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Abstract: Neurodegeneration in multiple sclerosis (MS) is believed to underlie disease progression
and permanent disability. Many mechanisms of neurodegeneration in MS have been proposed,
such as mitochondrial dysfunction, oxidative stress, neuroinflammation, and RNA-binding protein
dysfunction. The purpose of this review is to highlight mechanisms of neurodegeneration in MS
and its models, with a focus on RNA-binding protein dysfunction. Studying RNA-binding protein
dysfunction addresses a gap in our understanding of the pathogenesis of MS, which will allow for
novel therapies to be generated to attenuate neurodegeneration before irreversible central nervous
system damage occurs.
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1. Neurodegeneration in Neurologic Disease of the Central Nervous System

Neurodegeneration is a frequently used term to describe many neurological diseases, but its
precise definition varies. Taken literally, neurodegeneration is the breakdown of the nervous system,
a very broad understanding of the term that is open to interpretation. It may be defined as the death
or damage to cells of the nervous system which may include neurons, oligodendrocytes, and other
glial cells. Alternatively, it can be defined as the death or damage exclusively to neurons and their
axons, as a functional unit of the nervous system. In this review neurodegeneration is defined as the
death and damage to central nervous system (CNS) neuronal cell bodies and their axons. In diseases
with a neurodegenerative component, the death of neurons is not usually the direct cause of mortality,
but rather facilitates the occurrence of secondary health problems [1]. Common neurologic diseases
that contain a substantial neurodegenerative component include Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS), frontotemporal lobe dementia (FTLD), Huntington’s
disease (HD), and multiple sclerosis (MS). This review provides the most current knowledge and gaps
in our understanding of the mechanisms underlying neurodegenerative processes occurring in MS
and its models.

2. Etiology and Clinical Features of MS

MS is a demyelinating, autoimmune, and neurodegenerative disease of the CNS. It affects more
than 2.2 million people world-wide [2]. MS is a severe debilitating disease that results in a variety of
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physical and cognitive deficits. The etiology of MS is largely unknown; however, it is believed that
an environmental factor combined with genetic predisposition triggers an autoimmune response to
CNS antigens. Viral infections have long been considered a crucial environmental factor contributing
to MS pathology [3]. Epstein–Barr virus, a virus mainly targeting B cells, is the best studied [4–6],
but thus far an MS-specific viral infection has not been identified. Over 200 risk loci for MS have been
identified using genome-wide association studies. The majority of the risk loci are associated with
immune system components, including genes involved in cytokine pathways, signal transduction,
and costimulatory molecules [7]. The human leukocyte antigen (HLA) genes, particularly class 2
HLA-DR2 (HLA-DRB1*1501), are the most strongly associated with MS disease risk [8,9].

The majority of MS patients initially present with a relapsing remitting disease course, where
relapses of clinical symptoms are followed by a period of remission in which symptoms partially
or completely recover. The clinical manifestations of relapses are considered to be a result of acute
inflammation and demyelination [10]. Over time, a significant proportion of relapsing-remitting
MS patients will develop a progressive form of the disease (secondary-progressive MS) involving
continuous worsening of neurological symptoms. A small percentage of patients present initially with
primary-progressive MS where disease continuously progresses with no relapsing phase. Ongoing
neurodegeneration is characteristic of progressive disease and is believed to be responsible for the
permanent, irreversible damage in MS patients [11–13]. Neurodegeneration underlies permanent
disability in MS patients, but its initiation is difficult to define as it may occur prior to symptom onset.
At early stages, redundancy in the CNS can compensate when small numbers of neurons or axons are
damaged, which is undetectable symptomatically. The loss of a larger number of neurons or axons
leads to the manifestation of clinical symptoms. The clinical significance of neurodegeneration is
important because it has a stronger correlation with clinical disability than demyelination [14–17].
Gray matter damage, degeneration of neuronal cell bodies, and axonal transection in the brains of MS
patients is known to occur early in disease and can be dependent or independent from inflammation
or demyelination [12,13,18–21].

Most of the treatments for MS are immunotherapies that act to regulate an overactive immune
system. These drugs have been proven to be effective in offering a better quality of life for the
majority of patients, specifically those with relapsing-remitting MS [22,23]. A primary limitation of
these immunotherapies is the downregulation of the immune system, which puts patients at risk
of developing comorbidities such as infections and cancer. The reason why these therapies might
not significantly attenuate progressive disease is because they fail to disrupt the neurodegenerative
process [24]. Currently, there is a gap in our understanding of the neurodegenerative processes occurring
in MS, creating an urgent need to identify early detectable markers of neurodegeneration along with
the mechanisms underlying it so effective therapeutics can be developed to inhibit progression and
irreversible damage in MS.

3. Mechanisms of Neurodegeneration in MS and Its Models

The cause of neurodegeneration in MS is predominately unknown, but is likely complex and
multifactorial. Many mechanisms have been proposed and researched in depth, such as the increased
energy requirements, sodium and calcium channel redistribution, and cellular stress that results from
the demyelination of axons [25–27]. This review focuses on mechanisms of neurodegeneration resulting
from mitochondrial dysfunction, oxidative stress, and neuroinflammation, and provides a summary
of data suggesting that dysfunctional RNA-binding proteins may contribute to MS pathogenesis of
neurodegeneration in MS.

3.1. Mitochondrial Dysfunction and Oxidative Stress

The brain utilizes roughly 20% of the total energy of the body, illustrating the importance and
extremely high energy demands of the CNS [28,29]. In addition to producing energy, mitochondria
also function to produce amino acids, maintain calcium homeostasis, and modulate reactive oxygen
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species (ROS) levels and thus, oxidative stress. Perturbation of mitochondrial processes, therefore, can
lead to energy insufficiencies, disruptions in cellular transport, release of ROS and resultant oxidative
stress, altered ion channel dynamics and subsequent axonal degeneration and necrosis in the CNS [30].
Postmortem analysis of neurons from progressive MS patients has demonstrated decreased activity of
neuronal mitochondrial respiratory chain complexes I and III in the motor cortex indicative of severe
mitochondrial dysfunction [31]. This suggests that ATP production may be decreased, which could
negatively impact axonal and neuronal survival due to unmet energy demands. Another study using
EAE further supports a relationship between mitochondrial dysfunction and neurodegeneration by
demonstrating that axonal mitochondrial dysfunction is present prior to EAE disease onset and parallels
neurological deficits [29]. In addition, mitochondrial dysfunction in neurons was associated with
mitochondrial fragmentation, decreased mitochondrial mobility and decreased membrane potential
suggestive of axonal transport deficiencies, a marker of neurodegeneration. Detoxification using
scavengers that reduce ROS and oxidative stress was found to reverse mitochondrial pathology and
rescue axons from degeneration in EAE indicating that mediating the consequences of mitochondria
dysfunction might reverse neurodegeneration [32]. Further studies utilizing antioxidant therapy in
EAE to combat the effects of mitochondrial dysfunction have yielded promising results, but data from
human clinical trials has shown mixed results [33]. For example, antioxidant therapies, such as vitamin
D3 supplementation, in patients with MS demonstrated beneficial results [34,35]. A double-blinded
randomized pilot trial found that taking a high dose of lipoic acid, an endogenously-produced
antioxidant, slowed the whole brain atrophy rate in secondary-progressive MS [36], suggesting that
combating oxidative stress can prevent neurodegeneration. However, other antioxidant therapies,
including eicosapentaenoic acid and docosahexaenoic acid, provided no benefit [37,38].

3.2. Neuroinflammation

In the CNS, neuroinflammation is initiated as a protective response, but its chronic presence
results in loss of trophic support by glial cells and has detrimental effects on neurons. Innate immune
system cells, including CNS-resident microglia and astrocytes, endothelial cells, and immune cells that
infiltrate from the periphery [39] produce a number of chemokines, cytokines, and ROS, resulting in a
toxic environment that contributes to the onset and progression in neurologic diseases, such as AD,
PD, and MS [40]. Neuroinflammatory environments, including those within MS, have been shown
to contribute to neurodegeneration, leading to further exacerbation of neuroinflammation [41] and
resulting in an ongoing cycle of CNS damage.

Emerging themes in neuroinflammation suggest microglial activation is a heterogeneous process
and can result in either a proinflammatory cytotoxic M1 phenotype that can contribute to neuronal
damage or an immunosuppressive and neuroprotective M2 phenotype [42]. A greater number
of proinflammatory M1 microglia are found in neurodegenerative conditions compared to the
anti-inflammatory M2 microglia [42]. M1 microglia likely contribute to neuronal damage by releasing
proinflammatory cytokines and molecules, proteolytic enzymes, and free radicals [43]. Macrophages
and microglia also produce ROS, leading to increased oxidative stress, dysfunctional mitochondrial
activity, including destabilization of the mitochondrial membrane [30,44], and subsequent neuronal
and axonal damage.

The adaptive immune response, including both T and B lymphocytes, has been shown to
play a role in the pathogenesis of MS. Several studies have shown that T cells contribute to
neuronal and axonal damage in MS and its models [45–52]. For example, a study using in vivo live
two-photon imaging of mice with EAE showed a direct interaction between myelin oligodendrocyte
glycoprotein (MOG)-specific Th17 cells and neuronal cell bodies and axons in the spinal cord [53].
This interaction between immune and CNS cells was associated with extensive axonal damage [53].
Additionally, these interactions resulted in increased Ca2+ in neuronal cell bodies, which preceded
axonal transection. Further studies have found a relationship between leptomeningeal inflammation
in secondary-progressive MS cases and increased subpial cortical demyelination, cortical microglial
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activation, and neurodegeneration [54–58]. Neuronal loss was not confined to cortical lesions, but was
also present in the normal-appearing gray matter adjacent to leptomeningeal inflammation. Areas
containing leptomeningeal inflammation were found to contain many ectopic lymphoid structures,
which contained plasmablasts, T cells, and dendritic cells, suggesting a role for the adaptive immune
system in gray matter damage [53,57,59–61].

