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Phase separation of biomolecules leading to the formation of
assemblies with distinct material properties has recently
emerged as a new paradigm underlying subcellular organiza-
tion. The discovery that disordered proteins, long associated
with aggregation in neurodegenerative disease, are also impli-
cated in driving liquid phase separation has galvanized signifi-
cantinterest in exploring the relationship between misregulated
phase transitions and disease. This review summarizes recent
work linking liquid phase separation to neurodegeneration,
highlighting a pathological role for altered phase behavior and
material properties of proteins assembled via liquid phase sep-
aration. The techniques that recent and current work in this
area have deployed are also discussed, as is the potential for
these discoveries to promote new research directions for inves-
tigating the molecular etiologies of neurodegenerative diseases.

Introduction

Over a century of research has sought to identify the origins
of protein aggregation associated with neurodegenerative dis-
ease (1). First reported in 1911 by Dr. Alois Alzheimer (2), pro-
tein aggregates have been associated with an array of neurode-
generative diseases, including Alzheimer’s disease (AD),?
Parkinson’s disease, ALS, frontotemporal dementia (FTD), and
traumatic brain injury (3, 4). Determining the biogenesis of pro-
tein aggregation and the mechanisms by which protein mis-
folding or misregulation impacts pathology is crucial for the
development of efficacious therapeutic solutions. The emerg-
ing paradigm of intracellular phase separation provides a new
framework for studying the longstanding and widespread prob-
lem of misregulated protein self-assembly in neurodegenera-
tive disease.

Pathological aggregation

Neurodegenerative disease is broadly defined as the degen-
eration and loss of neuronal function— either in the brain in
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cases of dementia, such as AD, or in motor neurons in neuro-
muscular disorders, such as ALS. Whereas neurodegenerative
diseases encompass a diverse spectrum of clinical and patho-
logical presentations, they share striking features, including the
predominant risk factor of aging and the aggregation of disor-
dered proteins in the nervous system (5, 6). Disordered pro-
teins, including tau and A in AD, a-synuclein in Parkinson’s
disease, huntingtin protein in Huntington’s disease, and FUS/
TDP43 in ALS, pathologically self-assemble into insoluble
fibers that further aggregate into the plaques, tangles, or inclu-
sions characteristic of each disorder (3, 4).

The pathological hallmarks shared by this diverse disease
class imply a common, systemic origin and mechanism of tox-
icity. Given these shared features, a major focus of study has
been the misregulation of cellular pathways associated with
aging that could affect protein health or homeostasis (i.e. pro-
teostasis). Such processes include the misregulation of the pro-
teostasis machinery, protein clearance, posttranslational mod-
ifications, and protein damage due to oxidative stress (3, 4).
Despite much progress, many important questions remain,
including how soluble disordered proteins transform to insol-
uble structured fibers, how aggregation pathology propagates
throughout the brain, and why certain neurons are particularly
susceptible to aggregation. A fundamental advance in recent
years has been the accruing evidence suggesting that cellular
toxicity precedes the formation of fibrous aggregates (3, 4, 7).
These findings suggest that fibrous protein deposits may not be
a useful therapeutic target—they may simply “report” on or
even protect against an otherwise misregulated/dysfunctional
process. Significant effort has thus been made to identify events
or protein states that promote toxicity before the formation of
fibrous aggregates, such as aberrant protein conformational
changes (8, 9), or the formation of toxic soluble oligomeric spe-
cies (7, 10—-12). The identification of the events that result in
protein aggregation would provide important clues to the mys-
terious origins of pathological aggregation.

