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Abstract: The coordination of cytoskeletal proteins shapes cell architectures and func-
tions. Age-related changes in cellular mechanical properties have been linked to decreased
cellular and tissue dysfunction. Studies have also found a relationship between mitochon-
drial function and the cytoskeleton. Cytoskeleton inhibitors impact mitochondrial quality
and function, including motility and morphology, membrane potential, and respiration.
The regulatory properties of the cytoskeleton on mitochondrial functions are involved
in the pathogenesis of several diseases. Disassembly of the axon’s cytoskeleton and the
release of neurofilament fragments have been documented during neurodegeneration.
However, these changes can also be related to mitochondrial impairments, spanning from
reduced mitochondrial quality to altered bioenergetics. Herein, we discuss recent research
highlighting some of the pathophysiological roles of cytoskeleton disassembly in aging,
neurodegeneration, and neuromuscular diseases, with a focus on studies that explored
the relationship between intermediate filaments and mitochondrial signaling as relevant
contributors to cellular health and disease.

Keywords: axonal transport; cell architecture; cell quality; cytoskeleton; mitochondrial
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1. Introduction

Cell architecture and function rely on the efficient coordination of dynamic cytoskeletal
proteins (i.e., actin microfilaments, microtubules, and intermediate filaments) that organize
and rapidly adapt their network upon internal and external stimuli [1].

Age-associated changes in cellular mechanical properties, including greater stiffness
and reduced elasticity and strength, have been described in several cell types, including
vascular endothelial cells, cardiomyocytes, skeletal muscle cells, and immune cells [2].
These changes usually lead to decreased cellular sensitivity and compromised tissue re-
sponsiveness [2].

During aging, a high collagen deposition and declines in elastin have been described
in vascular muscle cells [3,4], which reduce the contraction and dilation ability of blood
vessels [3-6]. Structural changes in cell mechanics have also been reported in aged car-
diomyocytes with higher crosslinking density of extracellular matrix and significant in-
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creases in cytoplasmic viscosity and cell adhesion of profibrotic fibroblasts [7]. Altogether,
these changes reduce cardiac tissue contraction and relaxation as well as increase the risk
of developing cardiovascular disease [7].

Age-related deteriorations of the musculoskeletal system are also well documented.
These include reduced bone mineral density and loss of skeletal muscle mass and strength,
which predispose to a higher risk of osteoporosis, fractures, sarcopenia, and physical
frailty [8,9]. Cellular and ultrastructural changes in skeletal myofibers and mononucleated
muscle stem cells/satellite cells (MSCs) have also been described in sarcopenia [10]. Of
note, sex-associated variations in such parameters have been reported and indicated as
relevant biological contributors to the frailty status [11]. Age-dependent changes in the
osteocyte cortical diameter, thickness, density, and porosities have been described in
preclinical models [12,13], with osteocyte mechanical degeneration implicated in bone mass
loss, altered mechanosensitive calcium signaling, and impaired bone mechanosensitive
responses [12,14,15].

Declines in immune cell functions with aging have also been associated with changes
in cell mechanics. An age-related deterioration of the lymphocyte cytoskeleton has been
described and related to increased stiffness in cells from old donors compared with young
counterparts [16]. Moreover, reduced membrane deformability of red blood cells with
aging has been associated with diminished cell function [17].

Most research has pinpointed the role of structural and architectural cytoskeletal
protein changes; however, emerging studies highlight a relationship between mitochondrial
features and signaling (e.g., motility and fission/fusion dynamics) and the activity of the
cytoskeleton [18-20].

Mitochondrial quality and function decline with aging, leading to the heightened
generation of reactive oxygen species (ROS) that contribute to cellular senescence and
aging [21,22]. Preclinical data indicate a close relationship between mitochondrial biogen-
esis and antioxidant activity [23]. In the setting of increased ROS production, oxidizing
reactions are triggered against cellular components, inflicting damage to nucleic acids,
proteins, and membrane lipids [24,25]. These modifications impact the function, conforma-
tion, and subcellular localization of these macromolecules and interfere with biomolecular
interactions and overall cellular function [25].

Experiments in cell culture systems have shown that cytoskeleton inhibitors impact mi-
tochondrial quality and function, including motility and morphology, membrane potential,
and respiration [19]. The regulatory effect of the cytoskeleton on mitochondrial bioenergetics
is even more relevant if considering its implications in several diseases. Growing evidence
reports the disassembly of an axon’s structure and release of neurofilament (Nfl) fragments
at the systemic level in individuals with neurodegenerative diseases [26-28]. Circulating
levels of Nfls may, therefore, mirror their abnormal accumulation and assembly in cell
bodies and the axon of motor neurons, which can interfere with normal axonal transport.
However, these changes can also be related to mitochondrial impairments spanning from
reduced mitochondrial quality to altered bioenergetics [29,30].

Herein, we discuss recent research highlighting some of the pathophysiological roles
of cytoskeleton disassembly in aging and pathological conditions with a focus on studies
identifying a relationship between intermediate filaments (IFs) and mitochondrial signaling
as relevant contributors to cellular health and disease.

