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Abstract

Neurodegenerative diseases are a group of chronic, progressive, age-related disorders that
are becoming increasingly prevalent in the ageing population. Despite the variety of clinical
features observed, neurodegenerative diseases are characterised by protein aggregation
and deposition at the molecular level. The nature of such intracellular protein aggregates is
dependent on disease type and specific to disease subtype. Frontotemporal dementia and
amyotrophic lateral sclerosis (ALS) are two overlapping neurodegenerative diseases,
exhibiting pathological aggregates commonly composed of the proteins: Fused in Sarcoma
(FUS) or Transactive Response DNA Binding Protein of 43 KDa (TDP-43). The presence of
these protein aggregates in late disease stages is suggestive of a converging underlying
mechanism of pathology across diseases involving disrupted proteostasis. Despite this, at
present there are no effective therapeutics for the diseases, with current treatment
strategies generally tending to be only for symptom management. An area of research that
has gained increased interest in recent years is the formation and maintenance of
ribonucleoprotein (RNP) granules. These are membraneless organelles that consist of RNA
and protein elements, which can be either constitutively expressed (such as nuclear
paraspeckles) or upregulated under conditions of cellular stress as an adaptive response
(such as cytoplasmic stress granules). RNA-binding proteins are a key component of RNP
granules, and crucially some of which, for example FUS and TDP-43, are also
neurodegenerative disease-associated proteins. Therefore, a better understanding of RNA-
binding proteins in RNP granule formation and the regulation and maintenance of RNP
granule biophysical properties and dynamics may provide insights into mechanisms
contributing to disrupted proteostasis in neurodegenerative pathology; and thus open up
new avenues for therapeutic discovery and development. This review will focus on stress
granule and paraspeckle RNP granules, and discuss their possible contribution to pathology
in cases of frontotemporal dementia and ALS.
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1. Introduction

Neurodegenerative disease encompasses a diverse range of chronic, progressive, age-
related neurological diseases with wide-ranging clinical symptoms (Erkkinen et al., 2018).
Not only are they a major health burden due to their increasing prevalence in the
population, but there are also clear associated social and economic impacts. At present no
effective disease-modifying therapeutics exist and current treatment strategies tend to be
supportive and for symptom management (Gan et al., 2018).

Neurodegenerative diseases are multi-faceted with a highly complex aetiology.
Frontotemporal dementia and amyotrophic lateral sclerosis (ALS) are two
neurodegenerative diseases with overlapping genetic aetiologies, pathological and clinical
features (Gao et al., 2017). At a molecular level, the presence of aggregated proteins



forming persistent intracellular inclusions is a common feature (Arai et al., 2006; Neumann
et al., 2006; 2009). Although the nature of such inclusions is specific to disease type, the
presence of inclusions is a shared feature across diseases which suggests a failure of protein
homeostasis (proteostasis) mechanisms may be involved in driving this age-related
pathology (Aguzzi et al., 2010; Wyss-Coray., 2016). There is a clear and currently unmet
need to better understand such underlying mechanisms of neurodegenerative pathology in
order to identify novel targets and develop effective therapeutics to combat these
devastating diseases.

An exciting area of research that has gained increased interest in recent years is the
formation and regulation of the membraneless organelles, ribonucleoprotein (RNP)
granules. RNP granules provide temporal and spatial organisation and control of protein
translation across cellular compartments. Therefore, improving the efficiency of biochemical
processes within cells and thus ultimately conferring a cytoprotective role (Boeynaems et
al., 2018). In the cytoplasm, stress granules and processing bodies are types of RNP
granules, whereas paraspeckles, Cajal bodies and nucleoli, are examples of nuclear RNP
granules. Membraneless organelles are thought to carry out diverse functions such as
regulating gene expression and the cellular response to stress (Verdile et al., 2019).
However, it is vital that these processes are carefully regulated as changes to the biophysical
properties and dynamics of RNP granules may result in increased protein insolubility, hence
possibly leading to the formation of persistent inclusions (Alberti et al., 2017; Formicola et
al., 2019). In this way, dysregulation of the maintenance of RNP granules may provide a
possible mechanism contributing to disrupted proteostasis in neurodegenerative disease.
This review will focus on two RNP granules namely, stress granules and paraspeckles, and
explore their potential pathological role in neurodegeneration using frontotemporal
dementia and ALS as disease examples.

