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Abstract

Nuclear processes such as DNA replication, transcription, and RNA processing each depend on
the concerted action of many different protein and RNA molecules. How biomolecules with shared
functions find their way to specific locations has been assumed to occur largely by diffusion-
mediated collisions. Recent studies have shown that many nuclear processes occur within
condensates that compartmentalize and concentrate the protein and RNA molecules required for
each process, typically at specific genomic loci. These condensates have common features and
emergent properties that provide the cell with regulatory capabilities beyond canonical molecular
regulatory mechanisms. We describe here the shared features of nuclear condensates, the
components that produce locus-specific condensates, elements of specificity, and the emerging
understanding of mechanisms regulating these compartments.

Nuclear Condensates

Diverse nuclear processes function in dynamic compartments where the tens to hundreds of
different protein and RNA molecules involved are concentrated, often at specific DNA loci.
Early cytologists observed the largest and most stable of these compartments over a century
ago, the nucleolus and Cajal bodies [1-3]. The list of nuclear compartments has expanded
substantially since and have been described as biomolecular condensates (see Glossary),
membraneless organelles, nuclear bodies, non-membrane-bound bodies, factories, hubs, and
clusters. We refer to them here as biomolecular condensates. The term condensate makes no
assumption regarding either the physical mechanism through which assembly is achieved
nor the material state of the resulting assembly. Rather, it allows us to discuss both bodies
that form through phase separation, as well as bodies where the physical origins of assembly
are unknown. This term also provides a link to condensed matter physics, which has become
instructive for investigating the formation and regulation of these previously enigmatic
compartments [4]. Many excellent reviews have been published covering the general
principles of condensate biology and its links to concepts and theory adopted from physics
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and chemistry [4-11]. In this review, we focus on the shared and distinguishing features of
nuclear condensates, and their regulation.

The nuclear condensates that have been described as of this writing are listed in Table 1 and
images for various nuclear condensates found in embryonic stem cells are shown in Figure
1. The remarkable feature of these condensates is that they encompass most of the nuclear
regulatory processes that have been the subject of detailed genetic, biochemical, and
structural studies, and thus processes where there is considerable knowledge of the
regulatory apparatus and the molecular mechanisms by which regulation of the process
occurs. These nuclear processes include, but are not limited to, regulation of chromosome
structure and maintenance [12-16], DNA replication [17], DNA repair [18,19], transcription
[20-24], RNA processing [25,26], and preribosome assembly [27-30]. The reviews that
have described these processes have historically focused on regulatory mechanisms by
which individual proteins and multisubunit protein complexes perform their functions, but
lack the additional perspectives that come from considering these processes in the context of
condensates. It is our goal to provide that context by describing features shared by nuclear
condensates and the additional layers of regulation these can provide to nuclear processes.

Biomolecular condensates in the nucleus and cytoplasm of cells can compartmentalize and
concentrate functionally related components. They are thought to accomplish this through
weak, multivalent, and dynamic interactions among proteins and other biopolymers in the
absence of a bounding membrane (Figure 2) [4,5]. These weak multivalent interactions
can involve intrinsically disordered regions (IDRs) [31], structured modular domains [32],
oligomerization domains [33], and other features enabling one protein to engage with
multiple proteins simultaneously [8]. Weak cooperative interactions are thought to facilitate
evolutionary change leading to their positive selection in diverse cellular processes [34].
Most nuclear condensates interact with specific DNA loci, and this imposes some degree of
organization for the biomolecular condensates within the nucleus (Figure 1B).

We first consider the shared functional benefits of three features common to condensates:
compartmentalization, selective partitioning, and concentration. We then discuss the
different ways that condensates are formed at specific genomic loci, with a focus on
bifunctional proteins with both stable structured domains and condensate-promoting
domains that contribute to loci-specific condensates. The ability of biomolecules and drugs
to partition selectively into specific condensates has been described, and we explore what is
known about the determinants of specificity. Condensates typically contain RNA molecules
and we note the nuclear RNA components in these bodies. Finally, we discuss the various
ways that nuclear condensates are regulated and the various disease contexts where nuclear
condensates are dysregulated.

Shared Features of Nuclear Condensates

Compartmentalization

Nuclear regulatory processes typically engage large numbers of protein molecules. For
example, the process of transcription initiation at a protein-coding gene involves over a
hundred protein molecules, including transcription factors (TFs), cofactors, and the
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transcription apparatus itself [35,36]. Compartmentalization of proteins involved in specific
nuclear regulatory processes provides a means to separate them from the thousands involved
in other activities (Figure 3A). Compartmentalization has additional benefits when
considering how 5-10 billion protein molecules in a cell find others that must cooperate in a
functional process. For example, the effective search space for proteins to find their binding
partners or substrates is smaller when they partition selectively into specific condensates,
and are excluded from others (Figure 3B,C).