2. Intermediate Filaments in the Economy of the Cytoskeleton

The cytoskeleton is the cellular scaffold composed of a dynamic set of proteins, in-
cluding actin microfilaments, microtubules, and IFs [1]. Of these, microtubules and acting
microfilaments exist in a few isoforms and share high degrees of similarity across eukaryotes.
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IFs are a large family of elongated proteins involved in maintaining structural and
mechanical cell’s integrity [31]. IFs contain a central conserved helix-loop-helix domain
of around 40 repeated motifs of seven amino acids forming extended spiral structures
with other monomers. Within a filament, a pair of parallel dimers associate with an
antiparallel pair, forming a staggered tetramer. Several tetramers join laterally to form
the filament, which comprises eight parallel protofilaments composed of tetramers. This
large number of stacked polypeptides aligned together, with the strong lateral hydrophobic
interactions typical of proteins with a spiral structure, confers IFs rope-like characteristics
without polarity. Remodeling of the IF network accompanies events that require a dynamic
reorganization of the cell, such as division, migration, and differentiation [31].

Cytoplasmic IFs can be grouped into three main classes, including types I and II keratin
filaments of epithelial cells, type III vimentin and vimentin-like filaments of connective
tissue, muscle, and neuroglial cells, and type IV Nfls of neurons (Figure 1).
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Figure 1. Schematic classification of intermediate filaments and protein types. Abbreviations: IF,
intermediate filament; NF-H, high molecular weight neurofilaments; NF-L, low molecular weight
neurofilaments; NF-M, middle molecular weight neurofilaments. Created in https://BioRender.com.

Types I and II keratin filaments include acidic and basic keratins assembling into
type I/type II heterodimers. Such keratin pairs can be found in single-layer epithelium
as simple keratins, in multilayer epithelium as epidermal keratins, and in nails and hair
as structural keratins [32]. Type III filament proteins include vimentin and vimentin-like
members (i.e., desmin, glial fibrillary acidic protein (GFAP), peripherin, and syncoilin),
forming homo- and heteropolymers [33,34]. Of these proteins, GFAP is expressed by glial
cells, while syncoilin can be found in muscle cells [35]. Peripherin is expressed by neurons
of the peripheral nervous system and participates in the assembly of Nfls with type IV IF
proteins. These latter include high molecular weight Nfl (NF-H, 200 kDa), middle molecular
weight Nfl (NF-M, 160 kDa), low molecular weight Nfl (NF-L, 68 kDa), and x-internexin in
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neurons [36]. Furthermore, synemin-« and synemin- are found in astrocytes, neurons,
and muscle cells, while nestin is expressed by stem and endothelial cells [36-38]. Keratins
and vimentin are building blocks of the cell cortex [39,40]. These filaments are involved in
the organization of a trans-cellular network that interconnects the plasma membrane and
the nuclear compartment of individual cells and tissues [41-43].

IFs are also an integral part of the nucleus with type V intranuclear filament proteins.
This class includes six proteins called lamin A, lamins B, B2, and B3, and lamin C1 and
C2 encoded by the alternative splicing of LMNA, LMNB1, and LMNB2 genes [44,45]
(Figure 1). IFs form tridimensional layers of lamins in the nucleus, the so-called nuclear
lamins, and support and shape the nuclear envelope while offering anchoring platforms
for chromosomes to guarantee nuclear and genome integrity [46]. Finally, an additional
class of IFs is that of type VI filaments composed of phakinin and filensin proteins. These
are expressed in eye lenses with structures differing from canonical IF proteins [47,48]
(Figure 1).

While this highly organized network structure emphasizes the mechanosensory roles
of IFs, these filaments serve other relevant functions, such as the detection of stress signals,
including oxidative stress [49].

