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Abstract

RNA-protein interactions play a critical role in post-transcriptional gene regulation. Characterizing 

these interactions in their native context has been challenging, however advances in RNA 

sequencing and mass spectrometry-based proteomics combined with innovative chemical 

biological tools have heralded the development of robust strategies for performing biochemistry on 

a cellular scale. Herein, we review recent advances in the development and application of 

proteomic and transcriptomic approaches to profile cellular RNA-protein interactions, focusing on 

sequencing-based strategies and proteomic analysis of RNA-binding proteins (RBPs), as well as 

approaches to address the role of RNA modifications in protein-RNA binding events.

Introduction

Post-transcriptional gene regulation plays an important role in biological processes. In large 

part, the underlying molecular mechanisms are mediated by physical interactions between 

RNA transcripts and a large complement of RNA-binding proteins (RBPs)1 that regulate 

RNA splicing, stability, nuclear export, and translation, among other properties. Therefore, 

characterizing the RNA-binding preferences of RBPs and mapping the RBP proteome can 

reveal fundamental insights into the biological function of RNA-protein binding events. In 

addition, recent studies have implicated RNA modifications (the “epitranscriptome”)2 as 

regulators of RNA-protein complexes, adding an additional dimension of complexity to 

these interaction networks. While early studies of RNA-protein interactions were limited to 

studies of individual complexes3, technological advances in RNA sequencing and mass 

spectrometry-based proteomics have enabled transcriptome and proteome wide analysis of 

these processes. Notably, UV-mediated photocrosslinking of protein-RNA complexes, which 

can be performed on intact biological samples4,5, has played a major role in the development 

of approaches to study cellular RBP-RNA interactions in a high-throughput fashion. In 

addition, chemical biology approaches such as metabolic labeling with artificial nucleotides, 

bioorthogonal chemistry and protein engineering have been applied to aid in the elucidation 

of the protein-RNA interactome. In this review, we highlight recent methodological 
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developments in the high-throughput characterization of cellular RNA-protein interactions 

and discuss future directions for this area of research.

Approaches to footprint RNA-protein binding sites

A key step in understanding the molecular mechanisms underlying the biological function of 

RBPs is to identify the collection of RNA transcripts with which they physically associate; 

further, the RNA-binding site or “footprint” of the RBP can provide additional insight into 

its biological activity. Early efforts towards this end relied upon in vitro selection/SELEX6,7 

to characterize the inherent sequence-binding preferences of RBPs using libraries of 

random-sequence RNA. This strategy efficiently identifies high-affinity binding motifs, 

which can then be used to mine for related sequences in the transcriptome. In vitro selection 

is operationally straightforward and results can be analyzed using low-throughput Sanger 

sequencing; however, these experiments are not always directly relevant to physiological 

RNA-protein interactions, and therefore, most approaches have focused on the direct 

characterization of protein-RNA complexes isolated from living systems.

The first widely accepted strategy to characterize RNA-protein interactions en masse was 

reported by Darnell and co-workers in 20088. Known as HITS-CLIP (also CLIP-seq) 

(Figure 1a), this approach combined several key methods for the isolation of native RNA-

protein complexes4,5,9,10 by crosslinking and immunoprecipitation (CLIP) with high-

throughput RNA sequencing (a new technology at that time). Central to the method is UV-

induced photocrosslinking, which can be performed on intact cells and crosslinks RNA-

protein interactions with much greater efficiency than protein-protein species (thereby 

favoring crosslinking of RNA with only directly associated RBPs). Once RNA-protein 

crosslinks have been generated, even low affinity protein-RNA interactions can be isolated 

under stringent immunoprecipitation conditions, and the associated RNA identified by 

reverse-transcription and sequencing. RNA is typically subject to partial enzymatic digestion 

before and after immunoprecipitation in order to map the RBP footprint with greater 

precision. HITS-CLIP was the forerunner to a number of UV-photocrosslinking based CLIP 

methods designed to map the transcriptome-wide RNA binding of a single RBP. These 

include CRAC11, PAR-CLIP12, iCLIP13, and eCLIP14, as well as improved HITS-CLIP 

methodology15 (Figure 1a). The improvements reported in these modified CLIP methods 

have generally fallen into the following categories: 1) enhanced photocrosslinking facilitated 

by metabolic labeling of cellular RNA with 4-thiouridine (4-SU) or 6-thioguanosine (6-

