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Abstract: Eukaryotic cells are composed of different bio-macromolecules that are divided into
compartments called organelles providing optimal microenvironments for many cellular processes.
A specific type of organelles is membraneless organelles. They are formed via a process called
liquid–liquid phase separation that is driven by weak multivalent interactions between particular
bio-macromolecules. In this review, we gather crucial information regarding different classes of
transcription regulators with the propensity to undergo liquid–liquid phase separation and stress
the role of intrinsically disordered regions in this phenomenon. We also discuss recently developed
experimental systems for studying formation and properties of membraneless organelles.
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1. Introduction

To maintain the proper function of the cell, its interior is divided into many com-
partments called organelles. These functional units contain many bio-macromolecular
components (e.g., proteins and nucleic acids) and ensure proper functioning of the cell. Re-
cent research concentrates on particular group of organelles i.e., membraneless organelles
(MLOs), also called bio-macromolecular condensates, droplets, granules, foci, or bod-
ies [1]. These structures may occur either in the cell nucleus (e.g., nucleoli, Cajal bodies,
and promyelocytic leukemia nuclear bodies (PML-NBs)) or in the cytoplasm (e.g., stress
granules (SGs) and processing (P) bodies) [1,2].

MLOs are formed via a spontaneous process stimulated by physiochemical changes in
the cell environment. This process, termed liquid–liquid phase separation (LLPS), has been
well known for years in polymer chemistry, but recent findings indicate that LLPS is also
possible in biological systems [3]. LLPS can be driven by a variety of weak, multivalent
interactions [4]. Over the years, a set of criteria defining MLOs have been proposed. Among
the most important are spherical shape, ability to fuse together, dynamics, and manner of
assembly, regardless of differences in composition, location, and function [3,5], as well as,
in some cases, sensitivity to 1,6-hexanediol treatment [6].

Many MLOs possess liquid-like properties [1]. They are highly dynamic and rapidly
exchange components with the surroundings. Additionally, the formation of such bio-
macromolecular condensates can be easily reversed. However, their properties and or-
ganization can change over time [7]. This process is referred to as molecular aging or
maturation. The variations in biophysical properties of MLOs have important functional
implications. Different environmental factors might lead to functional (e.g., hydrogels
formed by nuclear pore complexes (NPCs)) [8] or pathological phase transitions (e.g., solid
irreversible structures underlying neurodegeneration) [9,10].

The properties of MLOs allow for a wide range of cell functions. One of them concerns
the role of MLOs in transcription [11–16]. There are some nuclear MLOs that appear to
be involved in different aspects of gene expression regulation. It is already known that
the important elements in the formation of such condensates are both the nucleic acids
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(DNA, RNA) and the interacting proteins [12]. Additionally, it has been shown that the
transcription regulators (TRs) often possess the intrinsically disordered regions (IDRs) that
are responsible for phase separation [17,18]. However, the dynamics of transcriptional
machinery and lack of appropriate tools for MLOs investigation are major challenges for
the future study.

There is a strong connection between MLOs, their components, and diseases. Ab-
normal LLPS lead to progressive loss of the MLOs organization and disfunction. The
amyloid beta (Aβ) and tau aggregates are found to be linked with Alzheimer’s disease, the
transactive response DNA binding protein 43 (TDP-43) and FET proteins (FUS (Fused in
liposarcoma), EWS (Ewing Sarcoma), and TAF15 (TATA binding associated factor 15)) ag-
gregates with amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) [19].
All above-mentioned proteins undergo LLPS. Additionally, dysregulation of MLOs may
be linked to tumor diseases. The PML-NBs are involved in transcriptional regulation and
DNA repair but also form in response to viral infection and tumor suppression [20,21].

The review gathers crucial information regarding MLOs formation and their biological
implications and highlights the importance of their proper functioning in transcription. We
also discuss the challenges in investigating MLOs.

2. Driving Forces and Important Role of Inherently Disordered Regions in
Liquid-Liquid Phase Separation

Bio-macromolecules (e.g., proteins, nucleic acids, lipids, and polysaccharides) can
interact with each other and organize into a dynamic, highly complex network, which in
particular cases can form biomolecular condensates (Figure 1). The formation of MLOs
is maintained mostly via multivalent molecules. They are characterized by the presence
of multiple regions that enable the contact between different molecules (intermolecular
interactions) or within the same molecule (intramolecular interactions) that are important
for LLPS. Multiple weak interactions control the partitioning of molecules into two isolated
phases: the dense phase (bio-macromolecules-enriched) or the dilute phase (where the
local concentration of bio-macromolecules is low) [22]. MLOs’ formation is a concentration-
dependent process. Bio-macromolecular condensates contain components that are spatially
enriched relative to the surrounding environment. (e.g., responsible for the integrity
of MLOs) [23,24].

The interaction between bio-macromolecules in condensates can have a homo- or
heterotypic character. Homotypic interactions are those between the same type of molecule.
In the opposite are heterotypic interactions, which include different types of molecules
(e.g., protein and RNA). Irrespective of the bio-macromolecules themselves, different types
of interactions can affect LLPS and MLOs formation. The importance of electrostatic inter-
actions in LLPS have been reported from a number of studies [25,26]. They are classified
as long-range interactions and occur between oppositely charged residues. Electrostatic
interactions are very sensitive to changes in ionic strength, temperature, or posttransla-
tional modifications (PTMs) [27]. All of these factors enable efficient regulation of MLOs
formation. Electrostatic interactions are important, e.g., for DEAD-box helicase 4 (Ddx4)
condensates formation. Biophysical studies on the N-terminal region of Ddx4, a primary
component of nuage granules [28], indicated that this region is responsible for LLPS of
Ddx4 both in vitro and in cell [29]. The characteristic feature of the N-terminal region
of Ddx4 is the specific placement of charged amino acid residues, which are arranged
into clustered blocks of net positive and negative charge. Condensate formation of Ddx4
is sensitive to salt concentration and temperature as well as methylation of R residues
that leads to dissolve the condensates. Electrostatic interactions have been explored in
the context of many proteins, for which LLPS showed a similar salt dependence as for
Ddx4, although charge-arrangement features were not observed for all of them. Except the
methylation of R residues mentioned earlier, phosphorylation is also an important PTM, as
it modifies the net charge of proteins and modulates electrostatic interactions. Depending
on the protein context, the substitution of hydroxy functional group of S, T, and Y residues
with a negatively charged phosphate group can either promote or disrupt LLPS [27,30,31].
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Figure 1. LLPS from amino acid sequence to function. The amino acid composition and the overall sequence patterns
determine the interactions, material properties, and structure of protein that encodes the ability to undergo liquid–liquid
phase separation. Homo- and heterotypic interactions are depicted. The important regulatory factor is the environment. All
these elements define the function or disfunction of particular MLOs (see text for details).

Another type of interaction that plays an important role in LLPS is short-range inter-
actions such as cation–π (which occurs between the positively charged residues (e.g., R, K)
and the aromatic residues (e.g., Y, F)) [32], π–π (aromatic residues) [33], and dipole–dipole
(prion-like sequence/regions) [3,34]. Each of these interactions play a vital role in the forma-
tion of particular MLOs (e.g., cation–π interactions are very important for ribonucleoprotein
(RNP) granule formation). The formation of bio-macromolecular condensates can be also
driven by hydrophobic interactions [35]. One well-described example is elastin, in which
hydrophobic patches are required for phase transition and subsequent filament assem-
bly [36]. Hydrophobic interactions are also important for LLPS of model proteins, e.g., FUS,
TDP-43, and Annexin A11, to investigate the relationship between LLPS and aggregation.