3. Neurofilaments and Neurodegeneration

Nfls are found in high concentrations along neuronal axons in vertebrates as three
subtypes (NF-L, NF-M, and NF-H) that co-assemble in vivo and can form heteropolymers
with a-internexin in the central nervous system and with peripherin in the peripheral
nervous system [50,51]. Nfl proteins are expressed in different phases of neuronal growth
and development: NF-L with peripherin or x-internexin during neuronal differentiation,
NF-M concomitantly with axonal elongation, and NF-H together with radial outgrowth and
myelination [52,53]. Nfl proteins have an amino-terminal “head” domain for the initiation
of Nfl assembly, a central a-helical “rod” domain requested for assembly and integrity, and
a variable length carboxy-terminal “tail” domain highly subjected to phosphorylation for its
richness in lysine-serine—proline (KSP) motifs [54]. The NF-H and NF-M proteins have long
C-terminal tail domains that bind to neighboring filaments, generating aligned arrays with
uniform spacing between filaments. The formation and activity of Nfls are regulated by
post-transcriptional and post-translational modifiers. This enables the creation of a stable
but elastic filamentous structural scaffold within the axon that promotes the local expression
of Nfl proteins and the necessary dynamic responses to local demands, stimuli, and possible
damages [55]. During axonal growth, new Nfl subunits are incorporated along the axon
length in a dynamic process involving the addition of subunits along the entire length of
the filament, as well as at its ends. After the axon elongation and connection with its target
cell are completed, the axonal diameter can grow up to five times. The expression level
of Nfl genes appears to directly control the diameter of the axon, which in turn influences
the speed of transmission of electrical signals [52,56]. Nfls also intervene in microtubule
dynamics, organelle distribution, and synaptic neurotransmission [55]. Furthermore, Nfls
provide strength and stability to the long cellular structures of neurons. Proteasomal and
phagocytic pathways are responsible for the degradation of Nfls proteins [57]. Their active
release can occur via exosomes [58,59], but the loss of neuronal membrane integrity can
favor their passive delivery. The entry of Nfl fragments into the peripheral circulation
occurs via drainage along the basement of capillary and arterial membranes [60], carriage
toward cervical and/or lumbar lymph nodes, and eventual delivery into the bloodstream.
In the setting of axonal damage during aging or in diseases of the nervous system, Nfl
fragments can be found in the blood and cerebrospinal fluid (CSF), serving as markers of a
neuro-axonal injury [61]. Sensitive assays for measuring Nfls in the CSF are available [62].
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NfLs are also found in plasma and serum, but their quantification has long been hampered
by the low concentrations (pg/mL), especially in plasma, which is undetectable by many
commercial ELISA assays. Novel ultrasensitive techniques have, therefore, been developed
(e.g., SIMoA technology, Quanterix) [62], but their implementation in large-scale studies is
hampered by their complexity and the need for trained personnel. The advent of recent
automated ELISA assays (e.g., ProteinSimple, part of Bio-Techne) has partially addressed
this gap [63]. However, head-to-head comparisons between the two methodologies, while
confirming their efficiency, indicate that the interpretation of results requires a critical
appraisal and knowledge of the specific assay used [63].

Older adults show high levels of NF-L in the CSF that increase with age [64]. Several
genes involved in the dynamics of Nfls are known, including GAN (Gigaxonin) encoding
Gigaxonin-E3 ubiquitin ligase, TRIM2 (Tripartite Motif Containing 2) encoding Trim2-E3
ligase, KIF5A (Kinesin Family Member 5A) encoding Kinesin-5A, SACS (Sacsin Molecular
Chaperone) encoding Sacsin, and HSPB1 (Heat Shock Protein Family B (small) Member
1) encoding the HSPB1 chaperone, whose mutations alter neuronal homeostasis and func-
tionality. However, the role of Nfl aggregation in neurodegenerative diseases remains un-
clear [53]. High blood/CSF levels of NF-L have been associated with accelerated cognitive
decline and/or neurodegeneration in Alzheimer’s disease, although a clear understanding
of the relationship between neuronal damage and functional decline is missing [65,66]. Of
the various neurodegenerative disorders in which abnormal accumulation, metabolism,
and organization of Nfl proteins have been reported, amyotrophic lateral sclerosis (ALS),
Parkinson’s disease (PD), and Charcot-Marie-Tooth (CMT) disease are among the best
characterized [26-28] and will be discussed in the next sections.

3.1. Amyotrophic Lateral Sclerosis

ALS is a rare neurodegenerative disease with an incidence of 0.6 to 3.8 cases per
100,000 people every year and a mean age of onset between 51 and 66 years [67]. ALS
is characterized by upper and lower motor neuron (MN) dysfunction at the level of the
bulbar, cervical, thoracic, and /or lumbar regions of the spinal cord [68]. Axon degeneration
leads to weakness, muscle atrophy, paralysis, and, ultimately, fatal respiratory failure [69].

