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Long noncoding RNAs (lncRNAs) have been implicated in many biological processes. However, due to the
unique nature of lncRNAs and the consequential difficulties associated with their characterization, there
is a growing disparity between the rate at which lncRNAs are being discovered and the assignment of
biological function to these transcripts. Here we present a molecular biology toolbox equipped to help
dissect aspects of lncRNA biology and reveal functionality. We outline an approach that begins with a
broad survey of genome-wide, high-throughput datasets to identify potential lncRNA candidates and
then narrow the focus on specific methods that are well suited to interrogate the transcripts of interest
more closely. This involves the use of imaging-based strategies to validate these candidates and observe
the behaviors of these transcripts at single molecule resolution in individual cells. We also describe the
use of gene editing tools and interactome capture techniques to interrogate functionality and infer
mechanism, respectively. With the emergence of lncRNAs as important molecules in healthy and diseased
cellular function, it remains crucial to deepen our understanding of their biology.
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One of the greatest challenges in modern day genomics is ascribing function to genes and genetic elements. It has
become apparent that most of the human genome is pervasively transcribed, but less than 2% of these outputs
are putatively functional RNAs that encode for proteins [1–4]. The functions of the remaining proportion of the
transcriptome and the genomic regions from which they arise, mostly remain uncharacterized and make up the ‘dark
matter’ of the genome. With the advent and development of RNA deep sequencing technologies, long noncoding
RNAs (lncRNAs) have been revealed to emanate from these dark regions of the genome [5]. For a long time, the
biological utility of these transcripts remained unknown and highly controversial, with many believing that they
were functionless due to their lack of any protein-coding potential. In short, they were thought to simply be the
result of transcriptional noise. This skepticism was further compounded by evidence pointing to the poor specificity
of RNA PolII binding and transcription initiation, their low abundance and poor conservation [6–8]. However, over
the last decade, several examples of well-studied lncRNAs have been identified that show they are indeed functional
molecules and play important roles in many biological processes [5].

LncRNAs are generally products of RNA PolII activity and are arbitrarily defined as being greater than 200
nucleotides in length [9]. These transcripts can arise from genomic regions that intervene (lincRNAs) or are within
protein-coding genes (i.e., introns, overlapping exons, antisense transcripts) as well as enhancer regions and promoter
regions [5]. Nascent lncRNA transcripts undergo post-transcriptional modifications resulting in products that are
capped at the 5′-end and often spliced and polyadenylated [9]. Furthermore, certain lncRNAs undergo special
post-transcriptional processing to complete their maturation. For example, Malat1 requires RNase P-mediated
cleavage of the 3′ terminus to generate a stable transcript that is functional [10]. Alternatively, enhancer RNAs
(eRNAs) require the nucleolytic activity of the integrator complex to terminate their transcription [11]. After being
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processed and modified, mature lncRNAs assume specific secondary and higher-order structures. The resulting
conformations are often highly conserved as they imbue the transcripts with lncRNA functionality by providing
binding sequences or structural domains for the interaction with RNA, DNA and effector or adapter proteins [12].
In this way, lncRNAs can serve as the crucial interface between these different types of biomolecules to form highly
specific and functional combinations of RNA, DNA and protein complexes.

The current collection of known lncRNAs is curated into four classes that describe the main modes of lncRNA
function (decoys, scaffolds, guides and enhancers). LncRNAs can operate as decoys that competitively bind to
transcription factors or sequester miRNAs to attenuate their function [13]. Lethe, a pseudogene lncRNA, functions
in this way to negatively regulate NF-κB signaling by sequestering RelA, a subunit of NF-κB, and preventing DNA
binding and gene activation [14]. LncRNAs can also serve as scaffolds that mediate the assembly of multiprotein
complexes, as well as guide and localize these complexes to specific genomic sites of function [13]. Hottip is an
example that carries out both these functions to regulate homeotic gene expression during development. Hottip is
expressed from the HoxA gene cluster and recruits the WDR5/MLL complex to drive localized histone methylation
and maintain an active chromatin state across its target genes [15,16]. eRNAs encompass another class of function
that involves activating gene expression in a tissue specific manner in response to specific stimuli. Thus, through
the formation of chromosomal loops via the recruitment of the mediator complex, the spatial proximity of genetic
elements and their bound transcription factors is controlled to achieve highly precise spatiotemporal and tissue-
specific regulation of gene expression [17]. Despite the growing catalogue of lncRNAs, the majority of detected
products of transcription remain functionally unannotated. This is because the ability to characterize lncRNAs and
distinguish bona fide functional transcripts from transcriptional noise still remains very challenging. Importantly,
lncRNA-specific effects may be attributed to the ‘enhancer-like’ activity of their promoters, the act of lncRNA
transcription itself or the splicing of the transcript [18]. Therefore, lncRNA classification requires specialized tools
that go well beyond demonstrating correlation and instead, unambiguously prove causality.

