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Preface to ”Post-transcriptional Regulation through

Long Non-coding RNAs (lncRNAs)”

Long non-coding RNAs (lncRNA) are increasingly prominent in the field of molecular biology.

Growing evidence suggests that they are involved in a bewildering array of molecular processes.

In this Special Issue we present a collection of articles that, together, highlight the involvement of

lncRNAs in post-transcriptional regulation of gene expression.

Michael Ladomery, Giuseppina Pisignano
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The discovery of thousands of non-coding RNAs (ncRNAs) pervasively transcribed
from the eukaryotic genome has revolutionized the “central dogma” of biology and shifted
the attention on the role of RNAs as regulatory molecules, more than simply traditional
mediators of genomic information. Non-coding RNAs are transcripts that do not encode
proteins and are generally classified as short or long depending on their average size
(< or >200 nt). Non-coding RNAs are found in nearly all organisms. Among them, the long
non-coding RNAs (lncRNAs) play key roles in many biological processes in development
and disease. Since their discovery, the lncRNA field has exploded, and new roles for
lncRNAs are constantly emerging, making their investigation a priority in studying gene
expression regulation at any level.

This Special Issue encases seven review papers and one original research article from
experts in the ncRNA field and illustrates the main mechanisms through which lncRNAs
modulate gene expression at the post-transcriptional level. This collection of articles
provides a complete overview of their multifunctional roles and presents an additional
layer of complexity in the regulation of gene expression and associated cellular processes.

LncRNA length, low expression, and lack of sequence conservation have frequently
represented a major technical limitation in their identification and characterization. In
their review, Carter et al. provide an exhaustive guide of both in silico and low-to-high
throughput experimental approaches to assist researchers to face this challenge. They
also offer critical insights to advance our understanding of how lncRNAs are involved in
tumorigenesis [1].

A wide range of RNA-binding proteins (RBPs) have been shown to cooperate with
lncRNAs to regulate gene expression. In their review, Briata and Gherzi draw attention to
the complexity of lncRNA–RBP associations [2]. They illustrate the variety of mechanisms
through which lncRNA–RBP complexes can control essentially all post-transcriptional
processes in the cell. Sadeq et al. discuss how endogenous lncRNA-associated dsRNA
structures are tolerated, whereas viral-derived dsRNA triggers a complex defence network;
and further examine the potential implications in the context of autoimmune disease and
cancer treatments [3].

In their review, Pisignano and Ladomery describe multiple mechanisms through
which lncRNAs contribute to the regulation of alternative splicing and how their action
further enhances the expression of mRNA-splicing variants, thereby increasing proteomic
diversity in complex organisms [4].

In a more cytoplasmic context, Karakas and Ozpolat discuss how lncRNAs can affect
mRNA translation by controlling translation factors and signalling pathways in normal
and tumour conditions [5], while Sebastian-delaCruz et al. highlight the importance of
lncRNAs in the regulation of mRNA stability and turnover as the basis for the correct
functionality of cellular processes and homeostasis [6]. In this regard, in another work
presented in this Special Issue, Munz et al. found in a diffuse, large B cell lymphoma cell
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line a lncRNA (lncTNK2-2:1) associated with the increased stability of transcripts that are
affected by mTOR inhibition and responsible for the DNA damage response [7].

Fonouni-Farde et al. conclude this Special Issue by describing how plant lncRNAs use
sophisticated mechanisms to regulate RNA degradation, alternative splicing, translation,
post-translational modifications and even protein localisation [8].

Taken together, this Special Issue highlights the relevance of lncRNAs as crucial reg-
ulatory molecules in most post-transcriptional regulation mechanisms, both in animals
and plants, and aims to encourage research groups and young researchers to further
develop new studies in the field. A more comprehensive understanding of the molec-
ular mechanisms of post-transcriptional regulation by lncRNAs will certainly advance
our understanding of the many intricate cellular processes that are still far from being
fully elucidated.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: It is becoming increasingly evident that the non-coding genome and transcriptome exert
great influence over their coding counterparts through complex molecular interactions. Among non-
coding RNAs (ncRNA), long non-coding RNAs (lncRNAs) in particular present increased potential
to participate in dysregulation of post-transcriptional processes through both RNA and protein inter-
actions. Since such processes can play key roles in contributing to cancer progression, it is desirable
to continue expanding the search for lncRNAs impacting cancer through post-transcriptional mecha-
nisms. The sheer diversity of mechanisms requires diverse resources and methods that have been
developed and refined over the past decade. We provide an overview of computational resources as
well as proven low-to-high throughput techniques to enable identification and characterisation of
lncRNAs in their complex interactive contexts. As more cancer research strategies evolve to explore
the non-coding genome and transcriptome, we anticipate this will provide a valuable primer and
perspective of how these technologies have matured and will continue to evolve to assist researchers
in elucidating post-transcriptional roles of lncRNAs in cancer.

Keywords: lncRNA; cancer; post-transcription; RNA-binding; ribonucleoprotein; RNAi; interactome;
prediction; database; CLIP

1. Introduction

Transcription is at the forefront of the conversion of stable genomic information into
reactive biochemical agents that form and modulate dynamic biological systems. This
fundamental process relentlessly transcribes at least 62% of the human genome, resulting
in a variety of non-coding RNA (ncRNAs) species that outnumbers the selection of more
stable RNAs concerned with translation that accumulate in the cell such as ribosomal RNA
(rRNA), transfer RNA (tRNA) and messenger RNA (mRNA) [1,2]. Far from being redun-
dant transcriptional byproducts, ncRNAs can also act as pleiotropic reactive biochemical
agents interacting with both RNAs and proteins and are first to propagate any genome level
information changes to the biological network state that shapes cellular behaviour [3,4].

Diseased states such as cancer arise from cumulative corruption of the genomic source
code, resulting in the opportunistic dysregulation of the conserved transcriptional [5],
post-transcriptional [6], translational [7] and post-translational processes [8] that ultimately
allow them to escape systemic control. Among the hundreds of thousands of genetic
abnormalities that may occur, tremendous progress has been made in understanding how
specific key “driver” mutations affect important protein coding genes (oncogenes and
tumour suppressors) and influence the aforementioned processes to provide a selective
advantage to cancerous cells to develop in a given tissue or microenvironment [9]. However,
many mutations found in cancer also accumulate in the non-coding genome [10,11].

The large non-coding transcriptional contributions such as small non-coding RNA
(sncRNA), enhancer RNA (eRNA) and long non-coding RNAs (lncRNA) have come under
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increased interest for cancer research. They feature prominently among the rapidly increas-
ing list of non-coding regulatory elements vulnerable to mutations (promoters, enhancers)
and contributing to dysregulating the critical processes aforementioned [12,13]. Although
some of these ncRNAs, such as microRNAs (miRNAs, a subset of sncRNAs) have garnered
plenty of research momentum [14], others such as lncRNAs and circular RNAs (circRNAs)
are still burgeoning especially in the context of cancer biology [15].

Long non-coding RNAs (≥200 bp; lncRNAs) encompass the largest and perhaps most
intriguing category of ncRNAs in cancer currently known, as they exhibit highly dynamic
and tissue specific expression patterns [16], a trait shared with most oncogenes/tumour
suppressors [17]. The majority of these transcripts are localised in the nucleus and tran-
scribed by RNA Polymerase II (RNA Pol II). Long ncRNAs share similar characteristics
to messenger RNAs (mRNAs), such as having a 5′-cap and 3′ poly-A tail. Alternatively,
circular forms may assemble through non-coding splicing of exons and introns (circRNA),
bolstering their resistance to degradation further [18,19]. Classification of the diversity of
ncRNAs, especially lncRNAs, is a work in progress. GENCODE has classified lncRNA
annotation on the basis of their genomic context, however this offers little indication of their
diverse functional potential aside from identifying possible antisense lncRNAs [20–22].
Interestingly, the length of an RNA has been found to correlate with their propensity to
interact with other biochemical molecules, such as proteins [23]. Hence, the “longer” spec-
trum of ncRNAs may well be more prone to assume varied roles in regulatory processes
through cross-molecular interactions. Indeed, many have already been found to play a
pivotal role in those exploited by cancers, such as development and differentiation of
cells [24,25]. In fact, since the discovery of MALAT1 (Metastasis-associated lung adeno-
carcinoma transcript 1) in the early 2000s [26], dysregulation of more than a dozen other
lncRNAs, such as H19 [27], XIST [28,29], and HOTAIR [30,31] have steadily been found to
be associated with cancer progression and drug resistance [32–34]. There is also evidence of
circRNAs playing a role in cancer progression [35] and chemotherapy resistance along with
biomarker potential [36]. With approximately 16,000 lncRNA genes (28,000 transcripts)
identified in Gencode 27, this may well represent a potential “goldmine” of hidden tumour
suppressor/oncogenic targets [37].

A major challenge remains in uncovering these lncRNAs and revealing their functional
roles in cancer-exploited regulatory processes. This is principally due to the novelty of the
field, which is further complicated by their multifunctional interactive potential. At least
four major mechanisms have been suggested to mediate their effects: (1) Act as signals
to regulate transcription, (2) as decoys recruiting binding partners away from their other
targets, (3) as guides directing the targeting of a ribonucleoprotein complex, for example;
(4) as scaffolds bringing together multiple biomolecules together [38,39]. Such mechanisms
are directly susceptible to propagating abnormalities in lncRNA expression or sequence
typical of cancer to the post-transcriptional regulatory networks [40]. Mechanisms 2
and 3 are known to influence one of the most prominent post-transcriptional regulatory
pathways: miRNA mediated RNA interference (RNAi) [41]. Effectively, lncRNAs may act
as either target or ordnance for the RNA-induced silencing complex (RISC) that perturb
stability of various RNAs including lncRNAs themselves [42]. Additionally, lncRNAs may
interact with RNAs directly as antisense lncRNAs, such as KRT7-AS, which promotes
gastric cancer progression [43]. In summary, aberrant lncRNAs may exert substantial
influence over post-transcriptional dysregulation in cancer through RISC dependent and
independent mechanisms mediated via their interactions with RNA-binding proteins
(RBPs) or RNAs [44]. Identifying and characterising these interactive mechanisms utilising
appropriate approaches is therefore critical to overcoming the aforementioned challenge in
elucidating their roles in major regulatory processes such as post-transcription.

In this review, we will provide a survey of the most useful tools and techniques
developed to help place lncRNAs on the post-transcriptional interactome map and reveal
their roots to cancer. In the first part, we will provide an overview of such resources valued
for primary identification and characterisation of lncRNAs, especially those capable of
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highlighting cancer relevant contextualisation. In the second part, we will cover how
more advanced resources have been developed to help characterise how lncRNAs may
interact with RNAs and proteins (Figure 1). Ultimately, we hope this will serve as a useful
primer for new cancer research strategies interested in identifying and validating further
lncRNAs as oncogenic/tumour suppressor-like players by mechanistically uncovering
their post-transcriptional roles.

 

Figure 1. Workflow(s) for the detection and functional characterisation of a lncRNA of interest and its interacting partners.
Primary approaches focus on identifying and assigning basic properties based on existing knowledge, predictions or
biochemical experiments to validate expression or localisation for example. Secondary approaches focus on the identification
of interactions with RNAs or RBPs utilising sequencing-based techniques, see Section 3.2. Further approaches may also be
useful to validate high throughput or predictive results.

2. Identification and Primary Characterisation

2.1. Predictions, Identification from High-Throughput Data and Databases

Most cancer research strategies begin by identifying potential candidate genes/loci
involved in the dysregulatory state under study. Screening for such candidates usu-
ally involves the intersection of high-throughput screening experiments, especially next-
generation (NGS) or third-generation sequencing [45]. A number of RNA-sequencing
techniques can directly provide valuable information on identity, expression and/or sta-
bility of RNAs including lncRNAs. These include capturing a sample of the total tran-
scriptome via standard or single cell RNA-sequencing (RNA-seq/scRNA-seq); capturing

5
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nascent transcription using tagged nucleosides or analogs through Global or Precision
Run-On sequencing (GRO-seq/PRO-seq; [46,47]) as well as Bru-seq/Bru-Chase-seq [48];
capturing full-length transcripts through Cap-analysis gene expression sequencing (CAGE-
seq) and nano-cap analysis of gene expression (nanoCAGE+CAGEscan; [49]) or Oxford
Nanopore native RNA sequencing [50]. Provided such sequencing datasets do not undergo
selective library preparations these can allow the identification of lncRNAs directly by
sequence. Other scenarios, such as Chromatin immunoprecipitation (ChIP) followed by
high-throughput DNA sequencing or Assay for Transposase-Accessible Chromatin using
sequencing (ChIP-seq or ATAC-seq) may lead towards selecting a putative non-coding
region of the cancer genome [51,52]. Depending on the model system, experimental designs
and resources, it will be worth considering whether performing additional sequencing
experiments is really necessary to fulfil research objectives considering the large amounts
of publicly available second-generation data already available.

Regardless of which experimental strategies have been implemented, orthogonal lines
of evidence will always fall back on a specific locus or multiple loci of the non-coding
genome. From this point, it is possible to infer the identity of potential linear lncRNAs by
cross-referencing the loci coordinates with several large databases dedicated to cataloguing
lncRNAs or predicting the coding potential of the region. If the coding potential has not
already been evaluated, numerous machine-learning tools are available to perform this
computation de novo. CPAT, FEELnc and PLEK may be particularly suitable for working
with human cancer datasets as extensively evaluated alongside numerous other solutions
in [53]. Further comparative reviews of the features of such tools can also be found in [54].

In the case of circular RNAs, most achieve their circular conformation via “backsplic-
ing”. This refers to the covalent linkages between a downstream 3’ and an upstream 5’splice
sites, which results in a reversal of exon sequences relative to the annotated transcript [55].
This unique mechanism can be exploited for their identification and therefore a number
of tools have been developed to perform this on RNA-seq datasets, which are extensively
evaluated and reviewed in [56,57]. CIRI and KNIFE are among some of the tools that
showed robust performance even among background noise [58,59]. CIRI2 has also recently
been released offering significant performance improvements over CIRI [60].

In the vast majority of cases—especially for cancer studies based on the human
genome—a wealth of sequencing data, pre-generated predictions and annotations relevant
for targeted loci are available from a number of public and restricted access databases.
Aside from familiar initiatives such as RefSeq, Ensembl and FANTOM [61], many more
specialised resources dedicated to allocating lncRNA identity and valuable annotations
have emerged—some of which are tailored to cancer research, such as Lnc2Cancer or
CSCD. Beyond simply determining whether the loci of interest is transcribed as a lncRNA,
many of the resources presented offer insights into transcript localisation, expression as
well as gene conservation, mutation and links to diseases, such as cancer. Much of the
information is integrated from other public databases and projects such as ClinVar [62],
COSMIC (Catalogue of Somatic Mutations in Cancer) [63], TCGA (The Cancer Genome
Atlas) [64], 1000 Genomes Project (IGSR) [65], (G)ENCODE (Encyclopedia Of DNA El-
ements) [66,67], GEO (Gene Expression Omnibus) [68], dbSNP [69], UniProt [70], HPA
(Human Protein Atlas) [71], GTEx (Genotype-Tissue Expression) [72], HBM2 (Human Body
Map 2.0 GEO Dataset GSE30611), FANTOM (Functional Annotation of the Mammalian
Genome) [73], CCLE (Cancer Cell Line Encyclopedia) [74], Disease Ontology [75], GO
(Gene Ontology) [76], MeSH (Medical Subject Headings) [77] and TARGET (Therapeu-
tically Applicable Research to Generate Effective Treatments) [78]. Additionally, many
circRNA specialised databases integrate information and predictions from miRNA centric
databases, since circRNAs often act miRNA sponges. These include Starbase [79], Tar-
getScan [80], doRiNA [81], miRcode [82], miRTarBase [83], HMDD [84], OncomiRDB [85],
dbDEMC [86] and miRecords [87]. Although most resources will require usage of the web
interface, some offer more advanced programmatic access such as NONCODE [88]. All
lncRNA and circRNA resources are summarized in Tables 1 and 2 respectively.
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While these databases offer an increasingly large and reliable set of annotations, they
remain putative until validated in the specific cancer model system under study using the
experimental approaches covered below.

2.2. Experimental Approaches: Validation of Expression, Localisation & Structure

Before any advanced experiments take place, it is usually preferable to validate basic
characteristics of the target lncRNAs of interest. We will therefore briefly highlight some
key primary techniques valued for lncRNA characterisation as well as potential limitations
in their application.

Northern blotting has long been applied for analysing expression of specific RNAs,
enabling relative quantification, determination of sizes and providing an assessment of
the RNA quality [124,125]. Modern protocols allow reduced chemical usage and good
specificity and this core method still remains a vital tool for primary characterisation of
lncRNAs [126]. In addition, this technique is still one of the most direct methods for demon-
strating the circular configuration of circRNAs. Furthermore, the method is often integrated
with more advanced procedures to investigate ribonucleoprotein complexes [127].

Providing the target RNA may be reverse transcribed, RT-qPCR (reverse transcriptase
polymerase chain reaction) may offer a more convenient high sensitivity assay. The expo-
nential nature of qPCR, however, requires careful consideration of confounding factors
such as genomic DNA contamination and appropriate selection of reference genes [128].
The latter can still be quite problematic when the system of study features aberrant ex-
pression of multiple genes including house-keeping genes commonly chosen as references.
The recent availability of large pan-cancer datasets may be able to help overcome this
problem [129].

Another valuable technique, especially for characterising unknown isoforms of lncR-
NAs suspected of undergoing splicing is rapid amplification of cDNA ends (RACE), which
produces full length sequences of RNA transcripts. RACE utilises reverse transcription
with a 5′ or 3′ primer of a known sequence of the RNA of interest to produce a cDNA
copy, this is then followed up with PCR amplification. The product can then be coupled
with high-throughput screening in a technique called RACE-Seq to characterize the RACE
fragments [130,131].

RNA fluorescence in situ hybridization (RNA-FISH) is the reference technique for
visually detecting and determining the distribution of any type of RNA in cellular compart-
ments as well as cells that express the RNA of interest. This technique uses fluorescently
labelled probes specific for the target RNA [132,133]. While this technique has been crucial
in uncovering the mechanism of several lncRNAs [134,135], the high amounts of repetitive
elements in lncRNAs increases the challenge of detecting a legitimate lncRNA signal. This
may result in the probe binding to high-abundance, off-target RNAs instead of the intended
lncRNA. Furthermore, lncRNA signals in the nucleus appear as “bright blobs”, which can
be difficult to differentiate from non-specific background signals [136].

SHAPE (Selective 2′-hydroxyl acylation analysed by primer extension) involves the
use of reagents, such as N-methylisatoic anhydride (NMIA) and 1-methyl-7-nitroisatoic
anhydride (1M7) that react with the 2′-hydroxyl group of the RNA backbone, forming
ribose 2′-O-adducts [137]. Adduct formation is dependent on nucleotide flexibility and is
quantified at nucleotide resolution by performing RT and comparing the product against
a control [138]. This can be further coupled with mutational profiling (MaP), which
accounts for the occasional incorporation of noncomplementary nucleotides or deletions
caused by reverse transcriptase enzymes, to generate SHAPE profiles where mutations are
counted and facilitate the identification of RNA secondary structure formation at nucleotide
resolution [139,140]. With valuable evidence supporting the expression, localisation and
possible structure of the target lncRNAs, the next step is to estimate and conclusively
identify what biomolecules may be interacting with it.
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3. Secondary Characterisation: Predicting and Detecting Interactions

3.1. Predictions and Databases

As mentioned in the introduction, there are four types of molecular mechanisms
suggested to mediate lncRNA effects through versatile interactions with DNA, RNA and
protein molecules [141]. All three types of interactions have been studied and modelled.
However, the interactions with the most direct effects on post-transcription are expected
to involve only RNA and protein. For more information on predicting lncRNA:DNA
interaction potential, we invite the reader to consult recent developments in this relatively
new field [142–144].

In-silico prediction of RNA-RNA and RNA-protein interactions are active areas of
research recently boosted by machine learning techniques that have grown in strength
and numbers over the past decade, feeding on the wealth of accumulating experimen-
tal data [145,146]. A significant amount of time and resources have been invested into
developing specialised databases and algorithms that predict potential interacting part-
ners of particular lncRNA candidates, some of which have required supercomputer scale
processing [147,148]. Exploring how some of these resources can help guide or supple-
ment experimental approaches should therefore form a valuable addition to the secondary
characterisation strategy for lncRNA candidates.

RNA:RNA interaction prediction stands to be the most well investigated in large part
due to the strong overlap with the small RNA/miRNA field. For instance, lncRNAs acting
as ceRNAs can be predicted through their interactions with miRNAs for which a multitude
of databases and tools already exist to predict their general propensity to bind certain RNA
sequences (Table 3); also see [149]. However, some lncRNA:RNA specific prediction tools
have been developed too. Recent evaluation of a dozen such tools has shown that the
real-life performance is still fairly average [53]. Tools such as ASSA or RIblast [150,151]
that incorporate other sequence information, such as length and GC content and provide
useful statistical outputs may be most relevant for real human datasets but cannot be solely
relied on for confident inference.

RNA:Protein prediction requires a different approach. Notably, network and correla-
tion based predictions [152] have gained popularity owing to the large increase in available
expression data, allowing indirect inference of lncRNA:Protein relationships. RNA:RNA
prediction can also benefit from this approach and should be used to complement pre-
dictions [153,154]. As such, most resources presented are databases integrating multiple
sources of evidence from orthogonal experiments in repositories such as GEO [68], Array-
Express [155], ENCODE [67], TCGA [64] and the SRA (Sequence Read Archive) [156] as
well as pre-calculated prediction and annotation databases such as as LncRNADisease [94],
MNDR (Mammal ncRNA-Disease Repository) [97], eDGAR (Database of Disease-Gene
Associations with annotated Relationships among genes) [157], circRNADisease [114],
RAIN (RNA-protein Association and Interaction Networks) [158], RAID (RNA Association
Interaction Database) [159], NPInter [160] and RISE (RNA Interactome from Sequencing
Experiments) [161] (Table 3). For a comprehensive review of tools and databases dedicated
to miRNA specific predictions please refer to [149,162].

These tools and databases should help prioritise the types of hypotheses and experi-
ments planned for experimental validation in the cancer model system of choice utilising
several of the numerous techniques covered in the rest of this article.
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3.2. Sequencing Compatible Approaches

With the advent of next-generation sequencing, multiple high-throughput techniques
have been developed which allow for increased screening capabilities to discover novel
lncRNA interactions in cancer. One of the primary mechanisms through which lncRNAs
have been documented to dysregulate cancer post-transcription is through their participa-
tion in ribonucleoprotein (RNP) complexes [44,172]. Considering the importance of RBPs,
we will first introduce the RIP and CLIP methods, which have been more recently adapted
to RNA-Seq. We will then focus on how related methods have been specifically tailored for
capturing RNA interactions involving the RNA-induced silencing complex (RISC). Finally,
methods for exploring RISC independent RNA interactions will be presented.

3.2.1. Ribonucleoprotein Complex Interaction Detection

LncRNAs often interact with RNA-binding proteins (RBPs), such as the interaction
between HOTAIR and EZH2 [173]. Several knock-on effects can result, such as competing
with other mRNAs/lncRNAs for RBP binding and/or increasing the ceRNA potential
of the lncRNA. In the MACC1-AS1 to PTBP1 interaction, such effects have significant
consequences on breast cancer tumorigenesis [174]. RNA immunoprecipitation (RIP) is
one of the first techniques employed to identify such RNAs bound to specific RBPs. RIP
involves cell or tissue lysis, followed by immunoprecipitation of native RNA-protein
complexes with a specific antibody against the target protein. As these complexes are not
stabilized by covalent crosslinking, extra precaution must be taken during washing to
remove nonspecific RNA while maintaining the RNA–protein interactions. This limitation
makes detection of RNAs with low binding affinity to the protein of interest difficult. In
addition, unstably bound RBPs may dissociate from their RNA targets and re-associate
with other RNAs under harsh conditions [175,176].

Nevertheless, the RIP techniques have been successfully used over the years revealing
relevant interactions in the context of cancer. For example, RIP was used by Tripathi et al.
to investigate the interaction between lncRNA metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1) and the serine/arginine (SR) splicing factors [177]. MALAT1 is
known to be overexpressed in breast, pancreas, lung, colon and prostate carcinomas [178],
in addition, it is associated with metastasis and poor survival in non-small cell lung cancer
patients [26]. SR splicing factors can influence the alternative splicing (AS) events of many
pre-mRNAs in a concentration and phosphorylation-dependent manner, but its cellular
mechanism was unknown [179–181]. In the study, MALAT1 was found to interact with
SRSF1 and regulate cellular levels of its phosphorylated forms, which modulated AS
events downstream. Further exploration of MALAT1 interactions via RIP-Seq by Wang
et al. was similarly fruitful. Their study revealed that MALAT1 also binds to EZH2 [182].
EZH2 is overexpressed in endometrium, prostate and breast cancers [183]. In prostate
cancer patients, EZH2 is associated with increased cell proliferation, invasiveness and
metastasis [184,185]. As EZH2 had been shown to interact with several lncRNAs, such as
HOTAIR [173] and PCAT-1 [186], it was unclear which lncRNA was important for EZH2-
driven prostate cancer progression. Ultimately, knockdown experiments demonstrated
that EZH2-MALAT1 association played a significant role in cancer progression [182], thus
representing a new alternative target for treating prostate cancer.

To overcome the low specificity of RIP, crosslinking and immunoprecipitation (CLIP)
was developed by Ule et al. [187]. CLIP involves the usage of ultraviolet (UV) light to form
covalent bonds between RBPs and their direct binding RNAs. An advantage in itself since
UV does not crosslink proteins to each other, significantly improving its specificity. In CLIP-

Seq, after crosslinking, RNA is fragmented, purified and prepared for sequencing [188].
This has led CLIP-Seq to be accepted as a gold standard for identification of endogenous
RNA–protein interactions [189].

Since the development of CLIP-Seq, there have been major advancements in CLIP
methods that further increase specificity. The first is the development of hybrid CLIP
(hiCLIP), which enables identification of RNA duplexes bound to RBPs. This is achieved
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by ligating the two RNA strands with an additional RNA adaptor, following that, the
RNA duplexes are immunoprecipitated and sequenced. This method was used to identify
mRNA–mRNA and mRNA–lncRNA duplexes bound by Staufen 1 [190]. The second
major improvement to CLIP is individual nucleotide CLIP (iCLIP), which maps RBP
binding sites at nucleotide resolution. A limitation of CLIP is that cDNAs prematurely
truncate before the crosslinked nucleotide [191]. However, iCLIP exploits this limitation
through the addition of a second adaptor to the 3′ end of cDNA after reverse transcription
via circularization [192]. This enables prematurely truncated cDNA at the crosslinked
nucleotide to be amplified and therefore improves sensitivity.

3.2.2. RISC Dependent RNA Interactions

The active miRNA research field has led to the development and improvement of a
number of methods for establishing which RNAs are being targeted by miRNAs. Thus,
establishing whether candidate lncRNAs are involved in RNAi mediated regulation can
provide valuable insight into their function. In the first case, lncRNAs targeted by a RISC that is
loaded with a complementary miRNA or siRNA may act as decoys or competitive endogenous
RNAs (ceRNAs). Circ-lncRNAs may be particularly ideal as ceRNAs due totheir increased
stability [38,107]. Colloquially these lncRNAs or circ-lncRNAs are said to “sponge” away
interference from targets with other cellular functions, such as mRNAs [193]. Alternatively,
lncRNAs may act as the precursors to miRNAs or siRNAs—a further processing step that
may be mediated by other RNA binding proteins, such as HuR. These opposing roles can
be determined primarily by whether the lncRNA co-occupies the RISC with suspected RNA
targets/loads by capturing the ribonucleic or protein part of the complex.

As a first approach, it is possible to identify RNA–RNA interactions on the basis of
co-occupation of the RISC complexes isolated via RIP or CLIP based techniques introduced
earlier. Ago2-RIP-Seq and Ago-HITS-CLIP (also called Ago-CLIP-Seq) in particular focus
on applying RIP-Seq and CLIP-Seq respectively to AGO2, pulling down all miRNAs
and possible targets in a single experiment [194,195]. Photoactivatable-Ribonucleoside-
Enhanced Crosslinking and Immunoprecipitation (PAR-CLIP) is another popular variant
of CLIP-Seq that uses photoactivatable nucleoside analogues, such as 4-thiouridine (4SU)
to crosslink RISC proteins, such as AGO2 or TNRC6 to the labelled RNAs [121,196]. A
particular result of this method is the T to C transitions that occur at the crosslinking sites
that can be used to enhance downstream analyses. This technique has been widely cited
and implemented including in cancer research [197].

An alternative approach involves utilising a modified ribonucleotide probe to bait and
capture any complementary RNAs when they are loaded in the RISC complex. This can be
helpful to identify which miRNA/siRNAs are being sponged by a lncRNA acting as ceRNA
(competitive endogenous RNA). Additionally, if a lncRNA is suspected of being processed into
a miRNA/siRNA, a probe mimicking the lncRNA-derived miRNA/siRNA can be prepared
to enable target identification. The first method to apply this concept employed biotinylated
miRNA mimic probes to capture their targets in vivo [198]. An in vitro version employing
digoxigenin instead has also shown similar performance and is known as the “labelled miRNA
pull-down” (LAMP) assay system [199]. Many elaborate modifications have been devised to
enhance the probes with interesting properties to better capture RNA-RNA duplexes.

A major type of enhancement to the original biotinylated approach has been the
inclusion of photoactivatable tags or analogues into the probes (similar to PAR-CLIP).
For example, miR-TRAP incorporates a psoralen analogue allowing photoactivatable
crosslinking to targets, and more stringent purification [200]. The original miR-TRAP
method has also recently been paired with RNA-Seq in PCP-Seq [201]. PCP-Seq was
validated in A549 cancer cell lines.

Other crosslinking technologies incorporated into probes also alter the tag used for
isolation procedures. “Photoclicking” a process borrowed from bioorthogonal protein
chemistry uses tetrazole-ene or dibenzocyclooctyne (DBCO) [202]. DBCO-tagged mimic
probes in particular have been reported to confer increased miRNA-RISC loading affinity
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and can be isolated via azide-immobilised magnetic beads [203]. In the PA-miRNA method,
the biotin tag normally used for isolation is attached via a photo-cleavable linker. It is
unclear whether this provides a particular advantage in identifying complementary targets,
but the modification is claimed to allow the probe to be used as a photoactivatable source
of miRNA [204]. TargetLink is a tagless method that utilises a Locked Nucleic Acid (LNA)-
based probe for capturing crosslinked miRNA-mRNA complexes and was tested on a
human colorectal cancer cell line yielding 12 target genes for miR-21 [205].

Similar approaches can be further enhanced by combining with the technologies
used for RNA baiting. Such is the case for miR-CATCH which targets a single mRNA
(or lncRNA) using a biotinylated DNA probe and crosslinked RISC ribonucleoprotein
complexes to detect all miRNAs targetors [206,207]. miR-CLIP instead focuses on a single
miRNA-like probe containing psoralen and biotin groups to capture the “targetome”
after subsequent Ago2 immunoprecipitation and streptavidin purification followed by
RNA sequencing [208]. Both techniques have shown promise in cancer research, miR-
CATCH has been applied to MSLN mRNA, which is overexpressed in Malignant Pleural
Mesothelioma and miR-CLIP was validated in Hela cells revealing the lncRNA H19 as a
target of miR-106a [209].

Nucleoside analogues, such as diazirine and aryldiazirine, have shown promising results
as a means of crosslinking RNA-RNA molecules and post-crosslink tagging has been devel-
oped [210–212]. Crosslinking chemistry is an active area of research that promises to deliver
many more options that may give rise to further variations of RNA pull down methods [213].
Most interestingly, diazirine has even been encoded as an unnatural amino acid, which may
open up new interesting possibilities for protein mediated interaction capture [214].

3.2.3. RISC Independent RNA Interactions

Although RISC independent lncRNA–RNA interactions may be less well known,
they have been shown to regulate important biological processes, such as somatic tissue
differentiation via post-transcriptional mechanisms [215] and cancer cell growth [216].
Interestingly, the extent of base-pairing could determine if the LncRNA–mRNA interactions
positively or negatively regulate gene expression. LncRNAs associated with mRNAs
through partial base-pairing have been found to promote mRNA decay [217] while more
complete base-pairing protects the mRNA from degradation [218].

Many RISC independent RNA–RNA interactions may involve the participation of an
RBP other than AGO2. Therefore, a similar RIP or CLIP-based approach targeting other
known ribonucleoproteins may allow identification of other proximal RNAs interacting
with the lncRNA of interest. Additionally, CLASH (cross-linking ligation and sequencing
of hybrids), a modified version of iCLIP, is another technique that allows for identification
of RNA–RNA interactions by using a tagged “bait” protein [219]. After UV crosslinking of
RNA–protein interactions, the bait is pulled down and RNA is recovered and sequenced.
When a particular RBP is not targeted MARIO (Mapping RNA interactome in vivo) allows
EZ-link biotinylation of the protein [220]. A biotinylated RNA-linker is then ligated in a
similar fashion to hiCLIP allowing RNA–RNA interactions mediated by other proteins to
be captured and sequenced. However, without an RNA binding protein to mediate the
interaction, other solutions are required.

Given that lncRNA expression tends to be lower than mRNAs, the levels of endoge-
nous lncRNA must be considered otherwise there might be insufficient material being
pulled down. One way to overcome this technical limitation is to perform in vitro tran-

scribed biotin tagged mimics of the lncRNA prior to pull down. Not only does this ensure
sufficient lncRNA for the pull down but can also improve specificity rather than relying
on antisense DNA probe binding. This technique was used in characterising the function
of antisense lncRNA of MACC1 in gastric cancer [221]. In that study, bioinformatics pre-
dictions suggested that MACC1-AS1 contained a binding site for MACC1 mRNA and the
interaction between the two RNAs was later validated via qRT-PCR.
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RIA-seq (RNA interactome analysis and sequencing) allows for mapping of transcriptome-
wide RNA-RNA interactions before selectively probing for your lncRNAs of interest [215].
In brief, cells are fixed with 1% glutaraldehyde before lysis. The RNA are then sonicated to
a size range of 100 to 500 nucleotides before addition of antisense DNA probes. The probes
are biotinylated and target specific regions of the lncRNA of interest. Thereafter, streptavidin
binding captures the beads–biotin-probes–RNA complexes. The RNA is then eluted and
qRT–PCR is used to detect enriched transcripts. Alternatively, high-throughput sequencing
can be used though sufficient read depth is required to detect interaction. This technique was
used to discover a novel mechanism of lncRNA-mRNA interaction in colorectal cancer. The
cytoplasmic lncRNA SNHG5 was found to interact with and stabilise their target mRNAs
by protecting them from degradation by STAU1. As such, it promotes colorectal cancer cell
survival [222]. However, the specificity of RIA-Seq depends largely on the probe design.

Finally, ribonucleoprotein agnostic methods exist to perform transcriptome wide
identification of all RNA complexes without specific baits or probes. PARIS (Psoralen
Analysis of RNA Interactions and Structures), for example, combines psoralen crosslink-
ing with proximity ligation to identify interactions and structural information of all
RNAs [223]. In brief, live cells are UV crosslinked and lysed before RNA is extracted
and fragmented. PAGE gel electrophoresis is then used to purify RNA where only RNA
duplexes are obtained. The RNA duplexes then undergo proximity ligation followed by
photo-decrosslinking before the RNA is prepared for sequencing. This technique allows for
identification of long-range RNA structures ranging from 200 to over 1000 nt [224]. Apart
from detecting just intramolecular interactions and structures, PARIS has been reported to
also identify and refine RNA–RNA interactions to near base pair resolution. In addition,
unlike other techniques that require specific RNA baits, PARIS allows for identification of
native base-pairing interactions through cross-linking of live cells.

Another similar technique is LIGR-seq (LIGation of interacting RNA followed by
high-throughput sequencing) which uses a psoralen derivative aminomethyltrioxalen
(AMT) that intercalates into the RNA for UV crosslinking [225,226]. circRNA ligase is used
for proximity ligation of RNA before sequencing. Unlike the PARIS protocol, enrichment
of RNA complexes occurs through RNase R digestion of uncrosslinked RNAs. SPLASH

(Sequencing of Psoralen crosslinked, Ligated, and Selected Hybrids) might be seen as a
more robust variation of PARIS and LIGR-seq as it utilises biotin-labelled psoralen for
enrichment of crosslinked RNA using streptavidin beads [227].

RIC-Seq (RNA in situ conformation sequencing) has also recently entered this arena
of whole RNA-interactome and secondary structure mapping [228]. Similar to SPLASH,
in situ proximity ligation of RNA complexes is applied and biotin enables pulldown
of crosslinked RNA. However, it substitutes psoralen with pCp thereby labelling the 3′
end of RNA [229] instead of staggered pyrimidines on opposite strands [230]. This step
would seem to give RIC-Seq an edge over psoralen-based techniques as it appears to more
effectively enrich RNA complexes allowing for detection of lowly expressed RNA [228].

Fundamentally, all these RNA–RNA interactome methods apply proximity ligation
with key differences at the RNA-complex isolation steps. Interpreting the results from these
largescale experiments is challenging especially considering the current bioinformatic tools
are still somewhat underdeveloped. Effectively, analyses borrow tools traditionally used for
HiC. However, they have all shown promise in being able to identify lncRNA interactions. For
example, MALAT1 was found to interact with NEAT1 through analysis of RIC-Seq data [228].
Nevertheless, the aforementioned methods (summarised in Table 4) are providing valuable
results that are being compiled into databases such as RISE and can be re-analysed using
updated analytical tools when available to continue improving our understanding of RNA–
RNA interactomes and structure. Such results can ultimately be followed by more precise
experiments to reveal the regulatory effects of the lncRNA interaction.
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3.3. Other Approaches and Biochemical Assays

Whether potential candidate lncRNA and interacting partners have been predicted
using bioinformatic tools or via high-throughput sequencing techniques, it is also possible
to apply other low- or medium-throughput technologies to characterise or further validate
possible interactions.

3.3.1. Protein Interaction Assays

Microarrays provide an alternative method to Next-Generation Sequencing (NGS) for
lncRNA-protein interaction studies. This relatively inexpensive method is able to provide
information in a couple of hours. However, it has limitations in identifying novel RNA
targets. It could be used to quantify and identify either annotated RNA targets or RBPs in
ribonucleoprotein (RNP) complexes. RNP immunoprecipitation–microarray (RIP-Chip)
has been applied successfully in detecting several QKI-5-binding lncRNAs, especially
lnc10 that regulates the apoptosis of germ cells during their development [231]. In this
method, the crosslinking reaction may be omitted during RIP as cell extracts will be used to
identify RBPs. However, the crosslinking step can give results with high backgrounds and
introduce sequence biases. Briefly, cell extracts are used for immunoprecipitation against
the protein of interest and then washed extensively, following which the RNP is eluted
and dissociated into RNA and protein [232]. Besides this, protein microarrays have also
been widely used to detect RBPs that interact with certain lncRNA. Here, lncRNAs are
transcribed in vitro and labelled with Cy5 dye, then labelled lncRNAs are incubated with
a protein microarray [233]. Protein microarrays have been able to detect the interaction
between TINCR RNA and STAU1 protein [215]. Aberrant expression of TINCR RNA is
implicated in the progression of many cancers. TINCR RNA overexpression in epithelial
ovarian cancer has been reported to correlate with tumour size, metastasis and survival
rates in the patients. By silencing TINCR, FGF2 expression is downregulated and leads to
the inhibition of epithelial ovarian cancer progression [234].

Dot-blot assay is widely used to study lncRNA–protein interaction and is especially
useful in mapping the protein binding region in lncRNA. In this assay, lncRNAs of interest
are biotinylated and transcribed in vitro, followed by in vitro RNA-protein binding via
incubation of the biotinylated lncRNA with recombinant protein. The bound lncRNA
is partially digested by RNase to allow only a small fragment attached to the protein.
The lncRNA–protein complexes are subjected to proteinase K treatment to dissociate
the complexes. Subsequently, the lncRNA is purified and hybridized to nylon or PVDF
membranes spotted with 54–60 mer antisense DNA oligonucleotides tiled along the lncRNA
of interest [235,236]. The hybridized membrane is washed and visualized by the detection
of streptavidin-HRP signals. This assay has successfully identified the motif sequence of
BCAR4 bound by SNIP1 and PNUTS, which is located at positions 235–288 and 991–1044
in BCAR4 [236]. In a tumour microenvironment study, positions 355–414 and 1298–1353
of lncRNA CamK-A are bound and protected by PNCK and IκBα, which is important in
tumour progression [237].

Mass spectrometry (MS) is commonly used to characterize various proteins that are
associated with lncRNAs, following pull-down of the lncRNA of interest. It can identify
and quantify molecules in complex mixtures based on their mass and charge. However,
the quantification accuracy may not be correct due to the difference in mass spectrometric
responses. To overcome this issue, stable-isotope labelling has been applied before proceed-
ing with MS. The stable-isotope labelling by amino acids in cell culture (SILAC) has been
shown to simplify the quantification and remove false-positive results [238]. This labelling
is performed by simply growing two cell populations in two different mediums containing
either light or heavy amino acids. Then, the cells are mixed, and proteins extracted for
MS analysis. This method has been used to identify several proteins that are specifically
enriched and found to interact with Xist to mediate transcriptional silencing [239]. More-
over, aberrant expression of Xist is associated with tumour progression and metastasis in
multiple cancers. Knockdown of Xist in colorectal cancer has been proven to inhibit cell
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proliferation, invasion, and epithelial-mesenchymal transition (EMT) [240]. Larger tumour
size and advanced stage of tumour are significantly correlated with high expression of Xist.
Hence, Xist expression is used to predict the prognosis and survival of colorectal cancer
patients [241].

3.3.2. RNA Interaction Assays

Co-sedimentation assays can be used whereby RNA is extracted from cells and
fractionated using sucrose or glycerol gradients. The RNAs found in the different fractions
are examined by Northern blot. RNAs found in the same gradient fractions are thought
to interact with each other [242,243] though it does not directly demonstrate interaction.
A more robust experiment would be the electrophoretic mobility shift assay (EMSA),
which involves studying interaction of RNA fragments by observing rate of migration
of the samples during gel electrophoresis [244]. If the lncRNA–mRNA interacts, the
complex would have a larger molecular mass compared to separate strands of RNA.
Therefore, the complex would migrate slower on the gel compared to non-paired RNAs.
Samples can be extracted from cells or synthesised in vitro. Synthesising of RNA fragments
could potentially demonstrate interaction between specific regions of the lncRNA-mRNA
complexes. However, these techniques can only screen for a given set of molecules.

Ribonuclease protection assays (RPA) can also be used to detect these sense-antisense
RNA duplexes. RPA involves isolation of total RNA followed by RNase and DNase diges-
tion [245–247]. Duplexed RNA should be protected from digestion and will be detected
by PCR and gel electrophoresis or qRT-PCR. This technique was used to demonstrate
interaction between PDCD4-AS1 and PDCD4 mRNA in breast cancer [248].

Microarrays as mentioned earlier have been used to identify the alternative splicing
(AS) events regulated by MALAT1 for example. PolyA+ RNA isolated from MALAT1-
antisense oligo treated and control HeLa cells were isolated and prepared into labelled
cDNA. This was hybridized to a custom AS microarray. The GenASAP algorithm was
then used to estimate the percent exon inclusion. Semiquantitative RT-PCR using primers
specific for exons flanking the AS events was performed to validate the microarray predic-
tions. This assay revealed that MALAT1 depleted cells have changes in AS of B-MYB and
MGEA6 pre-mRNAs [177].

