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1 | INTRODUCTION

Over the past decade, progress in high throughput sequencing and genome-wide transcriptome profiling have revealed
an unprecedented landscape of long noncoding RNAs (IncRNAs) in animal and plant genomes (J. B. Brown et al., 2014;
Cabili et al., 2011; Clark & Mattick, 2011; Guttman et al., 2009; Iyer et al., 2015; Necsulea et al., 2014; Sarropoulos
et al., 2019). Only a fraction of these IncRNAs have been studied and those have been attributed with regulatory func-
tions in various cell processes and occasionally implicated in human disease (Guo et al., 2019; Hezroni et al., 2019; Liu
et al., 2021; Statello et al., 2020). LncRNA synthesis is similar to that of mRNAs in that they are transcribed by RNA
polymerase II (Pol II), undergo splicing and are capped and polyadenylated. The classification of IncRNAs is largely
dependent on exclusion criteria and typically encompasses transcripts of at least 200 nucleotides (nt) that do not exhibit
potential to encode functional proteins and do not belong to any other well-defined group of noncoding RNAs, such as
ribosomal RNA (rRNA). Thus, the currently annotated IncRNAs comprise a hash of thousands of genes with diverse
properties, possible functions, and mechanisms for which the principles of subclassification have not yet been eluci-
dated. A striking difference between IncRNA genes and coding genes, is the rapid turnover of IncRNAs during evolu-
tion. This has underpinned earlier assumptions that the majority of IncRNAs may not be functional. However, studies
on specific IncRNAs have shown that function can be maintained across distantly related species, even in cases where
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the sequences have substantially diverged (reviewed in Ulitsky, 2016). As the evidence continues to mount that a siz-
able number of IncRNAs are relevant to human disease, it is becoming more important to develop methods that can
rapidly distinguish which IncRNAs are likely to be functional. The understanding of how IncRNA functions have been
maintained across sequences that have extensively changed is fundamental to deriving principles for the large-scale
classification of these genes into functional groups. This classification will allow us to transfer functional knowledge
across IncRNAs with similar properties, and will guide the design of experimental studies to systematically probe their
numerous biological mechanisms.

The first studies that delved into mapping the homology of IncRNA sequences relied on alignment-based algo-
rithms, which were successful in comparison of closely related species. However, these algorithms assume the equiva-
lence between homology and nucleotide sequence similarity, which is problematic for the comparison of IncRNA
sequences that have largely diverged. Nevertheless, comparisons of IncRNAs between human and other mammals sug-
gest that IncRNA sequences often contain short conserved patches that evolve under purifying selection and that these
patches are disguised by their surrounding sequence context which evolves rapidly and thus seems to have limited con-
tribution to function. This model is attractive because it is sufficient for supporting interactions of IncRNAs with RNA
binding proteins (RBPs) or microRNAs (miRNAs), which has previously been shown to modulate IncRNA function and
to be regulated by them (Bitetti et al., 2018; Kleaveland et al., 2018; Ulitsky et al., 2011; Xue et al., 2016). More recent
studies have expanded on this idea, and implemented a combination of computational and experimental approaches to
uncover functional elements in an array of IncRNA genes. This concept has also underpinned the recent development
of novel alignment-free approaches which have advanced the capability to identify and compare orthologous IncRNAs
in more distal species.

In this review, we summarize the recent advancements in the computational and experimental approaches to
uncover functional motifs in IncRNA genes. We begin with a brief description of the challenges that have hindered
IncRNA annotation across diverse species and the comparative analysis of their sequences, with a particular focus on
considerations for the unbiased identification of IncRNA orthologs in distal species. We then discuss the fundamental
traits of IncRNA evolution that have been uncovered from early studies, and go on to describe how these traits have
been leveraged to develop new algorithms that present more sensitive approaches for the functional classification of
IncRNAs. Last, we give an overview of the experimental methods that have been developed to validate the functional
importance of sequence and structural motifs in IncRNA sequences.

2 | THE MAIN CHALLENGES THAT HAVE STALLED COMPARATIVE
GENOMICS OF IncRNAs

Functional conservation is a well-defined evolutionary constraint that has been successfully leveraged to annotate pro-
tein coding genes (PCGs) and other noncoding RNAs (Bartel, 2009; Michel & Westhof, 1990; Woese et al., 1980). How-
ever, the application of comparative genomics to IncRNAs has been hindered by two major obstacles. The first obstacle
stems from the rapid evolution of IncRNA sequences. Conventional algorithms that were developed for PCGs are based
on multiple sequence alignments (MSAs). These can be derived from whole genome alignments (WGAs), but those
require extensive and pairwise-significant sequence similarity between the studied genomes, and much or all of the
sequence of a given IncRNA will often not have informative MSAs. Such methods thus perform poorly in identifying
and comparing orthologous IncRNAs that lack long continuous regions that are highly constrained at the sequence
level. The analysis of CHASERR IncRNA sequences from distantly related species presents an example of this problem
(Figure 1a). CHASERR is transcribed in close proximity to the transcription start site (TSS) of CHD2 and acts in cis to
regulate expression levels of CHD2 (Rom et al., 2019). This regulatory mechanism has been shown to be essential for
mouse viability (Rom et al., 2019). Analysis of RNA-seq data clearly indicates that CHASERR has syntenic counterparts
that are transcribed in species as far as zebrafish (>400 million years of evolution; Figure 1a), however BLASTN does
not detect significant alignment (E-value <0.001) between human CHASERR and species beyond amniotes (Ross
et al., 2021). An alternative to using MSAs is to directly compare sequences of IncRNAs across species by pairwise
sequence alignment. However, the number of IncRNAs that have been annotated remains very limited in most verte-
brate species. This is a consequence of both incomplete genome sequences or partial annotations of protein-coding
genes, and the limited accuracy of algorithms for reconstruction of transcripts from RNA-seq data. In some cases this
reduces the ability to identify orthologous IncRNAs, while in other cases it can lead to the false identification of a
IncRNA that appears to stand alone, but actually aligns with a region of a PCG that has not been fully annotated
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FIGURE 1 Dimensions of IncRNA evolution that have been leveraged for comparative sequence analysis. (a) Genomic locus of Chaserr
across vertebrate species. RNA-seq data obtained from HPA and SRA. PhyloP scores indicate low sequence conservation, despite synteny.
Genomic gaps in respective species and high GC content of the region are shown to highlight potential challenges in identification of
IncRNA orthologs in this region. Zebrafish Chaserr reconstructed by PLAR. Short conserved motifs identified from IncLOOM analysis of
Chaserr sequences from 16 vertebrate species (ordered from Human to Zebrafish). Graded brown color indicates conservation per number of
species. (b) Computational approaches to identify functional motifs in IncRNA sequences: A composition-based approach (as used in Seekr)
vs a conservation based approach (as used in IncLOOM). (c) Schematic illustration of common secondary structures in RNA sequences
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(discussed in Chen et al., 2016). The issue can be partially addressed by using programs such as Trinity (Grabherr
et al., 2011) to reconstruct the transcriptome de novo. However, these tools also have their limitations, especially in the
reconstruction of full transcripts from short RNA-seq reads (Holzer & Marz, 2019). These shortcomings have left sub-
stantial parts of the transcriptomes from many vertebrate species unexplored. This has been a major incentive to
develop more sensitive algorithms that can confidently predict orthologous genes by directly comparing transcripts to
annotated IncRNAs from a query species (discussed below). Another option to overcome the challenges in d§e novo
transcriptome assembly lies in long-read sequencing technologies, which have advanced substantially in recent years
(Amarasinghe et al., 2020; Oikonomopoulos et al., 2020) and have already been used in transcriptome assembly in
recent studies (Miiller et al., 2021; Y. H. Sun et al., 2021). Although there are still several limitations related to the high
error rate of long-read sequencing, we expect that it will become more applicable to transcriptome assembly as the tech-
nologies continue to advance and improved analysis methods for error correction are developed.

