
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

176,000 190M

TOP 1%154

6,500



1

Chapter

Deciphering the Hidden Language 
of Long Non-Coding RNAs: Recent 
Findings and Challenges
Assaf C. Bester

Abstract

Long non-coding RNAs (lncRNAs) are crucial non-coding RNA genes involved in 
diverse cellular processes. However, the mechanisms underlying their emergence and 
functions remain incompletely understood. A major challenge in the field is to under-
stand how lncRNA sequences affect their function. In recent years, comprehensive 
genetic and genomic studies have started to unfold the function of lncRNAs through 
their interactions, cellular organization, and structure. This comprehensive review 
delves into the intricate interplay between lncRNA sequences and their functional 
implications. Unlike other RNA types, lncRNAs exhibit a complex syntax, employing 
diverse functional elements such as protein recognition and miRNA binding sites, 
repeat elements, secondary structures, and non-canonical interactions with RNA and 
DNA binding proteins. By unraveling the hidden language that governs the function 
and classification of lncRNAs, we aim to shed light on the underlying principles 
shaping their diverse functions. Through a detailed examination of the intricate 
relationship between lncRNA sequences and their biological effects, this review 
offers insights into the sequences underlying lncRNA functionality. Understanding 
the unique sequence characteristics and functional elements employed by lncRNAs 
has the potential to advance our knowledge of gene regulation and cellular processes, 
providing a foundation for the development of novel therapeutic strategies and 
targeted interventions.

Keywords: lncRNA, ncRNA, RNA regulation, RNA motifs, RNA binding proteins

1. Introduction

Long non-coding RNAs (lncRNAs) represent a substantial group of non-protein-
coding genes (PCGs) in the human genome, with at least 20,000 unique genes [1]. 
These transcripts typically exceed 200 nucleotides (nt) in length, possess minimal or 
no open-reading frame (ORF) potential, and do not belong to any other recognized 
RNA groups.

lncRNAs can be classified based on their genetic context in relation to PCGs 
(intergenic, divergent, intronic, and antisense), or their mechanism of action, 
functioning either locally (cis) or remotely from the transcription site (trans). 
However, unlike other types of RNAs (e.g., mRNA, miRNA, rRNA, tRNA, and 
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snoRNA) where the function is clearly embodied in the sequence, the sequence-
to-function relationship of lncRNAs is not as clear. This complexity forms the core 
focus of this manuscript.

Some lncRNAs function in a sequence-dependent manner, interacting specifi-
cally with other macromolecules, including RNA, DNA, and proteins (e.g., NORAD, 
NEAT1, and MALAT1). Others may rely solely on their processing, such as the 
initiation of their transcription (e.g., PVT1 [2]) or their splicing (e.g., Blustr [3]). In 
these instances, the specific sequence of the mature transcript is not essential. These 
lncRNAs often regulate PCGs in close proximity (cis-regulation) or overlap with DNA 
regulatory elements, such as enhancers (Figure 1) [4, 5].

While lncRNAs are characterized by having minimal or no ORF potential, some 
have been found to translate into functional peptides [6, 7]. However, lncRNAs can 
function through various mechanisms, which can vary depending on the cell type and 
context.

Despite the annotation of thousands of lncRNAs, our understanding of how the 
lncRNA sequence influences its function remains nascent. Advances in gene editing 
and molecular biology technologies have facilitated the identification of functional 
lncRNAs and their partners [8].

Like mRNAs, many lncRNAs have introns, can undergo post-transcriptional 
capping and polyadenylation, and are transcribed by RNA polymerase II. However, 
while our understanding of mRNA biology allows us to predict mRNA function based 
on their sequence, this is not the case with lncRNAs; little is known about the rules 
shaping lncRNA sequences and how they relate to their function.

In recent years, the language of lncRNAs has begun to unfold through experi-
mental and computational approaches. In this review, we will delve into these 
challenges, discuss the current state of knowledge, and outline potential future 
directions to further unravel the mystery of lncRNA sequences and their func-
tional implications.

Figure 1. 
Mechanism of function for lncRNAs. (A) Interaction and recruitment of proteins that hearten their function 
(e.g., Xist). (B) Interaction with proteins to shield other interactions (e.g., lncPRESS1). (C) “by-product” of open 
chromatin in regulatory elements (e.g., PVT1). (D) RNA-based regulatory elements (e.g., Blustr) (created with 
BioRender.com).
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2. Sequence-based classification of lncRNAs and mRNAs

lncRNAs and mRNAs share several characteristics, including the presence of 
exons and introns, and the processes of splicing, capping, and polyadenylation. 
Interestingly, lncRNAs have been hypothesized to be infant mRNAs that have yet to 
gain their coding potential [9]. However, the factors that shape their sequences differ 
significantly.

The sequences of protein-coding genes (PCGs) primarily serve to hold informa-
tion in their open-reading frames (ORFs), which is influenced by the frequency of 
specific codons. PCGs often contain conserved and modular functional domains that 
can be duplicated across multiple transcripts, resulting in stronger sequence con-
straints for PCGs compared to lncRNAs.

Several in silico approaches have been developed to distinguish between PCGs 
and lncRNAs based on transcript sequences. These methods can also provide insights 
into the forces that shape lncRNA sequences. For instance, a high frequency of the 
GC dinucleotide is a characteristic of higher organisms and is associated with effec-
tive splicing [10]. lncRNAs, which typically have fewer exons and weaker splicing 
efficiency, exhibit lower GC content, making GC dinucleotide composition a useful 
classifier for distinguishing between lncRNAs and PCGs [11].