4. Closing Remarks

Throughout this review, we have introduced both computational resources and ex-
perimental methods to perform primary and secondary characterisations of lncRNAs to
ascertain their potential roles in post-transcriptional regulation and cancer. Primary char-
acterisation establishes basic ground truths relating expression, localisation and relative
importance in a model system of choice under normal or perturbed conditions. Secondary
characterisation particularly focuses on identifying the interacting RNAs and RBPs that
the lncRNAs may influence and importantly deregulate in cancer states due to aberrant
expression or non-coding mutations affecting their binding. The RIP and CLIP technolo-
gies in particular have been well adapted to next-generation sequencing allowing these
newer methods to become reference options for performing high-throughput screening
of RNA/Protein or RNA/RNA interactions. Furthermore, a host of improvements to the
cross-linking biochemistry have been incorporated and enabled progressive advances in
specificity and reliability. It will be important to continue generating these types of experi-
ments and complementing the growing databases dedicated to cataloguing and integrating
this information with other valuable sources as presented in Section 2.1, which are already
useful starting points for orienting experimental strategies for more novel lncRNAs. The
appearance of disease and cancer specialised lncRNA databases and metadatabases will
prove highly valuable in integrating the diverse interaction sources and placing them
in relevant cancer contexts to identify interesting regulatory patterns or correlations in
diseased states.
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Some of the findings concerning lncRNA functions in cancer may have direct applica-
tions for therapies involving Antisense oligonucleotides (ASOs) for example. ASOs are
DNA:RNA chimeras that direct RNase H to degrade target RNAs [249] such as target
lncRNAs associated with cancer. During preclinical trials, they were able to target MALAT1
in vivo, resulting in reduced metastasis [250]. Additionally, ASOs can operate through
other mechanisms, such as steric blocking of TF binding and modulating splicing [251].
Unfortunately, RNA molecules like lncRNAs are able to form multiple conformations given
their intrinsic flexibility [252]. This makes predicting their structure a challenge which
could impede the success of targeted regulation of their expression.

As non-coding RNA continues to take on importance in influencing fundamental
processes such as post-transcriptional regulation it will be interesting to integrate this
knowledge with findings relating to other novel post-transcriptional regulatory mecha-
nisms such as RNA modifications. This field has also benefited from the adoption of CLIP
technologies to perform epitranscriptomic studies on some of the hundreds of modifications
that are likely to affect RNA stability, structure, localisation and interactions—lncRNAs
included [253–255]. All of these CLIP-based sequencing methods will continue evolving
with the maturation of third-generation sequencing, which is already enabling native RNA
sequencing including RNA modification detection and structural footprinting [256,257].
In the near future, it may well be possible to capture RNA interactomes, methylomes
and structuromes in single experiments to reveal a more complete landscape of the post-
transcriptional regulatory mechanisms susceptible to exploitation by cancers.
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Abstract: Although mammals possess roughly the same number of protein-coding genes as worms,
it is evident that the non-coding transcriptome content has become far broader and more sophisticated
during evolution. Indeed, the vital regulatory importance of both short and long non-coding RNAs
(lncRNAs) has been demonstrated during the last two decades. RNA binding proteins (RBPs)
represent approximately 7.5% of all proteins and regulate the fate and function of a huge number of
transcripts thus contributing to ensure cellular homeostasis. Transcriptomic and proteomic studies
revealed that RBP-based complexes often include lncRNAs. This review will describe examples of
how lncRNA-RBP networks can virtually control all the post-transcriptional events in the cell.

Keywords: long non-coding RNA 1; RNA binding protein 2; post-transcriptional regulation

1. Introduction

Mammalian genomes are pervasively transcribed even though, in humans, only 19,000 proteins
are coded for by less than 2% of the genome and, in the last two decades, it has become clear that the
vast majority of the genome is transcribed as non-coding RNAs (ncRNAs) [1]. Long non-coding RNAs
(lncRNAs), a largely underexplored class of ncRNAs arbitrarily classified as >200 nucleotides long,
account for most of this pervasive transcription and more and more lncRNAs have been demonstrated
to be functional molecules rather than transcriptional noise [1,2]. They are expressed in many different
cell types and tissues at different levels, display strong cell- and tissue- specific expression, and are
often characterized by poor conservation among species, at least at the primary sequence level [1,2].
Besides lncRNAs that display genomic features in common with protein coding-genes, others can be
assigned to the following categories: (i) lncRNAs that are intergenic to protein-coding genes (lincRNAs);
(ii) natural antisense transcripts (AS); and (iii) intronic lncRNAs [1,2]. In general, lncRNAs exhibit a
surprisingly wide range of sizes, structural arrangements and functions and can be detected in the
nucleus and/or the cytoplasm of expressing cells. All these features endow them with diverse and
enormous functional potential even though they have also presented experimental challenges for their
analysis [1,2].

Like proteins, lncRNAs exert their roles in all cell functions operating through different mechanisms.
Their versatile features depend on several reasons but mainly on their subcellular localization
and the adoption of specific structural modules with interacting partners, a process that may
undergo dynamic changes in response to local cellular environments [3]. lncRNAs have been
shown to be involved in diverse fundamental cellular processes such as proliferation and apoptosis,
development and differentiation, X chromosome inactivation, and genomic imprinting [3]. They have
also been implicated in human diseases such as coronary artery disease, amyotrophic lateral sclerosis,
and Alzheimer’s disease [4–6] as well as in cancer with either oncogenic or tumor suppression
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functions [7]. LncRNAs can mediate their effects in cis or in trans by directly binding to DNA, RNA or
proteins and can (i) influence the function of transcriptional complexes; (ii) modulate chromatin
structures; (iii) regulate genome organization through interaction with nuclear matrix proteins;
(iv) function as scaffolds to form ribonucleoprotein (RNP) complexes; (v) act as decoys for proteins and
micro-RNAs (miRNAs) [2,3]. Thus, lncRNA-mediated control of gene expression may take place at
transcriptional and/or post-transcriptional levels [2,3].

In general, lncRNAs interact with RNA-binding proteins (RBPs) that are conventionally viewed
as proteins that bind to RNA through one or multiple RNA-binding domains and then change the
fate or function of the bound RNAs [8]. A wide range of RBPs has been discovered and investigated
over the years and proved to regulate gene expression at many levels but these are generally viewed
as key players in post-transcriptional events [9,10]. The combination of the versatility of their
RNA-binding domains with their structural flexibility enables RBPs to be involved in virtually all
the post-transcriptional regulatory layers in the cell and to control the metabolism of a large array
of transcripts [9,10]. RBPs establish highly dynamic interactions with other proteins, as well as
with coding and non-coding RNAs, creating functional RNPs that regulate pre-mRNA splicing and
polyadenylation, mRNA export, stability, localization and translation [9,10].

Excellent reviews are available on the roles of lncRNAs in transcriptional regulation and genomic
organization. This review will focus on different levels of post-transcriptional control exerted by
lncRNA/RBP interactions (i) polyadenylation and pre-mRNA splicing, (ii) mRNA export, (iii) mRNA
decay, (iv) translation, (v) protein stability, (vi) miRNA maturation from precursors. We will not
consider post-transcriptional effects dependent on base pairing between lncRNAs and other RNA
species that do not involve RBPs.

2. LncRNAs, RBPs, and Regulation of pre-mRNA Processing

In order to produce a mature mRNA that can be efficiently translated into a protein, pre-mRNAs
need extensive processing that can be recapitulated in (i) addition of cap structures at their
5′-end (capping), (ii) addition of stretches of A nucleotides at their 3′end (polyadenylation),
and (iii) removal of introns with joining of exons (splicing). In certain circumstances, splicing
and polyadenylation reactions can be modulated in order to originate two or more mRNA isoforms
from a single pre-mRNA with processes defined as alternative polyadenylation (AP) and alternative
splicing (AS) that concern more than 90% of intron-containing genes in humans [11,12]. The initial
post-transcriptional modifications of pre-mRNA molecules—5′-end capping, splicing, and 3′-end
formation by cleavage/polyadenylation—occur co-transcriptionally in the nucleus [13]. Indeed,
seminal experiments performed in the early 2000s revealed that coupling early modifications of
pre-mRNA with polymerase II-dependent transcription accelerates, by several orders of magnitude,
the process of mRNA maturation [13]. Therefore, one could properly refer to these events as co- and
post-transcriptional modification of nascent mRNAs. In recent years, a number of reports indicated that
lncRNAs directly regulate AS events by utilizing three distinct modes: (i) the interaction with specific
splicing factors (SFs) as well as with other SF-associated RBPs; (ii) the formation of RNA-RNA duplexes
with pre-mRNA molecules [2,3], and (iii) the induction of chromatin remodeling that indirectly favors
the AS of specific genes [2,3]. We will discuss here only the first mode of regulation.

Studies performed by the Chess laboratory in 2007 revealed that two abundant, predominantly
nuclear lncRNAs, MALAT1 (Metastasis Associated Lung Adenocarcinoma Transcript 1) and NEAT1
(Nuclear Enriched Abundant Transcript 1), are associated with nuclear domains enriched in pre-mRNA
splicing factors that are located in the interchromatin regions of the nucleoplasm of mammalian cells
(speckles and paraspeckles) [14].

MALAT1 co-localizes with several transcription factors as well as pre-mRNA processing factors
and plays a critical role in coordinating transcriptional and post-transcriptional gene regulation [15].
Numerous RBPs (hnRNPH1, hnRNPK, hnRNPA1, hnRNPL, and PCBP1, just to mention a few)
are required to ensure MALAT1 proper localization to nuclear speckles [15]. Further, MALAT1 has
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been described to interact with component of the pre-mRNA splicing complex (RNPS1, SRRM1,
and AQR) as well as with a number of RBPs involved in specific pre-mRNA AS events (SRSF1, SRSF2,
SRSF3, SON, hnRNPC, hnRNPH1, hnRNPL among others) [16,17]. Overall, MALAT1 localizes to
hundreds of genomic sites belonging to active genes, modulates the recruitment of splicing factors to
a large number of actively transcribing loci, and its silencing severely affects pre-mRNA splicing in
cultured cells [17–21]. Further, Prasanth and coworkers reported that MALAT1 is able to modulate
the phosphorylation status of the SF SRSF1 further reinforcing the notion that the lncRNA exerts a
biological role as a coordinator of pre-mRNA splicing [17] (see also Section 5).

Kingston and coworkers have demonstrated that MALAT1 colocalizes to many of its chromatin
binding sites with another abundant lncRNA, NEAT1, even though the two lncRNAs display overall
distinct binding patterns thus suggesting that they exert partly overlapping functions [20]. Interestingly,
proteomic experiments revealed that both MALAT1 and NEAT1 interact with a common set of proteins
that include the splicing factor ESRP2 and the scaffold protein SAFB2 that is involved in the regulated
phosphorylation of SRSF1 by the kinase SAPK1 [20]. NEAT1 is an exquisitely nuclear lncRNA and
an essential structural component of paraspeckles that include the splicing factors SFPQ and NONO
and control different aspects of gene expression [22]. Similar to MALAT1, also NEAT1 recently proved
to play an important role in modulating AS events. Shelkovnikova laboratory, taking advantage of
a Neat1 knockout mouse model, demonstrated that the lncRNA controls the AS of a group of genes
important for neuronal proliferation and differentiation, cell–cell interactions in the central nervous
system (CNS), synaptogenesis, and axon guidance [23]. Interestingly, Neat1 also controls the AS
of a group of RBPs including hnRNPA2B1, hnRNPH1, hnRNPD, hnRNPK, SRSF5, and SRSF7 [23].
Neat1 knockout mice display a phenotype characterized by deficit in social interaction and rhythmic
patterns of CNS activity [23]. Further evidence of the role of Neat1 in regulating AS derived from a
recent study that demonstrated the interaction of the lncRNA with the multifunctional RBP KHSRP.
Neat1-KHSRP complex controls the process of metastatization of soft-tissue sarcomas by regulating AS
events [24].

Another lncRNA localized to a nuclear compartment enriched in pre-mRNA splicing factors,
is Miat (Myocardial Infarction Associated Transcript, a.k.a. Gomafu) that has been reported by Mattick
and coworkers to be implicated in the pathogenesis of schizophrenia, a debilitating mental disorder
affecting about 1% of the world population [25]. Authors demonstrated that Miat can regulate
neuronal activity-dependent AS likely by acting as a scaffold for splicing factors (including SF1, SRSF1,
and QK1) [25]. Miat transient downregulation that occurs upon neuronal depolarization allows the
release of the splicing factors thus affecting AS events in neuronal cells [25].

A mass spectrometry-based analysis of molecular partners of PANDAR (Promoter Of CDKN1A
Antisense DNA Damage Activated RNA)—a lncRNA involved in the regulation of proliferation and
senescence whose overexpression has been observed in several human cancers and correlates with poor
survival rate—allowed the identification of an unanticipated function of this lncRNA in modulating
AS. Hennig and coworkers demonstrated that PANDAR interaction with PTBP1, a factor implicated
in the regulation of AS events, results in modulated AS of BCL2L1 pre-mRNA that encodes a potent
inhibitor of cell death [26]. Authors hypothesize that PANDAR exerts a decoy function [26]. PTBP1 also
interacts with Pnky, a neural-specific, nuclear lncRNA and modulates the expression and the AS of an
overlapping set of transcripts [27]. Double knockdown experiments performed in neuronal stem cells
indicate that the RBP and the lncRNA function in the same pathway [27].

The interaction of LINC01133 with the SF SRSF6 proved to contribute to the ability of the lncRNA
to modulate the Epithelial to Mesenchymal Transition (EMT) in colorectal cancers [28]. LINC01133
is an abundant lncRNA whose expression is down-regulated upon colon cancer cell treatment with
TGFβ, a potent inducer of EMT [28]. LINC01133-mediated inhibition of the SRSF6 function appears to
be required for the lncRNA-mediated inhibition of EMT [28]. This observation supports the notion
previously reported by our laboratory that TGFβ induces EMT by modulating the activity of RBPs
involved in AS regulation [29].
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By investigating the functions of DSCAM-AS1 (Down Syndrome Cell Adhesion Molecule antisense
1)—a lncRNA overexpressed in invasive breast cancers—De Bortoli and coworkers reported that the
lncRNA, besides affecting global gene expression and producing changes in the AS of its targets,
influences polyadenylation by regulating the alternative 3′ UTR usage of 360 genes [30]. These changes
in the early steps of the post-transcriptional regulation of gene expression appear to depend on the
interaction between DSCAM-AS1 and the nucleoplasm-enriched RBP hnRNPL [30].

3. LncRNAs, RBPs, and Regulation of mRNA Nuclear Export

Mature (capped, spliced, polyadenylated) mRNAs rapidly associate with RBPs and, together with
various other RNA species (rRNA, tRNA, miRNA precursors, lncRNA), are transported from the nucleus
to the cytoplasm through the nuclear pore complex (NPC) in the context of RNPs [31]. Despite the
fact that mammalian cells synthesize a multitude of distinct mRNAs and that the composition of each
individual RNP is unique and extremely dynamic throughout its life, export of the vast majority of
mRNAs utilizes a single export receptor, the heterodimeric export receptor NXF1-NXT1 that mediates
translocation through the NPC [31]. The export receptor is displaced at the cytoplasmic side of the
NPC to release the RNPs into the cytoplasm. Directionality of the transport is controlled by distinct
sets of DEAD-box ATPases that regulate RNPs association to and dissociation from the NXF1-NXT1
complex [31,32]. Importantly, mRNA nuclear export can undergo intense regulation by a variety of
stimuli [32] that can also contribute to drug-induced eradication of cancer cells [33].

Recently, Prasanth and coworkers demonstrated that the overexpression of a predominantly
nuclear lncRNA (ROCR, a.k.a. LINC02095) promotes breast cancer proliferation by facilitating the
expression of the oncogenic transcription factor SOX9 [34]. ROCR favors both transcription and nuclear
export of SOX9 mRNA and its silencing in breast cancer cells reduces the cytoplasmic levels of SOX9
mRNA [34]. Interestingly, SOX9 displays strong nuclear localization in highly invasive triple-negative
breast cancer cells as opposed to other breast cancer subtypes [34]. Although nuclear retention of SOX9
mRNA in cells depleted of ROCR is demonstrated, authors do not provide information on how the
lncRNA affects the process of mRNA export and on the identity of the RBP(s) that, interacting with
ROCR, contributes to its function.

Chromosome translocations may result in the exchange of DNA sequences between genes.
Many such gene fusions are strong driver mutations in neoplasia and have provided fundamental
insights into the pathogenetic mechanisms of certain tumors [35]. Chimeric mRNAs resulting from
genomic rearrangements need to be translocated to the cytoplasm in order to be translated into the
resulting oncogenic proteins [35]. Wang and coworkers recently reported on the involvement of the
MALAT1 in the regulation of nuclear export of chimeric mRNAs encoding the oncogenic fusion proteins
PML-RARA, MLL-AF9, MLL-ENL, and AML1-ETO [36]. These authors show that nuclear export
of the chimeric mRNAs depends on the MALAT1 expression levels [36]. They propose a complex
regulatory mechanism that involves the methylation of mRNAs to form N6-methyladenosine (m6A).
m6A modification of mRNA accounts for the most abundant mRNA internal modification and has
emerged as a widespread regulatory mechanism that controls gene expression in diverse physiological
processes [37]. RBPs able to catalyze the m6A modification (writers), to recognize the m6A modification
(readers), and to abrogate this specific modification (erasers) have been identified and characterized
in recent years [37]. m6A has been reported to enhance mRNA export from the nucleus through the
interaction of the m6A-modified mRNAs with the “reader” RBPs YTHDC1 and SRSF3 that function
as adaptors for the NXF1-dependent mRNA export pathway [37]. Wang and coworkers provide
evidence that MALAT1, upon interaction with oncogenic fusion proteins in nuclear speckles, promotes
the interaction between the fusion proteins and the m6A methyltransferase cofactor METTL14 thus
controlling the chimeric mRNA-exporting process through the m6A reader YTHDC1 [36]. The results
of this study suggest the possibility that other lncRNAs, besides MALAT1, could provide a platform for
the association of m6A “readers” with m6A-modified specific mRNAs to influence their nuclear export.

38



Non-coding RNA 2020, 6, 40

4. LncRNAs, RBPs, and Regulation of mRNA Decay

It is well known that the abundance of an mRNA is a function not only of its synthesis, processing,
and nuclear export, but also of its degradation rate in the cytoplasm [38]. mRNA decay is an
essential step in gene expression as it can rapidly set the levels of transcripts that undergo translation.
A multitude of RBPs and/or non-coding RNAs can bind to specific elements of a certain mRNA and
dictate its degradation rates via their ability to recruit (or exclude) the mRNA degradation machineries
which perform the complex events of deadenylation, decapping and degradation of the RNA body [38].
Several cues can activate signal transduction pathways and modify the general mRNA decay machinery
through their interaction with specific RBPs and this affects the mRNA decay rate and abundance [38].
We will describe and discuss here below examples of lncRNAs that contribute to the regulation of
mRNA decay through their interaction with RBPs and, in turn, modulate important cellular functions
and crucial pathological events.

An important example of lncRNA-RBP network operating in the cytoplasm and modulating
the relevant cell function of maintaining genomic stability in human cells is based on the lncRNA
NORAD [39,40]. NORAD (non-coding RNA activated by DNA damage) is highly conserved, broadly
and abundantly expressed in mammalian cells and tissues, and induced after DNA damage [39,40].
Importantly, inactivation of NORAD triggers dramatic aneuploidy in previously karyotypically stable
cell lines. In a search for NORAD-interacting proteins, Mendell and co-workers found that this lncRNA
functions as a multivalent binding platform for the PUMILIO (PUM) family of RBPs, with the capacity
to sequester a significant fraction of the cellular pool of PUM1 and PUM2 and, in turn, to limit their
ability to repress target mRNAs [39]. RBPs of the PUM family bind with high specificity to sequences
in the 3′ UTRs of target mRNAs and stimulate deadenylation and decapping, resulting in accelerated
turnover and decreased translation [41]. Among PUM targets are a large set of factors that are critical for
mitosis, DNA repair as well as DNA replication and their excessive repression in the absence of NORAD
perturbs accurate chromosome segregation and can induce tetraploidization [39–41]. These findings
have revealed a lncRNA-dependent mechanism that regulates a highly dosage-sensitive family of RBPs,
uncovering a post-transcriptional regulatory axis that maintains genomic stability in mammalian cells
and contributes to an emerging concept that a major class of lncRNAs function as molecular decoys.
More recently, NORAD, whose sequence is characterized by several repetitive units, has been studied in
order to identify additional interacting partners [42]. Ulitsky and coworkers found the RBP KHDRBS1
(a.k.a. SAM68) binds to NORAD and is required for NORAD function in antagonizing PUM [42].
This provides a paradigm for how repeated elements in lncRNAs synergistically contribute to complex
tasks and for how a lncRNA can interact with multiple RBPs in order to operate a specific function.

Another lncRNA endowed with several distinct functions is H19 [43]. In a systematic search to
detect regulatory RNA species interacting with the RBP KHSRP in multipotent mesenchymal C2C12
cells, we identified, among others, H19 [44]. We demonstrated that KHSRP directly interacts with
H19 in the cytoplasm of proliferating undifferentiated C2C12 cells and that this interaction favors the
decay-promoting function of KHSRP on labile transcripts, such as Myog, through recruitment of the
Exosome complex [44]. AKT activation during C2C12 differentiation induces KHSRP dissociation from
H19 and, as a consequence, Myog mRNA is stabilized whereas KHSRP is able to shuttle to nuclei where
it promotes maturation of myogenic miRNAs from precursors, thus favoring myogenic differentiation
(see also Section 6) [44]. In a sense, H19 can be viewed as a modulator of two important and distinct
post-transcriptional regulatory steps that lead to myogenic differentiation.

Recently, we identified a lncRNA expressed in epithelial tissues which we termed Epr (Epithelial
cell Program Regulator, a.k.a. BC030874). Epr is rapidly downregulated by TGF-β and its sustained
expression largely reshapes the transcriptome, favors the acquisition of epithelial traits, and reduces
cell proliferation in cultured mammary gland cells as well as in an animal model of orthotopic
transplantation [45]. Mechanistically, Epr interacts with chromatin and regulates the transcription of
several genes [46] including the cyclin-dependent kinase inhibitor Cdkn1a. Interestingly, Epr changes
Cdkn1a gene expression by affecting both its transcription and mRNA decay through its association
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with the transcription factor SMAD3 and the RBP KHSRP, respectively [45]. KHSRP is predominantly
an mRNA decay promoting factor in this cellular context and the interaction with Epr blocks its ability
to induce decay of Cdkn1a mRNA.

The lncRNA LERFS (Lowly Expressed in Rheumatoid Fibroblast-like Synoviocytes) is expressed
at low levels in fibroblast-like synoviocytes (FLSs) derived from patients suffering for rheumatoid
arthritis (RA) and regulates the migration, invasion, and proliferation of FLSs through interaction with
the RBP SYNCRIP (a.k.a. hnRNPQ) [47]. Under healthy conditions, the LERFS-SYNCRIP complex,
by binding to the mRNA of RHOA, RAC1, and CDC42—the small GTPase proteins that control the
motility and proliferation of FLSs—, decreases the stability and/or translation of the target mRNAs and
downregulates their protein levels [47]. In RA FLSs, decreased LERFS levels induce a reduction of the
LERFS-SYNCRIP complex and this, in turn, reduces the binding of SYNCRIP to the target mRNAs
thus increasing their stability or translation [47]. More specifically, LERFS and SYNCRIP regulate the
stability and the translation of RAC1 mRNA but regulate only the mRNA translation of RHOA and
CDC42 (see also Section 4) [47]. In general, these findings suggest that a decrease in synovial LERFS
may contribute to the synovial aggression and joint destruction that are features of RA and targeting
LERFS may have therapeutic potential in patients suffering for RA.

The lncRNA UCA1 (Urothelial Carcinoma-Associated 1) has been found as a target of the
CAPERα/TBX3 transcriptional repressor complex which is required to prevent premature senescence
of primary cells, to regulate the activity of core senescence pathways in mouse embryos, and to
control cell proliferation by repressing the transcription of CDKN2A gene (a.k.a. p16INK) and the RB
pathway [48]. UCA1 is a direct transcriptional target of CAPERα/TBX3 repression and its overexpression
is sufficient to induce senescence [48]. In proliferating cells, hnRNPA1 binds and destabilizes CDKN2A
mRNA whereas during senescence, UCA1 sequesters hnRNPA1 and this, in turn, stabilizes CDKN2A
mRNA [48]. Dissociation of the CAPERα/TBX3 co-repressor during oncogenic stress activates UCA1
which, therefore, can be considered a tumor suppressor. See Section 4 for UCA1-dependent translational
regulation and its opposite outcome in tumorigenesis.

Akiyama and colleagues demonstrated that MYU (MYC-Upregulated, a.k.a. VPS9D1-AS1)
is a lncRNA transcriptionally induced by MYC upon its activation by the WNT signaling [49].
MYU is upregulated in most colon cancers and required for the tumorigenicity of colon cancer cells.
Mechanistically, MYU associates with the RBP hnRNPK to stabilize CDK6 mRNA and thereby promotes
the G1-S transition of the cell cycle [49]. The authors also propose that hnRNPK and MYU hinder
the inhibitory effect of miR-16 on CDK6 mRNA [49]. Importantly, the WNT/MYC/MYU-mediated
upregulation of CDK6 is essential for cell cycle progression and clonogenicity of colon cancer cells [49].

Another lncRNA playing a role in tumorigenesis is LINC-ROR (Regulator of Reprogramming)
whose knockout in colon cancer cells suppresses cell proliferation and tumor growth. LINC-ROR
plays an oncogenic role in part through regulation of MYC mRNA expression [50]. The lncRNA
interacts with the RBPs PTBP1 (a.k.a. hnRNPI) and hnRNPD (a.k.a. AUF1) and is required for PTBP1
binding to MYC mRNA, while the interaction of LINC-ROR with hnRNPD inhibits its binding to MYC
mRNA. As a result, MYC mRNA stability is increased and this leads to enhanced cell proliferation and
tumorigenesis [50]. See also Section 4 for LINC-ROR functions in translation.

Cao and coworkers demonstrated that miR-1 promotes IFNG- (a.k.a IFN-γ) activated innate
response in macrophages during Listeria monocytogenes infection through increasing the expression of
Stat1 mRNA [51]. From a mechanistic point of view, miR-1 targets the lncRNA Sros1 (Suppressive
non-coding RNA of STAT1) for degradation [51]. In noninfected macrophages Sros1 blocks the
interaction of Stat1 mRNA with the RBP CAPRIN1 while the Listeria monocytogenes-induced degradation
of Sros1 releases CAPRIN1 that is made available to bind and stabilize the Stat1 mRNA thus leading to
increased STAT1 protein levels [51]. This ultimately strengthens IFNG signaling in the macrophages
and promotes an innate immune response to intracellular bacterial infection.
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5. LncRNAs, RBPs, and Translation Regulation

Translation is a multistep process comprising initiation, elongation, termination and ribosome
recycling [52]. During initiation, the ribosome is recruited to the mRNA and scans the 5′ untranslated
region of the transcript for the presence of the translation start codon. Under most conditions, initiation
is the rate-limiting step of translation and therefore it is tightly regulated. Several key signaling
pathways, including mammalian/mechanistic target of rapamycin (mTOR), mitogen activated protein
kinases (MAPKs), and integrated stress response (ISR) pathways, converge on the initiation step to
control the rate of protein synthesis in response to a variety of stimuli [52]. Control of mRNA translation
plays a pivotal role in the regulation of gene expression in embryonic and adult tissues and defects
in the translation process are deleterious for development and physiology [52]. During recent years,
several lncRNAs have been identified as regulators of distinct steps of their target mRNA translation.

The lncRNA TRERNA1 (Translational Regulatory, a.k.a. treRNA) was identified through
genome-wide computational analysis [53]. TRERNA1 is upregulated in breast cancer primary and
lymph node metastasis samples and its expression stimulates tumor invasion in vitro and metastasis
in vivo [53]. Authors found that TRERNA1 downregulates the expression of the epithelial marker
CDH1 (a.k.a. E-cadherin) by suppressing the translation of its mRNA and identified a novel RNP
complex—consisting of the RBPs hnRNPK, FXR1, and FXR2 as well as the splicing factors PUF60 and
SF3B3—that is required for TRERNA1 function [53]. In more detail, PUF60-SF3B3 dimer interacts with
hnRNP K, FXR1, and FXR2 to form a TRERNA1-containing RNP complex that, in turn, binds to eIF4G1
affecting translation [53].

Mo and coworkers have found that LINC-ROR is transcriptionally induced by TP53 (a.k.a. p53)
and, at the same time, is a strong negative regulator of TP53-mediated cell cycle arrest and apoptosis [54].
Unlike MDM2 that causes TP53 degradation through the ubiquitin–proteasome pathway, LINC-ROR
suppresses TP53 translation through direct interaction with the phosphorylated form of the RBP
PTBP1 (a.k.a. hnRNPI) in the cytoplasm [54]. This suggests that the LINC-ROR-PTBP1-TP53 axis
may constitute an additional surveillance network for the cell to better respond to various stresses
(see also Section 3 for the role of LINC-ROR in mRNA decay control). The same group demonstrated
that PTBP1 can also form a functional RNP with the lncRNA UCA1 and increase the UCA1 RNA
stability [55]. In addition, in this case the phosphorylated form of PTBP1, predominantly in the
cytoplasm, is responsible for the interaction with UCA1 [55]. The interaction of UCA1 with PTBP1
suppresses the protein level of CDKN1B (a.k.a. p27KIP1) by competitive inhibition, although the
precise mechanism is still unclear. Authors demonstrate that the complex comprising UCA1 and PTBP1,
has an oncogenic role in breast cancer both in vitro and in vivo [55]. See Section 3 for UCA1-dependent
regulation of mRNA stability and its opposite outcome in tumorigenesis.

LncMyoD (a.k.a. 1700025L06Rik) is a lncRNA whose primary sequence is not well conserved
between human and mouse models while its locus, gene structure, and function are preserved [56].
LncMyoD is transcribed next to the Myod gene and is directly activated by MYOD during myoblast
differentiation. Knockdown of LncMyoD strongly inhibits terminal muscle differentiation, mainly due
to an unsuccessful exit from the cell cycle [56]. Authors demonstrate that LncMyoD directly binds to
the RBP IGF2BP2 (a.k.a IMP2) and negatively regulates IGF2BP2-mediated translation of genes able to
modulate proliferation such as NRAS and MYC and this contributes to the failure of myoblast terminal
differentiation [56].

Bozzoni and co-workers describe another regulatory circuitry controlled by a muscle-specific
cytoplasmic lncRNA, Lnc-Smart (Skeletal Muscle Regulator of Translation, a.k.a. Gm14635), which is
essential for proper differentiation of murine myogenic precursors [57]. By direct base pairing
with a G-quadruplex region present in the Mlx-γ mRNA, Lnc-Smart prevents the translation of the
mRNA by counteracting the activity of the RBP DHX36 endowed with RNA helicase function [57].
The time-restricted, specific effect of Lnc-Smart on the translation of Mlx-γ isoform modulates also
the general subcellular localization of total MLX proteins (isoforms α and β), impacting on their
transcriptional output and promoting proper myogenesis and mature myotube formation [57]. In more
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detail, Lnc-Smart depletion leads to alteration of the differentiation program with defects in myoblast
fusion while its overexpression produces an apoptotic phenotype. Authors propose that lnc-SMaRT
needs to be precisely controlled in time and quantity in order to fine-tune the balance between
differentiation and apoptosis to ensure proper myogenesis [57].

The lncRNA BCYRN1 (Brain Cytoplasmic RNA, a.k.a. BC200) regulates RNA metabolism in neural
cells by modulating local translation in the postsynaptic dendritic microdomain by interacting with
components of the translational machinery, such as eIF4A, eIF4B, and PABPC1 [58]. Lee and coworkers
identified the RBPs hnRNPE1 and hnRNPE2 as BCYRN1-interacting proteins using a yeast three-hybrid
screening. hnRNPE1 and hnRNPE2 bind to BCYRN1 and can rescue the BCYRN1-dependent inhibition
of translation by competing with eIF4A for binding to the lncRNA in an in vitro system [58].

6. LncRNAs, RBPs, and Post-Translational Modifications

Post-translational modifications occur in almost every protein during or after its translation
and represent an extremely powerful tool operated by the cell in order to regulate the activity,
stability, localization, interactions or folding of proteins by inducing their covalent linkage to new
functional chemical groups, such as phosphate, acetyl, methyl, carbohydrate and ubiquitin [59].
Different post-translational modifications lead to distinct effects on target proteins and result in
disparate biological consequences, from survival to apoptosis, from proliferation to differentiation,
from activation to quiescence [59].

FUS (Fused in Sarcoma) is a multifunctional RBP that plays essential roles in post- transcriptional
gene expression and possesses the ability to contribute to RNP granule formation via an RNA-dependent
self-association [60]. FUS ability to interact with multiple RNA species accounts for its multiple functions.
FUS (i) binds to nascent pre-mRNAs and acts as a molecular mediator between RNA polymerase II and
RNAU1 small nuclear RNA-containing RNP thereby coupling transcription and splicing, (ii) binds to its
own pre-mRNA and autoregulates its expression, and (iii) promotes homologous recombination during
DNA double-strand break repair [60]. Numerous mutations in the FUS gene have been identified
in patients suffering for two severe neurodegenerative disorders, amyotrophic lateral sclerosis and
frontotemporal lobar degeneration [60]. Although the molecular mechanisms of FUS-dependent
neurotoxicity are poorly understood, high concentrations of the RBP within RNA granules have been
proposed to promote the formation of irreversible pathological aggregates [60]. Two recent papers
point to lncRNA-dependent post-translational modifications of FUS as critical mechanisms affecting the
cellular concentration and activity of the RBP and, in turn, its cellular functions. Nagai and coworkers
reported that silencing of the Drosophila lncRNA hsrω converts FUS from a mono-to di-methylated
arginine status via upregulation of the arginine methyltransferase 5 (PRMT5) [61]. PRMT5-dependent
modification of FUS promotes its proteasomal degradation, thus leading to a strong downregulation of
its cellular levels. Although in this case FUS regulation by the lncRNA is indirect, it is also interesting
to note that hsrω interacts with and organizes a number of RBPs including TARDBP, hnRNPAB and
hnRNPA2B1 and FUS itself [61]. Further, authors show that an increase in FUS causes a downregulation
of PRMT5 expression leading to an autoregulatory accumulation of FUS, thus increasing the complexity
of this regulatory mechanism [61].

Wu and coworkers investigated the functions of the lncRNA RMST (RhabdoMyosarcoma-
associated Transcript) that has been characterized as a tumor suppressor in triple-negative breast
cancers as well as a regulator of neuronal differentiation and brain development [62]. Authors reported
that FUS and RMST directly interact and RMST enhances FUS SUMOylation [62] but fails to provide a
mechanistic explanation for the RMST-dependent FUS SUMOylation. RMST-induced SUMOylation is
required for the interaction between FUS and hnRNPD that is able to affect the stability of ATG4D
protein, a factor involved in the biogenesis of autophagosomes, vesicles that contain cellular material
intended to be degraded by autophagy [62]. Altogether, these data suggest that RMST-dependent
SUMOylation of FUS promotes the hnRNPD-mediated stabilization of ATG4D and potentially impacts
on the autophagic process [62].

42



Non-coding RNA 2020, 6, 40

The lncRNA OCC1 (Overexpressed in Colon Carcinoma-1) plays a tumor suppressive role in
colorectal cancer [63]. OCC1 knockdown promotes cell growth both in vitro and in vivo, which is
largely due to its ability to inhibit G0 to G1 and G1 to S phase cell cycle transitions [63]. OCC1 exerts
its function by destabilizing ELAVL1 (a.k.a. HuR) an RBP that, by interacting with the 3′ untranslated
regions of its target mRNAs, can stabilize thousands of transcripts [64]. OCC1 enhances the binding of
an ubiquitin E3 ligase to ELAVL1 and renders the RBP susceptible to ubiquitination and degradation,
thereby reducing the levels of ELAVL1 and, in turn, of its target mRNAs, including the mRNAs
associated with cancer cell growth [63]. This report confirms the original observation that ELAVL1
undergoes regulated ubiquitination and proteasome degradation [64] and represents an example of
a lncRNA that indirectly regulates the stability of a group of mRNAs through modulation of the
post-translational modification of an RBP [63].

As anticipated in Section 1, levels of MALAT1 affect the ratio between dephosphorylated and
phosphorylated SF SRSF1 with a not completely defined mechanism [17].

7. LncRNAs, RBPs, and Maturation of microRNAs from Precursors

A flood of studies published in the last 20 years have demonstrated that microRNAs (miRNAs)
regulate the entire spectrum of cellular functions and a number of reports clearly demonstrated
that miRNA biogenesis is an important regulatory step that controls the cellular levels of miRNAs
and, consequently, their functions [65]. The biogenesis of miRNAs involves two distinct enzymatic
reactions carried out by distinct multiprotein complexes located in different cellular compartments [65].
First, primary miRNAs (pri-miRNAs) are processed to precursor miRNAs (pre-miRNAs) through
the intervention of the DROSHA-containing complex in the nucleus. Next, through the interaction
with XPO5 (a.k.a. exportin-5) and RAN, the pre-miRNA is transported into the cytoplasm where it
undergoes a second round of processing catalyzed by the DICER1-containing protein complex. Finally,
one strand of the resulting short (21–25 nt) RNA duplex, that corresponds to the mature miRNA,
is loaded into the RISC (RNA Induced Silencing Complex) to exert its mRNA targeting functions [65].
Numerous studies have demonstrated that specific RBPs associate with the enzymatic complexes
responsible for miRNA maturation to provide specificity and/or to regulate their activity [65].

Groundbreaking investigations conducted in 2015 by Filipowicz laboratory demonstrated that,
during the course of postnatal development of retinal photoreceptors, the accumulation of mature
miR-183/96/182 is delayed compared with pri-miR-183/96/182 [66]. Authors identified the lncRNA
Rncr4 (named after Retinal Non-Coding RNA 4) that is expressed in maturing photoreceptors as a factor
activating pri-miR-183/96/182 maturation [66]. Rncr4 modulates the activity of the DEAD-box RNA
helicase/ATPase DDX3X, an RBP that exerts a potent inhibition on pri-miR-183/96/182 maturation in early
phases of postnatal photoreceptor development [66]. Authors observe that the photoreceptor-specific
DDX3X silencing results in a significant decrease in pri-miRNAs and a strong increase in mature
miR-183/96/182 levels in photoreceptors when compared with controls [66]. MiR-183/96/182 control
the expression of CRB1 that is a component of the molecular scaffold involved in the formation and
integrity of tight junctions between retinal glia and photoreceptors that controls proper development
of polarity in the eye [66]. Altogether the study reveals that Rncr4-regulated timing of miR-183/96/182
maturation from precursors is an essential step for obtaining the even distribution of cells across
retinal layers.

More recently, Portman and coworkers utilized a different model of organ development—sexual
maturation in Caenorabditis Elegans (C. Elegans)—to prove the involvement of lncRNA-regulated
miRNA maturation from precursors during development [67]. The C. Elegans RBP LIN-28, similarly to
mammalian LIN28, is a negative regulator of the maturation of let-7 miRNA family members from
their pri-miRNAs and Portman and coworkers demonstrated that the lncRNA lep-5 inhibits LIN-28
function thus promoting the maturation of let-7 that, in turn, controls the onset of sexual maturation in
the nervous system of roundworms [67]. Mechanistically, lep-5 functions as an RNA scaffold, forming
a tripartite complex with LEP-2 (whose mammalian homolog is MKRN1 an E3 ubiquitin ligase that
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promotes the ubiquitination and proteasomal degradation of target proteins) and LIN-28 to promote
LIN-28 degradation [67]. The well-known conservation of regulatory mechanisms across species
allowed Portman and coworkers to hypothesize that an unidentified lep-5-like lncRNA may exist in
mammals and play a key role in sexual maturation [67].

The heterodimeric complex formed by the two RBPs NONO and SFQP (a.k.a. PSF) has been
defined as a prototypical multipurpose molecular scaffold that dynamically mediates a wide range
of protein–protein and protein–nucleic acid interactions [68]. Indeed, the NONO-SFQP complex (i)
controls pre-mRNA splicing and polyadenylation processes [68], (ii) plays a role in nuclear retention
of defective RNAs—when associated with the nuclear matrix protein MATR3—, and (iii) promotes
DNA double-strand break repair via the canonical non-homologous end joining pathway [68]. Fu and
coworkers reported an additional function for the NONO-SFQP complex by demonstrating its ability to
bind to a large number of pri-miRNAs and to globally enhance pri-miRNA processing into pre-miRNAs
by the DROSHA complex [69]. The NONO-SFQP heterodimer is involved in paraspeckle formation
and integrity and, therefore, it is not surprising that it interacts with the paraspeckle-enriched lncRNA
Neat1. The authors also prove that Neat1 specifically links NONO-SFQP heterodimer with the DROSHA
complex thus modulating its enzymatic activity [69].

As we have discussed in Section 3, the lncRNA H19 is endowed with remarkably distinct
regulatory properties. Wu and coworkers recently reported that H19 suppresses the expression of
PTBP1 in cholestatic mouse livers [70]. Authors have observed that PTBP1 and H19 interact under
normal conditions but fail to provide information about the mechanism by which H19 controls PTBP1
expression [70]. It would be interesting to investigate whether H19 exerts a scaffold function by
bridging together a putative ubiquitin ligase with PTBP1 in order to promote its degradation similarly
to what lep-5 does with LIN-28 in C. Elegans (see above, [67]). Authors report a suppressive effect of
PTBP1 on the maturation of let-7 family members from their pre-miRNA precursors and suggest that
H19-dependent PTBP1 downregulation ultimately leads to enhanced levels of let-7 family members in
cholestatic mouse livers [70].

Our laboratory has reported that H19 is indirectly implicated in the processing of a specific subset of
miRNAs, the so-called myogenic-miRNAs, whose enhanced expression contributes to myogenesis and
muscle regeneration [44]. Indeed, during myogenic differentiation of multipotent mesenchymal C2C12
cells, AKT-dependent phosphorylation of the RBP KHSRP induces its dismissal from the cytoplasm
(where it is associated with H19 to promote decay of labile mRNAs including Myog, see Section 3)
and its translocation to cell nuclei where KHSRP is repurposed to induce myogenic-pri-miRNAs
maturation [44].

8. Take-Home Message

It is evident from the above Sections that the networks based on lncRNA-RBP interactions
represent highly versatile tools to post-transcriptionally regulate gene expression. We have discussed
examples of specific lncRNAs that, through interactions with distinct sets of RBPs, regulate complex
layers of post-transcriptional control (Summarized in Figure 1 and Table 1).

LncRNAs usually display a cell- or tissue-restricted expression while RBPs are more broadly
expressed. Thus, a lncRNA can provide a cell- and/or tissue-specific function to an RBP. Further,
since the expression levels of lncRNAs can be modulated by extracellular signals and RBP functions
can be post-translationally modulated by the same and/or different pathways, the functional outcome
of lncRNA-RBP complexes can be tightly controlled in a time- and space-specific manner. This results
in a huge regulatory potential.
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Figure 1. Nuclear and cytoplasmic functions of long non-coding RNA (lncRNA)-RNA binding protein
(RBP) networks.

Table 1. Summary of the lncRNA-RBP networks described in this review. The ENSEMBL accession
number is provided in parentheses. In the case of Drosophila and C. Elegans lncRNAs, the accession
numbers to FlyBase and WormBase, respectively, are provided in parentheses.

