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Abstract

Proper control and maintenance of gene expression is critical for cellular identity and 

maintenance. Transcription of RNA from the genome is intimately controlled by post-translational 

chemical modification of histone tails and DNA. Recent studies have demonstrated that chromatin-

remodeling complexes seek out their target genomic loci through the help of noncoding RNA 

molecules. Within this Review, we will outline how the use of biochemical techniques has shed 

light on the mechanisms employed by RNA to guide these complexes and therefore control gene 

expression.

Graphical abstract

Proper control of gene expression is essential for the cellular response to extracellular cues 

or stressors and ultimately organismal survival. While DNA content from cell to cell is 

largely the same, distinct gene sets are turned on or off in concert to orchestrate a systems-

level reaction and ensure proper cellular function. To control such gene sets, DNA is 

organized into a proteinaceous unit termed chromatin. Chromatin structures, which are 

modulated through DNA looping, nuclear bodies, promoter-enhancer elements, and 

transcription factories, must be tightly controlled to ensure proper gene expression.1,2 
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Recent methods have been developed to understand the structure and functional mechanisms 

that regulate the chromatin state on a global level.3,4

Chemical modification of histone proteins is a key mechanism for controlling gene 

expression. Many histone modifications have been reported to date.5 The two most abundant 

modifications—methylation and acetylation—have been widely studied and are well 

characterized. Their dynamic regulation has been demonstrated to be critical to chromatin 

maintenance across many species.6 Acetylation and deacetylation occur on lysine residues 

near the N-terminal tail of histone proteins.7 Histone methylation and demethylation have 

been implicated in both transcriptional activation (H3K4, K36, K79) and silencing (H3K9, 

H3K27, H4K20).8 Chromatin-modification enzymes control the deposition and removal of 

chromatin modifications for modulating RNA expression. Histone acetyl transferases 

(HATs) and histone deacetylases (HDACs) are responsible for lysine acetylation (Figure 

1A). Histone methyltransferases and demethylases control histone methylation status 

(Figure 1B).8 Histone acetylation eliminates the positively charged lysines on histone tails, 

the result of which is decreased interaction with DNA. The DNA is subsequently more 

loosely wrapped around histones and is available for the binding of transcription factors and 

proteins that initiate transcription.1 The opposite is true for histone deacetylation, wherein 

the restored positive charge on lysine causes greater interaction with DNA and thus 

condenses chromatin to prevent transcription.7 Chromatin condensation can also be brought 

about by methylation via indirect mechanisms. Relaxed, transcriptionally active DNA is 

referred to as euchromatin, and transcriptionally silent DNA (condensed) is heterochromatin. 

The dynamic nature of chromatin chemical modification has been explored for many 

decades. However, because the chemical and structural composition of histones is very 

similar from gene to gene, the mechanism for loci selection was largely unknown.

Transcription factors are well-known for their ability to bind to specific sequences or 

structures in genomic DNA.9 However, many chromatin-modifying complexes do not have 

proteins that bind to DNA directly.10 In some cases transcription factors can guide 

chromatin-modifying complexes. For example, recent studies have recently shown that the 

Jumanji protein Jarid2 is responsible for recruiting the histone demethylase polycomb 

repressive complex 2 (PRC2) to its target sites in mouse embryonic stem cells.11 However, 

Jarid2 expression is very low in differentiated cells.12 Therefore, for some time, it was 

unknown how PRC2 is targeted to chromatin in other cell types. In addition, there are many 

chromatin-modifying complexes, which target specific loci, without discovered DNA-

binding proteins.13 This represents just one example but is a common gap in our 

understanding of how chromatin modification is controlled and targeted.

The sequencing of higher-order mammalian transcriptomes has revealed that a substantial 

fraction of DNA is transcribed to yield many short or long noncoding RNAs (lncRNAs) with 

limited protein-coding capacity. Long noncoding RNAs are a set of noncoding transcripts 

that are greater than 200 nt in length. Similar to coding mRNAs (mRNAs), lncRNAs are 

transcribed by RNA Polymerase II, capped, spliced and polyadenylated.14 Profiling unique 

chromatin marks (K4–K36 bivalency) and reconstructing RNA-Seq maps have definitively 

demonstrated that lncRNAs are unique transcripts.15 Additional sequencing technologies 

capturing both the 5′-7-methyguano-sine cap and polyA tail have further enhanced our 

Nainar et al. Page 2

ACS Chem Biol. Author manuscript; available in PMC 2016 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



understanding of the complexity of lncRNA expression.16,17 RNA sequencing coupled with 

protein-coding potential prediction programs have added additional levels of stringency for 

predicting lncRNAs and separating them from protein-coding mRNAs.18 Each of these 

methods have developed robust and complementary maps of lncRNA expression. 