Specialized tools are needed to study lncRNAs
Many of the difficulties associated with identifying functional lncRNAs, amid the noise of the transcriptome, has
been the use of conventional methods established for the study of mRNAs, which are ineffective for lncRNAs.
In order to overcome this, we must recognize and consider the unique features of lncRNAs so that they are more
amenable for our study. For example, some lncRNAs provide allele-specific epigenetic modulation of gene expression
in cis (Figure 1B, left). In order to do this, their effect must be spatially limited to their site of transcription. A feature
of these lncRNAs is that they exist in very low copy numbers and can be quite unstable allowing for the transcript
and its function to be restricted to the vicinity of its transcription. As a consequence, this makes their detection
extremely difficult by population based methods, such as quantitative PCR or even sequencing. Furthermore, their
residence in the nucleus makes them refractory to RNA interference (RNAi) for loss of function experiments.
Therefore, methods used to ablate function of this type of lncRNA ideally need to be highly efficient in the nucleus
and preferably effective at the site of transcription. The use of targeted nucleases such as CRISPR/Cas9 for such
purposes is possible, however, their application has to be carefully considered. Mutations to the sequence are usually
ineffective against noncoding transcripts, unless it critically alters the lncRNA structure or a binding site. More
importantly, rearrangements in the genome and the chromosomal topology, as a side effect of genome engineering,
could result in the emergence of confounding phenotypes. In order to study the biology of such lncRNAs, the
development and use of tools that are sensitive to their detection and spatial positioning, as well as discrete enough
to preserve the complex surrounding environment in which they reside, is critical.

Perhaps the best studied example that illustrates the use of highly specialized tools to uncover lncRNA function
is Xist and the discovery of its involvement in X-chromosome inactivation (XCI) in female mammals [19]. This
phenomenon has been widely studied and serves as an excellent model that demonstrates some of the current
paradigms of lncRNA biology as well as the tools that were needed to establish them. Xist is transcribed from
the X-inactivation center (Xic) on the X-chromosome – a locus that is also highly enriched with many other
lncRNAs that serve as activators and inhibitors of XCI. Biochemical methods, such as RNA anti-sense purification
(RAP) and RNA and chromatin immunoprecipitation (RIP and ChIP) have proven to be highly valuable in
understanding the localization and the functional mechanism of Xist [20–22]. The findings of these experiments have
been further complemented by work done in transgenic knock-out mouse models where different parts of the Xic
have been deleted [23,24]. From this, it is now known that Xist operates in cis and exploits the three-dimensional
architecture of the genome to spread to distal sites that are spatially proximal to its transcription site [21]. Through
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Figure 1. An overview of the pipeline and tools used to study lncRNA biology.
(A) Publicly available databases provide transcriptomic, conformational and epigenetic information on the entire
genome, aiding in the identification of lncRNAs and the generation of broad hypotheses for their function. (B) (left)
LncRNAs are able to interface with DNA, RNA and proteins to exert their functions. Many lncRNAs are thought to
modify the epigenetic state of chromatin and alter the transcription of genes in cis or trans (Right) lncRNAs can be
visually detected by decorating the transcript with fluorescently labelled antisense oligonucleotides for smFISH. The
inset shows an example of a lncRNA and a nearby protein coding gene detected by smFISH and fluorescent
microscopy. These experiments complement high-throughput biochemical assays and provide useful details on the
absolute abundance and the subcellular localization patterns of lncRNA transcripts with single cell resolution. (C)
CRISPR/Cas9 tools are able to (i) ablate lncRNA expression by direct mutagenesis to the DNA sequence for loss of
function studies (ii) function as a targeting module to recruit activators, inhibitors and chromatin modifiers for locus
specific perturbation of lncRNA expression or (iii) target lncRNA transcripts to gene loci to investigate their spatial
nature.
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Table 1. Summary of the emerging methods used to study long noncoding RNA biology.