Faced with these challenges, the first studies that began to explore the evolutionary trajectories of IncRNAs were
based on aligning (with BLASTN, BLASTZ, and LastZ) IncRNAs within clades of closely related species, particularly
across mammals (Bu et al., 2015; Carninci & Hayashizaki, 2007; Kutter et al., 2012; Washietl et al., 2014). Although
these studies were limited in that they could miss parts of the conservation because of the challenges mentioned above,
they shed light on sequence and structural characteristics that are shared between IncRNAs. These characteristics can
now be leveraged to establish more sensitive computational approaches for comparison between distantly related spe-
cies (discussed in section 3). Importantly, these studies also established standards for the analysis of IncRNA sequences
and revealed fundamental considerations that are important to avoid ascertainment bias of orthologous IncRNA identi-
fication (Hezroni et al., 2015).

2.1 | Considerations for the unbiased comparison of orthologous IncRNA genes

The majority of studies have investigated IncRNA evolution by projecting human IncRNA sequences across WGAs to
identify candidate loci where the DNA sequence is conserved and also transcribed in distal species (Bu et al., 2015;
Hezroni et al., 2015; Kutter et al., 2012; Necsulea et al., 2014; Washietl et al., 2014). These studies have largely focused
on long intergenic noncoding RNAs (lincRNAs), which are IncRNAs that do not overlap PCGs, and are therefore easier
to identify. In comparison to coding genes, IncRNA expression is notably more tissue-specific (Cabili et al., 2011) and
can also vary significantly between individuals within a population (Kornienko et al., 2016). Taking this into account,
the comprehensive catalogs of IncRNA transcripts for various species were typically reconstructed from RNA-seq data
from multiple tissues. There are two conflicting caveats in the WGA-based approach. From one side, IncRNA conserva-
tion may be underestimated if the IncRNAs in other species are not detected due to the spatiotemporal nature of
IncRNA expression (Cabili et al., 2011; Chodroff et al., 2010; Moran et al., 2012; X.-Q. Zhang et al., 2017) or because
reconstruction algorithms fail to properly annotate them (e.g., a IncRNA transcript is merged to a PCG next to it, and
not annotated as a IncRNA). This may be partially circumvented by carefully comparing expression levels from multiple
tissue types or combining RNA-seq data with 3P-seq data (Hezroni et al., 2015). As an alternative, Necsulea et al., 2014
increased their estimates of the evolutionary age of IncRNA families by including species for which, according to a
probabilistic likelihood, the absence of transcription could be attributed to read coverage or exonic length. Although
this improved the sensitivity, it presents potential bias in the other direction, as the assumption that if a IncRNA is tran-
scribed in some species, all sequences homologous to it in other species are also transcribed, is often too strong. Instead,
it is possible that genomic loci may be conserved due to other constraints. This potential bias is illustrated through close
inspection of the Sox21 loci in distal vertebrate species. In humans, the 20 kb region surrounding Sox21 contains three
lincRNAs, SOX21-AS1, linc-SOX21-B, and linc-SOX21-C, that are expressed and overlap DNA sequences that are
alignable to other mammals, while linc-SOX21-B even overlaps a region that is alignable to zebrafish. Despite this con-
servation between the DNA sequences, Hezroni et al. did not detect transcription of either linc-SOX21-B or linc-
SOX21-C in any of the other species that were studied, including two primates. Rather, the significant alignment of
human linc-SOX21-B to other genomes was attributed to its overlap with a highly conserved brain and neural tube
enhancer (VISTA, element hs488; Visel et al., 2007). With this scenario in mind, it is advised to first reconstruct
IncRNAs independently in each species and then subsequently compare the RNA sequences to each other.

It is now generally accepted that many IncRNAs are lineage specific and do not have recognizable homologues in
distant species (Carninci & Hayashizaki, 2007; Church et al., 2009; Hezroni et al., 2015; Necsulea et al., 2014; Okazaki
et al., 2002; Paralkar et al., 2014). This is strongly substantiated by studies that examined IncRNAs expressed in specific
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tissues across closely related mammalian species (Chen et al., 2016; Kutter et al., 2012; Moran et al., 2012; Mustafi
et al., 2013). For example, Kutter et al. found that only 60% of the IncRNAs that are expressed in mouse liver are also
expressed in rat liver, while only 27% are also expressed in human liver (Kutter et al., 2012). As expected, the conserva-
tion of IncRNAs decreases dramatically across longer evolutionary distances. One of the first transcriptome-wide com-
parisons between lincRNA expression in zebrafish and mammals found that only 29 out of 567 (~5%) lincRNAs that
were identified in zebrafish had detectable putative orthologs in mammals (Ulitsky et al., 2011). A subsequent study
explored IncRNA conservation beyond vertebrates by comparing 16 vertebrate species and sea urchin (Hezroni
et al., 2015). Although hundreds of putative orthologs were detected beyond mammals, only 99 lincRNA genes could be
traced to the last common ancestor of tetrapods and teleost fish, and no significant homology was detected between ver-
tebrates and sea urchin. Although this number of putative orthologs between human and fish was substantially less
than the 171 IncRNAs reported by Necsulea et al. (potentially due to the combination of factors previously discussed)
the overall consensus is that homology between mammals and fish is detectable for <5% of human IncRNAs. These
observations mark out two possible roadmaps for fruitful comparative genomic analysis. One possibility, if the majority
of IncRNAs did arise de novo after major speciation events, is that we can use more intermediate evolutionary distances
or a phylogenetic tree-based approach to carefully compare IncRNAs between more closely-related species. Alterna-
tively, it is also plausible that many more IncRNAs are deeply conserved and their sequences contain spasmodic simi-
larity that is not statistically detectable by alignment-based algorithms. If this is the case, it is expected that many
IncRNAs will have synthetic counterparts in distal species, but without significant sequence similarity. Indeed, such
IncRNAs have been observed (Amaral et al., 2018; Bryzghalov et al., 2020; Hezroni et al., 2015; Ponjavic et al., 2009;
Ulitsky et al., 2011). For example, Hezroni et al. found no significant sequence homology, but over 2000 human
lincRNAs had putative homologues with only positional conservation (referred to as syntologs) in the sea urchin
genome, which was ~600 more than the number expected by chance, evaluated by randomly placing IncRNAs in the
sea urchin genome (Amaral et al., 2018; Bryzghalov et al., 2020; Hezroni et al., 2015; Ponjavic et al., 2009; Ulitsky
et al., 2011). Such cases are worth exploring further as they will elucidate particularly short conserved motifs that are
potentially easy to study further experimentally. Recent advances in computational methods for the comparative analy-
sis of IncRNAs have therefore focused on alignment-free methods to uncover subtle motifs that have been purified in
conserved IncRNAs from distant species or are shared between IncRNAs that perform similar functions in the same
species. In the next section we provide examples of how the following dimensions: (1) syntenic conservation across spe-
cies, (2) primary sequence conservation, and (3) the conservation of elements that adopt shared secondary structures,
have been used to increase the sensitivity of IncRNA identification and motif discovery.