LncRNA RBP Function
Mechanism of

Action
Ref. Cell Outcome

MALAT1 (ENSG00000251562)
Multiple
splicing

regulators

Alternative
Splicing Scaffold [16–21] Various

YTHDC1,
SRSF3 Nuclear export Scaffold [37] Oncogenesis

SRSF1 Alternative
Splicing Scaffold [17] Unknown

NEAT1
(hsa ENSG00000245532)

(mmu ENSMUSG00000092274)

Multiple
splicing

regulators

Alternative
Splicing Scaffold [20,22–24] Various

NONO, SFQP Pri-miRNA
processing Scaffold [70] Myoblast

differentiation

Miat (ENSMUSG00000097767)
Multiple
splicing

regulators

Alternative
Splicing Scaffold [25]

Control of
neuronal

depolarization

PANDAR (ENSG00000281450) PTBP1 Alternative
Splicing Decoy [26] Apoptosis

Pnky (ENSMUSG00000107859) PTBP1 Alternative
Splicing Unknown [27] Neurogenesis

LINC01133
(ENSG00000224259 SRSF6 Alternative

Splicing Decoy [28]
Epithelial to

mesenchymal
transition

DSCAM-AS1
(ENSG00000235123) hnRNPL

Alternative
Splicing,

Alternative
polyadenylation

Scaffold [30] Cancer
progression

ROCR (ENSG00000228639) unknown Nuclear export Unknown [34] Cancer
progression

NORAD (ENSG00000260032) PUMILIO mRNA decay Decoy [39–42] Genome
stability

H19 (hsa ENSG00000130600)
(mmu ENSMUSG00000000031) KHSRP mRNA decay Scaffold [44] Myoblast

differentiation

Phospho-KHSRP Pri-miRNA
processing

Release of
scaffold
function

[44] Myoblast
differentiation

PTBP1 Pre-miRNA
processing

Indirect
regulation? [71] Liver disease
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Table 1. Cont.

LncRNA RBP Function
Mechanism of

Action
Ref. Cell Outcome

Epr
(ENSMUSG00000074300) KHSRP mRNA decay Decoy [45] Cell

proliferation

LERFS
(ENSG00000234665) SYNCRIP

mRNA
decay/mRNA

translation
Scaffold [47]

Synoviocyte
proliferation
and motility

UCA1 (ENSG00000214049) hnRNPA1 mRNA decay Decoy [48]
Cell

proliferation,
senescence

PTBP1 mRNA
translation Decoy [55] Cell

proliferation

MY (ENSG00000261373) hnRNPK mRNA decay Scaffold [49] Cell
proliferation

LINC-ROR
(ENSG00000258609)

PTBP1,
hnRNPD mRNA decay Scaffold Decoy [50] Cell

proliferation

Phospho-PTBP1 mRNA
translation Decoy [54]

Cell
proliferation,

apoptosis

LncMyoD
(ENSMUST00000209655) IGF2BP2 mRNA

translation Decoy [56] Myoblast
differentiation

LncSMaRT
(ENSMUSG00000087591) DHX36 mRNA

translation Decoy [57] Myoblast
differentiation

BCYRN1
(ENSG00000236824) hnRNPE1/E2 mRNA

translation Decoy [58] Post-synaptic
translation

HSRω (Drosophila)
(FlyBase ID FBgn0001234) FUS Post-translation

modification
Indirect

regulation [61] Neurotoxicity

RMST (ENSG00000255794) FUS Post-translation
modification Scaffold? [62] Autophagy

OCC1 (ENSG000002351629 ELAVL1 Post-translation
modification Scaffold [63] Cell

proliferation

Rncr4
(ENSMUSG00000103108) DDX3X Pri-miRNA

processing Decoy [66] Photoreceptor
development

Lep-5 (C. Elegans)
(WormBase H36L18.2) LIN-28 Pri-miRNA

processing Scaffold [67] Sexual
development

It is known that many lncRNAs function as molecular decoys and we have reviewed examples of
abundant lncRNAs that exert part of their biological functions through this mechanism (e.g., MALAT1,
NEAT1, H19, NORAD). However, the generally low abundance of many lncRNAs can generate debate
on the stoichiometry of their interaction with the usually abundant RBPs. More and more evidence
points to the functional relevance of specialized membrane-free subcellular compartments where high
abundance of lncRNAs may not be required because their local concentration might be the limiting step.
Indeed, ncRNAs have been viewed as potential mediators of liquid–liquid phase separation through
their ability to operate as molecular scaffolds for the binding of RBPs, thus regulating the sizes and
the dynamics of membrane-free organelles that carry out biological processes [71]. Phase separation
is an emerging paradigm for understanding spatial and temporal regulation of a variety of cellular
processes and additional studies will be needed to clarify its role in the post-transcriptional regulatory
layer of gene expression [72].

In conclusion, the complexity of lncRNA-RBP functional networks is often increased by
the experimental evidence that some post-transcriptional modifications of gene expression occur
co-transcriptionally and by the ability of some lncRNAs to exert both transcriptional and post-
transcriptional functions in a coordinated way. Recently developed technologies aimed at analyzing —in
the context of distinct cell compartments—macromolecular complexes including lncRNAs, chromatin,
and RBPs in an “almost-native” status, will allow researchers to portray, at a better resolution, the
elaborate scenario of the interactions that we have described.
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Abstract: The birth of long non-coding RNAs (lncRNAs) is closely associated with the presence and
activation of repetitive elements in the genome. The transcription of endogenous retroviruses as
well as long and short interspersed elements is not only essential for evolving lncRNAs but is also
a significant source of double-stranded RNA (dsRNA). From an lncRNA-centric point of view, the
latter is a minor source of bother in the context of the entire cell; however, dsRNA is an essential
threat. A viral infection is associated with cytoplasmic dsRNA, and endogenous RNA hybrids only
differ from viral dsRNA by the 5′ cap structure. Hence, a multi-layered defense network is in place to
protect cells from viral infections but tolerates endogenous dsRNA structures. A first line of defense
is established with compartmentalization; whereas endogenous dsRNA is found predominantly
confined to the nucleus and the mitochondria, exogenous dsRNA reaches the cytoplasm. Here,
various sensor proteins recognize features of dsRNA including the 5′ phosphate group of viral RNAs
or hybrids with a particular length but not specific nucleotide sequences. The sensors trigger cellular
stress pathways and innate immunity via interferon signaling but also induce apoptosis via caspase
activation. Because of its central role in viral recognition and immune activation, dsRNA sensing is
implicated in autoimmune diseases and used to treat cancer.

Keywords: double-stranded RNA (dsRNA); innate immunity; repetitive DNA elements (RE);
antisense transcript

1. Introduction

If an endeavor has “Buckley’s chance”, no one in Melbourne would bet any money on
it, as the odds to succeed are close to zero. The phrase “Buckley’s chance” refers to William
Buckley, an English convict who was deported to Australia. He escaped and lived with an
Aboriginal tribe for more than 30 years. The chances of survival were, indeed, very slim
for Buckley from the start; he was pursued and shot at when he escaped, and then he had
to survive in the scorching Australian summer with little water and no food. Finally, he
had to learn to communicate with the Aboriginal people and win their respect. In many
ways, the unlikely survival story of William Buckley could stand as a metaphor for the
development of spurious transcripts into “functional” long non-coding RNAs (lncRNAs)
in a treacherous cellular environment.

The genome of complex organisms is riddled with repetitive sequences related to
endogenous retroviruses (ERVs) and DNA transposons. They constitute a large part of
the genome; in humans, 50–70% are repetitive or repeat-derived [1,2] and are largely
responsible for the variation in genome size of complex organisms [3,4]. Despite the fact
that the two classes of transposable elements (ERV and DNA transposons) can be grouped
into superfamilies that are present in all taxa and then further into families and subfamilies,
particular variants of transposable elements are species-specific.

The vast majority of transposons and retroviruses are inactivated through truncations
and point mutations. In humans, only about 100 L1 retrotransposons (of about 500,000)
are full-length, and less than 10 retained retro-transposition potential [5,6]. Hence, the
repetitive, low-complexity part of the genome is often referred to as “junk DNA” [7].
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Whether the vast graveyard of transposable elements actually represents “junk”, func-
tional elements or recyclable material constitutes an ongoing scientific debate [8,9]. Two
important observations, however, are uncontested and particularly relevant in the context
of long non-coding RNAs. First, the insertion of an ERV into the host genome affects
transcriptional activity around the insertion site, thus creating the pressure to mitigate the
overwhelmingly deleterious consequences of the interference [10]. Second, the remnants
of transposable elements contain regulatory sequences such as weak promoters and en-
hancers or polyadenylation sites, and thus, a large proportion of the repetitive genome
is being transcribed at a very low level [11,12]. In a sense, pervasive transcription may
create opportunities to salvage genetic material in the form of long non-coding RNAs [13].
Accordingly, 75% of mature human lncRNA sequences contain an exon originating from
transposable elements (TEs) [14,15]. Comparatively, the percentage of transcripts with
TE material in 5′ and 3′ untranslated regions (UTRs) is substantially lower, with 8.44% in
the 5′ UTR and 26.74% in the 3′ UTR [15]. The vast majority of the transcripts are quickly
degraded because they lack protective modifications such as splicing, polyadenylation
and capping that would also license them for export from the nucleus. Because of repeti-
tive sequence content as well as bi-directional transcription, the spurious transcripts are
prone to form both intra- and intermolecular double-stranded RNA (dsRNA) structures.
Alternatively, the association with local cellular components such as chromatin remodeling
complexes [16,17] may increase the stability and chances to escape degradation [18]. This
brief review discusses the former outcome of pervasive transcription, the formation of
endogenous dsRNA, which may trigger a cellular antiviral response; the focus will be on
observations in humans and mice. It aims to draw a bigger picture rather than drilling
into details.

2. Sources of Endogenous dsRNA

The detection and quantification of dsRNA requires specific tools such as specific
antibodies or dsRNA-binding proteins [19,20]. After immune purification, RNA can be
analyzed by high-throughput sequencing or conventional methods such as cloning or
RT-PCR. An alternative strategy to investigate nuclear dsRNA uses adenosine-to-inosine
(A-to-I) editing to identify double strand formation [21,22]. Single- or double-strand specific
RNases in combination with RT-qPCR provide an additional tool to demonstrate RNA
hybrids. Unfortunately, RNA purification prior to nuclease treatment introduces a positive
or negative bias for dsRNA (depending on the specific methodology), making quantitative
assays difficult to interpret [23].

There are three main sources of endogenous dsRNA: mitochondrial transcripts, repeti-
tive nuclear sequences, including short and long interspersed elements (SINEs, LINEs),
and endogenous retroviruses (ERVs) as well as natural sense–antisense transcript pairs.

2.1. Mitochondrial Transcripts

Human mitochondria have a circular genome of 16,566 bp, with a guanine-rich heavy
strand and a guanine-poor light strand, depending on buoyant density. Both strands are
equally transcribed, resulting in complimentary transcripts that may bind to each other,
though the light strand undergoes rapid degradation. Complementarity encompasses the
length of the entire mitochondrial genome, as shown by electron microscopic analysis [24,25].
The mitochondrial DNA encodes 13 genes, 12 of which are encoded by the heavy strand
and one by the light strand [26]. Under physiological circumstances, the light strand
is rapidly degraded by two enzymes, polynucleotide phosphorylase (PNPase) and the
helicase HSuv3 [27]. PNPase is located in the inter-mitochondrial membrane space, thus
being well-placed to play an important role in preventing the escape of dsRNA into the
cytoplasm. Mitochondrial RNA is a potent stimulator of the innate immune system,
especially in dendritic cells and Toll-like receptor (TLR)-expressing cells [28] via a protein
kinase R (PKR)-modulated interferon response. Conversely, inhibition of HSuv3 resulted
in an increase in dsRNA without triggering an interferon response, which suggests that
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the increased levels of dsRNA remained sequestered within the mitochondria [19]. These
findings are underpinned by the knockout of PNPase or Suv3 that leads to an accumulation
of dsRNA in the cytoplasm and an altered immune response [29]. Moreover, patients
with bi-allelic PNPase variants showed increased levels of unprocessed mitochondrial
transcripts and an enhanced expression of interferon-stimulated genes [30].

Mitochondrial dsRNA formation was also demonstrated using fCLIP-seq, an ap-
proach which entails formaldehyde cross-linking of PKR-bound dsRNA followed by high-
throughput sequencing. Most of the dsRNA bound to PKR mapped to the mitochondrial
genome. The mitochondrial origin of the RNA was corroborated by the lack of A-to-I
edited nucleotides, as mitochondrial dsRNA is not subjected to adenosine deaminase act-
ing on RNA (ADAR)-dependent editing [31]. Collectively, these findings established that
mitochondria are an important source of dsRNA which may be released into the cytoplasm
upon stress-mediated mitochondrial permeabilization [32].

2.2. Repetitive DNA Sequences

For dsRNA originating from nuclear DNA, A-to-I editing provides an accurate readout
to assess genome-wide dsRNA formation [33]. In humans, 62.9% of all edited sites map to
repeat regions, including SINEs, LINEs, endogenous retroviruses and DNA transposons,
whereas protein coding transcripts are hardly edited at all (Figure 1). Overall, editing
shows distinct species’ variability and depends on the nature of the repetitive elements
rather than the complexity of the organism [33,34].

Figure 1. Schematic representation of repetitive elements in the human genome associated with
double-stranded RNA (dsRNA) formation. LINE 1 and endogenous retroviruses (ERVs) give poten-
tial rise to long dsRNA structures formed from convergent transcripts or hairpin structures from
read-through transcription of head-to-head/tail-to-tail arranged elements. Alu elements are much
shorter and form hairpin structures as well as “open” dsRNA hybrids, though the intermolecular
duplexes are rare. Alu elements are the predominant target for adenosine deaminase acting on RNA
(ADAR)-mediated adenosine-to-inosine (A-to-I) editing. LTRs function as bi-directional promoters.
ORF, open reading frame; GAG (group specific antigen), POL (reverse transcriptase), ENV (envelope
protein), retroviral proteins; UTR, untranslated region; LTR, long terminal repeat. Figure created
with Biorender.com.

SINEs: The most common sources of dsRNA in human cells are Alu repeats, the most
abundant class of short interspersed nuclear elements [35] (Figure 1). Alu elements are
approximately 300 nucleotides in length and contain two 7SL RNA genes including short
A-rich stretches [36,37].

Alu repeats are commonly found in intergenic regions (autonomous) as well as in
introns and UTRs of genes (mRNA-embedded elements) [38]. Autonomous Alu elements
constitute a small portion of the repetitive genome and are highly induced by viral infection,
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heat shock and cycloheximide treatment [39]. Stress enhances the activity of the RNA
polymerase lll (viral infection) or increases the chromatin accessibility of Alu elements (heat
shock), which is reversed with recovery from stress [40]. As compared to autonomous Alus,
embedded Alu elements represent a higher proportion of repeated sequences. Because of
their enrichment in UTRs, embedded Alus play an important function in gene expression
via the stabilization of mRNA, as well as its localization and translation [38,41].

The repetitive nature of Alu insertions allows the formation of predominantly in-
tramolecular dsRNA, which is recognized by the nuclear isoform of ADAR [42,43]. In
addition, PKR-fCLIP sequencing showed that more than 20% of dsRNAs associated with
PKR derive from Alu repeats [31]. The Alu-dependent dsRNAs are not long enough to
trigger efficient oligomerization and activation of melanoma differentiation-associated
gene 5 (MDA5). In contrast, a mutated form of MDA5 that shows greater tolerance to-
wards mismatches in the RNA hybrid has been linked to immune hypersensitivity and
autoimmune disease (Aicardi–Goutières syndrome, [44]).

ERVs: Human endogenous retroviruses share a comparable structure with exogenous
retroviruses, the protein coding genes gag, pro (protease), pol and env flanked by two
terminal repeats (5′ and 3′ LTR) (Figure 1). ERVs comprise up to 8% of the human genome;
however, most open reading frames (ORFs) are mutated [45]. Nevertheless, ERV-related
transcripts can be detected in most human tissues [46], particularly when repressive DNA
methylation is inhibited. In contrast to the mutated protein coding genes, ERV-related
LTRs have retained their promoter activity and provide alternative transcriptional control
elements for cellular genes or drive the production of non-coding cellular RNA [45,47].

LTR promoters are bi-directional and can lead to widespread dsRNA formation [48,49];
alternatively, two adjacent ERVs in opposite orientations could fold back and form a hairpin
structure [31]. Although ERVs are not a very common source of dsRNA, the activation
of LTR promoters and subsequent dsRNA formation still have significant clinical conse-
quences. For example, transcription of ERVs can be triggered by DNA methyl transferase
inhibitors such as Azacitdine and Decitabine through demethylation and activation of ERV
promotors [50]. Induction of ERV expression results in activation of the mitochondrial
antiviral signaling protein/interferon regulatory factors (MAVS-IRFs) pathway via MDA5
and, to lesser extent, retinoic acid-inducible gene I (RIG1). This “viral mimicry” is exploited
for the treatment of many cancers such as melanoma and colorectal carcinoma by activating
an innate immune response against cancer cells [51].

LINEs: Long interspersed nuclear elements (LINEs) are 6–7 kb in size and consti-
tute up to 20% of the human genome. Full-length copies contain two open reading
frames (ORF1 and ORF2) which encode proteins essential for retro-transposition [52]
(Figure 1). ORF1 makes a 40-kDa RNA-binding protein (RBP 40) which plays an important
role in activating the host innate immune system, while ORF2 encodes an endonuclease
and the reverse transcriptase [53]. Transcription is driven by a promoter that harbors
several transcription factor binding sites as well as a CpG island. Most LINEs are inactive
because of truncations, mutations and rearranged copies; however, a small number of
elements are functional [54].

The exact mechanisms by which LINEs form a double-strand configuration is un-
known; some studies hypothesize that they form hairpin structures when two complemen-
tary LINEs are present in the same transcript. Alternatively, two LINEs on two different
transcripts close to each other can hybridize [55]. This idea is supported by fCLIP sequenc-
ing data showing that the distance between two LINEs interacting with PKR is much
shorter than the space between random copies [31]. Furthermore, LINE elements have the
ability to fold back on their 5′ region, forming stable hairpin structures that are recognized
by PKR [20].

LINEs associate with various dsRNA binding proteins, mostly PKR and MDA5,
and their expression has been linked to the activation of an interferon 1 response [31].
Moreover, extensive editing of LINEs by ADAR has been shown using ADAR–CLIP
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sequencing [56,57]. Although LINEs only give rise to 3% of cellular dsRNA as compared
to 67% from SINEs, they are linked to many human diseases [44].

Natural antisense transcripts: According to the gencode biotype definition, anti-
sense transcripts are “transcripts that overlap the genomic span (i.e., exon or introns) of
a protein-coding locus on the opposite strand”. This definition excludes protein-coding
antisense transcripts and read-through transcripts from tail-to-tail arranged gene pairs;
if those are included, 40–70% of loci show bi-directional transcription [58,59]. Hence, if
a sense/antisense transcript pair is co-expressed in the same cell, dsRNA structures are
potentially formed (Figure 2). To what extend hybridization actually occurs is controversial
and rather challenging to demonstrate experimentally.

Figure 2. Double-stranded RNA (dsRNA) formation from sense–antisense transcripts. Natural
antisense transcripts are processed and potentially reach the cytoplasm, where they interact with the
sense transcript. In somatic cells, the level of sense–antisense hybrids is low, and there is no evidence
of ADAR editing, for example, nor is dsRNA immune signaling triggered. Various mechanisms
(RNA interference, RNA masking, RNA editing and dsRNA signaling) are potentially triggered by
the dsRNA, depending on the cellular context. In male germ cells and during early embryogenesis,
sense–antisense dsRNA formation may play a general, system-relevant role. Figure created with
Biorender.com.

Before the dawn of the genomics era, natural antisense transcripts were studied in
the context of parental imprinting. Early ground-breaking work demonstrated that the
expression of the antisense transcript was associated with the silencing of the related sense
transcript on the same allele. Experimental silencing of the antisense transcript (Airn,
Kcnq1ot1, for example) abolished parental imprinting and led to bi-allelic expression of
the entire cluster, not only of the complementary gene [60,61]. Similar observations were
made with non-imprinted genes; a deletion in the genome of a patient with α-thalassemia
placed the constitutively active LUC7L (Putative RNA-Binding Protein Luc7-Like) directly
downstream of the HBA2 (Hemoglobin 2A) gene. The ectopic expression of LUC7L
produced an antisense transcript complementary to HBA2, causing hypermethylation of the
CpG-rich promoter and transcriptional silencing of the gene [62]. Likewise, the promotor
of the tumor suppressor gene p15 (CDKN2B, Cyclin Dependent Kinase Inhibitor 2B) is
hypermethylated and silenced in various tumors, associated with the expression of the
antisense transcript p15-AS (CDKN2B-AS1) [63]. Silencing was found to be independent of
Dicer, and the fact that the entire CDKN2B gene is imbedded in an intron of CDKN2B-AS1
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argues against a role of dsRNA formation in an antisense transcript-mediated regulatory
mechanism [63,64].

On the other hand, there is increasing evidence of dsRNA formation as the result of an-
tisense transcription from both genomics studies and examples of specific sense–antisense
transcript pairs. Early studies on the genome-wide expression of natural antisense tran-
scripts followed a strategy where complementary full-length transcripts and expressed
sequence tags in whole-data repository searches were identified [65,66]. The formation of
dsRNA is inferred by the observation that natural antisense transcripts are significantly
under-represented on the X chromosome of both humans and mice, whereas no such
bias was found for sense–antisense pairs that lacked exonic complementarity [65,66]. Ac-
cordingly, dsRNA formation between processed transcripts represents a feature with a
positive (accumulation on autosomes) or negative impact (reduction on X chromosomes)
on evolutionary selection. The implications of dsRNA formation in the context of an-
tisense transcription have been discussed including RNA masking, RNA editing, RNA
interference as well as the stimulation of an innate immune response [67]. RNA masking is
generally associated with a concordant expression of sense and antisense transcripts, often
by interfering with the inhibitory action of miRNAs [68,69]. The latter three mechanisms
(RNA editing, RNA interference and immune response) induce a discordant expression of
the sense–antisense transcript pair (“antisense inhibits sense”) (Figure 2).

There is a steadily increasing number of reports on specific sense–antisense pairs where
dsRNA formation is implicated in a regulatory interaction between the two transcripts.
In line with the proposed mechanisms, both concordant and discordant expression of
the complementary transcripts have been observed [59]. An example of a stimulatory
interaction described in detail is the interplay between the transcript for β secretase-1
(BACE1) and its natural antisense transcript (BACE1-AS) in the context of Alzheimer’s
disease pathophysiology. The antisense transcript protects BACE1 mRNA from miR-485-
5p-induced degradation, and because of the increased β secretase, more β amyloid 1-42 was
produced. In line with the mechanism, the levels of BACE1-AS were elevated in patients
with Alzheimer’s disease [70,71]. Other selected examples of antisense transcripts masking
miRNA binding sites are listed in Piatek et al. [72]. Natural antisense transcripts can also
stabilize the sense transcript by blocking the binding of RNA decay-promoting factors [73].
This mode of action is exemplified by the interaction between the tumor suppressor gene
PDCD4 (Programmed Cell Death 4) and its antisense transcript PDCD4-AS1 in mammary
epithelial cells. The antisense transcript blocks the binding of human antigen R (HuR),
which, in turn, stabilizes the sense mRNA and leads to increased PDCD4 expression [73].
Accordingly, PDCD4-AS1 expression is decreased in breast cancer patients and is low in
mammary epithelial cells.

The mechanisms that lead to the degradation of the sense transcript generate specific
products that can be experimentally assessed at a large scale, i.e., A-to-I conversions
for editing, short RNAs for RNA interference and sequencing of RNA bound to protein
kinase R. However, only limited evidence supports that these mechanisms are involved
in processing RNA hybrids between genic sense and antisense transcripts—at least in a
specific experimental context [74,75]. There are a few examples where the involvement of
Dicer or ADAR has been experimentally tested for specific bi-directionally transcribed loci
including the gene pairs glutaminase (GLS)/GLS-AS or sodium/phosphate co-transporter
and a read-through transcript from profilin 3 (Slc34a1/Pfn3) [74,76]. Low levels of GLS-AS
and enhanced expression of GLS in patients with pancreatic cancer predict a poor clinical
outcome. The underlying mechanism was investigated in PANC-1 cells (human pancreatic
cancer cell line-1). Accordingly, dsRNA formation occurs in the nucleus and both ADAR
and Dicer can process the hybrid, resulting in a decrease in GLS sense mRNA and encoded
glutaminase. Enhanced levels of glutaminase are observed under nutrient stress and
related to tumorigenesis [74]. With regard to the Slc34a1/Pfn3 locus, there is little evidence
that the antisense transcript is involved in the physiological regulation of the Na-phosphate
cotransporter. Depending on the model system, both RNA interference and transcriptional
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interference can be observed. The fact that both transcripts are lowly expressed in testis
may indicate that the sense–antisense interaction is biologically relevant in male germ cells,
where the vast majority of natural antisense transcripts are expressed [76].

Despite the ever-increasing number of mechanistically established sense–antisense
interactions, there is still a huge gap between the number of characterized examples and the
thousands of sense–antisense gene pairs. An interesting set of articles have recently revived
the idea that natural antisense transcripts and the potential dsRNA formation feed into a
common mechanism(s) that merits selection, as seen with the X-chromosome bias or—more
generally—the weak evolutionary conservation of sense–antisense arrangements [77].

Work in a preprint by S Pillay investigated the role of natural antisense transcript
expression during early zebrafish embryogenesis and divided the RNAs into two groups
with negative and positive correlation with sense transcript abundance, respectively [78].
Positively correlated transcripts are predominantly associated with house-keeping genes,
whereas the transcripts with discordant expression are maternally expressed and are com-
plementary to developmental genes. Based on the finding that the discordantly regulated
transcripts were enriched in the cytosol, the authors speculate that these natural antisense
transcripts act in a similar way as miRNAs to silence ectopic expression of developmental
genes [78]. Another study in our own lab focused on dsRNA formation in mouse testis and
involved enrichment of dsRNA using the J2 antibody followed by deep sequencing. We
found that dsRNA was predominately present in pachytene spermatocytes and that the
dsRNA transcriptome in testis was fundamentally different from the one in somatic liver
cells. In both cell types, dsRNA was derived from mitochondrial transcription, though
in testis, mRNA-related signals were clearly more abundant than in liver. Moreover, we
could establish an association between dsRNA, antisense genes and endogenous siRNAs
(small interfering RNAs)—again, the link was weaker or insignificant in liver cells (Werner
et al., under revision). Importantly, both investigations focused on native tissues and cells,
developing male germ cells and early zebrafish embryos, respectively. Both systems display
low levels of DNA methylation [79,80] and transcriptional activity that is distinct from
“normal” somatic cells. Moreover, testis male germ cells are immune privileged and tolerate
dsRNA without activating innate immunity [81]. It is intriguing to speculate that natural
antisense transcripts and dsRNA formation play a role in mitigating the consequences
of the genome-wide transcriptional changes. Findings in zebrafish and mouse testis also
suggest that dsRNA may have a fundamentally different impact in somatic cells.

The different handling of dsRNA in germ cells versus somatic cells has been experi-
mentally corroborated using transgenic mice expressing a construct with a long hairpin the
3′ UTR. In mouse oocytes, dsRNA was processed into siRNAs, whereas in somatic cells,
a small fraction was A-to-I edited. An interferon (IFN) response was only observed after
high-level expression of the hairpin construct in a transfected human cell line (HEK293) [82].
A germ cell-specific biological role of dsRNA and endo-siRNAs is also supported by low
siRNA sequencing of both female and male germ cells [83,84].

3. Proteins Binding dsRNA

The structure of dsRNA adopts an A-form duplex with a narrow major groove (4-
Å width) and wide minor groove (10–11-Å width). As a consequence, dsRNA-binding
proteins are generally unable to form base pair-specific interactions and recognize the
backbone rather than sequence motives [85]. However, a few examples such as ADAR2 or
STAUFEN recognize specific base pairs in the minor grove of the duplex [86,87]. Moreover,
additional structures such as the Cap or RNA base modifications affect the binding of
dsRNA-binding proteins and help the distinction between viral RNA and endogenous
RNA hybrids. The dsRNA-binding protein families include RIG-I-like receptors (RLRs),
PKR, ADAR, oligo adenylate synthetase (OAS), Dicer, Drosha and other helicases [20].
We focus here on the dsRNA-binding proteins that create a link between pathogenic
dsRNA formation and the immune system (Figure 3). As part of the host defense against
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invading pathogens, these dsRNA sensors are also linked to a number of inflammatory
and autoimmune diseases [88,89].

 

Figure 3. Double-stranded RNA (dsRNA) sensor proteins and activation of innate immunity. Viral dsRNA (including 5′

phosphorylation) or dsRNA from mitochondria and repetitive elements in the cytoplasm are recognized by dsRNA sensors
retinoic acid-inducible gene I (RIG1), melanoma differentiation-associated gene 5 (MDA5), protein kinase R (PKR) and
ADAR. RIG1 requires the 5′ phosphate group to initiate oligomerization, and MDA5 forms long dsRNA-dependent polymers.
Both structures induce mitochondrial antiviral signaling (MAVS) polymerization and, eventually, caspase and interferon
signaling. PKR binds short dsRNA molecules, dimerizes and becomes activated through autophosphorylation. Activated
PKR dissociates from dsRNA, phosphorylates eukaryotic initiation factor 2α (eIF2α) (which, in turn, inhibits translation
globally) and triggers an interferon response. ADAR is present in both the nucleus and cytoplasm and antagonizes dsRNA
signaling by melting the RNA hybrid. Figure created with Biorender.com.

RIG-I-like receptors (RLRs): The protein family of retinoic acid-inducible gene-like
receptors (RLRs), also called cytosolic RNA sensors, includes RIG1, MDA5 and laboratory
of genetics and physiology 2 (LGP2). The latter lacks two caspase recruitment domains
which are essential for downstream signaling. Consequently, LGP2 plays a regulatory
role rather than an effector function in a dsRNA response [90]. The two main sensors
that trigger a dsRNA inflammatory response are RIG1 and MDA5, which will be briefly
introduced here [91].

RIG1 and MDA5 are members of the DExD/H box helicase family and contain five
specific protein domains: from the N terminus, two caspase recruitment domains (CARDs),
which participate in antiviral signaling, a DEAD-like helicase superfamily ATP-binding
domain (DExDc), a helicase domain (HELICc) and a zinc-binding C-terminal domain [92].
In the non-signaling state, the two N-terminal domains are auto-repressed and unable to
bind to mitochondrial antiviral signaling (MAVS) protein, a protein involved in the cellular
innate antiviral defense. The auto-repression is abolished by the release of the N-terminal
domains upon binding to dsRNA via helicase and the C-terminal domains [93].

RIG1 and MDA5 share the same signaling pathway but identify a discriminate group
of dsRNA. Dimerization of RIG1 only takes a 300-base-pair duplex but requires a 5′
triphosphate group at the RNA end [94]. The triphosphate group is normally found in
RNAs but is 7-methyl guanosine-capped in most eukaryotic mRNAs in the cytosol. Viral

58



Non-coding RNA 2021, 7, 15

RNA usually lacks this modification. Recognition of dsRNA by MDA5 does not depend on
the triphosphate group but requires a longer stretch of dsRNA (500–1000 bp) for a process
of nucleation and filament assembly to be activated [95].

RIG1 and MDA5 activation leads to oligomerization of CARD domains, which, in
turn, produces a platform for the generation of MAVS filaments at the mitochondrial
membrane [96]. This triggers two main cascades, one activating nuclear factor κB and the
transcription of proinflammatory genes, the other leads to the phosphorylation of interferon
regulatory factors 3/7 (IRF3/7) and the stimulation of interferon gene expression [97].

Protein kinase regulated by RNA: PKR, also referred to as eukaryotic translation
initiation factor 2-alpha kinase 2, EIF2AK2, is activated by binding to dsRNA and its gene
expression is induced by interferon [98]. PKR includes two N-terminal RNA-binding motifs
(RI and RII) and a catalytic kinase domain at the C-terminus [99]. The dsRNA-binding
domains can interact with adjacent minor grooves of dsRNA by binding to the phosphate
and ribose backbone independent of the base sequence [100].

Activation of the enzymatic activity of PKR requires an RNA duplex of at least 33 bp.
Activation efficiency increases up to 85 bp and decreases with longer duplexes or high
concentrations of dsRNA because of a dilution effect that reduces the chances of PKR
dimerization [101]. PKR recognizes all types of dsRNA, but the majority of PKR was bound
to dsRNA of mitochondrial origin, followed by IRAlus (inverted- repeat Alu elements,
20%) [31].

Binding of PKR to dsRNA induces a conformational change which displaces the
inhibitory dsRNA binding domain from the catalytic kinase domain [102]. Moreover,
homodimerization results in auto-phosphorylation and activation of PKR. The activated
kinase dissociates from dsRNA and phosphorylates eukaryotic translation initiation factor
2A (EIF2A) at serine 51 and triggers global translational shut-down [103]. Alternatively,
PKR phosphorylation may lead to Fas-associated via death domain (FADD)/caspase 8-
mediated activation of caspases 3/7 and, ultimately, apoptosis [104,105].

Adenosine deaminase acting on RNA (ADAR): Members of the ADAR protein family
catalyze the conversion of A to I in dsRNA. In humans, there are three ADAR genes:
ADAR1, ADAR2 and ADAR3, with ADAR1 being interferon-inducible [106,107]. All of the
three ADAR proteins contain two or three dsRNA-binding domains and a C-terminal deam-
inase domain. Moreover, ADAR1 has one or two N-terminal Z-DNA-binding domains and
ADAR3 contains an arginine-rich region [108].

Transcription of ADAR is driven by interferon inducible- and constitutively active
promoters [109]. ADAR1 is ubiquitously expressed in human tissues and predominantly
targets dsRNA formed by IRAlus in the 3′ UTR of the mRNAs. Around 97.7% of editing
occurs in non-protein-coding regions [110,111]. ADAR2 expression is highest in the brain
and is directly linked to site-specific base changes of neurotransmitter receptor transcripts
with functional and phenotypic consequences [112,113]. Additional targets have been
identified in the brain and other tissues, but the consequences of editing are less well
established [114]. ADAR2 accounts for 25% of the editing in non-repetitive sites in protein-
coding transcripts [111]. ADAR3 is exclusively expressed in the brain; the enzyme lacks
catalytic activity and its main role appears to be the inhibition of ADAR2 by competition
for dsRNA binding [115].

ADAR antagonizes apoptosis by counter-balancing the activation dsRNA sensors
and the stimulation of inflammatory and apoptotic signaling [116]. In a negative feedback
mechanism, interferon stimulates ADAR that binds to and melts dsRNA, thus competing
with other dsRNA sensors [117]. Despite compartmentalization of dsRNA and the various
other strategies to distinguish intrinsic dsRNA from viral insurgents, there are still various
pathologies with an underlying inflammatory phenotype potentially linked to endogenous
dsRNA. Two examples where dsRNA plays a role in disease development but also offers
treatment avenues are cancer and autoimmune diseases.
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4. Physiological and Pathophysiological Roles of dsRNA

Apart from stimulating an antiviral response, there is growing evidence to suggest
that dsRNA contributes to physiological cell growth and function, depending on the length,
abundance and location of dsRNA within the cell [118,119]. In this context, the activation
of PKR and downstream interferon signaling as well as TLR3 activation by cytoplasmic
long dsRNA are particularly relevant [118].

PKR is ubiquitously expressed in mitochondria as well as in the cytoplasm in its
unphosphorylated inactive form; its physiological role extends beyond an antiviral re-
sponse [31,120]. PKR activation is strictly regulated during mitosis, and its activity is
essential for proper cell division. The disruption of the nuclear structure during mitosis
means that IRAlus escape compartmentalization and activate PKR. As a consequence, eu-
karyotic initiation factor 2α (eIF2α) becomes phosphorylated, with subsequent suppression
of the global translation [121]. Inhibition of PKR by RNA interference or expression of a
transdominant-negative mutant alleviating translation suppression during M phase lead
to the dysregulation of several mitotic factors (cyclins A and B and polo-like kinase 1). The
reduced phosphorylation of histone 3 and stabilization of G2-specific cell cycle regulators
cause a delay in the progression from G2 to M phase [121]. Activated PKR also induces
phosphorylation of p53, a tumor-suppressor protein with a pivotal role in controlling cell
cycle and apoptosis, which leads to a 25–35% increase in cells arrested in G1. On the other
hand, a reduction in PKR expression by doxorubicin decreases p53 stability [122,123].

Wound-induced hair neogenesis (WIHN) is a rare example of adult organogenesis in
which dsRNA plays a central role [124]. The activation of TLR3 by endogenous dsRNA
contributes essentially to wound healing and hair regeneration. Full thickness wounds
in mice result in the release of dsRNA from damaged skin that activates TLR3 and trig-
gers downstream signaling via interleukin 6 and STAT3 (Signal transducer and activator
of transcription 3), which promote hair neogenesis. Moreover, activated TLR3 induces
intrinsic synthesis of retinoic acid (RA) that orchestrates skin appendages’ growth and
regeneration [125,126]. Injection of poly(I:C), a dsRNA analogue, into mouse wounded
skin results in a significant increase in new hair formation, while TLR3-deficient mice failed
to generate new hair upon skin wounding [124,126]. Furthermore, human skin biopsies
taken after rejuvenation laser treatment display increased endogenous RA synthesis and
enhanced gene expression signatures for dsRNA and RA [125].

Endogenous dsRNA and autoimmune diseases: Autoimmune diseases are pathologies
where the immune system mistakenly attacks healthy cells. Around 50% of autoimmune
diseases are of unknown etiology, while others are attributed to genetic pre-disposition or
hormonal and environmental factors [127]. The contribution of dsRNA to autoimmune
diseases was inferred by Schur and colleagues, who detected antibodies against dsRNA
in the sera of 51% of patients with systemic lupus erythematosus (SLE) and 9% with
rheumatoid arthritis as compared to 6% of normal people [128]. Elevated interferon levels
and enhanced expression of IFN-stimulated genes in the blood of SLE patients have been
shown more recently [129–131]. Furthermore, the presence of anti-MDA5 antibodies in
dermatomyositis patients is considered as a prognostic marker associated with high death
rate due to interstitial lung disease [132].

Myasthenia gravis is an autoimmune disease characterized by auto-antibodies against
the acetyl choline receptor AChR. Injection of poly (I:C) in mice stimulates the expression of
αAChR via TLR3 and PKR activation. Accordingly, the expressions of TLR3, PKR, IFR7, IRF5
and IFN-β are all upregulated in the thymus of patients with myasthenia gravis, indicating
an important role of dsRNA signaling in the disease etiology [133]. PKR, MDA5 and RIG1
expression are all increased in psoriatic lesional skin, paralleled by high IFNα levels [134].
IFNα treatment for hepatitis C virus infection is well known to trigger autoimmune diseases
such as psoriasis, antiphospholipid syndrome or sarcoidosis, highlighting the contribution
of innate immunity to the pathogenesis of these diseases [135,136].

A-to-I RNA editing enhances transcriptome and protein diversity; conversely, editing
in protein-coding regions generates auto-antigens and potentially causes or aggravates
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autoimmune diseases. Accordingly, increased editing was observed in SLE and rheuma-
toid arthritis [137,138]. On the other hand, there is a global reduction in A-to-I editing
in psoriatic lesional skin and an accumulation of dsRNA feeding into an antiviral re-
sponse, highlighting the fine balance between protective and detrimental consequences of
dsRNA signaling.

dsRNA in cancer: Somatic mutations and escaping immune surveillance are essential
steps in tumor initiation and progression. Recent studies have highlighted that RNA
mutations constitute an additional cause for transition to malignant tumor, with RNA
editing being a major cause for the underlying sequence changes. Adenosine-to-inosine
changes in dsRNA by ADAR can give rise to transcriptomic alterations via point muta-
tions, alternative splicing, altered RNA targeting and defects in microRNA synthesis [139].
Accordingly, many cancer types such as liver and breast cancer as well as some gastroin-
testinal malignancies express high levels of ADAR, which also promotes cancer growth
and metastasis [140].

Although both ADAR1 and ADAR2 are linked to tumorigenesis, ADAR1 appears to
play the major role due to its ubiquitous expression [139]. ADAR1 expression is stimulated
by interferon as a negative feedback to control inflammation and cell survival, potentially
also promoting tumor growth and invasiveness [141,142]. ADAR1 has been found to
edit disease-relevant transcripts in a number of cancers [143]. For example, in prostate
cancer, A-to-I editing in the androgen receptor transcript affects interaction of the receptor
with androgens and androgen antagonists, which results in the reactivation of androgen
signaling, tumor development and growth [144]. In hepatocellular carcinoma, increased
levels of ADAR lead to editing of Antizyme Inhibitor 1 (AZIN1) and consequently enhanced
nuclear import of the edited protein and stabilized interaction with its binding partner
(Antizyme). The reduced inhibitory potential of the complex promotes tumor formation
and is associated with aggressive behavior [145] (for a comprehensive review, see [143]).

dsRNA cancer therapies: There is a relation between autoimmune diseases and
cancer—for example, long-standing autoimmune diseases may results in cancer transfor-
mation. Interestingly, the upregulation of ERV transcription is a common feature between
these two pathologies [146,147]. The majority of ERVs are transcriptionally inactive, though
7% of their sequences can be reactivated by exogenous viruses or hypoxia [148]. Unlike
in the autoimmune diseases discussed above, cancer cells mitigate the impact of moder-
ate levels of ERV-related dsRNA formation and escape immune surveillance. However,
drug-induced stimulation of ERV transcription can trigger a dsRNA-mediated immune
response and make the cancerous cells visible to a variety of immune cells [149]. Hence,
host dsRNA-binding proteins and the associated signaling cascades are widely used drug
targets [150].

Transcription of ERVs is efficiently silenced through DNA hypermethylation in nor-
mal somatic cells [48]. Hypomethylating drugs such as azacytidine or decitabine induce
transcription of ERVs and the formation of dsRNA, which, in turn, activates innate immune
signaling. Both drugs are widely used to treat hematological cancers and have been inves-
tigated to treat other types of solid tissue tumors [151]. The consequences of bi-directional
transcription of ERVs have been established in various cancer cell lines including epithelial
ovarian cancers, colonic cancer cell lines and melanoma [48,152]. Accordingly, azacytidine
causes an interferon response and increased expression of programmed death-ligand 1
(PD-L1), an important target in cancer immunotherapy [152].

A novel approach to treat various cancers combines ERV re-activation using histone
deacetylase inhibitors (HDACi) in combination with immune checkpoint inhibitors target-
ing PD-1 or Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4) [153]. Accordingly,
ERV activation triggers a dsRNA-mediated interferon response that leads to increased
expression of Major Histocompatibility Complex type I (MHC-I) on cancer cells; hence, the
cell becomes “visible” to a T cell-mediated response [48]. Immune checkpoint inhibitors
such as Atezolizumab and Avelumab or Ipilimumab (monoclonal antibodies against PD-1
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or CTLA-4, respectively) used in combination dampen the inhibitory immune response
and enhance anti-tumor activity [154].

The viral dsRNA analogues poly(I:C) and poly(A:U) are being used as adjuvants in
anti-tumor therapy for their potential to stimulate an interferon response. There are two
main mechanisms by which cancer cells are affected: first, by inducing cancer cell apoptosis
through an IFN-β autocrine loop, and second, by IFN-β-mediated signaling. This leads
to stimulation of the major players in anti-cancer immunity, including maturation and
differentiation of dendritic cells, promotion of a T cell response and activation of natural
killer cells [155]. Hence, immune-stimulatory adjuvants are key components of cancer
vaccines together with tumor-specific antigens [156].