The presence of plasmablasts in these areas also implicates antibodies in MS pathogenesis. MS has
been considered an antibody-mediated disorder of the CNS due to the presence of IgG oligoclonal
bands detected in the cerebrospinal fluid (CSF) of greater than 90% of MS patients [60]. Antibodies to
myelin antigens, such as myelin oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP),
and proteolipid protein (PLP), have been identified [61–63]. These antibodies have been shown to play
a primary role in the demyelination of axons [62,64] through complement cascade activation [65,66].
Interestingly, antibodies to nonmyelin antigens such as neurofascin, neurofilament, and heterogeneous
nuclear ribonucleoprotein A1 (hnRNP A1), a RNA-binding protein (RBP), seem to contribute to axonal
and neuronal injury [67–71].

4. RNA-Binding Proteins

4.1. RNA-Binding Proteins and Stress Granules in Neurodegenerative Diseases

RBPs are highly conserved proteins whose expression is tightly regulated and necessary for cell
survival. They play important roles in the regulation of gene expression as well as mRNA stability,
splicing, and transport. Under homeostatic conditions, many RBPs localize to the nucleus where
they continuously shuttle back and forth to the cytoplasm; a process mediated by nuclear export and
nuclear localization signals within the RBP. RBPs contain functional regions that have the ability to
bind RNA as well as other proteins. For example, hnRNP A1 includes two RNA binding domains
located in the N-terminal half of the molecule, a glycine-rich C-terminal containing the RGG box,
RGG domain and the M9 shuttling domain [69]. The glycine rich C-terminus, also known as a low
complexity domain (LCD), mediates liquid–liquid phase separation (LLPS) [72]. LLPS is the conversion
of a homogenous solution into a dense phase mediated by RNA–RNA, RNA–RBP and RBP–RBP
multivalent interactions, and a dilute phase (the cytoplasm). Under homeostatic circumstances,
LLPS allows for the concentration of certain RNAs and RBPs into membraneless structures such as
stress granules (SGs), which generally contain a denser core and a more dynamic shell that interacts
with the surrounding cytoplasm [73].

SGs have been tightly linked to neurodegeneration in human neurologic diseases as well as their
models [70,74,75]. In response to stress, cells initiate the integrated stress response, an initiative to
protect the cell [76]. The first step of the integrated stress response is the phosphorylation of eukaryotic
translation initiation factor 2α (eIF2α), slowing translation of mRNAs and promoting the formation of
higher-order structures including SGs [77]. Cytoplasmic SGs are dynamic, membraneless granules that
harbor translationally repressed mRNAs and proteins, including RBPs, as a mechanism of protection.
SG formation alters patterns of local RNA translation facilitating the stress response [78]. Under
physiological conditions, once the acute stressor is removed, SGs disassemble and translation resumes.
In contrast, under pathologic conditions, SGs may persist and have been shown to lead to decreased
cell survival and the induction of proapoptotic pathways [79–82]. Augmented SG formation has also
been shown to decrease cell viability [80]. Abnormally stable SGs may serve as a platform for formation
of larger protein aggregates, and further interactions between RNA and RBPs within SGs may change
LLPS dynamics, leading to a lack of disassembly [83]. The prolonged sequestration of important
RBPs and mRNAs needed for cell survival combined with translational impairment might also be a
mechanism of cell death [84]. A recent study in neuronal cells demonstrated that in response to stress
there was a significant correlation between the proteins being actively translated and those transcripts
depleted from SGs, including proteins associated with neurodegenerative diseases [85]. Further, it was
found that mutant RBPs within SGs can further alter neuronal gene expression [85]. Significant advances
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in identifying the components and structure of SGs was reviewed by Youn et al. [86]. This review is
supported by a new user-friendly database that searches the current literature evidence for genes and
proteins that associate with SGs [86]. Lastly, they provide an interpretation of how components of SGs
interact to form these membraneless structures [86]. How components and structures of SGs in MS
compare to those in other neurologic diseases remains a topic for future study.

Considering the functional importance of RBPs in neurons as well as their ability to form higher
order structures through LLPS, recent data implicate RBP dysfunction as a pathogenic hallmark of ALS,
FTLD, and most recently MS [87–90]. Dysfunctional RBPs, including hnRNP A1, Tar-DNA binding
protein-43 (TDP-43), and Fused in sarcoma (FUS), have been shown to result in a triad of molecular
changes including RBP mislocalization from its normal (homeostatic) nuclear location to the cytoplasm,
SG formation, and altered RNA metabolism [91,92], all of which contribute to neurodegeneration.

The implications of dysfunctional RBPs for neuronal health are multifactorial. RBP mislocalization
could result in both gain of toxicity in the cytoplasm and loss of functionality in the nucleus. Decreased
RNA availability in the cytoplasm can cause RBPs to become more aggregate-prone due to their
LCDs, resulting in the potential to create cytoplasmic inclusions [93,94]. Under pathogenic conditions,
and where decreasing concentrations of RNA within the cytoplasm combined with mislocalized RBPs,
LLPS may be driven towards a less dynamic and more aggregate-prone phase, which can lead to cell
toxicity [93,95]. ALS mouse models exhibiting cytoplasmic FUS gain of toxicity mechanisms show
progressive motor neuron degeneration [96]. In addition, increased cytoplasmic RBP mislocalization
has been tied to more severe disease phenotypes in mouse models as well as humans [75,97,98].
Furthermore, cytoplasmic TDP-43 leads to the abnormal binding and splicing of cytosolic RNA
targets [99,100]. Counter to cytoplasmic consequences, decreased or depleted RBP availability in the
nucleus can lead to improper RNA processing, including disrupted splicing and impaired transcription
control [101]. In fact, TDP-43 nuclear depletion has been shown to be sufficient to induce neuronal
cell death [102]. A recent study demonstrated that TDP-43 overexpression or knockdown results
in similar changes in mRNA abundances and morphological defects, including reduced dendritic
branching of neurons [103]. Targets of TDP-43 have been identified to be enriched for pathways
involving the transcription factor cAMP response element-binding protein (CREB) [104], which is
important for neurogenesis, neuronal survival, plasticity, and differentiation [105,106]. CREB activation
is inhibited by TDP-43 dysfunction, while restoring CREB rescued defects in dendritic branching [104].
Dysfunctional RBPs and disruption of SG dynamics can lead to pathogenic SGs that persist and
become cytotoxic [74]. Several studies have demonstrated that inhibiting SG formation suppresses
nucleocytoplasmic mislocalization of RBPs and neurodegeneration in ALS and FTLD models [107].

Several factors have been found to disrupt RBP function, including mutations within RBPs,
osmotic stress, oxidative stress, heat stress, and proinflammatory cytokines [75,108,109]. For example,
in vitro experiments demonstrated that somatic mutations within hnRNP A1 identified from MS
patients contribute to RBP dysfunction [110]. These experiments showed that transfection of plasmids
containing hnRNP A1 mutants in neuron-like cells resulted in hnRNP A1 mislocalization, colocalization
into cytoplasmic SGs, and apoptosis, compared to cells transfected with plasmids containing wild
type hnRNP A1. Considering inherited mutations within RBPs and subsequent RBP dysfunction
were shown to underlie ALS and FTLD pathology [74,88,96,111–113], these experiments suggest
similar mechanisms may contribute to the pathogenesis of MS and like inherited mutations, somatic
mutations may be amenable to Clustered Regularly Interspaced Short Palindromic Repeats-Cas9
(CRISPR-Cas9) therapy. Other experiments have shown that oxidative stress and subsequent DNA
damage associated with Poly ADP-ribose polymerase (PARP) activation in the brain lead to the
accumulation of dysfunctional RBPs in neurons [114,115]. Extensive activation of PARP is related to cell
death while inhibition has been found to attenuate inflammation and improve neuronal survival [116].
PARP can also induce Poly ADP-ribosylation (PARylation), a major regulator of SG assembly and
disassembly [117]. For example, PARylation of hnRNP A1 contributes to its nucleocytoplasmic
mislocalization and association within SGs, while inhibition of PARP was found to mitigate hnRNP A1
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mediated neurotoxicity [117]. Additionally, oxidative stress induced by 3-nitropropionic acid toxin, a
mitochondrial respiratory complex II inhibitor, has been shown to lead to hnRNP A1 mislocalization
from nucleus to cytoplasm in rodents [118]. Cytoplasmic hnRNP A1 further induced mitochondrial
dysfunction, leading to a brain-focused pattern of cell death in animals [118,119].

4.2. RNA-Binding Proteins in MS

The previously mentioned data demonstrate that dysfunctional RBP biology, including RBP
mislocalization, SG formation, and subsequent changes in RNA metabolism, can contribute to
neurodegeneration in numerous neurological conditions. More recent data indicates that dysfunctional
RBP biology may play a role in MS pathogenesis and contribute to neurodegeneration in a manner
similar to other neurologic diseases.