Comprehensive lncRNA expression analysis in several mouse and human cell types has 

revealed that lncRNA expression is very unique to cell-type and may even be more specific 

than the mRNA expression profile.19 Molecular profiling and genetic screens have identified 

lncRNAs that play a role in dosage compensation,20 imprinting,21 developmental gene 

expression, and reprogramming of human induced pluripotent stem cells.22

Perhaps the first well-characterized lncRNA was X-inactive-specific transcript, or XIST.23 

XIST is a 17 kb participant in X-chromosome inactivation during early development in 

females.24 XIST RNA spreads along the X-chromosome in cis and recruits different 

chromatin remodeling complexes, most notably polycomb repressive complex 2 (PRC2), to 

enforce gene silencing. PRC2 is a chromatin modifying complex consisting of H3K27 

methyltransferase subunits EZH2 (Enhancer of Zeste 2 Polycomb Repressive Complex 2 

Subunit), SUZ12 (Suppressor of Zeste 12), and EED (Embryonic Ectoderm 

Development).25 The observation that XIST interacts directly with PRC2 has been 

challenged, as PRC2 has been demonstrated to have a high level of nonspecific promiscuity, 

and super-resolution microscopy has revealed a spatial separation of XIST and PRC2 on the 

X-chromosome.26–28 Recent findings have also demonstrated that XIST may instead bind 

the protein SHARP to recruit HDAC3 (histone deacetylase 3) and initiate histone 

deacetylation and PRC2 recruitment to exclude Pol II across the X chromosome.29 The 

molecular mechanism of XIST targeting is an evolving story; nevertheless, XIST has served 

as a paradigm for understanding the mechanisms by whicn lncRNAs can control chromatin 

state.

Another of the first functionally characterized lncRNAs, HOTAIR, was shown to associate 

with and target PRC2 to distantly located genes.30 Unlike XIST, which targets gene 

repression in cis, HOTAIR works by silencing distant loci in trans. This work therefore 

provided evidence that lncRNAs may globally affect gene expression by bringing complexes 

to repress gene transcription. Another RNA, HOTTIP, was also shown to bind to the mixed-

lineage leukemia (MLL) histone H3K4 methyltransferase complex, bringing MLL to 

specific sites on the genome to activate transcription.31 These observations have been 

extended by others to show that many well-characterized intergenic RNAs are indeed 

binding to these complexes,32,33 thereby suggesting that lncRNAs may serve as guides to 

bring chromatin remodeling complexes to specific loci (outlined in Figure 1C).

lncRNAs have been implicated to control many diverse biological functions, beyond 

chromatin modification. For example, the lncRNA NRON complexes with an importin 

protein to regulate the subcellular trafficking of NFAT.34 A UCHL1 antisense lncRNA 

complexes with the UCHL1 mRNA to regulate protein synthesis of the UCHL1 protein.35 

Alu elements within cytoplasmic lncRNAs can form complementary duplexes with Alu 

elements in the 3′-UTRs of mRNAs to recruit the Staufen1 complex and enhance mRNA 

decay.36 The many functions of lncRNAs, from chromatin remodeling to translation control, 
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have prompted the need to develop biochemical tools to study lncRNA function within 

living cells.

There are many questions that remain to be answered in order to fully characterize the 

content of chromatin-associated RNAs. Where and when do lncRNAs bind to the genome? 

What are the proteins that interact with lncRNAs, and what is the RNA–protein interface? 

How does the structure of lncRNAs contribute to their biological function? The recent 

developments in methods to address these questions have foundations in chemical biology, 

with chemical reagent design being a critical component to the progress of the field. Within 

this Review, we discuss the recent utilization of chemical biology and chemical techniques 

to increase our understanding of how lncRNAs work and target specific chromatin 

modifying complexes to regulate gene expression.

