 phosphorylation increases;®”%
thus, the decrease of calcium sensitivity during HU might not only result from variation of
phosphorylation. While it was demonstrated that O-GlIcNAcylation could be involved in the modulation
of calcium activation parameters in skeletal muscle,??%*® potentially via the regulatory Myosin Light
Chain MLC2, it is reasonable to hypothesize that MLC2’s O-GIcNAcylation changes could be
associated to changes in calcium sensitivity observed during functional atrophy. As support to this
hypothesis, decrease of SMLC2 O-GIcNAcylation was observed in rat HU and human Bed-Rest, which
may explain the decrease of calcium sensitivity throughout functional atrophy of soleus. From this view,
changes of O-GIcNAcylation of SMLC2 seem to be associated with contractile dysfunction whereas
phosphorylation changes associated to muscle plasticity could be rather associated with phenotypic
changes. More studies need to be done to precisely define the role the O-GIcNAcylation/phosphorylation

balance of MLC2 and how it works on skeletal contractility as well as on muscle phenotype changes.
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Indeed, decrease of MLC2 O-GIcNAcylation has been shown to be associated with slow-to-fast
transitions in human soleus after Bed-Rest as previously described. It has also been shown that a global
increase of O-GIcNAcylation in skeletal muscle occurs during aging,®® associated to sarcopenia and
slow-to-fast changes; however, O-GIcNAcylation of MLC2 has not been studied. From this second

view, it would be worth to investigate this context, regardless of phosphorylation.

Other candidate proteins to explain the modulation of the calcium properties of skeletal muscle

through O-GIcNAcylation?

Although MLC2 could explain the modulation of calcium activation properties by O-
GlcNAcylation not only in skeletal muscle but also in cardiac muscle,® the involvement of other

contractile or regulatory proteins cannot be excluded.

For instance, troponins | and T have been identified as being O-GIcNAcylated in skeletal and
cardiac muscle.?>52 Phosphorylation on Ser23 and 24 of troponin | through PKA (Protein Kinase A) is
known to decrease the calcium sensitivity in cardiac cells;® however, cardiac skinned fibers exposed to
free GICNAC in excess also showed a decrease in calcium sensitivity without affecting phosphorylation
on Ser23/24 of troponin 1.2 Moreover, in myectomy samples from patients affected by hypertrophic
obstructive cardiomyopathy due to troponin T abnormality, level of Tnl Ser23/24 phosphorylation was
decreased and not associated to any alteration of calcium sensitivity.” In another way, troponin I is also
described to be O-GIcNAcylated or phosphorylated on Ser150 through PAKS3 (Serine/Threonine-protein
kinase PAK3); the phosphorylation at that site increased the calcium sensitivity,”>”® but the role of O-

GIcNAc moiety on this amino acid residue has not been yet investigated.

In another study, a dynamism between O-GIcNAcylation and phosphorylation was recently described
on cardiac troponin T from ischemic heart cells where contractile properties are altered.” However, in
our model of slow fibers exposed to OGA inhibitors,?® even if fast isoforms TnT and Tnl showed an
increase of their O-GIcNAcylation level, they are not expressed in slow-twitch soleus; so, TnT O-

GIcNAcylation could not explain the modulation of the calcium activation properties of the sarcomere
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in this context.?® It is worth noting that many sarcomeric proteins, including troponins, contain
intrinsically disordered regions,”>’® that might serve as crucial regulators for different cellular
mechanisms.”” O-GIcNAcylation preferentially occurs in secondary structures such as loop and
disorganized regions instead of a-helix or B-helix peptides.” Thus, more O-GIcNAc sites might be
expected in this class of proteins, such as troponins or others, known to be involved in calcium properties
of sarcomere. In STZ-rat heart, MHC, a-sarcomeric actin and a-tropomyosin also displayed an increase
of O-GIcNAcylation on some identified sites.®® Although the phenotype was associated with a decrease
of sarcomere calcium sensitivity, these specific O-GIcNAc changes have not yet been investigated
related to calcium sensitivity. To elucidate the role of O-GlcNAcylation at local level, precise O-GIcNAc
mapping site identification on these proteins of interest is required. Thus, SMLC2 is to date the only
actor described in the skeletal muscle that could modulate the calcium activation properties of sarcomere
through O-GIcNAcylation. However, its exact molecular mechanism, as well as its close interplay with
phosphorylation, especially through the action and the regulation of multienzymatic complex within the
sarcomere Z-line, needs to be investigated in further studies. Moreover, most of the contractile and
regulatory proteins previously cited are involved in the length-dependent activation of sarcomere. Since
the global O-GIcNAcylation level impacts the morphometry of sarcomere (i.e. sarcomere length
discussed later in this review) in skeletal muscle cells,? the potential effect of O-GIcNAcylation in this
mechanism associated to calcium properties of sarcomere should be investigated to bring new insights

in the regulation of striated muscle contractility.