The pathogenic mechanisms of the disease are unclear. However, mitochondrial dys-
function and oxidative stress have been listed among the biological contributors, along
with oligodendrocyte dysfunction, cytoskeletal disturbances, and defects in axonal trans-
port [70]. Experiments in ALS mice engineered with mutations in the genes encoding the
transactive response DNA-binding protein (TARDBP) and proteins fused-in-sarcoma (FUS)
have demonstrated that axonal transport deficits are prodromal features of the disease and
contribute to motor dysfunction and loss of neuromuscular integrity [71]. Defects in axonal
transport and cytoskeleton in ALS patients are recognizable by the swelling of the axon’s
initial segment (AIS) on MNss (i.e., the region of action potential initiation), within which
lysosomes, vesicles, mitochondria, and IFs, including Nfls, accrue [72]. The accumulation of
Nfls in MNs is a histopathological trait of ALS [73]. However, mutations in the NF-L gene
(NEFL) are not the primary cause of ALS. In a single patient with sporadic ALS, a rare poly-
morphism in the tail domain of NEFL has been identified, indicating the existence of benign
(silent) variants or that the pathogenicity is linked to other genetic factors. Two NF-M gene
(NEEM) polymorphisms that increase the risk of ALS have been found in another patient
with sporadic ALS and in a patient with familial ALS [74]. Mutations in the head, rod, and
tail protein domains of the NF-H gene (NEFH) have all been connected to ALS. In particular,
deletions or insertions in the tail region can modify the protein phosphorylation domain
with important consequences on Nfl maintenance, assembly, and transport [75-79]. Kinases
are also responsible for controlling the integrity of the cytoskeletal structure. Protein kinase
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N1 (PKN1) phosphorylates the rod-head domain of Nfl proteins. A high concentration of
active PKN1 blocks the assembly of Nfls and their transport along the axons, causing the
aggregation of Nfls in the soma [80,81]. An imbalance between kinase and phosphatase
activities also contributes to ALS [82]. Lefebvre-Omar et al. [73] studied the impact of Nfl
accumulation on MN viability, comparing MNs derived from induced pluripotent stem cells
(iPSCs) from patients with mutations in the chromosome 9 open reading frame 72 (C9orf72),
superoxide dismutase 1 (SOD1), and TARDBP genes, all of which involved in ALS onset. In
all mutant MNs, NF-Ls rapidly accumulate in the soma, while phosphorylated NF-Ms/Hs
accumulate in the axonal proximal regions of only C9orf72 and SOD1 MNs, accompanied
by excitability abnormalities, causing impairment of AIS integrity [73]. An aberrant phos-
phorylation of NF-M and NF-H side arms involves the activity of p38 protein kinases [83].
Using iPSC from ALS patients with a mutation in the SOD1 gene, it was observed that
the aggregation of Nfls in spinal MNs was caused by an altered protein proportion of the
Nfl subunits, which led to neuronal degeneration in the absence of glia [84]. Currently,
serum and CSF Nfls are the most used biomarkers of ALS also in the clinical setting [85].
Serum NF-L concentrations allow ALS patients to be distinguished from healthy individuals
and provide information on survival [86]. However, Rossi et al. [87] have demonstrated
that levels of NF-L and p-NF-H in the CSF of ALS patients are comparable to those of
patients with significant neuronal cell death/axonal damage due to acute/subacute inflam-
matory diseases or tumors, while they are significantly increased relative to patients with
neurological disorders not specifically related to progressive neuronal cell death/axonal
damage or acute inflammation. Hence, NF-L and p-NF-H serve as indicators of neuronal
degeneration and death, especially in cases in which the disease (e.g., ALS) has a rapid
evolution, but they cannot be considered disease-specific biomarkers [87]. Nevertheless,
the monitoring of serum NF-L levels has shown to be useful for evaluating the response of
patients with SOD1-ALS to treatment with the antisense oligonucleotide tofersen [88]. The
determination of circulating anti-NF-L antibodies has proven useful for prognostication [89].
However, a causal link between Nfl pathology and ALS has not yet been fully established.
Moreover, in patients with ALS, the blockade of axonal transportation is further aggravated
by mitochondrial dysfunction, including dysregulation of mitochondrial proteins, increased
ROS production, ATP deficiency, and impaired mitochondrial quality control (MQC) [90,91]
(Table 1).

Table 1. List of the main studies describing the implication of neurofilaments in neurodegeneration.

Condition Main Pathological Trait Circulating Marker(s) Reference(s)
ALS Motor neuron disorder 1T NF-L, p-NF-H, anti-NF-L [87,89]
PD Death of dopar@nergm neurons in the 1 GFAP, a-synuclein, NF-L [92-97]
substantia nigra pars compacta

CMT1B Demyelinating peripheral neuropathy 1T NF-L [98,99]

CMT1X Demyelinating peripheral neuropathy T NF-L [98,99]

CMT2A Axonal peripheral neuropathy 1T NF-L [98,99]

CMT2E Axonal peripheral neuropathy J NF-L [100]

Abbreviations: ALS, amyotrophic lateral sclerosis; CMT, Charcot-Marie-Tooth; GFAP, glial fibrillary acidic protein;
NF-L, low molecular weight neurofilament; PD, Parkinson’s disease; p-NF-H, phosphorylated high molecular
weight neurofilament protein.

