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Abstract

Our understanding of the spatiotemporal regulation of eukaryotic gene expression has recently 

been greatly stimulated by the findings that many of the regulators of chromatin, transcription, 

and RNA processing form biomolecular condensates often assembled through liquid-liquid phase 

separation. Increasing number of reports suggest that these condensates functionally regulate 

gene expression, largely by concentrating the relevant biomolecules in the liquid-like micro-

compartments. However, it remains poorly understood how the physicochemical properties, 

especially the material properties, of the condensates regulate gene expression activity. In this 

review, we discuss current data on various nuclear condensates and their biophysical properties 

with the underlying molecular interactions, and how they may functionally impact gene expression 

at the level of chromatin organization and activities, transcription, and RNA processing.

Introduction

Regulation of the genetic information flow is at the very heart of cell’s activities. 

Dysregulation of gene expression underlies numerous human diseases including cancer 

and developmental disorders. While gene expression includes the entire process from 

DNA sequences to the final functional proteins, we in this review choose to focus on 

the early steps in gene expression that occur in the nucleus of eukaryotic cells, namely, 

chromatin regulation, transcription, and RNA processing. In nucleus, the long chromatin 

polymer undergoes high-order organization that can impact gene expression. For a typical 

protein-encoding gene, upon cell signaling, activated transcription factors (TFs) bind to 

specific DNA sequences at gene promoter and enhancer that are induced to interact with 

each other, and recruit chromatin modification and remodeling proteins to make the local 

genomic sites more accessible. The recruited general transcription machinery including 

RNA polymerase initiates transcription at the core promoter, but often pauses until further 

signal to enter productive elongation state. Nascent RNA transcripts, while still attached to 

the local chromatin, are almost immediately bound by many RNA-binding proteins which 

carry out extensive RNA processing including splicing (Figure 1). The mature transcripts are 

then exported to cytoplasm for translation to make proteins.

*Correspondence to Hao Jiang: hj8d@virginia.edu. 

HHS Public Access
Author manuscript
J Mol Biol. Author manuscript; available in PMC 2022 April 15.

Published in final edited form as:
J Mol Biol. 2022 January 15; 434(1): 167151. doi:10.1016/j.jmb.2021.167151.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Much like all other cellular processes, the highly ordered and coordinated steps of 

gene expression process require the involved molecules to be at the right location in 

the three-dimensional nuclear space with the right concentration at the right time. A 

fundamental strategy cell uses to achieve spatiotemporal control of biochemistry, including 

gene expression, is forming membraneless micro-compartments, also termed biomolecular 

condensates [1], that enrich specific molecules. These condensates are often assembled by 

weak and multivalent intermolecular interactions between the same (homotypic) or different 

(heterotypic) molecules, thereby effectively separating these molecules from the solvent 

phase, a process called liquid-liquid phase separation (LLPS) [2]. It is being increasingly 

appreciated that the liquid-like condensed state is likely a fundamental state of cellular 

proteins along with the native state and the amyloid state (a solid-like condensed state), 

with distinct biological functions associated with each state [3]. Biomolecular condensation 

has multiple functions across different size scales. The most prominent function at the 

molecular level is the regulation of biochemical process rates through a number of 

mechanisms, including concentration, sequestration, and exclusion of specific components 

for a biochemical process [4].

In an integrated view, different types of high-order assemblies including biomolecular 

condensates have a structural and dynamic continuum, with very different physicochemical 

properties that profoundly impact the biological outcomes [5]. The material states of 

biomolecular condensates can range from highly dynamic liquid to less dynamic and 

highly viscous liquid or gels, and to non-dynamic and solid-like aggregates or fibers, with 

no clear-cut boundaries between these states (Figure 2). Compared to solid, the defining 

characteristic of liquid is its rapid molecular rearrangement. This allows molecules to 

rapidly find and collide with each other, which facilitates their interactions and subsequently 

the possible chemical reactions [2]. Proteins have evolved to have proper sequence elements 

that allow them to adopt optimal material properties to fulfill their specific biological roles. 

For example, a number of endogenous condensates adopt non-dynamic and solid-like states 

that are compatible with their specific biological functions [6], sometimes in response to 

certain environmental conditions [7]. However, aberrant material properties of biomolecular 

condensates are linked to human disease, most notably the neurodegenerative disease [8, 9]. 

Molecular composition is another important property of the condensates [10, 11]. Indeed, 

the endogenous nuclear condensates are always composed of many macromolecules and 

largely driven by the thermodynamics of the heterotypic interactions of these different 

molecules [12]. As discussed in [11], we have only rudimentary understanding of the 

mechanisms that control what molecules are incorporated into or excluded from the 

condensates, and at what concentration and stoichiometry if incorporated.

A large number of excellent reviews have covered the fundamental concept of LLPS [2, 

13, 14], biomolecular condensates [1, 15], and their biological regulation and function [4, 

8, 16-20]. Biomolecular condensates exist in a very diverse range of locations in cells, 

including the nucleus [21]. Many nuclear condensate play critical roles in regulation of 

gene expression, from chromatin organization and activity, transcription, to various steps in 

RNA processing [22, 23]. Here we will only focus on those nuclear condensates involved 

in the RNA polymerase II (Pol II)-associated gene expression events and regulation (Figure 

1), and also discuss the biophysical properties of these condensates in relation to their 
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function in gene regulation. Though not discussed in this review, nucleolus is a paradigm 

of phase separated nuclear condensates with heterotypic protein-RNA composition and 

different phases of physicochemical properties to function in the expression and biogenesis 

of ribosomal RNAs [24, 25].

