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Abstract

RNA granules are microscopically visible cellular structures that aggregate by protein—protein and
protein-RNA interactions. Using stress granules as an example, we discuss the principles of RNA
granule formation, which rely on the multivalency of RNA and multi-domain proteins as well as
low-affinity interactions between proteins with prion-like/low-complexity domains (e.g. FUS and
TDP-43). We then explore how dysregulation of RNA granule formation is linked to
neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) and frontotemporal lobar
degeneration (FTLD), and discuss possible strategies for therapeutic intervention.
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1 A Cellular World of RNA Granules

Cellular RNAs rarely act alone. Rather, their functions are mediated through RNA-binding
proteins (RBPs) and other functional partners, resulting in the formation of
ribonucleoprotein (RNP) complexes. MicroRNAs, for example, associate with their cognate
binding partner Argonaute, which in turn serves as a platform to recruit other proteins to
form the silencing complexes responsible for translation repression and/or decay of mRNA
targets (Hock et al. 2007; La Rocca et al. 2015). Besides microRNA-induced silencing
complexes, various types of other RNPs are formed to regulate gene expression over the life
cycle of an mRNA. For example, the birth of a eukaryotic mRNA is mediated by a cascade
of proteins that cap the 5' end, add a poly(A) tail at the 3' end, and carry out splicing to
remove introns. The process generally terminates with the deposition of exon junction
complexes following splicing, which signal for the mature transcript to be exported to the
cytoplasm where it can be bound by ribosomes for translation or exosomes for degradation
(Bono and Gehring 2011). Whether the mature mRNA is destined for translation or
degradation is, in turn, determined by RBPs bound to the transcript, often located in the 3'
untranslated regions (UTRs) (Schoenberg and Maquat 2012). Thus, from transcription in the
nucleus to degradation in the cytoplasm, proteins of distinct function often associate as
macrocomplexes of RNPs to fulfill essential regulatory functions. Strikingly, RNPs
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frequently undergo further aggregation to form microscopically visible structures commonly
termed RNA granules (Anderson and Kedersha 2006; Anderson and Kedersha 2009; Buchan
and Parker 2009). These structures can be nuclear or cytoplasmic, and their mechanisms of
action are only just beginning to be understood. Classes of these structures include nucleoli,
Cajal bodies, nuclear speckles and paraspeckles in the nucleus, as well as P-bodies and
stress granules in the cytoplasm (Spector 2006).

A striking feature of RNA granules as a structural class is that they maintain defined protein
and RNA compositions in the absence of an enveloping membrane. In this review, we will
focus on the potential mechanism(s) for the formation and regulation of a specific class of
cytoplasmic RNA granule known as the stress granule (SG). Unlike other RNA granules,
these cytoplasmic structures are not constitutively present; instead, their formation is
induced by cellular stress, such as heat shock or oxidative stress, and they disassemble once
the perturbation subsides. Notably, morphologically similar cytoplasmic inclusions are
observed in neurons of patients with amyotrophic lateral sclerosis (ALS), frontotemporal
lobar degeneration (FTLD) and other neurodegenerative disease, which often exhibit
compositional overlap with endogenous SGs. These morphological phenotypes suggest that
the formation or disassembly process of these structures may be important for neurological
pathogenesis. We will conclude this chapter by focusing on the pathogenic roles of two
RBPs — FUS and TDP-43 — and how their mutations link dysregulation of stress granules
to ALS/FTLD.

2 Stress Granules

Stress granules (SGs) were first discovered in mammalian cells (Collier and Schlesinger
1986; Collier et al. 1988; Arrigo et al. 1988; Kedersha et al. 1999), and similar structures
were later identified in Drosphila and yeast cells (Farny et al. 2009; Hoyle et al. 2007;
Buchan et al. 2008; Grousl et al. 2009). Electron microscopy revealed that mammalian SGs
are spheroid or ellipsoid structures that are usually 1-2 pm, but can range from 0.4 to 5 pm
(Spector 2006; Souquere et al. 2009). SGs can be induced upon a variety of stresses that
inhibit translation initiation, including heat shock, oxidative stress, hypoxia, inhibition of
mitochondrial function, glucose starvation, proteotoxic stress, and infection by certain
viruses (Moeller et al. 2004; Kedersha and Anderson 2007; Anderson and Kedersha 2008;
White and Lloyd 2012). The blocks to protein synthesis under these conditions is evident by
the concomitant loss of conventional “polysomal rosettes” (Warner et al. 1962; Souquere et
al. 2009). Although SGs are intimately tied to polysome disassembly, translation inhibition
is not in itself sufficient to induce their aggregation since pharmacological inhibition of 60S
subunit recruitment can halt translation without SG formation (Mokas et al. 2009). Rather, a
defining feature for mammalian SGs has been the presence of stalled 48S pre-initiation
complex subunits (Anderson and Kedersha 2006). In the following subsection, we proceed
with an introduction to the molecular composition and proposed functions of SGs.

2.1 Molecular Composition

Inhibition of translation initiation is the trigger for SG formation, and subcomponents of the
48S complex — including eukaryotic initiation factors elF3, elF4F, elF4B, the small
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ribosomal subunits, poly(A) binding protein PABP1, and stalled mRNA transcripts — likely
initiate SG assembly through a series of concerted protein—protein and protein—-RNA
interactions. These macromolecules comprise the core class of SG components (Anderson
and Kedersha 2008) (Figure 1).

Additional protein components are incorporated into SGs after the primary initating event,
including a large number of other RBPs, many of which are known regulators of mMRNA
translation and stability (Anderson and Kedersha 2006). Intriguingly, proteins within this
class, including TIA-1, G3BP1, CPEB, FXR1, FMRP, and MLN51 (Kedersha et al. 1999;
Mazroui et al. 2002; Wilczynska et al. 2005; Kedersha et al. 2005; Baguet et al. 2007), can
induce spontaneous formation of SGs when overexpressed even in the absence of stress.
Many proteins in this class, such as TIA-1 and G3BPL1, are often used as protein markers to
identify SGs using fluorescence microscopy (Kedersha and Anderson 2007). A final class of
SG components consists of tertiary “piggy-back” components, which might not function in
RNA metabolism per se, but are recruited into SGs by protein—protein interactions
(Anderson and Kedersha 2008). Recent exploration of these proteins, DYRK3 and RACK1
being notable examples, has suggested expanded functions for SGs in a variety of cell-
signaling pathways including apoptosis and the mTOR pathway (Kedersha et al. 2013) (see
section 2.2).

It is important to note that the composition of SGs is variable and depends on the type of
stress used to induce them. For example, heat shock protein Hsp27 is found in SGs in heat-
shocked mammalian cells, but not in cells subjected to arsenite treatment (Kedersha et al.
1999), while poliovirus-induced SGs contain a unique marker, Sam68 (Piotrowska et al.
2010). Similarly, in yeast, SGs induced by glucose deprivation contain the heterogeneous
nuclear ribonucleoprotein (hnRNP) Hrpl, whereas those that form under inhibition of
mitochondrial respiration do not (Buchan et al. 2011). Finally, while yeast SGs formed
during robust heat shock at 46°C for 10 minutes contain the canonical components elF3 and
the 40S ribosomal units (Grousl et al. 2009), those formed under glucose-deprived
conditions, surprisingly, do not (Hoyle et al. 2007; Buchan et al. 2008). These data suggest
that, rather than a series of defined binding events proceeding orderly from a nucleating
MRNP, SGs more likely exist along a continuum of compositional states dependent on the
pathways activated by specific stress conditions (Buchan and Parker 2009). For example,
TTP is removed from SGs when phosphorylated by MK2 (Stoecklin et al. 2004). Thus, SG
composition depends on how these stressors cause the redistribution of various mRNPs
between SGs and translation-competent polysomes, as well as between SGs and P-bodies
(PBs) — another class of cytoplasmic RNA granule enriched for RNA decay factors. As will
be emphasized in subsequent sections, SGs house mechanisms to selectively exclude certain
RNA transcripts so as to prioritize translation of protein chaperones (Gilks et al. 2004;
Tanaka et al. 2014). Besides these pathways, however, little is known about the identity of
other RNA components, whether their recruitment is regulated in a stress-dependent manner,
and how this might influence protein composition.
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2.2 Proposed functions

Though a global proteomics approach has not yet been used to assess the full extent of
proteins recruited into SGs, new components continue to be identified by co-localization
studies using defined protein markers and fluorescence microscopy. Since these new
components are not necessarily related to RNA metabolism, the proposed functions for SGs
are rapidly expanding. Given the presence of translationally stalled mMRNA complexes, SGs
were originally hypothesized to function as storage sites for non-translating RNAs.
However, fluorescence recovery after photobleaching (FRAP) analyses showed that both
mRNA transcripts and nearly all protein components shuttle in and out of SGs with half-
lives on the order of seconds to minutes (Kedersha et al. 2005; Mollet et al. 2008; Zhang et
al. 2011). Thus, it is difficult to envisage that SGs act as static mMRNA repositories. Instead,
an emerging, working model for SG function posits that they are sites of dynamic mRNP
remodeling and sorting, a process which has been coined mRNA triage (Kedersha and
Anderson 2002). Under this framework, SGs function as transient structures induced by
perturbations to translation initiation, during which they exchange components with
polysomes and PBs to prioritize translation or degradation of some mRNA transcripts over
others, thereby altering the proteome until stress subsides.

