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Abstract: Multiple cellular functions are controlled by the interaction of RNAs and proteins. To-

gether with the RNAs they control, RNA interacting proteins form RNA protein complexes, which 

are considered to serve as the true regulatory units for post-transcriptional gene expression. To un-

derstand how RNAs are modified, transported, and regulated therefore requires specific knowledge 

of their interaction partners. To this end, multiple techniques have been developed to characterize 

the interaction between RNAs and proteins. In this review, we briefly summarize the common 

methods to study RNA–protein interaction including crosslinking and immunoprecipitation (CLIP), 

and aptamer- or antisense oligonucleotide-based RNA affinity purification. Following this, we focus 

on in vivo proximity labeling to study RNA–protein interactions. In proximity labeling, a labeling 

enzyme like ascorbate peroxidase or biotin ligase is targeted to specific RNAs, RNA-binding pro-

teins, or even cellular compartments and uses biotin to label the proteins and RNAs in its vicinity. 

The tagged molecules are then enriched and analyzed by mass spectrometry or RNA-Seq. We high-

light the latest studies that exemplify the strength of this approach for the characterization of RNA 

protein complexes and distribution of RNAs in vivo. 

Keywords: RNA–protein complex; proximity labeling; biotin ligase; ascorbate peroxidase;  

RNA-binding protein; subcellular transcriptomics 

 

1. Introduction 

The spatio-temporal control of gene expression is essential to many fundamental bi-

ological processes from development and differentiation to synaptic plasticity and 

memory. This is achieved by coordinating maturation, distribution, stability, and decay 

of RNAs [1,2]. All these processes involve the formation of different messenger ribonu-

cleoprotein complexes (mRNPs) composed of mRNA and RNA-binding proteins (RBPs). 

These complexes can be considered as the functional units for posttranscriptional regula-

tion since they do not only contain the information for an encoded polypeptide but also 

determine the precise spatio-temporal regulation of its translation and thereby facilitate 

the correct subcellular localization of the translation product [3]. Considering their im-

portance in almost every biological process, it is not surprising that the dysregulation of 

mRNP complexes contributes to a variety of diseases including cancer and neurodegen-

eration [4,5]. RBPs as a major component in these complexes can be rather promiscuous. 

They are not necessarily binding only one specific mRNA, but can interact with various 

mRNAs as part of different mRNP complexes [6–8]. In addition, RBPs can have multiple 

roles in the regulation of mRNAs such as SR proteins that are involved in splicing, nuclear 

export, and translation of mRNAs [9]. Genetic and biochemical assays have revealed the 

function of multiple RBPs, but these assays are often technically limited and do not take 

into consideration that RBPs need to act in concert to achieve their regulatory role. Thus, 
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characterization of the whole set of proteins that stably or transiently interact with 

mRNAs should be taken as prerequisite for the elucidation of posttranscriptional regula-

tion. Technological developments made over the last decades like next generation se-

quencing (NGS), and modern mass spectrometry facilitate such an analysis. Thereby, tran-

scriptome and proteome-wide approaches, coupled to affinity purification of RNP com-

plexes have uncovered several unusual RNA-binding proteins that had previously not 

been considered as RBPs [10]. The emergence of novel proximity labeling approaches that 

allow detection of interactions between RNAs and proteins within RNPs in vivo will fur-

ther advance our knowledge on the constitution of such complexes. 

The aim of this review is, after a brief summary of RNA and RBP affinity purification 

methods, to introduce the rapidly evolving field of in vivo proximity labeling techniques. 

The review will give an in-depth overview of the application of these techniques in iden-

tifying proteins in individual mRNP complexes and characterizing local transcriptomes 

in cells. 

2. RIP and CLIP 

The classic approach to study RNA–protein interaction is RNA-co-immunoprecipi-

tation (RIP) (protocol summarized in [11]; updated version by Gagliardi and Matarazzo, 

2016 [12]). It is based on the simple idea of affinity-purifying an RBP of interest from cell 

lysate or cell-free preparation to identify its bound RNAs. RIP depends and relies on a 

specific antibody for the RBP of interest. An alternative if no high-quality antibody is 

available is the use of tagged proteins like in RNA Bind-n-Seq (RBNS) [13,14]. 

Although RIP generally relies on the stability of the RNA–protein complex during 

the purification procedure, improvements like crosslinking of RNA and RBP using UV 

light (in vivo crosslinking and immunoprecipitation (CLIP)) or formaldehyde have facili-

tated the characterization of less stably associated binding partners [15] (for an overview, 

see [16]). Furthermore, UV-crosslinking results in the identification of direct interactions. 

Crosslinking prior to co-immunoprecipitation also allows more stringent capturing and 

washing conditions and consequently removing unspecific, not-crosslinked components. 

The (standard) CLIP protocol has been modified and optimized over the last decades 

(reviewed in [16,17]) to overcome problems like UV toxicity, reproducibility, and cross-

linking efficiency (e.g., by photoactivatable ribonucleoside-enhanced (PAR)-CLIP [8]) or 

to allow the mapping of RBP-RNA contact sites with nucleotide resolution (iCLIP [18]). In 

the commonly used PAR-CLIP variation, the combination of photoactivatable ribonucle-

osides like 4-thiouridine (4-SU) and less harmful UV-A (365 nm) increases crosslinking 

efficiency and the rate of thymidine to cytidine transition in the cDNA reads, thereby re-

vealing the RBP binding site. However, PAR-CLIP can only be applied in specific cell lines 

such as HEK293T as not all cells can efficiently incorporate 4-SU. In order to overcome 

this restriction, Hinze et al. generated HEK293T based hybrid neuronal cell lines created 

by cell fusion (Fusion-CLIP), which allowed the use of PAR-CLIP to investigate RBP-bind-

ing transcriptomes of neuronal cells [19]. 

3. RNA Affinity Purification 

While RIP and CLIP focus on the identification of RNAs associated with specific pro-

teins, other affinity-based methods have been developed to characterize the proteins as-

sociated with a specific RNA. The common theme of RNA affinity purification is the cap-

turing or immobilization of an RNA of interest (expressed either in vitro or in vivo) fol-

lowed by identification of its bound proteins via immunoblotting or mass spectrometry. 

Two general strategies are used for capturing an RNA of interest: antisense oligonucleo-

tides (ASOs) and RNA aptamer tags. 

ASOs can be considered as an equivalent to antibodies for isolating RBPs. They can 

be designed to hybridize to either a single RNA-specific sequence, a sequence shared by 

many RNAs like the poly(A) tract in mRNAs or to several regions tiling the RNA of inter-

est. For capturing RNA–protein complexes, biotinylated ASOs are used for the retrieval 
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of the RNA of interest through hybridization, followed by capturing with streptavidin-

beads, elution, and identification of the binding proteins. To preserve RNA–protein inter-

actions, crosslinking by UV, formaldehyde or both is usually performed before cell lysis 

(RNA interactome capture (RIC), [20–25]). In order to stabilize ASOs or their binding to 

the target RNA, LNA (locked nucleic acid) or 2′-O-methylated RNA chimeric probes can 

be used, which also allows to reduce the input material required for capturing [20,26]. The 

number and the length of ASOs play a crucial role for the efficiency of purification. Single 

oligo-deoxythymidine (oligo-dT) probes were e.g., successfully used to detect all proteins 

binding to poly(A) RNA [22,27]. The probing of a specific RNA is achieved mostly using 

several ASOs (20–120 nucleotides in length) and referred to as ‘tiling approach’. Tiling 

was successfully applied to identify interacting proteins of lncRNAs including the Xist 

RNA [24]. However, the use of many probes can result in increased background. A strat-

egy to increase the likelihood to detect specific RBP–RNA interaction involves multiple 

rounds of purification, which has been applied to the characterization of an oligo-dT 

bound proteome (serIC, [28]), but also to the interactomes of specific mRNAs like human 

p27/CDKN1B and yeast PFK2 mRNAs [29]. Another major hurdle to ASO-based captur-

ing is the probe design. It should avoid sequences hidden by interacting proteins or buried 

in a structured region. This can be done, e.g., by mapping accessible regions in the RNA 

of interest with RNase H [30]. 

An alternative way to capture RNAs is to use aptamers encoded in their sequence. 

Such aptamers are recognized by specific RNA-binding proteins or domains that—when 

fused to a protein tag, for example—allow pull-down of the RNA for identification and 

analysis of its interactors. Several different aptamer sequences are currently in use. The 

MS2 and R17 stem loops, and the BoxB hairpin originate from different bacteriophages 

and are recognized by the MS2 coat protein (MCP), R17 coat protein, or the phage λ N-

peptide, respectively (reviewed in [31]). Furthermore, artificial RNA aptamers have been 

created that recognize streptavidin [32–34] or antibiotics like tobramycin [35] and strepto-

mycin [36]. Before capturing, the in vitro transcribed, aptamer-tagged RNAs are incubated 

with crude cell lysates to form an RNP with proteins in the lysate [36]. Alternatively, the 

tagged RNA is immobilized before incubation with the cell extract [35]. Another possibil-

ity is the expression of the RNA-aptamer hybrid and formation of RNPs in vivo, followed 

by cell lysis to isolate the RNPs [37,38]. Two-step aptamer purification, e.g., by combining 

the tobramycin tag with a PP7 hairpin has improved this method by the reduction of con-

taminants [39]. However, a potential risk of such time-consuming two-step purification 

has always been the danger for degradation of the tagged RNA and hence the loss of in-

teractors. 

A general consideration is the number of aptamers to be introduced in the RNA, 

which can range between 1 and 24 [33,40]. Studies using the MS2 aptamer for affinity 

purification have shown that increasing the number of aptamers up to ten correlated with 

more efficient pulldown with no further significant improvement using 24 aptamers [41]. 

However, there have been concerns about the stability or function of the RNA when 

tagged with MS2, especially when arrays with multiple copies of the aptamer are used 

(see below; [42,43]). 