Conversely, the TA dinucleotide is strictly regulated in PCGs due to its associa-
tion with stop codons (TAG, TAA, and TGA), contributing to a higher GC content in 
PCGs. While the frequency of CG dinucleotides across the genome is low due to their 
unique regulatory role in DNA methylation, CGs are more enriched in PCGs com-
pared to lncRNAs [12].

Additional sequence-based strategies employ short (2–8 nt) sequential fragments 
(k-mers) to differentiate between lncRNAs and PCGs. Differences in k-mer frequency 
between transcript groups may represent functional domains in PCGs or lncRNAs, 
but they may also mirror single-nucleotide preferences [13–15].

However, PCG transcripts also include significant untranslated regions (UTRs) 
flanking the ORF. These UTRs, similar to lncRNAs, can interact with RNA-binding 
proteins (RBPs) and microRNAs (miRNAs). Additionally, many lncRNAs have the 
potential to encode short ORFs, complicating the classification between PCGs and 
lncRNAs.

Interestingly, a subset of lncRNAs has been found to harbor short ORFs that can 
be translated into functional peptides. These lncRNAs, often referred to as “micrope-
ptide-encoding RNAs” or “small peptide-encoding RNAs,” challenge the traditional 
definition of lncRNAs and add another layer of complexity to our understanding of 
the non-coding transcriptome [16, 17].

Therefore, unexpectedly, ORFs may appear as an important feature of lncRNAs, 
adding a new dimension to our understanding of these complex molecules.

3. lncRNAs with functional low-complexity sequences

Recent studies have provided valuable insights into the functional roles of 
lncRNAs that possess low-complexity sequences. Through high-throughput perturba-
tion experiments and correlation analyses of gene expressions, it has been consis-
tently demonstrated that the majority of functional lncRNAs act in a cis-regulatory 
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manner, exerting their regulatory effects on nearby protein-coding genes [18–21]. 
While multiple models have been proposed to explain this regulation, it is evident 
that interactions between lncRNAs and mRNAs, chromatin, or proteins often rely on 
low-sequence specificity.

One prominent function of lncRNAs is their involvement in epigenetic regula-
tion and chromatin accessibility. Numerous studies have identified lncRNAs that 
interact with the Polycomb repressive complex 2 (PRC2), influencing its activity on 
nearby genes [22]. PRC2, a core complex involved in histone 3 lysine 27 methyla-
tion (H3K27me3), exhibits unique DNA interactions in Drosophila through specific 
Polycomb response elements (PREs). However, similar motifs have not been identi-
fied in mammalian DNA, indicating that PRC2 recruitment to chromatin involves 
interactions with other mediators. Notably, well-characterized lncRNAs such as 
X-inactive-specific transcript (XIST) and HOTAIR have been found to interact with 
PRC2, suggesting their crucial role in PRC2 localization [23–25]. XIST, a conserved 
lncRNA, consists of six domains (A-F) with tandem repeats. The GC-rich B and E 
repeats have been identified as essential for PRC2 recruitment and subsequent X 
chromosome silencing [24].

PRC2 exhibits differential interactions with the four ribonucleotides, displaying 
a higher affinity for G-rich sequences [26]. Although a clear RNA-binding motif for 
PRC2 remains elusive, advancements in techniques such as denaturing crosslinking 
and immunoprecipitation (dCLIP) have enabled the identification of more specific 
RNA-binding motifs within PRC2 [27]. However, it is important to note that current 
evidence suggests the existence of partial non-specific interactions between PRC2 and 
lncRNAs. Functionally, lncRNAs guide PRC2 to specific chromatin regions, facilitat-
ing epigenetic changes both in cis and trans. Cis interactions between PRC2 and 
lncRNAs act as checkpoints for chromatin silencing, while lncRNA-PRC2 interactions 
may function as decoys, preventing the transcriptional silencing of active genes and 
reducing the catalytic function of PRC2 [28].

Another model describing interactions with low-sequence specificity involves the 
recruitment of transcription factors (TFs) during lncRNA metabolism. In such cases, 
the function of an lncRNA depends on the transcription and processing of its first 
intron, irrespective of the sequence of exons and introns within the gene.

Notably, studies have demonstrated the essential role of splicing the first intron of 
the mouse lncRNA 1319, also known as the bivalent locus (Sfmbt2) or Blustr, in regu-
lating the transcription of the protein-coding gene Sfmbt2 [3]. Hence, the metabolism 
of Blustr governs the regulation of Sfmbt2.

Moreover, research has highlighted the significance of splicing and the recruit-
ment of the spliceosome in the regulation of enhancers, which may overlap with 
lncRNAs [29, 30]. These findings suggest that many lncRNAs contribute to the regula-
tion of enhancer activity. However, it is crucial to acknowledge that the function of an 
lncRNA can vary depending on the specific context.

Overall, the functional roles of lncRNAs with low-complexity sequences encom-
pass diverse mechanisms, including the cis-regulation of nearby genes, interactions 
with PRC2 and other proteins, recruitment of transcription factors, and involvement 
in enhancer regulation. These roles underscore the complex and multifaceted nature 
of lncRNA functions in gene expression and epigenetic regulation.