5. Conclusions

The pathways by which viral dsRNA activates innate immunity have been established
for quite some time. In this context, the discovery of widespread dsRNA formation from
endogenous sources such as repetitive elements or natural antisense transcripts raised
questions of how the different stimulators of innate immunity are controlled. Compartmen-
talization and specialized dsRNA sensor proteins that integrate structural information and
dsRNA abundance to elicit a physiologically sensible response have evolved as a protective
strategy. Nonetheless, cellular dsRNA homeostasis is often challenged in disease and
these observations have disclosed an interplay between repetitive genomic elements, long
non-coding RNA and innate immune signaling that can jeopardize the well-being of cells,
organs and the entire organism. A detailed understanding of dsRNA expression and pro-
cessing can inform strategies to avoid ectopic dsRNA formation and inflammation through
stress, drugs or malnutrition, for example. Alternatively, therapeutic stimulation of dsRNA
expression shows great promise in directing an immune response against cancer cells.
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Abstract: Alternative splicing is a highly fine-tuned regulated process and one of the main drivers of
proteomic diversity across eukaryotes. The vast majority of human multi-exon genes is alternatively
spliced in a cell type- and tissue-specific manner, and defects in alternative splicing can dramatically
alter RNA and protein functions and lead to disease. The eukaryotic genome is also intensively
transcribed into long and short non-coding RNAs which account for up to 90% of the entire tran-
scriptome. Over the years, lncRNAs have received considerable attention as important players in
the regulation of cellular processes including alternative splicing. In this review, we focus on recent
discoveries that show how lncRNAs contribute significantly to the regulation of alternative splicing
and explore how they are able to shape the expression of a diverse set of splice isoforms through
several mechanisms. With the increasing number of lncRNAs being discovered and characterized,
the contribution of lncRNAs to the regulation of alternative splicing is likely to grow significantly.

Keywords: long non-coding RNAs; alternative splicing; splicing factors; post-transcriptional regulation

1. Introduction

In the late 1970s, researchers were interested in gaining a better understanding of
the mechanisms of adenoviral gene expression when they noticed something unusual,
a long adenoviral transcript hybridized to the viral genome forming a three-stranded
mRNA:DNA hybrid structure with an intervening DNA sequence that did not match the
mature mRNA [1]. It then became apparent that these intervening sequences were in fact
introns and that the primary transcript is made by a succession of exonic and intronic
sequences. In what is now thought to be a mainly co-transcriptional process, introns are
‘spliced’ out from the mRNA precursor (pre-mRNA) and the exons joined together through
two transesterification reactions catalysed by a complex molecular machinery consisting of
five small nuclear ribonucleoproteins (snRNPs), called the spliceosome [2]. Over the past
decades it has become clear that pre-mRNA splicing is a widespread phenomenon across
eukaryotes and that a single gene can generate multiple transcripts often encoding different
proteins by a process known as alternative splicing (AS) [3]. Many types of AS are possible,
including “cassette exons”, “alternative 5′ and 3′ splice sites”, “alternative first exons”
(through different promoters), “alternative last exons” (through different polyadenylation
sites), “mutually exclusive exons” and “retained introns” [4]. Fundamental to the process of
AS is the definition of the precise location of 5′ (donor) and 3′ (acceptor) splice sites and the
assembly of the spliceosome complex. The first relies on splicing factors (SFs), a category of
RNA-binding proteins (RBPs) expressed in a tissue and stage-specific way that recognize
regulatory elements within exons and introns. Importantly, SF activity is in turn modified
by splicing factor kinases and phosphatases activated through cell signaling mechanisms.

AS greatly enhances proteome diversity and represents an essential aspect of gene
expression in development, normal physiology and disease across eukaryotes [5], from
single-celled yeast to humans [6]. The advent of high-throughput sequencing technologies
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revealed that ~92–94% of human multi-exon genes are alternatively spliced [7], increasing
the interest in understanding the mechanisms underpinning its regulation. With the
discovery and growing importance of non-coding RNAs, the nature of AS regulation has
become more complex. Both short (<200 nt) and long (>200 nt) non-coding RNAs can
contribute to the regulation of AS in many different ways; either indirectly by regulating
the activity of splice factors; or directly, by interacting with pre-mRNAs. Long non-coding
RNAs (lncRNAs) are particularly well suited to these roles due to their demonstrated
capacity to act as regulatory molecules that modulate gene expression at every level. Either
alone, or in association with partner proteins, these long RNA polymerase II transcripts
have been shown to take part in a wide range of developmental processes and disease
in complex organisms [8–10]. Here, we review the current knowledge of the multiple
mechanisms through which lncRNAs contribute to the regulation of AS (Figure 1 and
Table 1).

Figure 1. Regulation of pre-mRNA splicing by lncRNAs. LncRNAs (red) are able to control pre-mRNA splicing by
(a) modifying chromatin accessibility through recruiting or impeding access to chromatin modifying complexes at the
transcribed genomic locus. In some cases, this might result in more drastic long-range structural changes; (b) interacting
with the transcribed genomic locus through an RNA-DNA hybrid; (c) hybridizing with the pre-mRNA molecule (light
blue); (d) promoting SF recruitment or by sequestering SFs into specific subnuclear compartments, thereby interfering with
SF activities.

2. LncRNAs Regulate Alternative Splicing through Chromatin Modification

The eukaryotic genome is tightly packaged into chromatin fibers consisting of DNA
wrapped around nucleosomes made of histone proteins. Post-translational modifications
(PTMs), such as methylation, acetylation, phosphorylation, and ubiquitination, occur on
the histone tails that are functionally linked to the epigenetic regulation of gene expression.
By defining the accessibility to chromatin, histone modifications demarcate amenable or
silenced chromatin domains which ultimately reflect the activity of gene transcription.
An intimate relationship exists between lncRNAs and chromatin conformation [11,12].
LncRNAs regulate chromatin modifications by recruiting or directly interacting with
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histone-modifying complexes or enzymes at specific chromosomal loci; these in turn
modulate gene transcription [13–18]. Histone modification signatures can also influence
AS through a chromatin-reading protein which acts as an adaptor linker between the RNA
polymerase II (RNAPII) and the pre-mRNA splicing machinery [19]. Several studies have
also demonstrated that the local chromatin context influences the RNAPII elongation rate
which in turn affects AS [20–22].

A possible lncRNA-mediated crosstalk between histone modifications and the pre-
mRNA splicing machinery has also been proposed [23]. Cell type–specific splicing of the
gene encoding the fibroblast growth factor receptor 2 (FGFR2) is now known to rely on
the methylation state of the FGFR2 locus. In mesenchymal stem cells, FGFR2 is enriched
in di- (me2) and tri-methylated (me3) histone H3K36, which inhibits the inclusion of the
alternatively spliced exon IIIb. FGFR2 is, in contrast, devoid of H3K36 methylation in
epithelial cells. The cell-specific switch in splicing is made possible by an evolutionarily-
conserved nuclear antisense lncRNA (asFGFR2), transcribed within the human FGFR2
locus and exclusively expressed in epithelial cells. By recruiting Polycomb-group proteins
and the histone lysine-specific demethylase 2a (KDM2a) to the locus, asFGFR2 ensures the
deposition of H3K27me3 and a decrease in H3K36me2/3. This impairs both the binding
of the chromatin-binding protein MRG15 for H3K36me2/3 [24] and the recruitment, via
protein-protein interactions, of the negative splicing regulator PTBP1 to exon IIIb [19].
Through this combined action, the chromatin-splicing adaptor complex MRG15–PTBP1 can
no longer inhibit the inclusion of exon IIIb favoring the epithelial-specific AS of FGFR2 [23]
(Figure 2a).

Chromatin structure is itself likely to play an important role in modulating the ef-
fects of transcription on AS [25]. In particular, the tri-dimensional chromatin organizer
CCCTC-binding factor (CTCF) has been shown to bind target DNA sites located within
an alternative exon creating a roadblock to transcriptional elongation that favors exon
inclusion into mature mRNA [26]. Several lncRNAs appear to control important aspects of
chromatin organization including chromatin looping, either remaining tethered to the site
of transcription or moving over distant loci [27,28]. Interestingly, lncRNAs can efficiently
remove structural roadblocks in chromatin by CTCF eviction [29,30]. A fascinating lncRNA-
mediated mechanism modulates the diversity of transcripts at the complex Protocadherin
(Pcdh) α gene cluster [31]. Each Pcdhα gene of the cluster functions as a ‘variable’ first exon
(out of 13) that is individually spliced to a downstream constant region to form distinct
transcripts, differentially expressed in individual neurons and important for neuronal self-
identity. The stochastic expression of 13 alternate exons is driven by their own promoter,
each of which is equally likely to be activated by a long-range DNA loop interaction be-
tween a selected Pcdhα promoter and a downstream enhancer, called “hypersensitivity site
5-1” (HS5-1) [32–35]. The Pcdhα gene choice involves the selective activation of a specific
antisense lncRNA located at the promoter of the first exon of each Pcdhα alternate gene. By
promoting DNA demethylation, the antisense transcript recruits CTCF at sites proximal
to the relative promoter and favors the promoter-enhancer interaction which ultimately
triggers the sense transcription of the corresponding selected first exon [31] (Figure 2b).
Further studies will be required to understand if other clustered genes share a similar
mechanism. It will also be of interest to determine how frequently mechanisms involving
lncRNAs, among the thousands transcribed, mediate chromatin structure changes that
result in AS.
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Figure 2. LncRNAs regulate alternative splicing through chromatin modification. (a) In epithelial cells, the antisense
lncRNA asFGFR2 (red), recruits the Polycomb-group proteins EZH2 and SUZ12 to the FGFR2 gene locus and allows
H3K27me3 deposition (blue lollipop) and a decrease in methylation of H3K36me3 (orange lollipop) by the recruitment of
the H3K36 demethylase KDM2a. As a result, the chromatin-splicing adaptor complex MRG15–PTB1 can no longer bind to
exon IIIb, which is then included in the FGFR2 transcript (light blue). (b) The activation of a specific antisense lncRNA (as
lncRNA; red) at the Pcdhα promoter of one (out of 13) alternate first exon promotes proximal DNA demethylation (orange
lollipop) and CTCF (turquoise) recruitment and favors the interaction between the selected promoter and a distant HS5-1
enhancer by a long-range DNA loop. This ultimately triggers sense transcription (light blue) of the corresponding selected
Pcdhα first-exon which is individually spliced to a downstream constant region to form a distinct transcript.

3. LncRNAs Regulate Pre-mRNA Splicing through RNA-DNA Interactions

LncRNAs can tether DNA forming an RNA-dsDNA triplex by targeting specific
DNA sequences and inserting themselves as a third strand into the major groove of the
DNA duplex [30,36]. These are known as R-loops; three-stranded nucleic acid structures,
composed of RNA–DNA hybrids, frequently formed during transcription. Aberrant R-
loops are generally associated with DNA damage, transcription elongation defects, hyper-
recombination and genome instability [37].

Recent lines of evidence indicate a potential role for R-loops in alternative pre-
mRNA splicing. A class of lncRNAs, the so-called circular RNAs (circRNAs), have re-
cently been characterized [38–40]. These abundant, conserved transcripts originate from
a non-canonical AS process (back-splicing) leading to the formation of head-to-tail splice
junctions, joined together to form circular transcripts. Recent studies suggest that they are
clearly involved in multiple aspects of normal physiology, development and disease [41].
Since most circRNAs are derived from the middle exons of protein-coding genes [42], their
biogenesis can itself affect splicing of their precursor transcripts and lead to altered gene
expression outcomes [43]. For example, in Arabidopsis thaliana, the circular RNA derived
from exon 6 of the SEPALLATA3 (SEP3) gene increases the abundance of the cognate exon-
skipped alternative splicing variant (SEP3.3 isoform) which in turn drives floral homeotic
phenotypes [44]. This is made possible because SEP3 exon 6 circRNA tethers to its cognate
DNA locus through an R-loop promoting transcriptional pausing, which coincides with
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SF recruitment and AS [45–47] (Figure 3). Whether or not other lncRNAs are involved in
similar processes in plants or other organisms remains to be investigated.

 

Figure 3. LncRNAs regulate pre-mRNA splicing through an RNA-DNA interaction. In Arabidopsis
thaliana, when the SEP3 gene is transcribed, exon 6 can be back-spliced into a circular RNA (SEP3 exon
6 circRNA, yellow) which interacts directly with its parental genomic locus. By forming RNA–DNA
hybrids (R-loops), SEP3 exon 6 circRNA favors exon-6 skipping of its linear cognate and promotes
the SEP3.3 mRNA (light blue) isoform accumulation which in turn affects flowering time.

4. LncRNAs Regulate Pre-mRNA Splicing through RNA-RNA Interactions

Over the past decades, antisense transcripts have been characterized as being wide-
spread throughout the genomes of the vast majority of organisms [48–50]. It is estimated
that more than 30% of annotated human transcripts have at least one cognate antisense
transcript [50]. Although generally low in abundance and over 10-fold less expressed than
their counterpart sense transcripts [50], antisense RNAs have been widely implicated at
almost all stages of gene expression, from transcription and translation to RNA degra-
dation [51]. A considerable proportion of genes that express multiple spliced isoforms
has been associated with antisense transcription, suggesting that antisense-mediated pro-
cesses could be a common mechanism to regulate AS [52]. Therapeutic strategies based
on antisense-mediated exon skipping and aimed at changing the levels of alternatively
spliced isoforms or at disrupting open reading frames have been also developed [20]. For
example, an antisense oligoribonucleotide (AON) approach efficiently restores the open
reading frame of the DMD gene and generates functional dystrophin by inducing exon
skipping [53].

Identified in multiple eukaryotes, Natural Antisense Transcripts (NATs) are a class of
long non-coding RNA molecules, transcribed from both coding and non-coding genes on
the opposite strand of protein-coding ones [54]. Regardless of their genomic origin, NATs
can hybridize with pre-mRNAs and form RNA-RNA duplexes. In some cases, a double
function is also possible, and NATs can encode for proteins on one hand, while at the same
time working as non-coding molecules modulating the splicing of a neighbouring gene’s
transcript [55]. At the oncogene NMYC locus, for example, the cis-antisense gene NCYM
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located at the first NMYC intron has recently been shown to encode a protein that regulates
the genesis and progression of human neuroblastomas that is associated with unfavorable
prognosis [56]. However, previous studies have classified the corresponding transcript as a
NAT able to modulate, via sense/antisense RNA-RNA duplexes, the processing of NMYC
pre-mRNA resulting in a population of NMYC mRNA splice isoforms that retain the first
intron [57] (Figure 4a).

Figure 4. LncRNAs regulate pre-mRNA splicing through an RNA-RNA interaction. (a) NAT (red) at the NCYM gene
modulates splicing of the NMYC mRNA (light blue) forming a sense-antisense RNA-RNA duplex which results in an
intron-retained NMYC mRNA isoform population. (b) In tumor cells the natural antisense SAF (red) is transcribed from the
first intron of FAS gene and interacts with both FAS pre-mRNA (light blue) at 5–6 and 6–7 exon junctions and the human
SFP45 to facilitate the AS and exclusion of exon 6. The accumulation of the exon 6-skipped alternatively spliced variant of
FAS pre-mRNA (FASΔEx6 mRNA) leads to the production of a soluble Fas (sFas) protein that binds FasL and makes tumor
cells resistant to FasL-induced apoptosis. (c) After EMT, Snail1 transcription factor induces the co-transcription of ZEB2
NAT (red) in mesenchymal cells. ZEB2 NAT hybridises with a region of the ZEB2 pre-mRNA (light blue) encompassing
the 5′ splice site of a 3 kb-long 5′-UTR intron. This RNA-RNA duplex prevents both the binding of the spliceosome and
the subsequent removal of the 5′-UTR intron. The resulting mRNA contains the full isoform of the 5′-UTR, including an
internal ribosome entry site (IRES) proximal to the ZEB2 AUG, which favors translation. In absence of ZEB2 NAT (epithelial
cells) instead the removal of the 5′-UTR intron results in an mRNA containing a sequence that inhibits scanning by the
ribosomes and therefore prevents translation of ZEB2 protein (not shown).

Overlapping antisense transcription has been shown to modulate AS at the thyroid
hormone receptor alpha (THRA) locus [58]. This locus encodes two overlapping mRNAs,
α1 and α2 corresponding to TR-α1 and its splice variant TR-α2, which differ at the 3′-end
because of the presence of a third overlapping mRNA, NR1D1 (also known as Rev-erbAα).
The latter is transcribed in the opposite direction at the 3′-end of α2, but not α1 mRNA. It
has been suggested that the relative abundance of the NR1D1 RNA prevents the splicing
of α2, likely through RNA-RNA base pairing, thereby favoring the formation of the non-
overlapping α1. Consistent with this hypothesis, other studies noted a positive correlation
between the α2/α1 isoform ratio and the level of NR1D1 mRNA in cells [58,59]. Therefore,
relatively modest changes in splice site selection of α1 and α2 caused by naturally occurring
antisense RNAs might cause major changes in cellular thyroid hormone-responsiveness
with a broader physiological impact.

NATs that drive AS during programmed cell death (apoptosis) have also been reported.
The FAS gene encodes for a receptor protein which usually binds its Fas ligand (FasL) and
triggers the apoptotic process. At the FAS locus, the lncRNA SAF is transcribed in reverse
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orientation and from the opposite strand of the first intron of FAS. In tumor cells, SAF
transcription promotes the formation of the exon 6-skipped spliced variant of FAS pre-
mRNA (FASΔEx6) by interacting with both the FAS pre-mRNA, predominantly at exon 5/6
and exon 6/7 junctions, and the human splicing factor 45 (SPF45). The resulting splicing
variant lacks the transmembrane domain which gives more solubility to the isoform (sFas)
and protects tumor cells against FasL-induced apoptosis [60] (Figure 4b).

Reverse transcription can affect pre-mRNA splicing by masking specific splice sites
and preventing their processing. A remarkable example of how NATs can affect the splicing
and in turn increase mRNA translation efficiency is the human ZEB2 gene (zinc-finger
E-box-binding homeobox 2). Boosting the translation of ZEB2 repressor is one of the ways
by which E-cadherin repression is initiated by the transcriptional factor Snail1 during
epithelial-mesenchymal transition (EMT). Normally, the ZEB2 5′-UTR contains a structural
intronic motif that works as an internal ribosome entry site (IRES) which is spliced out to
hinder ZEB2 translation. However, once EMT is triggered, Snail1 induces the transcription
of a ZEB2 NAT which is transcribed from the opposite strand of the ZEB2 locus, covering
the 5′ splice site of the ZEB2 5′-UTR. ZEB2 NAT prevents the recognition of the splice sites
by the spliceosome by RNA-RNA duplex interaction with ZEB2 mRNA and promotes the
subsequent inclusion of the intron present in the ZEB2 5′ UTR, thereby promoting ZEB2
translation [61] (Figure 4c).

Masking canonical splicing sites has also been linked with the most common form
of dementia, Alzheimer’s disease (AD). Sortilin-related receptor 1 (SORL1) expression is
generally reduced in brain tissues from individuals with AD [62] suggesting a potential
role in AD pathogenesis [63,64]. The importance of this receptor is underlined by the recent
demonstration that SORL1 downregulation promotes amyloid precursor protein (APP)
secretion and subsequently an increase of neurotoxic β-amyloid peptide (Aβ) [65,66]. A
300 nt antisense non-coding RNA transcribed by RNA polymerase III, called 51A, maps
to the intron 1 of the SORL1 gene and, by pairing with the SORL1 pre-mRNA, drives a
splicing shift of SORL1 from the canonical full-length protein variant A to an alternatively
spliced shorter protein form (variant B). This process results in the decreased synthesis of
SORL1 variant A and is associated with impairing processing of APP, leading to increase
of Aβ formation [67].

Antisense transcripts that cause a shift in isoform balance occur also at the GPR51
locus, hosting the antisense lncRNA 17A on its intron 3. LncRNA 17A expression is induced
by inflammatory molecules and leads to the production of the GABAB R2 protein isoform
devoid of transduction activity and the concomitant down-regulation of the canonical
full-length GABAB R2 variant, which impairs GABAB signaling. The change in the ratio of
the two isoforms was found to be linked to AD. Increased levels of 17 A expression have
been found in patient brains, suggesting a role of this lncRNA in GPR51 splicing regulation
to preserve cerebral function [68].

Alternative isoform expression can also be controlled by antisense transcription via
transcription attenuation (transcription RNAPII pausing and/or premature termination). A
recent study shows that during specific differentiation stages in mouse embryonic stem cells
(mESCs), the expression of two novel antisense enhancer-associated RNAs, Zmynd8as and
Brd1as, is associated with shorter overlapping sense transcript isoforms with alternative
termination sites [69], a phenomenon similarly found affecting the length of sense mRNAs
of genes in a single operon in some bacteria [70]. Whereas the mechanism through which
isoform specificity is achieved via enhancer-associated antisense RNAs has not been totally
elucidated, this example enhances the corollary of antisense-mediated splicing mechanisms.
A similar transcription attenuation mechanism mediating splicing is likely to occur at other
genomic loci occupied by overlapping coding and non-coding genes [52].

5. LncRNAs Regulate Pre-mRNA Splicing by Modulating the Activity of
Splicing Factors

As well as modifying AS by altering the chromatin landscape, through transcription, or
through direct nucleic acid interactions, lncRNAs also interact in a dynamic network with

75



Non-coding RNA 2021, 7, 21

many SFs and their pre-mRNA target sequences to modulate transcriptome reprogramming
in eukaryotes.

LncRNAs that are notoriously associated with pre-mRNA splicing are the nuclear
MALAT1/NEAT2 and NEAT1, both known to regulate the localization and phosphorylation
status of SFs, and differentially expressed in a wide range of tissues in human and mouse.
They are localized to specific subnuclear domains mainly in the nuclear speckle periphery,
also known as paraspeckles (NEAT1); while MALAT1/NEAT2 is part of the polyadenylated
component of nuclear speckles [71].

MALAT1/NEAT2 regulates splicing by modulating the activity of the conserved family
of serine/arginine (SR) splicing factors by modifying their localization and phosphoryla-
tion [72] through shuttling between speckles and the sites of transcription, where splicing
occurs [73]. In human cells, MALAT1/NEAT2 knockdown enhances the phosphorylated
pool of SR proteins, displaying a more homogeneous nuclear distribution resulting in the
mislocalization of speckle components and altered patterns of AS of pre-mRNAs [74–76].
MALAT1/NEAT2 binds to the SRSF1 splice factor through its RRM domain [77,78]. A cor-
rect phosphorylation/dephosphorylation cycle of SR proteins is fundamental to ensure
the proper nucleocytoplasmic transport of mRNA–protein complexes (mRNPs). When
SRSF1 is phosphorylated, it accumulates in nuclear speckles; while its dephosphorylation
favors the interaction with mRNAs, transport and accumulation in the cytoplasm [79,80].
Although the exact mechanisms through which MALAT1/NEAT2-interacting with SRSF1
modulates the phosphorylated/dephosphorylated ratio of SR proteins remains unclear,
it might occur through interaction with PP1/2A phosphatases or with the SRPK1 splice
factor kinase [81–83] or alternatively, by the direct interaction with MALAT1/NEAT2 [73]
(Figure 5a). Beyond AS, controlled levels of phosphorylated SR proteins are also likely to
regulate other SR-dependent post-transcriptional regulatory events such as RNA export,
nonsense mediated decay, and translation [77,81]. Interestingly, additional studies have
also shown that MALAT1/NEAT2 can hybridize with many nascent pre-mRNAs at active
gene loci and participate in pre-mRNA splicing of such actively transcribed genes by
recruiting SFs to the pre-mRNAs [84]. Furthermore, according to the psoralen analysis of
RNA interactions and structures (PARIS) [85] and to the more recent developed RIC-seq
application [86], multiple interaction sites exist between MALAT1 and the spliceosomal
RNA, U1snRNA, raising the possibility that MALAT1/NEAT2 influences RNA processing
through the recruitment or modification of other proteins localized to these sites.

MALAT1/NEAT2 is abundantly expressed and widely associated with a variety of
cancers. In hepatocellular carcinoma, MALAT1/NEAT2 acts as a proto-oncogene through
Wnt pathway activation and transcriptional induction of SRSF1. The latter leads to the over
accumulation of its active form in the cell nucleus and the modulation of SRSF1 splicing
targets, including the anti-apoptotic AS isoforms of S6K1 [87]. In colorectal cancer, instead,
MALAT1/NEAT2 triggers tumor growth and metastasis by binding to the splicing factor
SFPQ causing the subsequent disruption of the splicing regulator complex SFPQ-PTBP2
and the release of the oncogene PTBP2 [88].

During adipocyte differentiation, the 4 kb lncRNA NEAT1 tethers the SR protein SRp40
(now known as SRSF5) and retains it in paranuclear bodies to fine-tune the relative abun-
dance of mRNA isoforms of the major transcription factor driving adipogenesis, PPARγ. It
has been observed that the NEAT1-SRp40 association enhances SRp40 phosphorylation
by CLK1 splicing factor kinase activity [89]. Conversely, depletion of NEAT1 upon drug
or siRNAs treatment, causes a decrease of both PPARγ isoforms (PPARγ1 and especially
PPARγ2) and SRp40 phosphorylation impairment, respectively. Furthermore, while SRp40
depletion resulted in deregulation of both PPARγ isoforms and, predominantly of PPARγ2
mRNA levels, its overexpression increased exclusively PPARγ2. Therefore, fluxes in NEAT1
levels during adipogenesis seem to modulate AS events likely by controlling the availability
of phosphorylated SRp40 thereby affecting PPARγ splicing [90] (Figure 5b).
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Figure 5. LncRNAs regulate pre-mRNA splicing by recruiting or sequestering splicing factors into subnuclear compartments.
(a) Left, MALAT1/ NEAT2 (red) is responsible of phosphorylated/dephosphorylated SFs shuttle from nuclear speckles
to target mRNAs and cytoplasm. Right, MALAT1/ NEAT2 in colon cancer. The binding of SFPQ with MALAT1/ NEAT2
causes the disruption of the splicing regulator complex SFPQ-PTBP2 and the release of PTBP2. (b) During adipogenesis,
the lncRNA NEAT1 (red) interacts with the CLK1 splicing factor kinase (orange) and regulates PPARγ gene splicing by
modulating SRp40 (light blue, also known as SRSF5) phosphorylation status (light orange). When Srp40 is phosphorylated,
the PPARγ pre-mRNA is mainly processed into the PPARy2 mRNA, whereas when dephosphoryled, Srp40 promotes the
accumulation of the PPARy1 isoform. (c) Gomafu (red) sequesters multiple splicing factors (e.g., QKI, SRSF1, SF1, Clf3) in
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nuclear compartments and after specific stimuli/conditions it releases them in the nucleus to then direct the alternative
splicing of pre-mRNA target genes (light blue) such as the schizophrenia-associated genes. (d) The lncRNA LINC01133
(red), by sequestering the splicing factor SRSF6, impairs the alternative splicing events on target pre-mRNA genes which
ultimately lead to the inhibition of EMT and metastasis in colorectal cancer (CRC). (e) PNCTR (red), contains hundreds
of short tandem repeats (STR) to bind and sequester a substantial fraction of PTBP1 in the perinucleolar compartment.
(f) Sense and antisense TPM1 gene cotrascription results in both TPM1 pre-mRNA (light blue) and lncRNA TPM1-AS (red).
The latter is then able to sequester RBM4 protein, forcing the splicing of TPM1 pre-mRNA (likely in cooperation with other
protein partners) toward RBM4-deprived specific isoforms (V1 or V3). (g) LncRNA ASCO (red) associates with the two core
components of the spliceosome SmD1b and PRP8a (green) and concomitantly sequesters NSRa and b proteins (light blue).
By this mechanism ASCO enhances transcriptome diversity in response to flagellin, resulting in a variety pool of isoforms.
(h) ENOD40 is recognized by MtRBP1 (here RBP1 for simplicity) and is responsible of its nucleocytoplasmic trafficking and
accumulation into cytoplasmic granules, likely modulating RBP1-dependent splicing. (i) Left, BCL-x pre-mRNA interacts
with Sam68 that promotes pre-mRNA splicing in the apoptotic isoform BCL-xS. Right, the presence of BC200 lncRNA and
the recruitment of the hnRNP A2/B1 splicing factor interferes with the association of Sam68 and promote BCL-x splicing
into the anti-apoptotic BCL-xL.

Another lncRNA abundantly localized to nuclear bodies is the lncRNA Gomafu/
RNCR2/MIAT which is expressed in a distinct set of neurons in the mouse retina [91,92]
and implicated in retinal cell specification [93,94] brain development [95] and post-mitotic
neuronal function [92,96]. Gomafu was found to interact directly with the splicing factors
QKI and SRSF1 and its dysregulation leads to aberrant AS patterns that resemble those
observed in schizophrenia-associated genes (DISC1 and ERBB4) [97]. In addition, Gomafu
harbors a conserved tandem sequence of UACUAAC motifs that binds the splicing factor
SF1, an early stage player of spliceosome assembly [98]. Furthermore, the splicing factor
Clf3 was found to interact specifically with Gomafu in RNA–protein complexes containing
the splicing factors SF1 and localize in specific nuclear bodies named CS bodies in the
neuroblastoma cell line Neuro2A [99,100]. It has been proposed that Gomafu regulates
splicing efficiency by changing the local concentration of SFs by sequestering them to
separate regions of the nucleus [98] (Figure 5c).

An additional example of how lncRNAs may hijack SFs to fine-tune AS is the lncRNA
LINC01133. This lncRNA binds the AS factor SRSF6, which induces EMT in colorectal
cancer. By sequestering SRSF6 from other mRNA substrates, LINC01133 modulates SRSF6
activity and reshapes the population of AS isoforms of SRSF6 mRNA targets which finally
leads to the inhibition of EMT and metastasis [101] (Figure 5d). Similarly, the lncRNA
PNCTR, over-expressed in a variety of cancer cells, contains hundreds of short tandem
repeats to bind and sequester a consistent fraction of PTBP1 in the perinucleolar compart-
ment [102]. This prevents PTBP1 from influencing splicing and therefore PTBP1-dependent
pro-apoptotic events [103–105] (Figure 5e).

LncRNAs that act as sponge molecules can extensively rewire post-transcriptional
gene regulatory networks by uncoupling the protein–RNA interaction landscape in a cell-
type-specific manner. A recent study showed that the loss of 39 lncRNAs causes many
thousands of skipped exons and retained intron splicing events affecting a total of 759 hu-
man genes at the post-transcriptional level. Interestingly, the alternatively spliced events
were found associated with RBPs binding in proximal intron–exon junctions in a cell-type-
specific manner [106]. Similarly, the natural antisense TPM1-AS, reverse-transcribed from
the fourth intronic region of the tropomyosin I gene (TPM1), regulates TPM1 alternative
splicing through interaction with RNA-binding motif protein 4 (RBM4). The interaction
prevents the binding of RBM4 to TPM1 pre-mRNA and inhibits TPM1 exon 2a inclusion
(Figure 5f) [107]. Plant lncRNAs are also able to modulate AS by hijacking RBPs from their
targets. In A. thaliana, an important number of intron retention events and a differential
5′ or 3′-end have been observed in a subset of genes in the plant-specific AS regulators
(NSRa and NSRb) mutant compared to wild type plants [108]. In vitro experiments sug-
gested that the lncRNA ASCO competes with other mRNA-target for its binding to these
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NSR regulators [109]. More recently, researchers analyzed the genome-wide effect of the
knock-down and overexpression of ASCO and found a large number of deregulated and
differentially spliced genes related to flagellin responses and biotic stress [110]. During this
splicing process, ASCO interacts with multiple SFs including the highly conserved core
spliceosome component PRP8a and another spliceosome component, SmD1b (Figure 5g).
The NSR’s closest homolog in the model legume Medicago truncatula, MtRBP1/MtNSR1,
has been characterized as a protein partner of the highly conserved and structured lncRNA
ENOD40, which participates in root symbiotic nodule development [111]. ENOD40 appears
to re-localize MtRBP1 from nuclear speckles into cytoplasmic granules during nodulation
thereby modulating MtRBP1-dependent splicing events [112] (Figure 5h).

SF-associated lncRNAs might also influence a specific splicing outcome depending on
a given cellular context. For example, the prostate-specific lncRNA PCGEM1 can mutually
bind the splicing factors hnRNP A1 (silencer) and U2AF65 (enhancer) with opposite effects.
While its interaction with hnRNP A1 suppresses the expression of androgen receptor (AR)
splice variants such as AR3 by exon skipping, the interaction of PCGEM1 with U2AF65
promotes AR3 by exonization and favors castration resistance [113]. In the brain, the
cytoplasmic 200 long non-coding RNA BC200 (BCYRN1) prevents apoptosis by modulating
AS of a member of the Bcl-2 family proteins, the BCL-x gene [114]. AS of BCL-x leads to
opposite effects on apoptosis when processed in either BCL-xL (anti-apoptotic) or BCL-
xS (pro-apoptotic) [115]. Whereas BC200 overexpression promotes BCL-xL, its depletion
induces BCL-xS formation. A 17-nucleotide complementary sequence to BCL-x pre-mRNA
in BC200 appears to facilitate its binding to the pre-mRNA and promotes the recruitment
of the hnRNP A2/B1 splicing factor. HnRNP A2/B1 binding interferes with association of
BCL-x pre-mRNA with the BCL-xS-promoting factor Sam68 [116], leading to a blockade of
Bcl-xS expression and anti-apoptotic conditions [117] (Figure 5i). Another example of a
cellular context that causes isoform switching through lncRNAs is that of fibroblast growth
factor receptors. FGF-2-sensitive cells arise following lnc-Spry1 depletion. This lncRNA
acts as an early mediator of TGF-β signaling-induced EMT and regulates the expression
of TGF-β-regulated gene targets. However, lnc-Spry1 has also been found to interact with
the U2AF65 pyrimidine-tract binding splicing factor suggesting a dual role in affecting
both transcriptional and post-transcriptional gene regulation in epithelial cells promoting
a mesenchymal-like phenotype [118]. Recently, a link between stress-induced lncRNAs
and AS has also been shown. The lncRNA LASTR, elevated in hypoxic breast cancer, is
upregulated through the stress-induced JNK/c-JUN pathway. It interacts with SART3, a
U4/U6 snRNP recycling factor, and promotes splicing efficiency. Depletion of LASTR leads
to increased intron retention, with the resulting downregulation of essential genes to the
detriment of cancer cells [119].

Ribosomal and RNA splicing complexes components, including YBX1, PCBP1, PCBP2,
RPS6 and RPL7, have been shown to bind LINC-HELLP, a lncRNA implicated in the
pregnancy-specific HELLP syndrome, through a splicing-mediated mechanism that is
largely unknown. HELLP patient mutations within LINC-HELLP, alter the binding with
these proteins depending to their location and negatively affect trophoblast differentiation.
While mutations occurring from the 5′-end up to the middle of the LINC-HELLP are likely to
cause loss of partner protein interactions, those at the far 3′-end increase their binding [120].
Among a cohort of breast cancer-associated and oestrogen-regulated lncRNAs, DSCAM-
AS1 has been recently found to be associated with tumor progression and tamoxifen
resistance [121]. Researchers found over 2085 splicing events regulated by DSCAM-AS1,
including alternative polyadenylation sites, 3′ UTR shortening and exon skipping events.
DSCAM-AS1 affects target gene expression and causes changes in the AS by interacting with
hnRNPL which appears to mediate the exon skipping and 3′ UTR usage by a mechanism
not yet fully elucidated [121].

Canonical splicing of the linear pre-mRNA can compete for SFs with circularization of
exons in circRNAs by mechanisms that are tissue specific and conserved in animals [122].
In flies and humans, the second exon of the SF muscleblind (Mbl (fly)/MBNL1 (human))
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is circularized in circMbl. The introns flanking this circRNA as well as the circRNA itself
contain highly conserved Mbl/MBNL1 binding sites, which are strongly and specifically
bound by Mbl. Modulation of Mbl levels regulates the splicing of its own pre-mRNA into
circMbl, and this in turn relies on Mbl binding sites [123] (Figure 6a). A circRNA proposed
to act as an angiogenesis regulator by sponging SFs, is circSMARCA5. CircSMARCA5
interacts with SRSF1 and promotes the switching from pro- to anti-angiogenic splicing
isoforms of VEGF-A in glioblastoma multiforme, representing an opportunity to develop a
novel anti-angiogenic cancer therapy [124]. Interestingly, circRNAs have been also found
associated with the splicing factor QKI during human EMT [123], and correlate with exon
skipping throughout the genome in human endothelial cells [125].

Figure 6. LncRNAs regulate pre-mRNA splicing by competing for splicing factors during their own splicing. (a) Left, In the
presence of low amounts of Mbl (orange), the Mbl transcript is canonically spliced into a translatable mRNA encoding the
Mbl protein. Right, when Mbl levels are high, Mbl binds to the pre-mRNA at the intronic regions flanking exon 2 and causes
the exon2 back-splicing into circMbl (green), thereby preventing linear splicing and translation of the Mbl protein. CircMbl
can also sequester Mbl protein, lowering its free cellular concentration, thereby providing a feedback mechanism to regulate
Mbl levels. (b) The PNUTS gene can encode either the PNUTS mRNA or the lncRNA PNUTS depending on the usage of
the 3′ alternative splice site located at the 5′-end of exon 12 which leads to the change of the ORF and the generation of a
premature stop codon. Left, upon the binding of hnRNP E1 to a BAT consensus element located in the alternative splicing
site that mask and prevents its usage, PNUTS pre-mRNA is spliced into PNUTS mRNA then translated into the PNUTS
protein. Right, loss of hnRNP E1 binding to the alternative splice site uncovers the consensus element and allows its usage
by the spliceosome machinery to achieve the splicing to yield the lncRNA PNUTS transcript.

LncRNAs can also interact with SFs to regulate their own splicing as is the case with
the lncRNA PNUTS, also known as a competitive endogenous RNA (ce-RNA). The PNUTS
gene can express a regular PNUTS mRNA encoding for the protein phosphatase 1 binding
protein, but also to an alternatively spliced non-coding isoform called lncRNA-PNUTS
with a distinct biological function. While PNUTS mRNA is ubiquitously expressed, the
lncRNA-PNUTS one is more tumor-relevant and generally serves as a competitive sponge
for miR-205 during EMT. The splicing decision to produce either mRNA or lncRNA relies
on the binding of hnRNP E1 to a structural element located in exon 12 of PNUTS pre-RNA.
Once released from this structural element, hnRNP E1 translocates from the nucleus to
cytoplasm, allowing the AS and generation of the non-coding isoform of PNUTS to take
place [126] (Figure 6b).

6. Concluding Remarks and Future Perspectives

Growing evidence suggests that lncRNAs control the regulation of AS in response to
several physiological stimuli or during disease processes through changes in chromatin
conformation, or by interfering with the overlapping antisense genes, genomic loci or SF
activity. LncRNA antisense transcription pausing and elongation, as well as the capability
of sponging RBPs, can also result in altered mRNA splice isoform expression patterns.
The recent discovery of the circRNAs has also shown how a special class of lncRNAs can
wholly integrate with the splicing process itself, affecting the splicing outcome of their
linear cognates.

80



Non-coding RNA 2021, 7, 21

Some aspects of lncRNA-mediated AS regulation remain mostly unexplored. For
instance most lncRNA sequences are not conserved across species, suggesting that most
of their functionality might relies on their RNA structure. The role played by lncRNA
secondary structure in determining their ability to regulate AS remains poorly investigated.
Moreover, mRNA methylation is known to impact on AS by affecting the accessibility of
hnRNPs to pre-mRNAs. Specifically, N6-methyladenosine (m6A) can serve as a switch to
regulate gene expression and RNA maturation [127]. The existence of an interplay between
RNA methylation and long non-coding RNA also raises the question of whether or not
lncRNAs play a role in recruiting or reading mRNA methylation during AS processes.
Furthermore, m6A modifications that occur on lncRNAs and circRNAs might change their
function in AS regulation by providing a binding site for the m6A reader proteins or by
modulating their structure–all of these questions remain unanswered.

Over the past years, our understanding of the mechanisms through which lncRNAs
affect gene expression has been limited by their intrinsic properties (mainly length and low
expression) and the lack of powerful experimental assays. With the increasing prevalence
of splicing events and the discovery of over a hundred thousand lncRNAs, it is likely
that the involvement of lncRNAs in regulating AS is far greater than the currently known.
Further research is needed to gain a deeper understanding of how lncRNAs contribute to
the regulation of AS in development and disease.

Table 1. List of lncRNAs involved in splicing regulation.

LncRNA
Name

Splicing
Target

Splicing Mechanism
Regulatory Effect or
Associated Disease

Ref

LncRNAs regulating AS by chromatin modifications

asFGFR2 FGFR2
Recruiting Polycomb complexes and KDM2a
to modify histone methylation and favor exon

IIIb inclusion
Epithelial development [23]

Antisense
transcripts at each
Pcdhα first exon

Pcdhα First exon selection by histone modifications
and distant DNA loop

Neuronal
self-identity [31]

LncRNAs regulate AS through DNA-RNA interactions
SEP3 exon6

circRNA (plant) SEP3 Exon skipping through R-loop formation at
exon 6 Flowering time [44]

LncRNAs regulate AS through RNA-RNA interactions

NCYM NAT NMYC Intron I retention via antisense-sense
RNA-RNA duplex Cancer [57]

NR1D1 THRA
Favoring α1 isoform by forming

antisense-sense RNA-RNA duplex with the
α2 mRNA

Thyroid
hormone-responsiveness [58,59]

SAF FAS
Exon 6 skipping by forming RNA-RNA
duplex with the target pre-mRNA and

recruiting SPF45

Cancer
Apoptosis [60]

ZEB2 NAT ZEB2
Preventing splicing of the IRES-containing
intron through RNA-RNA interaction with

the mRNA
EMT [61]

51A SORL1
Splicing shift from A to variant B by

antisense-sense RNA-RNA duplex with an
intronic sequence of the pre-mRNA

Alzheimer [67]

17A GPR51
Splicing shift from full-length to shorter
GABAB R2 variant by antisense-sense

RNA-RNA duplex
Alzheimer [68]

LncRNAs regulate AS by modulating the activity of splicing factors

MALAT1/NEAT2
Modulation of SR localization and

phosphorylation
Uncoupling PTBP2 from SFPQ-PTBP2

Cancer [73,88]

NEAT1 PPARγ
By interacting with CLK1 kinase to modulate

SRp40 phosphorylation status Adipocyte differentiation [71,89,90]
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Table 1. Cont.