3 | COMPUTATIONAL APPROACHES THAT LEVERAGE SEQUENCE
FEATURES OBSERVED IN CONSERVED IN IncRNAs

3.1 | Syntenic conservation increases the sensitivity of orthologous IncRNA detection in
distal species

Although synteny alone is not informative for functional motif discovery, it is a fundamental property that can be used
to identify and construct databases of putatively orthologous IncRNAs, and these datasets can be used as input for sub-
sequent motif analysis (Table 1), which is especially useful in cases where significant sequence similarity is not detect-
able. Syntenic conservation was recently used to characterize a new subgroup of IncRNAs in mammals which are
positioned at chromatin loop anchor points and the borders of topologically associating domains (TADs; Amaral
et al., 2018). These IncRNAs were named topological anchor point RNAs (tapRNAs) and were very often associated
with developmental genes with which they are co-expressed. Motif analysis, performed by the direct alignment of
human and mouse tapRNAs, showed that they are enriched with binding sites of transcription factors (TFs) and zinc-
finger proteins such as the chromatin organizer CTCF. Synteny has also been used to construct extensive resources of
putative orthologous lincRNA sequences that are now available for future studies. For instance, thousands of full-length
orthologous lincRNAs were generated using the PLAR (IncRNA annotation from RNA-seq data) pipeline by compari-
son of IncRNAs across vertebrates and sea urchin (Hezroni et al., 2015). Another good resource for obtaining IncRNA
sequences is SyntDB a database of syntenic IncRNAs that are conserved across 11 primate species (Bryzghalov
et al., 2020). The identification of IncRNAs that are positionally conserved has also been implemented as a key step in
publicly available pipelines that have been developed for the identification of orthologous IncRNA genes. Below we
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describe how two such methods, slncky (Chen et al., 2016) and LincOfinder (Herrera-Ubeda et al., 2019), use syntenic
conservation to increase the sensitivity of IncRNA identification.

The sincky pipeline is based on two steps, both of which rely on syntenic conservation. First, sincky aligns putative
IncRNAs to syntenic noncoding transcripts from different species in order to evaluate coding potential. If an alignment
is detected, slncky then interrogates putative open reading frames (ORF) that are longer than 30 nt and conserved in
both species. For each ORF, slncky computes the ratio of nonsynonymous to synonymous mutations (dN/dS) and only
considers the putative IncRNA as protein-coding if the ORF has a significantly low dN/dS ratio. Second, slncky
increases the alignment score between two putative IncRNA orthologs by expanding the alignment to include the
highly conserved sequences of their flanking protein-coding genes. Specifically, once slncky has defined syntenic regions
that contain a noncoding transcript, it performs a second alignment of only the area 150,000 nt upstream and down-
stream of the syntenic region. To minimize false positive alignments (that can often arise from aligning repetitive ele-
ments), sincky aligns each IncRNA to shuffled intergenic sequences and determines an empirical 5% threshold for
classifying significant alignment scores. Using this approach, the authors were able to identify 1466 out of 1521 (>95%)
of orthologous IncRNAs previously reported between human and mouse and also identify a further 121 pairs (8%) of
the homologous human-mouse IncRNAs that were previously classified as species-specific. They also found that 18% of
IncRNAs that are expressed in mammalian pluripotent cells were likely present prior to the divergence between rodents
and primates (Chen et al., 2016). Although sincky is useful, it is largely dependent on the quality of pairwise WGAs to
project IncRNA expression to loci in any other species and may therefore have limitations in comparing more distant
species.

The use of synteny to identify orthologous IncRNAs was recently expanded to establish another pipeline, Lin-
cOFinder, that was used to infer putatively conserved IncRNAs between human and amphioxus (Herrera-Ubeda
et al., 2019). Instead of relying on WGAs to define syntenic regions, LincOFinder creates two lists of genes: one list con-
tains all the genes in the reference species sorted by genomic position and the second list contains all corresponding
orthologs of protein-coding genes in the species being interrogated. These orthologs are identified by using known sets
of orthologous families or helper programs such as Orthofinder (Emms & Kelly, 2015). Sets of candidate genes (that
may potentially define a microsyntenic region) in the interrogated species are then selected if they are orthologs of
genes that neighbor a lincRNA in the reference species. The coordinates of these candidate genes form the input to a
UPGMA hierarchical clustering algorithm which identifies microsyntenic clusters that contain the orthologous genes
that are sufficiently close together. Each of these clusters are then scanned for expression of a lincRNA in the inter-
rograted species. Using this approach, the authors were able to identify 16 lincRNAs putatively conserved between
human and amphioxus, including HOTAIRM1 which is located in the anterior part of the Hox cluster across several
vertebrate lineages (Gardner et al., 2015; H. Yu et al., 2012).

3.2 | Computational frameworks focused on short motifs

Although the primary sequences of IncRNAs are not well conserved, multiple studies have identified short conserved
motifs using alignment-based approaches (Chureau et al., 2002; Hezroni et al., 2015; Jin et al., 2021; Ulitsky et al., 2011)
and experimental techniques (Ilik et al., 2013; Quinn et al., 2014, 2016) to uncover short functional domains in
IncRNAs that are evolutionary conserved. For example, in Hezroni et al., 2015 the direct comparison of RNA sequences
using BLASTN identified short patches that were alignable in lincRNAs that were conserved in human and one of
15 other vertebrates. Although short conserved patches could be detected as far as shark, the length of these patches sig-
nificantly decreased in fish species with averages less than 100 bases, and approaching the lower limit of lengths that
can be detected by BLASTN. To overcome limitations in the alignment, the study also characterized motif enrichment
across IncRNAs in each species by counting the number of occurrences of all possible 6mers in exonic sequences com-
pared to the number of random occurrences in shuffled sequences with preserved dinucleotide frequencies. This
approach is similar to the n-gram metrics that were systematically evaluated against alignment-based approaches for
the analysis of IncRNA sequences in Noviello et al. (2018), where each n-gram would comprise the six consecutive
nucleotides in each 6mer. From their analysis, Hezroni et al. identified 31 motifs that were enriched in at least 12 spe-
cies, thus capturing motifs enriched in IncRNAs in both mammals and fish. A substantial fraction of these motifs cor-
responded to exonic splicing enhancers (ESEs), were purine-rich, or composed combinations of CUG and CAG which
form binding sites for the splicing factors CUG-BP and Muscleblind. This together with additional studies (Gil &
Ulitsky, 2018; Haerty & Ponting, 2015; Schuler et al., 2014; J. Y. Tan et al.,, 2020) provides evidence that the
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subsequences that control the processing of IncRNA transcripts are functionally important and under purifying selec-
tion, hinting that in many cases the biological function of the IncRNA may be incidental to the process of its
maturation.

In addition to mapping motif enrichment across IncRNAs that are evolutionary conserved, motif enrichment has
also been described across more focused sets of IncRNAs that can be potentially considered as coming from the same
gene family. Gil and Ulitsky (2018) explored the differences in sequence composition and chromatin landscape between
enhancer regions that transcribed IncRNAs and enhancers that transcribed much shorter and less stable enhancer-
RNA (eRNA) molecules. They found that, in comparison to enhancers that only produce eRNAs, enhancers that harbor
IncRNA transcripts have heightened activity and are significantly enriched with motifs recognized by specific RBPs,
particularly splicing factors that are required for the maturation of the IncRNA. They inferred, from analyzing expres-
sion data in which several splicing factors were knocked down, that this heightened enhancer activity is driven by the
maturation of the IncRNAs. This was further evidenced in a similar study that reported the significant enrichment of
splicing-associated motifs in multi-exonic lincRNAs that are produced from enhancers compared to single-exonic coun-
terparts (Tan et al., 2020). Likewise, their analysis also showed that enhancers that are associated with multi-exonic
IncRNAs have a 2.5-fold increase in enhancer activity. Both studies also reported that IncRNA producing enhancers are
enriched with binding sites for proteins involved in chromatin remodeling and loop formation, specifically CTCF. To
achieve their results these studies used motif analysis tools such as AME (McLeay & Bailey, 2010), FIMO (Grant
et al., 2011), and TOMTOM (Gupta et al., 2007) that scan sequences for known motifs and are not reliant on sequence
alignments (Table 2).

