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Abstract

The discovery of pervasive transcription in eukaryotic genomes provided one of many surprising 

(and perhaps most surprising) findings of the genomic era and led to the uncovering of a large 

number of previously unstudied transcriptional events. This pervasive transcription leads to the 

production of large numbers of noncoding RNAs (ncRNAs) and thus opened the window to study 

these diverse, abundant transcripts of unclear relevance and unknown function. Since that 

discovery, recent advances in high-throughput sequencing technologies have identified a large 

collection of ncRNAs, from microRNAs to long noncoding RNAs (lncRNAs). Subsequent 

discoveries have shown that many lncRNAs play important roles in various eukaryotic processes; 

these discoveries have profoundly altered our understanding of the regulation of eukaryotic gene 

expression. Although the identification of ncRNAs has become a standard experimental approach, 

the functional characterization of these diverse ncRNAs remains a major challenge. In this chapter, 

we highlight recent progress in the methods to identify lncRNAs and the techniques to study the 

molecular function of these lncRNAs and the application of these techniques to the study of plant 

lncRNAs.
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1 Introduction

Recent studies using high-throughput technologies have identified increasing numbers of 

lncRNAs in various eukaryotic transcriptomes. Functional studies have shown that some of 

these lncRNAs have diverse and important functions [1–3] in gene silencing and imprinting, 

transcription, mRNA splicing, translation, trafficking of nuclear factors, genome 

rearrangements, and regulation of chromatin modifications. In plants, lncRNAs are involved 

in the regulation of flowering, root development, plant immunity, responses to biotic and 

abiotic stresses, and many other important biological processes [1,2].

The detection of lncRNA transcripts has become easier, particularly due to the recent 

development and improvement of high-throughput sequencing technologies, but the 
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functions of most lncRNA remain largely unknown. Therefore, how to decipher the 

functions of lncRNAs has become an important topic in genome research. In this chapter, we 

provide an overview of methods for the identification and functional characterization of 

lncRNAs and focus on how these techniques could be adapted to study plant lncRNAs. 

Following this Introduction (Subheading 1), this chapter has two parts: one focuses on the 

identification of lncRNAs (Subheading 2), and the other focuses on analysis of the 

biological and molecular functions of lncRNAs (Subheading 3). In Subheading 2, we focus 

on methods to identify different populations of lncRNAs, revolving around different 

adaptations of RNA-seq methodology. We include some tag-based methods that were 

developed before the next-generation sequencing (NGS) era and present them through a 

historical lens. The details of how RNA-seq and high-throughput sequencing can be applied 

in a wide range of applications, including lncRNAs, have been extensively summarized by 

Wang and Snyder [4] and Reuter et al. [5]. As the functions of most lncRNAs largely remain 

to be elucidated, in Subheading 3 we present several selected methods to address various 

aspects of lncRNA functions in a high-throughput manner. The functional aspects addressed 

include tissue or cell type-specific analysis and examination of RNA-protein interactions, 

RNA-DNA/chromatin interactions, RNA-RNA interactions, RNA secondary structures, as 

well as RNA modifications. In addition to providing an overview of selected methods that 

are available to study lncRNAs, we detail the topics covered in this volume of Methods in 
Molecular Biology, Plant Long Non-Coding RNAs: Methods and Protocols. Another aim of 

this chapter is to give the reader links to information on specific technologies that were 

beyond the scope of this book or that have not yet been used in plants.

With the massive amount of data generated in each high-throughput sequencing experiment, 

data analysis has become a crucially important subject. Therefore, several chapters in this 

book provide step-by-step protocols for analyzing the large-scale sequencing data produced 

in the high-throughput experiments. However, a general summary of data analysis is a 

massive topic that requires separate, dedicated reviews and is thus outside of the scope of 

this chapter; therefore, we direct the reader to additional reviews and resources.

RNA biology is a vast, fast-moving field with myriad methods to study RNAs that are being 

improved and spawning variants as fast as discoveries can be disseminated to the research 

community; therefore this chapter only scratches the surface of the methodologies available 

to study lncRNAs.

2 Identification of lncRNAs Using High-Throughput Methodologies

The identification of lncRNAs is the first step in elucidating the role of lncRNAs in plants, 

and in recent years, most studies on plant ncRNAs have focused on identification of plant 

lncRNAs [1, 2]. Many of these lncRNAs are curated in various lncRNA databases, which we 

summarize in Table 1. The easy-to-follow protocols for how to use the three plant lncRNA 

databases, GreeNC [9], CANTATAdb 2.0 [11], and EVLncRNAs [13], are described in Part 

VI of this book, Chapters 25–27, respectively. lncRNAs are largely tissue specific and 

typically have a relatively low expression level; therefore, choosing the appropriate 

experimental techniques to identify and study lncRNAs is extremely important. In addition 

Wang and Chekanova Page 2

Methods Mol Biol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the identification of novel lncRNAs, the methods described below can be used to examine 

the expression levels of known lncRNAs.

Before the high-throughput era, RNAs were traditionally detected using Northern blotting 

analysis, nuclease protection assays (NPA), in situ hybridization, reverse transcription-

polymerase chain reaction (RT-PCR), etc. Although most of these methods are not used in 

the initial steps of identifying lncRNAs genome-wide, they are often employed to validate 

the expression of lncRNAs and to examine them in the context of specific molecular 

functions. In this section of the chapter, we first provide an overview of selected high-

throughput methods for identifying lncRNAs; these are summarized in Table 2 and 

described in Subheadings 2.1–2.6. We include widely used high-throughput sequencing 

techniques (Subheadings 2.3–2.6), hybridization-based approaches, and tag-based methods, 

which were developed before the high- throughput era (Subheadings 2.1 and 2.2, 

respectively).

2.1 Hybridization-Based Approaches

Before the emergence of high-throughput sequencing technologies, hybridization-based 

methods, including custom-designed and high-density oligo microarrays and genomic tiling 

microarrays, have been developed to analyze the transcriptome quantitatively [15–20]. In 

these approaches, cDNAs produced from a population of RNAs are hybridized to 

microarrays of tiled oligonucleotides that cover the non-repetitive sequences of the target 

genome at a very high resolution. Since the cDNAs and tiled oligonucleotides are labeled 

with different fluorophores, the relative abundance of RNAs can be inferred from the 

differences in fluorescent signal produced upon hybridization. For example, in Arabidopsis 
thaliana, the Affymetrix ATH 1.0F arrays and 100 ATH 1.0R arrays have been used to 

determine the transcriptional activity of the Arabidopsis genome and identify ncRNAs [20–

25, 70].