4.2.1. Evidence in Glia and Immune Cells

Because MS involves the immune system in addition to the CNS, it is prudent to consider the
effects that changes in RBPs in immune cells and glia, such as astrocytes and microglia, might play in
disease. For example, differential expression of RBPs, including HuR (Human antigen R) and TDP-43,
has been identified in PBMCs and T-cells, isolated from MS patients [120,121], suggesting that these
RBPs are dysregulated in immune cells although how this influences disease is unclear. Further studies
have demonstrated that an inflammatory environment, such as in MS, can lead to the mislocalization
of RBPs in astrocytes and microglia and can result in the recruitment of additional inflammatory
molecules, which can be deleterious to neurons [122,123]. These data highlight the role of RBPs in
glial cells and how disruption of normal RBP functions in these cells may be harmful. Additionally,
the proinflammatory factors secreted by immune cells in a potent inflammatory environment may
also drive RBP dysfunction. For example, TNFα and IFNγ, potent cytokines that have been shown
to be increased in MS patient cerebrospinal fluid samples [124,125], have been shown to induce
RBP dysfunction in neuronal cells [108,122]. Exposure of neuronal cells IFNγ was found to induce
RBP dysfunction, including hnRNP A1 mislocalization, altered SG dynamics, and changes in RNA
metabolism, suggesting that proinflammatory factors can negatively influence RBPs [108].

The role of RBPs in oligodendrocytes has also been investigated. Interestingly, TDP-43
mislocalization and aggregate formation were found in both oligodendrocytes and anterior horn cells in
mice infected with Theiler’s murine encephalomyelitis virus, another animal model of MS [126]. These
findings are particular relevant as other studies have shown that deletion of TDP-43 in oligodendrocytes
in mice results in neurological deficits as they age [127] suggesting that proper functioning of TDP-43 is
crucial to oligodendrocyte survival and function. Myelin-associated mRNAs have also been shown to
be sequestered in SGs in oligodendrocytes in vitro under times of stress [128]. Prolonged sequestration
of pertinent myelin-associated mRNAs in SGs could have detrimental effects on myelination processes,
including maintenance. Together these data suggest that dysfunctional RBP biology, which is observed
in glial cells in models of MS, can negatively impact oligodendrocyte health and function, leading to
deleterious effects.

4.2.2. Evidence in Neurons

Although changes in RBPs have been observed in glia and immune cells and have been associated
with the secretion of proinflammatory factors in MS and important in vitro models, this does not
directly implicate dysfunctional RBPs in neurodegeneration. However, there is substantial evidence
demonstrating RBP dysfunction in neurons in MS and its models suggesting this may be an underlying
mechanism of neurodegeneration. For example, hnRNP A1 mislocalization and SG formation, two of
the pathological hallmarks of dysfunctional RBPs, were initially shown in neurons from a single MS
case [108]. Recently, these findings were expanded to include 12 additional MS cases and six control
cases, and demonstrated increased nucleocytoplasmic mislocalization of hnRNP A1 and TDP-43 in
neurons from MS patients compared to controls [129]. Increased nucleocytoplasmic localization of
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RBPs has been shown to be toxic to neurons [91,101]. In a separate study, altered RBP biology was
identified in oligodendrocytes and neurons of MS cases. These data found altered expression of the
RBPs TDP-43 and polypyrimidine tract-binding protein 1 and 2 (PTB1 / PTB2) in cortical demyelinated
lesions [130]. Considering the importance of TDP-43 and PTB1/2 in oligodendrocyte viability and
neuronal differentiation, respectively, researchers hypothesized RBP dysfunction might contribute to
cortical lesion damage and neurodegeneration in MS [130].

Additional experiments from animal models of MS have provided evidence of dysfunctional RBPs
contributing to neurodegeneration. Although an imperfect animal model of MS, experimental
autoimmune encephalomyelitis (EAE) recapitulates certain aspects of MS pathology including
demyelination, neuronal loss, and a robust CNS immune response. Potential drawbacks of the
EAE model are variability between mouse strains and immunizing agent along with favoring a
CD4+ T cell response, whereas in MS, CD8+ T cells and B cells are known to play an important role.
Nevertheless, EAE mice showed increased hnRNP A1 and TDP-43 mislocalization and SG formation in
neurons of the spinal cord, the former of which correlated with neurodegeneration [70,75]. Additionally,
hnRNP A1 mislocalization was found to correlate with disease severity as well as with IFNγ-producing
CD3+ T cell infiltrates in the spinal cord of mice with EAE [75]. Furthermore, there was a significant
negative correlation between the number of neurons in the spinal cord and hnRNP A1 mislocalization,
indicating that there are fewer neurons in areas with increased hnRNP A1 mislocalization [75]. These
experiments suggest a relationship between neurodegeneration, inflammation, and RBP dysfunction
(Figure 1).

Other experiments have employed techniques to correct RBP dysfunction in EAE to determine
the role it may play. KPT-350, a nuclear export inhibitor, that has been shown to correct RBP
mislocalization phenotypes in other disease models, decreased disease severity, neurodegeneration,
and demyelination when administered to EAE animals; however, its effect on RBP mislocalization
in EAE was not examined [131]. Additionally, blocking the activity of the RBP HuR in EAE animals
improved motor function and decreased demyelination, suggesting that RBPs contribute to clinical
disease severity in EAE [132]. Furthermore, rapamycin, an autophagy inducer, that has been shown
to correct TDP-43 mislocalization phenotypes and restore nuclear localization, reduced EAE severity,
neuronal damage, and demyelination [133]. Finally, in EAE, poly ADP-ribose (PAR), a factor required
for SG assembly [105,106], was found to be elevated in neurons, astrocytes, oligodendrocytes, and
microglial in and around demyelinated plaques, suggesting increased SG formation, a feature heavily
associated with dysfunctional RBPs [116]. Although these studies in MS and EAE do not explicitly
demonstrate a mechanism of neurodegeneration through dysfunctional RBPs, they strongly suggest
that RBP dysfunction is a feature of MS and its models, further implicating dysfunctional RBPs in
neurodegeneration in a manner similar to other neurologic diseases.
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Figure 1. Potential pathogenic mechanisms of neurodegeneration in multiple sclerosis (MS). Under,
homeostatic conditions, hnRNP A1 (red) is localized to the nucleus of neuronal cell bodies. In response
to (A) genetic mutations, (B) neuroinflammation and corresponding proinflammatory mediators,
oxidative stressors, and (B,C) autoantibodies, neuronal cell bodies display dysfunctional hnRNP A1
biology, including (D) hnRNP A1 nucleocytoplasmic mislocalization, (E) stress granule formation,
and (F) altered RNA metabolism. A number of therapeutic strategies have been identified, which
may prevent dysfunctional RBP-mediated neurodegeneration. These strategies include using
(B) antioxidant and/or Fc blocking therapies, (C) altering neuronal endocytosis of IgG, (D) inhibition
of RBP mislocalization, (E) inhibition of SG assembly or inducing SG disassembly, (D,E) and
inducing autophagy.

4.2.3. Autoimmunity to hnRNP A1 in MS

In addition to cytokine-induced mechanisms of RBP dysfunction, our lab has implicated an
antibody response to hnRNP A1 as a mechanism of neurodegeneration in MS [69,70,87,134–137].
MS patients develop IgG specific for hnRNP A1, specifically to the M9 region of hnRNP A1, that is
responsible for its transport into and out of the nucleus [69]. Previously published data from our
lab demonstrated that peripheral injections of anti-hnRNP A1 antibodies which overlap with the
immunodominant epitope of MS IgG, into mice with EAE resulted in worsening of disease, increased
neurodegeneration, and a change in phenotype from flaccid to spastic hind limbs [71]. Spasticity of
limbs is a common symptom of MS [138,139]. Mechanistically, our data suggest that antibodies to
hnRNP A1 contribute to neurodegeneration both intra- and extra-neuronally. Immunohistochemical
localization of anti-hnRNP A1 antibodies injected into mice with EAE showed antibody deposition
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within and surrounding spinal cord neurons. The antibodies surrounding neurons colocalized with Fc
receptors on macrophages and induced nitric oxide synthase, responsible for increased nitric oxide
production, an oxidative stressor. While all IgG are capable of binding Fc receptors, we have shown
that compared to anti-hnRNP A1 antibodies, isotype control IgG did not localize to the spinal cord and
did not colocalize with Fc receptors on macrophages [70,134]. To explain this, we demonstrated that in
response to EAE, hnRNP A1 not only mislocalizes from the neuronal nucleus to the cytoplasm, but can
also be found extra-neuronally, thus providing an antigenic target for anti-hnRNP A1 antibodies [70].
In contrast to anti-hnRNP A1 antibodies that target hnRNP A1, we believe isotype control IgG are not
binding an antigenic target. Antibody deposition correlated with loss of spinal cord neuronal cell bodies,
a marker of neurodegeneration. Although how anti-hnRNP A1 antibodies enter neurons and cause
neuronal cell death is not yet clear, in vitro studies indicate clathrin-mediated endocytosis as a potential
mechanism. For example, using neuron-like cell lines demonstrated that anti-hnRNP A1 antibodies
entered neurons via clathrin-mediated endocytosis and resulted in a reduction of cellular ATP and
increased expression of the apoptotic markers Caspase 3/7 [140,141]. Interestingly, antibodies to Tau
protein have also been shown enter neurons via clathrin-mediated endocytosis [142]. These studies
demonstrate the importance of autoimmunity in MS and its models, while also providing potential
points of therapeutic intervention by blocking Fc receptors and/or altering neuronal endocytosis of
pathogenic IgG (Figure 1).