In general, the higher the affinity between RNA tag and capturing protein or matrix, 

the harsher the washing condition can be, and the less contaminants should be present in 

the final product. To date, MS2 aptamer-MCP pair is the most commonly used system for 

affinity tagging of RNAs since it shows a very good balance of specificity and affinity 

between RNA and protein [44]. A major advantage is the option to co-express the tagged 

RNA and the binding protein in vivo to allow formation of RNPs under physiological 

conditions before cell lysis and pull-down. Fusion proteins of MCP with glutathione-S 

transferase (GST; [40]) or with streptavidin-binding protein (SBP; [45]) have been used for 

capturing specific MS2-tagged mRNAs. Recently, large scale screens for RNA-interacting 

proteins have been developed on the basis of this method [41], which demonstrates the 

potential of the approach. 
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Despite their utility and strength in analyzing RNA-RBP interaction, RIP, CLIP, and 

RNA affinity purification methods require cell lysis before capturing and isolating the 

RNA/RBP of interest. Cell lysis under mild conditions, which is crucial for the preserva-

tion of weak interactions and necessary in case no crosslinking can or wants to be per-

formed, can prohibit the analysis of cellular compartments that are not easily solubilized 

like the nucleus [46]. Furthermore, during cell lysis or subsequent washing steps, interac-

tions can be lost. Crosslinking can be applied to stabilize weak interactions. However, 

since there is a bias for certain nucleotide-amino acids crosslinking pairs as well as a gen-

erally low crosslinking efficiency for double-stranded RBPs, UV-crosslinking will not cap-

ture all interactions [47]. When using the more efficient formaldehyde crosslinking, coin-

cidental interactions between RNAs and RBPs might be stabilized due to over-crosslink-

ing [48]. Additionally, independent of prior crosslinking, re-association of RNAs and 

RBPs after lysis can lead to the detection of false positive interactors [49]. These problems 

required a solution that avoids the mentioned disadvantages and allows capturing of in-

teractions in vivo. 

4. Biotin-Based Proximity Labeling Approaches 

In 2012, proximity labeling was introduced as an alternative approach to the afore-

mentioned techniques to map the molecular interactome in living cells [50]. Predomi-

nantly, proximity labeling relies on an enzyme (e.g., biotin ligase or peroxidase) that pro-

miscuously biotinylates and, thereby, covalently labels proteins in its proximity for sub-

sequent isolation and analysis (Figure 1). These enzymes are capable of converting biotin 

or biotin conjugated compounds into short-lived reactive species which are membrane 

impermeant [51] and react either with electron-rich amino acids like tyrosine (in case of 

e.g., phenoxyl-biotin; [52]) or lysine on neighboring proteins (e.g., AMP-biotin; [50]). Dur-

ing the past years, a growing number of different labeling-enzymes, such as ascorbate 

peroxidases (e.g., APEX, APEX2) and biotin ligases (e.g., BirA*, BioID2, BASU, TurboID, 

and miniTurbo) have been engineered and used to genetically tag a protein of interest 

(reviewed in [53]). The experimentally determined labeling radii for proximity-labeling 

enzymes are estimated within a range of 1–10 nm in living cells [52,54]. In contrast to 

traditional co-purification strategies, biotin-proximity labeling approaches can identify 

even weak and/or transient protein–protein interactions without crosslinking in order to 

stabilize these interactions. Since the proximal interaction partners of a POI are covalently 

tagged with biotin, harsher extraction and washing conditions can be applied [55]. 
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Figure 1. Schematic workflow of peroxidase and biotin ligase based in vivo proximity labeling for mapping molecular 

interactions. Proximity labeling enzymes fused to a targeting protein are incubated with biotin or a biotin conjugated 

compound and convert it to a reactive biotin intermediate. Peroxidases oxidize biotin–phenol to reactive phenoxyl radicals 

using hydrogen peroxide while biotin ligases utilize ATP and biotin to catalyze the formation of reactive biotin-5′-AMP. 

The biotin intermediate is released from the enzyme and covalently biotinylates proteins in the proximity but not distal 

proteins. After lysis, the biotinylated proteins are enriched by a streptavidin-pulldown followed by proteolysis and are 

analyzed by mass spectrometry. 

The first described promiscuous biotin ligase (BirA*) is a mutated version of the E. 

coli biotin ligase BirA [50], a DNA-binding biotin protein ligase, which biotinylates acetyl-

CoA carboxylase and acts as a transcriptional repressor for the biotin biosynthetic operon. 

In the first step of biotin ligation, the enzyme generates biotinoyl-5′-AMP (‘activated bio-

tin’) from biotin and ATP. The reaction intermediate is retained in the active site until it 

reacts in a second step with a specific lysine residue of its protein substrate (for references 

see [50,56,57]). The Burke lab [50] took advantage of the reduced affinity of the mutated 

BirA* enzyme (BirA R118G) for biotinyl-5′-AMP which allows it to dissociate from the 

ligase and react with proximal proteins, thereby capturing proximal proteins. Since its 

development, BioID has been widely used to study membrane-bounded compartments 

like the mitochondrial matrix [56] or large scale structures such as the nuclear lamina 

[50,58,59] centrosomes [57], cell junctions [58,60], or the composition of protein complexes 

from infectious pathogens such as Trypanosoma brucei [59] and Toxoplasma gondii [61]. 

The main drawback of BirA* is the long labeling time required to achieve sufficient 

biotinylation (6–24 h), which prevents its use for capturing interactome snapshots [50,62]. 

Since then, faster enzymes have been engineered, like BioID2 [63], BASU [64], TurboID, 

and miniTurboID [65]. Both TurboID and miniTurboID enzymes enable biotinylation 

within 10 min and therefore allow mapping of biological interactions with much higher 

temporal resolution. However, the higher activity of TurboID can result in the consump-

tion of endogenous biotin, which could potentially result in biotin starvation in cells [65]. 

Both engineered biotin ligases were successfully applied to different organism including 

yeast [66], worms [65], flies [65], and plants [67,68]. 

Peroxidases have been evolved as an alternative to biotin ligases in proximity label-

ing. Typical representatives of this group of enzymes oxidize biotin–phenol in a hydrogen 

peroxide dependent reaction to reactive phenoxyl radicals that can react with proximal 

proteins in short time (usually within one minute; [51,69]). In 2013, the Ting lab has shown 
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that an engineered ascorbate peroxidase APEX, originally used as a tag for electron mi-

croscopy [52], can be applied to proximity labeling of the mitochondrial matrix proteome 

in vivo [51]. The main drawback of APEX however is its low sensitivity when expressed 

at low levels [70]. This has been overcome by generating APEX2, a variant with much 

higher activity [70]. APEX2, which allows even shorter labeling times of <1 min facilitates 

capturing and mapping of interactomes at high temporal resolution and, thus studies of 

dynamic intracellular interactions. APEX2-based proximity labeling has been successfully 

applied to study protein signaling networks [71,72]. Furthermore, it has been used to map 

protein interactions within stress granules [73], the ciliary membrane-associated protein 

complex [74] or lipid droplets [75], which are compartments that defied standard co-pu-

rification techniques. Although all peroxidase-based proximity approaches allow to bio-

tinylate proteins within a short time and high resolution, a major limitation of these en-

zymes is the potential oxidative stress/toxicity from H2O2 (reviewed in [53]), which make 

them challenging to apply in tissues and living organisms. 

A complementary proximity labeling approach that has been developed takes ad-

vantage of the PafA proximity ligase from bacteria. PafA mediates ligation of a small pro-

tein PupE to lysine residues on the surrounding proteins [76]. A caveat of the method is 

the longer incubation time (several hours), which does not allow to study temporal and 

spatial snapshots of protein interactions. 

A more recent development of proximity labeling enzymes are the split versions like 

Split-BioID, Split-APEX2, and Split-TurboID [77–80]. These enzymes consist of two inac-

tive fragments of a proximity labeling enzyme. When fused to two interacting proteins of 

interest (POI) or proteins in close proximity, the fragments can assemble to an active en-

zyme, leading to biotinylation only in the vicinity of the interacting POIs. This reduces the 

chance of biotinylating random proteins before an interaction of the POI with its partner(s) 

has manifested. In addition, the split versions allow probing for partners in specific pro-

tein complexes if the POI is present in several different assemblies [78]. 

5. Proximity Labeling for Mapping Subcellular Transcriptomes 

Following the great success of proximity biotinylation in mapping protein localiza-

tion and protein–protein interaction, APEX2 was applied to transcriptome mapping (Table 

1). In the first attempts, RBPs that were biotinylated by a mitochondrial- or nuclear-tar-

geted APEX2 were used to co-purify their bound RNAs, that had been crosslinked to the 

proteins by formaldehyde (APEX-RIP; [81]) or by UV (Proximity-CLIP; [82]). To increase 

the efficiency of UV crosslinking, HEK293T cells were additionally exposed to 4SU in the 

medium [82]. After enrichment of the biotinylated proteins, the crosslinked RNAs were 

released and sequenced, whereas the proteins were identified by mass spectrometry (Fig-

ure 2a). Proximity-CLIP transcended this analysis by determining not only the type of 

RNA but in addition the regions protected by the biotinylated RBP [82]. These experiments 

provided valuable datasets of RNAs in membrane-surrounded organelles but failed to dif-

ferentiate between RNAs localized at membrane-cytoplasmic interfaces like the ER mem-

brane [81]. The discovery that APEX2 can directly label RNA with biotin, most promi-

nently at guanosine residues [83,84], allowed a direct query of RNAs associated with or-

ganelles or located at specific sites (Figure 2a; APEX-seq; [85]). APEX-seq has been applied 

to detect mRNAs at various cellular locations, among them three subnuclear regions (nu-

cleolus, nuclear lamina, and nuclear pore) [85] or the outer mitochondrial membrane and 

the mitochondrial matrix [83,85]. In addition, dynamic complexes like the translation ini-

tiation complex and repressive RNA granules were investigated [84]. These studies estab-

lished the first comprehensive cellular atlas of RNA distribution and will facilitate the test-

ing of important biological hypotheses in RNA localization like the translation dependent 

and independent localization of mRNAs to mitochondria [83,85], or the differential locali-

zation of RNA isoforms [86]. In contrast to the direct biotinylation of RNA seen with 

APEX2, CAP-seq (chromophore-assisted proximity labeling and sequencing) uses mini-
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SOG (for small singlet oxygen generator), a photosensitizer that mediates proximity de-

pendent photo-oxidation of guanine bases in the RNA upon blue light excitation [87] (Fig-

ure 2a). Oxidized guanosines are crosslinked to propargyl amine probes taken up by the 

cells. Following extraction, the RNA is fragmented and biotin is introduced via click reac-

tion (between biotin-azide and the alkyne-conjugated RNA) which allows RNA purifica-

tion using streptavidin beads. In comparison to APEX-seq, CAP-seq requires longer label-

ing times (20 min compared to 1 min in APEX-seq), and two steps to conjugate the biotin 

but offers an alternative labeling approach. Cap-seq was used to identify RNAs at the ER 

membrane, the mitochondrial matrix and outer membrane [87]. Of the RNAs enriched at 

the ER membrane, 96% encode for proteins involved in the secretory pathway exemplify-

ing the specificity and the small action radius of the miniSOG. 

