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SUMMARY

Foundational models of transcriptional regulation involve the assembly of protein complexes at DNA ele-

ments associated with specific genes. These assemblies, which can include transcription factors, cofactors,

RNA polymerase, and various chromatin regulators, form dynamic spatial compartments that contribute to

both gene regulation and local genome architecture. This DNA-protein-centric view has been modified

with recent evidence that RNA molecules have important roles to play in gene regulation and genome struc-

ture. Here, we discuss evidence that gene regulation by RNA occurs at multiple levels that include assembly

of transcriptional complexes and genome compartments, feedback regulation of active genes, silencing of

genes, and control of protein kinases. We thus provide an RNA-centric view of transcriptional regulation

that must reside alongside the more traditional DNA-protein-centric perspectives on gene regulation and

genome architecture.

INTRODUCTION

Gene regulation, fundamental to all living processes, has been

studied largely from the perspective of DNA-protein and pro-

tein-protein interactions.1–7 As a consequence, the canonical

narrative of gene regulation is focused on these interactions.

Multiple transcription factor (TF) proteins bind selectively to

regulatory DNA elements called enhancers and promoters, facil-

itated by nucleosome mobilizing enzymes, and recruit compo-

nents of the transcription apparatus. This DNA-protein assembly

is then regulated by various proteins, including kinases and other

enzymes, allowing the assembled RNA polymerase II (RNAPII) to

undergo multiple steps in transcription initiation, pausing, and

processive elongation.

Reports of RNA molecules associated with DNA regulatory el-

ements began to emerge decades ago.8–12 This stimulated a

lively discussion about the possibility that these RNAs were sim-

ply a product of promiscuous transcription and had no real reg-

ulatory function or whether they actually contribute functionally

to gene regulation.13 Then, it was recognized that enhancers

and promoters were often bi-directionally transcribed, which

stimulated additional discussion about the underlying mecha-

nisms and potential roles of RNA molecules.14–16 Evidence that

transcription of genes often involves a transcriptional pause,17,18

where an RNAPII molecule stops �100 bp downstream of the

promoter with a nascent RNA molecule, also led to speculation

about the potential role of the nascent RNA molecule in gene

regulation.5,19–23 Thus, investigators reported diverse types of

RNA molecules from enhancers, promoters, and pause sites,

but the mechanisms by which these might regulate genes were

unclear. The lack of evolutionary conservation of enhancer and

promoter sequences made it challenging to make a compelling

argument for a conserved function of these RNA molecules.

By contrast, the mechanisms by which many other RNA mole-

cules contribute to regulatory phenomena, such as microRNAs

(miRNAs) and piwi-interacting RNAs (piRNAs), became relatively

well established.24,25

Here, we discuss recent evidence and insights, aided by

recent technological advances (Box 1), which lead to the conclu-

sion that RNA molecules are involved in multiple regulatory

mechanisms contributing to gene activation, gene repression,

and genome structure. We review evidence that enhancers are

transcribed and that enhancer RNAs bind and assemble a

plethora of TFs, cofactors, and chromatin regulators. RNA is

now known to be a feedback regulator of transcription and

may contribute to the discontinuous or burst-like behavior of

gene expression. Some RNA molecules attract the gene

silencing machinery in heterochromatin and others repress the

activity of kinases necessary for gene transcription. We discuss

why classical genetic studies provided limited clues to these

RNA functions and why more recent genetic and molecular ap-

proaches have been more informative. The new concepts that

emerge for RNA-mediated regulation create a foundation for

future studies that promise to advance our understanding of

gene regulation and its dysregulation in disease.

ACTIVE REGULATORY ELEMENTS ARE TRANSCRIBED

The development of nascent RNA sequencing technolo-

gies12,22,26 revealed that transcription of regulatory DNA ele-

ments is a ubiquitous feature of the regulatory landscape that

is not captured in typical RNA sequencing. Thus, we now know
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that virtually all active enhancers and promoters are tran-

scribed60–62 and that enhancer transcription may be the best in-

dicator of an enhancer’s ability to activate genes.10,60,63–65 The

human genome is thought to harbor �1 million enhancers, pro-

moters for �20,000 protein-coding genes, and a similar number

of long non-coding RNAs (ncRNAs).66–68 In any one cell type, it is

possible that nearly 100,000 enhancers and promoters are

transcribed.