Although hybridization-based approaches are relatively inexpensive and high-throughput, 

they have several limitations [4]. These limitations include reliance on the coverage and 

density of probes, sufficient knowledge of genome sequence and gene annotations, high 

background noise due to cross-hybridization, etc. Many of these limitations have made 

microarray analysis unsuitable for non-model plant species. However, despite these 

limitations, microarrays with probes representing already identified lncRNAs are now 

widely used to detect lncRNA expression with high sensitivity in many organisms, including 

plants. For example, Liu et al. used a custom microarray with 60-mer oligonucleotide probes 

for Arabidopsis thaliana long intergenic ncRNAs (lincR-NAs; ATH lincRNAvl array) to 

verify the expression of identified lincRNAs and to facilitate detection of lncRNA in 

different tissues, in response to biotic stresses, and in various mutants [70].

2.2 Sequence Tag-Based Approaches

Other large-scale methodologies for quantitatively analyzing expression of RNAs involve the 

production of very short sequence tags from the cDNAs derived from a given RNA sample. 

These short sequence tags are then sequenced using various platforms. The abundance of 

individual sequence tags corresponding to specific transcripts determines the relative 
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abundance of each transcript. Unlike microarray probes, which must be preselected from 

known sequences, sequence tags are discovered by random sequencing; therefore, this 

approach allows researchers to find novel RNA sequences. For example, expressed sequence 

tags (ESTs) are a collection of short subsequences derived from pools of cDNAs. ESTs can 

be used to examine gene expression [71], but EST-based approaches are low throughput, 

costly, and nonquantitative.

Other tag-based methods have overcome these limitations [72]. These new methods include 

serial analysis of gene expression (SAGE) [26], cap analysis of gene expression (CAGE) 

[36, 37,73], and massively parallel signature sequencing (MPSS) [31, 74, 75], which are 

described in Subheadings 2.2.1–2.2.3. These high-throughput tag-based approaches provide 

precise transcript levels. However, many of the short tags do not map uniquely to the 

reference genome. Moreover, these methods analyze only a small segment of each transcript 

and cannot distinguish transcript isoforms, which limits their use in studying the dynamic 

structures of many transcripts.

2.2.1 Serial Analysis of Gene Expression (SAGE)—SAGE was one of the first tag-

based methods for high-throughput analysis of transcriptomes [26]. SAGE uses short 

sequence tags of cDNAs made from all the polyadenylated RNAs in a given sample. Each 

RNA is first converted into biotinylated cDNAs, which are captured on streptavidin beads. A 

few rounds of restriction enzyme digestions, ligation, and PCR result in a collection of short 

sequence tags representing each of the RNAs in the sample. The tag length must allow the 

tags to be mapped to the genes that they represent in the reference genome. Although, in 

theory, a short sequence tag of 9–10 nucleotides could be enough to identify individual 

transcripts, there is still the possibility that multiple genes could have the same tags. In 

practice, SAGE generally uses tags of 14–20 bp; the superSAGE variant uses tags of about 

26 bp.

After the digested cDNAs are released from the beads, the tags are concatenated so that they 

can be cloned and sequenced in large groups. Counting the occurrences of each tag in the 

sequence data will give relative RNA expression levels. Because the SAGE technique maps 

the tags to a reference genome to identify genes, it works best in organisms that have a 

complete genome sequence. SAGE and superSAGE have been used in different plant 

species, including Arabidopsis, wheat, and chickpea, to analyze and detect existing 

transcripts and novel ncRNAs [27–30]. However, SAGE has been largely replaced by NGS 

technologies, which can examine more transcripts in greater depth. In addition, NGS 

methods generally skip the concatenation of tags, which SAGE uses to improve yields in 

Sanger sequencing.

2.2.2 Massively Parallel Signature Sequencing (MPSS)—Another sequence tag-

based expression technique, massively parallel signature sequencing (MPSS), was developed 

to quantitatively analyze gene expression [31]. MPSS involves the acquisition of 17–20-nt 

tags (signatures) from cDNAs cloned on beads, using an unconventional, massively parallel 

sequencing method. MPSS uses a unique cloning strategy where every mRNA (and the 

corresponding cDNA) in a sample is represented by a single microbead; these microbeads 

are analyzed in a flow cell setup in an array format containing thousands of beads. The bases 
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of mRNAs are systematically removed after the sequencer reads the mRNA bases by 

hybridization to a labeled coder. This produces a collection of 17–20 bp signature tags 

representing each of the mRNAs in the sample. Work in multiple plants, including 

Arabidopsis, has used MPSS for analysis of the transcriptome [32–35], but MPSS has also 

been largely replaced by NGS.

2.2.3 Cap Analysis of Gene Expression (CAGE)—In contrast to other tag-based 

sequencing methodologies, like SAGE and MPSS, which largely depend on 3´ end of the 

RNA transcript, cap analysis of gene expression (CAGE or 5´-SAGE) is designed to capture 

the expression of 5´-capped RNAs quantitatively by using sequence tags from the 5´ ends of 

cDNAs [36, 37, 76]. The original CAGE method used the biotinylated CAP-trapper method 

[76], in which the cap structure of capped and poly-adenylated RNAs was chemically 

biotinylated. CAGE has been also used to analyze full-length cDNAs in Arabidopsis [38]. 

One of the advantages of CAGE is that it allows effective detection of the transcriptional 

activity around the promoter regions and RNA polymerase II-driven transcription start sites. 

However, the major limitation of CAGE is that non-capped RNAs are not detected.

In addition to the original tag-based CAGE, the same methodology now can be coupled with 

high-throughput sequencing (CAGE-seq) to examine the 5´-capped RNAs in a high-

throughput manner not limiting to mRNAs [41,42]. Several plant studies have used the high-

throughput sequencing-based CAGE or nano-CAGE to analyze transcriptional activity 

around transcription start sites [39, 40]. Additionally, paired-end analysis of transcription 

start sites (PEAT) is another approach that has been developed to capture 5´-capped RNAs 

[77]. Morton et al. successfully analyzed the transcriptional activity around transcription 

start sites using PEAT in wild-type Columbia-0 Arabidopsis thaliana whole root tissues [78].