2. RNP granules

2.1 Stress Granules

Cells are constantly exposed to various stresses, such as thermal, osmotic, oxidative or
endoplasmic reticulum (ER) stress. It is vital to effectively regulate and activate cellular
response pathways to ensure that cell viability and functionality is maintained. Stress
granules are dynamic cytoplasmic RNP granules that rapidly assemble under conditions of
stress. The stress induces the phosphorylation of elF2a, or inhibition of elF4A, ultimately
resulting in repression of global translation. Stress granule formation is an important,
protective response enabling resources to be conserved under stressful conditions by
sequestering non-essential transcripts. Once the stress has been overcome, stress granules
are stimulated to rapidly disassemble through dephosphorylation of elF2a, and translation
of mRNA transcripts can thus recommence (Kedersha et al., 1999; Anderson and Kedersha,
2006; 2008; Mokas et al., 2009).

Although the composition of stress granules can vary depending upon the type of stress
stimulating their formation, they typically consist of non-translating mRNAs, stalled pre-
initiation complexes and RNA-binding proteins (Anderson and Kedersha, 2006; 2008;
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microscopy and super-resolution imaging techniques have enabled the structure of stress
granules to be probed. This has led to the observation that they are electron-dense and
structurally non-uniform, consisting of an inner stable “core”, and a more dynamic outer
“shell”. Purification of stress granules and subsequent transcriptomic and proteomic
analyses have suggested that the core is composed of a high protein and RNA
concentration, while the shell, which weakly interacts with the core, appears to contain a
low concentration of protein and RNA components (Buchan and Parker, 2009; Souquere et
al., 2009; Jain et al., 2016; Khong et al., 2017). This core-shell structure of stress granules is
summarised in Figure 1a.

Assembly of stress granules is thought to occur via protein-protein interaction of mRNA with
bound proteins and RNA-binding proteins (Jain et al., 2016). T Cell Internal Antigen-1
Related Protein (TIAR), Ras GTPase-activating Protein SH3 Domain-Binding Protein (G3BP),
and T Cell Intracellular Antigen 1 (TIA 1) are examples of such RNA-binding proteins that
promote stress granule formation and hence act as characteristic stress granule markers.
However, these RNA-binding proteins are not necessarily required for stress granule
formation, and appear to selectively promote stress granule assembly, perhaps through
different protein-protein interactions (Kedersha et al., 1999; Tourriére et al., 2003; Protter
and Parker, 2016). For example, G3BP is required in the formation of stress granules under
conditions of oxidative but not osmotic stress or heat shock (Tourriére et al., 2003; Kedersha
et al., 2016). This illustrates the redundant and the context-specific nature of stress granule
formation, with the multitude of interactions by different RNA-binding proteins and
differential assembly of this class of RNP granules dependent on specific cellular stress
conditions.

Moreover, other RNA-binding proteins such as Fused in Sarcoma (FUS) and Transactive
Response DNA Binding Protein of 43 KDa (TDP-43) have also been found to associate with
stress granules and mediate their assembly. FUS and TDP-43 are multifunctional proteins
with roles which include regulating various aspects of RNA metabolism. For example,
regulating mRNA transcription, splicing, transport, translation, regulating expression of non-
coding RNAs and RNP granule formation. The RNA-binding proteins are predominantly
located in the nucleus but in order to execute this effectively, they are constantly shuttled
between the nucleus and cytoplasm (MacKenzie et al., 2010; Ling et al., 2013). Interestingly,
FUS and TDP-43 are also neurodegenerative disease-associated proteins, and there is a
mislocalisation of the proteins to the cytoplasm where they form characteristic pathological
inclusions as observed in post mortem brain tissue from a subset of frontotemporal
dementia and ALS cases (Neumann et al., 2006; 2009). In addition, the RNA-binding proteins
have also been shown to associate with stress granules thus becoming cytoplasmically
sequestered (Liu-Yesucevitz et al., 2010; Bentmann et al., 2013). Therefore, FUS and TDP-43
recruitment into stress granules and subsequent nuclear loss of the RNA-binding proteins, in
addition to persistence of these RNP granules, may contribute to the progressive
intraneuronal protein aggregation, neuronal degeneration and loss characteristic of
frontotemporal dementia and ALS.

