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| 1. Introduction

RNA—protein interactions are the nodes in a complex regulatory network that controls the fate of each RNA
expressed in a cell. On the one hand, recent advances in RNA sequencing (RNA-seq) and computational
techniques have dramatically expanded the repertoire of cellular RNAs, realizing that 80-90% of the eukaryotic
genome is transcribed into RNA. Thereby, only 1-2% of the genome serves as a template for protein synthesis,
while the majority of the genome is pervasively transcribed into non-coding RNAs, a large fraction of them as long
non-coding RNAs (IncRNAs), which are defined as transcripts of more than 200 nucleotides without evident protein
coding functionality 121, On the other hand, bioinformatics and recent methodological advances combined with
sensitive mass-spectrometry (MS) suggests that 5-10% of the cellular proteome can interact with RNA BI4IE],
These RNA-binding proteins (RBPs) either bind to distinct sites or interact promiscuously with their RNA targets,
thereby forming ribonucleoprotein (RNP) complexes that combinatorically control the fate of RNA €. Canonical
RBPs bear one or several characteristic RNA-binding domains, such as the RNA-recognition motif (RRM), the
hnRNPK homology (KH) domain, double-stranded RNA-binding motif (DSRM), or zinc-finger (ZnF) domains that
determine the specificity and affinity towards the RNAs Bl Nevertheless, unconventional RBPs that lack such
domains but have other well-characterized cellular functions have also been discovered, including metabolic
enzymes, heat shock proteins, kinases, as well as transcription regulators BIRIL9 Overall, the wealth of RNAs and
their protein partners suggests the formation of a highly structured network that assumingly fulfils additional
functions beyond the control of gene expression. The RNA—protein network likely integrates signals from diverse
sources to eventually coordinate the structural and functional units required for cell viability. Thus, understanding
how and where RNA—protein interactions take place in cells is key to understand the link between RNA biology and

cellular functions.

A starting point to explore a cell's RNA—protein interaction network architecture is given by a systematic analysis of
interactors at particular nodes or points of control. This can be approached from two angles—either the protein- or
RNA-centered—that in principle provide a complementary view. Technically, the “protein-centric” approach relies on
the ability to purify a particular RBP or accommodated complex thereof, followed by identification of the bound

RNAs with DNA microarrays or high-throughput sequencing. Therefore, RBPs are usually isolated from cellular
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extracts with specific antibodies or via affinity purification of epitope tagged proteins. Such RBP
immunoprecipitation followed by microarray or sequencing analysis of interacting RNAs (RIP-Chip/RIP-seq) was
used early on for the recovery of native RNA—protein complexes under physiological conditions 12113l \hile
more elaborate crosslinking immunoprecipitation (CLIP) 4 or photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation (PAR-CLIP) 2!, which involves the crosslinking of RNA—protein interactions
in vivo upon exposure of cells to ultraviolet (UV)-light, enabled isolation of the RBP with bound RNAs under
stringent conditions and also captures transient interactions. Furthermore, the implementation of partial RNA
digestion allowed obtaining a footprint of the RBP binding site on the RNA (reviewed in [1€)). These protein-centric
approaches have found widespread application and determined the RNA targets as well as the binding sites of
hundreds of RBPs in different organisms (e.g., 1118 Moreover, the integration of the data suggests the presence
of highly coordinated and interconnected posttranscriptional regulatory networks. For instance, numerous RBPs
interacting with mRNAs tend to bind to functionally related mRNAs, forming so-called post-transcriptional operons

or RNA regulons for expression coordination 12120,

In contrast to the rapidly progressing “protein-centric” approaches, the establishment of global “RNA-centric”
approaches has lagged behind for some time. Thereby, a distinction can be made between (i) the identification of
proteins binding to an entire population of RNAs, such as polyadenylated (poly(A)) RNA, or total RNA; and (ii)
defining all proteins/RNA that interact with a specific RNA expressed in a certain cell-type or tissue. The first is
aimed at gaining an unbiased identification of RBPs in a cell or organism. Early attempts used protein microarrays
or recovered poly(A) RNAs from budding yeast Saccharomyces cerevisiae using oligonucleotide deoxythymidine
(dT) beads to identify interacting proteins with MS [222], while at limited sensitivity at that time, it uncovered novel
and unconventional RNA-binders, such as metabolic enzymes and proteins of the vesicular transport system [21]
(22 The introduction of in vivo crosslinking of RNA—protein interactions by UV-irradiation of cells further enabled the
capture of poly(A) RNA and bound proteins with oligo-(dT) beads under highly stringent conditions, and combined
with high sensitivity MS analysis has greatly enhanced the detection of RBPs (e.g., [23l2411251261)  Commonly
referred to as RNA interactome capture (RIC), these experimental studies revealed many new and unconventional
RBPs including metabolic enzymes, heat shock proteins, DNA-binding proteins, kinases across diverse organisms,
establishing a new area for characterization of novel biological functions (reviewed in BI2I19) Besides RIC and the
related enhanced RIC (eRIC) 24, a variety of complementary approaches have been introduced since then to
select RBPs crosslinked to RNA irrespective of its poly(A) status. This includes organic phase-separation
approaches such as Orthogonal Organic Phase Separation (OOPS) 28 phenol-toluol extraction (PTEx) 22 and
protein-Xlinked RNA eXtraction (XRNAX) B9, as well as click-chemistry based methods [BUBE2, Furthermore,
concordant mapping of protein binding sites through protease-assisted digestion consolidated and suggested new
RNA-binding motifs, including intrinsically disordered regions [B3I34I35 For further reading about the diverse
procedures to define RNA-binding proteomes (RBPome), the reader is referred to recent reviews on the topic 2ILY
[36][37]

Conversely, the systematic investigations of factors that interact with a particular RNA, which remained notoriously
challenging because most RNAs have considerably low expression levels in cells, are much less well explored.

Many laboratories currently implement more simple in vitro approaches, where for instance, an in vitro transcribed
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(IVT) “bait” RNA is coupled to beads and incubated with cell extracts to pull-down interacting proteins (8. This
approach bears the advantage of speedy testing of different RNA fragments and/or mutagenesis to localize protein
interaction sites. However, this is an artificial system and the coassembled complexes may not represent authentic
RNPs found in living cells for a number of reasons. For example, the synthetic RNA may not fold properly in vitro
and lacks modifications, and nonspecific RNA—protein interactions could form during cell lysis and purification.
Thus, in vivo approaches for biochemical characterization of endogenously formed RNP complexes remains a key
goal towards gathering an understanding of the factors that combinatorially control the RNA's fate in cells. Although
challenging, substantial progress has been made towards this end during the last few years, mainly through

techniques that implement antisense oligonucleotides (ASOs).

