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Summary

The extraordinary maturation in high-throughput sequencing technologies has revealed the 

existence of a complex network of transcripts in eukaryotic organisms, including thousands of long 

noncoding (lnc) RNAs with little or no protein-coding capacity. Subsequent discoveries have shown that 

lncRNAs participate in a wide range of molecular processes, controlling gene expression and protein 

activity though direct interactions with proteins, DNA, or other RNA molecules. While significant advances 

have been achieved in the understanding of lncRNA biology in the animal kingdom, the functional 

characterization of plant lncRNAs is still in its infancy and remains a major challenge. In this review, we 

report emerging functional and mechanistic paradigms of plant lncRNAs and partner molecules and 

discuss how cutting-edge technologies may help to identify and classify yet uncharacterized transcripts 

into functional groups.

KEYWORDS: Plant long noncoding RNAs; Antisense transcripts; Circular RNAs; Transcriptional read-

through; Transcription; Alternative splicing; Genome topology; RNA-related methodologies.

I. Introduction

Over the last few years, next generation sequencing technologies have led to the identification of 

thousands of long noncoding (lnc) RNAs (>200nt in length) in eukaryotic transcriptomes (Tripathi et al., 

2017; Chekanova & Wang, 2019). Subsequent functional analyses have associated lncRNAs with a wide 

range of biological and molecular processes, and several regulatory paradigms have emerged. Although A
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lncRNAs show only little or no protein-coding capacity, they have been described as key regulatory 

molecules able to directly interact with proteins, DNA, or other RNAs to regulate gene expression (Dhanoa 

et al., 2018; Lucero et al., 2020b). In plants, the functional characterization of lncRNAs remains a major 

challenge. To move this barrier, novel structural analyses (Sanbonmatsu, 2019) and cell biology 

approaches (Duncan et al., 2016; Yang et al., 2020) have been increasingly combined with genome editing 

and genomic deletions mediated by CRISPR technologies (Zhou et al., 2014; Durr et al., 2018), aiming to 

characterize lncRNA molecular functions. Furthermore, a wide range of innovative biochemical techniques 

have proved to be essential for the elucidation of the plant lncRNA interactome. The capacity of lncRNAs 

to participate in ribonucleoprotien complexes, as well as to form RNA-DNA hybrids o RNA-RNA duplexes is 

directly linked to their functional activity. In this review, we report the emerging functional and 

mechanistic paradigms of plant lncRNAs in association with different molecular partners and discuss how 

the advent of novel biochemical approaches and the support of computational analyses may enable the 

functional characterization of lncRNAs in the plant kingdom.

II. Long noncoding RNAs forming ribonucleoprotein complexes

It is increasingly clear that lncRNAs regulate gene expression by interacting with various types of 

proteins forming part of the transcriptional and splicing machineries, or being involved in chromatin 

modification and remodeling. By forming ribonucleoprotein complexes, lncRNAs can modulate the sub-

cellular localization and the molecular activity of their protein partners. Many interactions between 

lncRNAs and proteins have been identified by techniques based on protein precipitation (RIP, CLIP; Box 1), 

or by in vivo or in vitro RNA pull-down assays (Box 1). Innovative genome-wide approaches providing 

tissue- or cell type-specific resolutions have been additionally designed to unravel lncRNA-protein 

interactions across the genome (PIP-seq; Box 1). Furthermore, advances in the computational prediction 

of RNA-protein interactions have also been reported (Pan et al., 2019; Sagar & Xue, 2019).

LncRNAs interacting with the transcriptional machinery

In animals, several lncRNAs were shown to interact with transcription factors (Hung et al., 2011; 

Jiang et al., 2018) and with the Mediator complex (Soutourina, 2018) to modulate their access to 

chromatin. In Arabidopsis, the lncRNA ELF18-INDUCED LONG-NONCODING RNA1 (ELENA1) was shown to 

recruit the transcriptional coactivator Mediator subunit 19a to activate the transcription of the 

PATHOGENESIS-RELATED 1 gene, enhancing the resistance against pathogenic bacteria (Seo et al., 2017) 

(Figure 1A). Future RIP/CLIP-Seq approaches will likely allow the identification of additional lncRNAs A
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associated with the Mediator complex in plants. Similarly, the promoter-associated (Ariel et al., 2015) 

lncRNA HIDDEN TREASURE 1 (HID1) was found to be part of a large nuclear ribonucleoprotein complex 

and associates with the first intron of PHYTOCHROME-INTERACTING FACTOR 3 to repress its transcription, 

promoting photomorphogenesis in continuous red light (Wang et al., 2014b) (Figure 1A). ChIRP-MS (Box 

1) assays may allow the identification of the HID1 protein partners that are currently uncharacterized.

