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Abstract

We have made rapid progress in recent years in identifying the genetic
causes of many human diseases. However, despite this recent progress, our
mechanistic understanding of these diseases is often incomplete. This is a
problem because it limits our ability to develop effective disease treatments.
To overcome this limitation, we need new concepts to describe and com-
prehend the complex mechanisms underlying human diseases. Condensate
formation by phase separation emerges as a new principle to explain the
organization of living cells. In this review, we present emerging evidence
that aberrant forms of condensates are associated with many human
diseases, including cancer, neurodegeneration, and infectious diseases. We
examine disease mechanisms driven by aberrant condensates, and we point
out opportunities for therapeutic interventions. We conclude that phase
separation provides a useful new framework to understand and fight some
of the most severe human diseases.
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1. INTRODUCTION

Cell biology is in the midst of a revolution. Important biological problems, such as the organiza-
tion of the cytoplasm and nucleoplasm, the compartmentalization of cells, and the mechanisms of
gene regulation, are beginning to be understood in increasing detail. Some of this recent progress
has been possible through the incorporation of liquid-liquid phase separation into biology. Phase
separation is a process by which a homogeneous liquid solution (or phase) of macromolecular
components separates (or demixes) into two distinct phases, one phase that is enriched for the
macromolecules and another phase that is depleted of the same macromolecules (4, 12, 75, 138).
The liquid properties of the dense phase, such as rapid exchange of components and droplet
coalescence, are often interpreted as evidence that a particular cellular structure has formed by
phase separation. Phase separation is now thought to underlie many biological processes, includ-
ing heterochromatin formation (93, 141); nucleocytoplasmic transport (136); and the formation
of membraneless compartments, such as nucleoli (50, 107). Cellular structures that form by phase
separation have been termed biomolecular condensates (12, 138) to reflect their origin through
condensation. Altogether, these recent developments have provided a powerful new framework
to explain various biological processes, encouraging major efforts across the world to reexamine
biological phenomena through the lens of phase separation. Most importantly, these efforts have
taught us that aberrant forms of phase separation frequently occur in cells and organisms and may
contribute to a large array of complex human diseases.

In this review, we describe our current level of understanding of biomolecular condensates and
the various ways in which they impact biology and may cause disease. We hope to demonstrate
that phase separation provides a useful concept to understand and ultimately treat complex human
diseases, including cancer, neurodegeneration, and infectious diseases.

2. MEMBRANELESS COMPARTMENTS ARE BIOMOLECULAR
CONDENSATES

The mechanisms underlying the organization and properties of the cytoplasm have eluded us
for many centuries. The cytoplasm contains hundreds of thousands of different constituents. A
large volume fraction of the cytoplasm is taken up by macromolecules. For proteins, this fraction
amounts to more than 30%, translating to an overall concentration of 150 mg/ml in eukaryotic
cells (47). Anyone who has purified a protein knows that few proteins are soluble above 50 mg/ml;
so how can all these proteins be soluble inside the highly crowded cytoplasm? What molecular
mechanisms regulate protein solubility? Why is the cytoplasm a liquid and not a solid? All these
questions are gaining importance given recent evidence that cells tune the solubility of proteins
for biological functionality (12, 53, 54). On the one hand, cells have invented mechanisms to main-
tain proteins in a soluble state to achieve resistance against perturbations (55, 90, 100, 132). On
the other hand, proteins can persist in the cytoplasm at concentrations much larger than their
solubility, and this appears to be harnessed by cells to assemble compartments with diverse func-
tionality (12, 138). But how can a cell organize itself solely by manipulating the solubility and
phase behavior of proteins?

The last ten years have witnessed a deluge of newly described compartments that form by
phase separation. These compartments are often termed membraneless compartments or mem-
braneless organelles to distinguish them from compartments that are surrounded by membranes,
such as the Golgi apparatus. Examples of membraneless compartments are the nucleolus (50,
107) in the nucleus or centrosomes (155) in the cytoplasm of cells. But what are the properties
that allow condensates to function as compartments? Condensates can selectively enrich certain
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components while excluding others. This allows them to generate distinct microenvironments
that can accelerate or inhibit biochemical reactions. Various other functions have been proposed
for condensates, including the buffering of protein concentrations (120); the formation of molec-
ular filters (117, 136); the sensing of environmental changes (132); the formation of signaling
compartments (142); the nucleation of cytoskeletal structures (15); and the deformation of mem-
branes, for example, during endocytosis (17). Not all condensates necessarily must have a function.
Some condensates may just form without any particular purpose, as may frequently be the case in
cells that are exposed to strong environmental perturbations. However, these condensates could
still be involved in disease processes; thus, understanding their principles of formation may be
highly relevant.

3. MOLECULAR MECHANISMS UNDERLYING
CONDENSATE FORMATION

What molecular mechanisms drive the formation of condensates? In the past five years, we have
made tremendous progress in understanding the principles that drive condensate formation in
vitro and in cells. The most important step toward forming a condensate is the establishment of
a dense network of interacting macromolecules. The valence of the interacting components, i.e.,
the number of interaction domains or motifs, is the key determinant (12). In vitro experiments
have shown that there is a critical number of valences of a protein or RINA above which it phase
separates (13, 96, 152).

One concept that has been useful for describing how components get enriched in condensates
is the concept of scaffolds and clients (13). Scaffold proteins drive the formation of condensates and
are critically required for their integrity. Client proteins partition into condensates after they have
been formed by a scaffold. The term partition coefficient is often used to describe the selective
enrichment of proteins in condensates (13, 155). It indicates how strongly enriched a component
isin a condensate and reflects its compatibility with the physicochemical microenvironment of the
condensate. Scaffold proteins are often present at high concentrations in cells and they often have
many valences. By contrast, client proteins are typically present at lower protein concentrations,
and they usually have a lower number of valences. Another important factor that affects condensate
formation is the affinity of a given interaction module for its ligand and the reversibility of a
binding reaction (12). This is particularly relevant for the physical properties of a condensate. A
liquid, for example, must rearrange on short timescales, and this requires that the interactions
maintaining the condensate are transient. This can be achieved in two ways: (2) through weak
interactions or () through strong interactions that are reversible on short timescales. Reversibility
could be achieved through regulation by posttranslational modifications (P'TMs). Indeed, there is
increasing evidence for regulation of phase separation by PTMs (71), such as phosphorylation (91,
109) and methylation (72). These PTMs frequently tune the valence of scaffold or client proteins
to drive condensate formation or client partitioning, respectively.