Determinants of the biophysical properties of biomolecular condensates

The material properties of condensates, including liquidity, viscosity, and elasticity, are 

determined by multiple factors including the primary amino acid sequences of the scaffold 

and client proteins [26]. The sequence determinants of protein condensation are under 

active studies and still largely unclear [27, 28]. One of the most recognizable features of 

many phase separating proteins in literature, especially for those involved in nuclear gene 

regulation events, is the long intrinsically disordered regions (IDRs), parts on proteins that 

lack well-folded structures [21]. IDRs are very abundant in human proteome, and especially 

abundant in nuclear proteins, with >70% to be highly disordered, many of which are 

involved in gene expression processes [29, 30].

Is having IDR equivalent to phase separation of the protein? This is a very practical 

question for many biologists who may be considering their favorite proteins in phase 

separation. There are many examples of phase separation driven by multivalent interactions 

of proteins with structured modular domains [1, 31, 32]. IDRs are not always associated 

with phase separation, but rather have abundant other roles in biology, mainly through 

their flexible interaction capacity [33]. Sequence that bestows a disordered state does not 

automatically mediates intermolecular interactions and high-order assembly, but the lack of 

strong engagement of the amino acid side chains in binding to other residues on the same 

molecule does make many of them more exposed and readily available for interactions with 

other molecules. This often provides the key element for phase separation, multivalency, 

which allows each molecule to engage in interactions with multiple different molecules to 

form system-spanning network [14], as illustrated in Figure 2. The major driving forces of 

IDR-mediated LLPS are usually relatively weak and short-lived, and include electrostatic 

interactions, π–π interactions, cation–π interactions, hydrogen bonding, and hydrophobic 

interactions (Figure 3) [1, 21, 34]. The weak interactions of IDRs promote break-reform 

cycles with either the same and different molecules. Furthermore, the “fuzzy” state, i.e. 

the large amplitude of conformational fluctuations, of IDRs allow them to rapidly sample 

interactions with other molecules. These features of interactions form the basis of molecular 

dynamics and liquidity of the condensates [35]. Indeed, perturbations or mutations that 

increase molecular interactions are often associated with enhanced propensity in phase 

separation and also reduced dynamicity, shifting the material state to a more solid-like state 

(Figure 2 and Table 1).

Under a given condition, the protein sequence elements, including composition and pattern 

of the amino acids, determine the biophysical characteristics of intermolecular interactions 

(including those with solvent) in the condensates and the dynamics of the connecting 

regions on the molecules [5]. These molecular characteristics profoundly impact the material 

properties of the condensates (Figure 2) [14, 27, 36]. The affinity and valency of the 

interactions among the proteins, which may be viewed effectively as associative polymers, 
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are a major factor for the condensate dynamics, with increased interaction strength generally 

resulting in reduced dynamics. The pattern of the interacting residues is also important. For 

example, for an IDR with a fixed number of adhesive aromatic residues (thus fixed valency), 

IDR with evenly distributed aromatics gives rise to liquid droplets but IDR with highly 

patchy or clustered aromatics gives rise to solid-like aggregates [36]. While the linkers 

between the interacting elements do not greatly contribute to the intermolecular interaction 

strength, their ability to undergo rapid conformational exchange is an important factor for 

the condensate dynamics [5]. Moreover, the linkers can adopt either expanded or compact 

conformation due to their different effective solvation volume (or excluded volume), and can 

thus affect the condensate properties [14, 37]. In line with the conformational flexibility of 

the glycine-associated peptide bond, glycine maintains, while serine and glutamine oppose, 

the liquidity of condensates formed by FUS, all without much impact on condensation 

propensity [27, 38]. It is unclear if these amino acids control material properties of other 

protein condensates in the same way, and what other amino acids may play a role in 

regulating condensate liquidity without impacting condensation propensity.

Other factors, including post-translational modifications and other cellular factors, also 

regulate the material states of condensates, through ultimately tuning the molecular 

interaction valency and/or strength. They are beyond the protein primary sequences and 

thus provide rich means of biological regulation of condensate properties. Post-translational 

modifications elicit diverse effects on protein phase separation by altering their steric, 

hydrophobic, or electrostatic properties [16, 39]. Methylation of arginine in the FUS 

structured C-terminal region weakens the cation-phi interaction with the tyrosine in the IDR, 

and reduces FUS LLPS propensity and gelation of FUS condensates [40]. RNA-binding 

deficient TDP-43 forms a unique condensate structure composed of liquid spherical shells 

with liquid cores, and HSP70 family chaperons help maintain the liquidity of shells and 

cores [41]. Molecular chaperones including the co-chaperones for HSP70 and small heat 

shock proteins have also been recently shown to modulate the phase separation propensity of 

FUS and inhibit the liquid-to-solid/fiber transition of the FUS condensates [42-44]. Nuclear 

import receptors suppress LLPS and fibrillization of a number of RNA-binding proteins 

including FUS [38, 45-50]. The material properties of heterotypic condensates are also 

affected by protein network structure dictated by the relative abundance of each factors and 

their different interaction strengths, as increase in DAXX concentration in the SPOP-DAXX 

co-condensates results in a dominance of the weaker DAXX-DAXX interactions over the 

stronger SPOP-DAXX interactions, and the consequent transition from a gel-like state to a 

liquid-like state [51].