2.3 RNA Sequencing (RNA-seq)

RNA-seq is currently widely used for the detection of RNA expression and for the discovery 

of novel lncRNAs [4]. In addition, RNA-seq can be used to find alternatively spliced 

mRNAs and splice junctions [79], as well as different isoforms. For RNA-seq, transcripts are 

reverse-transcribed into a pool of cDNAs that are cloned into a library for sequencing. The 

first such libraries were reverse-transcribed with oligo (dT) primers, thus capturing mostly 

polyadenylated RNAs and only a few non-polyadenylated RNAs, particularly rRNA. Oligo 

(dT) priming also excludes non-polyadenylated transcripts and many transcripts from the 

degradome. Therefore, most RNA-seq libraries are now reverse-transcribed with random 

primers, using a pool of RNAs that has been depleted of rRNA.

RNA-seq typically produces 30–400 bp reads, depending on the platform and methods used. 

The high-throughput sequencing platforms include Illumina, ABI’s SOLiD, Life 

Technologies/ThermoFisher/Ion Torrent, Oxford Nanopore Technologies, and Pacific 

Biosciences, as well as the recently retired Roche 454 sequencing platform. These various 

high-throughput sequencing platforms are discussed in detail by Reuter et al. [5]. Most 

platforms fragment RNA molecules (which generates a population of short sequences) and 

use short read-based technique, but Pacific Biosciences’s SMRT sequencing and Oxford 

Nanopore sequencing use single-molecule-based sequencing technology, with an average 
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read length of >14 kb and individual reads as long as 60 kb for Pacific Biosciences’s SMRT 

sequencing and a medium read length of 6 kb and maximum of >60 kb for Oxford Nanopore 

sequencing. Although both of these single-molecule-based sequencing technologies can 

provide longer reads compared to other sequencing plat-forms, their high error rates are one 

of the most cumbersome technical problems.

A large number of studies have conducted RNA-seq to identify and categorize lncRNAs in 

plants and metazoans. Several of the chapters in this book provide detailed protocols for 

analyzing lncRNAs using RNA-seq followed by extensive bioinformatic and functional 

analysis (Chapters 11–16, all chapters in Part IV of the book: identification and functional 

analysis of lncRNAs). Specifically, Chapter 2 from the Pikaard lab provides a 

comprehensive protocol for how to analyze the ncRNAs that are produced by RNA 

polymerase IV; these lncRNAs serve as precursors for small interfering RNAs (siRNAs) in 

the RNA-directed DNA methylation pathway. Additionally, Chapters 3 and 4 provide 

protocols for how to use RNA-seq to identify differentially expressed lncRNAs during 

development. Chapters 9 and 10 provide protocols for how to use RNA-seq to identify 

lncRNAs produced in response to biotic and abiotic stresses, including drought and salt 

tolerances (see Chapter 9) and virus infection (see Chapter 10). Additionally, Chapter 8, by 

Matsui and Seki, provides a comprehensive review on the subject of lncRNAs and stress 

responses in plants.

2.4 Parallel Analysis of RNA Ends (PARE)/Genome-Wide Mapping of Uncapped and 
Cleaved Transcripts (GMUCT)/Degradome-Seq

Like all RNAs, lncRNAs are eventually degraded; moreover, some lncRNAs serve as targets 

for miRNAs, and degradation of some lncRNAs yields miRNAs [80]. The intense interest in 

the RNA interference pathway (RNAi) in the plant field has led to the development of 

techniques to examine transcripts that are in the process of being degraded or could be 

miRNA targets and precursors. These techniques include parallel analysis of RNA ends 

(PARE) [44] (protocol, [45]), degradome sequencing [48] (protocol, [49]), and genome-wide 

mapping of uncapped and cleaved transcripts (GMUCT) [46] (protocol, [47]). These three 

nearly identical techniques generate equivalent data and were developed using Arabidopsis 
thaliana and used in plants. These approaches all target RNA degradation products that have 

been uncapped at their 5´ end; these RNAs are ligated to an RNA adapter that allows them to 

be converted to cDNAs, which are then amplified by PCR and sequenced.

2.5 Transcript Isoform Sequencing (TIF-seq)

The techniques described above examine the 3´ or 5´ ends of transcripts. By contrast, TIF-

seq examines both ends of transcripts [50, 51], thus enabling genome-wide assessment of 

transcripts based on the precise positions of their 5´ and 3´ ends. TIF-seq was originally 

designed to study transcriptional heterogeneity and unique transcript isoforms in 

Saccharomyces cerevisiae and relies on the usage of oligo-capping, which identifies the 5´ 

cap structure to allow for ligation of an oligo tag at the 5´ end. After oligo-capping, the 

resulting RNA molecules containing both 5´ cap structure and poly(A) tail undergo reverse 

transcription, generating full-length cDNAs with barcodes at both 5´ and 3´ ends. The 

barcoded cDNAs undergo intramolecular circularization, which allows sequencing of the 
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junction of the 5´ and 3´ ends of the transcript. In contrast to approaches that target only the 

3´ or 5´ ends of transcripts, pinpointing the 3´ and 5´ ends of transcripts by TIF-seq allows 

the researcher to distinguish full-length and truncated transcripts, transcription through 

multiple open reading frames (bicistronic messages), and transcripts that originate from 

different start sites or terminate at different end sites. However, TIF-seq has not yet been 

used in plants nor in eukaryotes other than S. cerevisiae.

2.6 Nascent RNA Sequencing

In many cases, it is important to detect nascent transcription and nascent transcripts to 

capture the RNAs that are in the process of being transcribed. However, nascent transcripts 

can be unstable and difficult to distinguish from degraded or complete transcripts. The 

abundance of RNA polymerase II (Pol II) is often utilized to determine the level of nascent 

transcription at particular genomic locus. For example, chromatin immunoprecipitation 

microarray (ChIP-ChIP) or ChIP sequencing (ChIP-seq) methods are typically used to 

immunoprecipitate Pol II and associated chromatin. However, IP of Pol II collects paused 

Pol II and active Pol II-RNA complexes [81]. On the other hand, simply sequencing total 

RNA by RNA-seq or CAGE-seq detects the pool of steady-state RNAs and is also inefficient 

for detecting unstable nascent RNAs.

Several methods were designed to capture nascent RNAs that are associated with Pol II; 

rather than immunoprecipitation, these methods rely on “run-on” extension of nascent 

transcripts. In nuclear run-on experiments, cells are treated to halt transcription in vivo; 

reinitiation of transcription in isolated nuclei supplied with labeled RNA precursors (often 5

´-bromo-uridine, BrU) labels only the nascent RNAs. These nuclear run-on assays include 

generic run-on assays and global run-on sequencing assay (GRO-seq) [52, 82], precision 

nuclear run-on sequencing (PRO-seq) [57], and native elongating transcript sequencing 

(NET-seq) [59–61]. Additional methods, like BRIC-Seq/BrU-Seq/BrU-Chase-Seq, were also 

developed to capture nascent transcripts [65, 68]. Although each method was designed with 

the similar goal of capturing actively transcribed RNA Pol II transcripts and nascent RNAs, 

they differ in technical details and have specific limitations, as described in the subsections 

below. Moreover, only GRO-seq has been used in plants [53, 54].