Condensates are not homogeneous entities and can consist of substructures that permit
spatiotemporal regulation [37,38]. This feature, which can create an ‘assembly line’, is best
characterized in the most prominent nuclear condensate, the nucleolus [28,39,40]. rRNA
transcription, processing, and assembly into preribosomes all occur within three distinct
domains of the nucleolus, organized to ensure proper division and order of labor [30,41].
RNA polymerase (Pol) I and its associated factors are compartmentalized in one domain of
the nucleolar condensate (fibrillar center) with tandem arrays of 45S rRNA genes.
Transcribed 45S rRNA is cleaved and processed into rRNA subunits in a second layer (dense
fibrillar center) and then assembled into preribosomes in a third outer layer (granular
component). Disruption of this spatiotemporal condensate organization leads to cell death
[42,43], demonstrating the functional importance of compartmentalizing this nuclear
activity.

Compartmentalization also enables the nonstoichiometric accumulation of functionally
related components and can thereby enhance the efficiency of a process. For example, the
presence of hundreds of molecules of RNA Pol Il within a superenhancer condensate [23]
allows multiple molecules of the enzyme to load back to back on promoter DNA and may
facilitate the transcriptional bursting phenomenon — the production of multiple transcripts
within a short timeframe — that is observed at many genes [44-47]. In the absence of a
condensate mechanism, the process of accumulating multiple molecules of the transcription
apparatus by one-to-one binding of the diverse proteins necessary for transcription might
render the process far less efficient.

The compartmentalization of functionally related proteins in biomolecular condensates
provides the cell with an additional useful feature: it allows the formation of a reservoir for
components that can be efficiently ‘borrowed’ to form a separate condensate when needed
temporarily at a separate site. As an example, the diverse components of the mRNA splicing
apparatus occur in nuclear condensates called speckles (Figure 1) [48]. Separately, at sites of
active transcription, there is evidence that sufficient amounts of splice apparatus can be
recruited to form cotranscriptional splicing condensates on the nascent RNAs [23]. The
cotranscriptional splicing condensates appear to borrow material from the speckles because
inhibition of transcription causes the speckles to grow larger and rounder, presumably due to
the collection of additional material that is no longer engaged in the splicing condensates
that occur at active genes [25,48].

Selective Partitioning

The ability of condensates to selectively partition biomolecules is essential for functional
compartmentalization (Figure 3B). The nucleolus again provides a striking example of this
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feature, where products of the first step in the process become disfavored components of an
inner condensate and favored for an outer condensate, creating a vector of transport [39,40].
In a similar way, RNA Pol Il is dynamically partitioned between enhancer—promoter
condensates and elongation-splicing condensates, in a process regulated by phosphorylation
of its disordered C-terminal domain (CTD) [25]. RNA Pol Il is selectively partitioned into
mediator condensates and TATA-box binding protein associated factor 15 hydrogels by its
disordered CTD, but excluded upon CTD phosphorylation [25,49], whereupon it becomes a
client for splicing condensates [25]. This is one illustration of how post-translational
modifications, long understood to alter the preference for specific binding partners, can alter
preference for the community of molecules that constitute a specific condensate or a
condensate substructure.

Concentration

Selective partitioning of specific molecules into a compartment produces a higher
concentration of the biomolecules involved in each process. The density of proteins within
the condensate is not expected to be higher than the density of proteins outside the
condensate. Rather the concentration of the functionally related proteins that selectively
partition into the condensate can be higher within versus outside the condensate (Figure 3D).
For example, the concentration of G3BP is estimated to be ~10-fold higher within stress
granules than outside [50]. In droplet assays with one or a few components, the relative
concentrations within and outside the condensate can be higher; for example, the
concentration of nucleosomes in a droplet can be ~10 000-fold higher than outside the
droplet [16].

Components That Promote Condensate Formation at Specific Genomic

Loci

TFs, Enhancers, and Promoters

TFs bind to enhancers and promoters and stimulate transcription from specific genes. TFs
typically consist of a stable structured domain involved in selective DNA binding, and an
activation domain consisting of an IDR [51] that weakly interacts with IDRs in cofactors to
form dynamic assemblies [21]. This type of bifunctional protein — one that has a structured
domain capable of relatively high-affinity binding to a specific DNA, RNA, or protein
sequence, coupled to an IDR or other condensate-promoting domain, is typical of proteins
that tether nuclear condensates to specific regions of the genome (Figure 4A).

