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Biological liquid–liquid phase separation has gained
considerable attention in recent years as a driving force for the
assembly of subcellular compartments termed membraneless
organelles. The field has made great strides in elucidating the
molecular basis of biomolecular phase separation in various
disease, stress response, and developmental contexts. Many
important biological consequences of such “condensation” are
now emerging from in vivo studies. Here we review recent work
from our group and others showing that many proteins un-
dergo rapid, reversible condensation in the cellular response to
ubiquitous environmental fluctuations such as osmotic
changes. We discuss molecular crowding as an important
driver of condensation in these responses and suggest that a
significant fraction of the proteome is poised to undergo phase
separation under physiological conditions. In addition, we re-
view methods currently emerging to visualize, quantify, and
modulate the dynamics of intracellular condensates in live
cells. Finally, we propose a metaphor for rapid phase separation
based on cloud formation, reasoning that our familiar experi-
ences with the readily reversible condensation of water droplets
help understand the principle of phase separation. Overall, we
provide an account of how biological phase separation supports
the highly intertwined relationship between the composition
and dynamic internal organization of cells, thus facilitating
extremely rapid reorganization in response to internal and
external fluctuations.

In eukaryotic cells, the densely packed intracellular envi-
ronment is compartmentalized to allow specific biochemical
reaction pathways to be efficiently regulated in a complex,
highly heterogeneous environment where individual catalysts
and reactants are present at low concentrations. While
membrane-bound organelles have been considered paradig-
matic of mechanisms that localize biochemical processes,
studies from the past decades have brought increased attention
to a more adaptive and dynamic strategy for intracellular
spatial organization using “membraneless” organelles (MLOs).
These amorphous structures are ubiquitous, are observed
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across cellular compartments and even in the extracellular
space, and are characterized by their lack of a lipid boundary.
They are heterogeneous in composition and size, typically
ranging from 0.01 to 10 μm, and are subjects of active study
owing to their propensity to dynamically assemble and disas-
semble, priming the cell for rapid responses to intrinsic and
extrinsic perturbations (1–3). The prevalence of condensates
in all forms of life and the seemingly fundamental rules that
govern condensate assembly suggest that these structures and
mechanisms may go back to the origins of life itself (4, 5).

Since the early days ofmicroscopy and cell biology, cytologists
have reported observations of “lifeless bodies,” “granules,” “in-
clusions,” and other membraneless structures (6, 7). Despite
being observed for over a century, they have come to be exten-
sively studied only in the past decade, largely owing to advances
in contemporary technologies that allow probing these
structures at unprecedented spatiotemporal resolution, both
in vitro and in situ. In addition to technical innovations, our
understanding of these mesoscopic structures has been shaped
by the metaphors used to describe MLOs over the years. This
review aims to provide an overview of these different termi-
nologies and put them in perspective of recent insights into
hyperosmotic phase separation (HOPS) of the multimeric
proteome.
A brief history of intracellular condensation

Membraneless structures such as the nucleolus, nuclear
speckles, and some RNA–protein (RNP) granules have been
studied since the first half of the 20th century, although the
earliest reports of such structures go back to the 1800s (8). The
most prominent of these structures, the nucleolus, was first
described as an “organelle,” in the sense of a distinct
compartment with an associated function (9). Thus, the
earliest descriptors to signify subcellular compartmentalization
were borrowed from canonical membrane-bound organelles
and simply denoted observable subcellular organization. While
this view provided a framework to relate the observable
structure of such compartments with their biochemical
properties and functions, it did not provide a way to under-
stand the physical origins of nucleoli.
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The first decade of the 21st century saw attention turning to
the function of various, newly discovered classes of mem-
braneless structures. Structures such as P-bodies, stress gran-
ules (SGs), purinosomes, and G-bodies were described as
“granules,” “compartments,” or “clusters” (5, 10, 11), terms that
emphasize the appearance of such structures under the light or
fluorescence microscope. These terms marked, however, a
departure from “organelles”—they did not necessarily have
associations with differentiated biological function (12). This
was closely followed by first reports of the dynamic biophysical
properties of these structures. Handwerger et al. (13) recog-
nized that nuclear condensates, which the authors reported to
be “porous” and “sponge-like,” are materially continuous with
the nuclear matrix and do not pose a barrier to diffusion, while
still being compositionally distinct from the nucleoplasm.
Brangwynne et al. (14) noted that cytoplasmic RNP “granules
are…biophysically similar to the rest of the intracellular fluid,
and yet appear to represent a different ‘state’ of cytoplasm,
comprised of a locally distinct molecular ensemble”. These
observations broadened the inquiry into MLOs to include the
study of common principles underlying their origins and
revealed several unexpected features, such as liquid-like
characteristics, liquid-to-solid transitions, etc. The various
contexts in which MLOs are now known to exhibit dynamic
fluid properties such as droplet fusion, surface tension, drip-
ping, wetting, and viscoelasticity have been reviewed elsewhere
(15–18).

Since the 2010s, the term “membraneless organelle,” origi-
nally used to describe the nucleolus, started to be applied in a
more general sense to RNP granules and other “assemblies/
assemblages” that show fluid-like properties (14). This
broadening of the term from one specific structure to an entire
category of structures similarly marked the start of a unifica-
tion and ascension of the study of MLOs, whose biological
functions were previously underappreciated and considered
unrelated.

With increasing interest in phase separation as the basis of
the formation of MLOs, the introduction of the phrase “bio-
molecular condensates” in 2017 has helped bridge the gap
between physiological in situ observations of such structures
and inquiry into their biophysical origins. The term “conden-
sate” explicitly refers to the process of MLO formation and, in
doing so, goes beyond the signifier of mere organization
connoted by “droplet/MLO” to make a firmer claim about a
specific mechanism of formation via phase transition (19, 20).
Converging on a consensus of terminology, the field has seen
an increase in efforts to elucidate the macromolecular struc-
tural and sequence features that promote MLO assembly
in vivo and to study the physiological roles of such structures
in development, stress response, and disease (21).

Significant attention has been focused on the phase sepa-
ration processes in pathological contexts. Prominently, toxic
protein aggregation such as those formed by β-amyloid peptide
(Aβ) and tau proteins in Alzheimer’s disease, TDP-43/FUS in
amyotrophic lateral sclerosis (ALS), and huntingtin protein in
Huntington’s disease have been studied as archetypical phase
separation processes (22–27). In this review, we aim to provide
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a unifying account of intracellular phase separation in which
widespread condensation across the proteome, representing
the basal tendency of the intracellular environment, is
co-opted to sense and appropriately respond to environmental
fluctuations and can go awry in disease. We take a physically
motivated view of the cell in which the interior of the cell is
poised on the brink of phase separation (7, 28, 29). To properly
understand the implications of this broadly adaptive cellular
behavior, we will first review the theory of phase separation
and some important contexts in which cells respond to envi-
ronmental fluctuations by physicochemical condensation.

Physicochemical underpinnings of phase separation

Biological liquid–liquid phase separation (LLPS) originates
from the weak protein–protein, protein–RNA, and RNA-RNA
interactions that drive intracellular solutes to partition out of
the dilute phase and preferentially into a condensate, the
concentrated dense phase. One important tool to study equi-
librium phase separation behavior of a solute is the phase di-
agram (Fig. 1A). A phase diagram is a graphical representation
of the thermodynamics of phase separation. It depicts all
possible phase states of the system in N-dimensional phase
space, where N is the number of external factors that deter-
mine the relative contribution of interactions to the free en-
ergy of the system (30). Key factors relevant to biological phase
transitions include temperature, concentration, valency, and
interaction strength. A critical point in this N-dimensional
phase space is the threshold beyond which the differences
between phases vanish and thus no phase separation is
possible, and the system is said to be well mixed. If one factor,
say temperature, is fixed at or above its value of the “critical
saturation temperature,” phase separation will not occur
regardless of the value of all other influencing factors. Bio-
logical systems have been observed to show both upper and
lower critical saturation temperature (UCST and LCST) be-
haviors, which determine whether increasing temperature will
shift the system out of or into the two-phase region, respec-
tively (31). At any given temperature, the minimal concen-
tration that causes the solute to start undergoing condensation
is called the “saturation concentration,” and increasing the
concentration further will cause the system to enter the two-
phase (“demixed”) region. The effects of isothermal concen-
tration changes and isomolar temperature changes on phase
behavior are depicted in Figure 1A, left. Biologically relevant
perturbations, in addition to changing component concentra-
tions, may end up reshaping the phase diagram itself, only then
allowing the system to undergo phase separation at lower
concentrations or temperatures (Fig. 1A, right).