In support of this, strong evidence exists for a direct flow of mMRNPs between polysomes and
SGs. First, puromycin treatment, which releases ribosomes from translating mRNAs by
inducing premature termination of translation, enhances SG formation (Kedersha et al.
2000). Emetine, which functions to the opposite effect by preventing mRNA-ribosome
dissociation, both inhibits the formation of SGs in the presence of stress (e.g. sodium
arsenite treatment) and even “dissolves” pre-formed SGs (Kedersha et al. 2000). Combined
with the quick turnover rates as assessed by FRAP, these data suggest that SGs are not static
structures, but are constantly “fed” by translationally stalled MRNAs originating from
polysomes. Moreover, a specific pathway of mRNP trafficking between SGs and polysomes
was recently characterized in yeast, facilitated by the ATP-dependent RNA helicase Ded1
(Hilliker et al. 2011). Ded1 binds elF4G1 and interrupts translation, forming a
translationally inactive pre-initiation complex with elFAF and stalled mRNA which then
accumulates in SGs (Hilliker et al. 2011). Upon ATP hydrolysis, Ded1 is thought to release
the pre-initiation mRNP, regulating its return to translation (Hilliker et al. 2011). The
mammalian orthologue DDX3 has been found to interact with elF4AE, a binding partner of
elF4G in the mRNA cap structure (Shih et al. 2008), though it remains unclear whether it
carries specific roles in polysome/SG trafficking.

Another corner of this triage model is grounded in interactions between SGs and PBs. In a
subset of cellular stress models, SGs and PBs have been observed to physically interact.
Under sodium arsenite treatment, for example, PBs can make contact with SGs while
remaining morphologically distinct (Souquere et al. 2009), or may otherwise exist in close
proximity with them (Wilczynska et al. 2005; Kedersha et al. 2005). In a series of
experiments utilizing time-lapse microscopy in conjunction with transient expression of
tagged SG or PB protein markers, interactions between the two bodies were observed to vary
— PBs appeared stably bound to SGs in some cases, whereas in others they were only
intermittently attached (Kedersha et al. 2005). These interactions, which might only be
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observed in a fraction of imaged cells, can be significantly enhanced by overexpression of
certain shared proteins. Most notably, transient expression of the mRNA destabilizing
factors TTP and BRF1 were shown to induce quantitative SG/PB docking, extending the
tethered interaction to 1 hour (Kedersha et al. 2005). Similarly, overexpression of CPEBL, a
protein observed to localize to both types of RNA granules, resulted in PB clustering around
spontaneously induced SGs (Wilczynska et al. 2005).

Beyond the mRNA triage model, an additional key functional property of SGs is the acute
and localized enrichment of proteins responsible for RNA metabolism and various signaling
pathways. Indeed, dozens of different proteins have been found to localize to SGs (Anderson
and Kedersha 2008), and the local concentration of these components may either serve to
increase the rate of biochemical reactions within SGs or reduce the cytosolic concentration
of other proteins by sequestration, resulting in spillover effects that propagate through a
variety of cell signaling pathways (Kedersha et al. 2013). For example, a number of
emerging lines of evidence strongly suggest that one major function of SGs is to regulate
apoptosis (Eisinger-Mathason et al. 2008; Arimoto et al. 2008; Gareau et al. 2011; Thedieck
et al. 2013; Kedersha et al. 2013). First, SGs sequester pro-apoptotic factors such as RACK1
and TRAF2 from the cytosol to suppress the activation of cellular death pathways via
MAPK or NF-kB signaling (Kim et al. 2005; Arimoto et al. 2008). Similarly, the
sequestration of small GTPase RhoA and its downstream kinase ROCK1 by SGs prevents
the activation of INK which would otherwise trigger apoptosis (Tsai and Wei 2010). Second,
SGs recruit anti-apoptotic factors, such as RSK2 and FAST, which bind and inactivate
apoptosis promoting factor TIA-1 (Li et al. 2004; Eisinger-Mathason et al. 2008). Third, SG
formation stabilizes MRNAs encoding anti-apoptotic protein p21 "AFZCIPI (Gareau et al.
2011). Consistent with these findings, impairment of SG assembly often leads to a higher
rate of cell death following stress exposure (Baguet et al. 2007; Kwon et al. 2007; Eisinger-
Mathason et al. 2008). In addition, SG formation appears to regulate the mTOR pathway,
which monitors nutrient and energy availability to promote either cell growth when
conditions are favorable or catabolic processes during stress (Hofmann et al. 2012; Wippich
et al. 2013; Fournier et al. 2013; Thedieck et al. 2013). In this case, the kinase DYRKS,
which itself is recruited into SGs, phosphorylates the mTORCL1 inhibitor PRAS40, allowing
MTORCL to exit SGs in an activated state to fulfill its signaling functions in cell growth and
metabolism (Wippich et al. 2013).

In summary, SGs are implicated as regulatory hubs for mRNA sorting, stress signaling, and
apoptosis. Besides various physiological stresses, SGs can also be induced by radiotherapy
and chemotherapeutics, as is the case with the proteasome inhibitor Velcade in solid tumors
(Moeller et al. 2004; Fournier et al. 2010). The persistent presence of cytoplasmic inclusions
containing SG components in hypoxic tumor cores and ALS/FTLD patient neurons has been
linked to chemotherapy resistance in cancers and neurodegeneration, respectively (Arimoto
et al. 2008; Li et al. 2013). On the other hand, SGs seem to also serve in antiviral functions
given that various viruses inhibit SG formation immediately upon infection (White and
Lloyd 2012; Onomoto et al. 2014). Thus, it is critical to identify the molecular mechanisms
that hold SGs together in physiological and pathophysiological contexts. In the next section,
we will focus on a molecular model of how non-membranous RNA granules can be formed
in a way that allows for select proteins to be retained while others move in and out readily.
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3 RNA granule formation via multivalency and intrinsically disordered

regions

An evolving framework of RNA granule formation, which works to explain assembly,
regulation, and selectivity in recruitment, is grounded in the biophysical mechanisms
facilitated by two properties: (1) multivalency mediated by proteins or RNA, and (2) low
affinity protein—protein interactions involving intrinsically disordered regions of low
complexity amino acid composition (i.e., a string of repetitive amino acids).

3.1 Multivalency

A number of recent experimental studies have highlighted how multivalent macromolecules,
including both multi-domain proteins and RNA, are critical for the assembly of higher-order
structures. Recently, the Rosen group systematically explored the importance of non-
covalent interactions between multi-domain proteins in the formation of pm-sized cellular
structures (Li et al. 2012; Banjade and Rosen 2014). Specifically, they studied the
interactions between SRC homology 3 (SH3) domains and proline-rich motif (PRM)
ligands, both of which are commonly found in cell signaling pathways. Chimeric proteins
engineered with one to five SH3 domains were mixed incrementally with proteins containing
up to 5 repeats of PRM ligand (Li et al. 2012). They found that a mixture of protein with
four SH3 domains and four tandem PRM ligands resulted in an opalescent solution
containing numerous droplets of 1-50 um in diameter phase-separated from the bulk of the
solution (Li et al. 2012). In contrast, no such structures could be formed in a solution of SH3
domains or PRM ligands alone. Proteins within the phase-separated droplet were
concentrated by about 100-fold relative to the surrounding solution. This phenomenon,
commonly referred to as liquid-liquid demixing, is reminiscent of non-membranous
structures in vivo, which maintain high local protein concentrations while allowing for fluid
component exchange with the surrounding bulk phase. As indicated by this study, the
transition point for forming such microscopically visible structures is usually sharp and
dependent on molecule valency (Li et al. 2012; Banjade and Rosen 2014). Consistently,
studies have suggested that a critical threshold protein level is required to form RNA
granules and that this amount is inversely correlated with the valency of the molecule
(reviewed in Hyman and Simons 2012; Brangwynne 2013; see Box 1).

The assembly of these phase-separated higher-order structures is critical for the
physiological functions of the proteins that are recruited to them. For example, SH3-PRM
interactions are observed naturally in the nephrin-NCK-N-WASP system — a three-
component interaction on the membranes of kidney podocytes that is involved in the
formation of the glomerular filtration barrier, which participates in actin assembly. Applying
the same methodology as described above, the Rosen group found that interactions between
the three SH3 domains of NCK and the six PRMs in N-WASP were sufficient to induce the
formation of phase-separated droplets and stimulate actin assembly /7 vitro. In addition to
three SH3 domains, each NCK molecule has one SH2 domain that can bind to
phosphorylated tyrosine. Addition of the phosphorylated nephrin tail, which contains three
phosphorylated tyrosine sites, significantly reduced the critical amount of NCK and WASP
proteins required to form phase-separated droplets (Li et al. 2012). Thus, in cells, protein
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kinases can regulate the level of nephrin phosphorylation, which in turn regulates a cascade
of multivalent interactions to form higher-order structures.