Method Information obtained Ref.

RNA-Seq Quantitative reads of the entire transcriptome [27]

CAGE Quantitative reads of the transcriptome by capturing
the 5′-end of the transcript

[28]

3C (and its derivatives) Mapping of chromosomal interaction for the
identification of spatially proximal genes and genetic
elements

[29–31]

ChIP-Seq Genome wide mapping and quantification of
epigenetic marks and protein on DNA

[32]

smFISH (and its derivatives) Abundance and subcellular localization of transcripts
in single cells

[33–39]

Genome and epigenome editing tools Perturbation of lncRNA transcription and position to
determine function

[44,45,50,51,53–55,58,60]

ChIRP Identification of interacting RNA, DNA and protein
partners through the capture of the lncRNA transcript

[61]

Chart Identification of interacting DNA and protein partners
through the capture of the lncRNA transcript

[62]

RAP Identification of interacting RNA, DNA and protein
partners through the capture of the lncRNA transcript

[20]

PAR-CLIP Identification of lncRNAs that are interacting with a
particular protein of interest through the
immunoprecipitation of the protein

[63,64]

SHAPE LncRNA secondary structure at single nucleotide
resolution

[65]

the recruitment of proteins, such as PRC2, the entire X-chromosome is epigenetically silenced [20]. Through the
use of these molecular tools, these studies have defined the functional mechanism of Xist, which has now been
established as a common modality for a subclass of lncRNAs [5,25]. From the same Xic locus, Tsix emerges as a
long anti-sense transcript that negatively regulates XCI. Examination of the higher order chromatin structure of
the Xic locus by chromosome conformation capture carbon copy (5C) has revealed that Tsix and Xist, along with
their respective positive regulators, inhabit neighboring topologically associated domains (TADs). This structure
was further confirmed by observations made in single cells using super-resolution microscopy and fluorescence in
situ hybridization (FISH) methods [26]. Furthermore, by combining polymer modeling and imaging-based single
cell analysis, the population averaged data from chromosome conformation capture techniques was deconvolved
to reveal fluctuations in the structure of the Xic TADs, which are coupled to variations in the transcription of
the genes from this locus [27]. This highlighted aspects of the regulation of lncRNA expression and the important
role of spatial organization in the nucleus for controlling gene transcription. Together, the extensive study of Xist
has revealed many aspects of its function that are now considered paradigms of lncRNA biology and nuclear
architecture. Furthermore, these studies have demonstrated the use of a myriad of molecular techniques to provide
these insights and serve as lessons in the use of emerging tools to interrogate novel transcripts for functionality.

Here we describe some emerging methods and strategies that are well suited to the study of lncRNAs (Table 1).
With the advances made in high-throughput sequencing technologies and efforts made by community based
consortia, large datasets describing various elements of the genome are freely available. These databases can be
examined to identify various lncRNAs across the entire genome. From these, we can narrow our focus on specific
lncRNAs of interest, where we can use single cell and single molecule imaging approaches to observe some basic
characteristics that cannot be revealed by bulk biochemical assays. Furthermore, we discuss the use of gene editing
approaches using CRISPR/Cas9 tools to perturb lncRNA expression and subcellular positioning to uncover their
function. Lastly, we discuss some methods used to capture and delineate the lncRNA interactome, from which
the mechanism of function can be inferred. The development of our abilities to effectively identify and assign
function to these elusive transcripts will not only greatly add to our understanding of the repertoire of regulatory
mechanisms that exist in the cell, but potentially also identify novel therapeutic targets.