LncRNAs interacting with splicing factors

The interaction of lncRNAs with splicing factors may condition their stability and their sub-cellular 

localization (Romero-Barrios et al., 2018). In the model legume Medicago truncatula, the lncRNA EARLY 

NODULIN 40 (ENOD40) interacts with and regulates the nucleocytoplasmic trafficking of the nuclear 

speckle RNA-binding protein (NSR) RNA Binding Protein 1 (RBP1) (Campalans et al., 2004; Lucero et al., 

2020a) (Figure 1B). Similarly, in Arabidopsis, the lncRNA ALTERNATIVE SPLICING COMPETITOR (ASCO) can 

hijack NSR proteins in the nucleus to modulate the alternative splicing (AS) of NSR pre-mRNA targets in 

response to auxin (Bardou et al., 2014) (Figure 1B). 

Recently, an NSRa RIP-Seq (Box 1) revealed that NSR proteins recognize multiple lncRNAs, 

suggesting that an interplay between lncRNAs and mRNAs in NSR-containing complexes may integrate 

developmental and external signals (Bazin et al., 2018). In addition to NSRs, the lncRNA ASCO also 

interacts with the spliceosome-core components PRP8a and SmD1b, fine-tuning the transcriptional 

response to flagellin. It was thus proposed that lncRNAs may integrate a dynamic network including 

spliceosome proteins to modulate transcriptome reprogramming in eukaryotes (Rigo et al., 2020) (Figure 

1B). Further RIP/CLIP-Seq approaches on other peripheral splicing factors and spliceosome core 

components will likely help to decipher the identity and roles of additional lncRNAs in splicing regulations. 

LncRNAs interacting with epigenetic regulators

LncRNAs are generally enriched in the nucleus and especially within the chromatin-associated 

fraction. Accordingly, many of them have been implicated in epigenetic regulations, including the dynamic 

determination of three-dimensional (3D) nuclear organization (Quinodoz & Guttman, 2014). 

In plants, Polycomb-group (PcG) proteins regulate phase transitions and maintain cellular and 

tissue identity (Schubert, 2019). In Arabidopsis, the Polycomb repressive complex-2 (PRC2), which is 

responsible for the deposition of the repressive epigenetic mark H3K27me3 (Schuettengruber et al., 

2007), interacts with two intronic (Ariel et al., 2015) lncRNAs recruited by the methyltransferase subunit 

CURLY LEAF. These two lncRNAs, named COLDAIR and AG-intron-4, participate respectively in the 

transcriptional silencing of FLC and AGAMOUS, encoding key transcription factors involved in flowering A
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(Heo & Sung, 2011; Kim & Sung, 2017) (Figure 1A). Interestingly, FLC is further regulated by two additional 

lncRNAs named COOLAIR and COLDWRAP (Marquardt et al., 2014) (Figure 1A). COLDWRAP, derived from 

the FLC proximal promoter, is also recognized by the PRC2 complex and modulates an intragenic 

chromatin loop repressing FLC transcription (Kim & Sung, 2017). 

 In addition, the PRC1 subunit LIKE HETEROCHROMATIN PROTEIN 1 (LHP1), which regulates 

H3K27me3 spreading (Veluchamy et al., 2016; Wang et al., 2016a) and the chromatin 3D conformation of 

PRC1 target genes (Veluchamy et al., 2016), can interact with the intergenic lncRNA AUXIN REGULATED 

PROMOTER LOOP (APOLO) (Ariel et al., 2015). It was shown that LHP1 participates in the formation of a 

local chromatin loop encompassing the intergenic region between the APOLO locus and its neighbor gene 