In many cases, the combination of different types of molecular interactions can also
drive LLPS. Ddx4 undergoes not only LLPS mediated by the above-discussed electrostatic
interactions but also cation–π interactions [29]. Mutation F to A residues prevent the phase
transition of Ddx4. The Tau protein also undergoes LLPS driven by electrostatic interactions
either itself or in the presence of RNA [37,38]. On the other hand, the LLPS of tau can be
also driven by hydrophobic interactions in the presence of high salt concentration [39].

Different environmental factors may affect the dynamic of MLOs formation (Figure 1).
The most important include the concentration of proteins, the presence of nucleic acids,
PTMs, temperature, pH, and salt concentration [40]. Their changes may affect protein
solubility, affinities between bio-macromolecules, and phase behavior. MLOs form when
the concentration of key elements crosses its critical saturation limit. Increased temperature
can increase the thermal motion of molecules and lead to their dissociation from the
complex. It can also reduce the binding of the solvent molecules and increase the direct
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contact between macromolecules. The pH change in solution affects LLPS by changing long-
range interactions, such as electrostatic. The temperature and pH changes are commonly
associated with cellular stress that leads to the formation of SGs [41].

MLOs formation can also be regulated by PTMs [27]. Phosphorylation of S/T or
methylation of R residues change the properties of amino acids, alter interaction strength,
and affect phase behavior, either promoting or repressing. S/T phosphorylation of the Tau
protein promotes LLPS and SGs formation by increasing electrostatic interactions [38,42],
where S/T phosphorylation of FUS introduces electrostatic repulsion and prevents phase
transition [43]. Y phosphorylation may also play a critical role in regulating LLPS and MLOs
formation. The heterogeneous nuclear ribonucleoprotein A2 (hnRNPA2), the component of
hnRNPA2 transport granules, is a known target of Y phosphorylation [44] that regulates the
release of mRNA from hnRNPA2 granules for translation in cells [45]. Veronica Ryan and
coworkers showed that Y phosphorylation of hnRNPA2 reduces its phase separation [46]. It
also prevents partitioning of other proteins (e.g., heterogeneous nuclear ribonucleoprotein
F (hnRNPF) and cytoskeleton-associated protein 5 (CKAP5)) of hnRNPA2-containing
transport granules into hnRNPA2 droplets. Additionally, Y phosphorylation decreases the
aggregation of hnRNPA2 disease variants.

Salt concentration is another important factor that influences the way bio-macromolecules
interact with one another and triggers LLPS [35]. Proteins can be divided into two groups—
the first forms condensates under low salt concentrations, and the second undergoes LLPS
under high salt conditions. Recently, it was shown that several proteins (e.g., FUS, TDP-43,
bromodomain-containing protein 4 (Brd4), sex-determining region Y-box 2 (Sox2), and Annexin
A11) can exhibit reentrant phase separation behavior [35]. These proteins undergo LLPS via
homotypic multivalent interactions at low salt concentrations. They can also undergo LLPS
at high salt concentrations, what was called reentering into a phase-separated regime. In the
high salt regime, the condensates are sustained predominantly by hydrophobic and non-ionic
interactions. It was found that the molecular interactions, stabilizing the condensates in the
low- and high-salt regime, are fundamentally different. The hydrophobic and electrostatic
interactions are both important at low salt concentrations, whereas LLPS is mainly driven by
hydrophobic and nonionic interactions at high salt concentrations. These results emphasize
that phase separation is strongly dependent on different environmental factors.

Another important aspect of MLOs is the amino acid composition and sequence
pattern of proteins that can undergo LLPS (Figure 1). Many MLOs are enriched with
intrinsically disordered proteins (IDPs) or proteins that contain intrinsically disordered
regions (IDRs) [17,47]. IDPs/IDRs are enriched in amino acid residues such as A, R, G, Q,
S, P, E, and K (disorder-promoting) and depleted of amino acid residues such as W, Y, F,
V, I, L, C, and N (order-promoting). Moreover, IDPs/IDRs can contain the characteristic
pattern of amino acid residues with little diversity in amino acid composition, the so-called
low complexity sequences (LCSs) [48]. This array of amino acids allows the formation of
specific bonds that promote LLPS [49,50]. IDRs with specific sequence features seem to
enrich different biomolecular condensates [51]. The R-rich IDRs are important for forming
nucleoli, and the S/R-rich IDRs are critical in forming nuclear speckles. P-bodies contain
proteins with Q/N-rich regions [52], while the hydrogel-like structure of the nuclear pore
complexes (NPCs) contains proteins with an FG-rich sequence [8].

IDPs/IDRs lack a fixed ordered three-dimensional structure and, therefore, they are
characterized by high flexibility. Their structural plasticity enables them to adopt different
conformations. This conformational flexibility of IDPs/IDRs provides a large interaction
surface with high-specificity and low-affinity binding properties that are ideally suited for
the transient reversible interactions involved in LLPS. Consequently, IDPs/IDRs might
interact with multiple partners (multivalent interactions); thus, a whole network of non-
covalent interactions can arise [53]. IDPs/IDRs are engaged in diversity of biological
functions, e.g., signal transductions and regulations, where they form complex interaction
networks, often involving many partners [54]. Not only IDPs/IDRs take part in formation



Int. J. Mol. Sci. 2021, 22, 12758 5 of 18

of MLOs. In some cases, interactions between repeated, folded domains of proteins are
required for the formation of assemblies [55]. However, IDPs/IDRs are the vast majority.

IDPs/IDRs can adopt many different structures in vivo depending on the cell condi-
tions. They often contain short functional elements called short linear motifs (SLiMs), which
mediate protein–protein interactions [56]. These motifs are often sites of PTMs [57,58].
Several studies indicate that PTMs have a strong influence on the regulation of LLPS [27,31].
These features make IDPs/IDRs well-suited for MLOs formation.

3. Structure and Roles of Bio-Macromolecular Condensates in the Cell

A cell may be seen as a network of many different MLOs [59]. In response to changes
in the cell environment, they rapidly assemble or disassemble. Important element of this
network is communication between condensates that can exchange their constituents with
the surrounding. Bio-macromolecular condensates contain many different components,
for which a particular role can be assigned. Protein components of MLOs can be classified
into four types: scaffolds (drivers), co-scaffolds (co-drivers), clients, and regulators [60,61].
Scaffolds are essential constituents of each condensate and are responsible for its integrity.
This role was assigned to spindle-defective protein 5 (SPD-5), which is sufficient for the
formation of centrosomes in Caenorhabditis elegans [62]. Another example is promyelocytic
leukemia (PML) protein, which is essential for PML-NBs formation [63]. Co-scaffold is
a component that needs another co-scaffold to phase separate (e.g., RNP and RNA) [52].
In contrast, clients are dispensable components for MLOs assembly. They reside in the
MLOs only under certain conditions [64] and exchange with the surroundings much more
rapidly than scaffolds/co-scaffolds [65]. The last type consists of proteins called regulators,
which promote LLPS but are not located in the condensates (e.g., modifying enzymes) [61].
Despite the difference in composition, location, and function, a set of criteria defining MLOs
has been proposed. The most important are spherical shape, manner of assembly, and
dynamic components that undergo external exchange with the surrounding [5]. Further
characteristics are deformation in response to applied force [66], concentration-dependent
size scaling [67], and, in the case of hydrophobic interaction-driven condensates, sensitivity
to 1,6-hexanediol [6].