 

Figure 2. (a) Proximity labeling strategies for mapping subcellular transcriptomes. APEX or miniSOG are targeted to a specific sub-

cellular location. In APEX-RIP, APEX catalyzes the biotinylation of proximal proteins, and proximal RNAs are crosslinked by either 

UV light or formaldehyde treatment. In APEX-seq, APEX directly biotinylates RNA. In CAP-seq, miniSOG oxidizes proximal RNA 

molecules upon blue light illumination. The oxidized RNAs are crosslinked to an alkylamine probe which can be linked to biotin-

azide in a click reaction. APEX-RIP, APEX-seq, and CAP-seq make use of streptavidin-purification of the biotinylated proteins/RNAs 

followed by MS and/or RNA-Seq. (b) In vivo proximity labeling strategies for identifying RNA partners of an RBP. RNA targets of 

RBPs can be identified by changing the RNA sequence upon the interaction. In TRIBE the RBP of interest is fused to the catalytic 

domain of ADAR which mediates adenosine to inosine editing (in red) of the interacting RNA(s). The inosine is read as a guanosine 

when analyzed by RNA-Seq allowing the identification of editing events as A-to-G transition. In RNA tagging the RBP of interest is 

fused to a poly(U) polymerase (PUP-2) that attaches a poly-uracil chain at the 3′end of interacting RNAs. The uracil tail is then used 

to identify targets during RNA sequencing. 
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Table 1. Proximity labeling methods for the detection of RNA–protein interactions 

Proximity Labeling for Mapping Subcellular Transcriptomes  

Method Description 

Model 

Organism/ 

Cell Type 

Achievements Strengths Weaknesses Ref. 

APEX-RIP, 

Proximity-

CLIP 

Targeting of a labeling enzyme (e.g., 

APEX2) to subcellular compartments in 

order to biotinylate proximal proteins. 

After crosslinking proteins and RNA, bi-

otinylated proteins are enriched by 

streptavidin beads and bound RNAs are 

identified via RNA-Seq. 

HEK293T Identification of compart-

ment specific RNAs, e.g., in 

the nucleus, cytoplasm, mi-

tochondrial matrix and at the 

ER membrane. 

Proximity-Clip allows identifica-

tion of RBP-protected regions of 

RNA targets. Short labeling time. 

No need of specific antibody. 

Limited detection of RNAs in 

non-membrane bound cellular 

regions. 

[81,82] 

APEX-seq, 

CAP-seq 

Targeting of a labeling enzyme (e.g., 

APEX2, miniSOG) to subcellular com-

partments or complexes to directly label 

RNAs. Biotinylated RNAs are enriched 

by streptavidin beads and identified us-

ing RNA-Seq. 

HEK293T Identification of RNAs local-

ized to various locations, in-

cluding nucleolus, nuclear 

lamina, nuclear pore, the 

outer mitochondrial mem-

brane, the mitochondrial ma-

trix, the ER lumen, the ER 

cytosolic interface and RNA 

granules. 

No crosslinking required. Can 

identify proximal RNAs in insolu-

ble and open cellular regions. 

Short labeling time. 

Interactomes of individual 

RBPs cannot be assessed. 

 

[83–85] 

Proximity Labeling of RNA–protein Interactions: Finding the RNA Partners 

Method Description 

Model 

Organism/ 

Cell Type 

Achievements Strengths Weaknesses Ref. 

TRIBE An RBP of interest is fused to the cata-

lytic domain of the RNA editing enzyme 

ADAR. ADAR edits target RNAs (A-to-I 

editing) bound by the RBP, which can be 

identified by RNA-Seq. 

Drosophila S2 cells 

and neurons 

Identification of RNAs 

bound to Drosophila RBPs: 

Hrp48, dFMR1 and NonA. 

No crosslinking required. No spe-

cific substrate required for label-

ing. Can be used to identify the 

RNA region close to the RBP 

binding site. 

The edited sequence is biased 

due to the binding and editing 

preference of ADARcd. ADAR 

can also edit RNAs in the vicin-

ity but not bound by the RBP. 

Cannot be used to detect dy-

namic interactions. 

[88,89] 
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RNA 

tagging 

An RBP of interest is fused to the uridine 

polymerase PUP-2. PUP-2 attaches an 

uracil tail to RNAs bound by the RBP 

which allow their identification by RNA-

Seq. 

S. cerevisiae Identification of RNA targets 

of yeast pumilio proteins as 

well as RNAs localized to ER 

and mitochondrial surfaces. 

No crosslinking required. Count-

ing of added uracil residues al-

lows differentiation of true and 

false interactors. 

Might miss proteins that inter-

act close to the 5′ of the RNA. 

Can stress cells. Cannot be used 

to detect dynamic interactions. 

[90–92] 

Proximity Labeling of RNA–protein Interactions: Finding the Protein Partners 

Method Description 

Model 

Organism/ 

Cell Type 

Achievements Strengths Weaknesses Ref. 

RaPID, RNA-

BioID 

An RNA sequence of interest is tagged 

with either BoxB or MS2 aptamers. The 

aptamers recruit a viral coat protein fused 

to a labeling enzyme (BirA*, BASU, 

APEX2) which biotinylates associated 

proteins. 

HEK293T, huh7, 

mouse embryonic 

fibroblasts 

Identification of proteins 

binding various RNA motifs, 

the UTR of the Zika virus 

RNA genome, human te-

lomerase RNA, or β-actin 

mRNA. 

Allows identification of weak or 

transient interactions. High speci-

ficity and affinity of MCP or λ N-

peptide for their corresponding 

aptamer. No crosslinking re-

quired.  

Aptamer insertion might affect 

RNA function or regulation. 

Technically challenging to ge-

nomically integrate the aptamer 

cassette at correct location. 

[62,64,93,94] 

CARPID, 

dCas13d-

dsRBD-

APEX2, 

RPL 

Catalytically inactive Cas13 fused to a la-

beling enzyme (BioID2, BASU, APEX, 

APEX2) is targeted to an RNA of interest 

using guide RNAs. 

HEK293T Identification of proteins 

binding to Xist, MALAT1, 

DANCR, hTR and U1 

snRNA. 

No need for changes in target 

RNA. Probing of different endog-

enous RNAs can easily be 

achieved by changing the gRNA. 

Can be used to probe a specific re-

gion on the RNA. No crosslinking 

required. 

Background biotinylation from 

off-target gRNAs or unbound 

Cas13-labeling complex possi-

ble. Thorough optimization of 

the Cas13-labeling enzyme con-

struct required.  

[93,95–97] 
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6. Proximity Labeling of RNA–Protein Interactions: Finding the RNA Partners 

Proximity labeling methods have also been applied to the characterization of RNAs 

bound by individual RBPs. This includes methods that are not based on the biotin-strep-

tavidin system but on modifying the sequence of the RNA at or close to the site of protein–

RNA interaction (Table 1). In TRIBE (targets of RNA-binding proteins identified by edit-

ing) [88], an RBP is fused to the catalytic domain of the RNA-editing enzyme ADAR 

(ADARcd) that irreversibly deaminates adenosine to inosine on target RNAs bound by 

the RBP (Figure 2b). During cDNA conversion, the inosine is recognized as guanosine, 

allowing the identification of editing events as A-to-G mutations when compared to the 

corresponding DNA sequence. RNAs showing these conversions are considered as poten-

tial targets of the tested RBP. However, the edited sites are not completely unbiased due 

to the preference of ADARcd for adenosines surrounded by 5′ uridines and 3′ guanosines 

(i.e., a UAG sequence) [98] or surrounded by a double-stranded region [99]. By using an 

ADARcd with a ‘hyperactive’ mutation that results in increased editing efficiency, the se-

quence bias was slightly reduced [89]. The method was applied to identify the transcrip-

tome bound by three RBPs (Hrp48, dFMR1, and NonA) in Drosophila S2 cells and neurons. 

The comparison of the RNA targets between neuronal subtypes allowed the identification 

of cell-type specific RBP-RNA interactions [88,89]. Another labeling technique that results 

in sequence change of proximal RNAs is poly-uridine tagging [90,91] (Figure 2b). In this 

case, the POI is fused to the C. elegans poly(U) polymerase (PUP-2) that adds a uridine tail 

to the 3′-end of proximal RNAs. After lysis, RNAs are reverse-transcribed using a primer 

designed to enrich uridylated RNAs. The resulting cDNA libraries are analyzed using 

paired-end sequencing for the identity, the number of reads and the number of Us added 

to the RNA. By fusing PUP-2 to Puf3p in S. cerevisiae the authors identified mostly target 

mRNAs with known Puf3 binding sites [90]. Interestingly, the length of the uridine tail 

was in correlation with the binding strength of Puf3 to its targets, suggesting that the 

number of uridines can be used to predict meaningful interactions. The addition of an 

RNA recognition motif (RRM) and a corresponding targeting sequence to the PUP-2 en-

zyme was used to characterize the local transcriptomes of ER or mitochondrial mem-

branes in S. cerevisiae [92]. However, this method does not provide information on the 

RNA regions bound by the POI and one can assume that proteins that tether the PUP-2 

protein to the 5′ untranslated region (UTR) of their mRNA targets will not allow an effi-

cient oligo-uridylation of their bound mRNAs at their 3′-end. Furthermore, PUP-2 seems 

to affect cell physiology as its expression resulted in reduced growth rate in yeast [90,91]. 