3.2. Parkinson’s Disease

PD is the second most common neurodegenerative disease in advanced age and the
most frequent movement disorder [101]. PD arises upon degeneration of dopaminergic
neurons of the substantia nigra pars compacta of the midbrain. Individuals with PD
typically show rigidity, resting tremors, bradykinesia, and a hunched posture (campto-
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cormia) [102]. PD can also be associated with non-motor signs and symptoms, including
neurobehavioral disorders (e.g., depression, anxiety), cognitive impairment, and auto-
nomic dysfunction [102]. Serum NF-L levels are higher in patients with PD than in healthy
controls, increase during disease progression, and correlate with PD severity [96]. More-
over, circulating levels of NF-L support the differentiation of idiopathic PD from atypical
Parkinsonian syndromes [103,104]. The discrimination power and accuracy of NF-L for
distinguishing individuals with PD from those with other Parkinsonian disorders increase
substantially when combined with amyloid (342 (A342), phosphorylated tau (p-tau), total
tau, and total x-synuclein (x-syn) in CSF [105]. High levels of NF-L in plasma/serum/CSF
of PD patients have also been associated with a greater probability of developing mild cog-
nitive impairments or dementia [106,107]. In two independent studies, Aamodt et al. [106]
and Buhmann et al. [108] measured circulating NF-L levels in individuals with PD at differ-
ent disease stages and found that NF-L levels varied according to the UPDRS III (Unified
Parkinson’s Disease Rating Scale, Part III) score. No associations were identified with the
Mattis Dementia Rating Scale (DRS-2) [106] or the Montreal Cognitive Assessment (MoCA)
score [108]. Furthermore, results from the Biomarkers in Parkinson’s Disease (MARK-PD)
study indicated that circulating NFL levels could predict the severity and progression of
cognitive decline (DRS-2 change in plasma; decrease in MoCA score > 2 points in serum)
but not motor aggravation (UPDRS III > 5 points in plasma; increased UPDRS III > 4 points
in serum) [106,108,109]. PD patients with serum NF-L levels over the age-adjusted 95th
percentile showed a significantly more rapid cognitive decline than those with lower NF-L
concentrations, suggesting that age influences NF-L variability [108]. Furthermore, a recent
study found that baseline plasma NF-L levels were positively related to the development of
psychotic symptoms in individuals with PD over up to seven years of follow-up [110]. Urso
et al. [95] showed that NF-L levels in the CSF and especially in serum were associated with
the worsening of non-motor symptoms; in particular, the progression of depression and
anxiety. In an A53T-a-syn transgenic mouse model of PD, elevated NF-L levels in serum
and CSF were positively correlated with the number and size of x-syn neuronal inclusions,
a typical feature of PD pathology [93]. CSF a-syn acts as a mediator between NF-L and
motor progression [92]. Plasma GFAP is another candidate biomarker of PD. Plasma levels
of GFAP and NF-L are both related to motor dysfunction severity; however, NF-L seems
to be a stronger predictor of PD progression [94]. The implementation of NF-L levels as
a biomarker in clinical practice has long been awaited. Despite having low specificity for
PD, NFE-L has shown high sensitivity and is currently one of the best, easily accessible,
blood-based PD biomarkers with diagnostic and prognostic values [92,96,97] (Table 1).

3.3. Charcot—Marie-Tooth

Charcot-Marie-Tooth (CMT) is an autosomal dominant (the most frequent), autosomal
recessive, and X-linked disease existing in different clinical forms (i.e., demyelinating CMT1,
axonal CMT2, and intermediate I-CMT). In CMT1, there is a lower motor nerve conduction
velocity (MNCV) of the upper limb and a predominant alteration of Schwann cells that
are fundamental for saltatory conduction [111]. CMT?2 is characterized by a higher MNCV
and is mainly caused by axonal degeneration [111]. Finally, in I-CMT, MNCYV values are
intermediate between those observed in CMT1 and CMT2 [111]. CMT appears to be an
inherited peripheral neuropathy accompanied by a hereditary neuromuscular disorder.
CMT patients show an indolent sensorimotor polyneuropathy that progresses very slowly
in a length-dependent manner, pes cavus, hip dysplasia, tremor, restless legs syndrome, or
hearing loss [55,112]. In this disease, NEFL and NEFH genes are often mutated, determining
Nfl aggregation and altered phosphorylation, mainly of the head domain, and aberrant
motility of neuronal mitochondria [55,113,114]. NEFL mutations can be either dominantly
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inherited missense mutations or recessively inherited nonsense mutations [115]. Therefore,
both the presence of mutated NEFL protein and its absence can induce the disease [116]. In
cultured cells, NEFL mutations affect their ability to generate Nfl aggregates and to stop
Nfl assembly [117,118]. In terms of age of onset, mutations in rod and tail domains induce
a later manifestation of the disease than those in the head domain of the NEFL, which are,
therefore, responsible for more severe disease [119]. Mutations in the head and rod domains
of NEFL are frequently found in CMT1 and CMT2 diseases [120,121]. Electron microscopy
studies of sural nerve biopsies from CMT patients with missense NEFL mutations revealed
atrophied axons with Nfl depletion and rare swellings filled with Nfl polymers [116]. In
CMT patients with a nonsense mutation, axonal atrophy and loss were associated with the
complete absence of Nfl [116]. These findings suggest that the organization or distribution
of Nfls along the axons is involved in CMT [116]. NF-L is expressed in parallel with
peripherin, with which it interacts during the formation of heteropolymers. Peripherin is
involved in determining the morphology, maturation, and differentiation of neurons as
well as in the regeneration of axons. Its assembly depends on the Ras-associated binding
7 (RAB?) protein, which is frequently mutated (RAB7K126R) in CMT2B, resulting in an
altered interaction with peripherin and a lack of axonal regeneration [122]. Recent studies
have demonstrated that the aberrant assembly of NF-L mutants is attributable to altered
levels of O-linked betaN-acetylglucosamine (O-GlcNAc) [119]. Indeed, NF-L contains O-
GlcNAc sites, which in mutants are not correctly O-GlcNAcetylated, which are fundamental
for the formation of protein—protein interactions with itself and x-internexin [119].