2.6.1 Global Run-On Sequencing (GRO-Seq)—Nuclear run-on assays and global 

run-on sequencing (GRO-seq) were developed to capture nascent RNAs and to measure 

RNA half-life [52]. GRO-seq reveals Pol Il-engaged transcripts genome-wide, with high 

resolution and specific information on the orientation and exact 5´ end of the transcript. In 

GRO-seq, nuclear run-on assays use BrU as the label and release paused Pol II with 

sarkosyl, to label only transcripts from engaged polymerases. The BrU-labeled transcripts 

are purified with anti-Br-UTP antibodies and deep sequenced. This very sensitive and 

specific method gives high-throughput, genome-wide data on nascent transcripts. However, 

purification of nuclei, reinitiation of transcription under non-physiological conditions, and 

precipitation of labeled RNAs have proven difficult. GRO-seq also has a limited resolution 

of 30–50 bases due to the necessity to allow polymerase to run on and incorporate labeled 

BrU into RNAs.

Wang and Chekanova Page 7

Methods Mol Biol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recently, GRO-seq and 5´GRO-seq (also called GRO-cap, see description below), which use 

a 7-methylguanylate (m7G) cap, have been used to capture the characteristics of the nascent 

transcriptome in Arabidopsis thaliana seedlings [53] and in maize [54]. Moreover, protocols 

for GRO-seq have been described in multiple publications (e.g., see [55, 56]), and this 

technique will likely see a wider application in the plant studies in the future.

2.6.2 Precision Nuclear Run-On Sequencing (PRO-Seq)—Similar to GRO-seq, 

precision nuclear run-on sequencing (PRO-seq) was developed to examine Pol II that is 

actively engaged in transcription at high resolution and on a genome-wide scale [57] 

(protocol, [58]). However, in contrast to GRO-seq, PRO-seq can reveal the mapping and 

distribution ofPol II pausing at single-base resolution. Similar to traditional Sanger 

sequencing, PRO-seq uses chain-terminating ribonucleotide triphosphate analogs labeled 

with biotin (biotin-NTPs, either all four, or one with additional unlabeled NTPs) for run-on 

assays. The nascent RNAs can be purified using the biotin label and used for high-

throughput sequencing.

PRO-seq can be modified to capture 5´ capped RNAs, a method termed PRO-cap [57]. In 

PRO-cap, uncapped RNAs are first removed, leaving only the pool of capped RNAs. The 

cap of each RNA is then modified to allow the ligation of adapters to the 5’ end. Therefore, 

PRO-cap allows identification of the transcription start sites at the RNA synthesis level. 

PRO-seq and PRO-cap can be coupled to compare the differences in the Pol II initiation and 

pause sites. However, PRO-seq has not been used in plants yet. As a nuclear run-on-based 

methodology, PRO-seq has the same technical difficulties as GRO-seq. Moreover, PRO-seq 

only identifies Pol II complexes that are competent to elongate nascent transcripts; it cannot 

map complexes that are backtracking or arrested.

2.6.3 Native Elongating Transcript Sequencing (NET-Seq)—NET-seq or 

mammalian NET-seq (mNET-seq) detects nascent, actively transcribed Pol II RNAs, through 

the capture of 3´ RNAs [59–61] (protocol, [62–64]). In this method, the affinity-tagged Pol 

II elongation complex is immunoprecipitated, and then coprecipitated RNA is extracted and 

reverse-transcribed into cDNA. Deep sequencing of the cDNAs produces 3´-end sequences 

of nascent RNA, providing nucleotide resolution mapping of transcripts. This 

immunoprecipitation-based method captures elongating complexes and complexes that are 

backtracked or arrested, an advantage, depending on the goal of the experiment, compared to 

GRO-seq and PRO-seq. However, immunoprecipitation requires that Pol II complexes be 

solubilized, which can be challenging in metazoan cells where they are typically insoluble 

and strongly associated with chromatin under native conditions. NET-seq and mNET-seq 

have been used in Saccharomyces cerevisiae and HeLa cells, but the NET-seq protocol has 

not been used in plants yet.

2.6.4 BRIC-Seq/BrU-Seq/BrUChase-Seq—In addition to examining nascent RNAs, 

other methods can measure the half-lives of mRNAs or lncRNAs, which can inform analysis 

of their physiological functions and regulation. In organisms with established cell cultures, 

endogenous transcripts can be pulse-labeled by adding BrU to the culture media. In different 

variants of the classic pulse-chase method, label can be added for different times and 

removed from the media; labeled RNA can be immuno-precipitated and sequenced. For 
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example, to establish the half-lives of RNAs or lncRNAs, in 5´-BrU immunoprecipitation 

chase-deep sequencing analysis (BRIC-seq) [65] (protocol, [66, 67]), total RNAs containing 

BrU-labeled RNAs (BrU-RNAs) are isolated at sequential time intervals after removal of 

BrU from the culture medium. BrU-RNAs are then recovered by immunopurification, which 

is followed by RT-qPCR or deep sequencing.

BrU labeling and sequencing (BrU-seq) and BrU pulse-chase sequencing (BrUChase-Seq) 

also involve BrU pulse-labeling that is chased with uridine, giving pools of RNA of different 

ages [68] (protocol, [69]). Following immunocapture, the BrU-labeled RNA is deep 

sequenced. However, none of the BRIC-Seq/BrU-Seq/BrUChase-Seq protocols have been 

used in plants yet.

3 Analyzing the Biological and Molecular Functions of lncRNAs

After the identification of lncRNAs using high-throughput approaches, one next step would 

be determining if these lncRNAs have biological functions, followed by identification of 

these functions. However, these experimental approaches have proven challenging, 

particularly for high-throughput studies, because of the diverse functions of lncRNAs, their 

potential tissue and stage specificity, and the varied mechanisms by which lncRNAs achieve 

these functions. For example, as one approach, overexpression or knock-down of the target 

lncRNAs can be used to study the functions of lncRNAs; however, such approaches are 

difficult to conduct in a high-throughput fashion in multicellular organisms.