Additionally, we found that peripheral injection of anti-hnRNP A1 antibodies also exacerbated
hnRNP A1 dysfunction [70,71]. Anti-hnRNP A1 antibodies were localized to areas of the spinal cord
with increased neuronal hnRNP A1 nucleocytoplasmic mislocalization, SG formation, and neuronal
loss compared to controls. This study demonstrated that, in addition to the neuroinflammatory
response in EAE, antibodies to hnRNP A1, an intraneuronal target, augments RBP dysfunction and
neurodegeneration. We observed that neuroinflammation in EAE can cause extraneuronal localization
of hnRNP A1 [70], thus exposing hnRNP A1 to the immune system as a neoantigen in our animal
model and further providing evidence for a secondary autoimmune response. This may partially
explain why MS patients, but not healthy controls, create autoantibodies to hnRNP A1.

5. Conclusions

Neurodegeneration in MS is likely due to a combination of mechanisms. Research suggests
that dysfunctional RBPs are a pathologic hallmark of MS and its models and may contribute to
neurodegeneration in mechanisms similar to other neurologic diseases. RBP dysfunction has been
shown to be induced in response to a variety of stimuli, and in a number of cell types that lead to
numerous downstream responses in neurons. In addition to RBP dysfunction, our work and the
work of others show that neurodegeneration occurs as a result of neuroinflammation, autoimmunity,
mitochondrial dysfunction and oxidative stress [70,75,88,108,110–113,122,143]. The contribution of
different mechanisms of neurodegeneration might be explained by the heterogeneity of MS. Therefore,
specific therapies will need to be tailored based on the predominant mechanism of neurodegeneration in
an individual with MS. Further research involving dysfunctional RBPs is necessary to better understand
the cellular pathways effected, so that precise therapeutic interventions can be created to prevent,
attenuate, or reverse RBP dysfunction and in turn, alter the natural history of disease progression
in MS.
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Abbreviations

AD Alzheimer’s disease
ALS Amyotrophic lateral sclerosis
cAMP Cyclic adenosine monophosphate
CNS Central nervous system
CREB cAMP response element-binding protein
CSF Cerebrospinal fluid
EAE Experimental autoimmune encephalomyelitis
FTLD Frontotemporal lobe dementia
FUS Fused in Sarcoma
HD Huntington’s disease
hnRNP A1 Heterogeneous nuclear ribonucleoprotein A1
HuR Human antigen R
IFN Interferon
LCD Low complexity domain
LLPS Liquid–liquid phase separation
MBP Myelin basic protein
MOG Myelin oligodendrocyte glycoprotein
MS Multiple sclerosis
PAR Poly ADP-ribose
PARP Poly ADP-ribose polymerase
PBMCs Peripheral blood mononuclear cells
PD Parkinson’s disease
PLP Proteolipid protein
PTBP polypyrimidine tract-binding protein
RNS Reactive nitrogen species
ROS Reactive oxygen species
SG Stress Granule
TDP-43 TAR-DNA binding protein-43
TNF Tumor necrosis factor
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32. Nikić, I.; Merkler, D.; Sorbara, C.; Brinkoetter, M.; Kreutzfeldt, M.; Bareyre, F.M.; Brück, W.; Bishop, D.;
Misgeld, T.; Kerschensteiner, M. A reversible form of axon damage in experimental autoimmune
encephalomyelitis and multiple sclerosis. Nat. Med. 2011, 17, 495. [CrossRef]

33. Miller, E.D.; Dziedzic, A.; Saluk-Bijak, J.; Bijak, M. A review of various antioxidant compounds and their
potential utility as complementary therapy in multiple sclerosis. Nutrients 2019, 11, 1528. [CrossRef]
[PubMed]

34. Salzer, J.; Hallmans, G.; Nyström, M.; Stenlund, H.; Wadell, G.; Sundström, P. Vitamin D as a protective factor
in multiple sclerosis. Neurology 2012, 79, 2140–2145. [CrossRef] [PubMed]

35. Shaygannejad, V.; Janghorbani, M.; Ashtari, F.; Dehghan, H. Effects of adjunct low-dose vitamin d on
relapsing-remitting multiple sclerosis progression: Preliminary findings of a randomized placebo-controlled
trial. Mult. Scler. Int. 2012. [CrossRef] [PubMed]

36. Spain, R.; Powers, K.; Murchison, C.; Heriza, E.; Winges, K.; Yadav, V.; Cameron, M.; Kim, E.; Horak, F.;
Simon, J. Lipoic acid in secondary progressive MS: A randomized controlled pilot trial. Neurol. Neuroimmunol.
Neuroinflamm. 2017, 4, e374. [CrossRef]

37. Pantzaris, M.C.; Loukaides, G.N.; Ntzani, E.E.; Patrikios, I.S. A novel oral nutraceutical formula of omega-3
and omega-6 fatty acids with vitamins (PLP10) in relapsing remitting multiple sclerosis: A randomised,
double-blind, placebo-controlled proof-of-concept clinical trial. BMJ Open 2013, 3, e002170. [CrossRef]
[PubMed]

38. Shinto, L.; Marracci, G.; Mohr, D.C.; Bumgarner, L.; Murchison, C.; Senders, A.; Bourdette, D. Omega-3 fatty
acids for depression in multiple sclerosis: A randomized pilot study. PLoS ONE 2016, 11. [CrossRef]

39. DiSabato, D.J.; Quan, N.; Godbout, J.P. Neuroinflammation: The devil is in the details. J. Neurochem. 2016,
139, 136–153. [CrossRef]

40. Chen, W.W.; Zhang, X.I.A.; Huang, W.J. Role of neuroinflammation in neurodegenerative diseases. Mol. Med.
Rep. 2016, 13, 3391–3396. [CrossRef]

41. Ransohoff, R.M. How neuroinflammation contributes to neurodegeneration. Science 2016, 353, 777–783.
[CrossRef]

42. Tang, Y.; Le, W. Differential roles of M1 and M2 microglia in neurodegenerative diseases. Mol. Neurobiol.
2016, 53, 1181–1194. [CrossRef]

43. Ransohoff, R.M.; Perry, V.H. Microglial physiology: Unique stimuli, specialized responses. Annu. Rev.
Immunol. 2009, 27, 119–145. [CrossRef] [PubMed]

44. Carocci, A.; Catalano, A.; Sinicropi, M.S.; Genchi, G. Oxidative stress and neurodegeneration: The involvement
of iron. Biometals 2018, 31, 715–735. [CrossRef] [PubMed]

45. Carbajal, K.S.; Mironova, Y.; Ulrich-Lewis, J.T.; Kulkarni, D.; Grifka-Walk, H.M.; Huber, A.K.; Shrager, P.;
Giger, R.J.; Segal, B.M. Th cell diversity in experimental autoimmune encephalomyelitis and multiple
sclerosis. J. Immunol. 2015, 195, 2552–2559. [CrossRef]

46. Aktas, O.; Smorodchenko, A.; Brocke, S.; Infante-Duarte, C.; Topphoff, U.S.; Vogt, J.; Prozorovski, T.; Meier, S.;
Osmanova, V.; Pohl, E. Neuronal damage in autoimmune neuroinflammation mediated by the death ligand
TRAIL. Neuron 2005, 46, 421–432. [CrossRef] [PubMed]

47. McDole, J.; Johnson, A.J.; Pirko, I. The role of CD8+ T-cells in lesion formation and axonal dysfunction in
multiple sclerosis. Neurol. Res. 2006, 28, 256–261. [CrossRef] [PubMed]

48. Ellwardt, E.; Zipp, F. Molecular mechanisms linking neuroinflammation and neurodegeneration in MS. Exp.
Neurol. 2014, 262, 8–17. [CrossRef]

49. Stadelmann, C.; Wegner, C.; Brück, W. Inflammation, demyelination, and degeneration—Recent insights
from MS pathology. Biochim. Et Biophys. Acta (BBA)-Mol. Basis Dis. 2011, 1812, 275–282. [CrossRef]

50. Dutta, R.; Trapp, B.D. Mechanisms of neuronal dysfunction and degeneration in multiple sclerosis.
Prog. Neurobiol. 2011, 93, 1–12. [CrossRef]

51. Babbe, H.; Roers, A.; Waisman, A.; Lassmann, H.; Goebels, N.; Hohlfeld, R.; Friese, M.; Schröder, R.;
Deckert, M.; Schmidt, S. Clonal expansions of CD8+ T cells dominate the T cell infiltrate in active multiple
sclerosis lesions as shown by micromanipulation and single cell polymerase chain reaction. J. Exp. Med.
2000, 192, 393–404. [CrossRef]

http://dx.doi.org/10.1002/ana.20736
http://dx.doi.org/10.1038/nm.2324
http://dx.doi.org/10.3390/nu11071528
http://www.ncbi.nlm.nih.gov/pubmed/31284389
http://dx.doi.org/10.1212/WNL.0b013e3182752ea8
http://www.ncbi.nlm.nih.gov/pubmed/23170011
http://dx.doi.org/10.1155/2012/452541
http://www.ncbi.nlm.nih.gov/pubmed/22567287
http://dx.doi.org/10.1212/NXI.0000000000000374
http://dx.doi.org/10.1136/bmjopen-2012-002170
http://www.ncbi.nlm.nih.gov/pubmed/23599375
http://dx.doi.org/10.1371/journal.pone.0147195
http://dx.doi.org/10.1111/jnc.13607
http://dx.doi.org/10.3892/mmr.2016.4948
http://dx.doi.org/10.1126/science.aag2590
http://dx.doi.org/10.1007/s12035-014-9070-5
http://dx.doi.org/10.1146/annurev.immunol.021908.132528
http://www.ncbi.nlm.nih.gov/pubmed/19302036
http://dx.doi.org/10.1007/s10534-018-0126-2
http://www.ncbi.nlm.nih.gov/pubmed/30014355
http://dx.doi.org/10.4049/jimmunol.1501097
http://dx.doi.org/10.1016/j.neuron.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15882642
http://dx.doi.org/10.1179/016164106X98125
http://www.ncbi.nlm.nih.gov/pubmed/16687050
http://dx.doi.org/10.1016/j.expneurol.2014.02.006
http://dx.doi.org/10.1016/j.bbadis.2010.07.007
http://dx.doi.org/10.1016/j.pneurobio.2010.09.005
http://dx.doi.org/10.1084/jem.192.3.393