Many membraneless organelles exhibit significant internal organization. For example, the nu-
cleolus consists of three discrete layers, each of which is defined by specific protein and RNA
constituents (50). Recent work suggests that the multilayered topology of the nucleolus could
arise through differences in the surface tensions of the distinct liquid phases (50). Thus, it ap-
pears that spontaneous (passive) phase separation is often sufficient to explain the formation of
a multilayered compartment. However, active processes also play important roles. Indeed, there
is increasing evidence that many cellular condensates are regulated by ATP-consuming processes
(48). Understanding the interplay between spontaneous phase transitions and driven processes
that consume energy is one of the most important challenges in the field.
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Figure 1

The phase diagram depicted is obtained by systematically changing two conditions (e.g., concentration, salt,
pH) and determining the regions in which the system switches from a one-phase state to a two-phase state.
In the two-phase state a dense phase and light phase stably coexist. The binodal (coexistence line) separates
the one-phase state from the two-phase state, and it describes the region where phase separation is
thermodynamically favorable. The spinodal is the line that separates nucleation-limited (discrete) phase
separation (the region where nucleation takes place) from diffusion-limited (uniform) phase separation (the
region where spinodal decomposition takes place). Light green and dark green indicate the dilute phase and
the dense phase of the phase-separated system, respectively.

4. MATERIAL PROPERTIES OF BIOMOLECULAR CONDENSATES

In physical terms, liquid-liquid phase separation is a density transition that results in the for-
mation of a dense phase in which the molecules can move about somewhat freely. Such density
transitions are typically described with phase diagrams (Figure 1). A phase diagram is a graphical
representation of the phase behavior of a molecule; it involves systematically changing conditions
and determining the regions in which a dense phase is observable. Order parameters frequently
used in phase diagrams are temperature, concentration, and salt.

In addition to phase separation, there are other types of phase transitions, such as gelation.
Gelation is not a density transition but a connectivity (or topological) transition that involves the
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formation of a system-spanning network of interactions (62). Importantly, phase separation and
gelation are often coupled. In this case, the system-spanning network involves all the molecules
in a given droplet. Consequently, many liquid phases can technically be considered gels. How-
ever, many readers may not be familiar with this definition, and gel formation is more commonly
thought of as being associated with the acquisition of solid-like properties. Here, we use the term
gelation to refer to connectivity transitions that also change the material properties of a conden-
sate (a.k.a. acquisition of solid-like properties).

One important finding in the last four years has been that dense protein solutions have a strong
thermodynamic drive to mature into more solid-like states, such as gels (6, 108, 123). This tran-
sition can also involve crystal-like states, in which the molecules are highly ordered in lattice-like
arrangements. The transition from a liquid-like state to a solid-like state has been referred to as
molecular aging (6). In cells under stress or cells that overexpress recombinant proteins, solid-like
states of proteins are often observed and manifest as protein aggregates. These protein aggregates
are either disordered gels or highly ordered crystal-like amyloid fibrils. There is strong evidence
that these solid-like states of proteins are linked to disease (94, 103, 108, 112, 123). How and
why phase transitions from a liquid-like state to a solid-like state cause disease are discussed in
Section 7.

5. MOLECULAR FEATURES OF PHASE-SEPARATING PROTEINS

In the last seven years there has been extensive work on the molecular features that promote
condensate formation by phase separation. This work has delineated two archetypes of phase-
separating proteins: (#) proteins with multiple folded domains or modules and () intrinsically
disordered proteins (IDPs) and intrinsically disordered regions (IDRs) (4, 12). Multidomain pro-
teins often carry several folded protein—protein interaction domains connected by flexible linkers.
These interaction domains frequently interact with short linear motifs in other proteins (96, 142).
The more modules a protein has, the higher its valence and therefore the higher its propensity to
phase separate, as discussed above. While many readers may already be familiar with multidomain
proteins, the features of IDPs and IDRs are less well known and thus warrant a more detailed de-
scription. In contrast to structured proteins, IDRs and IDPs have no fixed structure and there is no
single low-energy state representing the native state. Instead, these proteins are better described
as ensembles of interconverting conformations with slightly different energies (40, 80), primarily
because IDRs and IDPs lack aliphatic and aromatic residues that drive folding of proteins with
globular structure.

IDRs and IDPs are polymers and as such they obey the laws of polymer chemistry. The theory
of associative polymers has been applied to understand IDRs and IDPs (133, 137). In this frame-
work, IDRs and IDPs can be described as polymers consisting of two fundamental units: stickers
and spacers (152). Stickers provide attractive interactions, while the spacer regions promote con-
formational flexibility. Indeed, many phase-separating IDRs and IDPs carry distributed weakly
interacting motifs. These stickers provide specific amino acid chemistry encoding the driving
forces and the specificity for condensate formation. Several different classes of phase-separating
IDRs can be classified on the basis of their sequence compositions and motifs. Typical deter-
minants of the physicochemical properties of IDRs are the fraction and patterning of charged
residues.

One important class of IDRs are those that contain arginine- and glycine-rich (RGG/RG)
repeats (33, 118). RGG/RG-containing IDRs can self-interact, but they can also associate with
RINA to promote the formation of RINA-containing condensates or coacervates. Prion-like low-
complexity sequences compose another class of IDRs (5). The term low complexity describes
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sequences that consist of only a few of the 20 possible amino acids. In the case of a prion-like
protein, these are mostly polar amino acids, such as glutamine, asparagine, serine, and tyrosine.
Recent work has shown that prion-like RNA-binding proteins use a specific protein-intrinsic
molecular grammar to drive the formation of condensates (152). This primarily involves inter-
actions among tyrosine and arginine residues through cation—m interactions, but also n—m inter-
actions mediated by tyrosine residues (the aromatic ring systems of tyrosines or phenylalanines are
termed 7 systems). The tyrosine and arginine residues are the stickers that determine the satura-
tion concentration of a phase-separating protein. These stickers are connected by spacer residues
that determine the material properties of condensates, presumably by introducing conformational
constraints on the polypeptide chain. Determining the different protein-intrinsic molecular gram-
mar rules underlying the formation of various condensates is one of the most urgent challenges
in the field.