Enhancers and promoters are DNA elements that contain large numbers of binding sites for
TFs, and recent studies suggest that these elements have evolved to crowd TFs to a threshold
for condensate formation with coactivators [24]. These studies indicate that such elements
create the threshold density and number of TF binding sites necessary to locally concentrate
coactivators, which tend to be highly disordered, thus forming transcriptional condensates
(Figure 4B). They also suggest that activation of transcription depends on reaching this
threshold [24]. This type of localized phase separation is similar to the diffusive-capture
model used to describe condensates formed around engineered multivalent seeds [52,53] and
the localized-induction model for regulation of condensate formation and size [54].
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RNA and RNA-Binding Proteins

Transcription produces an RNA species that is tethered to the elongating RNA Pol, during
which various processing steps are accomplished. This nascent RNA, and the
phosphorylated CTD of RNA Pol Il, can be bound directly by structured domains of RNA-
processing enzymes, which can also self-associate via IDRs rich in arginine and serine (RS
domains) [55]. This is another example of a bifunctional protein that has a structured domain
capable of relatively high-affinity binding to a specific molecule, coupled to a condensate-
promoting domain that participates in weak multivalent interactions of the type that occur in
condensates (Figure 4). It is also an example of a nucleic acid polymer providing multiple
binding sites that locally concentrate proteins with condensate-promoting domains, thus
providing threshold concentrations of molecules that form networks of weak multivalent and
dynamic interactions.

RNA molecules are among the components of nearly all well-studied biomolecular
condensates. Some of these RNA species may mediate nucleated condensate formation by
crowding RNA binding proteins and components of the RNA processing machinery that are
rich in condensate-promoting domains [56-58]. RNA species also promote condensate
formation through electrostatic interactions with proteins [59,60] and by forming secondary
structures that facilitate RNA-RNA [61] or RNA—protein interactions [62].

Nascent RNA associated with the active transcription apparatus is thought to nucleate the
formation of various nuclear condensates, including the nucleolus, histone locus bodies, and
Cajal bodies [58,63]. This view is supported by the observation that artificially tethering
specific RNAs to the genome leads to the formation of specific condensates at a locus [64].
Based on this knowledge, it is likely that the RNA species transcribed from active enhancers
[65], sites of DNA damage [66], and repetitive regions of the genome [67,68] also contribute
to the formation of nuclear condensates.

Thousands of noncoding RNAs are transcribed in cells, the vast majority of which do not
have defined functions, but some are essential components of nuclear condensates. For
example, nuclear paraspeckle assembly transcript (NEAT)1 is a highly expressed nuclear
long noncoding RNA (IncRNA) and an essential component of paraspeckles [69]. NEAT1
promotes condensate formation by recruitment and local crowding of proteins capable of
self-interaction to repeats of binding sites [38,70]. Xist is a IncRNA required for X
chromosome inactivation in mammalian dosage compensation, and Xist-driven X
inactivation yields a compacted X chromosome called a Barr body, which has been
suggested to form by locally crowding RNA-binding proteins with condensate-promoting
domains, similar to the mechanism described for NEAT1 [71,72]. The IncRNA DIGIT,
required for definitive endoderm differentiation, forms condensates with bromodomain-
containing protein (BRD)3 at key endoderm-specifying genes during differentiation [73]. It
seems likely that many additional IncRNAs will be found to contribute to condensate
formation and regulation, and that the dysregulation of IncRNAs commonly observed in
diverse tumor cells [74] may contribute to the oncogenic state of these cells by altering the
condensate environment.
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Nucleosomal Histones

Histones are another example of bifunctional proteins that form well-characterized structures
and engage in condensate formation. The core histone proteins each have a structured
domain that together with DNA forms a stoichiometric complex, the nucleosome. Each
histone also contains N- and C-terminal IDRs (often referred to as histone tails). These
histone tails participate in weak multivalent interactions regulated by an array of post-
translational modifications (PTMs), which contribute to different chromatin states associated
with different gene activities [75,76]. For example, the chromatin fiber can condense via
multivalent nucleosome—nucleosome interactions mediated by the unstructured N-terminal
tails of the histone proteins and form a silent transcriptional state [16]. These interactions are
altered by acetylation of lysine residues in the N-terminal tail, which reverses chromatin
condensation, and this form of chromatin is associated with an active transcriptional state
[16]. Such acetylation is carried out by transcriptional coactivators that are recruited to
specific regulatory elements by TFs. Nucleosomes within the gene body are modified by a
different set of histone marks, including monoubiquitinated on histone H2B. Condensate-
forming proteins associated with gene bodies serve to concentrate specific H2B ubiquitin
ligases, thereby enhancing H2B ubiquitination on these portions of active genes [77].

Specificity

The canonical model of high-affinity interactions between structured portions of proteins is
based on well-documented features of shape, charge, and hydrophobicity, and these features
provide a solid foundation for understanding the determinants of specificity between
interacting biomolecules. By contrast, our understanding of the features of condensates that
produce selective partitioning is less well understood. In the nucleus, where specific DNA
sequences and RNA molecules can contribute to locus-specific interactions, the bifunctional
proteins discussed above can provide a scaffold for both condensate location and formation.
What are the determinants of specificity that cause preferential partitioning of a protein into
one condensate (e.g., a transcriptional condensate) versus another (e.g., a heterochromatin
condensate)? We have clues from studies of condensate-forming proteins and small-
molecule drugs that selectively partition into specific condensates.

