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Cellular RNAs are not linear single-stranded stretches of nucleic acids as

depicted in textbook cartoons but fold into secondary and tertiary struc-

tures through intra- and intermolecular base-pairing. They also interact

with proteins to form ribonucleoproteins (RNPs), the functional units of

RNA in cells. Recent methodological developments utilising

high-throughput sequencing have enabled the detailed mapping of cellular

RNA-protein interactions and RNA structures. While methods for the

direct determination of cellular RNP structures are still lacking, the inte-

gration of high-throughput approaches and advancements with in vitro

techniques such as cryogenic electron microscopy have provided insights

into the functional significance of RNP structures. In this review, we will

summarise the key methods used to probe cellular RNA-protein interac-

tions and RNA structures and then provide examples of how these

approaches have led to an enhanced understanding of RNP structures in

gene regulation and how this has also opened new avenues for drug

development.
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Although it may seem apparent that RNA, having the

intrinsic capacity to form base pairing interactions,

can fold into diverse structures, the detailed character-

isation of cellular RNA structures is only emerging

with the exception of some highly structured noncod-

ing RNAs such as transfer RNAs, ribosomal RNAs

and microRNA (miRNA) hairpins. However, all

RNA in cells is estimated to be compacted by at least

~50-fold [1]. Recent work in yeast suggests that RNA

folding starts as soon as the nascent RNA emerges at

the site of transcription and is likely important for

both the packaging and processing of RNAs [2]. At

the same time, as the nascent RNA emerges at the

site of transcription, it becomes bound by

RNA-binding proteins (RBPs) to form ribonucleopro-

tein (RNP) complexes that are the functional units of

RNA in cells. While some structural RNAs have sta-

ble folds and the binding of RBPs such as the cap

binding complex or poly(A) binding protein may be

relatively stable, many RNA structures and RNA-pro-
tein interactions are dynamic, with the potential to

affect gene expression. Indeed, binding interactions

between RNA and proteins mediate various RNA

processing steps throughout the life of RNA from

transcription to translation and finally RNA decay.

These processes are essential for the regulation of var-

ious cellular processes including cell survival, differen-

tiation and response to the environment (reviewed in

[3]). Accordingly, alterations in RNA-protein interac-

tions are associated with several human disorders,

such as neurodegeneration, autoimmune diseases and

cancer [4,5]. Similarly, RNA structures have impor-

tant roles in gene regulation, affecting RNA biogene-

sis and function with links to human disease

(reviewed in [6,7]).

While there are powerful methods to study RNA-
protein interactions and cellular RNA secondary struc-

tures, less is known about their interplay. RNA fold-

ing and RBP binding are in constant competition in

cells, and local RNA structures have the temporal

advantage over long-range interactions forming

already during transcription. RNA structures may

facilitate or inhibit protein binding to RNA, and RBPs

may target a structure rather than a sequence. On the

other hand, RBPs may act as RNA folding chaperones

by bringing together distant complementary sequences

or inhibit RNA base pairing by occupying complemen-

tary sequences. In this review, we will first introduce

how cellular RNA-protein interactions and RNA

structures can be studied and then illustrate how they

act together to mediate various steps in gene regula-

tion with roles in disease pathogenesis and potential as

targets for future therapies.

How to study cellular RNA–protein
interactions and RNA structures

In vitro methods dominated the study of RNPs and

RNA structures for decades. The next-generation

sequencing era led to the development of innovative

methods to probe transcriptome-wide RNA-protein
interactions and RNA secondary structures in living

cells. Methods assessing cellular RNA–RNA interac-

tions have provided insights into the tertiary structures

of RNAs, but the determination of higher order RNP

structures in the cellular context remains a challenge.

Mapping cellular RNA-protein interactions

The establishment of crosslinking and immunoprecipi-

tation (CLIP) coupled to RNA sequencing trans-

formed the study of cellular RNA-protein interactions

and is now widely used to map RBP target sites

transcriptome-wide in vivo (Fig. 1A). CLIP methods

are based on the ability of short wave ultraviolet (UV)

radiation to induce a covalent bond between two

closely placed (~zero �Angstr€om distance) aromatic

rings that are found in the nitrogenous bases of nucleic

acids and in several amino acids [8]. UV crosslinking

is followed by RNase treatment and immunoprecipita-

tion using antibodies targeting the protein of interest.

The covalent bonds between RBP and the target RNA

allow a stringent purification of specific RNPs [9]. The

bound RNA fragments are characterised by

next-generation sequencing, and the high-resolution

mapping of the RBP binding sites is based on read ter-

mination induced by RBPs leaving amino acid adducts

at the crosslink sites [10–13]. In PAR-CLIP

(photoactivatable-ribonucleoside-enhanced crosslinking

and immunoprecipitation), cells are treated with

4-thiouridine (4SU) or 6-thioguanosine (6SG) that are

incorporated into the RNA prior to UV crosslinking

[14]. The modified nucleosides have high photoreactiv-

ity, enhancing crosslinking efficiency. As the reverse

transcriptase (RT) converts RNA containing the modi-

fied bases to cDNA, specific T>C and A>G mutations

are introduced upon encountering 4SU and 6SG,

respectively, corresponding to the crosslinked sites.

CLIP has also been adapted to characterise protein–
RNA interactions in distinct subcellular compart-

ments. In fractionation iCLIP (Fr-iCLIP), chromatin,

nucleoplasmic and cytoplasmic fractions are prepared

from UV crosslinked cells and then subjected to iCLIP

[15]. Alternatively, CLIP can be combined with prox-

imity labelling used for high-throughput protein locali-

sation studies to assess RNA-protein interactions in

cellular compartments that cannot be readily separated
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by fractionation approaches. A genetically engineered

ascorbate peroxidase (APEX2) that induces the oxida-

tion of biotin phenol with hydrogen peroxide and gen-

erates short-lived and highly reactive radicals can be

directed to a specific cellular compartment by genetic

fusion with a targeting peptide or protein [16]. In

proximity-CLIP, the RNA molecules are labelled with

4SU in cells expressing a localised APEX2 before the

proximity labelling reaction takes place [17]. Lower

energy UV light is used to crosslink proteins and

RNAs similar to PAR-CLIP, resulting in the forma-

tion of biotinylated and crosslinked protein–RNA

complexes. The RNPs are selectively isolated with

streptavidin affinity purification to characterise the

subcellular RBPome by high-throughput proteomics

and transcriptomics analyses. In colocalisation CLIP

(coCLIP), a localised APEX2 is used in the absence of

4SU labelling, generating biotinylated proteins in the

compartment of interest [18]. CLIP targeting an RBP

of interest is followed by a coCLIP step using strepta-

vidin affinity purification. By comparing the whole cell

CLIP to the coCLIP, a map of specific subcellular

RNA-binding interactions can be deduced for the pro-

tein of interest.

As an alternative to crosslinking-based methods, tar-

gets of RNA-binding proteins identified by editing

(TRIBE)/HyperTRIBE and surveying targets by

APOBEC-mediated profiling (STAMP) involve fusing

an RBP to the catalytic domain of a deaminase

enzyme (adenosine deaminase acting on RNA, ADAR,

in the case of TRIBE, and apolipoprotein B mRNA

editing enzyme catalytic subunit 1, APOBEC1, in the

Fig. 1. Schematic overview of methods to study RNA-protein interactions, RNA structures and RNA-RNA interactions. (A) RNA-protein

interaction mapping with crosslinking and immunoprecipitation (CLIP) to identify RNA-binding protein (RBP) sites. UV crosslinked

ribonucleoproteins (RNPs) are immunoprecipitated using antibodies targeting the protein of interest. Protein digestion leaves amino acid

adducts at the crosslink sites, resulting in termination of reverse transcription (RT stops). RBP binding sites are identified based on the

positions of RT stops in sequencing reads. (B) RNA interactome capture to identify RNA-bound proteome. UV-crosslinked RNPs are

captured using probes specific to target RNA. Purified RBPs are identified with mass spectrometry. (C) RNA structure probing to determine

RNA secondary structures. RNA is modified with Selective 20-hydroxyl acylation analysed by primer extension (SHAPE) reagent, which

reacts with flexible nucleotides. RT stops or mutations, occurring adjacent to SHAPE-modified nucleotides, are used to determine nucleotide

reactivities, which are used as constraints in RNA secondary structure prediction. (D) RNA-RNA interaction mapping to model intra- and

intermolecular interactions. Covalent bonds between RNA base pairs are formed using a reversible crosslinker. Isolated double-stranded

RNA (dsRNA) fragments are ligated at one end, and crosslinking is reversed to obtain single-stranded RNA (ssRNA). Each chimeric

sequencing read represents a pair of interacting RNA regions.
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case of STAMP) [19–21]. Expression of the fusion pro-

teins in cells results in A-to-I editing in TRIBE and/or

C-to-U editing in STAMP at residues close to RNA-

binding sites. By co-expressing two RBPs fused to dif-

ferent RNA editing enzymes, the binding sites of two

distinct RBPs can be mapped simultaneously (TRIBE-

STAMP) [22].

RNA-centric methods to study cellular RNPs have

greatly expanded the RNA-bound proteome by identi-

fying new RBPs (Fig. 1B) [3,23–25]. Similar to the

protein-centric CLIP methods, UV crosslinking is used

to stabilise RNPs prior to purification by target RNA-

specific probes. In RNA interactome capture (RIC),

poly(A) tailed RNAs are captured using oligo(dT)

beads and the purified RBPs are identified with mass

spectrometry (MS) [23]. Capture of the newly tran-

scribed RNA interactome using the click chemistry

(RICK) method expanded the analysis of RNA inter-

actomes to nonpolyadenylated RNAs by first labelling

RNAs with 5-ethyluridines (5EU) that can be biotiny-

lated and recovered using click chemistry [24]. Specific

RNP capture with antisense locked nucleic acid

(LNA)/DNA mixmers makes use of a single 20-mer

probe to capture specific RNA species [25]. LNA mod-

ifications increase the probe affinity to the complemen-

tary target as well as the melting temperature,

supporting selective hybridisation conditions. To cap-

ture specific RNPs, RNA molecules of interest can

also be genetically engineered to contain a tag, such as

a streptavidin-binding RNA aptamer for RNP isola-

tion by affinity purification [26]. However, the tag can

disturb RNA secondary structures and interactions

with RBPs [27]. RNA antisense purification coupled

with MS (RAP-MS) uses biotinylated antisense probes

of ~120 nt in length that are captured with streptavi-

din beads [28]. Hybridisation purification of RNA-pro-
tein complexes followed by MS (HyPR-MS) was

designed to target multiple RNAs simultaneously in a

single experiment with biotinylated antisense probes

[29]. In nonisotopic ligation-based ultraviolet-light-

induced crosslinking and immunoprecipitation com-

bined with MS (irCLIP-RNP for short), CLIP and

interactome capture methods were combined to char-

acterise the nature and dynamics of multiprotein

assemblies on RNA [30].