2.2 Paraspeckles
Paraspeckles are RNP granules located in the interchromatin space of mammalian cell
nuclei. They are thought to be involved in regulating gene expression through nuclear



retention of RNA (Fox et al., 2002; 2018; Andersen et al., 2002; Bond and Fox, 2009). As
indicated by fluorescence recovery after photobleaching-based experiments, they too are
highly dynamic structures which are associated with the cellular stress response (Mao et al.,
2011). Unlike transient stress granules, paraspeckles are constitutively expressed in cells,
however they do indeed exhibit increased formation under stressful conditions (An et al.,
2018). Paraspeckles consist of RNA and RNA-binding protein components. As with stress
granules, analyses by electron and super-resolution microscopy have revealed that
paraspeckles similarly have a core-shell structure but also contain associated patch regions,
together enabling spatial control over the localisation of RNA and RNA-binding proteins
(Souquere et al., 2010; Kawaguchi et al., 2015; West et al., 2016). Figure 1b summarises this
paraspeckle structure.

Nuclear Enriched Abundant Transcript 1 (NEAT1) is a long non-coding RNA (IncRNA) that is
ubiquitous, highly expressed and conserved across mammalian species (An et al., 2018).
Knockdown of NEAT1 in cultured cells has been found to result in a loss of paraspeckles
illustrating the essential role of the IncRNA in paraspeckle formation maintenance (Clemson
et al., 2009; Chen and Carmichael, 2009; Sasaki et al., 2009).The IncRNA has multiple splice
variants in humans, of which the two most abundant isoforms are NEAT1_1 (3.7 kb in
humans) and the longer transcript NEAT1_2 (22.7 kb in humans) (Hutchinson et al., 2007;
Sunwoo et al., 2009; Wilusz et al., 2012). Specifically, the longer NEAT1_2 transcript is
required for paraspeckle assembly as it acts as a scaffold to which paraspeckle proteins can
then bind, as opposed to NEAT1_1 which, in the presence of NEAT1_2, only enhances
paraspeckle assembly (Chen and Carmichael, 2009; Sasaki et al., 2009; Naganuma et al.,
2012). Under conditions of stress, NEAT1_2 expression is upregulated, leading to an
increased number and size of paraspeckles (Sunwoo et al., 2009; Hirose et al., 2014).

The majority of the paraspeckle proteome consists of RNA-binding proteins which can serve
to either bind to the NEAT1_2 transcript and stabilise it, regulate the formation of the two
NEAT1 isoforms, or maintain secondary structure of paraspeckles (Lin et al., 2018; Yamazaki
et al., 2020). Splicing Factor Proline and Glutamine Rich (SPFQ) and Non-POU Domain
Containing Octamer Binding (NONO) are proteins that bind to high-affinity binding sites on
NEAT1_2 and thus stabilise it within the paraspeckle core. Multiple NEAT1_2 transcripts can
then align to form the spherical structure of paraspeckles (Sunwoo et al., 2009; Sasaki et al.,
2009; Lee et al., 2015; Kawaguchi et al., 2015; An et al., 2018.). The frontotemporal
dementia- and ALS-associated RNA-binding protein FUS, is recruited to the core, most likely
thought by SPFQ and NONO, where it can regulate the secondary structure of paraspeckles.
Interestingly, FUS is actually a required protein for paraspeckle assembly, in contrast to the
formation of stress granules (Shelkovnikova et al., 2014; An et al., 2019; Yamazaki et al.,
2020). TDP-43 however, is recruited to the shell which is suggestive of its non-essential role
in the formation of paraspeckles (Hennig et al., 2015; Fox et al., 2018).

3. Properties of RNA-Binding Proteins

RNA-binding proteins are a key component of RNP granules. Although they have varied
functions related to the regulation of RNA metabolism and gene expression in response to
stress, there are common features shared amongst this group of proteins. They are



intrinsically aggregation-prone proteins, and in general, structurally contain a nuclear
localisation signal, nuclear export signal and prion-like low complexity domain which are all
crucial to effectively carrying out their functions within cells (Dreyfuss et al., 2002; Lee et al.,
2006; Protter and Parker, 2016; Uversky et al., 2017; Banani et al., 2017; Gehring et al.,
2017). Recent advances have enabled insights to be gained into the organisation of RNA-
binding proteins and assembly into RNP granules. The following subsections describe some
interesting properties of RNA-binding proteins.