Chromatin-related condensates

As the starting point of the whole gene expression process, chromatin is a physical platform 

that is organized at least in part by the phase separation principle and meanwhile a 

central organizer of numerous nuclear condensates involved in gene expression (Figure 

1) [52-54]. Our understanding of chromatin structural organization has been constantly 

evolving. Current data suggest that regional chromatin may be organized and regulated 

by LLPS, as short-ranged nucleosomal arrays can form histone tail-driven phase separated 

liquid-like droplets that recapitulate certain important chromatin regulations including de-
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condensation by histone acetylation [55]. Chromatin as a long nucleosomal polymer in the 

nucleus, however, behaves more like a solid or hydro-gel than liquid, with limited DNA 

molecular mobility in both heterochromatin and euchromatin regions, possibly constrained 

by the summed strong DNA-histone tail interactions [56]. The solid-like state of chromatin 

thus provides a scaffold, which not only provides mechanical stability to the genome 

and nucleus, but also may promote the formation of dynamic condensates of numerous 

chromatin-associated proteins. On the other hand, LLPS of these proteins also plays an 

active role in promoting the formation of the different chromatin regions. In particular, a 

number of studies have shown that constitutive heterochromatin formation is promoted by 

LLPS of several key heterochromatin-associated proteins, including HP1 alone or together 

with the H3K9 methylation writer protein, and nuclear matrix protein SAFB in cooperation 

with major satellite RNAs [57-61]. Another key component of constitutive heterochromatin, 

MeCP2, also forms phase separated liquid-like condensates. MeCP2 LLPS selectively 

concentrates heterochromatin cofactors, is promoted by methylated DNA, and is impaired 

by Rett syndrome-causing mutations in MeCP2 [62, 63]. Facultative heterochromatin 

compaction, linked to gene silencing, may also be promoted by condensation of the 

associated proteins, including the polycomb group proteins. CBX2, a component of PRC1, 

forms liquid condensates that can concentrate DNA and nucleosomes. Residues that are 

important for nucleosome compaction are also important for CBX2 condensation [64, 65]. 

Engineered PRC1 condensation induced by light-activated nucleation can read and write 

histone modification marks, which subsequently induce and maintain chromatin compaction 

[66]. Sustained X-chromosome heterochromatinization and inactivation was recently shown 

to require the formation of a heteromeric condensate containing the long non-coding RNA 

Xist and a number of Xist RNA-binding proteins through protein-RNA and protein-protein 

interactions [67]. In addition, LLPS of histones themselves, especially the linker histone H1, 

may also contribute to organization of repressed chromatin [68, 69].

Chromatin is also known to form higher-order structures including topologically associating 

domains (TADs) and other more dynamic domains, such as promoter-enhancer, promoter-

promoter, or enhancer-enhancer loops that are intimately associated with transcriptional 

regulation [70]. Some of these higher-order structures are maintained by key proteins 

including cohesin and CTCF. Purified cohesin and DNA complexes form liquid-like 

condensates in a DNA length-dependent manner, suggesting a phase separation mechanism 

based on DNA-cohesin-DNA bridge, which may contribute to cohesin-mediated chromatin 

organization [71]. CTCF forms dynamic nuclear clusters to enhance its target search 

efficiency by locally concentrating CTCF and to regulate chromatin looping, though the 

nature of these clusters seems less clear [72-74]. Engineered and genomically targeted liquid 

nuclear condensates upon light activation-mediated oligomerization in a model system can 

mechanically sense and restructure the local genomic regions [75].

Active enhancers are associated with H3K4me1 and H3K27ac mainly catalyzed by the 

KMT2C/D (MLL3/4) branch of the SET1/MLL complexes and p300 acetyltransferase, 

respectively. MLL4 forms phase separated nuclear condensates that are dependent on a 

polyQ track in its prion-like domain, and participates and promotes the enhancer condensate 

formation that will be discussed below. Loss-of-function mutation of MLL4 found in MLL4-

associated Kabuki syndrome increases the clustering of PRC1 and chromatin compaction, 
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and causes nuclear mechanical stress by affecting nuclear architecture [76]. P300 and 

TFs form dynamic co-condensates through interactions of their IDRs. Functionally, the 

co-condensation promotes the acetylation activity of p300 and subsequent recruitment 

of coactivators, leading to enhanced transcriptional activation. Moreover, the p300-TF co-

condensation can modulate transcriptional bursting kinetics [77]. KDM6A/UTX, a histone 

H3K27 demethylase often associated with enhancers, also forms phase separated liquid-like 

condensates mediated by its central long IDR. This property underlies its activities in 

suppressing tumor and regulating embryonic stem cell differentiation. The co-condensates 

formed by MLL4 and UTX enhance the H3K4 mono-methylation activity of MLL4, and 

also regulate the high-order chromatin interaction. These results indicate a crucial role of 

UTX condensation in cancer and developmental biology through regulation of chromatin 

organization, histone modifications, and transcription [78]. KDM7A, a demethylase for 

histone H3K9 and H3K27 demethylation, forms unique ring-shaped condensates with 

chromatin wrapping around them [79].

Transcriptional condensates

Transcriptional activation involves condensation of basically all categories of proteins that 

are central to transcription, including Pol II [80, 81], TFs [82-84], coactivators [76, 85-89], 

and elongation factors [90], highlighting a fundamental role of biomolecular condensation in 

transcriptional regulation as proposed (Figure 1) [85].