The intramolecular and intermolecular interactions between bio-macromolecules
within MLOs can lead to formation condensed phases that are characterized by differ-
ent states and material properties (Figure 1). These assemblies can be liquid, colloid,
or solid-like forms (e.g., gels, crystals, glass, or filaments) [1,68]. In liquid forms, bio-
macromolecules are highly dynamic. They can form assemblies that are sensitive to many
factors (e.g., components concentration, temperature, and ionic strength). They can also
constantly exchange elements with the surrounding [1]. The enhancement of the strength
or change of the type of interactions between bio-macromolecules in the assemblies can
cause the liquid-to-solid phase transition, where the molecules are arranged in a more
ordered structure. This process is called maturation or molecular aging and results in the
loss of flexibility of components [7]. MLOs can mature into a gel or glass form. However,
depending on the cell conditions, they can also mature into more solid-like structures.
There are many biological implications of these phase transitions. Exchange components
between the nuclei and cytoplasm proceeds through the NPCs. It was shown that NPCs
have sieve-like structures that are created through reversible cross-linking between FG-rich
nucleoporin repeats that can form elastic and reversible hydrogels [8]. Another example can
be inclusion bodies, MLOs that serve to concentrate the viral RNA replication machinery of
measles virus (MeV). These inclusion bodies can change from liquid to gel-like structures as
infection progresses [69]. However, the best-described examples are groups of RNA-protein
(RNP) granules, P bodies, and SGs, which can adopt different material states depending
on the cell conditions and organism. Their physical properties range from liquid-like in
mammalian cells to solid-like in yeast [70]. Their properties are also compatible with their
functions. P bodies are active compartments involved in RNA metabolism. Their liquid-
like form allows for the continuous flow of molecules and components rearrangement. On
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the other hand, SGs exhibit characteristic properties of amorphous aggregates. They store
and inactivate proteins and RNAs by removing them from the cytoplasm [71,72].

Bio-macromolecules undergo not only functional but also pathological phase transi-
tions [50]. Maturation can coincide with formation of solid irreversible structures. Alterna-
tion of the material properties represents a common principle underlying neurodegenera-
tion. Many proteins (e.g., FUS, TDP-43, TIA1, tau, α-synuclein) associated with Parkinson’s
disease or amyotrophic lateral sclerosis (ALS) also undergo LLPS and are constituents of
different types of MLOs [9,10,73–75]. It suggests that the liquid-to-solid phase transition
can be enhanced within the liquid phase. Important factors in this transition are time,
conditions, and components of MLOs.

Bio-macromolecule condensate formation can have many functional aspects. LLPS
has been shown to maintain spatiotemporal intracellular organization, tune and accelerate
biochemical reactions, act as biomolecular filters, modulate signal transduction, regulate
nucleic acid metabolism, sequester and release specific components, protect biomolecules
from damage, and buffer cellular noise [2,24,40,76–78]. Many proteins that undergo LLPS
have already been identified. Additionally, some of them have been assigned to particular
known MLOs. A few databases, covering different aspects of phase separation of bio-
macromolecules, have been developed [79] (see Chapter 5). However, many condensates
are still waiting for the identification. A lot of them may be not large enough to be easily
identified. Moreover, some condensates can form only on specific stimuli. Thus, the biggest
challenges are identification MLOs, their components, and designation biological functions.

4. Transcription Regulators and Liquid–Liquid Phase Separation

In recent years, the occurrence of bio-macromolecular condensates in the nucleus has
become the subject of detailed genetic, biochemical, and structural studies [80]. It has been
suggested that nuclear condensate formation might be important for the regulation of
various aspects of gene expression, as multiple factors responsible for the process undergo
LLPS. One of the essential regulators of eukaryotic gene expression is transcription factors
(TFs). Nuclear receptors (NRs) are one of the largest family of eukaryotic TFs that not only
bind DNA but also are ligand-dependent. NRs are multivalent molecules. Most of them
dimerize, which helps to establish multivalent interactions. Additionally, they interact with
many transcriptional coregulators. Two regions, an AB region (N-terminal domain, NTD)
and an E region (ligand binding domain, LBD), which harbor the activation functions AF1
and AF2, respectively, are important for these interactions (Figure 2). The AF2 is strictly
ligand-dependent, whereas AF1 is ligand-independent. Recent reports linked the regions
that contain AFs to the LLPS phenomenon [81]. In steroid NR family representatives,
the androgen receptor (AR), the estrogen receptor (ER), and the glucocorticoid receptor
(GR), LBD (AF2) seems essential for this process [81–83]. It was found that, in a cellular
model of prostate cancer, only full-length AR could phase separate on its own [84], where
its splice variant lacking LBD, AR-v7, did not undergo LLPS [83]. This indicates that a
cooperative interaction between NTD and LBD of AR is important for the phase separation
of this receptor [83]. Additionally, in vitro analysis of AR NTD showed that it underwent
LLPS at 100 µM concentration and the presence of the tumor suppressor speckle-type POZ
protein (SPOP) lowered the concentration at which NTD of AR could phase separate [85].
In vitro analysis of individual regions of AR showed that in the presence of RNA and DNA
DBD could also undergo LLPS [83]. The process was downregulated by AF1 located in
AR NTD. Analysis of individual regions of GR showed that the AB region (AF1) was not
responsible for formation of the GR condensates but only stabilized them [82]. Additionally,
the AR, ER, and GR condensates were observed in the presence of the Mediator Complex
subunit 1 (MED1). Upon ligand stimulation (estrogen), the incorporation of the ER into
the MED1 droplets was enhanced [81]. In the case of GR, the formation of condensates
required interaction of the receptor with certain chromatin regions within the nucleus. In
the presence of the ligand, AR and GR, and also other steroid receptors, are translocated
to the nucleus, where they form transcriptionally active foci. It was shown that AR and
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GR foci exhibit properties of MLOs (e.g., ability to fuse, dynamics, and sensitivity to
1,6-hexanodiol/1,7-heptanediol) [82,84]. The nature and functional relevance of steroid
receptors’ foci were reviewed extensively in [86].

Figure 2. Structural organization of nuclear receptors. Nuclear receptors exhibit a modular structure
with different regions from A to F. Some of them correspond to autonomous functional domains:
the DNA-binding domain (DBD) and ligand-binding domain (LBD). Nuclear receptors have two
activation functions (AFs), the ligand-independent (AF1) function, which is localized in AB region,
and the ligand-dependent function (AF2), which resides in LBD.

The non-steroid NRs representative, the retinoid X receptor (hRXRγ), is also able
to form characteristic foci in the nucleus of COS cells in the presence and absence of
ligand (data not shown). Some fraction of RXR is also present in the cytoplasm and plays
an important role in translocation of other NRs to the nucleus [87]. The point mutant
of hRXRγ that has cytoplasmic localization can form foci only after ligand stimulation
(data not shown). Probably, these cytoplasmic foci of RXR might allow the formation of a
temporarily reservoir for other NRs. However, the real function of these foci is unknown.

An intrinsically disordered AB region of hRXRγ seems to be responsible for LLPS of
this receptor. It was shown that this region forms condensates in vitro in the absence of
other proteins [88]. These condensates are able to incorporate the remaining fragment of the
receptor into the droplets. Although the AB region of hRXRγ shows the characteristics of
IDPs/IDRs, the condensate formation is driven by hydrophobic interactions, which is rarely
described in the case of IDRs, as IDRs do not usually have many hydrophobic residues [89].
Among NRs, the AB region shares little sequence homology. It is characterized by a variable
length and sequence in the different family members of NRs and often exhibits properties
of IDRs under physiological conditions [90]. The AB region of NRs contains AF, which is an
important determinant of the subtype-, cell-type-, and gene-specific functions of NRs [91].
The difference in AB regions can impact propensity for droplet formation between NRs and
can be critical for the modulation of the transcriptional activation of target genes. It was
suggested that AFs are responsible for the phase separation of TFs [81]. The composition,
intrinsic disorder, and ability to interact with many partners (multivalency) of AFs make
them perfect candidates for MLO formation and regulation of transcriptional activities [18].
Additionally, TFs contain DBDs that target specific genomic loci. Thus, TFs might function
as nucleation centers or scaffolds of MLOs [92].