3.1 Liquid-Liquid Phase Separation

Multidisciplinary approaches have demonstrated that RNA-binding proteins mediate the
assembly of membraneless organelles, such as stress granules and paraspeckles, via the
process of liquid-liquid phase separation (Brangwynne et al., 2009; 2011; Li et al., 2012;
Wright and Dyson, 2015; Conicella et al., 2016; Protter and Parker, 2016). This is a process
by which there is spontaneous separation of a saturated solution into a dense droplet-like
phase and a dilute phase which stably co-exist. In a biological context, RNP granules
themselves are considered to be the dense phase, whereas the dilute phase is the
surrounding cytoplasm or nucleoplasm (Banani et al., 2017; Shin and Brangwynne, 2017).

In order to understand the properties and dynamics of these granule ‘droplets’ in real time,
research has widely employed the use of techniques such as fluorescence recovery after
photobleaching (FRAP) which provides measures on the mobility of droplets and
fluorescence recovery rates. An additional approach to investigate droplet properties is to
monitor reversibility of the droplets or study the progressive formation of aggregates
(Elbaum-Garfinkle, 2019). By employing such techniques in vitro, FUS for example was
shown to form droplets by phase separation (Burke et al., 2015), which had fast and
complete recovery rates thus indicative of the highly dynamic nature of the RNA-binding
protein (Patel et al., 2015). Similarly, in cells TDP-43 has also been shown to undergo phase
separation forming droplets of high dynamicity as suggested by the measured recovery
rates after photobleaching (Conicella et al., 2016), with the proportion of droplets in cells
increasing in a concentration-dependent and time-dependent manner (Gasset-Rosa et al.,
2019).

Phase separation involves an initial self-aggregation of the proteins into liquid droplets
(Molliex et al., 2015; Lin et al., 2015), and as the concentration of these proteins increases
via further recruitment to the RNP granules, the RNA-binding proteins have been shown to
reversibly form a hydrogel-like state (Kato et al., 2012). These structures have been found to
undergo a liquid-to-solid phase transition into stable, hence not easily reversible, insoluble
aggregates (Patel et al., 2015; Murakami et al., 2015; Lim et al., 2016; Gasset-Rosa et al.,
2019). Therefore, a key determinant driving phase separation is a change in the
concentration of the aggregation-prone RNA-binding proteins. Once a critical concentration
is reached, phase separation is believed to spontaneously occur, and as this concentration
increases it stimulates more of the RNA-binding protein to become recruited in a
cooperative manner (Hyman et al., 2014; Shin and Brangwynne et al., 2017; Gasset-Rosa et
al., 2019).



3.2 Low Complexity Domains

The RNA-binding protein low complexity domains are a critical structural component for
phase separation (Molliex at al., 2015; Harrison and Shorter, 2017). These domains are
intrinsically disordered, enriched in polar amino acids, such as asparagine, glutamine,
tyrosine and serine, that often occur in short repetitive sequences (Michelitsch et al., 2000;
Alberti et al., 2009). Proteins interact through weak electrostatic forces via their prion-like
low complexity domains forming a denser structure than the cytoplasm or nucleoplasm in a
concentration-dependent manner (Kato et al., 2012; Han et al., 2012; Mackenzie et al.,
2017).