PINOID (Ariel et al., 2014) (Figure 1A). ChIRP-Seq analyses (Box 1) additionally revealed that APOLO 

recognizes a plethora of auxin-related genes in trans and decoys LHP1 from its targets, modulating 

chromatin 3D conformation (Ariel et al., 2020). It has also been shown in rice that the expression of the 

leucine-rich repeat receptor kinase clustered genes RLKs is modulated in cis by the lncRNA LRK ANTISENSE 

INTERGENIC RNA (LAIR). LAIR can directly recruit OsMOF (MALES ABSENT ON THE FIRST) and OsWDR5 

(WD REPEAT DOMAIN 5), involved in H4K16 acetylation and chromatin remodeling (Wang et al., 2018) 

(Figure 1A).  

Future RIP/CLIP-Seq approaches will likely allow the identification of additional lncRNAs 

associated with PRC1 and 2 components, and other histone modifiers. It would be interesting to 

additionally assess the presence of lncRNAs in chromatin remodeling complexes (e.g. SWI/SNF) (Jégu et 

al., 2015) and their potential roles in genome topology. The identification of nuclear-enriched lncRNAs by 

nuclear vs. total RNA-Seq assays, in association with RIP/CLIP-Seq approaches revealing those lncRNAs 

associated to chromatin-related proteins, may serve to characterize and contextualize epigenetically 

active noncoding transcripts. A growing offer of cutting-edge technologies based on 3C, such as Hi-C, 

ChiAPET or Hi-ChIP (Box 1), is also contributing to a deeper understanding of plant genome topology 

(Rodriguez-Granados et al., 2016; Ricci et al., 2019). In this context, the identification and characterization 

of lncRNA-associated chromatin loops by Hi-ChIRP (Box 1) will certainly shed light on the role of 

noncoding transcripts in the 3D genome organization. 

III. Long noncoding RNAs forming RNA–DNA hybrids

A first description of the genome-wide distribution of DNA-RNA hybrids (R-loops) was performed 

in Arabidopsis seedlings based on ssDRIP-Seq (Box 1), and it revealed that R-loops are pervasive along  its 

genome (Xu et al., 2017). More recently, a comprehensive study also based on ssDRIP-Seq, provided an A
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overview of R-loop dynamics during Arabidopsis development and response to stress (Xu et al., 2020). 

However, alternative technical approaches that could support the conclusions based on DRIP assays are 

still missing in plants, and the functional characterization of lncRNAs forming R-loops remains a promising 

and largely unexplored thematic.

R-loop mediated trans action of lncRNAs

It was recently shown that the lncRNA APOLO recognizes multiple spatially unrelated loci in the 

Arabidopsis genome via sequence complementarity and R-loop formation. Most of these targets are 

auxin-responsive genes involved in lateral root development (Ariel et al., 2020) (Figure 2A). Further 

research will be needed to identify additional lncRNAs associated with R-loops. The anti-R-loop antibody 

S9.6 could be used for DRIP-RNA-Seq (Box 1), while the RIDP technique (Box 1) may allow the 

identification of lncRNAs associated with specific loci. In addition, alternative approaches recently 

developed in animal models such as R-ChIP and RADICL-Seq (Box 1) may be useful to identify and classify 

epigenetically-active plant lncRNAs and map genome-wide RNA-chromatin interactions. Complementary 

approaches based on IP-MS (Box 1) may also help to discover other R-loop-associated proteins, in 

addition to the recently identified ALBA complex (Yuan et al., 2019).

Circular RNAs forming R-loops

Circular RNAs (circRNAs) are covalently closed single-stranded RNA molecules resulting from a 

form of AS, named back-splicing, whose function in plants remains elusive (Chen, 2016). Described as a 

novel class of regulatory molecules, circRNAs have been associated with the regulation of transcription, 

the binding of miRNAs, and the modulation of AS (Lai et al., 2018). 