Extensive efforts have been dedicated to elucidating the
molecular features that drive intracellular phase separation
(32, 33). The most general requirement is multivalency, which
allows molecules to form large assemblies via multiple inter-
molecular contacts. Within protein–protein interfaces, argi-
nine–glycine–glycine/arginine–glycine motifs (34), π–π (35),
cation–π, and charge–charge interactions, among others, have
been shown to drive protein phase separation (36–40). These
interactions stimulate the higher-order assembly of prion-like



Figure 1. Phase separation induced by biological perturbations. A, a phase diagram shows the one-phase and multiphase regions in temperature–
composition space (left). Changes in temperature and concentration cause the system to transition between the single-phase region and multiphase
region, shown as isothermal concentration changes or isomolar temperature changes. Biological perturbation can impact the phase diagram itself, affecting
saturation concentrations and upper and/or lower critical saturation temperatures (UCST/LCST, right). B, 1. RNA or protein expression changes their con-
centration until the saturation concentration is crossed. 2. Posttranslational modifications such as methylation and phosphorylation or dephosphorylation
alter the association strengths of the solutes and can serve as biological mechanisms to modulate condensation. 3. Changes in intracellular composition by
altered expression of RNAs or proteins can modify the phase behavior by introducing new interactions. 4. Hyperosmotic volume compression leads to a
sudden jump in concentration and crowding, resulting in hyperosmotic phase separation or HOPS.
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domains in protein misfolding diseases (32), together with
disordered regions and RNA-scaffolded assembly (41–43).
Additionally, structured protein domains are now emerging as
mediators of widespread intracellular phase separation under
conditions of high concentration and molecular crowding (44,
45). Altered expression of RNA and protein components
therefore can drastically influence both condensation and
phase behavior itself (Fig. 1B).

Disrupting any of these key interactions driving phase sep-
aration is expected to interfere with the phase separation po-
tential of a system. Consistent with this expectation,
posttranslational modifications such as phosphorylation and
methylation have been found to modulate condensation re-
sponses (46–49) (Fig. 1B). The effects of phosphorylation in
particular can be dramatic so that, for example, the kinase
DYRK3, which prevents condensation of splicing factors in M
phase, has been appropriately referred to as a “dissolvase” (46).
Similarly, SG assembly in response to various stresses depends
on phosphorylation of G3BP and PABP (50). Accordingly,
posttranslational modifications are emerging as key modula-
tors of phase separation (48, 51, 52).

A perturbation of biological interest is concentration change
arising from altered gene expression or nucleocytoplasmic
trafficking, processes commonly associated with develop-
mental changes, signaling, and disease (Fig. 1B). While the
impact of changing concentration on phase separation by itself
is straightforward to study with purified recombinant proteins,
there are important caveats to be considered when relating
such in vitro observations to intracellular concentration
changes. Notably, any condition that alters intracellular con-
centration entails simultaneous changes in multiple factors
that influence the phase separation outcome. Hyperosmotic
compression, for instance, leads to a decrease in diffusion rates
of large macromolecules, an increase in molecular crowding,
and possible ionic imbalances in addition to changes in
effective concentrations of biomolecules; we elaborate on this
J. Biol. Chem. (2021) 296 100044 3



Figure 2. Observing and quantifying the dynamics and ultrastructure of condensates in live cells. Counterclockwise from top left: 1. Optogenetic
manipulation of condensates dissociates condensation of specific cellular components from cell-wide effects of environmental perturbations. Condensation
can be modulated by activating light-sensitive protein-interaction domains using specific wavelengths (126–128). These methods are powerful as they can
modulate phase behavior of specific components without otherwise perturbing the cell; they alter material properties of condensates rapidly, dissect the
contributions of individual interactions without being constrained by the cellular milieu; and enable studies of the biochemical impact of rapidly altered
molecular clustering in the cell (41, 126, 129, 130). 2. In fluorescence recovery after photobleaching (FRAP), a small region is photobleached and the rate of
the recovery of fluorescence in this region serves as a readout of the effect of the local environment on the molecule of interest. For this reason, FRAP has
been widely used to assess liquid-like properties (131, 132). ROI, region of interest; ROP, region of photobleaching. Fluorescence loss in photobleaching
(FLIP) is similar to FRAP but is used to investigate the exchange of material between condensates. In FLIP, a small region is repeatedly photobleached and
the loss of fluorescence is measured in another region (131). 3. Studying phase separation from purified components in the test tube allows precise and
systematic investigation of the effects of composition, temperature, pH, salt, etc., to build a phase diagram (133–135). While such manipulations are less
easily achieved in cells, several recent studies have reported strategies to obtain phase transition information from intracellular fluorescence measurements
(42, 43, 49, 78). 4. Single particle tracking (SPT) is a powerful tool to study dynamic recruitment of molecules to condensates (45, 65, 136). 5. CLEM,
correlative light and electron microscopy is an emerging tool that holds great potential to uncover ultrastructural details of condensates. It involves two
steps. In the first step, a fluorescence-tagged moiety is detected to extract spatial information with biomolecular specificity. In the second step, the same
sample is then imaged using electron microscopy. Correlating features in the electron micrograph with the fluorescence signal can identify specific
components within the ultrastructure of liquid-like condensates, which often is more challenging to achieve via electron microscopy alone (137, 138).
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multiplicity of changes associated with HOPS later in the text.
These effects are similar to changes that have been reported in
bacteria, yeasts, and protists in response to glucose starvation,
in which volume change causes a fluid-to-glass transition of
the intracellular space, simultaneously impacting diffusivity as
well as intracellular pH (53–55). In both these perturbations,
the phase separation outcome depends on the compound ef-
fects of each of these factors in reshaping the phase boundaries
and altering the saturation concentration (Fig. 1, A–B).
Furthermore, such perturbations typically represent dynamic
nonequilibrium situations within a complex matrix of
competing cellular interaction partners (56), which adds to the
complexity of studying intracellular phase separation (57, 58).

Inside cells, condensates show several distinct characteris-
tics and behaviors. Different classes of condensates show
physical associations with each other that can be important for
seeding condensates. Prominently, P-bodies are thought to
seed SGs while sharing components with them (42). Many
MLOs have been shown to have ultrastructures, where each
condensate often contains a “core” and a “shell” of distinct
compositions or subcompartments that differ in material
properties (59–64). This ultrastructural organization of con-
densates is increasing being studied using superresolution
fluorescence methods (63, 65, 66). Recently, single-molecule
tools have been applied to study the recruitment of
4 J. Biol. Chem. (2021) 296 100044
molecules to RNP condensates by tracking RNA localization
dynamics (67–69). These methods, in conjunction with
structure determination approaches, are beginning to reveal a
complex dependence on RNA conformation and translation
while emphasizing the importance of weak/noncanonical RNP
interactions in the formation of RNP condensates (66, 70–75)
(Fig. 2). Whereas the quantification and manipulation of
condensates in living cells pose challenges, in general
fluorescence-based imaging techniques and intracellular
modulation assays are proving powerful in studying and
quantifying phase separation directly in live cells (Fig. 2).

Phase separation in response to environmental
fluctuations

Eukaryotic cells, from yeast to human, respond to a wide
variety of cell-intrinsic and -extrinsic fluctuations by conden-
sation of proteins and RNAs (19). The induction of P-bodies
and assembly of SGs are two highly studied, and evolutionarily
conserved, stress adaptation mechanisms that are triggered
downstream of the integrated stress response (ISR) (50). The
ISR is a multistep signaling cascade activated in response to,
for example, viral infection, nutrient deprivation, heat shock,
oxidative and endoplasmic reticulum stress, and enhances cell
survival by altering global protein translation (76). While the
downstream pathways of ISR are shared, the sensor of each
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individual type of stress is distinct, conferring a certain degree
of specificity to each stress. For instance, Pab1 (polyA binding
protein) and Pub1 (polyU binding protein), two highly
expressed proteins in yeast, are differentially enriched within
SGs during temperature shock and pH shock, respectively (50,
77). Once the pathways are triggered, the pool of non-
translating mRNA–protein complexes along with phosphory-
lation of SG component proteins participate in a network of
multivalent interactions, ultimately triggering the assembly of
SGs (42, 43, 50, 78). In addition to regulating protein trans-
lation, cells suspend protein and ribosomal RNA (rRNA)
metabolism by sequestering misfolded proteins and nuclear
RNA-binding proteins in the nucleolus in response to
impaired rRNA processing and DNA damage (79, 80). Proteins
that are directed to nucleoli under these conditions are
thought to undergo translocation to these sites via their in-
teractions with stress-associated noncoding RNAs.

Emerging evidence suggests that condensation responses
are also involved in cell signaling cascades that aid cellular
homeostasis in response to physiological cues. Condensates at
cell membranes (81) and in the cytosol have been shown to
regulate cell division, migration and invasion (82, 83), trans-
generational memory (84–86), and immunomodulation (87) in
response to a variety of morphogens and endo/para/autocrine
signals. In addition to acting across a range of timescales,
condensation in response to external perturbations plays a
critical role in shaping the spatial organization of cells by
moving RNAs and proteins into dynamic MLOs with complex
organization, suggesting an intimate relationship between
macromolecular sequence, intracellular organization, and the
extracellular environment (66, 88–90).

Osmotic perturbations and the hyperosmotic phase
separation response

We reported in Jalihal, Pitchiaya et al. (49) that a significant
fraction of the mammalian proteome responds very rapidly, on
the order of 10 s, to osmotic cell volume shrinkage by
reversibly forming a large number of small “HOPS” conden-
sates. Unlike other constitutively present or stress-induced
condensates, which are known to be driven by disordered
protein regions, HOPS is predominantly associated with
structured homomeric self-interaction domains of proteins,
embedded in a significant fraction of the proteome. This rapid
response reorganizes both the nucleus and the cytosol. While a
majority of previously reported condensation responses occur
over a timespan of minutes to hours, it is notable that our
observation of HOPS, along with evidence from Cai et al.,
suggests that cellular response by condensation may also occur
much more rapidly, at the timescale of seconds (49, 91). In
addition to being ubiquitous and extremely rapid, sustained
HOPS influences translation of mRNA targets of microRNAs
(69) and impacts cleavage and polyadenylation of nascent
transcripts (49), among other gene regulatory processes (92).