In addition to multi-domain proteins, phase transitions can be triggered by other
macromolecules capable of multivalent interactions, including RNA —the categorical
component of RNA granules. A single RNA can serve as a scaffold of repeating units that
allows for the binding of multiple RNA-binding proteins. Parallel to the multi-domain
protein studies, the Rosen group has also demonstrated that phase-separated droplets can be
formed /n vitro by incubating a tetravalent RNA binding protein polypyrimidine-tract-
binding protein (PTB) with an RNA oligonucleotide containing five repeats of the synthetic
polypyrimidine tract, UCUCUAAAAA (Li et al. 2012). Analogous pathways of protein
concentration via nucleating RNAs have been proposed for the higher-order assembly of
FUS protein and nuclear bodies (Teixeira et al. 2005; Shevtsov and Dundr 2011; Schwartz et
al. 2013). For example, Schwartz and colleagues (2013) have recently shown the importance
of RNA for FUS to assemble and bind to the C-terminal domain of RNA polymerase Il. The
addition of less-than-stoichiometric amounts of RNA to a FUS protein solution induced
liquid droplets much more readily than occurred in a solution of FUS alone (Schwartz et al.
2013). Combined with the finding that FUS binds RNA with high cooperativity (due to
multiple RNA binding sites), the authors suggest that FUS oligomerization is nucleated by a
tightly packed initiating FUS-RNA complex (Schwartz et al. 2013). Last but not least, it is
worth noting that other cellular macromolecules besides proteins and RNA — such as poly-
ubiquitin or poly(ADP-ribose) — are also found in SGs and could potentially serve as
multivalent scaffolds by recruiting proteins to their repeating units (Kwon et al. 2007; Leung
et al. 2011; Leung 2014) (see Section 3.3).

3.2 Intrinsically Disordered Regions

Intrinsic disorder has emerged as an essential mechanism in a diverse array of pathways,
including the formation of RNA granules. Previously believed to be passive separators of
functional domains, intrinsically disordered regions (IDRs) dynamically transition between
structural states in order to serve multiple purposes in an efficient and highly regulated
manner. A subclass of IDRs that is both essential to RNA granule physiology and holds
important implications for neurological disease is the prion-like domain (PrLD). Prions are
self-templating proteins originally discovered in yeast that serve in a variety endogenous
functions and are capable of entering highly stable aggregates termed amyloids (Shorter and
Lindquist 2005). These characteristics stem from a prion domain of low amino acid
complexity, typically 60 residues in length and enriched in asparagine, glutamine, tyrosine,
and/or glycine residues (King et al. 2012). Application of an experimentally validated
bioinformatics algorithm (Alberti et al. 2009) to the human proteome revealed that 1% of
proteins harbor predicted domains exhibiting a similar aggregation propensity to yeast
prions (Couthouis et al. 2011). Within this 1%, however, there is a 12-fold enrichment for
proteins that also contain at least one RNA recognition motif (RRM) (King et al. 2012).
Significantly, many of these “prionogenic” RBPs are known components of SGs (Li et al.
2013) or RNA granules in general (Kato et al. 2012).
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Studies from the McKnight group have elucidated possible roles for low complexity
domains (LCDs) in the formation of RNA granules. McKnight and colleagues fortuitously
discovered that a small molecule chemical, biotinylated isoxazole (b-isox), precipitated a
class of proteins from cell-free lysate exhibiting remarkable overlap with known components
of RNA granules (Kato et al. 2012). Despite an exceptionally high enrichment for RBPs
within this precipitated class, the LCDs, not the RRMs, of these RBPs were found to be
necessary and sufficient for b-isox mediated precipitation out of lysate (Kato et al. 2012).
Notably, purified samples of the FUS or hnRNPA2 LCDs formed hydrogels at high
concentrations via oligomerization-mediated phase transition (Kato et al. 2012). Besides this
capacity for self-association (homotypic trapping), FUS and hnRNPA2 LCD-containing
hydrogels were also able to retain the LCDs of other RBPs (Kato et al. 2012). As revealed
by transmission electron microscopy and light microscopy, the hydrogels are composed of
morphologically uniform amyloid-like fibers which incorporate other proteins via LCD
interactions (Kato et al. 2012). However, unlike pathogenic fibers in amyloid plaques and
prion diseases, the formation of these fibers is reversible. Conjoint to these studies, the
McKnight group also analyzed the mRNAs pulled down by b-isox mediated precipitation
using high-throughput sequencing (Han et al. 2012). They found that the precipitated
MRNAs are also closely aligned with those known to partition into RNA granules. More
intriguingly, the authors found that these mRNAs could also be retained by hydrogels made
by the FUS LCD alone. This surprising selective mRNA retention suggests a model wherein
RBPs associate with one another via their LCDs, pulling in select mMRNASs via an RNA-
binding domain distinct from the LCD-mediated oligomerization (Han et al. 2012).

The utility of PrLDs/LCDs is grounded in their ability to self-associate, and this propensity
to rapidly oligomerize through low affinity protein—protein interactions might underpin the
dynamic physical properties that characterize SGs and other RNA granules (Gilks et al.
2004; Li et al. 2013). Consistent with how readily SGs have been observed to exchange
components and dissolve after stress release, an additional advantage for PrLD/LCD-
mediated aggregation might therefore be high reversibility. The regulatory mechanisms that
control these transient interactions are also being explored and will be discussed in
subsequent sections. We note, finally, that PrLDs are typically also composed of low
complexity amino acid sequences, frequently Q/N or QGSY-rich, and that both are subtypes
of intrinsically disordered domains. The two terms PrLD and LCDs are often used
interchangeably in the literature and are synonymous in this text as well.

3.3 SG assembly

As with their function, the precise mechanisms of SG assembly are not fully understood and
likely vary alongside composition under different stress states or points of disruption to the
translation initiation processes (Mokas et al. 2009; Buchan and Parker 2009). Since SGs
form in response to translational arrest and almost always contain components of the
translation initiation complex, the assembly process likely begins with a pool of repressed,
translationally inactive mRNPs. Pathways of assembly that proceed from this starting pool
of aborted complexes likely involve an mRNP-specific series of RNA—protein and protein—
protein interactions mediated by PrL.Ds/LCDs. Although the initial stages of this process are
not understood, there are some known examples of SG nucleation by oligomerization and
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multivalency-mediated cross linking. The SG component TIA-1, for example, contains a C-
terminal PrLD enriched in glutamine residues, bearing high similarity to the aggregation-
prone NM domain found in yeast prion Sup-35 (Perutz et al. 1994). In humans, both the
prion-like and RNA binding domains of TIA-1 are necessary for SG assembly (Gilks et al.
2004). While the PrLD confers a propensity for aggregation by homotypic oligomerization,
the RNA-binding domain is required to recruit RNASs to the complex (Gilks et al. 2004).
Indeed, without the RRM, recombinant TIA-1 PrLD fragments form constitutive micro-
aggregates when overexpressed, sequestering endogenous TIA-1 and inhibiting SG
formation (Gilks et al. 2004). G3BP1, another common SG marker, might mediate assembly
in a similar fashion. G3BP1 harbors both an NTF2-like domain prone to dimerization as
well as an RNA-binding domain (Tourriére et al. 2003). Though not a PrLD, the NTF2-like
domain in conjunction with RNA binding imbues G3BP1 with the ability to interact with
multiple partners. As discussed in Sections 4 and 5, multiple RBPs which localize to SGs,
such as TDP-43 and hnRNP A2, also contain LCDs. Pathological mutations in these regions
might be responsible for impairing the reversibility of RNA granule formation in neurons,
resulting in neurodegeneration. Thus, the preponderance of SG components with both LCDs
and RBDs, the in vitro observation of liquid/liquid demixing facilitated by these properties,
and the capacity for some of these components to trigger SG formation upon overexpression
builds a strong case that reversible protein/RNA crosslinking plays a role in the assembly
process. Importantly, pathways for how these mechanisms might be regulated are also
beginning to be uncovered. Chaperone proteins and post translational modifications both
play major roles in controlling the selective aggregation of heterogenous mRNPs into
functional, higher order structures.

3.3.1 Regulation by chaperones—pPrion-like interactions are a double-edged sword.
They provide many of the key features of RNA granule physiology, but are prone to non-
specific, potentially pathological aggregation as well. Recent data suggest that protein
chaperones are required to continuously keep PrLDs in check, titrating the number of
disordered domains available to interact in the cytoplasm, or altering their conformations to
inhibit aggregation. In yeast, for example, highly stable amyloids can be returned to
solubility by the heat shock protein HSP104, which works in conjunction with HSP40 and
HSP70 to refold and reactivate denatured proteins locked within aggregates, thereby acting
as a disaggregase (Glover and Lindquist, 1998). Indeed, the formation and propagation of
TIA-1 aggregates in yeast is entirely dependent on the activity of HSP104, a known
regulator of many Q/N-rich proteins (Li et al. 2014). Interestingly, HSP70 is expressed at
higher levels after transfection with the PrL.D of TIA-1 and can inhibit the latter's
aggregation when cotransfected into COS7 cells (Gilks et al. 2004). It is also known that
under sodium arsenite treatment, HSP70 mRNA is shielded from recruitment into SGs by
the translation regulating protein YB-1, resulting in its preferential translation under stress
(Tanaka et al. 2014). Besides YB-1, an additional mechanism of control has been elucidated
by Boyault et al. (2007), based on the activation of heat-shock factor 1 (HSF1) by the
cytoplasmic deacetylase HDACG, which has known disaggregase function as well. Under
basal conditions, HSF1 resides in a dormant complex along with HDAC6 and HSP90. Upon
binding ubiquitin, HDACS6 releases HSF1 to transcriptionally activate a number of heat
shock protein-encoding genes, including HSP70 (Boyault et al. 2007). SGs were found to be
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enriched for ubiquitin and HDAC6 was shown to be an indispensable component under a
wide variety of stress conditions (Kwon et al. 2007). Fascinatingly, the HDAC6-mediated
activation of HSF1 requires another disaggregase—the chaperone-like AAA ATPase
P97/VCP which is itself a SG component—in order to “recycle” ubiquitinated HDAC6 back
into the dormant HDACG6/HSF1/HSP90 complex (Boyault et al. 2007). As will be discussed
later, mutations in the gene encoding VVCP have been implicated in the neurodegenerative
disease ALS. Thus, heat shock proteins may be a general protective mechanism in the
regulation of unfolded proteins, either lowering the concentration of prion-like substrates or
inducing conformational changes that make them less aggregation-prone (Rikhvanov et al.
2007). In both cases, it seems likely that proteins containing PrLDs/LCDs are continuously
kept in check by heat shock proteins, and that a shift in chaperone concentration can induce
aggregation (Gilks et al. 2004).