The propensity for LLPS is characteristic not only for NRs but also for other TFs such
as MYC, p53, NANOG, SOX2, and GATA2 [81]. However, not all TFs have the propensity
to induce LLPS. For example, octamer-binding transcription factor 4 (OCT4) does not
undergo LLPS alone but is incorporated into condensates formed by MED1 [81]. Mediator
complex (MED) seems to be another important element that is involved in MLOs formation.
In mammals, MED is a large size complex composed of about 30 subunits that can be
exchanged [93]. MED is not only dynamic in its subunit composition, but its particular
subunits are also intrinsically disordered [94]. The nature of MED facilitates communication
and diverse functional interactions with TFs bound to enhancer-promoter regions. Thus,
MED may also serve as a scaffold around which other components of transcriptional
machinery assembly (e.g., polymerase II RNA, pre-initiation complex (PIC)) and maintain
the integrity of the condensates. This reveals completely new structural or functional roles
of MED. However, there are many questions to be answered. Today, particular components
of transcriptional machinery that undergo LLPS have been identified. However, it is not
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known if TFs form independent condensates that are fused with MED’s condensates or
they only target specific genomic loci where condensates will appear and form MLOs, as
the endogenous concentration of TFs may be not sufficient to form condensates in the cell.

The important element of transcriptional control is the subcellular distribution of
transcriptional machinery. Formation of MLOs could provide an easy way for localization
of proteins and nucleic acids in a spatial and temporal manner [95,96]. Additionally,
such condensates are selective, admitting only specific components and excluding others.
LLPS strongly depends on the local concentration of critical components. Using live-
cell super-resolution imaging methods, Won-Ki Cho and coworkers showed in mouse
embryonic stem cells (mESCs) that endogenous MED and RNA polymerase II (RNA pol
II) form condensates that can colocalize and have properties of MLOs [97]. The model
was proposed in which condensates of MED are recruited at a given locus by TFs and
interact with condensates formed by RNA pol II to promote gene activation. Shasha Chong
and coworkers showed that TFs are also an important element of this model. Employing
single-molecule imaging, they studied, in living cells, LCS–LCS interactions of a subset
of TFs such as EWS/friend leukemia integration 1 transcription factor (FLI1), TAF15, and
Sp1 [98]. They showed that the LCS–LCS interactions are dynamic, multivalent, and
sequence-specific, which enables forming transient local regions of high TF concentrations.
Although LCS–LCS interactions and regions of high TF concentrations were observed at
endogenous expression levels, there was no evidence for their phase separation. LLPS
of LCSs was detected only after overexpression of TFs. Peng A and Stephanie Weber
proposed that condensates can form through at least three distinct mechanisms: (1) binding
of proteins to nucleic acid; (2) bridging, where proteins bind to more than one nucleic acid
site at a time; or (3) LLPS [99]. Each of them represents different concentration dependence
and diffusion across the boundary. It is probable that LCS–LCS interactions for TFs under
investigation lead only to regions with local enrichment of TFs that do not undergo LLPS
what is related to their concentration.

Another important aspect of transcriptional condensates is DNA sequences. Krishna
Shrinivas and coworkers demonstrated that multivalent DNA elements can serve as scaf-
folds for the phase separation of transcriptional condensates [92]. Low concentrations of
TFs and coactivators, which are too low for LLPS, can be sufficient for condensates forma-
tion in the presence of specific DNA sequences. It was shown that the affinity, number, or
density of TF–DNA interactions have a strong impact on condensate formation. Thus, a
large number of binding sites for TFs in DNA sequences might not be accidental but might
evolve to concentrate TFs and enable interactions with MED to form MLOs.

Recent studies have suggested that bio-macromolecular condensates form at super-
enhancers (SEs) [81,96,97,100,101]. This model was supported inter alia by the ability
of BRD4 and MED1, a key component of SEs, to form condensates at sites of SE-driven
transcription. SEs’ condensates bring together many TFs and coactivators containing
IDRs with propensity to LLPS at specific genomic regions and allow for highly selective
transcriptional activation [100]. For formation of transcription condensates, two types of
interactions seems to be important—specific interactions between TFs and DNA sequences
and transient, multivalent interactions between IDRs that regulate formation or stabilize
the condensates.

Many components of transcriptional machinery that undergo LLPS are subjected to
reversible PTMs [31]. One of them is the RNA pol II [102,103]. The C-terminal domain
(CTD) of RNA pol II is a disordered LCS that might have different phosphorylation pat-
tern depending on the stage of transcription (initiation, elongation, or termination). At
transcription initiation, the CTD is unphosphorylated, and it can be incorporated into con-
densates formed by other components of transcriptional machinery, such as TFs and MED.
Phosphorylation of CTD by TFIIH (via its CDK7 kinase subunit) and positive transcription
elongation factor b complex (PTEFb), which includes the kinase CDK9, promotes transfer
from initiation to elongation condensates [103]. The phosphorylated CTD of RNA pol II
can also be incorporated into a condensates formed by splicing factors [104]. These results
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show that RNA pol II plays the role of a client that can reside in the condensates under
certain conditions. They also stress the ability of PTMS to modulate the composition of
condensates. Dephosphorylation of the CTD of RNA pol II induces transcription termi-
nation [105,106]. Thus, LLPS play the role on each stage of transcription, from initiation
to termination.

Many classes of RNA, both coding and non-coding, play an important regulatory role
in the phase separation and MLOs formation. Recently, it was shown that the changes of
RNA concentration during the transcription process dynamically regulate the behavior of
transcriptional condensates [107]. A non-equilibrium feedback control mechanism was
proposed. During transcription initiation, there is a low level of short RNAs that stimulate
condensate formation. RNA molecules promote condensate formation through electrostatic
interactions with proteins [108]. During transcription elongation, a high level of longer
RNAs appear, so the negative charges are much higher than the positive charges, which
causes the repulsion between the charges and condensate dissolution [107]. In addition,
the specific secondary structure of mRNA can also regulate LLPS by influencing interaction
between mRNAs and RNA-binding proteins (RBPs) [109]. Another important class of
RNA molecules that plays a diverse role in gene expression and regulates LLPS is non-
coding RNAs [110]. In general, it is believed that they provide an essential scaffold or
platform for RBPs that promotes protein–protein interactions and leads to MLO formation
such as nuclear bodies (NBs) [52,110–112]. It has been even proposed that this subset of
non-coding RNAs should be designated as “architectural RNAs” (arcRNAs) [113]. Recent
studies revealed that particular NBs (e.g., deleted in breast cancer 1 (DBC1)—containing
NBs) are built using specific arcRNAs that are important for their formation and mainte-
nance [114]. These data clearly indicate the important role of RNA molecules in LLPS and
MLOs formation.

RNA molecules can be also involved in the formation of MLOs through their inter-
action with proteins that contain IDRs. R-loops are three-stranded structures composed
of an RNA–DNA hybrid and a displaced strand of DNA [115]. These structures have an
important role in many cellular processes concerning DNA replication, repair, and tran-
scription. High R-loop levels can lead to genome instability and chromatin alterations [116].
Many proteins that interact with R-loops have been identified. The C-terminal of Fragile X
Protein (FMRP), which exhibits the properties of IDRs, is the predominant R-loop binding
site [117]. Additionally, it has the propensity to undergo LLPS alone or in the presence of
RNA molecules [118]. The analysis of the R-loop interactome showed that many R-loop
processing and signaling proteins contain long IDRs that are highly enriched in LCS [119].
It was suggested that these IDRs could be the predominant sites for interaction with R-
loops, as was shown for the C-terminal of FMRP. Additionally, several proteins in the
R-loop interactome undergo LLPS. These data suggest that LLPS might be an important
aspect of R-loop biology.