Transcription of regulatory elements often occurs bidirection-

ally; RNA species are typically transcribed divergently from tran-

scription initiation sites14,15,69 (Figure 1). Some of these RNAs

have long half-lives and others short half-lives.68,70–74 The more

stable RNA species that emerge from bidirectional transcription

of a locus appear to be stabilized by multiple mechanisms, which

include RNA processing and a paucity of the polyadenylation sig-

nals that disrupt transcription elongation.47,48,75–77 The more sta-

ble pre-mRNAs or ncRNAs that are destined for the cytoplasm are

bundled into ribonuclear protein (RNP) complexes and trans-

ported to the cytoplasm, where their half-lives are 20 min to

hours.72 The relatively stable long-noncoding RNAs (lncRNAs),

which are often transcribed from enhancer elements,78 are gener-

ally retained at the locus of synthesis and form compartments of

RNP complexes.43 The other, less stable transcripts are often

relatively short and, for enhancer RNAs, appear to have a half-

life that averages �7–18 min.9,76 Although this half-life is short

relative to other types of transcripts, these transcripts exist long

enough to interact with proteins, where such binding events

take place in the order of seconds.79

RNA MOLECULES REGULATE TRANSCRIPTION

In prokaryotes and viruses, RNA molecules serve prominent

roles in transcriptional regulation. In bacteria, intrinsic terminator

sequences are transcribed by elongating RNAP and cause for-

mation of specific RNA secondary structures called terminator

hairpins that plug the RNA exit channel of RNAP. Terminator

hairpin formation is thought to melt 3–4 base pairs of the up-

stream RNA-DNA hybrid, which stalls RNAP and destabilizes

the elongation complex, promoting its detachment from

DNA.80 Such termination mechanisms are a key component of

bacterial riboswitches, a class of RNA molecules that undergo

conformational changes upon binding to specific cofactors—

including proteins, RNAs, and metabolites—to regulate tran-

scription and post-transcriptional processes.81 In many cases,

the riboswitch and cofactor belong to the same biochemical

pathway, thus providing a natural feedback mechanism. RNA

molecules are also essential for transcriptional regulation and

replication of viruses, including the human immunodeficiency vi-

rus 1 (HIV1). The HIV1 transcriptional activator (Tat) binds to a

specific hairpin loop and bulge structure transcribed from the

50 long terminal repeat of the HIV1 genome, called the trans-acti-

vation response (TAR) element, to stimulate viral genomic tran-

scription.82 Tat also binds to similar loop-bulge structures in

the human 7SK ncRNA, which normally represses transcription

elongation by sequestering the positive transcription elongation

factor (P-TEFb) complex.83 It is thought that Tat stimulates tran-

scription elongation of the HIV1 genome by both binding the nas-

cently transcribed TAR element and by releasing P-TEFb from

the 7SK repressive complex.82–84

Common themes emerge from these examples in prokaryotes

and viruses that highlight the importance of integrating a consid-

eration of RNA into models of transcription regulation. RNA-

mediated transcriptional regulation is typically part of autoregu-

latory feedback networks that enable the cell or virus to quickly

respond to changes in the environment.85 Themechanisms con-

trolling such feedback usually involve specific RNA secondary

structures, the most common being hairpin loops, where the ter-

minal loops form complex and specific tertiary structures. Many

of these structures are specified in untranslated regions early in

genes and operons, and they help control the processivity of

RNAP. An open question is the extent to which similar mecha-

nisms are at play in eukaryotic transcription.

In eukaryotes, the pervasive transcription of genomic regula-

tory elements, as well as the observation that transcription of

these elements is the best correlate for function,60 has prompted

many studies into roles for RNA molecules in eukaryotic tran-

scription.63,86–96 The consensus from perturbation studies is

that, across a wide range of cell types, the perturbation of RNA

Box 1. Impact of technological advances on RNA-associated concepts

Recent technological advances have provided new insights into the roles of RNAmolecules in transcriptional regulation. Improve-

ments to nascent and single-cell RNA sequencing, as well as high-throughput mass spectrometry, have mapped the genomic

landscape of transcribed RNAs and RNA-interacting proteins.22,26–30 Rapid protein degradation coupled to high-throughput ge-

nomics has revealed hidden regulatory features on timescales approaching real-time cellular events.31–33 Super-resolution and

single-molecule microscopy have enabled unprecedented visualization and quantification of dynamic transcriptional pro-

cesses.34–38 New RNA aptamers and in situ hybridization techniques have revealed RNA distribution and RNA processing in

cells.39–42 High-throughput interrogation of genome structure that integrates multiway contacts between DNA, RNA, and protein

has mapped genome organization with increasing spatial resolution.43–46 Observations derived from these techniques have led

investigators to reconsider canonical models of transcriptional regulation and to propose new conceptual models. For example,

they have revealed that RNA molecules are not uniformly distributed throughout the nucleus but instead form spatial compart-

ments.43 Like regulatory DNA sequences, specific RNA sequences have been found to regulate transcriptional output.47–50

RNA binds to many components of the transcriptional apparatus and regulates the formation and dissolution of large, dynamic

assemblies called transcriptional condensates,51,52 which physically influence genome architecture.53–56 Some of these observa-

tions challenge canonical views of how proteins and DNA regulate transcription,31,57–59 and they highlight how nascent RNA

extruding from active RNA polymerase molecules can function as a feedback regulator to fine-tune transcriptional output.
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molecules near transcribed genes disturbs proper genic tran-

scription. In some cases, these effects seem to target specific

stages of transcription, notably the pausing and pause-release

of RNAPII that occurs within the first 100 nt of transcription.48,94

The techniques that have been used to perturb RNA include

knockdown by small interfering RNAs and antisense oligos, mu-

tation of transcription start sites, introduction of strong termina-

tion signals, and swapping of RNA sequences.63,86,91,97 The re-

sults of these studies can be challenging to interpret because

they can disrupt highly dynamic features of transcription that

occur on shorter timescales than are typically measured and

the results may sometimes reflect downstream and indirect ef-

fects.98 Nonetheless, there are nowmany examples where there

is compelling evidence for RNA molecules that regulate gene

transcription in eukaryotes.47–49,63,86,91,97,99–101

Common and instructive themes emerge from the study of

RNA molecules in transcription. RNAs synthesized at regulatory

elements impact the transcription of genes in their spatial prox-

imity. The nature of this regulation is very dynamic: regulatory

RNAs are fairly short-lived and the processivity of RNAPII, one

of the strongest motors in the cell, is rapid. The timescales of

these dynamics are still an order ofmagnitude longer than typical

binding events for proteins and nucleic acids in the cell, which

occur within seconds.79 Thus, there is ample opportunity for

transcribed RNAs, even those that are relatively unstable, to

interact with proteins. Inspired by the biology of bacteria and vi-

ruses, it may be that the bulk of regulatory potential in RNA mol-

ecules exists early in their sequence to enable maximal impact

on early stages of transcription, RNAPII pausing, and premature

termination. In the following sections, we highlight recent work

centered on emerging themes that describe sequence-specific

and non-sequence-specific mechanisms by which RNA mole-

cules regulate transcription.

RNA MOLECULES ARE BOUND BY TFs AND

COFACTORS

In canonical models of transcription, TFs bind enhancer and pro-

moter-proximal DNA sequences and recruit the transcriptional

apparatus. Early reports noted that some eukaryotic TFs can

also bind RNA102,103 and, in some cases, linked RNA binding

to TF function.104–111 High-throughput mass spectrometry of

proteins capable of binding RNA suggested that some DNA-

binding proteins lacking canonical structured RNA-binding do-

mains might be moonlighting as RNA-binding proteins.27,112

More recently, a systematic effort revealed that most TFs bind

RNA in cells through a conserved arginine-rich motif (ARM)

domain51 (Figure 2). This ARM domain was originally described

in the HIV1 TAT TF, which binds the RNA genome of the virus

to activate its transcription. The TF ARM domain is important

for normal chromatin occupancy by TFs and, when mutated,

causes developmental defects and disease.51 The TFs tend to

bind enhancer- and promoter-derived RNAs produced in prox-

imity to where the TFs bind DNA, indicating that locally produced

RNAs contribute to TF occupancy.51,88,106,113,114

TFs regulate genes by recruiting transcriptional coactivators

and corepressors to specific loci. These cofactors, defined as

factors involved in gene regulation but lacking DNA-binding

domains, are often multisubunit complexes that regulate tran-

scription through various mechanisms, including mobilizing
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Figure 1. Active regulatory elements are transcribed
(A) Depiction of the types of gene regulatory elements that exist within gene neighborhoods and are bidirectionally transcribed (RNAPII, RNA polymerase II; pre-

mRNA, pre-messenger RNA; lncRNA, long non-coding RNA).