Detailed study of several condensate-promoting proteins has revealed that interactions
among charged and aromatic residues (Figure 2), the valence of those interactions, and the
patterning of those interactions are key molecular determinants of phase separation in vitro
and condensate formation in cells [78-81]. For example, the condensate-forming protein
FUS has been subjected to extensive mutagenesis to identify amino acid side chains that
contribute to condensate formation. The results highlight contributions by collections of side
chains contributing to electrostatic, pi—pi and pi—cation interactions [78]. pi—pi
interactions have been proposed to be a general feature for condensate formation [82]. Other
condensates are dominated by charge—charge interactions, occurring either between negative
and positive patches of the same protein [80] or between two differently charged proteins
[79]. Associative polymer models can now predict the specific phase separation capacity of
proteins based on protein sequence alone by considering type, valence, and pattern of
interacting amino acids [8,81]. As much as partitioning is determined by binding sites in the
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underlying multivalent network [83], these studies provide clues as to how molecules are
selectively partitioned.

Additional clues to the determinants of specificity of partitioning have come from the study
of anticancer drugs [84]. Some of these compounds preferentially concentrate in
transcriptional coactivator condensates and then act on their targets at concentrations far
higher (600-fold) than anticipated in conventional assays. In the case of cisplatin, the
coactivator amino acids that contribute to this high preferential partitioning suggest that pi—
pi and pi—cation interactions are important. Interestingly, coactivator condensate formation
does not depend on these amino acids, but rather on a separate set of amino acids that
compose a large serine patch.

Although much remains to be discovered about the features of condensates that produce
selective partitioning, we infer that there are at least four types of contributions: canonical
partitioning among membrane-bound organelles, conventional interactions among
biomolecules, bifunctional biomolecules that interact with specific genomic loci through
sequence specificity, and the milieu formed by amino acid side chains intermingling
dynamically with conventional electrostatic, pi—pi and hydrophobic interactions (Figure 5).

Regulation of Nuclear Condensates

The multivalent interaction networks that form nuclear condensates are regulated by
reversible covalent modifications of specific regions of chromatin, local synthesis of RNA,
and by kinases whose activities can dissolve condensates (Figure 6). Each of these
regulatory mechanisms operates by enhancing or reducing multivalent interactions among
components.

Reversible Covalent Modifications of Chromatin

Protein, DNA, and RNA are subjected to diverse reversible covalent modifications that can
enhance or reduce interactions among macromolecules. Studies of histones provide the
richest picture of the types of modifications that occur in proteins. Histones can be modified
by acetylation, methylation, phosphorylation, ubiquitylation, GICNAcylation, citrullination,
crotonylation, and more [85]. These modifications are added or removed from specific
amino acid residues by specific sets of enzymes, often called writers and erasers. The
modification of histones regulates the binding of a class of proteins called readers, which
bind to or are ejected by specifically modified residues. These reader proteins that bind with
weak affinity to histones in a modification-dependent fashion can, in turn, recruit enzymes
that contribute to local gene activity or repression [86,87]. The weak multivalent interactions
among readers and histone PTMs are associated with condensate formation and dissolution
[15,16,88]. Thus, we now understand that genomic loci with specific chromatin marks,
patterns of histone modifications across a locus, might represent different dynamic
condensate states [15,16,88] (Figure 6A).

As examples, we now know that large numbers of BRD4 molecules, readers of acetylated
nucleosomes, occur in active transcriptional condensates [20]. Similarly, large numbers of
heterochromatin protein (HP)1a bind nucleosomes marked by H3K9me3 in heterochromatin
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condensates [88] (Figure 6A). In addition to these examples of euchromatic and
heterochromatic condensates, chromatin and chromatin-associated proteins present at sites
of DNA damage are modified by diverse PTMs, including poly-ADP ribosylation, which
promotes concentration of components in condensates at sites of DNA damage [18,78].
Poly-ADP ribosylation has also been implicated in promoting compartmentalization of
components necessary for transcriptional activity [89,90]. Cells have thus evolved a large
diversity of enzymatically regulated covalent modifications to produce dynamic control of
multivalent interaction networks that regulate condensate assembly and disassembly.

Reversible covalent modifications of both RNA and DNA have also been implicated in
condensate regulation. The m6A modification of RNA creates binding sites for DF proteins,
which undergo phase separation at threshold numbers of m6A-induced DF binding sites
[91]. Methylation of CpG dinucleotides in DNA creates binding sites for MeCP2 and other
methyl-CpG binding proteins, which can promote phase separation of protein-DNA
complexes (Li et al., unpublished). MeCP2 is another example of a bifunctional protein
(Figure 4) with a DNA-binding domain and a large C-terminal IDR. This IDR is often
mutated or truncated in patients with the neurological disorder, Rett syndrome, and is
crowded at domains of CpG methylation, thus modulating condensation of chromatin (Li et
al., unpublished).