The main challenges of the antisense probe-based

methods are related to the low copy number of the

target RNA. Many of the adaptations of CLIP require

a large number of cells as the starting material, limit-

ing the analysis to cultured cells and large tissue sam-

ples. The UV light can only penetrate a few cell layers,

which further limits samples that can be assessed by

these methods. Because UV crosslinking is inefficient

and UV light does not efficiently crosslink proteins to

double-stranded RNA [31,32], chemical crosslinkers

have been used in some RNA-protein interaction

applications such as formaldehyde CLIP (fCLIP) [33]

but most chemical crosslinkers are not specific

to RNA.

Chemical probing for determination of cellular

RNA secondary structures

Because single-stranded RNA regions react more read-

ily than regions engaged in base pairing interactions,

differences in RNA reactivity can be exploited in

chemical probing methods as a proxy for RNA sec-

ondary structure. The selective 20-hydroxyl acylation

analysed by primer extension (SHAPE) quantitatively

maps local RNA structures at a single nucleotide reso-

lution (Fig. 1C) [34]. The technique takes advantage of

the reactive sensitivity of the ribose 20-hydroxyl group
(20-OH) to local nucleotide flexibility, which enables

the acylation of 2’-OH by SHAPE reagents, resulting

in the formation of 20-O-adducts (Fig. 1C). Proximity

of the neighbouring negatively charged 30-
phosphodiester group decreases the reactivity of the

ribose 20-OH group. Thus, 20-OH reactivity reports

whether a given nucleotide is accessible or constrained

by base pairing (or to some extent tertiary interac-

tions). Compounds commonly used in RNA structure

probing are summarised in Table 1.

Initially, primer extension followed by electrophore-

sis was used to map RT termination sites at the 20-O-

adducts [40]. However, this low-throughput analysis

was limited to individual, relatively short RNAs.

In vivo click SHAPE (icSHAPE) was developed for

high-throughput interrogation of transcriptome-wide

RNA structures in living cells [36]. A 2-methylnicotinic

acid imidazolide (NAI) derivative, NAI-N3, containing

an azide group to which a biotin can be coupled,

enabled selective purification of modified RNA mole-

cules with streptavidin beads. Because RNAs with

SHAPE adducts are separated from the total RNA

pool, icSHAPE does not require extensive read cover-

age, unlike many other high-throughput SHAPE

methods. SHAPE sequencing (SHAPE-Seq) was first

introduced for in vitro transcribed RNAs [41] but was

later applied to RNA pools extracted from cells

(SHAPE-Seq v2.0) [42]. Unlike icSHAPE, which

includes RNA fragmentation and multiple size selec-

tion steps [36], SHAPE-Seq only requires paired-end

short reads with the site of SHAPE modification and

barcode for RNA identity located on opposite ends

[41]. While icSHAPE and SHAPE-seq rely on read ter-

mination at the 20-O-adducts sites, SHAPE and
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mutational profiling (SHAPE-MaP) utilises the pro-

pensity of RT enzymes to read through and incorpo-

rate a noncomplementary nucleotide or a deletion at

the sites of 20-O-adducts [43–45]. Reverse transcription

can be performed with sequence-specific or random

primers, enabling analysis of either selected RNA spe-

cies or whole transcriptomes, respectively. SHAPE-

MaP is independent of the sequencing platform but

requires high base calling accuracy and coverage. The

nucleotide reactivities measured as RT termination or

mutation sites are then used as constraints in second-

ary structure prediction algorithms such as SuperFold

[44] to calculate partition functions of probable base

pairs, which can be illustrated as arc plots and used to

calculate Shannon entropies to identify regions that

likely occupy a single, well-determined conformation.

Most human genes generate transcript isoforms via

alternative splicing, transcription start and polyadeny-

lation sites. Short-read sequencing approaches cannot

unambiguously map isoforms due to the fragmentation

of the RNA, resulting in sequencing reads that rarely

span the entire length of the transcripts. Short-read

SHAPE methods also have trouble resolving long-

range interactions. NanoSHAPE employs nanopore

long-read direct RNA sequencing to probe RNA

structure in full-length transcripts [38]. SHAPE modifi-

cations are detected as changes in current signals and

extended dwell times as the modified nucleotides pass

through the nanopore. NanoSHAPE requires the use

of 1-acetylimidazole (AcIm), which generates compact

20-O-adducts since bulky adducts can cause incomplete

translocation, leading to premature read termination.

Poor resolution of reactivity at the 50-end of RNA due

to incomplete reverse transcription, coverage bias

inherent to the 30-50 read direction, and the difficulty

of translocation through highly structured RNA

remain as challenges in NanoSHAPE. Nanopore

dimethyl sulphate mutational profiling (Nano-DMS-

MaP) utilises nanopore direct cDNA sequencing for

RNA structure determination by mutational profiling

[46]. Similar to other MaP techniques, the modified

RNA is reverse transcribed into cDNA with mutations

incorporated at modification sites. Nano-DMS-MaP

uses an ultraprocessive RT to generate cDNA mole-

cules spanning entire transcripts. Structural informa-

tion is retrieved by mapping mutations introduced by

RT upon encountering modified adenosine and cyti-

dine nucleotides caused by the DMS treatment.

Despite high intrinsic error rates of nanopore sequenc-

ing, the analytical workflow developed for Nano-

DMS-MaP enables the detection of DMS signals over

background noise and structural determination of indi-

vidual transcript isoforms.

DMS-seq has also been recently adapted for the

detection and characterisation of structures in nascent

RNA molecules. Cotranscriptional structure tracking

(CoSTseq) measures base pairing as a function of the

RNA polymerase position [2]. The cells are permeabi-

lised and then treated with biotinylated CTP in run-on

reactions. The incorporated biotinylated nucleotides

mark the 30-ends of nascent RNA molecules and the

RNA polymerase position. The cells are subsequently

treated with DMS, leading to methylation of unpaired

nucleotides (single-stranded RNA regions). Nascent

RNA molecules can be purified using streptavidin

beads and reverse transcribed using an RT introducing

mutations upon encountering methylated sites. High-

throughput sequencing is used to decode both the

RNA polymerase position (read ends) and the struc-

ture of nascent RNAs (mutation events).

Methods to study tertiary structures of RNA

RNA structure determination by chemical probing

methods such as SHAPE- and DMS-MaP mainly

reflects the secondary structures of RNA. However,

Table 1. Compounds for chemical probing of RNA secondary structure.

Compound Full name Reactivity Properties References

NMIA N-methylisatoic

anhydride

20-OH (all bases) In vitro, slow-acting and short-lasting reactivity [34]

NAI 2-methylnicotinic acid

imidazolide

20-OH (all bases) In vitro and in vivo, long-lasting reactivity and high cell-

permeability, quenching step required

[35]

NAI-N3 2-methylnicotinic acid

imidazolide azide

20-OH (all bases) In vivo, biotin coupled azide group allows selective purification

of modified RNA

[36]

1 M7 1-methyl-7-nitroisatoic

anhydride

20-OH (all bases) In vitro and in vivo, fast-acting and self-quenching [37]

AcIm 1-acetylimidazole 20-OH (all bases) Produces compact 20-O- adducts to allow identification of

modified RNA by Nanopore sequencing.

[38]

DMS Dimethyl sulphate N3 position of C

and N1 of A

In vivo and in vitro, robust chemical reactivity, fast

cell-permeability

[39]
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higher order three-dimensional structures determined

by intra- and intermolecular RNA-RNA, RNA-

protein and protein–protein interactions represent

another layer of RNA packaging and function

(reviewed in [47]). These interactions are highly

dynamic in nature and therefore are more difficult to

study in the cellular context. Probing cis and trans

RNA-RNA interactions with so-called duplex methods

can be utilised to computationally infer RNA tertiary

structures [48]. RNA in situ conformation sequencing

(RIC-seq) leverages formaldehyde crosslinking to map

RNA-RNA interactions (Fig. 1D) [49]. The cross-

linked cells are permeabilised, followed by fragmenta-

tion of RNA with nucleases. The 30-ends of RNAs are

labelled with biotinylated CTP and dephosphorylated

while the 50-ends are phosphorylated. The resulting

biotinylated RNA fragments can be ligated under non-

denaturing conditions, enriched with streptavidin

beads and sequenced to obtain chimeric reads repre-

senting interactions between RNA fragments located

within close proximity. Hence, this method allows

global profiling of intra- and intermolecular interac-

tions and can be used to generate tertiary structure

maps of RNA.

Psoralen analysis of RNA interactions and structures

(PARIS) uses a highly specific and reversible crosslinker

psoralen-derivative 40-aminomethyltrioxsalen (AMT) to

create covalent bonds between RNA base pairs in living

cells upon photoactivation [50]. After crosslinking, the

RNA is purified, fragmented with RNase, and base-

paired double-stranded RNA (dsRNA) fragments are

isolated with two-dimensional electrophoresis (native

first dimension and denaturing second dimension). The

duplex RNA fragments are ligated, and the crosslinking

is subsequently reversed to obtain single-stranded RNA

(ssRNA) for sequencing. By mapping the reads, PARIS

allows modelling of intra- and intermolecular interac-

tions and has been applied to discover higher order

structures such as pseudoknots. Other similar tech-

niques using psoralen-based crosslinkers have also been

developed, introducing variations in the crosslinking,

RNA fragmentation, proteinase treatment and ligation

steps [51–54].
Kethoxal-assisted RNA-RNA interaction sequencing

(KARR-seq) takes advantage of N3-kethoxal-mediated

RNA labelling [55]. Kethoxal is a cell- and nucleus-

permeable small molecule that introduces azide tags to

RNA molecules that are substrates for click chemistry.

Commercially available dendrimers modified with mul-

tiple dibenzocyclooctane (DBCO) and biotin moieties

are then used to obtain the crosslinks between RNA

molecules. The unique feature of KARR-seq is the

possibility to tune the size of the crosslinkers to probe

interactions at different molecular distances. The cross-

linked and biotinylated RNA is then fragmented and

pulled down with streptavidin beads, followed by

repair and ligation to obtain chimeric RNA molecules

as described in RIC-seq and PARIS. RNA-RNA

intra- and intermolecular interactions can be deduced

from short-read sequencing, providing a comprehen-

sive RNA contact map.