Spatial organization of chromatin (both euchromatin and heterochromatin) may also
be attributed to LLPS and MLOs formation [120]. Different factors such as, e.g., DNA
modifications, DNA-binding proteins, and PTMS of histones, may act through LLPS to
affect chromatin organization [121]. One of well-known non-histone chromatin-associated
group of proteins is the heterochromatin protein (HP1) family. HP1s take part in chromatin
condensation [122], modulation of chromatin dynamics [123], and regulation of transcrip-
tion [124]. The alterations in the HP1 expression are linked to different types of cancers.
Recently, it was shown that the human heterochromatin protein 1α (HP1α), which is the
major component of heterochromatin, undergoes LLPS [125]. The process is driven by two
IDRs of HP1α—the N-terminal extension (NTE) and the hinge region. Additionally, the
phase transition of HP1α is phosphorylation-dependent [125]. In humans, there are three
isoforms of HP1 (HP1α, HP1β, and HP1γ), but only HP1α is involved in LLPS. Moreover,
the Drosophila HP1a also exhibits LLPS in similar conditions, but, unlike human HP1α, it
does not require any PTMs [126]. Summarizing, LLPS can lead to chromatin condensation
and consequent repression of gene transcription.
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Alternation of transcription program can lead to different types of cancers [127]. Dys-
regulation of the cis- (e.g., SEs) and trans- (e.g., TFs, coactivators) transcription regulators
described earlier that undergo LLPS can result in the aberrant expression of oncogenes and
facilitate tumor progression [128]. For example, EWS-FLI, the fusion product of intrinsically
disordered amino-terminal domain of EWS and the carboxyl-terminus of FLI1 containing
DBD, is the key oncogenic protein in Ewing sarcoma [129]. The EWS-FLI have ability
to form condensates that are essential for transcription activation and oncogenic gene
expression programs in tumor cells [98]. As already mentioned, the LLPS phenomenon is
also present in the viral life cycle. Many viral proteins are enriched in IDRs. Additionally,
many of them have the ability to undergo LLPS and form so-called inclusion bodies (vi-
ral factories), structures that are associated with viral replication and trafficking of viral
components [130]. The nature and functional relevance of a several examples of inclusion
bodies were reviewed extensively in [131]. Moreover, two recent studies provide evidence
that LLPS during viral replication might be a target for antiviral therapy [132,133]. Thus,
MLOs play important regulatory roles in transcription and viral replication and can also
constitute new approaches to disease therapy.

5. Challenges in the Investigation of the Condensates

LLPS has emerged as a principle of cellular organization. The growing interest in
LLPS has led to the development of a few databases: RNA Granule Database [134], PhaSe-
Pro [135], Pha-SepDB [136], DrLLPS [137], and LLPSDB [138]. They gather information
from the literature about proteins or protein regions with in vivo and in vitro experimen-
tal data, associated with LLPS or associated with known MLOs. They also provide a
range of information on driving forces of LLPS, conditions for condensate formation, and
enable the definition of function and components of particular MLOs. In parallel with
databases, several bioinformatic tools (e.g., PLAAC [139], catGRANULE [140], Pscore [33],
and PSPer [141]) for predicting proteins with propensity to LLPS have been developed.
The description of the algorithms and applications of each tool, their comparison, and
their strengths and limitations have been described previously [142,143]. These tools might
provide new targets for experimental validation. However, it is important to take note of
the type of target protein for correct interpretation of the results as a variety of mechanisms
by which phase separation might occur. Recently, to improve existing methods, a new pre-
dictor called PSAP was developed [144]. It is based solely on amino acid content of proteins
from human proteome that can form liquid condensates in vitro and in vivo. Comparison
of these proteins with the rest of the human proteome enables the generation of a list of
amino-acid-related features that could discriminate proteins with propensity to LLPS and
generate a machine learning algorithm to predict proteome-wide protein phase separation.

Although many components of bio-macromolecular condensates have already been
identified, there is still a significant gap between in vitro and in vivo studies. During
in vitro studies, it is much easier to control many factors, which do not always reflect
real conditions in the cell. There are many models that are designed to mimic specific
aspects of condensates in the cell. For example, inert synthetic polymeric molecules such
as polyethylene glycol (PEG), Ficoll, and dextran have been used to simulate the densely
crowded environment of the cell [145]. However, the behavior of IDRs, that very often
drive LLPS, in the presence of molecular crowding agents can be very complex [146].
Additionally, the macromolecular crowding agents might affect protein structure and
folding and also impact LLPS [147]. Another element that needs to be considered is
the dependence of condensates formation on concentration of some components. The
overexpression of protein can lead to the formation of characteristic foci that might not
have properties of MLOs [98]. In the cells, an appropriate concentration of proteins with
propensity to undergo LLPS needs to be considered to preserve their functional role in
MLO formation. Nazanin Farahi and coworkers found that genes coding for proteins that
undergo LLPS tend to be dosage-sensitive [61]. This tight regulation prevents harmful
changes (increases or decreases) in protein concentration under physiological conditions.



Int. J. Mol. Sci. 2021, 22, 12758 11 of 18

Another challenge is the size of particular condensates. Some types of RNP granules are
difficult to study because they are small, dynamic, and restricted to specific cell types such
as neurons or germ cells [148].

LLPS can be monitored using various methods. There are many techniques for in vitro
studies based on measurements of optical density and light microscopy (contrast- or
fluorescence-based microscopy). There is much less possibility when it comes to in cell
study, which often requires super-resolution microscopy [97,98]. A common technique is
fluorescence recovery after photobleaching (FRAP), which enables the monitoring of the
diffusion of fluorescent-labeled proteins within a photobleached region and the assessment
of macromolecular fluidity within phase-separated condensates [149]. Similar liquid-like
properties and concentration-dependent formation were defined for many MLOs [50,66]
and became one of criteria defining the new ones. However, using FRAP, appropriate
experimental conditions (e.g., the bleach spot size and the ratio of bleach spot to drop size)
need to be applied as they can influence obtained results. Nicole Taylor and coworkers
prepared the guidelines to determine an appropriate model used to fit FRAP data [150].

An important chemical that enables LLPS investigation is 1,6-hexanediol. This com-
pound is known to disrupt liquid-like condensates by interfering with hydrophobic inter-
actions [108]. Sensitivity to 1,6-hexanediol and also 1,2-pentanediol or 1,2-hexanediol is the
characteristic for MLOs, for which contribution of hydrophobic interactions is observed. In
the case where LLPS is driven by electrostatic interactions, 1,6-hexanediol has no effect [83].
However, Yuji Itoh and coworkers showed that 1,6-hexanediol removes water molecules
around chromatin and locally condenses it. Thus, results should be carefully interpreted
when the droplets are associated with chromatin [151]. Both FRAP study and sensitivity
to 1,6-hexanediol may not always be sufficient to demonstrate that particular structure
represents liquid-phase condensate.

Recently, a group of optogenetic tools to investigate LLPS appeared (Figure 3) [152–155].
optoDroplets is a photo-activated system developed for reversible controlling IDR-driven
phase transitions [152]. As most optogenetic tools, optoDroplets is constructed by fusing the
photoreceptor (Cry2) to cellular effector molecules (IDRs of FUS, DDX4, and hnRNPA1), the
activity of which can subsequently be triggered by light (Figure 3A). Only above a threshold
concentration, upon blue light activation, the investigated constructs underwent LLPS, forming
spatiotemporally liquid droplets. Thus, the optoDroplets system enabled the observation of
the phase transition under physiological conditions.