2. RNA-Centric Approaches to Capture Selected RNAs—
Overview and Concepts

In principle, one can distinguish between in vitro approaches, where the “bait” RNA is usually coupled to beads and
incubated with extracts for pull-down of associated proteins; and in vivo approaches, where RNA—protein
interactions are stabilized in cells and then RNAs captured from cell lysates. Essentially, most biochemical
procedures for isolation of specific RNAs can be applied in vitro and in vivo with modifications and either involve
tagging the RNA of interest with an affinity aptamer and recovery with a high-affinity ligand coupled to beads, or the
capture of native RNAs with modified ASOs (Figure 1). While the in vitro approaches have become common
practice in many laboratories, in vivo analysis of interactors with particular RNAs remained challenging, mainly
because many RNAs have low expression levels in cells and constitute only a tiny fraction of all RNA molecules.
This is especially true in the case of INCRNA as many of them are expressed at extremely low levels in cells, such
as the X-inactive specific transcript (XIST) IncRNA, where one copy in the nucleus accomplishes X-chromosome
inactivation in females B2, Thus, any biochemical approach for their isolation obviously needs a rather large
amount of starting material for eventual detection of proteins or RNA interactors with MS or RNA-seq, respectively.
Furthermore, the outcome of this analysis is highly dependent on the stringency of the protocol to reduce
background. Therefore, irradiation of cells with UV-light or addition of chemicals such as formaldehyde to stabilize
RNA—protein interactions in vivo are commonly used and enable purification of RNA with interacting proteins under
stringent and/or denaturing conditions. On this line, one should be aware of the pitfalls of different crosslinkers that
could bias the outcome of the analysis [22B8I37] |n brief, UV crosslinks induces emission of free radicals leading to
irreversible covalent links by between nucleic acids bases (preferentially uridines) and close-by amino-acids of the
interacting protein. The efficiency of crosslinking is relatively low (=5%) and even less so for double-stranded (ds)
RNA. Although often neglected, UV light can also induce protein—protein and DNA—protein crosslinks albeit likely at
lower efficiency as compared to chemical crosslinkers (e.g., 2941 Finally, UV irradiation of cells could trigger
cellular stress-responses that may cause rearrangement on post-transcriptional regulatory events. On the other
hand, chemical crosslinkers, such as formaldehyde can be directly added to cells in culture and are therefore also
applicable to tissues/organism that cannot be well penetrated with UV-light. While more efficient than UV, they have
a higher propensity to introduce protein—protein and protein—-DNA crosslinks. However, chemically induced

crosslinks are reversible, which can make downstream applications more straightforward. In any case, the
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crosslinking needs to be fairly adjusted and optimized to minimize potential artefacts. On this line, recently
developed CRISPR/Cas9 targeting approaches for exploration of local RNA—protein interactions represent an

interesting in-cell labeling approach without the need of any crosslinker (see Figure 1).
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Figure 1. Overview of different RNA-centric approaches to isolate in vivo formed ribonucleoprotein (RNP)
complexes. Left: Aptamer tagged RNAs are expressed in cells and captured from cell lysates with an aptamer
binding ligand, which is coupled to beads. Shown are beads coupled with tobramycin, but protein ligands can also
be employed. Middle: Antisense oligonucleotide (ASO)-based approaches rely on the hybridization of one or
multiple biotinylated oligos with the target RNA at high selectivity. The annealed oligos are retrieved with
streptavidin beads and eluted either with competitors (i.e., biotin or displacement oligos), heat or upon RNA
digestion. Right: CRISPR-based approaches use gRNA-mediated targeting of an inactive CRISPR/Cas9 variant
fused to a biotinylating enzyme (e.g., BASU) to the RNA of interest. Addition of biotin to the medium induces the

biotinylation of proteins in close proximity, which can be recovered with streptavidin beads from extracts.

| 3. Affinity Capture of RNAs via Aptamers

One commonly used concept for purification of RNP complexes involves the addition of an RNA aptamer tag to the
RNA of interest, which permits capturing the tagged RNA with a high-affinity ligand (Figure 1). A variety of RNA
aptamers are available, and the reader is referred to a recent review further describing RNA-aptamers and RNA

labeling techniques 42, Essentially, two classes of RNA aptamers are commonly used, either binding to small
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molecules or to proteins. Regarding the first, several RNA aptamers are available that bind with high affinity to
aminoglycoside antibiotics, such as tobramycin and streptomycin 4344l These aptamers found early application to
study the assembly of splicing complexes 43, identify proteins interacting with untranslated regions of mRNAs €],
or for the profiling of intron binding proteins and viral RBPs 2. While mostly used in vitro, aminoglycosidic

aptamers have also been applied in combination with RIC to recover in vivo formed RNP complexes 48],

A second class of aptamers includes short RNA hairpins that interact specifically with proteins, such as the coat
proteins from the R17/MS2 bacteriophage 49, bacterial streptavidin S1 B9, the PP7 coat protein B, the lambda
bacteriophage anti-terminator protein N (or lambdaN peptide) B2, an engineered version of the Csy4 endonuclease
B3l or artificial pentatricopeptide repeat (PPR) proteins 4. While this class of RNA aptamers has been broadly
used to globally determine proteins/RNAs interacting with the tagged RNAs in vitro (e.g., B2B3: reviewed in [26142]
[56)): the RNA aptamers and interacting proteins have also been coexpressed in vivo to recover endogenously
formed RNP complexes from cell lysates through affinity capture BIB7EEIBA For example, RBP purification and
identification (RaPID) implemented the affinity purification of MS2 aptamer-tagged RNAs and detection of bound
proteins and transcripts with MS and reverse transcription (RT)-PCR, respectively 2. Specifically, the
bacteriophage MS2 coat protein, which selectively interacts with the MS2 aptamer loop sequence (MS2L) was
expressed as a fusion protein with GFP, allowing for in vivo localization studies, as well as the streptavidin-binding
protein (SBP) for subsequent purification of formaldehyde crosslinked RNP complexes with streptavidin-conjugated
beads 49, In a related approach, termed MS2 in vivo biotin tagged RNA affinity purification (MS2-BioTRAP),
histidine and biotin (HB)-tagged MS2 protein as well as MS2L tagged target or control RNA were coexpressed in
cells, taking advantage of the tight association between tagged HB-MS2 and the RNA stem-loop tags for affinity
purification of authentic RNA—protein complexes from UV irradiated cells under native or denaturing conditions (28!,
To provide proof-of-principle, a 1.2 kb internal ribosome entry site (IRES) from lymphoid enhancer factor-1 (LEF1)
MRNA was used as RNA target to unravel proteins associated with IRES function. SILAC-based proteomics
identified about half the number of proteins under denaturing conditions (326 proteins) as compared to native
conditions (535 proteins), suggesting that denaturing conditions removed indirect interactors and nonspecific
binding factors. Using a non-IRES containing mRNA as control, 36 proteins were eventually identified as IRES

binding proteins, which included known IRES binding factors but also novel interactors 8!,

Noteworthy, an alternative approach to directly label the proteins interacting with a tagged RNA motif has been
introduced recently 69, RaPID (RNA protein interaction detection) integrates proximity-dependent protein labeling,
based on the enzyme biotin ligase to identify the proteins that bind RNA sequences of interest in living cells [,
Analogous to the above examples, the method involves the use of two components, an aptamer-tagged RNA and a
fusion protein that interacts specifically with the tag. In particular, bacteriophage BoxB stem loops are integrated
close to the RNA element under investigation; and a mutated biotin ligase from Bacillus subtilis, termed BASU, is
expressed as a fusion with the lamdaN peptide that specifically interacts with BoxB stem loops. BASU is therefore
tethered to the RNA-binding motif, thereby biotinylating proximal proteins within 10 nm upon growing of cells in
media supplemented with biotin. The biotinylated proteins are then recovered with streptavidin-coupled beads
under stringent conditions €%, In this first instance, the method was used to evaluate proteins interacting with

mutant RNA motifs and to define essential host proteins interacting with the UTRs of Zika virus RNA 69,
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Overall, RNA-tags establish a relatively robust and versatile system for the recovery and characterization of RNP
complexes in vitro with transferability to in vivo application and RNA localization studies. If incorporated in reporter
system, aptamer tagged RNAs can be easily mutated and concomitantly enables monitoring of changes in gene
expression and/or RNA localization. However, besides the need for cloning and transfection of cells with reporter
plasmids, one drawback of these approaches concerns the ectopic expression of the protein or tagged RNA which

may interfere with native RNP formation and/or mRNA maturation.