Int. J. Mol. Sci. 2020, 21, 4571 13 of 17

52. Skulina, C.; Schmidt, S.; Dornmair, K.; Babbe, H.; Roers, A.; Rajewsky, K.; Wekerle, H.; Hohlfeld, R.; Goebels, N.
Multiple sclerosis: Brain-infiltrating CD8+ T cells persist as clonal expansions in the cerebrospinal fluid and
blood. Proc. Natl. Acad. Sci. USA 2004, 101, 2428–2433. [CrossRef]

53. Siffrin, V.; Radbruch, H.; Glumm, R.; Niesner, R.; Paterka, M.; Herz, J.; Leuenberger, T.; Lehmann, S.M.;
Luenstedt, S.; Rinnenthal, J.L. In vivo imaging of partially reversible th17 cell-induced neuronal dysfunction
in the course of encephalomyelitis. Immunity 2010, 33, 424–436. [CrossRef] [PubMed]

54. Magliozzi, R.; Howell, O.W.; Reeves, C.; Roncaroli, F.; Nicholas, R.; Serafini, B.; Aloisi, F.; Reynolds, R.
A gradient of neuronal loss and meningeal inflammation in multiple sclerosis. Ann. Neurol. 2010, 68, 477–493.
[CrossRef]

55. Howell, O.W.; Reeves, C.A.; Nicholas, R.; Carassiti, D.; Radotra, B.; Gentleman, S.M.; Serafini, B.; Aloisi, F.;
Roncaroli, F.; Magliozzi, R. Meningeal inflammation is widespread and linked to cortical pathology in
multiple sclerosis. Brain 2011, 134, 2755–2771. [CrossRef] [PubMed]

56. Bevan, R.J.; Evans, R.; Griffiths, L.; Watkins, L.M.; Rees, M.I.; Magliozzi, R.; Allen, I.; McDonnell, G.; Kee, R.;
Naughton, M. Meningeal inflammation and cortical demyelination in acute multiple sclerosis. Ann. Neurol.
2018, 84, 829–842. [CrossRef] [PubMed]

57. Magliozzi, R.; Howell, O.; Vora, A.; Serafini, B.; Nicholas, R.; Puopolo, M.; Reynolds, R.; Aloisi, F. Meningeal
B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe
cortical pathology. Brain 2007, 130, 1089–1104. [CrossRef]

58. Choi, S.R.; Howell, O.W.; Carassiti, D.; Magliozzi, R.; Gveric, D.; Muraro, P.A.; Nicholas, R.; Roncaroli, F.;
Reynolds, R. Meningeal inflammation plays a role in the pathology of primary progressive multiple sclerosis.
Brain 2012, 135, 2925–2937. [CrossRef]

59. Corsiero, E.; Nerviani, A.; Bombardieri, M.; Pitzalis, C. Ectopic lymphoid structures: Powerhouse of
autoimmunity. Front. Immunol. 2016, 7, 430. [CrossRef]

60. Winger, R.C.; Zamvil, S.S. Antibodies in multiple sclerosis oligoclonal bands target debris. Proc. Natl. Acad.
Sci. USA 2016, 113, 7696–7698. [CrossRef]

61. Reindl, M.; Linington, C.; Brehm, U.; Egg, R.; Dilitz, E.; Deisenhammer, F.; Poewe, W.; Berger, T. Antibodies
against the myelin oligodendrocyte glycoprotein and the myelin basic protein in multiple sclerosis and other
neurological diseases: A comparative study. Brain 1999, 122, 2047–2056. [CrossRef]

62. Noseworthy, J.H.; Lucchinetti, C.; Rodriguez, M.; Weinshenker, B.G. Medical progress. Mult. Scler. N. Engl. J.
Med. 2000, 343, 938–952. [CrossRef]

63. Karni, A.; Bakimer-Kleiner, R.; Abramsky, O.; Ben-Nun, A. Elevated levels of antibody to myelin
oligodendrocyte glycoprotein is not specific for patients with multiple sclerosis. Arch. Neurol. 1999,
56, 311–315. [CrossRef] [PubMed]

64. Schluesener, H.J.; Sobel, R.A.; Linington, C.; Weiner, H.L. A monoclonal antibody against a myelin
oligodendrocyte glycoprotein induces relapses and demyelination in central nervous system autoimmune
disease. J. Immunol. 1987, 139, 4016–4021. [PubMed]

65. Vanguri, P.; Shin, M.L. Activation of complement by myelin: Identification of C1-binding proteins of human
myelin from central nervous tissue. J. Neurochem. 1986, 46, 1535–1541. [CrossRef] [PubMed]

66. Vanguri, P.; Koski, C.L.; Silverman, B.; Shin, M.L. Complement activation by isolated myelin: Activation
of the classical pathway in the absence of myelin-specific antibodies. Proc. Natl. Acad. Sci. USA 1982, 79,
3290–3294. [CrossRef]

67. Mathey, E.K.; Derfuss, T.; Storch, M.K.; Williams, K.R.; Hales, K.; Woolley, D.R.; Al-Hayani, A.; Davies, S.N.;
Rasband, M.N.; Olsson, T. Neurofascin as a novel target for autoantibody-mediated axonal injury. J. Exp.
Med. 2007, 204, 2363–2372. [CrossRef]

68. Huizinga, R.; Gerritsen, W.; Heijmans, N.; Amor, S. Axonal loss and gray matter pathology as a direct result
of autoimmunity to neurofilaments. Neurobiol. Dis. 2008, 32, 461–470. [CrossRef]

69. Lee, S.; Xu, L.; Shin, Y.; Gardner, L.; Hartzes, A.; Dohan, F.C.; Raine, C.; Homayouni, R.; Levin, M.C.
A potential link between autoimmunity and neurodegeneration in immune-mediated neurological disease.
J. Neuroimmunol. 2011, 235, 56–69. [CrossRef]

70. Libner, C.D.; Salapa, H.E.; Hutchinson, C.; Lee, S.; Levin, M.C. Antibodies to the RNA Binding Protein
Heterogeneous Nuclear Ribonucleoprotein A1 Contribute to Neuronal Cell Loss in an Animal Model of
Multiple Sclerosis. J. Comp. Neurol. 2020, 528, 1704–1724. [CrossRef]

http://dx.doi.org/10.1073/pnas.0308689100
http://dx.doi.org/10.1016/j.immuni.2010.08.018
http://www.ncbi.nlm.nih.gov/pubmed/20870176
http://dx.doi.org/10.1002/ana.22230
http://dx.doi.org/10.1093/brain/awr182
http://www.ncbi.nlm.nih.gov/pubmed/21840891
http://dx.doi.org/10.1002/ana.25365
http://www.ncbi.nlm.nih.gov/pubmed/30362156
http://dx.doi.org/10.1093/brain/awm038
http://dx.doi.org/10.1093/brain/aws189
http://dx.doi.org/10.3389/fimmu.2016.00430
http://dx.doi.org/10.1073/pnas.1609246113
http://dx.doi.org/10.1093/brain/122.11.2047
http://dx.doi.org/10.1056/NEJM200009283431307
http://dx.doi.org/10.1001/archneur.56.3.311
http://www.ncbi.nlm.nih.gov/pubmed/10190821
http://www.ncbi.nlm.nih.gov/pubmed/3500978
http://dx.doi.org/10.1111/j.1471-4159.1986.tb01773.x
http://www.ncbi.nlm.nih.gov/pubmed/3514793
http://dx.doi.org/10.1073/pnas.79.10.3290
http://dx.doi.org/10.1084/jem.20071053
http://dx.doi.org/10.1016/j.nbd.2008.08.009
http://dx.doi.org/10.1016/j.jneuroim.2011.02.007
http://dx.doi.org/10.1002/cne.24845


Int. J. Mol. Sci. 2020, 21, 4571 14 of 17

71. Douglas, J.N.; Gardner, L.A.; Salapa, H.E.; Lalor, S.J.; Lee, S.; Segal, B.M.; Sawchenko, P.E.; Levin, M.C.
Antibodies to the RNA-binding protein hnRNP A1 contribute to neurodegeneration in a model of central
nervous system autoimmune inflammatory disease. J. Neuroinflamm. 2016, 13, 178. [CrossRef]

72. Purice, M.D.; Taylor, J.P. Linking hnRNP function to ALS and FTD pathology. Front. Neurosci. 2018, 12, 326.
[CrossRef]

73. Wolozin, B.; Ivanov, P. Stress granules and neurodegeneration. Nat. Rev. Neurosci. 2019, 20, 649–666.
[CrossRef] [PubMed]

74. Li, Y.R.; King, O.D.; Shorter, J.; Gitler, A.D. Stress granules as crucibles of ALS pathogenesis. J. Cell Biol. 2013,
201, 361–372. [CrossRef] [PubMed]

75. Salapa, H.E.; Libner, C.D.; Levin, M.C. Dysfunctional RNA-binding protein biology and neurodegeneration
in experimental autoimmune encephalomyelitis in female mice. J. Neurosci. Res. 2020, 98, 704–717. [CrossRef]
[PubMed]

76. Pierre, P. Integrating stress responses and immunity. Science 2019, 365, 28–29. [CrossRef] [PubMed]
77. Kedersha, N.; Ivanov, P.; Anderson, P. Stress granules and cell signaling: More than just a passing phase?