SG)12, 2) improved immunoprecipitation and isolation conditions11, and 3) modifications to 

cDNA library generation and bioinformatic analysis designed to map RBP footprints with 

single nucleotide resolution13–15 (often relying upon identification of crosslinking-induced 

mutations, deletions, or truncations). Currently, these improved CLIP strategies represent the 

state-of-art in mapping RBP footprints transcriptome-wide and have been applied to study 

numerous RBPs.

While UV crosslinking is a general strategy that can be applied to almost any RBP, the 

unique catalytic mechanism of RNA 5-methylcytidine (m5C) methyltransferases16 enables 

their crosslinking to substrate RNA through chemical means. Two crosslinking-based 

approaches have been reported for mapping m5C methyltransferase substrates – Aza-IP17 
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and miCLIP18 (Figure 1b). In the Aza-IP strategy, RNA-protein crosslinking is mediated by 

5-azacytidine, which can be incorporated transcriptome-wide through metabolic labeling; for 

the miCLIP approach, a mutant methyltransferase is utilized which remains bound to its 

substrate cytidine residue. After chemical crosslinking, immunoprecipitation and RNA 

sequencing analysis is performed using strategies similar to those employed in UV-based 

CLIP workflows. While UV CLIP approaches can also be applied to m5C 

methyltransferases, mechanism-based crosslinking reports on RNA transcripts that are 

subject to enzymatic methylation, as opposed to simple binding.

Non-crosslinking strategies have also seen application in RBP substrate mapping. Rosbash 

and co-workers have developed the TRIBE approach19 (Figure 1c, right), based on the 

ability of adenosine deaminase enzymes (ADARs) to catalyze adenosine to inosine (A:I) 

editing when brought into close proximity to an RNA transcript (such as through fusion to 

the RBP of interest). In this strategy, no purification of RNA-protein species is required 

since inosine is predominantly converted to C during reverse transcription and its presence 

can be identified directly by sequencing and bioinformatic analysis. An enhanced version of 

TRIBE (named HyperTRIBE20), which uses a more active ADAR mutant has been recently 

described. An alternative non-crosslinking based strategy was developed by Wickens and co-

workers21. Their approach, named “RNA tagging”, relies upon the fusion of C. elegans 
poly(U)polymerase PUP-2 to the RBP of interest resulting in the deposition of polyU tails 

on RBP-associated RNAs (Figure 1c, left). PolyU-tagged RNAs can then be selectively 

enriched during cDNA library generation. The major advantage of both the TRIBE and RNA 

tagging approach is that these strategies do not require isolation of RNA-protein complexes. 

However, they both involve fusing an enzyme to the RBP of interest, which may affect 

RNA-binding, and are unlikely to provide binding data at nucleotide resolution.

Approaches to profile the RNA-binding proteome

CLIP-based sequencing approaches provide information on the binding behavior of a single 

RBP, but fail to report on the RNA-binding proteome. To discover new RBPs and 

characterize their behavior on a proteome-wide level, it is necessary to apply proteomics for 

RBP analysis. This is generally more challenging than RNA sequencing-based analysis due 

to the lower throughput and lack of amplification, but in the last decade multiple strategies 

for proteomic characterization of the cellular RBP complement have emerged. These 

approaches have built upon advances in RNA-protein crosslinking initially developed for 

CLIP experiments and are described below.