LncRNA
Name

Splicing
Target

Splicing Mechanism
Regulatory Effect or
Associated Disease

Ref

Gomafu/RNCR2/
MIAT

Interaction with QKI and SRSF1
Association with SF1

Localization of SF1 and Clf3
in CS bodies

Schizophrenia
Retinal cell and

brain development
Post-mitotic neuronal function

[97–100]

LINC01133 Interaction and titration of SRSF6 splicing
factor from target genes EMT [101]

PNCTR Hijacking PTBP1 in the
perinucleolar compartment Cell survival [102]

TPM1-AS TPM1 Splicing shift to V1 or V3 isoforms by
sequestering RBM4 Cancer [107]

ASCO (plant) Association with SmD1b and PRP8a and
hijacking NSRa/b from the spliceosome Lateral root formation [109,110]

ENOD40 (plant) Control nucleocytoplasmic of MtRBP1 Symbiotic nodule
development [111,112]

PCGEM1
Mutual bond with either hnRNP A1 or

U2AF65 to promote or suppress specific AR
splice variants

Castration resistance [113]

BC200 BCL-x
Interaction with pre-mRNA and recruitment

of the hnRNP A2/B1 which prevent
Sam68 association

Apoptosis [115,117]

Lnc-Spry1 Interaction with U2AF65 EMT [118]

LASTR Promoting splicing efficiency by interacting
with SART3

Stress-induced JNK/c-JUN
pathway [119]

LINC-HELLP
Interaction with ribosomal and splicing
complex components (eg: YBX1, PCBP1,

PCBP2, RPS6 and RPL7)
HELLP syndrome [120]

DSCAM-AS1 Exon skipping and 3′ UTR usage by
interaction with hnRNPL

Tumor progression and
anti-estrogen resistance [121]

CircMbl Mbl Competing with the linear cognate by
sequestering Mbl protein Neuron Development [123]

CircSMARCA5 Interaction with SRSF1 and promotion of the
anti-angiogenic splicing isoforms of VEGF-A Angiogenesis [124]

PNUTS PNUTS Self-splicing regulation modulating the
activity of hnRNP E1 EMT [126]
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Abstract: Long non-coding RNAs (lncRNAs), a group of non-protein coding RNAs with lengths of
more than 200 nucleotides, exert their effects by binding to DNA, mRNA, microRNA, and proteins
and regulate gene expression at the transcriptional, post-transcriptional, translational, and post-
translational levels. Depending on cellular location, lncRNAs are involved in a wide range of cellular
functions, including chromatin modification, transcriptional activation, transcriptional interference,
scaffolding and regulation of translational machinery. This review highlights recent studies on
lncRNAs in the regulation of protein translation by modulating the translational factors (i.e, eIF4E,
eIF4G, eIF4A, 4E-BP1, eEF5A) and signaling pathways involved in this process as wells as their
potential roles as tumor suppressors or tumor promoters.

Keywords: non-coding RNAs; long non-coding RNAs; ncRNAs; translation; cancer

1. Introduction

The majority of the mammalian genome consists of non-coding RNAs (ncRNAs),
including long ncRNAs (lncRNAs), transfer RNAs (tRNAs), ribosomal RNAs (rRNAs),
and small ncRNAs such as microRNAs (miRNAs), small nuclear RNAs (snRNA) and
circular RNAs (circRNAs), while only a small portion (~1.5%) of it is comprised of protein-
coding mRNAs [1].

lncRNA transcripts, which are a group of ncRNAs longer than 200 nucleotides,
account for the majority (98%) of the ncRNAs. Currently, about 30,000 different lncRNA
transcripts are belived to exist in the human genome [2]. Since most lncRNAs are tran-
scribed by RNA polymerase II (RNAP II), they share some similarities with mRNAs,
such as poly-adenylation and the presence of 5′-cap structure. Just like mRNAs, lncRNAs
form secondary structures, undergo post-transcriptional processing (i.e., 5’-cap structure,
polyadenylation) and splicing [3], present in the nucleus, cytosol, and mitochondria [4],
and can have tissue-specific expression patterns.

lncRNAs have been shown to play a pivotal role in a wide range of cellular processes
such as gene expression, translation regulation, splicing, chromosomal organization and
X chromosome silencing [5–7]. Besides, specific lncRNAs are known to be dysregulated
in various diseases, such as cancer, neurological diseases, and diabetes [8]. Considering
their extensive roles in both health and disease, a better understanding of the functions of
lncRNAs in the regulation of cellular events is needed.

In this review, we aim to discuss the role of lncRNAs in the regulation of protein trans-
lation by controlling translational factors and signaling pathways. Furthermore, because
translational regulation is often dysregulated in cancer cells, we also briefly summarize
the role of lncRNAs in tumorigenesis and cancer progression as tumor promoters or
tumor suppressors.

Non-coding RNA 2021, 7, 16. https://doi.org/10.3390/ncrna7010016 https://www.mdpi.com/journal/ncrna
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2. An Overview of the Characteristics of LncRNAs

Although lncRNAs were initially assumed as transcriptional noise or genomic
“junk” [9,10], studies later revealed that they play vital roles in the regulation of var-
ious cellular processes, such as cell division, proliferation, differentiation, cell cycle,
cell death, and metabolism [11–15]. Recent reports indicated some lncRNAs have a small
open-reading frame (sORFs/smORFs) and are associated with ribosomes, suggesting their
protein-coding potential [16–20]. In fact, recent studies showed that a small number of
lncRNAs are capable of encoding small proteins called micropeptides (less than 100 amino
acids) that are involved in the regulation of various biological processes [21].

Initial studies suggested that lncRNAs were thought of as unstable transcripts. How-
ever, later studies demonstrated that the majority of 800 lncRNAs have half-lives greater
than 16 h and are highly stable, while only a minority of lncRNAs have half-lives less than
2 h [22].

lncRNAs have been traditionally categorized according to their specific locations
on the genome into five major groups, including antisense, sense, bidirectional, intronic,
and intergenic RNAs [23]. In a recent report, a more detailed classification has been
proposed to describe the diversity of lncRNAs. This new classification includes seven dif-
ferent groups of lncRNAs: (a) mRNA-like intergenic transcripts (lincRNAs), (b) anti-sense
transcripts of protein coding genes (natural anti-sense transcripts -NATs-), (c) processed
transcripts, (d) enhancer RNAs (eRNAs), (e) promoter upstream transcripts (PROMPTs),
(f) small nucleolar RNA (snoRNA)-ended lncRNAs (sno-lncRNAs), and (g) circular intronic
RNAs (ciRNAs) [24].

3. Regulatory Functions of LncRNAs Depending on Their Subcellular Location

Since lncRNAs are capable of interacting with nucleic acids (DNA, RNA) and proteins,
they are involved in the regulation of diverse molecular processes such as epigenetic and
(post)-transcriptional modifications, translational regulation, splicing and scaffolding [6,7,25].
These diverse functions of lncRNAs are closely associated with their cellular location.
lncRNAs are predominantly found in the nucleus and cytoplasm [1], while some lncRNA
transcripts can be localized in exosomes. Recent findings revealed that large quantities
of lncRNAs are exported to the cytoplasm to display their vital regulatory functions in
cytoplasmic processes [19,26,27]. Subcellular localization of lncRNAs is a tightly regulated
process controlled by various factors, such as sequence and structural motifs [28].

Based on their location in the cell, lncRNAs are involved in different molecular pro-
cesses. The nuclear lncRNAs are closely associated with chromatin structures and regulate
gene expression by influencing diverse mechanisms such as transcriptional and epige-
netic regulation of specific genes and pre-mRNA processing [29]. In contrast, cytoplasmic
lncRNAs dominantly control the stability and translation of mRNAs [27]. For instance,
lncRNAs such as MALAT1 and NEAT1 are predominantly found in the nucleus; DANCR
and OIP5-AS1 are found mainly in the cytoplasm; TUG1, CasC7 and HOTAIR have both
nuclear and cytoplasmic distribution [30]. Since the subcellular location determines the
function of lncRNAs, in this section, we aim to highlight the regulatory functions of
lncRNAs depending on their subcellular locations.

3.1. Cytoplasmic LncRNAs

Cytoplasmic lncRNAs control a wide range of cellular processes by interacting with
miRNAs, mRNAs and proteins. They can reciprocally interact with miRNAs and affect the
functions of miRNAs in various ways. lncRNAs can function as competing endogenous
RNAs (ceRNA) to bind miRNAs and block miRNA-mRNA interactions. For instance,
BACE1 (beta-secretase-1) mRNA expression has been shown to be inhibited by miR-485-
5p [31]. BACE1-antisense lncRNA and miR-485-5p compete for the same binding site in
the ORF of the BACE1 mRNA and BACE1-antisense lncRNA prevents the mRNA-miRNA
interaction [31]. In the second mechanism of lncRNA-miRNA interaction, lncRNAs can act
as miRNA sponges or decoys and attract miRNAs, competitively sequestering miRNAs
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away from the target mRNAs [32]. For instance, lncRNA GAS5 (Growth arrest-specific
5), a tumor suppressor, functions as a sponge by sequestering and decreasing oncogenic
effects of miR-21 and inhibits the proliferation of cancer cells and induces apoptotic cell
death [33,34]. Similarly, lncRNA TRPM2-AS acts as a sponge or a competitive endogenous
RNA for tumor-suppressor miR-612 and consequently modulates the derepression of
IGF2BP1 and FOXM1 [35]. Silencing of TRPM2-AS inhibited aggressiveness of tumors in
gastric cancer patients (proliferation, metastasis, radioresistance), while its overexpression
promoted progression of gastric cancer [35].

lncRNAs in cytoplasm are also involved in the modulation of turnover and translation
of some specific mRNAs [27]. lncRNAs can prevent the formation of mRNA-miRNA
complexes as abovementioned, or they can bind to RNA-binding proteins (RBPs) [36,37].
For instance, lncRNA LAST stabilizes mRNA levels of Cyclin D1 (CCND1) oncogene.
lncRNA LAST promotes the binding of CNBP-RBP (CCHC-type zinc finger nucleic acid
binding protein) to CCND1, resulting in increased expression of CCND1 by stabilizing
its mRNA [38]. Morover, lncRNAs modulate protein stability by influencing to enhance
or hinder access to the ubiquitin-dependent proteasomal degradation machinery [27].
A study showed that lncRNA-p21 levels were transcriptionally activated by HIF-1α
(Hypoxia-inducible factor-1α) under hypoxic conditions, then lncRNA-p21 binds to both
HIF-1α and VHL (von Hippel-Lindau) proteins to protect HIF-1α from VHL-mediated
ubiquitination [39]. Furthermore, lncRNAs can promote the proteasomal degradation.
For instance, lnc-β-Catm recruits EZH2 to catalyze K49 methylation of β-catenin which
inhibits phosphorylation and ubiquitination of β-catenin and promotes its stability [40].

3.2. Nuclear LncRNAs

Some of the lncRNAs are located in the nucleus to regulate gene expression by modu-
lating chromatin organization, RNA processing and transcription [41–45]. The modulatory
roles of lncRNAs on gene expression can be either cis- or trans-acting [41] and could
negatively or positively affect the expression of target gene.

4. Acting Mechanisms of LncRNAs in the Regulation of Translation

4.1. Overview of Protein Translation Process

Protein translation is a highly complex process, comprising three steps (initiation,
elongation, translation) and each step requires dynamic and efficient interactions between
a great number of proteins, RNAs and ribosome.

The initiation process consists of two main steps. The first step involves the formation
of the pre-initiation complex, and the second step is the assembling of this complex to
the large subunit of the ribosome [46]. The initiation step begins with the formation of
a ternary complex (eIF2-GTP-Met-tRNA), then the complex binds to small subunit (40S)
of ribosome and assembles a pre-initiation complex by binding to other initiation factors
(eIF1, eIF1A, eIF3, and eIF5) [47,48]. Before the pre-initiation complex directs to the 5′ end
of mRNA, eIF4F complex, which is formed by eIF4E (cap-binding protein), eIF4G (scaffold
protein) and eIF4A (helicase), bind to the 5′ end of mRNA to unwind and activate it [46,49].
The formation of eIF4F complex is maintained by some other initiation factors, eIF4B and
eIF3. The pre-initiation complex then scans the mRNA until it recognizes a start codon [50].
Once the start codon is recognized, eIF5 and eIF5B promote hydrolysis of eIF2-bound GTP,
releasing of eIFs from the complex and joining to the large subunit of the ribosome [51].
Following the initiation step of translation, met-tRNA reaches the P (peptidyl)-site of the
80S ribosome awaiting amino acids for elongation of the peptide chain.

The elongation step of translation requires the recruitment of aminoacyl-tRNA to
the A (aminoacyl)-site of ribosome through GTP-bound eukaryotic elongation factor 1A
(eEF1A). Although there is no base-pairing between tRNA anticodon and A-site codon,
tRNA generates a codon-anticodon helix by remodeling itself [52] and stabilizes the ternary
complex (aa-tRNA-eIF1A-GTP) [53]. Base-pairing interactions between A-site codon and
aa-tRNA anticodon induce hydrolysis of GTP by eEF1A, which is then released from the
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A-site of the ribosome. eEF1A-GDP complex is recycled by eEF1B. Following the transfer
of aa-tRNA to the A-site, a conformational change occurs in the ribosome which facilitates
the formation of peptide bond between the aa-tRNA and the tRNA carrying the Met-tRNA
at the P site. A GTPase (eEF2) binds to the A-site of the ribosome, hydrolyzes GTP and
stimulates a conformational change in the ribosome resulting in movement of the ribosome
one codon further. After the translocation of the ribosome, the A-site becomes empty and
can accept the next aa-tRNAs to start a new cycle of elongation [52].

The last step of protein translation is termination, which begins when a stop codon
(UAA, UGA, or UAG) reaches the A-site of the ribosome. Two types of release factors,
eRF1 and eRF3, are involved in the termination process [54–56]. eRF1 is responsible for
the recognition of stop codon and stimulation of peptide release, while eRF3 binds to
eRF1 and triggers eRF1-mediated peptide release via GTPase activity [56,57]. The ternary
complex (eRF1-eRF3-GTP) then binds to the ribosomal pre-termination complex and eRF3
hydrolyses GTP to release polypeptide [58].

4.2. Regulation of Translational Factors by LncRNAs
4.2.1. Inhibitory Roles of LncRNAs in Translation through Regulation of
Translation Factors

A growing body of evidence demonstrates that lncRNAs can regulate each step
of translation by regulating the expression and the function of translation factors. For
instance, lncRNA GAS5 is involved in the regulation of apoptosis and cell proliferation.
A study performed with lymphoma cells showed that GAS5 interacts with the translation
initiation complex, eIF4F, by directly binding to eIF4E and decreasing the translation of c-
Myc [37]. Similarly, lncRNA RP1-5O6.5 has been shown to interact with eIF4E and prevents
binding of eIF4E to eIF4G, leading to inhibition of translation of p27kip1, which negatively
regulates Snail levels in breast cancer cells [59]. lncRNAs SNHG1 and SNGH4 are capable
of binding to eIF4E and dysregulate the function of eIF4E in mantle cell lymphoma cells [60].
In the other example, lncRNA treRNA has been shown to interact with ribonucleoproteins
(RNPs) (hnRNP K, FXR1, FXR2, PUF60, and SF3B3) and form treRNA-RNP complex which
suppresses the translation efficiency of E-cadherin by binding eIF4G1 [61]. A brain-specific
lncRNA, BC1, has been reported to interact with eIF4A and poly(A)-binding protein (PABP)
and negatively regulate translation process [62,63]. lncRNA GAPLINC is overexpressed
in non-small lung cancer cells and it increases eEF2K expression (a negative regulator of
eEF2) by acting as a sponge for miR-661 [64]. In the other study, lncRNA FOXD1-AS1
was shown to bind to eIF5A, however it did not change the mRNA expression levels,
suggesting that FOXD1-AS1 can involve in the post-translational regulation [65]. Overall,
these studies suggested that lncRNAs can play an important inhibitory roles in mRNA
translation through regulation of translation factors.

4.2.2. LncRNAs Positively Regulate Protein Translation

Some lncRNAs have been reported to positively regulate protein translation. For in-
stance, lncRNA SRA enhanced Wnt/β-catenin signaling pathway by increasing the expres-
sion of eIF4E-binding protein 1 (eIF4E-BP1) and contributed to the aggressive characteristics
of endometrial cancer [66]. Another study showed that lncRNA MCM3AP-AS1 enhances
the expression of eIF4E by acting as a sponge for miR15a, which supresses eIF4E expression
and contributes to doxorubicin resistance in Burkitt lymphoma cells through MCM3AP-
AS1/miR-15a/eIF4E axis [67]. Similarly, lncRNA SNHG12 enhanced the invasion of human
vascular smooth muscle cells by serving as a sponge of miR-766-5p and influencing the
miR-766-5p/eIF5A axis [68]. In the other study, a Y-linked lncRNA, LINC00278, was found
to encode a micropeptide called YY1BM which led to a decrease in the expression of nega-
tive regulator of translation, eEF2K [69]. The functions of lncRNAs on translational factors
are summarized in Table 1.
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Table 1. The list of long non-coding RNAs (lncRNAs) involved in regulation of translational factors [37,59–69].

LncRNA Translation Factor Function Reference

GAS5 Binds to eIF4E and prevents formation of
initiation complex (eIF4F) Decreases translation of c-Myc [37]

RP1-5O6.5 Interacts with eIF4E and prevents binding to
eIF4G

Promotes breast cancer metastasis by
inhibiting translation of p27Kip1 [59]

SNHG1 and
SNGH4 Bind to eIF4E and dysregulate it Enhance translation and contribute

aggressiveness of lymphoma cells [60]

treRNA
Promotes the formation of a treRNA-associated

protein (treRNP) complex and suppresses
translation by binding to eEIF4G1

treRNP complex reduces translation
efficiency of E-cadherin and decreases

tumor metastasis
[61]

BC1 Interacts with eIF4A and poly(A)-binding
protein (PABP) Represses translation [62,63]

GAPLINC Positively regulates eEF2K expression by
sponging miR-661

Promotes tumorigenesis of non-small
cell lung cancer cells [64]

SRA Binds and increases the expression of
eIF4E-binding protein 1 (eIF4E-BP1)

Increases the activity of Wnt/
β-catenin signaling and promotes

aggressive characteristics of
endometrial cancer

[66]

MCM3AP-AS1 Positively regulates the expression of eIF4E by
using miR15a as a sponge

Promotes translation and contributes
doxorubicin resistance [67]

SNGH12 Binds to miR-766-5p, which is a negative
regulator of eIF5A

Targets miR-766-5p/eIF5A axis and
enhances invasion of vascular smooth

muscle cells
[68]

LNC00278 Decreases eEF2K expression Micropeptide of lncRNA, YY1BM,
represses the eEF2K/eEF2 axis [69]

4.3. LncRNAs Involved in Signaling Pathways Regulating Protein Translation

The PI3K/AKT/mTOR is one of the major signaling pathways known to regulate vital
cellular processes including cell proliferation, growth, survival, metabolism and protein
translation. The role of PI3K/AKT/mTOR and MAPK pathways in the regulation of
translational machinery are well documented and they are frequently overactivated in
most types of cancer [70]. Both pathways involve the mechanistic target of rapamycin
(mTOR) to regulate a variety of components of the translational machinery in homeostasis,
their dysregulation results in aberrant translation which is often detected in diabetes,
neurological disorders, and cancer [71–74]. The MAPK family consists of a serine/threonine
kinases, that includes ERKs, JNKs and p38/SAPKs [75]. Especially the MAPK/ERK
signaling pathway is amongst the most well-studied, signaling and dysregulating one-
third of all human cancers [76].

PI3K/AKT/mTOR pathway regulates cell growth and proliferation by phosphory-
lating two downstream targets which are 4E-BP1 and ribosomal protein S6 kinase (S6Ks).
mTOR complex I (mTORC1) controls translational activation by phosphorylating eIF4E
inhibitor, 4E-BP1, which releases eIF4E to interact with initiation complex (eIF4F) [77].
S6K protein requires sequential phosphorylations at multiple serine/threonine sites and
mTORC1 regulates its activation by phosphorylation. Once S6K is activated, it phos-
phorylates and activates eIF4B, which increases the recruitment of eIF4B to eEF4A and
enhances translation [78]. Besides, S6K and mTORC1 signaling pathways can phosphory-
late EF2-Kinase (EF2K) and decrease its sensitivity to Ca/Calmoduline for its activation [79].
Similarly, eEF2K activity is negatively regulated by MAPKs and their downstream effec-
tors, reducing phosphorylation of eEF2, leading to increased translation by promoting
peptide elongation phase of protein systhesis [80,81]. Considering the significant regu-
latory roles of PI3K/AKT/mTOR and MAPK signaling pathways in protein translation,
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regulation of their activity by lncRNAs indicate that the lncRNAs are involved in control-
ling protein translation through regulation of these key signaling pathways. For instance,
lncRNA UASR1 promotes cell growth and migration of breast cancer cells by regulat-
ing AKT/mTOR pathway [82]. In these cells, active mediators of this pathway such
as p-AKT, p-TSC2, p-4EBP1 and p-p70S6K are increased by overexpression of UASR1.
Thus, UASR1 plays an oncogenic role in breast cancer cells through activation of the
AKT/mTOR signaling pathway. Another lncRNA H19 is overexpressed in colorectal
cancer tissues and it promotes the activity of PI3K/AKT pathway by acting as a ceRNA
and regulating some components of this pathway. H19 regulates various cancer-related
mRNAs (such as (AKT3, CSF1, MET, COL1A1) by competitively sponging various miR-
NAs. Knockdown of H19 reduced protein level of MET, ZEB1, and COL1A1 in vitro [83].
The other study showed that H19 inhibits mTORC1-mediated 4E-BP1 phosphorylation,
but it does not affect the activation of S6K1 [84]. lncRNA CASC9 has been shown to
suppress apoptosis and promote aggressiveness of oral squamous cell carcinoma cells by
activating the AKT/mTOR pathway [85].

In contrast, some lncRNAs might negatively regulate the abovementioned pathways.
For instance, lncRNA FER1L4 suppresses cell proliferation and metastasis through down-
regulating the expressions of PI3K and AKT in lung cancer cells [86]. Overall, lncRNAs
can regulate signaling pathways involved in translational control that is an integral part
of these survival adaptive pathways in normal and cancer cells. Some of these regulatory
lncRNAs and their functions on signaling pathways are summarized in Table 2.

Table 2. lncRNAs in the regulation of signaling pathways and their roles in various cancers [87–96].

LncRNA Target Function Reference

MALAT1 mTOR signaling Improves glucose metabolism to contribute
aggressiveness in hepatocellular carcinoma cells [87]

HOXB-AS3 PI3K/AKT signaling Increases proliferation, migration, and invasion of lung
cancer cells [88]

AK023391 PI3K/AKT signaling Promotes tumorigenesis and invasion of gastric cancer [89]

LOC101928316 PI3K/AKT/mTOR signaling Inhibits cell proliferation, invasion and tumorigenesis of
gastric cancer cells [90]

UCA1 PI3K/AKT signaling Promotes cell proliferation and inhibits apoptosis in
retinoblastoma cells [91]

OECC PI3K/AKT/mTOR signaling Increases proliferation, migration and invasion of lung
cancer cells [92]

GAS5 PTEN/PI3K/AKT signaling
Suppresses proliferation and invasion of osteosarcoma

cells and promotes PTEN expression by sponging
miR-23a-3p

[93]

LINC01503 MAPK/ERK signaling Increases proliferation and tumor forming-ability of
hepatocellular carcinoma cells [94]

ST8SIA6-AS1 p38 MAPK signaling Promotes proliferation, migration and invasion of breast
cancer cells [95]

FENDRR p38 MAPK signaling Inhibits cell proliferation and induces apoptosis in
hepatocellular carcinoma cells [96]

4.4. LncRNAs in Cancer
4.4.1. LncRNAs Can Contribute Hallmarks of Cancer

Deregulation of mRNA translation is commonly observed in malignant cells and is
considered as a critical factor contributing to cancer initiation, tumorigenesis, and pro-
gression. Because lncRNAs play critical roles in the regulation of a wide range of cellular
processes, their dysregulation is associated with cell proliferation, survival, tumorigenesis
and progression of various cancers, and aberrant expression of lncRNAs can contribute
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to the hallmarks of cancer. Reprograming of the translation machinery in cancer cells
is important function of the key oncogenic signalings, promoting cellular transforma-
tion. Increased activity of translational machinery has been shown to be critical in many
cancer cells, including breast [97], pancreatic [98], liver [99], and colorectal cancer [100],
and leukemia [101]. Thus, lncRNA-mediated regulation of protein translation plays an
important role in promoting oncogenic signaling, and specific targeting of these lncRNAs
holds promise for developing highly targeted therapies in cancer and other human dis-
eases. Figure 1 illustrates some of the lncRNAs that are involved in tumorigenesis and
cancer progression.

SNHG7 [102], XIST [103], H19 [104], 
PVT1 [105], GACAT3 [106], NEAT1[107],
CCAT1 [108], HOTTIP [109], GAS5 [110],
EPEL [111], ANRIL [112], MALAT1 [113],
LUCAT1 [114], DANCR [115]

treRNA [61], MaTAR25 [127], H19 [128], 
BCAR4 [129], AFAP1-AS1 [130],
BX111 [131], DANCR [132], UCA1 [133],
PVT1 [134], MALAT1 [135], HOTAIR [136],
CCAT2 [137]

MALAT1 [138], HOTAIR [139], MVIH [140],
LINC01410 [141], TUG1 [142], PVT1 [143],
DANCR [144], UCA1 [145], H19 [146], 
FAM225A [147]

HOTAIR [116], ROR [117], MRUL [118],
CCAT1 [119], HIF1A-AS2 [120], H19 [121],
MALAT1 [122], ANRIL [123], XIST [124],
HCP5 [125], SNHG14 [126]

Figure 1. Some lncRNAs are identified to be involved in aggressive characteristics of some common
types of cancers [61,102–147].

4.4.2. The Functions of LncRNAs in Regulating Translation of Cancer-Related Proteins

As mentioned above, various lncRNAs are involved in the regulation of hallmarks of
cancer, suggesting that they have potential regulatory roles in cancer-related protein tranla-
tion. Since we have already summarized the roles of some lncRNAs on PI3K/AKT/mTOR
and MAPK pathways in Table 2, here we briefly focus on the interaction between lncRNAs
and translation, promoting the aggressive tumor characteristics.

An example of a lncRNA that is well-known to be associated with cancer is MALAT1.
MALAT1 was shown to upregulate the expression of glycolytic genes which contributes
the aggressive characteristics of hepatocellular carcinoma cells. MALAT1 regulated the
glucose metabolism of hepatocellular carcinoma cells by enhancing translation of metabolic
transcription factor TCF7L2 through mTORC1–4EBP1 axis [87]. lncRNA NEAT1 repre-
sents another example of lncRNAs that contribute to the aggressiveness of non-small
cell lung cancer by enhancing eIF4G2 via miR-582-5p sponging effects [148]. Similarly,
lncRNA RP11-284P20.2 enhanced c-met mRNA translation by recruiting eIF3b to c-met
and thus promoted proliferation and invasion of hepatocellular carcinoma cells [149].
In prostate cancer, lncRNA UCA1 levels were found to be positively correlated with eIF4G1
levels. UCA1 enhances eIF4G1 levels via sponging miR-331-3p, while knockingdown of
UCA1 sensitizes prostate cancer cells to radiotherapy by suppressing eIF4G1 expression
via miR-331-3p/eIF4G1 axis [150]. In another study, lncRNA GAPLINC increased the
eEF2K expression by serving as a sponge for miR-661, thereby promoted proliferation and
progression of non-small cell lung cancer [64].

lncRNAs can also regulate translation process by interacting with the ribosome or
ribosome-related proteins. For example, lncRNA ZFAS1 was shown to interact with a
small 40S subunit of the ribosome in breast cancer cells. The study showed that ZFAS1
did not regulate translation process directly. Instead, the lncRNA was increased during
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the ribosome biogenesis indicating its role in regulating the ribosome production and
assembly [151]. In neuroblastoma cells, it was shown that lncNB1 enhanced E2F1 protein
synthesis and N-Myc stability by binding the ribosomal protein RPL35 [152].

Overall, an emerging body of evidence suggests that lncRNAs play important roles in
the regulation of protein translation process. They can enhance or suppress translation via
several mechanisms, including through interacting with the ribosome-associated proteins,
sponging miRNAs, and competing with endogenous RNAs. Their mechanisms of action
and some examples are summarized in Figure 2.

BACE1-AS competes with miR485-5p for the binding site of BACE1 

mRNA [31]

GAS5 acts as a ceRNA for miR-21 [153]

GAS5 acts as a molecular sponge for miR-21[34]

TRPM2-AS functions as a sponge for tumor suppressor miR-612[35]

MCM3AP-AS1 enhances eIF4E expression by miR-15a sponging[67]

SNHG12 acts as a sponge for miR-766-5p to promote eIF5A expression[68]

LAST promotes the binding of CNBP-RBP to Cyclin D1 [38]

ZFAS1 interacts with 40S subunit of ribosome [151]

UASR1 regulates AKT/mTOR pathway [82]

H19 inhibits mTORC1-mediated 4E-BP1 phosphorylation [84]

CASC9 activates AKT/mTOR pathway [85] 

FER1L4 downregulates PI3K and AKT expressions [86]

MALAT1 activates mTORC1-4EBP1 axis [87]

NEAT1 enhances eIF4G2 via miR-582-5p sponging [148]

GAPLINC increases eEF2K expression via miR-661 sponging[64]

Figure 2. The mechanisms of action of lncRNAs on the regulation of cancer-related protein translation [31,34,35,38,64,67,68,
82,84–87,148,151,153].

5. Conclusions

Advances in high throughput technologies resulted in the identification of a large
number of lncRNAs. Although thousands of lncRNAs have been identified in the genomes
of higher eukaryotes, our understanding of the mechanisms by which lncRNAs exert their
precise function for most of them remains unknown. Elucidating the function of these
lncRNAs is expected to provide deeper insight into the molecular mechanisms regarding
their function in human diseases, including cancer and the interaction of lncRNAs with
other molecules may help to design novel strategies. Accumulating evidence indicates
that lncRNAs display pivotal roles in the regulation of almost every cellular process by
binding to the target proteins, mRNAs, miRNA, and/or DNAs, indicating the complicated
roles of lncRNAs. Recent findings revealed that lncRNAs can play important roles in the
pathogenesis of human cancers, contributing to tumor growth and progression. Thefore,
a better understanding of the role of lncRNAs is needed to elucidate the missing links in
the molecular mechanims involved in human diseases, including cancer.
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Abstract: mRNA stability influences gene expression and translation in almost all living organisms,
and the levels of mRNA molecules in the cell are determined by a balance between production
and decay. Maintaining an accurate balance is crucial for the correct function of a wide variety of
biological processes and to maintain an appropriate cellular homeostasis. Long non-coding RNAs
(lncRNAs) have been shown to participate in the regulation of gene expression through different
molecular mechanisms, including mRNA stabilization. In this review we provide an overview on the
molecular mechanisms by which lncRNAs modulate mRNA stability and decay. We focus on how
lncRNAs interact with RNA binding proteins and microRNAs to avoid mRNA degradation, and also
on how lncRNAs modulate epitranscriptomic marks that directly impact on mRNA stability.

Keywords: long non-coding RNA; mRNA stability; RNA binding protein; microRNA;
gene expression

1. Introduction

Gene expression and translation is influenced by messenger RNA (mRNA) stability
in almost all living organisms. mRNA from bacterial cells can last from seconds to more
than one hour, but on average it stays functional between 1 and 3 min [1,2]. Conversely,
the lifetime of mammalian mRNA ranges from a couple of minutes to even days, making
eukaryotic mRNA more stable than bacterial mRNA. However, from bacteria to mammals,
mRNA lifetime needs to be finely regulated in order to enable correct cell homeostasis [1].
The control of the abundance of a particular mRNA fluctuates to adapt to environmental
changes, cell growth, differentiation, or to adjust to an unfamiliar situation [3,4]. In this
line, the regulation of mRNA stability is essential for tissues and organs exposed to stress
signals, such as starvation, infection, inflammation, toxins, or tissue invasion by immune
cells [5,6].

The levels of mRNA molecules in the cell are determined by a balance between
production and decay [7,8]. Maintaining an accurate balance is crucial for the correct
function of a wide variety of biological processes and for the maintenance of an appropriate
cellular homeostasis. Many variables such as primary and secondary structure, translation
rate and location, among others, influence mRNA stability [5,9,10], and thus minor changes
in the structure or the sequence of mRNA molecules might directly influence their half-life.

Eukaryotic mRNAs are transcribed in the nucleus, they are capped (7-methylguanosine
cap in 5′end), spliced, polyadenylated (poly(A) tail in 3′end), and lastly, mature mRNAs
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are exported to the cytoplasm where they are translated into the corresponding polypep-
tides [1]. Once in the cytoplasm, the 5′cap and the 3′tail serve to attract specific protein
complexes that regulate mRNA stability, via protecting mRNA molecules from the attack
of ribonucleases and decapping enzymes [1,9,11].

In the last few years, significant progress has been made towards the understand-
ing of mRNA degradation and stability. In general, the decay of mRNA molecules in
eukaryotic cells starts with the deadenylation and/or decapping of the mature mRNA,
followed by degradation carried out by exonucleases [12–15]. However, the regulation of
mRNA stability depends largely on how a three step process (deadenylation, decapping,
and degradation) is modulated by regulatory factors, and thus these factors should be taken
into account when analyzing the regulation of mRNA stability. Indeed, several studies
have pointed out the key role of RNA-binding proteins and miRNAs in the regulation
of this process [7,9,16,17]. In addition, long non-coding RNAs (lncRNAs) are emerging
as prominent regulators of mRNA stability and decay [3,4,18–21]. LncRNAs are RNA
molecules without protein coding potential with lengths exceeding 200 nucleotides [22].
They play important roles in biological processes such as chromatin remodeling, transcrip-
tional activation and interference, RNA processing, and mRNA translation [23]. Regarding
their mechanisms of action, different models have been proposed, including functioning
as signal, decoy, scaffold, guide, and enhancer RNAs [24]. Importantly, the expression of
lncRNAs occurs in a cell-, tissue-, and species-specific manner, and accumulating evidence
suggests that different splice variants of individual lncRNAs are also expressed in a cell-,
tissue-, and species-specific way [25].

In this review we provide an overview of the main molecular mechanisms by which
lncRNAs modulate mRNA stability and gene expression (Figure 1). A detailed descrip-
tion of how lncRNAs interact with target mRNAs, RNA binding proteins or miRNAs to
avoid mRNA degradation is provided and a brief explanation on how lncRNAs modulate
epitranscriptomic changes to impact on mRNA stability is also described.

Figure 1. Mechanisms of action of lncRNA-mediated mRNA stability regulation. LncRNAs can
modulate mRNA stability through different mechanisms: (A) Direct interaction with miRNA or RBP
binding sites in target mRNA; (B) Sequestration of miRNAs or RBPs to avoid their interaction with
mRNA molecules; (C) Acting as scaffolds to enhance RBP-mRNA interactions; (D) Interaction with
m6A machinery to modulate m6A levels of target mRNAs.
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2. LncRNAs Affecting mRNA Stability via miRNA Blockage

Recent several studies have been focused on the analysis of the cross-talk between
non-coding and coding RNAs to characterize the implication of these interactions in several
processes that include chromatin remodeling, mRNA and protein stability, transcription,
and mRNA turnover [26]. Accumulating evidence has demonstrated that microRNAs (miR-
NAs), which are non-coding RNA molecules of around 22 nucleotides, and long non-coding
RNAs, which are longer than 200 nucleotides, interact to regulate their own expression
and the expression of mRNAs through several molecular mechanisms [27–30]. MicroRNAs
can silence cytoplasmic mRNAs by triggering an endonuclease cleavage, by promoting
translation repression or by accelerating mRNA deadenylation and decapping [31,32].
Thus, miRNA blocking by lncRNAs can directly inhibit these processes, promoting mRNA
stabilization and inducing gene expression.

In this section, we will provide an overview of lncRNAs that prevent interaction of
miRNAs with target mRNAs to protect them from miRNA-driven degradation. These lncR-
NAs are referred to as competitive endogenous RNAs (ceRNAs), decoys or sponges [33].
LncRNAs can act as ceRNAs by two different mechanisms. On the one hand, they are able
to sequester miRNAs, avoiding their binding to target mRNAs, and on the other hand,
they can directly interact with target mRNA transcripts to block miRNA binding sites in
mRNA molecules. In this case, lncRNAs and miRNAs share common binding sites in the
target mRNA. The interactions between miRNAs and ceRNAs are crucial for the regulation
of several basal biological processes but have also been described to participate in different
pathogenic conditions.

Most lncRNAs that block miRNA activity to enhance mRNA stability are transcribed
from the opposite DNA strand to their paired (sometimes complementary) sense protein
coding genes and are known as natural antisense transcripts (NATs). Even though there are
some examples of NATs that code for proteins, such as Wrap53 [34] and DHPS [35], NATs
usually lack protein coding potential [36] and are generally classified as lncRNAs [37].
NATs can alter their paired sense gene expression by exerting their effect at different levels,
including transcription, mRNA processing, splicing, stability and translation [36,38–41].
Regarding the mechanisms by which NATs alter mRNA stability, the “Recycling hypothesis”
suggests that reversible RNA duplex formation might trigger conformational changes
in mRNA molecules, hindering the accessibility to RNA binding proteins (RBPs), both
stabilizing and destabilizing RBPs, and miRNAs [37].

The best characterized NAT is probably the lncRNA BACE1 antisense RNA (BACE1-
AS). This lncRNA is partially antisense to BACE1, a gene encoding the β-site amyloid
precursor protein cleaving enzyme 1, which plays a crucial role in the pathophysiology
of Alzheimer’s disease [42]. Interestingly, it has been shown that lncRNA BACE1-AS
is markedly up-regulated in brain samples from patients with Alzheimer’s disease and
promotes the stability of the BACE1 transcript [43]. The lncRNA BACE1-AS regulates the
expression of its sense partner through a synergistic mechanism that includes prevention
of miRNA-induced mRNA decay and translational repression. Specifically, miR-485-5p and
BACE1-AS share a common binding site in the sixth exon of BACE1 mRNA transcript, and
thus binding of BACE1-AS to this site avoids the interaction of miR-485-5p, hindering the
translational repression and destabilization of BACE1 mRNA by miR-485-5p, and eventually
elevating BACE1 levels [43].

Similar to BACE1-AS, PTB antisense RNA (PTB-AS) also modulates its sense mRNA
stability by masking miRNA binding sites [44]. PTB-AS binds to the 3′ untranslated region
(UTR) of PTBP1, a RBP that promotes gliomagenesis [45], and prevents miR-9 binding,
a neural-specific miRNA known to target the 3′ UTR of PTBP1 for degradation [46].

In addition, a lncRNA named FGFR3 antisense transcript 1 (FGFR3-AS1) which is
antisense to FGFR3 gene, was shown to be upregulated in an expression analysis performed
in tumorigenic tissue from patients with osteosarcoma, when compared to non-cancerous
tissue [30]. Bioinformatic analysis indicated that FGFR3-AS1 and FGFR3 formed a “tail-
to-tail” fully complementarity pairing pattern composed of 1053 nucleotides, suggesting
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a potential regulatory effect of FGFR3-AS1 in the expression of the FGFR3 gene. In silico
results were confirmed by RNA protection assays that showed that the non-overlapping
part of FGFR3 mRNA was totally digested, but the overlapping 3′UTR of FGFR3 mRNA was
protected from RNase digestion. Moreover, the authors showed that this antisense pairing
between FGFR3-AS1 and FGFR3 mRNA upregulated FGFR3 expression by increasing
FGFR3 mRNA stability. Interestingly, many miRNAs have been reported to bind to the
3′UTR of FGFR3, inducing FGFR3 mRNA degradation [47]. Thus, the antisense pairing
between FGFR3-AS1 and the 3′UTR of FGFR3 might block potential miRNA binding
sites, protecting FGFR3 from miRNA-induced degradation and/or translation inhibition.
However, whether FGFR3-AS1-driven FGFR3 mRNA stabilization occurs through this
mechanism remains to be clarified.

Paxillin antisense RNA 1 (PXN-AS1), a lncRNA overlapping PXN mRNA, was identi-
fied after discovering alternative splicing events on a transcriptome sequencing analysis
of a hepatocellular carcinoma (HCC) cell line with stable deletion of Muscleblind-like-3
(MBNL3), an oncofetal splicing factor. Two main transcripts were identified: lncRNA
PXN-AS1-L (containing exon 4) and lncRNA PXN-AS1-S (lacking exon 4). Both, PXN-
AS1-L and PXN-AS1-S, were preferentially expressed in the cytoplasm, but had different
regulatory effects on the expression of the PXN transcript. While PXN-AS1-L upregulated
PXN protein, PXN-AS1-S downregulated it. Interestingly, PXN-AS1-L upregulated PXN
mRNA by preventing miRNA-24-AGO2 complex binding to the 3′UTR of PXN mRNA [48].

The lncRNA Sirt1 antisense (Sirt1-AS) is transcribed from the Sirt1 antisense strand
and has been shown to interact with Sirt1 mRNA, forming an RNA duplex that increases
stability of its paired transcript, prolonging its half-life up to 10 h and eventually aug-
menting SIRT1 protein expression [49]. Using luciferase assay experiments it was shown
that Sirt1-AS lncRNA interacted with the 3′UTR of the Sirt1 mRNA transcript. This in-
teraction masked miR-3a binding sites, avoiding miR-3a-driven Sirt1 mRNA degradation.
Interestingly, SIRT1 is a NAD-dependent class III protein deacetylase, which regulates
the balance between myoblast proliferation and differentiation, and plays a crucial role in
muscle formation [50]. Thus, lncRNA Sirt1-AS might participate in myogenesis by blocking
miR-34a binding to Sirt1 mRNA which turns in increased SIRT1 protein and increased
myoblast proliferation.

Similar to Sirt1-AS, a lncRNA named Urothelial Cancer Associated 1 (UCA1) has been
shown to regulate mRNA stabilization through directly binding to 3′UTRs of target mRNAs
to protect them from miRNA-mediated degradation [51].

Other mechanisms by which lncRNAs block the effect of miRNAs on mRNA degrada-
tion are the ones described in the “Competing endogenous RNA” hypothesis, in which
lncRNAs compete with miRNAs or RBPs to bind the same common target sequence in
mRNAs. Some examples of lncRNAs that act as ceRNAs are described in the follow-
ing paragraphs.

In addition to the ability to prevent miRNA-induced degradation by binding to
mRNA transcripts, it has been described that UCA1 can also control mRNA stabilization
and gene expression by sponging miRNAs that negatively regulate gene expression [51].
In this specific case, lncRNA UCA1 was implicated in the progression of colorectal cancer
through its capacity to control a ceRNA network that fostered upregulation of several
genes, including ANLN, BIRC5, IPO7, KIF2A, and KIF23.

OIP5 Antisense RNA 1 (OIP5-AS1) is the mammalian homolog of Cyrano gene in
zebrafish and it is important for controlling neurogenesis during development [52]. It is
located upstream of the OIP5 sense gene, but they do not overlap. It is known to act as
a ceRNA for miR-143-3p in cervical cancer (CC) cells, sustaining the expression of miR-
143-3p-targets, ITGA6 [53] and SMAD3 [54], and promoting proliferation, migration and
invasion of CC cells [53,54].

Another lncRNA acting as a ceRNA that affects mRNA stability is MACC1 Antisense
RNA 1 (MACC1-AS1), an intronic antisense lncRNA located between the fourth and fifth
exon of MACC1, a transcriptional regulator of epithelial-mesenchymal transition (EMT) [55]
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that enhances gastric tumor progression [56]. It shares binding sites for miR-384 and miR-
145-3p within PTN and c-Myc transcripts respectively, which are two well-known oncogenic
genes [57]. Similar to lncRNA OIP5-AS1, MACC1-AS1 has the capacity to sequester miR-384
and miR-145-3p, sustaining the stability of PTN and c-Myc mRNAs, and promoting cell
proliferation and tumorigenesis.

Other lncRNA that also acts as a miRNA sponge is lncRNA PTENP1pg1 [58]. PTENpg1
controls the expression of the tumor suppressor gene PTEN, and thus, plays a crucial role
in tumorigenesis processes. Interestingly, antisense to this PTENP1pg1, there is another
lncRNA named PTENP1pg1-AS, which has two isoforms, alpha and beta. While the
alpha isoform functions in trans and epigenetically modulates PTEN transcription by the
recruitment of DNMT3a and EZH2, the beta isoform interacts with PTENpg1 through an
RNA:RNA pairing interaction, affecting PTEN protein output via changes of PTENpg1
stability and microRNA sponge activity.