Gene-specific transcription is directed by TFs that have structured DNA binding domains 

that bind to cognate DNA sequences and also unstructured activation domains that recruit 

co-activators. TFs often undergo LLPS mediated by the disordered activation domains, 

either by itself thus acting as a driver in the formation of transcriptional condensates, or by 

acting as a client (e.g. OCT4) that is incorporated into the co-activator condensates through 

the interaction between the TF activation domain and the co-activator. Transcriptional 

co-activators, including BRD4, MED1, YAP/TAZ, and BRD3, form phase-separated 

condensates in vitro and in living cells [86-89]. These co-activators all possess IDRs that 

mediated LLPS, except TAZ, which relies on its coiled-coil domain for condensation [88]. 

These co-activator condensates are often localized at enhancers, especially super-enhancers, 

compartmentalize TFs and Pol II, and function to regulate specific target gene expression 

[86-89]. The Pol II C-terminal domain (CTD), consisting of many heptapeptide repeats and 

disordered, directly binds to the hydrogel formed by IDRs of the FET protein family (FUS, 

EWS, and TAF15) in a phosphorylation-sensitive manner [80]. Hypophosphorylated Pol II 

CTD undergoes LLPS, which mediates Pol II clustering at active genes for transcription 

initiation [91]. Engineered light-driven TAF15 condensates enhance Pol II recruitment 

and clustering, which in turn enhances the condensation of TAF15 as a positive feedback 

mechanism and activates local transcription [92]. Combined with other advanced imaging 

studies in living cells [82, 93], these studies together show that TFs, co-activators, and Pol 

II form dynamic hubs through the extensive and very often IDR-mediated homotypic and 

heterotypic protein interactions to drive transcription initiation.

In accord with the notion above that chromatin is not a passive platform but a central 

and active organizer of nuclear condensates, DNA sequences with high TF binding 
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valency and affinity provide a nucleation mechanism that cooperatively promotes the 

transcriptional condensate formation at enhancers and the following transcription activation. 

The strong interactions between DNA and the structured DNA-binding domains of TFs 

actively contribute to the transcriptional condensate formation driven by weak-multivalent 

interactions among the protein IDRs (Figure 1) [94]. As a transcription-related example here 

that IDRs play roles beyond phase separation, extended IDRs of certain TFs guide promoter 

selection by weak and multiple interactions of the long IDRs with the genomic sites [95]. 

RNAs can also play a role in the transcriptional condensate formation. BRD3 condensate 

formation is promoted by a long non-coding RNA DIGIT [89]. Upon estrogen signaling, 

multiple activated TFs and co-activators assemble together into phase-separated dynamic 

condensates at induced enhancers in a manner dependent on the enhancer RNA (eRNA), and 

induces spatial proximity of the activated enhancers to turn on transcription [84].

LLPS also plays an important role in transcription elongation. A key step in elongation 

is the phosphorylation of the Pol II CTD by kinases including p-TEFb, which consists 

of CDK9 and cyclin T1. This phosphorylation event is promoted by LLPS of cyclin T1 

through a histidine-rich domain on cyclin T1 and Pol II recruitment into the cyclin T1 

condensates [81]. Promoter-proximal pause and release of Pol II is another important 

regulatory mechanism of transcription. Release is mediated by transition of p-TEFb 

sequestered in an inactive complex to that in the active super-elongation complex (SEC). 

Components in the SEC complex, ENL and AFF4, can dynamically extract and concentrate 

cyclin T1 from the inactive complex and form the SEC condensates through heterotypic 

interactions, and function to release the paused Pol II to a productive elongation stage 

for rapid gene expression [90]. Pol II CTD phosphorylation also directs the partition of 

Pol II from the transcriptional initiation condensates filled with Mediator to the splicing 

condensates filled with splicing factors for transcription elongation and co-transcriptional 

RNA processing [96]. Moreover, both in vitro and in vivo data suggest that RNA 

produced from transcription acts as a negative feedback mechanism for transcription through 

regulating the transcriptional condensates. The low amount of RNA products of transcription 

initiation promotes the formation of the co-activator condensates by electrostatic interaction-

mediated complex coacervation, but the high level of RNA produced in transcription 

elongation can dissolve the co-activator condensates and thus dampen the transcription 

process [97].

These transcriptional condensates have important implications in disease. Many forms of 

malignancies are caused by protein fusion of portions, often including IDRs, of these 

transcriptional regulators. The EWS-FLI1 fusion protein, through the LLPS property of 

the EWSR1 IDR, recruits and retargets the BAF chromatin remodeling complex to tumor-

specific enhancers in the genome, thereby driving oncogenic gene expression programs 

in Ewing sarcoma [98]. It is likely that fusions involving the other FET family proteins, 

FUS and TAF15, also promote cancer in a similar way. The LLPS property of the IDR 

in the NUP98-HOXA9 fusion enhances genomic occupancy of the fusion protein, induces 

aberrant chromatin looping for proto-oncogenes, and promotes oncogenic transcriptional 

activation, thereby driving leukemogenesis [99]. The fusion of ENL with MLL in leukemia 

can enhance the SEC condensation, and this may play a role in promoting the oncogenic 

gene expression program orchestrated by the MLL-ENL fusion [90]. Recurrent small 
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insertion and deletion mutations in the ENL chromatin reader domain found in Wilms tumor 

enhance ENL condensation in an IDR-dependent manner, thereby enriching transcription 

regulatory factors and activating oncogenic target gene expression [100]. As will be further 

discussed below, repeat expansion in the IDRs of a number of TFs promote LLPS but also 

alter the physicochemical properties of transcription condensates, leading to dysregulated 

transcriptional program and inherited human disorders [101].