| 4. Capturing Endogenous RNAs with ASOs

The only biochemical approach that enables direct capture of endogenous RNA from any type of cells or tissues
involves the annealing of ASOs with the RNA of interest (Eigure 1). This approach was originally introduced to
recover highly expressed RNAs and associated complexes, such as splicing small-nuclear RNPs B and
telomerase RNAs 82631 Briefly, cell-free extracts were combined with biotinylated antisense modified 2'0-methyl
RNA oligonucleotides, RNP complexes captured with streptavidin-coupled beads and finally released with an
excess of displacement oligonucleotides. Despite their potential, ASO-based approaches remained fairly
unattended for a while due to concerns regarding their limited sensitivities toward lower expressed RNAs, such as
IncRNAs and/or mRNAs. However, several approaches have been introduced recently that along with the
increased sensitivity of MS for protein detection enabled the capture and analysis of endogenously formed RNP
complexes with high efficiency. In the following, | outline such recent examples that used ASOs for identification of
interaction partners for (i) INcRNAs, (ii) viral RNAs, and (iii) mMRNAs (Table 1).

Table 1. ASO-based RNA-capture approaches.

Method .Il?yl\g: Target RNA Crosslinker; ASO Probes Ref.
Chart MS INCRNA NEAT1, MALATI1 FA; 25-mer DNA, 3'TEG-biotin [64]
ChIRP-MS INcRNA XIST FA; 43 x 20-mer DNA, 3'TEG-biotin. [65]
INCRNA MALAT1 FA; 32 x 20-mer DNA, 3'TEG-biotin [66]

RAP-MS IncRNA XIST UV; 142 x 90-mer DNA, 5'-biotin [67]
iDRIP INCRNA XIST UV; 9 x 25-mer DNA, 3'TEG-biotin [68]
HyPR-MS INCRNA MALQEI,%IXEATL FA; 2-3 x 25—30—3n,1_(ta)irolﬁrl:lA, 8-nts toehold, 69]
virus HIV FA; 30-mer DNA, 8-nts toehold, 3"-biotin (9

MRNA c-myc FA; 2 x 25-mer DNA, 8-nts toehold, 3-biotin 4

PAIR (like) virus HCV(-) 15-mer biotinylated PNA oligo [z2]
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Method .Il?yl\g: Target RNA Crosslinker; ASO Probes Ref.
TUX-MS virus Polio UV; oligo(dT)2s5 beads 23]
n.s. virus DENV UV; 10 x 17-33-mer DNA, 5'-TEG-biotin 2l
TRIP mMRNA p27, gld-1, Pfk2 UV; 21-25-mer 2'0-Met RNA, 3'-biotin (2]
Specific RNA mMRNA RIluc-sxl (in vitro) UV: 20-mer LNA with C6 amine-linker [76]
capture rRNA 18S
VIPR MRNA gld-1::gfp, gfp::lin-41 UV, FA; 10 x 20-mer DNA, 3'-TEG- biotin L7
mRNA gld-1, lin-41, alg-1 UV; 10 x 20-mer DNA, 3'-TEG- biotin

Abbreviations: FA, formaldehyde; n.s., not specified; TEG, triethyleneglycol; others are described in the text.

4.1. Capture of IncRNAs with ASOs

ASO-based approaches to capture IncRNAs were originally developed to identify the genomic binding sites
(reviewed in &), This included capture hybridization analysis of RNA targets (CHART) X2 and chromatin isolation
by RNA purification (ChIRP) B9 both using chemical crosslinking with formaldehyde or glutaraldehyde,
respectively; while, RNA affinity purification (RAP) applied UV irradiation of cells to induce crosslinks with RNA 81],
Commonly, these procedures used several biotinylated capture DNA oligonucleotides, which hybridize to the RNA
of interest to isolate RNA-associated DNA or proteins from crosslinked cell-extracts with streptavidin-coupled

beads (reviewed in (&),

Recognizing their potential, the methods were further advanced and combined with MS analysis to identify
interacting proteins. At first, in a proof-of-concept study, CHART-MS uncovered proteins bound to human NEAT1
and MALAT1 IncRNAs 84l Therefore, several 25-mer DNA oligos were preselected by RNAse H test digestions to
evaluate their accessibility to crosslinked RNAs, and the best oligo was used to capture these IncRNAs from 100
million formaldehyde-crosslinked MCF-7 and BJ cells. Besides hundreds of genomic trans-sites for both IncRNAs
that strongly overlapped with active gene regions, 50-60 proteins were found enriched with each IncRNA 64] A
large fraction of those proteins was known to localize to nuclear speckles and paraspeckles and matched to a high

extent the genomic colocalization of the IncRNAs.

At the same time, three independent studies used a “tiling” approach to investigate the XIST IncCRNA interactome in
different cell-types B2EZEE Applying RAP-MS, the XIST IncRNA was induced and isolated with bound proteins
from nuclear extracts derived from 200-800 million UV crosslinked SILAC-labeled mouse embryonic stem cells
(mESCs) using an array of long (90-mer) biotinylated DNA oligonucleotides covering the entire transcript 67 After
elution of proteins from beads with Benzoase (a nuclease from Serratia marcescens), 10 proteins were identified
that reproducibly associated with XIST RNA over background levels determined from Ul small nuclear RNA
(snRNA) control affinity isolations with quantitative MS. Follow-up studies using siRNA-mediated knockdown of the

interacting proteins showed that three proteins were required for transcriptional silencing (i.e., SHARP, LBR, and
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SAF0a) and that interaction of XIST with SHARP promotes the recruitment of other factors like SMRT and HDAC3

that deacetylate histones and thereby exclude access of polymerease Il to the X-chromosome 87,

Substantially more proteins were identified with ChIRP-MS, possibly due to the implementation of chemical
crosslinking of cells with 3% formaldehyde for a relatively long period (30 min) 2 Initially, the method was tested
for capturing highly expressed small-ncRNAs with oligonucleotides specifically targeting, U1 and U2 snRNAs,
identifying 418 and 370 interacting proteins from HelLa cells, respectively; including proteins involved in splicing
and pre-mRNA biogenesis, indicating the suitability of the approach. While only one oligo was used to capture
these snRNAs, XIST was recovered from engineered mESCs with 43 20-mer DNA probes bearing a biotin
triethyleneglycol (TEG) moiety at the 3'end, annealing along the entire mouse XIST. RNPs were liberated from
beads by gentle biotin-elution to minimize contamination from nonspecific binders and samples subjected to label-
free liquid chromatography (LC)-MS/MS analysis 621, In total, 81 proteins were identified above background (2-fold
enriched compared to small-ncRNAs (U1, U2, U3) affinity isolations) with known roles in chromatin modification,
nuclear matrix, and RNA remodeling pathways; among them 14 proteins previously known to interact with NEAT1
and MALAT1 IncRNAs. Further functional characterization of interactors suggested that hnRNPK, a well-known
RBP, participates in XIST-mediated gene silencing but not in localization, while SPEN is required for gene
silencing. Collectively, the study concluded that XIST engages with proteins in a modular and developmentally
controlled fashion to coordinate chromatin spreading and silencing. Noteworthy, the ChIRP-MS approach was used
later to identify interactors of MALAT1 [68l. Considering U1 affinity capture isolates as a control, 23 of the identified
970 proteins were considered to be specifically bound to MALAT1 as compared to U1 and probe-free control
isolates. Additionally, follow-up studies validated the results and suggested that MALAT1 binds to and, as a
consequence, inactivates the prometastatic transcription factor TEAD, preventing the associating with its