Hyperosmolarity exceeding the physiological osmotic range
of 285 to 295 mOsm/kg leads to loss of intracellular water
through aquaporin channels, manifesting as rapid changes in
cell shape and volume across a wide range of tissue types (49,
93, 94). Prolonged exposure to high levels of osmolarity can
adversely affect protein structure and lead to DNA damage
(95), with long-term exposure leading to cell death by
apoptosis and drastic consequences at the organismal level
(96). In various cell types, integrins and extracellular matrix
components have been implicated in sensing osmotic changes
(97). These proteins in turn can activate downstream kinases,
leading to activation of specific stress-response genes. The
timescale of condensation in HOPS corresponds to early
events such as cell shrinkage due to exosmosis, which occurs
over 10 s, suggesting that it may occur in parallel to, if not
before, the activation of these sensing pathways (49).

As an example, DCP1A, a P-body marker (69), rapidly re-
sponds to hyperosmotic shock by undergoing HOPS (49). The
degree of DCP1A partitioning into condensates is influenced
by both the concentration of the protein and the osmolarity of
the medium. Furthermore, DCP1A’s trimerization domain is
sufficient to recapitulate this response. The trimerization
domain, like other annotated self-interacting domains, is
characterized by hydrophobic patches (98). While the
involvement of hydrophobic interactions in promoting phase
separation has been demonstrated in vitro (99, 100), our
observation of widespread HOPS of self-interacting proteins of
valency ≥2 suggests that hydrophobic interactions in homo-
multimeric domains may serve as proteome-wide sensors of
osmotic change more generally (49).

HOPS is markedly different from the process of SG as-
sembly, which arises from interactions across a core protein–
RNA interaction network in response to a rise in non-
translating RNA levels. SG assembly takes significantly longer
than HOPS and occurs as a switch-like response to arsenite
stress, typically 10 to 30 min after induction of stress (42, 43,
101). This delay presumably reflects the time required to
activate the ISR pathway and phosphorylate the appropriate
components before they can form condensates. In contrast,
DCP1A’s condensation response upon HOPS, like that of
several other homomultimeric proteins revealed by a proteo-
mic screen, is a graded response to osmotic compression that
is dramatically dependent on the magnitude of the change in
osmolarity, showing a 100-fold increase in condensate number
upon a twofold increase in osmolarity (49). While phosphor-
ylation modulates the degree of DCP1A condensation in
HOPS, it does not dictate the phase separation, suggesting that
homomultimeric proteins may sense osmotic fluctuations in
their native states, without the need for additional post-
translational modifications.

Proteins that undergo HOPS form largely distinct,
nonoverlapping condensates, suggesting that phase separation
can dramatically reorganize the intracellular space very rapidly
upon osmotic challenge (49). Indeed, such behavior has been
previously predicted based on theoretical grounds (29). Such
widespread changes in subcellular localization are predicted to
have consequences on the associated biochemical pathways.
Notably, HOPS-mediated sequestration of the cleavage and
polyadenylation factors (CPSFs) away from transcription
termination sites provides an elegant explanation for the
widespread transcriptional readthrough observed upon
J. Biol. Chem. (2021) 296 100044 5



Figure 3. Consequences of hyperosmotic volume change on phase
separation. A, increased packing slows down intracellular diffusion, favor-
ing associations mediated by weak interactions. B, depletion attraction
maximizes entropy of a system by promoting association of larger solutes.
C, the presence of compartments between rigid intracellular structures
leads to confinement effects that can favor association and phase separa-
tion processes.
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osmotic shock that, like HOPS itself, is found to be reversible
upon restoring the medium’s tonicity (49). A separate obser-
vation suggests that HOPS-like condensation of the YAP
protein is associated with changes in YAP-associated gene
expression (91). These findings open up new directions of
inquiry into the relationship between microscopic cellular
organization and phenotype in response to osmotic variation.
As such, the discovery of HOPS serves as a starting point to
understand how physicochemical and spatial modulation of
disparate biochemical pathways may converge on the ultimate
goal of shaping the cell’s response under duress.

In addition to HOPS in mammalian cells, evidence is
emerging that osmotic stress in other eukaryotes elicits a rapid
phase-separation-like response. Notably, a similar response is
observed in yeast, suggesting that the sensitivity of proteomes
to osmotic changes may be an evolutionarily ancient adapta-
tion and may point to a broader class of mechanisms that use
phase separation to sense and rapidly respond to osmotic
fluctuations (77, 102).

Crowding, depletion attraction, and confinement

What is the mechanistic relationship between osmotic vol-
ume change and phase separation? Osmotic cell compression
changes cell volume by exosmosis, resulting in an increase in
intracellular crowding and effective protein concentration,
both of which influence phase separation as discussed above
(103, 104). Molecular crowding also has significant effects on
protein structure and function (105–108). Finally, crowding
previously has been predicted on theoretical grounds to serve
as a cell volume sensor, even though a mechanistic basis is only
now emerging (96). For an in-depth review of crowding effects
and phase separation, we refer the reader to Andre and Srpuijt
2020 (104).

Proteomes have evolved to maintain a certain degree of
molecular crowding inside the cell, where �30% of the space is
occupied by macromolecules, by selecting for net repulsion
among proteins via surface negative charges (109). Under
optimal conditions, this net repulsion may serve to keep pro-
teins from aggregating. However, an increase in crowding by
osmotic compression can perturb this balance and overcome
the net repulsion, thereby allowing proteins at the saturation
concentrations to demix and undergo condensation (Fig. 1).
The increased packing and reduced volume upon osmotic
compression also result in a global decrease in molecular
diffusion. The diffusion rate generally is an important factor
influencing intracellular biochemistry. Diffusion can affect
phase separation in multiple ways: the growth of an MLO
requires a supply of free building blocks, and this supply can be
limited by diffusion; however, weak association reactions may
instead be favored by slowed diffusion (Fig. 3A). The rate of
weak, diffusion-limited association reactions is thus expected
to increase with crowding both by the increase in net con-
centration and by the decreased diffusion of the reactants
(110). Experimental evidence for the idea that cells can
potentially modulate the degree of crowding or the assembly of
MLOs to regulate biochemical processes through diffusion is,
6 J. Biol. Chem. (2021) 296 100044
however, relatively new. Joyner et al. (53) suggested that in
yeast, volume reduction during glucose starvation regulates
intracellular protein mobility. Delarue et al. (111) demon-
strated that mTORC1 signaling can tune the extent of mo-
lecular crowding in cells by modulating the number of
ribosomes, thereby modulating phase separation. It remains to
be established what other mechanisms exist that modulate
crowding and phase separation and how universal such
mechanisms are.

Crowding also influences molecular interactions via the
excluded volume effect (112). This effect, also called depletion
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attraction, predicts that in crowded solutions containing sol-
utes of different sizes, the aggregation of the large solute can
increase the entropy of the system, and the colloidal osmotic
pressure of the smaller solute upon the larger particle can prevent
dissociation of complexes. Under these conditions, the theory of
depletion attraction predicts that association of large macro-
molecules can effectively increase the entropy of the system, thus
promoting phase separation processes (Fig. 3, A–B). Recent ev-
idence points to the possibility that cells utilize mechanisms that
modulate molecular crowding by regulating the density of both
small and large solutes (111). Among other methods, geneti-
cally encoded nanoparticles (GEMs) are emerging as powerful
tools for measuring the underlying crowding and rheology via
intracellular single-particle tracking (111, 113, 114).

Rigid cytoskeletal elements such as actin and microtubule
fibers occupy about 20% of the cell so that cytosolic macro-
molecules are thought to reside, on average, only a couple of
molecular radii from at least one cytoskeletal element (115).
This has led to the notion that in addition to being in a
crowded environment, cytosolic proteins exist in a state of
“confinement,” where their diffusion is highly restricted and
limited by such structures. Theoretical work has demonstrated
how changes in confinement and in molecular crowding can
influence both folding and aggregation of proteins, indicating that
changes in intracellular confinement may be another factor that
promotes condensation in response to osmotic compression
(116, 117). Depending on the nature of confinement, molecular
association is expected to give rise to structures such as globular
aggregates and long, rod-like structures (Fig. 3C). Indeed, cellular
proteins have been observed to form such structures, although
the mechanisms that drive their formation remain to be estab-
lished. Various observations of dynamic higher-order organiza-
tion of metabolic enzymes in eukaryotes have been reviewed by
O’Connell et al. (118). Similarly, Webb et al. (119) observed that
phosphofructokinase undergoes redistribution to foci and fila-
ments upon challenge with citrate. These findings illustrate the
types of higher-order structures that may arise under physio-
logical and stress conditions, providing evidence for a widespread
and ubiquitous role of crowding and confinement in organizing
and assembling MLOs.

Clouds in the cell: reconceptualizing intracellular
organization

The term “condensate” has been used in the literature
alongside some everyday metaphors for liquid–liquid phase
separation, such as the formation of immiscible droplets in
vinaigrette or lava lamps (2). These examples capture the
thermodynamics of demixing, where the energy of the
vinaigrette system is minimized when oil and vinegar un-
dergo phase separation. However, this analogy is limited
because it suggests that the two components of the mixture
exist in stable, mutually exclusive phases. In biological con-
texts, phase separation more typically leads to an enrichment
of components in one or the other phase, and the degree of
partitioning is relevant to understanding the gain or loss of
activity in the more concentrated phase. Furthermore, while
LLPS appears to be widespread, maturation of liquid-like
droplets into gel- and solid-like states is a pervasive phe-
nomenon not captured by the oil–water analogy. As the study
of MLOs in physiological and disease contexts becomes more
widespread, an additional analogy may be beneficial to serve
as a model for biologists.