EMERGENCE OF A NEW ROLE OF O-GLCNACYLATION IN THE SARCOMERE

STRUCTURE OF SKELETAL MUSCLE

It is well known that skeletal muscle, characterized by its striated appearance, has an incredible
architecture, essential for muscle functions including contraction. This structure is due to the accurate
and fine organization of actin and myosin myofilaments within the sarcomere (for reviews?37°80),
Although highly dynamic,? this sarcomeric organization is maintained through multiple protein-protein

interactions within an intricate sarcomeric cytoskeleton network, including structural proteins (for
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reviews?*8), In particular, the Z-1ine®28 and M-band® are described as nodal points and hotspots for
several dynamic interactions between different types of proteins (Figure 1). Some studies revealed that
post-translational modifications such as phosphorylation can modulate protein-protein interactions
known to be crucial for the sarcomere structure. Indeed, telethonin phosphorylation on its C-terminal
domain seems to be required for sarcomere assembly.® Moreover, other studies reported that
phosphorylation plays a significant role in titin-myomesin'® and ZASP-myotilin interactions.® Recent
mass spectrometry analysis revealed that the Z-line of striated muscle is a hotspot for protein
phosphorylation® and O-GIcNAcylation as well.?° Indeed, O-GIcNAcylation also modifies many key
structural proteins of the sarcomere, such as a-actinin, aB-crystallin, BAG3 (BCL2 Associated
Athanogene 3), desmin, filamin-C, myomesin, myopalladin, plectin, titin, ZASP (Z-band Alternatively

Spliced PDZ-motif), and so on (Figure 1).

In a recent study, we focused on the role of O-GIcNAcylation in sarcomere structure. Using
Thiamet-G to inhibit O-GlIcNAcase and increase the global O-GIcNAcylation level in C2C12 myotubes,
the main data of this study was a linear modulation of the sarcomeric morphometry according to
myofilament O-GIcNAc rate.?® Indeed, the dark band and M-band widths increased, while the I-band
width and the sarcomere length decreased according to myofilament O-GIcNAc level. Morphometry
parameters measurement is one of the strongest parameters of the sarcomere structure; thus, changes of
sarcomeric morphometry after O-GIcNAcylation modulations led to the conclusion that O-
GIcNAcylation was a key modulator of the sarcomeric structure. Interestingly, protein-protein
interactions within some protein complexes were modulated in parallel of the morphometry changes,
including some key structural proteins of the sarcomere, a-actinin, aB-crystallin, desmin and filamin-
C.% However, the direct link between the sarcomeric morphometry and the modulation of protein-

protein interactions through O-GIcNAcylation was not clearly established and needs to be clarified.

Interestingly, it was demonstrated that the interaction between desmin and its molecular
chaperone aB-crystallin, was significantly changed according to global O-GlcNAcylation level.?®
Desmin is the major intermediate filament protein in skeletal muscle, crucial for structural integrity of

sarcomere and the cell;® thus, a desmin knock-out in mice leads to sarcomeric structure impairments
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with a misalignment of Z-lines.” Moreover, desmin is a hotspot for many post-translational
modifications,® in particular O-GIcNAcylation, phosphorylation and ubiquitination. Interestingly, in
addition to being O-GIcNAcylated, desmin has lectin-like properties® and a broad interactome in
skeletal muscle cells.®® While phosphorylation is known to modulate desmin polymerization,®*°2 O-
GlIcNAcylation could be also involved in the polymerization state of desmin since O-GIcNAcylation
modulates cytokeratins filaments 8/18% and tubulin polymerization.®* Recently, an O-GIcNACc site has
been located on the Ser459 of desmin in murine skeletal muscle cells.?® SW13 cells transfected with
S4591 mutant desmin show shorter desmin filaments and desmin aggregations in the cytoplasm.%
Indeed, this amino-acid residue is located in the carboxy-terminal “’tail” domain of desmin, which
controls lateral packing, thus the diameter of intermediate filaments,?°" as well as longitudinal head-to-
tail tetramer assembly.®®% This domain also seemed to be involved in lateral interaction with other
cytoskeletal proteins.®®% The second actor, aB-crystallin, is known to be the molecular chaperone of
desmin, playing a role in the localization and aggregation of desmin filaments'® as well as in its
assembly.0 Activity of aB-crystallin was first known to be regulated by phosphorylation,021%% while
its O-GIcNAcylation on Thr170 seemed regulate its localization.?** Recently, the Thr162 residue on o.B-
crystallin was identified to be O-GIcNAcylated as well;?° this residue is located on its C-terminal domain
known to directly interact with desmin.1% The deletion of amino acid residues from position 155 to 165
on aB-crystallin leads to the increase of its cosedimentation with desmin and an improvement of
filament-filament interactions.'% Interestingly, repercussion of a.B-crystallin mutation, i.e. R120G, has
been described in a pathological context showing desmin aggregation features.*%%” However, the exact
role of Thr162 residue on aB-crystallin, as well as its O-GIcNAcylation have not been yet investigated.
Altogether, this data suggests that the involvement of aB-crystallin and desmin cannot be excluded to
explain the modulation of the sarcomere structure by protein-protein interactions changes through O-