The first strategy to isolate RBPs from cells, known as “interactome capture” was developed 

independently by the Hentze22 and Landthaler23 labs (Figure 2a). In their respective 

approaches, RBPs are first UV crosslinked to RNA and polyadenylated RNA-protein 

complexes are enriched from cells by hybridization to oligo-dT beads. After enzymatic 

digestion of RNA, mass spectrometry-based proteomics is used to characterize the identities 

of the isolated RBPs. Since nucleic acid hybridization is tolerant to high salt and ionic 

detergents, oligo-dT enrichment can be performed under stringent, denaturing conditions, 

allowing the clean isolation of RNA-crosslinked proteins from free proteins in the cellular 

milieu. The interactome capture method has been widely used to study RBPs interacting 
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with mRNA22–29, and can be employed with 254 nm UV crosslinking or longer wavelength 

irradiation combined with 4-SU-labeled RNA. In the original reports22,23, ~800 RBPs were 

identified in HeLa and HEK293 cells, many of which were novel RBPs. An alternative 

strategy that is not restricted to polyadenylated RNA is the RICK30/CARIC31 approach that 

can be applied to profile RBPs associated with RNA transcripts irrespective of their 

polyadenylation status (Figure 2b). This methodology relies upon 5-ethynyluridine (5-EU) 

labeling of RNA and click chemistry with biotin-azide in order to enrich RBPs crosslinked 

to nascent transcripts, and provides orthogonal results to oligo-dT-based enrichment.

Further efforts to profile RBPs have focused on approaches that afford greater generality and 

are not restricted to the analysis of RBPs that associate with polyadenylated RNA, as well as 

those that provide insight into protein domains and amino acid residues involved in RNA 

binding29,32,33. One such approach, RBR-ID32, was developed by Bonasio, Garcia and 

colleagues (Figure 2c). In their strategy, RBP binding regions are identified by analysis of 

crosslinked tryptic peptides. Rather than seeking to measure the specific crosslinked peptide-

oligonucleotide species, RBR-ID takes advantage of the concomitant decrease in signal 

intensity for the parent (non-crosslinked) tryptic peptide. Using this strategy on the nuclear 

proteome of embryonic stem cells resulted in the identification of ~800 RBP binding regions 

at peptide level resolution, including several previously unknown RNA-binding domains in 

chromatin regulators. Moreover, the RBR-ID strategy does not require RNA enrichment and 

therefore provides an unbiased snapshot of the RNA-binding proteome.

While the above approaches for RBP analysis largely rely upon specific recognition of 

nucleic acid sequences or affinity reagents for the isolation of crosslinked RBP-RNA 

complexes, the physicochemical properties of covalent protein-RNA conjugates can be 

directly exploited in order to enrich these species from free RNA and free protein (Figure 

2d). Indeed, the differential partitioning of RNA from DNA and protein upon extraction with 

acidic guanidinium thiocyanate/phenol/chloroform (i.e. “Trizol”) is a common technique for 

RNA isolation from cellular samples. With the rationale that covalent RNA-protein 

complexes may exhibit hybrid phase separation properties distinct from either individual 

component, several groups decided to investigate whether these crosslinked species could be 

enriched by isolation of the interphase layer, which is typically discarded. In three 

independent reports published this year34–36, phase separation was described as an effective 

strategy to isolate RNA-crosslinked RBPs. In two approaches, named XRNAX35 and 

OOPS36 (Figure 2d), the standard Trizol formulation was used; the XRNAX method also 

incorporates an additional silica-based purification of crosslinked peptide-RNA fragments 

prior to mass spectrometry analysis. The third method, PTex34, utilizes a modified phenol-

toluol organic layer, and sequential extractions at neutral and acidic pH (Figure 2d). 