Rossor et al. [99] evaluated the potential of plasma NF-L as a biomarker of CMT
(Table 1). They found that plasma NF-L concentrations were higher in patients with CMT1B,
CMT1X, and CMT2A, but not CMT2E, compared with controls [99]. These findings are
consistent with a previous study in which NF-L expression was found to be reduced in
cutaneous nerve fibers of patients with CMT2E [100]. However, plasma NF-L is weakly
correlated with the clinical severity of CMT [98]. Indeed, a recent study found no correlation
between changes in plasma NF-L levels over time and disease severity [123]. It is noteworthy
that plasma levels of NF-L change over time with different trajectories depending on the
disease subtype [99]. Altogether, these discordant data indicate that the role of NF-L in CMT
deserves further investigation.

4. Intermediate Filaments in Skeletal Muscle Aging: The Role
of Vimentin

Sarcomeres are the basic units producing force during muscle contraction. Force-
generating capacity is an emerging attribute of sarcomeric proteins [124]. Alterations
and/or mutations in single proteins, such as those composing the sarcomere thick and/or
thin filaments, as well as those of the Z- and M-lines, are sufficient to affect sarcomere
function. Sarcomere architecture relies mostly on the two cytoplasmatic IFs, vimentin
and desmin [125]. Vimentin and desmin form a three-dimensional scaffold at the level of
Z-disks. Desmin composes Z-disks of striated muscles and vimentin those of differentiating
cells, including myoblasts [125]. Vimentin and desmin are both present during myogenesis
as longitudinally organized and randomly distributed filaments, respectively [126]. Such
arrangements likely provide a guide over which the cylindrical form of developing my-
otubes and parallel myofibers alignment occur [127]. Because newly synthesized desmin
replaces pre-existing vimentin structures, desmin distribution in muscle fibers reflects
that of vimentin. These filaments bear tension and preserve the structure and mechanical
integrity of cells [128]. Vimentin and desmin also control mitochondrial bioenergetics and
influence the mobility and anchoring of mitochondria within the cytoplasm [129].
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Vimentin is organized in a structure encompassing five protofibrils per filament [130].
Of particular interest is the abundance of cysteine residues in the protein polymer that likely
affects protein-folding in quaternary structures and generates cysteine codes [49]. Such
an organization is compatible with cysteine residues in the proximity of each protofibril,
where they are critical for filament assembly and cytoskeletal networks in human vimentin.
Indeed, vimentin mutations, while having little or no influence on filament morphology,
affect filament networking [131,132]. In this regard, cysteine clustering may amplify the
impact of cysteine modifications on the organization of the filament and the network. In
further support of the relevance of such a role is the finding of cysteine residues with similar
functions in GFAP and desmin [132,133]. Notably, vimentin copolymers with desmin or
GFAP show varying levels of cysteine-crosslinked dimers ratios, likely indicating that
polymer co-assembly also affects the molecular organization of the filament [134,135].

A set of cysteine modifications have been related to filament disruption and/or re-
modeling. For instance, glutathionylation blunts filament elongation [136], while disulfide
crosslinking triggers their aggregation and impairs their assembly [137,138]. Incubation
with 4-hydroxynonenal allows shorter and wider filament formations, while filament
bundling occurs with electrophilic compounds [137]. Of all these, glutathionylation can
induce filament severing [136], thereby indicating that the proportion of modified cysteine
residues is more relevant to filament disruption and/or remodeling. Vimentin dimers
formed by disulfide bonds and /or chemically cysteine crosslinking have also been identi-
fied [131,134,135,138].

Redox proteomics analysis of muscle biopsies revealed age-related oxidized cysteine
signatures in sarcomere proteins and reduced physical performance (walking speed), mus-
cle function (muscle strength and power), and cardiopulmonary fitness (VO, max) [139].
These results add to previous findings showing an association between cysteine oxidation
in sarcomere proteins and the structure and function of contractile units. For instance, com-
petitive glutathionylation and nitrosylation of fast-twitch troponin I cysteine 134 modulate
calcium sensitivity of muscle fibers and muscle force [140]. Oxidative modifications have
also been identified in the large protein titin, with negative consequences on elasticity and
stiffness [141].

While these findings provide a solid ground for designing larger and more focused
studies, the characterization of reactive cysteine residues in IFs remains challenging [142].
Methods involving cysteine reactive probes combined with biochemical approaches, la-
beled electrophilic lipids and glutathione, and antibodies against cysteine modifications
have been implemented in vitro and in vivo [143]. However, the gold standard for the
assessment of cysteine’s post-translational modifications is mass spectrometry [143-145],
which should be applied at both cellular and subcellular levels. This technical constraint
hampers the translational application of such a measure and limits the understanding of
these modifications at the clinical level. Indeed, most studies investigating the role of cys-
teine modifications in filament assembly have been performed in vitro [136-138]. Cysteine
mutants have been mostly used for understanding the functional relevance of cysteine
residues in cellular protein oxidation and lipoxidation [146—-148]. Experimental models of
vimentin-deficient cells are less competent in integrating stress responses as they neither
adequately position organelles in the cell nor efficiently recruit ubiquitinated proteins [131].
Finally, several cellular factors influence cysteine reactivity and/or accessibility and pose
additional challenges for conducting such studies.