Chemical Cross-Linking to Decipher Where and When RNAs Bind to the 

Genome

The observation that lncRNAs can bind to specific loci on the genome has prompted the 

development of biochemical methods that can assay their specific locations and the 

macromolecules they associate with. Many of these methods are rooted in the same 

principals that were first applied to assay chromatin marks and the localization of DNA-

binding proteins and chromatin-modification enzymes. Chromatin immunopurification 

followed by deep sequencing, or ChIP-Seq,37 is a common method used to assay the 

genomic localization of chromatin chemical modifications and proteins. In a ChIP 

experiment, a protein is cross-linked to DNA using formaldehyde. An antibody is then used 

to enrich the protein of interest. The associated DNA is then isolated and transformed into a 

sequencing library. ChIP has since been used as an experimental paradigm for the design of 

protocols used to isolate regions of the genome associated with an RNA of interest.

A few different protocols have been developed to assay the chromosomal location of 

noncoding RNAs associated with the regulation of epigenetic processes. Each of these 

methods begins with a critical chemical cross-linking step that “freezes” the localization of 

an RNA on the genome (Figure 2, A). The first of these, chromatin isolation by RNA 

purification or ChIRP,38 first relies on in-cell glutaraldehyde treatment (Figure 2B; 

compound 2). Glutaraldehyde forms a variety of adducts upon reacting with biomolecules, 

particularly with primary amines, such as lysine.39 Glutaraldehyde undergoes a Mannich-

type reaction to form imines, which tautomerize to enamines rendering the products 

irreversible. The products of these reactions can be both direct and indirect targets of an 

RNA.

Capture hybridization analysis of RNA targets (CHART) was an analogous technique 

developed in parallel to ChIRP.40 In CHART, formaldehyde is used as the in vivo cross-

linking chemical reagent (Figure 2B; compound 1). Extensive formaldehyde treatment (3% 

for 30 min) is expected to yield both direct and indirect cross-linking products containing 

RNA. Unlike glutaraldehyde cross-linking, formaldehyde forms an intermediary Schiff-base 

adduct, which is reversible.41 Such reversibility may be advantageous, as the cross-linked 

nucleic acid and proteins can be easily retrieved in their near-native form by hydrolysis.
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The most stringent chemical cross-linking protocol developed is associated with the 

methodology termed RNA antisense purification, or RAP.42 RAP utilizes disuccinimidyl 

glutarate, or DSG (Figure 2B; compound 3), along with formaldehyde to cross-link RNA-

containing complexes in vivo. DSG has two N-hydroxysuccinimide esters that are activated 

for nucleophilic attack with stronger nucleophiles, such as primary amines. The cross-linked 

products are formed via highly stable amides, and they are thought to be a mixture of RNA–

protein, RNA–DNA, and DNA–protein. Each of these chemical cross-linking compounds 

has unique characteristics for their reactivity and stability, and thus they have all found 

utility in methods that are focused on describing the lncRNA–genome interface.

In all of the methods mentioned above, in vivo cross-linking promotes the formation of 

stable complexes that can preserve both protein and DNA interactions with RNAs. In each 

protocol (as summarized in Figure 2A), the cells are subsequently lysed. Following lysis, 

biotin-appended antisense oligos can be used to enrich for an RNA of interest. Once an RNA 

is enriched, the cross-linked complex can be digested to obtain cross-linked proteins or 

genomic coordinates. Below, we summarize how such powerful biochemical techniques 

have increased our understanding of the ways lncRNAs bind to the genome.

The utilization of ChIRP to study RNA genomic binding sites was employed on the long 

noncoding RNA HOTAIR.38 HOTAIR associates with the chromatin modifying complex 

PRC2 to deposit methylation marks through its lysine methyltransferase activity, which 

leads to chromatin silencing. Incredibly, an unbiased comparison between the sites of 

HOTAIR binding demonstrated enrichment for genes involved in pattern specification 

processes, consistent with the model that HOTAIR enforces the epigenomic state of distal 

and posterior positional identity. Such a strong comparison is consistent with the suggestion 

that the HOTAIR–chromatin interaction is associated with PRC2 relocalization and gene 

silencing. Overlap of the HOTAIR ChIRP signal with the genomic occupancy of the PRC2 

components (Figure 2C) clearly shows very focal organization of HOTAIR genomic binding. 