Phase separation and biomolecular condensates

Phase separation has recently emerged as a new paradigm
underlying the intracellular assembly of proteins and RNA with
emergent collective material properties (thoroughly reviewed
in Refs. 13-16). Liquid-liquid phase separation, or the reversi-
ble process of a homogenous fluid de-mixing into two distinct
liquid phases (Fig. 14), has been particularly recognized as a
new driving force for cellular self-assembly. The advent of this
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Figure 1. Disordered proteins drive liquid phase separation and neurodegenerative aggregation. A, in classic liquid-liquid phase separation, a
coexistence curve, or binodal, delineates the phase-separating region. At a given interaction strength, any concentration above the saturation con-
centration (C,,,) gives rise to phase separation into liquid droplets made up of a higher concentration (Cy,,,). Inset, P granules in the early C. elegans
embryo (adapted from Ref. 20). B, list of disordered proteins implicated in both liquid phase separation and pathological aggregation into fibers in

neurodegenerative diseases.

new “phase” in cell biology (16) was pioneered with the demon-
strated liquid-like properties of membraneless organelles,
including the apparent wetting, fusion, and dynamic exchange
of internal components of P granules, (germ granules native to
Caenorhabditis elegans) (17), stress granules (18), and the
nucleolus (19). In addition to membraneless organelles, various
cellular functions, including signaling, cytoskeletal organiza-
tion, and transcriptional regulation, have been shown to be
accompanied by phase separation into condensed states with a
range of material properties and are increasingly referred to as
biomolecular condensates (15).

Whereas many of the molecular and mechanistic details
underlying the assembly and dynamics of biomolecular con-
densates remain to be determined, the role of multivalent
protein—protein and protein—-RNA interactions has been a
dominant theme. Multivalent interactions of varying strength
between disordered proteins of low sequence complexity (20—
24), modular structured domains (25-27), and combinations of
these two archetypes give rise to condensed phases with a spec-
trum of material properties from liquids to solids.

The discovery that disordered proteins or domains are
important drivers of liquid phase separation (28) (Fig. 1) builds
on a growing appreciation of the diverse roles that disordered
proteins play in the cellular milieu (28, 29). Disordered proteins
that have been identified as drivers of the assembly of mem-
braneless organelles include the P granule proteins LAF-1 (20),
PGL-3 (30), and MEG proteins (31, 32); the nucleolar protein
Fib1 (33, 34); and stress granule proteins FUS (35, 36), TDP-43
(37), and hnRNPA1 (22, 24). These stress granule proteins are
further implicated in the pathology of ALS and FTD, where
they are found in fibrous form. In fact, low complexity
sequences of RNA-binding proteins that associate with con-
densates have generally been linked to neurodegenerative dis-
ease (38, 39). Additionally, proteins long implicated in neuro-
degenerative aggregation, such as tau (40 —-42), FMRP (43), and
huntingtin protein (44), have recently been demonstrated to
undergo liquid phase separation.

The newfound role for disordered proteins in liquid phase
separation in general and the evidence for both liquid and fiber
formation for specific neuronal proteins introduces compelling
new questions about the relationship between phase separation
and neurodegeneration. What role, if any, does liquid phase
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separation play in neurodegeneration? Under what conditions
will a disordered protein assume a liquid or fibrous state, and
what is the relationship between these distinct material states?
The previously unrealized potential for disordered proteins to
drive formation into reversible dynamic liquid phases adds an
important new dimension to research questions focused on
unearthing the origins of pathological aggregation associated
with disease. Here we review recent work on the capacity for
neuronal proteins to phase separate and discuss the potential
for these discoveries to impact new directions in neurodegen-
eration research. Included first is an outline of the approaches
commonly used to probe condensate properties.

Probing material properties

Probing material properties of condensates has been and
continues to be crucial in realizing the role of phase separation
in pathology and its corresponding potential as a therapeutic
target. Summarized here are current approaches to probe the
material properties of liquids and the divergence from viscous
liquid behavior.

Shape/morphology

Pure viscous liquid droplets take on spherical shapes in solu-
tion, resulting from the energetic need to relax interfacial ten-
sion at the liquid-liquid interface (45). Observance of spherical
morphologies of protein assemblies has been used frequently
to identify the presence of liquid material states (14, 15).
Conversely, divergence from a liquid state has been dramat-
ically depicted by the extreme morphological shape change
of P granule proteins that can form square solid sheets (46)
or the maturation of FUS droplets into a “starburst” mor-
phology (47) (Fig. 2).