RNA processing condensates

Pre-mRNA splicing is initiated and regulated by a large number of RNA-binding proteins 

binding to the nascent RNA transcripts often still attached to chromatin. Current data 

suggest that co-transcriptional splicing might occur in nuclear speckles, a dynamic nuclear 

membraneless organelle highly enriched in splicing factors and actively transcribing Pol 

II [102, 103]. Consistent with RNA-binding proteins being the most enriched proteins 

that can adopt a hydrogel-like state identified in b-isox-mediated aggregation assay [104], 

RNA-binding proteins have been extensively shown to undergo LLPS mediated by their 

IDRs and often further regulated by RNA binding [105]. LLPS is thus expected to play a 

very important role in RNA processing (Figure 1).

A number of splicing-regulatory proteins have been shown to form biomolecular 

condensates in order to be functionally active. The Rbfox family of splicing regulators 

form higher-order assembly mediated by a tyrosine-rich low-complexity sequence, and such 

assembly is essential for the normal function of Rbfox in alternative splicing [106]. Multiple 

hnRNP family proteins, known as important splicing regulators, also form higher-order 

assemblies that require Gly-Tyr repeat-rich IDRs. Interestingly, the mammalian-specific 

alternative exons are particularly enriched with these IDR-encoding regions, suggesting 

that the IDR-mediated condensation of these splicing regulators may expand their gene 

regulatory capacity in mammals [107]. AKAP95 is a zinc-finger RNA-binding protein 

that can play a positive role in tumorigenesis in part through regulating cancer-related 

pre-mRNA splicing. AKAP95 undergoes LLPS, which is abolished by mutations of 

IDR tyrosine to serine or alanine (YS or YA) and restored by replacing its IDR with 

condensation-capable IDR from irrelevant proteins. AKAP95 LLPS is important for its 

activity in regulating splicing and tumorigenesis, as its YS and YA mutants abolish these 

biological functions [108].

RNA 3′-end processing is also regulated by LLPS (Figure 1). Arabidopsis RNA-

binding protein FCA forms phase-separated dynamic nuclear condensates, a property 

that is promoted by a coiled-coil protein FLL2. Their co-condensates compartmentalize 

many necessary proteins involved in RNA 3’-end processing and thus enhance RNA 

polyadenylation at specific sites [109].

Material properties of nuclear condensates affecting gene regulation

As mentioned above, reaction kinetics is affected by the interaction rate of the reactants, 

which is determined by the local concentrations and diffusion rates of the reactants. The 

most obvious, and possibly most important function, of forming condensate-like micro-
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compartments is to greatly increase the local molecular concentrations [4, 110, 111]. 

Diffusion rates of the reactants are linked to the material properties of the condensates, 

but only a few studies have touched on the question whether material properties of these 

protein condensates play a role in gene regulation (Table 1).

Phase-separated protein condensates in vitro commonly undergo transition from a liquid-like 

to a solid-like state and lose dynamics, a process known as aging or maturation [1]. Aging 

of liquid condensates can happen through either gelation that involves extensive physical 

crosslinks or turning into a glassy state with unchanged elasticity but increased viscosity [17, 

112]. Condensate aging can be induced by strong light stimulation of engineered proteins 

in cells [113], but is otherwise less commonly observed in homeostatic cells, likely due to 

many cellular factors actively maintaining the condensate properties. In response to estrogen 

signaling, the physical properties of the eRNA-promoted enhancer condensates can alter 

depending on the stimulation duration. Acute stimulation results in dynamic, liquid-like, and 

1,6-Hexanediol-sensitive enhancer condensates, close spatial proximity of enhancers, and 

higher transcriptional activity. However, prolonged stimulation leads to less dynamic, solid-

like, and 1,6-Hexanediol-resistant condensates, lack of enhancer proximity, and reduced 

transcriptional activity (Table 1), consistent with the time-dependent in vitro aging of the 

purified enhancer condensates together with eRNA. eRNA appears to have differential effect 

on dynamics of different components of the condensates, and it is unclear how eRNA affects 

the aging process [84]. These data suggest that the dynamicity and liquidity of the enhancer 

condensates may be important for transcriptional activity, and, more provocatively, may help 

chromatin interaction through the liquid droplet surface tension as proposed in a model 

system [75]. It will also be interesting to study how the material properties transition in this 

system, by gelation or turning into a glassy state [17].

SEC components not only promote the formation of heterotypic condensates with p-TEFb, 

but also profoundly regulate the material properties of the condensates [90]. Strikingly, 

the intracellular condensates of ENL and CDK9 appear to be in non-dynamic and solid-

like condensates until liquefied by the addition of AFF4. The dynamics of AFF4 is also 

promoted by ENL, suggesting that these SEC components together maintain the dynamic 

liquid-like SEC condensates [90]. Though functional evidence is lacking, it is reasonable 

to speculate that these dynamic condensate properties support the SEC-dependent rapid 

transcription activation.

In the aforementioned study of AKAP95 condensation [108], the authors show that Tyr 

to Phe mutation (YF) in the IDR, also impairs the activity in regulating splicing and 

tumorigenesis. However, opposite to the YS or YA mutations, YF enhances AKAP95 

condensation ability, and shifts the material state of the condensates toward a less 

dynamic and more solid-like state (Table 1). The substantially reduced diffusion rate in 

the YF condensates may reduce the splicing reaction kinetics. It should be pointed out 

that it is unclear if active splicing reactions occur in the AKAP95 condensates, though 

these condensates often co-localize with elongating Pol II and thus like sites of active 

co-transcriptional splicing. A requirement of dynamic condensates is also consistent with 

them being the storage place for splicing-related factors, in that dynamic release of these 

factors can be also important for rapidly providing the factors to splicing reactions occurring 
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elsewhere. A balance of Tyr and Phe residue number in a protein IDR may be important 

in achieving the proper material states and optimal biological activity, as reflected by the 

conservation and mutual swap of these two residues in human and mouse AKAP95 IDR 

[108].