Trends Biochem. Sci. 2013, 38, 494–506. [CrossRef] [PubMed]
78. Wolozin, B. Regulated protein aggregation: Stress granules and neurodegeneration. Mol. Neurodegener. 2012,

7, 56. [CrossRef]
79. Arimoto, K.; Fukuda, H.; Imajoh-Ohmi, S.; Saito, H.; Takekawa, M. Formation of stress granules inhibits

apoptosis by suppressing stress-responsive MAPK pathways. Nat. Cell Biol. 2008, 10, 1324–1332. [CrossRef]
80. Aulas, A.; Lyons, S.M.; Fay, M.M.; Anderson, P.; Ivanov, P. Nitric oxide triggers the assembly of “type II”

stress granules linked to decreased cell viability. Cell Death Dis. 2018, 9, 1129. [CrossRef]
81. Reineke, L.C.; Neilson, J.R. Differences between acute and chronic stress granules, and how these differences

may impact function in human disease. Biochem. Pharmacol. 2019, 162, 123–131. [CrossRef]
82. Reineke, L.C.; Cheema, S.A.; Dubrulle, J.; Neilson, J.R. Chronic starvation induces noncanonical pro-death

stress granules. J. Cell Sci. 2018, 131, jcs220244. [CrossRef]
83. Bentmann, E.; Haass, C.; Dormann, D. Stress granules in neurodegeneration–lessons learnt from TAR DNA

binding protein of 43 kDa and fused in sarcoma. FEBs J. 2013, 280, 4348–4370. [CrossRef] [PubMed]
84. Buchan, J.R. mRNP granules: Assembly, function, and connections with disease. RNA Biol. 2014, 11,

1019–1030. [CrossRef] [PubMed]
85. Baron, D.M.; Matheny, T.; Lin, Y.-C.; Leszyk, J.D.; Kenna, K.; Gall, K.V.; Santos, D.P.; Tischbein, M.; Funes, S.;

Hayward, L.J. Quantitative proteomics identifies proteins that resist translational repression and become
dysregulated in ALS-FUS. Hum. Mol. Genet. 2019, 28, 2143–2160. [CrossRef] [PubMed]

86. Youn, J.-Y.; Dyakov, B.J.A.; Zhang, J.; Knight, J.D.R.; Vernon, R.M.; Forman-Kay, J.D.; Gingras, A.-C. Properties
of Stress Granule and P-Body Proteomes. Mol. Cell 2019, 76, 286–294. [CrossRef]

87. Levin, M.C.; Lee, S.; Gardner, L.A.; Shin, Y.; Douglas, J.N.; Groover, C.J. Pathogenic mechanisms of
neurodegeneration based on the phenotypic expression of progressive forms of immune-mediated neurologic
disease. Degener. Neurol. Neuromuscul. Dis. 2012, 2, 175. [CrossRef]

88. Kim, H.J.; Kim, N.C.; Wang, Y.-D.; Scarborough, E.A.; Moore, J.; Diaz, Z.; MacLea, K.S.; Freibaum, B.; Li, S.;
Molliex, A. Mutations in prion-like domains in hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy
and ALS. Nature 2013, 495, 467. [CrossRef]

89. Bentmann, E.; Neumann, M.; Tahirovic, S.; Rodde, R.; Dormann, D.; Haass, C. Requirements for stress
granule recruitment of fused in sarcoma (FUS) and TAR DNA-binding protein of 43 kDa (TDP-43). J. Biol.
Chem. 2012, 287, 23079–23094. [CrossRef]

90. Neumann, M.; Sampathu, D.M.; Kwong, L.K.; Truax, A.C.; Micsenyi, M.C.; Chou, T.T.; Bruce, J.; Schuck, T.;
Grossman, M.; Clark, C.M. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. Science 2006, 314, 130–133. [CrossRef]

91. Polymenidou, M.; Lagier-Tourenne, C.; Hutt, K.R.; Huelga, S.C.; Moran, J.; Liang, T.Y.; Ling, S.-C.;
Sun, E.; Wancewicz, E.; Mazur, C. Long pre-mRNA depletion and RNA missplicing contribute to neuronal
vulnerability from loss of TDP-43. Nat. Neurosci. 2011, 14, 459. [CrossRef]

92. Ramaswami, M.; Taylor, J.P.; Parker, R. Altered ribostasis: RNA-protein granules in degenerative disorders.
Cell 2013, 154, 727–736. [CrossRef]

http://dx.doi.org/10.1186/s12974-016-0647-y
http://dx.doi.org/10.3389/fnins.2018.00326
http://dx.doi.org/10.1038/s41583-019-0222-5
http://www.ncbi.nlm.nih.gov/pubmed/31582840
http://dx.doi.org/10.1083/jcb.201302044
http://www.ncbi.nlm.nih.gov/pubmed/23629963
http://dx.doi.org/10.1002/jnr.24554
http://www.ncbi.nlm.nih.gov/pubmed/31755578
http://dx.doi.org/10.1126/science.aay0987
http://www.ncbi.nlm.nih.gov/pubmed/31273112
http://dx.doi.org/10.1016/j.tibs.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/24029419
http://dx.doi.org/10.1186/1750-1326-7-56
http://dx.doi.org/10.1038/ncb1791
http://dx.doi.org/10.1038/s41419-018-1173-x
http://dx.doi.org/10.1016/j.bcp.2018.10.009
http://dx.doi.org/10.1242/jcs.220244
http://dx.doi.org/10.1111/febs.12287
http://www.ncbi.nlm.nih.gov/pubmed/23587065
http://dx.doi.org/10.4161/15476286.2014.972208
http://www.ncbi.nlm.nih.gov/pubmed/25531407
http://dx.doi.org/10.1093/hmg/ddz048
http://www.ncbi.nlm.nih.gov/pubmed/30806671
http://dx.doi.org/10.1016/j.molcel.2019.09.014
http://dx.doi.org/10.2147/DNND.S38353
http://dx.doi.org/10.1038/nature11922
http://dx.doi.org/10.1074/jbc.M111.328757
http://dx.doi.org/10.1126/science.1134108
http://dx.doi.org/10.1038/nn.2779
http://dx.doi.org/10.1016/j.cell.2013.07.038


Int. J. Mol. Sci. 2020, 21, 4571 15 of 17

93. Maharana, S.; Wang, J.; Papadopoulos, D.K.; Richter, D.; Pozniakovsky, A.; Poser, I.; Bickle, M.; Rizk, S.;
Guillén-Boixet, J.; Franzmann, T.M. RNA buffers the phase separation behavior of prion-like RNA binding
proteins. Science 2018, 360, 918–921. [CrossRef] [PubMed]

94. Bolognesi, B.; Gotor, N.L.; Dhar, R.; Cirillo, D.; Baldrighi, M.; Tartaglia, G.G.; Lehner, B.
A concentration-dependent liquid phase separation can cause toxicity upon increased protein expression.
Cell Rep. 2016, 16, 222–231. [CrossRef] [PubMed]

95. Boeynaems, S.; Alberti, S.; Fawzi, N.L.; Mittag, T.; Polymenidou, M.; Rousseau, F.; Schymkowitz, J.; Shorter, J.;
Wolozin, B.; Van Den Bosch, L. Protein phase separation: A new phase in cell biology. Trends Cell Biol. 2018,
28, 420–435. [CrossRef] [PubMed]

96. Sharma, A.; Lyashchenko, A.K.; Lu, L.; Nasrabady, S.E.; Elmaleh, M.; Mendelsohn, M.; Nemes, A.; Tapia, J.C.;
Mentis, G.Z.; Shneider, N.A. ALS-associated mutant FUS induces selective motor neuron degeneration
through toxic gain of function. Nat. Commun. 2016, 7, 1–14. [CrossRef]

97. Vanderweyde, T.; Yu, H.; Varnum, M.; Liu-Yesucevitz, L.; Citro, A.; Ikezu, T.; Duff, K.; Wolozin, B. Contrasting
pathology of the stress granule proteins TIA-1 and G3BP in tauopathies. J. Neurosci. 2012, 32, 8270–8283.
[CrossRef]

98. Dormann, D.; Rodde, R.; Edbauer, D.; Bentmann, E.; Fischer, I.; Hruscha, A.; Than, M.E.; Mackenzie, I.R.A.;
Capell, A.; Schmid, B. ALS-associated fused in sarcoma (FUS) mutations disrupt Transportin-mediated
nuclear import. EMBO J. 2010, 29, 2841–2857. [CrossRef]

99. Ling, J.P.; Pletnikova, O.; Troncoso, J.C.; Wong, P.C. TDP-43 repression of nonconserved cryptic exons is
compromised in ALS-FTD. Science 2015, 349, 650–655. [CrossRef]