Tertiary structures of single RNA molecules can

also be inferred from chemical probing experiments

using a recently developed computational approach

based on deconvolution and annotation of ribonucleic

conformational ensembles (DANCE-MaP) [56]. In

single-molecule MaP experiments, each sequencing

read represents a structural snapshot of an RNA.

However, single RNA molecules can fold into multiple

structures, generating different MaP reactivities for the

same nucleotides. By using a maximum likelihood

(ML) strategy, DANCE-MaP allows the deconvolu-

tion of ensembles and the detection of base pairs and

tertiary interactions.

Functional interplay between RNA
structure and RNA-protein
interactions

The development of high-throughput methods to map

transcriptome-wide cellular RNA structures (2.2–2.3)
has facilitated our understanding of the extent of

RNA folding in cells, demonstrating that dynamic

RNA structures can regulate gene expression by vari-

ous means (reviewed in [7]). While RNA starts forming

base pairing interactions as soon as the nascent RNA

emerges at the site of transcription [2], RNA-binding

proteins mediating critical RNA processing steps also

engage with RNA cotranscriptionally, forming RNPs

[57,58]. RNA interactome capture studies (2.1) have

expanded the RNA-binding proteome to well over a

thousand proteins that have a capacity to bind to

RNA [23–26,28,29]. Most notably CLIP, but also

other high-throughput methods (2.1), have enabled the

high-resolution mapping of RBP sites in RNA popula-

tions, although they do not reveal the protein compo-

sition of individual RNA species. Single-molecule and

other imaging modalities have provided glimpses into

the composition of individual RNPs, and these data,

together with the high-throughput studies, have led to

an estimate that messenger RNPs are ~40–60% protein

by weight [1]. Although RBPs bind specific sequence

motifs in the RNA, the presence of a motif alone does

not guarantee binding. Access to the motif can be

blocked by RNA folding, and the extent to which it is

occluded by RNA secondary structure can be a major
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determinant of RBP binding [59]. While evidence is

accumulating that RNA secondary structures could

modulate RNA processing by occluding or exposing

RBP sites, or by bringing distant sequence elements to

close proximity (reviewed in [7,60–64]), less is known

about the role of RNA-protein interactions in modify-

ing RNA structures. Here, we discuss some examples

of how the methods described in Section 2, together

with mechanistic in vitro studies, have contributed to

our understanding of the complex interplay between

RNA structure and RNA-protein interactions in gene

regulation.

RNA structure and RNA–protein interactions

regulate microRNA processing

MicroRNA precursors form stable hairpin structures

that are important for their processing by the Micro-

processor complex, composed of the RNaseIII enzyme

Drosha and DiGeorge syndrome critical region 8

(DGCR8) [65–68]. Two major families of splicing fac-

tors, SR proteins and heterogeneous ribonucleopro-

teins (hnRNPs), have been shown to enhance the

activity of Microprocessor through mechanisms involv-

ing RNA structure modulation [69]. In the case of

hnRNP A1, its two RNA recognition motifs (RRMs)

mediated the enhanced processing of miR-18a follow-

ing hnRNP A1 upregulation [70,71]. Electrophoretic

mobility shift and isothermal titration calorimetry

assays revealed that hnRNP A1 specifically interacted

with the terminal loop region of pri-miR-18a through

binding of the RRMs to paired UAG motifs

(Fig. 2A). The crystal structure of the hnRNP A1/pri-

miR-18a complex and nuclear magnetic resonance

(NMR) titrations confirmed the interactions. In vitro

SHAPE experiments with pri-miR-18a and increasing

amounts of purified hnRNP A1 showed a decrease in

reactivity at the terminal loop and, together with site-

directed mutagenesis analysis, suggested that the bind-

ing of hnRNP A1 led to an altered conformation of

the pri-miRNA in the proximity of the Drosha cleav-

age site, thereby increasing the rate of pri-miRNA pro-

cessing [71].

A single G>A point mutation within the terminal

loop of pri-miR-30c-1 in breast and gastric cancer

patients has been linked to increased expression of the

mature miR-30c (Fig. 2B) [72]. In vitro SHAPE

showed that the mutation induced a secondary struc-

ture rearrangement of pri-miRNA, while hydroxyl rad-

ical cleavage footprinting revealed that the terminal

loop and nucleotides from +17 to +22 at the 30-basal
region become solvent accessible in the mutant. The

altered structure facilitated the binding of Serine/

arginine-rich splicing factor 3 (SRSF3), a known regu-

lator of pri-miRNA processing [73,74], to a CNNC

motif (nucleotides from +16 to +19) at the region made

accessible. This was in line with in vitro studies demon-

strating that SRSF3 can interact with CNNC motifs

that contain at least one unpaired nucleotide but can-

not bind to fully base-paired CNNC motifs [75]. Single

molecule optical tweezer and NMR experiments argue

that pri-miR-30c-1 wild-type and G>A mutant adopt

highly similar structures, both of which are bound by

SRSF3 [76]. The data suggest that in vitro, both vari-

ants exist in equilibrium between a monomeric hairpin

structure and a kissing hairpin dimer (where the loops

of the two hairpins form a dimer), but the dimer of

the G>A variant is more unstable, exposing an hnRNP

A1 binding site in the loop and facilitating the proces-

sing of the monomeric pri-miR-30c. This example

highlights how a single nucleotide genetic variant can

alter the mature levels of miR-30c-1 by changing RBP

motif accessibility and RNA structure. How these two

alternative models translate to the cellular context

remains to be demonstrated but highlights the complex

interplay between pri-miRNA structure and interac-

tions with multiple RBPs.

While no methods can directly measure how RNA-
protein interactions affect local and distant base pair-

ing interactions in cells, the comparison of in-cell

SHAPE reactivities to in vitro data can be used to

assess this [77]. The effect of an individual RBP on

RNA secondary structures can also be deduced from

differences in-cell SHAPE reactivities between experi-

mental conditions such as before and after RBP

depletion [45,78]. SRSF3 iCLIP revealed binding to

multiple CNNC sites within the miR-17-92 miRNA

cluster comprising six hairpins, the binding leading to

enhanced processing of the cluster miRNAs, particu-

larly miR-17 and miR-20a [78]. Comparative

SHAPE-MaP before and after SRSF3 depletion

showed differences in local and distant base pairing

interactions in an RS-domain-dependent manner, sug-

gesting that SRSF3 binding induced changes in the

miR-17-92 secondary structure and that RS–domain

interactions between SRSF3 molecules may play a

role in miR-17-92 folding and Microprocessor

access/cleavage (Fig. 2C). The recent cryogenic elec-

tron microscopy (cryoEM) structure of Microproces-

sor in complex with pri-let-7f1 and SRSF3 showed

that SRSF3 positioned Drosha onto the basal junc-

tion of pri-let-7f1 [79]. The intrinsically disordered

RS domain of SRSF3 was not visible in the struc-

ture; thus, the potential role of the RS domain inter-

actions is an interesting area of future research as

SRSF3-binding sites are found in > 60% of conserved
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pri-miRNAs including many clustered miRNAs

[74,80].

RNA structure and RNA–protein interactions in

transcription and translation

Many RNA structures are dynamic and RNAs exist in

an equilibrium between several structures. In cells,

RNAs may change their conformation in response to

protein binding. The RNA component of the 7SK

small nuclear ribonucleoprotein (snRNP) functions by

sequestering the positive transcription elongation fac-

tor b (P-TEFb) [81,82]. The binding and release of P-

TEFb involve conformational changes in the structure

of 7SK RNA [83,84]. DANCE-MaP, the deconvolu-

tion and annotation of conformational ensembles,

enabled the discovery of two main conformational

states of 7SK RNA functioning as an allosteric switch

Fig. 2. Interplay between RNA structure and RNA-protein interactions illustrated as predicted RNA secondary structures based on

experimental probing data. (A) Heterogeneous ribonucleoprotein A1 (hnRNP A1) binds to paired UAG motifs (in red) within the terminal loop

of pri-miR-18a, altering the pri-miRNA conformation and increasing pri-miRNA processing. (B) A G>A point mutation within the terminal loop

of pri-miR-30c-1 induces a secondary structure in which a CNNC motif becomes accessible for Serine/arginine-rich splicing factor 3 (SRSF3)

binding. (C) SRSF3 binds to multiple CNNC sites within the miR-17-92 microRNA (miRNA) cluster, inducing a change in the global secondary

structure and enhancing the processing of the cluster, particularly miR-17 and miR-20a. (D) An allosteric switch triggers a change between

conformational states of 7SK, one inducing Positive transcription elongation factor b (P-TEFb) binding to repress transcription and the other

stimulating P-TEFb release to activate transcription. (E) RNA-binding motif protein 42 (RBM42) binds to the 50-UTR of MYC mRNA (only

stem III shown) inducing an RNA structure that promotes translation initiation.
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to induce binding of P-TEFb (Fig. 2D) [56]. The study

proposed that release factors, including helicases and

other RBPs, trigger a switch between two structural

states, thus allosterically stimulating the release of P-

TEFb and inducing transcription. The equilibrium

between the structures can be modulated by the prolif-

erative state (transcriptional demand) of the cells, pro-

viding an example of RNP structure that functions as

an integrator of cellular signals.

Regulation by RBP binding through RNA structures

is not limited to noncoding RNAs. A whole genome

CRISPRi screen conducted in pancreatic ductal adeno-

carcinoma (PDAC) cells containing a MYC-50-UTR-

GFP fluorescent reporter construct identified an RBP

called RNA-binding motif protein 42 (RBM42) as a

selective regulator ofMYCmRNA translation initiation

[85]. MYC-50-UTR-GFP fluorescence and endogenous

MYC protein levels were reduced in RBM42 knockout

cells without an effect on MYC mRNA levels or global

translation. Depletion of RBM42 in PDAC cell lines

also resulted in decreased cell growth and colony forma-

tion that were rescued by MYC expression, indicating

that RBM42 was an oncogenic factor acting through

MYC. DMS-seq of the endogenous MYC-50–UTR

revealed a complex secondary structure containing three

stems and a large loop at the 30-end juxtaposed to the

start codon (Fig. 2E). Following RBM42 knockout, the

DMS reactivity decreased significantly in the region

close to the start codon, indicating a more closed hairpin

structure with reduced translation efficiency. CLIP-seq

experiments for RBM42 showed specific binding of

RBM42 to the large loop that was remodelled in knock-

out cells, demonstrating that RBM42 directly bound to

the 50–UTR inducing an RNA structure that promoted

active translation.