There are also now several examples where the mature IncRNA product is functional, and in many of these cases the
functionality can be attributed to short conserved motifs that correspond to miRNA binding sites or RBPs that confer post-
transcriptional function. One well known example is Cyrano (OIP5-AS1 in human), which harbors an extensively paired
site to miR-7, which is required for degradation of miR-7 (Kleaveland et al., 2018; Ulitsky et al., 2011). The degradation of
miR-7 enables CDR1as (a circular RNA that has many binding sites to miR-7) to accumulate in the cytoplasm of neurons,
where it potentially regulates neuronal activity (Kleaveland et al., 2018). The miR-7 binding site in Cyrano is contained
within a deeply conserved stretch of 67 nucleotides, which is the only region that is significantly alignable between human
(8862 nt) and zebrafish (4630 nt) by BLASTN. Another well-known example is NORAD, a highly conserved cytoplasmic
IncRNA that antagonizes the repression of mRNA levels of genes involved in cell division by sequestering Pumilio proteins
(Elguindy et al., 2019; Kopp et al., 2019; S. Lee et al., 2016; Tichon et al., 2016). Human NORAD contains at least 17 Pumilio
recognition elements (PREs) that bind PUM1 and PUM2 proteins (Tichon et al., 2016).

Collectively the findings in these studies support the notion that IncRNA function often requires only short con-
served patches that are under selection, and that the remainder of the sequence can tolerate extensive changes. This
concept has been applied in recent frameworks, specifically developed to compare noncoding sequences (Table 2).
Below we discuss two of these frameworks, namely SEEKR (SEquence Evaluation from Kmer Representation; Kirk
et al., 2018) and LncLOOM (Ross et al., 2021) that use alternative implementations of n-grams to home in on short
motifs (or kmers) that underlie IncRNA function (Figure 1b).

Proteins that function via similar mechanisms adopt similar folds and bear specific domains that can be described
by statistical models of amino acid sequences. This enabled the large-scale classification of protein families within and
across species. In contrast, IncRNAs that function in similar ways often lack detectable significant sequence homology.
For example, Xist and Kcnqlotl are both known to recruit the Polycomb Repressor Complex to repress their target
genes in cis (Lee & Bartolomei, 2013). However, the lack of sequence homology between them made it difficult to pre-
dict this shared mode of action from their linear sequences (Kirk et al., 2018). To overcome this limitation, SEEKR uses
a statistical approach to compare profiles of kmer abundance between different IncRNA sequences. Kmer profiles are
derived for each IncRNA sequence by counting the occurrences of 4-, 5-, and 6mers, and these profiles are then normal-
ized by the length of the sequence and compared with Pearson correlation. The authors used SEEKR to compare
human and mouse IncRNAs with putatively related functions. In both species, SEEKR was able to cluster well-known
cis-repressive IncRNAs (including: XIST, TSIX, KCNQ10T1, UBE3A-ATS, ANRIL/CDKN2B-AS1, and Airn) that were
characterized by a high abundance of AU-rich kmers, separately from cis-activating IncRNAs (including: PCATS6,
HOTTIP, LINC00570, DBE-T, and HOTAIRM1) that had a significant enrichment of GC-rich kmers. Overall, their
results show that kmer-based quantitation can infer related functions in IncRNAs, irrespective of their low sequence
homology.

In an alternative approach, we recently developed LncLOOM, a new framework that identifies combinations of
short motifs that are found in the same order in putatively homologous sequences from different species. To identify
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conserved motif combinations, LncLOOM builds a directed graph from a set of homologous sequences that are ideally
ordered from species with a monotonically increasing evolutionary distance with respect to a query sequence. Each
sequence is modeled as a layer of kmers, where each kmer represents a node in the graph and identical nodes in con-
secutive layers are connected by edges. Motif discovery is then performed using integer linear programming to find long
nonintersecting paths in the graph. Essentially, LncLOOM aims to identify the longest common subsequence
(Maier, 1978) in a set of homologous sequences. The LncLOOM approach is underpinned by the assumption that the
linear order of short subsequences has been conserved across long evolutionary distances. Although the order of kmers
may not always be important for function, LncLOOM can capture combinations of kmers where the order has been
maintained because the functionality of the conserved elements is aided by sequence or structural context in the longer
RNA molecule. More importantly, it is unlikely that large combinations of short conserved kmers that appear in the
same order were independently gained during evolution. Rather, it is more plausible that these elements are remnants
of their rapidly evolving sequences and have been evolutionarily selected because they are important to the function of
the IncRNA. From a computational standpoint, the constraint of the linear order of kmers increases the power of motif
discovery because an ordered set of k-mers is much less likely to appear by chance than any one of its possible permuta-
tions, and so while the presence of each of the kmers or even their combination might not be statistically significant,
the addition of the conserved order constraint enables discovery of significant conservation. To demonstrate the power
of LncLOOM, the framework was used to analyze the sequences of Cyrano, Chaserr, and Libra (a zebrafish IncRNA that
is homologous to the Nrep mRNA in mammals) across vertebrate species. In Cyrano, LncLOOM identified a set of nine
ordered kmers that are conserved in 17 vertebrate species from human to zebrafish, seven of which were also conserved
to elephant shark. In addition to known miRNA and protein binding sites, LncLOOM identified novel functional ele-
ments in Chaserr that were conserved throughout vertebrates and were experimentally validated to regulate CHD2
expression (Ross et al., 2021).

3.3 | Comparison of IncRNA secondary structures

RNA secondary structures are known to mediate RNA-protein and RNA-RNA interactions. They have been shown to
be critical to the biogenesis and function of many ncRNAs such as miRNAs, small nucleolar RNAs (snoRNAs), and
transfer RNAs (tRNAs; Bhartiya & Scaria, 2016; Parisien et al., 2013). They also contribute to the stability, processing,
and localization of mRNA molecules as in the case of riboswitches, terminal stem loops and 3’ stem loops in histone
mRNAs (Mignone et al., 2002; Singh & Singh, 2019; Svoboda & Di Cara, 2006; D. Tan et al., 2013). Due to their func-
tional importance, such elements are often constrained during evolution more than their flanking linear RNA
sequences. For instance, TERC, the RNA component of the telomerase complex, is structurally very conserved across
vertebrates despite sharing only 60% sequence identity between human and mouse (Seemann et al., 2017; Wang
et al., 2016). Likewise, we expect that the low sequence conservation of IncRNAs across vertebrates does not preclude
the existence of conserved structural motifs that underpin their function (Diederichs, 2014; Guttman & Rinn, 2012;
Wutz et al., 2002). Indeed, there is some evidence from experimentally solved structures of conserved secondary struc-
ture elements, including in XIST (Pintacuda et al., 2017; Smola et al., 2016), MALAT1 (Brown et al., 2014; McCown
et al., 2019), Cyrano (Jones et al., 2020), MEG3 (Uroda et al., 2019; Zhang et al., 2010), and COOLAIR (Hawkes
et al., 2016). We describe the proposed contributions of these structures to IncRNA function in more detail in section 4,
when we consider experimental approaches to uncover functional motifs.