coactivator YAP and target gene promoters [68],

A third approach, termed ‘identification of direct RNA interacting proteins’ (iDRiP) was used to isolate the proteins
interacting with X/ST from UV-irradiated female mouse fibroblast expressing physiological levels of XIST RNA 8],
Here, nuclei were prepared and chromatin was solubilized by DNase | digestion, then XIST-specific complexes
recovered with nine complementary 25-mer DNA oligonucleotides spaced across the entire 17 kb long RNA.
Essentially, MS analysis revealed 80 proteins that were at least 3-fold enriched with XIST RNA over control
samples obtained by recovery of abundant cytoplasmic and nuclear RNAs (U6, Jpx, and 18S rRNA). While some
previously known interactors for XIST were identified, the analysis revealed new proteins, many of them part of
epigenetic complexes, such as cohesion complex proteins, histone modifiers, chromatin remodeling factors,

topoisomerases, nucleoskeletal and matrix proteins.

More recently, Spiniello and colleagues introduced hybridization purification of RNA—protein complexes followed by
mass spectrometry (HyPR-MS), which enables the analysis of interactomes of multiple RNAs in a single
experiment 89, In this regard, HyPR-MS allowed for the simultaneous and selective isolation of interactomes of the
INcRNAs MALAT1, NEAT1, and NORAD from prostate cancer PC3 cell lysates. As compared to the *“tiling”
approaches, only 2-3 biotinylated capture oligonucleotides complementary to each IncRNA were mixed for

capturing target RNA-—protein complexes from formaldehyde crosslinked PC3 cell lysates with reasonable
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efficiency (up to 35%). Importantly, HyPR implements specific displacement oligonucleotides to release captured
complexes from beads in a so-called ‘toehold-mediated release strategy’, which could increase selectivity towards
particular RNA—protein complexes. As a result, 127, 94, and 415 interacting proteins were identified with label-free
LC-MS/MS from MALAT1, NEAT1, and NORAD affinity isolates. Besides previously known interactions that served
as an internal validation step, many novel interactors with functions related to documented features of the
associated IncRNAs were discovered, including histone modifiers and transcriptional regulators. All interactomes
were enriched for RBPs: while nuclear MALAT1 and NEAT1 were enriched for nuclear proteins, NORAD, a
cytoplasmic IncRNA, was enriched for cytoplasmic proteins, confirming selectivity of underlying interactors in
regard of the cellular compartmentalization. Interestingly, 20 proteins interacting with MALAT1 were previously
identified with CHART-MS [4 corroborating the previously observed limited overlap between different

methodological approaches.

In conclusion, these studies showed the applicability of ASOs for capturing even low expressed IncRNAs.
Nevertheless, the different approaches revealed only limited overlap of identified proteins, indicating that the
screen is not exhausted yet and further technical improvement may be required. The “tiling” approach may be
particularly beneficial for capture of very long RNAs such as the 17 kb long XIST, where shearing could break the
RNA during preparation, thus making aptamer tags or using only a few oligos placed in particular locations less
attractive. Nevertheless, the “tiling approach” bears limitation for analysis of distinct transcript isoforms or
association of particular regions of interest within a given RNA, which could benefit from using fewer oligos
specifically designed to capture certain transcript isoforms. Finally, the use of multiple oligos substantially increases
the probability for cross-hybridization with unrelated RNAs. Nevertheless, these studies revealed new facets for
understanding the function and molecular mechanisms of XIST and other IncRNAs, and the reader is referred to a

recent review further highlighting these developments 2],

4.2. Capture of Viral RNAs

Similarly, ASO-based approaches were used to identify interaction partners of viral RNAs, which could provide
information about key RBPs that could contribute to viral replication and proliferation. An early study used 39 nts
long biotinylated DNA molecules that annealed with synthetic 3' nontranslated region (3'NTR) of the hepatitis C
virus (HCV) (+) genome as bait to capture interacting cellular proteins from hepatocyte extracts B3l A total of 79
cellular proteins were identified with MS, most of which were RBPs with some having roles in HCV replication.
However, it was realized that some proteins also interacted with the oligo-DNA probe alone, which had to be
removed from the list as nonspecific binders. Bearing these limitations in mind, the same group formulated an
interesting strategy that captured the replicating HCV (+) strand genome in situ for identification of associated
cellular and viral factors. Related to peptide-nucleic-acid-assisted identification of RBPs (PAIR), a protocol that
implements peptide nucleic acid (PNA) probes with cell-penetrating peptides to gain entry into cells and hybridize
to the viral RNA B4l 3 sequence-specific and biotinylated PNA-neamine conjugate was used to target HCV RNA
through hybridization with the subgenomic HCV (=) RNA in MH14 host cells (derived from Huh7 hepatoma cells)
72 This interesting approach led to the recovery of three viral proteins (NS5B, NS5A, and NS3-4a protease-

helicase) and 83 cellular proteins, which were enriched for translation factors and other RBPs as well as
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transcriptional regulatory and metabolic enzymes. Further siRNA-mediated gene silencing of selected proteins
revealed enhanced or repressed HCV replication/translation. The study was unique as it used PNA, which is an
unnatural DNA mimic with no sugar phosphate backbone, which is likely not recognized by cellular proteins and,
therefore, being highly stable and resistant to cellular nucleases and proteases and reducing background signal
due to nonspecific binding. Furthermore, the PNA-neamine conjugate efficiently penetrates cells and binds to its
target RNA in the cytosol quasi irreversibly, which was taken in advantage to recover in vivo captured RNPs from
the cell lysate (/2. Nevertheless, the target RNA itself may still be cleaved and transfection of PNA-based oligos
may induce secondary effects that need to be monitored. Furthermore, since no crosslinking procedure was

applied, some rearrangement of RNPs may have occurred during cell lysis and purification.

Thiouracil cross-linking mass spectrometry (TUX-MS) applied a modification of the RIC procedure to capture
poly(A) RNAs using immobilized oligo(dT) to identify proteins bound to the polyadenylated poliovirus (PV) RNA
genome in infected cells (3. Thereby, Hela cells stably expressing uracil phosphoribosyltransferase (UPRT) can
incorporate 4-thiouridine (4sU) into newly synthesized RNAs if cells are grown in media containing 4-thiouracil
(4TU). The addition of actinomycin D (ActD), a compound that inhibits cellular transcription but not viral
polymerases, resulted in the labeling of the viral RNA, which was then crosslinked to proteins in vivo with UV at
365 nm and followed by the capture of poly(A) RNA with oligo(dT) coupled beads. This approach identified 15
previously known plus an additional 66 putative host proteins that bind to the PV RNA during infection in HeLa
cells, a majority of them affecting viral amplification. These results showed that TUX-MS is a valuable tool to
identify host factors for polyadenylated viral RNAs 23, However, the method requires engineered cell-lines to

express the labeling enzymes and thus limits the scope of host cells for investigation.