(B) Table of types of RNAs transcribed from gene regulatory elements, including their features and half-lives.68,70–73 Note that there are many additional types of

RNAs, such as short stable miRNAs derived from processedRNA precursors, which are not presented here (uaRNA, upstream antisense RNA; paRNA, promoter-

associated RNA; PROMPT, promoter upstream transcript).
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nucleosomes, modifying chromatin-associated proteins, altering

genome structure, recruiting RNAPII, and regulating aspects of

transcription initiation and elongation.6,115,116 Although most

studies of cofactor function have focused on protein-protein in-

teractions, many components of cofactor complexes bind RNA

in cells.51,88,94,113,114,117–122 These include components of the

Mediator complex, BRD4, CBP, NELF, and members of the

SWI/SNF, NuRD, and INO80 chromatin remodeling complexes

(Figure 2). Like TFs, most of the RNA-binding cofactors contain

ARM domains.51 Studies have identified RNA-binding regions

in the coactivators BRD4113 and CBP,114 which appear to over-

lap the bromodomains of BRD4 or the histone acetyltransferase

domain of CBP. These regions are enriched with positively

charged basic residues, which share similar properties to

ARMs. It is notable that RNAbinding canmodulate cofactor func-

tion. For instance, MED12, part of the kinasemodule of theMedi-

ator complex, binds to specific ncRNAs, which stimulates his-

tone H3 serine 10 phosphorylation.88 In a similar manner, RNA

binding by CBP stimulates its ability to acetylate histones.114

RNA can also act as a competitive inhibitor. For instance,

nascent RNA binds to the RNAPII pause factor NELF to release

it from RNAPII, which helps stimulate transcription elonga-

tion.94,117 These studies demonstrate that many cofactors bind

RNA, which modulates their function, suggesting that RNA mol-

ecules can act as allosteric regulators of enzymes involved in

transcription.

The theme that emerges from these studies is that TFs and

their cofactors are frequently able to bind RNA, doing so, at least

in part, through a domain that has only been recently recog-

nized.51 For specific TFs studied so far, this ARM domain makes

a positive contribution to the lifetime of the TFs’ interaction with

regulatory loci that produce RNA.51

ACTIVELY TRANSCRIBED LOCI NUCLEATE ASSEMBLY

OF PROTEINS AND RNA INTO COMPARTMENTS

Many active genes are regulated by multiple enhancers, and

genes with prominent roles in cell identity typically have large

IRF2

SP1
YY1

CTCFJUN
MAX

CREB1

MYC

GATA2
POU2F1

RUNX1
GATA1

CHD1

HDAC1
HDAC2
ACTR5ARID2

ARID1B

BRG1

ARID1A

GATAD2B
MBD3

CHD3
GATAD2A

LEO1

IWS1
SUPT6H

PAF1EP300
MED12

CBP

MED1

NELFE
CTR9

BRD3
BRD4

transcription factors

transcription cofactors

chromatin remodellers

RNA polymerase II

gene

RNA

Figure 2. RNA molecules are bound by
transcription factors, cofactors, and
chromatin remodelers
Many of the protein factors involved in transcrip-

tion bind RNA at active genes. Boxes include ex-

amples of RNA-binding proteins, derived from a

study by Oksuz et al.51 and corroborated by pre-

vious studies cited throughout the review.

clusters of enhancers.123,124 Several lines

of evidence indicate that collections of

active enhancers and promoters

assemble large amounts of transcription

apparatus, forming transcriptional com-

partments that have been called con-

densates, hubs, or microcompartments

(Figure 3). DNA contact data and imaging

studies indicate that active enhancer

and promoter DNA sequences come

into proximity with one another,53,125–133

which predicts activity.134 Other studies have found in specific

cases that enhancers and promoters increase their spatial dis-

tance upon gene activation.135,136 Although the observed dis-

tances in these studies (250–600 nm) are inconsistent with the

view that enhancers and promoters make direct contact, they

are consistent with the observed sizes of condensates that are

likely forming at these genes and regulatory elements.137,138

Chromatin immunoprecipitation sequencing (ChIP-seq) data indi-

cate that clusters of enhancer and promoter sequences can be

occupied by exceptionally high levels of TFs, cofactors, and

RNAPII, and RNA analysis indicates that there are high levels of

enhancer RNAs at the enhancer loci.123,124 Transcription of these

elements seems to be important for establishing and maintaining

enhancer-promoter contacts.139,140 Imaging of endogenous

tagged cofactors shows that they assemble into dynamic con-

densates at these loci,34,137,138,141–143 and quantification reveals

large numbers of cofactor and RNAPII molecules clustered into a

typical transcriptional condensate in live cells.35,138 As expected

for dynamic assemblies, condensates can be observed to fuse

and fission. Recent studies with advanced super-resolution im-

aging methods suggest that condensates formed at clustered

enhancer elements can transiently ‘‘kiss’’ the apparatus assem-

bled at promoters and that the frequency of this interaction may

be related to transcriptional output.34,36

Most cellular functions involve formation of large protein

assemblies that have been termed biomolecular conden-

sates.144–147 The term condensate, as used here, implies that

multiple biomolecules assemble due to favorable interactions

that overcome entropy; this may be a consequence of micro-

phase or phase separation but other mechanisms may be

involved. Condensate formation is now thought to be involved

in the assembly of proteins involved in most cellular functions,

including, but not limited to, chromatin state, DNA repair, tran-

scription, RNA processing, ribosome biosynthesis, translation,

signaling, and metabolism.141,148–156 Many condensates harbor

RNA components and these can influence the formation and sta-

bility of the assembly,157,158 as discussed below. Because

condensate biology is involved in multiple biological processes,

ll

3630 Molecular Cell 84, October 3, 2024

Review



specific aspects of condensate biologywill be highlighted in rele-

vant parts in the remaining sections.

The genes transcribed by mammalian cells can be roughly

divided into two classes: those that have cell-type-specific or

lineage-specific roles and those that are active in most cells.