Tyr provides a stronger driver force of phase separation than Phe for certain RNA binding 

proteins including FUS, suggesting that the hydroxyl group on the Tyr aromatic ring 

enhances the molecular interactions for phase separation of those proteins [27]. It remains 

unclear why YF mutation enhances AKAP95 LLPS and reduces the condensate dynamicity, 

but we may compare it to a similar example, in which the two (S/G)Y(S/G) motifs in FUS 

low complexity domain form reversible fibril cores [114]. Structural studies show that the 

first core is stabilized by intra- or inter-molecular hydrogen bonding of the tyrosine hydroxyl 

group with another Tyr or Ser, while the second core contains water molecules that form 

hydrogen bond with FUS Tyr58. Disruption of this hydrogen bond by mutation to Phe 

causes the second core to form irreversible fibrils [114]. This study suggests that, depending 

on the specific positional context in the protein, the hydroxyl group of Tyr can engage in 

hydrogen bonding with either protein or solvent molecules in the condensates, resulting in 

opposite effects on LLPS ability and the material properties of the condensates (Figure 3). 

We thus speculate that the tyrosine residues in AKAP95 IDR may form hydrogen bond with 

water to keep the condensates in a more liquid-like state, while the YF mutant loses the 

hydrogen-bonding with water and the condensates tend to form irregular aggregates.

Another example of gene expression activity affected by biophysical properties of 

condensates comes from the aforementioned study of UTX condensation in cancer 

regulation [78]. UTX IDR is, surprisingly, severely depleted of aromatic residues known 

to promote LLPS. Mutation of the top enriched amino acid in that region (His) to Tyr 

(HY) greatly enhances UTX condensation, reduces the molecular dynamics and diffusion 

rate in the condensates, and significantly impairs the tumor suppressive activity of UTX. 

In addition, UTY, the Y-chromosome homolog of UTX, is a weaker tumor suppressor 

than UTX, at least in part due to the differential properties of its IDR condensates. UTY 

IDR has substantially more Tyr and Phe than UTX IDR, and also abundant clusters of 

oppositely charged residues not found in UTX IDR, both features known to enhance phase 

separation. Indeed, UTY IDR has enhanced LLPS propensity and also markedly reduced 

condensate dynamics (Table 1). Both the artificial mutation and the natural variation suggest 

that the UTX IDR may have evolved a proper sequence composition and pattern, such as 

avoiding aromatics and clusters of oppositely charged residues, for a balanced condensation 

propensity and material states to ensure its optimal physiological activities [78]. This may 

also partially explain why Tyr and Arg, both known for their strong capacity of driving 

phase separation [27], are not significantly enriched in human proteins that are predicted to 

drive droplet formation [115].

Mutations/variations that affect the condensate material state usually have less impact on the 

biological activities than those that disrupt condensate formation [78, 108], suggesting that 

getting the relevant molecules in locally high concentration is probably the primary function 

of the condensates, and maintaining the proper material state (and likely other properties 

including correct composition) is an additional but also very important determinant of the 
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activities. We do note that the condensates of these mutations/variations still maintain a low 

level of fluidity and dynamicity, and thus it remains possible that a completely non-dynamic 

solid state of the condensates will abolish all activities.

Complications of condensate properties in gene regulation

It is possible that specific biological activities in gene expression in cells may be 

differentially impacted by the altered condensate material states. A phosphomimetic 

substitution, S48E, in the globular domain of the RNA-binding protein TDP-43 was shown 

to disrupt the protein polymerization. S48E also reduces the TDP-43 phase separation 

propensity and markedly fluidizes the formed condensates. This mutation reduces the 

activity of TDP-43 in regulating alternative splicing of a minigene construct [116]. 

Substitution mutations of a single glycine residue to different amino acids in TDP-43 was 

found to have different impacts on phase separation including the propensity and condensate 

material properties, and also have different effects on its activity in excluding alternative 

exon of a minigene construct [117]. G335A increases phase separation ability and also 

greatly reduces the condensate fluidity, yet slightly enhanced the minigene exon exclusion 

[117]. Another study shows that a TDP-43 mutant deficient in phase separation can still 

mediate endogenous splicing [118]. These studies suggest that the physiological dependence 

of gene expression on either the phase separation propensity or the condensate material 

states are likely influenced by multiple biological contexts.