In addition to proteins, another macromolecule plays a key structural role in condensates, es-
pecially in ribonucleoprotein (RNP) granules: RNA. RNA is an ideal scaffold molecule because
it is long, flexible, and multivalent. Recent evidence suggests that RNA molecules can interact
through specific intermolecular base-pairing events (76, 92, 149). It appears that such RNA-RNA
interactions are particularly important for determining the identity of RNP condensates.

6. HOW PROTEIN SOLUBILITY DETERMINES
CONDENSATE FORMATION

A concept important for understanding the driving forces for phase separation is supersaturation.
"To understand supersaturation, we must take a closer look at a phase diagram (Figure 1). A typical
phase diagram has two regions: a region where the one-phase state is favored and a region where
the two-phase state is favored. The binodal (or coexistence line) describes the barrier that must
be crossed for phase separation to be thermodynamically favorable. However, this does not mean
that a protein solution that has crossed the binodal immediately enters into a two-phase state.
Often a dense phase forms only upon assembly of a rate-limiting nucleus that then seeds conden-
sate formation. In the absence of this nucleus, the protein solution remains in the one-phase state,
even though the two-phase state is thermodynamically favored. This requirement for nucleation
is not absolute, and phase separation also occurs spontaneously when the protein solution crosses
a second line, the spinodal. This transition from nucleation-limited (discrete) phase separation to
diffusion-limited (uniform) phase separation is termed spinodal decomposition. This distinction
is important because many proteins exist in a state in which they are close to the binodal, or they
may have even crossed the binodal, but they have not phase separated (35, 64, 86). Such proteins
are termed supersaturated proteins. Supersaturation, therefore, is a metastable state of a solution
that contains more protein than the thermodynamic solubility of that solution. Cells have devel-
oped mechanisms to break protein supersaturation, for example, through the local production of
an RINA molecule, which binds a protein with high affinity and thus increases its local protein
concentration beyond the saturation concentration for phase separation (19).

Supersaturated proteins can rapidly respond to physiological stimuli, and this can be harnessed
by cells to mount physiological responses. But this also is a problem because supersaturated pro-
teins are sensitive not only to physiological stimuli but also to many nonphysiological pertur-
bations (6, 53, 54). This requires control systems to guard against nonphysiological fluctuations
inside cells that could inappropriately perturb the supersaturated state. Indeed, there is emerging
evidence that IDRs have been added to proteins to specifically tune and buffer the phase behavior
of supersaturated proteins (53-55, 90, 132). Importantly, there appears to be a strong link be-
tween protein supersaturation, phase separation, and protein aggregation. The very same motifs
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that promote protein phase separation are often mutated in diseases and promote a rapid conver-
sion of dense protein solutions to protein aggregates (37, 101, 105, 108, 123). Here, the sensitivity
of supersaturated protein solutions becomes problematic. Once a nucleus that promotes the for-
mation of a protein aggregate has formed, a supersaturated protein solution often undergoes a
catastrophic transition into an aggregated state (35, 36, 139). Of note, although protein phase
separation and protein aggregation often affect the same proteins, they are different molecular
processes with different underlying molecular mechanisms and driving forces.

7. ABERRANT PHASE TRANSITIONS AND HOW THEY MAY
CAUSE DISEASE

Evidence is accumulating that aberrant condensates are associated with various diseases, such as
cancer and neurodegeneration (1, 3, 6, 52, 138). Before we examine the existing evidence, we
consider the theoretical possibilities of how aberrant phase transitions could cause disease. On
a general level, there are three possibilities. Genetic mutations or environmental perturbations
could compromise condensate formation by (#) directly changing the molecular mechanism of
condensate assembly, (§) altering the activity of a critical regulator of condensation, or (c) altering
the general physicochemical conditions inside a cell (summarized in Figure 2).

O
Change in Csat O
Altered mechanism >

of assembly
(e.g., aIteref! protein

solubility)
Ectoplc
—>
Altered formatlon
regulator of
phase separation Loss- and
(e.g., mutated gain-of-function
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material properties

Global change in
physicochemical

conditions
(e.g., low pH)
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_—
composition

Figure 2

Theoretical possibilities of how disease phenotypes can arise from aberrant phase separation and condensate formation. Diseases can
arise because of alterations to the mechanism of assembly, alterations to regulators of phase separation, or global changes that affect the
physicochemical conditions in cells. Csat is the saturation concentration for phase separation.
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7.1. Changes in the Molecular Mechanism of Condensate Assembly

Genetic mutations could affect the valence of a client or scaffold protein. Mutated sticker residues
in a scaffold protein could alter the attractive interactions between molecules and thus could affect
the size, number, or morphology of a condensate. If the mutation affects a client protein, there
could be changes in the partition coefficient, resulting in protein mislocalization with associated
loss-of-function and gain-of-function effects. Another example is a mutation that changes the
degree of protein supersaturation. Solubility changes could also render the protein more sensitive
to environmental perturbations and stress, thus increasing the probability that the protein will
undergo aberrant phase transitions. One can also imagine that a protein becomes more insoluble
when it localizes to a different environment. This could occur, for instance, when a nuclear protein
is mislocalized to the cytoplasm. In addition to mutations that affect the valence or solubility of a
protein, there could be mutations that alter the material properties of a condensate. For example,
mutations of spacer residues could change the conformational landscape of a protein and this could
affect the material properties of a condensate with potential gain- and loss-of-function defects.

7.2. Altered Activity of a Regulator of Phase Separation

Mutations that inactivate an enzyme regulating condensate formation are an example of this type
of disease-causing change. These could be mutations or altered expression levels of a kinase that
adapts protein phase behavior to changing conditions in a cell. Altered activity or levels of such
a kinase could result in premature or delayed formation of condensates or altered material prop-
erties. Another example is the misexpression of a key nucleator of a condensate, which could lead
to the formation of ectopic condensates. Similarly, defects in a key suppressor of a particular con-
densate, e.g., a factor with chaperone-like activity, could also lead to the formation of ectopic
condensates.