RNA structure–protein interactions in drug

design

Targeting RNA structures using small molecules repre-

sents an emerging therapeutic strategy to modulate

gene expression in diseases [86], often by altering

RNA-protein interactions associated with the targeted

RNA structure. This approach was recently used to

target oncogenic protein synthesis of androgen recep-

tor (AR) and hypoxia-inducible factor 1A (HIF1A) in

prostate cancer [87]. The selective translation eukary-

otic initiation factor 4A (eIF4A) inhibitor zotatifin

was found to reduce the translation of AR and HIF1A

mRNAs, leading to reduced protein levels with no

change in the mRNA abundance. The helicase activity

of eIF4A was shown to unwind complex 5’-UTR sec-

ondary structures of AR and HIF1A mRNAs during

translation initiation. DMS-MaP revealed specific

alterations in the 50-UTR structure of AR and HIF1A

mRNAs following zotatifin treatment, suggesting that

the drug interfered with the 50-UTR structure required

for translation initiation by eIF4A. The inhibitor was

also found to effectively reduce the translation of the

constitutively active AR-v7 androgen receptor splice

variant that is associated with castration-resistant

prostate cancer and shares the same 50-UTR, suggest-

ing that zotatifin could represent a novel therapeutic

agent for the treatment of advanced disease.

The idea of targeting of RNA-protein interactions

with small molecules to regulate gene expression is

attractive with extensive clinical potential. While tar-

geting RNA with nucleotide-based agents has been

quite successful including US Food and Drug Admin-

istration (FDA)-approved drugs, the discovery and

characterisation of small molecules targeting RBPs has

proven to be more challenging (reviewed in [88]).

RNA pull-down confocal nanoscanning (RP-CONA)

method utilising fluorescent on-bead screening of small

molecules binding to RBPs identified the small mole-

cule quercetin that could disrupt the interaction

between HuR (human antigen R) and the terminal

loop of pri-miR-7-1 [89]. The ability to modulate

mature miR-7 levels by interfering with the HuR-pri-

miR-7-1 interaction could have therapeutic potential

as the main target of mature miR-7 is the mRNA

encoding a-synuclein that plays a role in Parkinson’s

disease. The same approach was recently used to iden-

tify additional HuR inhibitors further demonstrating

the feasibility of targeting distinct RBPs and

RNA-protein interactions [90]. Other examples of

disease-associate RBPs with identified small molecule

inhibitors include the spliceosome component Splicing

factor 3B subunit 1 (SF3B) involved haematological

malignancies and the miRNA-binding proteins

LIN28A and B associated with many cancers [88].

The interactions of RNA conformations with RBPs

also provide an opportunity to design synthetic RNA

molecules that modulate the activity of disease-relevant

protein targets and interfere with their pathological

functions. RNA aptamers have emerged as promising

candidate RNA drugs due to their high specificity and

stability. They are single-stranded RNA molecules that

fold into specific three-dimensional structures, enabling

high-affinity binding to target proteins. RNA aptamers

are commonly discovered using Systematic Evolution of

Ligands by Exponential Enrichment (SELEX) [91],

where a pool of oligonucleotides with random sequences

and structures is incubated with the target proteins, and

the best binders are selected based on their affinity in

multiple selection rounds. More recently, bioinformatics
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approaches have been employed to predict the binding

propensity of protein–RNA pairs based on secondary

structure, hydrogen bonding and Van der Waals interac-

tions, which are then used for in silico design of apta-

mers [92–94]. RNA aptamers have been used to target

oncogenic proteins in cancer (reviewed in [95]) and

disease-causing proteins in neurodegenerative diseases

(reviewed in [96]), as both therapeutic and diagnostic

tools.

Conclusions and future perspectives

AlphaFold can predict the three-dimensional structure

of proteins from their amino acid sequence by utilising

artificial intelligence (AI) that has greatly accelerated

protein-based discovery research and drug development

[97]. The development of AlphaFold was possible

because ~100,000 experimental protein structures depos-

ited in structure databases were available to train the

deep learning algorithms. Predicting cellular RNA struc-

tures faces many challenges. RNA structures are often

dynamic, forming an equilibrium between alternating

conformations. Furthermore, RNAs form RNPs in the

cell where various cellular interactions affect their fold-

ing. The past decade has provided tools to map RNA-
protein interactions and RNA structure in the cellular

context. The integration of the cellular data with bio-

chemical in vitro approaches including high-resolution

cryoEM structures of RNPs has started to accumulate

details of the dynamic RNPs in the cell.

Gene regulation via RNPs has a wide impact on

human health as exemplified in Section 3. Gene expres-

sion may be modulated by therapeutically targeting

RNA structure–protein interfaces to stabilise or inhibit

the interactions. As exemplified in Section 3.3, such

small molecules have already been developed, and they

may become clinical reality in the future. RNA sec-

ondary and tertiary structures also play important

roles in the life cycle of many human pathogens, repre-

senting novel targets for drug discovery. Highly com-

plex RNA molecules are often found in RNA viruses

where both primary sequence and structures provide

information. Comprehensive SHAPE-MaP profiling of

both in vitro purified and in vivo extracted genomic

RNA of hepatitis C virus (HCV) revealed 20 well-

folded regions, and tertiary structure prediction identi-

fied three pseudoknots [98]. Synonymous mutations

designed to break base pairing in the pseudoknots

decreased HCV replication, suggesting they bind fac-

tors involved in the viral life cycle and could be

exploited in drug design. RNA-protein interactions

can give rise to phase-separated biomolecular conden-

sates that are formed by liquid–liquid phase separation

of the proteins and RNAs that become immiscible

with the surrounding liquid environment [99–101].
Highly structured RNAs can alter the composition of

RNP aggregates, either through competing interactions

between RNA and protein aggregates or protein

sequestration by RNA [102]. While nuclear speckles,

stress granules, P-bodies and paraspeckles are exam-

ples of cellular condensates that play important roles

in RNA synthesis, processing and degradation

[103,104], pathological RNP condensates are associ-

ated with many disease conditions such as neurodegen-

eration (reviewed in [105]). Thus, misfolded RNPs in

condensate-related diseases may open avenues for new

types of therapies.

In conclusion, methodological advances in mapping

transcriptome-wide RNA-protein interactions and

RNA structures have started to uncover the potential

of RNP conformations in gene regulation. However,

the current methods are not able to directly interrogate

in vivo RNP structures and are limited to probing one

interaction modality at a time. The methods can only

probe RNA pools and structural ensembles; thus, they

fail to capture the dynamic nature of cellular RNPs

and the functional interplay between RNA-protein
interactions and RNA structures. While in vitro

approaches such as single-molecule imaging and

cryoEM have greatly complemented transcriptome-

wide methods, in vivo time-resolved or single-molecule

methods will be required to fully capture the dynamic

RNP conformations in cells. As most current studies

have been conducted in cell lines, one future challenge

is to adapt these methods to living organisms. Despite

these limitations, the enhanced understanding of

RNA-protein interactions and RNA structures has

revealed competing RNA-RNA, RNA-protein and

protein–protein interactions that shape the compaction

and function of RNPs throughout their lifetime and

may provide novel therapeutic targets in various path-

ological conditions including infectious diseases, neu-

rological disorders and cancers.

Acknowledgements

This work was supported by the Jane and Aatos

Erkko Foundation [to M-L€A], Sigrid Juselius Founda-

tion [to M-L€A], Finnish Cultural Foundation/Pirkan-

maa Fund [to MS] and the Research Council of

Finland/iCANDOC [to JR]. The funders had no part

in the design, conduct, outcomes, decision to publish,

or the drafting of this manuscript. Open access pub-

lishing facilitated by Monash University, as part of the

Wiley - Monash University agreement via the Council

of Australian University Librarians.

10 FEBS Open Bio (2025) ª 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

RNPs and RNA structures in gene regulation J. Rapakko et al.



Conflict of interest

The authors declare no conflict of interest.

Peer review

The peer review history for this article is available at

https://www.webofscience.com/api/gateway/wos/peer-

review/10.1002/2211-5463.70122.

Author contributions

M-L€A conceptualised the manuscript and acquired

funding support. JR designed and made the figures

and tables. M-L€A, JR and MS wrote the manuscript.

References

1 Khong A and Parker R (2020) The landscape of

eukaryotic mRNPs. RNA 26, 229–239. doi: 10.
1261/rna.073601.119

2 Sch€arfen L, Vock IW, Simon MD and Neugebauer

KM (2025) Rapid folding of nascent RNA regulates

eukaryotic RNA biogenesis. Mol Cell 85, 1561–
1574.e5. doi: 10.1016/j.molcel.2025.02.025

3 Hentze MW, Castello A, Schwarzl T and Preiss T

(2018) A brave new world of RNA-binding proteins.

Nat Rev Mol Cell Biol 19, 327–341. doi: 10.1038/nrm.

2017.130

4 Castello A, Fischer B, Hentze MW and Preiss T (2013)

RNA-binding proteins in Mendelian disease. Trends

Genet 29, 318–327. doi: 10.1016/j.tig.2013.01.004
5 Nussbacher JK, Batra R, Lagier-Tourenne C and Yeo

GW (2015) RNA-binding proteins in

neurodegeneration: seq and you shall receive.

Trends Neurosci 38, 226–236. doi: 10.1016/j.tins.2015.
02.003

6 Spitale RC and Incarnato D (2023) Probing the

dynamic RNA structurome and its functions. Nat Rev

Genet 24, 178–196. doi: 10.1038/s41576-022-00546-w
7 Cao X, Zhang Y, Ding Y and Wan Y (2024)

Identification of RNA structures and their roles in

RNA functions. Nat Rev Mol Cell Biol 25, 784–801.
doi: 10.1038/s41580-024-00748-6

8 Ule J, Jensen KB, Ruggiu M, Mele A, Ule A and

Darnell RB (2003) CLIP identifies Nova-regulated

RNA networks in the brain. Science 302, 1212–1215.
doi: 10.1126/science.1090095

9 Zhang C and Darnell RB (2011) Mapping in vivo

protein-RNA interactions at single-nucleotide

resolution from HITS-CLIP data. Nat Biotechnol 29,

607–614. doi: 10.1038/nbt.1873
10 K€onig J, Zarnack K, Rot G, Curk T, Kayikci M,

Zupan B, Turner DJ, Luscombe NM and Ule J (2010)

iCLIP reveals the function of hnRNP particles in

splicing at individual nucleotide resolution. Nat Struct

Mol Biol 17, 909–915. doi: 10.1038/nsmb.1838

11 Huppertz I, Attig J, D’Ambrogio A, Easton LE, Sibley

CR, Sugimoto Y, Tajnik M, K€onig J and Ule J (2014)

iCLIP: protein-RNA interactions at nucleotide

resolution. Methods 65, 274–287. doi: 10.1016/j.ymeth.