Searching the genome for lncRNAs
Publicly available databases, such as those provided by the ENCODE and FANTOM consortium, aim to catalogue
all identified elements of the genome and transcriptome. Searching these resources can identify putative lncR-
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NAs that can subsequently be tested in a hypothesis-driven manner (Figure 1A). Genome-wide next generation
sequencing approaches, including RNA-seq [28] and Cap Analysis Gene Expression (CAGE) [29], allow for the
unbiased detection and quantification of lncRNA transcripts. In addition to this, the development of 3C-based
technologies [30], such as Hi-C [31] and ChIA-PET [32] have allowed for the high resolution mapping of chromosomal
interactions, allowing for spatially proximal genes to be identified. Furthermore, by overlaying ChIP-seq traces, the
epigenetic status of the examined region is revealed, confirming the presence of lncRNAs, active or inactive genes
and other regulatory elements through epigenetic signatures [33]. These large datasets can be mined in numerous
ways to identify candidate lncRNAs. Depending on the bioinformatic pipeline and the filter parameters, putative
lncRNAs that are potentially involved in specific biological processes can be isolated. Together, these many layers
of different information synergistically aid in the identification of potentially functional lncRNA transcripts that
can be experimentally tested.

Imaging lncRNAs
One of the first steps in characterizing a novel lncRNA is to experimentally validate its expression in the cell type
of interest, quantify its abundance and determine its subcellular location. As useful as the above mentioned high-
throughput experiments may be in identifying candidate lncRNAs, they are fundamentally limited in describing
these properties. With population averaged readouts, there is a diminished detection sensitivity (which can be
further compounded by the low copy number of some lncRNAs) and the loss of the cell-to-cell variability of
expression. These methods also do not provide critical spatial information on these transcripts, which often hints at
their mode function. This has resulted in the majority of annotated lncRNAs missing fundamental data describing
their single cell abundance and subcellular localization.

Owing to the development of RNA labeling techniques, microscopy can be used to complement high-throughput
biochemical assays by revealing these characteristics in single cells. RNA single molecule FISH (smFISH) has been
widely used to detect and quantify individual mRNA and lncRNA molecules (Figure 1B, right) [34–36]. Furthermore,
the subcellular localization of lncRNAs can be successfully resolved using this method, providing insights into their
function [35]. For example, lncRNA smFISH foci that appear in the cytoplasm suggests a role in translation or signal
transduction, whereas those that solely occur in the nucleus are implicated in the regulation of gene transcription.
Co-labeling of lncRNAs with coding mRNAs allow for the effect of the lncRNA on target gene transcription to
be directly visualized and quantified. For lncRNAs that are spliced, intronic or exonic portions of the lncRNA can
be exclusively labelled to distinguish sites of transcription as well as cis and trans modes of action. smFISH can
also be applied concomitantly with immunofluorescence labeling (IF-FISH) [37]. By co-labeling proteins involved
in epigenetic modification or histone marks, lncRNAs can be associated with epigenetic regulation and different
chromatin states.

However, the throughput of these labeling strategies are limited by the spectral bandwidth of conventional
fluorescent microscopes, allowing for only a few different lncRNA species to be observed simultaneously. This low-
throughput can potentially be overcome by adapting multiplexed error-robust fluorescence in situ hybridization
(MERFISH) for lncRNAs. MERFISH is a high-throughput imaging strategy that makes use of smFISH readouts to
generate single cell, spatially resolved transcriptomic profiles [38]. MERFISH employs a complex barcoding scheme
to encode RNAs, which are detected by multiple rounds of smFISH. This method has recently been improved
to detect 130 unique RNAs in over 100,000 cells [39]. The application of MERFISH to lncRNA transcriptome
profiling would be extremely powerful in identifying lncRNA expression and localization patterns in different
healthy and diseased cell types. The data generated would complement single cell RNA-seq readouts by adding the
vital layer of spatial context.

Despite smFISH being very useful in studying lncRNA biology, its application to lncRNAs can be challenging.
Some lncRNAs, particularly those that emanate from enhancers can be very small (less than 1000 nucleotides),
leaving a shortage of ‘real estate’ for a sufficient number of smFISH probes to bind and produce a detectable focus
(usually 30–48 fluorescently labelled probes are required). In such cases, the signal from a small number of probes
(≥10 probes) can be observed after tyramine signal amplification (TSA) [40]. The caveat to this, however, is that
the quantitative nature of smFISH is sacrificed. Furthermore, the formation of strong ribonucleoprotein (RNP)
complexes, extreme low abundance and frequent repeat sequences associated with lncRNAs can contribute to the
difficulties in obtaining robust smFISH signals. LncRNAs commonly associated with protein complexes may be
occluded from being successfully labeled. In our laboratory, we have found that we can gain accessibility to the
lncRNA transcript by denaturing these RNP complexes by methanol fixation. The low abundance and frequent
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repeats of lncRNAs may result in off-target probe binding, creating poor signal-to-noise ratio. In order to overcome
this and validate the correct binding of a probe set, a dual labelling system can be applied, whereby the even probes
are labelled in a different color to the odd probes. Co-localization of these two colors at the same focus suggests
that that the hybridization is on target [36]. Even though there are numerous strategies to optimize smFISH for
lncRNA detection, there are occasions where the lncRNA may not be amenable to detection by this method. In
these extreme cases, it may be worth investigating the use of gene editing technologies to tag lncRNA transcripts
with RNA mimics of GFP [41,42]. However, the consequences of adding such structured sequences to lncRNAs are
unknown and may very well affect the function of the transcript.