Local RNA Synthesis

Proteins with RNA-binding domains and multivalent-interaction domains become locally
concentrated when multiple protein subunits bind a single RNA molecule and the
multivalent-interaction regions self-associate [4,5]. Many such cases have been documented
for cytoplasmic RNA granules [62,92-94]. In the nucleus, nascent RNAs tethered to RNA
Pol provide templates for local condensate formation at specific loci (Figure 6B) [58,63].
The regulatory role of RNA in nuclear condensates is multifaceted and context dependent.
While we have focused here on the role of RNAs in condensate formation, RNA has also
been proposed to buffer the solubility of RNA-binding proteins in the nucleus [95]. The
amount of RNA seems to be important to its regulation of condensate formation. More
specifically, the ratio of the negatively charged RNA polymer to a positively charged protein
will impact complex coacervation, a specific class of phase separation involving oppositely
charged polymers, with equal ratios promoting and unequal ratios disfavoring condensates in
a process known as re-entrant phase transition [96,97]. It will be of interest to explore the
extent to which these polymer properties have a regulatory role in cellular condensates.

Multicondensate Dissolution by Dual Specificity Tyrosine-Phosphorylation-Regulated
Kinase (DYRKS3)

Many nuclear condensates dissolve during mitosis and reform in the daughter cells,
suggesting that general regulatory mechanisms exist to rapidly dissolve multiple types of
nuclear condensates. The kinase DYRK3 has been proposed to exhibit this general
dissolvase activity [98]. Chemical inhibition of DYRKS3 leads to the persistence of several
nuclear condensates through nuclear envelope breakdown, leading to the aberrant mixing of
several cytoplasmic and nuclear condensates. A sharp threshold of DYRKS to substrate
concentrations was identified over which condensates dissolved and below which they
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persisted, suggesting a tightly regulated switch for controlling multiple condensates
simultaneously [98]. Some condensates are unaffected by DYRKS3 inhibition, including
nucleoli and Cajal bodies, suggesting that other mechanisms exist to dissolve these nuclear
condensates during mitosis. The reduction in concentration experienced by nuclear
condensate components after nuclear envelope breakdown might contribute to condensate
dissolution [99]. The evidence that PTMs can have powerful effects on condensates suggests
that additional protein- and RNA-modifying enzymes may contribute to multicondensate
regulation.

Dysregulation of Nuclear Condensates

The mechanisms that contribute to formation and composition of condensates at specific loci
are dysregulated by mutations in various cancers and neurodegenerative diseases, which
reinforces the idea that condensates play important regulatory roles in cell biology and
suggest new approaches to disease therapy [10]. The types of mutations that contribute to
nuclear condensate dysregulation include DNA rearrangements that produce oncogenic
fusion proteins [22,100], small base insertions or deletions that enhance condensate
formation [101], DNA repeat expansions that produce aberrant condensate-forming protein
[42,43,102] or RNA species [61], and mutations that cause the loss of function of one of the
two domains in the bifunctional proteins shown in Figure 4 (Li et al., unpublished). Specific
examples of such dysregulation are described later.

The driver of Ewing sarcoma, the oncogenic protein EWS-FLI, is the fusion product of the
IDR of EWS (an RNA binding protein of the FET family) and the DNA binding domain of
FLI1 (an ETS-family transcription factor). In tumor cells, EWS-FLI forms condensates at
new sites in the genome, redistributing transcriptional activity and activating a proliferative
gene program [22,100], likely due to compartmentalization of RNA Pol 1 at these sites [49].

In Wilms tumor, small gain-of-function insertion mutations introduce three amino acids into
the transcription elongation factor ENL, enhancing self-association and condensate
formation, which coincides with enhanced occupancy and transcription of key proliferative
genes [101]. While the enhanced self-association requires the IDR of ENL, the three amino
acids that cause this enhancement are introduced into a structured region of the ENL protein
[101], which high-lights the fact that amino acid residues that modify the condensate
forming behaviors of proteins do not have to occur within IDRs.

Nucleotide repeat expansions are causative factors in amyotrophic lateral sclerosis, muscular
dystrophy, and Huntington disease. Aggregation of proteins is thought to be the cause of
many neurodegenerative disorders, but aggregation of RNA is now thought to be a culprit in
patients with nucleotide repeat expansions. In most repeat expansion disorders, the repeat-
containing RNA forms punctate aggregates, called RNA foci, that are thought to be
neurotoxic. The multivalent base-pairing interactions in the repeat-containing nucleic acids
cause aggregation of these RNA species, producing the neurotoxic RNA foci [61].

Mutations in MeCP2 cause Rett syndrome, a postnatal progressive neurodevelopmental
disorder. MeCP2 is a dynamic component of heterochromatin condensates and when altered
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by Rett syndrome-causing mutations is disrupted in its ability to form condensates. The
protein contains a DNA-binding domain and a C-terminal IDR, and both domains contribute
to condensate formation and are found mutated in patients (Li ef a/, unpublished). Thus,
MeCP2 condensate disruption may be a common consequence of patient mutations that
cause Rett syndrome.