7. Proximity Labeling of RNA–Protein Interactions: Finding the Protein Partners 

There is an ongoing demand in the field not only to define the set of RNAs bound by 

a given RBP but also understand what proteins associate with a specific RNA (‘RNA in-

teractome’). In vivo proximity labeling can serve as a good entry point to this problem. By 

recruiting the labeling enzyme to a specific RNA of interest, its associated proteins will be 

biotinylated. Two different strategies have been introduced for tethering the labeling en-

zyme to an RNA: aptamer tagging and CRISPR/gRNA guidance. Aptamer tags like MS2 

or BoxB RNA loops have long been used for mRNA localization studies and to follow the 

dynamics of transcription and translation (reviewed in [100]). Furthermore, they have 

been applied to affinity purify interacting proteins (see above). RNA proximity labeling 

using aptamer tagging has been established for overexpressed (RaPID; [64]) or endoge-

nous RNAs (RNA BioID; [62]) (Figure 3a). 
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Figure 3. In vivo proximity labeling strategies for identifying protein partners of an RNA of interest. (a) The RNA of 

interest is tagged endogenously or exogenously with aptamers (e.g., BoxB aptamer or MS2 tags) to recruit an aptamer 

binding protein fused to a labeling enzyme which can biotinylate associated proteins. (b) A catalytically inactive dCas13 

enzyme fused to a labeling enzyme is targeted to the RNA of interest using a gRNA to biotinylate associated proteins. In 

both methods biotinylated proteins are enriched by streptavidin pulldown and analyzed by mass spectrometry. 

In RaPID, a short RNA of interest is flanked by two BoxB aptamers (see below for 

more details). Its co-expression with a fusion of the BoxB recognizing λ N-peptide and 

BirA* or BASU allows the biotinylation of proteins bound to or associated with the flanked 

RNA sequences. RaPID was used to identify proteins that bind to known RNA motifs 

(e.g., the IRE, TNF-CDE, or PUF RNA motifs [64,101]) and to analyze how mutant RNA 

motifs affect protein binding. Additionally, by probing the interactome of untranslated 

regions of the Zika virus genome, an RBP (QKI) that is highly expressed in neuronal pro-

genitor cells was identified as a candidate host protein essential for the Zika virus replica-

tion [64]. As suggested by this study, a comparison of the interactome to that of a scram-

bled RNA and the characterization of biotinylated proteins in cells expressing only the 

biotin ligase help to reduce the number of false positives. Moreover, the authors suggest 

performing subsequent analysis like comparison of identified proteins with those re-

ported in the Contamination Repository for Affinity Purification (CRAPome; [102]). Alt-

hough transient expression of the BASU-λ N-peptide fusion was sufficient for identifying 

specifically associated proteins for Zika virus, other studies suggest stable genomic inte-

gration of the labeling enzyme to increase the signal-to-noise ratio [101]. A potential draw-

back of the current version of RaPID is that the tagged RNAs are not expressed under 

their native conditions and therefore are not studied at their physiological concentrations. 

In contrast, in RNA-BioID [62] the authors characterized the proteome of an endogenous 

RNA. In this study, the biotin ligase (BirA*) fused to MCP was stably expressed in fibro-

blasts from a transgenic knock-in mouse line [103] where 24× MS2 aptamers had been 

inserted into the β-actin gene locus. The modified β-actin RNA, expressed at endogenous 

levels contains the MS2 aptamers in its 3′ UTR. RNA-BioID not only identified all the RBPs 

previously reported to bind to β-actin mRNA but also novel functional interactors includ-

ing FUBP3/MARTA2. However, the major technical hurdle of RNA-BioID is the need to 

genomically insert the MS2 aptamer array. The development of CRISPR-based knock-in 

tools might offer a more user-friendly way for this [104]. It is important to note that in 

RaPID and RNA-BioID, the tested RNAs were highly expressed, either by overexpression 

from a strong heterologous promoter (RaPID) or due to their high endogenous level of 
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expression (RNA-BioID). This might have facilitated the efficient biotinylation of associ-

ated proteins. Thus, it will be interesting to see if these methods can be successfully ap-

plied to low abundant mRNAs, especially considering the problem of the observed label-

ing of non-RNP proteins. In principle, it should be possible to increase the labeling of 

RNA-associated proteins by increasing the number of aptamers, resulting in the recruit-

ment of more labeling enzymes to the RNA and thus an increase in signal-to-noise ratio. 

However, as this might affect the function or the stability of the RNA [105,106], a careful 

examination of the impact of large aptamer arrays on the RNA will be required. 

Tethering a biotinylating enzyme to an RNA using the CRISPR system has the ad-

vantage of targeting native RNAs at their endogenous expression levels without the need 

for aptamer fusion (Figure 3b). The tethering occurs with the help of an inactive Cas13 

variant (dCas13; [107]). dCas13 can be fused to GFP, enabling imaging of RNA [94], to 

ADAR2, enabling editing of RNA [108] or to labeling enzymes like APEX2 [95,97] to probe 

for interacting proteins. A number of Cas13 variants have been used as guiding proteins, 

e.g., RfxCas13 [93], PspCas13b [97], CasRx [96], and LwaCas13a [95]. Tethering of the fu-

sion protein to RNA can be improved by using a gRNA array instead of single gRNAs 

[96]. The array is composed of two gRNAs separated by 30 nucleotides to target two ad-

jacent loci on the same transcript. This method (CARPID, CRISPR assisted RNA–protein 

interaction detection method), was applied to probe the interactome of three lncRNAs 

(XIST, DANCR, and MALAT1). Interestingly, while the RBPs identified using a single 

specific set of gRNAs to probe the XIST lncRNA highly correlated between experiments, 

a lower correlation was found between gRNA sets that probe different regions of the 

RNA. This implies that CRISPR proximity tools have the potential to study variations in 

RNA–protein interaction along the target RNA. Multiple gRNAs are also used in a strat-

egy aimed at reducing the number of false positive interactors. Lin et al. targeted a 

dPspCas13b-APEX2 fusion to the U1 snRNA using three gRNAs [97]. Each of the gRNAs, 

binding to a different single-stranded RNA region, was expressed in a separate cell line 

but the interactome data obtained with each gRNA were aligned. This helped to reduce 

the noise from off-target biotinylation. 

The application of tethering proximity labeling enzymes to RNA via dCas13/gRNA 

requires, however, a thorough optimization. For example, the target sequence of the 

gRNA has to be single stranded and accessible [109]. Without established knowledge on 

the folding of the RNA, the effectiveness of gRNAs targeting different regions has to be 

compared to each other and a non-targeting gRNA. This can be achieved by measuring 

the ability of each gRNA to knockdown the expression level of the target RNA when co-

expressed with the wild-type, active version of the Cas13. However, Han et al. demon-

strated that a gRNA targeting the human telomerase RNA (hTR) was not able to target 

the APEX2 enzyme to the hTR foci in the nucleus although it was efficient in reducing 

hTR expression [93]. Therefore, the correct delivery of the labeling enzyme to the target 

RNA should be verified in vivo, e.g., by co-localization experiments. In this study, in order 

to improve the targeting to hTR foci, a double stranded RNA binding domain (dsRBD) 

was introduced into the APEX2-dRfxCas13d fusion protein which stabilizes the 

dCas13/gRNA/mRNA complex [93]. Special care has also to be taken in the design of the 

fusion construct of dCas13 and the biotinylation enzyme, as it seems important to insert a 

linker between both parts to uncouple the activities of the two [93]. Additionally, an opti-

mal molar ratio between the fusion construct and the gRNA [97] as well as a stable ge-

nomic integration of the fusion protein construct and the control of its expression via an 

inducible promoter (e.g., via the tet-on system) was reported to be essential for a good 

signal-to-noise ratio in labeling [93,95]. 

dCas13-based and MS2-based tethering of a labeling enzyme to the same RNA does 

not necessarily identify the same set of protein interactors. By comparing the hTR RNA 

interactome identified by MCP-APEX (i.e., the MCP-APEX fusion recruited to MS2 tagged 

hTR) with that of dCas13d-dsRBD-APEX2, Han et al. surprisingly found only partially 

overlapping datasets, with MCP-APEX identifying more potential interactions in total 
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[93]. The difference might, however, simply represent the specific interactome of the sub-

region targeted by each method. MCP-APEX2 was tethered to the 5′ end of hTR, while 

dCas13d-dsRBD-APEX2 was targeted to the J2a/3 region 150 nucleotides downstream. An 

alternative explanation might be based on the limitation of each method. The targeting 

and RNA-binding by dCas13d, although free from sequence manipulation, is not as stable 

as the interaction of the MS2 coat protein with its aptamer in the target RNA. As a result 

of the stable interaction, the MCP resides longer at the RNA which might lead to identi-

fying more interactions, especially transient ones. Moreover, while the insertion of the 

aptamer might affect the structure of the RNA and thus interaction with certain RBPs, the 

gRNA might directly compete for crucial protein binding sites on the target RNA. 

Similarly to the aptamer methods, the dCas13 based approaches have only been 

tested for highly abundant or overexpressed RNAs. Therefore, further optimization of 

RNA-centric proximity labeling is needed to achieve the interactome detection of endog-

enously, low expressed RNAs. 