Figure 3. The basic modules of optogenetic tools use to investigate phase separation. Schematic
diagram of the (A) optoDroplets [112], (B) Corelet [114], and the (C) CasDrop system [113]. For
details, see the text.
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The core scaffolds to promote droplets (Corelet) are another optogenetic tool that
was developed for mapping local and global liquid phase behavior [154]. The basis of
this method are two modules (Figure 3B). The first consists of 24 human ferritin-heavy
chain (FTH1) protein subunits (“core”) fused to a nuclear localization signal (NLS), EGFP
protein, and an improved light-inducible dimer (iLID) domain. The second consists of
a sequence under investigation (e.g., IDR of FUS) fused to mCherry tag and SspB. The
iLID heterodimerizes with SspB in response to blue light [156], which, in turn, enables
IDR-containing liquid droplet formation, even under globally dilute IDR concentrations.
Thus, Corelet provides an opportunity to map intracellular phase diagrams.

TFs are often enriched at specific DNA sequences near genes where they may undergo
LLPS. The CRISPR-Cas9-based optogenetic platform termed CasDrop was developed to
investigate formation of condensates at specific genomic loci in the cell [153]. The modular
components of the CasDrop include (1) effector protein Cas9 (dCas9), which can be targeted
to any sequence in the mammalian genome using sequence-specific small guide RNAs
(sgRNAs) fused to SunTag (ST) [157]; (2) single-chain variable fragment (scFv) antibody,
cognate for the ST, fused to super-folder GFP (sfGFP) and iLID; and (3) the sequence
under investigation (e.g., IDR of BRD4, FUS, and TAF15) fused to mCherry tag and SspB
(Figure 3C). The first two components can self-assemble into a multimeric protein complex
that allows for the visualization of seeded sites. The third component provides light-
inducible binding scaffolds for recruiting IDRs [153]. The CasDrop system was used to
show that IDRs can bring distal genomic loci together to form liquid condensates while
mechanically excluding non-specific neighboring genomes.

The propensity to undergo LLPS seems to be a universal property of bio-macromolecules
under defined conditions. The in vitro and in cell studies of recent years allow obtaining
valuable knowledge about different aspects of phase separation in cell biology. They also led
to the development of a few databases and several computational predictors, which might
provide new targets for experimental validation. However, further studies are required to
fully characterize the biophysical properties of MLO components and mechanism of MLO
formation. A lack of appropriate tools to observe LLPS in cells limits the ability to study
their role in cell function and disfunction. A major future challenge is having an accurate set
of methods for investigating MLOs and demonstrating that a specific high-concentration
region of bio-macromolecules is indeed a phase-separated organelle in the context of the cell.
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Czekalska, M.A.; et al. Reentrant liquid condensate phase of proteins is stabilized by hydrophobic and non-ionic interactions.
Nat. Commun. 2021, 12, 1085. [CrossRef]

36. Yeo, G.C.; Keeley, F.W.; Weiss, A.S. Coacervation of tropoelastin. Adv. Colloid Interface Sci. 2011, 167, 94–103. [CrossRef]
37. Zhang, X.; Lin, Y.; Eschmann, N.A.; Zhou, H.; Rauch, J.N.; Hernandez, I.; Guzman, E.; Kosik, K.S.; Han, S. RNA stores tau

reversibly in complex coacervates. PLoS Biol. 2017, 15, e2002183. [CrossRef] [PubMed]
38. Wegmann, S.; Eftekharzadeh, B.; Tepper, K.; Zoltowska, K.M.; Bennett, R.E.; Dujardin, S.; Laskowski, P.R.; MacKenzie, D.;

Kamath, T.; Commins, C.; et al. Tau protein liquid-liquid phase separation can initiate tau aggregation. EMBO J. 2018, 37, e98049.
[CrossRef] [PubMed]

39. Lin, Y.; Fichou, Y.; Longhini, A.P.; Llanes, L.C.; Yin, P.; Bazan, G.C.; Kosik, K.S.; Han, S. Liquid-Liquid Phase Separation of Tau
Driven by Hydrophobic Interaction Facilitates Fibrillization of Tau. J. Mol. Biol. 2021, 433, 166731. [CrossRef]

40. Alberti, S.; Gladfelter, A.; Mittag, T. Considerations and Challenges in Studying Liquid-Liquid Phase Separation and Biomolecular
Condensates. Cell 2019, 176, 419–434. [CrossRef]

41. Van Leeuwen, W.; Rabouille, C. Cellular stress leads to the formation of membraneless stress assemblies in eukaryotic cells. Traffic
2019, 20, 623–638. [CrossRef] [PubMed]

42. Cruz, A.; Verma, M.; Wolozin, B. The Pathophysiology of Tau and Stress Granules in Disease. Adv. Exp. Med. Biol. 2019,
1184, 359–372. [CrossRef] [PubMed]

43. Monahan, Z.; Ryan, V.H.; Janke, A.M.; Burke, K.A.; Rhoads, S.N.; Zerze, G.H.; O’Meally, R.; Dignon, G.L.; Conicella, A.E.; Zheng,
W.; et al. Phosphorylation of the FUS low-complexity domain disrupts phase separation, aggregation, and toxicity. EMBO J. 2017,
36, 2951–2967. [CrossRef] [PubMed]

44. Hornbeck, P.V.; Zhang, B.; Murray, B.; Kornhauser, J.M.; Latham, V.; Skrzypek, E. PhosphoSitePlus, 2014: Mutations, PTMs and
recalibrations. Nucleic Acids Res. 2015, 43, D512–D520. [CrossRef]

45. White, R.; Gonsior, C.; Krämer-Albers, E.-M.; Stöhr, N.; Hüttelmaier, S.; Trotter, J. Activation of oligodendroglial Fyn kinase
enhances translation of mRNAs transported in hnRNP A2-dependent RNA granules. J. Cell Biol. 2008, 181, 579–586. [CrossRef]
[PubMed]

46. Ryan, V.H.; Perdikari, T.M.; Naik, M.T.; Saueressig, C.F.; Lins, J.; Dignon, G.L.; Mittal, J.; Hart, A.C.; Fawzi, N.L. Tyrosine
phosphorylation regulates hnRNPA2 granule protein partitioning and reduces neurodegeneration. EMBO J. 2021, 40, e105001.
[CrossRef]

47. Darling, A.L.; Liu, Y.; Oldfield, C.J.; Uversky, V.N. Intrinsically Disordered Proteome of Human Membrane-Less Organelles.
Proteomics 2018, 18, e1700193. [CrossRef]

48. Kumari, B.; Kumar, R.; Kumar, M. Low complexity and disordered regions of proteins have different structural and amino acid
preferences. Mol. Biosyst. 2015, 11, 585–594. [CrossRef]

49. Kato, M.; Han, T.W.; Xie, S.; Shi, K.; Du, X.; Wu, L.C.; Mirzaei, H.; Goldsmith, E.J.; Longgood, J.; Pei, J.; et al. Cell-free formation of
RNA granules: Low complexity sequence domains form dynamic fibers within hydrogels. Cell 2012, 149, 753–767. [CrossRef]
[PubMed]

50. Molliex, A.; Temirov, J.; Lee, J.; Coughlin, M.; Kanagaraj, A.P.; Kim, H.J.; Mittag, T.; Taylor, J.P. Phase Separation by Low Complexity
Domains Promotes Stress Granule Assembly and Drives Pathological Fibrillization. Cell 2015, 163, 123–133. [CrossRef]

51. Borcherds, W.; Bremer, A.; Borgia, M.B.; Mittag, T. How do intrinsically disordered protein regions encode a driving force for
liquid-liquid phase separation? Curr. Opin. Struct. Biol. 2021, 67, 41–50. [CrossRef] [PubMed]

52. Lin, Y.; Protter, D.S.W.; Rosen, M.K.; Parker, R. Formation and Maturation of Phase-Separated Liquid Droplets by RNA-Binding
Proteins. Mol. Cell 2015, 60, 208–219. [CrossRef] [PubMed]

53. Holehouse, A.S. Chapter 7—IDPs and IDRs in biomolecular condensates. In Intrinsically Disordered Proteins; Salvi, N., Ed.;
Academic Press: Cambridge, MA, USA, 2019; pp. 209–255, ISBN 978-0-12-816348-1.