The cell-type-specific genes are generally regulated by en-

hancers and the cell-type-specific TFs that bind them. The genes

that are generally active in all cells, called ‘‘housekeeping

genes,’’ which encode essential metabolic and maintenance

functions, often lack cell-specific enhancers. A recent study

has shown that the promoters of housekeeping genes, which

are clustered in the genome, are bundled into proximity by the

TF Ronin.159 Ronin binds an ultraconserved element in these

promoters and acts as a promoter tethering factor. The clustered

promoters of housekeeping genes, like the clustered enhancers,

form transcriptional condensates.159 Enhancers and promoter

elements share the property of bidirectional transcription initia-

tion and functional features; indeed, the promoters of some

genes can function as enhancers for other genes and enhancers

contain the transcription initiation sites that have classically been

used to define promoters.160 Thus, it is now understood that

clustering of enhancers and clustering of promoters leads to for-

mation of transcriptional condensates161 (Figure 3).

The human genome also encodes �20,000 lncRNAs, most of

whose functions have long been mysterious.78,96,162 Two of the

most-studied are X-linked X-inactive-specific transcript (XIST)

and metastasis-associated lung adenocarcinoma transcript 1

(MALAT1). XIST is an ncRNA that spreads across the inactive

X chromosome in females and forms a condensate called a

Barr body that maintains the chromosome in an inactive

state.163,164 MALAT1 is an lncRNA that enriches in nuclear

speckles, which are condensates enriched in pre-mRNA pro-

cessing factors that may play a role in coordinating transcrip-

tional and post-transcriptional gene regulation.165,166 Most

lncRNAs do not contain evolutionarily conserved sequences

and only occasionally is variation in lncRNAs associatedwith dis-

ease, which has led some to question whether most have any

function. Recent studies, however, have revealed an important

function for these ncRNA species. Most lncRNAs remain associ-

ated with the locus where they are transcribed and assemble

spatial compartments in the genome.43 The transcribed ncRNAs

form high-concentration ribonucleoprotein condensates

throughout the nucleus, and these apparently shape long-range

DNA contacts and can influence local gene expression.43 It ap-

pears likely that tethering by RNAPII and intron retention

contribute to retention of these lncRNAs at these loci,167 and

thus the RNA molecules nucleate the formation of a ribonucleo-

protein compartment (Figure 3).

The ability of lncRNA molecules to nucleate condensates with

important roles in biological regulation is highlighted by evidence

that the lncRNA DIGIT regulates the formation of transcriptional

condensates involved in endoderm differentiation.168 DIGIT is

essential for differentiation of definitive endoderm169 and func-

tions to recruit the bromodomain and extraterminal domain

(BET) protein BRD3 to the enhancers of key endoderm TFs,

thereby stimulating formation of transcriptional condensates at

these sites.168 With evidence that most lncRNAs remain associ-

ated with the locus where they are transcribed, assemble spatial

compartments and influence local gene expression,43 it seems

likely that additional examples of lncRNA regulation of develop-

mental processes will be discovered.

The formation of spatial compartments and the physicochem-

ical nature of condensates suggests an interplay between

genome organization and condensates. Chromatin is a rich
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Figure 3. Actively transcribed loci nucleate assembly of proteins into compartments
(A) Types of spatial compartments formed by interactions between protein, DNA, and RNA molecules at active genes.

(B) Principles underlying the formation, dissolution, and dynamics of spatial compartments, mediated by condensates.
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and dense polymeric network that exhibits a range of liquid-like,

gel-like, and solid-like material properties.148,170–172 The nucleo-

somal building blocks of chromatin can undergo phase separa-

tion in vitro, which can be altered by histonemodifications impor-

tant in gene control, such as acetylation.148 As a scaffold for

protein-binding and RNA synthesis, chromatin promotes surface

condensation of transcriptional proteins, generating a force

that pushes against the mechanosensitive chromatin poly-

mer.54,172,173 Chromatin also acts as an emulsifier that limits

coarsening of chromatin-bound condensates.55 The organiza-

tion of the genome, reflected in the three-dimensional arrange-

ment of chromatin is, therefore, simultaneously subject to and

able to control the formation, diffusion, and dissolution of nuclear

condensates. Indeed, high-throughput efforts to map multiway

contacts between DNA, proteins, and RNA have discovered

that the genome is organized around nuclear condensates,

including heterochromatin and nuclear speckles.43,44 This orga-

nization is functional, as proximity to nuclear speckle conden-

sates, for instance, increases the splicing efficiency and expres-

sion of proximal genes.174–176 Thus, the interplay between

condensates that form on chromatin and physical limits imposed

by the chromatin polymer can tune the behavior of condensates

involved in gene expression and affect genome organization.

Evidence suggests that RNA is a structural component of

chromatin that modulates its compaction. A recent study re-

vealed a core insoluble RNA and protein network that associates

with chromatin and is enriched with repetitive and nascent RNA

species.177–179 This network prevented chromatin compaction,

suggesting that nascently transcribed RNA or repetitive RNA

plays a key role in chromatin organization.177,178,180 Consistent

with this model, transcriptional activation de-compacts and dis-

places chromatin in zebrafish embryonic cells.181 These effects

could be due to a variety of factors, including mechanical forces

of RNA-mediated condensate formation or competition with his-

tone-DNA interactions via neutralization by RNA.182 RNA inter-

acts with proteins that modify chromatin structure, such as

YY1 and CTCF, which may also contribute to the effect of RNA

synthesis on chromatin structure.106,107,183 A subset of CTCF-

mediated chromatin interactions are dependent on the RNA-

binding domains of CTCF, and these same domains affect the

clustering and diffusion properties of CTCF.183 Thus, the effect

of RNA synthesis on condensate-forming properties could

help explain how transcription organizes the three-dimensional

genome.

These observations converge on the concept that RNA mole-

cules transcribed from DNA regulatory elements, including en-

hancers and promoters, can facilitate the assembly of large

amounts of transcription apparatus into dynamic condensate

compartments. These compartments are an important compo-

nent of genome architecture.43,53,62,161,184–186

RNA IS A GENERAL REGULATOR OF CONDENSATE

PHYSICOCHEMISTRY AND DYNAMICS

Condensates are assemblies of biomolecules that form through

multivalent interactions of biopolymers and are subject to ther-

modynamic parameters such as concentration of constituents,

the valency of component interactions, temperature, and solvent

properties. Condensate formation was initially studied in terms

of principles derived from simple, single-component systems

undergoing phase transitions at thermodynamic equilibrium.