Intriguingly, recent research has demonstrated the formation of 3D membrane-
less structures called “high-concentration territories” through interactions involving 
lncRNAs, DNA, and proteins. These interactions, which do not rely on stringent 
sequence recognition, significantly shape the local environment surrounding lncRNA 
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transcription sites and contribute to the regulation of neighboring gene expressions 
[31]. This model is particularly attractive in explaining the function of lncRNAs in 
shaping the local chromatin environment, as they interact with transcription factors 
and chromatin remodeling agents based on general sequence perforations.

4. lncRNA localization motifs

Long non-coding RNAs (lncRNAs) and messenger RNAs (mRNAs) share several 
common features. Both are transcribed by RNA polymerase II, undergo splicing, and 
are often modified with 5′ caps and poly(A) tails. However, their functional locations 
differ. While mRNAs operate in the cytoplasm and are rapidly exported from the 
nucleus, many lncRNAs function within the nucleus, necessitating their retention and 
inefficient export to the cytoplasm. The sequences affecting lncRNA localization have 
been a major focus of research in the recent years.

The export of RNA molecules longer than 200 nucleotides, including mRNA and 
lncRNAs, is a tightly regulated process that relies on the formation of a messenger 
ribonucleoprotein (mRNP) complex. This mRNP formation is intertwined with 
mRNA/lncRNA processing and is contingent upon its success.

Two key components of the transport machinery are the transcription-and-export 
complex (TREX) and the nuclear transcription factor X-Box Binding 1 (NFX1). 
A recent study delineated two distinct RNA export pathways, each favoring dif-
ferent transcript sequences and characteristics. TREX is involved in the export of 
multi-exonic, C/G-rich transcripts, while NFX1 interacts with A/U-rich transcripts 
that have fewer and longer exons, with focal high C/G segments. Moreover, NXF1 
typically interacts with m6A methylated RNA sites. Both export pathways can target 
mRNAs and lncRNAs. However, given that lncRNA transcripts tend to be shorter, 
with fewer exons and lower C/G content, NXF1 is suggested to be the more dominant 
pathway for lncRNA export [32].

RNA processing is intricately linked with its export to the cytoplasm. Studies have 
shown that overall splicing efficiency is a strong predictor of RNA localization for 
both lncRNAs and mRNAs [33, 34]. Key splicing proteins, such as UAP56, interact 
with nuclear export complexes to enhance export efficiency. However, splicing is not 
a prerequisite for RNA export [35]. For instance, single-exon transcripts like NORAD 
are enriched in the cytoplasm, indicating that endogenous intron-less transcripts can 
be efficiently exported [35].

For transcripts with introns, proper RNA splicing is critical for their stability and 
export. Recent findings suggest that lncRNA processing is less efficient than that of 
mRNA due to the extensive use of non-canonical splicing motifs, such as GC-AG, 
which are associated with less competent splicing compared to the canonical GT-AG 
motifs [36, 37]. Consequently, lncRNAs tend to be less stable and fail to accumulate 
in the cytoplasm. However, intron retention can also generate stable and functional 
lncRNAs. For example, in the case of lncRNA TUG1, intron retention has led to the 
nuclear enrichment of otherwise cytoplasmic lncRNAs [38]. Therefore, the use of 
non-canonical and weak splicing motifs may affect lncRNA stability and nuclear 
export, thereby altering their localization.

The use of non-canonical splicing sites may also influence the polyadenylation 
process. All mRNA molecules, and most lncRNAs, undergo polyadenylation. This 
process involves the identification of an A[A/U]UAAA hexamer and a GU/U-rich 
sequence located approximately 20 nucleotides downstream, followed by RNA 
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cleavage and non-template-dependent synthesis of a poly(A) tail [39]. Interestingly, 
alternative sequences may also participate in the polyadenylation of mRNAs and 
lncRNAs [40]. Similar to splicing, polyadenylation occurs during transcription 
and plays a pivotal role in RNA stability and localization. A connection between 
polyadenylation and TREX has been reported, with TREX mutations leading to the 
accumulation of bulk poly(A) RNAs [41]. As most stable lncRNA transcripts are 
polyadenylated, they are subject to the export machinery.

Two of the most extensively studied lncRNAs, MALAT1 and NEAT1_2, exhibit 
a unique sequence involved in lncRNA processing. These single-exon lncRNAs are 
processed by the ribonuclease, RNase P, which is known for its role in tRNA matura-
tion by cleaving the leader sequence at the 5′-end of pre-tRNA. Both MALAT1 and 
NEAT1_2 generate tRNA-like structures at their 3`-ends that are cleaved by RNase 
P [42]. However, the unprocessed ends of these transcripts could lead to their 
rapid degradation by a 3′-to-5′ exonuclease. To protect their 3`-ends, MALAT1 and 
NEAT1_2 generate a triple-helix structure, composed of two U-rich motifs and an 
A-rich tract [43]. Currently, this remains a unique sequence feature of these two 
human lncRNAs, as no other lncRNA has been found to undergo RNase P processing 
or to have such a unique triple-helix structure. However, structures resembling this 
triple-helix have been identified in lncRNAs of other genomes, such as the polyad-
enylated nuclear (PAN) RNA, produced by Kaposi’s sarcoma-associated herpesvirus 
(KSHV). Hence, MALAT1 and NEAT1 represent unique structures of lncRNAs 
that favor their nuclear retention. However, while some lncRNAs are enriched in 
the nucleus due to inefficient processing or unique features, other lncRNAs contain 
specific sequences that actively retain them in the nucleus.