In Arabidopsis, it was demonstrated that a circRNA derived from the 6th exon of the SEPALLATA 3 

(SEP3) gene forms a DNA-RNA duplex with its own parent gene. The resulting R-loop promotes the 

processing of the nascent transcript into the naturally-occurring exon 6-skipped SEP3.3 isoform, driving 

floral homeotic phenotypes (Conn et al., 2017) (Figure 2B). In recent years, several RNAseR-based RNA-

Seq approaches (Box 1) have served to identify genome-wide occurrence of circRNAs under alternative 

conditions (Darbani et al., 2016; Wang et al., 2017b). However, an exhaustive analysis linking R-loop 

formation, circRNAs and AS in plants is still missing to determine to what extent the observations of the 

SEP3 locus constitute a general regulatory mechanism shaping the plant transcriptome (Ariel & Crespi, 

2017). Interestingly, in animals, a subset of circRNAs was also shown to be associated with polysomes and 

translated into proteins (Pamudurti et al., 2017). Future TRAP-Seq (Box 1) approaches may thus be used in 

plants to identify novel protein-coding circRNAs.A
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IV. Long noncoding RNAs forming RNA–RNA duplexes

The formation of lncRNA-RNA duplexes relies on the sequence complementarity between the two 

RNA molecules and was mostly associated with the regulation of gene expression at the post-

transcriptional level. For instance, cis natural antisense transcripts (NATs) (Ariel et al., 2015) pair with 

target RNAs at specific regions of complementarity to control their stability or their translation. 

Remarkably, 70% of annotated mRNAs in Arabidopsis were found to associate with detectable lncNATs 

(Wang et al., 2014a). The occurrence of trans-lncNATs was also computationally predicted, expanding the 

possibilities of gene expression regulation mediated by interactions between RNAs coming from distant 

loci (Wang et al., 2006). 

In plants, the formation of NAT pairs has been related to gene silencing and translational 

promotion (Ariel et al., 2015). It was also suggested that lncRNA-RNA pairs may regulate the AS of 

protein-coding genes (Jen et al., 2005). In addition, lncRNAs can serve as microRNA (miRNA) sponge 

sequestering miRNAs with imperfect base complementarity, a functional mechanism referred to as 

“target mimicry” (Franco-Zorrilla et al., 2007). RNA-RNA hybrids can be identified at a genome-wide level 

based on RRI-Seq (Box 1) and associated computational methods (Nguyen et al., 2016; Li et al., 2020). The 

prediction of RNA-RNA interactions in silico is also aided by available bioinformatic tools (Lai & Meyer, 

2015).

LncRNA-RNA duplexes triggering transcriptional silencing or translational promotion 

In Petunia hybrida, the SHO gene involved in cytokinin biosynthesis is post-transcriptionally 

modulated by a cis-lncNAT triggering the production of double-stranded RNA-derived small interfering 

RNAs (siRNAs), leading to the degradation of the SHO RNA in a tissue-specific manner (Zubko & Meyer, 

2007) (Figure 3A). Moreover, an analysis in silico of siRNA accumulation over antisense loci in Arabidopsis 

suggested that RNA interference constitutes an important gene regulatory mechanism for at least a 

subset of cis-NATs (Jin et al., 2008). 

In rice, a different mechanism regulating the phosphate homeostasis-related gene PHOSPHATE1;2 

(PHO1;2) was uncovered. The transcription of a cis-lncNAT of PHO1;2 was linked to the shuttle of the 

sense–antisense RNA pair towards polysomes, supporting the idea of translational promotion of PHO1;2 

by the action of a corresponding cis-lncNAT (Jabnoune et al., 2013) (Figure 3A). Identifying NAT pairs in 

polysomes by TRAP-Seq (Box 1), in comparison with nuclear NAT pairs in mutant backgrounds affected in 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

siRNA biogenesis and gene silencing, may allow mapping of the occurrence of lncNAT-(pre)mRNA 

associations leading to RNA degradation vs. translational promotion.

LncRNAs acting as target mimics for microRNAs

In Arabidopsis, the lncRNA INDUCED BY PHOSPHATE STARVATION 1 (IPS1) was the first transcript 

reported to sequester a miRNA by forming a lncRNA-miRNA duplex. The IPS1 sequence is complementary 

to the phosphate starvation-induced miR-399, but the pairing is interrupted by a mismatched loop at the 

expected miRNA cleavage site. Thus, IPS1 is not cleaved but instead sequesters miR-399 (Franco-Zorrilla et 

al., 2007) (Figure 3B). More recently, genome-wide analyses allowed the identification of further lncRNAs 

potentially acting via target mimicry of 20 miRNAs conserved in Arabidopsis and rice (Wu et al., 2013). 

