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SUMMARY

Biomolecular condensates are dynamic membraneless organelles that compartmentalize proteins and RNA
molecules to regulate key cellular processes. Diverse RNA species exert their effects on the cell by their roles
in condensate formation and function. RNA abnormalities such as overexpression, modification, and misloc-
alization can lead to pathological condensate behaviors that drive various diseases, including cancer, neuro-
logical disorders, and infections. Here, we review RNA’s role in condensate biology, describe the mecha-
nisms of RNA-induced condensate dysregulation, note the implications for disease pathogenesis, and
discuss novel therapeutic strategies. Emerging approaches to targeting RNA within condensates, including
small molecules and RNA-based therapies that leverage the unique properties of condensates, may revolu-
tionize treatment for complex diseases.
INTRODUCTION

In the landscape of modern biology, the discovery that RNA and

proteins condense into biomolecular condensates to regulate

key cellular processes has fundamentally changed our under-

standing of the cell. This transformative era of cell biology was

ushered in by the discovery in C. elegans that RNA and pro-

tein-rich P granules are liquid-like condensates formed via phase

transition.1 Since the discovery of biomolecular condensates, a

new model of the cell has emerged in which spatiotemporal

regulation of diverse cellular processes occurs by compartmen-

talization and concentration of molecules involved in shared pro-

cesses into membraneless organelles.2 These insights have

motivated efforts throughout academia and industry to under-

stand the composition and behavior of condensates, their mo-

lecular grammar, material properties, cellular functions, role in

pathobiology, as well as their potential to facilitate new modes

of drug discovery.2,3

Biomolecular condensates are mainly composed of proteins,

DNA, and RNA, with the latter contributing to their formation,

function, dysfunction, and therapeutic modulation. RNA is a

biopolymer capable of dynamic, multivalent interactions with it-

self, small molecules, metabolites, other nucleic acids, and pro-

teins.4 In addition to these properties, its capacity to bemodified,

folded, and trafficked makes RNA ideal for structuring and regu-

lating cellular condensates and their functions. Various RNA spe-

cies regulate condensate formation and function, including long

noncoding RNA (lncRNA), messenger RNA (mRNA), ribosomal

RNA (rRNA), single-stranded RNA (ssRNA), and others.5 Dysre-

gulation of these RNAs, through mechanisms such as misex-

pression and post-transcriptional modifications commonly

seen in diseases, influences biological processes by altering
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condensate behaviors.5,6 Consequently, condensates serve as

a crucial ‘‘missing link’’ between RNA and pathogenic effects.

This understanding provides new insights into RNA’s roles in dis-

ease and significant implications for drug discovery and devel-

opment.

In this review, we present an integrated perspective on how

the study of RNA and condensates is reshaping our understand-

ing of disease and yielding novel therapeutic hypotheses. We

begin with an overview of RNA’s role in the formation and func-

tion of condensates and discuss how specific RNA species regu-

late diverse cellular processes through condensates. We then

examine evidence suggesting that RNA-mediated condensate

dysregulation contributes to disease pathogenesis across thera-

peutic areas such as oncology, neurology, and infectious dis-

eases. Condensates, RNAs, as well as their modifiers and inter-

actors, serve as targets for various therapeutic modalities; we

explore how condensates impact the therapeutic effect of these

molecules and provide several examples. Finally, we highlight

areas for future research and speculate on how deeper insights

into the interplay between RNA, condensates, and pathobiology

may lead to novel therapeutic opportunities.

RNA FEATURES REGULATING BIOMOLECULAR
CONDENSATE FORMATION

Condensate formation and function is governed by the specific

properties of, concentrations, and interactions between, biomol-

ecules such as DNA, RNA, and protein (Figure 1). The role of pro-

teins in condensate formation and function is well established,

and the role of RNA is emerging as an equally critical component.

Protein features such as intrinsic disorder, repeating modular

domains, and specific motifs all determine the ability of proteins
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Figure 1. RNA features regulating biomolecular condensate
formation
Schematic representation of homotypic and heterotypic interactions in a
biomolecular condensate. RNA condensate assembly is governed by RNA-
RNA, RNA-protein, and protein-protein interactions. RNA-binding proteins
are concentrated spatially through binding to scaffolding RNAs and phase
separation can be mediated by intrinsically disordered regions of the protein.
Factors that influence RNA condensation include density of RBP binding
motifs, secondary or tertiary structures, RNA modifications such as m6A
methylation which recruits phase separating readers and length which con-
tributes to multivalency. For simplicity, a single RNA and protein type are
illustrated. Figure created with BioRender.
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to phase separate, as well as the emergent properties of the re-

sulting condensate. Specific protein-protein interaction types

are core determinants of condensate formation including pi-pi,

pi-cation, electrostatic, and hydrophobic interactions. Analo-

gous determinants of RNA phase separation include length, re-

petitive motifs, secondary structure, the presence and nature

of counter-ions as well as epitranscriptomic modifications like

methylation.7–12

General rules governing RNA phase separation are emerging

from studies examining the condensate properties of RNAs in

isolation, in the absence of proteins. RNAs undergo phase tran-

sitions at specific critical solution temperatures and ionic

strengths, typical of protein phase transitions regulated by tem-

perature, valency, and charge.7,8 The impact of RNA length and

sequence composition on RNA phase separation was directly

explored in the context of repetitive sequences, such as those

implicated in repeat expansion disorders such as amyotrophic

laterals sclerosis (ALS), Huntington’s disease (HD), andmyotonic

dystrophy type 1 (DM1).7 Each disease is characterized by the

expansion of distinct sequence repeats above a critical

threshold, each of which undergoes a phase transition as a func-

tion of repeat length, consistent with a role for valency in RNA

condensation.7 Sequence composition also influences RNA

condensate behavior with CAG (HD) and CUG (DM1) repeats

forming spherical, gel-like condensates. In contrast, G4C2 re-

peats (ALS) form spherical condensates only for repeat lengths

below the threshold associated with the disease while yielding

mesh-like aggregates for repeat lengths above the disease

threshold.7

In addition to valency and sequence, RNA condensation is

influenced by the structure of RNA.8,9 The condensation of

RNAs in the absence of proteins depends on ionic strength

and is influenced by metal ions that promote RNA folding.
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In vitro models of RNA condensates frequently employ temper-