The study of phase separation has extensively used cloud-
related terminology in the more distant past. In the study of
protein precipitation, for example, the temperature at which a
protein solution turns opaque due to phase separation of the
protein is denoted as Tcloud, or the cloud point, above which the
solution is constituted of a single phase (120). The cloud point
therefore represents the optimal conditions of concentration and
other physicochemical factors that allow a protein to traverse the
phase boundary from a vapor-like state to a condensed state
(Fig. 1). Here we reintroduce the analogy of cloud formation that
has previously been alluded to in the context of biological LLPS
(16, 20, 121, 122). This metaphor emphasizes the rapid, highly
reversible transition from a dispersed to a more condensed phase
characteristic of phase separation responses to stress.

The cloud-formation metaphor takes us beyond merely the
assembly of droplets. It intuitively allows us to make specific
predictions related to the impact of physical variables such as
temperature (kinetic motion) and “humidity” (relative compo-
nent concentration) to condensation. It also renders intuitive
predictions about possibilities for intracellular condensates that
are not currently reported, such as the potential for “smog,”
where a condensate of one type is nucleated or otherwise influ-
enced by components that do not otherwise constitute it. It
provides a rich language to describe condensates based on a
continuum of physical properties—“vapor/mist” versus “droplets”
versus frozen/hardened “hail.” Finally, it provides a new concep-
tual model of mesoscale organization biology that draws from a
physical system that is intrinsically emergent and possesses fractal
properties.

Consider the highly studied case of TDP43 fibrillization in
ALS. TDP-43 under physiological conditions has been found
to condense into dynamic, liquid-like droplets in the nucleus
and shows condensation behavior in the cytosol upon expo-
sure to preexisting TDP-43 fibrils. Cytosolic TDP-43 droplets
formed upon deletion of the protein’s nuclear localization
signal were found to mature into less dynamic, gel-like
structures upon arsenite stress (122, 123). Similarly, FUS
protein, also associated with ALS pathologies, condenses un-
der normal conditions, but these condensates show liquid-to-
solid transitions, and this tendency is enhanced by disease
mutations (124, 125). These examples highlight how vapor–
liquid–solid transitions may represent a universal, intrinsic
tendency of multivalent biopolymers under physiological
conditions. The resulting condensates can undergo matura-
tion/solidification upon exposure to specific environmental or
biochemical perturbations, resulting in both altered material
properties of the condensates and consequences for cellular
homeostasis, including pathologies.

The emerging picture is therefore one of a pervasive po-
tential for multivalent molecules to be either within the two-
phase regime or poised on the phase boundary between a
“vapor”-like dispersed state and a more condensed phase
J. Biol. Chem. (2021) 296 100044 7
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(Fig. 3). This allows such molecules to rapidly transition to
more condensed phases in response to intrinsic- and extrinsic
perturbations, albeit in a highly regulated and carefully tuned
manner. This hypothesis is consistent with the existence of
dedicated cellular mechanisms that serve to promote the
dissolution of condensates (1, 46, 49). Moreover, the resulting
condensates can protect the cell by suspending vital cellular
functions until the perturbations cease, but alternatively are
then susceptible to pathogenic maturation into gel-like or solid
states that can result in toxicity.

In conclusion, as our insights into intracellular organization
by phase separation expand, laying the foundation for under-
standing how phase separation pervasively regulates cellular
function and survival, we also learn about the selection pres-
sures that shape our proteome. It is our hope that the addi-
tional metaphor proposed here of phase separation as a form
of intracellular “cloud formation” may facilitate the intuition
needed to appreciate the associated range of phenomena as
readily reversible, highly adaptive cell reorganization responses
to internal and external cues.

Acknowledgments—We thank Xuemeng Zheng from the Rosen Lab
(University of Texas Southwestern Medical Center, Dallas, TX) and
Dan Deviri from the Safran Lab (Weizmann Institute of Science,
Rehovot, Israel) for helpful discussions on the physics of phase
separation.

Author contributions—A. S., G. G., and A. P. J. prepared the figures.
All authors contributed to the writing.

Funding and additional information—A. P. J. was supported by NIH
Cellular and Molecular Biology Training, Grant/Award Number:
NIH T-32-GM007315. S. P. was supported by a Prostate Cancer
Foundation Young Investigator Award, a Department of Defense
Idea Development Award and a Cancer Research Institute Tech-
nology Impact Award. This work was supported by NIH/National
Institute of General Medical Sciences grants GM062357,
GM118524, GM122803, and GM131922, and a University of
Michigan Comprehensive Cancer Center/Biointerfaces Institute
research grant to N. G. W. The content is solely the responsibility of
the authors and does not necessarily represent the official views of
the National Institutes of Health.

Conflicts of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ALS, amyotrophic
lateral sclerosis; CPSFs, cleavage and polyadenylation factors;
GEMS, genetically encoded nanoparticles; HOPS, hyperosmotic
phase separation; ISR, integrated stress response; LCST, lower
critical saturation temperature; LLPS, liquid–liquid phase separa-
tion; MLOs, membraneless organelles; RNP, RNA–protein; SGs,
stress granules; UCST, upper critical saturation temperature.

References

1. Gomes, E., and Shorter, J. (2019) The molecular language of mem-
braneless organelles. J. Biol. Chem. 294, 7115–7127

2. Hyman, A. A., Weber, C. A., and Jülicher, F. (2014) Liquid-liquid phase
separation in biology. Annu. Rev. Cell Dev. Biol. 30, 39–58
8 J. Biol. Chem. (2021) 296 100044
3. Mitrea, D. M., and Kriwacki, R. W. (2016) Phase separation in biology;
functional organization of a higher order. Cell Commun. Signal. 14, 1

4. Keating, C. D. (2012) Aqueous phase separation as a possible route to
compartmentalization of biological molecules. Acc. Chem. Res. 45,
2114–2124

5. Tena-Solsona, M., Wanzke, C., Riess, B., Bausch, A. R., and Boekhoven,
J. (2018) Self-selection of dissipative assemblies driven by primitive
chemical reaction networks. Nat. Commun. 9, 2044

6. Wilson, E. B. (1896) The cell in development and Inheritance. The
Macmillan Co, New York, NY: 19–20

7. Wilson, E. B. (1899) The structure of protoplasm. Science 10, 33–45
8. Alberti, S., Gladfelter, A., and Mittag, T. (2019) Considerations and

challenges in studying liquid-liquid phase separation and biomolecular
condensates. Cell 176, 419–434

9. Monty, K. J., Litt, M., Kay, E. R., and Dounce, A. L. (1956) Isolation and
properties of liver cell nucleoli. J. Biophys. Biochem. Cytol. 2, 127–145

10. Anderson, P., and Kedersha, N. (2006) RNA granules. J. Cell Biol. 172,
803–808

11. Jin, M., Fuller, G. G., Han, T., Yao, Y., Alessi, A. F., Freeberg, M. A., Roach,
N. P., Moresco, J. J., Karnovsky, A., Baba, M., Yates, J. R., 3rd, Gitler, A. D.,
Inoki, K., Klionsky, D. J., and Kim, J. K. (2017) Glycolytic enzymes coalesce
in G bodies under hypoxic stress. Cell Rep. 20, 895–908

12. Ryder, J. A., ed. (1885) Embryology: The Structure of the Human Sper-
matozoon (vol. 23). https://archive.org/details/101744400.nlm.nih.gov/
page/n73/mode/2up

13. Handwerger, K. E., Cordero, J. A., and Gall, J. G. (2005) Cajal bodies,
nucleoli, and speckles in the Xenopus oocyte nucleus have a low-density,
sponge-like structure. Mol. Biol. Cell 16, 202–211

14. Brangwynne, C. P. (2013) Phase transitions and size scaling of
membrane-less organelles. J. Cell Biol. 203, 875–881

15. Berry, J., Brangwynne, C. P., and Haataja, M. (2018) Physical principles
of intracellular organization via active and passive phase transitions. Rep.
Prog. Phys. 81, 046601

16. Hyman, A. A., and Simons, K. (2012) Cell biology. Beyond oil and wa-
ter–phase transitions in cells. Science 337, 1047–1049

17. Shin, Y., and Brangwynne, C. P. (2017) Liquid phase condensation in cell
physiology and disease. Science 357, eaaf4382

18. Abbondanzieri, E. A., and Meyer, A. S. (2019) More than just a phase:
the search for membraneless organelles in the bacterial cytoplasm. Curr.
Genet. 65, 691–694

19. Banani, S. F., Lee, H. O., Hyman, A. A., and Rosen, M. K. (2017) Bio-
molecular condensates: organizers of cellular biochemistry. Nat. Rev.
Mol. Cell Biol. 18, 285–298

20. Courchaine, E. M., Lu, A., and Neugebauer, K. M. (2016) Droplet or-
ganelles? EMBO J. 35, 1603–1612

21. Quiroz, F. G., Fiore, V. F., Levorse, J., Polak, L., Wong, E., Pasolli, H. A.,
and Fuchs, E. (2020) Liquid-liquid phase separation drives skin barrier
formation. Science 367, eaax9554