From a computational perspective, structural motif discovery in IncRNA sequences is a major challenge
(Figure 1C). Although many methods have been developed to predict the secondary structure of RNA sequences
(reviewed in B. Yu et al., 2020), the accuracy of these algorithms for predicting the full structures of long RNAs is lim-
ited. The most popular programs rely on minimum free energy (MFE) calculations, for which the accuracy of predicted
base pairs has been reported to be as low as 40% for RNAs longer than 500 nt (Doshi et al., 2004; Lorenz et al., 2016).
This is mainly due to an incomplete understanding of the thermodynamic parameters that govern RNA molecular
interactions and stability; such that any small change to the thermodynamic models that underpin MFE calculations,
can generate significantly different optimal structures (Rogers et al., 2017; Schroeder, 2018). This becomes particularly
relevant in the case of longer RNAs where the number of possible folds is enormous, and many possible optimal struc-
tures can be generated with no significant differences in their MFE scores. Another caveat in this approach is that the
model assumes that the optimal structure of the RNA molecule corresponds to a global free energy minimum. This
assumption does not account for the co-transcriptional folding of RNA transcripts (Watters et al., 2016; Yu et al., 2021),
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which may result in the RNA adopting local folds such that the kinetics of the molecule differ from the global free
energy minimum of the whole RNA. Another conceptual problem is that even random RNA sequences can adopt
highly stable structures in cells (Schultes et al., 2005), and so the presence of a particular structure cannot usually be
used as evidence for its functional importance. Similarly, random sequences have multiple predicted plausible folds,
that may comprise a similar number of base pairs and have similar stability (Rivas & Eddy, 2000). This highlights the
challenge in deciphering which RNA molecules harbor biologically relevant structures as the presence of a structural
motif in an RNA sequence from one species (determined either experimentally or predicted) does not provide evidence
that the motif is functional. To infer functional importance, it is necessary to uncover statistical evidence that the motif
has been evolutionarily conserved beyond phylogenetic expectation, that is, that the functional constraints are imposed
on the structural motif and not the primary sequence in which the motif is embedded (reviewed in Rivas, 2021). Covari-
ance models are the gold standard for such analysis (Eddy & Durbin, 1994; Griffiths-Jones et al., 2003) and have been
instrumental in predicting the structure of other ncRNAs, such as rRNA (Gutell et al., 2002). However, opinions differ
on the extent to which covariation statistically supports predicted secondary structures in IncRNA sequences
(Rivas, 2021). Here, we briefly discuss the handful of studies that have used covariance based approaches to predict con-
served structural motifs in IncRNAs.

Covariance models have been implemented in several computational tools that predict RNA secondary structure
including: R-scape (Rivas et al., 2017) and frequently used programs such as INFERNAL (Nawrocki et al., 2009),
CMFinder (Yao et al., 2005), EvoFold (Pedersen et al., 2006), and others (reviewed in Tahi et al., 2017). To circum-
vent the inaccurate prediction of the secondary structure of longer RNA molecules, studies have predicted local
structures of shorter putative functional regions within IncRNAs such as NORAD (Tichon et al., 2016, 2018), Cyrano
(Jones et al., 2020), and XIST (Wutz et al., 2002). These studies used programs such as EvoFold that uses a phyloge-
netic stochastic context-free grammar (phylo-SCFG) to model coevolving base pairs within the structural motifs;
ScanFoldScan (Andrews et al., 2018) that predicts local structures across an RNA sequence and then searches the
RFam database for conservation matches; or CMFinder (Yao et al., 2005) that uses covariance models to improve
the accuracy of the predicted structural motifs. Although these programs provide evidence of motif conservation,
they do not statistically test if the level of covariance is significant, such that the motif is conserved beyond random
expectation. Nonetheless, CMFinder was used by Seemann et al. (2017) to screen vertebrate genomes for putatively
conserved RNA structures (CRSs). The authors reported CRSs in several IncRNAs including XIST and MALAT1 and
noted that the density of CRSs decreases from the 5’ to the 3’ end of IncRNAs. On the other hand, R-scape provides
a method that quantitatively tests whether covariance supports the presence of a conserved RNA secondary struc-
ture (Rivas et al., 2017). R-scape analysis detected no statistically significant support for the secondary structures
determined experimentally in IncRNAs HOTAIR, SRA, and XIST. A later study proposed that the covariance support
of evolutionary conserved structures in HOTAIR, and other IncRNAs, can be increased by extending the depth of
the alignment beyond mammals to increase variation or adjusting the default parameters of R-scape to scan shorter
window sizes or use different statistical metrics (Tavares et al., 2019). However, this has since been rebutted by evi-
dence that the alignments of HOTAIR and SRA do have sufficient variation to detect covariations, yet still lack sig-
nals of evolutionary conserved structures (Rivas et al., 2020). All in all, the analysis of conserved structural motifs in
IncRNA sequences remains a major challenge with very few positive controls that can be used for better method
development.

The best approach may be to consider structural elements in combination with other features as a means to
enhance the sensitivity of IncRNA classification. Along these lines, Quinn et al. (2016) used a combination of syn-
teny, microhomology, and conserved secondary structural elements to identify roXI and roX2 IncRNAs across
diverse Drosophila species. In the past, homology between these genes has remained undetected because the similar-
ity between their sequences is comparable to that of random sequences. In an earlier study, Tycowski et al. (2012)
presented a structure-based bioinformatic screen that successfully identified conserved expression and nuclear
retention elements (ENEs) in the genome of diverse viral genomes. The ENE, a structured element that is composed
of a stem-loop structure with an asymmetric internal U-rich loop, was first identified in the genome of Kaposi's
sarcoma-associated herpesvirus (Conrad & Steitz, 2005). The element is located ~120 nt upstream of the poly-
adenylation site (PAS) of PAN IncRNA, and plays an essential role in stabilizing PAN IncRNA through triple-helix
formation with its poly(A) tail, thereby preventing the initiation of RNA decay (Conrad et al., 2006; Mitton-Fry
et al., 2010). The conserved ENEs identified by Tycowski et al. (2012), were indeed located in putative IncRNAs that
were transcribed from intergenic regions of the viral genomes.
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4 | EXPERIMENTAL STUDIES OF FUNCTIONAL ELEMENTS IN IncRNA
GENES

In parallel to the computational predictions, functional elements can also be identified and studied in detail experimen-
tally, as we discuss next.

4.1 | Systematic dissection of IncRNA sequences that dictate subcellular localization

To further understand the mechanisms that drive IncRNA function, several studies have used massively parallel
reporter assays to systematically interrogate IncRNA sequences to decipher elements that dictate their function
(Figure 2a). For example, to identify elements in IncRNAs and mRNAs that can force nuclear localization, Lubelsky
and Ulitsky cloned thousands of short fragments that tiled the exons of human IncRNAs and 3'UTRs of selected
mRNAs into the untranslated region of an otherwise cytoplasmic mRNA. By comparing reporter RNA from cytoplasmic
and nuclear fractions of cells that were transfected with the library, they attributed nuclear accumulation to a short
C-rich sequence (42 nt) derived from an Alu repeat, named SIRLOIN. Using RNA immunoprecipitation (RIP) with an
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biotinylated RNA molecules of wild-type and mutated fragments can be used to investigate interactions with conserved regions within the

RNA molecule. Protein-centric approaches (right) identify protein:RNA interactions with a protein of interest, based on protein pulldown

with antibody affinity beads. (c) Perturb-and-rescue experiments. Left: Endogenous rescue with fragments that encode functional domains of

a IncRNA transcript, following knockdown of the endogenous express IncRNA using CRISRPi. Right: Cross-species rescue of post-

transcriptional perturbation of IncRNA transcript using ASOs that target conserved regions
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hnRNPK-specific antibody, they further showed that SIRLOIN drives nuclear localization by recruiting hnRNPK
(Lubelsky & Ulitsky, 2018). In a follow-up study, the authors investigated the mode of action of SIRLOIN at higher res-
olution by using a suite of massively parallel RNA assays and libraries that contained thousands of sequence variants to
pinpoint the regions within the SIRLOIN element that are essential for the nuclear retention of IncRNA transcripts
(Lubelsky et al., 2021). Although SIRLOIN contains multiple CCC elements that bind hnRNPK, their findings suggest
that nuclear retention is solely dependent on hnRNPK binding to the GCCUCCC element that is precisely positioned in
the SIRLOIN core (Lubelsky et al., 2021). In an independent study, Shukla et al. also used a tiling-reporter assay to
characterize sequence elements that dictated the localization of IncRNA transcripts. They identified a shorter C-rich
motif (15 nt), along with 108 other RNA elements that increased nuclear localization of their cytoplasmic reporter
(Shukla et al., 2018). As an alternative to the tiling strategy, a recent study introduced mutREL (RNA elements for sub-
cellular localization by sequencing), which is a high-throughput method coupled with random mutagenesis to identify
motifs that specify localization (Yin et al., 2020). In this approach, DNA fragments of candidate genes are PCR ampli-
fied from their genomic DNA and then cloned into GFP-reporters which are then stably integrated into the genome of
cells. RNA is then isolated and sequenced from the chromatin, nucleoplasm, and cytoplasm fractions. The random
mutagenesis is achieved by using an error-prone PCR (McCullum et al., 2010). The authors used mutREL to investigate
IncRNAs Malatl, Neatl, NXFI-IR, and uncovered an RNA motif that recognizes the Ul small nuclear ribonucleopro-
tein (SnRNP) to promote IncRNA-chromatin retention (Yin et al., 2020).