54. Babu, M.M. The contribution of intrinsically disordered regions to protein function, cellular complexity, and human disease.
Biochem. Soc. Trans. 2016, 44, 1185–1200. [CrossRef] [PubMed]

55. Li, P.; Banjade, S.; Cheng, H.-C.; Kim, S.; Chen, B.; Guo, L.; Llaguno, M.; Hollingsworth, J.V.; King, D.S.; Banani, S.F.; et al. Phase
transitions in the assembly of multivalent signalling proteins. Nature 2012, 483, 336–340. [CrossRef]

56. Davey, N.E.; Van Roey, K.; Weatheritt, R.J.; Toedt, G.; Uyar, B.; Altenberg, B.; Budd, A.; Diella, F.; Dinkel, H.; Gibson, T.J. Attributes
of short linear motifs. Mol. Biosyst. 2012, 8, 268–281. [CrossRef]

57. Pierce, W.K.; Grace, C.R.; Lee, J.; Nourse, A.; Marzahn, M.R.; Watson, E.R.; High, A.A.; Peng, J.; Schulman, B.A.; Mittag, T.
Multiple Weak Linear Motifs Enhance Recruitment and Processivity in SPOP-Mediated Substrate Ubiquitination. J. Mol. Biol.
2016, 428, 1256–1271. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2018.03.056
http://www.ncbi.nlm.nih.gov/pubmed/29677515
http://doi.org/10.7554/eLife.31486
http://www.ncbi.nlm.nih.gov/pubmed/29424691
http://doi.org/10.1016/j.jbc.2021.100367
http://doi.org/10.1038/s41467-021-21181-9
http://doi.org/10.1016/j.cis.2010.10.003
http://doi.org/10.1371/journal.pbio.2002183
http://www.ncbi.nlm.nih.gov/pubmed/28683104
http://doi.org/10.15252/embj.201798049
http://www.ncbi.nlm.nih.gov/pubmed/29472250
http://doi.org/10.1016/j.jmb.2020.166731
http://doi.org/10.1016/j.cell.2018.12.035
http://doi.org/10.1111/tra.12669
http://www.ncbi.nlm.nih.gov/pubmed/31152627
http://doi.org/10.1007/978-981-32-9358-8_26
http://www.ncbi.nlm.nih.gov/pubmed/32096049
http://doi.org/10.15252/embj.201696394
http://www.ncbi.nlm.nih.gov/pubmed/28790177
http://doi.org/10.1093/nar/gku1267
http://doi.org/10.1083/jcb.200706164
http://www.ncbi.nlm.nih.gov/pubmed/18490510
http://doi.org/10.15252/embj.2020105001
http://doi.org/10.1002/pmic.201700193
http://doi.org/10.1039/C4MB00425F
http://doi.org/10.1016/j.cell.2012.04.017
http://www.ncbi.nlm.nih.gov/pubmed/22579281
http://doi.org/10.1016/j.cell.2015.09.015
http://doi.org/10.1016/j.sbi.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/33069007
http://doi.org/10.1016/j.molcel.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26412307
http://doi.org/10.1042/BST20160172
http://www.ncbi.nlm.nih.gov/pubmed/27911701
http://doi.org/10.1038/nature10879
http://doi.org/10.1039/C1MB05231D
http://doi.org/10.1016/j.jmb.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26475525


Int. J. Mol. Sci. 2021, 22, 12758 15 of 18

58. Bah, A.; Forman-Kay, J.D. Modulation of Intrinsically Disordered Protein Function by Post-translational Modifications. J. Biol.
Chem. 2016, 291, 6696–6705. [CrossRef]

59. Shin, Y.; Brangwynne, C.P. Liquid phase condensation in cell physiology and disease. Science 2017, 357, eaaf4382. [CrossRef]
60. Banani, S.F.; Rice, A.M.; Peeples, W.B.; Lin, Y.; Jain, S.; Parker, R.; Rosen, M.K. Compositional Control of Phase-Separated Cellular

Bodies. Cell 2016, 166, 651–663. [CrossRef] [PubMed]
61. Farahi, N.; Lazar, T.; Wodak, S.J.; Tompa, P.; Pancsa, R. Integration of Data from Liquid-Liquid Phase Separation Databases

Highlights Concentration and Dosage Sensitivity of LLPS Drivers. Int. J. Mol. Sci. 2021, 22, 3017. [CrossRef]
62. Hamill, D.R.; Severson, A.F.; Carter, J.C.; Bowerman, B. Centrosome maturation and mitotic spindle assembly in C. elegans

require SPD-5, a protein with multiple coiled-coil domains. Dev. Cell 2002, 3, 673–684. [CrossRef]
63. Ishov, A.M.; Sotnikov, A.G.; Negorev, D.; Vladimirova, O.V.; Neff, N.; Kamitani, T.; Yeh, E.T.; Strauss, J.F., 3rd; Maul, G.G. PML is

critical for ND10 formation and recruits the PML-interacting protein daxx to this nuclear structure when modified by SUMO-1. J.
Cell Biol. 1999, 147, 221–234. [CrossRef] [PubMed]

64. Dellaire, G.; Eskiw, C.H.; Dehghani, H.; Ching, R.W.; Bazett-Jones, D.P. Mitotic accumulations of PML protein contribute to the
re-establishment of PML nuclear bodies in G1. J. Cell Sci. 2006, 119, 1034–1042. [CrossRef] [PubMed]

65. Weidtkamp-Peters, S.; Lenser, T.; Negorev, D.; Gerstner, N.; Hofmann, T.G.; Schwanitz, G.; Hoischen, C.; Maul, G.; Dittrich, P.;
Hemmerich, P. Dynamics of component exchange at PML nuclear bodies. J. Cell Sci. 2008, 121, 2731–2743. [CrossRef] [PubMed]

66. Brangwynne, C.P.; Mitchison, T.J.; Hyman, A.A. Active liquid-like behavior of nucleoli determines their size and shape in
Xenopus laevis oocytes. Proc. Natl. Acad. Sci. USA 2011, 108, 4334–4339. [CrossRef] [PubMed]

67. Weber, S.C.; Brangwynne, C.P. Inverse Size Scaling of the Nucleolus by a Concentration-Dependent Phase Transition. Curr. Biol.
2015, 25, 641–646. [CrossRef]

68. Weber, S.C. Sequence-encoded material properties dictate the structure and function of nuclear bodies. Curr. Opin. Cell Biol. 2017,
46, 62–71. [CrossRef] [PubMed]

69. Zhou, Y.; Su, J.M.; Samuel, C.E.; Ma, D. Measles Virus Forms Inclusion Bodies with Properties of Liquid Organelles. J. Virol. 2019,
93, 00948-19. [CrossRef] [PubMed]

70. Kroschwald, S.; Maharana, S.; Mateju, D.; Malinovska, L.; Nüske, E.; Poser, I.; Richter, D.; Alberti, S. Promiscuous interactions
and protein disaggregases determine the material state of stress-inducible RNP granules. eLife 2015, 4, e06807. [CrossRef]