7.3. Altered General Physicochemical Conditions Inside Cells

Perturbations and genetic changes that affect the general physicochemical conditions in a cell
and hence affect condensate formation can also cause disease. For example, mutations in energy
metabolism could prevent cells from maintaining normal ATP levels. Because many condensates
are regulated by active, energy-consuming processes, this could lead to aberrant condensate for-
mation throughout a cell. More generally, cells must maintain stable internal conditions, such as
osmotic pressure, salt concentration, or pH, to ensure normal condensate formation and proper-
ties (54, 128). Unstable internal conditions lead to excessive phase separation or altered material
states of condensates. Changes in the physicochemical conditions of the cytoplasm are likely to
occur in aging cells or tissues (6).

In summary, many possibilities exist in which aberrant phase transitions may cause disease. In
the following section, we examine the existing evidence for disease-causing phase behavior and we
discuss how our increasing knowledge of physiological phase separation could help us understand
mechanisms of disease.

8. PHASE SEPARATION AND NEURODEGENERATION

Neurodegenerative diseases are characterized by progressive loss of cognitive or motor function;
for example, cognitive deficits occur in Alzheimer disease (AD) and frontotemporal dementia
(FTD), and motor deficits are seen in amyotrophic lateral sclerosis (ALS), Huntington disease
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(HD), and Parkinson disease. The specific deficits are caused by the progressive loss of neurons
and synapses in distinct brain regions. A key feature of all neurodegenerative disorders is the re-
gional aggregation of cytosolic or nuclear proteins, which are believed to drive neurodegeneration
(145). Examples include cytosolic aggregates of the microtubule-associated protein Tau (MAPT)
in AD, cytosolic inclusions of the RNA-binding proteins TAR DNA binding protein of 43 kDa
(TDP-43) or Fused in Sarcoma (FUS) in ALS and FTD, and poly-glutamine (polyQ) aggregates
in HD (56). Many of these proteinaceous assemblies also spread from one brain region to another,
consistent with the progressive nature of these diseases (81).

Most neurodegenerative disease cases are sporadic; that is, they have no known genetic cause.
In rare cases, neurodegeneration is driven by single gene mutations, causing dominantly inher-
ited forms of the disease, e.g., familial AD or ALS. Often, the genes that are mutated in these
familial cases encode the aggregating proteins, e.g., TDP-43 or FUS mutations in ALS patients
(144). The mutations are thought to promote pathological aggregation, to cause a partial loss-of-
function of these proteins, or both. Cases of sporadic disease show the same pathological protein
inclusions, suggesting that familial and sporadic cases have overlapping disease mechanisms and
that therapies directed against pathological protein aggregates should be effective for both familial
and sporadic disease (56). Exactly how disease-linked protein aggregates arise, as well as how they
cause neurodegeneration, is still not well understood. Research in the past four years has provided
overwhelming evidence that aberrant phase separation and liquid-to-solid phase transitions are
involved in the formation of pathological protein aggregates, opening new avenues for a potential
treatment of so far incurable diseases.

8.1. Phase-Separating Proteins in Amyotrophic Lateral Sclerosis
and Frontotemporal Dementia

The most prominent examples of neurodegenerative diseases that involve aberrant phase sep-
aration are the related disorders ALS and FTD, in which aberrant membraneless organelles
and phase transitions of RNA-binding proteins appear to play a key role in pathogenesis
(Figure 3). First, ALS-causing mutations in RNA-binding proteins, such as FUS, TDP-43,
HNRNPAL, HNRNPA2, and TIA1, promote accumulation of the respective protein in mem-
braneless compartments called stress granules (SGs) (24, 43, 45, 88, 99). Second, several proteins
typically found in SGs, e.g., PABPC1, EIF4G1, and TIA1, are frequent components of patholog-
ical FUS and TDP-43 aggregates in postmortem brains of ALS and FTD patients (16, 45, 98).
This finding suggests that SGs are precursors to pathological RNA-binding protein aggregates.
Third, some ALS-linked mutations in RNA-binding proteins alter dynamics, transport, or size of
SGs and neuronal RNP granules (2,43, 59, 98, 99), supporting the idea of disturbed RNP granule
dynamism in ALS and FTD. The physicochemical basis of this impaired RNP granule dynamism
was proposed to be an altered phase separation behavior of disease-linked RNA-binding proteins.
These proteins phase separate and form liquid-like droplets in vitro but over time transition from
a liquid-like state to a solid-like state, a phenomenon that has been termed in vitro aging (123).
ALS-linked mutations in the low-complexity domains of FUS, HNRNPALI, and TTA1 accelerate
this transition (99, 108, 112, 123) and hence impair RNP granule dynamics.

Besides disease-causing mutations, aberrant PTMs on RNA-binding proteins are associated
with pathological phase transitions in ALS and FTD (71). One example is arginine methylation
of FUS. In the healthy human brain, the RGG/RG-rich IDRs of FUS are methylated on arginine
residues (130, 143), but in brains of FTD patients they are unmethylated and monomethylated (44,
143). Loss of FUS arginine methylation promotes liquid-liquid phase separation and reduces the
dynamism of FUS condensates in vitro and in cells (72, 127), most likely by enhancing interactions
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Figure 3

Evidence for disturbed phase separation and condensate formation in neurodegeneration, cancer, and infectious diseases. In
neurodegenerative diseases, mutations or repeat expansions, abnormal posttranslational modifications (PTMs), altered subcellular
localization, or impaired protein quality control (PQC) can promote the formation of ectopic condensates as well as their transition
from a liquid-like state to a solid-like state, leading to pathological protein aggregates. This can impair the dynamism and function of
ribonucleoprotein (RNP) granules and trap essential cellular factors, contributing to neuronal dysfunction and eventually neuronal cell
death. In cancer, mutations in signaling receptors or chromosomal translocations involving an intrinsically disordered region (IDR) can
alter the formation of signaling clusters or condensates at sites of transcription or DNA damage repair. This can alter cellular signaling
cascades, drive aberrant transcriptional programs, or impair DNA damage repair, thus promoting a proliferative and malignant state of
a cell. In viral infections, liquid-like condensates termed viral factories form de novo through phase separation of viral intrinsically
disordered proteins, promoting viral genome replication or altering the antiviral immune response. Some antiviral sensors that detect
pathogen-associated molecular patterns (PAMPs) form condensates upon binding to foreign DNA or RNA, thus stimulating an
immune response. Some viruses also modulate cellular condensates, e.g., stress granules (SGs) and P bodies (PBs), by viral protease-
induced cleavage of essential SG or PB proteins, thus suppressing the cellular stress response and innate immune response. Moreover,
dormancy in bacteria and fungi is caused by a solidification of their cytoplasm, giving rise to dormant microbes that are resistant to
cytostatic drugs.