Observations made by imaging techniques are an imperative first step in the experimental pipeline for the
characterization of lncRNAs. These experiments provide key details into the biology of the lncRNA and help foster
hypotheses that can be tested further.

Determining function using genome & epigenome editing tools
Perhaps the most direct method for elucidating the function of what a gene does, is to observe the impact upon its
removal. This is as true in classical fly genetics studies as it is in unraveling the function of lncRNAs. As discussed,
RNAi has been an important contributor in observing the effects of temporal knockdown of lncRNA transcripts.
Though some disadvantages can be overcome, RNAi presents limitations, in that the effect is often temporal,
requiring repetitive exposure, as well as being inefficient, due to the low abundance of lncRNA transcripts.
In addition, RNAi is not as reliable in the nucleus where many lncRNAs function [43]. The use of antisense
oligonucleotides (ASOs) and their derivatives has proven to be much more effective than RNAi methods and are
being widely adopted for targeting lncRNA transcripts [44]. ASOs, such as gapmers, form very specific DNA-RNA
hybrid duplexes with the target lncRNA transcript, resulting in their efficient degradation by nuclear resident
RNase H. Similar to RNAi, however, their effects are transient.

The age of genome engineering, in particular, the discovery of CRISPR/Cas9 [45], has provided a much needed
tool with which to address these and several other problems associated with the elucidation of lncRNA function.
Foremost, is the discrete and permanent nature of CRISPR-based lncRNA knockout (Figure 1Ci). However,
straightforward insertions/deletions caused by a single double strand break are unlikely to cause functional ablation
of a noncoding gene – therefore one has to consider a more comprehensive approach with respect to lncRNA
function. One strategy which ensures complete ablation would be to delete the entire genomic region associated
with a lncRNA. For example, deletion of the 6kb lncRNA HPAT5 in pluripotent stem cells revealed a critical
role for this lncRNA in pluripotency and primate preimplantation development [46]. This approach has been
highly effective and expanded to create highly informative genome-wide scales of lncRNA depletion screens [47].
However, deletion of the genomic DNA can confound the issue of whether the phenotypic effect is due to
loss of the noncoding transcript or potential regulatory sequences of the genomic region itself [48,49]. This was
exemplified by the systematic CRISPR-based deletion and insertion of the lncRNA Haunt [50]. In this study,
the authors demonstrated the dependence of HoxA gene activation on the presence of the Haunt-encompassing
DNA locus upon ES cell differentiation. Strikingly, however, interruption of Haunt transcription via insertion of a
transcriptional stop signal, increased HoxA activation. Furthermore, insertion of the Haunt cDNA within genomic
knock outs of the same region, failed to restore HoxA activation, ultimately demonstrating that the Haunt genomic
region has an enhancing regulatory function, while the noncoding transcript itself appears to act as a repressor. As
outlined above, introducing a transcriptional stop signal can be highly effective in ablating the lncRNA transcript
without significant effect on the role of the DNA sequence itself, as shown by others [51]. An alternative approach
is to target the promoter region of the lncRNA. In deleting the region surrounding the promoter of lncRNA-CSR,
Basu and colleagues demonstrated that the absence of the transcript itself, (despite an intact genomic region)
disrupted long range chromatin contacts over 2.6 Mb away, leading to dysregulation of isotype switching in B
cells [52]. A further advantage of targeting the promoter is the small size that needs to be deleted, increasing the
efficiency of editing. As such, paired guide-based CRISPR deletions of lncRNA promoters have been adapted in
large scale studies for screening the effects of lncRNAs [53].