Despite these challenges, new methods are emerging that can examine lncRNA function in a 

high-throughput manner. For example, in addition to modulating gene expression, lncRNAs 

have been implicated in genome architecture. The local interaction and looping events of the 

genomic regions where ncRNAs originated from can be captured by chromosome 

conformation capture followed by massively parallel sequencing [83, 84]. In this book, 

Chapter 28 by Padmarasu et al. describes an improved method to detect long-range 

chromatin interactions using in situ Hi-C for plants. Below, we present several selected 

methods that can be used to analyze the functions of lncRNAs in a high-throughput manner; 

these techniques are summarized in Table 3 (Subheadings 3.1–3.6).

3.1 Tissue or Cell Type-Specific Analysis

In multicellular organisms, specialized cell types each have a specific phenotype, function, 

and transcriptional program. However, our knowledge of how cells implement these 

programs during differentiation, particularly the effects of lncRNAs, remains limited, in part 

because purifying individual cell types for transcriptional and epigenomic profiling remains 

challenging. However, ongoing research has developed multiple methods to study lncRNAs 

in specific plant cell types by purifying individual cell types for analysis. These methods 

include laser microdissection (LM or laser capture microdissection, LCM) of fixed tissue 

sections [85], fluorescence-activated cell sorting (FACS) of fluorescently labeled cells or 

nuclei [89], and isolation of nuclei tagged in specific cell types (INTACT) using affinity-

based isolation [92]. All three of these methods are commonly used in different plant 

species, and additional information is provided below (Subheadings 3.1.1–3.1.3). Three 
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chapters in the Part II of this book (Chapters 5–7) also provide different protocols in 

studying the tissue and cell type-specific lncRNAs.

In addition to these methods, cryosectioning and cryostat sectioning can be used to study 

specific cell types [143, 144]; this is often less invasive compared to other techniques. 

Cryosectioning is also the first step of LM (or LCM) for sample preparation and can be 

coupled with other cell type-specific or tissue-specific techniques to isolate and study plant 

lncRNAs [145, 146]. Chapter 3 in this book by Kim et al. describes a protocol that uses 

cryostat sectioning to isolate distinct tissue types in the developing endosperm in maize 

followed by transcriptome and epigenome analysis to identify lncRNAs. Other methods like 

ex vivo differentiation from progenitor cells and the use of cultured cell lines are commonly 

used in metazoan studies; however, cultured cell lines are not commonly used in plant 

studies.

3.1.1 Laser Microdissection (LM)—Laser microdissection (LM; laser-captured 

microdissection, LCM; laser-assisted microdissection, LMD or LAM) uses a laser beam and 

direct microscopic visualization to isolate specific cells from heterogeneous tissues [85–87]. 

When coupled with high-throughput sequencing or microarray analysis, LM allows genome-

wide analysis of gene expression in specific cell types. The detailed methodology and 

technological requirements of LM are comprehensively discussed in the review by 

Bevilacqua and Ducos [147]. LM has been used in separation of specific cell types in 

Arabidopsis [148], maize [149, 150], and other plants. The recent advances and applications 

of LM in the context of plant biology and transcrip-tome studies were comprehensively 

reviewed by Gautam and Sarkar [88]. Chapter 5 in this book by Gautam et al. describes a 

protocol that adapts the LM to obtain high-quality RNA of low abundance from specific 

tissues, followed by RT-PCR or stem-loop RT-PCR.

3.1.2 Fluorescence-Activated Cell Sorting (FACS)—Fluorescence-activated cell 

sorting (FACS) to separate cells or nuclei into different populations is based on the green 

fluorescent protein (GFP) labeling of specific cells, which are then separated from unlabeled 

cells using flow cytometry [89, 90]. FACS is followed by RNA extraction from each 

subpopulation of cells and high-throughput sequencing or microarray analysis. Based on the 

use of enhancer trap lines or promoter-GFP fusions that express GFP in specific tissues, 

these techniques have been widely used in plants. This has allowed deep analysis of RNA 

expression and the transcriptome in distinct cell types, cells in different developmental 

stages, and cells in response to biotic or abiotic stresses (reviewed by Carter et al. [91]). For 

example, recently cell type expression analyses in Arabidopsis roots were used to 

characterize intergenic lncRNAs [151].

3.1.3 Isolation of Nuclei Tagged in Specific Cell Types (INTACT)—LM and 

FACS require specialized equipment and the manipulation of whole cells; by contrast, the 

isolation of transgenically tagged nuclei in specific cell types (INTACT) uses affinity-based 

methods to isolate tagged nuclei from total nuclei. INTACT does not require the dissociation 

and manipulation of whole cells [92] (protocol, [93, 94]). The INTACT method was initially 

developed to study cell types in the Arabidopsis thaliana root epidermis with high yield and 

efficiency. Although it has its advantages, in order to successfully obtain transgenically 

Wang and Chekanova Page 10

Methods Mol Biol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tagged nuclei, it requires a promoter or enhancer trap line that is expressed in the specific 

cell type to be examined. Chapter 7 in this book by Do et al. describes a protocol that adapts 

the INTACT methodology to isolate specific cell types with tagged nuclei, followed by 

RNA-seq and bioinformatic analysis to identify nuclear lncRNAs in Arabidopsis.

3.2 In Situ Hybridization (ISH) and Fluorescence In Situ Hybridization (FISH)

FISH can be used to visualize the subcellular localization of lncRNAs and possibly provide 

information on their potential functions [95]. DNA and RNA can be visualized in situ using 

DNA FISH and RNA FISH, respectively, and multiplex FISH can simultaneously assay 

multiple targets within the same specimen. FISH techniques have been used for decades; 

however, emerging work has brought FISH into the genomics era. For example, the 

fluorescent in situ RNA sequencing (FISSEQ) amplifies cDNAs in cells and tissues [96]; 

compared with RNA-FISH, FISSEQ gives a higher resolution and can identify more targets. 

FISSEQ produces fewer reads than regular RNA-seq, but could provide cell-specific spatial 

information on lncRNAs. Chapter 7 in this book by Francoz et al. describes a protocol that 

integrates ISH and transcriptomics resulting in a medium-throughput RNA in situ 

hybridization methodology.