The importance of the prion-like low complexity domains has been elucidated in mutational
studies investigating key RNA-binding proteins and RNP granule properties. For example,
Mackenzie et al. (2017) investigated the effect of frontotemporal dementia- and ALS-
associated mutations in the low complexity domain of TIA 1 on stress granule properties
and dynamics. TIA 1 droplets had a reduced mobile fraction by FRAP and were found to be
less reversible. In addition, using a live-cell assay they found that despite the mutations not
affecting stress granule assembly, disassembly was impaired. Moreover, in addition to
looking at wild-type FUS, Patel et al. (2015) also investigated the effect of an ALS-associated
mutation in the low complexity domain of FUS, finding that with time, the mutated FUS
droplets become less reversible, and resulted in a reduced mobile fraction in FRAP
experiments. Furthermore, Johnson et al. (2009) compared TDP-43 protein domains to
investigate which regions were vital for in vitro self-aggregation, identifying the C-terminal
low complexity domain rather than the N-terminal domain to be critical to the formation of
TDP-43 cytoplasmic aggregates. In addition, using a yeast TDP-43 proteinopathy model, they
assessed the in vivo effect of ALS-associated mutations in the low complexity domain on
TDP-43 aggregate formation. Overall, mutations resulted in an increased formation of TDP-
43 cytoplasmic aggregates as confirmed by microscopy experiments and sedimentation
assays (Johnson et al., 2009). More recently, ALS-associated mutations in the TDP-43 low
complexity domain were also found to result in disrupted phase separation of TDP-43
droplets by altering interactions via specific helix-helix contacts in the protein low
complexity domain (Conicella et al., 2016). Together, this suggests aggregation through
intermolecular interactions via the low complexity domain of RNA-binding proteins is vital
for regulating core RNP granule biophysical properties and dynamics.

3.3 Post-Translational Modifications

RNA-binding proteins are rich in amino acid residues that are common targets for post-
translational modifications, and such molecular changes have been found to affect the
propensity of these proteins to phase separate (Tourriére et al., 2003; Ohn et al., 2008;
Rhoads et al., 2018). In addition, stress can stimulate the introduction of post-translational
modifications which affect phase separation (Nott et al., 2015; Bah et al., 2016; Su et al.,
2016). The post-translational modifications can result in changes to the properties of the
low complexity domains of RNA-binding proteins, such as the bulkiness, charge, or charge
distribution, thus leading to a directly altered affinity of intermolecular interactions via
these domains (Hofweber and Dormann, 2019). As such, this provides a powerful
mechanism to enable modulation of phase separation in cells in response to changing
environmental conditions.



Phosphorylation and arginine-methylation are two well-studied examples of post-
translational modifications in the context of RNA-binding proteins (Aumiller and Keating,
2016; Ryan et al., 2018). An overall negative charge is introduced by phosphorylation
whereas arginine-methylation changes the charge distribution, hydrophobic properties and
increases the bulkiness (Bah et al., 2016). These changes alter the intermolecular
interactions between RNA-binding proteins and therefore regulate their ability to undergo
phase separation, but the direction of which can be dependent on the protein being
modified as well as the modification itself (Kwon et al., 2013; Lin et al., 2017; Gomes and
Shorter, 2019).

Phosphorylation is the most common post-translational modification, and unlike arginine
methylation, it is rapid and reversible, and a key regulator of many cellular processes (Bah et
al., 2016). Depending upon the protein involved, phosphorylation can suppress or enhance
phase separation. For example, Monahan et al. (2017) investigated the effect of
phosphorylation of FUS on phase separation properties and aggregation of the protein in
vitro. Unlike wild-type low complexity domains of FUS, FUS low complexity domains carrying
phosphomimetic substitutions showed no phase separation or aggregation in vitro.
Additionally, phosphorylation of FUS was also found to prevent its liquid-to-solid state
transition and aggregation formation. Furthermore, they found that, when expressed in
cells, FUS with phosphomimetic substitutions showed a reduction in its propensity to
aggregate, and hence the cells exhibited reduced toxicity (Monahan et al., 2017). Together,
this suggests that phosphorylation of FUS disrupts its phase separation, thereby reducing its
aggregation and subsequent toxic effects. Similarly, Wang et al. (2018) introduced a
phosphomimetic substitution in TDP-43 finding this change disrupted its phase separation in
in vitro experiments. However, they also found that this could be overcome by higher
protein concentrations where phase separation was visible, suggestive of a more complex
interaction of factors governing the molecular properties and behaviour of RNA-binding
proteins such as TDP-43 (Wang et al., 2018). Understanding this interaction is of particular
relevance to neurodegeneration given that abnormal phosphorylation of TDP-43 is present
at various sites in cases of frontotemporal dementia and ALS (Arai et al., 2006).