These genome engineering approaches can be further enhanced with the use of the iCRISPR system [54]. By
integrating an inducible Cas9 construct into the AAVS1 safe harbor locus of induced pluripotent stem cells (iPSCs),
lncRNAs can be targeted by the simple addition of RNA guides. The power of this system lies within the ability
to subsequently differentiate these iPSCs to specific cell types that may be relevant to the lncRNA function.
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Furthermore, lncRNAs responsible for lineage specification can also be identified using this system through the
systematic ablation of lncRNAs and observing the resultant cell fates.

Going beyond classical genome editing
In our laboratory, we have developed a strategy to obtain single cell, in situ functional readouts after lncRNA ablation
by using a combination of genome editing and imaging techniques. By exploiting the homologous-directed repair
(HDR) pathway, we have been able to replace a lncRNA sequence with the coding sequence of green fluorescent
protein (GFP). The GFP repair template is designed such that the endogenous promoter of the lncRNA is preserved
after repair and is responsible for driving the transcription of the newly inserted GFP cassette. We are able to detect
these cells using smFISH probes targeted to the GFP RNA transcript. By co-labeling the mRNA transcripts of the
genes regulated by the deleted lncRNA, we are able to quantify the effect of the lncRNA deletion on its target genes
and their subcellular localization in single cells (publication under review).

Though the approaches outlined above harness the endonuclease ability of the CRISPR-Cas system, it is, in fact
the malleability of the tool that provides researchers with further manipulations with which to elucidate lncRNA
function. One such modification has been the development of the dCas9 (dead Cas9) variant, in which the nuclease
capability of Cas9 has been disabled and replaced with the loading of a repressor, termed CRISPR interference
(CRISPRi; [55]) or enhancer, termed CRISPRa (CRISPR activator; [56]) of transcription (Figure 1Cii). CRISPRi
leads to the repression of the chromatin surrounding the target sequence – and thus transcription – in a highly
sequence specific manner, negating the need to edit the genome directly. The most powerful example of this
epigenome strategy was recently shown by creating a large CRISPRi library targeting lncRNAs [57]. This delicate
strategy revealed the impact of single nucleotide polymorphisms (SNPs) within lncRNAs, their contributions to
expression and important associations with cancer phenotypes. The corollary of CRISPRi is the use of dCas9
variants with a transcription factor payload of enhancement rather than repression. As with CRISPRi, this has
been expanded, termed CRISPR-on, to include modifications that would allow for multiple genomic regions to be
epigenetically modified to enhance expression of transcripts, discretely [58]. The flexibility associated with dCas9
variants is no way restricted to traditional ‘on/off ’ expression switches. Indeed, understanding the roles of specific
chromatin marks overlaying the genomic DNA encompassing lncRNA transcripts is of equal importance. In this
regard, several variants of the CRISPR system which allow for site specific deposition of chromatin modifiers have
been developed (extensively summarized in [59]) and will no doubt reveal remarkable insight about lncRNA control
and function.

Despite the myriad advantages associated with dCas9 variants of temporal or cell type-specific control of lncRNA
expression, a recent study suggests only 38% of lncRNAs may be amenable to CRISPR-based dysregulation
without affecting proximal gene expression [60]. As such, this necessitates the need for careful analysis of the genetic
neighborhood, as well as complementary knockdown studies.

Nonetheless, while these variations of CRISPR/Cas9 may address the unravelling of the temporal nature of
lncRNA expression to elucidate function, there remains the question of spatial control. One of the key questions
involved in lncRNA function is whether they act in cis or in trans. The development of CRISPR-DISPLAY involved
re-engineering the CRISPR/Cas9 (Figure 1Ciii) system to ‘carry’ a specific lncRNA transcript and deposit it at
any region within the genome [61]. Though the results of this study showed modest effects as a result of depositing
known lncRNAs at arbitrary loci, we see this as the evolution of the then, highly innovative BoxB experiment [15],
to now being able to demonstrate lncRNA function endogenously, with the ability of spatial control.