Comprehensive studies using computational and molecular tools have identified 
additional motifs that influence lncRNA localization. Using a reporter transcript, 
which by default exports to the cytoplasm, these studies cloned fragments of nuclear-
enriched lncRNAs (and mRNAs). Using thousands of gene fragments, these studies 
identified sequences affecting nuclear localization. These include a fragment of 
42 nt Alu [44]. Further analysis refined the motif and identified a core sequence of 
GCCUCCC. More generally, these studies identify a general tendency toward C-rich 
sequences that interact with nuclear proteins, such as hnRNPK, SLTM, and SNRNP70 
[44, 45]. Nevertheless, both studies highlight the finding that the RNA localiza-
tion signal is a combination of multiple sequences and is context-dependent. Other 
high-throughput studies identified the CAGGUGAGU motif, which interacts with U1 
snRNA [46], as well as the importance of other transposable elements in transcript 
localization [47, 48]. These experimental findings underscore the complexity of 
RNA localization but also pave the way for a better understanding of the relationship 
between RNA sequence and function.

5. Motif-based lncRNA-protein interactions

While some lncRNA-protein interactions exhibit low-sequence specificity, other 
RNA-protein complexes rely on interactions between RNA-binding proteins (RBPs) 
and a sequence-specific motif. RBPs play a critical role in the RNA lifecycle by 
regulating their processing, localization, stability, and function. When lncRNA was 
discovered, it was suggested that these transcripts function as scaffolds for RBPs [49]. 
RBPs’ recognition of motifs of 4–6 nt long is done with a certain flexibility and is 
context-dependent (Figure 2).
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The identification of protein-RNA interactions can be performed through RNA 
pulldown, followed by immunoblotting or mass spectrometry analysis. Alternatively, 
the pulldown of a suspected protein, followed by quantitative polymerase chain reac-
tion (qPCR) or next-generation sequencing (NGS), can identify which RNA molecules 
interact with a known protein of interest. However, identifying these interactions is not 
trivial. The low expression of most lncRNAs, and the vulnerability of RNA molecules to 
degradation, limits the sensitivity of in situ pulldown approaches. On the other hand, in 
vitro approaches may identify non-physiological interactions because of inconsistencies 
in stoichiometry, localization, and competing interactions. Furthermore, as mentioned 
above, some proteins are “sticky,” and they do not have specific binding sites, but rather 
interact with sequence or structural motifs on the transcript [50, 51]. While these inter-
actions may be functional, they may also result in misleading interpretations.

NORAD is a highly abundant, cytoplasmatic-enriched, conserved, single-exon 
lncRNA. Functionally, at the cellular level, NORAD knockdown/−out leads to chro-
mosomal instability and to aging-related phenotypes in mouse models. Pulldown 
experiments using biotinylated NORAD fragments and cell extract identified PUMILIO 
homolog 2 (PUM2) as the most enriched interacting protein. These findings were 
further supported by a sequence analysis that identified at least 15 conserved PUMILIO 
response elements (PREs) [52]. Further studies demonstrated that NORAD can generate 
membrane-less bodies in the cytoplasm. This RNA-protein structure generates non-
conserved protein-protein interactions that can sponge PUMILIO by overcoming naive 
protein-RNA stoichiometry. However, NORAD interacts with many other proteins; 
for example, the RBP SAM68 interacts functionally with UAAA motifs in NORAD 
[53]. Interestingly, a different pulldown approach, based on in situ crosslinking, led to a 
different list of NORAD-interacting proteins. This analysis highlights the role of nuclear 
NORAD in DNA replication and genome stability through its direct interaction with the 
RNA-binding motif protein X-linked (RBMX) [54].

Figure 2. 
lncRNAs can interact with different pesters. (A) Non-sequence-specific interactions with proteins. (B) Interaction 
with RBPs based on motifs. (C) Interactions with mRNA or miRNA. (D) Interaction with DNA (R-loop) (E) 
interaction with DNA (DNA:DNA:RNA triplex). (F) Self-interactions to generate secondary structures affecting 
interaction with other molecules. (created with BioRender.com).
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Surprisingly, even though RBPs play a critical role in lncRNA function, only a few 
specific interaction motifs have been identified. The in-depth characterization of the 
specific sequences involved in these interactions will provide a further understanding 
of lncRNA function.

6. The role of secondary structures in lncRNA interactions

Single-stranded RNA (ssRNA) is energetically unstable, folding into secondary 
and tertiary structures that play a pivotal role in the function of many lncRNAs. These 
structures generate new binding sites or prevent interactions by altering the context 
or the availability of motifs. RNA secondary structures are primarily dictated by 
Watson–Crick base pairing, but non-canonical base pairing is also prevalent, thereby 
increasing the functional repertoire of RNA [55–57].