22. Elbaum-Garfinkle, S. (2019) Matter over mind: liquid phase separation
and neurodegeneration. J. Biol. Chem. 294, 7160–7168

23. Alberti, S., and Dormann, D. (2019) Liquid-liquid phase separation in
disease. Annu. Rev. Genet. 53, 171–194

24. de Oliveira, G. A. P., Cordeiro, Y., Silva, J. L., and Vieira, T. (2019)
Liquid-liquid phase transitions and amyloid aggregation in proteins
related to cancer and neurodegenerative diseases. Adv. Protein Chem.
Struct. Biol. 118, 289–331

25. de Oliveira, G. A. P., Petronilho, E. C., Pedrote, M. M., Marques, M. A.,
Vieira, T., Cino, E. A., and Silva, J. L. (2020) The status of p53 oligomeric
and aggregation states in cancer. Biomolecules 10, 548

26. Vanderweyde, T., Youmans, K., Liu-Yesucevitz, L., and Wolozin, B.
(2013) Role of stress granules and RNA-binding proteins in neuro-
degeneration: a mini-review. Gerontology 59, 524–533

27. Ryan, V. H., and Fawzi, N. L. (2019) Physiological, pathological, and
targetable membraneless organelles in neurons. Trends Neurosci. 42,
693–708

28. Walter, H., and Brooks, D. E. (1995) Phase separation in cytoplasm, due
to macromolecular crowding, is the basis for microcompartmentation.
FEBS Lett. 361, 135–139

http://refhub.elsevier.com/S0021-9258(20)00030-7/sref1
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref1
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref2
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref2
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref3
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref3
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref4
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref4
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref4
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref5
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref5
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref5
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref6
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref6
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref7
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref8
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref8
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref8
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref9
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref9
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref10
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref10
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref11
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref11
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref11
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref11
https://archive.org/details/101744400.nlm.nih.gov/page/n73/mode/2up
https://archive.org/details/101744400.nlm.nih.gov/page/n73/mode/2up
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref13
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref13
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref13
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref14
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref14
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref15
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref15
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref15
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref16
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref16
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref17
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref17
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref18
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref18
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref18
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref19
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref19
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref19
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref20
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref20
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref21
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref21
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref21
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref22
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref22
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref23
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref23
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref24
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref24
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref24
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref24
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref25
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref25
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref25
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref26
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref26
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref26
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref27
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref27
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref27
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref28
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref28
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref28


JBC REVIEWS: Phase separation under stress
29. Brooks, D. E. (2000) Can cytoplasm exist without undergoing phase
separation? Int. Rev. Cytol. 192, 321–330

30. Goldenfeld, N. (1992) Lectures on Phase Transitions and the Renorm-
alization Group, Westview Press, Boulder, Colorado

31. Dignon, G. L., Best, R. B., and Mittal, J. (2020) Biomolecular phase
separation: from molecular driving forces to macroscopic properties.
Annu. Rev. Phys. Chem. 71, 53–75

32. Wang, J., Choi, J. M., Holehouse, A. S., Lee, H. O., Zhang, X., Jahnel, M.,
Maharana, S., Lemaitre, R., Pozniakovsky, A., Drechsel, D., Poser, I.,
Pappu, R. V., Alberti, S., and Hyman, A. A. (2018) A molecular grammar
governing the driving forces for phase separation of prion-like RNA
binding proteins. Cell 174, 688–699.e616

33. Dignon, G. L., Zheng, W., Kim, Y. C., and Mittal, J. (2019) Temperature-
controlled liquid-liquid phase separation of disordered proteins. ACS
Cent. Sci. 5, 821–830

34. Thandapani, P., O’Connor, T. R., Bailey, T. L., and Richard, S. (2013)
Defining the RGG/RG motif. Mol. Cell 50, 613–623

35. Vernon, R. M., Chong, P. A., Tsang, B., Kim, T. H., Bah, A., Farber, P.,
Lin, H., and Forman-Kay, J. D. (2018) Pi-Pi contacts are an overlooked
protein feature relevant to phase separation. Elife 7, e31486

36. Lin, Y. H., Forman-Kay, J. D., and Chan, H. S. (2018) Theories for
sequence-dependent phase behaviors of biomolecular condensates.
Biochemistry 57, 2499–2508

37. Posey, A. E., Holehouse, A. S., and Pappu, R. V. (2018) Phase separation
of intrinsically disordered proteins. Methods Enzymol. 611, 1–30

38. Protter, D. S. W., Rao, B. S., Van Treeck, B., Lin, Y., Mizoue, L., Rosen,
M. K., and Parker, R. (2018) Intrinsically disordered regions can
contribute promiscuous interactions to RNP granule assembly. Cell Rep.
22, 1401–1412

39. Feng, Z., Chen, X., Wu, X., and Zhang, M. (2019) Formation of bio-
logical condensates via phase separation: characteristics, analytical
methods, and physiological implications. J. Biol. Chem. 294, 14823–
14835

40. Turoverov, K. K., Kuznetsova, I. M., Fonin, A. V., Darling, A. L., Zas-
lavsky, B. Y., and Uversky, V. N. (2019) Stochasticity of biological soft
matter: emerging concepts in intrinsically disordered proteins and bio-
logical phase separation. Trends Biochem. Sci. 44, 716–728

41. Shin, Y., Berry, J., Pannucci, N., Haataja, M. P., Toettcher, J. E., and
Brangwynne, C. P. (2017) Spatiotemporal control of intracellular phase
transitions using light-activated optoDroplets. Cell 168, 159–171.e114

42. Sanders, D. W., Kedersha, N., Lee, D. S. W., Strom, A. R., Drake, V.,
Riback, J. A., Bracha, D., Eeftens, J. M., Iwanicki, A., Wang, A., Wei, M.
T., Whitney, G., Lyons, S. M., Anderson, P., Jacobs, W. M., et al. (2020)
Competing protein-RNA interaction networks control multiphase
intracellular organization. Cell 181, 306–324.e328

43. Yang, P., Mathieu, C., Kolaitis, R. M., Zhang, P., Messing, J., Yurtsever,
U., Yang, Z., Wu, J., Li, Y., Pan, Q., Yu, J., Martin, E. W., Mittag, T., Kim,
H. J., and Taylor, J. P. (2020) G3BP1 is a tunable switch that triggers
phase separation to assemble stress granules. Cell 181, 325–345.e328

44. Zhou, H. X., Nguemaha, V., Mazarakos, K., and Qin, S. (2018) Why do
disordered and structured proteins behave differently in phase separa-
tion? Trends Biochem. Sci. 43, 499–516

45. Schmidt, A., Gao, G., Little, S. R., Jalihal, A. P., and Walter, N. G. (2020)
Following the messenger: recent innovations in live cell single molecule
fluorescence imaging. Wiley Interdiscip. Rev. RNA 11, e1587

46. Rai, A. K., Chen, J. X., Selbach, M., and Pelkmans, L. (2018) Kinase-
controlled phase transition of membraneless organelles in mitosis.
Nature 559, 211–216

47. Bah, A., and Forman-Kay, J. D. (2016) Modulation of intrinsically
disordered protein function by post-translational modifications. J. Biol.
Chem. 291, 6696–6705

48. Owen, I., and Shewmaker, F. (2019) The role of post-translational
modifications in the phase transitions of intrinsically disordered pro-
teins. Int. J. Mol. Sci. 20, 5501

49. Jalihal, A. P., Pitchiaya, S., Xiao, L., Bawa, P., Jiang, X., Bedi, K., Parolia,
A., Cieslik, M., Ljungman, M., Chinnaiyan, A. M., and Walter, N. G.
(2020) Multivalent proteins rapidly and reversibly phase-separate upon
osmotic cell volume change. Mol. Cell 79, 978–990.e975
50. Kedersha, N., Ivanov, P., and Anderson, P. (2013) Stress granules and
cell signaling: more than just a passing phase? Trends Biochem. Sci. 38,
494–506

51. Hofweber, M., and Dormann, D. (2019) Friend or foe-post-translational
modifications as regulators of phase separation and RNP granule dy-
namics. J. Biol. Chem. 294, 7137–7150

52. Kim, T. H., Tsang, B., Vernon, R. M., Sonenberg, N., Kay, L. E., and
Forman-Kay, J. D. (2019) Phospho-dependent phase separation of FMRP
and CAPRIN1 recapitulates regulation of translation and deadenylation.
Science 365, 825–829

53. Joyner, R. P., Tang, J. H., Helenius, J., Dultz, E., Brune, C., Holt, L. J.,
Huet, S., Muller, D. J., and Weis, K. (2016) A glucose-starvation
response regulates the diffusion of macromolecules. Elife 5, e09376

54. Isom, D. G., Page, S. C., Collins, L. B., Kapolka, N. J., Taghon, G. J., and
Dohlman, H. G. (2018) Coordinated regulation of intracellular pH by
two glucose-sensing pathways in yeast. J. Biol. Chem. 293, 2318–2329

55. Munder, M. C., Midtvedt, D., Franzmann, T., Nüske, E., Otto, O.,
Herbig, M., Ulbricht, E., Müller, P., Taubenberger, A., Maharana, S.,
Malinovska, L., Richter, D., Guck, J., Zaburdaev, V., and Alberti, S.
(2016) A pH-driven transition of the cytoplasm from a fluid- to a solid-
like state promotes entry into dormancy. Elife 5, e09347