Application of all 3 approaches to mammalian cells consistently identified greater numbers 

of RBPs than were found by oligo-dT based interactome capture, reflecting the more general 

nature of these strategies for isolating crosslinked RNA-RBP complexes. In addition, OOPS 

and PTex were applied to study bacterial RBPs, which are not accessible through oligo-dT 

interactome capture since bacterial RNA lacks polyadenylation. Tollervey and co-workers37 

have also developed an approach based on silica-bead purification (named “TRAPP”) in 

order to enrich RNA-RBP complexes from cells that is not restricted to polyA-RNA 

interactome analysis (Figure 2e).
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Approaches to study RNA-modification-associated proteins

CLIP and RNA interactome capture strategies are not readily adaptable to study RNA 

modification-dependent RBPs (or “readers”) since modification levels are typically low and 

we lack approaches to bias photocrosslinking events in the proximity of modification sites in 

cells. Therefore, strategies for identifying readers have largely relied upon affinity pulldown 

with synthetic biotinylated oligonucleotides containing the modified base of interest within a 

particular sequence context. When combined with quantitative proteomics, this approach has 

been used successfully to identify readers of N6-methyladenosine (m6A)38–42 and 5-

methylcytidine (m5C)43,44. Since RBP readers often bind to modified oligonucleotides with 

low affinity, additional steps may be necessary in order to efficiently capture these proteins. 

Notably, Vermeulen and co-workers38 utilized a synthetic oligonucleotide containing four 

tandem repeats of the GG(m6A)CU consensus sequence and SILAC-based quantitative 

proteomics to profile the m6A interactome in mammalian cells (Figure 3a). Our lab has 

developed a photocrosslinking-based chemical proteomics approach39 relying upon 

synthetic oligonucleotides modified with a diazirine-containing uridine residue flanking the 

modification of interest (Figure 3b). For the purpose of discovering new readers, this 

strategy combines the advantages of photocrosslinking (e.g. stabilization of low-affinity 

binders and stringent purification conditions) with the versatility of chemical synthesis, 

enabling the interrogation of any synthetically accessible nucleotide. Both our approach and 

traditional affinity pulldown strategies rely upon a comparative analysis between enrichment 

with modified and unmodified oligonucleotides, and therefore reveal both positive and 

negative effects of modified nucleotides on RNA-protein interaction affinity. In the case of 

m6A, for example, the stress granule protein G3BP1 has been characterized as a protein that 

is repelled by the m6A modification38,39.

As a complementary method for RNA modification analysis, we have developed an in vitro 
selection platform for interrogating the sequence binding preferences of epitranscriptomic 

reader proteins (Figure 3c)45. Our strategy relies on the chemical synthesis of a site-

specifically modified random-sequence RNA library, affinity selection, and next-generation 

RNA sequencing. We applied this approach to profile the binding preferences of YTH-

domain proteins, the major class of m6A readers, revealing distinct biochemical preferences 

for m6A-modified sequence motifs. This strategy should be readily generalizable to study 

other RNA modification-protein interactions.

Conclusion and future outlook

The discovery and characterization of new gene regulatory mechanisms operating on the 

transcriptomic and post-transcriptomic level have spurred increased interest in RNA-centric 

biology. These advances in our basic understanding of cellular biology have coincided with 

(and in part were made possible by) transformative technological advances in RNA and 

DNA sequencing and mass spectrometry-based proteomics. Taking advantage of these 

technologies, researchers have developed robust approaches for mapping RNA-protein 

interactions in cellular populations, thereby laying the groundwork for a holistic 

understanding of the physical associations between the proteome and transcriptome. Moving 

forward, several areas present promising directions for further study and methodological 
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development. First, the principles underlying the trafficking and subcellular localization of 

RNA are still poorly understood, and would benefit from the application and development of 

tools to study these dynamic processes at subcellular resolution – towards this end, RNA-

focused proximity labeling strategies46–50 have emerged as a promising strategy to address 

these questions. Second, the effect of RNA post-transcriptional modifications on RNA-

protein interactions and cellular processes is still largely unexplored, and we lack general 

approaches to probe and study modifications on individual transcripts in living cells. Thirdly, 

transcriptomic and proteomic analyses need to be applied to single cells51, rather than in 

bulk, in order to capture the heterogeneity present among cellular populations. Finally, it is 

important to consider that the approaches described in this review are largely observational 

and serve as tools for hypothesis generation. Therefore, with the explosion in the number 

and size of available transcriptomic and proteomic datasets, an important goal is to develop 

robust strategies for selecting high-confidence interactions that are of functional significance 

and warrant further biological examination.
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Figure 1. 
Methods to identify RNA-protein binding sites. (a) Comparison of UV crosslinking-based 