2013.10.011

12 Lee FCY and Ule J (2018) Advances in CLIP

Technologies for Studies of protein-RNA interactions.

Mol Cell 69, 354–369. doi: 10.1016/j.molcel.2018.01.

005

13 Xiang JS, Schafer DM, Rothamel KL and Yeo GW

(2024) Decoding protein-RNA interactions using

CLIP-based methodologies. Nat Rev Genet 25, 879–
895. doi: 10.1038/s41576-024-00749-3

14 Hafner M, Landthaler M, Burger L, Khorshid M,

Hausser J, Berninger P, Rothballer A, Ascano M,

Jungkamp A-C, Munschauer M et al. (2010)

Transcriptome-wide identification of RNA-binding

protein and microRNA target sites by PAR-CLIP. Cell

141, 129–141. doi: 10.1016/j.cell.2010.03.009
15 Brugiolo M, Botti V, Liu N, M€uller-McNicoll M and

Neugebauer KM (2017) Fractionation iCLIP detects

persistent SR protein binding to conserved, retained

introns in chromatin, nucleoplasm and cytoplasm.

Nucleic Acids Res 45, 10452–10465. doi: 10.
1093/nar/gkx671

16 Hung V, Udeshi ND, Lam SS, Loh KH, Cox KJ,

Pedram K, Carr SA and Ting AY (2016) Spatially

resolved proteomic mapping in living cells with the

engineered peroxidase APEX2. Nat Protoc 11, 456–
475. doi: 10.1038/nprot.2016.018

17 Benhalevy D and Hafner M (2020) Proximity-CLIP

Provides a Snapshot of Protein-Occupied RNA

Elements at Subcellular Resolution and

Transcriptome-Wide Scale. Methods Mol Biol 2166,

283–305. doi: 10.1007/978-1-0716-0712-1_17
18 Yi S, Singh SS, Rozen-Gagnon K and Luna JM (2023)

Mapping RNA-protein interactions with subcellular

resolution using colocalization CLIP. BioRxiv Prepr

Serv Biol 2023, 1026563984. doi: 10.1101/2023.10.26.

563984

19 McMahon AC, Rahman R, Jin H, Shen JL, Fieldsend

A, Luo W and Rosbash M (2016) TRIBE: hijacking

an RNA-editing enzyme to identify cell-specific targets

of RNA-binding proteins. Cell 165, 742–753. doi: 10.
1016/j.cell.2016.03.007

20 Brannan KW, Chaim IA, Marina RJ, Yee BA,

Kofman ER, Lorenz DA, Jagannatha P, Dong KD,

Madrigal AA, Underwood JG et al. (2021) Robust

single-cell discovery of RNA targets of RNA-binding

proteins and ribosomes. Nat Methods 18, 507–519. doi:
10.1038/s41592-021-01128-0

21 Xu W, Biswas J, Singer RH and Rosbash M (2022)

Targeted RNA editing: novel tools to study post-

11FEBS Open Bio (2025) ª 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. Rapakko et al. RNPs and RNA structures in gene regulation

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.70122
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.70122
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.70122
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.70122
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.70122
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.70122
https://doi.org/10.1261/rna.073601.119
https://doi.org/10.1261/rna.073601.119
https://doi.org/10.1016/j.molcel.2025.02.025
https://doi.org/10.1038/nrm.2017.130
https://doi.org/10.1038/nrm.2017.130
https://doi.org/10.1016/j.tig.2013.01.004
https://doi.org/10.1016/j.tins.2015.02.003
https://doi.org/10.1016/j.tins.2015.02.003
https://doi.org/10.1038/s41576-022-00546-w
https://doi.org/10.1038/s41576-022-00546-w
https://doi.org/10.1038/s41576-022-00546-w
https://doi.org/10.1038/s41576-022-00546-w
https://doi.org/10.1038/s41576-022-00546-w
https://doi.org/10.1038/s41576-022-00546-w
https://doi.org/10.1038/s41576-022-00546-w
https://doi.org/10.1038/s41580-024-00748-6
https://doi.org/10.1038/s41580-024-00748-6
https://doi.org/10.1038/s41580-024-00748-6
https://doi.org/10.1038/s41580-024-00748-6
https://doi.org/10.1038/s41580-024-00748-6
https://doi.org/10.1038/s41580-024-00748-6
https://doi.org/10.1038/s41580-024-00748-6
https://doi.org/10.1126/science.1090095
https://doi.org/10.1038/nbt.1873
https://doi.org/10.1038/nsmb.1838
https://doi.org/10.1016/j.ymeth.2013.10.011
https://doi.org/10.1016/j.ymeth.2013.10.011
https://doi.org/10.1016/j.molcel.2018.01.005
https://doi.org/10.1016/j.molcel.2018.01.005
https://doi.org/10.1038/s41576-024-00749-3
https://doi.org/10.1038/s41576-024-00749-3
https://doi.org/10.1038/s41576-024-00749-3
https://doi.org/10.1038/s41576-024-00749-3
https://doi.org/10.1038/s41576-024-00749-3
https://doi.org/10.1038/s41576-024-00749-3
https://doi.org/10.1038/s41576-024-00749-3
https://doi.org/10.1016/j.cell.2010.03.009
https://doi.org/10.1093/nar/gkx671
https://doi.org/10.1093/nar/gkx671
https://doi.org/10.1038/nprot.2016.018
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1007/978-1-0716-0712-1_17
https://doi.org/10.1101/2023.10.26.563984
https://doi.org/10.1101/2023.10.26.563984
https://doi.org/10.1016/j.cell.2016.03.007
https://doi.org/10.1016/j.cell.2016.03.007
https://doi.org/10.1038/s41592-021-01128-0
https://doi.org/10.1038/s41592-021-01128-0
https://doi.org/10.1038/s41592-021-01128-0
https://doi.org/10.1038/s41592-021-01128-0
https://doi.org/10.1038/s41592-021-01128-0
https://doi.org/10.1038/s41592-021-01128-0
https://doi.org/10.1038/s41592-021-01128-0


transcriptional regulation. Mol Cell 82, 389–403. doi:
10.1016/j.molcel.2021.10.010

22 Flamand MN, Ke K, Tamming R and Meyer KD

(2022) Single-molecule identification of the target

RNAs of different RNA binding proteins

simultaneously in cells. Genes Dev 36, gad349983122.

doi: 10.1101/gad.349983.122

23 Castello A, Fischer B, Eichelbaum K, Horos R,

Beckmann BM, Strein C, Davey NE, Humphreys DT,

Preiss T, Steinmetz LM et al. (2012) Insights into

RNA biology from an atlas of mammalian mRNA-

binding proteins. Cell 149, 1393–1406. doi: 10.1016/j.
cell.2012.04.031

24 Bao X, Guo X, Yin M, Tariq M, Lai Y, Kanwal S,

Zhou J, Li N, Lv Y, Pulido-Quetglas C et al. (2018)

Capturing the interactome of newly transcribed RNA.

Nat Methods 15, 213–220. doi: 10.1038/nmeth.4595

25 Rogell B, Fischer B, Rettel M, Krijgsveld J, Castello A

and Hentze MW (2017) Specific RNP capture with

antisense LNA/DNA mixmers. RNA 23, 1290–1302.
doi: 10.1261/rna.060798.117

26 Leppek K and Stoecklin G (2014) An optimized

streptavidin-binding RNA aptamer for purification of

ribonucleoprotein complexes identifies novel ARE-

binding proteins. Nucleic Acids Res 42, e13. doi: 10.

1093/nar/gkt956

27 Van Ende R, Balzarini S and Geuten K (2020) Single

and combined methods to specifically or bulk-purify

RNA-protein complexes. Biomolecules 10, 1160. doi:

10.3390/biom10081160

28 McHugh CA, Chen C-K, Chow A, Surka CF, Tran C,

McDonel P, Pandya-Jones A, Blanco M, Burghard C,

Moradian A et al. (2015) The Xist lncRNA interacts

directly with SHARP to silence transcription through

HDAC3. Nature 521, 232–236. doi: 10.
1038/nature14443

29 Spiniello M, Knoener RA, Steinbrink MI, Yang B,

Cesnik AJ, Buxton KE, Scalf M, Jarrard DF and

Smith LM (2018) HyPR-MS for multiplexed discovery

of MALAT1, NEAT1, and NORAD lncRNA protein

interactomes. J Proteome Res 17, 3022–3038. doi: 10.
1021/acs.jproteome.8b00189

30 Ducoli L, Zarnegar BJ, Porter DF, Meyers RM, Miao

W, Riley NM, Srinivasan S, Jackrazi LV, Yang Y-Y,

Li Z et al. (2025) irCLIP-RNP and Re-CLIP reveal

patterns of dynamic protein assemblies on RNA.

Nature 641, 769–778. doi: 10.1038/s41586-025-08787-5
31 Urdaneta EC and Beckmann BM (2020) Fast and

unbiased purification of RNA-protein complexes after

UV cross-linking. Methods 178, 72–82. doi: 10.1016/j.
ymeth.2019.09.013

32 Wheeler EC, Van Nostrand EL and Yeo GW (2018)

Advances and challenges in the detection of

transcriptome-wide protein–RNA interactions. WIREs

RNA 9, doi: 10.1002/wrna.1436

33 Kim B and Kim VN (2019) fCLIP-seq for

transcriptomic footprinting of dsRNA-binding

proteins: lessons from DROSHA. Methods 152, 3–11.
doi: 10.1016/j.ymeth.2018.06.004

34 Merino EJ, Wilkinson KA, Coughlan JL and Weeks

KM (2005) RNA structure analysis at single nucleotide

resolution by selective 20-hydroxyl acylation and

primer extension (SHAPE). J Am Chem Soc 127,

4223–4231. doi: 10.1021/ja043822v
35 Spitale RC, Crisalli P, Flynn RA, Torre EA, Kool ET

and Chang HY (2013) RNA SHAPE analysis in living

cells. Nat Chem Biol 9, 18–20. doi: 10.1038/nchembio.

1131

36 Spitale RC, Flynn RA, Zhang QC, Crisalli P, Lee B,

Jung J-W, Kuchelmeister HY, Batista PJ, Torre EA,

Kool ET et al. (2015) Structural imprints in vivo

decode RNA regulatory mechanisms. Nature 519, 486–
490. doi: 10.1038/nature14263

37 Mortimer SA and Weeks KM (2007) A fast-acting

reagent for accurate analysis of RNA secondary and

tertiary structure by SHAPE chemistry. J Am Chem

Soc 129, 4144–4145. doi: 10.1021/ja0704028
38 Stephenson W, Razaghi R, Busan S, Weeks KM,

Timp W and Smibert P (2022) Direct detection of

RNA modifications and structure using single-molecule

nanopore sequencing. Cell Genomics 2, 100097. doi: 10.