ature as a means of melting pre-existing RNA structures, and

subsequent cooling in the presence of metal ions to promote

re-folding that can drive condensation.7–10 While these studies

unfold RNA at temperatures not encountered inmost organisms,

they reveal a role for RNA structure that may be relevant to phys-

iological condensates. In cells, RNAs can fold co-transcription-

ally in the presence of metal ions, metabolites, DNA, proteins,

and other RNAs, all of which can influence folding and possibly

condensation. In bacteria, RNA structures known as ribos-

witches fold and recognize ions and metabolites, and these

structures regulate gene expression.9 Curiously, bacterial ribos-

witches form RNA condensates in vitro that depend partly on

RNA structure.9 The role of cognate ligands on riboswitch

condensation has yet to be explored, but this work hints at the

possibility of environmentally sensitive RNA condensates im-

pacting gene expression in bacteria.9 A similar model may exist

in plants, where G-quadruplex structures adopted by the SHR

mRNA leads to condensation in vitro. A range of physiological

conditions promoting G-quadruplex formation drives SHR

condensation, suggesting a model whereby environmentally

tunable G-quadruplex formation drives RNA condensation im-

pacting the pool of mRNA available for translation or decay.10

In these models of in vitro RNA condensation, temperature

serves as an energy input to remodel RNA structure. In cells,

such rearrangements may instead bemodulated by ATP-depen-

dent RNA helicases which can locally unfold RNA-RNA interac-

tions to modulate condensate formation or material prop-

erties.13,14

Unlike proteins, the phosphodiester backbone of RNA imparts

a uniform negative charge. This enables RNA to condense via

charge balancing by positively charged counter-ions in a pro-

cess known as complex coacervation.11,15 In addition to posi-

tively charged RNA-binding proteins, counter-ions can include

highly abundant, physiologically relevant polycations such as

spermine and spermidine or potentially toxic dipeptide repeats

translated from G4C2 hexanucleotide repeats in ALS.16–18

Condensation serves as a model to explain the colocalization

of dipeptide repeats and RNA in foci of G4C2 expanded

C9orf72 ALS/FTD patients.19 Despite the simple and non-spe-

cific nature of complex coacervation, the material properties of

RNA coacervates can vary as a function of RNA sequence and

length, and the nature of the counter-ion, even giving rise to

droplets with layered architectures. This has led some to posit

RNA condensates preceded cellular life in the RNAworld.18,20–22

In contrast to the polar phosphodiester backbone of RNA, nucle-

obases are planar, aromatic, and vary in hydrophobicity. It is thus

possible that the partitioning of RNA into different condensates

could vary as a function of folding, with double-stranded RNA

being more polar and single-stranded RNA presenting bases

for stacking with aromatic amino acids, other RNA, or DNA, or

generally favoring more hydrophobic solvents.

Nuclear condensates, which are comprised of scaffolding

RNA and associated proteins can be created de novo in cells

by transcribing the scaffolding RNA. This phenomenon was first

observed via ectopic expression of distinct ncRNAs associated

with histone locus bodies, Cajal bodies, nuclear speckles, and

nuclear stress bodies, and recruitment of those ncRNAs to re-

petitive genomic loci.23 These RNA condensates in turn recruit



Figure 2. RNA subtypes in biomolecular condensates
Cartoon representation of lncRNA, eRNA, mRNA, rRNA and satellite RNA condensates and the recognized roles of the various RNA species in these con-
densates. RNA condensates in the nucleus frequently assemble around nascent transcripts of scaffolding RNAs and active transcription sites, which is depicted
in the figure as condensates tethered to DNA. Figure created with BioRender.
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protein-binding partners, illustrating that the transcription of

scaffolding RNAs nucleates condensate assembly.23 The asso-

ciation of condensation-prone RNA-binding proteins (RBPs)

with RNA can have direct effects on condensate formation and

material properties. This interplay between RNA and protein spe-

cies can give rise to reentrant behavior whereby RNA may

nucleate condensate formation at lower RNA-protein ratios,

dissolve condensates at higher RNA-protein, and modulate a

spectrum of material properties at intermediate ratios.24–27 As

a result, RNA condensates can adopt layered topologies gov-

erned by the ratio of RNA-RBPs in each layer.28–31 That RNA

levels can govern the existence and material properties of con-

densates profoundly impacts biology in two ways. First, pro-

cesses occurring in RNA condensates can be regulated spatio-

temporally, localized to sites of RNA self-assembly, and timed by

the duration of the RNA synthesis or decay. This has implications

for bursts of gene expression in transcriptional condensates

nucleated in part by the initial synthesis of RNA and limited in

scale and time by RNA levels.32,33 The partial immiscibility of

layered RNA condensates also creates interfaces where the

physiochemical environment created by components enriched

in each layer may collaborate to execute functions.34,35 The

nucleolus is one example of a layered condensate where ribo-

somal RNAs are synthesized and processed in a stepwise trajec-

tory though each layer.36,37 As rRNAs are processed and folded

they become more compact and less entangled with nucleolar

scaffolds, and thus partition less favorably resulting in a flux of

mature ribosomes from the center of the nucleolus where rRNAs

are transcribed out into the nucleoplasm.37

Post-translational modifications of proteins regulate their

condensation properties. Similarly, post-transcriptional modifi-

cations of RNA have been shown to regulate RNA condensa-

tion.12,38–41 N6-methyladenosine (m6A) methylation of RNA al-

ters the recruitment of RNAs to cytoplasmic stress granules via

association with RBP ‘‘readers’’ of this epitranscriptomic

mark.38 This may enable the preferential sorting of specific tran-

scripts to stress granules, especially those with long exons that

promote m6A methylation and reader protein binding.38 RNA

methylation also regulates nuclear bodies. In myeloid leukemia,

the m6A methylation causes RNAs to co-condense with the

reader protein, YTHDC1. The resulting nuclear bodies, dubbed
nuclear YTHDC1-m6A condensates or nYACs, protect recruited

transcripts from RNA degradation and may confer a survival

advantage.41 The recruitment of RBP readers to methylated

RNA impacts condensates in both the nucleus and cytoplasm.

The impact of epitranscriptomic marks on the biophysical prop-

erties of RNA, and thus condensation, remains an open question.

The levels of scaffolding RNAs impact the material properties,

composition, and duration of condensates can be tuned by RNA

expression and decay. Structural and epitranscriptomic modifi-

cations further tune RNA condensates. Collectively, these rules

govern emergent properties of RNA condensates with implica-

tions for physiology and disease. Thus, an increased under-

standing of the roles of RNA in condensates will aid in drug dis-

covery; by revealing pathomechanisms, expanding target

space, or deconvolving the mechanism of action of therapeutic

compounds.24,26,27,32,42,43

RNA SUBTYPES IN BIOMOLECULAR CONDENSATES

RNA plays a critical role in condensate biology by scaffolding

condensate structure, regulating condensate assembly, and

modulating condensate properties. Additionally, RNA localiza-

tion, transport, and function are regulated by condensates.44 In

this section, we will discuss the functions of different types of

RNAs in condensates (Figure 2).

Long noncoding RNAs (lncRNAs) are longer than 200 nucleo-

tides and are not predicted to encode proteins.45 Despite more

than 95,000 lncRNA genes having been annotated in various da-

tabases (GENCODE, NONCODE, etc.), fewer than 3,000

lncRNAs have been validated with biological functions.45 Many

lncRNAs remain associated with the locus where they are tran-

scribed and assemble ribonucleoprotein condensates at those

loci, and these compartments influence both local chromatin ar-

chitecture and gene expression.46 For example, pre-ribosomal

RNAs (pre-rRNAs) provide structural scaffolding for ribosomal

proteins and play critical roles in ribosome activities.47 rRNAs

are highly concentrated within the nucleolus where ribosome

biogenesis predominantly takes place and nascent transcripts

are required for seeding the nucleolar assembly.48 A feature

shared by many of these RNAs that nucleate condensate forma-

tion is that they commonly have a repetitive sequence, either
Cell Chemical Biology 31, September 19, 2024 1595
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tandem repeats like the highly conserved Xist E-repeat domain49

or discontinuous repetition of protein-binding sites like NEAT150

and NORAD,51 enabling lncRNAs to scaffold multivalent inter-

actions.