8. Conclusions and Outlook 

Proximity labeling has already proven to be a valuable complement to other methods 

for the analysis of RNA–protein interactions. In the near future, one can expect more and 

better variations of the approach to address questions in RNP composition and function. 

The strength of proximity labeling approaches is that they allow the identification of more 

binding partners, including those interacting transiently, which would not be detected by 

other methods. However, they do not distinguish between direct binders and proximally 

located partners. Thus, other techniques like CLIP and RIP still provide valuable infor-

mation that is complementing results obtained by proximity labeling. This can be exem-

plified with Xist, a long non-coding RNA that interacts with multiple protein partners. 

When applied to Xist, proximity-labeling based CARPID identified 73 XIST-interacting 

proteins, among them 19 that had been previously found as functionally significant bind-

ers [96]. However, which of the previously unidentified interactors directly contact the 

RNA cannot be revealed by this method. Furthermore, at least two previously identified 

and functionally important Xist RBPs (SPEN and RBM15) were not captured by CARPID 

[96]. ASO-based affinity purification approaches like RNA antisense purification [24], 

ChIRP-MS (comprehensive identification of RNA-binding proteins by mass spectrome-

try) [23], or iDRiP (identification of direct RNA interacting proteins) [110], when com-

bined with UV crosslinking have identified between 10 [24] and 81 [23] proteins, all of 

which are directly contacting the RNA due to their property of being crosslinked via UV 

light. Combining proximity labeling with RIP or CLIP on the same protein (MAC-tag; 

[111]), thus can provide information on direct versus indirect binding and facilitate the 

identification of true interaction partners. The combination of proximity labeling enzymes 

with dCas13 will allow to quickly target any RNA of choice for proximity labeling in a 

variation of cell types. Tethering the fusion protein to the RNA has been improved by 

including an additional RNA-binding domain, which increases the stability of RNA-

dCas13 association [93]. A common problem in proximity labeling applications results 

from the activity of APEX or biotin ligases even when they have not been tethered to RNA 

targets which results in increased background. This could be overcome by the use of split 

versions of proximity labeling enzymes that are independently targeted to the RNA of 

interest and only assemble to an active enzyme on the RNA. The short biotinylation times 

of APEX2 (1 min) or TurboID (10 min) will be extremely useful to characterize dynamic 

changes in the proteome of specific mRNPs in living cells, e.g., before/after nuclear export 

or before/during translation or localization. New substrates for APEX2 like biotin-anilin 

or biotin-tyramide [83,84] will improve RNA biotinylation and thus APEX-seq, leading to 

improved RNA atlases that determine the positioning of mRNAs in the cell [85]. 



Molecules 2021, 26, 2270 14 of 18 
 

 

Author Contributions: Writing—original draft preparation, R.W., L.H., S.A., O.H., and R.-P.J.; Writ-

ing—review and editing, R.W., L.H., O.H., and R.-P.J.; Visualization, R.W., L.H., and O.H. All au-

thors have read and agreed to the published version of the manuscript. 

Funding: L.H. was funded by a fellowship from the International Max Planck Research School  

(IMPRS) “From Molecules to Organisms”, S.A. was funded by a fellowship from the German Re-

search Society (DFG-RTG2364). 

Acknowledgments: Figures were created with BioRender.com. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Szeto, R.A.; Tran, T.; Truong, J.; Negraes, P.D.; Trujillo, C.A. RNA processing in neurological tissue: development, aging and 

disease. Semin. Cell Dev. Biol. 2020, doi:10.1016/j.semcdb.2020.09.004. 

2. Halbeisen, R.E.; Galgano, A.; Scherrer, T.; Gerber, A.P. Post-transcriptional gene regulation: From genome-wide studies to prin-

ciples. Cell. Mol. Life Sci. 2007, 65, 798–813, doi:10.1007/s00018-007-7447-6. 

3. Dreyfuss, G.; Kim, V.N.; Kataoka, N. Messenger-RNA-binding proteins and the messages they carry. Nat. Rev. Mol. Cell. Biol., 

2002, 3, 195–205. doi:10.1038/nrm760. 

4. Tolino, M.; Köhrmann, M.; Kiebler, M.A. RNA-binding proteins involved in RNA localization and their implications in neuronal 

diseases. Eur. J. Neurosci. 2012, 35, 1818–1836, doi:10.1111/j.1460-9568.2012.08160.x. 

5. Pereira, B.; Billaud, M.; Almeida, R. RNA-Binding Proteins in Cancer: Old Players and New Actors. Trends Cancer 2017, 3, 506–

528, doi:10.1016/j.trecan.2017.05.003. 

6. García-Mauriño, S.M.; Rivero-Rodríguez, F.; Velázquez-Cruz, A.; Hernández-Vellisca, M.; Díaz-Quintana, A.; De La Rosa, M.A.; 

Díaz-Moreno, I. RNA Binding Protein Regulation and Cross-Talk in the Control of AU-rich mRNA Fate. Front. Mol. Biosci. 2017, 

4, 71, doi:10.3389/fmolb.2017.00071. 

7. Keene, J.D.; Lager, P.J. Post-transcriptional operons and regulons co-ordinating gene expression. Chromosom. Res. 2005, 13, 327–

337, doi:10.1007/s10577-005-0848-1. 

8. Hafner, M.; Landthaler, M.; Burger, L.; Khorshid, M.; Hausser, J.; Berninger, P.; Rothballer, A.; Ascano, M.; Jungkamp, A.-C.; 

Munschauer, M.; et al. Transcriptome-wide Identification of RNA-Binding Protein and MicroRNA Target Sites by PAR-CLIP. 

Cell 2010, 141, 129–141, doi:10.1016/j.cell.2010.03.009. 

9. Jeong, S. SR Proteins: Binders, Regulators, and Connectors of RNA. Mol. Cells 2017, 40, 1–9, doi:10.14348/molcells.2017.2319. 

10. Hentze, M.W.; Castello, A.; Schwarzl, T.; Preiss, T. A brave new world of RNA-binding proteins. Nat. Rev. Mol. Cell Biol. 2018, 

19, 327–341, doi:10.1038/nrm.2017.130. 

11. Gilbert, C.; Svejstrup, J.Q. RNA Immunoprecipitation for Determining RNA-Protein Associations In Vivo. Curr. Protoc. Mol. 

Biol. 2006, 75, 27.4.1–27.4.11, doi:10.1002/0471142727.mb2704s75. 

12. Gagliardi, M.; Matarazzo, M.R. RIP: RNA Immunoprecipitation. Methods in Molecular Biology 2016, 1480, 73–86, doi:10.1007/978-

1-4939-6380-5_7. 

13. Lambert, N.; Robertson, A.; Jangi, M.; McGeary, S.; Sharp, P.A.; Burge, C.B. RNA Bind-n-Seq: Quantitative Assessment of the 

Sequence and Structural Binding Specificity of RNA Binding Proteins. Mol. Cell 2014, 54, 887–900, doi:10.1016/j.mol-

cel.2014.04.016. 

14. Dominguez, D.; Freese, P.; Alexis, M.S.; Su, A.; Hochman, M.; Palden, T.; Bazile, C.; Lambert, N.J.; Van Nostrand, E.L.; Pratt, 

G.A.; et al. Sequence, Structure, and Context Preferences of Human RNA Binding Proteins. Mol. Cell 2018, 70, 854–867.e9, 

doi:10.1016/j.molcel.2018.05.001. 

15. Ule, J.; Jensen, K.B.; Ruggiu, M.; Mele, A.; Ule, A.; Darnell, R.B. CLIP Identifies Nova-Regulated RNA Networks in the Brain. 

Sci. 2003, 302, 1212–1215, doi:10.1126/science.1090095. 

16. Lee, F.C.; Ule, J. Advances in CLIP Technologies for Studies of Protein-RNA Interactions. Mol. Cell 2018, 69, 354–369, 

doi:10.1016/j.molcel.2018.01.005. 

17. Buchbender, A.; Mutter, H.; Sutandy, F.R.; Körtel, N.; Hänel, H.; Busch, A.; Ebersberger, S.; König, J. Improved library prepa-

ration with the new iCLIP2 protocol. Methods 2020, 178, 33–48, doi:10.1016/j.ymeth.2019.10.003. 

18. König, J.; Zarnack, K.; Rot, G.; Curk, T.; Kayikci, M.; Zupan, B.; Turner, D.J.; Luscombe, N.M.; Ule, J. iCLIP reveals the function 

of hnRNP particles in splicing at individual nucleotide resolution. Nat. Struct. Mol. Biol. 2010, 17, 909–915, 

doi:10.1038/nsmb.1838. 

19. Hinze, F.; Drewe-Boss, P.; Milek, M.; Ohler, U.; Landthaler, M.; Gotthardt, M. Expanding the map of protein-RNA interaction 

sites via cell fusion followed by PAR-CLIP. RNA Biol. 2018, 15, 359–368, doi:10.1080/15476286.2017.1384120. 

20. Rogell, B.; Fischer, B.; Rettel, M.; Krijgsveld, J.; Castello, A.; Hentze, M.W. Specific RNP capture with antisense LNA/DNA 

mixmers. RNA 2017, 23, 1290–1302, doi:10.1261/rna.060798.117. 

21. Baltz, A.G.; Munschauer, M.; Schwanhäusser, B.; Vasile, A.; Murakawa, Y.; Schueler, M.; Youngs, N.; Penfold-Brown, D.; Drew, 

K.; Milek, M.; et al. The mRNA-Bound Proteome and Its Global Occupancy Profile on Protein-Coding Transcripts. Mol. Cell 

2012, 46, 674–690, doi:10.1016/j.molcel.2012.05.021. 



Molecules 2021, 26, 2270 15 of 18 
 

 

22. Castello, A.; Fischer, B.; Eichelbaum, K.; Horos, R.; Beckmann, B.M.; Strein, C.; Davey, N.E.; Humphreys, D.T.; Preiss, T.; 

Steinmetz, L.M.; et al. Insights into RNA Biology from an Atlas of Mammalian mRNA-Binding Proteins. Cell 2012, 149, 1393–

1406, doi:10.1016/j.cell.2012.04.031. 