3.3 RNA-Protein Interactions

Many lncRNAs function in complexes with proteins, but very few of the proteins that 

interact with lncRNAs have been identified. Identification of the protein interactors of 

lncRNAs will shed substantial light on the mechanisms of lncRNA function. Below, in 

Subheadings 3.3.1–3.3.3, we describe selected methods to analyze RNA-protein 

interactions. Also, three chapters in this book, from the Chua lab, provide three distinct and 

comprehensive protocols for identification and analysis of lncRNAs and protein interactions 

(see Chapters 17–19 in Part V of this book). Additional techniques that are not presented 

here are comprehensively summarized in the review by Ferre et al. [152].

3.3.1 RNA Immunoprecipitation Followed by Sequencing (RIP-Seq)—The 

versatile technique of RNA immunoprecipitation (RIP)-seq can examine multiple aspects of 

RNA-protein interactions, from either the RNA or the protein side. If the interacting protein 

is known, then antibodies against the target (or the affinity-tagged targets) can be used for 

RIP of RNAs that interact with the protein of interest [153]. RIP can be coupled with 

microarray (RIP-Chip) or high-throughput sequencing (RIP-seq) to identify the RNAs that 

interact with proteins genome-wide [97, 100]. Additionally, RIP can be used to identify the 

binding sites for specific proteins. RIP and RIP-seq have been widely used in metazoans and 

plants. For example, in Arabidopsis, RIP-seq was used to identify the transcriptome-wide 

RNA targets of SR34, a serine/arginine-rich (SR)-like RNA-binding protein that functions in 

constitutive and alternative splicing [98]. RIP was also used to identify Argonaute (AGO)-

associated smRNAs (RIP smRNA-seq) [99] or RNAs (AGO RIP-seq) [101] in the RNA 

interference (RNAi) pathway.

RIP can also be used to identify regions in the RNA molecule that interact with proteins. 

Indeed, the first studies used RIP to find proteins that interact with the lncRNA Xist, which 

functions in X chromosome inactivation in mammals [154]. Usually, chemical agents are 
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used to cross-link RNAs and proteins, but this can introduce artifacts. RIP can also be 

conducted without cross-linking, thus reducing the potential generation of artifacts. 

Moreover, various nuclease treatments can provide additional information on protein-nucleic 

acid interactions. For example, RNase H digests the RNA in RNA-DNA hybrids, while 

DNase I digests DNA, and the combination of the treatments with these nucleases can help 

distinguish the indirect binding of protein of interest to neighboring DNA from direct 

binding between protein of interest and RNAs. Different nuclease treatments can also 

distinguish protein-RNA interactions that involve single-stranded or stem- loop RNAs.

The modifications of RNAs play an important role in regulating the functions of RNA 

molecules, and RIP-seq can be adopted to map RNA modifications genome-wide, such as 

mapping 5-methyl-cytosine (m5C) or N6-methyladenosine (m5A) of RNAs (m5C-RIP-seq, 

m5A-seq, respectively) [102, 155, 156]. Chapter 24 in this book by Liang and Gu describes a 

protocol for m5C-RIP-seq to map m5C RNA modifications in plants genome-wide. There 

are additional techniques for identifying RNA modification sites of both mRNAs and 

lncRNAs transcriptome-wide, such as coupling RNA bisulfite conversion with sequencing 

(bsRNA-seq) [157,158] and 5-azacytidine-mediated RNA immunoprecipitation (Aza-IP) 

[159].

3.3.2 High-Throughput Sequencing Cross-Linking Immunoprecipitation 
(HITSCLIP or CLIP-seq)—CLIP (cross-linking immunoprecipitation) examines RNA-

protein interactions by UV cross-linking cells before immunoprecipitation [160] (protocol, 

[161]). CLIP-seq, also known as HITS-CLIP, is a method for genome-wide mapping of 

RNA-protein binding sites, by CLIP, followed by high-throughput sequencing of the RNA 

[103, 104]. In contrast to chromatin immunoprecipitation sequencing (ChIP-seq), which uses 

formaldehyde cross-linking, in CLIP-Seq UV cross-linking covalently links the RNA and 

protein. The pools of cross-linked and immunoprecipitated RNA molecules are first 

fragmented with RNase followed by proteinase digestion and purification. One of the main 

advantages of this method is that it identifies the essential protein-binding sites on the RNA 

molecule. However, the UV light can cause mutations and CLIP-Seq does not give full-

length sequence of the immunoprecipitated RNA. These disadvantages can be particularly 

problematic for systems that lack collections of full-length, annotated lncRNA sequences 

and for lncRNAs that are present at very low levels.

CLIP-Seq/HITS-CLIP has been widely used in mammalian studies, including identifying 

genome-wide interactions of RNAs and the neuron-specific splicing factor Nova in mouse 

brains [103]; however, no study has used CLIP-Seq in plants so far. Several other methods 

have been developed to improve the efficiency of CLIP-Seq, including enhanced CLIP 

(eCLIP) and infrared-CLIP [105–107]. Protocols for CLIP-seq are described in these 

references [108, 109].

3.3.3 Photoactivatable Ribonucleotide-Enhanced Cross-Linking and 
Immunoprecipitation (PAR-CLIP)—PAR-CLIP, a variant of CLIP-Seq, has better cross-

linking efficiency and resolution, as well as a higher signal-to-noise ration compared with 

other methods [110, 112]. PAR-CLIP uses the ribonucleoside analogs, 4-thiouridine (4SU) 

and 6-thioguanosine (6SG). Photoactivation of 4SU and 6SG by UV light produces strong 
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cross-links and specific mutations of the nucleic acid sequence: 4SU produces T to C 

changes, and 6SG produces G to A. PAR-CLIP can therefore be used to identify the binding 

sites of RNA-binding proteins. Moreover, PAR-CLIP can be used to identify miRNA targets 

[113]. PAR-CLIP has been widely implemented in metazoan studies [111]; however, no 

study has used PAR-CLIP in plants so far. Protocols for PAR-CLIP are described in these 

references [112, 113].

3.4 RNA-DNA/Chromatin Interactions

lncRNAs can physically associate with chromatin, indirectly through an RNA-protein 

interaction [162] or directly through RNA-DNA hybridization in a triple helix [163, 164]. 

DNA-RNA FISH can show this association only at low resolution; new technologies can 

examine these lncRNA-DNA interactions at higher resolution. In Subheadings 3.4.1–3.4.3, 

we describe three recently developed methodologies for mapping the interactions of RNAs 

with chromatin in a high-throughput manner; however, none of these methods have been 

used in plants so far. These three techniques are very similar and detect the lncRNA by 

probing, differing only in some specifics.