Examples of biomolecular condensates that are scaffolded by

lncRNAs include paraspeckles, which are nuclear condensates

that assemble around NEAT152 and regulate gene expression

through sequestration of proteins such as NONO (non-POU

domain containing, octamer-binding) and SFPQ (Splicing Factor

Proline AndGlutamine Rich),53 and cytoplasmic NORAD-Pumilio

bodies (NP bodies), which regulate genomic stability through

sequestration of translational repressor Pumilio.54 NEAT1 is

additionally implicated in neurodegenerative diseases and dys-

regulated in multiple cancers,52 and perturbation of NP bodies

potentially may decrease cancer cell fitness or increase chemo-

sensitivity.55,56 In addition, X inactive specific transcript (XIST),

one of the first lncRNA discovered, mediates X chromosome

inactivation, a process important for dosage compensation in

mammals,57 through condensation around the silenced chromo-

some.58 XIST is transcribed by the X chromosome destined to be

silenced, and the nascent XIST transcript scaffolds the assembly

of a condensate composed of phase-separating RNA-binding

proteins such as PTBP1, MATR3, TDP-43, and CELF1. These

proteins help to concentrate and localize XIST RNA around the

inactivated chromosome,58 recruiting chromatin modifiers and

transcriptional repressors to establish gene silencing. Dysregu-

lation of XIST RNA has been associated with multiple cancers59

and a higher risk of autoimmune disease in women.60

A subset of lncRNAs called enhancer RNAs or eRNAs is bidi-

rectionally transcribed from enhancers, cis-regulatory elements

in the genome that exert spatiotemporal control over gene

expression.61 These short-lived transcripts regulate transcrip-

tional activity by stimulating activating histone modifications,

interacting with chromatin looping factors to promote enhancer-

promoter interactions, and facilitating the transition of RNA poly-

merase II from transcriptional initiation to elongation.62 eRNAs

may also contribute to the formation of transcriptional conden-

sates by trapping transcription factors and coactivators at

enhancer sites, thus elevating local concentrations.63,64 Some

eRNAs show pervasive m6A modifications that bind nuclear

m6A reader YTHDC1, a phase-separating protein, which recruits

transcription factors to enhancers potentially through co-forma-

tion of condensates.65 Depleting eRNAs through degradation or

transcription inhibition, however, does not seem to perturb tran-

scriptional condensate morphology, suggesting that, unlike the

role NEAT1 plays in paraspeckles, eRNAs are not required as a

structural component.66 Furthermore, it has been proposed that

eRNAs might modulate condensate properties in a non-equilib-

rium RNA feedback mechanism: low levels of RNA (i.e., short-

lived eRNAs transcribed initially) promote and strengthen

condensate formation, whereas high levels (i.e., transcriptional

bursts during elongation phase) dissolves the condensate.32,61

Messenger RNAs (mRNAs) encode the instructions for making

proteins and are the primary cargo for many biomolecular con-

densates that regulate translation, degradation, transport, and

localization.44Not only aremRNAsubstrates acted onby conden-

sates, the RNAs themselves can be essential for condensation

through RNA-RNA or RNA-protein interactions.5 mRNAs can

scaffold the assembly of nuclear condensates, such as histone
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locus bodies (HLBs), which form adjacent to replication-depen-

dent histone genes and are thought to regulate histone protein

production as a function of the cell cycle.67,68 Intriguingly, knock

down of either RNA polymerase II or III subunits inhibits the as-

sembly of stress granules (SGs) and P bodies,69 suggesting that

transcription products are required for these cytoplasmic con-

densates. Under stress, RNAs are released from polysomes

and are thought to act as multivalent scaffolds for the assembly

of phase-separating stress granule components.70 Like eRNAs,

mRNAs may also contribute to condensate formation through

the recruitment of YTH domain-containing family proteins

(YTHDFs) to m6A methylated nucleotides which are found to be

enriched in stress granules.71 Conditions that induce stress gran-

ules also lead to the increase of m6A methylation in mRNAs, typi-

cally in the 50UTRs not normally modified by methylation.71 Since

knockdown of YTHDF impairs the formation of stress granules,

which have been demonstrated to phase separate both in vitro

and in cells, the recruitment of YTHDF proteins to stress granules

may act to reinforce and stabilize stress granule assembly.71

Satellite RNAs transcribed from long tandem repeats in the

centromeric and pericentromeric regions of chromosomes

have been implicated in scaffolding several condensate types.72

These regions are associated with heterochromatin and are usu-

ally transcriptionally silenced but produce highly repetitive

lncRNAs in response to cell-cycle progression and cellular

stresses.73 Because of the inherent challenges of sequencing

tandem repeats, satellite DNA, like many disease-associated

repeat expansions, was not fully sequenced until recently with

long-read sequencing technology.74 AT-rich satellite RNAs

vary in length and composition and fall into four major cate-

gories: aSat, which can be transcribed from the centromeres

of every chromosome, and HSat1/2/3, which come from the

pericentromeric sequences of select chromosomes.73 aSat is

an essential structural component of the centromere75 where a

subset of components have been shown to phase separate

in vitro and in cells.76 HSat1 is poorly understood, although

recent findings suggest that these transcripts localize to the

nucleolar periphery.73 Nascent HSat2 RNAs nucleate CAST

(cancer-associated satellite transcript) bodies and CAP (can-

cer-associated polycomb) bodies which sequester MeCP2,

CTCF, polycomb repressive complex 1 (PRC1), all proteins

associated with chromatin regulation, and epigenetic con-

trol.73,77,78 Similarly, nascent HSat3 RNAs nucleate condensates

called nuclear stress bodies (nSBs) upon induction by various

cellular stresses including thermal, osmotic, UV irradiation, and

chemical stress.73 These stress-induced condensates recruit

various RNA-binding proteins including splicing regulators

SRSF9 and TDP-43 and are thought to promote unconventional

intron retention in select pre-mRNAs.79 Interestingly, the

consensus repeat sequence for HSat3 is similar to the noncod-

ing repeat expansion that causes spinocerebellar ataxia 31

(SCA31) which also accumulates in the nucleus, forms aberrant

condensates, and sequesters similar RNA-binding proteins.80

MECHANISMS OF RNA DYSREGULATION CAUSING
CONDENSATE PATHOLOGY

Diverse aberrations in RNA are seen in diseases, including over-

expression, mislocalization, inappropriate post-translational



Figure 3. Mechanisms of RNA dysregulation causing condensate pathology
(A) Repeat expansions increase the propensity of RNAs to condense and for those condensates to mature into aggregates. This can be driven by structural
features adopted by the repeats and sequester RNA-binding proteins (RBPs).
(B) Aberrant overexpression of RNA such as hSAT2 satellite repeats drives RNA condensate formation in cancer cells.
(C) Epitranscriptomic modifications, such as m6A, can drive RNA co-condensation with reader proteins, such as YTHDC1.
(D) RNA-binding proteins have been proposed to function as RNA chaperones to resolve RNA condensates. Figure created with Biorender.

ll
OPEN ACCESSReview
modification, and misfolding. These abnormalities are also

known to modulate condensate structure and function. In this

section, we review the evidence that RNA dysregulation causes

condensate pathology (Figure 3).