1016/j.xgen.2022.100097

39 Umeyama T and Ito T (2017) DMS-seq for in vivo

genome-wide mapping of protein-DNA interactions

and nucleosome centers. Cell Rep 21, 289–300. doi: 10.
1016/j.celrep.2017.09.035

40 Wilkinson KA, Merino EJ and Weeks KM (2006)

Selective 20-hydroxyl acylation analyzed by primer

extension (SHAPE): quantitative RNA structure

analysis at single nucleotide resolution. Nat Protoc 1,

1610–1616. doi: 10.1038/nprot.2006.249
41 Lucks JB, Mortimer SA, Trapnell C, Luo S, Aviran S,

Schroth GP, Pachter L, Doudna JA and Arkin AP

(2011) Multiplexed RNA structure characterization

with selective 20-hydroxyl acylation analyzed by primer

extension sequencing (SHAPE-seq). Proc Natl Acad

Sci 108, 11063–11068. doi: 10.1073/pnas.1106501108
42 Loughrey D, Watters KE, Settle AH and Lucks JB

(2014) SHAPE-seq 2.0: systematic optimization and

extension of high-throughput chemical probing of

RNA secondary structure with next generation

sequencing. Nucleic Acids Res 42, e165. doi: 10.

1093/nar/gku909

43 Siegfried NA, Busan S, Rice GM, Nelson JAE and

Weeks KM (2014) RNA motif discovery by SHAPE

and mutational profiling (SHAPE-MaP). Nat Methods

11, 959–965. doi: 10.1038/nmeth.3029

44 Smola MJ, Rice GM, Busan S, Siegfried NA and

Weeks KM (2015) Selective 20-hydroxyl acylation
analyzed by primer extension and mutational profiling

12 FEBS Open Bio (2025) ª 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

RNPs and RNA structures in gene regulation J. Rapakko et al.

https://doi.org/10.1016/j.molcel.2021.10.010
https://doi.org/10.1101/gad.349983.122
https://doi.org/10.1016/j.cell.2012.04.031
https://doi.org/10.1016/j.cell.2012.04.031
https://doi.org/10.1038/nmeth.4595
https://doi.org/10.1261/rna.060798.117
https://doi.org/10.1093/nar/gkt956
https://doi.org/10.1093/nar/gkt956
https://doi.org/10.3390/biom10081160
https://doi.org/10.1038/nature14443
https://doi.org/10.1038/nature14443
https://doi.org/10.1021/acs.jproteome.8b00189
https://doi.org/10.1021/acs.jproteome.8b00189
https://doi.org/10.1038/s41586-025-08787-5
https://doi.org/10.1038/s41586-025-08787-5
https://doi.org/10.1038/s41586-025-08787-5
https://doi.org/10.1038/s41586-025-08787-5
https://doi.org/10.1038/s41586-025-08787-5
https://doi.org/10.1038/s41586-025-08787-5
https://doi.org/10.1038/s41586-025-08787-5
https://doi.org/10.1016/j.ymeth.2019.09.013
https://doi.org/10.1016/j.ymeth.2019.09.013
https://doi.org/10.1002/wrna.1436
https://doi.org/10.1016/j.ymeth.2018.06.004
https://doi.org/10.1021/ja043822v
https://doi.org/10.1038/nchembio.1131
https://doi.org/10.1038/nchembio.1131
https://doi.org/10.1038/nature14263
https://doi.org/10.1021/ja0704028
https://doi.org/10.1016/j.xgen.2022.100097
https://doi.org/10.1016/j.xgen.2022.100097
https://doi.org/10.1016/j.celrep.2017.09.035
https://doi.org/10.1016/j.celrep.2017.09.035
https://doi.org/10.1038/nprot.2006.249
https://doi.org/10.1073/pnas.1106501108
https://doi.org/10.1093/nar/gku909
https://doi.org/10.1093/nar/gku909
https://doi.org/10.1038/nmeth.3029


(SHAPE-MaP) for direct, versatile and accurate RNA

structure analysis. Nat Protoc 10, 1643–1669. doi: 10.
1038/nprot.2015.103

45 Smola MJ and Weeks KM (2018) In-cell RNA

structure probing with SHAPE-MaP. Nat Protoc 13,

1181–1195. doi: 10.1038/nprot.2018.010
46 Bohn P, Gribling-Burrer A-S, Ambi UB and Smyth

RP (2023) Nano-DMS-MaP allows isoform-specific

RNA structure determination. Nat Methods 20, 849–
859. doi: 10.1038/s41592-023-01862-7

47 Ganser LR, Kelly ML, Herschlag D and Al-Hashimi

HM (2019) The roles of structural dynamics in the

cellular functions of RNAs. Nat Rev Mol Cell Biol 20,

474–489. doi: 10.1038/s41580-019-0136-0
48 Semenchenko E, Tsybulskyi V and Meyer IM (2025)

DuplexDiscoverer: a computational method for the

analysis of experimental duplex RNA–RNA

interaction data. Nucleic Acids Res 53, doi: 10.

1093/nar/gkaf266

49 Cai Z, Cao C, Ji L, Ye R, Wang D, Xia C, Wang S,

Du Z, Hu N, Yu X et al. (2020) RIC-seq for global in

situ profiling of RNA-RNA spatial interactions.

Nature 582, 432–437. doi: 10.1038/s41586-020-2249-1
50 Lu Z, Zhang QC, Lee B, Flynn RA, Smith MA,

Robinson JT, Davidovich C, Gooding AR, Goodrich

KJ, Mattick JS et al. (2016) RNA duplex map in living

cells reveals higher-order transcriptome structure. Cell

165, 1267–1279. doi: 10.1016/j.cell.2016.04.028
51 Engreitz JM, Sirokman K, McDonel P, Shishkin AA,

Surka C, Russell P, Grossman SR, Chow AY,

Guttman M and Lander ES (2014) RNA-RNA

interactions enable specific targeting of noncoding

RNAs to nascent pre-mRNAs and chromatin sites.

Cell 159, 188–199. doi: 10.1016/j.cell.2014.08.018
52 Aw JGA, Shen Y, Wilm A, Sun M, Lim XN, Boon K-

L, Tapsin S, Chan Y-S, Tan C-P, Sim AYL et al.

(2016) In vivo mapping of eukaryotic RNA

interactomes reveals principles of higher-order

organization and regulation. Mol Cell 62, 603–617.
doi: 10.1016/j.molcel.2016.04.028

53 Sharma E, Sterne-Weiler T, O’Hanlon D and

Blencowe BJ (2016) Global mapping of human

RNA-RNA interactions. Mol Cell 62, 618–626. doi:
10.1016/j.molcel.2016.04.030

54 Ziv O, Gabryelska MM, Lun ATL, Gebert LFR,

Sheu-Gruttadauria J, Meredith LW, Liu Z-Y, Kwok

CK, Qin C-F, MacRae IJ et al. (2018) COMRADES

determines in vivo RNA structures and interactions.

Nat Methods 15, 785–788. doi: 10.1038/s41592-018-
0121-0

55 Wu T, Cheng AY, Zhang Y, Xu J, Wu J, Wen L, Li

X, Liu B, Dou X, Wang P et al. (2024) KARR-seq

reveals cellular higher-order RNA structures and

RNA-RNA interactions. Nat Biotechnol 42, 1909–
1920. doi: 10.1038/s41587-023-02109-8

56 Olson SW, Turner A-MW, Arney JW, Saleem I,

Weidmann CA, Margolis DM, Weeks KM and

Mustoe AM (2022) Discovery of a large-scale, cell-

state-responsive allosteric switch in the 7SK RNA

using DANCE-MaP. Mol Cell 82, 1708–1723.e10. doi:
10.1016/j.molcel.2022.02.009

57 Perales R and Bentley D (2009) “Cotranscriptionality”:

the transcription elongation complex as a nexus for

nuclear transactions. Mol Cell 36, 178–191. doi: 10.
1016/j.molcel.2009.09.018

58 Carrillo Oesterreich F, Herzel L, Straube K, Hujer K,

Howard J and Neugebauer KM (2016) Splicing of

nascent RNA coincides with intron exit from RNA

polymerase II. Cell 165, 372–381. doi: 10.1016/j.cell.
2016.02.045

59 Taliaferro JM, Lambert NJ, Sudmant PH,

Dominguez D, Merkin JJ, Alexis MS, Bazile CA and

Burge CB (2016) RNA sequence context effects

measured in vitro predict in vivo protein binding and

regulation. Mol Cell 64, 294–306. doi: 10.1016/j.
molcel.2016.08.035

60 Warf MB and Berglund JA (2010) Role of RNA

structure in regulating pre-mRNA splicing. Trends

Biochem Sci 35, 169–178. doi: 10.1016/j.tibs.2009.10.
004

61 McManus CJ and Graveley BR (2011) RNA structure

and the mechanisms of alternative splicing. Curr Opin

Genet Dev 21, 373–379. doi: 10.1016/j.gde.2011.04.001
62 Lin C-L, Taggart AJ and Fairbrother WG (2016)

RNA structure in splicing: an evolutionary perspective.