Concluding Remarks

We now understand that most nuclear regulatory processes are compartmentalized in
condensates. In this manner, the many different biomolecules that are necessary to carry out
a process such as transcription are efficiently localized and concentrated. Bifunctional
proteins with both structured and condensate-promoting domains localize condensates to
specific genomic loci, and components with shared functions can partition selectively into
specific condensates. Diverse RNA species and RNA-binding proteins promote formation of
particular condensates and thereby contribute to specificity. Further study is needed to
advance our understanding of the mechanisms by which condensates contribute to biological
regulatory phenomena and their dysregulation (see Outstanding questions). In some
diseases, it is now evident that the mechanisms that contribute to the formation and
composition of condensates at specific loci are dysregulated. Insights into condensate
properties and condensate dysregulation have suggested new approaches to disease therapy.
For example, it may be possible to develop drugs that specifically suppress formation of
disease-related aggregates due to mutant proteins or RNAs. Furthermore, evidence that
condensates can selectively partition and concentrate small molecule cancer therapeutics and
thereby alter their pharmacodynamic properties, could lead to advances in disease therapy
for a broad spectrum of diseases [84].
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Biomolecular condensate

a membraneless cellular compartment where specific biomolecules (e.g., protein, RNA, and
DNA\) are concentrated. Condensates are composed of higher-order assemblies of
biomolecules which engage in dynamic weak multivalent interactions and the biomolecules
that are recruited to these assemblies

Condensate-promoting domain

protein domains that enable dynamic weak multivalent interactions with other proteins
leading to condensate formation. Examples of these domains include intrinsically disordered
regions, repeated motifs, and oligomerization domains. This is to distinguish these domains
from protein domains which engage in high-affinity and low valence interactions often
associated with complex formation

Trends Biochem Sci. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sabari et al.

Page 11

Intrinsically disordered region

a region of a protein computationally predicted or experimentally verified to lack a fixed 3D
structure. IDRs typically exhibit high conformational flexibility, allowing them to engage
dynamically in weak multivalent interactions. While IDRs have been implicated as
condensate-promoting domains, they can also provide additional functions to proteins
[103,104]

pi—pi and pi—cation interactions

noncovalent molecular interactions involving an electron-rich pi system found in aromatic
amino acid residues. pi—pi interactions occur between two aromatic residues and pi—cation
interactions occur between an aromatic residue and cation present on positively charged
amino acid residues. These two molecular interactions among specific amino acid residues
(Figure 2), together with a specific number and spacing of these residues within IDRs, have
been implicated as molecular determinants of protein phase separation

Selective partition

Once a condensate is formed, other molecules either prefer to be inside the condensate,
disfavor being inside the condensate, or remain unaffected. The degree to which molecules
are preferred or disfavored within the condensate environment, the degree to which they
partition, defines the community of molecules compartmentalized and concentrated.
Condensate selectively partition molecules by a range of chemical, physical, and material
properties of the underlying multivalent network

Weak multivalent interactions

valence in this context refers to the number of interactions a biomolecule can engage in
simultaneously. Multivalent interactions are defined as a single factor being able to interact
with at least three other factors simultaneously, thereby enabling networks of interactions.
Weak refers to the low affinity of the interaction or relatively high dissociation constant
relative to interactions often found in stable complexes. Weak interactions with high valence
promote the formation of condensates
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Highlights
Most nuclear regulatory processes are compartmentalized in condensates.
Components with shared functions partition selectively into specific condensates.

Bifunctional proteins with both structured and condensate-promoting domains localize
condensates to specific genomic loci.

Diverse RNA species and RNA-binding proteins promote formation of specific
condensates.

Further understanding of condensates may provide new therapeutic opportunities for
diseases.

Outstanding Questions
What are all the components of each condensate?

What are the features of molecules that contribute to selective partitioning into particular
condensates?

How does the physicochemical environment within condensates differ from that outside?

How do nonequilibrium events drive the dynamic formation and dissolution of
condensates?
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Superenhancers Speckles Insulation Polycomb bodies Heterochromatin Nucleoli
gene activity splice factors loop anchors gene repression gene repression  rRNA biosynthesis
(MED1) (SRSF2) (CTCF) (CBX2) (HP1a) (FIB1)

X 2
Super :\ v
enhancers Speckles Insulation Pglyé:_omb Heterochromatin
loop anchor odies Nucleolus

Figure 1. Biomolecular Condensates in the Nucleus.
(A) Structured illumination microscopy images of immunofluorescence for the protein

indicated in parentheses in murine embryonic stem cells. Immunofluorescence for indicated
protein is colored green, and signal from Hoechst, a DNA stain, is colored dark blue
(unpublished results AD and RAY). Condensates are denoted by their name (e.g.,
superenhancers), their function (e.g., gene activity), and the protein that provides the
immunofluorescent signal (e.g., MED1). (B) Cartoon depiction of how various nuclear
condensates organize and are organized by different chromatin substrates. The grey line
represents the chromatin fiber, green arrow designates active transcription start site, and red
squiggled lines represent RNA. For a more complete list of nuclear condensates see Table 1.
Abbreviations: CBX2, chromobox protein homolog 2; CTCF, CCCTC-binding factor;
HP1a, heterochromatin protein la.
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Figure 2. Types of Multivalent Interactions Thought to Contribute to Formation of Biomolecular

Condensates.