RNA overexpression can drive pathological condensate for-

mation. For example, LINE-1 (L1) retrotransposon propagation

requires condensation of L1 protein ORF1p with L1 RNA which

is normally attenuated via host defense mechanisms such as

epigenetic silencing.81 In cancers, however, L1 RNA is overex-

pressed and retrotransposition is dysregulated, leading to DNA

damage and genomic instability.82 Similarly, satellite RNAs, tran-

scribed from the normally silenced pericentromeric regions of

chromosomes, aberrantly activate in disease and promote the

formation of condensates that sequester regulatory proteins

such as chromatin-modifying proteins and splicing factors that

lead to loss of function.73,78,83 In addition, the GIRGL

(glutamine insufficiency regulator of glutaminase lncRNA) is up-

regulated by metabolic stress, scaffolds a condensate that

translationally represses GLS1 mRNA, and allows cancer cells

to survive glutamine deprivation.84 DilncRNA, a lncRNA induced

by DNA damage, forms condensates that recruit DNA repair fac-

tors, allowing cancer cells to rapidly repair DNA damage before

apoptosis is triggered.85

RNA-scaffolded condensates are involved in mRNA transcrip-

tion with implications for driving cancer gene expression pro-

grams. A recent report describes the formation of mesh-like net-

works of RNA and RNA-binding proteins at sites of active

transcription in the nucleus.86 This observation is intriguing given

that diverse DNA-binding transcription factors (TFs) moonlight

as RNA-binding proteins in transcriptional condensates. This

RNA binding enables a feedback loop in which transcripts

condense with the TF responsible for their production.87 This al-

lows for self-regulated transcriptional output, governed by local
RNA levels and condensate formation.32,86 Dysregulation of

transcriptional condensates could amplify gene expression in

multiple ways: (1) overexpression of transcription factors could

overcome inherent feedback mechanisms governed by pro-

tein-RNA ratios, and (2) regulation of the material state of tran-

scriptional condensates could allow for more prolonged bursts

of expression. Notably, MYC has been identified as both a tran-

scription factor capable of RNA-binding and a protein capable of

acting as a surfactant to alter the material state of con-

densates.32,88

Repeat expansion disorders are typified by genomically unsta-

ble repeat sequences that when transcribed, can trigger patho-

logical nuclear condensates that sequester and mislocalize

RNA-binding proteins.89 For example, in myotonic dystrophy

type 1 (DM1), a triplet CTG repeat tract in the 30UTR of the

DMPK gene can aberrantly expand from under 50 to over thou-

sands of copies. The transcripts containing the expanded re-

peats scaffold aberrant condensates that sequester the splicing

factor MBNL, leading to splicing dysregulation.90 The length of

the CTG repeat expansion in DM1 patients strongly correlates

with the severity of symptoms and age of onset.91 Furthermore,

CTG repeats phase separate in vitro around a similar critical

copy number threshold that correlates with DM1 patients,7 sug-

gesting that the repeat RNA condensate may underlie the dis-

ease mechanism. In cases where the repeat expansion is

located in coding regions, repeat-containing transcripts can be

further translated to give rise to toxic polypeptide tracts. In HD,

CAG repeats in the first exon of the huntingtin (HTT) gene are

translated into polyglutamine (polyQ) tracts that lead to aggrega-

tion of misfolded HTT protein in bodies that resemble solidified

condensates.92 Lastly, noncoding repeat expansions can also

produce toxic peptide products through repeat-associated

non-AUG (RAN) translation, which has been observed for
Cell Chemical Biology 31, September 19, 2024 1597



Table 1. Disease-associated condensate lncRNAs

lncRNA Condensate Function Disease Reference

NEAT1 Paraspeckles Sequesters proteins Cancers,

neuro-degenerative

disease

Fox et al.52

MALAT1 Nuclear speckles Sequesters proteins Cancers Hou et al.101

NORAD NORAD Pumilio bodies Sequesters proteins Cancers Elguindy et al.54

GIRGL Stress granules Sequesters RNA Cancers Wang et al.84

EPH41L4A-AS1 Nucleoli Sequesters protein Cancers Liao et al.102

DilncRNA DNA repair foci DNA repair Cancers Michelini et al.85

LINE-1 RNA LINE-1 RNPs Retrotransposition Cancers Sil et al.81

XIST Barr Bodies X chromosome

inactivation

Autoimmune

disorders

Dou et al.60

Viral RNA Inclusion bodies,

virus factories,

Negri bodies

Viral replication HIV, RSV, IAV Risso-Ballester et al.,103

Monette et al.,104

Etibor et al.,105

Nevers et al.106

Viral RNA Nucleocapsid bodies Evade host immune

response

SARS-CoV-2 Iserman et al.107

C9orf72 intron (G4C2)n Repeat expansion foci Sequesters proteins;

toxic translation product

ALS/FTD �Cesnik et al.108

DMPK 30UTR (CUG)n Repeat expansion foci Sequesters proteins DM1 Taneja et al.109

CNBP intron (CCUG)n Repeat expansion foci Sequesters proteins DM2 Margolis et al.110

TCF4 intron (CUG)n Repeat expansion foci Sequesters proteins FECD Mootha et al.111

FMR1 50UTR (CGG)n Repeat expansion foci Sequesters proteins FXTAS Sellier et al.112

ATXN10 intron (ATTCC)n Repeat expansion foci Sequesters proteins SCA10 Yang et al.113

BEAN1/TK2 intron

(TGGAA)n

Repeat expansion foci Sequesters proteins SCA31 Ishiguro et al.100

HSat2 CAST, CAP Sequesters proteins Cancers, FSHD,

ICF, Herpes

virus infection

Arends et al.,114

Ninomiya et al.73

HSat3 Nuclear stress bodies Sequesters proteins,

intron retention

Cancers Ninomiya et al.73
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C9orf72 hexanucleotide expansions giving rise to dipeptide re-

peats that localize to inclusion bodies in C9-FTD/ALS patient

brains93 RAN translation has also been observed in other repeat

expansion disorders such as FXTAS,94 SCA8,95 and DM1.96

Post-transcriptional modifications may also drive pathogenic

condensate formation. eRNAs, which are enriched at enhancers

and can regulate gene expression across long genomic dis-

tances62,64,97 are regulated by m6A methylation. Methylation

promotes condensate formation and plays diverse gene regula-

tory roles in gene expression in cancer.65 m6A-mRNA also scaf-

folds YTHDC1-dependent nuclear bodies that protect RNAs

from degradation by the PAXT-exosome complex. These nu-

clear bodies are upregulated in acute myeloid leukemia (AML)

cells and promote high expression levels of oncogenic factors

like MYC.41

The propensity of RNA to condense may be balanced by

appropriate RNA folding, association with RBPs, and the action

of ATP-dependent RNA helicase chaperones.13,98 Tauber et al.

have shown that through ATP-dependent RNA binding, the

DEAD-box helicase eIF4A can both inhibit RNA phase separa-

tion in vitro as well as reduce stress granule formation in cells.13

This adaptive equilibrium is also perturbed in repeat expansion
1598 Cell Chemical Biology 31, September 19, 2024
disease.99 In these diseases, naturally occurring repeats grow

by thousands of copies, creating aggregation-prone RNAs that

contribute to the loss-of-function of their associated mRNA tran-

scripts or toxic gain-of-function via the recruitment of aggrega-

tion-prone RBPs.99 For example, Ishiguro et al. have demon-

strated in Drosophila that the RNA-binding protein TDP-43 acts

as a chaperone for the UGGAA expansion found in SCA31 and

suppresses aggregation of repeat RNA and associated

toxicity.100 In addition, these toxic RNAs may cause misfolding

of aggregation-prone RBPs, thus further contributing to loss of

function in the disease state.100

DISEASES WHERE RNA CONDENSATES PLAY A ROLE

In this section, we discuss how RNA-mediated condensate dys-

regulation contributes to disease with examples from neurology,

oncology, infectious disease, and aging-related diseases

(Table 1).