While none of these encompass a ‘one shoe fits all’ CRISPR-based tool, each modification provides researchers
with an ability to address numerous aspects of lncRNA function, and indeed, are rapidly evolving. Furthermore, it
remains challenging to apply these tools to more physiologically relevant systems, such as primary cell cultures or
animal models. Primary cells, compared with immortalized cell lines, are often refractory to conventional lipid-based
transfection methods and are limited in their lifespan, making the generation of isogenic mutants very difficult, if
not impossible. It is in these situations where methods and strategies to identify and make measurements in the
few cells that have successfully undergone the targeted genomic alteration(s) are currently lacking and are in great
need of development. The difficulty of delivering these tools to in vivo systems is even greater, and continues to
limit many of our observations of lncRNA biology to the petri-dish.
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Determining the mechanism of lncRNA function
The ablation of lncRNAs from the cell enables functionality to be ascribed to the transcript by observing the
resultant phenotype. However, in order to gain insight into the mechanism of function, the interacting partners of
the lncRNA need to be identified and closely examined. The mechanism of lncRNA function is often dependent
on the network of interactions that the lncRNA establishes with DNA, RNA and proteins. The composition of
this interactome is dictated by the availability of binding sites for these partner molecules, once the lncRNA has
assumed its mature secondary and higher-order structures. The mapping of this interactome can help infer the
mechanism of lncRNA function by identifying associated genomic locations of the lncRNA, sequestered mRNAs
or miRNAs and protein effectors. With the development of cross-linking methods, the complex and delicate state of
lncRNA complexes can be preserved in vivo and subsequently isolated. Thereafter by, for example, tiling antisense
oligonucleotide probes along the lncRNA to capture the transcript, components of the complex can be isolated
and determined by numerous approaches. Variations to this RNA-centric purification method exist and include
chromatin isolation by RNA purification (ChIRP) [62], capture hybridization analysis of RNA targets (Chart) [63] and
RAP [21]. Using these methods in conjunction with high-throughput sequencing and mass spectrometry, interacting
DNA, RNA and proteins can be detected. Alternatively, protein-centric capture methods such as photoactivatable
ribonucleoside-enhanced cross-linking and immunoprecipitation (PAR-CLIP) and its more sophisticated variants
like iCLIP, can be used to identify lncRNA transcripts associated with particular proteins of known function and
interest [64,65].

Central to the establishment of the lncRNA interactome is the secondary structure of the mature lncRNA
transcript. It is this conformation that determines the availability of nucleic acids for base-pairing with DNA or
RNA, as well as the formation of structural motifs for protein and DNA binding. By resolving this, a deeper insight
into the molecular properties that are required for the lncRNA to mediate these interactions and its functions, is
revealed. For example, by combining the structures of SHAPE [66], DMS [67] and terbium structure probing [68],
it has been shown that Hotair forms intricate structural modules that are essential in binding to PRC2 to carry
out its function [69]. Coolair is another lncRNA with a complex structure that includes multi-helix junctions and
two right-hand turn motifs, which appear to impact its function [70]. By developing a picture of the partners that
interact with lncRNAs, their mechanism of function can be inferred and further tested, through the removal or
occlusion of the interacting domains, as revealed by the structure of the lncRNA.

Conclusion & future perspective
The discovery of functional lncRNAs has fundamentally changed our appreciation and perception of the transcrip-
tome. With the correct tools, we can systematically mine this space and identify biologically functional molecules
that serve as a new layer in the complex circuitry of life. We envision that over time, the methods and technologies
will evolve to be better tailored to studying lncRNA biology. Eventually, a richly annotated catalogue of all the
lncRNAs will be established, which we can integrate into and use to widen our current understanding of the cell.
We can also revisit disease associated polymorphisms, of which many reside outside of coding regions. With this,
these important transcripts could possibly be adopted as mainstream diagnostic markers for disease and serve as
targets for the next generation of therapeutics.
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Executive summary

� A key challenge in lncRNA biology is proving biological function over transcriptional noise.
� We discuss some tools that are well suited for studying lncRNA biology.
� High-throughput biochemical methods and publicly available datasets are useful in identifying lncRNAs which

can be further tested with hypotheses-driven experiments.
� smFISH strategies can provide information about the absolute abundance of lncRNAs and the subcellular

localization of lncRNAs in single cells.
� CRISPR/Cas9 tools are useful in creating permanent or locus specific disruptions in lncRNA expression to

interrogate function.
� Methods to capture the lncRNA interactome can be used to infer the mechanism of function.
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