56. Walter, N. G. (2019) Biological pathway specificity in the cell-does
molecular diversity matter? Bioessays 41, e1800244

57. Milin, A. N., and Deniz, A. A. (2018) Reentrant phase transitions and
non-equilibrium dynamics in membraneless organelles. Biochemistry 57,
2470–2477

58. Hondele, M., Heinrich, S., De Los Rios, P., and Weis, K. (2020) Mem-
braneless organelles: phasing out of equilibrium. Emerg. Top. Life Sci. 4,
331–342

59. Boeynaems, S., Alberti, S., Fawzi, N. L., Mittag, T., Polymenidou, M.,
Rousseau, F., Schymkowitz, J., Shorter, J., Wolozin, B., Van Den Bosch,
L., Tompa, P., and Fuxreiter, M. (2018) Protein phase separation: a new
phase in cell biology. Trends Cell Biol. 28, 420–435

60. Boeynaems, S., Holehouse, A. S., Weinhardt, V., Kovacs, D., Van Lindt,
J., Larabell, C., Van Den Bosch, L., Das, R., Tompa, P. S., Pappu, R. V.,
and Gitler, A. D. (2019) Spontaneous driving forces give rise to protein-
RNA condensates with coexisting phases and complex material prop-
erties. Proc. Natl. Acad. Sci. U. S. A. 116, 7889–7898

61. Feric, M., Vaidya, N., Harmon, T. S., Mitrea, D. M., Zhu, L., Richardson,
T. M., Kriwacki, R. W., Pappu, R. V., and Brangwynne, C. P. (2016)
Coexisting liquid phases underlie nucleolar subcompartments. Cell 165,
1686–1697

62. Fei, J., Jadaliha, M., Harmon, T. S., Li, I. T. S., Hua, B., Hao, Q., Hole-
house, A. S., Reyer, M., Sun, Q., Freier, S. M., Pappu, R. V., Prasanth, K.
V., and Ha, T. (2017) Quantitative analysis of multilayer organization of
proteins and RNA in nuclear speckles at super resolution. J. Cell Sci. 130,
4180–4192

63. West, J. A., Mito, M., Kurosaka, S., Takumi, T., Tanegashima, C., Chujo,
T., Yanaka, K., Kingston, R. E., Hirose, T., Bond, C., Fox, A., and
Nakagawa, S. (2016) Structural, super-resolution microscopy analysis of
paraspeckle nuclear body organization. J. Cell Biol. 214, 817–830

64. Sawyer, I. A., Sturgill, D., and Dundr, M. (2019) Membraneless nuclear
organelles and the search for phases within phases. Wiley Interdiscip.
Rev. RNA 10, e1514

65. Pitchiaya, S., Heinicke, L. A., Custer, T. C., and Walter, N. G. (2014)
Single molecule fluorescence approaches shed light on intracellular
RNAs. Chem. Rev. 114, 3224–3265

66. Trcek, T., Douglas, T. E., Grosch, M., Yin, Y., Eagle, W. V. I., Gavis, E. R.,
Shroff, H., Rothenberg, E., and Lehmann, R. (2020) Sequence-indepen-
dent self-assembly of germ granule mRNAs into homotypic clusters.
Mol. Cell 78, 941–950.e912

67. Moon, S. L., Morisaki, T., Khong, A., Lyon, K., Parker, R., and Stasevich,
T. J. (2019) Multicolour single-molecule tracking of mRNA interactions
with RNP granules. Nat. Cell Biol. 21, 162–168

68. Wilbertz, J. H., Voigt, F., Horvathova, I., Roth, G., Zhan, Y., and
Chao, J. A. (2019) Single-molecule imaging of mRNA localization and
regulation during the integrated stress response. Mol. Cell 73, 946–
958.e947
J. Biol. Chem. (2021) 296 100044 9

http://refhub.elsevier.com/S0021-9258(20)00030-7/sref29
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref29
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref30
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref30
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref31
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref31
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref31
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref32
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref32
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref32
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref32
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref32
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref33
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref33
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref33
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref34
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref34
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref35
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref35
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref35
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref36
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref36
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref36
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref37
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref37
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref38
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref38
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref38
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref38
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref39
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref39
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref39
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref39
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref40
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref40
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref40
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref40
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref41
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref41
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref41
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref42
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref42
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref42
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref42
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref42
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref43
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref43
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref43
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref43
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref44
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref44
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref44
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref45
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref45
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref45
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref46
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref46
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref46
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref47
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref47
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref47
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref48
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref48
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref48
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref49
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref49
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref49
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref49
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref50
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref50
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref50
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref51
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref51
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref51
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref52
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref52
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref52
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref52
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref53
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref53
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref53
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref54
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref54
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref54
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref55
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref55
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref55
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref55
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref55
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref56
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref56
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref57
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref57
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref57
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref58
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref58
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref58
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref59
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref59
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref59
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref59
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref60
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref60
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref60
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref60
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref60
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref61
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref61
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref61
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref61
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref62
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref62
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref62
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref62
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref62
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref63
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref63
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref63
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref63
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref64
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref64
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref64
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref65
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref65
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref65
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref66
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref66
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref66
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref66
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref67
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref67
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref67
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref68
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref68
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref68
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref68


JBC REVIEWS: Phase separation under stress
69. Pitchiaya, S., Mourao, M. D. A., Jalihal, A. P., Xiao, L., Jiang, X., Chin-
naiyan, A. M., Schnell, S., and Walter, N. G. (2019) Dynamic recruit-
ment of single RNAs to processing bodies depends on RNA
functionality. Mol. Cell 74, 521–533.e526

70. Garcia-Jove Navarro, M., Kashida, S., Chouaib, R., Souquere, S., Pierron,
G., Weil, D., and Gueroui, Z. (2019) RNA is a critical element for the
sizing and the composition of phase-separated RNA-protein conden-
sates. Nat. Commun. 10, 3230

71. Khong, A., and Parker, R. (2018) mRNP architecture in translating and
stress conditions reveals an ordered pathway of mRNP compaction. J.
Cell Biol. 217, 4124–4140

72. Balcerak, A., Trebinska-Stryjewska, A., Konopinski, R., Wakula, M., and
Grzybowska, E. A. (2019) RNA-protein interactions: disorder, moon-
lighting and junk contribute to eukaryotic complexity. Open Biol. 9,
190096

73. Machyna, M., Kehr, S., Straube, K., Kappei, D., Buchholz, F., Butter, F.,
Ule, J., Hertel, J., Stadler, P. F., and Neugebauer, K. M. (2014) The coilin
interactome identifies hundreds of small noncoding RNAs that traffic
through Cajal bodies. Mol. Cell 56, 389–399

74. Ryan, V. H., Watters, S., Amaya, J., Khatiwada, B., Venditti, V., Naik, M.
T., and Fawzi, N. L. (2020) Weak binding to the A2RE RNA rigidifies
hnRNPA2 RRMs and reduces liquid-liquid phase separation and ag-
gregation. Nucleic Acids Res. 48, 10542–10554

75. Liu, X., Niu, C., Ren, J., Zhang, J., Xie, X., Zhu, H., Feng, W., and Gong,
W. (2013) The RRM domain of human fused in sarcoma protein reveals
a non-canonical nucleic acid binding site. Biochim. Biophys. Acta 1832,
375–385

76. Pakos-Zebrucka, K., Koryga, I., Mnich, K., Ljujic, M., Samali, A., and
Gorman, A. M. (2016) The integrated stress response. EMBO Rep. 17,
1374–1395

77. Yoo, H., Triandafillou, C., and Drummond, D. A. (2019) Cellular sensing
by phase separation: using the process, not just the products. J. Biol.
Chem. 294, 7151–7159

78. Riback, J. A., Zhu, L., Ferrolino, M. C., Tolbert, M., Mitrea, D. M.,
Sanders, D. W., Wei, M. T., Kriwacki, R. W., and Brangwynne, C. P.
(2020) Composition-dependent thermodynamics of intracellular phase
separation. Nature 581, 209–214

79. Frottin, F., Schueder, F., Tiwary, S., Gupta, R., Körner, R., Schlich-
thaerle, T., Cox, J., Jungmann, R., Hartl, F. U., and Hipp, M. S. (2019)
The nucleolus functions as a phase-separated protein quality control
compartment. Science 365, 342–347

80. Latonen, L. (2019) Phase-to-phase with nucleoli - stress responses,
protein aggregation and novel roles of RNA. Front. Cell. Neurosci. 13,
151

81. Case, L. B., Ditlev, J. A., and Rosen, M. K. (2019) Regulation of trans-
membrane signaling by phase separation. Annu. Rev. Biophys. 48, 465–
494

82. Case, L. B., Zhang, X., Ditlev, J. A., and Rosen, M. K. (2019) Stoichi-
ometry controls activity of phase-separated clusters of actin signaling
proteins. Science 363, 1093–1097