Mislocalization and aggregation of TDP-43, a broadly ex-

pressed RNA/DNA-binding protein that regulates RNA process-

ing, is a pathological hallmark of ALS and frontotemporal demen-

tia (FTD), even in patients without TDP-43 mutations.115 Under
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stress, TDP-43 is transiently recruited to cytoplasmic SGs, but

persistent cytoplasmic accumulation of TDP-43 leads to irre-

versible, toxic aggregates which have also been observed in Alz-

heimer’s, other dementias, chronic traumatic encephalopathy,

stroke, multiple sclerosis, limbic-predominant age-related

TDP-43 encephalopathy (LATE), cerebral age-related TDP-43

with sclerosis (CARTS), inclusion body myositis, and other my-

opathies.115 The most common cause of familial ALS is the in-

tronic G4C2 repeat expansion in the C9orf72 gene whose tran-

script drives the formation of aberrant nuclear condensates

that sequester splicing factors and give rise to, through RAN

translation, toxic dipeptide repeats that may perturb function

of physiological condensates.116 Over 50 neurological or neuro-

muscular diseases have been identified that are associated with

repeat expansion mutations.117 These repeats can be harbored

in noncoding regions of the gene (for example in DM1, FXTAS,

SCA10, and SCA31) and scaffold pathological condensates

when transcribed. They may also be embedded in coding re-

gions (as in HD and SCA2), that can be translated into toxic poly-

peptide tracts forming insoluble aggregates.89 Understanding

the condensate pathology in each case may point to novel ther-

apeutic approaches. For example, disruption of the repeat RNA

condensate in myotonic dystrophy is effective to restore MBNL

splicing activity.118 However, in diseases like Huntington’s

where mutant polyQ proteins are produced from repeat expan-

sion translation, it may be strategic to maintain or even promote

the sequestration of the repeat RNA within the condensates to

inhibit nuclear export and translation into toxic protein products.

Transcription can be enhanced through the condensation of

transcription factors, co-activators, RNA polymerase, and co-

factors at active enhancer sites.119 Dysregulation of these tran-

scriptional condensates is associated with many cancers. For

example, FET proteins (FUS, EWS, and TAF15) are all found in

deleterious genomic rearrangements that cause sarcomas and

acute leukemia.120 The chimeric proteins that result from trans-

location contain the condensate-promoting IDRs of the FET pro-

teins fused to the DNA-binding domain of transcription factors.

EWS-FLI1 is a classic example of this, which drives Ewing’s sar-

coma120,121 by aberrantly recruiting transcriptional coactivators

to oncogenes. Similarly, the intrinsically disordered FG-repeat

domain of nucleoporin Nup98 can rearrange to the DNA-binding

domains of HOX genes, chromatin-modifying domains, and heli-

case domains of over 30 fusion partners and underlie many

forms of pediatric and adult leukemias.43,121,122

Cancers can employ condensate mechanisms that confer

resistance to radiation and chemotherapy,123 such as upregulat-

ing stress granule assemble through activating G3BP1 transla-

tion.121 Knock down of G3BP1 in non-small-cell lung cancer

(NSCLC) enhances radiation-induced DNA damage and cell

death.123 In addition, sorafenib induces ER stress that activates

phosphorylation of eIF2a through PKR-like ER kinase (PERK)

and SG formation leads to drug resistance.123 In addition,

several other chemotherapeutic drugs including lapatinib,

5-fluorouracil, bortezomib, vinca alkaloids, cisplatin, and pacli-

taxel have been documented to facilitate SG assembly.123

Viruses use condensate mechanisms for essential life cycle

processes including uncoating after cellular entry, replication,

and evasion from host immune surveillance. Influenza A virus

(IAV) packages its genomic RNA with phase-separating nucleo-
protein (NP) and RNA-dependent RNA polymerase and hijacks

host protein TNPO1, which attenuates FUS condensation in

the cytosol, to release its genome for replication.124 Replication

machinery can also be found assembled in condensates called

inclusion bodies or virus factories in viruses such as respiratory

syncytial virus (RSV) and rabies (RABV) and are thought to pro-

mote enzymatic activity.124 Additionally, replication conden-

sates may help viruses evade host immune response by shield-

ing their genomicmaterial.43 Stress granules are induced by host

antiviral response through activation of protein kinase R (PKR)

via dsRNA sensing to phosphorylate eIF2a. Since many antiviral

proteins are recruited to SGs, they may serve as scaffolds for

antiviral complex assembly. Consistent with this hypothesis,

knock down of SG induction attenuates antiviral response in

IAV-infected cells.125 In addition, the SARS-CoV-2 nucleocapsid

(N) protein bindsG3BP1 and prevents SG formation during infec-

tion. When the interaction between N and G3BP1 is abolished,

SGs are restored and sequester viral RNA, which suggests that

SARS-CoV-2 employs this tactic to evade condensation and

translational repression of its genomic RNA by host SGs.125

During normal aging, nucleolar function exhibits gradual

decline. rRNA transcription diminishes and consequently, the to-

tal nucleolar volume decreases since rRNA represents the ma-

jority of the constituent bulk.126 Aging-related diseases, neuro-

degenerative diseases, in particular, are often associated with

nucleolar dysfunction. For example, in Alzheimer’s disease

(AD), a decrease in total nucleolar volume and rDNA transcription

has been reported for patient postmortem brain tissue

compared to age-matched healthy controls.126 In C9orf72 ALS

patient-derived cells, the dipeptide repeats that result from

translation of the G4C2 repeat expansion accumulate in nucleoli,

cause mislocalization of nucleolar proteins, and impair rRNA

processing.127 Furthermore, in HD, mutant HTT has been shown

to interfere with RNA polymerase I to disrupt nucleolar function

and CAG repeat expansion condensates observed to sequester

nucleolin, a major nucleolar protein that is involved in pre-rRNA

transcription.127 Interestingly, rDNA methylation, which silences

pre-rRNA transcription and downregulates ribosome biogen-

esis, has been proposed as a predictor of biological age128

and correlates with aging and senescence in yeast.129 Conden-

sate material properties can change from liquid-like droplet

behavior to a solid-like or gel-like state with time which is analo-

gous to the physical aging of synthetic polymers long estab-

lished in the polymer science field.130 Mutations in condensate

proteins associated with aging-related disorders can accelerate

condensate hardening,130 which has been described in detail for

the ALS-associated RNA-binding protein FUS,131 potentially

linking biological aging with changes to condensate material

properties.

MODALITIES TO MODULATE RNA CONDENSATES

In this section, we will discuss approaches to target RNA con-

densates: small molecules, nucleic acids, and protein-based

therapeutics (Figure 4, top panel).

Although most small molecule therapeutics have been devel-

oped for proteins, a number of small molecules have been iden-

tified to target RNAs and alter RNA condensate function. Earlier

work this century made advances with antibiotics that target
Cell Chemical Biology 31, September 19, 2024 1599