In contrast, phosphorylation of the microtubule-associated protein tau, which is implicated
in neurodegeneration across various tauopathies (Wang et al., 2016), enhances its phase
separation (Ambadipudi et al., 2017; Wegmann et al., 2018). Tau is not typically classified as
an RNA-binding protein, however it is thought to be able to bind to TIA 1 enabling it to
associate with stress granules and can also bind RNA (Vanderweyde et al., 2012; 2016;
Maziuk et al., 2018), highlighting its relevance to be discussed here. Wegmann et al. (2018)
compared unphosphorylated-, dephosphorylated- and hyperphosphorylated-tau, and by
using imaging-based techniques found that phosphorylation enhanced phase separation of
the protein. These findings are aligned with the occurrence of hyperphosphorylated tau
present in protein aggregates in the brains of individuals with tauopathies such as
frontotemporal dementia (Wang et al., 2016).

Various studies have probed the effect of arginine methylation on phase separation of RNA-
binding proteins and RNP granule dynamics. The effect of arginine methylation of G3BP1 on
stress granule formation was investigated by Tsai et al. (2016). Using a genetic and
biochemical approach they found that increased methylation reduced stress granule



assembly and that this was reversed by pharmacological inhibition of arginine
methyltransferases, or induction of arsenite stress. Similarly, arginine methylation of FUS
seems to suppress its phase separation hence maintaining the protein in a dynamic state.
Hofweber et al. (2018) compared unmethylated with dimethylated FUS, and found that
methylated FUS showed an increased droplet dynamics using FRAP-based experiments, and
when introduced into stress granule-positive cells, methylated FUS associated with stress
granules at lower levels than unmethylated FUS. In addition, Qamar et al. (2018) found that
hypomethylated FUS had a greater propensity to form liquid droplets and that these also
exhibited reduced dynamics. In addition the group found condensates of hypomethylated
FUS had an increased binding and fluorescence of pFTAA, an amyloidogenic dye, suggesting
the presence of hydrogel formation. Furthermore, hypomethylated FUS has been identified
in the protein aggregates in cases of frontotemporal dementia (Dormann et al., 2012;
Sudrez-Calvet et al., 2016), again emphasising the relevance of post-translationally modified
RNA-binding proteins to neurodegenerative pathology.

3.4 Neurodegenerative Disease-Associated Mutations

Mutational studies have enabled great progress to be made towards understanding phase
separation of RNA-binding proteins and RNP granule dynamics. Such mutations in RNA-
binding proteins like FUS and TDP-43 are linked to neurodegeneration in frontotemporal
dementia and ALS (Mackenzie et al., 2010; King et al., 2012). This may be through affecting
either the localisation of the proteins and/or their phase separation behaviour. Therefore,
these mutations result in an altered assembly, disassembly and maintenance of RNP
granules, subsequently leading to a possible increased propensity to form toxic aggregates
over time, which is characteristic of neurodegenerative disease (Guo et al., 2011; Li et al.,
2013; Ramaswami et al., 2013; Schwartz et al., 2015).

Under normal conditions, FUS is predominantly a nuclear protein, however causative
mutations in neurodegenerative disease are known to affect its localisation as well as its
propensity to aggregate (Svetoni et al., 2016). Murakami et al. (2015) investigated the effect
of frontotemporal dementia- and ALS-associated mutations in FUS on the reversibility of
FUS aggregates both in vitro and in an in vivo model system, finding that the mutations
reduced the reversible nature of the FUS aggregates. Further to this, the mutations also
resulted in an increased recruitment of additional RNA-binding proteins to the aggregates
where they also become sequestered. In addition, An et al. (2019) found that ALS-associated
mutations in the low complexity domain of FUS led to the redistribution of FUS to the
cytoplasm. Moreover, there was an enhanced formation of paraspeckles through NEAT1
accumulation in cells. However, these paraspeckles were found to be both structurally and
functionally compromised. This supports earlier work from the same group in which they
found that, in cells expressing high levels of ALS-associated mutant FUS, FUS becomes
cytoplasmically located where it forms aggregates that contain key paraspeckle components
including NONO (Shelkovnikova et al., 2014).