4.2 | Affinity assays uncover IncRNA motifs that facilitate IncRNA:protein, IncRNA:
RNA, and IncRNA:genome interactions

Many of the proposed mechanisms for IncRNAs have been uncovered from affinity-based assays that can also be used
to attribute binding to a protein, DNA, or RNA to specific regions within IncRNA molecules. To date, an array of versa-
tile methods have been developed to map interactions with RNA molecules (reviewed in Ramanathan et al., 2019).
These methods can be broadly categorized into RNA-centric methods which identify interacting partners bound to an
RNA of interest; or protein-centric methods which identify RNA molecules bound to a protein of interest. In this review
we give selected examples of how some of these assays have been used to investigate the molecular mechanism of cer-
tain IncRNAs, several more examples have been described in (Constanty & Shkumatava, 2021).

RNA-centric methods include an array of hybridization methods that capture RNA interactions with protein, RNA
and DNA (Figure 2b). These methods have been widely used to explore the modes of action of many IncRNAs
(reviewed in Cao et al., 2019). In 2011 two main methods were developed to investigate the in vivo genomic binding
sites of chromatin associated IncRNA, namely: ChIRP (Chromatin isolation by RNA purification; Chu et al., 2011,
2012) and CHART (capture hybridization analysis of RNA targets; M. D. Simon, 2013; M. D. Simon et al., 2011). The
methods are similar in that they use biotin-conjugated 20-25mer DNA probes to purify a IncRNA of interest RNA and
determine its associated chromatin fraction by DNA deep sequencing. Subsequently, RAP (RNA antisense purification),
a method that increases specificity by using longer DNA probes, was developed (Engreitz et al., 2015; Engreitz
et al., 2013). All three methods have been successfully used to establish high resolution maps of genomic binding roX2
(Chu et al., 2011; Simon et al., 2011) and Xist (Engreitz et al., 2015; Engreitz et al., 2013) IncRNAs across the X chromo-
some. Using ChiRP, Chu et al. (2011) also showed that HOTAIR preferentially binds genomic regions containing a GA-
rich motif. More recently, several high throughput methods have been developed to systematically map RNA:chromatin
interactions on a genome-wide scale (reviewed in Kato & Carninci, 2020). Additionally, RNA and protein that is
enriched from purification by these methods can also be isolated and subjected to RNA and protein analysis. For exam-
ple RAP-RNA was used to show that Malatl interacts with many nascent pre-mRNAs as a means to localize to the
chromatin at active genes (Engreitz et al., 2014). While a combination of RAP and mass spectrometry revealed that Xist
interacts directly with SHARP, which also interacts with the SMRT corepressor to activate HDAC3 deacetylation activ-
ity on chromatin (McHugh et al., 2015). In a recent study, RAP was used to characterize the functional mechanism of
ADEPTR, a IncRNA recently found to be necessary for activity-dependent changes in synaptic transmission and struc-
tural plasticity of dendritic spines (Grinman et al., 2021): ADEPTR contains a conserved sequence that binds to actin-
scaffolding regulators AnkB and Spntl, which are then transported to distal process through ADEPTR interactions with
the motor protein Kif2A. Although cross-linking methods have proved to be useful, they can also be technically chal-
lenging due to the inefficiency of RNA-pulldowns, in particular for RNAs that are not abundant. As an alternative, the
high-throughput method incPRINT, was recently developed to screen protein interactions with an RNA of interest in
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cells (Graindorge et al., 2019). This is achieved by using a library of tagged proteins with a target RNA that is tethered
to a luciferase detector. The method enables the characterization of in-cell RNA-interacting proteomes, as well as the
mapping of protein bindings across different regions of long RNA transcripts.

In addition to studying the interactomes of endogenously expressed IncRNAs, affinity-based RNA pulldown
methods that are based on in vitro transcription (IVT) of biotinylated target can also be used to characterize interacting
proteomes of IncRNAs (reviewed in Cao et al., 2019). The method is advantageous in that it is fast and can be used to
enrich RBPs associated with unabundant target RNA. However, the approach also has limitations as in vitro transcribed
RNA may not have the same modifications or adopt the same structure as cellular RNA, and they may encounter in
lysates proteins that are not normally found in their proximity in cells, for example, a nuclear IncRNA may bind
strongly to cytoplasmic proteins in lysates, but not in cells. Nevertheless, IVT affinity-based RNA pulldown has been
widely used to characterize IncRNA:protein interactions (Huang et al., 2017; Noh et al., 2016; Unfried et al., 2021). We
recently used an IVT approach, combined with mutagenesis, to interrogate the functional importance of short con-
served elements in the last exon of Chaserr (Ross et al., 2021). Following incubation with cell lysate, WT and mutated
transcripts were pulled down with streptavidin beads and interacting proteins were identified by mass-spectrometry,
and comparison of the identified interactomes homed in on proteins bound specifically to the conserved sites in
Chaserr.

Protein-centric methods include well-established assays such as RIP and cross-linking and immunoprecipitation
(CLIP) to identify endogenous RNAs that interact with a protein of interest (Figure 2b). RIP is an effective assay to dis-
cover RNA molecules that interact with specific proteins, however it is limited in that it does not map the precise
regions of the RNA molecule that form the interaction. On the other hand, CLIP provides a method to map the nucleo-
tide resolution of the binding sites that interact with specific proteins (Ule et al., 2003). Many variants of CLIP have
now been developed (Hafner et al., 2021) and have been extensively used to understand the molecular mechanisms of
IncRNA function, particularly in IncRNAs that are associated with human disease (reviewed in Jonas et al., 2020 and
J.-M. Carter et al., 2021). Much of the experimental data that has been generated from CLIP experiments in recent
years, has been integrated into public repositories such as GEO (Barrett et al., 2013; Edgar et al., 2002), CLIPdb (Yang
et al., 2015), and starBASE (Li et al., 2014; Yang et al., 2010). Large-scale projects such as ENCODE have mapped the
binding sites of hundreds of RBPs in certain human cell lines (Van Nostrand et al., 2020). Publicly available CLIP data
has also been integrated in computational frameworks for IncRNA analysis: for instance, eCLIP data from ENCODE
has been incorporated into LncLOOM to annotate evolutionarily conserved motifs that correspond to binding sites of
RBPs (Ross et al., 2021).