These complications reflect how little we understand the relationship between the 

condensates and biological processes in the cell, which is discussed as follows. (1) As LLPS 

propensity increase is often correlated with reduced liquidity, the effect of the mutation or 

perturbation on the biological activity may be dependent on whether it pushes the properties 

toward or away from the balanced “sweet spot”. (2) While reduced molecular dynamics and 

diffusion rate in the hardened condensates can restrict the interactions of reactants inside 

the condensates and thus slow down reaction kinetics, they may have differential impacts 

on other factors of the reactions [26]. Material properties of condensates may affect the 

interaction time and stability of certain molecules, and also the network mesh size that may 

selectively impact certain molecules, thus making it difficult to predict the outcomes. (3) 

We often do not have a clear idea where exactly the reaction occurs with regard to the 

condensates. The notion of condensates acting as reaction crucible may leave an impression 

that the reaction occurs inside the condensates. Advanced microscopy shows that actively 

transcribing Pol II is located at the surface, not inside, of both the light-activated TAF15 

condensates [92] and the condensates formed by the activated endogenous YAP co-activator 

[87]. Histone H2B ubiquitylation on gene-body nucleosomes probably occurs at the catalytic 

shell wrapping around the core condensate structure [119]. (4) We are ignorant on the 

detailed properties of the substructures in most small condensates in live cell nucleus, and 

thus far from being able to consistently explain the impact of the condensate properties 

on biological activities. (5) The intrinsic material properties of the protein condensates 

seen in vitro often cannot fully reflect the mobility measured in live cells, considering 

the extensive interactions of the nuclear proteins with chromatin and/or RNA, the resident 

long polymers in the nucleus. Pol II CTD length negatively impacts Pol II dynamics in 

nucleus likely by enhancing its association with the chromatin scaffold [91], which is rather 
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immobile [56]. RNA-binding mutation of AKAP95 also seems to increase the liquidity and 

dynamics of AKAP95 nuclear condensates ([108] and unpublished observations), suggesting 

that RNA-tethering restrains AKAP95 mobility.

Other properties of condensates, such as molecular composition, can also affect the 

condensate-mediated gene expression activity. Repeat expansions in the IDRs of many 

transcription factors, such as HOXD13, can enhance their LLPS capacity and also alter 

the condensate properties, including decreasing dynamics and perturbing the composition 

of the condensates (termed “unblending”) (Figure 2 and Table 1) [101]. Transcription 

factors need to work together with co-activators to induce proper transcriptional program, 

therefore, the reduced amount of the Mediator and other co-activators incorporated into the 

TF condensates impairs transcription and ultimately lead to certain human disorders [101]. 

These data also suggest the importance of balanced homotypic and heterotypic interactions 

for the appropriate properties and thus function of the condensates, as the alanine repeat 

expansion in HOXD13 IDR enhances the homotypic interactions at the expense of 

the HOXD13-Mediator heterotypic interactions, and leads to less active transcriptional 

condensates with hardened material properties and improper composition [101]. We also 

note the mutual impact and interplay between the material and composition properties of 

the condensates. On one hand, the hardened condensates of the Ala-expanded HOXD13 

disfavor the co-partition of co-activators [101]. On the other hand, changing the composition 

of the heterotypic condensates can affect the network structure and the material states of the 

condensates [51].

It is worth noting that it is challenging to draw a solid conclusion on a causal role of 

a specific material property or any other properties of the condensates in the associated 

biological outcomes. Just like the general difficulty for establishing causality in most 

biological research, multiple aspects of the condensate properties are intrinsically linked 

and it may not be possible to individually perturb one property without affecting some 

of the others, including some unappreciated properties of biomolecular condensates. For 

example, mutations that enhance the inter-molecular interactions can increase the phase 

separation propensity (reduction in saturation concentration), but also tends to reduce the 

molecular dynamics and harden the condensates (Figures 2 and Table 1) [40, 78, 101, 

108, 116], and meanwhile may alter the compositional properties of the condensates 

[101]. While certain mutations may preferentially impact condensate material state with 

little effect on saturation concentration [27, 38], it remains unknown if other properties, 

such as condensate composition, are affected in cells. It is also hard to clearly interpret 

how condensation-enhancing mutations may differentially affect gene expression programs 

through differential impacts on different physicochemical properties. Do the condensation-

enhancing mutations in ENL chromatin-reader domain [100] also affect the biophysical 

properties and composition of the condensates and how might those changes contribute to 

the transcriptional outcomes?

Conclusions and Perspectives

While a clustered distribution of numerous gene-regulatory proteins in the nucleus have 

been observed and studied for decades [120-123], the recent boom in phase separation 
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research has injected new enthusiasm into the studies of spatiotemporal regulation of 

genome organization and gene expression. In our opinion, this does not merely provide 

a different perspective in understanding these structures, but also propels major advancement 

and revelations through some important approaches. One such approach is the in vitro 

demonstration that certain purified proteins have the intrinsic ability to form condensates, 

thus likely to be the “driver” (and probably biologically meaningful) of the nuclear foci 

formation rather than being passively dragged into the foci in cells. More importantly, 

dissections and manipulations of the protein sequence elements and other cellular factors 

greatly help reveal the functionality of many of these nuclear foci, as well as the activity 

and mechanism of the protein itself. The key molecular activities of certain nuclear 

proteins are quite enigmatic until LLPS sheds new light on them. There are a number of 

epigenetic enzymes whose catalytic activities appear to be far from sufficient to account 

for their biological roles [124]. UTX, for example, is a histone H3K27 demethylase 

whose demethylase activity is often dispensable for UTX to regulate many biological 

processes. UTX IDR-mediated LLPS is now found to be an underlying property for its 

activities in regulating tumor and stem cell differentiation [78]. The findings that the repeat 

expansions in TF IDRs alter the transcriptional condensate properties have brought critical 

and mechanistic understanding of otherwise perplexing pathologies [101].

There is no doubt that many more nuclear proteins will be shown in the coming years to 

form condensates that play a role in gene regulation. It will be of great interest to understand 

(1) how the physicochemical properties of these nuclear condensates are determined by 

protein-intrinsic and extrinsic factors, (2) how different cellular conditions (such as cell 

differentiation stages) and disease mutations may affect the physicochemical properties of 

the condensates [125], and (3) how these condensate properties regulate the associated 

biochemical activities and the biological functions.