The overlap between PRC2 target genes and HOTAIR occupancy suggested two models: 

HOTAIR may actively recruit PRC2 to it targets genes or HOTAIR is a scaffold that is 

transported with PRC2. The power of CHIRP was further demonstrated upon EZH2 (a core 

component of PRC2 that binds to histones) knockdown. The results of this test showed that 

HOTAIR is able to find its target loci, independent of PRC2. These ChIRP results were the 

first to show how focal lncRNA binding is, which is highly suggestive of lncRNAs' ability to 

seek out their target loci. Overall, such hybridization-based techniques demonstrated their 

power in revealing the intricacies of RNA targeting to chromatin. The additional utility of 

cross-linker selection has been extended to further increase our mechanistic understanding 

of how RNAs choose their respective chromatin targets.

The mechanisms for how RNAs choose to target specific chromatin loci is still largely 

unresolved. Choosing an appropriate cross-linker to trap unique complexes inside the cell 

can aid in attaining a deeper understanding. As one example, for some time it was 

hypothesized that intermolecular RNA–RNA interactions can be used by many ncRNAs to 

achieve their diverse functions (for example, snoRNAs43). However, this mechanism had not 

been proven in the context of genomic targeting. Using this approach was critical for 

unraveling the RNA–RNA interactions which provide evidence for RNA-mediated targeting 
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to the genome. Psoralen, and derivatives such as 4′aminomethyltrioxsalen or AMT, can 

crosslink two opposing uridine nucleobases in double-stranded RNA regions (Figure 2D). 

Upon light-exposure, AMT generates interstrand cross-links between uridine bases in RNA 

without reacting with proteins.44 In a modified RAP protocol (see above), AMT was used to 

cross-link RNA–RNA interactions inside cells. To showcase the utility of RNA–RNA cross-

linking by AMT, two ncRNAs implicated in RNA processing were investigated: U1 small 

nuclear RNA, a component of the spliceosome, and Malat1, a large ncRNA that localizes to 

nuclear speckles. U1 snRNA forms base-pair contacts with pre-mRNAs at 5′ splice sites. 

RAP confirmed that U1 directly hybridizes to 5′ splice sites and 5′ splice site motifs 

throughout introns. It also revealed that Malat1 interacts with pre-mRNAs indirectly through 

protein intermediates. Interactions with nascent pre-mRNAs cause U1 and Malat1 to localize 

proximally to chromatin at active genes, demonstrating that ncRNAs can use RNA–RNA 

interactions, which come from other RNAs that are being actively transcribed during their 

activation, to target specific pre-mRNAs and genomic sites. Thus, RAP-RNA (using AMT 

cross-linking) can accurately and specifically identify RNA–RNA interactions mediated by 

direct hybridization. As illustrated by this section, there are now several effective methods 

and techniques that can be used to identify where, and to some extent how, ncRNAs can 

localize to specific regions of the genome. The next logical steps following such 

characterization are focused on elucidating the structure of ncRNAs and the RNA–protein 

interface that controls ncRNA function.

Using Chemical Probing to Understand the Structure of Lncrnas

Each individual RNA can have unique primary sequences that can give rise to different 

structural components and mofits. Each of these motifs can perform different biological 

functions. For example, single-stranded regions often serve as landing pads for proteins.45 

Extended RNA structures have been implicated in RNA-based diseases,46 and disease-

associated mutations have been demonstrated to alter the structural landscape of RNA.47 

Therefore, discerning the function of noncoding RNAs and their control over epigenetic 

regulation critically relies on a more comprehensive understanding of their structures.

RNA structure mapping has been employed for decades to understand the physical 

properties of several RNAs. Several reagents have been developed for obtaining high 

confidence structure maps of RNAs. RNases that are specific for an RNA structural motif 

are used to obtain low-resolution measurements of RNA secondary structure.48,49

As an alternative, structure probing using small molecules has a rich history of providing 