Recent experimental and theoretical studies have extended

this understanding to multicomponent and dynamic systems of

polymers, where surface condensation, percolated networks,

arrested coarsening, and activity-based phase separation are

at play.187–191 A common theme in the regulation of condensates

is that nucleic acids like RNA can act as seeds or scaffolds for

condensate nucleation157,192 (Figure 4A). RNA can act as a scaf-

fold due to its ability to form non-stoichiometric and multivalent

interactions with proteins. For instance, the ncRNA XIST nucle-

ates condensates formed by the RNA-binding protein SHARP

to initiate X chromosome inactivation.163 Global degradation of

nuclear RNAs in cells alters many condensates, including Cajal

bodies, nuclear speckles, and nucleoli, suggesting that some

of these RNAs could act as an integral scaffold for these conden-

sates.158 Consistent with this observation, specific RNAs have

been shown to be crucial structural components for particular

A
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RNA scaffolds

Re-entrant phase transitions

1-phase 2-phase
(charge balance)

1-phase
(charge imbalance)

[RNA]

Compositional control Material properties

+RNA +RNA

Figure 4. RNA is a general regulator of condensate
physicochemistry and dynamics
(A) RNA can act as a scaffolding molecule to stimulate formation of con-

densates.

(B) RNA modifies condensate composition and material properties, such as

surface tension, depicted as wetting against a surface.

(C) Increasing RNA levels at constant protein levels can lead to reentrant phase

transitions, where RNA initially stimulates condensate formation near charge

balance but then stimulates condensate dissolution through like-like repulsive

interactions.
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condensates, including ribosomal RNAs in the nucleolus,193,194

theNEAT1 transcript in paraspeckles,195,196 andmRNAs in cyto-

plasmic stress granules.197 It has been suggested that even a

single, relatively long RNA and its associated proteins could

exhibit properties of a condensate.198 These studies highlight

RNA as an important structural component for condensate

formation.

RNA also contributes to the regulation of condensates by

modulating condensate composition and material properties

(Figure 4B). Competition for RNA-binding sites affects the ability

of specific RNA-binding proteins to concentrate in the

condensed phase, which alters condensate composition and is

important for regulation of cytoplasmic condensates such as

stress granules and P bodies.199 The composition and structure

of multicomponent condensates can also be tuned by the rela-

tive concentration of RNA in the condensed phase. At low RNA

concentrations, proteins in the condensed phase tend to be

well mixed, but at higher RNA concentrations, new compart-

ments and substructures form that spontaneously organize ac-

cording to their relative binding affinity for RNA.200 These struc-

tural rearrangements are important for condensates that have

unique structures that depend on RNA scaffolds, including the

nucleolus and paraspeckles.201,202RNA also regulates themate-

rial properties of condensates, including viscosity, elasticity, and

surface tension.203,204 Changes in material properties alter

condensate dynamics, including the diffusion of molecules

within a condensate. Such changes impact binding and reaction

rates, and their dysregulation has been linked to condensate pa-

thologies, including those involved in neurodegeneration.147

Thus, RNA is a powerful regulator of cellular condensates, which

inspires a consideration of the role of RNA in the regulation of

condensates involved in transcription.

Transcriptional condensates form at active genes through

multiple types of molecular interactions between proteins and

nucleic acids. Recently, a study showed that proteins with pat-

terns of alternating charge selectively partition into transcrip-

tional condensates, which highlights an important role for elec-

trostatic interactions in these structures.142 The principles

underlying electrostatic interactions of oppositely charged poly-

ions, such as proteins with charged residues and RNA, have

been understood for almost a century in a process known as

complex coacervation.205 Complex coacervation refers to the

phase separation of mixtures of polymers of opposite charge.206

In coacervate theory, polycations and polyanions form conden-

sates when their concentrations achieve charge balance. Such

mixtures contain two phases, a dense phase that is polymer

rich and a supernatant that is polymer poor. A key property of

coacervate systems is that addition of excess polycations or

polyanions leads to charge imbalance, repulsion of like-like

charges, and favors condensate dissolution.207 This phenome-

non of charge-driven demixing (2-phase) followed by remixing

(1-phase) upon addition of a polyion is called a reentrant phase

transition208,209 (Figure 4C). Building on this theoretical frame-

work, a recent study revealed that transcriptional condensates

behave in a similar manner to complex coacervates in cells.

Low RNA levels produced during transcription initiation lead to

charge balance and promote condensate formation, while high

RNA levels produced during bursts of transcription elongation

lead to charge imbalance, causing condensate dissolution.52

This simple but powerful mechanism of feedback control allows

RNA to mediate its own transcription.210 A subsequent study

showed that RNA-binding proteins canmodulate the charge bal-

ance of transcriptional condensates, which shifts the RNA con-

centration at which reentrant phase transitions occur.211 This

suggests that the net charge of a transcriptional condensate

serves as a regulatory dial that can be tuned to control transcrip-

tional output.

RNA IN GENE REPRESSION

Cells must maintain repetitive elements such as retrotranspo-

sons, as well as genes that encode factors that drive other cell

identities, in a silent heterochromatic state, and they use diverse

types of protein apparatus to accomplish this. TFs can harbor

effector domains that recruit corepressors rather than coactiva-

tors to silence heterochromatic repeats. For example, KRAB

domain TFs recruit the KAP1 corepressor, which in turn recruits

histone deacetylases and SETDB1, a histone H3K9 methylase,

to facilitate repression.212 As cells progress along specific line-

ages during development, they typically deploy polycomb

repressive complexes (PRC1 and PRC2) to repress genes that

encode factors that drive inappropriate cell identities.213 And

the silencing of the inactive X chromosome in females involves

binding to various sites on one X chromosome by the TF

SPEN.163

Cells also utilize RNAmolecules as regulators or intermediates

in transcriptional repression. Transcription of heterochromatic

repeats was first shown in the fission yeast Schizosaccharomy-

ces pombe to be key to silencing of those repeats.214 Tran-

scribed pericentromeric and centromeric regions of the yeast

genome recruit silencingmachinery to maintain heterochromatin

near centromeres. Recent evidence suggests that transcription

of RNA also plays an important role in gene silencing in mamma-

lian cells. The HUSH complex, which is responsible for repres-

sing L1 retrotransposons and lentiviral integrations, does so by

interacting with RNA transcribed from these elements.215 It

appears to do this by selectively binding intronless RNAs tran-

scribed from retrotransposons and recruiting repressive chro-

matin regulators that methylate histone H3K9.