between arginines and aromatic residues, which drive condensation of FUS (127, 152). Aberrant
condensation caused by abnormal phosphorylation may also contribute to disease, as TDP-43
is hyperphosphorylated in ALS and FTD brains (63, 82). Moreover, PTMs on binding partners
of phase-separating proteins may also play an important role; for example, binding of TDP-43
and FUS to polyADP ribose (PAR), which is present on many RNA-binding proteins, promotes
phase separation of FUS and TDP-43 (8, 105, 123). Thus, PTMs can alter phase separation and
aggregation of disease-linked proteins in ¢is and in trans. Targeting the respective PTM-modifying
enzymes, e.g., with small molecules, is a promising therapeutic strategy, as recently exemplified by
the neuroprotective effects of PAR polymerase inhibitors in cell and animal models of TDP-43-
associated toxicity (105, 106).
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Finally, a key concept that has become clear from ALS and FTD research is that altered subcel-
lular localization can change the phase behavior of a protein and thus cause disease. This paradigm
has been established for ALS-causing mutations in the nuclear localization signal (NLS) of FUS:
They reduce binding of FUS to the nuclear import receptor Transportin, leading to impaired
nuclear import and to cytosolic accumulation of FUS (45). The shift from the nucleus to the cyto-
plasm brings about several changes that affect the phase behavior of FUS. First, the concentration
of FUS in the cytoplasm is elevated, favoring phase separation and liquid-to-solid transition of
FUS (123). Second, the concentration of RNA is much lower in the cytoplasm than in the nu-
cleus. Because RNA acts as a buffer and suppresses phase separation of RNA-binding proteins
(100), the reduced RNA/protein levels in the cytoplasm further promote phase separation and so-
lidification of mislocalized FUS. Altered phase behavior due to changes in protein localization is
likely, as every subcellular compartment has its own protein quality control (PQC) system (20). In
the cytoplasm, for example, nuclear import receptors fulfill an important PQC function, as they
bind with high affinity to the NLSs in their cargo proteins and suppress their phase separation
and aggregation (60, 72, 79, 156). Disturbances in such PQC mechanisms can cause disease; for
instance, chaperoning of FUS by Transportin is disturbed both in ALS patients that carry FUS-
NLS mutations and in FTD patients in whom Transportin is aggregated and functionally disabled
(27,41, 60, 72). One can envision that similar mechanisms operate in other diseases that are asso-
ciated with the accumulation of a phase-separating protein in a specific subcellular compartment,
e.g., the nucleus, cytoplasm, or endoplasmic reticulum (20). Thus, correcting protein mislocal-
ization and boosting compartment-specific PQC mechanisms are also promising strategies for
therapeutic intervention.

8.2. Phase-Separating Proteins in Alzheimer Disease and Tauopathies

Besides ALS and FTD, other prominent neurodegenerative diseases have been linked to aberrant
phase transitions of proteins. For example, the microtubule-binding protein Tau, which forms neu-
rofibrillary tangles in AD and other tauopathies, also undergoes liquid-liquid phase separation in
vitro (9, 67, 153, 157). In a healthy neuron, Tau phase separation may have an important physi-
ological function, namely locally concentrating tubulin and thus nucleating microtubule bundles
(67). Disease-linked Tau mutations or abnormal PTMs shift the equilibrium toward the condensed
state and promote subsequent hardening and aggregation: Genetic mutations in the Tau-encoding
MAPT gene on chromosome 17 cause FTD with parkinsonism (FTDP-17) and promote phase
separation of Tau (153). Similarly, hyperphosphorylation of Tau, as seen in AD and FTDP-17 pa-
tients, promotes Tau phase separation (9, 153). There is an intimate connection between Tau and
phase-separating RNA-binding proteins, suggesting that aberrant RNP granules and disturbed
phase behavior of RNA-binding proteins may play a wider role in neurodegenerative diseases:
TIA1 and other RNA-binding proteins interact with Tau and accumulate together with Tau in
AD and FTDP-17 patients or tauopathy mouse models (104, 150, 151). Phase separation provides
a new framework to interpret these observations and allows us to pose new testable hypotheses to
dissect the underlying molecular mechanisms.

8.3. Phase Separation and Repeat Expansion Disorders

Repeat expansion disorders, e.g., HD, and other (CAG), expansion disorders, or the most com-
mon genetic form of ALS/FTD linked to a (GGGGCC),, expansion in the C9ORF72 gene (42,
131), further exemplify aberrant phase separation linked to neurodegeneration. In all these dis-
orders, the disease manifests only beyond a critical number of repeats within the gene (58) and
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phase separation may provide an explanation for this (Figure 3). Two principal types of phase-
separating molecules arise in repeat expansion disorders: (#) repeat RNAs and (§) repeat proteins
that arise through repeat-associated noncanonical translation in all three reading frames (158,
159). Because of their repetitive nature, these sequences can engage in multivalent intermolecular
interactions and therefore can form condensates by phase separation. Repeat-containing RINAs
undergo gelation in vitro beyond a critical number of repeats, and in cells they form nuclear RNA
foci that sequester essential cellular proteins, e.g., splicing factors (76). Blocking the formation of
such aberrant condensates by inhibitors that disrupt RNA gelation (76) may be a viable strategy
for treating repeat expansion disorders.