3.3.2 Regulation by post translational modifications—Finally, post-translational
modifications have also been observed to enhance or inhibit assembly of SGs. In the case of
G3BP1, oligomerization is blocked by phosphorylation on Ser149, and dephosphorylation is
required for its ability to nucleate SGs (Tourriere et al. 2003). Similarly, hnRNP A1l is only
recruited to SGs when phosphorylated by Mnk1/2 (Guil et al. 2006), whereas TTP and
BRF1, two common SG components that bind to AU-rich element (ARE)-containing
MRNAs, can be excluded by MK2 and PKB mediated phosphorylation respectively, with
downstream effects on ARE transcript degradation (Stoecklin et al. 2004; Schmidlin et al.
2004). Phosphorylation of human antigen R (HuR) by Janus kinase 3 (JAK3) prevents its
recruitment into SGs, accelerating the decay of SIRT1 and VHL mRNAs (Yoon et al. 2013).
A recent study by the Pelkmans group has demonstrated a role for phosphorylation of LCDs
in the regulation of SG assembly/disassembly. Dual specificity kinase DYRKS3 cyclically
partitions between SGs and the cytosol (Wippich et al. 2013) and such partition is proposed
to be regulated by its auto-phosphorylation activities at the N-terminal LCDs. Consistent
with this proposal, the expression of N-terminal LCDs alone or a kinase-dead mutant of
DYRKS3 induces SG formation in the absence of stress, while inhibition of this kinase by
GSK-626616 prevents SG disassembly (Stoecklin et al. 2004; Wippich et al. 2013). Thus,
phosphorylation functions as a protein-specific and reversible mechanism to either prevent
or trigger recruitment of components to SGs.

Besides phosphorylation, poly(ADP-ribosyl)ation has been implicated in regulating SG
assembly/disassembly (Leung et al. 2011). Poly(ADP-ribosyl)ation refers to the addition of
two or more ADP-ribose units onto proteins, where the addition is regulated by a family of
17 ADP-ribosyltransferases, commonly referred to as PARPs (Hottiger et al. 2010). SGs
contain five out of the 17 PARPs as well as two isoforms of the degradative poly(ADP-
ribose) glycohydrolase PARG in humans (Leung et al. 2011). Three pieces of evidence
suggest that poly(ADP-ribosyl)ation is intrinsically linked to SG structural integrity (Leung
et al. 2011). First, overexpression of any of the SG-localized PARPs induces SG formation
in the absence of stress. Second, overexpression of PARG inhibits SG formation in the
presence of stress. Third, PARG knockdown delays SG disassembly. Several proteins,
including G3BP1 and TIA-1, are poly(ADP-ribosyl)ated upon stress, but their roles of these
modified substrates in SG assembly and functions remains to be determined. A recent
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informatics analysis indicate that RNA granule proteins enriched for LCDs are preferentially
poly(ADP-ribosyl)ated, indicating poly(ADP-ribose) may potentially direct cellular
organization (Leung 2014).

To summarize, multivalent protein—protein and RNA-protein interactions underlie the
formation of RNA granules, which resemble liquid droplets phase-separated from the bulk
of solution /n vitro. The fluid-fluid demixing observed in the formation of these granules
relies on a protein species' ability to oligomerize, forming a scaffold and incorporating other
protein or RNA components as binding partners (Hyman and Simons 2012). Emerging
research increasingly points towards the role of intrinsically disordered regions, such as
PrLDs/LCDs, as necessary in the assembly of SGs and other RNA granules. These regions
likely switch conformational states to facilitate/disengage interactions within RNA granules,
which are regulated by a combination of post-translational modifications and chaperones
(van der Lee et al. 2014). As a whole, the system relies on a delicate equilibrium between
intrinsic disorder and the regulatory mechanisms that restrain misaggregation. However, the
complexity of this balancing act translates to openings for disruption, and SGs specifically
have been inextricably linked to the pathogenesis of two neurological diseases in particular —
ALS and FTLD.

4 ALS and FTLD: when aggregation goes awry

At the present time, ALS and FTLD are among the best-characterized neurological diseases,
and both increasingly appear to be at least partially linked to endogenous RNA granules.
ALS is a clinical entity characterized by the progressive loss of motor neuron function,
resulting in muscle wasting and eventually respiratory failure (Rowland and Shneider 2001).
Approximately 10% of cases have familial origin (f.ALS), with the remaining majority
occurring in individuals sporadically (s.ALS) (Rowland and Shneider 2001). In contrast,
frontotemporal lobar degeneration (FTLD), the second most common form of dementia
behind Alzheimer's, proceeds with neuronal atrophy in the frontal and temporal cortices,
causing patients to undergo changes to personality, behavior, and language abilities
(Rabinovici and Miller 2010). Both diseases are accompanied by a wide variety of possible
genetic mutations resulting in clinical heterogeneity and notably, symptomatic overlap in a
large subset of patients, suggesting that the two are linked by a spectrum of pathologies
(Ling et al. 2013). This section will overview one facet of the many genetic and molecular
factors that comprise the ALS/FTLD disease system: the pathological role of RBPs and
RNA metabolism. Special emphasis will be paid to the mechanisms by which many of the
same protein properties that allow for proper SG function can be co-opted or otherwise
disrupted by genetic and environmental perturbations in these neurological diseases. Several
hypothesized pathways of neurodegenerative toxicity are subsequently discussed.

4.1 SGs and cytoplasmic pathological inclusions

One of the few features that is common across the majority of ALS and FTLD variants is the
presence of abnormal cytoplasmic inclusions in patient histology. The morphology,
composition, and tissue distribution of these inclusions can vary but they nevertheless bear a
resemblance to physiological non-membranous granules. It was the discovery that TAR
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DNA-binding Protein 43 (TDP-43) and Fused in Sarcoma (FUS) were components of the
majority of these inclusions that both shifted attention to the role RBPs might play in
neurodegeneration and suggested a connection to SGs in neurological pathogenesis
(Robberecht and Philips 2013).

TDP-43 is a member of the hnRNP family and contains two putative RRMs biased towards
GU-rich intronic targets (Tollervey et al. 2011) or exceptionally long introns (Lagier-
Tourenne et al. 2012). In addition, it has a glycine-rich C-terminal PrLD and a bipartite
nuclear localization signal (NLS) between the N-terminus and RRM1 (Figure 2). Following
the revelation that TDP-43 was a component of pathological inclusions in ALS/FTLD
models, the first concrete link to SGs came from observations that TDP-43 and some of its
pathological mutants also co-localized with canonical SG markers in a diverse array of cell
types, stress conditions, and mutation models. Indeed, though mutations to TARDBP, the
gene encoding TDP-43, are implicated in only 4% of f.ALS cases and are rarer still in s.ALS
(Chio et al. 2012), TDP-43 protein is present in 45% of FTLD and a full 97% of ALS
inclusions (Ling et al. 2013). It is now known that endogenous TDP-43 is a consistent
component of SGs (Robberecht and Philips 2013). HeLa cells subjected to oxidative or heat
stress, for example, exhibit up to 56% depletion of TDP-43 from the cytoplasm,
corresponding with a quantitative increase in RIPA buffer-insoluble TDP-43 localized within
putative SG aggregates (McDonald et al. 2011). Though TDP-43 knockdown does not in
itself prevent SG assembly, lowered expression of TDP-43 has been shown to alter
cytoplasmic levels of two other SG components, TIA-1 and G3BP1, causing a delay in SG
formation, the formation of smaller SGs, lowered persistence after stress release, and
diminished cell viability (McDonald et al. 2011). A follow-up report further confirmed that
the modulation of G3BP1 mRNA levels by TDP-43 dictates SG size (Aulas et al. 2012).
Most recently, the Vande-velde group showed that by indirectly controlling the G3BP1-
dependent coalescence of smaller SGs into larger structures, TDP-43 also affects SG-PB
docking, which partially determines mRNA fate after interruptions to translation (Aulas et
al. 2015). siRNA against TDP-43 resulted in the progressive and step-wise loss of
poly(A)mRNA after oxidative stress, suggesting a functional role in directing the flow of
mMRNA transcripts out of stalled polysomes. In the context of the RNA triage model, the fact
that poly(A) levels are diminished despite the fact that SG/PB docking is also attenuated can
only mean that transcripts are routed directly to PBs for degradation in the absence of
G3BP1 (Aulas et al. 2015). Therefore, by regulating levels of TIA-1 and G3BP1, TDP43
contributes to both SG assembly and mRNA triage.