RNA structure measurements at high resolution. Chemical probing of RNA structure first 

appeared in the 1980s.50,51 In these early experiments, dimethylsulfate was used to 

interrogate the solvent accessibility of guanosine and interrogate the base-pairing 

characteristics of adenosine and cytosine (Figure 3A). N1-methylation of adenosine and N3-

methylation of cytosine can be can be read out through reverse transcription, from which a 

corresponding cDNA sequence is created that is truncated at the modification site (explained 

below).52,53 These early investigations established the paradigm of using chemical methods 

to probe RNA structure.
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Additional chemical methods have more recently become available. Hydroxyl radical 

cleavage of solvent exposed residues, or metal catalyzed cleavage, are currently the most 

thorough methods for determining the secondary and tertiary structure of RNAs. Cleavage 

results in the formation of hydroxyl radicals that abstract the hydrogen from the C5′-

position of the backbone, one product of which is a 3′-phosphate and 5′-aldehyde.49,54–56

Selective Hydroxyl Acylation analyzed by Primer Extension, or SHAPE, is the most widely 

used method of chemical modification to probe RNA structure (Figure 3A). SHAPE takes 

advantage of two key observations: first, that electrophilic reagents can acylate the 2′-

hydroxyl group of RNA nucleotides and, second, that the reactivity of these 2′-hydroxyl 

groups differs depending on local RNA structure. Nucleotides at flexible positions sample 

conformations that transiently enhance their nucleophilicity and thus are more highly 

modified.57,58 All together, these chemical methods provide an increasingly holistic 

approach to probing RNA secondary structure.

RNA chemical modifications that present as adduct formation or strand cleavage products 

are traditionally analyzed by denaturing gel electrophoresis.59 For adduct formation, reverse 

transcription is performed to synthesize cDNA molecules. Each cDNA can be identified on a 

gel and mapped back to the primary sequence, where the intensity of cDNA stops is related 

to the number of modifications on the RNA at a given position. For RNA cleavage, the RNA 

is traditionally radiolabeled at the 5′-end. It is then directly loaded into a denaturing gel, and 

the cut sites can be identified and mapped back to the sequence (Figure 3B). More 

comprehensive reviews on methods to analyze RNA structure have recently been 

published.59

Interpretation of RNA structure data (from denaturing gels or sequencing) has its roots in the 

merger of RNA structure predictions and chemical probing experiments. RNA structure 

predictions originate in careful stability measurements on model RNAs; such measurements 

have given rise to the prevailing nearest-neighbor model developed by Turner and 

colleagues.60–62 To expand this model, free energy calculations for base pairs, helix 

stacking, mismatches, and even modified nucleosides have been empirically determined 

through optical melting experiments. A more comprehensive review on this important 

subject was very recently published.63 The merger of RNA structure measurements and 

structure prediction using nearest neighbor parameters can dramatically increase the true 

positive rates of base pairs and accuracy of secondary structure predictions.64,65 RNA 

structure prediction algorithms, such as RNAstructure,66 UNAfold,67 or RNAfold,68 can 

now be routinely used with chemical probing experiments to create reasonably accurate 

RNA structure models.

RNA structure probing by use of chemical probes has been utilized to understand the 

structure of entire viral RNA genomes,69 to characterize RNA–protein interactions,70 and to 

characterize RNA folding and structural transitions.57 Further, the information gained from 

studying RNA folding transitions with chemical probing71 and RNA–protein interactions 

inside cells for well-characterized RNAs72 set a strong experimental outline for 

investigations into the structures of lncRNAs and their complexes.
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The sites of RNA–protein interaction, which are critical for epigenetic regulation, have 

recently been elucidated through RNA structure probing techniques. Chemical probing was 

used to evaluate the complete secondary structure73 of all 2148 nucleotides of HOTAIR, a 

long-noncoding RNA involved in the targeted recruitment of the polycomb repressive 

complex (PRC2) to silence gene expression.30 Refolded HOTAIR RNA was subjected to 

RNA structure probing using SHAPE, DMS, and terbium-catalyzed strand cleavage.74 These 

results revealed that HOTAIR has several isolated regions that form into modular structured 

domains. Structure probing comparisons of individual domains to the full-length RNA 

revealed similar profiles, further demonstrating the stability of modular domains in RNA 

structure. Overall, it was demonstrated that HOTAIR is highly structured, as there are 56 

helical segments, 38 terminal loops, 34 internal loops, and 19 junction regions. Furthermore, 

greater than 50% of the nucleotides in HOTAIR are involved in base pairing.

The molecular interface between HOTAIR and PRC2 has yet to be fully determined. 