Figure 4. Modalities to modulate RNA condensates
Structure and function of RNA-containing biomolecular condensates can be modulated with small molecules, nucleic acid, and peptide modalities (top panels).
Thesemodalities can be classified based on themechanismbywhich condensates aremodulated (bottom panel). Localizers alter condensate composition either
by departitioning proteins aberrantly sequestered or sequestering toxic factors. Morphers alter emergent properties which impacts the regulation of the
condensate community. Inducers and dissolvers restore or inhibit condensate activity, respectively. Figure created with BioRender.
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bacterial ribosomal RNA,132 but more recent progress has been

seen with diseases caused by repeat expansions. Several small

molecules have been shown to either disrupt RNA-protein inter-

actions or dissolve the RNA repeat condensate to release MBNL

protein and restore splicing regulation in DM1133–135 and simi-

larly, small molecules have been developed to disrupt repeat

RNA condensates in DM2,136 FXTAS,137 C9orf72 ALS/FTD,138

SCA10,113 and SCA31.80 In addition to dissolving aberrant con-

densates caused by toxic repeat expansions, small molecules

have also been identified that attenuate stress granule assembly

and modulate TDP-43 recruitment, since persistent TDP-43

accumulation in the cytoplasm is thought to lead to disease-

associated aggregation.139

In HD, a trinucleotide CAG repeat expansion in HTT mRNA

drives the formation of aberrant nuclear condensates and results

in an expanded polyglutamine tract in the HTT protein, a phase-

separating protein that is aggregation prone.140 Branaplam and

PTC518 are small molecule splice modulators that promote the

inclusion of a pseudoexon in HTT pre-mRNA that leads to a

reduction in HTT protein,141,142 which alleviates HD symptoms

in animal models. Insufficient SMN1, an RNA-binding protein

associated with the assembly of small nuclear ribonuclear parti-

cles (snRNPs) in Cajal bodies and accessory gem conden-
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sates,143 underlies motor neurodegeneration and progressive

muscle weakness in SMA.144 Small molecules including risdi-

plam,145 TEC-1,146 and piridazines147 have been identified that

modulate splicing of its nearly identical paralog SMN2 to in-

crease protein levels and restore SMN activity. Interestingly,

both branaplam and risdiplam have an advantageous off-target

effect in promoting pseudoexon inclusion in PMS1, a key protein

in the DNA mismatch repair pathway that impacts HD age of

onset. This leads to loss of PMS1 protein function and is sug-

gested to reduce somatic instability of the CAG repeat expan-

sion,142 thus further limiting toxicity of the repeat expansion

and disease progression.

A natural product cyclopamine has been shown to inhibit res-

piratory syncytial virus (RSV) replication in vitro and in mouse

models103,148 by altering condensate material properties. RNA

synthesis in RSV occurs in cytoplasmic condensates called in-

clusion bodies (IB) which concentrate viral genomic RNA, the

viral polymerase and co-factor P, and transcription factor

M2-1.149 Cyclopamine stabilizes the interactions between pro-

teins, which prevents RNA binding, and solidifies the viral

condensate thus inhibiting transcription and replication.103,149

Similarly, nucleozin is a small molecule that inhibits Influenza A

viral replication in cells and in mice by aggregating viral RNPs
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and hardening inclusion body condensates.105 In both exam-

ples, small molecules alter protein-protein interactions; howev-

er, the structure and function of the RNAs are consequently

modulated because the effective drug target is the condensate

and its emergent properties that affect the entire condensate

community.

RNA-based therapeutics may have an advantage compared to

smallmolecules in that they obey simpleWatson-Crick base-pair-

ing rules and rational design can be more straightforward. How-

ever, since they are highly hydrophilic, it can be difficult to effec-

tively deliver RNAs to certain tissues and furthermore, stability

may be an issue.150–152 Several modifications have been devel-

oped to address these concerns, including modifications to the

phosphodiester bond, ribose, and nucleobasewhich can improve

both target selectivity and potency aswell as resistance to cellular

nucleases.153,154 In addition, nucleic acid-based therapeutics can

be conjugated to receptor-specific ligands, antibodies, or lipids to

facilitate uptake and promote tissue specificity.154,155

siRNAs are double-stranded molecules that engage the RNAi

pathway via assembly onto RNA-induced silencing complex

(RISC) and targeting mRNAs for enzymatic degradation.153

They can be designed to mimic or inhibit naturally occurring

endogenous miRNAs that are encoded in the human genome

but can be optimized to enhance target engagement.156 For

example, AOC 1001 (also known as del-desiran) is an siRNA-

based therapeutic conjugated to an antibody that recognizes

the transferrin receptor TfR1, facilitating cellular uptake.155

AOC 1001 downregulates expression level of both normal and

repeat expansion containing transcripts of the DMPK gene,

thus dissolving the aberrant CUG repeat RNA condensate and

restoring splicing regulation and is currently undergoing clinical

trials for treatment of DM1.157 In addition, AMT-130 delivers

miRNA that targets HTT by adeno-associated virus as a form

of gene therapy for treatment of HD which has shown efficacy

in lowering HTT levels in animal models.158 This intervention

not only inhibits the CAG repeat RNA condensates but also limits

mutant HTT protein levels.

Antisense oligonucleotides (ASOs) are single-stranded nucleic

acid molecules that, like siRNAs, engage their targets via com-

plementary base pairing. ASOs can be divided into two main

classes: degrading ASOs that recruit endogenous RNase H to

degrade target RNAs and blocking ASOs that can sterically hind-

er RNA-RNA or RNA-protein interaction. Either may be deployed

to perturb condensate formation or composition. Degrading

ASOs have been developed to target toxic repeat expansion

containing transcripts that scaffold disease-associated conden-

sates and, in some cases, give rise to harmful translation prod-

ucts. Examples include tominersen,140 which is a non-allele spe-

cific ASO that lowers total HTT protein levels, IONIS-DMPKRx for

DM1118 and afinersen,159 which targets the G4C2 repeat expan-

sion in the C9orf72 gene in ALS. In addition, degrading ASOs

have been designed to target other factors implicated in ALS

such as tofersen,160 which downregulates toxic SOD1 mutant

protein, the second most common cause of familial ALS, and

ION363161 which downregulates the RNA-binding protein FUS

which leads to aggressive early onset ALS when mutated. Both

SOD1 and FUS are phase-separating proteins and disease-

associated mutant forms can be more prone to aggrega-

tion.162,163 In other caseswhere it might be important to preserve
the translation product or where dissolving the RNA condensate

is detrimental, blocking ASOs may be the preferred therapeutic

strategy. Interestingly for DM1, it has been suggested that block-

ing ASOs may have enhanced efficacy in splicing rescue and

fewer off-target effects compared to degrading ASOs.164 An

example of this approach is VX-670 currently in clinical trials

(NCT06185764). VX-670 combines phosphorodiamidate mor-

pholino oligomers (PMOs), which are ASOs with stabilizing mod-

ifications in the sugar-phosphate backbone, that target DM1

repeat expansions conjugated to a cyclic peptide designed to

promote cellular uptake. Blocking ASOs can also be deployed

to modulate splicing as seen with nusinersen165 which, like risdi-

plam, increases SMN protein levels through altering SMN2 pre-

mRNA splicing. By degrading the RNA that scaffolds aberrant

condensates, one might expect to dissolve the condensates

altogether and release the molecular community of proteins

and nucleic acids whose sequestration may also contribute to

pathology. Even if perturbation is limited to selectively inhibiting

a specific protein/RNA interaction, as is in the case of blocking

ASOs, there may still be potential to affect other members of

the condensate community.

Two examples of protein-based approaches to targeting RNA

condensates are small peptides that induce therapeutic conden-

sation. Axin proteins scaffold condensates that promote degra-

dation of b-catenin, which is dysregulated in colorectal can-

cer.166 While axin readily phase separates to form these

destruction depots, axin homolog conductin/axin2 is inhibited

by an aggregation site within its regulator of G protein signaling

(RGS) domain.167 Bernkopf et al. identified a small peptide that

masks this region in conductin and induces condensate forma-

tion, which downregulates the b-catenin signaling pathway.167

This provides proof of concept that induction of endogenous

condensates can promote inactivation of pathogenic proteins.