"Toxic repeat proteins, such as polyQ and additional homopolymeric expansion proteins in HD
(14) or dipeptide repeat (DPR) proteins, e.g., polyGR and polyPR, in COORF72-linked ALS/FTD
(11, 110), may also contribute to disease by aberrant phase separation. PolyQ-expanded Hunt-
ingtin N-terminal fragment forms liquid-like assemblies that convert to solid-like assemblies over
time, resembling the pathological aggregates in HD patients (125). Arginine-rich DPR proteins
polyGR and polyPR undergo liquid-liquid phase separation with RINA (22) and interact with
low-complexity domains of numerous cellular proteins, including disease-linked RINA-binding
proteins (22, 94, 97). This perturbs their phase separation behavior and impairs the assembly of
diverse membraneless organelles, such as stress granules and nucleoli (94). Thus, disturbed RNP
granule dynamism due to altered phase behavior of RNA-binding proteins may be a common
pathomechanism that contributes to diverse neurodegenerative diseases.

8.4. Quality Control of Phase-Separating Proteins
and Membraneless Organelles

The examples described above illustrate that failure to control phase separation is at the heart
of several neurodegenerative diseases. This raises the questions of how neurons normally control
phase separation and the dynamism of membraneless organelles, and why neurons are especially
vulnerable to aberrant phase transitions of biomolecules. Research in the last years has uncov-
ered several quality control mechanisms that govern phase separation and ensure dynamism of
condensates. Chaperones, such as the HspB8-Bag3-Hsp70 chaperone complex and Hsp27, which
remodel RNP granules and keep them in a dynamic and fluid-like state (57, 103), are an impor-
tant class of phase separation regulators. PQC factors in the ubiquitin—proteasome and autophagy
pathways, e.g., VCP and UBQLN2 (7, 29, 39), compose another class. The dynamics of RNP
granules are also controlled by ATP-consuming enzymes, such as RNA helicases (74, 76, 78), by
nuclear import receptors (60, 72), and by microtubules and motor proteins (113). Not only ATP-
driven molecular machines but also ATP itself control protein phase separation. At physiological
concentrations of 5-10 mM, ATP acts as a biological hydrotrope (i.e., solubilizing agent) and pre-
vents phase separation of RNA-binding proteins and even dissolves protein aggregates (65, 124).
In summary, multiple ATP-dependent PQC mechanisms are in place to control phase separation
and ensure dynamism of membraneless organelles. These mechanisms are especially important in
neurons, as neurons have several special features.

8.5. The Vulnerability of Neurons to Aberrant Phase Transitions

Neurons are a special cell type. First, they are postmitotic; that s, they do not undergo cell division
and therefore are unable to remove protein aggregates with cell division. Thus, neurons are espe-
cially dependent on efficient PQC systems, including the ones controlling phase separation and
RNP granule dynamics described above. Impairment of one or several of these PQC mechanisms
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can result in aberrant phase transitions and hence accumulation of protein aggregates inside
neurons. Second, neurons are highly polarized cells with extensive, complex protrusions—usually
one extended axon and numerous branched dendrites. Consequently, they have an enormous
surface area and need to transport macromolecular complexes, such as RNP granules, ribosomes,
and organelles, along microtubules into axons or dendrites. Third, neurons are electrically
excitable and propagate action potentials to transmit information through electrical and chemical
signals. These transport and signaling processes are highly energy consuming; hence, neurons
have a high metabolic activity and consume large amounts of oxygen to produce large amounts
of ATP. In fact, the brain consumes >20% of our baseline energy, even though it makes up only
2% of our body weight (129). Thus, neurons are especially dependent on ATP, and a drop in
cellular ATP levels impairs the above-described ATP-dependent mechanisms controlling phase
separation and RNP granule dynamics. Finally, a remarkable feature of neurons is their constant
ability to undergo molecular, morphological, and functional changes. This is achieved through
highly complex posttranscriptional gene regulation, including high levels of alternative splicing,
RNA editing, messenger RNA (mRNA) transport, and local translation in axons and dendrites
(73, 87). For example, in mature neurons, certain mRNAs are transported in neuronal RNP
granules into axons and dendrites in a translationally repressed state but then are released from
RINP granules at stimulated synapses and locally translated. This process is thought to be crucial
for learning and memory (83), and it appears to be regulated by phase separation, as recently
suggested for the translational repressor FMRP (fragile X mental retardation protein) (148).
Thus, translational control through phase separation, including local translation at synapses, is
a crucial process in neurons that most likely becomes impaired when cells are unable to control
phase separation and RNP granule dynamism.

In most diseases, including neurodegenerative diseases, aging is the most common risk factor
(115). Conspicuously, many of the PQC mechanisms described above that control phase separa-
tion decline with aging. Aging has numerous effects on cell homeostasis, including the decline of
mitochondrial activity and, consequently, a drop in ATP levels. The latter is expected to impair the
activity of the ATP-dependent molecular machines that control phase separation and RNP gran-
ule dynamics (e.g., chaperones and RNA helicases), as well as the activity of ATP as a biological
hydrotrope. On the one hand, this causes aberrant phase transitions of RNA-binding proteins and
formation of pathological protein aggregates as seen in diverse neurodegenerative diseases. On the
other hand, this impairs the dynamism, and potentially the key biological functions, of RNP gran-
ules. Interfering with the age-related decline in PQC mechanisms and ATP levels could therefore
be a promising strategy to reverse aberrant phase transitions and treat neurodegenerative diseases
and age-related cognitive decline.