GlIcNAcylation.

Other skeletal muscle proteins should not be excluded as well, and many investigations about
the role of O-GIcNAcylation in the modulation of protein-protein interactions must be pursued since

several O-GIcNACc sites have been identified in interaction domains of several protein of interest. Indeed,
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O-GIcNAc sites were found on MHC very close to its polymerization domain and its interaction domains
with myomesin and titin.?” It is worth noting that the O-GIcNAc site on MHC, which corresponds to the
Ser1708, is adjacent to Leul706 residue known to be mutated (L1706P) in Laing early onset distal
myopathy.?” Moreover, several O-GIcNAc sites were also identified on Kelch-12 domain in titin from
mouse, corresponding to the Immunoglobulin-like domain 123 in human.?® Titin is essential to
sarcomere organization; a decrease of its expression was associated to changes of sarcomere structure,
closely linked to a decrease of muscle performance in an hindlimb-unloading rat model.2%® Interestingly,
the O-GIcNAc site is located onto a crucial region for myosin polymerization and sarcomere assembly
since it interacts with MHC and MyBP-C.® Also, some O-GIcNAc sites have been identified into the
PxxP domain of BAG3, and in the plakin domain repeat B5 of plectin known to interact with SH3-

containing proteins and intermediate filament proteins respectively.?

Recently, it has been shown that O-GIcNAcylation could be involved in neuromuscular
diseases.’® In particular, it was demonstrated on human skeletal muscle biopsies that the O-
GlIcNAcylation signal seemed to be relocalized within fibers from patients suffering from muscular
dystrophies, rhabdomyolysis, myositis, distal myopathies with rimmed vacuoles, sporadic inclusion
body myositis and neurogenic muscular dystrophy. The O-GIcNAcylation involvement in the
physiopathology of muscular disorders is also supported by the mapping of O-GIcNACc sites, as
previously mentioned for Laing myopathy. In addition, an O-GIcNAcylation site was also mapped on
Ser459 of desmin.?® This site corresponds to Ser460 in human, known to be mutated in desminopathy.®®
Interestingly, SW13 cells transfected with desmin S4601 mutant exhibited short desmin filaments, with
irregular diameter and prominent aggregations randomly distributed in the cytoplasm, although C2C12
transfected cells did not seem to show abnormal desmin organization.*® Moreover, patients with S4601
desmin mutant displayed large autophagic vacuoles in muscle fibers.*> Desminopathies are classified as
myofibrillar myopathies and are characterized by a myofibrillar disorganization, especially from the Z-
disk, an alteration of protein-protein interactions, many aggregations of myofibrillar products
degradation and an ectopic expression of some proteins’® leading to skeletal muscle and cardiac

impairments. It is important to note that a modulation of the O-GIcNAc moiety could be involved in this
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pathogenicity. In addition, other genes are known to cause myofibrillar myopathies, such as genes
coding for aB-crystallin, myotilin, ZASP, filamin C, BAG3, FHL1 (Four and a Half LIM domains
protein 1) or plectin among others.!® Although some of these proteins are known to be O-GIcNAc
modified,? the role of some O-GIcNAc sites of interest have to be considered in the context of skeletal

muscle diseases in the future.

SUMMARY AND PERSPECTIVES

More and more studies strongly support the meaningful roles of O-GIcNAcylation in the skeletal
muscle physiology, in particular the modulation of muscle contraction through calcium activation
parameters, and the sarcomere structure among others cellular processes which were not considered in

this review, such as cellular stress, muscle metabolism or myogenesis (for recent review®?).