Additionally, it was reported in rice that root development is regulated by a retrotransposon acting as a 

miRNA sponge. Retrotransposon-derived transcripts act as decoys for miR171 which destabilizes 

SCARECROW-like transcription factor mRNA (Cho & Paszkowski, 2017). Other transposon-related lncRNAs 

have been linked to biotic and abiotic stress (Wang et al., 2017c,a) as well as DNA damage (Wang et al., 

2016b) although their mechanisms of action remain largely unknown. LncRNA-mediated miRNA target 

mimicry in plants has been generalized as a complex regulatory mechanism existing in all eukaryotes and 

including a variety of lncRNAs collectively known as competing endogenous RNAs (ceRNAs; (Kartha & 

Subramanian, 2014)).

V. Long noncoding RNAs involved in alternative molecular mechanisms

Several plant lncRNAs have been linked to the regulation of their corresponding overlapped 

protein-coding gene, having an impact on diverse key physiological and developmental processes. 

However, it remains uncertain whether their mechanisms of action depend on interactions with DNA, 

proteins, or other RNA molecules.

Antisense transcripts regulating their overlapped protein-coding genes

In Arabidopsis, the expression of the heat stress transcription factor HSFB2a is counteracted by 

the heat-inducible lncNAT asHSFB2a, influencing vegetative and gametophytic development (Wunderlich 

et al., 2014) (Figure 3A). Similarly, the lncNAT CDF5 LONG NONCODING RNA (FLORE) and its antisense 

gene CDF5, proposed to constitute an additional circadian regulatory module regulating flowering, exhibit 

an antiphasic expression reflecting a mutual inhibition (Henriques et al., 2017) (Figure 3A). The lncNAT 

asDOG1, whose promoter exhibits a high conservation across the Brassicaceae, suppresses DELAY OF A
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GERMINATION 1 expression in cis during seed maturation (Fedak et al., 2016) (Figure 3A). Finally, the 

FLOWERING LOCUS C (FLC), a key gene regulating the timing of the initiation of flowering in Arabidopsis, is 

controlled by a set of antisense transcripts, collectively named COOLAIR. The AS of COOLAIR is associated 

with the downregulation of FLC during vernalization, in a process requiring the H3K4me2 demethylase 

FLOWERING LOCUS D (FLD), pointing at a role of COOLAIR in epigenetic mechanisms (Liu et al., 2010). 

Furthermore, it was shown by ChIRP that COOLAIR locally interacts with chromatin and mediates the 

chromatin state switch of FLC (Csorba et al., 2014) (Figure 3A). Future research may help to identify the 

molecular partners of these lncRNAs and decipher their mechanisms of action.  

Antisense transcription leading to Pol II head-to-head collision 

The lncRNA SVALKA is transcribed on the antisense strand of CBF1, a gene encoding C-

repeat/dehydration-responsive element Binding Factor 1. In response to cold, SVALKA Pol II read-through 

triggers the transcription of asCBF1, a lncRNA located downstream of SVALKA and overlapping the end of 

the CBF1 locus. It was proposed that SVALKA-dependent asCBF1 transcription causes Pol II transcriptional 

collision (Kindgren et al., 2018), an event resulting in the enzyme stopping (Hobson et al., 2012) and the 

transcriptional termination of protein-coding genes (Du Mee et al., 2018) (Figure 3A). Interestingly, Pol IV 

and Pol V activity was also linked to Pol II termination. Nuclear run-on assays (Box 1) revealed that in 

approximately 12% of the protein-coding genes, Pol II occupancy downstream of poly(A) sites significantly 

increases in pol IV or pol V mutants (McKinlay et al., 2018). Further research combining GRO-Seq (Box 1) 

with RNA-Seq in mutant backgrounds related to epigenetics or RNA degradation will likely help to 

determine to what extent transcription is fine-tuned by Polymerase collision of coding vs. noncoding 

convergent transcriptional units.