It is also worth mentioning the lncRNA uc.173 that inhibits miRNA function through
a molecular mechanism that implies posttranscriptional reduction of a pri-miRNA. This
lncRNA is transcribed from an ultraconserved region (UCR) in human chromosome 3.
UCRs represent conserved sequences of the human genome that are likely to be functional
but do not have coding potential [59]. RNA molecules transcribed from UCRs originate
from genomic regions located in both intra- and intergenic regions with almost perfect
evolutionary conservation in most of the mammalian genomes, suggesting that may have a
key function in cell physiology and pathogenic processes [59]. Indeed, lncRNA uc.173 has
been described to be implicated in intestinal mucosal cell growth and renewal [60]. This
lncRNA, which is highly expressed in intestinal mucosa, stimulates intestinal epithelial
cell renewal by downregulating miRNA195 expression through posttranscriptional reduc-
tion of pri-miR-195. Although the precise molecular mechanisms by which this lncRNA
destabilizes the pri-miR-195 transcript are unknown, it seems that the process is achieved
through a direct lncRNA-mRNA interaction that enhances the degradation of pri-miR-195
transcript. Downregulation of miRNA195 by lncRNA uc.173 results in upregulation of
genes implicated in intestinal epithelium growth [60].

Finally, another interesting example is the tumor-promoting lncRNA ncNRFR (non-
coding Nras functional RNA). This lncRNA contains a 22-nucleotide sequence that is identical
to miRNA let-7a and differs from other miRNAs (let-7b, let-7c, let-7d, let-7e, let-7f, let-7g,
let-7i, and miR-98) in only 1–4 nucleotides [61]. Overexpression of ncNRFR in a cell line of
colon epithelial cells increased the activity of a heterologous reporter bearing a miRNA
let-7 target site, suggesting that ncNRFR lowered miRNA let-7 function. The miRNA let-7 is
a tumor suppressor that inhibits the expression of several oncogenes, and thus tumorigenic
function of ncNRFR might be linked to its ability to suppress the action of miRNA let-7
upon endogenous target mRNAs. The molecular mechanisms by which ncNRFR blocks
let-7 remain to be clarified, although taking into account the high homology in the sequence
of these two ncRNAs, it is plausible to think that ncNRFR might directly compete with let-7
to bind target mRNA transcripts and inhibit let-7-mediated mRNA degradation.

In summary, during the last few years it has become apparent that there is a significant
crosstalk between miRNAs and lncRNAs in the regulation of gene expression. Indeed,
various ceRNAs have already been identified and their capacity either to sequester miRNAs
or to block miRNA binding to target mRNAs has been widely described. Sequestration
or blocking of miRNAs by lncRNAs implies a reduced interaction of the miRNAs with
their target mRNAs, which eventually turns into increased mRNA stability and expres-
sion. Although this field of research has just started to emerge, future studies analyzing
the interaction between these two non-coding molecules will explain many of the “un-
knowns” that still linger regarding the regulation of gene expression, both in basal and
pathogenic conditions.
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3. Interaction between lncRNAs and RBPs in mRNA Stabilization

It is well established that AU-rich elements (AREs) [62] and GU-rich elements
(GREs) [63] are distinct sequence elements in the 3′-UTR of mRNAs. These regions are
among the most common determinants of RNA stability in mammalian cells by which
various RNA binding proteins (RBPs), including both stabilizing and destabilizing factors
bind to, thereby modulating mRNA stability and/or translational efficiency [64]. There
exist hundreds of different RBPs with a diverse number of functions through distinct RNA
binding domains to which proteins bind and affect RNA fate [65].

A wide variety of research works have shown how RBPs directly bind to mRNA to
accelerate mRNA decay or affect translation (increasing or blocking the processes) [64,66].
Interestingly, more and more lncRNAs are being described to also bind RBPs [67–69].
One of the best studied lncRNAs, Xist, can form ribonucleoprotein complexes (RNPs) in the
nucleus to affect target gene transcription regulation [70]. It has been shown that lncRNAs
can also be cytoplasmic and bind RBPs to affect other mRNA metabolism processes such
as mRNA stability and turnover [71–73]. Depending on which factors interact with a given
lncRNA, this could increase or decrease the targeted mRNA.

In some cases, lncRNAs bind to mRNA transcripts and help to recruit RBPs (stabilizing
or destabilizing) affecting mRNA levels. For example, the LncRNA-assisted stabilization
of transcripts (LAST) can stabilize CCND1 mRNA through protection against nuclease
activity by promoting the interaction between the RBP named CNBP and the 5′UTR of
CCND1 mRNA [74]. In other cases, lncRNAs prevent RBP and target mRNAs interaction
by binding the mRNA transcript. This is the case of the lncRNA Sros1, which blocks the
binding of Stat1 mRNA to the RBP CAPRIN1, stabilizing the Stat1 mRNA [75], and of
lncRNA 7SL, which interacts with the 3′UTR of TP53 mRNA, thereby preventing HuR
binding and repressing TP53 translation [76].

Another example is PDCD4 Antisense RNA 1 (PDCD4-AS1), a NAT affecting stability
of PDCD4, which is a tumor suppressor coding gene implicated in breast cancer (BC) [77].
In a study by Jadaliha et al. [78], overlapping regions between PDCD4-AS1 and PDCD4
were reported. Thus, PDCD4-AS1 and PDCD4 mRNA were found to form an RNA duplex,
inducing an increase in PDCD4 mRNA stability. In this case, RNA duplex formation
prevented the interaction between PDCD4 mRNA and HuR [79]. Although HuR usually
acts as a stabilizing protein, it has been shown that HuR can form a complex with KSRP
to destabilize mRNA molecules and induce a significant reduction in specific protein
levels [79].

It is also possible that lncRNA-RBPs interactions influence downstream target mRNA.
In turn, LINC00324 [80], TRPM2 Antisense RNA (TRPM2-AS) [81], lncRNA MY [82], lncRNA
MEG3 [83], lncRNA Gadd7 [84], lncRNA FIRRE [85], or lncRNA H19 [86] among others, can
bind different RBPs (both stabilizing and destabilizing), and thus affect target mRNA decay.

There are also lncRNA-RBP interactions that would indirectly affect mRNA. There
are some lncRNAs that modulate RBP activity and hence, will affect downstream mRNA
levels. LncRNA NORAD has been described to sequester PUMILIO proteins, which are key
regulators for many mRNA stability and translation processes. Thus, NORAD-PUMILIO
interaction represses mRNA stability and translation of target mRNAs [87]. LncRNAs
OCC1 and OIP5-AS1 have also been described to bind HuR (a RBP that binds to thousands
of mRNAs). While OCC1 enhances HuR degradation [88], OIP5-AS1 functions as a sponge
for HuR and prevents binding to its targets [89]. In the case of treRNA1, this lncRNA
downregulates the expression of E-cadherin by suppressing the translation of its mRNA.
TreRNA1 forms an RNP complex that, in turn, binds to eIF4G1 (an initiation factor of
protein synthesis) affecting translation of the target mRNA [90].

It is also known that RBPs can influence lncRNA stability, that could also affect lncRNA
function and target mRNAs at different levels. LincRNA-p21 interacts with target CTNNB1
and JUNB mRNAs and inhibits their translation efficiency. However, HuR RBP can inhibit
the expression of lincRNA-p21 by inducing its degradation, which promotes the binding
of HuR to CTNNB1 and JUNB mRNAs enhancing their translation, thus increasing the
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levels of these proteins [91]. The cytoplasmic RBP HuD can also increase the stability of
BACE1-AS to further influence target mRNA stability [92].

However, lncRNAs can also reduce mRNA stability, making transcripts prone to
degradation. One mechanism by which this happens is the Staufen 1 mediated decay.
Staufen 1 (STAU1) protein binds the 3′UTR that contain duplex RNA structures to mediate
mRNA decay and regulate gene expression [93]. LncRNAs have been found to form STAU1
binding sites by interacting with the 3′UTR of coding genes, thus downregulating their
expression [94]. TINCR lncRNA was first found to bind STAU1 protein in the context of
epidermal differentiation [95]. Further studies performed in gastric cancer, confirmed the
binding of TINCR to STAU1 protein and found that this interaction induced the STAU1
mediated decay of KLF2 mRNA. KLF2, which induces apoptosis, was described to be
reduced in the cancer tissues, opposite to what happens to TINCR. Thus, interaction of
TINCR lncRNA with STAU1 in cancer cells induces the degradation of KLF2, preventing
apoptosis and contributing to the oncogenic potential of gastric carcinoma [96]. Addition-
ally, other mechanisms of lncRNA-mediated mRNA degradation have also been described.
As it is the case of aHIF antisense lncRNA, which overlaps the 3′UTR of HIF1a coding
gene, and has the ability to destabilize HIF1a mRNA, subsequently decreasing HIF-1α
protein expression in response to chronic hypoxia [97]. Rossignol F. et al. hypothesized
that this destabilization occurs via aHIF-mediated exposure of AU rich elements present in
the 3′ UTR of HIF1a mRNA, although the molecular mechanisms by which the mRNA is
degraded have not been described yet [98].

All these RNA-protein complexes rely mostly in RNA secondary and tertiary struc-
tures that allow the direct interaction between molecules. Therefore, impairment of RNA
structure will affect binding and function of the complex, leading to dysregulation of the
related pathways [65,99]. There is growing evidence about disease-associated SNPs affect-
ing lncRNA structure [100,101]. Taking into account that many complex disease-associated
SNPs are enriched within lncRNAs [102], identifying those lncRNAs and how their binding
to RBPs is affected could help find key targets in the associated diseases. One example is
lnc13, which regulates the stability of STAT1 mRNA in pancreatic beta cells [103]. Lnc13
was first discovered in the context of celiac disease, a chronic inflammatory disorder of the
intestine, where it has a stability-unrelated function and it regulates gene expression in
the chromatin [104]. However, Gonzalez-Moro I. et al. recently related lnc13 with other
autoimmune disorder, type 1 diabetes (T1D), as they found that upregulation of lnc13
in pancreatic beta cells induces the activation of the pro-inflammatory STAT1 pathway
promoting the production of downstream inflammatory chemokines. Lnc13 was found
to enhance STAT1 protein levels by stabilizing its mRNA via interaction with the protein
PCBP2 (Poly(rC)-binding protein 2) in the cytoplasm. Viral infections, which have been
proposed as triggering factors for T1D [105], were found to induce lnc13 translocation from
the nucleus to the cytoplasm, enabling the interaction of STAT1 mRNA with PCBP2, which
promotes the signaling events that will ultimately lead to pancreatic beta cell destruction
and T1D development [103].

Finally, the cell specific expression and functions of lncRNAs should be taken into
consideration as this broadens the pathways that can be affected by lncRNA function.
For example, Linc-RoR interacts with both hnRNP I (stabilizing factor) and AUF1 (destabi-
lizing factor), with an opposite consequence in their interaction with c-Myc mRNA [106].
Alternatively, lncRNA Epr changes Cdkn1a gene expression by affecting both its transcrip-
tion and mRNA decay through its association with the transcription factor SMAD3 or the
RBP KHSRP, respectively. KHSRP is predominantly an mRNA decay promoting factor in
epithelial cells and the interaction with Epr blocks its ability to induce decay of Cdkn1a
mRNA [107,108].

All these mechanisms show the importance of studying lncRNA regulatory roles in
mRNA stability and turnover, but also demonstrate the intricate work beyond studies for
lncRNA functional characterization.
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4. LncRNAs, Epitranscriptomic Changes and mRNA Stability

RNA modifications have been recently involved in the regulation of mRNA stability
and it has been stated that the regulation of mRNA stability through RNA modification is
a crucial step for the tight regulation of gene expression [109]. N6-methyladenosine (m6A)
methylation is the most prevalent RNA modification in mRNAs and noncoding RNAs, and
it has been involved in a wide range of RNA metabolic processes, including stability [110].

YTHDF2, an m6A reader protein, has been described to selectively bind to m6A-
containing mRNAs, resulting in the localization of bound mRNAs from the translat-
able pool to cellular mRNA decay sites, such as processing bodies [110]. In contrast to
the mRNA-decay-promoting function of YTHDF2, insulin-like growth factor 2 mRNA-
binding proteins (IGF2BPs) promote the stability and storage of target mRNAs in an
m6A-dependent manner [111]. The opposite role of IGF2BPs versus YTHDF2 imposes an
additional layer of complexity on m6A function. IGF2BPs and YTHDF2 may recognize
different targets or compete for the same m6A sites to fine-tune expression of shared targets
through controlling the balance between mRNA stabilization and decay [111]. On the
other hand, another m6A reader protein, YTHDF1, actively promotes protein synthesis
by interacting with the translation machinery [112]. Altogether, YTHDF2 and IGF2BPs
control the lifetime of target transcripts, whereas YTHDF1-mediated translation promotion
increases translation efficiency.

In this context, there are few works describing lncRNAs influencing m6A-mediated
mRNA stability. GAS5-AS1 interacts with the tumor suppressor GAS5 and increases its
stability by influencing the interaction between GAS5 mRNA and the RNA demethylase
ALKBH5 leading to a decreased GAS5 m6A methylation. Moreover, it was shown that
m6A-mediated GAS5 mRNA degradation relies on YTHDF2-dependent pathway [113].
LINC00470 associates with PTEN mRNA and suppresses its stability through interaction
with the m6A writer METTL3. In addition, LINC00470-METTL3-mediated PTEN mRNA
degradation also relies on YTHDF2 [114]. Lastly, LIN28B-AS1 is able to regulate mRNA
stability of LIN28B by directly interacting with IGF2BP1 but not with LIN28B, as IGF2BP1
affects LIN28B mRNA stabilization [115].

In the context of mRNA-lncRNA interactions, lncRNA LNC942, upregulated in breast
cancer, has been described to interact with the methylase METTL4 driving it to the mRNA
of target genes CXCR4 and CYP1B1. These two genes are involved in breast cancer initiation
and progression, and their methylation augments the stability of the mRNA molecules,
which results on higher protein levels and induction of tumorigenesis [115] probably due
to an increased interaction with IGF2BP and YTHDF1 readers.

5. Concluding Remarks and Future Prospects

Correct tuning of mRNA stability is a crucial process to maintain appropriate home-
ostasis, and thus its dysregulation may lead to the development of several pathologies,
including cancer. Stability of mRNA molecules is tightly regulated by several mechanisms,
including the action of lncRNA molecules. During the last few years, lncRNAs have been
implicated in the modulation of mRNA stability and several mechanisms of action have
been described. On the one hand, they can prevent miRNA- and RBP-binding to target
mRNAs by blocking target binding sites through direct lncRNA-mRNA interaction. On the
other hand, they can sequester miRNAs and RBPs to avoid their interaction with target
mRNAs, or to inhibit RBP-driven posttranscriptional modifications that affect mRNA
stability. Thus, lncRNAs have emerged as crucial regulators of mRNA stability, another
molecular mechanism by which these non-coding molecules participate in the regulation
of gene expression.

Taking into account that lncRNAs play important roles in the regulation of mRNA
stability, the functional characterization of the molecular mechanisms by which these non-
coding molecules participate on mRNA equilibrium maintenance will open the door to the
development of new lncRNA-based strategies to modify mRNA half-life and subsequent
protein expression. Additionally, the functional understanding of lncRNAs that regulate
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mRNA stability in non-mammalian organisms as Drosophila melanogaster or zebrafish,
which are easier to genetically manipulate, will help find human orthologous lncRNAs
important in mRNA biology. As described formerly in this review, lncRNA-driven mRNA
stability changes might impact several biological processes which are important, in both,
health and disease. Thus, a better understanding of how lncRNAs act on mRNA stability
will provide useful information for the development of new therapeutic strategies to treat
and/or cure several diseases in which a dysregulated gene expression pattern is responsible
of their development.

Author Contributions: M.S.-d., I.G.-M., A.O.-G., A.C.-R. and I.S. performed the bibliographic re-
search, wrote, revised, and approved the final version of the manuscript. I.S. is the guarantor of this
work. All authors have read and agreed to the published version of the manuscript.

Funding: LncRNA work in author’s laboratory is supported by European Foundation for the Study
of Diabetes (EFSD)-EFSD/JDRF/Lilly Programme on Type 1 Diabetes Research and the Spanish
Ministry of Science, Innovation and Universities (PID2019-104475GA-I00) to I.S; and Spanish Ministry
of Science, Innovation and Universities (SAF2017-91873-EXP and PGC2018-097573-A-I00) to ACR.
M.S.D. and I.G.M. are supported by a Predoctoral Fellowship Grant from the UPV/EHU (Universidad
del País Vasco/Euskal Herriko Unibertsitatea) and A.O.G. is supported by a Predoctoral Fellowship
Grant from the Education Department of Basque Government.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bicknell, A.A.; Ricci, E.P. When mRNA translation meets decay. Biochem. Soc. Trans. 2017, 45, 339–351. [CrossRef] [PubMed]
2. Laalami, S.; Zig, L.; Putzer, H. Initiation of mRNA decay in bacteria. Cell. Mol. Life Sci. 2014, 71, 1799–1828. [CrossRef] [PubMed]
3. Hombach, S.; Kretz, M. Non-coding RNAs: Classification, biology and functioning. Adv. Exp. Med. Biol. 2016, 937, 3–17.

[PubMed]
4. Yao, R.W.; Wang, Y.; Chen, L.L. Cellular functions of long noncoding RNAs. Nat. Cell Biol. 2019, 21, 542–551. [CrossRef] [PubMed]
5. Ross, J. mRNA Stability in Mammalian Cells. Microbiol. Mol. Biol. Rev. 1995, 59, 423–450. [CrossRef]
6. Pérez-Ortín, J.E.; Alepuz, P.; Chávez, S.; Choder, M. Eukaryotic mRNA decay: Methodologies, pathways, and links to other stages

of gene expression. J. Mol. Biol. 2013, 425, 3750–3775. [CrossRef]
7. Radhakrishnan, A.; Green, R. Connections Underlying Translation and mRNA Stability. J. Mol. Biol. 2016, 428, 3558–3564.

[CrossRef]
8. Nilsen, T.W. Mechanisms of microRNA-mediated gene regulation in animal cells. Trends Genet. 2007, 23, 243–249. [CrossRef]
9. Eulalio, A.; Huntzinger, E.; Nishihara, T.; Rehwinkel, J.; Fauser, M.; Izaurralde, E. Deadenylation is a widespread effect of miRNA

regulation. RNA 2009, 15, 21–32. [CrossRef]
10. Karousis, E.D.; Mühlemann, O. Nonsense-mediated mRNA decay begins where translation ends. Cold Spring Harb. Perspect. Biol.

2019, 11, a032862. [CrossRef]
11. Schoenberg, D.R.; Maquat, L.E. Regulation of cytoplasmic mRNA decay. Nat. Rev. Genet. 2012, 13, 246–259. [CrossRef] [PubMed]
12. Łabno, A.; Tomecki, R.; Dziembowski, A. Cytoplasmic RNA decay pathways—Enzymes and mechanisms. Biochim. Biophys. Acta

Mol. Cell Res. 2016, 1863, 3125–3147. [CrossRef] [PubMed]
13. Garneau, N.L.; Wilusz, J.; Wilusz, C.J. The highways and byways of mRNA decay. Nat. Rev. Mol. Cell Biol. 2007, 8, 113–126.

[CrossRef] [PubMed]
14. Lykke-Andersen, S.; Jensen, T.H. Nonsense-mediated mRNA decay: An intricate machinery that shapes transcriptomes. Nat. Rev.

Mol. Cell Biol. 2015, 16, 665–677. [CrossRef] [PubMed]
15. Moretti, F.; Kaiser, C.; Zdanowicz-Specht, A.; Hentze, M.W. PABP and the poly(A) tail augment microRNA repression by

facilitated miRISC binding. Nat. Struct. Mol. Biol. 2012, 19, 603–608. [CrossRef]
16. Iwakawa, H.O.; Tomari, Y. The Functions of MicroRNAs: mRNA Decay and Translational Repression. Trends Cell Biol. 2015, 25,

651–665. [CrossRef]
17. Yoon, J.H.; Abdelmohsen, K.; Gorospe, M. Posttranscriptional gene regulation by long noncoding RNA. J. Mol. Biol. 2013, 425,

3723–3730. [CrossRef]
18. Grudzien-Nogalska, E.; Kiledjian, M. New insights into decapping enzymes and selective mRNA decay. Wiley Interdiscip. Rev.

RNA. 2017, 8, e1379. [CrossRef]

111



Non-coding RNA 2021, 7, 3

19. Kondo, Y.; Shinjo, K.; Katsushima, K. Long non-coding RNAs as an epigenetic regulator in human cancers. Cancer Sci. 2017, 108,
1927–1933. [CrossRef]

20. Akhade, V.S.; Pal, D.; Kanduri, C. Long Noncoding RNA: Genome organization and mechanism of action. In Advances in
Experimental Medicine and Biology; Springer New York LLC: New York, NY, USA, 2017; Volume 1008, pp. 47–74.

21. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 19, 861–874. [CrossRef]
22. Zhang, X.; Wang, W.; Zhu, W.; Dong, J.; Cheng, Y.; Yin, Z.; Shen, F. Mechanisms and Functions of Long Non-Coding RNAs at

Multiple Regulatory Levels. Int. J. Mol. Sci. 2019, 20, 5573. [CrossRef] [PubMed]
23. Fang, Y.; Fullwood, M.J. Roles, Functions, and Mechanisms of Long Non-coding RNAs in Cancer. Genom. Proteom. Bioinform.

2016, 14, 42–54. [CrossRef] [PubMed]
24. Chowdhury, I.H.; Narra, H.P.; Sahni, A.; Khanipov, K.; Schroeder, C.L.C.; Patel, J.; Fofanov, Y.; Sahni, S.K. Expression Profiling of

Long Noncoding RNA Splice Variants in Human Microvascular Endothelial Cells: Lipopolysaccharide Effects In Vitro. Mediat.
Inflamm. 2017, 2017, 3427461. [CrossRef] [PubMed]

25. Fernandes, J.C.R.; Acuña, S.M.; Aoki, J.I.; Floeter-Winter, L.M.; Muxel, S.M. Long non-coding RNAs in the regulation of gene
expression: Physiology and disease. Non-Coding RNA 2019, 5, 17. [CrossRef]

26. Braconi, C.; Kogure, T.; Valeri, N.; Huang, N.; Nuovo, G.; Costinean, S.; Negrini, M.; Miotto, E.; Croce, C.M.; Patel, T. MicroRNA-
29 can regulate expression of the long non-coding RNA gene MEG3 in hepatocellular cancer. Oncogene 2011, 30, 4750–4756.
[CrossRef]

27. Fan, M.; Li, X.; Jiang, W.; Huang, Y.; Li, J.; Wang, Z. A long non-coding RNA, PTCSC3, as a tumor suppressor and a target of
miRNAs in thyroid cancer cells. Exp. Ther. Med. 2013, 5, 1143–1146. [CrossRef]

28. Liu, C.; Zhang, Y.H.; Deng, Q.; Li, Y.; Huang, T.; Zhou, S.; Cai, Y.D. Cancer-Related Triplets of mRNA-lncRNA-miRNA Revealed
by Integrative Network in Uterine Corpus Endometrial Carcinoma. BioMed Res. Int. 2017, 2017, 3859582. [CrossRef]

29. Sun, J.; Wang, X.; Fu, C.; Wang, X.; Zou, J.; Hua, H.; Bi, Z. Long noncoding RNA FGFR3-AS1 promotes osteosarcoma growth
through regulating its natural antisense transcript FGFR3. Mol. Biol. Rep. 2016, 43, 427–436. [CrossRef]

30. Valencia-Sanchez, M.A.; Liu, J.; Hannon, G.J.; Parker, R. Control of translation and mRNA degradation by miRNAs and siRNAs.
Genes Dev. 2006, 20, 515–524. [CrossRef]

31. Chen, C.Y.; Zheng, D.; Xia, Z.; Shyu, A.B. Ago-TNRC6 triggers microRNA-mediated decay by promoting two deadenylation
steps. Nat. Struct. Mol. Biol. 2009, 16, 1160–1166. [CrossRef]

32. Salmena, L.; Poliseno, L.; Tay, Y.; Kats, L.; Pandolfi, P.P. A ceRNA hypothesis: The rosetta stone of a hidden RNA language? Cell
2011, 146, 353–358. [CrossRef] [PubMed]

33. Mahmoudi, S.; Henriksson, S.; Corcoran, M.; Méndez-Vidal, C.; Wiman, K.G.; Farnebo, M. Wrap53, a Natural p53 Antisense
Transcript Required for p53 Induction upon DNA Damage. Mol. Cell 2009, 33, 462–471. [CrossRef] [PubMed]

34. Su, W.Y.; Li, J.T.; Cui, Y.; Hong, J.; Du, W.; Wang, Y.C.; Lin, Y.W.; Xiong, H.; Wang, J.L.; Kong, X.; et al. Bidirectional regulation
between WDR83 and its natural antisense transcript DHPS in gastric cancer. Cell Res. 2012, 22, 1374–1389. [CrossRef] [PubMed]

35. Katayama, S.; Tomaru, Y.; Kasukawa, T.; Waki, K.; Nakanishi, M.; Nakamura, M.; Nishida, H.; Yap, C.C.; Suzuki, M.; Kawai, J.;
et al. Molecular biology: Antisense transcription in the mammalian transcriptome. Science 2005, 309, 1564–1566. [PubMed]

36. Nishizawa, M.; Ikeya, Y.; Okumura, T.; Kimura, T. Post-transcriptional inducible gene regulation by natural antisense RNA. Front.
Biosci. 2015, 20, 1–36. [CrossRef] [PubMed]

37. Wanowska, E.; Kubiak, M.R.; Rosikiewicz, W.; Makałowska, I.; Szcześniak, M.W. Natural antisense transcripts in diseases: From
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Abstract: Stressful conditions induce the cell to save energy and activate a rescue program mod-
ulated by mammalian target of rapamycin (mTOR). Along with transcriptional and translational
regulation, the cell relies also on post-transcriptional modulation to quickly adapt the translation
of essential proteins. MicroRNAs play an important role in the regulation of protein translation,
and their availability is tightly regulated by RNA competing mechanisms often mediated by long
noncoding RNAs (lncRNAs). In our paper, we simulated the response to growth adverse condi-
tion by bimiralisib, a dual PI3K/mTOR inhibitor, in diffuse large B cell lymphoma cell lines, and
we studied post-transcriptional regulation by the differential analysis of exonic and intronic RNA
expression. In particular, we observed the upregulation of a lncRNA, lncTNK2-2:1, which correlated
with the stabilization of transcripts involved in the regulation of translation and DNA damage after
bimiralisib treatment. We identified miR-21-3p as miRNA likely sponged by lncTNK2-2:1, with
consequent stabilization of the mRNA of p53, which is a master regulator of cell growth in response
to DNA damage.

Keywords: miRNAs; lncRNAs; ceRNAs; translation; post-transcriptional regulation; mTOR pathway

1. Introduction

The transcriptome is tightly regulated at different levels: along with the regulation of
new transcription, RNA molecules can be modulated at the post-transcriptional level, and
noncoding RNAs play a relevant role in this process [1,2]. The most famous mechanism
of post-transcriptional regulation is mediated by microRNAs, which are small noncoding
RNAs that inhibit translation of mRNAs or induce their degradation [3]. In addition, long
noncoding RNAs (lncRNAs) take part in this mechanism. Some of them possess miRNA
responsive elements (MREs) [4] and are known as competing endogenous RNAs (ceRNAs).
Indeed, they can act as an endogenous miRNA decoy, and their expression modulates the
amount of free miRNAs available to bind their targets [5]. Circular RNAs (circRNAs) con-
stitute a subclass of exceptionally stable ceRNA molecules that contain a covalent circular
structure formed by noncanonical 3′ to 5′ end-joining event called back-splicing. circRNAs
are diffuse and sometimes conserved in eukaryotic organisms [6]. High throughput analy-
sis of protein expression, as liquid chromatography mass spectrometry, detects changes in
translation efficiency, but it is expensive and requires specific expertise. Here, we show

Non-coding RNA 2021, 7, 26. https://doi.org/10.3390/ncrna7020026 https://www.mdpi.com/journal/ncrna

117



Non-coding RNA 2021, 7, 26

that also transcriptome profiling can help us to identify post-transcriptional modulations.
RNA-Seq can be used to investigate pre-mRNA dynamics, taking advantage of the in-
tronic sequences that are also acquired although less abundantly than exonic sequences.
Changes in the overall intronic read counts directly measure changes in transcriptional
activity. We can discriminate whether RNA levels are modulated at the transcriptional and
post-transcriptional level applying an exon–intron split analysis (EISA), which compares
intronic and exonic changes across different experimental conditions [7]. Here, we applied
this approach to determine whether post-transcriptional regulation mediated by lncRNAs
might be an additional layer to quickly control protein expression in diffuse large B cell
lymphoma (DLBCL) cells exposed to bimiralisib, a dual PI3K/mTOR inhibitor with proven
preclinical and early clinical anti-lymphoma activity [8,9]. The mTOR pathway regulates
cell growth and proliferation in response to mitogen, nutrient, and energy status and
therefore controls the balance between anabolism and catabolism in response to environ-
mental conditions [10–12]. In addition to various anabolic processes as protein, lipid and
nucleotide synthesis, mTOR also promotes cell growth by suppressing protein catabolism.
mTOR is a downstream mediator of several growth factor and mitogen-dependent signal-
ing pathways but also reacts to intracellular stresses that are incompatible with growth
such as low ATP levels, hypoxia, or DNA damage.

The exposure of DLBCL cell lines to bimiralisib induces important post-translational
and transcriptional changes, affecting genes and proteins involved in the PI3K/AKT/mTOR
pathway, BCR signaling, NF-kB pathway, mRNA processing, apoptosis, cell cycle, Myc
pathway, MAPK/RAS signaling, and glycolysis [8]. Most of the pathways are largely
modulated via both transcription regulation and protein phosphorylation changes [8]. We
hypothesized that post-transcriptional modulation can play a role in the mechanism of
action of bimiralisib also. A fast adaptation to lack of nutrients requires an optimization
of the stability of transcripts that need to be translated into proteins. Here, we describe
how bimiralisib induced a quick stabilization of transcripts needed to cope with amino
acid deficiency and to modulate the translation. This event strongly correlated with the
overexpression of a lncRNA, namely lncTNK2-2:1, which is associated to the increased
stability of transcripts affected by mTOR inhibition and responsible for DNA damage
response. In particular, we validated the stabilization of p53 transcript due to the sponge
effect on miR21-3p mediated by lnc-TNK2-2:1.

2. Results

2.1. Bimiralisib Reduces the Transcription of Genes Coding for Proteasome and
Ribosome Components

We have previously reported that dual PIK3/mTOR pharmacological inhibition using
bimiralisib has in vitro and in vivo anti-tumor activity and that it induces transcriptional
changes in DLBCL cell lines [8]. Here, we have performed total RNA-Seq on RNA extracted
from two DLBCL cell lines, U2932 and TMD8, exposed to DMSO or to bimiralisib for 4, 8, or
12 h. We noticed a general reduction for the most part of transcripts encoding for subunits
of RNA pol I and III, which are responsible of rRNA transcription and of some subunits
of RNA pol II, and of many transcripts encoding for the machinery processing rRNA.
PIK3/mTOR inhibition induced also a downregulation of proteasome components, which
was probably to balance the reduction of protein synthesis due to impaired ribogenesis
(Supplementary Figure S1 and Table S1).

2.2. Post-Transcriptional Regulation of Many Transcripts Encoding for Riboproteins and
Translation Regulators Is an Early Event after Dual PIK3/mTOR Inhibition

We applied EISA [7] to transcriptomic changes upon bimiralisib treatment. EISA
measures changes in mature RNA and pre-mRNA reads across different conditions to
quantify the transcriptional and post-transcriptional regulation of gene expression. After
4 h of PIK3/mTOR inhibition, we observed a marked post-transcriptional regulation,
since many transcripts showed independent changes in exons and introns. After 8 h,
changes in transcript levels between DMSO or bimiralisib-treated samples have been
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mainly due to alteration of transcription, as evident by the fact that changes in exons were
well correlated with change in introns (Figure 1a). Focusing on transcripts early stabilized
after PIK3/mTOR inhibition, we found they were mainly encoding ribosome components
involved in the response to amino acids starvation. Among the most quickly degraded
transcripts, we found mRNAs encoding for spliceosome components and pre-mRNA
processing (Figure 1b and Table S2).

Figure 1. Post-transcriptional regulation of transcripts encoding for riboproteins (RPs) and translation regulators is an early
event after dual PI3K/mTOR inhibition. (a) Scatter plots representing the comparison of changes in intronic (Δintron) and
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exonic (Δexon) reads per each expressed transcript in DLBCL cell lines exposed to bimiralisib or DMSO for 4, 8, and
12 h. Δexon/Δintron = 1 reflects transcriptional modulation, Δexon/Δintron �= 1 reflects post-transcriptional modulation.
(b) Representative GSEA plots illustrating the transcriptional expression signature enrichment in transcripts ranked by their
decreasing Δexon/Δintron ratio in DLBCL cell lines exposed to bimiralisib (1 μM) or DMSO for 4 h. Green line, enrichment
score; bars in the middle portion of the plots show where the members of the gene set appear in the ranked list of genes.
Positive or negative ranking metrics indicate correlation or inverse correlation with the profile, respectively. FDR, false
discovery rate; NES, normalized enrichment score.

2.3. The lincRNAs RP11-480A16.1 (lncTNK2-2:1) and GMDS-AS1 Are Differentially Expressed
after Dual PIK3/mTOR Inhibition and Strongly Correlated to Significantly Stabilized Transcripts

We hypothesized that a prompt alteration in the stability of several transcripts could
be achieved by the expression of lncRNAs acting as miRNA sponges. We found 20 sig-
nificant lncRNAs differentially expressed after pharmacological PIK3/mTOR inhibition:
15 upregulated and five downregulated. We also evaluated whether the 20 lncRNAs could
be circRNAs, applying the algorithm CiriQuant [13] that accurately determines the junc-
tion of circRNAs from RNA-Seq paired samples. The output showed 28,521 back-spliced
junctions (BSJ), most of which were cell specific (TMD8: 9519, U2932: 14,348). Six of the
differentially expressed lincRNAs were among the reliably quantified circRNAs (Figure 2a,
Table 1). We calculated the Pearson correlation index of each selected lincRNAs with
each stabilized or degraded transcript (Δex/Δintr �= 1). The expression of two of these
lncRNAs, namely RP11-480A16.1 (lncTNK2-2:1) and GMDS-AS1, strongly correlated with
transcripts differentially stabilized upon bimiralisib exposure (Figure 2b and Table S3).
The post-transcriptionally modified transcripts, ranked by their correlation index with
lncTNK2-2:1 and GMDS-AS1, were enriched in genes involved in the regulation of transla-
tion and in the response to amino acid starvation (Table 2). In particular, there was a highly
significant enrichment of genes affected by mTOR inhibitor rapamycin, highlighting the
prominent role of lncTNK2-2:1 and GMDS-AS1 in the post-transcriptional regulation due
to bimiralisib exposure. We also noticed the enrichment of genes involved in DNA damage,
and in particular, some of them were regulated by miRNAs as well. We focused on p53
and ATM due to their important biologic roles (Figure 3 and Table S4).

Table 1. Table summarizing the statistical analysis of differentially expressed lincRNAs and their circRNA reconstruction.

Gene_Name Ensembl ID logFC AveExpr t p Value adj. p Value circRNA

RP11-147L13.8 ENSG00000267731.1 2.08 4.1 9.74 7.00 × 10−7 6.48 × 10−5 NO
RP11-480A16.1 ENSG00000260261.1 0.763 4.62 9.52 8.89 × 10−7 7.32 × 10−5 YES
LINC00954 ENSG00000228784.6 0.76 3.5 7.74 7.03 × 10−6 0.000205749 YES
GMDS-AS1 ENSG00000250903.7 0.9 3.75 7.27 1.30 × 10−5 0.000290741 YES
AC079466.1 ENSG00000266976.1 1.41 4.25 7.06 1.71 × 10−5 0.000341307 NO
CTD-2619J13.14 ENSG00000232098.3 0.72 4.42 6.4 4.24 × 10−5 0.000611259 NO
LINC01572 ENSG00000261008.5 0.66 3.77 6.35 4.54 × 10−5 0.000636107 YES
RP11-960L18.1 ENSG00000261218.4 0.74 3.5 6.29 4.93 × 10−5 0.000670722 YES
LINC00926 ENSG00000247982.5 0.73 4.98 5.82 9.95 × 10−5 0.001049071 YES
RP11-486O12.2 ENSG00000247373.3 1.02 3.53 5.8 0.0001 0.001063727 NO
RP11-147L13.11 ENSG00000278730.1 0.65 4.7 5.5 0.00016 0.001445039 NO
LINC00174 ENSG00000179406.6 0.94 3.52 5.29 0.00022 0.001840434 NO
CTD-2547G23.4 ENSG00000274925.1 0.62 3.55 4.57 0.00071 0.004099891 NO
HCG11 ENSG00000228223.2 0.6 3.59 4.48 0.00084 0.004600193 NO
RP11-16E12.2 ENSG00000259772.5 0.7 3.93 4.3 0.00115 0.005710491 NO
SNHG19 ENSG00000260260.1 −0.68 4.14 −5.4 0.00018 0.001630628 NO
RP11-498C9.15 ENSG00000263731.1 −0.61 4.96 −5.59 0.00014 0.001328078 NO
MIR155HG ENSG00000234883.3 −1.97 5.66 −9.15 1.33 × 10−6 8.69 × 10−5 NO
SNHG15 ENSG00000232956.7 −1.41 5.37 −9.89 5.98 × 10−7 6.00 × 10−5 NO
chr22-38_28785274-29006793.1 ENSG00000279978.1 −0.97 5.8 −10.21 4.28 × 10−7 5.64 × 10−5 NO
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Table 2. Table of top gene sets enriched after preranked gene set enrichment analysis (GSEA) of transcripts ordered by
Pearson correlation index between Δexon/Δintron ratio and expression levels of lncTNK2-2:1 or GMDS-AS1.

Name Size ES NES
NOM

p-Value
FDR

q-Value
FWER

p-Value

REACTOME_EUKARYOTIC_TRA-
NSLATION_ELONGATION 37.000 0.721 2.522 0.000 0.000 0.000

REACTOME_RE-
SPONSE_OF_EIF2AK4_GCN2_TO_AM
INO_ACID_DEFICIENCY

42.000 0.682 2.419 0.000 0.000 0.000

REACTOME_SELENOAM-
INO_ACID_METABOLISM 50.000 0.633 2.304 0.000 0.000 0.000

REACTOME_EUKARYOTIC_TRA-
NSLATION_INITIATION 51.000 0.610 2.219 0.000 0.000 0.000

REACTOME_ACTIVA-
TION_OF_THE_MRNA_UPON_
BINDING_OF_THE_CAP_BINDING_COM-
PLEX_AND_EIFS_AND_SUBSE-
QUENT_BINDING_TO_43S

24.000 0.681 2.205 0.000 0.000 0.000

REACTOME_NONSENSE_MEDI-
ATED_DECAY_NMD_ 52.000 0.593 2.187 0.000 0.000 0.000

REACTOME_SRP_DEPENDENT_
COTRANSLATIONAL_PROTEIN_
TARGETING_TO_MEMBRANE

54.000 0.577 2.133 0.000 0.000 0.002

REACTOME_FANCONI_ANE-
MIA_PATHWAY 26.000 0.645 2.112 0.000 0.000 0.002

REACTOME_INFLUENZA_
INFECTION 74.000 0.499 1.932 0.000 0.004 0.032

REACTOME_HDR_THROUGH_
SINGLE_STRAND_ANN-
EALING_SSA_

23.000 0.580 1.873 0.000 0.011 0.109

REACTOME_ASSOCIA-
TION_OF_TRIC_CCT_WITH_TAR-
GET_PROTEINS_DURING_BIO-
SYNTHESIS

28.000 0.540 1.791 0.000 0.034 0.308

REACTOME_HDR_THROUGH_HO-
MOLOGOUS_RECOMBINA-
TION_HRR_

39.000 0.512 1.777 0.000 0.037 0.358

Figure 2. Cont.
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Figure 2. RP11-480A16.1 (lncTNK2-2:1) and GMDS-AS1 are lincRNAs differentially expressed in bimiralisib vs. DMSO
strongly correlated to the stabilization of same transcripts. (a) Fold change of expression levels of lincRNAs differentially
expressed at any time point in U2932 and TMD8 treated with bimiralisib (1 μM) or DMSO. (b) Plot of Pearson correlation
indexes calculated for Δexon/Δintron ratio of significant differentially stabilized transcripts and levels of differentially
expressed lincRNAs. Orange and yellow filled squares represent correlation indexes referred to lncTNK2-2:1 and GMDS-
AS1, respectively. Blue and gray-filled squares represent correlation indexes referred to RP11-147L13.8 and LINC00954,
respectively. Empty squares refer to all the other significant differentially expressed lincRNAs. LncTNK2-2:1 and GMDS-AS1
are lincRNAs differentially expressed in bimiralisib vs. DMSO strongly correlated to the stabilization of same transcripts.

Figure 3. Stabilized transcripts in correlation to lncTNK2-2:1 and GMDS-AS1 expression are involved in the regulation of
translation and DNA damage. Representative GSEA plots illustrating the transcriptional expression signature enrichment
in transcripts stabilized in correlation to lncTNK2-2:1 and GMDS-AS1 high expression. Green line, enrichment score; bars
in the middle portion of the plots show where the members of the gene set appear in the ranked list of genes. Positive or
negative ranking metrics indicate the correlation or inverse correlation with the profile, respectively. FDR, false discovery
rate; NES, normalized enrichment score.

2.4. lncTNK2-2:1 Induces Stabilization of p53 and ATM by Sequestering miR21-3p

We validated by qRT-PCR the correlation observed between the expression of lncTNK2-
2:1 and GMDS-AS1 and the stability of ATM and p53 mRNAs. We measured the levels
of the pre-mRNAs or the mature transcripts of ATM and p53 genes and the expression of
lncTNK2-2:1 and GMDS-AS1, in U2932 and TMD8, at 4 h and 8 h after exposure to 1 μM of
bimiralisib or DMSO. We confirmed the upregulation of both GMDS-AS1 and lncTNK2-
2:1, although the GMDS-AS1 upregulation was significant in U2932 but not in TMD8
(Figure 4a). We measured the fold change of lncRNAs and of pre mRNAs or mature tran-
scripts (Figure S2a) and calculated their Pearson correlation index (Figure S2b). We clearly
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confirmed the predicted correlation of the expression of the lncRNA lncTNK2-2:1 with
the mature transcripts for p53 and ATM (R = 0.581 and R = 0.596, respectively) (Figure 4b,
bottom panels) but not with their pre-mRNAs (Figure 4b, top panels). GMDS-AS1 was
significantly correlated neither to p53 nor to ATM stability (Figure 4b). According to this,
we searched for experimentally validated miRNA binding sites sheared by lncTNK2-2:1
and p53 in DIANA tools, LncBase (https://diana.e-ce.uth.gr/lncbasev3 accessed 15 April
2021) [4] and TarBase (https://carolina.imis.athena-innovation.gr/diana_tools/web/index.
php?r=tarbasev8%2Findex accessed 15 April 2021) [14] (Table S5). miR-21-3p and miR-22-
3p are reported to target both lnc-TNK2-2:1 and p53 (Figure 4c), and miR-21-3p belongs to
the miR-21-3p/TSC2/mTOR regulatory axis [15]. Thus, we focused on miR-21-3p, which
was consistently reduced in both U2932 and TMD8 after bimiralisib treatment (Figure 4d)
and the consequent upregulation of lncTNK2-2:1 (Figure 4a). The p53 stabilization was
more robust in TMD8 than in U2932 (Figure S2a), even if the lncRNA was upregulated
in both cell lines (Figure 4a), which was an observation that was possibly justified by the
lower basal expression of miR21-3p in U2932 compared to TMD8 (Figure S2c).