9. PHASE SEPARATION AND CANCER

Cancer is a complex disease with many different genetic causes. In recent years, there has been
remarkable progress in our understanding of the molecular underpinnings of cancer. Malignant
cells exhibit several key hallmarks that allow these cells to survive and multiply; they must sustain
their ability to proliferate, evade growth suppressors, enable replicative immortality, resist cell
death, induce angiogenesis, and activate invasion and metastasis (61). Cancer mutations typically
introduce an aberrant activity that drives these processes or they reduce the activity of an inhibitor
of these processes. However, we often do not understand mechanistically why a certain mutation
causes cancer. Phase separation provides a new framework to interpret and understand cancer
phenotypes, with potentially new avenues for treatment (Figure 3).
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The key alteration that every cancer cell must accomplish is to enter into and maintain a highly
proliferative state. There is ample genetic evidence that diverse growth factor signaling pathways
are hyperactive in cancer cells (61). However, why these signaling pathways are constitutively ac-
tive is often unclear. Recent studies have highlighted the role of phase separation and condensate
formation in regulating cellular signaling. One example is the T cell receptor (TCR) signaling
pathway that operates in immune cells. When the T'CR is activated, downstream effector proteins
spontaneously phase separate into dynamic membrane-associated clusters (142). These signaling
clusters are interesting for various reasons. First, they facilitate specific signaling outputs at the
membrane where the signal was received. Second, they provide a specialized microenvironment
that allows access of certain proteins while excluding others. In the specific case of the TCR, ki-
nases such as ZAP70 can enter the clusters, whereas phosphatases, such as CD45, cannot. This
ability enables signaling clusters to amplify an incoming signal. These findings are highly relevant
for cancer because the T'CR is similar to ligand-activated receptor tyrosine kinases (RTKs) that
are often mutated in cancer cells (95). One can envision that cancer mutations promote the for-
mation of aberrant RTK-associated signaling clusters with abnormal composition or properties,
which activate oncogenic downstream signaling events. Blocking the formation of such aberrant
condensates by targeting scaffold proteins or upstream regulators of condensate assembly may be
a viable strategy to stop such oncogenic signaling.

Another example in which a specific signaling outcome is achieved by phase separation in-
volves the cyclic GMP-AMP synthase (cGAS). Phase separation activates cGAS and this leads to
the production of the second messenger cyclic GMP-AMP (¢cGAMP) and the induction of the
innate immune response (46). Activation of cGAS requires binding of foreign DNA to the DNA-
binding domain of ¢cGAS to unleash multivalent interactions that promote phase separation. To
allow for rapid activation in the presence of foreign DNA, the cGAS scaffold protein must persist
in a supersaturated state in the cytoplasm. Many other signaling pathways appear to employ sim-
ilar mechanisms for which activation depends on binding of a ligand to a supersaturated scaffold
protein. Cancer mutations could change the properties of such signaling scaffolds, so that they
become independent of ligand binding and constitutively assemble into condensates. This could
occur, for example, through mutations that alter the saturation concentration or multivalence of
these proteins. Manipulating the phase behavior of such oncogenic proteins through specific drugs
could be a promising approach for treatment.

Only one study so far has directly investigated the link between protein phase separation
and cancer (25). In this study, cancer mutations in the tumor suppressor SPOP (speckle-type
BTB/POZ protein) were linked to specific phase separation defects. SPOP is a substrate adaptor
of the cullin 3 RING ubiquitin ligase (CRL3) that targets various proto-oncogenic proteins for
ubiquitination and subsequent proteasomal degradation. SPOP self-associates into large higher-
order oligomers, and this self-association is required for SPOP to localize to nuclear membrane-
less organelles (102). However, self-association is not sufficient to drive SPOP phase separation;
substrate binding to SPOP is also required for SPOP phase separation (25). Importantly, cancer
mutations disrupt SPOP substrate interactions and consequently SPOP phase separation and lo-
calization to membraneless organelles. This has dramatic consequences because cells accumulate
oncogenic SPOP substrate proteins that then promote cell growth. A potential avenue for treat-
ment is to restore SPOP localization to membraneless organelles, for example, by decreasing the
saturation concentration of SPOP.

One key hallmark of cancer is the dysregulation of transcription. Numerous cancer phenotypes,
including those affecting the clinical progression and responsiveness to treatments, are likely to
be driven by dysregulated transcriptional programs. Many human cancers, for example, exhibit
defects that lead to transcriptional dysregulation of the MYC oncoprotein (18, 49, 77). Targeting

Alberti o Dormann



transcription factors such as MYC appears to be a viable option to treat these types of cancers
(140), but these efforts have failed so far because of our limited mechanistic understanding of how
MYC oncogenes regulate gene expression.

The emergence of phase separation provides a new opportunity for understanding the molecu-
lar underpinnings of transcriptional dysregulation by MYC and other oncogenes. Indeed, a series
of recent studies have raised the possibility that condensate formation is critical for regulation of
transcription (21, 23, 32, 34, 70, 134). The research focus so far has been on clusters of enhancers
known as superenhancers. Superenhancers regulate genes that play prominent roles in cell identity
or specialized cellular functions (31, 68, 69, 154). Coactivator proteins such as MED1 and BRD4
form phase-separated condensates at superenhancers (134). Condensates of in vitro—reconstituted
superenhancers enriched key components of the transcriptional machinery, such as the mediator
complex, suggesting that condensate formation at superenhancers may be associated with gene ac-
tivation. In support of this view, activation domains of transcription factors such as Oct4 and Gen4
often carry long IDRs (23). IDR-driven phase separation may therefore be a general mechanism
for how transcription factors promote gene expression at active genes.

In this context, many malignancies arise because of chromosomal translocations that result in
new gene products. These gene products are fusion proteins in which a DNA- or chromatin-
binding domain is connected to an IDR of a different protein. One example is the fusion between
the IDR of EWS and the FLI protein in Ewing’s sarcoma (26); another example is the fusion
between the IDR of FUS and various DNA-binding domains in a specific type of liposarcoma (38).
Phase separation provides a mechanism by which these fusion proteins could drive aberrant gene
expression programs. Blocking the formation of such aberrant condensates with specific drugs
could lead to new therapeutic treatments.

10. PHASE SEPARATION AND INFECTIOUS DISEASES

There is emerging evidence that condensates are involved in infectious diseases (Figure 3). Con-
densates are frequently used by pathogens to maximize their ability to propagate, but they are
also often employed by host cells in connection with defense mechanisms that detect and neu-
tralize pathogens. In fact, many viruses induce the formation of compartments upon infection of
their host cell (114, 119, 135). These compartments are termed viral factories, viroplasm, or viral
replication centers, and they often contain factors for viral genome replication and gene expres-
sion as well as components of the antiviral immune response. This has led to the proposal that
these compartments promote the production of virus components and allow viruses to evade the
immune system. For a long time, we did not know how viral compartments are formed, but re-
cent evidence suggests that they are condensates that form by phase separation. For instance, the
compartments formed upon infection by vesicular stomatitis virus (VSV) have liquid-like prop-
erties, and expression of three proteins of the VSV replication machinery in cells is sufficient to
drive the formation of viral compartments by phase separation (66). Similarly, inclusions called
Negri bodies that form in the cytoplasm of rabies virus—infected cells are liquid-like organelles,
and their formation is driven by an IDR in the rabies virus P protein, promoting viral genome
replication (116). Targeting viral factors that promote condensate formation therefore appears to
be a promising therapeutic approach to treat viral infections.