RNA Biol 13, 766–771. doi: 10.1080/15476286.2016.
1208893

63 Rubtsov PM (2016) Role of pre-mRNA secondary

structures in the regulation of alternative splicing. Mol

Biol 50, 823–830. doi: 10.1134/S0026893316060170
64 Xu B, Meng Y and Jin Y (2021) RNA structures in

alternative splicing and back-splicing. WIREs RNA 12,

e1626. doi: 10.1002/wrna.1626

65 Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J,

Provost P, R�admark O, Kim S et al. (2003) The

nuclear RNase III Drosha initiates microRNA

processing. Nature 425, 415–419. doi: 10.
1038/nature01957

66 Gregory RI, Yan K, Amuthan G, Chendrimada T,

Doratotaj B, Cooch N and Shiekhattar R (2004) The

microprocessor complex mediates the genesis of

microRNAs. Nature 432, 235–240. doi: 10.
1038/nature03120

67 Han J, Lee Y, Yeom K-H, Kim Y-K, Jin H and Kim

VN (2004) The Drosha-DGCR8 complex in primary

microRNA processing. Genes Dev 18, 3016–3027. doi:
10.1101/gad.1262504

68 Han J, Lee Y, Yeom K-H, Nam J-W, Heo I, Rhee J-

K, Sohn SY, Cho Y, Zhang B-T and Kim VN (2006)

Molecular basis for the recognition of primary

13FEBS Open Bio (2025) ª 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. Rapakko et al. RNPs and RNA structures in gene regulation

https://doi.org/10.1038/nprot.2015.103
https://doi.org/10.1038/nprot.2015.103
https://doi.org/10.1038/nprot.2018.010
https://doi.org/10.1038/s41592-023-01862-7
https://doi.org/10.1038/s41592-023-01862-7
https://doi.org/10.1038/s41592-023-01862-7
https://doi.org/10.1038/s41592-023-01862-7
https://doi.org/10.1038/s41592-023-01862-7
https://doi.org/10.1038/s41592-023-01862-7
https://doi.org/10.1038/s41592-023-01862-7
https://doi.org/10.1038/s41580-019-0136-0
https://doi.org/10.1038/s41580-019-0136-0
https://doi.org/10.1038/s41580-019-0136-0
https://doi.org/10.1038/s41580-019-0136-0
https://doi.org/10.1038/s41580-019-0136-0
https://doi.org/10.1038/s41580-019-0136-0
https://doi.org/10.1038/s41580-019-0136-0
https://doi.org/10.1093/nar/gkaf266
https://doi.org/10.1093/nar/gkaf266
https://doi.org/10.1038/s41586-020-2249-1
https://doi.org/10.1038/s41586-020-2249-1
https://doi.org/10.1038/s41586-020-2249-1
https://doi.org/10.1038/s41586-020-2249-1
https://doi.org/10.1038/s41586-020-2249-1
https://doi.org/10.1038/s41586-020-2249-1
https://doi.org/10.1038/s41586-020-2249-1
https://doi.org/10.1016/j.cell.2016.04.028
https://doi.org/10.1016/j.cell.2014.08.018
https://doi.org/10.1016/j.molcel.2016.04.028
https://doi.org/10.1016/j.molcel.2016.04.030
https://doi.org/10.1038/s41592-018-0121-0
https://doi.org/10.1038/s41592-018-0121-0
https://doi.org/10.1038/s41592-018-0121-0
https://doi.org/10.1038/s41592-018-0121-0
https://doi.org/10.1038/s41592-018-0121-0
https://doi.org/10.1038/s41592-018-0121-0
https://doi.org/10.1038/s41592-018-0121-0
https://doi.org/10.1038/s41592-018-0121-0
https://doi.org/10.1038/s41587-023-02109-8
https://doi.org/10.1038/s41587-023-02109-8
https://doi.org/10.1038/s41587-023-02109-8
https://doi.org/10.1038/s41587-023-02109-8
https://doi.org/10.1038/s41587-023-02109-8
https://doi.org/10.1038/s41587-023-02109-8
https://doi.org/10.1038/s41587-023-02109-8
https://doi.org/10.1016/j.molcel.2022.02.009
https://doi.org/10.1016/j.molcel.2009.09.018
https://doi.org/10.1016/j.molcel.2009.09.018
https://doi.org/10.1016/j.cell.2016.02.045
https://doi.org/10.1016/j.cell.2016.02.045
https://doi.org/10.1016/j.molcel.2016.08.035
https://doi.org/10.1016/j.molcel.2016.08.035
https://doi.org/10.1016/j.tibs.2009.10.004
https://doi.org/10.1016/j.tibs.2009.10.004
https://doi.org/10.1016/j.gde.2011.04.001
https://doi.org/10.1080/15476286.2016.1208893
https://doi.org/10.1080/15476286.2016.1208893
https://doi.org/10.1134/S0026893316060170
https://doi.org/10.1002/wrna.1626
https://doi.org/10.1038/nature01957
https://doi.org/10.1038/nature01957
https://doi.org/10.1038/nature03120
https://doi.org/10.1038/nature03120
https://doi.org/10.1101/gad.1262504


microRNAs by the Drosha-DGCR8 complex. Cell

125, 887–901. doi: 10.1016/j.cell.2006.03.043
69 Ratnadiwakara M, Mohenska M and €Ank€o M-L

(2018) Splicing factors as regulators of miRNA

biogenesis—links to human disease. Semin Cell Dev

Biol 79, 113–122. doi: 10.1016/j.semcdb.2017.10.008

70 Michlewski G, Guil S, Semple CA and C�aceres JF

(2008) Posttranscriptional regulation of miRNAs

harboring conserved terminal loops. Mol Cell 32, 383–
393. doi: 10.1016/j.molcel.2008.10.013

71 Kooshapur H, Choudhury NR, Simon B, M€uhlbauer

M, Jussupow A, Fernandez N, Jones AN, Dallmann

A, Gabel F, Camilloni C et al. (2018) Structural basis

for terminal loop recognition and stimulation of pri-

miRNA-18a processing by hnRNP A1. Nat Commun

9, 2479. doi: 10.1038/s41467-018-04871-9

72 Fernandez N, Cordiner RA, Young RS, Hug N,

Macias S and C�aceres JF (2017) Genetic variation and

RNA structure regulate microRNA biogenesis. Nat

Commun 8, 15114. doi: 10.1038/ncomms15114

73 €Ank€o M-L, M€uller-McNicoll M, Brandl H, Curk T,

Gorup C, Henry I, Ule J and Neugebauer KM (2012)

The RNA-binding landscapes of two SR proteins

reveal unique functions and binding to diverse RNA

classes. Genome Biol 13, R17. doi: 10.1186/gb-2012-13-

3-r17

74 Auyeung VC, Ulitsky I, McGeary SE and Bartel DP

(2013) Beyond secondary structure: primary-sequence

determinants license Pri-miRNA hairpins for

processing. Cell 152, 844–858. doi: 10.1016/j.cell.2013.
01.031

75 Le MN, Nguyen TD and Nguyen TA (2023) SRSF7

and SRSF3 depend on RNA sequencing motifs and

secondary structures to regulate microprocessor. Life

Sci Alliance 6, e202201779. doi: 10.26508/lsa.

202201779

76 Jones AN, Walbrun A, Falleroni F, Rief M and

Sattler M (2022) Conformational effects of a cancer-

linked mutation in Pri-miR-30c RNA. J Mol Biol 434,

167705. doi: 10.1016/j.jmb.2022.167705

77 Smola MJ, Calabrese JM and Weeks KM (2015)

Detection of RNA-protein interactions in living cells

with SHAPE. Biochemistry 54, 6867–6875. doi: 10.
1021/acs.biochem.5b00977

78 Ratnadiwakara M, Bahrudeen MN, Aikio E, Takabe

P, Engel RM, Zahir Z, Jard�e T, McMurrick PJ, Abud

HE and €Ank€o M (2023) SRSF3 shapes the structure of

miR-17-92 cluster RNA and promotes selective

processing of miR-17 and miR-20a. EMBO Rep 24,

e56021. doi: 10.15252/embr.202256021

79 Garg A, Shang R, Cvetanovic T, Lai EC and Joshua-

Tor L (2024) The structural landscape of

microprocessor-mediated processing of pri-let-7

miRNAs. Mol Cell 84, 4175–4190. doi: 10.1016/j.
molcel.2024.09.008

80 Kim K, Baek SC, Lee Y-Y, Bastiaanssen C, Kim J,

Kim H and Kim VN (2021) A quantitative map of

human primary microRNA processing sites. Mol Cell

81, 3422–3439. doi: 10.1016/j.molcel.2021.07.002

81 Peterlin BM, Brogie JE and Price DH (2012) 7SK

snRNA: a noncoding RNA that plays a major role in

regulating eukaryotic transcription. Wiley Interdiscip

Rev RNA 3, 92–103. doi: 10.1002/wrna.106
82 Quaresma AJC, Bugai A and Barboric M (2016)

Cracking the control of RNA polymerase II elongation

by 7SK snRNP and P-TEFb. Nucleic Acids Res 44,

7527–7539. doi: 10.1093/nar/gkw585
83 Flynn RA, Do BT, Rubin AJ, Calo E, Lee B,

Kuchelmeister H, Rale M, Chu C, Kool ET, Wysocka

J et al. (2016) 7SK-BAF axis controls pervasive

transcription at enhancers. Nat Struct Mol Biol 23,

231–238. doi: 10.1038/nsmb.3176

84 Brogie JE and Price DH (2017) Reconstitution of a

functional 7SK snRNP. Nucleic Acids Res 45, 6864–
6880. doi: 10.1093/nar/gkx262

85 Kovalski JR, Sarioglu G, Subramanyam V, Hernandez

G, Rademaker G, Oses-Prieto JA, Slota M, Mohan N,

Yiakis K, Liu I et al. (2025) Functional screen

identifies RBM42 as a mediator of oncogenic mRNA

translation specificity. Nat Cell Biol 27, 518–529. doi:
10.1038/s41556-024-01604-7

86 Childs-Disney JL, Yang X, Gibaut QMR, Tong Y,

Batey RT and Disney MD (2022) Targeting RNA

structures with small molecules. Nat Rev Drug Discov

21, 736–762. doi: 10.1038/s41573-022-00521-4
87 Kuzuoglu-Ozturk D, Nguyen HG, Xue L, Figueredo

E, Subramanyam V, Liu I, Bonitto K, Noronha A,

Dabrowska A, Cowan JE et al. (2025) Small-molecule

RNA therapeutics to target prostate cancer. Cancer

Cell 43, 841–855.e8. doi: 10.1016/j.ccell.2025.02.027
88 Wu P (2020) Inhibition of RNA-binding proteins with

small molecules. Nat Rev Chem 4, 441–458. doi: 10.
1038/s41570-020-0201-4

89 Zhu S, Choudhury NR, Rooney S, Pham NT, Koszela

J, Kelly D, Spanos C, Rappsilber J, Auer M and

Michlewski G (2021) RNA pull-down confocal

nanoscanning (RP-CONA) detects quercetin as pri-

miR-7/HuR interaction inhibitor that decreases a-
synuclein levels. Nucleic Acids Res 49, 6456–6473. doi:
10.1093/nar/gkab484

90 Idlin N, Krishnamoorthy S, Wolczyk M, Fakhri M,

Lechowski M, Stec N, Milek J, Mandal PK,

Cendrowski J, Spanos C et al. (2025) Effects of genetic

ablation and pharmacological inhibition of HuR on

gene expression, iron metabolism, and hormone levels.