However, shape alone is insufficient for determining the
material character of condensates. For instance, liquids are not
always spherical, as they can deform upon wetting different
surfaces, such as membranes in the case of P granules in the
adult C. elegans germ line (17) or glass slides with varying sur-
face treatments (34) (Fig. 2). Furthermore, when droplets
approach the resolution limit, as is common for small conden-
sates in vivo, accurately resolving droplet morphology becomes
increasingly challenging. Additionally, if a system transitions
from a liquid to solid state, as has been suggested for balbiani
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Figure 2. Probing material properties. A, from left to right, LAF-1 droplets form spherical droplets on a pluronic F127-treated glass surface (20); LAF-1 droplets
deform upon wetting untreated glass surface; P granule protein CAR-1 forms square sheet structures upon silencing CGH1 expression (46); three-dimensional
rendering of FUS protein droplets after maturation (47). B, FRAP experiments of FUS-IDR droplets demonstrating decreasing recovery and dynamics as a
function of time (22). C, coalescence of LAF-1 droplet fusion is measured by the relaxation of the aspect ratio to 1 (20). Inset, timescale of fusion scales linearly
with size of droplets (20). D, microrheology of condensates. Left, MSD versus lag time for LAF1 droplets. Diffusive exponent « reflects the viscoelasticity of a
material (see “Viscoelasticity”) (20). Right, RNA can tune LAF-1 droplet viscosity (20). Error bars, S.D.

bodies (48) and centrosomal SPD-5 condensates (49), it may
retain a spherical shape despite no longer being a pure viscous
liquid.

Molecular dynamics, exchange, and mobility

Molecules in viscous liquids are free to diffuse rapidly
within droplets and undergo constant exchange between
the droplet and bulk solution for liquid systems in thermo-
dynamic equilibrium. Fluorescence recovery after photo-
bleaching (FRAP) allows for the quantification of molecular
dynamics, exchange, and mobility within droplets, and is by
far the most widely used technique to probe condensate
properties both in vitro and in vivo. Quantifying the rate of
fluorescence recovery within a droplet allows for the estima-
tion of an effective diffusion coefficient of the molecule
probed. A decrease in the recovery rate of a molecule could
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indicate changes in material properties as well as oligomer-
ization events or altered binding (50). Incomplete fluores-
cence recovery, or a mobile fraction less than one, reports on
any immobile molecules that are not free to exchange and
could indicate a divergence from liquid behavior (22, 24, 36,
42,47, 51, 52) (Fig. 2).

It is important to note that fluorescence recovery rates are
only a proxy for liquidity of a material and depend strongly
on the probe being monitored. Viscosity is a collective mate-
rial property of a network of molecules and may not always
be directly coupled to molecular diffusion rates. This was
recently demonstrated by the length scale dependence of
diffusion within LAF1 viscous droplets (53). This work
showed that for particles larger than 14 nm in radius, diffu-
sion scaled with particle size, in accordance with the Stokes—
Einstein relationship for the given droplet viscosity. How-
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ever, for molecules smaller than 14 nm, diffusion no longer
correlated with particle size and was no longer coupled to
the viscosity within the droplet.

Coalescence

Coalescence, or fusion dynamics of droplets, can provide
additional information about their material properties. For
liquid droplets diffusing in a medium of lower viscosity, the
timescale of fusion scales with the droplet size and the ratio
of viscosity over surface tension, also known as the inverse
capillary velocity (54). Importantly, single-exponential
fusion kinetics as well as a linear scaling relationship
between time and length are expected for viscous liquids
(55). Linear scaling of droplet coalescence has been demon-
strated for P granules (17), nucleoli (19), droplets of LAF1
(20), and Whi3 (52). Conversely, arrested coalescence or
incomplete fusion, as indicated by aspherical shapes or large
aspect ratios, signifies divergence from pure liquid materials.
As this method offers only an approximation of the ratio of
viscosity to surface tension, additional measurements are
necessary to define either viscosity or surface tension and
their respective changes.