FUS carries a contiguous pair of PrLDs at the N-terminus, an RRM, two RGG domains
flanking a zinc finger, and a NLS at the C-terminus (Iko et al. 2004) (Figure 3). FUS, though
significantly less abundant in neurological inclusions (<1% in ALS, ~9% in FTLD), shares
many functional similarities with TDP-43 — they both shuttle between the cytoplasm and
nucleus, play roles in RNA metabolism, and exhibit prion-like behavior (Ling et al. 2013).
Unlike TDP-43, SGs form and behave normally in FUS-depleted cells (Aulas et al. 2012).
Furthermore, endogenous FUS is not a typical SG component, remaining predominantly
nuclear during the stress response (Dormann et al. 2010; Gal et al. 2011; Aulas et al. 2012),
though there have been observations of some WT FUS association with the SG markers
TIA-1 and TIAR in a fraction of stressed cells (Andersson et al. 2008; Blechingberg et al.
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2012), and more particularly in cells subjected to “hyperosmolar” stress (Aulas et al. 2012;
Sama et al. 2013). Interestingly, however, siFUS-treated cells have been shown to undergo a
3-fold increase in the number of P-bodies labeled with Dcpla, indicating a partial role in
mRNA triage (Aulas et al. 2015).

Strikingly, in ALS and FTLD disease models, recruitment of both proteins to SGs is
frequently observed and can be dysregulated by the introduction of mutations. Multiple
known SG components, such as elF3, TIA-1, HUR, TIAR and G3BP1, have been shown to
localize with cytoplasmic inclusions seen in ALS/FTLD patients (King et al. 2012). For
example, overexpression of wild-type TDP-43 or transfection with truncated TDP-43
fragments commonly observed in patients exhibiting TDP-43 pathology yielded co-
localization with SG markers in human neuroblastoma BE-M17 cells even in the absence of
stress (Liu-Yesucevitz et al. 2010). In the same study, TDP-43+ inclusions were shown to
overlap with elF3 and TIA-1 in both ALS and FTLD donor brain samples (Liu-Yesucevitz et
al. 2010). These parallels between cytoplasmic inclusions and SGs have spurred
considerable interest in how endogenous mechanisms of RNA granule regulation can go
awry, resulting in the altered composition, stability, and accumulation that categorically
distinguish pathogenic inclusions from those observed in the physiological stress response.

4.2 FUS, TDP-43 and neurodegenerative pathogenesis

The multimerization-mediated phase transitions that imbue RNA granules with their
dynamic, fluid-like properties rely on the tight regulation of protein concentration (see Box
1). A considerable body of evidence now indicates that disruptions to the equilibrium of
protein concentration are causative factors in neurodegenerative pathogenesis. In both ALS
and FTLD, a striking number of known mutations disrupt TDP-43 and FUS shuttling
between the nucleus and cytoplasm or enhance their propensity to aggregate, with
implications in the formation of insoluble cytoplasmic inclusions and ultimately cell toxicity.

4.2.1 Mislocalization of FUS from the nucleus to the cytoplasm—A number of C-
terminal missense mutations linked to ALS have been shown to disrupt nuclear import of
FUS, resulting in cytoplasmic accumulation (Dormann et al. 2010). Importantly, the degree
to which nuclear import is disrupted seems to correlate with the severity of the disease.
Mutations which result in higher levels of cytoplasmic FUS accumulation were identified in
pedigrees exhibiting earlier age of onset (Dormann et al. 2010; Bosco et al. 2010). This
trend may be partially explained by the crystal structure of the FUS NLS when bound to its
nuclear receptor, Transportin. Unlike the localization signals of other hnRNPs which bind
Transportin in a fully extended conformation, the FUS NLS forms an a-helix structure upon
binding to Transportin (Zhang and Chook 2012). This a-helix is flanked by an N-terminal
hydrophobic motif and a series of basic residues, both of which are conserved in the FUS-
related proteins EWS and TAF15 (Zhang and Chook 2012). ALS-associated mutations are
clustered within these two flanking epitopes, and a particularly severe mutation identified in
early-onset juvenile ALS (P525L) — a residue that makes numerous contacts with
Transportin — results in a 9-fold loss in binding affinity (Zhang and Chook 2012).
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Dormann and colleagues (2012) subsequently found that the third RGG domain (RGG3) of
FUS can also facilitate binding with Transportin, even if the NLS is disrupted by the P525L
mutation. However, this FUS RGG3-Transportin interaction can be negated by methylation.
This observation led to the surprising finding that cytoplasmic FUS/SG aggregates induced
in cells by transient transfection of the P525L mutant were enriched for methylated FUS
(Dormann et al. 2012). Post-mortem tissue samples from ALS-FUS patients exhibiting the
same cytoplasmic aggregates also contained methylated FUS, whereas three FTLD-FUS
subtypes did not (Dormann et al. 2012), possibly suggesting that the pathogenesis of these
two closely related diseases may differ. Taken together, Dormann and colleagues posit that
epitopes in the NLS anchor FUS to the Transportin binding pocket, allowing RGG3 to
stabilize the interaction. Only when the NLS and RGG3 domains are both disrupted, by
mutations and methylation, respectively, is nuclear import prevented (Dormann et al. 2012).

4.2.2 Prionogenicity of FUS and TDP-43—Whereas endogenous SGs are reversible
and dynamic by nature, stability and persistence are a token trait of pathological inclusions
in patient histology (Ito et al. 2011). One particularly compelling explanation for this
physical misbehavior has implicated the PrLDs/LCDs present in both FUS and TDP-43 as
susceptible to mutation-induced fibrilization (King et al. 2012). Indeed, the endogenous
forms of both proteins are known to be aggregation-prone, coalescing into phase-separated
droplets (Johnson et al. 2009), or a polymer hydrogel (Kato et al. 2012) when purified /n
vitro. In bioinformatics assays, based on the predictive algorithm developed by Alberti and
colleagues (2009), both FUS and TDP-43 exhibit an exceptionally high prion propensity,
ranking 15™ and 691", respectively, out of 27,879 analyzed proteins (Alberti et al. 2009;
Cushman et al. 2010). The predicted FUS PrLD encompasses amino acids 1-239, spanning
the entirety of its QGSY-rich N-terminus, and most of the adjacent glycine-rich domain. The
LCD used by Kato and colleagues to generate a hydrogel /n vitro covers residues 2—-214 (See
Section 3.2) (Kato et al. 2012). In the case of TDP-43, a PrLD spans 138 residues at the C-
terminus (Cushman et al. 2010). Emergent data now suggests that mislocalization allows
these physical properties to come to bear in the cytoplasm, resulting in aggregation and
association with SGs. ALS-linked mutations exacerbate this behavior by altering the PrLD
itself in the case of TDP-43, or by elevating cytoplasmic FUS concentration.

4.2.3 Aggregation-prone mutations in FUS and TDP-43—Current models indicate
that FUS aggregation is driven by its mislocalization, facilitated by mutations to its NLS and
exacerbated by stress-induced recruitment into SGs (Dormann et al. 2010; Bosco et al.
2010). For example, HEK?293 cells stably expressing FUS truncation mutants R495X or
G515X at near endogenous levels exhibited stable FUS aggregates, corresponding with a
cytoplasmic:nuclear FUS expression ratio 30-50 times greater than in cells expressing the
wild-type (Bosco et al. 2010). Unlike TDP-43, the first RGG domain of FUS is required in
addition to the PrLD in order to aggregate (Fushimi et al. 2011; Sun et al. 2011).
Interestingly, this RGG domain houses a short second sequence of prion-like residues which
narrowly misses the cutoff of Alberti's prediction algorithm (Sun et al. 2011). In addition,
aggregation of FUS with SGs is also RNA-dependent as demonstrated by the fact that FUS
association with canonical SG markers can be abolished by RNAse treatment (Vance et al.
2013). Finally, although FUS localization to the cytoplasm is a prerequisite for aggregation

Adv Exp Med Biol. Author manuscript; available in PMC 2017 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fan and Leung

Page 15

with SGs, mutant FUS has been shown to trap endogenous (presumably nuclear) FUS into
SG aggregates, most likely by protein—protein interactions facilitated by the FUS PrL.D
(Vance et al. 2013).

TDP-43 appears to form inclusions by a different sequence of events, perhaps due to its
endogenous cytoplasmic function during the stress response. Specifically, the vast majority
of TDP-43 mutations are clustered in its C-terminal PrLD, and an emerging model is that
these mutations prevent its return to the cytoplasm post stress release by strengthening the
protein—protein interactions that drive its incorporation into SGs (Barmada et al. 2010). As
an example, ALS-associated mutations have been found to promote TDP-43 aggregate
stability (Ling et al. 2010). Specifically, radioactive pulse labeling showed that TDP-43
mutants are degraded as much as 4 times slower than wild-type (Ling et al. 2010).
Furthermore, two PrLD mutations in TDP-43 — Q331K and M337V — were found to
significantly increase association between TDP-43 and FUS in the nucleus, an interaction
that is not normally observed and not present in patient histology (Ling et al. 2010). These
same two mutations consistently form more cytoplasmic puncta in yeast models and
aggregate more quickly 7n vitro, demonstrating that point mutations can enhance PrLD-
mediated interactions (Johnson et al. 2009). Though this study did not examine co-
localization with SG markers, mutations in the TDP-43 PrLD have also been found to alter
the dynamics of SG assembly under sorbitol treatment, an oxidative and osmotic stressor
capable of targeting endogenous TDP-43 to cytoplasmic structures enriched for the
canonical SG markers TIAR and HuR (Dewey et al. 2011). Under prolonged sorbitol
exposure, a G348C mutation was found to increase the fraction of primary glial cells
containing TDP-43+ SGs, accompanied by the formation of fewer, larger SGs compared to
cells expressing the wild-type (Dewey et al. 2011).