BMC Biol 23, 24. doi: 10.1186/s12915-025-02131-z

91 Tuerk C and Gold L (1990) Systematic evolution of

ligands by exponential enrichment: RNA ligands to

bacteriophage T4 DNA polymerase. Science 249, 505–
510. doi: 10.1126/science.2200121

14 FEBS Open Bio (2025) ª 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

RNPs and RNA structures in gene regulation J. Rapakko et al.

https://doi.org/10.1016/j.cell.2006.03.043
https://doi.org/10.1016/j.semcdb.2017.10.008
https://doi.org/10.1016/j.molcel.2008.10.013
https://doi.org/10.1038/s41467-018-04871-9
https://doi.org/10.1038/s41467-018-04871-9
https://doi.org/10.1038/s41467-018-04871-9
https://doi.org/10.1038/s41467-018-04871-9
https://doi.org/10.1038/s41467-018-04871-9
https://doi.org/10.1038/s41467-018-04871-9
https://doi.org/10.1038/s41467-018-04871-9
https://doi.org/10.1038/ncomms15114
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1186/gb-2012-13-3-r17
https://doi.org/10.1016/j.cell.2013.01.031
https://doi.org/10.1016/j.cell.2013.01.031
https://doi.org/10.26508/lsa.202201779
https://doi.org/10.26508/lsa.202201779
https://doi.org/10.1016/j.jmb.2022.167705
https://doi.org/10.1021/acs.biochem.5b00977
https://doi.org/10.1021/acs.biochem.5b00977
https://doi.org/10.15252/embr.202256021
https://doi.org/10.1016/j.molcel.2024.09.008
https://doi.org/10.1016/j.molcel.2024.09.008
https://doi.org/10.1016/j.molcel.2021.07.002
https://doi.org/10.1002/wrna.106
https://doi.org/10.1093/nar/gkw585
https://doi.org/10.1038/nsmb.3176
https://doi.org/10.1093/nar/gkx262
https://doi.org/10.1038/s41556-024-01604-7
https://doi.org/10.1038/s41556-024-01604-7
https://doi.org/10.1038/s41556-024-01604-7
https://doi.org/10.1038/s41556-024-01604-7
https://doi.org/10.1038/s41556-024-01604-7
https://doi.org/10.1038/s41556-024-01604-7
https://doi.org/10.1038/s41556-024-01604-7
https://doi.org/10.1038/s41573-022-00521-4
https://doi.org/10.1038/s41573-022-00521-4
https://doi.org/10.1038/s41573-022-00521-4
https://doi.org/10.1038/s41573-022-00521-4
https://doi.org/10.1038/s41573-022-00521-4
https://doi.org/10.1038/s41573-022-00521-4
https://doi.org/10.1038/s41573-022-00521-4
https://doi.org/10.1016/j.ccell.2025.02.027
https://doi.org/10.1038/s41570-020-0201-4
https://doi.org/10.1038/s41570-020-0201-4
https://doi.org/10.1038/s41570-020-0201-4
https://doi.org/10.1038/s41570-020-0201-4
https://doi.org/10.1038/s41570-020-0201-4
https://doi.org/10.1038/s41570-020-0201-4
https://doi.org/10.1038/s41570-020-0201-4
https://doi.org/10.1038/s41570-020-0201-4
https://doi.org/10.1093/nar/gkab484
https://doi.org/10.1186/s12915-025-02131-z
https://doi.org/10.1186/s12915-025-02131-z
https://doi.org/10.1186/s12915-025-02131-z
https://doi.org/10.1186/s12915-025-02131-z
https://doi.org/10.1186/s12915-025-02131-z
https://doi.org/10.1186/s12915-025-02131-z
https://doi.org/10.1186/s12915-025-02131-z
https://doi.org/10.1126/science.2200121


92 Agostini F, Zanzoni A, Klus P, Marchese D, Cirillo D

and Tartaglia GG (2013) catRAPID omics: a web

server for large-scale prediction of protein-RNA

interactions. Bioinformatics 29, 2928–2930. doi: 10.
1093/bioinformatics/btt495

93 Armaos A, Colantoni A, Proietti G, Rupert J and

Tartaglia GG (2021) catRAPID omics v2.0: going

deeper and wider in the prediction of protein-RNA

interactions. Nucleic Acids Res 49, W72–W79. doi: 10.

1093/nar/gkab393

94 Zacco E, Kantelberg O, Milanetti E, Armaos A, Panei

FP, Gregory J, Jeacock K, Clarke DJ, Chandran S,

Ruocco G et al. (2022) Probing TDP-43 condensation

using an in silico designed aptamer. Nat Commun 13,

3306. doi: 10.1038/s41467-022-30944-x

95 Razlansari M, Jafarinejad S, Rahdar A, Shirvaliloo M,

Arshad R, Fathi-Karkan S, Mirinejad S, Sargazi S,

Sheervalilou R, Ajalli N et al. (2023) Development and

classification of RNA aptamers for therapeutic

purposes: an updated review with emphasis on cancer.

Mol Cell Biochem 478, 1573–1598. doi: 10.
1007/s11010-022-04614-x

96 Bouvier-M€uller A and Ducong�e F (2018) Nucleic acid

aptamers for neurodegenerative diseases. Biochimie

145, 73–83. doi: 10.1016/j.biochi.2017.10.026
97 Jumper J, Evans R, Pritzel A, Green T, Figurnov M,

Ronneberger O, Tunyasuvunakool K, Bates R, �Z�ıdek

A, Potapenko A et al. (2021) Highly accurate protein

structure prediction with AlphaFold. Nature 596, 583–
589. doi: 10.1038/s41586-021-03819-2

98 Wan H, Adams RL, Lindenbach BD and Pyle AM

(2022) The in vivo and in vitro architecture of the

hepatitis C virus RNA genome uncovers functional

RNA secondary and tertiary structures. J Virol 96,

e0194621. doi: 10.1128/jvi.01946-21

99 Brangwynne CP, Eckmann CR, Courson DS,

Rybarska A, Hoege C, Gharakhani J, J€ulicher F and

Hyman AA (2009) Germline P granules are liquid

droplets that localize by controlled

dissolution/condensation. Science 324, 1729–1732. doi:
10.1126/science.1172046

100 Lin Y, Protter DSW, Rosen MK and Parker R (2015)

Formation and maturation of phase-separated liquid

droplets by RNA-binding proteins. Mol Cell 60, 208–
219. doi: 10.1016/j.molcel.2015.08.018

101 Alberti S, Gladfelter A and Mittag T (2019)

Considerations and challenges in studying liquid-liquid

phase separation and biomolecular condensates. Cell

176, 419–434. doi: 10.1016/j.cell.2018.12.035
102 Sanchez De Groot N, Armaos A, Gra~na-Montes R,

Alriquet M, Calloni G, Vabulas RM and Tartaglia

GG (2019) RNA structure drives interaction with

proteins. Nat Commun 10, 3246. doi: 10.1038/s41467-

019-10923-5

103 Han TW, Portz B, Young RA, Boija A and Klein IA

(2024) RNA and condensates: disease implications and

therapeutic opportunities. Cell Chem Biol 31, 1593–
1609. doi: 10.1016/j.chembiol.2024.08.009

104 Pei G, Lyons H, Li P and Sabari BR (2025)

Transcription regulation by biomolecular condensates.

Nat Rev Mol Cell Biol 26, 213–236. doi: 10.
1038/s41580-024-00789-x

105 Zbinden A, P�erez-Berlanga M, De Rossi P and

Polymenidou M (2020) Phase separation and

neurodegenerative diseases: a disturbance in the force.

Dev Cell 55, 45–68. doi: 10.1016/j.devcel.2020.09.014

15FEBS Open Bio (2025) ª 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. Rapakko et al. RNPs and RNA structures in gene regulation

https://doi.org/10.1093/bioinformatics/btt495
https://doi.org/10.1093/bioinformatics/btt495
https://doi.org/10.1093/nar/gkab393
https://doi.org/10.1093/nar/gkab393
https://doi.org/10.1038/s41467-022-30944-x
https://doi.org/10.1038/s41467-022-30944-x
https://doi.org/10.1038/s41467-022-30944-x
https://doi.org/10.1038/s41467-022-30944-x
https://doi.org/10.1038/s41467-022-30944-x
https://doi.org/10.1038/s41467-022-30944-x
https://doi.org/10.1038/s41467-022-30944-x
https://doi.org/10.1007/s11010-022-04614-x
https://doi.org/10.1007/s11010-022-04614-x
https://doi.org/10.1007/s11010-022-04614-x
https://doi.org/10.1007/s11010-022-04614-x
https://doi.org/10.1007/s11010-022-04614-x
https://doi.org/10.1007/s11010-022-04614-x
https://doi.org/10.1007/s11010-022-04614-x
https://doi.org/10.1007/s11010-022-04614-x
https://doi.org/10.1016/j.biochi.2017.10.026
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1128/jvi.01946-21
https://doi.org/10.1128/jvi.01946-21
https://doi.org/10.1128/jvi.01946-21
https://doi.org/10.1126/science.1172046
https://doi.org/10.1016/j.molcel.2015.08.018
https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1038/s41467-019-10923-5
https://doi.org/10.1038/s41467-019-10923-5
https://doi.org/10.1038/s41467-019-10923-5
https://doi.org/10.1038/s41467-019-10923-5
https://doi.org/10.1038/s41467-019-10923-5
https://doi.org/10.1038/s41467-019-10923-5
https://doi.org/10.1038/s41467-019-10923-5
https://doi.org/10.1038/s41467-019-10923-5
https://doi.org/10.1016/j.chembiol.2024.08.009
https://doi.org/10.1038/s41580-024-00789-x
https://doi.org/10.1038/s41580-024-00789-x
https://doi.org/10.1038/s41580-024-00789-x
https://doi.org/10.1038/s41580-024-00789-x
https://doi.org/10.1038/s41580-024-00789-x
https://doi.org/10.1038/s41580-024-00789-x
https://doi.org/10.1038/s41580-024-00789-x
https://doi.org/10.1038/s41580-024-00789-x
https://doi.org/10.1016/j.devcel.2020.09.014

	Outline placeholder
	 How to study cellular RNA-protein interactions and RNA structures
	 Mapping cellular RNA-protein interactions
	 Chemical probing for determination of cellular RNA secondary structures
	 Methods to study tertiary structures of RNA

	 Functional interplay between RNA structure and RNA-protein interactions
	 RNA structure and RNA-protein interactions regulate microRNA processing
	 RNA structure and RNA-protein interactions in transcription and translation
	 RNA structure-protein interactions in drug design

	 Conclusions and future perspectives
	 Acknowledgements
	 Conflict of interest
	 Peer review
	 Author contributions