Viscoelasticity

Materials exist on a viscoelastic spectrum, from liquids with
only a viscous component to solids with only an elastic compo-
nent. A material that has both viscous and elastic components is
considered to be viscoelastic. The viscoelasticity of materials
can be accurately measured using methods of rheology, the
study of how materials flow or deform in response to pressure
or stress. In particle tracking microrheology, small microme-
ter-sized particles are embedded into materials, and their mean
squared displacement (MSD) is calculated and plotted as a
function of lag time. The diffusive exponent, «, derived from
the slope of alog—log plot of MSD versus lag time, can be used to
quantify the viscoelasticity of the material (56, 57), where «
ranges from 0 (for elastic solids) to 1 (for viscous fluids), with
intermediate values indicating a viscoelastic material (Fig. 2).
Microrheology has been used to directly measure the viscosity
of droplets composed of the P granule protein LAF1 (20) as well
as the polyglutamine (polyQ) protein Whi3 (52) and nucleolar
proteins (34).

Microrheology is a powerful tool to directly quantify vis-
coelastic properties of droplets in vitro; however, it can be more
challenging to perform accurate microrheological measure-
ments within small condensates in vivo. Nanorheology, a mod-
ified fluorescence correlation spectroscopy technique that
measures diffusion of smaller sub-micrometer particles, has
recently been used to measure viscosity of protein droplets (53);
this and related imaging-based technologies have the potential
to be powerful tools for measurements in vivo. Further devel-
opment of rheological techniques and their application to
biomolecular condensates will offer important insight into the
role of changing material properties in neurodegenerative dis-
ease. Microrheology measurements could, for example, be used
to quantify the liquid—solid transition of condensates, as has
been analogously used in measuring the gel point of stereotyp-
ical gel systems, such as acrylamide (58).
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Reversibility and/or presence of insoluble aggregates

Another way to probe the properties of droplets is to probe
the reversibility or presence of aggregates in solution over time
or as a function of mutation/perturbation. The dissolution of
phase-separated liquid droplets can be achieved by reversing
the phase-separating condition (i.e. by changing the salt, tem-
perature, or pH or “cycling” those parameters). Incomplete
reversibility to a single soluble phase signals a divergence from
a liquid state. This phenomenon has been referred to as “mat-
uration” or even a “liquid to solid transition” (44, 47). Addition-
ally, droplet dissolution by 1,6-hexanediol is often used to probe
droplet properties (24, 42, 44, 59, 60). This aliphatic alcohol is
thought to disrupt transient hydrophobic interactions between
aromatic residues (61) sometimes present within liquid phases,
but fails to disrupt the more stable interactions present in other
fibrous forms. However, it is not actually clear precisely which
interactions 1,6-hexanediol disrupts, and responses to this
compound do not directly report on the presence or absence of
a liquid phase.

The presence of insoluble aggregates within droplets can be
further confirmed in a number of ways. A simple centrifugation
assay after dissolution of the condensed liquid phase, can report
on the formation of any insoluble material. EM can be used to
analyze the aggregate structures in more detail and/or confirm
the presence of nanoscale fibers. Additionally, small fluorescent
molecular probes like thioflavin S or T, which report on the
presence of cross-3-sheet structures, are often used to discern
ordered fibers from amorphous aggregates (24, 42, 47, 60). It is
important to note that these probes are quite prone to false
negatives and positives (62), and careful controls along with
complementary techniques should be applied.

Phase separation of neuronal proteins
Stress granule proteins

Stress granule—related proteins have provided the first link
between phase-separated compartments and neurological dis-
ease. The proteins FUS, TDP-43, hnRNPA1, and TIA1 and the
C90rf72 translational dipeptide repeats GR/PR, are each impli-
cated in the pathology of ALS and FTD with demonstrated roles
in phase separation.