What molecular “grammars”, if any, on the primary sequence level do proteins (including 

the nuclear proteins involved in gene expression) adopt, in order to maintain a balance of 

propensity in forming condensates and keeping the condensates in proper material states 

with proper molecular composition? We have too few examples at this stage to draw any 

generalizable rules. As we discussed above, such balance appears to be important for the 

optimal biochemical activities and biological functions of the proteins.

A great deal of research has focused on the role of IDRs on individual proteins in 

regulating the nuclear condensates. Future research will need to spend much more effort 

on (a) the interplay of IDRs and structured domains of these proteins, and also (b) the 

interplay of different molecules in modulating the condensate assembly, disassembly, and 

their physicochemical properties, in relationship with the function. These two aspects may 

also be interconnected, as the structured domains may regulate the condensation of full-

length protein either through direct effect (without another molecule) or through interacting 

with another molecule in the condensates. Dimerization or oligomerization of a structured 

domain, such as shown by TDP-43, enhances LLPS driven by IDR-mediated interaction 

network and reduces the condensate fluidity [116]. Cation-π interaction between arginine 

on the structured domain and tyrosine of the IDR on FUS is a major driving force for FUS 

LLPS and profoundly shapes the material properties of the condensates [40]. An indirect 
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effect of structured domain on LLPS is commonly seen in the enhanced TF condensation 

with DNA by multivalent interactions of structured DNA-binding domain of TFs with DNA 

sequences [94].

Multiple approaches will be necessary to answer the fundamental question of how 

condensates and their properties functionally regulate gene expression. Loss-of-function 

approach using physiologically relevant in vivo systems is an indispensable and major 

approach. This approach typically involves mutagenesis of endogenous gene sequences 

that encode proteins regions or residues critical for condensate properties, followed by 

functional analysis in gene expression. However, mechanistic dissection is not easy with 

this approach and indirect effects can be difficult to exclude. One important approach in 

mechanistic studies of gene expression has been in vitro biochemical dissection of chromatin 

modifications and remodeling, transcription, and RNA processing, using “homogenized” 

nuclear extracts and reconstituted systems with purified factors. Homogenization here refers 

to the loss of cellular structure at a rather large size scale, but it is unclear how much 

of the mesoscale condensates are still preserved or lost, and thus unclear whether the 

biochemical activities seen in these systems are aided by any condensates. Biochemical 

reconstitution with fluorescently trackable factors will allow manipulation of condensates 

formation and properties to be directly linked to the functional readouts in the system. 

Certain new approaches, especially the light-activated condensation in live cells, allow direct 

effects to be revealed by acute and site-specific manipulation of condensates followed by 

functional readouts in situ [66, 77, 92]. These can be useful complementary methods to 

understand the direct effects of condensation and condensate properties on gene expression.

Looking forward, we are just starting to appreciate the functional relevance of the numerous 

nuclear condensates and their properties in gene regulation, and will surely encounter new 

surprises along our journeys toward a better understanding of how genetic information 

flow is controlled by these small droplets. These studies may also suggest intervention 

approaches to modulate, including selectively soften and harden, the material and other 

properties of these nuclear condensates in disease treatment.
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Figure 1. Protein condensates that regulate different steps of gene expression in the nucleus.
A highly simplified diagram for protein condensates at various locations in the nucleus that 

regulate different aspects of gene expression. Chromatin is the central organizer of these 

protein condensates and itself is in part organized by condensation. The number of proteins 

in the condensates are minimized for simplicity. Not shown here for simplicity, multiple 

genomic sites are often co-located in the condensates for co-regulation.
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Figure 2. Molecular basis of protein condensate properties in gene regulation.
This figure shows the molecular basis for the material and composition properties of nuclear 

protein condensates in regulation of gene expression, with a few worthy notes:

a. Proteins in red and blue are drawn here to show that cellular condensates are mostly 

heterotypic, and the grey curve line shows that chromatin and RNAs are major nuclear 

polymer structures that organize and profoundly affect these condensates in gene regulation.

b. Each protein is interacting with multiple other proteins to form system-spanning network 

in the condensates.

c. Both structured domains and IDRs can be engaged in interactions that contribute to 

condensation.

d. In the diagram for scenarios I and II, the thickened dashed lines show enhanced 

intermolecular interactions. The increase in the homotypic interactions among the blue 

proteins may result in reduced co-partition of the red proteins (improper composition) in the 

co-condensates.

e. * While the x axis shows that increase in LLPS capacity often (I, II) correlates with the 

transition to a more solid-like state, other molecular changes, such as more rigid residues 
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and patchy aromatics (III, IV), do not necessarily change LLPS capacity and can still harden 

the condensates.
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Figure 3. Major molecular interactions mediated by IDRs that control the assembly and 
biophysical properties of protein condensates.
These interactions include (a) electrostatic interactions between oppositely charged amino 

acids, (b) π–π interactions mainly between (but not limited to) aromatic rings, (c) cation–π 
interactions between positively charged and aromatic amino acids, (d) hydrogen bonding 

between hydroxyl groups of different protein molecules, and (not shown) hydrophobic 

interactions. (e) shows hydrogen bonding between the hydroxyl group of the protein Tyr 

and water molecules, and this interaction may play a role in regulating the liquidity and 

dynamics of the condensates.
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