A common feature to frontotemporal dementia and ALS pathology is TDP-43 aggregation
(Neumann et al., 2006; Hasegawa et al., 2008). Interestingly, 97% of ALS cases exhibit such
TDP-43 pathology despite whether they are sporadic or familial in nature, in addition to 45%
of frontotemporal dementia cases (Ling et al., 2013). Shelkovnikova et al. (2018) identified
enhanced paraspeckle formation in ALS and investigated the role of TDP-43 dysfunction, as



a known paraspeckle protein, in driving this effect. Through conducting knockdown and
mutational experiments they found specifically the loss of TDP-43 in cells enhanced
paraspeckle formation, but only through a significant nuclear loss of TDP-43 was affected
paraspeckle assembly observed. To add to this, Conicella et al. (2016) employed a
combination of techniques including turbidity assays, imaging and NMR spectroscopy,
finding that ALS-associated mutations in TDP-43 disrupted intermolecular interactions via
specific contacts in its low complexity domain, thus altering its phase behaviour and
promoting transition to aggregates. Additionally, McGurk et al. (2018) also found that ALS-
associated mutations in TDP-43 result in impaired phase separation dynamics in vitro.
Moreover, further support for a role of TDP-43 in ALS pathogenesis is provided by Fang et
al. (2019) who used western blotting and imaging to investigate the effect of prolonged
stress on TDP-43 recruitment into stress granules in a human-induced pluripotent stem cell-
derived motor neuron (iPSC-MN) model system. TDP-43 was shown to robustly accumulate
in stress granules in iPSC-MNs, but importantly unlike in control iPSC-MNs, these TDP-43-
positive stress granules persisted even after withdrawal of stress in iPSC-MNs carrying ALS-
associated mutations in TDP-43 (Fang et al., 2019).

Collectively, this supports the idea that disease-associated mutations in RNA-binding
proteins such as FUS and TDP-43 alter their intracellular localisation and their properties. As
a result leading to the production of less soluble states, and disruption to RNP granule
dynamics. Ultimately, this could contribute to pathology in neurodegenerative disease.

4. Conclusion and Therapeutic Implications

RNP granules such as stress granules and paraspeckles are essential for biochemical
processes to occur efficiently within cells and importantly to maintain function and cell
viability under conditions of stress. A key component of such RNP granules are RNA-binding
proteins whose intrinsic aggregation-prone properties assist in regulating the assembly,
maintenance and disassembly of RNP granules. This regulation can itself be fine-tuned or
altered through post-translational modifications to the RNA-binding proteins or by
mutations which are often linked to neurodegeneration.

However, many studies investigating the effect of post-translational modifications in RNA-
binding proteins have largely studied single modifications in isolation, whereas a more
physiologically relevant situation would involve an interaction of many factors which could
perhaps include multiple post-translational modifications. The net effect of which on phase
separation of RNA-binding proteins and RNP dynamics may differ to those observed in
isolation respectively. In addition, the mutations identified, although causal in nature for
frontotemporal dementia and ALS, represent only a small proportion of cases, with the vast
majority of cases instead being sporadic. Despite this, there are still shared pathological
features at the molecular and cellular level between sporadic and familial forms of these
neurodegenerative diseases. Therefore, the intrinsic properties and behaviour of wild-type
RNA-binding proteins becomes particularly intriguing in these sporadic cases, as it highlights
potential mechanisms of pathology via dysregulated RNP granule biology, summarised in
Figure 2, which are perhaps exacerbated by neurodegenerative disease-associated
mutations. Furthermore, at present it is still unclear whether toxicity in these cases is likely
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triggered by a loss of function by sequestration of key proteins, gain of function through
RNP granule assembly or combined mechanisms. Thus, improved tools and technologies will
enable a deeper understanding to be gained and great strides to be made in guiding the
development of rational and effective therapeutic strategies.

Based on our current understanding, promising therapeutic strategies may involve
modulating the biophysical properties of RNP granules, stimulating disassembly of RNP
granules or upregulating degradation pathways (Shorter, 2016; 2017; Schoch and Miller,
2017). In order to maintain liquid properties of RNP granules, antisense oligonucleotides
could be employed to selectively knockdown proteins involved in aberrant phase transitions
either directly or by knocking down their functional partners, such as NEAT1 (Vanderweyde
et al., 2016; Becker et al., 2017; Apicco et al., 2018; Boeynaems et al., 2018). Disassembly of
RNP granules could be achieved by potentiating the response of molecular chaperones
within cells, as these serve to regulate proteostasis by refolding misfolded proteins and
hence restoring their cellular function (Vashist et al., 2010; Shorter, 2011; Jackrel et al.,
2014; Protter and Parker, 2016). In addition to chaperones, other components of protein
guality control systems are impaired by mutations causing neurodegenerative diseases, for
example, the autophagolysosomal system (Alberti et al., 2017). Therefore, another possible
approach could be to upregulate autophagy (Barmada et al., 2014; Rusmini et al., 2017). It
may be that such strategies would be of limited effectiveness individually and instead have
greatest impact in combination and perhaps if delivered sequentially at different stages
during disease progression.