4.3 | Discovery of functional structured RNA elements in IncRNAs

Generally, it is still unclear to what extent secondary structure is important to IncRNA function (Rivas, 2021; Ulitsky &
Bartel, 2013). As it stands, the functional importance of structural elements have been experimentally studied in rela-
tively few IncRNAs (Table 3). Indeed, these studies have provided key insights into how structural elements modulate
the function and stability of some IncRNAs. One IncRNA where structure has proved to be relevant is MEG3. Based on
computational prediction, Zhang et al. reported that the MEG3 IncRNA contains three structural motifs (termed M1,
M2, and M3), two of which were experimentally validated to be required for p53 activation by MEG3 (Zhang
et al., 2010). When the primary sequence of M2 was replaced by an entirely unrelated sequence that artificially folded
into a similar structure, the transcript retained the functions of both p53 activation and growth suppression, in compar-
ison to almost complete loss of function when the motif was deleted. More recently, chemical probing and atomic force
microscopy revealed that the p53-activating core of MEG3 comprises two evolutionary conserved distal motifs that
interact by base complementarity to form pseudoknots (Uroda et al., 2019). Notably, one of these motifs overlapped the
M2 motif identified by Zhang et al. They showed that point mutations that break the long-range interactions between
these motifs disrupt the MEG3 architecture and severely impair p53 activation, although the mechanism by which this
occurs still needs to be elucidated. In addition to mediating the function of IncRNA molecules, structural elements have
also been found to be essential to IncRNA stability. As an example, RNA crystallization of the 3’-end of MALAT1 rev-
ealed a triple helix structure that protects it from RNase degradation (Brown et al., 2014).

Multiple methods have been developed to determine the secondary structure of RNA molecules in vitro and in cells
(reviewed in Zampetaki et al., 2018). So far, the majority of structural elements found in IncRNA sequences have been
solved using a combination of chemical and enzymatic probing such as: SHAPE-seq, DMS-seq, and PARS. To overcome
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TABLE 3 Examples of structural elements that have been supported by experimental data
LncRNA Description Method References
MEG3 The p53-activating core comprises two evolutionary conserved SHAPE, probing with 1IM7, (Uroda
distal motifs that interact to form pseudoknots NMIA, 1M6, and DMS et al., 2019)
Hydroxyl radical footprinting
Atomic force microscopy
XIST XIST A-region contains repeated stem-loop structures that Probing with RNAse V1 and DMS  (Fang et al., 2015;
recruit the PRC2 complex Targeted Structure-Seq Maenner
et al., 2010)
XIST A-repeat inter-repeat duplexes that span across the X- PARIS (Lu et al., 2016)
chromosome to facilitate the assembly SPEN
CYRANO  Cloverleaf structure (100 nt) that contains the highly 3S shotgun approach, SHAPE, (Jones
complementary site to miR-7 probing with 1M7, NMIA, and et al., 2020)
S1 nuclease
SRA Complex structural organization consisting of four domains SHAPE, probing with DMS and (Novikova
that contain multiple loops and helical structures RNase V1 et al., 2012)
HOTAIR Four independently-folded highly structured domains SHAPE, probing with DMS and (Somarowthu
terbium et al., 2015)
COOLAIR  Evolutionarily conserved complex structure with multi-helix 3S shotgun approach, SHAPE, (Hawkes
junctions probing with 1IM7 et al., 2016)
Braveheart  Adopts a modular fold that contains a short asymmetric G-rich SHAPE, probing with 1M7 and (Xue et al., 2016)
internal loop that binds to CNBP DMS
ROX1and  Evolutionarily conserved domains that contain tandem stem- SHAPE and parallel analysis of (Ilik et al., 2013)
ROX2 loops, in which the roXbox motif is embedded RNA structure (PARS) analysis
MALATI1 3'-end forms triple helix structures that stabilize the IncRNA RNA crystallization (Brown
et al., 2014)
3’-end contains evolutionary conserved tRNA-like structures SHAPE, probing with DMS (Zhang
et al., 2017)
PAN Cis-acting elements MRE and ENE are organized within a SHAPE-mutational profiling (Sztuba-Solinska
branched secondary structure comprised of three domains (SHAPE-MaP) et al., 2017)

that contain multiple hairpin loops

the challenges imposed from the length of IncRNA sequences Novikova et al. (2013) introduced the (3S) shotgun
approach, which consists of two steps to determine subdomains that adopt modular folds in the context of full-length
RNA structure. In the first step, the entire IncRNA sequence is chemically probed using SHAPE and DMS. Next, the
sequence is divided into overlapping segments which are then probed individually to determine local structural
domains that are subsequently compared to their folds obtained from the full-length sequence. This approach has been
successfully applied to several IncRNAs including Cyrano (Jones et al., 2020), COOLAIR (Hawkes et al., 2016), and
Braveheart (Xue et al., 2016). In particular, the structural study of Braveheart revealed key insights into its mode of
action. It was found that Braveheart adopts a modular secondary structure and contains a 5" asymmetric G-rich internal
loop (AGIL) that recruits and antagonizes the zinc-finger protein CNBP, a TF that represses cardiac differentiation, to
promote cardiac fate (Xue et al., 2016). More recent technologies have now advanced our capability to determine RNA
structures in living cells and thereby map long-range RNA interactions across the transcriptome (Lu et al., 2016; Ziv
et al., 2018). One such approach, PARIS (psoralen analysis of RNA interactions and structures) showed that XIST A-
repeats form complex inter-repeat duplexes that span many kilobases across the X chromosome. The XIST A-repeats
coordinate the assembly of SPEN, an Xist-binding transcriptional repressor that is required for X chromosome inactiva-
tion (XCI), across the X chromosome (Lu et al., 2016). The functional importance of structural motifs in RNA has also
been demonstrated in viral genomic RNA (VRNA) and viral mRNA (reviewed in Ferhadian et al., 2018; Fernandez-
Sanlés et al., 2017). For example, in vivo enzymatic probing revealed that the efficient replication and infectivity of
Influenza A virus (IAV) is dependent on the formation of stable structural motifs in the viral mRNAs (Simon
et al., 2019), while conserved G-quadruplex structures have been reported in IAV vVRNA (Tomaszewska et al., 2021).
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Similarly, SHAPE analysis revealed conserved structural motifs in the RNA genome and ORF of hepatitis C virus that
contribute to viral fitness and regulate specific stages in the life cycle of the virus (Mauger et al., 2015; Pirakitikulr
et al., 2016).

Overall experimental studies corroborate the role of structural elements in IncRNA function, however some features
may be worth exploring in future studies. First, previous analysis of the sequence and context preferences of RBPs has
shown that RBPs often bind low-complexity RNA motifs and their specificity is influenced by the surrounding sequence
context including secondary structures and their flanking nucleotides (Dominguez et al., 2018). Therefore, to fully
understand how the functions of IncRNAs are encoded in their sequences, we also need to determine the factors that
control the functionality of structured domains that are positioned in precise locations within their IncRNA molecules.
Second, there is evidence to suggest that the structures of IncRNA molecules are dynamic and adopt different conforma-
tions across different subcellular compartments and/or cell states, subject to modifications or interactions with chroma-
tin, proteins, or other RNA molecules (Sun et al., 2019). This kind of structural dynamics could dictate temporally
variable roles of the same IncRNA, or nonmutually exclusive functions that are performed in different compartments of
the cell. What may also be of interest is the relationship between structural changes that occur due to species-specific
factors and the diversification of IncRNA function. Substantial levels of species-specific structural divergence has been
previously reported. For example, the structures of small RNAs that are highly conserved between human and mouse
undergo both shared and unique conformational changes (Sun et al., 2019).