PRC2 is a multiprotein complex that represses specific genes

during development and differentiation. PRC2-repressed genes

include those encoding TFs whose derepression would disrupt

specific developmental processes.213 Chromatin localization of

PRC2 in human pluripotent stem cells is thought to require

RNA binding at those loci, although the mechanisms of this

requirement are under debate.216–223 Nevertheless, it has been

observed that RNAs, including those transcribed from

repetitive regions, contribute to the deposition of repressive

marks on chromatin, suggesting that RNA participates in gene

silencing.178,224–226 Such RNAs have also been found to

promote the formation of heterochromatin condensates,

providing an additional mechanism by which RNAs are involved

in repression.227

There are also RNA-mediated mechanisms that silence whole

chromosomes. To silence one of the two X chromosomes in fe-

males, XISTRNA initiates a cascade of gene silencing across the
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majority of the inactive X chromosome.164,228 Recent studies

have revealed that this assembly of the inactive X into an

‘‘XIST cloud’’ occurs through a condensate mechanism, forming

what have been called ‘‘Barr bodies’’ in mammalian cells.228

Finally, it is notable that an RNA molecule plays a key repres-

sive role at all active genes. During transcription initiation, RNAP

typically binds the promoter, initiates transcription of�100 base

pairs, and then pauses due to the action of pause control factors.

RNAPII is released from this paused state through the activity of

a CDK9/cyclin T complex called P-TEFb. The P-TEFb complex

contains an RNA molecule called 7SK that maintains the

complex in an inactive state.229 Removal of this 7SK repressor,

likely by TFs or cofactors capable of binding this RNA mole-

cule,51,230,231 is necessary to derepress CDK9.

RNA-MEDIATED DYSREGULATION IN DISEASE

Disease pathogenesis is best understood in contexts where mu-

tations in the coding regions of the genome alter the structure

and function of proteins. Mutations in transcriptional proteins

contribute to the pathogenesis of a wide range of diseases,

including neurological disorders, developmental syndromes,

metabolic diseases, and cancer.232,233 These mutations can

cause loss of function where, for example, TFs are no longer

able to activate or repress specific genes, or can lead to a gain

of function where, for example, TF fusion proteins activate

genes in cellular contexts where they would otherwise be

silenced.234–236 The types of RNA-mediated dysregulation impli-

cated in disease pathogenesis fall into several classes, which

include repeat expansions that produce aberrant condensates,

RNA overexpression, and variation associated with disease in

gene regulatory elements.

There are at least fifty human disorders caused by mutations

that expand short tandem repeats in genomic DNA, and tran-

scripts from these repeats are thought in some cases to be path-

ogenic. Repeat expansion disorders include Huntington’s dis-

ease, fragile X syndrome, and amyotrophic lateral sclerosis.237

Although DNA-protein-centric mechanisms explain disease

pathogenesis in some cases,238 it appears likely that RNA is

involved in others. Jain and Vale showed that expansions above

a critical repeat threshold caused formation of repeat RNA-rich

condensates in the nuclei of cells.239 The formation of these

structures is thought to sequester RNA-binding proteins away

from their normal sites of action, causing dysregulation and

contributing to neurological disease.239

Just as overexpression of specific proteins contributes to

oncogenesis, altered levels of specific RNA species have been

associated with cancers. There are many types of ncRNAs,

including lncRNAs, circular RNAs (circRNAs), miRNAs, and

piRNAs, which have been implicated as oncogenes or tumor

suppressor genes.240–242 For instance, the lncRNA MALAT1 is

typically over-expressed in patient tumors and related metasta-

ses and is often correlated with poorer prognosis.243 The

accumulation of circRNAs, derived from backsplicing during

pre-mRNA processing, has been implicated in a variety of disor-

ders.244,245 Although the mechanisms of their function are still

unclear, circRNAs are highly stable due to protection from exo-

nucleases, and thismay contribute to amechanism of pathogen-

esis. The alteration of specific RNA levels is a common feature in

disease, but more work is needed to determine the causality and

extent of contribution to pathogenesis for RNAs in each disease.

Genome-wide association studies (GWASs) have identified

variants in thousands of non-coding loci that are associated

with human diseases and complex traits. Most causal variants

are known to occur in non-coding gene regulatory elements

such as enhancers.246–249 In some well-studied cases, these

variants have been shown to have small but significant effects

on expression of genes regulated by these enhancers.247,250

These variants alter DNA sequences that can be bound by spe-

cific TFs, and thus it is expected that alterations in DNA binding

by TFs is the mechanism that accounts for changes in gene

expression. However, the understanding that TFs and many

other components of the transcription apparatus bind RNA se-

quences offers an additional potential explanation, where altered

RNA sequences change the interaction with TFs at regulatory

loci. It seems likely that future studies of GWAS variants will

address the potential role of altered RNA sequences in dysregu-

lated gene expression in disease.

CONCLUSIONS AND OUTLOOK

Models of gene regulation and genome organization must incor-

porate regulatory roles for both protein and RNA. RNA species

transcribed from regulatory elements can facilitate recruitment

of transcription apparatus and stimulate formation of dynamic

condensate assemblies that participate in both gene regulation

and genome architecture. RNA produced from intron-lacking re-

petitive elements can recruit the gene silencing apparatus

necessary for heterochromatin formation. Dysregulation of these

processes contributes to pathogenic mechanisms in disease.

The study of regulatory roles for RNA is typically more chal-

lenging than for proteins, where genetic, biochemical, and AI

methodology is more widely used and technically more sophis-

ticated. Productive genetic studies have been more focused

on protein than RNA because protein sequences are typically

more conserved than RNA sequences and point mutations in

protein sequences tend to have more dramatic effects than

those in RNA. The diversity of catalytic activities of proteins

has provided a far larger universe of in vitro assays for biochem-

ical studies than those for RNA molecules. The large databases

of protein structures have allowed development of AI methods

such as Alphafold3251 for accurate prediction of protein struc-

tures, but ground truth for RNA structures is harder to come

by. Nevertheless, there are compelling reasons to study regula-

tory roles for RNA. For example, human genetic studies showing

that most GWAS variation associated with disease occurs in

active enhancer elements, coupled with knowledge that the

RNA transcribed from these elements is bound by TFs and co-

factors, suggests that some disease risk may be associated

with changes in the structure and function of RNA molecules

transcribed from regulatory DNA.