These types and associated references are SH2-Yph [105] (PDB: 1SPS), SIM-SUMO [83]
(PDB: 2ASQ), bromodomain-acetyl-lysine [16] (PDB: 3JVK), chromodomain-methyllysine
[15,88] (PDB: 3FDT), SH3-PRM [83,106] (PDB: 5QU2), PTB1-RNA [83,106] (PDB:
2AD9), pi-pi interactions [78,81,82,107], pi-cation interactions [78,108], electrostatic
nteractions [79,80,109,110], and labile structures [111-113] (PDB: 5W3N and 6BZM).

Abbreviations:
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Figure 3. Features Common to Condensates: Compartmentalization, Selective Partitioning, and
Concentration.

(A) Condensates compartmentalize functionally related factors. A cartoon depiction of three
functionally related factors (colored) depicted homogenously mixed (left) or
compartmentalized within a condensate (right). (B) Functionally related factors can be
compartmentalized by selective partitioning, where the condensate physicochemical
environment may favor or disfavor interactions with such factors. (C) The search space for a
molecule can be reduced in two ways. First, for factors which partition into the condensate
the search space is reduced to the condensate. The factor can diffuse in and out of the
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condensate, but will spend more time within. Second, for factors disfavored to partition into
condensates that collectively take up a large volume of the nucleoplasm the search space is
reduced to the remaining volume of the nucleus. (D) The concentration of the
compartmentalized factors is higher inside the condensate than outside, but the absolute
concentration of total cellular protein may not be higher inside the condensate than outside.

Trends Biochem Sci. Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sabari et al.

Page 22
(A) Tethering Condensate-
domain promoting domain
&
DNA-binding IDR/LCD
RNA-binding repeats of binding modules

protein binding oligomerization domains

DNA-binding
transcription

DNA factors

= S coe

RNA
RNA-binding
proteins
Chromatin
Chromatin PTM
readers
\\
(B)

Low valency

Condensate formation

Binding site valency

Figure 4. Bifunctional Proteins Promote Condensate Formation at Specific Genomic Loci.
A) representation of a protein that contains one domain that binds specifically and with high

affinity to a DNA, RNA, or protein partner (tethering domain) and another domain that
engages in multivalent interactions (condensate-promoting domain). These bifunctional
proteins can promote condensate formation when crowded by binding a sufficient number
and density of sites in DNA (e.g., regulatory element), RNA (e.g., nascent RNA or long
noncoding RNA), or protein (e.g., modified nucleosomal histones). Condensate-promoting
domains are depicted here as IDRs, but can be any domain capable of weak multivalent
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interactions (Box 1). (B) With increasing numbers of binding sites on a polymer substrate,
the bifunctional protein will become more locally crowded and can cros a threshold where
the multivalent interaction domains promote condensate formation. Abbreviations: IDR,
intrinsically disordered region; LCD,; PTM, post-translational modifications.
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Figure 5. Sources of Compositional Specificity in Nuclear Condensates.
This model depicts four types of contributions to compositional specificity: (1) nuclear

trafficking; (2) conventional high-affinity structured interactions among proteins; (3) the
ability of bifunctional proteins with a condensate-promoting domain to be crowded by
binding to multiple sites on a DNA, RNA, or protein substrate; and (4) the various weak
multivalent interactions.
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Figure 6. Some Examples of Nuclear Condensate Regulation.
Biomolecular condensates can be regulated by modifying the underlying multivalent

interactions. (A) Reversible covalent modifications of chromatin. Nucleosomal histones can
be reversibly modified, leading to changes in chromatin state. A model is depicted where
chromatin alone can form a condensate (center, gray) mediated by internucleosomal contacts
(dotted lines). Methylation of histones at histone H3K9 can recruit HP1a via chromodomain
binding and produce a condensate rich in HP1a and other heterochromatin factors (left). In
contrast, acetylation of histones at multiple lysine residues can reduce internucleosomal
interactions, exposing TF-binding sites on DNA and recruit bromodomain-containing
factors, leading to a condensate rich in components of the transcriptional machinery (right).
B) Local RNA synthesis. A nascent transcript tethered to the elongating polymerase can be
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bound by many RNA processing enzymes, leading to a condensate rich in RNA processing
machinery. Abbreviations: HP1a,, heterochromatin protein 1a; TF, transcription factor.
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heterochromatin