44 | Perturb-and-rescue validates motifs that mediate regulatory activity of specific
IncRNAs

Perturbation and rescue experiments provide a powerful approach to validate the function of conserved motifs and have
been included in multiple studies to further understand how selected IncRNAs perform their function (Figure 2c). The
Mendell Lab recently used an array of comparative genetic rescue experiments to interrogate two alternative pathways
that have been proposed for NORAD function (Elguindy et al., 2019), a IncRNA that is required for genome stability in
mammals (Lee et al., 2016). As mentioned earlier in this review, several studies have now found that NORAD acts in
the cytoplasm as a binding decoy for PUM1 and PUM2 proteins, which in turn reduces the repression of PUM targets
including key regulators of mitosis, DNA repair, and DNA replication genes (Elguindy et al., 2019; Kopp et al., 2019;
Lee et al., 2016; Tichon et al., 2016, 2018). This mechanism is strongly supported by the high number of PREs located
in the NORAD IncRNA. Alternatively, Munschauer et al. proposed that the regulation of genomic stability by NORAD
is mediated through NORAD:RBMX interaction that facilitates the assembly of a ribonucleoprotein (RNP) complex in
the nucleus (Munschauer et al., 2018), which includes proteins such as Topoisomerase I (TOP1) that are critical for
genome maintenance. Similarly, this mechanism is supported by an RBMX binding site that spans the first 898 nt (15%)
of the NORAD sequence. To directly interrogate the importance of PUM1/PUM2 and RBMX binding for NORAD func-
tion, Elguindy et al. generated a series of mutant NORAD constructs lacking either PUM or RBMX binding sites; as well
as truncated constructs of domains that contain multiple PREs or the RBMX binding site. These constructs were inte-
grated as potential endogenous rescues into the AAVS1/PPPIR12C locus of HCT116 cells. Following the depletion of
endogenous NORAD transcripts using CRISPR interference (CRISPRi), it was found that the PRE-mutant construct was
not able to rescue the increase in aneuploid cells, while the construct lacking only the RBMX binding site fully restored
genome stability. Furthermore, no increase in aneuploid cells was observed after knockdown of NORAD in cells that
expressed the truncated fragment containing one PRE-rich domain (referred to as the ND4 domain). This demonstrated
the ability of the ND4 domain to function independently from the full NORAD transcript. In contrast to ND4, expres-
sion of the 5' fragment comprising only the RBMX binding site had no rescue activity. These results by Elguindy
et al. (2019) strongly suggest that NORAD interaction with PUM is critical to maintaining genome stability, while its
interaction with RBMX may be dispensable for this function.

In the study of IncRNAs that have low sequence homology between species, the demonstration that loss of function
of a IncRNA in one species can be rescued by the exogenous expression of the homologue from different species is a
compelling approach to ascertain that the function of the IncRNA may indeed be encoded in more subtle sequence fea-
tures that are common to both orthologs. This concept was illustrated by a comprehensive analysis of roX1 and roX2
IncRNAs that correlated changes in their binding potency and their functionality in diverse Drosophilid species across
40 million years of evolution (Quinn et al., 2016). Although roXI and roX2 functionality is conserved across species, the
sequence identity between orthologs is similar to that of random sequences. Likewise, roX1 and roX2 differ greatly in
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sequence and size, yet they initially appeared to be functionally redundant in D. melanogaster and disruption of either
IncRNA results in failed dosage compensation and male-specific lethality (Meller & Rattner, 2002), though more recent
studies found some hierarchy in their functional importance (Valsecchi et al., 2021). The functionality of roX IncRNAs
has been attributed to repeats of the short roXbox motif (8 nt), that is embedded in tandem stem-loop structures across
their sequences (Ilik et al., 2013; Seung-Won et al., 2008). Quinn et al. used genomic occupancy maps in four species to
show that the targeting of the roX IncRNAs to the X chromosome is conserved, however their precise binding sites dif-
fer considerably across the species. Nonetheless, when roX IncRNAs from other species were introduced into roX-null
D. melanogaster, they were able to modestly rescue ~20% of the roX-null D. melanogaster male mutants by binding to
D. melanogaster high-affinity sites (HASs; Quinn et al., 2016). Importantly, the modest cross-species rescue was consis-
tent with prior reports that rescue efficiency decreases with increasing evolutionary distance (Seung-Won et al., 2008),
suggesting that functionality decreases as the sequence similarity degrades but is still maintained at a lower level across
evolution. Notably, rescue efficiency was substantially improved by chimeric constructs with an increased number of
stem-loops. Furthermore, when the genomic occupancy maps of roX1 and roX2 were compared within the same spe-
cies, it was found that in certain species, including D. virilis and D. busckii, the redundancy between the two IncRNAs
had degenerated and roX1 binding was less potent. Interestingly, genetic rescue with engineered constructs that con-
tained varying numbers of the repetitive stem-loop structure from different ortholog species, confirmed that the
decreasing potency of roX1I in these species correlated with loss of stem-loops and roXbox motifs. These results suggest
that D. virilis and D. busckii roX1 IncRNAs have vestigial function due to loss of key sequence elements, while the pres-
ervation of these elements in in D. melanogaster has maintained the overall roX1-roX2 functional redundancy (Quinn
et al., 2016). As another example, a cross-species rescue was also used to characterize the function of TERMINATOR
and PUNISHER, two IncRNAs that play a critical role in cardiovascular development across vertebrates (Kurian
et al., 2015). Both IncRNAs are conserved across vertebrates and PhyloP analysis revealed relatively short regions (250-
500 bp) conserved across their sequences. Loss-of-function experiments in zebrafish embryos using morpholino anti-
sense oligonucleotides (MOs) against the conserved regions and splice sites in terminator compromised development at
the gastrulation stage and resulted in >70% lethality, while MO injections targeting punisher resulted in severe defects
in branching and vessel formation. Both morphant phenotypes observed in zebrafish embryos were sufficiently rescued
upon coinjection with the respective human IncRNA sequences of TERMINATOR and PUNISHER. A similar approach
was also previously used to investigate if Cyrano IncRNA has conserved function in human and zebrafish embryonic
development, given that short patches of conservation were interspersed across their sequences (Ulitsky et al., 2011).

Another powerful way to ascertain the essential function of a specific sequence domain, is to rescue the perturbed phe-
notype by introducing a similar domain encoded from an alternative gene that performs a similar function. This approach
was recently used to establish an evolutionary link between XCI by Xist IncRNA and RNA-mediated endogenous retrovirus
(ERV) silencing (Carter et al., 2020). The authors show that SPEN also interacts with structural motifs in ERV RNA to
recruit chromatin silencing machinery to loci from which ERVs are transcribed. These structural motifs are similar to the
A-repeats in Xist IncRNA, which are derived from TEs and required for the recruitment of Spen and subsequent gene
silencing in cis (Giorgetti et al., 2016; Wutz et al., 2002). Using CRISPR-Cas9, they show that knock-in of an ERV-derived
Spen binding site into an A-repeat deficient Xist is sufficient to rescue interaction with Spen and restores strict local gene
silencing in cis. Overall their findings suggest that Xist mediates XCI by repurposing antiviral chromatin silencing machin-
ery and that Xist acquired its ability to silence genes in cis from TEs derived from ancient ERVs. This confirms previous
suggestions that the A-repeat sequence is derived from the insertion and duplication of an ERV (Elisaphenko et al., 2008),
and sheds light on how ERVs have impacted the evolution of functional IncRNAs.

5 | CONCLUSION

Progress in understanding the biology of individual IncRNA genes has given rise to specific concepts of what types of
functional elements are expected to be found in IncRNA genes. These have been the basis of computational tools
looking for short conserved elements, for evidence of selection on secondary structures, and/or for repeated occurrences
of short elements. Still the number of IncRNAs for which there is convincing evidence of a specific mode of action and
the sequences underlying it remains very low, and they correspond to a small minority of IncRNAs with reported func-
tions. Since this is now the main frontier in IncRNA research, we expect that many additional functional domains
within IncRNAs will be characterized in the near future, leading to both the refinement of the computational and
experimental tools developed so far, and catalyzing development of new methodologies. These will likely also be able to
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go beyond discovery of individual domains and decode combinations of functional elements that co-exist within the
same IncRNAs, as well as hierarchical grouping of functional domains found in different IncRNAs into families with
different granularity levels, similar to the situation in the research of domains in proteins. Once such tools become
available, they will enable large-scale prediction of IncRNA mode of action and possibly even functions. Since valida-
tion of predicted functional aspects is typically easier than their de novo experimental discovery, these tools are likely
to play instrumental roles in a leap forward of research programs focused on IncRNA biology.
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