FUS

Fused in sarcoma (FUS) protein is an RNA binding protein
that associates with liquid-like stress granules (SGs) and is fur-
ther implicated in chromosomal translocations in cancer and
aggregation in ALS/FTD (63). In 2015, Patel ez al. (47) demon-
strated that FUS-GFP can phase-separate into spherical drop-
lets, capable of fusion and with fast and complete recovery by
FRAP. They further showed that introduction of the ALS dis-
ease mutation G156E to their FUS-GFP construct resulted in
dramatic changes to the material properties of the droplets over
time, illustrated by significant loss of mobile fraction by FRAP
and the appearance, upon shaking, of nonspherical structures
(Fig. 2). Murakami et al. (36) further showed that reversibility of
FUS aggregates in vitro and in vivo is compromised by ALS/
FTD mutations, consequently leading to the sequestering of
additional proteins within the aggregates. Together, these stud-
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ies suggest that changing of material properties from reversible
liquid states to less soluble states (i.e. “maturation” or a liquid-
to-solid transition) could contribute to disease. Additionally,
phosphorylation of FUS (64) has been shown to disrupt both
FUS phase separation and aggregation, suggesting a potential
treatment pathway for FUS assembly regulation.

TDP-43

Aggregates of TAR-DNA- binding protein of 43 kDa (TDP-
43) are impressively found in ~97% of all cases of ALS and 45%
of FTD cases (65, 66), but the connection between TDP-43
aggregation and toxicity remains unclear. The C-terminal
domain of TDP-43 has been shown to phase-separate into
droplets with rapid dynamics by FRAP (37). Probing several
disease mutants, the authors found that most mutants inhibited
phase separation, demonstrated by a shift to the right in the
phase diagram, aside from A321V, which exhibits a shift to the
left. Interestingly, all disease mutants showed enhanced “con-
version” to aggregates over time, as seen by a loss of reversibility
upon temperature cycling.

hnRNPA1

Heterogeneous nuclear ribonucleoproteins (hnRNPs) form
cytoplasmic inclusions that are pathologically deposited in
ALS/FTD patients. Molliex et al. (24) demonstrated that
hnRNPA1 can form liquid droplets in a concentration-depen-
dent manner. They show that fibrillization of the disease-caus-
ing mutation D262V is promoted by phase separation using a
combination of temperature cycling and ThT staining (24).
Similarly, Lin et al. (22) demonstrated the accumulation of
aggregates in hnRNPA1 droplets over time that are further
exacerbated by the amyloid-enhancing D262V mutation.

TIA1

T cell-restricted intracellular antigen-1 (TIA1l) is an SG
component with a demonstrated role in SG assembly (67, 68).
The disordered domain of TIA1 has been shown to undergo
liquid phase separation in the presence of RNA (22). Using the
full-length TIA1, Mackenzie et al. (51) showed that disease
mutations in TIA1 (P362L, A381T, and E384K) promote phase
separation, demonstrated as a shift to the left in the phase dia-
gram; decrease mobile fraction in TIA1 droplets by FRAP; and
decrease droplet reversibility. In vivo, they found that TIA1
mutations alter stress granule dynamics, in that they inhibit the
rate and completion of disassembly. Interestingly, stress-in-
duced colocalization of TDP-43 into granules accelerates
aggregation of TIA1 within SGs.

C9orf72

Expansion of hexanucleotide repeat GGGCC in the intron of
chromosome 9 ORF 72 (C9ORF72) is the most common cause
of FTD and ALS, serving as evidence for the connection
between the pathologies of the two neurological diseases (69,
70). One potential consequence of this expansion lies in the
misregulated translation of this sequence, which produces
dipeptide repeats GR and PR (71). In 2016, Lee et al. (59) found
that expression and colocalization of GR and PR dipeptides
with nucleoli and SGs can impair dynamics and mobile fraction
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in living cells by FRAP. They further showed that GR/PR pep-
tides colocalize with hnRNPA1 and TIA1 droplets in vitro and
promote phase separation by decreasing the saturation concen-
tration. Boeynaems et al. (72) further showed that PR peptides
can alone phase-separate into dynamic liquids capable of fusion
and recovery by FRAP.