To realize a more RNA-centric view of transcriptional regula-

tion and genome organization will require an effort equal to the

decades of genetics and biochemistry that established the

importance of DNA and protein interactions in transcription.

The significant structural complexity and flexibility of RNA
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compared with DNA naturally makes it more difficult to study.

Nevertheless, the field will require more structural insights into

specific interactions between RNA and transcriptional proteins.

Some of these insights will derive from new computational

efforts to predict protein and nucleic acid interactions through

Alphafold3251; others will require RNA-specific improvements

to techniques like nuclear magnetic resonance spectroscopy,

cryoelectron microscopy, and in vivo determination of RNA

structure through methods like SHAPE-MaP.83,252–254 High

throughput and systematic efforts to find specific RNA regulato-

ry motifs will require new experimental designs that attempt to

isolate effects to RNA molecules themselves and new fuzzy

methods of identifying conservation that do not solely depend

on full-sequence similarity.255,256 Such efforts could help to

decode a potential RNA cis-regulatory code. The substantial

progress made in understanding the physicochemical basis of

biomolecular condensate formation in simplified, and some-

times non-physiological, systems must now be extended to

complex mixtures of transcriptional proteins and relevant

RNAs under physiological conditions. Such efforts could help

us understand how RNA contributes to the organization of tran-

scriptional and co-transcriptional processes and, by extension,

the organization of the genome. Due to the dynamic and en-

ergy-intensive nature of RNA synthesis, both theory and experi-

ment in this space will need to model non-equilibrium effects,

production and degradation rates, and energy consumption

that do not always lead to intuitive outcomes and extend beyond

thermodynamic equilibrium. The consequences of feedback

control, which have been deeply characterized in engineering

and systems biology, including ultrasensitivity, noise reduction,

oscillatory behavior, and coupling, will be important to incorpo-

rate into models of transcriptional regulation. Filling these gaps

in our understanding of RNA structure and function will advance

our understanding of biological regulatory mechanisms in health

and disease.

ACKNOWLEDGMENTS

We thank Kalon Overholt for valuable suggestions and discussions about the

role of RNA in formation of genomic compartments and in potential feedback

control mechanisms in transcriptional regulation. This work was supported by

NIH grants F32CA254216 (J.E.H.), GM144283 (R.A.Y.), CA155258 (R.A.Y.),

NSF grant PHY2044895 (R.A.Y.), and the Transcription Collaborative of St.

Jude Children’s Research Hospital.

AUTHOR CONTRIBUTIONS

J.E.H. and R.A.Y. conceptualized themanuscript and wrote and edited subse-

quent drafts. J.E.H. generated the visualizations.

DECLARATION OF INTERESTS

R.A.Y. is a founder and shareholder of Syros Pharmaceuticals, Camp4 Thera-

peutics, Omega Therapeutics, Dewpoint Therapeutics, and Paratus Sciences;

has consulting or advisory roles at Precede Biosciences and Novo Nordisk;

and is on the advisory board of Molecular Cell.

REFERENCES

1. Furlong, E.E.M., and Levine, M. (2018). Developmental enhancers and
chromosome topology. Science 361, 1341–1345. https://doi.org/10.
1126/science.aau0320.

2. Lambert, S.A., Jolma, A., Campitelli, L.F., Das, P.K., Yin, Y., Albu, M.,
Chen, X., Taipale, J., Hughes, T.R., and Weirauch, M.T. (2018). The hu-
man transcription factors. Cell 172, 650–665. https://doi.org/10.1016/j.
cell.2018.01.029.

3. Roeder, R.G. (2019). 50+ years of eukaryotic transcription: an expanding
universe of factors and mechanisms. Nat. Struct. Mol. Biol. 26, 783–791.
https://doi.org/10.1038/s41594-019-0287-x.

4. Cramer, P. (2019). Organization and regulation of gene transcription. Na-
ture 573, 45–54. https://doi.org/10.1038/s41586-019-1517-4.

5. Field, A., and Adelman, K. (2020). Evaluating enhancer function and tran-
scription. Annu. Rev. Biochem. 89, 213–234. https://doi.org/10.1146/an-
nurev-biochem-011420-095916.

6. Vos, S.M. (2021). Understanding transcription across scales: from base
pairs to chromosomes. Mol. Cell 81, 1601–1616. https://doi.org/10.
1016/j.molcel.2021.03.002.

7. Richter, W.F., Nayak, S., Iwasa, J., and Taatjes, D.J. (2022). TheMediator
complex as a master regulator of transcription by RNA polymerase II.
Nat. Rev. Mol. Cell Biol. 23, 732–749. https://doi.org/10.1038/s41580-
022-00498-3.

8. Tuan, D., Kong, S., and Hu, K. (1992). Transcription of the hypersensitive
site HS2 enhancer in erythroid cells. Proc. Natl. Acad. Sci. USA 89,
11219–11223. https://doi.org/10.1073/pnas.89.23.11219.

9. De Santa, F., Barozzi, I., Mietton, F., Ghisletti, S., Polletti, S., Tusi, B.K.,
Muller, H., Ragoussis, J., Wei, C.-L., and Natoli, G. (2010). A large fraction
of extragenic RNA Pol II transcription sites overlap enhancers. PLoS Biol.
8, e1000384. https://doi.org/10.1371/journal.pbio.1000384.

10. Kim, T.-K., Hemberg, M., Gray, J.M., Costa, A.M., Bear, D.M., Wu, J.,
Harmin, D.A., Laptewicz, M., Barbara-Haley, K., Kuersten, S., et al.
(2010). Widespread transcription at neuronal activity-regulated en-
hancers. Nature 465, 182–187. https://doi.org/10.1038/nature09033.

11. Lam, M.T.Y., Li, W., Rosenfeld, M.G., and Glass, C.K. (2014). Enhancer
RNAs and regulated transcriptional programs. Trends Biochem. Sci.
39, 170–182. https://doi.org/10.1016/j.tibs.2014.02.007.

12. Core, L.J., Martins, A.L., Danko, C.G., Waters, C.T., Siepel, A., and Lis,
J.T. (2014). Analysis of nascent RNA identifies a unified architecture of
initiation regions at mammalian promoters and enhancers. Nat. Genet.
46, 1311–1320. https://doi.org/10.1038/ng.3142.

13. Struhl, K. (2007). Transcriptional noise and the fidelity of initiation by RNA
polymerase II. Nat. Struct. Mol. Biol. 14, 103–105. https://doi.org/10.
1038/nsmb0207-103.