83. Huang, W. Y. C., Alvarez, S., Kondo, Y., Lee, Y. K., Chung, J. K., Lam, H.
Y. M., Biswas, K. H., Kuriyan, J., and Groves, J. T. (2019) A molecular
assembly phase transition and kinetic proofreading modulate Ras acti-
vation by SOS. Science 363, 1098–1103

84. Caudron, F., and Barral, Y. (2013) A super-assembly of Whi3 encodes
memory of deceptive encounters by single cells during yeast courtship.
Cell 155, 1244–1257

85. Si, K., Choi, Y. B., White-Grindley, E., Majumdar, A., and Kandel, E. R.
(2010) Aplysia CPEB can form prion-like multimers in sensory neurons
that contribute to long-term facilitation. Cell 140, 421–435

86. Majumdar, A., Cesario, W. C., White-Grindley, E., Jiang, H., Ren, F.,
Khan, M. R., Li, L., Choi, E. M., Kannan, K., Guo, F., Unruh, J.,
Slaughter, B., and Si, K. (2012) Critical role of amyloid-like oligomers of
Drosophila Orb2 in the persistence of memory. Cell 148, 515–529

87. Su, X., Ditlev, J. A., Hui, E., Xing, W., Banjade, S., Okrut, J., King, D. S.,
Taunton, J., Rosen, M. K., and Vale, R. D. (2016) Phase separation of
signaling molecules promotes T cell receptor signal transduction. Sci-
ence 352, 595–599
10 J. Biol. Chem. (2021) 296 100044
88. Ma, W., and Mayr, C. (2018) A membraneless organelle associated with
the endoplasmic reticulum enables 3’UTR-mediated protein-protein
interactions. Cell 175, 1492–1506.e1419

89. Tian, S., Curnutte, H. A., and Trcek, T. (2020) RNA granules: a view
from the RNA perspective. Molecules 25, 3130

90. Al-Husini, N., Tomares, D. T., Pfaffenberger, Z. J., Muthunayake, N. S.,
Samad, M. A., Zuo, T., Bitar, O., Aretakis, J. R., Bharmal, M. M., Gega,
A., Biteen, J. S., Childers, W. S., and Schrader, J. M. (2020) BR-
bodies provide selectively permeable condensates that stimulate mRNA
decay and prevent release of decay intermediates.Mol. Cell 78, 670–682.
e678

91. Cai, D., Feliciano, D., Dong, P., Flores, E., Gruebele, M., Porat-Shliom,
N., Sukenik, S., Liu, Z., and Lippincott-Schwartz, J. (2019) Phase sepa-
ration of YAP reorganizes genome topology for long-term YAP target
gene expression. Nat. Cell Biol. 21, 1578–1589

92. Olins, A. L., Gould, T. J., Boyd, L., Sarg, B., and Olins, D. E. (2020)
Hyperosmotic stress: in situ chromatin phase separation. Nucleus 11,
1–18

93. Brocker, C., Thompson, D. C., and Vasiliou, V. (2012) The role of
hyperosmotic stress in inflammation and disease. Biomol. Concepts 3,
345–364

94. Finan, J. D., and Guilak, F. (2010) The effects of osmotic stress on the
structure and function of the cell nucleus. J. Cell. Biochem. 109, 460–467

95. Alfieri, R. R., and Petronini, P. G. (2007) Hyperosmotic stress response:
comparison with other cellular stresses. Pflugers Arch. 454, 173–185

96. Burg, M. B., Ferraris, J. D., and Dmitrieva, N. I. (2007) Cellular response
to hyperosmotic stresses. Physiol. Rev. 87, 1441–1474

97. Häussinger, D., Reinehr, R., and Schliess, F. (2006) The hepatocyte
integrin system and cell volume sensing. Acta Physiol. 187, 249–255

98. Tritschler, F., Braun, J. E., Motz, C., Igreja, C., Haas, G., Truffault, V.,
Izaurralde, E., and Weichenrieder, O. (2009) DCP1 forms asymmetric
trimers to assemble into active mRNA decapping complexes in metazoa.
Proc. Natl. Acad. Sci. U. S. A. 106, 21591–21596

99. Kato, M., Han, T. W., Xie, S., Shi, K., Du, X., Wu, L. C., Mirzaei, H.,
Goldsmith, E. J., Longgood, J., Pei, J., Grishin, N. V., Frantz, D. E.,
Schneider, J. W., Chen, S., Li, L., et al. (2012) Cell-free formation of RNA
granules: low complexity sequence domains form dynamic fibers within
hydrogels. Cell 149, 753–767

100. Murthy, A. C., Dignon, G. L., Kan, Y., Zerze, G. H., Parekh, S. H., Mittal,
J., and Fawzi, N. L. (2019) Molecular interactions underlying liquid-
liquid phase separation of the FUS low-complexity domain. Nat.
Struct. Mol. Biol. 26, 637–648

101. Guillén-Boixet, J., Kopach, A., Holehouse, A. S., Wittmann, S., Jahnel,
M., Schlüßler, R., Kim, K., Trussina, I., Wang, J., Mateju, D., Poser, I.,
Maharana, S., Ruer-Gruß, M., Richter, D., Zhang, X., et al. (2020) RNA-
induced conformational switching and clustering of G3BP drive stress
granule assembly by condensation. Cell 181, 346–361.e317

102. Alexandrov, A. I., Grosfeld, E. V., Dergalev, A. A., Kushnirov, V. V.,
Chuprov-Netochin, R. N., Tyurin-Kuzmin, P. A., Kireev, I. I., Ter-
Avanesyan, M. D., Leonov, S. V., and Agaphonov, M. O. (2019) Analysis
of novel hyperosmotic shock response suggests ’beads in liquid’ cytosol
structure. Biol. Open 8, bio044529

103. Kaur, T., Alshareedah, I., Wang, W., Ngo, J., Moosa, M. M., and
Banerjee, P. R. (2019) Molecular crowding tunes material states of
ribonucleoprotein condensates. Biomolecules 9, 71

104. André, A. A. M., and Spruijt, E. (2020) Liquid-liquid phase separation in
crowded environments. Int. J. Mol. Sci. 21, 5908

105. Benton, L. A., Smith, A. E., Young, G. B., and Pielak, G. J. (2012) Un-
expected effects of macromolecular crowding on protein stability.
Biochemistry 51, 9773–9775

106. Garner, M. M., and Burg, M. B. (1994) Macromolecular crowding and
confinement in cells exposed to hypertonicity. Am. J. Physiol. 266,
C877–C892

107. Gnutt, D., and Ebbinghaus, S. (2016) The macromolecular crowding
effect–from in vitro into the cell. Biol. Chem. 397, 37–44

108. Kim, Y. C., Best, R. B., and Mittal, J. (2010) Macromolecular crowding
effects on protein-protein binding affinity and specificity. J. Chem. Phys.
133, 205101

http://refhub.elsevier.com/S0021-9258(20)00030-7/sref69
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref69
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref69
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref69
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref70
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref70
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref70
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref70
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref71
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref71
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref71
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref72
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref72
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref72
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref72
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref73
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref73
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref73
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref73
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref74
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref74
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref74
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref74
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref75
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref75
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref75
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref75
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref76
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref76
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref76
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref77
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref77
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref77
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref78
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref78
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref78
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref78
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref79
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref79
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref79
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref79
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref80
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref80
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref80
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref81
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref81
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref81
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref82
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref82
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref82
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref83
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref83
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref83
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref83
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref84
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref84
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref84
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref85
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref85
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref85
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref86
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref86
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref86
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref86
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref87
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref87
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref87
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref87
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref88
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref88
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref88
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref89
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref89
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref90
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref90
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref90
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref90
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref90
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref90
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref91
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref91
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref91
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref91
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref92
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref92
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref92
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref93
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref93
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref93
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref94
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref94
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref95
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref95
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref96
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref96
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref97
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref97
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref98
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref98
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref98
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref98
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref99
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref99
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref99
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref99
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref99
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref100
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref100
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref100
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref100
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref101
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref101
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref101
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref101
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref101
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref102
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref102
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref102
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref102
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref102
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref103
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref103
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref103
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref104
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref104
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref105
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref105
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref105
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref106
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref106
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref106
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref107
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref107
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref108
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref108
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref108


JBC REVIEWS: Phase separation under stress
109. Wennerström, H., Vallina Estrada, E., Danielsson, J., and Oliveberg, M.
(2020) Colloidal stability of the living cell. Proc. Natl. Acad. Sci. U. S. A.
117, 10113–10121

110. Zimmerman, S. B., and Minton, A. P. (1993) Macromolecular crowding:
biochemical, biophysical, and physiological consequences. Annu. Rev.
Biophys. Biomol. Struct. 22, 27–65

111. Delarue, M., Brittingham, G. P., Pfeffer, S., Surovtsev, I. V., Pinglay, S.,
Kennedy, K. J., Schaffer, M., Gutierrez, J. I., Sang, D., Poterewicz, G.,
Chung, J. K., Plitzko, J. M., Groves, J. T., Jacobs-Wagner, C., Engel, B. D.,
et al. (2018) mTORC1 controls phase separation and the biophysical
properties of the cytoplasm by tuning crowding. Cell 174, 338–349.e320