An early example of the significance of secondary RNA structures is the lncRNA 
maternally expressed gene 3 (MEG3), a tumor suppressor that regulates the expres-
sions of P53-downstream genes. Structure and functional analyses identified 
three structural motifs on MEG3, where the deletion of two affected its function. 
Interestingly, the function of MEG3 can be restored simply by replacing these deleted 
motifs with a hybrid RNA of different sequences that can generate the same struc-
tures. Therefore, in this case, the structure, rather than the sequence itself, is critical 
for RNA function [58].

Another example is the lncRNA steroid receptor RNA activator (SRA), which 
interacts with chromatin modifiers and plays a key role in regulating the expres-
sions of hundreds of genes. Interestingly, SRA is assembled by four domains, whose 
secondary structure is conserved across 45 vertebrates. However, the sequence itself 
is much less conserved, indicating that the secondary structure is the driving force in 
SRA function [59].

Recent studies have shown that dynamic changes in secondary structures can reg-
ulate the availability of RNA-binding motifs to their RNA-binding proteins (RBPs). 
Most motifs are short; therefore, they can be randomly distributed across transcripts. 
However, higher-order structures affect the availability and affinity of such motifs in 
protein interactions. It was shown that in a synthetic stem-loop structure, the human 
U1A (SNRPA) protein interacts better when its motif is located on the loop rather 
than on the stem part [60]. This way, certain sequences are protected from unwanted 
interactions. However, the RNA secondary structure is dynamic. Using in situ hybrid-
ization followed by high-resolution structure analysis, it was shown that the second-
ary structure of the lncRNA non-coding RNA activated by DNA damage (NORAD) 
can change under stressful conditions, affecting its biological function [61]. This 
suggests a new level of lncRNA regulation.

RNA secondary structures may interact directly with DNA-binding proteins. 
While RBPs usually recognize and interact with single-strand RNA (ssRNA), DNA-
binding proteins interact with double-strand sequences. Furthermore, lncRNA 
secondary structures can function as decoys or activators of transcription factors 
(TFs) and DNA damage response proteins that identify double-strand DNA. For 
example, TFs interact with specific DNA sequences that have different chemical/
physical characteristics. However, it was shown that some lncRNA sequences can 
generate double-strand RNA, which can interact with TFs. LncRNA growth arrest-
specific 5 (Gas5) can generate a stem-loop structure that mimics the DNA glucocor-
ticoid response elements found in promoters of its target genes. Under physiological 
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conditions of nutrient deprivation, the Gas5 expression is elevated, and it competes 
with the endogenous sites of glucocorticoid in the promoters to regulate the expres-
sions of metabolic and apoptotic genes [62, 63].

Recent research has further underscored the significance of RNA secondary 
structures in the regulation of chromatin-associated proteins. A notable example is 
the interaction between DNMT1, a DNA methyltransferase, and lncRNAs. Multiple 
studies have shown that DNMT1 can interact with lncRNAs to regulate the expres-
sion of specific genes; however, the mode of interaction was not fully clear [64–66]. 
Recently, it was shown that DNMT1 exhibits a strong and specific affinity for GU-rich 
RNAs that form a pUG-fold, a noncanonical G-quadruplex [67]. This interaction is 
not merely incidental; pUG-fold-capable RNAs were found to inhibit DNMT1 activity 
by preventing the binding of hemimethylated DNA. This suggests that the secondary 
structure of RNA can directly influence the activity of chromatin-associated proteins, 
further emphasizing the critical role of RNA secondary structures in the regulation of 
protein function and activity.

More recently, it has been discovered that besides interacting with DNA, the DNA 
damage response proteins Ku70/80 can also interact with the secondary structures of 
lncRNAs. These interactions have been shown to be functional, increasing the activity 
of such proteins and the efficiency of the DNA damage response [68, 69]. lncRNAs 
can also interact with TFs and regulate their function. The secondary structure of the 
mouse lncRNA Braveheart generates a stable stem-loop structure, protecting ssRNA 
and functioning as a binding site for the nucleic acid binding protein (CNBP/ZNF9) 
TF [70]. However, it has been recently revealed that these TFs might not interact with 
lncRNAs through their canonical DNA-binding domain. The TF signal transducer and 
activator of transcription 3 (STAT3) was found to interact directly with the lncRNA 
NORAD. However, this interaction is not mediated by the STAT3 DNA-binding 
domain but rather by aptamer-like interactions with the SH2 domain. This suggests 
that NORAD does not function as a decoy but rather as a scaffold for the proper func-
tion and localization of STAT3 [50].

In conclusion, the higher-order structures of lncRNAs play a crucial role in their 
function. Furthermore, these secondary structures have recently emerged as promis-
ing therapeutic targets for inhibitory small molecules [71]. However, the methods for 
studying RNA secondary structures are still in their early stages. As the field contin-
ues to develop, we anticipate shedding lighter on the important aspects of lncRNA 
biology and its therapeutic potential.

7. lncRNA interaction with DNA (R-loop) and DNA:DNA:RNA triplexes

R-loops are RNA:DNA hybrids that can form during transcription when the newly 
synthesized RNA interacts with the DNA template (cis). R-loops play key roles in 
replication, transcription, and genome integrity. They are enriched near the promot-
ers/transcription start sites (TSSs) of highly expressed genes and near transcription 
termination sites, suggesting that R-loops play a functional role in transcription 
regulation [72].