In this review, we focused on contractile and structural proteins of the sarcomere. However,
from our recent study, many O-GIlcNAcylated proteins of skeletal muscle cells (i.e. signaling proteins,
transcription factors, epigenetic regulators) are also located in other compartments (i.e. nucleus,
mitochondria), or are intended to go to these areas and might have a significant impact on the physiology
of skeletal muscle.?® For example, a conditional skeletal muscle OGT knock-out mouse model has been
recently made and did not change the force production of the muscle but altered its tissue composition,
glucose metabolism, and production of interleukin-15. The mice were less active and had higher whole-
body expenditure. In skeletal muscle, O-GIcNAcylation of the histone-lysine-N-methyltransferase
Enhancer of Zeste Homolog 2 (EZH2) represses the expression of 1L-15.1 Thus, it will be interesting
to see the impact of conditional and specific knock-out of different OGT and OGA isoforms in the
skeletal muscle physiology. Moreover, proteins known to have a primary role in the sarcomere and
regulation of contraction might also be located to other compartments. For example, troponin T3 (full-
length and fragmented forms from calpain 3 cleavage) can localize to the nuclei of skeletal muscle as
well, closely associated with RNA polymerase activity and nucleolar regions regulating apoptosis and

functioning as a transcription factors of genes involved in excitation-contraction coupling.t21!3 This
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phenomenon has been shown to be associated with sarcopenia.!*2!!3 Interestingly, troponin T is known

to be O-GIcNAcylated in skeletal muscle, but its function has not been yet investigated in this context.

From this review, O-GIcNAcylation seems to exert a key role in the sarcomeric cytoskeleton
equilibrium; however, it is well established that the sarcomere is not only fundamental for the generation
of force but is now considered as a nodal point for transduction involved in diseases and a target for
pharmacological intervention. Therefore, it would be essential to better understand the role of O-
GIcNAcylation in muscle function, including the organization and the reorganization of sarcomeric
cytoskeleton, among other mechanisms, and to clarify its involvement in different pathologies. Indeed,
the fine characterization of the impact of O-GIcNAcylation in skeletal muscle will allow the emergence
of new therapeutics to limit or reverse the muscle dysfunction closely associated to muscular or
neuromuscular diseases, but also resulting from other pathologies (such as diabetes, heart failure or

cancer) or physiological changes (such as aging for example).

What we described in this review might only be the “tip of the iceberg” regarding the role of O-
GlIcNAcylation in the physio(patho)logy of skeletal muscle. Whether it’s from global studies interested
in O-GIcNAc variations or recent targeted studies focused on identifying O-GIcNAc proteins and
mapping O-GIcNAc sites utilizing inventive biochemistry and mass spectrometry techniques, there has
been great progress in characterizing O-GIcNAcylation’s role in skeletal muscle physiology. In addition
to computational prediction of O-GIcNAc sites (for available platforms!'4), precise O-GIcNAc sites
identification studies need to be pursued in the near future. This would be one of the keys to understand
O-GIcNAcylation role on a protein of interest and then within the whole cell, especially in the context
of crosstalk with other post-translational modifications, such as phosphorylation or ubiquitination; most
of O-GIcNAc residues already identified have not yet established a role in the O-GIcNAc-mediated

skeletal physiology.
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FIGURE LEGENDS

Figure 1: Schematic cartoon of O-GIcNAc-modified proteins involved in the physiology of the
skeletal muscle. A non-exhaustive list of O-GIcNAc proteins identified in skeletal muscle cells is
displayed with a blue (*) symbol, whereas a non-exhaustive list of potential O-GIcNAc proteins is

displayed with an orange (#) symbol, since they have been identified in other cell types.

Figure 2: Impact of O-GIcNAcylation process on calcium activation properties of slow skeletal
muscle fibers isolated from soleus. Top, representative curve of the relation tension/pCa with pCa = -
log [Ca?*]. Tension corresponds to the ratio P/Po with P the tension developed by the fibers at a given
pCa, and P, the maximal tension developed by the fiber at a pCa4.2. The T/pCa curve following
modification of O-GIcNAcylation process were indicated. Bottom, table indicates the variation of
calcium activation parameters (threshold, Hill coefficient, pCaso and Po) following the modification of

the O-GIcNAcylation process.

Figure 3: Representative scheme of the preferential localization of OGT and OGA within the
sarcomere. Both OGT (orange triangle) and OGA (blue circle) are preferentially localized to the Z-line,
and in less extent, on I-band. According to physiological (exercise) or pathological (functional atrophy)
signals, the localization of OGT and OGA, so as their interaction with MLCK, PP1 and MYPT2 within

a multienzymatic complex, could change.

Figure 4: Differential regulation and modulation of O-GIcNAc/Phospho-MLC2 in rat slow-twitch

and fast-twitch muscles following exercises. N/A means Non-Available data in the literature.
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Figure 5: Differential regulation and modulation of O-GlcNAc/Phospho-MLC2 in slow-twitch and
fast-twitch muscles following disuse conditions in rat and human. N/A means Non-Available data

in the literature.
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