A “tiling” ASO approach was further used to purify dengue virus (DENV) RNPs from infected hepatocytes Huh7
cells [Z4l8]  since the DENV RNA is not polyadenylated, the common strategy for capture of cellular
polyadenylated RNAs was modified. Essentially, 10 DNA oligos (between 17 and 30 nts in lengths) containing a
TEG spacer between the biotin moiety and the DNA at the 3' end were used to recover the viral RNA from UV-
crosslinked samples using streptavidin beads under stringent conditions. Similar to CHART-MS, selection of best
ASOs for recovery of viral RNAs was adjusted through the testing of several antisense DNA oligos in RNase H
mapping assays for their suitability to anneal with viral RNA B3, Using mock-infected cells as a control, MS
analysis revealed 12 host proteins bound to DENV RNA in vivo applying stringent selection criteria (20-fold above
control isolates). Finally, sSiRNA mediated gene silencing followed by analysis of viral replication showed that at
least half of the tested proteins likely play a role in virus replication 4. Of note, recently a tiling approach using
120-mer biotinylated DNA baits specific to conserved regions of the DENV RNA genome was used to capture the
viral RNA from total RNA 8l |t would be interesting to see whether it could be combined with MS to identify

interacting proteins as well.

Finally, the above-mentioned HyPR-MS approach was also applied to enrich spliced full-length HIV RNA—protein
complexes preserved in vivo by formaldehyde crosslinking to identify interactors from infected human cells £9,
Only one 30 nts long oligo complementary to unspliced HIV-1 RNA was apparently sufficient to fairly-well recover

the viral replication-deficient RNA from cell extracts (35% efficiency). MS analysis identified 189 proteins that were
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enriched with HIV-1 RNA as compared to scrambled control oligo isolates (FC > 2.2, p-value < 0.05), among them
90 proteins that were previously known to impact HIV replication. Furthermore, siRNA-mediated knockdown of
several proteins revealed changes in HIV expression, suggesting biological implications in HIV life-cycle 9. Thus,
the considerable overlap of previously identified HIV-related host factors as well as observed changes in HIV
expression upon knockdown of several candidates supported the ability of HyPR-MS to correctly identify RNA-

interacting proteins.

In conclusion, several ASO-based approaches have been successfully applied to recover viral RNAs from infected
cells. While some studies used multiple ASOs for recovery of the RNA, this may not be necessarily required; and
UV-crosslinking generally disclosed less interaction partners compared to chemical crosslinking procedures as

could be expected.
4.3. Specific mMRNA Capture

To date, only a few studies have attempted to recover selected native mRNAs with bound proteins/RNAs. One of
the first attempts used biotinylated DNA oligonucleotides to isolate mRNAs from formaldehyde crosslinked cell
extracts to detect microRNAs that could modulate the mRNA's expression B4, While the study identified and
validated several miRNAs modulating the expression of the three different mMRNAs under study (alpha-1 trypsin,

interleukin-8, and secretory leucoprotease inhibitor) the associated proteins have though not been analyzed.

To analyze the proteins interacting with particular mRNAs in vivo, we have recently introduced a tandem RNA
isolation procedure (TRIP) to capture selected cytoplasmic mRNAs [Z2l[88] Essentially, TRIP is a two-step
procedure that relies on the purification of polyadenylated mRNAs with oligo(dT) beads from UV-crosslinked cells,
followed by the capture of specific mMRNAs with 3'-biotinylated 2'-O-methylated RNA ASOs that are recovered with
streptavidin-coupled beads. TRIP was tested for isolation of in vivo crosslinked mRNP from yeast, nematodes, and
human HEK293 cells. While RNP complexes were recovered at relatively good efficiency (up to 70%), the two-step
procedure adds selectivity by reducing contamination from highly expressed ncRNAs and biotin binding proteins.
The initial proof-of-concept study confirmed interaction of proteins with the target RNA validated by immunoblot
analysis /2188 Noteworthy, a recent variation of the procedure implementing a tobramycin (tob) aptamer for the
second step was used to profile the changes inferred on mRNPs for tumor suppressor p27/CDKN1B 3'UTRs in
cisplatin treated cells 8. While 54 proteins were enriched with the reporter mRNAs as compared to control
isolates (>2.5-fold enriched), 16 proteins changed their RNA association in drug-treated cells at least two-fold.
SiRNA-mediated knockdown of several of those RBPs affected expression of p27 mRNA upon cisplatin (CP)
treatment, and knockdown of KHSRP enhanced the sensitivity of MCF7 adenocarcinoma cancer cells to CP
treatment 481, Noteworthy, this study was the first to report the rewiring of RNA—protein interactions on a specific

MRNA upon changing conditions, revealing RBPs as potential targets for modulation of cancer-drug sensitivity.

Like TRIP, ‘specific RNP capture’ also implements nuclease resistant modified ASOs that have increased affinity
towards RNA targets and reduces background binding 8. In particular, the target RNA was recovered from

extracts by hybridization with antisense locked nucleic acids (LNA). Thereby, the 20-mer LNA oligonucleotide
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contained a 3'extension with a flexible C6 linker and a primary amine enabling direct covalent coupling to magnetic
beads. While the coupling may impinge on the accessibility of the probe for hybridization with the target RNA—
possibly posing a problem for isolation of larger RNPs—the covalent coupling of oligos to beads withstands high
salt concentrations and chaotropic detergents, supporting efficient reduction of background signals. The protocol
was used to identify several RBPs interacting with reporter Renilla Luciferase (RLuc) mRNAs containing
Drosophila Sex-lethal (SxI) binding motifs in vitro, and for exploring the repertoire of proteins binding to 18S and
28S ribosomal RNA (rRNA) from UV-crosslinked Hela cells in vivo [Z8. While rRNAs are highly expressed in cells
(up to 10 million ribosomes per eukaryotic cell), the approach could potentially be suited for the recovery of lower

expressed endogenous mMRNAs or IncRNAs as well.

Two recent studies have successfully implemented short unmodified DNA oligonucleotides to capture mRNAs from
cells. Applying HyPR-MS, c-myc mRNA, coding for one of the best studied oncogenes, was captured from
formaldehyde crosslinked K562 cells 4. Therefore, two DNA oligonucleotides were used to ensure uniform
capture of the full c-myc transcript, while a scrambled oligo was used as control. In total, 229 proteins were found
to be associated with c-myc compared to control samples (=5-fold), including several RBPs previously known to
interact with the mRNA. It also revealed novel interactors and comparison with published CLIP/RIP data strongly
suggested those being bona fide interactors /1. Conversely, vIPR (in vivo Interactions by Pull-down of RNA) used
a tiling approach, using multiple 3'-biotinylated TEG linked 20-mer oligonucleotides to recover GFP-tagged gld-1
mRNA from the nematode Caenorhabditis elegans . The study also compared different crosslinking procedures,
suggesting that UV-crosslinking compared to chemical crosslinking with 2% paraformaldehyde recovered some
different RBPs at different efficiencies. For instance, RBPs binding to dsRNA were underrepresented in UV-
crosslinked samples. The method appeared to be highly efficient and selective, recovering known interactor with
3'UTR sequences of gld-1 in C. elegans. In addition, small RNA sequencing recovered known and biologically
relevant miRNA interactors, revealing miR-84 as specific regulatory of gld-1 transcripts. In conclusion, VIPR seems
to be well-suited for in vivo applications; however, the implementation of many DNA oligonucleotides needs careful
evaluation for each transcript because of potential cross-hybridization. Furthermore, the direct capture of RNP
complexes with streptavidin beads from extracts may recover prominent biotin binding proteins depending on the