2.5. lncTNK2-2:1 Degradation Reverts Stabilization of p53 and Releases miR21-3p

To validate the relationship between lncTNK2-2:1 expression and miR21-3p activity
on its target p53, we electroporated 2 million TMD8 with 100 pmol of antisense oligonu-
cleotides or of the negative control. After 72 h, we exposed the cells to 1 μM of bimiralisib
or DMSO for 8 h. We measured the levels of the pre-mRNA or the mature transcript of the
p53 gene and the expression of lncTNK2-2:1 by qRT-PCR. We confirmed that the antisense
oligonucleotides degraded lncTNK2-2:1 efficiently both at basal condition and after its
induction due to bimiralisib treatment (Figure 4e, left). We validated the relationship
between the lncRNA lncTNK2-2:1 with the p53 transcript stability. Indeed, after lncTNK2:2-
1 interference, we noticed the reduction of p53 stabilization (Figure 4e, middle), which
was measured as the fold change between p53 mature mRNA with respect to the total
pre-mRNA transcribed in each condition. According to this, we measured miR-21-3p after
lncTNK2-2:1 degradation, and we showed that it increased in samples where lncTNK2-2:1
was knocked down with respect to the negative control (Figure 4e, right). This experimental
observation confirmed the predicted miR-21-3p/lncTNK2-2:1/p53 regulatory axis.

Figure 4. Cont.
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Figure 4. lncTNK2-2 induces the stabilization of p53 by sequestering miR21-3p. (a) Expression levels of GMDS-AS1 (top)
and lncTNK2-2:1 (bottom) in U2932 and TMD8 after 4 h and 8 h of exposure to DMSO or bimiralisib (1 μM). (b) Pearson
correlation of fold change of GMDS-AS1 or lncTNK2-2:1 expression levels (x axis) after bimiralisib treatment with fold
change of pre-mRNA (top) or mature mRNA (bottom) of ATM or p53 (y axis). Correlation index (R) and p value (P) are
indicated in the plot when significant. (c) Left, Venn diagram of common miRNAs binding p53, ATM, and lncTNK2-2:1.
Right, RNA22 prediction of miRNA binding sites of miR21-3p or miRNA 22-3p in p53 3′UTR or lncTNK2-2. (d) Expression
level of miR21-3p in U2932 or TMD8 after 4 h or 8 h of exposure to DMSO or bimiralisib (1 μM). (e) Expression levels
of lncTNK2-2:1 (left), p53 stability (middle), and miR21-3p (right) after 8 h of bimiralisib exposure in negative control or
lncTNK2-2:1 knockdown cells. * p < 0.05.
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3. Discussion

As a central controller of cell growth, mTOR regulates ribosome biogenesis. The latter
is the most energy-demanding cellular process, and mTOR controls it by promoting the
translation of riboproteins and by affecting ribosomal RNA (rRNA) synthesis. Ribosome
synthesis requires all three nuclear RNA polymerases, Pol I for the synthesis of rRNA, Pol
II for transcription of riboprotein genes, and Pol III for the synthesis of 5S RNA [16,17].
PIK3/mTOR inhibition by bimiralisib leads to the downregulation of all of them, a re-
duction of rRNA gene transcription, and, in addition, pre-rRNA processing impairment.
Moreover, we describe here an additional mechanism that the cell activates when it must
save energy: mTOR pathway inhibition leads to the stabilization of already present tran-
scripts encoding for riboproteins. Since the new transcription of riboproteins genes is
inhibited, the cell needs to save the already available riboprotein mRNA as long as possible
in order to still translate essential proteins.

A growing number of miRNAs have been shown to control components or regulators
of ribosome biogenesis [18]. In addition, lncRNAs have been increasingly found to play
relevant roles in eukaryotic ribosome biogenesis that can be basally active or stress response-
specific [18]. These molecular mechanisms include protein binding, rDNA chromatin
modifications, snoRNP formation, and transcript-specific translation modulations. Here,
we report evidence of an additional example of lncRNAs involved in the regulation of
ribogenesis. Two lncRNAs, lncTNK2-2:1 and GMDS-AS1, were modulated following
PIK3/mTOR pathway inhibition, and their transcription changes are strongly correlated
with the stabilization of transcripts encoding for many riboproteins. Other lncRNAs were
significantly upregulated by bimiralisib treatment but were not correlated with transcripts
early stabilized after mTOR inhibition. Thus, we postulated that these particular lncRNAs
could be relevant players of mTOR-mediated modulation of translation in response to
amino acid deficiency or other stressful events. One of the possible mechanisms that might
mediate a quick transcript stabilization is the sequestration of miRNAs, and GMDS-AS1
is already known as an miRNA sponge in lung cancer [19]. As proof of principle, we
looked for binding sites in the lincRNAs for miRNAs that could target stabilized transcripts
correlated with the upregulation of lncTNK2-2:1 or GMDS-AS1. Both lncTNK2-2:1 and
GMDS-AS1 were associated with the stabilization of genes involved in DNA damage
response and regulated by miRNAs. Among them, p53 is also involved in ribosome
biogenesis [20,21], and the p53 network is known to interact with several miRNAs [22]. We
could validate the correlation between p53 mRNA stabilization and lncTNK2-2:1 level but
not with GMDS-AS1.

We showed that miR-21-3p increased after lncTNK2-2:1 silencing, and concomitantly,
p53 was not stabilized after bimiralisib treatment in the absence of lncTNK2-2:1. This evi-
dence enforced our hypothesis that miR-21-3p was responsible for p53 mRNA degradation,
which we formulated on the basis of in silico base pairing of lncTNK2-2:1 and miR-21-3p
and on the high stability of predicted miR-21-3p binding in p53 3′UTR, which is compatible
with mRNA degradation, instead of inhibition of translation [23]. Furthermore, in U2932,
a cell line expressing low miR-21-3p levels, p53 was not strongly stabilized, despite the
upregulation of lncTNK2-2:1. In support of our findings, miR21-3p is already known to
modulate the mTOR pathway via TSC2 mRNA downregulation [15], and P53-dependent
mTOR inhibition is mediated by TSC2 [24]. Here, we provide the evidence of an additional
layer of regulation of p53-mTOR crosstalk through the rapid elimination of miR-21-3p
and consequent stabilization of p53 and enhancement of TSC2 repressor activity of mTOR.
The PI3K/mTOR pharmacological inhibition enforces the mTOR inhibition by a positive
feedback loop mediated by the overexpression of lncTNK2-2:1.

We also selected ATM as potential interesting transcript, since it appeared related
to lncTNK2-2:1 overexpression both in silico and in vitro, but we could not identify any
miRNA that may mediate the connection between the lncRNAs and the mRNA. ATM
mRNA stabilization after bimiralisib exposure might also be due to the downregula-
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tion of miRNAs directly regulated by PI3K/signaling mTOR and directly targeting ATM
3′UTR [25].

In conclusion, based on an alternative bioinformatic approach applied to RNA-Seq
data, we selected candidate molecules that could be involved in a post-transcriptional
mechanism of RNA competition, and we provided data suggesting a novel RNA network
composed by lncRNAs, miRNAs, and mRNAs, which is affected by the dual PI3K/mTOR
pharmacological inhibition in DLBCL cell lines.

4. Materials and Methods

4.1. Cell Culture and Bimiralisib Treatment

Established human DLBCL cell lines TMD8 and U2932 were grown as previously
described [8]. Bimiralisib was kindly provided by PQR Therapeutics (Basel, Switzerland).
TMD8 and U2932 were seeded 3 million cells/well in a non-tissue culture 6 well plate.
Cells were treated for 4 and 8 h with 1 μM bimiralisib or 0.1% DMSO (Sigma, St. Louis,
MO, USA), respectively. Treatment was stopped by washing the cell with RNAse-free PBS
and followed by immediate RNA extraction.

4.2. lncTNK2:2-1 Degradation

Three different locked nucleic acid (LNA) antisense oligonucleotides were designed
against lncTNK2:2-1 and purchased by IDT (Integrated DNA Technology, Coralville, IA,
USA) as 3-10-3 Affinity Plus (locked nucleic acid) gapmer format (3 Affinity Plus bases,
10 DNA bases, 3 Affinity Plus bases, phosporotioate bonds), along with a negative control.
In details, their sequences were lncTNK2-2:1_ASO-1: CACTTCCCGAGTATAA; lncTNK2-
2:1_ASO-2: CACCTGACCATATTGA; lncTNK2-2:1_ASO-3: CACCACTACACGTTTA; NC5
3-10-3: GACTATACGCGCAATA. TMD8 were nucleofected with 100 pmol of each antisense
oligonucleotides or the negative control using 4D Nucleofector (Amaxa-Lonza, Basel,
Switzerland), according to the manufacturer’s instructions and incubated for 72 h. Then,
cells were treated with 1 μM of bimiralisib (PQR Therapeutics, Basel, Switzerland ), or
DMSO (Sigma, St. Louis, MO, USA) for 8 h, and then, RNA was extracted.

4.3. RNA-Extraction

For each cell line and condition, cells were collected and resuspended in 1 mL of TRI
Reagent (Sigma, St. Louis, MO, USA) for cell lysis, and extraction was performed. DNAse
(Qiagen, Hilden, Germany) was added to the RNA samples and incubated for 15 min at
room temperature. Total RNA was reprecipitated to remove salts and the enzyme.

4.4. Whole-Transcriptome Sequencing (RNA-Seq)

Two cell lines, U2932 and TMD8, were treated with 1 μM of bimiralisib or DMSO and
RNA was extracted after 4, 8, or 12 h. Cells treatment and RNA extraction were described
in [8]. Quality control for extract RNA was performed on the Agilent BioAnalyzer (Agilent
Technologies, Santa Clara, CA, USA) using the RNA 6000 Nano kit (Agilent Technologies,
Santa Clara, CA, USA), and concentration was determined by the Invitrogen Qubit (Thermo
Fisher Scientific, Waltham, MA, USA) using the RNA BR reagents (Thermo Fisher Scientific).
The TruSeq RNA Sample Prep Kit v2 for Illumina (Illumina, San Diego, CA, USA) was used
for cDNA synthesis and the addition of barcode sequences. The sequencing of the libraries
was performed via a paired end run on a NextSeq500 Illumina sequencer (Illumina). As an
average, 25 million reads were collected per each sample.

4.5. Data Mining

We evaluated the RNA-seq reads quality with FastQC (v0.11.5), and we removed
low-quality reads/bases and adaptor sequences using Trimmomatic (v0.35). The trimmed-
high-quality sequencing reads were aligned using STAR [26], which is a spliced read
aligner that allows for sequencing reads to span multiple exons. On average, we were
able to align 85% of the sequencing reads for each sample to the reference genome (HG38).
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Then, the HTSeq-count software package [27] was used for the quantification of gene
level expression. Differential expression analysis was performed on gene-level read count
data using the ‘limma’ pipeline [28,29] We first subsetted the data to genes that had a
counts-per-million value greater than one in 3 or more samples. The data were normalized
per sample using the ‘TMM’ method from the edgeR package [30] and transformed to
log2 counts-per-million using the edgeR function ‘cpm’. Then, linear model analyses, with
empirical-Bayes moderated estimates of standard error, were used to identify genes whose
expression was most associated with phenotype of interest, and an FDR-adjusted p-value
of <0.05 was set as a threshold for statistical significance.

Transcription rates were estimated based on the number of nascent unspliced tran-
scripts using EISA [7]. For each gene, we used HT-Seq to compute the average number of
reads mapping to the gene’s introns (all exonic regions are excluded). Then, this number of
intronic reads was divided by the total length of introns to yield a mean intronic coverage
that was used as a proxy of the transcription rate.

Functional annotation was performed using Gene Set Enrichment Analysis (GSEA) [31]
with all genes preranked by FC as determined by Limma test, or by delta exon/delta intron
ratio as determined by EISA, or by Pearson correlation index between delta exon/delta
intron ratio and lincRNAs expression. Gene sets were considered significantly enriched if
p < 0.05 and FDR < 0.25.

The Pearson correlation was used to determine the relationship between exons/introns
and gene expression. All statistical analysis was done with R (version 4.0.3) scripts. The
significance of gene set overlap was determined by hypergeometric test.

MicroRNA binding prediction was performed searching in TarBase or LncBase and
then intersection of miRNAs were computed by Venn diagram. MiRNA responsive ele-
ments (MRE) were calculated by the algorithm RNA22.

Prediction and quantification of circRNAs was carried out by the means of CIRI-
quant [13] with default parameters. In brief, CIRIquant uses HISAT2 [32] to align the
RNA-seq reads to the reference genome and CIRI2 to identify putative circRNAs in the
form of BSJ, which are then filtered to reduce the number of false-positives. Since the
normalization of circRNA expression values is necessary for the differential expression
analysis, TMM normalization factors were extracted from gene expression levels to remove
the systematic technical effect of library size. Gene count matrix for the normalization was
obtained using the script prepDE.py, from stringTie [33], on the aligned reads. Finally, the
voomWithQualityWeights [34] function, from the limma package in Bioconductor [28], is
applied to identify the statistical significance of circRNA expression change.

4.6. Reverse Transcription of Total RNA to cDNA

Total RNA (500 ng) was processed for each sample by the SuperScript III First-Strand
Synthesis SuperMix for qRT-PCR (Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. cDNA was stored at −20 ◦C.

4.7. Quantitative Real-Time PCR

qRT-PCR was performed on an Applied Biosystem StepOnePlus System. LncRNA
and mRNA targets expression were quantified using KAPA SYBR FAST qPCR Master
Mix (2×) ABI Prism 5 mL (KAPA Biosystems, Wilmington, MA, USA) according to the
manufacturer’s instructions, and the comparative CT method (ΔΔCT method) normalized
to ACTB (β-Actin) expression was applied for data analysis. The following primers were
used: GMDS-AS1, forward: 5′-CCC AGT CTT CCC AGG ATT GA-3′, reverse: 5′-AGC
ATC TTC CAG GCC AAA TG-3′; lncTNK2-2, forward: 5′-AGA GCG AAA CCC CAT
CTC AA-3′, reverse: 5′-GGA GAA GGA AGC GGA CTG AT-3′; ACTB, forward: 5′-CCA
ACC GCG AGA AGA TGA C-3′, reverse: 5′-TGG GGT GTT GAA GGT CTC A-3′; ATM,
pre-mRNA forward: 5′-AAC CAC AGT TCT TTT CCC GT-3′, pre-mRNA reverse: 5′-TTG
ACT CTG CAG CCA ACA TG-3′, mRNA forward: 5′-GCC TTA AAA CTT TGC TTG
AGG TG-3′, mRNA reverse: 5′-ACA TGC GAA CTT GGT GAT GA-3′; TP53, pre-mRNA
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forward: 5′-ACA AGC AGT CAC AGC ACA TG-3′, pre-mRNA reverse: 5′-AGA GCA
ATC AGT GAG GAA TCA G-3′, mRNA forward: 5′-ACA AGC AGT CAC AGC ACA
TG-3′, mRNA reverse: 5′-CAC CAC CAC ACT ATG TCG AAA A-3′. miR-21-3p and U6
snRNA expression were quantified using TaqMan microRNA Assay (Applied Biosystems,
Foster City, CA, USA) and TaqMan microRNA Control Assay, respectively, according to the
manufacturer’s instructions, and the comparative CT method (ΔΔCT method) normalized
to U6 expression was applied for data analysis. PCR efficacy was determined using the
LinRegPCR tool [35].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ncrna7020026/s1, Figure S1: Bimiralisib reduces transcription of genes encoding for protea-
some and ribosome components, Figure S2: lncTNK2-2 induces stabilization of p53 by sequestering
miR21-3p. Table S1: Details of GSEA of transcriptional changes in U2932 and TMD8, exposed to
DMSO or to bimiralisib. Table S2: GSEA of post-transcriptional changes in U2932 and TMD8, exposed
for 4 h to DMSO or to bimiralisib. Table S3: Pearson correlation indexes referred to each differen-
tially expressed lincRNAs and differentially stabilized transcripts upon 4 h of bimiralisib exposure
in TMD8 and U2932. Table S4: Details of genesets enriched after GSEA of post-transcriptionally
modified transcripts ranked by decreasing Pearson correlation index between Δexon/Δintron ratio
and lncTNK2-2:1 and GMDS-AS1 expression Table S5: List of miR-21-3p targets according to LncBase
and TarBase.
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Abstract: The first reference to the “C-value paradox” reported an apparent imbalance between
organismal genome size and morphological complexity. Since then, next-generation sequencing has
revolutionized genomic research and revealed that eukaryotic transcriptomes contain a large fraction
of non-protein-coding components. Eukaryotic genomes are pervasively transcribed and noncoding
regions give rise to a plethora of noncoding RNAs with undeniable biological functions. Among
them, long noncoding RNAs (lncRNAs) seem to represent a new layer of gene expression regulation,
participating in a wide range of molecular mechanisms at the transcriptional and post-transcriptional
levels. In addition to their role in epigenetic regulation, plant lncRNAs have been associated with
the degradation of complementary RNAs, the regulation of alternative splicing, protein sub-cellular
localization, the promotion of translation and protein post-translational modifications. In this
review, we report and integrate numerous and complex mechanisms through which long noncoding
transcripts regulate post-transcriptional gene expression in plants.

Keywords: long noncoding RNA; post-transcriptional regulation; target mimicry; alternative splicing;
protein re-localization; translation promotion; post-translational modification

1. Introduction

Unlike in prokaryotes, genomes in eukaryotes exhibit a large variability in their
size [1,2], which does not always correlate with the number of protein-coding genes nor
the developmental complexity of organisms. This paradox of an apparent imbalance
between organismal genome size and morphological complexity, dubbed the “C-value
paradox” [3,4], was in part solved by the extraordinary progress made in next-generation
sequencing technologies. Indeed, eukaryotic transcriptomes include a large fraction of non-
protein-coding components [5]. Although up to 90% of eukaryotic genomes is estimated
to be transcribed during development, only an estimated 2% of transcribed RNAs will
code for proteins [6,7]. The noncoding genome, long considered silent and declared as
“junk DNA” due to its high content in pseudogenes, simple repeats, and transposons [8,9],
encodes a plethora of noncoding RNAs (ncRNAs) with unarguable biological functions.
These comprise housekeeping RNAs (small nuclear and nucleolar RNAs, transfer RNAs,
ribosomal RNAs, telomerase RNAs, tRNA-derived fragments, and tRNA halves), small
regulatory RNAs (micro RNAs, small interfering RNAs, piwi-interacting RNAs, and Y
RNAs), and long noncoding RNAs (lncRNAs), also including enhancer RNAs, transposon-
derived RNAs, and circular RNAs [10].

LncRNAs form the most diversified group of ncRNAs, exhibiting a large range of
sizes varying from 200 bases to over 100 kb in length. They are expressed in various tissues,
cell-types, and cell-states, and function in the nucleus or cytoplasm [11,12]. Given their
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vast diversity, lncRNAs are commonly classified according to their location and orientation
relative to neighboring protein-coding transcripts. Long intronic RNAs are transcribed
exclusively from intronic regions, whereas long intergenic ncRNAs lie outside of genes and
include promoter-, enhancer-, and transposable element-derived lncRNAs and sometimes
give rise to double-stranded RNAs. Sense and antisense double-stranded lncRNAs are
transcribed from the sense and antisense strands, respectively, while natural antisense
transcripts (NATs) initiate in the reverse strand of sense protein coding regions (cis-NATs)
or are complementary to a sense transcript located in a distinct genomic locus (trans-
NATs) [6,13]. CircRNAs constitute a novel class of lncRNAs consisting in covalently closed
molecules of single-stranded RNA, resulting from back-splicing, a non-canonical form of
alternative splicing [14]. Alternatively, lncRNAs can be further categorized depending on
their molecular functions and interactions with additional regulatory molecules such as
proteins, DNA, or other RNAs [15,16].

It is increasingly clear that lncRNAs participate in virtually every aspect of gene
expression. In plants, although the functional characterization of ncRNAs is still in its early
stages, several lncRNAs have been described as regulators of gene transcription, capable
of conditioning the epigenetic environment of their genomic targets and of modulating
the activity of transcriptional complexes [17]. In addition, at the post-transcriptional level,
various lncRNAs have been associated with complementary target-RNA degradation,
alternative splicing, promotion of translation, protein sub-cellular localization and post-
translational modifications. Notably, lncRNA-mediated post-translational modifications
of histones are related to the transcriptional regulation of target genes, which has been
recently reviewed [17]. Here, we report and integrate recent discoveries about plant
lncRNA-mediated regulations of post-transcriptional gene expression.

2. Long Noncoding RNAs Mediating Complementary Target-RNA Degradation

Natural antisense transcripts (NATs) constitute an important class of lncRNAs, exert-
ing a wide variety of molecular functions in eukaryotes [18,19]. They are complementary
to sense mRNAs and can be classified into cis-NATs generated from a single locus showing
sequence complementarity with their corresponding sense transcript or trans-NATs that
are transcribed from different distant loci and typically display imperfect complementari-
ties with their target endogenous RNA [20,21] (Figure 1). In silico analyses performed in
several plant species have led to the identification of a large number of NATs [20,22–26]. In
particular, a genome-wide analysis using a custom-designed NAT array revealed that up
to 70% of annotated mRNAs have complementary NATs in Arabidopsis thaliana [27].

2.1. LncRNAs Involved in Discordant Regulation

NATs can affect positively (concordant regulation) or negatively (discordant regula-
tion) the expression of sense transcripts. An example of discordant regulation is provided
by the NAT-lncRNA asHSFB2a which counteracts the expression of the HEAT SHOCK
FACTOR B2a (HSFB2a) mRNA in A. thaliana female gametophytes [28]. The overexpression
of asHSFB2a in transgenic plants leads to the absence of HSFB2a RNA while the overex-
pression of HSFB2a results in a complete loss of asHSFB2a expression, suggesting that
HSFB2a and asHSFB2a are mutually repressive [28]. Similarly, the NAT-lncRNA DELAY
OF GERMINATION 1 (asDOG1) was found to be a negative regulator of DOG1 expres-
sion, a gene involved in the control of germination [29]. Down-regulation of asDOG1
transcription increases the levels of DOG1 sense mRNAs, enhancing seed dormancy [29].
As a last example in A. thaliana, a screening of lncRNAs using a custom-made array led
to the identification of the circadian-regulated lncRNA CDF5 LONG NONCODING RNA
(FLORE), a NAT of the CYCLING DOF FACTOR 5 (CDF5) transcript, which likely connects
the circadian clock to the photoperiodic flowering pathway [30]. FLORE is specifically
expressed in the vasculature and regulates CDF5 in cis as well as CDF1 and CDF3 in trans.
Interestingly, FLORE and CDF5 show a mutual inhibition behavior, suggesting that the
CDF5/FLORE NAT pair constitutes a circadian regulatory module, which buffers its own
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circadian oscillation and photoperiodic flowering [30]. In rice, the NAT-lncRNA TWISTED
LEAF (TL) is transcribed from the opposite strand of the OsMYB60 locus encoding an
R2R3 MYB transcription factor [31]. Downregulation of TL by RNA interference leads to a
significant increase in OsMYB60 expression levels and twisted leaf blades. It was suggested
that TL may play a cis-regulatory role on OsMYB60 by affecting H3K27me3, H3K36me2,
and H3K36me3 histone mark deposition [31].

Figure 1. Long noncoding RNAs forming RNA–RNA pairs in the nucleus. Long noncoding (lnc) RNAs can form RNA
pairs (dsRNA) with complementary mRNAs in cis (cis-NATs) or in trans (trans-NATs), leading to RNA degradation or to
the formation of functional small (sm) RNAs. In addition, antisense transcripts can locally recruit protein partners that
modulate the transcriptional activity of overlapping protein-coding genes. Examples of characterized lncRNAs are indicated
at the bottom.

2.2. LncRNAs as Precursors of Small Regulatory RNAs

In addition, various NAT-lncRNAs have been reported to cause post-transcriptional
silencing through the production of regulatory small interfering (si) RNAs derived from
NAT pairs. This mechanism was first described in the regulation of salt tolerance in A.
thaliana [32]. Under salt stress, the induction of SRO5 mRNA allows the production of
24 nucleotides (nt) siRNAs from the region overlapping with Δ1-pyrroline-5-carboxylate
dehydrogenase (P5CDH) transcripts. Subsequently, P5CDH transcripts are cleaved to
generate 21nt siRNAs [32]. Similar mechanisms have been described in plant responses to
pathogens and sperm cell development [33,34]. In barley, an increase in the NAT-lncRNA
CesA6 transcript levels leads to the production of 21 and 24nt siRNAs that correlates with
the down-regulation of CesA6 gene and several loci in trans involved in the regulation of
cellulose rates and in the modulation of cell wall biosynthesis [35]. Similarly, in Petunia
hybrida, the Sho gene involved in the production of cytokinin phytohormones contains
an antisense ORF partially overlapping with the ORF of the Sho sense transcript that
encodes the SHO protein [36]. The tissue specific transcription of cis-NAT SHO leads to the
association of Sho sense and antisense transcripts in a double-stranded RNA likely targeted
by a DICER complex for degradation into 24nt siRNAs [36]. Another mechanism, related
to thermotolerance, was reported in A. thaliana. The NAT-lncRNAs NAT398b and NAT398c
are cis-NATs of the MIRNA genes MIR398b and MIR398c, respectively. Knock-down of
NAT398b/c promotes the accumulation of MIR398b and MIR398c, while the overexpression
of NAT398b and NAT398c represses the processing of miR398. Notably, the overexpression
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of siRNAs derived from NAT398 overlapping transcripts, so-called nat-siR398, reduces the
levels of pri-miR398b and pri-miR398c [37].

Interestingly, computational analyses performed for A. thaliana revealed that antisense
transcription is associated with micro (mi) RNA-targeted mRNAs [38]. In wheat, the
lncRNA INHIBITOR of WAX1 (Iw1) contains an inverted repeat showing more than 80%
identity to the WAX1-COE gene, encoding a carboxylesterase-like protein that controls
glaucousness [39]. The Iw1 transcript is able to form a miRNA precursor-like long hairpin
which produces small RNAs, including the 21nt-miRNA miRW1. The accumulation of
miRW1 is linked to the down-regulation of W1-COE and its paralog W2-COE, the cleavage
of W1-COE transcripts and glaucous repression [39].

3. Long Noncoding RNAs Involved in the Regulation of Alternative Splicing

In addition to capping and polyadenylation, the production of mature mRNAs from
pre-mRNAs relies on the prior removal of introns and the ligation of the majority of exons in
the order in which they appear in a gene, a process known as RNA splicing. Under certain
circumstances, some exons can be skipped, generating various isoforms of mature mRNAs
from a single pre-mRNA. This process, called alternative splicing (AS), is mediated by the
spliceosome and involves a subclass of small nuclear RNAs referred to as nuclear uridine-
rich RNAs. They function in collaboration with core small nuclear ribonucleoprotein
complex subunits (snRNPs) and non-snRNPs splicing factors (SFs) whose interaction with
lncRNAs likely condition their stability and sub-cellular localization [40–43]. LncRNAs
mainly regulate AS through interactions with specific SFs, by the regulation of chromatin
remodeling that fine-tunes the splicing of specific targets and via the formation of lncRNA-
pre-mRNA duplexes [43] (Figure 2).

Figure 2. Long noncoding RNAs modulating alternative splicing. Long noncoding (lnc) RNAs can
form RNA interactions (dsRNA) with pre-mRNAs, fine-tuning their splicing output. In addition,
lncRNAs can interact with splicing factors (SF), affecting their recognition of pre-mRNA targets or
their sub-cellular localization. Protein-coding transcripts can suffer back-splicing, leading to the
formation of circular RNAs (circRNA), which can interact with the parent gene to form DNA-RNA
duplexes (R-loops) and modulate the alternative splicing of the nascent transcripts. Examples of
characterized lncRNAs are indicated below each mechanism.
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3.1. LncRNAs Interacting with Splicing Factors

In plants, AS plays crucial functions in the control of gene expression, boosting the
protein-coding capacity and contributing to developmental plasticity [44,45]. In Arabidop-
sis, the lncRNA ALTERNATIVE SPLICING COMPETITOR (ASCO) interacts in vivo with
the plant-specific SFs NUCLEAR SPECKLE RNA-BINDING PROTEINS (NSRa and b),
which localize in nuclear speckles and are involved in splicing [46]. NSRs participate in
the regulation of molecular and growth responses to auxin. After an auxin treatment, the
double mutant nsra/b exhibited over 2200 genes differentially regulated in comparison
to wild-type plants, as well as a reduced number of lateral roots suggesting a decreased
sensitivity to auxin. Interestingly, the identification of RNA processing events in the nsra/b
mutant revealed an important number of intron retention events and differential 5′ start or
3′ ends in a subset of genes, including a high number of auxin-related genes that behave
accordingly in the ASCO overexpressing lines [46,47]. Remarkably, in vitro binding assays
additionally showed that ASCO competes with mRNA-targets for the binding to NSRs,
suggesting that ASCO regulates the AS of pre-mRNAs in response to auxin by hijacking
NSRs [46]. More recently, a NSRa-directed RNA immunoprecipitation (RIP)-Seq approach
in A. thaliana revealed that lncRNAs are overrepresented among NSRa targets [48]. As
NSRa targets are mainly enriched for genes related to biotic stress responses, the interplay
between lncRNAs and AS mRNAs in NSR-containing complexes was suggested to inte-
grate the auxin and immune response pathways [48]. In agreement with this expectation,
both knock-down and overexpression of ASCO led to the deregulation of expression and
splicing of a large number of genes related to biotic stress and flagellin response in A.
thaliana [49]. Remarkably, RNAi-ASCO plants and the double mutant nsra/b were found
to exhibit a different response to flagellin, suggesting that ASCO also modulates AS in an
NSR-independent manner. Consistently, an ASCO-directed chromatin isolation by RNA
purification (ChIRP) coupled to mass spectrometry and RIP assays allowed the identifica-
tion of other putative ASCO protein partners, including the pre-mRNA-processing-splicing
factor 8A (PRP8a) and the spliceosome-core component SmD1b [49–51]. As previously ob-
served for NSRs [46], ASCO overexpression also competes for PRP8a binding to particular
mRNA targets [49].

3.2. LncRNAs Regulating Splicing Through Chromatin Remodeling

An additional mechanism of AS regulation involving circular non-coding RNAs
(circRNAs) was reported in A. thaliana [52]. The overexpression of a circRNA comprising
the entire exon 6 of the SEPALLATA 3 (SEP3) gene increases the abundance of the naturally
occurring exon-skipped AS variant SEP3.3, which lacks exon 6 [52]. SEP3 is a member of the
plant MADS (MCM1-AGAMOUS-DEFICIENS-SRF)-box transcription factor superfamily
involved in flower development, and modifications of SEP3 splicing gives rise to floral
homeotic phenotypes [52,53]. Remarkably, SEP3 exon 6 circRNA can directly interact
with its cognate DNA locus, forming an RNA:DNA hybrid (R-loop), which results in
transcriptional pausing and correlates with the recruitment of splicing factors and AS. This
mechanism suggests that circRNAs expressed from distant loci may increase the splicing
efficiency of their cognate exon-skipped messenger RNAs and that chromatin conformation
and R-loop formation are critical modulators of splicing patterns [52].

3.3. LncRNA-RNA Duplexes Regulating Alternative Splicing

The analysis of transcription data for overlapping gene pairs in A. thaliana revealed
a large proportion of convergently overlapping pairs (COPs) with the potential to form
double-stranded RNAs [23]. Interestingly, intron-containing genes and genes with al-
ternatively spliced transcripts are over-represented among COPs. In addition, the loci
where antisense transcripts overlap with sense transcript introns mostly show AS and/or
variation of polyadenylation, suggesting that the formation of NAT lncRNA-RNA pairs
may regulate the AS of protein-coding genes [23]. Consistently, a genome-wide screen of
trans-NATs in Arabidopsis led to the identification of 1320 putative trans-NAT pairs [24].
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Most of them are predicted to form extended double-stranded RNA duplexes if sense
and anti-sense are expressed in the same sub-cellular compartment, and they may lead to
gene silencing and indirect AS regulation [24]. Taken together, these studies suggest that
lncRNAs integrate a dynamic splicing network to control transcriptome reprogramming
through AS.

4. Long Noncoding RNAs as Molecular Cargos for Protein Re-Localization

Short open reading frame (sORF) mRNAs are atypical mRNAs that contain only
sORFs (shorter than 100 amino acids) and accumulate in the cytoplasm where they can be
translated into oligopeptides acting as signal molecules [54,55]. Remarkably, in legumes,
the highly conserved EARLY NODULIN 40 (ENOD40) genes known to participate in
root symbiotic nodule organogenesis, contain only sORFs whose transcripts may encode
short peptides [56–58]. In soybean, the lncRNA GmENOD40 encodes two oligopeptides
of 12 and 24 aa residues that may have a transport function and specifically bind to
sucrose synthase subunit nodulin 100 to control the use of sucrose in nitrogen-fixing
nodules [58]. In M. truncatula, MtENOD40 is rapidly induced by symbiotic rhizobial
bacteria in the root pericycle and is also detected in the differentiating cells of the nodule
primordia [56,57]. MtENOD40 has been described as highly structured and not associated to
polysomes [56,59]. Yeast three-hybrid assays revealed that the structured MtENOD40 RNA
directly interacts with the constitutive RNA Binding Protein 1 (MtRBP1), a close homolog
of lncRNA-interacting AtNSRs [60], located in the nuclear speckles where the splicing
machinery is also hosted [61]. During nodulation, MtRBP1 is exported by MtENOD40
to cytoplasmic granules. Hence, while ENOD40-encoded peptides are likely involved in
sugar metabolism, the highly structured ENOD40 RNA contributes to nucleocytoplasmic
trafficking [61] (Figure 2).

5. Long Noncoding RNAs Promoting Translation

The translation process of mature mRNAs into proteins can be divided into four
phases, namely initiation, elongation, termination, and ribosome recycling. The regulation
of translation, so-called translational control, is a mechanism that allows a rapid modu-
lation of gene expression through the activation or repression of pre-synthesized mRNA
translation without requiring de novo transcription [62,63]. The global regulation of trans-
lation of most cellular mRNAs mainly relies on the modification of translation-initiation
factors, while specific control targeting certain mRNAs likely involves regulatory protein
complexes, microRNA-containing ribonucleoprotein complexes, and lncRNAs [64–70].
LncRNAs can be recruited to polysomes to regulate the translation of target mRNAs posi-
tively or negatively or indirectly regulate translation by sequestering miRNAs that direct
the cleavage of target mRNAs (Figure 3).

5.1. LncRNA-mRNA Pairs into Polysomes

In rice, the PHOSPHATE1;2 (PHO1;2) gene is involved in the export of phosphate
to the apoplastic space of xylem vessels [71–73]. The complementary strand of PHO1;2
encodes the associated cis-NAT PHO1;2. Both genes are controlled by promoters active in
the vascular cylinders of roots and leaves, but while PHO1;2 promoter is unresponsive to
phosphate, cis-NAT PHO1;2 promoter is strongly activated under phosphate deficiency [74].
In phosphate-deficient plants, cis-NAT PHO1;2 transcripts and PHO1;2 protein amount
increase, although PHO1;2 mRNA levels remain unchanged. In addition, the downregula-
tion or constitutive overexpression of cis-NAT PHO1;2 leads, respectively, to a decrease
or strong increase in PHO1;2 protein levels, whereas the level of expression and nuclear
export of PHO1;2 mRNA are not affected. Notably, the expression of cis-NAT PHO1;2 is
associated with the shuttle of the PHO1;2–cis-NAT PHO1;2 sense-antisense pair towards the
polysomes, supporting a role for cis-NAT PHO1;2 in the promotion of PHO1;2 translation
through polysomal recruitment, to regulate phosphate homeostasis [74].
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Figure 3. Long noncoding RNAs modulating the translation of protein-coding genes. Long noncoding (lnc) RNAs can form
RNA–RNA interactions (dsRNA), promoting the shuttle to polysomes and enhancing translation. In addition, lncRNAs can
act as miRNA target mimicry, titrating active miRNA abundance and boosting mRNA translation. Examples of characterized
lncRNAs are indicated below each mechanism.

More recently, global analyses of polysome-associated RNAs and ribosome footprints
in A. thaliana led to the identification of novel lncRNAs controlling cognate mRNA trans-
lation [70,75]. Under phosphate deficiency, five ribosome associated cis-NATs showed an
induction correlated with the enhanced translation of their cognate sense transcripts, in-
cluding two ATP BINDING CASSETTE SUBFAMILY G transporters (ABCG2 and ABCG20)
and a POLLEN-SPECIFIC RECEPTOR-LIKE KINASE 7 (PRK7) family member, associated
with nutrient uptake, lateral root formation, and root cell elongation, respectively [70]. In
addition, five trans-NATs showed a positive correlation between their expression and their
target mRNA levels, and the expression of four trans-NATs was found to correlate with a
change in target mRNA polysome association under low phosphate conditions [75].

5.2. LncRNAs as Target Mimics for miRNAs

MiRNAs are ncRNAs of 20–22 nucleotides that play key regulatory roles in various
biological processes in plants [76]. They are processed by Dicer-like proteins from imper-
fectly paired stem-loop precursors and repress gene expression by directing the cleavage
or the translational arrest of target mRNAs [77–79]. Some lncRNAs with highly similar
target sites as miRNA targets (miRNA recognition elements) can act as inhibitors of miRNA
activity. They function as competing endogenous RNAs (ceRNAs), binding to miRNAs
with imperfect base complementarity and blocking their interaction with authentic tar-
gets [80,81]. This regulatory mechanism is known as “target mimicry”. In plants, ceRNAs
are named “target mimics” (TMs), also referred to as miRNA sponges or miRNA decoys
in mammals.

In A. thaliana, the lncRNA INDUCED BY PHOSPHATE STARVATION 1 (IPS1) is a
functional endogenous target mimic (eTM) of miR399 involved in inorganic phosphate (Pi)
homeostasis [82]. The Pi starvation-responsive AtmiR399 directs the cleavage of the mRNA
AtPHO2 (Phosphate 2), encoding an E2 ubiquitin conjugase-related protein, which nega-
tively regulates Pi remobilization and Pi content in shoots. The sequences of the mRNA
AtPHO2 and lncRNA IPS1 contain a similar motif of 23 nucleotides complementary to
AtmiR399. However, in contrast to AtPHO2, IPS1 pairing with AtmiR399 is interrupted by
a mismatched loop in the expected AtmiR399 cleavage site, which prevents its degradation.
When IPS1 sequesters AtmiR399, the authentic AtmiR399-target AtPHO2 is accumulated,
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leading to a decrease in shoot Pi content [82]. More recently, a very similar mechanism was
reported in maize. The lncRNA PI-DEFICIENCY-INDUCED LONG NONCODING RNA
1 (PILNCR1) functions as an eTM for ZmmiR399, thwarting the ZmmiR399-guided post-
transcriptional repression of ZmPHO2 and favoring maize adaptation to Pi deficiency [83].
Additionally, in Medicago truncatula, the PI-DEFICIENCY-INDUCED LNCRNA 1 (PDIL1)
was reported to regulate Pi transport by inhibiting the degradation of MtPHO2, also acting
as an eTM for MtmiR399 [84]. Another example of lncRNA functioning as eTM is the
tomato lncRNA23468 involved in the resistance to Phytophthora infestans [85]. Overex-
pression of lncRNA23468 induces a significant decrease in miR482b accumulation and an
increase in the miR482b target genes NBS-LRR (nucleotide binding sites-leucine-rich re-
peat) expression. It was thus proposed that lncRNA23468 may decoy miR482b for targeted
cleavage, thereby increasing the expression levels of NBS-LRRs genes, enhancing tomato
resistance to P. infestans [85].

Computational analyses also led to the identification of putative eTMs originating
from intergenic or noncoding genes for 20 highly conserved miRNAs in Arabidopsis thaliana
and rice [86]. The identified TMs for miR160 (ath-eTM160-1 and osa-eTM160-3) and
miR166 (ath-eTM166-1 and osa-eTM166-2) were proven to be functional target mimics, their
overexpression leading to diverse altered phenotypes such as smaller and serrated leaves,
spoon-shaped cotyledons, curled rosette leaves, or accelerated flowering. The effectiveness
of TMs for miR156, miR159, and miR172 was also confirmed by transient agroinfiltration
assay [86]. In tomato, the lncRNAs slylnc0195 and slylnc1077 involved in the tomato yellow
leaf curl virus response were predicted to be eTMs of miR166 and miR399, respectively,
and the functionality of slylnc0195 was also validated using a transient agro-infiltration
assay [87]. Recently, 407 competing endogenous (ce)RNA pairs were constructed in A.
thaliana to identify lncRNAs involved in blue light-directed plant photomorphogenesis and
acting as ceRNAs. The lncRNA BLUE LIGHT-INDUCED LNCRNA 1 (BLIL1) was found to
inhibit hypocotyl elongation under blue light and in response to mannitol stress by serving
as a ceRNA to sequester miR167 [88].

Interestingly, the mechanism of target mimicry can be engineered and exploited
to inhibit specific miRNAs via artificial miRNA TMs (aTMs) in order to establish their
functionality. In A. thaliana, a collection of transgenic plants expressing aTMs predicted to
reduce the activity of most of the miRNA families was generated, leading to morphological
abnormalities in the aerial part for ~20% of the miRNAs targeted [89].

Finally, transposable element (TE)-derived transcripts that contain binding sites for
miRNAs can also function as eTMs. In rice, the retrotransposon-derived transcript MIKKI
(“decoy” in Korean) was identified as an eTM for miR171, known to target mRNAs encod-
ing SCARECROW-Like (SCL) transcription factors for cleavage [90]. MIKKI is a TE-derived
locus including Osr29 Long Terminal Repeat (LTR) retrotransposon, and its mature tran-
script contains an imperfect binding site for miR171, generated by a splicing event and
likely attenuating the cleavage activity of miR171. In roots, MIKKI transcripts bind to
miR171, stabilizing SCL mRNAs, which play an important role in root development [90].

6. Long Noncoding RNAs Mediating Post-Translational Modifications: Impact on
Chromatin Remodeling and Transcription

In mammals, several examples illustrate the action of lncRNAs in protein post-
translational modifications. By bringing together target proteins and specific kinases,
phosphatases, or ubiquitin-ligases, lncRNAs can regulate post-translational modifications
that will modulate the activity of enzymes [91,92], the stability of proteins [93], or their
sub-cellular localization [94]. Intriguingly, the only known post-translational modifica-
tions modulated by plant lncRNAs are related to histones, thus affecting the epigenetic
profile of target genes and their transcriptional status. The epigenetic regulation of gene
expression by lncRNAs has been recently reviewed [17]. Here, we focus on the histone
post-translational modifications modulated by lncRNAs in plants.

Polycomb Group (PcG) proteins are critical regulators of gene expression, essential for
development in many organisms. They form complexes that modify post-translationally
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histones tails of target genes. In plants, the histone H3K27 trimethyltransferase CURLY
LEAF (CLF) functions as a catalytic subunit of the Polycomb Repressive Complex 2 (PRC2)
complex [95–97]. H3K27me3 then assists to recruit the PRC1-like components LIKE HETE-
ROCHROMATIN PROTEIN 1 (LHP1) and AtRING1 [98]. Additionally, the Trithorax H3K4
methyltransferase ARABIDOPSIS TRITHORAX-LIKE PROTEIN 1 (ATX1) mediates the
establishment of H3K4me3 [99]. Interestingly, various lncRNAs have been associated with
the post-translational modifications of histones at target loci, mediated by the recruitment
or removal of PcG and Trithorax proteins (Figure 4).