While theoretically, RNA:DNA hybrids can be generated simply by displacement 
and Watson-Crick hybridization during transcription, R-loop formation is regulated 
by proteins known to be involved in homologous recombination during DNA dam-
age repair [73]. Importantly, this active R-loop formation mechanism can lead to 
the hybridization of RNA molecules that share complementary sequences but are 
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transcribed from spatially distinct sites (trans). However, R-loops that are adverse 
byproducts of transcription must be resolved, typically by RNase H or the Fanconi 
anemia (FA) pathway; otherwise, these R-loops may interfere with transcription and 
DNA replication (Figure 2D).

Antisense lncRNAs can form R-loops with their sense protein-coding genes 
(PCGs) and can regulate their expression in cis. For instance, lncRNA ANRASSF1 is 
transcribed in an antisense orientation to the PCG RASSF1. ANRASSF1 transcription 
results in the formation of an R-loop, which recruits PRC2 and promotes the epigen-
etic silencing of RASSF1. Conversely, other R-loop forming lncRNAs are associated 
with increased transcription. The lncRNA VIM-AS1 is a divergent transcript with 
PCG vimentin (VIM). The transcription of PCG VIM is regulated by the methylation 
of a CpG island, and it has been shown that the antisense transcription overlapping 
the TSS generates an R-loop that inhibits the interaction of NF-kB [74]. Genome-wide 
studies show that R-loops frequently form at sites of antisense transcription, close to 
the promoter and TSS, especially at sites enriched in C/G nucleotides. These interac-
tions correlate with low DNA methylation and active promoters [75].

Another significant type of lncRNA interaction with DNA is mediated by the 
generation of triplexes (DNA:DNA:RNA) between pyrimidine (T and C)-rich RNAs 
and purine (A and G)-rich DNA via Hoogsteen-type hydrogen bonding (Figure 2E). 
The mouse lncRNA Fendrr recruits the epigenetic modulators PRC2 and TrxG/MLL 
to the promoters of developmental genes. It has been shown that Fendrr interacts with 
the promoters of the Foxf1 gene in cis and Pitx2 in trans. In vitro, these interactions 
are sensitive to digestion by RNase V1 but not RNase H, which specifically cleaves the 
DNA:RNA duplex, indicating that Fendrr is involved in triplex (DNA:DNA:RNA) 
interactions [76]. Another example is lncRNA KHPS1, which is transcribed in 
antisense orientation to enhancer RNA (eRNA) SPHK1 and generates a DNA:RNA 
triplex to regulate the expression of SPHK1 mRNA. Interestingly, the incorporation of 
7-deaza-purine nucleotides to the triplex-forming region (TFR), which prevents the 
formation of Hoogsteen base pairing and DNA:RNA triplex formation, abolishes the 
function of the RNA. Furthermore, by replacing the TFR of KHPS1 with MEG3 [77] 
and generating a chimeric lncRNA, it was shown that TFRs interact with their RNA 
partners in an interchangeable manner [78].

Moreover, an analysis of lncRNA-chromatin interactions, based on experimental 
data, suggests that lncRNAs have cis and trans targets, and lncRNAs regulate multiple 
genes that can be clustered into specific pathways [77, 79, 80]. Genome-wide analysis 
indicates that the DNA:RNA triplex is a major mechanism of lncRNA function in vivo. 
An interesting finding based on these analyses is the mechanistic regulatory function 
of lncRNA HIF1α-AS1 at multiple genomic sites by recruiting the silencing complex 
under specific physiological contexts [81]. In addition, computational modeling 
based on chromatin fractionation and an analysis of the dynamic of the dissociation 
of transcripts from their transcription sites show that lncRNAs overlapping enhancer 
regions tend to harbor longer before releasing to the nucleoplasm [82]. This may 
indicate their role in chromatin regulation, directly coupled with their transcription 
through DNA:RNA interactions. These findings pave the way for a better understand-
ing of these DNA:RNA interactions.

In summary, R-loops and DNA:RNA triplexes constitute important regulatory 
mechanisms for transcription initiation and termination. In many cases, this is 
mediated by cis-antisense transcription, which generates unstable RNA. However, 
accumulating evidence indicates that bona fide lncRNAs can generate R-loops and a 
DNA:RNA triplex in cis and trans to affect chromatin modification and accessibility.
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8. lncRNA interaction with miRNA

MicroRNAs (miRNAs) constitute a significant class of non-coding RNAs 
(ncRNAs) that modulate post-transcriptional regulation by fine-tuning mRNA 
translation and stability. miRNAs interact with the miRNA-induced silencing com-
plex (miRISC) and guide the miRISC to its miRNA recognition element (MRE) target 
based on Watson–Crick base pairing. Notably, in animal cells, most miRNA:MRE 
interactions are incomplete and include multiple mismatches, which makes the 
prediction of physiological miRNA targets a challenging task due to the vast number 
of potential interactions.

Experimental data suggest that miRNAs primarily target mRNA at their 3′ 
untranslated regions (UTRs) and that miRISC predominantly functions in the 
cytoplasm, although several studies have demonstrated nuclear function under 
specific physiological conditions [83, 84]. miRNAs can target mRNAs, as well as 
lncRNAs, pseudogene-derived transcripts, and circular RNA [85]. As a result, all 
transcripts compete for the same pool of miRISCs. Consequently, changes in the level 
of a specific transcript may affect the availability of miRNAs for other targets. This 
mechanism is described as sponging or competitive endogenous RNA (ceRNA), and it 
is suggested as a mechanism of action for numerous lncRNAs [86].