type of cells/tissues

| 5. Conclusions

As RNA-centred investigations are becoming increasingly popular to characterise the dynamics of the RBPome,
methods to study the protein architecture on particular RNAs are now also becoming feasible. Besides a variety of
different aptamer-based RNA-capture approaches, substantial progress has been made implementing ASOs,
which is the sole approach for isolation of unmodified and in vivo formed RNPs. The “tiling” approaches seem to
achieve very efficient recovery of the target RNA (between 70-90%) but specificity could be compromised through
cross-hybridization and limitations apply for analysis of transcript isoforms. Several studies have also accomplished
a fairly good recovery of target RNAs with only one to three ASOs, minimising potential contamination through off-

targets and may be the preferred route for investigation of “shorter” RNAs. While most studies used either way —
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UV or chemicals - for crosslinking RNA-protein complexes in vivo, only a few side-by-side comparisons have been
done (e.g. [1@). Usually, UV-based studies revealed a lower number of interactors, adding to the common believe
that UV irradiation of cells is more selective to uncover direct RNA-protein interactions than chemical crosslinking,
which may reveal the “wider-sphere” of interactors; however additional side-by-side comparisons would be required
to make conclusive statements.

Generally, the currently developed methods to investigate in vivo formed RNA-protein interactions may now find
firm adaptation for studying the dynamic re-arrangement of RNPs on particular RNAs under stress conditions,
during development and in disease. Furthermore, studies of the RNA assembled factors across different cellular
compartments may become feasible (e.g. RNA maturation). Finally, as more quantitative data will become
accessible, it could pave the way to model regulatory networks for prediction of functional output. Currently, we are
just at the starting point for a new journey along the RNA that will certainly lead to many exciting discoveries and
fundamental insight into RNA biology, and ultimately lead to a better understanding of their cellular function in

health and disease, thereby offering new options for therapeutic intervention.

References

1. Uszczynska-Ratajczak, B.; Lagarde, J.; Frankish, A.; Guigo, R.; Johnson, R. Towards a complete
map of the human long non-coding RNA transcriptome. Nat. Rev. Genet. 2018, 19, 535-548.

2. Statello, L.; Guo, C.J.; Chen, L.L.; Huarte, M. Gene regulation by long non-coding RNAs and its
biological functions. Nat. Rev. Mol. Cell Biol. 2021, 22, 96-118.

3. Anantharaman, V.; Koonin, E.V.; Aravind, L. Comparative genomics and evolution of proteins
involved in RNA metabolism. Nucleic Acids Res. 2002, 30, 1427-1464.

4. Gerstberger, S.; Hafner, M.; Tuschl, T. A census of human RNA-binding proteins. Nat. Rev. Genet.
2014, 15, 829-845.

5. Gebauer, F.; Schwarzl, T.; Valcarcel, J.; Hentze, M.W. RNA-binding proteins in human genetic
disease. Nat. Rev. Genet. 2020, 416-425.

6. ladevaia, V.; Gerber, A.P. Combinatorial Control of mRNA Fates by RNA-Binding Proteins and
Non-Coding RNAs. Biomolecules 2015, 5, 2207-2222.

7. Glisovic, T.; Bachorik, J.L.; Yong, J.; Dreyfuss, G. RNA-binding proteins and post-transcriptional
gene regulation. FEBS Lett. 2008, 582, 1977-1986.

8. Corley, M.; Burns, M.C.; Yeo, G.W. How RNA-Binding Proteins Interact with RNA: Molecules and
Mechanisms. Mol. Cell 2020, 78, 9-29.

9. Albihlal, W.S.; Gerber, A.P. Unconventional RNA-binding proteins: An uncharted zone in RNA
biology. FEBS Lett. 2018, 592, 2917-2931.

https://encyclopedia.pub/entry/10819 13/19



RNA-Protein | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

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.

Tenenbaum, S.A.; Carson, C.C.; Lager, P.J.; Keene, J.D. Identifying mRNA subsets in messenger
ribonucleoprotein complexes by using cDNA arrays. Proc. Natl. Acad. Sci. USA 2000, 97, 14085—
14090.

Gerber, A.P.; Herschlag, D.; Brown, P.O. Extensive association of functionally and cytotopically
related mRNAs with Puf family RNA-binding proteins in yeast. PLoS Biol. 2004, 2, E79.

Nicholson, C.O.; Friedersdorf, M.; Keene, J.D. Quantifying RNA binding sites transcriptome-wide
using DO-RIP-seq. RNA 2017, 23, 32-46.

Ule, J.; Jensen, K.B.; Ruggiu, M.; Mele, A.; Ule, A.; Darnell, R.B. CLIP identifies Nova-regulated
RNA networks in the brain. Science 2003, 302, 1212-1215.

Hafner, M.; Landthaler, M.; Burger, L.; Khorshid, M.; Hausser, J.; Berninger, P.; Rothballer, A.;
Ascano, M., Jr.; 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.

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

Hogan, D.J.; Riordan, D.P.; Gerber, A.P.; Herschlag, D.; Brown, P.O. Diverse RNA-binding
proteins interact with functionally related sets of RNAs, suggesting an extensive regulatory
system. PLoS Biol. 2008, 6, e255.

Van Nostrand, E.L.; Freese, P.; Pratt, G.A.; Wang, X.; Wei, X.; Xiao, R.; Blue, S.M.; Chen, J.Y.;
Cody, N.A.L.; Dominguez, D.; et al. A large-scale binding and functional map of human RNA-
binding proteins. Nature 2020, 583, 711-719.

Keene, J.D. RNA regulons: Coordination of post-transcriptional events. Nat. Rev. Genet. 2007, 8,
533-543.

Imig, J.; Kanitz, A.; Gerber, A.P. RNA regulons and the RNA-protein interaction network. Biomol.
Concepts 2012, 3, 403-414.

Scherrer, T.; Mittal, N.; Janga, S.C.; Gerber, A.P. A screen for RNA-binding proteins in yeast
indicates dual functions for many enzymes. PLoS ONE 2010, 5, e15499.

Tsvetanova, N.G.; Klass, D.M.; Salzman, J.; Brown, P.O. Proteome-wide search reveals
unexpected RNA-binding proteins in Saccharomyces cerevisiae. PLoS ONE 2010, 5, e12671.

Baltz, A.G.; Munschauer, M.; Schwanhausser, 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.

https://encyclopedia.pub/entry/10819 14/19



RNA-Protein | Encyclopedia.pub

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

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 mMRNA-binding proteins. Cell 2012, 149, 1393-1406.

Beckmann, B.M.; Horos, R.; Fischer, B.; Castello, A.; Eichelbaum, K.; Alleaume, A.M.; Schwarzl,
T.; Curk, T.; Foehr, S.; Huber, W.; et al. The RNA-binding proteomes from yeast to man harbour
conserved enigmRBPs. Nat. Commun. 2015, 6, 10127.

Matia-Gonzalez, A.M.; Laing, E.E.; Gerber, A.P. Conserved mRNA-binding proteomes in
eukaryotic organisms. Nat. Struct. Mol. Biol. 2015, 22, 1027-1033.

Perez-Perri, J.I.; Rogell, B.; Schwarzl, T.; Stein, F.; Zhou, Y.; Rettel, M.; Brosig, A.; Hentze, M.W.
Discovery of RNA-binding proteins and characterization of their dynamic responses by enhanced
RNA interactome capture. Nat. Commun. 2018, 9, 4408.