23. Chu, C.; Zhang, Q.C.; da Rocha, S.T.; Flynn, R.A.; Bharadwaj, M.; Calabrese, J.M.; Magnuson, T.; Heard, E.; Chang, H.Y. Sys-

tematic Discovery of Xist RNA Binding Proteins. Cell 2015, 161, 404–416, doi:10.1016/j.cell.2015.03.025. 

24. McHugh, C.A.; Chen, C.-K.; Chow, A.; Surka, C.F.; Tran, C.; McDonel, P.; Pandya-Jones, A.; Blanco, M.; Burghard, C.; Moradian, 

A.; et al. The Xist lncRNA interacts directly with SHARP to silence transcription through HDAC3. Nat. Cell Biol. 2015, 521, 232–

236, doi:10.1038/nature14443. 

25. Wippich, F.; Ephrussi, A. Transcript specific mRNP capture from Drosophila egg-chambers for proteomic analysis. Methods 

2020, 178, 83–88, doi:10.1016/j.ymeth.2019.09.001. 

26. Blencowe, B.J.; Sproat, B.S.; Ryder, U.; Barabino, S.; Lamond, A.I. Antisense probing of the human U4U6 snRNP with biotinyl-

ated 2′-OMe RNA oligonucleotides. Cell 1989, 59, 531–539, doi:10.1016/0092-8674(89)90036-6. 

27. Castello, A.; Fischer, B.; Frese, C.K.; Horos, R.; Alleaume, A.-M.; Foehr, S.; Curk, T.; Krijgsveld, J.; Hentze, M.W. Comprehensive 

Identification of RNA-Binding Domains in Human Cells. Mol. Cell 2016, 63, 696–710, doi:10.1016/j.molcel.2016.06.029. 

28. Conrad, T.; Albrecht, A.-S.; Costa, V.R.D.M.; Sauer, S.; Meierhofer, D.; Ørom, U.A. Serial interactome capture of the human cell 

nucleus. Nat. Commun. 2016, 7, 11212, doi:10.1038/ncomms11212. 

29. Matia-González, A.M.; Iadevaia, V.; Gerber, A.P. A versatile tandem RNA isolation procedure to capture in vivo formed mRNA-

protein complexes. Methods 2017, 118-119, 93–100, doi:10.1016/j.ymeth.2016.10.005. 

30. West, J.A.; Davis, C.P.; Sunwoo, H.; Simon, M.D.; Sadreyev, R.I.; Wang, P.I.; Tolstorukov, M.Y.; Kingston, R.E. The Long 

Noncoding RNAs NEAT1 and MALAT1 Bind Active Chromatin Sites. Mol. Cell 2014, 55, 791–802, doi:10.1016/j.mol-

cel.2014.07.012. 

31. Keryer-Bibens, C.; Barreau, C.; Osborne, H.B. Tethering of proteins to RNAs by bacteriophage proteins. Biol. Cell 2008, 100, 125–

138, doi:10.1042/bc20070067. 

32. Srisawat, C.; Engelke, D.R. Streptavidin aptamers: Affinity tags for the study of RNAs and ribonucleoproteins. RNA 2001, 7, 

632–641, doi:10.1017/s135583820100245x. 

33. Butter, F.; Scheibe, M.; Mörl, M.; Mann, M. Unbiased RNA-protein interaction screen by quantitative proteomics. Proc. Natl. 

Acad. Sci. 2009, 106, 10626–10631, doi:10.1073/pnas.0812099106. 

34. Leppek, K.; Stoecklin, G. An optimized streptavidin-binding RNA aptamer for purification of ribonucleoprotein complexes 

identifies novel ARE-binding proteins. Nucleic Acids Res. 2014, 42, e13, doi:10.1093/nar/gkt956. 

35. Hartmuth, K.; Urlaub, H.; Vornlocher, H.-P.; Will, C.L.; Gentzel, M.; Wilm, M.; Lührmann, R. Protein composition of human 

prespliceosomes isolated by a tobramycin affinity-selection method. Proc. Natl. Acad. Sci. 2002, 99, 16719–16724, 

doi:10.1073/pnas.262483899. 

36. Bachler, M.; Schroeder, R.; Von Ahsen, U. StreptoTag: A novel method for the isolation of RNA-binding proteins. RNA 1999, 5, 

1509–1516, doi:10.1017/s1355838299991574. 

37. Bardwell, V.J.; Wickens, M. Purification of RNA and RNA-protein complexes by an R17 coat protein affinity method. Nucleic 

Acids Res. 1990, 18, 6587–6594, doi:10.1093/nar/18.22.6587. 

38. Tsai, B.P.; Wang, X.; Huang, L.; Waterman, M.L. Quantitative Profiling of In Vivo-assembled RNA-Protein Complexes Using a 

Novel Integrated Proteomic Approach. Mol. Cell. Proteom. 2011, 10, 110 007385, doi:10.1074/mcp.m110.007385. 

39. Hogg, J.R.; Collins, K. RNA-based affinity purification reveals 7SK RNPs with distinct composition and regulation. RNA 2007, 

13, 868–880, doi:10.1261/rna.565207. 

40. Yoon, J.-H.; Srikantan, S.; Gorospe, M. MS2-TRAP (MS2-tagged RNA affinity purification): Tagging RNA to identify associated 

miRNAs. Methods 2012, 58, 81–87, doi:10.1016/j.ymeth.2012.07.004. 

41. Graindorge, A.; Pinheiro, I.; Nawrocka, A.; Mallory, A.C.; Tsvetkov, P.; Gil, N.; Carolis, C.; Buchholz, F.; Ulitsky, I.; Heard, E.; 

et al. In-cell identification and measurement of RNA-protein interactions. Nat. Commun. 2019, 10, 1–11, doi:10.1038/s41467-019-

13235-w. 

42. Garcia, J.F.; Parker, R. MS2 coat proteins bound to yeast mRNAs block 5’ to 3’ degradation and trap mRNA decay products: 

implications for the localization of mRNAs by MS2-MCP system. RNA 2015, 21, 1393–1395, doi:10.1261/rna.051797.115. 

43. Haimovich, G.; Zabezhinsky, D.; Haas, B.; Slobodin, B.; Purushothaman, P.; Fan, L.; Levin, J.Z.; Nusbaum, C.; Gerst, J.E. Use of 

the MS2 aptamer and coat protein for RNA localization in yeast: A response to “MS2 coat proteins bound to yeast mRNAs block 

5′ to 3′ degradation and trap mRNA decay products: implications for the localization of mRNAs by MS2-MCP system.” RNA 

2016, 22, 660–666, doi:10.1261/rna.055095.115. 

44. Johansson, H.E.; Dertinger, D.; Lecuyer, K.A.; Behlen, L.S.; Greef, C.H.; Uhlenbeck, O.C. A thermodynamic analysis of the se-

quence-specific binding of RNA by bacteriophage MS2 coat protein. Proc. Natl. Acad. Sci. 1998, 95, 9244–9249, 

doi:10.1073/pnas.95.16.9244. 

45. Slobodin, B.; Gerst, J.E. A novel mRNA affinity purification technique for the identification of interacting proteins and tran-

scripts in ribonucleoprotein complexes. RNA 2010, 16, 2277–2290, doi:10.1261/rna.2091710. 

46. Pederson, T. Half a Century of “The Nuclear Matrix.” Mol. Biol. Cell 2000, 11, 799–805, doi:10.1091/mbc.11.3.799. 

47. Wheeler, E.C.; Van Nostrand, E.L.; Yeo, G.W. Advances and challenges in the detection of transcriptome-wide protein-RNA 

interactions. Wiley Interdiscip. Rev. RNA 2017, 9, e1436, doi:10.1002/wrna.1436. 



Molecules 2021, 26, 2270 16 of 18 
 

 

48. Patton, R.D.; Sanjeev, M.; Woodward, L.A.; Mabin, J.W.; Bundschuh, R.; Singh, G. Chemical crosslinking enhances RNA im-

munoprecipitation for efficient identification of binding sites of proteins that photo-crosslink poorly with RNA. RNA 2020, 26, 

1216–1233, doi:10.1261/rna.074856.120. 

49. Mili, S. Evidence for reassociation of RNA-binding proteins after cell lysis: Implications for the interpretation of immunopre-

cipitation analyses. RNA 2004, 10, 1692–1694, doi:10.1261/rna.7151404. 

50. Roux, K.J.; Kim, D.I.; Raida, M.; Burke, B. A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins 

in mammalian cells. J. Cell Biol. 2012, 196, 801–810, doi:10.1083/jcb.201112098. 

51. Rhee, H.-W.; Zou, P.; Udeshi, N.D.; Martell, J.D.; Mootha, V.K.; Carr, S.A.; Ting, A.Y. Proteomic Mapping of Mitochondria in 

Living Cells via Spatially Restricted Enzymatic Tagging. Sci. 2013, 339, 1328–1331, doi:10.1126/science.1230593. 

52. Martell, J.D.; Deerinck, T.J.; Sancak, Y.; Poulos, T.L.; Mootha, V.K.; Sosinsky, G.E.; Ellisman, M.H.; Ting, A.Y. Engineered ascor-

bate peroxidase as a genetically encoded reporter for electron microscopy. Nat. Biotechnol. 2012, 30, 1143–1148, 

doi:10.1038/nbt.2375. 

53. Qin, W.; Cho, K.F.; Cavanagh, P.E.; Ting, A.Y. Deciphering molecular interactions by proximity labeling. Nat. Methods 2021, 18, 

133–143, doi:10.1038/s41592-020-01010-5. 

54. Kim, D.I.; Kc, B.; Zhu, W.; Motamedchaboki, K.; Doye, V.; Roux, K.J. Probing nuclear pore complex architecture with proximity-

dependent biotinylation. Proc. Natl. Acad. Sci. 2014, 111, E2453–E2461, doi:10.1073/pnas.1406459111. 