100. Arnold, E.S.; Ling, S.-C.; Huelga, S.C.; Lagier-Tourenne, C.; Polymenidou, M.; Ditsworth, D.;
Kordasiewicz, H.B.; McAlonis-Downes, M.; Platoshyn, O.; Parone, P.A. ALS-linked TDP-43 mutations
produce aberrant RNA splicing and adult-onset motor neuron disease without aggregation or loss of nuclear
TDP-43. Proc. Natl. Acad. Sci. USA 2013, 110, E736–E745. [CrossRef]

101. Lagier-Tourenne, C.; Polymenidou, M.; Cleveland, D.W. TDP-43 and FUS/TLS: Emerging roles in RNA
processing and neurodegeneration. Hum. Mol. Genet. 2010, 19, R46–R64. [CrossRef]

102. Igaz, L.M.; Kwong, L.K.; Lee, E.B.; Chen-Plotkin, A.; Swanson, E.; Unger, T.; Malunda, J.; Xu, Y.; Winton, M.J.;
Trojanowski, J.Q. Dysregulation of the ALS-associated gene TDP-43 leads to neuronal death and degeneration
in mice. J. Clin. Investig. 2011, 121, 726–738. [CrossRef]

103. Herzog, J.J.; Deshpande, M.; Shapiro, L.; Rodal, A.A.; Paradis, S. TDP-43 misexpression causes defects in
dendritic growth. Sci. Rep. 2017, 7, 1–13. [CrossRef] [PubMed]

104. Herzog, J.J.; Xu, W.; Deshpande, M.; Rahman, R.; Suib, H.; Rodal, A.A.; Rosbash, M.; Paradis, S. TDP-43
dysfunction restricts dendritic complexity by inhibiting CREB activation and altering gene expression.
Proc. Natl. Acad. Sci. USA 2020, 117, 11760–11769. [CrossRef] [PubMed]

105. Wang, H.; Xu, J.; Lazarovici, P.; Quirion, R.; Zheng, W. cAMP response element-binding protein (CREB):
A possible signaling molecule link in the pathophysiology of schizophrenia. Front. Mol. Neurosci. 2018, 11,
255. [CrossRef]

106. Landeira, B.S.; Santana, T.T.d.S.; Araújo, J.A.d.M.; Tabet, E.I.; Tannous, B.A.; Schroeder, T.; Costa, M.R.
Activity-independent effects of CREB on neuronal survival and differentiation during mouse cerebral cortex
development. Cereb. Cortex 2018, 28, 538–548. [CrossRef] [PubMed]

107. Zhang, K.; Daigle, J.G.; Cunningham, K.M.; Coyne, A.N.; Ruan, K.; Grima, J.C.; Bowen, K.E.; Wadhwa, H.;
Yang, P.; Rigo, F. Stress granule assembly disrupts nucleocytoplasmic transport. Cell 2018, 173, 958–971.
[CrossRef]

108. Salapa, H.E.; Johnson, C.; Hutchinson, C.; Popescu, B.F.; Levin, M.C. Dysfunctional RNA binding proteins
and stress granules in multiple sclerosis. J. Neuroimmunol. 2018, 324, 149–156. [CrossRef]

109. Hock, E.-M.; Maniecka, Z.; Hruska-Plochan, M.; Reber, S.; Laferriere, F.; Mk, S.S.; Ederle, H.; Gittings, L.;
Pelkmans, L.; Dupuis, L. Hypertonic stress causes cytoplasmic translocation of neuronal, but not astrocytic,
FUS due to impaired transportin function. Cell Rep. 2018, 24, 987–1000. [CrossRef]

110. Lee, S.; Levin, M. Novel Somatic Single Nucleotide Variants within the RNA Binding Protein hnRNP A1 in
Multiple Sclerosis Patients. F1000Research 2014, 3, 132. [CrossRef]

111. Gitcho, M.A.; Baloh, R.H.; Chakraverty, S.; Mayo, K.; Norton, J.B.; Levitch, D.; Hatanpaa, K.J.; White Iii, C.L.;
Bigio, E.H.; Caselli, R. TDP-43 A315T mutation in familial motor neuron disease. Ann. Neurol. Off. J. Am.
Neurol. Assoc. Child Neurol. Soc. 2008, 63, 535–538. [CrossRef]

http://dx.doi.org/10.1126/science.aar7366
http://www.ncbi.nlm.nih.gov/pubmed/29650702
http://dx.doi.org/10.1016/j.celrep.2016.05.076
http://www.ncbi.nlm.nih.gov/pubmed/27320918
http://dx.doi.org/10.1016/j.tcb.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29602697
http://dx.doi.org/10.1038/ncomms10465
http://dx.doi.org/10.1523/JNEUROSCI.1592-12.2012
http://dx.doi.org/10.1038/emboj.2010.143
http://dx.doi.org/10.1126/science.aab0983
http://dx.doi.org/10.1073/pnas.1222809110
http://dx.doi.org/10.1093/hmg/ddq137
http://dx.doi.org/10.1172/JCI44867
http://dx.doi.org/10.1038/s41598-017-15914-4
http://www.ncbi.nlm.nih.gov/pubmed/29142232
http://dx.doi.org/10.1073/pnas.1917038117
http://www.ncbi.nlm.nih.gov/pubmed/32393629
http://dx.doi.org/10.3389/fnmol.2018.00255
http://dx.doi.org/10.1093/cercor/bhw387
http://www.ncbi.nlm.nih.gov/pubmed/27999124
http://dx.doi.org/10.1016/j.cell.2018.03.025
http://dx.doi.org/10.1016/j.jneuroim.2018.08.015
http://dx.doi.org/10.1016/j.celrep.2018.06.094
http://dx.doi.org/10.12688/f1000research.4436.2
http://dx.doi.org/10.1016/j.jalz.2008.05.1855


Int. J. Mol. Sci. 2020, 21, 4571 16 of 17

112. Kabashi, E.; Valdmanis, P.N.; Dion, P.; Spiegelman, D.; McConkey, B.J.; Velde, C.V.; Bouchard, J.-P.;
Lacomblez, L.; Pochigaeva, K.; Salachas, F. TARDBP mutations in individuals with sporadic and familial
amyotrophic lateral sclerosis. Nat. Genet. 2008, 40, 572. [CrossRef]

113. Rutherford, N.J.; Zhang, Y.-J.; Baker, M.; Gass, J.M.; Finch, N.A.; Xu, Y.-F.; Stewart, H.; Kelley, B.J.; Kuntz, K.;
Crook, R.J.P. Novel mutations in TARDBP (TDP-43) in patients with familial amyotrophic lateral sclerosis.
Plos Genet. 2008, 4, e1000193. [CrossRef] [PubMed]

114. Catara, G.; Grimaldi, G.; Schembri, L.; Spano, D.; Turacchio, G.; Monte, M.L.; Beccari, A.R.; Valente, C.;
Corda, D. PARP1-produced poly-ADP-ribose causes the PARP12 translocation to stress granules and
impairment of Golgi complex functions. Sci. Rep. 2017, 7, 1–17. [CrossRef] [PubMed]

115. Leung, A.K.L.; Vyas, S.; Rood, J.E.; Bhutkar, A.; Sharp, P.A.; Chang, P. Poly (ADP-ribose) regulates stress
responses and microRNA activity in the cytoplasm. Mol. Cell 2011, 42, 489–499. [CrossRef] [PubMed]

116. Kauppinen, T.M.; Suh, S.W.; Genain, C.P.; Swanson, R.A. Poly (ADP-ribose) polymerase-1 activation in a
primate model of multiple sclerosis. J. Neurosci. Res. 2005, 81, 190–198. [CrossRef]

117. Duan, Y.; Du, A.; Gu, J.; Duan, G.; Wang, C.; Gui, X.; Ma, Z.; Qian, B.; Deng, X.; Zhang, K. PARylation
regulates stress granule dynamics, phase separation, and neurotoxicity of disease-related RNA-binding
proteins. Cell Res. 2019, 29, 233–247. [CrossRef]

118. Park, S.J.; Lee, H.; Jo, D.S.; Jo, Y.K.; Shin, J.H.; Kim, H.B.; Seo, H.M.; Rubinsztein, D.C.; Koh, J.-Y.;
Lee, E.K. Heterogeneous nuclear ribonucleoprotein A1 post-transcriptionally regulates Drp1 expression in
neuroblastoma cells. Biochim. Et Biophys. Acta (BBA)-Gene Regul. Mech. 2015, 1849, 1423–1431. [CrossRef]

119. Waal, D.; Donkelaar, T. 3-Nitropropionic acid induces a spectrum of Huntington’s disease-like neuropathology
in rat striatum. Neuropathol. Appl. Neurobiol. 1999, 25, 513–521.