While the sponging/ceRNA concept provides an appealing framework to predict 
lncRNA:mRNA post-transcriptional regulation, accurate prediction is challenging due 
to the complexity of the synergistic networks and the lack of physiological data required 
to establish reliable variables and constants [87–91]. Therefore, while growing evidence 
indicates the attractiveness of sponging as a mechanism and computational predictions 
suggest a unified language that can explain the function of many lncRNAs, the predic-
tion and validation of specific ceRNA cross-talk remain challenging.

9. Modular sequences in lncRNA and the role of repeat elements

Protein-coding genes (PCGs) are characterized by functional domains, which 
are modular units with distinct structures and functions [92, 93]. The question of 
whether long non-coding RNAs (lncRNAs) are similarly structured by modular 
sequences remains largely unexplored. Transposable elements (TEs), which are 
enriched in lncRNAs, are proposed to serve as functional domains (Figure 3) [93].

TEs are sequences with the ability to duplicate (retroviral oriented) or relocate 
(non-retroviral elements) within the genome. They are abundant in the human 
genome, with certain types of TEs specifically enriched in lncRNAs [94]. Previously 
regarded as parasitic, non-functional elements, TEs are now acknowledged as vital 

Figure 3. 
Sequence motifs in lncRNAs. (A) lncRNA tends to be enriched with a/U. (B) Simple repeats and microsatellites. 
(C) C-rich sequences involved in nuclear retention. (D) Recognition motifs for proteins and miRNAs. (E) Wick 
spicing signal. (F) Transposon elements. (G) Polyadenylation and other mRNA motifs. (created with BioRender.
com).
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to the architecture and function of the genome, driving evolution through their high 
mobility and consequent rapid genomic sequence changes.

It is estimated that around 80% of human lncRNAs incorporate at least one 
TE sequence, with approximately 30% of lncRNA sequences being TE-related. TE 
sequences contribute to the architecture and function of lncRNAs by providing 
splicing sites, binding domains for RNA-binding proteins (RBPs), and domains for 
RNA:RNA and RNA:DNA interactions. The insertion of Alu TEs can promote the for-
mation of new exons (a process known as exonization). TEs also contribute sequences 
for poly(A) signals, as well as sequences affecting lncRNA transcription and localiza-
tion. The high content of TEs in lncRNAs can promote secondary structures (inverted 
repeats) that are substrates for A-to-I RNA editing.

As previously discussed, the SIRLOIN motif found in Alu TE elements [44, 95] 
and sequences from the L1PA16, L2b, MIRb, and MIRc TEs [47] play a role in promot-
ing RNA nuclear retention and the formation of nuclear bodies. Interestingly, when 
a SINE TE from murine Malat1 was removed using CRISPR-Cas9, lncRNAs were 
dispersed from the nuclear speckles to the cytoplasm, suggesting a role for TE in 
its localization and organization. While the SINEB1 TE element is murine-specific, 
functional sequences can be found in human MALAT1, arguably through convergent 
evolution [96]. Similarly, the deletion of TE sequences within NEAT1 led to abnormal 
speckle organization and function [97].

Repetitive elements can also lead to lncRNA-mRNA duplexing. Evidence suggests 
that these interactions can be functional in mRNA translation and stability [98–102]. 
However, these interactions are limited by secondary structures, transcript abun-
dance, and localization.

Overall, these repeats play a functional role by interacting with RBPs, RNA, and 
chromatin, and they demonstrate a proposed mechanism for lncRNA evolution that is 
based on TEs as functional domains of lncRNAs, termed repeat insertion domains of 
LncRNAs (RIDLs) [93].

While many lncRNAs contain TEs, which are generated by ancient independent 
elements, other repetitive sequences are simpler in their nature. Tandem repeats 
(TRs) and local repeats (LRs) are low-complexity sequences. While TRs appear in 
multiple loci across the genome, LRs are generally found in a specific locus. Although 
these sequences are frequent in introns and intergenic DNA, some are located in 
exons. LRs are enriched in lncRNAs compared to PCGs, and they are suggested to be 
involved in interactions with RBPs (Figure 3). The exonic repeating RNA domain 
(RRD) in lncRNA functional intergenic repeating RNA element (FIRRE) is a 156-bp 
repeating sequence that was shown to interact with hnRNPU and to play a critical role 
in the nuclear retention of the transcript [103].

In addition, lncRNA sequence analyses identified an enrichment of short tandem 
repeat sequences that can interact with RBPs. For example, pyrimidine-rich noncod-
ing transcript (PNCTR) is a 10-Kb-long lncRNA transcribed by RNA pol I. PNCTR 
is composed of more than two thousand PTBP1-binding motifs. PNCRT interacts 
with PRBP1 to generate nuclear bodies called perinucleolar compartments (PNCs). 
The sequestration and antagonization of PRBP1 by PNCRT play a functional role in 
splicing regulation [104].

In conclusion, repeat elements, whether they are TEs, TRs, or LRs, play a signifi-
cant role in the structure and function of lncRNAs. They contribute to the interaction 
with RBPs, RNA, and chromatin, and they provide a mechanism for lncRNA evolu-
tion. These findings pave the way for a better understanding of the role of repeat 
elements in lncRNAs.