CLIP methods. RBP footprints are identified by UV crosslinking, immunoprecipitation, and 

sequencing of covalently linked RNA. Variations on the prototypical HITS-CLIP protocol 

have been developed including modified photocrosslinking (PAR-CLIP), cDNA library 

generation (iCLIP/eCLIP), and immunoprecipitation (CRAC). (b) Chemical crosslinking 

approaches take advantage of the catalytic mechanism of RNA m5C methyltransferases, 

which involves formation of a covalent adduct with RNA substrates. In the Aza-IP strategy, 

metabolic incorporation of 5-azacytidine generates stalled covalent adducts at sites of 

modification. In miCLIP, a mutant RNA m5C methyltransferase lacking the ability to release 

itself from RNA substrates generates covalently bound complexes. (c) Non-crosslinking 

methods to map RBP substrates. In RNA Tagging, 3’ poly(U) tails are deposited on RBP-

associated RNA by a poly(U) polymerase, PUP-2, fused to the RBP of interest. Following 

RNA isolation, target transcripts are enriched by reverse transcription with a primer specific 

for uridylated RNAs. TRIBE utilizes an RBP-ADAR construct to label associated RNA 

transcripts through adenosine to inosine (A:I) editing, which can then identified by RNA 

sequencing analysis (I pairs to predominantly to C).
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Figure 2. 
Methods to profile RNA-binding proteins. (a) RBPs that bind to polyadenylated RNA are 

captured by hybridization of UV-crosslinked protein-RNA to oligo-dT beads. The isolated 

complexes are digested with RNAse to release proteins for MS analysis. Variations of this 

method utilizing photocrosslinkable nucleosides such as 4-thiouridine (4-SU) can improve 

the efficiency of crosslinking. (b) RICK/CARIC approaches rely on labeling of nascent 

RNA transcripts with 5-ethynyluridine (5-EU). After UV treatment, labeled transcripts with 

crosslinked RBPs can be modified by click chemistry with biotin-azide to enable affinity 

purification. (c) In RBR-ID, RNA binding regions in RBPs are identified by differences in 

MS signal intensity resulting from UV crosslinking. (d) Phase separation techniques use 

aqueous-organic partitioning to purify RNA-protein complexes based on their unique 

physicochemical properties. The XRNAX and OOPS methods use acidic guanidinium 

thiocyanate/phenol/chloroform (Trizol) to capture UV-crosslinked RNA-protein complexes 

in the interphase between the aqueous and organic layers. In PTex, a preliminary neutral 

phenol-toluol extraction removes DNA and lipids which would otherwise contaminate the 

Trizol interphase. (e) TRAPP relies on the strong interaction between nucleic acids and 

silica beads to purify RNA-bound proteins under strongly denaturing conditions. The 

method can be further applied to map peptide-RNA crosslinks with amino acid resolution by 

titanium dioxide (TiO2) enrichment of peptide-nucleotide species for tandem MS analysis.
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Figure 3. 
Methods to study RNA modification-dependent RBPs. (a) Affinity pulldown using synthetic 

modified oligonucleotides. RBP-oligonucleotide complexes are captured by streptavidin and 

RBPs are identified by mass spectrometry-based proteomics. (b) Photocrosslinking 

pulldown to identify RNA modification readers. To enhance capture of low-affinity binders 

and facilitate stringent affinity purification, a photocrosslinkable nucleotide can be 

incorporated near the site of modification in a synthetic oligonucleotide. (c) In vitro 
selection of a site-specifically modified RNA library followed by next-generation RNA 

sequencing enables the identification of the sequence binding preferences of m6A-binding 

RBPs.
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