5. The Cytoskeletal Regulation of Mitochondria

Mitochondria are best known for their role in energy provision in the form of ATP;
however, these organelles serve a plethora of different functions and are the main executors
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of cell death, either apoptotic or necrotic [149]. Mitochondria rely upon several mechanisms
to maintain their homeostasis and avoid cell death, including mitochondrial biogenesis,
dynamics, and mitophagy, altogether referred to as MQC processes [149]. During fission,
mitochondria are portioned into two distinct entities that separate the healthy/partially
damaged components from the totally damaged portions that are directed toward mi-
tophagy. Partially deficient and/or dysfunctional mitochondria undergo fusion by merging
their membranes with those of new mitochondria obtained through mitochondrial bio-
genesis, thus reacquiring normal physiological activities [150,151]. The net balance of
fusion—fission processes while determining the shape of the organelle also defines the
entire cellular network, whose architecture results from mitochondria-to-mitochondria
contacts and, from these, with neighboring organelles and the cytoskeleton [152,153]. When
mitochondrial relocation is needed, mitochondria detach from the network and become
mitochondrial “units” that are easier to transport. Movement and morphological changes
are tightly related to the cytoskeleton, which intervenes in regulating these processes [152].
Mitochondria interact with and modulate all three main components of the cytoskeleton
(i.e., actin microfilaments, microtubules, and IFs). The contact and modulation of IFs
have been actively investigated, especially in the context of neurodegenerative conditions.
However, the interrelationship between mitochondrial function and microtubules and actin
microfilaments is not less relevant.

Mitochondria move along the cytoskeleton, mainly along microtubules, to which they
are anchored by the motor proteins dynein and kinesin. Microtubules are composed of
heterodimers of «- and 3-tubulin that form cylindrical structures of about 25 nm in diameter
and are involved in maintaining cell and organelles shape, size, trafficking and anchoring,
and chromosome segregation during cell division [128,129]. Microfilaments are made of
two intertwined filaments of G-actin to form F-actin with a diameter of about 7 nm. Due
to their ability to polymerize/depolymerize depending on the stimuli, microtubules can
actively modify the shape of the cell and induce its motility [128]. In undifferentiated cells,
microtubules are arranged radially, with their minus ends facing the center of the cell and
the plus ends facing outwards. Mitochondria motility toward the minus end of microtubules
is driven by dynein with the support of its activator dynactin, while motility toward the plus
end is mediated by kinesin-1. In neurons, dynein is responsible for mitochondria movement
from the axon to the cell body (retrograde transport), whereas kinesin allows transportation
from the cell body to the axon (anterograde transport) [154,155]. Dynein and kinesin-1 use
adaptor complexes, such as the Ca?*-binding GTPase Miro and Milton /trafficking kinesin
protein (TRAK), to bind to mitochondria (Figure 2).

In Drosophila, Milton interacts with mitochondria via Miro, located at the mitochon-
drial outer membrane. Miro mutants exhibit a loss of mitochondria in axons and impaired
anterograde traffic, which is lethal. In mice, the neuronal-specific deletion of Mirol causes
both neurodevelopmental and neurodegenerative defects [29,30,156,157]. The cytoskeleton
plays a crucial role in the transportation of molecules and organelles, especially mitochon-
dria, in nerve cells. Aberrant cytoskeletal variations can trigger synaptic dysfunction,
progressive neuronal loss, abnormal energy metabolism, and mitochondrial alterations and
diseases [158,159].
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Figure 2. Schematic representation of the cytoskeletal organization (A) and cytoskeletal-mitochondria
interactions in a neuron (B) and the sarcomere (C). Created in https://BioRender.com.