13

Deciphering the Hidden Language of Long Non-Coding RNAs: Recent Findings and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.112449

10. Unraveling lncRNA function through sequence analysis

RNA sequences carry the blueprint of their function. While experimental 
approaches often focus on function first and subsequently search for related 
sequences, computational approaches primarily compare sequences to identify the 
functional motifs.

The assumption that functional elements within a sequence are modular allows 
for the evaluation of lncRNA sequence similarity not merely based on linear align-
ment, but rather on the accumulation of shared motifs. The linear sequence can be 
deconstructed into constituent short sequences (K-mers). The distance between any 
two transcripts can then be described by the correlation between their K-mers, an 
approach known as Sequence Evaluation from K-mers Representation (SEEKR) [105]. 
This method has successfully clustered together lncRNAs with known similar func-
tions and differentiated between activating and repressing lncRNAs. Interestingly, 
SEEKR analysis found that repressor lncRNAs, such as XIST, were enriched in G/C 
K-mers, while activator lncRNAs, like HOTTIP, clustered together due to the enrich-
ment of A/U nucleotides. Furthermore, K-mer distribution can predict lncRNA 
subcellular localization, with K-mers enriched in the nucleus found to harbor motifs 
corresponding with proteins known to affect RNA retention.

Sequence conservation through evolution is a hallmark of functionality. However, 
many lncRNAs appear to evolve in a species-restricted manner. While most lncRNAs 
do not show sequence similarity, many reveal syntenic similarities between distinct 
species. This suggests that lncRNAs maintain their cis-regulatory function with-
out obvious sequence similarities. Furthermore, lncRNAs can change their linear 
sequence but maintain similar structure and function. While SEEKR looks for the 
enrichment of multiple K-mers in a non-consecutive order, an analysis of lncRNAs, 
such as NORAD, identified short RBP recognition motifs in which not only the 
sequence was conserved, but the sequential order was also maintained through evolu-
tion [53]. The LncLOOM framework predicts lncRNA functional motifs based on the 
assumptions of short motif conservation and motif order.

Collectively, advancements in RNA biology have enabled the development of 
analytical approaches dedicated to the analysis of lncRNAs. Yet, fundamental ques-
tions remain unanswered. Do lncRNAs share a common syntax? Are lncRNAs devel-
oped mainly in the context of a specific locus or function? How do the second and 
third dimensions of lncRNAs function in the syntax of lncRNAs? How can we divide 
lncRNAs into functional subclasses based on their sequence? How can we predict the 
function of lncRNAs based on their sequence? The answers to these questions will not 
only improve our understanding of lncRNA biology but may also open opportunities 
for novel therapeutic approaches.

11. Conclusions

Identifying a functional sequence in a specific lncRNA remains a challenging task 
due to the inherent biological nature of lncRNAs and the lack of robust methods. 
Many of the functional sequences discussed in this review are short and have low 
sequence restrictions, and their function is highly context-dependent. RNA-binding 
protein (RBP) and miRNA recognition elements are relatively short and can be 
found distributed by “chance” along multiple sequences. Furthermore, lncRNAs 
are enriched in transposable elements (TEs) and other repeat elements that can 
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theoretically interact with many RNA and chromatin sites. Therefore, the function of 
a sequence depends not only on the context but also on its subcellular localization and 
abundance [31, 106, 107]. Moreover, recent studies have shown that lncRNA expres-
sion is highly dynamic due to its long transcriptional bursts [108], thereby increasing 
the spatial-temporal function of lncRNAs.

The advancement in experimental techniques has also paved the way for a better 
understanding of lncRNA sequence-to-function relationships. High-throughput 
experiments using an expression system with various putative functional sequences 
enable the identification of motifs that affect RNA nuclear retention. Additionally, 
CRISPR-based deletions of endogenous sequences or truncated exogenous constructs 
help to underline functional domains in lncRNAs, especially when combined with 
evidence from pulldown and phenotypic experiments.

However, the identification of functional domains through phenotypic screen-
ing is limited by the complexity of the experimental design and the interpretation 
of output phenotypes. Therefore, computational approaches, in conjunction with 
experimental data, will play a crucial role in our understanding of the language of 
lncRNAs. Sequence analysis shows that lncRNAs differ from protein-coding genes 
(PCGs), not only due to the lack of substantial open-reading frame (ORF) potential, 
but also in their nucleotide composition and repetitive elements [13], indicating that 
lncRNAs function under unique sequence constraints.

Our understanding of the biology and function of lncRNAs is gradually unfold-
ing. This process goes hand in hand not only with developments in analytic and 
experimental approaches but also with the acknowledgment of lncRNAs’ roles in cell 
function and genome architecture. The role of repeat elements in the structure and 
function of lncRNAs, as well as the interactions between lncRNAs and proteins or 
miRNAs, is emerging as significant areas of study.

As we continue to unravel the mysteries of lncRNAs, we anticipate that these 
non-coding RNAs will provide novel insights into cellular function and offer new 
avenues for therapeutic intervention. Future research should focus on overcoming the 
current challenges in identifying functional sequences in lncRNAs, further exploring 
the potential applications of lncRNAs, and filling the gaps in our current understand-
ing of lncRNAs. The questions posed at the beginning of this chapter remain partially 
answered, and further research is needed to fully understand the common syntax, 
functional subclasses, and predictive function of lncRNAs based on their sequence.
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