PSD-95 is an important modulator of synaptic transmission

that scaffolds key postsynaptic proteins like AMPA receptors

(AMPAR) and associated regulatory proteins. PSD-95 un-

dergoes phase separation in vitro in complex with its client pro-

teins and peptide-based pharmacological inhibitors have been

developed to mimic this interaction.168 NA-1 and its bivalent de-

rivative AVLX-144 both contain 9 amino acid residues from the

C-terminus of the Glu2B NMDA receptor (NMDAR) subunit

linked to an arginine-rich cell-penetrating peptide to facilitate

cellular uptake.168 Both peptides are in clinical trials as potential

therapeutics for acute ischemic stroke (NCT02930018 and

NCT04689035).

We propose that condensate modulators can be classified as

localizers, morphers, dissolvers, and inducers based on mecha-

nism (Figure 4, bottom panel).139 Localizers either restore or re-

move components from the condensate environment. Departi-

tioning MBNL protein from aberrant repeat expansion and

restoring splicing regulation in DM1 exemplify this category of

modulators.164 Morphers alter condensate material properties

and thus regulate the entire condensate community, such as

the small molecules that harden viral RNA condensates.105,149

Dissolvers disassemble or prevent the formation of aberrant,

pathological condensates and may be employed as a strategy

against repeat expansion disorders such as DM1118,133–135 and

HD.140–142 Inducers, conversely, promote condensate assembly

to sequester pathological factors or restore condensate
Cell Chemical Biology 31, September 19, 2024 1601



Figure 5. Emerging opportunities in drugging RNA condensates
New and developing approaches involve (i) targeting the condensate indirectly, by modulating the function of upstream post-transcriptional modification (PTM)
enzymes (green), (ii) targeting the condensate directly bymodulating the tertiary structure of RNA (blue), or with bivalent molecules, such as RNAtacs for selective
degradation of scaffolding RNAs (purple), and (iii) improving efficacy and minimizing off-target effects by optimizing partitioning of drugs, e.g., ASOs, into the
target condensate (orange). Figure created with BioRender.
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function. Examples include enhancing axin function to promote

formation of the b-catenin destruction complex167 and restoring

Cajal body function through upregulation of SMN activity.145,165

EMERGING OPPORTUNITIES IN DRUGGING RNA
CONDENSATES

RNA is a key regulator of condensation, its dysregulation can

manifest pathogenesis through its impact on condensates, and

various therapeutics may function via their effects on conden-

sates. In this section, we speculate on how this knowledge could

lead to innovative therapeutic strategies (Figure 5).

RNA tertiary structures might be modulated by small mole-

cules to alter condensate structure and function. The ability to
1602 Cell Chemical Biology 31, September 19, 2024
form tertiary structures is a key feature of RNAs, and this prop-

erty may contribute to condensate formation. These structures

may regulate biological pathways by their impact on condensate

formation, and when dysfunctional, may cause disease.5 The

discovery that small molecules can bind to tertiary RNA struc-

tures suggests that these molecules might also modulate RNA

folding.169 This modulation might change the condensing prop-

erties of the bound RNA, providing a novel mechanism of action

for small molecules against the condensate-forming tertiary

structure of RNA.

Post-transcriptional modifications of RNA drive pathogenesis,

modulate condensate structure and function, and present po-

tential druggable properties of condensate-forming RNA. Post-

transcriptional modification is a well-established pathogenic
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event, modulating RNA interaction partners and condensation.

As discussed earlier, dysregulation of m6A addition to RNA,

which is essential and the most abundant RNA modification,

plays a key role in cancer through several mechanisms.170 m6A

has been shown to cause phase separation with YTHCD1 to

facilitate transcriptional condensate formation and drive onco-

gene expression.65 Modifications such as m6A are catalyzed

by effector proteins that could be targeted by small molecules,

potentially leading to novel enzymatic inhibitors of RNA conden-

sation,171 althoughm6Amethylation inhibitors like STM2457may

also impact global mRNA decay rates.172 The interaction be-

tween modified RNA and cognate proteins may also serve as

an important druggable interface to prevent condensate forma-

tion, when the modified RNA-protein interaction contributes to

pathogenic condensate formation.

The development of artificial intelligence models to under-

stand the structure and interaction space of RNAs may benefit

from understanding that RNAs exist in condensates. Machine

learning models have revolutionized our understanding of pro-

tein structure and function by allowing for the determination of

protein folding based solely on protein sequence.173 These

models now also enable the modeling of protein-protein inter-

faces and protein-ligand interactions. Similar models are being

developed for RNA, facilitating the prediction of RNA structure

and interactions, and potentially guiding the AI-aided design of

small molecule drugs targeting RNAs.174 Recognizing that

RNAs reside within condensates may improve these models.

Condensates have distinct physicochemical properties that

can influence RNA folding, as in the nucleolus, or unfolding, as

in condensates formed by the disordered domains of RNA heli-

cases.36,175 Understanding the environment in which these

models predict folding could enhance their predictive accuracy.

Some models seek to predict interactors and interaction inter-

faces.176 Condensates concentrate and exclude specific bio-

molecules, forming a local milieu of potential RNA interaction

partners. This understanding could restrict the interaction space

for a particular RNA, improving predictions of interactors, inter-

action interfaces, and potentially the design of small molecules

to disrupt these interactions.

Conventional drug discovery approaches do not typically

consider the intracellular distribution of drugs. However, recent

findings show that the partitioning of drugs into specific cellular

compartments can significantly influence drug efficacy and

impact resistance. For example, several clinically approved can-

cer therapies concentrate in cellular condensates containing

their drug targets.177,178 The common cancer drug, oxaliplatin,

works by targeting the nucleolar scaffold protein, FBL, disrupting

the layered architecture of the nucleolus, and indirectly blocking

rRNA synthesis.177 In vitro, overexpression of FBL overcomes

the toxic effects of oxaliplatin.177 The breast cancer drug, tamox-

ifen, partitions into transcriptional condensates containing both

its target, estrogen receptor (ER) and the mediator subunit,

Med1.178 Tamoxifen binding to ER blocks associating with

Med1, and cells compensate and develop tamoxifen resistance

by over-expressing Med1.178 This property of small molecules

can be defined both in vitro and in vivo by leveraging small mole-

cule probes and can be predicted using machine learning ap-

proaches.179 It has been postulated that this partitioning prop-

erty can be utilized to develop small molecule therapeutics
with optimal subcellular distribution. In the case that small mole-

cules interact with RNA present in specific condensates, an un-

derstanding of the properties of small molecules that can be

optimized to encourage or discourage partitioning can improve

effective local RNA-targeted drug concentrations, target

engagement, and efficacy. Furthermore, a recent study discov-

ered selective partitioning of certain metabolites within conden-

sates, in particular phospholipids and amphipathic mole-

cules.180 Metabolomics in condensate biology may uncover

mechanisms for enzymatic reactions in phase-separated com-

partments.

Similar to the small molecule partitioning case discussed pre-

viously, we envision a future for RNA therapeutics where we un-

derstand the modifications on ASOs that can alter their subcel-

lular distribution in condensates. Supporting this possibility, it

has been shown that modifications on ASO can alter subcellular

distribution, and even concentrate ASOs in cellular bodies that

are now understood to be condensates. It has been shown

that the ASO backbone and hydrophobic 20 sugar modifications

govern interactions with FUS, causing ASOs to be retained in

specific condensates.181 Condensate-directing RNA modifica-

tions, once understood and employed, might be utilized to direct

an oligonucleotide therapeutic to concentrate within the conden-

sate containing its target, potentially increasing its efficacy.

Furthermore, preventing concentration in condensate compart-

ments by modifying partitioning might prevent toxic conse-

quences associated with the mislocalization of an RNA thera-

peutic.