Previous deletion experiments on HOTAIR narrowed its protein interaction sites down to 

two modular regions: (1) a 300-nt-long region at the 5′ end of HOTAIR (nucleotides 1–300, 

HOTAIR300), which binds PRC2, and (2) a 646-nt-long region at the 3′ end of HOTAIR, 

which binds LSD1/CoREST/REST.75 Analysis of primary sequence conservation and 

covariation analyses revealed that the regions associated with putative PRC2 binding are 

highly structured and also have highly conserved predicted secondary structures. A parallel 

analysis of the HOTAIR–PRC2 interface further demonstrated that the PRC2 interaction site 

is composed of structured motifs that are critical for PRC2 recognition.76 These results 

demonstrate the overall utility of chemical probing to interrogate the structure and function 

of ncRNAs and proteins critical for epigenetic regulation.

Chemical probing of RNA structure has also been used to reveal the mechanism by which 

RNAs control the epigenetic state via recruitment of chromatin-modifying complexes. As 

one example, structure probing and RNA structure conservation analyses revealed the 

critical nature of RNA structure elements responsible for dosage compensation in 

Drosophila.77,78 Dosage compensation is an epigenetic phenomenon wherein proteins and 

lncRNAs associate for the purpose of transcriptional upregulation of genes on the male X 

chromosome. In order for this to occur, two RNAs called roX1 and roX2 control X 

chromosome-wide histone acetylation at H4 lysine 16. Dosage compensation complex 

(DCC) contains the male-specific lethal proteins MSL1–MSL3, a helicase MLE, and the 

histone acetyltransferase.79,80 A key missing piece in this epigenetic puzzle was how the 

structures of roX1 and roX2 RNAs were precisely formed and remodeled to control the 

nucleation of the dosage compensation complex.

Chromatography and immunopurification analysis demonstrated that MLE and the MSL 

proteins form direct interactions with roX RNAs. As such, MLE and MSL RNA binding 

sites were then characterized using individual-nucleotide resolution cross-linking and 

immunoprecipitation (iCLIP, discussed above). This analysis revealed that the MLE RNA 

helicase and MSL2 ubiquitin ligase bind to evolutionarily conserved domains containing 

tandem stem-loops in roX1 and roX2 RNAs in vivo. These sites are consistent with 

conserved elements known as roX boxes, which could play an important role in dosage 

compensation.81 Concurrent structural analysis by SHAPE probing demonstrated that MLE 
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binding sites are embedded into long stretches of sequence that are less structured and might 

be functionally irrelevant. Overall structure models revealed a similar architecture between 

both roX RNAs: stable helices formed by paired roX box motifs that are strung together by 

flexible single-stranded linkers. Additionally, analysis between structure probing and 

structure conservation revealed that structural flexibility is inversely correlated with 

conservation. This highly suggests that the double stranded regions of the RNA are 

structurally important (see example in Figure 3C). The structural conservation of roX box 

motifs was further underscored by demonstrating that different roX RNA domains have 

overlapping function; only combinatorial mutations in the tandem stem-loops result in a 

severe loss of dosage compensation and consequently male-specific lethality. This analysis 

serves as the basis for a model where repetitive structural motifs in lncRNAs could provide 

plasticity during multiprotein complex assemblies to ensure efficient targeting in cis or in 

trans along chromosomes. This analysis revealed that a combination of chemical probing 

and biochemical methods to interrogate the RNA–protein interface could reveal the 

mechanism of epigenetic regulation by noncoding RNAs.

The methods for measuring RNA structure with small molecules have also been extended to 

incorporate transcriptome-spanning technologies, such as RNA sequencing. DMS and 

SHAPE have been used in this capacity to provide transcriptome-wide measurements of 

RNA structure.82–84 These efforts have revealed the architecture of RNAs within cells and 

how RNA structure elements can influence post-transcriptional interactions, such as protein 

binding and methylation. Furthermore, more focused sequencing-based methods have been 

already used to reconstruct the entire secondary structure of the XIST noncoding RNA 

inside cells.85 As such, the marrying of chemical and transcriptomic approaches will 

undoubtedly reveal the even more fascinating roles that RNA structure plays to regulate the 

chromatin state.