elements

highly dynamic concentrations of
chromatin.
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Name Function Refs Condensate features Regulation
Nucleolus rRNA transcription, [27-30,40] Multilayered organization with -NPM1 has two conserved
processing, and functional division of labor: rRNA acidic tracts necessary for R-
preribosome assembly transcription, rRNA processing, and motif engagement
preribosome assembly. nucleated by -NPM1 has a nucleic acid
local RNA synthesis binding domain necessary for
binding rDNA
Cajal body snRNA transcription [3,58,114-117] | Concentrates RNA processing Nucleated by local RNA
and processing enzymes responsible for spliceosomal | synthesis
RNA maturation.
Superenhancers Transcription of cell- [20,21,23] Concentrates relevant cofactors, -Serine residues in MED1
identity mRNA phosphorylation-regulated necessary for phase separation
partitioning of RNA Pol 11, seeded by | -Acidic residues in OCT4 help
specific enhancer features, DNA- interactions with MED1
dependent assembly, and reduces droplets
search space for signaling factors -Length of RNA Pol 11 CTD is
important
-DNA sequence is important
-Aromatic residues in b-cat are
required to partition
Histone locus body | Histone mRNA [118-121] Coordinated expression of arrayed -CDK phosphorylation of NPAT
transcription and repeats of replication-dependent -Size dependent on underlying
processing histone genes during early S phase. number of histone genes
Both the RNA Pol Il transcriptional
machinery and histone mMRNA
processing enzymes are concentrated
Estrogen receptor Estrogen-responsive [122] Concentrates the RNA Pol I1 Chronic estrogen stimulation
gene regulation machinery in an estrogen-dependent leads to changes in material
manner properties and irreversibility
YAP Response to [123] Selective partitioning of TEAD and
hyperosmotic stress TAZ for target gene activation upon
hyperosmotic shock
Speckles Cotranscriptional [25,26,48,124] | Concentrates the mRNA processing Phosphorylation of RNA Pol 11
mRNA processing and machinery. Phosphorylation- CTD leads to association
processing regulated partitioning of RNA Pol II, synthesis
seeded by RNA machinery storage
Paraspeckle Storage of RNA and [38,69,70] NEAT1 RNA and various RNA- Synthesis of NEAT1 RNA
protein binding proteins are essential isoforms regulates formation
components. Core shell architecture.
CTCEF clusters Genome structure [125,126] Reduced search space for CTCF, RNA binding domain required
nucleated by RNA binding for CTCF clustering
DNA damage Double strand break [18,19] Seeded by PARP, 53BP1 phase Seeded by DNA damage
repair separation selectively partitions p53 induced PARylation
DNA replication Specification of DNA [17] Coordinates replication initiation of Phosphorylation regulated
origins replication origin clusters sites. ORC, Cdc6, and Cdtl
are proposed scaffold. DNA-
dependent formation. Selective
partitioning of Mcm2-7 promotes
loading and replication origin choice.
Chromatin Physiological form of [16] Regulates access to underlying -Acetyl-lysine-driven
genetic material regulatory and coding sequence dissolution
-Nucleosome-spacing-driven
compaction
Constitutive Repression of repetitive | [12,14-16,88] HP1a proposed as scaffold, creates -Phosphorylation of HP1

promotes phase separation
-Dynamic PTM regulation:
H3K9me3 promotes HP1/swi6
binding and condensate
formation, Lysine acetylation
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Name Function Refs Condensate features Regulation
promotes chromatin
decompaction
Facultative Repression of cell-type | [127] Concentrates CBX2. Amino acids Basic patch in CBX2 is required
heterochromatin specific and that drive phase separation also drive
(PcG bodies) developmental mMRNA chromatin compaction and are
necessary for proper segmentation
during development
PML bodies Various functions [128] PML protein is essential component. SUMOylation regulates
proposed Partitions several chromatin- partitioning by binding to
associated factors. SUMO-interaction motifs found
on PML
SPOP/DAXX Protein ubiquitination [129] Concentrates cullin3—RING ubiquitin | Substrate mediated co-
ligases and substrates condensation
Lgel/Brel Gene body histone [77] Concentrates ubiquitination enzymes
ubiquitination and nucleosomal substrate
Barr body Mammalian dosage [71,72] IncRNA Local synthesis of INCRNA

compensation

initiates X inactivation

Abbreviations: CBX2, chromobox protein homolog 2; CTCF, CCCTC-binding factor; NPAT, nuclear protein, coactivator of histone transcription;
NPMZ1, nucleophosmin 1; OCT4, octamer-binding transcription factor 4; PARP, poly (ADP-ribose) polymerase; PML, promyelocytic leukemia;
SPOP, speckle-type POZ protein; SUMO, small ubiquitin-like modifier; YAP, Yes-associated protein
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