Queiroz, R.M.L.; Smith, T.; Villanueva, E.; Marti-Solano, M.; Monti, M.; Pizzinga, M.; Mirea, D.M.;
Ramakrishna, M.; Harvey, R.F.; Dezi, V.; et al. Comprehensive identification of RNA-protein
interactions in any organism using orthogonal organic phase separation (OOPS). Nat. Biotechnol.
2019, 37, 169-178.

Urdaneta, E.C.; Vieira-Vieira, C.H.; Hick, T.; Wessels, H.H.; Figini, D.; Moschall, R.; Medenbach,
J.; Ohler, U.; Granneman, S.; Selbach, M.; et al. Purification of cross-linked RNA-protein
complexes by phenol-toluol extraction. Nat. Commun. 2019, 10, 990.

Trendel, J.; Schwarzl, T.; Horos, R.; Prakash, A.; Bateman, A.; Hentze, M.W.; Krijgsveld, J. The
Human RNA-Binding Proteome and Its Dynamics during Translational Arrest. Cell 2019, 176,
391-403.e109.

Bao, X.; Guo, X.; Yin, M.; Tariq, M.; Lai, Y.; Kanwal, S.; Zhou, J.; Li, N.; Lv, Y.; Pulido-Quetglas, C.;
et al. Capturing the interactome of newly transcribed RNA. Nat. Methods 2018, 15, 213-220.

Huang, R.; Han, M.; Meng, L.; Chen, X. Transcriptome-wide discovery of coding and noncoding
RNA-binding proteins. Proc. Natl. Acad. Sci. USA 2018, 115, E3879-E3887.

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.

Shchepachey, V.; Bresson, S.; Spanos, C.; Petfalski, E.; Fischer, L.; Rappsilber, J.; Tollervey, D.
Defining the RNA interactome by total RNA-associated protein purification. Mol. Syst. Biol. 2019,
15, e86809.

Bae, J.W.; Kwon, S.C.; Na, Y.; Kim, V.N.; Kim, J.S. Chemical RNA digestion enables robust RNA-
binding site mapping at single amino acid resolution. Nat. Struct. Mol. Biol. 2020, 27, 678—682.

https://encyclopedia.pub/entry/10819 15/19



RNA-Protein | Encyclopedia.pub

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ramanathan, M.; Porter, D.F.; Khavari, P.A. Methods to study RNA-protein interactions. Nat.
Methods 2019, 16, 225-234.

Van Ende, R.; Balzarini, S.; Geuten, K. Single and Combined Methods to Specifically or Bulk-
Purify RNA-Protein Complexes. Biomolecules 2020, 10, 1160.

Dasti, A.; Cid-Samper, F.; Bechara, E.; Tartaglia, G.G. RNA-centric approaches to study RNA-
protein interactions in vitro and in silico. Methods 2020, 178, 11-18.

Strehle, M.; Guttman, M. Xist drives spatial compartmentalization of DNA and protein to
orchestrate initiation and maintenance of X inactivation. Curr. Opin. Cell Biol. 2020, 64, 139-147.

Schwartz, J.C.; Wang, X.; Podell, E.R.; Cech, T.R. RNA seeds higher-order assembly of FUS
protein. Cell Rep. 2013, 5, 918-925.

Zhang, L.; Zhang, K.; Prandl, R.; Schoffl, F. Detecting DNA-binding of proteins in vivo by UV-
crosslinking and immunoprecipitation. Biochem. Biophys. Res. Commun. 2004, 322, 705-711.

Gemmill, D.; D’'Souza, S.; Meier-Stephenson, V.; Patel, T.R. Current approaches for RNA-labelling
to identify RNA-binding proteins. Biochem. Cell Biol. 2020, 98, 31-41.

Hamasaki, K.; Killian, J.; Cho, J.; Rando, R.R. Minimal RNA constructs that specifically bind
aminoglycoside antibiotics with high affinities. Biochemistry 1998, 37, 656—-663.

Bachler, M.; Schroeder, R.; von Ahsen, U. StreptoTag: A novel method for the isolation of RNA-
binding proteins. RNA 1999, 5, 1509-1516.

Hartmuth, K.; Vornlocher, H.P.; Luhrmann, R. Tobramycin affinity tag purification of spliceosomes.
Methods Mol. Biol. 2004, 257, 47—-64.

Vazquez-Pianzola, P.; Urlaub, H.; Rivera-Pomar, R. Proteomic analysis of reaper 5’ untranslated
region-interacting factors isolated by tobramycin affinity-selection reveals a role for La antigen in
reaper mRNA translation. Proteomics 2005, 5, 1645-1655.

Windbichler, N.; Schroeder, R. Isolation of specific RNA-binding proteins using the streptomycin-
binding RNA aptamer. Nat. Protoc. 2006, 1, 637-640.

ladevaia, V.; Wouters, M.D.; Kanitz, A.; Matia-Gonzalez, A.M.; Laing, E.E.; Gerber, A.P. Tandem
RNA isolation reveals functional rearrangement of RNA-binding proteins on CDKN1B/p27(Kip1l)
3'UTRs in cisplatin treated cells. RNA Biol. 2020, 17, 33-46.

Slobodin, B.; Gerst, J.E. A novel mRNA affinity purification technique for the identification of
interacting proteins and transcripts in ribonucleoprotein complexes. RNA 2010, 16, 2277-2290.

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,
el3.

https://encyclopedia.pub/entry/10819 16/19



RNA-Protein | Encyclopedia.pub

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hogg, J.R.; Collins, K. RNA-based affinity purification reveals 7SK RNPs with distinct composition
and regulation. RNA 2007, 13, 868—-880.

Di Tomasso, G.; Jenkins, L.M.M.; Legault, P. ARiBo pull-down for riboproteomic studies based on
label-free quantitative mass spectrometry. RNA 2016, 22, 1760-1770.

Lee, H.Y.; Haurwitz, R.E.; Apffel, A.; Zhou, K.; Smart, B.; Wenger, C.D.; Laderman, S.; Bruhn, L.;
Doudna, J.A. RNA-protein analysis using a conditional CRISPR nuclease. Proc. Natl. Acad. Sci.
USA 2013, 110, 5416-5421.

McDermott, J.J.; Watkins, K.P.; Williams-Carrier, R.; Barkan, A. Ribonucleoprotein Capture by in
Vivo Expression of a Designer Pentatricopeptide Repeat Protein in Arabidopsis. Plant Cell 2019,
31, 1723-1733.

Scherer, M.; Levin, M.; Butter, F.; Scheibe, M. Quantitative Proteomics to Identify Nuclear RNA-
Binding Proteins of Malatl. Int. J. Mol. Sci. 2020, 21, 1166.

Faoro, C.; Ataide, S.F. Ribonomic approaches to study the RNA-binding proteome. FEBS Lett.
2014, 588, 3649-3664.

Hogg, J.R.; Goff, S.P. Upfl senses 3'UTR length to potentiate mMRNA decay. Cell 2010, 143, 379—
389.

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,
M110.007385.

Yoon, J.H.; Gorospe, M. Identification of mMRNA-Interacting Factors by MS2-TRAP (MS2-Tagged
RNA Affinity Purification). Methods Mol. Biol. 2016, 1421, 15-22.