Using Chemical Methods to Characterize the RNA–Protein Interface

Within cells, RNA molecules are rarely without a protein counterpart. RNA–protein 

interactions are critical for all aspects of RNA biology, from transcription to export, 

localization, and decay.86 The prevailing model in the field is that chromatin-associated 

RNAs are intimately tied to proteinacious chromatin remodeling complexes. Therefore, 

gaining molecular insights of the RNA–protein interface is critical for a holistic 

understanding of RNA-based mechanisms for controlling gene expression.

Perhaps the most widely used method for analyzing RNA–protein interactions is RNA 

immunopurification, or RIP.87 In RIP, formaldehyde cross-linking is used to freeze RNA–

protein complexes. The complex is then purified by utilizing an antibody either against the 

native protein sequence or a protein containing tag. qRT-PCR or RNA sequencing then 

identifies the associated RNAs. Formaldehyde cross-linking can capture RNA–protein or 

protein–protein interactions that are not at the RNA–protein interface. As such, the 

associated RNAs may not be in direct contact with a protein of interest enriched through 

purification. This limitation can result in false-positives or an unnatural RNA-protein 

interaction that forms post lysis.88,89 To overcome these methods, more precise assays have 

been developed to study the RNA–protein interface with high resolution.
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Cross-linking and immunoprecipitation or CLIP of in vivo RNA targets of RNA-binding 

proteins is a recently developed method that takes advantage of chemical cross-linking to 

identify the sites of protein binding on RNA.90 CLIP uses 254 nm ultraviolet light to induce 

excitation of the RNA nucleobases. This causes the formation of covalent bonds between 

proteins and nucleic acids that are in close proximity. The RNA–protein interface is then 

amenable to high stringency washes and denaturing gel electrophoresis. Isolated cross-link 

sites can then be cloned and identified by deep sequencing, where the actual binding site can 

be identified (outlined in Figure 4A). Although powerful, a major setback in CLIP 

experiments is the reliance upon the low-efficiency cross-linking between RNA and proteins, 

which is estimated to be <1%.

To overcome the limitations of CLIP, an alternative method termed Photoactivatable-

Ribonucleoside-Enhanced Cross-linking and Immunoprecipitation or PAR-CLIP was 

developed. PAR-CLIP leverages the ability of thiol-containing nucleosides to selectively 

excite with 365 nm light.91 Nascent RNA transcripts can be labeled with modified 

nucleosides by treating cells with photoreactive ribonucleoside analogs, such as 4-

thiouridine (4-SU; Figure 4B) and 6-thioguanosine (6-SG), which will nascently 

incorporate. Irradiation of the cells by 365 nm light induces efficient cross-linking of RNAs 

containing photoreactive nucleoside RNAs with electron-rich amino acids that are closely 

associated (Figure 4B). For some RNA-binding proteins compared head-to-head, UV cross-

linking efficiency has been demonstrated to increase from <1% (with uridine) to in some 

cases near quantitative.91 One potential drawback to PAR-CLIP is the introduction of 4-SU 

into cellular RNA; however, 4-SU has been demonstrated to be robustly incorporated into 

many different cell types in vitro.91–93

PAR-CLIP was recently used to characterize the lncRNA-PRC2 interface.94 PRC2 has 

histone methyltransferase activity and primarily trimethylates lysine 27 of histone H3 (i.e., 

H3K27me3), a mark of transcriptionally silent chromatin.95 The biochemical function of 

PRC2 had been known for some time; however, how PRC2 is coordinated to the genome to 

locate methylation target sites was still not fully resolved. Using PAR-CLIP, it was revealed 

that PRC2 binds with low occupancy to a majority of promoters. PRC2 was demonstrated to 

bind to the 5′-end of nascent RNA transcribed at or near the promoter sites of PRC2 

enrichment. As such, PAR-CLIP was instrumental for establishing the model in which PRC2 

senses nascent RNA transcription and anchors itself at promoters, prompting methylation at 

those genetic loci. The numerous studies utilizing the methods of CLIP and PAR-CLIP have 

paved the way to an increased understanding of how RNAs interact with protein complexes 

and guide them to particular loci on the genome.