VI. Conclusions

Generalizing the function of lncRNAs will be of key importance to uncover the molecular basis of 

gene expression regulation underlying plant development and behavior. The growing offer of biochemical 

approaches will serve to identify and characterize the interactions between lncRNAs and their diverse 

molecular partners, along with their dynamic structure and their subcellular localization. Furthermore, the 

development of innovative computational tools will certainly help to unravel commonalities and 

singularities among plant lncRNAs. Ultimately, the understanding of mechanistic paradigms involving 

ribonucleoprotein complexes will allow the classification of newly identified lncRNAs and contribute to 

the prediction of their function based on their molecular environment.A
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LEGENDS TO THE FIGURES

Figure 1. Long noncoding RNAs forming ribonucleoprotein complexes 

(a) LncRNAs are involved in the decoy or recruitment of chromatin related complexes (chromatin 

modification complexes and transcriptional machinery) to target loci, leading to the modulation of the 

transcriptional activity of nearby genes.

(b) The activity of splicing factors can be modulated by lncRNAs. Multiple noncoding transcripts 

participate in a network including peripheral splicing factors and spliceosome core-components, 

modulating the protein recognition of pre-mRNAs, thus shaping the relative abundance of alternatively 

spliced isoforms of target genes.  

CRC stands for Chromatin Related Complex and SF stands for Splicing Factors. Black balls represent 

epigenetic modifications. Examples of characterized plant lncRNAs are given for each category.

Figure 2. Long noncoding RNAs forming RNA-DNA hybrids (R-loops)

(a) Long noncoding RNAs can control the expression of neighbor genes in cis, as well as distant loci in 

trans. Noncoding transcripts can recognize target genes by sequence complementarity and R-loop 

formation. Epigenetic modifications mediated by lncRNAs involve the recruitment of chromatin 

modification complexes, or their decoy away from target loci. Furthermore, lncRNA action can impact on 

chromatin 3D conformation of target regions. 

(b) The generation of circRNAs by back-splicing may conduce to the formation of R-loops with the parent 

DNA locus. The RNA-DNA duplex can promote exon skipping of the transcribed gene. 

CRC stands for Chromatin Related Complex. Examples of characterized plant lncRNAs are given for each 

category.

Figure 3. Long noncoding RNAs forming RNA-RNA duplexes and other mechanisms involving natural 

antisense transcripts

(a) The transcription of a lncRNA from the antisense strand of a protein-coding gene can lead to the 

recruitment of protein partners capable of modulating gene transcriptional activity. Alternatively, Pol II 

and Pol V noncoding transcriptional read-through can cause Polymerase collision, increasing the ratio 

between stalled vs. full-length RNAs. Post-transcriptional regulations by natural antisense transcripts 

(lncNAT) may also occur. The formation of dsRNA duplexes between antisense RNAs may trigger RNA A
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degradation or promote mRNA translation by shuttling the RNA pair to polysomes. Examples of 

characterized plant lncRNAs are given for each category.

(b) Long noncoding RNAs can sequester a miRNA by forming a non-cleavable lncRNA-miRNA duplex which 

contains a mismatch between the two complementary sequences. As a result, miRNA-targeted mRNAs 

are stabilized and translated into proteins.  

Box 1: Biochemical methods used to characterize the interactions between lncRNAs and their 

molecular partners

RNA-protein interactions

In vitro RNA Pull-Down Assay: in vitro transcribed RNA is labeled using biotin. RNA are incubated and 

retrieved from whole-cell or protein extracts using streptavidin beads. Interacting proteins can be 

identified by Western blot or Mass Spectrometry (Seo & Chua, 2019). 

PIP-Seq (Protein Interaction Profile Sequencing): sequencing of protein-depleted RNA samples treated 

with single- or double-strand-specific ribonucleases allows the inference of RNA secondary structure. 

Further comparison with samples treated with the same nucleases in the presence of interacting proteins 

allows the identification of protected protein-bound sequences within the RNA molecules. (Anderson et 

al., 2016; Kramer & Gregory, 2019). For other related methods, see (König et al., 2012). 

TRAP-Seq (Translating Ribosome Affinity Purification): mRNAs (and lncRNAs) associated to tagged 

ribosomes are sequenced to determine the translatome of a particular tissue or cell type. This method can 

identify alternatively spliced isoforms (Reynoso et al., 2015).