120. Berge, T.; Eriksson, A.; Brorson, I.S.; Høgestøl, E.A.; Berg-Hansen, P.; Døskeland, A.; Mjaavatten, O.; Bos, S.D.;
Harbo, H.F.; Berven, F. Quantitative proteomic analyses of CD4+ and CD8+ T cells reveal differentially
expressed proteins in multiple sclerosis patients and healthy controls. Clin. Proteom. 2019, 16, 19. [CrossRef]

121. Pistono, C.; Monti, M.C.; Marchesi, N.; Boiocchi, C.; Campagnoli, L.I.M.; Morlotti, D.; Cuccia, M.; Govoni, S.;
Montomoli, C.; Mallucci, G. Unraveling a new player in multiple sclerosis pathogenesis: The rna-binding
protein hur. Mult. Scler. Relat. Disord. 2020, 102048. [CrossRef]

122. Correia, A.S.; Patel, P.; Dutta, K.; Julien, J.-P. Inflammation induces TDP-43 mislocalization and aggregation.
PLoS ONE 2015, 10, e0140248. [CrossRef]

123. Kwan, T.; Floyd, C.L.; Kim, S.; King, P.H. RNA binding protein human antigen R is translocated in astrocytes
following spinal cord injury and promotes the inflammatory response. J. Neurotrauma 2017, 34, 1249–1259.
[CrossRef] [PubMed]

124. Kothur, K.; Wienholt, L.; Brilot, F.; Dale, R.C. CSF cytokines/chemokines as biomarkers in neuroinflammatory
CNS disorders: A systematic review. Cytokine 2016, 77, 227–237. [CrossRef] [PubMed]

125. Khaibullin, T.; Ivanova, V.; Martynova, E.; Cherepnev, G.; Khabirov, F.; Granatov, E.; Rizvanov, A.;
Khaiboullina, S. Elevated levels of proinflammatory cytokines in cerebrospinal fluid of multiple sclerosis
patients. Front. Immunol. 2017, 8, 531. [CrossRef] [PubMed]

126. Masaki, K.; Sonobe, Y.; Ghadge, G.; Pytel, P.; Roos, R.P. TDP-43 proteinopathy in Theiler’s murine
encephalomyelitis virus infection. Plos Pathog. 2019, 15, e1007574. [CrossRef]

127. Wang, J.; Ho, W.Y.; Lim, K.; Feng, J.; Tucker-Kellogg, G.; Nave, K.-A.; Ling, S.-C. Cell-autonomous requirement
of TDP-43, an ALS/FTD signature protein, for oligodendrocyte survival and myelination. Proc. Natl. Acad.
Sci. USA 2018, 115, E10941–E10950. [CrossRef]

128. Hoch-Kraft, P.; Trotter, J.; Gonsior, C. Missing in Action: Dysfunctional RNA Metabolism in Oligodendroglial
Cells as a Contributor to Neurodegenerative Diseases? Neurochem. Res. 2019, 1–14. [CrossRef]

129. Salapa, H.E.; Hutchinson, C.; Popescu, B.F.; Levin, M.C. Neurons in multiple sclerosis cortex show features
of RNA binding protein dysfunction. Ann. Clin. Transl. Neurol. 2020.

130. Masaki, K.; Sonobe, Y.; Ghadge, G.; Pytel, P.; Lépine, P.; Pernin, F.; Cui, Q.-L.; Antel, J.P.; Zandee, S.; Prat, A.
RNA-binding protein altered expression and mislocalization in MS. Neurol. Neuroimmunol. Neuroinflamm.
2020, 7. [CrossRef]

131. Haines, J.D.; Herbin, O.; De La Hera, B.; Vidaurre, O.G.; Moy, G.A.; Sun, Q.; Fung, H.Y.J.; Albrecht, S.;
Alexandropoulos, K.; McCauley, D. Nuclear export inhibitors avert progression in preclinical models of
inflammatory demyelination. Nat. Neurosci. 2015, 18, 511–520. [CrossRef]

http://dx.doi.org/10.1038/ng.132
http://dx.doi.org/10.1371/journal.pgen.1000193
http://www.ncbi.nlm.nih.gov/pubmed/18802454
http://dx.doi.org/10.1038/s41598-017-14156-8
http://www.ncbi.nlm.nih.gov/pubmed/29070863
http://dx.doi.org/10.1016/j.molcel.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21596313
http://dx.doi.org/10.1002/jnr.20525
http://dx.doi.org/10.1038/s41422-019-0141-z
http://dx.doi.org/10.1016/j.bbagrm.2015.10.017
http://dx.doi.org/10.1186/s12014-019-9241-5
http://dx.doi.org/10.1016/j.msard.2020.102048
http://dx.doi.org/10.1371/journal.pone.0140248
http://dx.doi.org/10.1089/neu.2016.4757
http://www.ncbi.nlm.nih.gov/pubmed/27852147
http://dx.doi.org/10.1016/j.cyto.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26463515
http://dx.doi.org/10.3389/fimmu.2017.00531
http://www.ncbi.nlm.nih.gov/pubmed/28572801
http://dx.doi.org/10.1371/journal.ppat.1007574
http://dx.doi.org/10.1073/pnas.1809821115
http://dx.doi.org/10.1007/s11064-019-02763-y
http://dx.doi.org/10.1212/NXI.0000000000000704
http://dx.doi.org/10.1038/nn.3953


Int. J. Mol. Sci. 2020, 21, 4571 17 of 17

132. Sanna, M.D.; Quattrone, A.; Galeotti, N. Silencing of the RNA-binding protein HuR attenuates hyperalgesia
and motor disability in experimental autoimmune encephalomyelitis. Neuropharmacology 2017, 123, 116–125.
[CrossRef]

133. Boyao, Y.; Mengjiao, S.; Caicai, B.; Xiaoling, L.; Manxia, W. Dynamic expression of autophagy-related factors
in autoimmune encephalomyelitis and exploration of curcumin therapy. J. Neuroimmunol. 2019, 337, 577067.
[CrossRef] [PubMed]

134. Lee, S.; Salapa, H.E.; Levin, M.C. Localization of near-infrared labeled antibodies to the central nervous
system in experimental autoimmune encephalomyelitis. PLoS ONE 2019, 14, e0212357. [CrossRef] [PubMed]

135. Salapa, H.; Lee, S.; Shin, Y.; Levin, M. Contribution of the degeneration of the neuro-axonal unit to the
pathogenesis of multiple sclerosis. Brain Sci. 2017, 7, 69. [CrossRef] [PubMed]

136. Levin, M.C.; Lee, S.; Gardner, L.A.; Shin, Y.; Douglas, J.N.; Salapa, H. Autoantibodies to heterogeneous
nuclear ribonuclear protein A1 (hnRNPA1) cause altered ‘ribostasis’ and neurodegeneration; the legacy of
HAM/TSP as a model of progressive multiple sclerosis. J. Neuroimmunol. 2017, 304, 56–62. [CrossRef]

137. Douglas, J.N.; Gardner, L.A.; Salapa, H.E.; Levin, M.C. Antibodies to the RNA binding protein heterogeneous
nuclear ribonucleoprotein A1 colocalize to stress granules resulting in altered RNA and protein levels in a
model of neurodegeneration in multiple sclerosis. J. Clin. Cell. Immunol. 2016, 7, 402.

138. Rizzo, M.A.; Hadjimichael, O.C.; Preiningerova, J.; Vollmer, T.L. Prevalence and treatment of spasticity
reported by multiple sclerosis patients. Mult. Scler. J. 2004, 10, 589–595. [CrossRef]

139. Barnes, M.P.; Kent, R.M.; Semlyen, J.K.; McMullen, K.M. Spasticity in multiple sclerosis. Neurorehabilit.
Neural Repair 2003, 17, 66–70. [CrossRef]

140. Douglas, J.; Gardner, L.A.; Levin, M.C. Antibodies to an intracellular antigen penetrate neuronal cells and
cause deleterious effects. J Clin Cell Immunol 2013, 4, 134. [CrossRef]

141. Douglas, J.N.; Gardner, L.A.; Lee, S.; Shin, Y.; Groover, C.J.; Levin, M.C. Antibody transfection into neurons
as a tool to study disease pathogenesis. Jove (J. Vis. Exp.) 2012, 67, e4154. [CrossRef]

142. Congdon, E.E.; Gu, J.; Sait, H.B.R.; Sigurdsson, E.M. Antibody uptake into neurons occurs primarily via
clathrin-dependent Fcγ receptor endocytosis and is a prerequisite for acute tau protein clearance. J. Biol.
Chem. 2013, 288, 35452–35465. [CrossRef]

143. Colombrita, C.; Zennaro, E.; Fallini, C.; Weber, M.; Sommacal, A.; Buratti, E.; Silani, V.; Ratti, A. TDP-43 is
recruited to stress granules in conditions of oxidative insult. J. Neurochem. 2009, 111, 1051–1061. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.neuropharm.2017.06.005
http://dx.doi.org/10.1016/j.jneuroim.2019.577067
http://www.ncbi.nlm.nih.gov/pubmed/31629984
http://dx.doi.org/10.1371/journal.pone.0212357
http://www.ncbi.nlm.nih.gov/pubmed/30768649
http://dx.doi.org/10.3390/brainsci7060069
http://www.ncbi.nlm.nih.gov/pubmed/28629158
http://dx.doi.org/10.1016/j.jneuroim.2016.07.005
http://dx.doi.org/10.1191/1352458504ms1085oa
http://dx.doi.org/10.1177/0888439002250449
http://dx.doi.org/10.4172/2155-9899.1000134
http://dx.doi.org/10.3791/4154
http://dx.doi.org/10.1074/jbc.M113.491001
http://dx.doi.org/10.1111/j.1471-4159.2009.06383.x
http://www.ncbi.nlm.nih.gov/pubmed/19765185
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Neurodegeneration in Neurologic Disease of the Central Nervous System 
	Etiology and Clinical Features of MS 
	Mechanisms of Neurodegeneration in MS and Its Models 
	Mitochondrial Dysfunction and Oxidative Stress 
	Neuroinflammation 

	RNA-Binding Proteins 
	RNA-Binding Proteins and Stress Granules in Neurodegenerative Diseases 
	RNA-Binding Proteins in MS 
	Evidence in Glia and Immune Cells 
	Evidence in Neurons 
	Autoimmunity to hnRNP A1 in MS 


	Conclusions 
	References