Other neurodegenerative proteins

More recently, additional neuronal proteins not previously
known to be associated with liquid compartments have also
been demonstrated to undergo liquid phase separation. These
include tau (40-42, 73, 74), FMRP (43, 72), and huntingtin
protein (44).

Tau

Tau is a neuronal protein that pathologically aggregates into
fibers and tangles associated with a long list of tauopathies,
from Alzheimer’s disease to traumatic brain injury (75). Recent
work has found that in the presence of macromolecular
crowder, phosphorylation, and/or RNA, tau can phase-separate
into liquid droplets. Wegmann et al. (42) have shown that full-
length tau (tau441-GFP) forms droplets in cultured neurons
that exhibit rapid recovery after photobleaching. In vitro, they
show that phosphorylated tau, naturally phosphorylated from
expression in insect cells, forms droplets that become less
dynamic over time. They further show thatincreased phosphor-
ylation levels of tau, as well as the addition of co-factors known
to increase tau aggregation, such as heparin and RNA, induce or
enhance droplet formation.

Similarly, the microtubule-binding region fragment of tau,
K18, has been shown to form droplets that are enhanced by
increasing the temperature to 37 °C (40). Phosphorylation also
enhances K18 phase separation by lowering the saturation con-
centration and the apparent rate of droplet formation. Both
studies demonstrated the formation of ThS (42) and ThT (40)
positive aggregates in their respective droplet systems. Another
fragment of tau, d187, has been shown to form droplets in an
RNA-dependent manner (41). Using the insect cell- expressed
phosphorylated tau441-GFP in the presence of 10% dextran,
Hernéndez-Vega et al. (74) further showed that tau phase sep-
aration can enhance the organization of tubulin and MT poly-
merization, suggesting a potential functional role for tau phase
separation.

Huntingtin

Recent work by Peskett et al. (44) has shown that HTT exon
1 with extended polyQ repeats can form assemblies with dis-
tinct morphologies in mammalian cells and yeast. They show
that polyQ expansions can form two types of assemblies with
distinct intensity features they refer to as “dim” and “bright” as
well as distinct physical properties. The dim assemblies appear
to be more consistent with a liquid state, in that they recover
almost completely and within seconds by FRAP, can undergo
fusion, and are reversible by 1,6-hexanediol, whereas the
“bright” assemblies exhibit significantly slower recovery times
with very low mobile fractions, are 1,6-hexanediol—insensitive,
often have asymmetrical structures or spikes that protrude
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of action, which are sensitive to disease-associated conditions, highlight distinct avenues for regulation and therapeutic targeting of liquid phase separation

in disease.

from their center of mass, and appear by electron tomography
to contain a web of fibrous nanostructures.

In vitro, they were able to show that polyQ25 could form
droplets in the presence of 10% dextran that could fuse, recover
rapidly by FRAP, and were sensitive to 1,6-hexanediol. Interest-
ingly, they note that these droplets rapidly matured, showing
fibrous protrusions and partial resistance to 1,6-hexanediol dis-
solution in just 30 min of incubation.

Novel therapeutic targets

These recent discoveries position liquid phase separation as a
compelling novel component in the neurodegeneration path-
way and consequently a new avenue for therapeutic strategies.
However, the unanswered questions already surrounding the
area of pathological aggregation are equally present here. For
instance, whether or not protein fibers promote, protect, or are
simply an artifact of toxicity should frame interpretations of
data that aim to parse the connections between liquids and
fibers. Additionally, whether or not liquid phases contribute to
loss of function, gain of dysfunction, or both remains to be
determined. Furthermore, various cases of reversible and/or
functional amyloid fibers have been reported (76, 77), further
challenging assumptions about the pathological status of pro-
tein fibers. In light of these questions, it can be useful to break
down the current evidence for the role of liquid phase separa-
tion in neurodegeneration into three effective modes of action:
those that influence (a) propensity for phase separation, ()
material properties of phase-separated droplets, and (c) nucle-
ation of fibers (Fig. 3). This framework further delineates three
potential pathways for therapeutic intervention.
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Propensity for phase separation