Derangements of motor adapter proteins also induce alterations in mitochondrial
transportation in dendrites and axons, resulting in the blockade of synaptic transmissions
and mitochondrial dynamics found in ALS, PD, and CMT [160]. The anterograde movement
of mitochondria with axons is mediated by the kinesin family member 5A (KIF5A) through
its interaction with the adapters TRAK1 and Mirol/2. Mutations in the gene coding
for KIF5A impact the rate of axonal anterograde transportation of mitochondria and Nfl
proteins. The mutation of KIF5A in zebrafish decreases the number of mitochondria and
the speed at which they move along the axon [161]. KIF5A-knockout mice accumulate
Nfls in the soma of peripheral sensory neurons, resulting in axonal reductions, loss of
large axons, and degeneration [162]. These mutations have been found in ALS and, in rare
cases, CMT2 [163-166]. Mutations in the dynein 1 heavy chain 1 (DYNC1H1) gene impair
retrograde mitochondrial transportation, leading to increased death of cultured dorsal
root ganglion neurons [167], sensory neuropathy, and loss of motor function in mice [168].
These mutations have been identified in individuals with CMT [169]. In ALS patients, the
typical swelling of the AIS in motor neurons, rich in lysosomes, mitochondria, vesicles,
and IFs, is an indicator of defects in cytoskeletal and axonal transport [170]. Moreover,
in ALS, mutations and rare cargo variants in x-tubulin 4a, encoded by the TUBA4A
(Tubulin Alpha 4a) gene, have been identified that dimerize and fail to be efficiently
incorporated into microtubules in vitro, thus destabilizing the microtubule network and
limiting its polymerization [170]. In PD, mutations in PTEN-induced putative kinase 1
(PINKT1), E3 ubiquitin ligase (Parkin), or leucine-rich repeat kinase 2 (LRRK2) blunt the
elimination of damaged mitochondria, thereby indicating that the PINK1- and Parkin-
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dependent degradation of Miro is necessary to immobilize damaged mitochondria and
address them toward mitophagy [171]. A dysregulation of PINK1 and Parkin has also
been identified in individuals with sporadic ALS [172]. Parkin levels can be reduced
following the overexpression of TARDBP, which alters proteasomal activity, causing the
accumulation of PINK1, which, in turn, is responsible for mitochondrial dysfunction [173].
Similarly, ALS-related FUS (FUS RNA Binding Protein) mutants exhibit an aggregation
of PINK1 and Parkin proteins and ubiquitination of Mirol, resulting in the blockade of
axonal transportation of mitochondria [174]. Miro is essential for the axonal retrograde
trafficking of mitochondria, but it also intervenes in the anterograde traffic of axons. In this
latter case, the protein factor RIC-7 seems to be required, and its localization is regulated by
the cooperation of Miro/MIRO-1 and metaxin2/MTX-2 [175]. The conformation of tubulin
dimers within the microtubule lattice also plays a role in regulating mitochondrial transport.
A recent study has shown that mitochondria moving within the microtubule bundle are
hindered by the increased straightness of elongated tubulin-enriched microtubules, while
mitochondria moving to the edge of the microtubule bundle are transported at higher
speeds because the molecular conformation of tubulin influences kinesin-binding and
the processing speed in axons [176]. A greater density of elongated dimers makes the
microtubules straighter, thus favoring a more efficient movement of kinesin, which results
in an increased speed of transport [176].

Actin microfilaments are also key to cell division, fission, mitophagy, and mitochon-
drial morphogenesis. When mitochondria are damaged, short actin filaments, created
by cooperation with the inverted formin 2 (INF2) protein and the mitochondria-located
SpirelC protein, polymerize and span mitochondria—endoplasmic reticulum (ER) con-
tacts [177]. This promotes the wrapping of ER tubules around the mitochondria [178]. Such
a pre-constriction reduces the cross-sectional diameter of the organelle and facilitates a
ring-shaped assembly and hydrolysis-mediated constriction of dynamin-related protein-1
(DRP1) oligomers on the outer mitochondrial membrane. Herein, also the mitochondrial
fission protein 1 (FIS1) is localized [179], thus initiating the fission process. Through a simi-
lar mechanism, actin filaments equally distribute healthy and damaged mitochondria of
the mother cell to the daughter cells during cell division [129]. A mutation in the INF2 gene
has been implicated in CMT1E [160]. Furthermore, FIS1 interacts with the ALS-associated
gene C9orf72 [180], and mutations in FIS1 have been shown to prevent the proper disposal
of aberrant mitochondria [181]. Finally, myosin, an actin-based molecular motor, in its
myosin XIX isoform, is a plus-end directed motor protein located at the outer mitochondrial
membrane, where it directs mitochondrial movement [182-184]. Its localization depends
on Miro proteins, which, therefore, intervene not only in microtubule-based mitochondrial
motility but also in actin-based motility [185]. Finally, in MNs of Drosophila, myosins V
and VI anchor mitochondria to actin filaments and oppose microtubule-based motility.
Mutations in myosin IX are associated with CMT2 neuropathies [186].

6. Conclusions

While largely recognized as cell scaffolds, cytoskeletal proteins, and especially IFs,
have shown additional and, in some instances, more relevant functional roles with key
implications in physiological and stress signaling. Their networking ability and interac-
tion with cellular organelles that influence function, positioning, and oxidative species
regulation have placed these polymers in the spotlight as crucial platforms for protein
and organelle modulators. Additional research is needed to dissect these functions. How-
ever, from a translational point of view, harnessing the properties of IFs in physiological
conditions and under stress may help unveil the mechanisms of chronic disease and even-
tually develop therapeutic interventions. Such interventions may include either drugs or
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mechanical stimulations and dietary interventions to restore and/or enhance cytoskeletal
integrity. The treatment of choice would depend on the specific disease and the cytoskeletal
components that are targeted.
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