Figure 4. Long noncoding RNAs modulating post-translational modifications of histone proteins.
Long noncoding (lnc) RNAs can recruit or decoy nuclear protein complexes that modify histone
tails. H3K4 trimethylation (me3) can be modulated by the lncRNA-mediated recruitment of WDR5a
(COMPASS-like complex) or ATX1 (Trithorax). H3K27 trimethylation (me3) can be modulated by
the lncRNA-mediated recruitment of CLF (PRC2) or the decoy of LHP1 (PRC1). Finally, H4K16
acetylation (ac) can be modulated by the recruitment of MOF. The molecular output of histone
post-translational modifications on chromatin and transcription is indicated below. Examples of
characterized lncRNAs are indicated above each chromatin-related player.

In A. thaliana, the FLOWERING LOCUS C (FLC) gene encodes a MADS-box-containing
transcription factor (TF) that acts as a critical repressor of flowering [100]. FLC transcrip-
tion is antagonistically regulated not only by the active histone modifications H3K4me3
and H3K36me3 but also by the repressive histone modification H3K27me3 [101]. Upon
transition to flowering, H3K4me3 is removed, while H3K27me3 is deposited, leading to
a decrease in FLC expression [102]. Remarkably, FLC transcriptional regulation depends
on cis-acting lncRNAs, including COOLAIR, COLD ASSISTED INTRONIC NONCODING
RNA (COLDAIR), and COLDWRAP [103–106]. COOLAIR is a set of antisense transcripts
physically associated with the FLC locus, linked to the synchronized replacement of H3K36
methylation with H3K27me3 during the early stages of vernalization, independent of Poly-
comb complexes [107]. COOLAIR directly binds to the RNA binding protein FLOWERING
CONTROL LOCUS A (FCA), which further interacts with the PRC2 component CLF. This
allows the recruitment of CLF at FLC for H3K27me3 deposition [108]. COLDAIR is tran-
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scribed from the first intron of FLC and cooperates with COLDWRAP, derived from FLC
proximal promoter, to facilitate the establishment of H3K27me3 during the late stage of ver-
nalization, through the formation of a repressive intragenic chromatin loop that retains CLF
at the FLC promoter [104,105]. Strikingly, ectopic overexpression of COLDAIR suppresses
H3K27me3 and induces H3K4me3 at the FLC locus depending on the recruitment of ATX1
and removal of CLF, leading to enhanced FLC expression [109]. Remarkably, the overex-
pression of intronic lncRNAs derived from several other H3K27me3-enriched MADS-box
genes also led to the activation of their corresponding genes by suppressing H3K27me3
and promoting H3K4me3 deposition [109]. The NAT-lncRNA MADS AFFECTING FLOW-
ERING4 (MAS), transcribed from the MADS AFFECTING FLOWERING 4 (MAF4) locus, is
also involved in the regulation of flowering [110]. MAS is induced by cold and activates
MAF4, encoding a MADS-box containing TF, by interacting with WDR5a, a structural core
component of a COMPASS-like H3K4 histone methylation complex. MAS mediates the
recruitment of WDR5a to MAF4 for H3K4me3 deposition and activation of MAF4 [110].
In rice, the lncRNA LRK Antisense Intergenic RNA (LAIR) is transcribed from the antisense
strand of its neighboring LRK (leucine-rich repeat receptor kinase) gene cluster and can
interact with OsWDR5 as well as with the histone H4K16 acetyltransferase OsMOF [111].
LAIR overexpression is associated with higher H3K4me3 and H4K16ac levels at the LRK1
chromatin region and with the upregulation of RLK1, leading to increased grain yield [111].
AGAMOUS (AG) is another MADS TF, involved in the specification of stamens and carpels,
in a tissue-specific manner [112–114]. The AG second intron encodes several ncRNAs,
including AGAMOUS INTRONIC RNA 4 (AG-incRNA4), which recruits CLF and represses
AG transcription likely through the deposition of H3K27me3 [115].

In A. thaliana, the PRC1 protein LHP1 recognizes H3K27me3 deposition and en-
sures the spreading of this repressive mark, controlling global genome topology [116].
In response to auxin, the lncRNA AUXIN REGULATED PROMOTER LOOP (APOLO) is
transcribed from the promoter region of its neighboring gene PINOID, a key regulator
of polar auxin transport, and interacts with LHP1 in vivo [117]. APOLO recognizes a
subset of auxin-related genes in trans, through sequence complementarity and DNA–RNA
hybrid formation (R-loops). Remarkably, overexpression of APOLO leads to the decoy of
LHP1 from common target genes over the genome, and is associated with a decrease in
H3K27me3 deposition as well as with modifications of chromatin conformation [118]. Sim-
ilarly, the lncRNA MARNERAL SILENCING (MARS) is transcribed in response to abscisic
acid (ABA) from the marneral cluster, which includes the marneral synthase MRN1 gene
and the two P450 cytochrome-encoding genes CYP705A12 and CYP71A16 [119]. MARS
over-accumulation is associated with the decoy of LHP1 and a decrease in H3K27me3 dis-
tribution throughout the marneral cluster. Loss of H3K27me3 likely allows the formation
of a chromatin loop bringing together an enhancer element enriched in ABA-related TF
binding sites and MRN1 proximal promoter, resulting in the transcriptional activation of
MRN1 and a delay in seed germination [119].

7. Conclusions and Future Perspectives

Compelling evidence supports the involvement of lncRNAs in diverse and numerous
aspects of post-transcriptional gene regulations in plants. Future research will likely shed
light on the basis governing lncRNA interaction with diverse molecular partners, including
DNA, proteins, or transcripts. The noncoding transcriptome has been shown to differ
across ecotypes of the same species, notably in response to the environment [120]. This
observation suggests that lncRNAs may be the key players in natural variation, contributing
to plant adaptation during evolution. The conserved role of divergent lncRNAs across
species likely depends on the presence of specific short sequences as well as on their
secondary structure. Remarkably, the growing number of identified cold-responsive
lncRNAs participating not only in the post-transcriptional but also in the transcriptional
regulation of gene expression [121], e.g., the lncRNA SVALKA [122], suggests that the
noncoding transcriptome is a central actor in responses to the environment. Notably, as
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plants cannot regulate their corporal temperature, the structure of lncRNAs and mRNAs,
as well as their interactions, is most likely affected by this environmental cue. In agreement
with this hypothesis, it has been recently demonstrated that the secondary structure of plant
mRNAs in response to warm temperatures may modulate their translational activity, acting
as thermosensor tools [123]. Similarly, structured regions in bacterial mRNAs, named
RNA thermometers (RNATs), can function as thermosensors and regulate translation [124].
The advent of cutting-edge technologies, including SHAPE-seq (selective 2’-hydroxyl
acylation analyzed by primer extension sequencing) to characterize RNA folding [125],
will likely allow one to determine whether plant lncRNAs adopt alternative structures in
response to temperature, and might function as new emerging regulators fine-tuning the
protein-coding genome in response to climate change.

Funding: This research was funded by Saclay Plant Sciences-SPS (ANR-10-LABX-40) and PIOSYM
(ANR-19-CE20-0011-03) ANR projects, and Agencia Nacional de Promoción Científica y Tecnológica
(PICT). Both laboratories are involved in the International Associated Laboratory (LIA) NOCOSYM
from CNRS-CONICET.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We thank Olivier Martin (IPS2) for the careful reading of this manuscript. M.C.
is a member of CNRS (France) and C.F.F. is a post-doctoral fellow of the same institution. F.A. is a
member of CONICET (Argentina).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Corradi, N.; Pombert, J.-F.; Farinelli, L.; Didier, E.S.; Keeling, P.J. The complete sequence of the smallest known nuclear genome
from the microsporidian Encephalitozoon intestinalis. Nat. Commun. 2010, 1, 77. [CrossRef] [PubMed]

2. Pellicer, J.; Fay, M.F.; Leitch, I.J. The largest eukaryotic genome of them all? Bot. J. Linn. Soc. 2010, 164, 10–15. [CrossRef]
3. Thomas, C. The Genetic Organization of Chromosomes. Annu. Rev. Genet. 1971, 5, 237–256. [CrossRef]
4. Eddy, S.R. The C-value paradox, junk DNA and ENCODE. Curr. Biol. 2012, 22, R898–R899. [CrossRef] [PubMed]
5. Djebali, S.; Davis, C.A.; Merkel, A.; Dobin, A.; Lassmann, T.; Mortazavi, A.; Tanzer, A.; Lagarde, J.; Lin, W.; Schlesinger, F.; et al.

Landscape of transcription in human cells. Nature 2012, 489, 101–108. [CrossRef] [PubMed]
6. Ariel, F.; Romero-Barrios, N.; Jégu, T.; Benhamed, M.; Crespi, M. Battles and hijacks: Noncoding transcription in plants. Trends

Plant. Sci. 2015, 20, 362–371. [CrossRef]
7. Lee, H.; Zhang, Z.; Krause, H.M. Long Noncoding RNAs and Repetitive Elements: Junk or Intimate Evolutionary Partners?

Trends Genet. 2019, 35, 892–902. [CrossRef] [PubMed]
8. Comings, D.E. The Structure and Function of Chromatin. Adv. Hum. Genet. 1972, 3, 237–431. [CrossRef]
9. Ohno, S. So much “junk” DNA in our genome. Brookhaven Symp. Biol. 1972, 23, 366–370. [PubMed]
10. Zhang, P.; Wu, W.; Chen, Q.; Chen, M. Non-Coding RNAs and their Integrated Networks. J. Integr. Bioinform. 2019, 16, 1–12.

[CrossRef]
11. Cao, J. The functional role of long non-coding RNAs and epigenetics. Biol. Proced. Online 2014, 16, 11. [CrossRef]
12. Quinn, J.J.; Chang, H.Y. Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 2016, 17, 47–62.

[CrossRef] [PubMed]
13. Ma, L.; Bajic, V.B.; Zhang, Z. On the classification of long non-coding RNAs. RNA Biol. 2013, 10, 924–933. [CrossRef] [PubMed]
14. Kristensen, L.S.; Andersen, M.S.; Stagsted, L.V.W.; Ebbesen, K.K.; Hansen, T.B.; Kjems, J. The biogenesis, biology and characteriza-

tion of circular RNAs. Nat. Rev. Genet. 2019, 20, 675–691. [CrossRef]
15. Marchese, F.P.; Raimondi, I.; Huarte, M. The multidimensional mechanisms of long noncoding RNA function. Genome Biol. 2017,

18, 1–13. [CrossRef] [PubMed]
16. Lucero, L.; Ferrero, L.; Fonouni-Farde, C.; Ariel, F. Functional classification of plant long noncoding RNAs: A transcript is known

by the company it keeps. New Phytol. 2021, 229, 1251–1260. [CrossRef] [PubMed]
17. Lucero, L.; Fonouni-Farde, C.; Crespi, M.; Ariel, F. Long noncoding RNAs shape transcription in plants. Transcription 2020, 11,

160–171. [CrossRef]
18. Lapidot, M.; Pilpel, Y. Genome-wide natural antisense transcription: Coupling its regulation to its different regulatory mechanisms.

EMBO Rep. 2006, 7, 1216–1222. [CrossRef]
19. Britto-Kido, S.D.A.; Ferreira Neto, J.R.C.; Pandolfi, V.; Marcelino-Guimarães, F.C.; Nepomuceno, A.L.; Vilela Abdelnoor, R.;

Benko-Iseppon, A.M.; Kido, E.A. Natural antisense transcripts in plants: A re-view and identification in soybean infected with
phakopsora pachyrhizi supersage library. Sci. World J. 2013, 2013, 219798. [CrossRef]

141



Non-coding RNA 2021, 7, 12

20. Wang, X.-J.; Gaasterland, T.; Chua, N.-H. Genome-wide prediction and identification of cis-natural antisense transcripts in
Arabidopsis thaliana. Genome Biol. 2005, 6, R30. [CrossRef]

21. Li, Y.-Y.; Qin, L.; Guo, Z.-M.; Liu, L.; Xu, H.; Hao, P.; Su, J.; Shi, Y.; He, W.-Z.; Li, Y.-X. In silico discovery of human natural
antisense transcripts. BMC Bioinform. 2006, 7, 18. [CrossRef]

22. Osato, N.; Yamada, H.; Satoh, K.; Ooka, H.; Yamamoto, M.; Suzuki, K.; Kawai, J.; Carninci, P.; Ohtomo, Y.; Murakami, K.; et al.
Antisense transcripts with rice full-length cDNAs. Genome Biol. 2003, 5, R5. [CrossRef] [PubMed]

23. Jen, C.-H.; Michalopoulos, I.; Westhead, D.R.; Meyer, P. Natural antisense transcripts with coding capacity in Arabidopsis may
have a regulatory role that is not linked to double-stranded RNA degradation. Genome Biol. 2005, 6, R51. [CrossRef] [PubMed]

24. Wang, H.; Chua, N.-H.; Wang, X.-J. Prediction of trans-antisense transcripts in Arabidopsis thaliana. Genome Biol. 2006, 7, R92.
[CrossRef] [PubMed]

25. Zhou, X.; Sunkar, R.; Jin, H.; Zhu, J.K.; Zhang, W. Genome-wide identification and analysis of small RNAs origi-nated from
natural antisense transcripts in Oryza sativa. Genome Res. 2009, 19, 70–78. [CrossRef]

26. Lu, T.; Zhu, C.; Lu, G.; Guo, Y.; Zhou, Y.; Zhang, Z.; Zhao, Y.; Li, W.; Lu, Y.; Tang, W.; et al. Strand-specific RNA-seq reveals
widespread occurrence of novel cis-natural antisense transcripts in rice. BMC Genom. 2012, 13, 721. [CrossRef] [PubMed]

27. Wang, H.; Chung, P.J.; Liu, J.; Jang, I.C.; Kean, M.J.; Xu, J.; Chua, N.H. Genome-wide identification of long non-coding natural
antisense transcripts and their responses to light in Arabidopsis. Genome Res. 2004, 24, 444–453. [CrossRef]

28. Wunderlich, M.; Gross-Hardt, R.; Schöffl, F. Heat shock factor HSFB2a involved in gametophyte development of Arabidopsis
thaliana and its expression is controlled by a heat-inducible long non-coding antisense RNA. Plant Mol. Biol. 2014, 85, 541–550.
[CrossRef]

29. Fedak, H.; Palusinska, M.; Krzyczmonik, K.; Brzezniak, L.; Yatusevich, R.; Pietras, Z.; Kaczanowski, S.; Swiezewski, S. Control of
seed dormancy in Arabidopsis by a cis-acting noncoding antisense transcript. Proc. Natl. Acad. Sci. USA 2016, 113, E7846–E7855.
[CrossRef]

30. Henriques, R.; Wang, H.; Liu, J.; Boix, M.; Huang, L.-F.; Chua, N.-H. The antiphasic regulatory module comprising CDF5 and its
antisense RNA FLORE links the circadian clock to photoperiodic flowering. New Phytol. 2017, 216, 854–867. [CrossRef]

31. Liu, X.; Li, D.; Zhang, D.; Yin, D.; Zhao, Y.; Ji, C.; Zhao, X.; Li, X.; He, Q.; Chen, R.; et al. A novel antisense long noncoding RNA,
TWISTED LEAF, maintains leaf blade flattening by regulating its associated sense R2R3-MYB gene in rice. New Phytol. 2018, 218,
774–788. [CrossRef]

32. Borsani, O.; Zhu, J.; Verslues, P.E.; Sunkar, R.; Zhu, J.-K. Endogenous siRNAs Derived from a Pair of Natural cis-Antisense
Transcripts Regulate Salt Tolerance in Arabidopsis. Cell 2005, 123, 1279–1291. [CrossRef] [PubMed]

33. Katiyar-Agarwal, S.; Morgan, R.; Dahlbeck, D.; Borsani, O.; Villegas, A.; Zhu, J.-K.; Staskawicz, B.J.; Jin, H. A pathogen-inducible
endogenous siRNA in plant immunity. Proc. Natl. Acad. Sci. USA 2006, 103, 18002–18007. [CrossRef] [PubMed]

34. Ron, M.; Saez, M.A.; Eshed-Williams, L.; Fletcher, J.C.; McCormick, S. Proper regulation of a sperm-specific cis-nat-siRNA is
essential for double fertilization in Arabidopsis. Genes Dev. 2010, 24, 1010–1021. [CrossRef] [PubMed]

35. Held, M.A.; Penning, B.; Brandt, A.S.; Kessans, S.A.; Yong, W.; Scofield, S.R.; Carpita, N.C. Small-interfering RNAs from natural
antisense transcripts derived from a cellulose synthase gene modulate cell wall biosynthesis in barley. Proc. Natl. Acad. Sci. USA
2008, 105, 20534–20539. [CrossRef]

36. Zubko, E.; Meyer, P. A natural antisense transcript of the Petunia hybrida Sho gene suggests a role for an anti-sense mechanism
in cytokinin regulation. Plant J. 2007, 52, 1131–1139. [CrossRef]

37. Li, Y.; Li, X.; Yang, J.; He, Y. Natural antisense transcripts of MIR398 genes suppress microR398 processing and attenuate plant
thermotolerance. Nat. Commun. 2020, 11, 1–13. [CrossRef]

38. Luo, Q.-J.; Samanta, M.P.; Koksal, F.; Janda, J.; Galbraith, D.W.; Richardson, C.R.; Ou-Yang, F.; Rock, C.D. Evidence for Antisense
Transcription Associated with MicroRNA Target mRNAs in Arabidopsis. PLoS Genet. 2009, 5, e1000457. [CrossRef]

39. Huang, D.; Feurtado, J.A.; Smith, M.A.; Flatman, L.K.; Koh, C.; Cutler, A.J. Long noncoding miRNA gene repres-ses wheat
β-diketone waxes. Proc. Natl. Acad. Sci. USA 2017, 114, E3149–E3158. [CrossRef]

40. Gilbert, W. Why genes in pieces? Nat. Cell Biol. 1978, 271, 501. [CrossRef]
41. Rappsilber, J.; Ryder, U.; Lamond, A.I.; Mann, M. Large-Scale Proteomic Analysis of the Human Spliceosome. Genome Res. 2002,

12, 1231–1245. [CrossRef] [PubMed]
42. Matera, A.G.; Wang, Z. A day in the life of the spliceosome. Nat. Rev. Mol. Cell Biol. 2014, 15, 108–121. [CrossRef]
43. Romero-Barrios, N.; Legascue, M.F.; Benhamed, M.; Ariel, F.; Crespi, M. Splicing regulation by long noncoding RNAs. Nucleic

Acids Res. 2018, 46, 2169–2184. [CrossRef]
44. Yan, K.; Liu, P.; Wu, C.-A.; Yang, G.-D.; Xu, R.; Guo, Q.-H.; Huang, J.-G.; Zheng, C.-C. Stress-Induced Alternative Splicing Provides

a Mechanism for the Regulation of MicroRNA Processing in Arabidopsis thaliana. Mol. Cell 2012, 48, 521–531. [CrossRef]
45. Palusa, S.G.; Reddy, A.S.N. Differential recruitment of splice variants from SR Pre-mRNAs to polysomes during development

and in response to stresses. Plant Cell Physiol. 2015, 56, 421–427. [CrossRef]
46. Bardou, F.; Ariel, F.; Simpson, C.G.; Romero-Barrios, N.; Laporte, P.; Balzergue, S.; Brown, J.W.S.; Crespi, M. Long Noncoding

RNA Modulates Alternative Splicing Regulators in Arabidopsis. Dev. Cell 2014, 30, 166–176. [CrossRef]
47. Tran, V.D.T.; Souiai, O.; Romero-Barrios, N.; Crespi, M.; Gautheret, D. Detection of generic differential RNA processing events

from RNA-seq data. RNA Biol. 2016, 13, 59–67. [CrossRef]

142



Non-coding RNA 2021, 7, 12

48. Bazin, J.; Romero-Barrios, N.; Rigo, R.; Charon, C.; Blein, T.; Ariel, F.; Crespi, M. Nuclear Speckle RNA Binding Proteins Remodel
Alternative Splicing and the Non-coding Arabidopsis Transcriptome to Regulate a Cross-Talk Between Auxin and Immune
Responses. Front. Plant. Sci. 2018, 9, 1209. [CrossRef] [PubMed]

49. Rigo, R.; Bazin, J.; Romero-Barrios, N.; Moison, M.; Lucero, L.; Christ, A.; Benhamed, M.; Blein, T.; Huguet, S.; Charon, C.; et al.
The Arabidopsis lnc RNA ASCO modulates the transcriptome through interaction with splicing factors. EMBO Rep. 2020,
21, e48977. [CrossRef]

50. Grainger, R.J.; Beggs, J.D. Prp8 protein: At the heart of the spliceosome. RNA 2005, 11, 533–557. [CrossRef]
51. Elvira-Matelot, E.; Bardou, F.; Ariel, F.; Jauvion, V.; Bouteiller, N.; Le Masson, I.; Cao, J.; Crespi, M.D.; Vaucheret, H. The Nuclear

Ribonucleoprotein SmD1 Interplays with Splicing, RNA Quality Control, and Posttranscriptional Gene Silencing in Arabidopsis.
Plant Cell 2016, 28, 426–438. [CrossRef] [PubMed]

52. Conn, V.M.; Hugouvieux, V.; Nayak, A.; Conos, S.A.; Capovilla, G.; Cildir, G.; Jourdain, A.; Tergaonkar, V.; Schmid, M.;
Zubieta, C.; et al. A circRNA from SEPALLATA3 regulates splicing of its cognate mRNA through R-loop formation. Nat. Plants
2017, 3, 17053. [CrossRef]

53. Severing, E.I.; Van Dijk, A.D.J.; Morabito, G.; Busscher-Lange, J.; Immink, R.G.H.; Van Ham, R.C.H.J. Predicting the Impact of
Alternative Splicing on Plant MADS Domain Protein Function. PLoS ONE 2012, 7, e30524. [CrossRef]

54. Maclntosh, G.; Wilkerson, C.; Green, P. Identification and analysis of Arabidopsis expressed sequence tags cha-racteristic of
non-coding RNAs. Plant Physiol. 2001, 3, 765–776. [CrossRef]

55. Lindsey, K.; Casson, S.; Chilley, P. Peptides: New signalling molecules in plants. Trends Plant Sci. 2002, 7, 78–83. [CrossRef]
56. Crespi, M.; Jurkevitch, E.; Poiret, M.; D’Aubenton-Carafa, Y.; Petrovics, G.; Kondorosi, E. Enod40, a gene expressed during nodule

organogenesis, codes for a non-translatable RNA involved in plant growth. EMBO J. 1994, 13, 5099–5112. [CrossRef] [PubMed]
57. Compaan, B.; Yang, W.-C.; Bisseling, T.; Franssen, H. ENOD40 expression in the pericycle precedes cortical cell division in

Rhizobium-legume interaction and the highly conserved internal region of the gene does not encode a peptide. Plant Soil 2001,
230, 1–8. [CrossRef]

58. Röhrig, H.; Schmidt, J.; Miklashevichs, E.; Schell, J.; John, M. Soybean ENOD40 encodes two peptides that bind to sucrose
synthase. Proc. Natl. Acad. Sci. USA 2002, 99, 1915–1920. [CrossRef]

59. Asad, S.; Fang, Y.; Wycoff, K.L.; Hirsch, A.M. Isolation and characterization of cDNA and genomic clones of MsENOD40;
transcripts are detected in meristematic cells of alfalfa. Protoplasma 1994, 183, 10–23. [CrossRef]

60. Lucero, L.; Bazin, J.; Rodriguez Melo, J.; Ibañez, F.; Crespi, M.D.; Ariel, F. Evolution of the small family of alter-native splicing
modulators nuclear speckle RNA-binding proteins in plants. Genes 2020, 11, 207. [CrossRef]

61. Campalans, A.; Kondorosi, A.; Crespi, M. Enod40, a short open reading frame-containing mRNA, induces cyto-plasmic
localization of a nuclear RNA binding protein in Medicago truncatula. Plant Cell 2004, 16, 1047–1059. [CrossRef] [PubMed]

62. Sonenberg, N.; Hinnebusch, A.G. Regulation of Translation Initiation in Eukaryotes: Mechanisms and Biological Targets. Cell
2009, 136, 731–745. [CrossRef] [PubMed]

63. Roy, B.; Von Arnim, A.G. Translational Regulation of Cytoplasmic mRNAs. Arab. Book 2013, 11, e0165. [CrossRef] [PubMed]
64. Jiao, Y.; Meyerowitz, E.M. Cell-type specific analysis of translating RNAs in developing flowers reveals new levels of control. Mol.

Syst. Biol. 2010, 6, 419. [CrossRef]
65. Juntawong, P.; Sorenson, R.; Bailey-Serres, J. Cold shock protein 1 chaperones mRNAs during translation inArabidopsis thaliana.

Plant J. 2013, 74, 1016–1028. [CrossRef]
66. Juntawong, P.; Girke, T.; Bazin, J.; Bailey-Serres, J. Translational dynamics revealed by genome-wide profiling of ribosome

footprints in Arabidopsis. Proc. Natl. Acad. Sci. USA 2014, 111, E203–E212. [CrossRef]
67. Li, S.; Liu, L.; Zhuang, X.; Yu, Y.; Liu, X.; Cui, X.; Ji, L.; Pan, Z.; Cao, X.; Mo, B.; et al. MicroRNAs inhibit the translation of target

mRNAs on the endoplasmic reticulum in Arabidopsis. Cell 2013, 153, 562–574. [CrossRef]
68. Li, S.; Le, B.; Ma, X.; Li, S.; You, C.; Yu, Y.; Zhang, B.; Liu, L.; Gao, L.; Shi, T.; et al. Biogenesis of phased siRNAs on membrane-

bound polysomes in Arabidopsis. eLife 2016, 5, 1–24. [CrossRef]
69. Sorenson, R.; Bailey-Serres, J. Selective mRNA sequestration by OLIGOURIDYLATEBINDING PROTEIN 1 con-tributes to

translational control during hypoxia in Arabidopsis. Proc. Natl. Acad. Sci. USA 2014, 111, 2373–2378. [CrossRef]
70. Bazin, J.; Baerenfaller, K.; Gosai, S.J.; Gregory, B.D.; Crespi, M.; Bailey-Serres, J. Global analysis of ribosome-associated noncoding

RNAs unveils new modes of translational regulation. Proc. Natl. Acad. Sci. USA 2017, 114, E10018–E10027. [CrossRef]
71. Hamburger, D.; Rezzonico, E.; Petétot, J.M.-C.; Somerville, C.; Poirier, Y. Identification and Characterization of the Arabidopsis

PHO1 Gene Involved in Phosphate Loading to the Xylem. Plant Cell 2002, 14, 889–902. [CrossRef]
72. Stefanovic, A.; Arpat, A.B.; Bligny, R.; Gout, E.; Vidoudez, C.; Bensimon, M.; Poirier, Y. Over-expression of PHO1 in Arabidopsis

leaves reveals its role in mediating phosphate efflux. Plant J. 2011, 66, 689–699. [CrossRef] [PubMed]
73. Arpat, A.B.; Magliano, P.; Wege, S.; Rouached, H.; Stefanovic, A.; Poirier, Y. Functional expression of PHO1 to the Golgi and

trans-Golgi network and its role in export of inorganic phosphate. Plant J. 2012, 71, 479–491. [CrossRef] [PubMed]
74. Jabnoune, M.; Secco, D.; Lecampion, C.; Robaglia, C.; Shu, Q.; Poirier, Y. A Rice cis-Natural Antisense RNA Acts as a Translational

Enhancer for Its Cognate mRNA and Contributes to Phosphate Homeostasis and Plant Fitness. Plant Cell 2013, 25, 4166–4182.
[CrossRef] [PubMed]

75. Deforges, J.; Reis, R.S.; Jacquet, P.; Sheppard, S.; Gadekar, V.P.; Hart-Smith, G.; Tanzer, A.; Hofacker, I.L.; Iseli, C.; Xenarios, I.; et al.
Control of Cognate Sense mRNA Translation by cis-Natural Antisense RNAs. Plant Physiol. 2019, 180, 305–322. [CrossRef]

143



Non-coding RNA 2021, 7, 12

76. Song, X.; Li, Y.; Cao, X.; Qi, Y. MicroRNAs and Their Regulatory Roles in Plant–Environment Interactions. Annu. Rev. Plant Biol.
2019, 70, 489–525. [CrossRef]

77. Addo-Quaye, C.; Eshoo, T.W.; Bartel, D.P.; Axtell, M.J. Endogenous siRNA and miRNA Targets Identified by Sequencing of the
Arabidopsis Degradome. Curr. Biol. 2008, 18, 758–762. [CrossRef]

78. Brodersen, P.; Sakvarelidze-Achard, L.; Bruun-Rasmussen, M.; Dunoyer, P.; Yamamoto, Y.Y.; Sieburth, L.; Voinnet, O. Widespread
Translational Inhibition by Plant miRNAs and siRNAs. Science 2008, 320, 1185–1190. [CrossRef] [PubMed]

79. German, M.A.; Pillay, M.; Jeong, D.H.; Hetawal, A.; Luo, S.; Janardhanan, P.; Kannan, V.; Rymarquis, L.A.; Nobuta, K.;
German, R.; et al. Global identification of microRNA-target RNA pairs by parallel analysis of RNA ends. Nat. Biotechnol. 2008, 26,
941–946. [CrossRef] [PubMed]

80. Salmena, L.; Poliseno, L.; Tay, Y.; Kats, L.; Pandolfi, P.P. A ceRNA Hypothesis: The Rosetta Stone of a Hidden RNA Language?
Cell 2011, 146, 353–358. [CrossRef] [PubMed]

81. Kartha, R.V.; Subramanian, S. Competing endogenous RNAs (ceRNAs): New entrants to the intricacies of gene regulation. Front.
Genet. 2014, 5, 8. [CrossRef]

82. Franco-Zorrilla, J.M.; Valli, A.; Todesco, M.; Mateos, I.; Puga, M.I.; Rubio-Somoza, I.; Leyva, A.; Weigel, D.; García, J.A.; Paz-Ares, J.
Target mimicry provides a new mechanism for regulation of microRNA activity. Nat. Genet. 2007, 39, 1033–1037. [CrossRef]

83. Du, Q.; Wang, K.; Zou, C.; Xu, C.; Li, W.X. The PILNCR1-miR399 regulatory module is important for low phosphate tolerance in
maize. Plant Physiol. 2018, 177, 1743–1753. [CrossRef]

84. Wang, T.; Zhao, M.; Zhang, X.; Liu, M.; Yang, C.; Chen, Y.; Chen, R.; Wen-Hao, Z.; Mysore, K.S.; Zhang, W.-H. Novel phosphate
deficiency-responsive long non-coding RNAs in the legume model plant Medicago truncatula. J. Exp. Bot. 2017, 68, 5937–5948.
[CrossRef] [PubMed]

85. Jiang, N.; Cui, J.; Shi, Y.; Yang, G.; Zhou, X.; Hou, X.; Meng, J.; Luan, Y. Tomato lncRNA23468 functions as a com-peting
endogenous RNA to modulate NBS-LRR genes by decoying miR482b in the tomato-Phytophthora infestans interaction. Hortic.
Res. 2019, 6, 28. [CrossRef]

86. Wu, H.-J.; Wang, Z.-M.; Wang, M.; Wang, X.-J. Widespread Long Noncoding RNAs as Endogenous Target Mimics for MicroRNAs
in Plants. Plant Physiol. 2013, 161, 1875–1884. [CrossRef]

87. Wang, J.; Yu, W.; Yang, Y.; Li, X.; Chen, T.; Liu, T.; Ma, N.; Yang, X.; Liu, R.; Zhang, B. Genome-wide analysis of tomato long
non-coding RNAs and identification as endogenous target mimic for microRNA in response to TYLCV infection. Sci. Rep. 2005, 5,
1–16. [CrossRef]

88. Sun, Z.; Huang, K.; Han, Z.; Wang, P.; Fang, Y. Genome-wide identification of Arabidopsis long noncoding RNAs in response to
the blue light. Sci. Rep. 2020, 10, 1–10. [CrossRef]

89. Todesco, M.; Rubio-Somoza, I.; Paz-Ares, J.; Weigel, D. A Collection of Target Mimics for Comprehensive Analysis of MicroRNA
Function in Arabidopsis thaliana. PLoS Genet. 2010, 6, e1001031. [CrossRef] [PubMed]

90. Cho, J.; Paszkowski, J. Regulation of rice root development by a retrotransposon acting as a microRNA sponge. eLife 2017,
6, e30038. [CrossRef]

91. Jiang, K.; Patel, N.A.; Watson, J.E.; Apostolatos, H.; Kleiman, E.; Hanson, O.; Hagiwara, M.; Cooper, D.R. Akt2 regulation of
Cdc2-like kinases (Clk/Sty), serine/arginine-rich (SR) protein phosphorylation, and insulin-induced alternati-ve splicing of
PKCβJII messenger ribonucleic acid. Endocrinology 2019, 150, 2087–2097. [CrossRef]

92. Cooper, D.R.; Carter, G.; Li, P.; Patel, R.; Watson, J.E.; Patel, N.A. Long Non-Coding RNA NEAT1 Associates with SRp40 to
Temporally Regulate PPARγ2 Splicing during Adipogenesis in 3T3-L1 Cells. Genes 2014, 5, 1050–1063. [CrossRef]

93. Taniue, K.; Kurimoto, A.; Sugimasa, H.; Nasu, E.; Takeda, Y.; Iwasaki, K.; Nagashima, T.; Okada-Hatakeyama, M.; Oyama, M.;
Kozuka-Hata, H.; et al. Long noncoding RNA UPAT promotes colon tumorigenesis by inhibiting degradation of UHRF1. Proc.
Natl. Acad. Sci. USA 2016, 113, 1273–1278. [CrossRef]

94. Tripathi, V.; Ellis, J.D.; Shen, Z.; Song, D.Y.; Pan, Q.; Watt, A.T.; Freier, S.M.; Bennett, C.F.; Sharma, A.; Bubulya, P.A.; et al. The
Nuclear-Retained Noncoding RNA MALAT1 Regulates Alternative Splicing by Modulating SR Splicing Factor Phosphorylation.
Mol. Cell 2010, 39, 925–938. [CrossRef]

95. Goodrich, J.; Puangsomlee, P.; Martín, M.; Long, D.; Meyerowitz, E.M.; Coupland, G. A Polycomb-group gene regulates homeotic
gene expression in Arabidopsis. Nat. Cell Biol. 1997, 386, 44–51. [CrossRef] [PubMed]

96. Schubert, D.; Primavesi, L.; Bishopp, A.; Roberts, G.; Doonan, J.; Jenuwein, T.; Goodrich, J. Silencing by plant Polycomb-group
genes requires dispersed trimethylation of histone H3 at lysine 27. EMBO J. 2006, 25, 4638–4649. [CrossRef] [PubMed]

97. Saleh, A.; Al-Abdallat, A.; Ndamukong, I.; Alvarez-Venegas, R.; Avramova, Z. The Arabidopsis homologs of trithorax (ATX1)
and enhancer of zeste (CLF) establish ‘bivalent chromatin marks’ at the silent AGAMOUS locus. Nucleic Acids Res. 2007, 35,
6290–6296. [CrossRef]

98. Hennig, L.; Derkacheva, M. Diversity of Polycomb group complexes in plants: Same rules, different players? Trends Genet. 2009,
25, 414–423. [CrossRef]

99. Alvarez-Venegas, R.; Pien, S.; Sadder, M.; Witmer, X.; Grossniklaus, U.; Avramova, Z. ATX-1, an Arabidopsis Homolog of
Trithorax, Activates Flower Homeotic Genes. Curr. Biol. 2003, 13, 627–637. [CrossRef]

100. Michaels, S.D.; Amasino, R.M. FLOWERING LOCUS C encodes a novel MADS domain protein that acts as a re-pressor of
flowering. Plant Cell 1999, 11, 949–956. [CrossRef]

144



Non-coding RNA 2021, 7, 12

101. Yang, H.; Howard, M.; Dean, C. Antagonistic Roles for H3K36me3 and H3K27me3 in the Cold-Induced Epigenetic Switch at
Arabidopsis FLC. Curr. Biol. 2014, 24, 1793–1797. [CrossRef]

102. Pien, S.; Fleury, D.; Mylne, J.S.; Crevillen, P.; Inzé, D.; Avramova, Z.; Dean, C.; Grossniklaus, U. ARABIDOPSIS TRITHORAX1
Dynamically Regulates FLOWERING LOCUS C Activation via Histone 3 Lysine 4 Trimethylation. Plant Cell 2008, 20, 580–588.
[CrossRef]

103. Swiezewski, S.; Liu, F.; Magusin, A.; Dean, C. Cold-induced silencing by long antisense transcripts of an Arabidopsis Polycomb
target. Nature 2009, 462, 799–802. [CrossRef]

104. Heo, J.B.; Sung, S. Vernalization-Mediated Epigenetic Silencing by a Long Intronic Noncoding RNA. Science 2010, 331, 76–79.
[CrossRef] [PubMed]

105. Kim, D.-H.; Sung, S. Vernalization-Triggered Intragenic Chromatin Loop Formation by Long Noncoding RNAs. Dev. Cell 2017,
40, 302–312.e4. [CrossRef] [PubMed]

106. Kim, D.-H.; Xi, Y.; Sung, S. Modular function of long noncoding RNA, COLDAIR, in the vernalization response. PLoS Genet. 2017,
13, e1006939. [CrossRef] [PubMed]

107. Csorba, T.; Questa, J.I.; Sun, Q.; Dean, C. Antisense COOLAIR mediates the coordinated switching of chromatin states at FLC
during vernalization. Proc. Natl. Acad. Sci. USA 2014, 111, 16160–16165. [CrossRef] [PubMed]

108. Tian, Y.; Zheng, H.; Zhang, F.; Wang, S.; Ji, X.; Xu, C.; He, Y.; Ding, Y. PRC2 recruitment and H3K27me3 deposi-tion at FLC require
FCA binding of COOLAIR. Sci. Adv. 2019, 5, 7246–7270. [CrossRef]

109. Liu, Z.-W.; Zhao, N.; Su, Y.-N.; Chen, S.-S.; He, X.-J. Exogenously overexpressed intronic long noncoding RNAs activate host gene
expression by affecting histone modification in Arabidopsis. Sci. Rep. 2020, 10, 1–12. [CrossRef]

110. Zhao, X.; Li, J.; Lian, B.; Gu, H.; Li, Y.; Qi, Y. Global identification of Arabidopsis lncRNAs reveals the regulation of MAF4 by a
natural antisense RNA. Nat. Commun. 2018, 9, 1–12. [CrossRef]

111. Wang, Y.; Luo, X.; Sun, F.; Hu, J.; Zha, X.; Su, W.; Yang, J. Overexpressing lncRNA LAIR increases grain yield and regulates
neighbouring gene cluster expression in rice. Nat. Commun. 2018, 9, 1–9. [CrossRef]

112. Sieburth, L.E.; Meyerowitz, E.M. Molecular dissection of the AGAMOUS control region shows that cis elements for spatial
regulation are located intragenically. Plant Cell 1997, 9, 355–365.

113. Deyholos, M.K.; Sieburth, L.E. Separable whorl-specific expression and negative regulation by enhancer ele-ments within the
AGAMOUS second intron. Plant Cell 2000, 12, 1799–1810. [CrossRef]

114. Busch, W.; Miotk, A.; Ariel, F.D.; Zhao, Z.; Forner, J.; Daum, G.; Suzaki, T.; Schuster, C.; Schultheiss, S.J.; Leibfried, A.; et al.
Transcriptional Control of a Plant Stem Cell Niche. Dev. Cell 2010, 18, 841–853. [CrossRef] [PubMed]

115. Wu, H.-W.; Deng, S.; Xu, H.; Mao, H.-Z.; Liu, J.; Niu, Q.-W.; Wang, H.; Chua, N.-H. A noncoding RNA transcribed from the
AGAMOUS (AG) second intron binds to CURLY LEAF and represses AG expression in leaves. New Phytol. 2018, 219, 1480–1491.
[CrossRef]

116. Veluchamy, A.; Jégu, T.; Ariel, F.; Latrasse, D.; Mariappan, K.G.; Kim, S.-K.; Crespi, M.; Hirt, H.; Bergounioux, C.; Raynaud, C.; et al.
LHP1 Regulates H3K27me3 Spreading and Shapes the Three-Dimensional Conformation of the Arabidopsis Genome. PLoS ONE
2016, 11, e0158936. [CrossRef]

117. Ariel, F.; Jegu, T.; Latrasse, D.; Romero-Barrios, N.; Christ, A.; Benhamed, M.; Crespi, M. Noncoding transcrip-tion by alternative
rna polymerases dynamically regulates an auxin-driven chromatin loop. Mol. Cell 2014, 55, 383–396. [CrossRef] [PubMed]

118. Ariel, F.; Lucero, L.; Christ, A.; Mammarella, M.F.; Jegu, T.; Veluchamy, A.; Mariappan, K.; Latrasse, D.; Blein, T.; Liu, C.; et al.
R-Loop Mediated trans Action of the APOLO Long Noncoding RNA. Mol. Cell 2020, 77, 1055–1065.e4. [CrossRef] [PubMed]

119. Roulé, T.; Ariel, F.; Hartmann, C.; Crespi, M.; Blein, T. The lncRNA MARS modulates the epigenetic reprogram-ming of the
marneral cluster in response to ABA. BioRxiv 2020. Available online: https://www.biorxiv.org/content/10.1101/2020.08.10.236
562v1.full (accessed on 26 January 2021). [CrossRef]

120. Blein, T.; Balzergue, C.; Roulé, T.; Gabriel, M.; Scalisi, L.; François, T.; Sorin, C.; Christ, A.; Godon, C.; Delannoy, E.; et al.
Landscape of the Noncoding Transcriptome Response of Two Arabidopsis Ecotypes to Phosphate Starvation. Plant. Physiol. 2020,
183, 1058–1072. [CrossRef]

121. Kindgren, P.; Ivanov, M.; Marquardt, S. Native elongation transcript sequencing reveals temperature dependent dynamics of
nascent RNAPII transcription in Arabidopsis. Nucleic Acids Res. 2020, 48, 2332–2347. [CrossRef]

122. Kindgren, P.; Ard, R.; Ivanov, M.; Marquardt, S. Transcriptional read-through of the long non-coding RNA SVALKA governs
plant cold acclimation. Nat. Commun. 2018, 9, 1–11. [CrossRef]

123. Jung, J.-H.; Barbosa, A.D.; Hutin, S.; Kumita, J.R.; Gao, M.; Derwort, D.; Silva, C.S.; Lai, X.; Pierre, E.; Geng, F.; et al. A prion-like
domain in ELF3 functions as a thermosensor in Arabidopsis. Nat. Cell Biol. 2020, 585, 256–260. [CrossRef]

124. Kortmann, J.F.; Narberhaus, F. Bacterial RNA thermometers: Molecular zippers and switches. Nat. Rev. Genet. 2012, 10, 255–265.
[CrossRef] [PubMed]

125. Watters, K.E.; Yu, A.M.; Strobel, E.J.; Settle, A.H.; Lucks, J.B. Characterizing RNA structures in vitro and in vivo with selective
2′-hydroxyl acylation analyzed by primer extension sequencing (SHAPE-Seq). Methods 2016, 103, 34–48. [CrossRef] [PubMed]

145





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Non-coding RNA Editorial Office
E-mail: ncrna@mdpi.com

www.mdpi.com/journal/ncrna



MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34 

Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-1216-7 