55. Roux, K.J.; Kim, D.I.; Burke, B.; May, D.G. BioID: A Screen for Protein-Protein Interactions. Curr. Protoc. Protein Sci. 2018, 91, 

19.23.1–19.23.15, doi:10.1002/cpps.51. 

56. Cole, A.; Wang, Z.; Coyaud, E.; Voisin, V.; Gronda, M.; Jitkova, Y.; Mattson, R.; Hurren, R.; Babovic, S.; MacLean, N.; et al. 

Inhibition of the Mitochondrial Protease ClpP as a Therapeutic Strategy for Human Acute Myeloid Leukemia. Cancer Cell 2015, 

27, 864–876, doi:10.1016/j.ccell.2015.05.004. 

57. Firat-Karalar, E.N.; Stearns, T. Probing mammalian centrosome structure using BioID proximity-dependent biotinylation. Meth-

ods in Cell Biology 2015, 129, 153–170, doi:10.1016/bs.mcb.2015.03.016. 

58. Van Itallie, C.M.; Tietgens, A.J.; Aponte, A.; Fredriksson, K.; Fanning, A.S.; Gucek, M.; Anderson, J.M. Biotin ligase tagging 

identifies proteins proximal to E-cadherin, including lipoma preferred partner, a regulator of epithelial cell–cell and cell–sub-

strate adhesion. J. Cell Sci. 2014, 127, 885–895, doi:10.1242/jcs.140475. 

59. McAllaster, M.R.; Ikeda, K.N.; Lozano-Núñez, A.; Anrather, D.; Unterwurzacher, V.; Gossenreiter, T.; Perry, J.A.; Crickley, R.; 

Mercadante, C.J.; Vaughan, S.; et al. Proteomic identification of novel cytoskeletal proteins associated with TbPLK, an essential 

regulator of cell morphogenesis in Trypanosoma brucei. Mol. Biol. Cell 2015, 26, 3013–3029, doi:10.1091/mbc.e15-04-0219. 

60. Fredriksson, K.; Van Itallie, C.M.; Aponte, A.; Gucek, M.; Tietgens, A.J.; Anderson, J.M. Proteomic Analysis of Proteins Sur-

rounding Occludin and Claudin-4 Reveals Their Proximity to Signaling and Trafficking Networks. PLOS ONE 2015, 10, 

e0117074, doi:10.1371/journal.pone.0117074. 

61. Chen, A.L.; Kim, E.W.; Toh, J.Y.; Vashisht, A.A.; Rashoff, A.Q.; Van, C.; Huang, A.S.; Moon, A.S.; Bell, H.N.; Bentolila, L.A.; et 

al. Novel Components of the Toxoplasma Inner Membrane Complex Revealed by BioID. mBio 2015, 6, e02357-14, 

doi:10.1128/mbio.02357-14. 

62. Mukherjee, J.; Hermesh, O.; Eliscovich, C.; Nalpas, N.; Franz-Wachtel, M.; Maček, B.; Jansen, R.-P. β-Actin mRNA interactome 

mapping by proximity biotinylation. Proc. Natl. Acad. Sci. 2019, 116, 12863–12872, doi:10.1073/pnas.1820737116. 

63. Kim, D.I.; Jensen, S.C.; Noble, K.A.; Kc, B.; Roux, K.H.; Motamedchaboki, K.; Roux, K.J. An improved smaller biotin ligase for 

BioID proximity labeling. Mol. Biol. Cell 2016, 27, 1188–1196, doi:10.1091/mbc.e15-12-0844. 

64. Ramanathan, M.; Majzoub, K.; Rao, D.S.; Neela, P.H.; Zarnegar, B.J.; Mondal, S.; Roth, J.G.; Gai, H.; Kovalski, J.R.; Siprashvili, 

Z.; et al. RNA–protein interaction detection in living cells. Nat. Methods 2018, 15, 207–212, doi:10.1038/nmeth.4601. 

65. Branon, T.C.; Bosch, J.A.; Sanchez, A.D.; Udeshi, N.D.; Svinkina, T.; Carr, S.A.; Feldman, J.L.; Perrimon, N.; Ting, A.Y. Efficient 

proximity labeling in living cells and organisms with TurboID. Nat. Biotechnol. 2018, 36, 880–887, doi:10.1038/nbt.4201. 

66. LaRochelle, M.; Bergeron, D.; Arcand, B.; Bachand, F. Proximity-dependent biotinylation mediated by TurboID to identify pro-

tein–protein interaction networks in yeast. J. Cell Sci. 2019, 132, jcs232249, doi:10.1242/jcs.232249. 

67. Mair, A.; Xu, S.-L.; Branon, T.C.; Ting, A.Y.; Bergmann, D.C. Proximity labeling of protein complexes and cell-type-specific 

organellar proteomes in Arabidopsis enabled by TurboID. eLife 2019, 8, 8, doi:10.7554/elife.47864. 

68. Zhang, Y.; Song, G.; Lal, N.K.; Nagalakshmi, U.; Li, Y.; Zheng, W.; Huang, P.-J.; Branon, T.C.; Ting, A.Y.; Walley, J.W.; et al. 

TurboID-based proximity labeling reveals that UBR7 is a regulator of N NLR immune receptor-mediated immunity. Nat. Com-

mun. 2019, 10, 1–17, doi:10.1038/s41467-019-11202-z. 

69. Rees, J.S.; Philip, J.A.; Perrett, S.; Lilley, K.S.; Jackson, A.P. Selective Proteomic Proximity Labeling Assay Using Tyramide 

(SPPLAT): A Quantitative Method for the Proteomic Analysis of Localized Membrane-Bound Protein Clusters. Curr. Protoc. 

Protein Sci. 2015, 80, 19.27.1–19.27.18, doi:10.1002/0471140864.ps1927s80. 

70. Lam, S.S.-M.; Martell, J.D.; Kamer, K.J.; Deerinck, T.J.; Ellisman, M.H.; Mootha, V.K.; Ting, A.Y. Directed evolution of APEX2 

for electron microscopy and proximity labeling. Nat. Methods 2015, 12, 51–54, doi:10.1038/nmeth.3179. 

71. Lobingier, B.T.; Hüttenhain, R.; Eichel, K.; Miller, K.B.; Ting, A.Y.; von Zastrow, M.; Krogan, N.J. An Approach to Spatiotem-

porally Resolve Protein Interaction Networks in Living Cells. Cell 2017, 169, 350–360.e12, doi:10.1016/j.cell.2017.03.022. 

72. Grainger, S.; Nguyen, N.; Richter, J.; Setayesh, J.; Lonquich, B.; Oon, C.H.; Wozniak, J.M.; Barahona, R.; Kamei, C.N.; Houston, 

J.; et al. EGFR is required for Wnt9a–Fzd9b signalling specificity in haematopoietic stem cells. Nat. Cell Biol. 2019, 21, 721–730, 

doi:10.1038/s41556-019-0330-5. 



Molecules 2021, 26, 2270 17 of 18 
 

 

73. Markmiller, S.; Soltanieh, S.; Server, K.L.; Mak, R.; Jin, W.; Fang, M.Y.; Luo, E.-C.; Krach, F.; Yang, D.; Sen, A.; et al. Context-

Dependent and Disease-Specific Diversity in Protein Interactions within Stress Granules. Cell 2018, 172, 590–604.e13, 

doi:10.1016/j.cell.2017.12.032. 

74. Kohli, P.; Höhne, M.; Jüngst, C.; Bertsch, S.; Ebert, L.K.; Schauss, A.C.; Benzing, T.; Rinschen, M.M.; Schermer, B. The ciliary 

membrane-associated proteome reveals actin-binding proteins as key components of cilia. EMBO Rep. 2017, 18, 1521–1535, 

doi:10.15252/embr.201643846. 

75. Bersuker, K.; Peterson, C.W.; To, M.; Sahl, S.J.; Savikhin, V.; Grossman, E.A.; Nomura, D.K.; Olzmann, J.A. A Proximity Labeling 

Strategy Provides Insights into the Composition and Dynamics of Lipid Droplet Proteomes. Dev. Cell 2018, 44, 97–112.e7, 

doi:10.1016/j.devcel.2017.11.020. 

76. Liu, Q.; Zheng, J.; Sun, W.; Huo, Y.; Zhang, L.; Hao, P.; Wang, H.; Zhuang, M. A proximity-tagging system to identify membrane 

protein–protein interactions. Nat. Methods 2018, 15, 715–722, doi:10.1038/s41592-018-0100-5. 

77. De Munter, S.; Goernemann, J.; Derua, R.; Lesage, B.; Qian, J.; Heroes, E.; Waelkens, E.; Van Eynde, A.; Beullens, M.; Bollen, M. 

Split-BioID: a proximity biotinylation assay for dimerization-dependent protein interactions. FEBS Lett. 2017, 591, 415–424, 

doi:10.1002/1873-3468.12548. 

78. Schopp, I.M.; Ramirez, C.C.A.; Debeljak, J.; Kreibich, E.; Skribbe, M.; Wild, K.; Béthune, J. Split-BioID a conditional proteomics 

approach to monitor the composition of spatiotemporally defined protein complexes. Nat. Commun. 2017, 8, 15690, 

doi:10.1038/ncomms15690. 

79. Han, Y.; Branon, T.C.; Martell, J.D.; Boassa, D.; Shechner, D.; Ellisman, M.H.; Ting, A. Directed Evolution of Split APEX2 Perox-

idase. ACS Chem. Biol. 2019, 14, 619–635, doi:10.1021/acschembio.8b00919. 

80. Cho, K.F.; Branon, T.C.; Rajeev, S.; Svinkina, T.; Udeshi, N.D.; Thoudam, T.; Kwak, C.; Rhee, H.-W.; Lee, I.-K.; Carr, S.A.; et al. 

Split-TurboID enables contact-dependent proximity labeling in cells. Proc. Natl. Acad. Sci. 2020, 117, 12143–12154, 

doi:10.1073/pnas.1919528117. 