4.2.4 Mislocalization without aggregation—An important caveat is that in many
cellular models of FUS or TDP-43 pathogenesis, cytoplasmic relocalization is not sufficient
to induce aggregation. Absent cellular stress, FUS bearing ALS-associated NLS mutations,
for example, was not observed to aggregate or associate with SGs despite extensive
cytoplasmic localization (Dormann et al. 2010). Indeed, in most cellular models, even if
aggregates do ensue from the mislocalization of FUS alone, they are typically only detected
in a minority of cells (Bosco et al. 2010) and exposure to stress increases both the number of
cells with cytoplasmic aggregates and the average number of inclusions per cell (Bosco et al.
2010). Dorman and colleagues propose a “2-hit” model for pathogenicity, whereby
mutations to the C-terminal NLS first causes FUS to mislocalize to the cytoplasm (step 1),
where it then becomes susceptible to stress-induced aggregation and recruitment into SGs
(step 2). Similarly, the TDP-43 mutants observed to alter SG assembly dynamics remained
nuclear until prompted to relocalize by an external stressor (Dewey et al. 2011). In a separate
study, three ALS-associated TDP-43 mutations, all occurring in the C-terminal PrLD, were
confined to the nucleus when transiently transfected into HeLa cells and therefore did not
recruit to SGs upon heat shock (Bentmann et al. 2012). Consistent with the working “2-hit”
model of TDP-43/FUS proteinopathy, all three of these mutations, when introduced in
conjunction with a disrupted NLS, resulted in cytoplasmic localization, aggregation, and SG
recruitment (Bentmann et al. 2012).
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4.3 Aggregation, toxicity, and a role for SGs

Explicit clarification is warranted here to elucidate the relation of cytoplasmic aggregation to
cellular toxicity. At the present time, the data for whether aggregation is necessary to convey
cellular toxicity is mixed, and how pathogenesis proceeds from cytoplasmic accumulation of
TDP-43 or FUS is unknown. Observations from cellular models that toxicity is accompanied
by cytoplasmic aggregation are legion, but many reports question whether inclusion
formation plays a causative role in pathogenesis or is instead an endogenous cellular
response to other disease factors. Gitler and colleagues evaluated molecular determinants for
both TDP-43 and FUS mediated toxicity in a yeast model recapitulating the cytoplasmic
aggregation observed in ALS patient histology (Johnson et al. 2008; Sun et al. 2011). While
the C-terminal PrLD of TDP-43 was found to be necessary and sufficient for both
cytoplasmic localization and aggregation, toxicity required an intact RRM2 domain as well
(Johnson et al. 2008). Interestingly, constructs bearing only the two RRMs or the C-terminal
PrLD were observed to localize and aggregate in the cytoplasm, despite the fact that neither
was associated with abnormal cell growth (Johnson et al. 2008). FUS was found to depend
on a more complex array of molecular determinants, requiring its N-terminal PrLD, RRM,
and first RGG domain to aggregate in the cytoplasm and promote cell death (Sun et al.
2011). Notably, as with TDP-43, this toxicity has been reported to depend on RNA binding
as deletion of the RRM rescues the deleterious effects associated with NLS mutants (Daigle
et al. 2013). In a final example, Bosco et al. (2010) observed that cells expressing R495X or
G515X FUS mutants, both of which robustly localize to the cytoplasm and form aggregates,
remained perfectly viable, and no signs of toxicity were identified. As will be discussed,
these conflicting data on TDP-43/FUS toxicity might be partially explained by the intrinsic
features that are unique to neurons, making the selection of proper cellular systems
especially critical for studies examining pathways of toxicity.

4.3.1 Neuron-specific toxicity—Some have argued that cytoplasmic localization, not the
formation of inclusion bodies, provides a superior correlate for cell death (Barmada et al.
2010). In support of this, preventing TDP-43 shuttling out of the nucleus by a mutation in
the nuclear export signal rescued the toxicity of A315T mutants (Barmada et al. 2010).
Studies arguing either that mutations in the PrLD do not cause cytoplasmic mislocalization
until stress induction, or that mislocalization is not toxic — typically do not use a primary
neuronal cell line, neglecting possible “neuron-specific mechanisms that govern metabolism
and distribution” (Barmada et al. 2010). Indeed, the TDP-43 mutations A315T, G348C, and
A382T, were only found to aggregate in the cytoplasm and confer toxicity when expressed
in motor neurons derived from primary mouse spinal cord cultures, as opposed to tissue
culture cell lines COS1 and N2A in which they remained confined to the nucleus and did not
influence cell viability (Kabashi et al. 2010). In Drosophila, ectopic localization of FUS was
found to be crucial to development of a neurodegenerative phenotype and a simple deletion
of the FUS nuclear export signal rescued toxicity (Lanson et al. 2011). One possible
explanation is that nervous tissue is enriched for transcripts carrying longer introns
compared to other tissues, a characteristic which might carry heightened susceptibility to
FUS abnormalities (Tollervey et al. 2011; Polymenidou and Cleveland 2011).
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4.3.2 Stress and inclusion solubility—Another notable difference between in vitro
studies and patient pathology is that the majority of cell studies aiming to model attributes of
ALS and FTLD pathology do not recapitulate the irreversibility of TDP-43 and FUS
inclusions in patient histology, with FUS or TDP-43 positive aggregates disassembling
readily after removal of stress (Bentmann et al. 2012). In a unique study utilizing mild but
prolonged conditions of oxidative stress induced by paraquat in the neuron-like cell line SH-
SY5Y, TDP-43 co-localized with the SG markers HUR and TIAR in cytoplasmic inclusions
(Meyerowitz et al. 2011). Intriguingly however, these TDP-43 aggregates persisted after
stress release or cycloheximide treatment despite the fact that HuR and TIAR had both
returned to solubility (Parker et al. 2012). These observations align with the developing
notion that the PrLD-mediated assembly of RNA granules might “seed” the progression of
aberrant protein aggregates by raising the local concentration of proteins bearing prion-like
properties. Alternatively, a combination of post-translational modifications, chaperone-
facilitated protein remodeling, and other mechanisms normally involved in RNA granule
regulation may be disrupted under conditions of abnormal cellular stress. Indeed the
paraquat-induced TDP-43 inclusions were heavily enriched for ubiquitin (Parker et al.
2012). These phenomena might be unique to both cell and stress type, potentially explaining
the conflicting findings of many in vitro studies of ALS/FTLD pathogenesis.

4.3.2 Disruptions to endogenous TDP-43/FUS function—If toxicity does not
require aggregation, what might be the driving mechanism for TDP-43/FUS-mediated
neurodegeneration? To date, TDP-43 and FUS functions have not been fully characterized
but both proteins are known to play prolific roles in diverse pathways. Based on what is
known, besides a common PrLD-mediated predisposition towards aggregation, FUS and
TDP-43 do share some functional overlap. For example, the two proteins have been shown
to complex in order to co-regulate the mRNA of HDACS, the SG component with
disaggregase properties and a primary role in activating HSF1 as discussed in section 3.3
(Kim et al. 2010). Moreover, TDP-43 mediates the alternative splicing of FUS mRNAs
(Polymenidou et al. 2011). However, there is also considerable evidence for the divergence
of TDP-43 and FUS-mediated pathogenesis. In addition to differences in domain
requirements for toxicity, yeast screens have shown that there is very little overlap between
genetic modifiers of TDP-43 and FUS toxicity (Sun et al. 2011). Depletion of FUS alters the
splicing of approximately 1000 mRNAs, most of which differ from those altered upon
TDP-43 depletion (Lagier-Tourenne et al. 2012). Furthermore, TDP-43 and FUS have only
very rarely been observed to co-localize in immunostaining of pathological inclusions in
patient histology (Sun et al. 2011) and their binding partners share little overlap (Lagier-
Tourenne et al. 2012). Thus, the root cause of pathogenesis might be the loss of
TDP-43/FUS function, which can certainly be facilitated by cytoplasmic aggregation, but
not necessarily so. In this model, aggregation induced by mutations, exogenous stressors, or
some other as-of-yet unidentified pathway would be an easily visible symptom of disrupted
TDP-43/FUS function. The direct cause of pathogenesis, however, would be the resulting
dysregulation of RNA homeostasis, which would differ between TDP-43 and FUS
pathologies. What is increasingly certain is that the expression of both TDP-43 and FUS is
tightly regulated, and a variety of cellular and animal models have demonstrated the
deleterious outcomes of altering expression levels of either.
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Studies in C. elegans have recapitulated neurological impairment due to expression of
human or mutant TDP-43. A transgenic line expressing human WT TDP-43 or a truncation
mutant, for example, exhibited severe locomotor deficits, impaired synaptic transmission,
and growth defects despite an absence of detectable neuronal loss (Zhang et al., 2011). In
this case, though nuclear aggregates were detected in WT-expressing worms and
cytoplasmic aggregates were observed in those expressing the truncation mutant, both sets of
inclusions were assessed to be relatively immobile by FRAP (Zhang et al., 2011).
Importantly, RNAi of HSF1 was also found to dramatically worsen the neurological
phenotype (Zhang et al., 2011). In mammals, an important clue for how TDP-43 loss of
function might proceed comes from transgenic mouse models in which mislocalization and
aggregation are either rarely observed or not observed at all in post-mortem brain samples
(Igaz et al. 2011; Arnold et al. 2013). In one study, expression of human TDP-43 was found
to correspond with a loss of endogenous mouse TDP-43 in the nucleus — not to the
cytoplasm, but through TDP-43's ability to autoregulate its own mMRNA by non-sense
mediated decay (Igaz et al. 2011). The fact that regions of the mouse brain that did not
exhibit signs of neurodegeneration also did not show altered levels of endogenous mouse
TDP-43 strongly indicates that the progression of the neurodegenerative phenotype is caused
by TDP-43 depletion (Igaz et al. 2011). Genome-wide splicing arrays have also been used to
show that depletion of endogenous mouse TDP-43 causes an enhancement of some splicing
activities but an abrogation of others, while mice expressing a Q331K TDP-43 mutant
exhibited mutation-unique splicing alterations (Arnold et al. 2013). Taken together, these
studies demonstrate a strong dependence of TDP-43 function on levels of TDP-43
expression, which is not dependent on inclusion formation, but which does not exclude a
role for cytoplasmic aggregation either.