RNAs that scaffold condensates are unlikely to be catalytic,

and so binding RNA folds with small molecules may not elicit a

desired therapeutic response. PROTACs, bifunctional molecules

that recruit E3 ubiquitin ligases to target and degrade proteins via

the ubiquitin-proteosome pathway, may provide a solution to

this problem.182 One approach to translate binding to function

is ‘‘RIBOTACs’’ or ‘‘RNATACs’’ the RNA analog of PROTACs

whereby inert RNA-targeting small molecules are functionalized

with a molecule that recruits and activates RNA-degrading en-

zymes.183,184 This modality may be applicable in the context of

aberrant RNA condensates where degradation of scaffolding

RNA below a threshold concentration could elicit highly cooper-

ative effects on condensate formation. RIBOTACs may be spe-

cifically attractive for RNA repeat-expansion diseases where

repeat length may be inversely correlated to the amount of

drug required to degrade the pathologic RNA due to the

increased number of binding sites and processive degradation

of RNA by recruited enzymes. Such an approach could function-

alize a growing number of small molecules identified to engage

disease-associated RNAs, such as those associated with ALS

and DM1185,186

Understanding that drug targets such as RNA reside within

condensates opens the possibility of generating more effective

bivalent drugs. ZXH-3-2, a PROTAC molecule developed to

selectively degrade phase-separating transcriptional regulator

BRD4, reversibly perturbed transcriptional condensates within

hours of treatment, demonstrating proof of concept that

PROTACs can modulate condensates.182 Phase separation

enhanced PROTAC (PSETAC) advances this concept by intro-

ducing a phase-separating intrinsically disordered region (IDR)

as the linker between the ligand for target recognition and a
Cell Chemical Biology 31, September 19, 2024 1603
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proteosome degradation tag. This is then packaged in lipid

nanoparticles as mRNA for delivery.187 Condensing the target

protein and proteosome in this manner enhanced degradation,

and choice of IDR influenced subcellular compartmentalization

of degradation activity.187 This raises the possibility that conden-

sate formation may be catalyzed or engineered to enhance intra-

cellular processes, including those that govern the activity of

drugs targeting proteins and RNA in condensates.
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154. Fàbrega, C., Aviñó, A., Navarro, N., Jorge, A.F., Grijalvo, S., and Eritja, R.
(2023). Lipid and Peptide-Oligonucleotide Conjugates for Therapeutic
Purposes: From Simple Hybrids to Complex Multifunctional Assemblies.
Pharmaceutics 15, 320. https://doi.org/10.3390/pharmaceutics15020
320.

155. Malecova, B., Burke, R.S., Cochran, M., Hood, M.D., Johns, R., Kovach,
P.R., Doppalapudi, V.R., Erdogan, G., Arias, J.D., Darimont, B., et al.
(2023). Targeted tissue delivery of RNA therapeutics using antibody–
oligonucleotide conjugates (AOCs). Nucleic Acids Res. 51, 5901–5910.
https://doi.org/10.1093/nar/gkad415.

https://doi.org/10.1186/s13578-023-01030-6
https://doi.org/10.1186/s13578-023-01030-6
https://doi.org/10.3390/v13030366
https://doi.org/10.1042/bst20231296
https://doi.org/10.1042/bst20231296
https://doi.org/10.1515/revneuro-2018-0104
https://doi.org/10.1515/revneuro-2018-0104
https://doi.org/10.3934/molsci.2015.3.211
https://doi.org/10.1101/gr.241745.118
https://doi.org/10.1111/1567-1364.12133
https://doi.org/10.1111/1567-1364.12133
https://doi.org/10.1038/s41580-020-00326-6
https://doi.org/10.1038/s41580-020-00326-6
https://doi.org/10.1016/j.cell.2015.07.047
https://doi.org/10.1016/j.cell.2015.07.047
https://doi.org/10.7326/0003-4819-138-2-200301210-00015
https://doi.org/10.7326/0003-4819-138-2-200301210-00015
https://doi.org/10.1073/pnas.0903234106
https://doi.org/10.1021/jacs.5b09266
https://doi.org/10.1038/nchembio.2251
https://doi.org/10.1002/cmdc.201402095
https://doi.org/10.1021/acschembio.6b00147
https://doi.org/10.1021/acschembio.6b00147
https://doi.org/10.15252/emmm.201707850
https://doi.org/10.3389/fmolb.2022.1007744
https://doi.org/10.3389/fmolb.2022.1007744
https://doi.org/10.1007/s11910-024-01345-y
https://doi.org/10.1007/s11910-024-01345-y
https://doi.org/10.1038/s41467-022-28653-6
https://doi.org/10.1038/s41467-022-28653-6
https://doi.org/10.1038/s41467-024-47485-0
https://doi.org/10.1016/j.cell.2021.05.008
https://doi.org/10.1016/j.cell.2021.05.008
https://doi.org/10.1007/s00431-023-04883-8
https://doi.org/10.1111/bcp.13786
https://doi.org/10.1111/bcp.13786
https://doi.org/10.1038/s41598-020-74346-9
https://doi.org/10.1038/s41598-020-74346-9
https://doi.org/10.1038/nchembio.1837
https://doi.org/10.1038/nchembio.1837
https://doi.org/10.1038/srep25806
https://doi.org/10.3390/ijms241813862
https://doi.org/10.3390/ijms241813862
https://doi.org/10.3389/fbioe.2021.628137
https://doi.org/10.3389/fbioe.2021.628137
https://doi.org/10.1038/s12276-022-00757-5
https://doi.org/10.1038/s12276-022-00757-5
https://doi.org/10.1038/s41419-022-05075-2
https://doi.org/10.1038/s41419-022-05075-2
https://doi.org/10.1038/s41573-024-00943-2
https://doi.org/10.3390/pharmaceutics15020<?show [?tjl=20mm]&tjlpc;[?tjl]?>320
https://doi.org/10.3390/pharmaceutics15020<?show [?tjl=20mm]&tjlpc;[?tjl]?>320
https://doi.org/10.1093/nar/gkad415


ll
OPEN ACCESSReview
156. Matsui, M., and Corey, D.R. (2017). Non-coding RNAs as drug targets.
Nat. Rev. Drug Discov. 16, 167–179. https://doi.org/10.1038/nrd.
2016.117.

157. Zhu, Y., Kwan, T., Meng, Q., Tai, L., Cho, H., Lee, M., Younis, H., Levin,
A., and Flanagan, M. (2023). VP48 AOC 1001 demonstrates DMPK
reduction and spliceopathy improvement in a phase 1/2 study in myoto-
nic dystrophy type 1 (DM1) (MARINA). Neuromuscul. Disord. 33, S70.
https://doi.org/10.1016/j.nmd.2023.07.029.

158. Ma, Y.-M., and Zhao, L. (2023). Mechanism and Therapeutic Prospect of
miRNAs in Neurodegenerative Diseases. Behav. Neurol. 2023, 8537296.
https://doi.org/10.1155/2023/8537296.

159. Tran, H., Moazami, M.P., Yang, H., McKenna-Yasek, D., Douthwright,
C.L., Pinto, C., Metterville, J., Shin, M., Sanil, N., Dooley, C., et al.
(2022). Suppression of mutant C9orf72 expression by a potent mixed
backbone antisense oligonucleotide. Nat. Med. 28, 117–124. https://
doi.org/10.1038/s41591-021-01557-6.

160. Miller, T.M., Cudkowicz, M.E., Genge, A., Shaw, P.J., Sobue, G., Bucelli,
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