14. Seila, A.C., Calabrese, J.M., Levine, S.S., Yeo, G.W., Rahl, P.B., Flynn,
R.A., Young, R.A., and Sharp, P.A. (2008). Divergent transcription from
active promoters. Science 322, 1849–1851. https://doi.org/10.1126/sci-
ence.1162253.

15. Core, L.J., Waterfall, J.J., and Lis, J.T. (2008). Nascent RNA sequencing
reveals widespread pausing and divergent initiation at human promoters.
Science 322, 1845–1848. https://doi.org/10.1126/science.1162228.

16. Sigova, A.A., Mullen, A.C., Molinie, B., Gupta, S., Orlando, D.A.,
Guenther, M.G., Almada, A.E., Lin, C., Sharp, P.A., Giallourakis, C.C.,
et al. (2013). Divergent transcription of long noncoding RNA/mRNA
gene pairs in embryonic stem cells. Proc. Natl. Acad. Sci. USA 110,
2876–2881. https://doi.org/10.1073/pnas.1221904110.

17. Muse, G.W., Gilchrist, D.A., Nechaev, S., Shah, R., Parker, J.S., Grissom,
S.F., Zeitlinger, J., and Adelman, K. (2007). RNA polymerase is poised for
activation across the genome. Nat. Genet. 39, 1507–1511. https://doi.
org/10.1038/ng.2007.21.

18. Zeitlinger, J., Stark, A., Kellis, M., Hong, J.-W., Nechaev, S., Adelman, K.,
Levine, M., and Young, R.A. (2007). RNA polymerase stalling at develop-
mental control genes in the Drosophila melanogaster embryo. Nat.
Genet. 39, 1512–1516. https://doi.org/10.1038/ng.2007.26.

19. Henriques, T., Scruggs, B.S., Inouye, M.O., Muse, G.W., Williams, L.H.,
Burkholder, A.B., Lavender, C.A., Fargo, D.C., and Adelman, K. (2018).
Widespread transcriptional pausing and elongation control at enhancers.
Genes Dev. 32, 26–41. https://doi.org/10.1101/gad.309351.117.

ll

Molecular Cell 84, October 3, 2024 3635

Review



20. Mayer, A., Landry, H.M., and Churchman, L.S. (2017). Pause & go: from
the discovery of RNA polymerase pausing to its functional implications.
Curr. Opin. Cell Biol. 46, 72–80. https://doi.org/10.1016/j.ceb.2017.
03.002.

21. Skalska, L., Beltran-Nebot, M., Ule, J., and Jenner, R.G. (2017). Regula-
tory feedback from nascent RNA to chromatin and transcription. Nat.
Rev. Mol. Cell Biol. 18, 331–337. https://doi.org/10.1038/nrm.2017.12.

22. Wissink, E.M., Vihervaara, A., Tippens, N.D., and Lis, J.T. (2019). Nascent
RNA analyses: tracking transcription and its regulation. Nat. Rev. Genet.
20, 705–723. https://doi.org/10.1038/s41576-019-0159-6.

23. Sch€arfen, L., and Neugebauer, K.M. (2021). Transcription regulation
through nascent RNA folding. J. Mol. Biol. 433, 166975. https://doi.org/
10.1016/j.jmb.2021.166975.

24. Bartel, D.P. (2018). Metazoan microRNAs. Cell 173, 20–51. https://doi.
org/10.1016/j.cell.2018.03.006.

25. Ozata, D.M., Gainetdinov, I., Zoch, A., O’Carroll, D., and Zamore, P.D.
(2019). PIWI-interacting RNAs: small RNAs with big functions. Nat.
Rev. Genet. 20, 89–108. https://doi.org/10.1038/s41576-018-0073-3.

26. Mahat, D.B., Tippens, N.D., Martin-Rufino, J.D., Waterton, S.K., Fu, J.,
Blatt, S.E., and Sharp, P.A. (2024). Single-cell nascent RNA sequencing
unveils coordinated global transcription. Nature 631, 216–223. https://
doi.org/10.1038/s41586-024-07517-7.

27. Gerstberger, S., Hafner, M., and Tuschl, T. (2014). A census of human
RNA-binding proteins. Nat. Rev. Genet. 15, 829–845. https://doi.org/
10.1038/nrg3813.

28. Baltz, A.G., Munschauer, M., Schwanh€ausser, B., Vasile, A., Murakawa,
Y., Schueler, M., Youngs, N., Penfold-Brown, D., Drew, K., Milek, M.,
et al. (2012). The mRNA-bound proteome and its global occupancy pro-
file on protein-coding transcripts. Mol. Cell 46, 674–690. https://doi.org/
10.1016/j.molcel.2012.05.021.

29. Trendel, J., Schwarzl, T., Horos, R., Prakash, A., Bateman, A., Hentze,
M.W., and Krijgsveld, J. (2019). The human RNA-binding proteome and
its dynamics during translational arrest. Cell 176, 391–403.e19. https://
doi.org/10.1016/j.cell.2018.11.004.

30. He, C., Sidoli, S., Warneford-Thomson, R., Tatomer, D.C., Wilusz, J.E.,
Garcia, B.A., and Bonasio, R. (2016). High-resolution mapping of RNA-
binding regions in the nuclear proteome of embryonic stem cells. Mol.
Cell 64, 416–430. https://doi.org/10.1016/j.molcel.2016.09.034.

31. Mahendrawada, L., Warfield, L., Donczew, R., and Hahn, S. (2023). Sur-
prising connections between DNA binding and function for the near-
complete set of yeast transcription factors. Preprint at bioRxiv. https://
doi.org/10.1101/2023.07.25.550593.

32. de Wit, E., and Nora, E.P. (2023). New insights into genome folding by
loop extrusion from inducible degron technologies. Nat. Rev. Genet.
24, 73–85. https://doi.org/10.1038/s41576-022-00530-4.

33. Hsieh, T.S., Cattoglio, C., Slobodyanyuk, E., Hansen, A.S., Darzacq, X.,
and Tjian, R. (2022). Enhancer–promoter interactions and transcription
are largely maintained upon acute loss of CTCF, cohesin, WAPL or
YY1. Nat. Genet. 54, 1919–1932. https://doi.org/10.1038/s41588-022-
01223-8.

34. Du, M., Stitzinger, S.H., Spille, J.-H., Cho, W.-K., Lee, C., Hijaz, M., Quin-
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