Ramanathan, M.; Majzoub, K.; Rao, D.S.; Neela, P.H.; Zarnegar, B.J.; Mondal, S.; Roth, J.G.; Gali,
H.; Kovalski, J.R.; Siprashvili, Z.; et al. RNA-protein interaction detection in living cells. Nat.
Methods 2018, 15, 207-212.

Blencowe, B.J.; Sproat, B.S.; Ryder, U.; Barabino, S.; Lamond, A.l. Antisense probing of the
human U4/U6 snRNP with biotinylated 2’-OMe RNA oligonucleotides. Cell 1989, 59, 531-539.

Lingner, J.; Cech, T.R. Purification of telomerase from Euplotes aediculatus: Requirement of a
primer 3’ overhang. Proc. Natl. Acad. Sci. USA 1996, 93, 10712-10717.

Schnapp, G.; Rodi, H.P.; Rettig, W.J.; Schnapp, A.; Damm, K. One-step affinity purification
protocol for human telomerase. Nucleic Acids Res. 1998, 26, 3311-3313.

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.

https://encyclopedia.pub/entry/10819 17/19



RNA-Protein | Encyclopedia.pub

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Chu, C.; Zhang, Q.C.; da Rocha, S.T.; Flynn, R.A.; Bharadwaj, M.; Calabrese, J.M.; Magnuson,
T.; Heard, E.; Chang, H.Y. Systematic discovery of Xist RNA binding proteins. Cell 2015, 161,
404-416.

Kim, J.; Piao, H.L.; Kim, B.J.; Yao, F.; Han, Z.; Wang, Y.; Xiao, Z.; Siverly, A.N.; Lawhon, S.E.;
Ton, B.N.; et al. Long noncoding RNA MALAT1 suppresses breast cancer metastasis. Nat. Genet.
2018, 50, 1705-1715.

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 IncCRNA interacts directly with SHARP to
silence transcription through HDAC3. Nature 2015, 521, 232-236.

Minajigi, A.; Froberg, J.; 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. Science 2015, 349.

Spiniello, M.; Knoener, R.A.; Steinbrink, M.1.; Yang, B.; Cesnik, A.J.; Buxton, K.E.; Scalf, M.;
Jarrard, D.F.; Smith, L.M. HyPR-MS for Multiplexed Discovery of MALAT1, NEAT1, and NORAD
IncRNA Protein Interactomes. J. Proteome Res. 2018, 17, 3022-3038.

Knoener, R.A.; Becker, J.T.; Scalf, M.; Sherer, N.M.; Smith, L.M. Elucidating the in vivo
interactome of HIV-1 RNA by hybridization capture and mass spectrometry. Sci. Rep. 2017, 7,
16965.

Spiniello, M.; Steinbrink, M.I.; Cesnik, A.J.; Miller, R.M.; Scalf, M.; Shortreed, M.R.; Smith, L.M.
Comprehensive in vivo identification of the c-Myc mRNA protein interactome using HyPR-MS.
RNA 2019, 25, 1337-1352.

Upadhyay, A.; Dixit, U.; Manvar, D.; Chaturvedi, N.; Pandey, V.N. Affinity capture and identification
of host cell factors associated with hepatitis C virus (+) strand subgenomic RNA. Mol. Cell.
Proteom. 2013, 12, 1539-1552.

Lenarcic, E.M.; Landry, D.M.; Greco, T.M.; Cristea, |.M.; Thompson, S.R. Thiouracil cross-linking
mass spectrometry: A cell-based method to identify host factors involved in viral amplification. J.
Virol. 2013, 87, 8697-8712.

Phillips, S.L.; Soderblom, E.J.; Bradrick, S.S.; Garcia-Blanco, M.A. Identification of Proteins
Bound to Dengue Viral RNA In Vivo Reveals New Host Proteins Important for Virus Replication.
MBio 2016, 7, e01865-15.

Matia-Gonzalez, A.M.; ladevaia, V.; Gerber, A.P. A versatile tandem RNA isolation procedure to
capture in vivo formed mRNA-protein complexes. Methods 2017, 118, 93—-100.

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.

https://encyclopedia.pub/entry/10819 18/19



RNA-Protein | Encyclopedia.pub

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Thell, K.; Imami, K.; Rajewsky, N. Identification of proteins and miRNAs that specifically bind an
MRNA in vivo. Nat. Commun. 2019, 10, 4205.

Chu, C.; Spitale, R.C.; Chang, H.Y. Technologies to probe functions and mechanisms of long
noncoding RNAs. Nat. Struct. Mol. Biol. 2015, 22, 29-35.

Simon, M.D.; Wang, C.l.; Kharchenko, P.V.; West, J.A.; Chapman, B.A.; Alekseyenko, A.A.;
Borowsky, M.L.; Kuroda, M.l.; Kingston, R.E. The genomic binding sites of a noncoding RNA.
Proc. Natl. Acad. Sci. USA 2011, 108, 20497-20502.

Chu, C.; Qu, K.; Zhong, F.L.; Artandi, S.E.; Chang, H.Y. Genomic maps of long noncoding RNA
occupancy reveal principles of RNA-chromatin interactions. Mol. Cell 2011, 44, 667—-678.

Engreitz, J.M.; Pandya-Jones, A.; McDonel, P.; Shishkin, A.; Sirokman, K.; Surka, C.; Kadri, S.;
Xing, J.; Goren, A.; Lander, E.S.; et al. The Xist INncRNA exploits three-dimensional genome
architecture to spread across the X chromosome. Science 2013, 341, 1237973.

Kazimierczyk, M.; Kasprowicz, M.K.; Kasprzyk, M.E.; Wrzesinski, J. Human Long Noncoding RNA
Interactome: Detection, Characterization and Function. Int. J. Mol. Sci. 2020, 21, 1027.

Harris, D.; Zhang, Z.; Chaubey, B.; Pandey, V.N. Identification of cellular factors associated with
the 3’-nontranslated region of the hepatitis C virus genome. Mol. Cell. Proteom. 2006, 5, 1006—
1018.

Zeng, F.; Peritz, T.; Kannanayakal, T.J.; Kilk, K.; Eiriksdottir, E.; Langel, U.; Eberwine, J. A protocol
for PAIR: PNA-assisted identification of RNA binding proteins in living cells. Nat. Protoc. 2006, 1,
920-927.

Phillips, S.L.; Garcia-Blanco, M.A.; Bradrick, S.S. Antisense-mediated affinity purification of
dengue virus ribonucleoprotein complexes from infected cells. Methods 2015, 91, 13-19.

Tan, C.C.S.; Maurer-Stroh, S.; Wan, Y.; Sessions, O.M.; de Sessions, P.F. A novel method for the
capture-based purification of whole viral native RNA genomes. AMB Express 2019, 9, 45.

Hassan, T.; Smith, S.G.; Gaughan, K.; Oglesby, I.K.; O'Neill, S.; McElvaney, N.G.; Greene, C.M.
Isolation and identification of cell-specific microRNAs targeting a messenger RNA using a
biotinylated anti-sense oligonucleotide capture affinity technique. Nucleic Acids Res. 2013, 41,
e7l.

ladevaia, V.; Matia-Gonzalez, A.M.; Gerber, A.P. An Oligonucleotide-based Tandem RNA Isolation
Procedure to Recover Eukaryotic mMRNA-Protein Complexes. J. Vis. Exp. 2018, 58223.

Retrieved from https://encyclopedia.pub/entry/history/show/25627

https://encyclopedia.pub/entry/10819 19/19