3.4.1 Chromatin Isolation by RNA Purification Sequencing (ChIRP or ChIRP-
Seq)—The techniques described above in Subheading 3.3 examine RNA-protein 

interactions to identify the RNAs that bind to a known protein. ChIRP can be used to 

identify the proteins and chromatin regions that are bound by a known RNA [114]. After 

cross-linking and sonication of chromatin, ChIRP uses tiled biotinylated oligonucleotides 

(20-mers) to affinity purify a known lncRNA in complex with its associated chromatin and 

proteins. The DNA genomic regions associated with the RNA of interest can be identified by 

sequencing (ChIRP-Seq), and the RNA can be quantified by qPCR. Chu et al. used ChIRP to 

identify DNA regions associated with the lncRNA HOTAIR. In addition to identifying 

associated DNA regions, RNA-associated proteins can be purified from ChIRP reactions and 

examined by mass spectrometry (ChIRP-MS) [115]. For example, ChIRP-MS identified 81 

proteins associated with the Xist lncRNA, which plays key roles in X chromosome silencing 

in mammals. A comprehensive protocol, with video of ChIRP-seq, can be found in this 

article [116].

3.4.2 RNA Antisense Purification (RAP)—RNA antisense purification (RAP) or 

RNA antisense purification followed by DNA sequencing (RAP-DNA) can be used to find 

the chromatin regions that associate with a specific RNA [118]. In contrast to ChIRP, which 

uses the tiled biotinylated 20-nt oligo-nucleotides, RAP uses 120-nt-long antisense RNA 

probes, thus improving target lncRNA binding and increasing the signal-to-noise ratio. Like 

ChIRP, RAP uses tiled overlapping probes that cover target transcripts without considering 

whether the regions are accessible for hybridization. DNase I digestion then produces 

genomic DNA fragments of <300 bp; these fragments are then sequenced. RAP was used to 

find the exact X chromosome binding sites of Xist in mouse ES cells [118]. A detailed 

protocol for RAP-DNA can be found on the Guttman lab’s website (http://www.lncrna-

test.caltech.edu/protocols.php) and [119].
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3.4.3 Capture Hybridization Analysis of RNA Targets (CHART)—Like ChIRP 

and RAP, CHART involves cross-linking and purification of RNA-DNA complexes [120] 

(protocol, [122]). However, CHART uses capture oligonucleotides (C-oligos) that carry a tag 

such as biotin for affinity purification. CHART probe design involves the detection of open 

binding sites by hybridization of oligonucleotides and RNase H mapping; then this 

information is used to design biotinylated 24-nt-long C-oligos that target the open sites. 

Similar to other methods, CHART can recover the chromatin and proteins associated with 

the target lncRNA. CHART has been used to study the function of roX2 lncRNA in 

Drosophila (lncRNA involved in dosage compensation) [120] and Xist lncRNA [121].

3.5 RNA-RNA Interactions

Interactions between RNAs involve direct base-pairing interactions (including miRNA-

mRNA and mRNA-lncRNA sense-antisense interactions) and indirect interactions mediated 

by protein intermediates. Some lncRNAs associate with RNA-processing proteins, 

indicating that these lncRNAs may target other RNAs via proteins [165,166]. Below, in 

Subheadings 3.5.1 and 3.5.2, we present two recently developed methods for mapping RNA-

RNA interactions for a RNA molecule of interest genome-wide. However, none of these 

methods have been used in plants so far.

3.5.1 RNA Antisense Purification Followed by RNA Sequencing (RAP-RNA)—
RNA antisense purification (RAP) and variants thereof detect RNA-RNA interactions. For 

example, to identify the intermolecular contacts of lncRNA-RNA interactions, RAP-RNA, a 

method based on RAP, was developed to systematically map RNA-RNA interactions [123]. 

RAP-RNA cross-links RNAs in vivo and then uses antisense oligonucleotide to purify the 

RNA, followed by high-throughput RNA sequencing. Cross-linking reagents that differ in 

their specificity for proteins and nucleic acids can give additional information on the 

interactions. Additional variants, RAP-RNA[AMT], RAP-RNA[FA], and RAP-RNA[FA-DSG], 

can identify direct and indirect RNA-RNA interactions [123]. Each variant uses a different 

cross-linking agent, 4´-aminomethyltrioxsalen (AMT), formaldehyde (FA), and both FA and 

disuccinimidyl glutarate (DSG), respectively. These methodologies were applied to 

investigate two ncRNAs implicated in RNA processing: U1 small nuclear RNA, a 

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

speckles [123]. This study revealed that U1 hybridizes to the 5´ splice sites of RNAs and 

Malat1 indirectly binds pre-mRNAs by interacting with proteins. A detailed protocol for 

RAP-RNA can be found on the Guttman lab’s website (http://www.lncrna-test.caltech.edu/

protocols.php).

3.5.2 Cross-Linking, Ligation, and Sequencing of Hybrids (CLASH)—CLASH 

uses UV cross-linking to capture direct RNA-RNA hybridization in RNA-protein complexes 

[124] (protocol, [126, 127]). UV light cross-links interacting nucleic acids and interacting 

RNA-protein complexes, and UV cross-linking offers advantages compared to chemical 

cross-linking. For examples, chemical cross-linking can also cross-link between interacting 

protein-protein complexes, making it hard to differentiate direct and indirect (i.e., protein-

mediated) interactions. UV cross-linked RNA-protein complexes are affinity-purified for the 

protein of interest. RNA-RNA hybrids are ligated together to generate chimeric RNAs and 
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isolated, thus giving high-throughput data on RNA-RNA interactions. Despite the 

advantages of high-throughput data, ligation of the RNAs remains a challenging step. Work 

in yeast used CLASH to find novel snoRNA-rRNA interactions [124], and work in humans 

found miRNA-mRNA interactions in complexes with Argonaute [125]. This technique has a 

potential to be used to capture lncRNA-RNA interactions.

3.6 RNA Secondary Structures

Functional RNAs act via sequence complementarity with RNAs or DNA and via their 

structures, which involve intricate base pairing with multiple stems and loops. These RNA 

structures can give RNAs the ability to catalyze reactions, scaffold macromolecular 

complexes, and bind ligands. RNAs can thus affect epigenetic regulation; mRNA splicing, 

stability, and translation; and signal transduction. Therefore, understanding the structure of 

lncRNAs provides key information for understanding their functions [167–169].

Computational prediction of RNA secondary structure works well for smaller RNAs, but for 

lncRNAs, the number of possible structures increases exponentially. For experimental 

methods, recent studies have developed genome-wide techniques to examine RNA 

secondary structures [169]. Different methodologies have been extensively summarized in 

the review articles by Wan et al. [169], Vandivier et al. [167], and Bevilacqua et al. [168]. 