Overall, although there is a growing body of evidence suggesting a link between biophysical
properties and dynamics of RNP granules, protein aggregation, and neurodegenerative
disease pathology, future work will need to uncover the underlying molecular mechanisms
regulating this process. Ultimately, this will be crucial in order to identify novel targets and
discover new avenues for developing effective disease-modifying therapeutics and fulfil the
pressing need to combat these devastating diseases.
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Figure 1. Structure of stress granule and paraspeckle RNP granules.

(A) Schematic structural representation of a cytoplasmic stress granule composed of a core
and shell, containing RNA bound with typical stress granule proteins such as TIA 1, G3BP or
TIAR, in addition to other frontotemporal dementia- and ALS-associated RNA-binding
proteins such as FUS or TDP-43 known to also associate with stress granules, as well as
other stress granule-associated proteins. (B) Schematic structural representation of a
nuclear paraspeckle composed of a core-shell structure, containing a NEAT1 long non-
coding RNA scaffold to which key paraspeckle proteins such as SPFQ and NONO and FUS
bind within the paraspeckle core. In addition, TDP-43 is also bound to NEAT1 but is recruited
to the shell as a non-essential paraspeckle protein. Associated paraspeckle patch proteins
are also recruited to patch regions of a paraspeckle.
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Figure 2. Possible mechanism of frontotemporal dementia and ALS pathogenesis
involving RNA-binding proteins and stress granule and paraspeckle RNP granules.
(A) A potential role of stress granule biology in the pathogenesis of frontotemporal
dementia and ALS. Under normal conditions RNA-binding proteins such as FUS and TDP-43
are shuttled between the nucleus and cytoplasm of cells. However, upon cellular stress,
they mislocalise from the nucleus to the cytoplasm. In the cytoplasm, FUS and TDP-43
associate with stress granules via interaction through their prion-like low complexity
domains. This is a protective mechanism which stalls translation initiation enabling the cell
to overcome the period of cellular stress by conserving energy and resources. Once the
stress is resolved, the RNA-binding proteins return to being shuttled between intracellular
compartments in healthy individuals. In contrast, despite the stress being resolved and the
disassembly of stress granules, over time there may be multiple successive stressor insults.
As a result, the mislocalised aggregated cytoplasmic FUS or TDP-43 may continue to recruit
more of the respective RNA-binding proteins in a cooperative manner and via irreversible
state changes lead to the formation of persistent FUS-positive or TDP-43-positive
cytoplasmic inclusions which could progressively develop into larger aggregates. Although
initially this may be cleared efficiently, with age and increasing levels of damage, clearance
mechanisms are put under strain and no longer continue to effectively function. Therefore
over time, there is an accumulation of damage in cells ultimately resulting in cellular death
and neurodegeneration. (B) A possible mechanism of frontotemporal dementia and ALS
pathology involving paraspeckle biology. Under normal conditions low numbers of
paraspeckles are expressed in the nucleus, and key RNA-binding proteins such as FUS are
shuttled between the nucleus and cytoplasm to carry out their various functions, including
recruitment to form the nuclear paraspeckles. When exposed to cellular stress, there is an
upregulation of the NEAT1 long non-coding RNA transcript, leading to an increase in
paraspeckle assembly in the nucleus. Upon overcoming the stressful conditions, NEAT1
levels and hence paraspeckle number return to basal levels. However, further successive
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stressor insults over time, and the associated age-related decline in effective cytoprotective
response pathways, may lead to the excessive formation of persistent and dysfunctional
paraspeckles which could be actively toxic but also sequester key proteins such as FUS
leading to a loss of function. In this way, cells are likely to become increasingly vulnerable to
further stress and become dysfunctional and exhibit reduced viability, thus also contributing
to neurodegeneration.
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