Phase separation is extremely sensitive to perturbations,
including protein concentration, cellular/environmental con-
ditions, and the relative abundance of cofactors or binding part-
ners. The demonstrated capacity for neuronal proteins to
phase-separate raises new possibilities for assembly (mis)regu-
lation in vivo. A shift in a phase boundary of a protein or group
of biomolecules that enhances (left shift) or inhibits (right shift)
phase separation could have significant consequences for the
function/dysfunction of neuronal proteins. ALS disease muta-
tions have been shown to both inhibit (TDP43 (37)) and
enhance (TDP4-3 and A231V (37) and TIA1 (51)) phase sepa-
ration; post-translational modifications, such as phosphoryla-
tion, have been shown to inhibit phase separation in the case of
FUS (64) but enhance phase separation in the case of tau (42).
Interestingly, in both cases, the effect is consistent with inhib-
iting or enhancing aggregation. Independent of the potential
relationship between liquids and fibers or the fate of the phase-
separated state, the liquid phase diagram and its tunable phase
boundary could serve as a useful assay in screening effective
drug candidates.

Material properties

The material properties of protein phases, such as viscoelas-
ticity and internal diffusivity, are also sensitive to perturbations
and highly tunable by condition and cofactors. We are just
beginning to discern the role of these material states in regulat-
ing the components within. In the case of SGs, there is increas-
ing evidence for the impact of changing dynamics on pathology.
Opverall, disease mutations in FUS (36, 47), TDP-43 (37, 51),
hnRNPA1 (22, 24), and TIA1 (51) give rise to changes in mate-
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rial properties, including a decrease in fluidity, mobile frac-
tion, coalescence, and internal diffusivity. Additionally, longer
polyQ protein variants that are associated with disease appear
to form assemblies with distinct morphologies and material
properties (44). Changes in granule material properties can
have direct consequences for both loss and gain of function.
Decreasing dynamics would impact interactions and reactions
associated with granule function, whereas loss of reversibility
may impact the native availability of a particular protein in the
cytoplasmic or nucleoplasmic bulk. Furthermore, as in the case
of FUS, such changes can lead to the aberrant sequestration of
additional proteins within the assembly with the potential for
innumerable functional consequences. Together, this suggests
that devising methods to modulate the material properties of
granules could present a useful therapeutic strategy.

Fiber formation

It is an intriguing possibility that enhanced propensity to
liquid phase-separate, increased duration or interactions in a
liquid state, and/or modulated liquid phase properties can con-
tribute to the formation of fibers. Evidence for this now exists
for SG proteins as well as tau and huntingtin. Phase separation
could enhance the formation of fibers by providing an unstable
oversaturated highly concentrated environment. This begs the
question of how liquid states, if that unstable, are normally
maintained, suggesting the potential involvement of stabilizing
cofactors or chaperones. Fiber formation could in turn contrib-
ute to material property changes with aberrant functional con-
sequences, such as unwanted sequestration as described above.
Strategies to preserve liquid properties or otherwise inhibit
conditions that result in the nucleation of fibers, could prove to
be effective. Whereas the precise relationship between fluids
and fibers still needs to be determined, the growing evidence
linking phase separation to the classic pathological hallmark
of neurodegeneration holds significant potential for impactful
discoveries.

Conclusion

The previously unrealized potential for intracellular proteins
to assemble via phase separation into soft condensed material
states provides a new lens through which to probe the origins of
pathological aggregation associated with neurodegeneration.
The evidence in support of a relationship between droplet
properties, protein aggregation, and neurodegenerative pathol-
ogy is rapidly growing; however, significant future work is nec-
essary to determine the molecular and regulatory mechanisms
underlying these processes. The new paradigm of phase sepa-
ration coupled with the advancement of techniques to probe
this new phenomenon in and out of cells has the potential to
drive new therapeutic directions for treating many devastating
neurodegenerative diseases.
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