In vivo models for FUS pathologies also yield insight into the deleterious outcomes of
altering its expression levels. Transgenic mice homozygous for an inactive FUS allele, for
example, fail to suckle and die soon after birth (Hicks et al. 2000). Knock down of the FUS
homologue Caz in Drosophila causes degeneration of motor neurons and abnormal
locomotive behavior (Sasayama et al. 2012) whereas expression of wild-type or pathogenic
mutations of human FUS in Drosophila induces a similarly severe neural impairment (Chen
et al. 2011). Therefore, the expression level of FUS protein needs to be critically maintained
for normal neuronal function. As in the case for TDP-43, although cytoplasmic aggregates
seem unnecessary for pathogenesis, the formation of such higher-order structures likely
disrupts the delicate equilibrium of protein concentration required for the endogenous
functions of these RBPs. In support of this, two studies have successfully generated
transgenic mice expressing the ALS-associated FUS mutation, R521C, a point substitution
in the middle of the FUS NLS. In the first of these, expression of mutant human, but not WT
human FUS, caused the degeneration of motor axons, the cortex, and the hippocampus,
resulting in progressive paralysis (Huang et al. 2011). Interestingly, these ALS/FTLD
phenotypes were also accompanied by ubiquitinated aggregates, though neither FUS nor
TDP-43 were present within them. A study conducted 3 years later using the same R521C
mutation found that an overly stable mutant FUS complex with brain-derived neurotrophic
factor RNA was linked to neurological damage to dendrites and synapses (Qiu et al. 2014).
Both studies managed to recapitulate a neurodegenerative phenotype exhibiting clear
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neuronal toxicity without any detectable cytoplasmic aggregation of TDP-43 or FUS, once
more implicating RNA dysregulation as the true root of pathogenesis. Interestingly, an in
vitro study utilizing patient fibroblasts expressing the exact same R521C mutation caused
extensive cytoplasmic FUS localization but also did not contain FUS inclusions under basal
conditions (Vance et al. 2013). Upon sodium arsenite treatment, however, the R521C
fibroblasts exhibited FUS aggregation and colocalization with SGs whereas the WT did not
(Vance et al. 2013). Taken together, these data support the case that FUS mutations are
capable of inducing neuronal toxicity without aggregation but that inclusions can still
develop under external oxidative stress. This susceptibility will be discussed in more detail
in section 4.4.

One final note on FUS proteinopathies is that despite colocalization with common SG
markers, pathological FUS granules may have unique properties. Yasuda and colleagues
(2013) recently reported that FUS facilitates preferential translation of RNA transcripts
within granules that localize to cellular protrusions during cell migration. These RNA
granules stained positive for both the SG marker TIA-1 and the tumor suppressor protein
adenomatous polyposis coli (APC), but were shown to persist under cycloheximide
treatment. Strikingly, tracking nascent protein synthesis with azidohomoalanine labeling
revealed that APC-containing FUS granules were translationally active (Yasuda et al. 2013).
These data suggest that FUS granules may be distinct from endogenous SGs, which do not
possess translation machinery and are sensitive to cycloheximide treatment. Notably, APC
RNA granules could be induced by ALS associated FUS mutants, and tissue samples taken
from FTLD-FUS patients immunostained positive for APC (Yasuda et al. 2013). Taken
together, these studies point towards a more complex picture for neurodegeneration wherein
pathological inclusions may vary significantly in composition and behavior between disease
subtypes. This variation warrants further characterization and poses a significant challenge
to designing therapeutic interventions.

4.4 TDP-43, FUS, and oxidative stress

Besides disruptions to RNA homeostasis, a separate angle from which to consider the
pathogenicity of TDP-43 and FUS (along with the role that SGs might play) stems from the
unique susceptibility of neuronal cells to oxidative stress. First, the larger energy
requirements of neurons might strain mitochondria, resulting in the production of more
reactive oxygen species (ROS) and lowered mitochondrial efficiency, outcomes that are only
exacerbated with age (Beal 2002; Barber and Shaw 2010). Additionally, biomarkers for
oxidative stress have long been identified in motor neurons and spinal cords of ALS patients
(Carri et al. 2015). These include a 2-fold increase in protein carbonyl levels (Shaw et al.
1995), elevated levels of DNA 8-hydroxy-2'-deoxyguanosine (OH8dG) (Ferrante et al. 1997;
Bogdanov et al. 2000; Ihara et al. 2005) and high immunoreactivity for lipid peroxidation
and protein glycoxidation (Shibata et al. 2001). Mutations in other proteins implicated in
pathogenesis might further predispose neurons to high levels of oxidative stress. For
example, mutations in the chaperone protein VCP increase neuronal susceptibility to ROS
build-up upon depletion of glutathione (GSH), a free radical scavenger which is also
diminished in the motor cortices of ALS patients (Hirano et al. 2014, Weiduschat et al. 2014,
Carri et al. 2015). Interestingly, GSH depletion in NSC34 cells has been shown to result in
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the formation of insoluble inclusions containing the hyperphosphorylated, truncated TDP-43
fragments commonly found in ALS histology (Iguchi et al. 2012). Sensitivity to oxidative
stress might also explain the age dependency of ALS, FTLD, and related neurological
diseases. Given that SGs are a natural defense mechanism against sources of oxidative
stress, the unresolved issue has been whether pathological inclusions constitute a root cause
of pathogenesis, a symptom of RBP dysregulation, or a beneficial cellular response to
€X0genous Stressors.

5 Concluding remarks

Significant progress over the past decade has revealed that PrLDs/LCDs are critical for SG
formation and that disruptions to these regions in ALS/FTLD patients are related to the
development of pathological inclusions. To fulfill their functions as transient hubs of mRNP
sorting and cellular signaling, SGs rely on dynamic, low affinity protein—protein and
protein—RNA interactions. It is increasingly certain that these interactions are facilitated by
PrLD-mediated oligomerization in conjunction with multivalent proteins, RNA, or other
scaffolds mediated by post-translational modifications. SGs were first linked to neurological
disease with the discovery that FUS and TDP-43, both RBPs with roles in mMRNA
metabolism, were frequent components of pathological inclusions found in ALS/FTLD
patient histology. TDP-43 is now understood to be an endogenous SG component with a
potential role in regulating mRNA triage and evidence that FUS also participates in
cytoplasmic MRNP remodeling is growing. More importantly, both proteins robustly co-
localize with SG markers in a wide range of cellular disease models, either due to
cytoplasmic mislocalization, prolonged stress to which neurons are especially susceptible, or
the mutation-induced enhancement of aggregation propensity. Whether this phenomenon
plays a core role in neurodegenerative pathogenesis remains uncertain, largely due to the
heterogeneous and highly variable nature of the disease class.

Interestingly, another SG RBP bearing prion-like properties has emerged as a candidate in
neurodegenerative pathogenesis. Kim and colleagues (2013) showed that three distinct
mutations in familial ALS pedigrees all resulted in a valine substitution in the center of the
putative PrLD of the protein hnRNPA2B1, resulting in the similar pathological phenotype of
mislocalization to the cytoplasm, aggregation into irreversible inclusions, and co-localization
with SG markers. Interestingly, the valine mutations were computationally predicted to
increase the prion-like propensity of the protein by enhancing homotypic oligomerization.
Constructs of the hnRNPA2B1 PrLD formed amyloid fibers 7n vitro, and astoundingly, full
length mutants fibrillized even quicker and were capable of hetero-oligomerization with
other proteins (Kato et al. 2012; Kim et al. 2013b). FUS-related proteins TAF15 and
EWSR1 have also been recently linked to both ALS and FTLD (Couthouis et al. 2011,
Mackenzie and Neumann 2012; Couthouis et al. 2012). Of note, these PrLD-mediated RNA
aggregates are not restricted to ALS/FLTD pathologies, but have also been described in
tauopathies, Alzheimer and Parkinson diseases (Banks et al. 2008; Vanderweyde et al. 2012;
Ash et al. 2014).

Given the intrinsic link between pathological inclusions and SGs, one potential approach to
therapeutic intervention might be the formulation of drugs to disrupt SG formation (Kim et
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al. 2013a; Leung 2014, Sidrauski et al. 2015). Because elF2 alpha phosphorylation is known
to induce SG assembly, a small molecule chemical which inhibits this pathway
(GSK2606414) has been evaluated and shown to rescue TDP-43 toxicity in fly models and
mammalian neurons (Kim et al. 2013a). Recent data suggest that aggregation due to
oligomerization of PrLDs/LCDs is regulated by post-translational modifications within these
protein domains (Kwon et al. 2013; Kwon et al. 2014; Gambetta and Miiller 2014). By first
identifying the enzymes responsible for these modifications, tissue-specific (in)activation of
these proteins could provide new therapeutic avenues.