Below, in Subheadings 3.6.1–3.6.4, we present five high-throughput methods that have been 

(or are being) used to solve RNA secondary structures in plants or have the potential to be 

adapted in the plant fields. Some of these methods are also provided in Part V of this book in 

Chapters 20–22. Recently, the secondary structure of COOLAIR, an antisense RNAs 

involved in the regulation of Flowering Locus C (FLC) and vernalization, was determined 

using chemical probing across the Brassicaceae [170]; the methodology is also described in 

Chapter 23 of this book.

3.6.1 Selective 2´-Hydroxyl Acylation by Primer Extension Sequencing 
(SHAPE-Seq)—Selective 2´-hydroxyl acylation by primer extension (SHAPE) provides 

large-scale data on RNA secondary structure and could be used to determine the secondary 

structure of lncRNAs [169, 171]. SHAPE uses the electrophile N-methylisatoic anhydride 

(NMIA), which can attack the 2ÓHs of bases in flexible regions of the RNA, forming 2-O 

adducts, which can be detected because they terminate reverse transcription. SHAPE reverse 

transcription followed by capillary sequencing has been used to examine the structures of 

the 16S rRNA and the 9-kb HIV RNA genome [169, 172]. Recently, SHAPE has also been 

coupled to high-throughput sequencing (SHAPE-seq) to provide the secondary and tertiary 

structural information of seven RNAs in vitro [128] (protocol, [129, 130]).

3.6.2 Structure-Seq and Structure-Seq2—RNA structures, which are influenced by 

the cellular environment, often differ in vitro and in vivo [173]. Structure-seq2 and its 

predecessor, Structure-seq, are high-throughput methods that provide an efficient way to 

study RNA structures in vivo [131, 132]. They do this by using DMS (dimethyl 

suberimidate) to react with RNA in vivo, similar to DMS-seq [174] and Mod-seq [175], and 

in contrast to SHAPE. The Galaxy environment (https://usegalaxy.org/) provides open 

access to the user-friendly Structure-seq computational pipeline [133]. Structure-seq2 offers 
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improvements compared to its predecessor and can be used in additional plant species [132]. 

A comprehensive computational pipeline, StructureFold2, accompanies this new and 

improved method [134].

Comprehensive protocol for Structure-seq is described in this article [135]. Also, Chapter 20 

in this book, by Ritchey et al. (the authors are the developers of this method), describes two 

versions of the Structure-seq2 protocol and provides detailed step-by-step instructions on 

how to produce and analyze Structure-seq2 data. This protocol has been used in plants and 

can be easily applied to other organisms.

3.6.3 Protein Interaction Profile Sequencing (PIP-Seq)—To simultaneously 

examine protein-RNA binding sites and RNA secondary structure globally and in an 

unbiased manner, protein interaction profile sequencing (PIP-seq) uses RNase-based foot-

printing assays for RNA-associated proteins, which are cross-linked on the RNA [136,137]. 

RNase digestion then removes the regions of the RNA that are not bound by the protein, 

leaving the bound regions as the protein footprint. After reversal of the cross-linking, the 

bound regions are recovered by ligation to linkers, PCR amplification, and cloning as strand-

specific libraries for sequencing. To identify RNase-resistant regions, which would appear as 

protein-bound regions, control reactions are conducted in which the proteins are denatured 

and partially digested before RNase treatment. Moreover, to examine RNA structure, PIP-

seq uses RNases specific for double-and single-stranded RNA; comparison of the results 

reveals the secondary structure of the RNAs. Comprehensive protocols for PIP-seq can be 

found in the following articles [138, 176]. Also, two chapters in this book, Chapters 21 and 

22, from the Gregory lab (the developer of this method) provide detailed step-by-step 

instructions on how to perform PIP-seq experiments and analyze the data in the context of 

plant transcriptomes.

3.6.4 Parallel Analysis of RNA Structure (PARS) and Fragmentation 
Sequencing (Frag-Seq)—RNA structures can be determined in vitro by parallel analysis 

of RNA structure (PARS) and fragmentation sequencing (Frag-seq) [139, 141]. PARS uses 

RNase V1 and S1 nucleases which are specific to double- or single-stranded regions of 

RNAs, respectively, and compares the results [139]. PARS uses genome-wide RNA structure 

probing and was validated on the known structure of the HOTAIR lncRNA. Frag-seq uses 

RNase P1, which is specific to single-stranded nucleic acids, to sequence RNA [141]. PARS 

and Frag-seq both use nucleases with specific activities on different structures, but differ in 

how they map RNA structure and thus provide complementary information. Structure 

prediction programs can be used to examine Frag-seq and PARS data to improve the 

prediction of RNA secondary structure. However, PARS and Frag-seq have not been used to 

examine RNA secondary structure in plants. Comprehensive protocols can be found here 

[140] for PARS and here for Fraq-seq [142].

4 Conclusions and Future Outlook

lncRNAs function at multiple levels in gene regulatory networks, where they modulate 

complex biological processes in eukaryotes. A large amount of effort has been spent 

studying lncRNAs in the metazoan field, effort that has translated into a better understanding 
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of lncRNA functions in animals. However, unlike protein-coding genes, functional RNA 

coding genes (i.e., tRNAs, rRNAs, etc.), and microRNAs, lncRNAs show little conservation 

between species, making it difficult to identify functional lncRNAs and use the findings 

from one species to inform the study of another. This is why it is so important to study plant 

lncRNAs; however, very few plant lncRNAs have been examined. It will be crucial to 

identify factors controlling the expression and biogenesis ofplants lncRNAs, as well as the 

protein and RNA components functioning with these lncRNAs. Together, this information 

will contribute to the much-needed understanding of plant lncRNA functions. Furthermore, 

these studies should be extended to a wide range of plant species.

Perturbation of lncRNA expression, in situ hybridization, structural characterization, and 

genomics are among the major tools available to dissect the molecular mechanisms of 

lncRNA functions. Revealing the regulatory roles of lncRNAs may require improvements in 

various techniques, as well as adoption of technologies from other fields to plants. These 

technologies include in vivo imaging of RNAs through single-molecule techniques, 

identifying the binding partners of lncRNAs by high-throughput methods, as well as using 

single-cell methods to decipher the heterogeneity of the transcriptome in a cellular 

population. We hope that the continuing interest in the biology of lncRNAs will bring new 

insights and discoveries to the functional mechanisms of lncRNAs in plants.
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