RIP-Seq (RNA Immunoprecipitation): the most common method used to reveal RNAs associated to a 

RNA-binding protein. Native or tagged proteins of interest are immunoprecipitated, and associated-RNAs 

can be isolated for qPCR or sequencing (Bazin et al., 2018).

CLIP-Seq (Cross-linking Immunoprecipitation): similar to RIP, but with a higher resolution based on gel 

separation of protein-RNA complexes that allows the identification of proteins binding sites within the 

RNA molecule. Protein-RNA interactions are fixed by UV cross-linking. A
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ChIRP-MS (ChIRP followed by Mass Spectrometry): lncRNA-associated chromatin is purified using 

hybridized biotinylated antisense oligonucleotides against a particular lncRNA and streptavidin-coated 

beads. Associated proteins are identified through mass spectrometry (Rigo et al., 2020).

RNA-DNA interactions

ssDRIP-Seq (single-stranded DNA-RNA Hybrid Immunoprecipitation): highly sensitive and strand-specific 

identification of R-loops at genome-wide scale. RNA–DNA hybrids immunoprecipitation is performed 

using the specific monoclonal S9.6 antibody for sequencing (Xu et al., 2017, 2020).

DRIP-RNA-Seq: DRIP-seq derived technique aimed to purify and identify RNAs forming R-loops (Ariel et 

al., 2020).

R-ChIP (high resolution R-loops genome-wide mapping): this approach uses tagged-inactive RNase H, 

instead of S9.6 antibody, to map R-loops genome-wide with high resolution (Chen et al., 2017).

RIDP (RNA Isolation by DNA Purification): chromatin regions of interest are purified using biotinylated 

probes to isolate associated RNAs. Known RNAs can be detected and quantified by qPCR. Alternatively, 

novel RNAs could be uncovered by sequencing (Ariel et al., 2020).

RNA-chromatin interactions

ChIRP-Seq (Chromatin Isolation by RNA Purification and Sequencing): DNA from chromatin isolated by 

ChIRP is subjected to sequencing (Ariel et al., 2020). For a comparison with other related techniques, see 

(Machyna & Simon, 2018).

RADICL-Seq (RNA and DNA Interacting Complexes Ligated and Sequenced): genome-wide RNA-

chromatin interactions mapping in intact nuclei. In contrast to ChIRP-seq, this method is suitable for the 

discovery of yet-uncharacterized lncRNAs (Bonetti et al., 2020). 

Chromatin three-dimensional conformation

3C (Chromosome Conformation Capture): for the identification and quantification of particular short and 

long-range chromosome interactions (Rodriguez-Granados et al., 2016). It is followed by qPCR. A
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Hi-C (Chromosome Conformation Capture coupled with High Throughput Sequencing): 3C-derived 

technique aimed to uncover chromatin interactions at genome-wide scale by sequencing (Rodriguez-

Granados et al., 2016).

ChiA-PET (Chromatin Interaction Analysis by Paired-End Tag Sequencing) and HiChIP (Hi-C Chromatin 

Immunoprecipitation): HiC derived technique, coupled with the use of the immunoprecipitation, 

designed to reveal chromatin interaction networks of regions associated with a defined chromatin mark 

or protein of interest (Rodriguez-Granados et al., 2016).

Hi-ChIRP (Hi-C coupled with Chromatin Isolation by RNA Purification): Hi-C derived technique, coupled 

with ChIRP for genome-wide identification of lncRNA-associated chromatin loops (Mumbach et al., 2019).

RNA-RNA interactions

RRI-Seq (RNA-RNA Interactome): RNA-RNA duplexes are enzymatically transformed into RNA chimeras.  

Sequencing results are decoded by downstream bioinformatics analysis (Nguyen et al., 2016).

Protein-protein interactions

IP-MS (Immunoprecipitation followed by Mass Spectrometry): protein isolation and purification followed 

by mass spectrometry, a traditional method used for the identification of novel protein partners (Jamge et 

al., 2018).

Transcriptional activity and identification of circRNAs

Nuclear run-on assays/GRO-Seq (Global Run-On sequencing): designed to quantify nascent RNAs 

independently of their stability (Wang & Karamychev, 2020). 

RNAseR-based RNA-Seq: based on circular RNA resistance to RNase R degradation, this technique allows 

the enrichment and identification of circRNAs. 
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