In addition, a disaggregase exhibiting remarkable effectiveness against misfolded protein
aggregates, including those comprised of FUS, TDP-43, and TAF15, was engineered from
the conserved yeast protein HSP104 (Jackrel et al. 2014). Through screening of a random
mutagenesis library of HSP104 variants and systematic optimization of the resulting
potentiated variants, Shorter and colleagues abolished a putative auto-inhibitory structural
motif in the protein, reprogramming HSP104 with the capacity to solubilize TDP-43 and
FUS aggregates, normalize proteotoxic mislocalization, and even rescue a neurological
phenotype in nematode models (Jackrel et al. 2014). An alternative strategy would center on
how cytoplasmic aggregates are actively cleared. Genetic screens in yeast have revealed that
different components in the autophagy pathway, such as VCP, are involved in such
processes, consistent with recent genomic and biochemical data from ALS patients (Buchan
et al. 2013; Meyer and Weihl 2014; Cirulli et al. 2015). Indeed, VCP is known to play a role
in returning TDP-43 back to solubility in the cytoplasm after stress release (Barmada et al.
2014), and TDP-43 has even been shown to be preferentially cleared by autophagy (Wang et
al. 2010; Wang et al. 2012; Wang et al. 2013) Taken together, these data suggest a potential
synergistic therapy by preventing prionogenic aggregation while enhancing autophagy. The
ALS/FTLD disease system may display confounding heterogeneity, but where there are
numerous openings to dysregulation there must also be diverse opportunities for
intervention. Targeting prion-like interactions may constitute just one of many future
complimentary approaches.
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Box 1 | Phase Separation in Biology

A phase is a spatial region with uniform physical properties. In cells, discrete phases can
form via a process of liquid-liquid demixing, resulting in droplet-like structures that
remain distinct from the cytosol. This physical phenomenon has recently emerged in
connection to non-membranous structures as a paradigm to understand cellular
compartmentalization. Just as oil and water separate due to hydrophobic effects, proteins
and nucleic acids can demix into condensed droplets above a certain concentration
threshold. Beyond this transition point, multivalent and low affinity interactions mediated
by PrLDs/LCDs create stronger intermolecular interactions within the droplet than in the
surrounding cytoplasm. The components that localize to these structures therefore exist
along the boundary between solubility and solid-like aggregation because their
components bind transiently without entering a more ordered state. In other words, phase
separation occurs when low-affinity interactions bring molecules together without
arresting their dynamics (Weber and Brangwynne 2012).

% protein localized to clusters

Concentration

A graphical representation of the dependence of phase separation on protein
concentration

Multiple studies have indicated that the transition from solubility to a phase-separated
state is sharp (Kato et al. 2012; Schwartz et al. 2013; Banjade and Rosen 2014) and
multivalent interactions have been shown to lower this transition threshold (see main
text).

The criteria for liquid-liquid demixing in biological systems are poorly understood.
Though “nucleators” of some RNA granules have been identified — stalled initiation
factors in SG assembly, for example — how these proteins initiate demixing while other
complexes do not remains uncertain. Nevertheless, conceptualizing RNA granules as pum-
sized cellular structures with unique biophysical properties allows us to gain insight into
functions that might not be as evident from single-protein approaches, especially given
the staggering complexity of RNA granule composition.

What might be the biological advantage of such non-membranous structures? First, since
demixing itself is strongly concentration-dependent, a point of localized protein
enrichment could regulate the rate of biochemical reactions, accelerating some by acting
as “micro reactors” while sequestering away components to slow others (Weber and
Brangwynne 2012). Incorporating only the proteins with an affinity for LCD-mediated
interactions might provide RNA granules with a passive selectivity mechanism, aided by
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multivalent proteins that contribute a “branching” scaffold to the assembly process.
Furthermore, by virtue of their reversibility, which is mediated in large part by protein
modifications, phase-separated structures can assemble only when needed, allowing for
their composition to vary based on cellular requirements. For a more comprehensive
discussion of liquid-liquid phase separations in biology, interested readers are directed to
the recent review by Hyman, Weber and Jilicher (Hyman et al. 2014).
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Figure 1. Classes of SG components
(A) The defining first class of SG components includes subcomponents of the 48S pre-

initiation complex, along with stalled mMRNA transcripts. (B) A second class of proteins that
either bind mRNA directly or are partners of RBPs. Many of these proteins contain
unstructured domains and can nucleate SG assembly. Some are commonly used as
“markers” to detect SGs by immunofluorescence (yellow flags). (C) Tertiary “piggy back”
proteins, many of which function in cell signaling pathways (red arrows).

Adv Exp Med Biol. Author manuscript; available in PMC 2017 January 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fan and Leung

A B C D EFGH I

v Y - ¥ A SNASASN

E Gly-rich
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Pathogenic model Colocalization with stress granules
Mutation Disease Cell line Stress Colocalization? Marker Ref.

T K83A, R84A, K85A  engineered Hela HS, SA, CL Y TIA-L 1
" KS3ARB4AKESA  engineered primary rat hippocampal HS Y TiA-1 1
_B  DIBG ALS patient lymphoblasts SA N TIA-L 3
_C  G294A ALS BE-MI7 SA Y TIA-1 5
AT ALS Hela HS N TIA-1 1
) AT ALS BE-MI7 SA ¥ TIA-1 5
AT ALS  primary rat hippocampal transient transduction Y TIA-1, G38P 4
_E  QBK ALS BE-MI7 SA ¥ TIA-1 5
TF e ALS Hela HS N A1 1
G QR ALS  primary rat hippocampal transient transduction Y TIA-1 G3BP 4
Q3R ALS BE-MI7 SA ) & TIA-1 8
H G348C ALS Hela HS N TIA-1 1
_ G34sC ALS stable HEK293T sorbitol h { hnRNPAL HuR, TIAR 2
T R36LS ALS patient lymphoblasts SA N TIA-1 3

[1] Bentmann et al., 2012; [2] Dewey et al, 2011; [3] McDonald et al., 2011; [4] Liu-Yesucevitz
etal.,, 2014; [5] Liu-Yesucevitz et al., 2010. HS: heat shock. SA: sodium arsenite. CL:

clotrimazole.

Figure 2. Schematic representation of the functional domains of TDP-43
TDP-43 is a 414-amino acid RBP with functions in transcriptional repression, splicing, and

translational regulation. The vast majority of ALS-associated mutations occur within the C-

terminal glycine rich PrLD. Table only includes data on studied links between ALS

Page 34

mutations and SG association in cellular models. Mutations are marked by red arrows and

letters corresponding to table entries. NLS = Nuclear localization signal; RRM = RNA

recognition motif; NES = Nuclear export signal; Tan shading = PrLD.
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Pathogenic model Colocalization with stress granules
Mutation Disease Cell line Stress Colocalization? Marker Ref.
TA_ F305L, 341, F350L engineered N2a SA N TIAR 3
T Raosx ALS HEK-293 SA v TIAR 2
B Ra95X ALS  Zebra fish embryonic spinal neurons Hs v TIAR 2
RA95X ALS HEK-293 transient transfection v PABPL TIA-L 5
T ksux engineered V-1 rat primary neurons  transient transfection®, SA v PABP, TiA-1 8
RS14S AL Hela transient transfection v AL 6
D RSMG ALS CV-Lratprimary neurons  transient ransfection*, SA y PABP, TIA-1 8
_ msuG ALs patient fibroblasts A v PABPL 8
E_ RSIS, RS2IC, P525L engineered Hela transient transfection v I8P 6
T esnx ALS HEK-293 sA v TIAR 2
G ALS  Zebrafish embryonic spinal neurons Hs v TIAR 2
P AL N2a transient transfection v €3 7
HSTQ ALS  Zebrafish embryonic spinal neurons HS N TIAR 2
HORSEK ALS Nza A v TIAR 3
RS21C ALS patient fibroblasts sar v PABPL 8
R521G AL HeLa, primary neurons Hs v PABPL 4
1 RS2G ALS HEK-293 sA v TIAR 2
RS21G ALS Zebra fish embryonic spinal neurons Hs v TIAR 2
R5216 ALS HEK-293 transient transfection v PABPL TIA-L 5
T Rs22G ALS HeLa, primary neurons Y PABP1 4
K Rs24s ALS Hela, primary neurons HS y PABPL 4
T st ALS Hela transient transfection ¥ TIAL 6
L s s Hela hippocampal neurons, SH-SYSY - . . .
neuroblastoma cells

P525L ALS Hela, primary neurons Hs Y PABPL 4

[1] Bentmann et al., 2012; [2] Bosco et al., 2010; [3] Daigle et al., 2013; [4] Dormann et al.,

2010; [5] Gal et al., 2011; [6] Ito et al., 2011; [7] Kino et al., 2011; [8] Vance et al., 2013. HS:

heat shock. SA: sodium arsenite. CL: clotrimazole. *co-transfection of mutant FUS with the

wild-type resulted in the recruitment of both to SGs.

Figure 3. Schematic representation of the functional domains of FUS
FUS is a 526-amino acid RBP with functions in transcriptional repression, DNA damage

repair, and splicing. The majority of ALS-linked FUS mutations occur within its NLS,

Page 35

linking its mislocalization to neurodegenerative pathogenesis. Table only includes data on
studied links between ALS mutations and SG association in cellular models. Mutations are
marked by red arrows and letters corresponding to table entries. NLS = Nuclear localization

signal; RRM = RNA recognition motif; ZnF = Zinc finger domain; RGG = Arginine-

Glycine-Glycine-rich domain; Tan shading = PrLD.
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