112. Marenduzzo, D., Finan, K., and Cook, P. R. (2006) The depletion
attraction: an underappreciated force driving cellular organization. J.
Cell Biol. 175, 681–686

113. Boersma, A. J., Zuhorn, I. S., and Poolman, B. (2015) A sensor for
quantification of macromolecular crowding in living cells. Nat. Methods
12, 227–229, 221 p following 229

114. Mitchison, T. J. (2019) Colloid osmotic parameterization and mea-
surement of subcellular crowding. Mol. Biol. Cell 30, 173–180

115. Minton, A. P. (1990) Holobiochemistry: the effect of local environment
upon the equilibria and rates of biochemical reactions. Int. J. Biochem.
22, 1063–1067

116. Parsegian, V. A., Rand, R. P., and Rau, D. C. (2000) Osmotic stress,
crowding, preferential hydration, and binding: a comparison of per-
spectives. Proc. Natl. Acad. Sci. U. S. A. 97, 3987–3992

117. Jiao, M., Li, H. T., Chen, J., Minton, A. P., and Liang, Y. (2010) Attractive
protein-polymer interactions markedly alter the effect of macromolec-
ular crowding on protein association equilibria. Biophys. J. 99, 914–923

118. O’Connell, J. D., Zhao, A., Ellington, A. D., and Marcotte, E. M. (2012)
Dynamic reorganization of metabolic enzymes into intracellular bodies.
Annu. Rev. Cell Dev. Biol. 28, 89–111

119. Webb, B. A., Dosey, A. M., Wittmann, T., Kollman, J. M., and Barber, D.
L. (2017) The glycolytic enzyme phosphofructokinase-1 assembles into
filaments. J. Cell Biol. 216, 2305–2313

120. Taratuta, V. G., Holschbach, A., Thurston, G. M., Blankschtein, D., and
Benedek, G. B. (1990) Liquid-liquid phase separation of aqueous lysozyme
solutions: effects of pH and salt identity. J. Phys. Chem. 94, 2140–2144

121. Sehgal, P. B., Westley, J., Lerea, K. M., DiSenso-Browne, S., and Etlinger,
J. D. (2020) Biomolecular condensates in cell biology and virology:
phase-separated membraneless organelles (MLOs). Anal. Biochem. 597,
113691

122. Afroz, T., Hock, E. M., Ernst, P., Foglieni, C., Jambeau, M., Gilhespy, L.
A. B., Laferriere, F., Maniecka, Z., Plückthun, A., Mittl, P., Paganetti, P.,
Allain, F. H. T., and Polymenidou, M. (2017) Functional and dynamic
polymerization of the ALS-linked protein TDP-43 antagonizes its
pathologic aggregation. Nat. Commun. 8, 45

123. Gasset-Rosa, F., Lu, S., Yu, H., Chen, C., Melamed, Z., Guo, L., Shorter, J.,
Da Cruz, S., and Cleveland, D. W. (2019) Cytoplasmic TDP-43 de-mixing
independent of stress granules drives inhibition of nuclear import, loss of
nuclear TDP-43, and cell death. Neuron 102, 339–357.e337

124. Patel, A., Lee, H. O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y.,
Stoynov, S., Mahamid, J., Saha, S., Franzmann, T. M., Pozniakovski, A.,
Poser, I., Maghelli, N., Royer, L. A., Weigert, M., et al. (2015) A liquid-
to-solid phase transition of the ALS protein FUS accelerated by disease
mutation. Cell 162, 1066–1077

125. Qamar, S., Wang, G., Randle, S. J., Ruggeri, F. S., Varela, J. A., Lin, J. Q.,
Phillips, E. C., Miyashita, A., Williams, D., Ströhl, F., Meadows, W.,
Ferry, R., Dardov, V. J., Tartaglia, G. G., Farrer, L. A., et al. (2018) FUS
phase separation is modulated by a molecular chaperone and methyl-
ation of arginine cation-π interactions. Cell 173, 720–734.e715

126. Bugaj, L. J., Choksi, A. T., Mesuda, C. K., Kane, R. S., and Schaffer, D. V.
(2013) Optogenetic protein clustering and signaling activation in
mammalian cells. Nat. Methods 10, 249–252

127. Taslimi, A., Vrana, J. D., Chen, D., Borinskaya, S., Mayer, B. J., Kennedy,
M. J., and Tucker, C. L. (2014) An optimized optogenetic clustering tool
for probing protein interaction and function. Nat. Commun. 5, 4925

128. Zhu, L., Richardson, T. M., Wacheul, L., Wei, M. T., Feric, M., Whitney,
G., Lafontaine, D. L. J., and Brangwynne, C. P. (2019) Controlling the
material properties and rRNA processing function of the nucleolus using
light. Proc. Natl. Acad. Sci. U. S. A. 116, 17330–17335

129. Bracha, D., Walls, M. T., Wei, M. T., Zhu, L., Kurian, M., Avalos, J. L.,
Toettcher, J. E., and Brangwynne, C. P. (2018) Mapping local and global
liquid phase behavior in living cells using photo-oligomerizable seeds.
Cell 175, 1467–1480.e1413

130. Shin, Y., Chang, Y. C., Lee, D. S. W., Berry, J., Sanders, D. W., Ronceray,
P., Wingreen, N. S., Haataja, M., and Brangwynne, C. P. (2018) Liquid
nuclear condensates mechanically sense and restructure the genome.
Cell 175, 1481–1491.e1413

131. Ishikawa-Ankerhold, H. C., Ankerhold, R., and Drummen, G. P. (2012)
Advanced fluorescence microscopy techniques–FRAP, FLIP, FLAP,
FRET and FLIM. Molecules 17, 4047–4132

132. McSwiggen, D. T., Mir, M., Darzacq, X., and Tjian, R. (2019) Evaluating
phase separation in live cells: diagnosis, caveats, and functional conse-
quences. Genes Dev. 33, 1619–1634

133. Pak, C. W., Kosno, M., Holehouse, A. S., Padrick, S. B., Mittal, A., Ali, R.,
Yunus, A. A., Liu, D. R., Pappu, R. V., and Rosen, M. K. (2016) Sequence
determinants of intracellular phase separation by complex coacervation
of a disordered protein. Mol. Cell 63, 72–85

134. Chiu, Y. P., Sun, Y. C., Qiu, D. C., Lin, Y. H., Chen, Y. Q., Kuo, J. C., and
Huang, J. R. (2020) Liquid-liquid phase separation and extracellular
multivalent interactions in the tale of galectin-3. Nat. Commun. 11, 1229

135. Bratek-Skicki, A., Pancsa, R., Meszaros, B., Van Lindt, J., and Tompa, P.
(2020) A guide to regulation of the formation of biomolecular con-
densates. FEBS J. 287, 1924–1935

136. Jalihal, A. P., Lund, P. E., and Walter, N. G. (2019) Coming together:
RNAs and proteins assemble under the single-molecule fluorescence
microscope. Cold Spring Harb. Perspect. Biol. 11, a032441

137. de Boer, P., Hoogenboom, J. P., and Giepmans, B. N. (2015) Correlated
light and electron microscopy: ultrastructure lights up! Nat. Methods 12,
503–513

138. Tonnemacher, S., Eltsov, M., and Jakob, B. (2020) Correlative light and
electron microscopy (CLEM) analysis of nuclear reorganization induced
by clustered DNA damage upon charged particle irradiation. Int. J. Mol.
Sci. 21, 1911
J. Biol. Chem. (2021) 296 100044 11

http://refhub.elsevier.com/S0021-9258(20)00030-7/sref109
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref109
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref109
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref110
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref110
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref110
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref111
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref111
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref111
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref111
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref111
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref112
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref112
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref112
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref113
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref113
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref113
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref114
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref114
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref115
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref115
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref115
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref116
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref116
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref116
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref117
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref117
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref117
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref118
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref118
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref118
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref119
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref119
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref119
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref120
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref120
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref120
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref121
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref121
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref121
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref121
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref122
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref122
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref122
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref122
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref122
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref123
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref123
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref123
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref123
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref124
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref124
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref124
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref124
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref124
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref125
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref125
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref125
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref125
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref125
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref126
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref126
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref126
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref127
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref127
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref127
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref128
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref128
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref128
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref128
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref129
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref129
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref129
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref129
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref130
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref130
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref130
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref130
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref131
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref131
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref131
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref132
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref132
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref132
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref133
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref133
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref133
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref133
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref134
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref134
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref134
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref135
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref135
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref135
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref136
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref136
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref136
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref137
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref137
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref137
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref138
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref138
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref138
http://refhub.elsevier.com/S0021-9258(20)00030-7/sref138

	Hyperosmotic phase separation: Condensates beyond inclusions, granules and organelles
	A brief history of intracellular condensation
	Physicochemical underpinnings of phase separation
	Phase separation in response to environmental fluctuations
	Osmotic perturbations and the hyperosmotic phase separation response
	Crowding, depletion attraction, and confinement
	Clouds in the cell: reconceptualizing intracellular organization
	Author contributions
	Funding and additional information
	References