81. Kaewsapsak, P.; Shechner, D.M.; Mallard, W.; Rinn, J.L.; Ting, A.Y. Live-cell mapping of organelle-associated RNAs via prox-

imity biotinylation combined with protein-RNA crosslinking. eLife 2017, 6, e29224, doi:10.7554/elife.29224. 

82. Benhalevy, D.; Anastasakis, D.G.; Hafner, M. Proximity-CLIP provides a snapshot of protein-occupied RNA elements in sub-

cellular compartments. Nat. Methods 2018, 15, 1074–1082, doi:10.1038/s41592-018-0220-y. 

83. Zhou, Y.; Wang, G.; Wang, P.; Li, Z.; Yue, T.; Wang, J.; Zou, P. Expanding APEX2 Substrates for Proximity-Dependent Labeling 

of Nucleic Acids and Proteins in Living Cells. Angew. Chem. Int. Ed. 2019, 58, 11763–11767, doi:10.1002/anie.201905949. 

84. Padrón, A.; Iwasaki, S.; Ingolia, N.T. Proximity RNA Labeling by APEX-Seq Reveals the Organization of Translation Initiation 

Complexes and Repressive RNA Granules. Mol. Cell 2019, 75, 875–887.e5, doi:10.1016/j.molcel.2019.07.030. 

85. Fazal, F.M.; Han, S.; Parker, K.R.; Kaewsapsak, P.; Xu, J.; Boettiger, A.N.; Chang, H.Y.; Ting, A.Y. Atlas of Subcellular RNA 

Localization Revealed by APEX-Seq. Cell 2019, 178, 473–490.e26, doi:10.1016/j.cell.2019.05.027. 

86. Mayr, C. Regulation by 3′-Untranslated Regions. Annu. Rev. Genet. 2017, 51, 171–194, doi:10.1146/annurev-genet-120116-024704. 

87. Wang, P.; Tang, W.; Li, Z.; Zou, Z.; Zhou, Y.; Li, R.; Xiong, T.; Wang, J.; Zou, P. Mapping spatial transcriptome with light-

activated proximity-dependent RNA labeling. Nat. Chem. Biol. 2019, 15, 1110–1119, doi:10.1038/s41589-019-0368-5. 

88. McMahon, A.C.; Rahman, R.; Jin, H.; Shen, J.L.; Fieldsend, A.; Luo, W.; Rosbash, M. TRIBE: Hijacking an RNA-Editing Enzyme 

to Identify Cell-Specific Targets of RNA-Binding Proteins. Cell 2016, 165, 742–753, doi:10.1016/j.cell.2016.03.007. 

89. Xu, W.; Rahman, R.; Rosbash, M. Mechanistic implications of enhanced editing by a HyperTRIBE RNA-binding protein. RNA 

2017, 24, 173–182, doi:10.1261/rna.064691.117. 

90. Lapointe, C.P.; Wilinski, D.; Saunders, H.A.J.; Wickens, M. Protein-RNA networks revealed through covalent RNA marks. Nat. 

Methods 2015, 12, 1163–1170, doi:10.1038/nmeth.3651. 

91. Lapointe, C.P.; Preston, M.A.; Wilinski, D.; Saunders, H.A.J.; Campbell, Z.T.; Wickens, M. Architecture and dynamics of over-

lapped RNA regulatory networks. RNA 2017, 23, 1636–1647, doi:10.1261/rna.062687.117. 

92. Medina-Munoz, H.C.; Lapointe, C.P.; Porter, D.F.; Wickens, M. Records of RNA locations in living yeast revealed through co-

valent marks. Proc. Natl. Acad. Sci. 2020, 117, 23539–23547, doi:10.1073/pnas.1921408117. 

93. Han, S.; Zhao, B.S.; Myers, S.A.; Carr, S.A.; He, C.; Ting, A.Y. RNA–protein interaction mapping via MS2- or Cas13-based APEX 

targeting. Proc. Natl. Acad. Sci. 2020, 117, 22068–22079, doi:10.1073/pnas.2006617117. 

94. Abudayyeh, O.O.; Gootenberg, J.S.; Essletzbichler, P.; Han, S.; Joung, J.; Belanto, J.J.; Verdine, V.; Cox, D.B.T.; Kellner, M.J.; 

Regev, A.; et al. RNA targeting with CRISPR–Cas13. Nat. Cell Biol. 2017, 550, 280–284, doi:10.1038/nature24049. 

95. Zhang, Z.; Sun, W.; Shi, T.; Lu, P.; Zhuang, M.; Liu, J.-L. Capturing RNA–protein interaction via CRUIS. Nucleic Acids Res. 2020, 

48, e52, doi:10.1093/nar/gkaa143. 

96. Yi, W.; Li, J.; Zhu, X.; Wang, X.; Fan, L.; Sun, W.; Liao, L.; Zhang, J.; Li, X.; Ye, J.; et al. CRISPR-assisted detection of RNA–protein 

interactions in living cells. Nat. Methods 2020, 17, 685–688, doi:10.1038/s41592-020-0866-0. 

97. Lin, X.; Fonseca, M.A.S.; Corona, R.I.; Lawrenson, K. In vivo discovery of RNA proximal proteins in human cells via proximity-

dependent biotinylation. Preprint in BioRxiv, 2020. doi:10.1101/2020.02.28.970442. 

98. Lehmann, K.A.; Bass, B.L. Double-Stranded RNA Adenosine Deaminases ADAR1 and ADAR2 Have Overlapping Specificities. 

Biochem. 2000, 39, 12875–12884, doi:10.1021/bi001383g. 

99. Eggington, J.M.; Greene, T.; Bass, B.L. Predicting sites of ADAR editing in double-stranded RNA. Nat. Commun. 2011, 2, 319, 

doi:10.1038/ncomms1324. 



Molecules 2021, 26, 2270 18 of 18 
 

 

100. Tutucci, E.; Livingston, N.M.; Singer, R.H.; Wu, B. Imaging mRNA In Vivo, from Birth to Death. Annu. Rev. Biophys. 2018, 47, 

85–106, doi:10.1146/annurev-biophys-070317-033037. 

101. Lu, M.; Wei, W. Proximity labeling to detect RNA–protein interactions in live cells. FEBS Open Bio 2019, 9, 1860–1868, 

doi:10.1002/2211-5463.12706. 

102. Mellacheruvu, D.; Wright, Z.; Couzens, A.L.; Lambert, J.-P.; St-Denis, N.A.; Li, T.; Miteva, Y.V.; Hauri, S.; Sardiu, M.E.; Low, 

T.Y.; et al. The CRAPome: a contaminant repository for affinity purification–mass spectrometry data. Nat. Methods 2013, 10, 

730–736, doi:10.1038/nmeth.2557. 

103. Lionnet, T.; Czaplinski, K.; Darzacq, X.; Shav-Tal, Y.; Wells, A.L.; Chao, J.A.; Park, H.Y.; De Turris, V.; Lopez-Jones, M.; Singer, 

R.H. A transgenic mouse for in vivo detection of endogenous labeled mRNA. Nat. Methods 2011, 8, 165–170, 

doi:10.1038/nmeth.1551. 

104. Spille, J.-H.; Hecht, M.; Grube, V.; Cho, W.-K.; Lee, C.; Cissé, I.I. A CRISPR/Cas9 platform for MS2-labelling of single mRNA in 

live stem cells. Methods 2019, 153, 35–45, doi:10.1016/j.ymeth.2018.09.004. 

105. Tutucci, E.; Vera, M.; Biswas, J.; Garcia, J.; Parker, R.; Singer, R.H. An improved MS2 system for accurate reporting of the mRNA 

life cycle. Nat. Methods 2018, 15, 81–89, doi:10.1038/nmeth.4502. 

106. Laprade, H.; Querido, E.; Smith, M.J.; Guérit, D.; Crimmins, H.; Conomos, D.; Pourret, E.; Chartrand, P.; Sfeir, A. Single-Mole-

cule Imaging of Telomerase RNA Reveals a Recruitment-Retention Model for Telomere Elongation. Mol. Cell 2020, 79, 115–

126.e6, doi:10.1016/j.molcel.2020.05.005. 

107. Abudayyeh, O.O.; Gootenberg, J.S.; Konermann, S.M.; Joung, J.; Slaymaker, I.M.; Cox, D.B.T.; Shmakov, S.; Makarova, K.S.; 

Semenova, E.; Minakhin, L.; et al. C2c2 is a single-component programmable RNA-guided RNA-targeting CRISPR effector. Sci. 

2016, 353, aaf5573, doi:10.1126/science.aaf5573. 

108. Cox, D.B.T.; Gootenberg, J.S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.J.; Joung, J.; Zhang, F. RNA editing with CRISPR-Cas13. 

Sci. 2017, 358, 1019–1027, doi:10.1126/science.aaq0180. 

109. Bandaru, S.; Tsuji, M.H.; Shimizu, Y.; Usami, K.; Lee, S.; Takei, N.K.; Yoshitome, K.; Nishimura, Y.; Otsuki, T.; Ito, T. Structure-

based design of gRNA for Cas13. Sci. Rep. 2020, 10, 11610, doi:10.1038/s41598-020-68459-4. 

110. Minajigi, A.; Froberg, J.E.; Wei, C.; Sunwoo, H.; Kesner, B.; Colognori, D.; Lessing, D.; Payer, B.; Boukhali, M.; Haas, W.; et al. A 

comprehensive Xist interactome reveals cohesin repulsion and an RNA-directed chromosome conformation. Sci. 2015, 349, 

aab2276, doi:10.1126/science.aab2276. 

111. Liu, X.; Salokas, K.; Weldatsadik, R.G.; Gawriyski, L.; Varjosalo, M. Combined proximity labeling and affinity purification−mass 

spectrometry workflow for mapping and visualizing protein interaction networks. Nat. Protoc. 2020, 15, 1–30, 

doi:10.1038/s41596-020-0365-x. 