71. Anderson, P.; Kedersha, N. RNA granules: Post-transcriptional and epigenetic modulators of gene expression. Nat. Rev. Mol. Cell
Biol. 2009, 10, 430–436. [CrossRef] [PubMed]

72. Decker, C.J.; Parker, R. P-bodies and stress granules: Possible roles in the control of translation and mRNA degradation. Cold
Spring Harb. Perspect. Biol. 2012, 4, a012286. [CrossRef] [PubMed]

73. Mackenzie, I.R.; Nicholson, A.M.; Sarkar, M.; Messing, J.; Purice, M.D.; Pottier, C.; Annu, K.; Baker, M.; Perkerson, R.B.; Kurti,
A.; et al. TIA1 Mutations in Amyotrophic Lateral Sclerosis and Frontotemporal Dementia Promote Phase Separation and Alter
Stress Granule Dynamics. Neuron 2017, 95, 808–816.e9. [CrossRef] [PubMed]

74. Murray, D.T.; Kato, M.; Lin, Y.; Thurber, K.R.; Hung, I.; McKnight, S.L.; Tycko, R. Structure of FUS Protein Fibrils and Its Relevance
to Self-Assembly and Phase Separation of Low-Complexity Domains. Cell 2017, 171, 615–627.e16. [CrossRef]

75. Pakravan, D.; Michiels, E.; Bratek-Skicki, A.; De Decker, M.; Van Lindt, J.; Alsteens, D.; Derclaye, S.; Van Damme, P.; Schymkowitz,
J.; Rousseau, F.; et al. Liquid-Liquid Phase Separation Enhances TDP-43 LCD Aggregation but Delays Seeded Aggregation.
Biomolecules 2021, 11, 548. [CrossRef] [PubMed]

76. Holehouse, A.S.; Pappu, R. V Functional Implications of Intracellular Phase Transitions. Biochemistry 2018, 57, 2415–2423.
[CrossRef] [PubMed]

77. Pancsa, R.; Schad, E.; Tantos, A.; Tompa, P. Emergent functions of proteins in non-stoichiometric supramolecular assemblies.
Biochim. Biophys. Acta Proteins Proteom. 2019, 1867, 970–979. [CrossRef] [PubMed]

78. Hondele, M.; Heinrich, S.; De Los Rios, P.; Weis, K. Membraneless organelles: Phasing out of equilibrium. Emerg. Top. Life Sci.
2020, 4, 331–342. [CrossRef]

79. Li, Q.; Wang, X.; Dou, Z.; Yang, W.; Huang, B.; Lou, J.; Zhang, Z. Protein Databases Related to Liquid-Liquid Phase Separation.
Int. J. Mol. Sci. 2020, 21, 6796. [CrossRef] [PubMed]

80. Sabari, B.R.; Dall’Agnese, A.; Young, R.A. Biomolecular Condensates in the Nucleus. Trends Biochem. Sci. 2020, 45, 961–977.
[CrossRef]

81. Boija, A.; Klein, I.A.; Sabari, B.R.; Dall’Agnese, A.; Coffey, E.L.; Zamudio, A.V.; Li, C.H.; Shrinivas, K.; Manteiga, J.C.; Hannett,
N.M.; et al. Transcription Factors Activate Genes through the Phase-Separation Capacity of Their Activation Domains. Cell 2018,
175, 1842–1855.e16. [CrossRef]

82. Stortz, M.; Pecci, A.; Presman, D.M.; Levi, V. Unraveling the molecular interactions involved in phase separation of glucocorticoid
receptor. BMC Biol. 2020, 18, 59. [CrossRef] [PubMed]

83. Ahmed, J.; Meszaros, A.; Lazar, T.; Tompa, P. DNA-binding domain as the minimal region driving RNA-dependent liquid-liquid
phase separation of androgen receptor. Protein Sci. 2021, 30, 1380–1392. [CrossRef]

84. Zhang, F.; Wong, S.; Lee, J.; Lingadahalli, S.; Wells, C.; Saxena, N.; Sanchez, C.; Sun, B.; Parra-Nuñez, A.K.; Chan, N.; et al.
Dynamic phase separation of the androgen receptor and its coactivators to regulate gene expression. bioRxiv 2021. [CrossRef]

http://doi.org/10.1074/jbc.R115.695056
http://doi.org/10.1126/science.aaf4382
http://doi.org/10.1016/j.cell.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27374333
http://doi.org/10.3390/ijms22063017
http://doi.org/10.1016/S1534-5807(02)00327-1
http://doi.org/10.1083/jcb.147.2.221
http://www.ncbi.nlm.nih.gov/pubmed/10525530
http://doi.org/10.1242/jcs.02817
http://www.ncbi.nlm.nih.gov/pubmed/16492707
http://doi.org/10.1242/jcs.031922
http://www.ncbi.nlm.nih.gov/pubmed/18664490
http://doi.org/10.1073/pnas.1017150108
http://www.ncbi.nlm.nih.gov/pubmed/21368180
http://doi.org/10.1016/j.cub.2015.01.012
http://doi.org/10.1016/j.ceb.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28343140
http://doi.org/10.1128/JVI.00948-19
http://www.ncbi.nlm.nih.gov/pubmed/31375591
http://doi.org/10.7554/eLife.06807
http://doi.org/10.1038/nrm2694
http://www.ncbi.nlm.nih.gov/pubmed/19461665
http://doi.org/10.1101/cshperspect.a012286
http://www.ncbi.nlm.nih.gov/pubmed/22763747
http://doi.org/10.1016/j.neuron.2017.07.025
http://www.ncbi.nlm.nih.gov/pubmed/28817800
http://doi.org/10.1016/j.cell.2017.08.048
http://doi.org/10.3390/biom11040548
http://www.ncbi.nlm.nih.gov/pubmed/33917983
http://doi.org/10.1021/acs.biochem.7b01136
http://www.ncbi.nlm.nih.gov/pubmed/29323488
http://doi.org/10.1016/j.bbapap.2019.02.007
http://www.ncbi.nlm.nih.gov/pubmed/30826453
http://doi.org/10.1042/ETLS20190190
http://doi.org/10.3390/ijms21186796
http://www.ncbi.nlm.nih.gov/pubmed/32947964
http://doi.org/10.1016/j.tibs.2020.06.007
http://doi.org/10.1016/j.cell.2018.10.042
http://doi.org/10.1186/s12915-020-00788-2
http://www.ncbi.nlm.nih.gov/pubmed/32487073
http://doi.org/10.1002/pro.4100
http://doi.org/10.1101/2021.03.27.437301


Int. J. Mol. Sci. 2021, 22, 12758 16 of 18

85. Bouchard, J.J.; Otero, J.H.; Scott, D.C.; Szulc, E.; Martin, E.W.; Sabri, N.; Granata, D.; Marzahn, M.R.; Lindorff-Larsen, K.; Salvatella,
X.; et al. Cancer Mutations of the Tumor Suppressor SPOP Disrupt the Formation of Active, Phase-Separated Compartments. Mol.
Cell 2018, 72, 19–36.e8. [CrossRef] [PubMed]

86. Stortz, M.; Presman, D.M.; Pecci, A.; Levi, V. Phasing the intranuclear organization of steroid hormone receptors. Biochem. J. 2021,
478, 443–461. [CrossRef] [PubMed]

87. Cao, X.; Liu, W.; Lin, F.; Li, H.; Kolluri, S.K.; Lin, B.; Han, Y.; Dawson, M.I.; Zhang, X. Retinoid X receptor regulates Nur77/TR3-
dependent apoptosis [corrected] by modulating its nuclear export and mitochondrial targeting. Mol. Cell. Biol. 2004, 24, 9705–9725.
[CrossRef]
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