Additional tools continue to be developed with the hopes of expanding the methodologies 

used to probe and identify RNA-binding proteins. This is especially important in the context 

of RNA–protein interactions that are highly transient. Recent studies have demonstrated that 

many of the chromatin-associated RNAs are in complexes that act in transit and thus have 

very short residence time on the genome while complexed. As such, for furthered 

understanding of chromatin-associated RNAs and the proteins they associate with in vivo, 

there is a need to develop novel cross-linking methods that have higher efficiencies than 

CLIP or PAR-CLIP.
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One such method was recently developed, and it relies on ligand-induced chemical cross-

linking. In vivo proximity labeling (IPL) technology employs an affinity tag, combined with 

a photoactivatable probe to label RNAs nearby in space (length limited by the linker distance 

from BSA) to a protein of interest.96 One side of the ligand probe is appended with a biotin, 

the other with an aryl azide (Figure 4C). Aryl azides are especially powerful for cross-

linking with RNA due to their high efficiency. When an aryl azide is exposed to UV light 

(250 to 350 nm), it forms a nitrene group that can initiate addition reactions with double 

bonds, insertion into C–H and N–H sites, or subsequent ring expansion to react with a 

nucleophile (e.g., primary amines). IPL cross-linking relies on tagging of nearby RNAs to 

the BSA-tagged protein (Figure 4D). The power of IPL was showcased when it was used to 

identify RNAs associated with the SNRNP70 protein. RNA sequencing of tagged RNAs was 

used to identify the spliceosomal U1 small nuclear RNA (snRNA) but was unable to detect 

other highly abundant 5S rRNA and U2 small nuclear RNA (snRNA), both of which are 

known not to be associated with the SNRNP70 protein. As such, IPL is a novel alternative 

for utilizing chemical probes to identify protein–RNA interactions inside living cells.

In summation, the number of methods that can be utilized to study RNA–protein interactions 

continues to grow. This underscores the expanse of their utility in characterizing the RNA–

protein interface inside living cells.

Concluding Remarks

Studies focused on RNA biology are undergoing a renaissance. Characterizing their 

structure and the proteins they interact with was key to further understanding their function. 

We suspect that it is due in large part to the plethora of chemical tools used to functionally 

characterize lncRNAs, and their interaction with chromatin will move at a much faster pace. 

In addition, many other types of RNA are associated with chromatin. For example, antisense 

RNAs have been demonstrated to interact with chromatin complexes and control gene 

expression and even RNA decay.97,98 Furthermore, small RNAs have been shown to form 

duplex structures with nascent RNA to guide protein complexes for chromatin 

modification.99 The tools and techniques described herein have demonstrated great utility in 

furthering our understanding of the many types of RNAs controlling chromatin and the 

mechanisms used. Moreover, further development and optimization of biological protocols 

based on the principals of chemistry will immensely aid in this effort.
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Figure 1. 
Mechanisms of chromatin modification and RNA-guided modification. (A) Methylation and 

demethylation of histone tails. (B) Acetylation and deacetylation of histone tails. (C) 

Depiction of guidance of histone modification enzymes by RNA.
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Figure 2. 
Methods for assaying RNA localization on chromatin. (A) Schematic of methods to isolate 

RNAs, based on hybridization techniques. (B) Chemical structure of cross-linkers used to 

capture in vivo RNA interactions. (C) Localization profile demonstrating HOTAIR genomic 

occupancy in comparison to proteins in the PRC2 complex. (Figure adapted from ref 38. 

Copyright Elsevier 2011). (D) Chemical scheme depicting RNA–RNA cross-linking using 

AMT cross-linker.
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Figure 3. 
Chemical and genomic methods for analyzing RNA structure. (A) Chemical modification by 

RNA structure readers DMS and SHAPE. (B) Schematic for analysis of adduct formation 

through RNA structure measurements. The experimenter can either analyze adducts through 

denaturing gel electrophoresis, or more recently, RNA sequencing. (C) SHAPE analysis of 

RoX RNA. A comparison between RNA structure probing and conservation suggests the 

lower SHAPE reactive sites (double stranded) are highly conserved and thus are important 

for function (Figure adapted from ref 77. Copyright Elsevier 2013).
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Figure 4. 
Methods to interrogate the RNA–protein interface. (A) Schematic of CLIP. (B) Chemical 

cross-linking of 4-thiouridine and tyrosine in PAR-CLIP. (C) Schematic of aryl zide warhead 

in IPL. (D) Schematic of IPL.
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