Viral infections cause many cellular changes. Infected cells turn on the production of interfer-
ons that drive an antiviral gene expression program; they also frequently form cytoplasmic RNA
condensates, suggesting a link between condensate formation and the antiviral response (121, 126,
147). Indeed, many viruses modulate the formation of RNA condensates in cells. Most of the
evidence collected thus far has been for stress granules (SGs) and processing bodies (PBs), two
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compartments involved in the regulation of mRINAs. PBs are constitutive compartments, whereas
SGs form upon exposure of cells to various forms of stress (10, 30). SG formation involves phos-
phorylation of the translation initiation factor elF2a, which leads to translational arrest (85). SGs
and PBs can be differentiated on the basis of the components residing in them. For instance, SGs
contain mRNAs and translation initiation factors such as eIF4G and elF3, whereas PBs contain
factors of the mRINA decapping machinery such as Dcpl and Dep2, as well as deadenylation fac-
tors such as Cerl. Accordingly, SGs have been proposed to store mRNAs, while PBs are thought
to promote mRINA decay and processing (10, 28).

Viruses use various strategies to maximize the number of produced viral particles, and this
frequently involves mechanisms that manipulate SG formation. For instance, many viruses pro-
duce factors that inhibit SG formation or that promote changes in SG composition (121, 126,
147). These virus-induced changes often suppress the cellular stress response and promote vi-
ral replication. The molecular pathways that are targeted are diverse. Some viruses prevent the
phosphorylation of elF2q; others manipulate the SG proteins G3BP1 and G3BP2 (hereafter
called G3BP) (126). G3BP is an RNA-binding protein that is absolutely required for SG for-
mation (146); it promotes the assembly of SGs by binding to free RNA that accumulates upon
stress and viral infections (84). G3BP is often cleaved by virus-encoded proteases or sequestered
in an inactive state by viral proteins. Similar mechanisms appear to apply to PBs. For example,
there have been reports of virus-encoded proteases that cleave key PB proteins such as Dcpla
(126).

As already hinted at above, there are interesting links between RNA condensates and the in-
nate immune response. For example, several components of the innate immune system, such as
the double-stranded RNA-dependent protein kinase R, RIG-I (retinoic acid inducible gene I),
and RNase L, localize to SGs (126). Moreover, there is a strong correlation between SG forma-
tion and interferon production. This suggests that SGs may have an antiviral role by functioning
as platforms for signaling and innate immune responses. Indeed, SG formation is reminiscent of
the mechanism of condensation of the antiviral cGAS. cGAS is a member of a large family of sen-
sors that detect viral invasion and replication (121). These sensors recognize pathogen-associated
molecular patterns (PAMPs), such as double-stranded DNA or RNA, in the cytoplasm. Conden-
sate formation by phase separation appears to be an ideal mechanism to detect PAMPs and then
mount adaptive cellular responses. Thus, we predict that phase separation is a frequently used
mechanism to detect nonself molecules in infected cells and activate the innate immune response.
Modulating the formation of these immune response condensates through drugs may be a new
avenue to bolster the antiviral defense of cells.

Beyond viral infections, condensates are also associated with diseases caused by bacteria and
fungi. One problem with treating bacterial and fungal infections is the presence of persisting or
dormant cells that are resistant to treatment with cytostatic drugs (51). There now is increas-
ing evidence that dormancy in bacteria and fungi is associated with a phase transition in which
large parts of the cytoplasm solidify (111, 122). Importantly, solidification of the cytoplasm ap-
pears to be required for survival in stress conditions, but why the solid-like state of the cytoplasm
is protective is still unclear. It has been proposed that condensate formation may protect macro-
molecules from damage or may help modulate the activity of macromolecules (128). There are
important differences between higher and lower organisms in terms of their ability to regulate
the material properties of the cytoplasm. Whereas bacteria and fungi appear to be able to re-
versibly solidify their cytoplasm, mammalian cells prefer to keep their cytoplasm in a liquid-like
state (89, 111, 128). Targeting the molecular pathways that regulate dormancy-promoting phase
transitions in bacteria and fungi therefore presents exciting new opportunities for therapeutic
interventions.
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11. CONCLUDING REMARKS

We have made rapid progress in recent years in identifying the genetic causes of various human
diseases. However, it is often unclear why a genetic mutation causes a specific disease phenotype.
This inability to mechanistically explain complex disease phenotypes may be due in part to our
current focus on individual molecules. The dominant paradigm of molecular biology has tried
to explain complex disease phenotypes through alterations in the structure or function of single
proteins or nucleic acids. However, there is increasing evidence that many cellular phenomena
cannot be explained through the action of single molecules. Rather, many cellular structures, pro-
cesses, and functions emerge from the multiple interactions within a collective of molecules. This
generates an urgent need for new concepts that appropriately describe the behavior of biological
multicomponent systems.

In this review, we have laid out the arguments that phase separation provides a useful new
framework to describe and comprehend emergent phenomena in living cells. The abundance of
cellular structures that form by phase separation is astounding (12); it is possible that more than
30% of the human proteome is associated with condensates. A mechanism that affects so many
different proteins is guaranteed to play fundamental roles in normal physiology and also in disease.
By investigating human diseases through the lens of phase separation, we are likely to uncover
many new pathomechanisms that have so far been elusive.

Phase separation not only will help us understand complex disease mechanisms but also
promises to open up exciting new avenues for therapeutic intervention. The rapid identification
of condensate-altering drugs seems realistic given that condensate formation is a phenotype that
is readily screenable by imaging technologies. We are optimistic that such screening campaigns
will soon lead to the identification of new classes of therapeutics that will help us treat some of
the toughest human diseases, including cancer, neurodegeneration, and infectious diseases.
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