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The plant long noncoding (Inc)RNA field is on the brink of transitioning from large-
scale identification of IncRNAs to their functional characterization. Due to the
cross-kingdom conservation of interaction types and molecular functions, there
is much to be learned from mammalian IncRNA research. Here, we discuss the dif-
ferent molecular processes involving IncRNAs from the regulation of chromatin to
splicing. Furthermore, we discuss the IncRNA interactome, which includes pro-
teins, other RNAs, and DNA. We explore and discuss how mammalian IncRNA
functionalities could be reflected in similar pathways in plants and hypothesize
that several breakthroughs in mammalian research could lead to the discovery
of novel plant IncRNA molecular functions. Expanding our knowledge of the bio-
logical role of IncRNAs and their multiple applications paves the way for future ag-
ricultural applications.

The emergence of IncRNA research in plant science

Within the plant noncoding (nc)RNA field, IncRNAs (see Glossary) are still relatively poorly under-
stood regulators. These molecules are over 200 nucleotides long and are not commonly trans-
lated into proteins [1,2]. Since the widespread application of genome-wide sequencing,
hundreds of thousands of INcRNAs have been found in dozens of plant species (reviewed in
[3,4]). To keep track of these fast-expanding lists of plant INcRNAs, specific classification groups
were created based either on their position and genome orientation (reviewed in [5]) or on their
structure and known or predicted molecular functions (reviewed in [6,7]). However, this led to a
‘numbers game’, where the vast number of INcRNAs found is disproportional to the number of
individual IncRNAs with an assigned biological significance or unique molecular functionality.
Furthermore, these large-scale sequencing studies raise the question of whether all identified
INncRNAs are biologically relevant or simply transcriptional noise.

Mammalian INncBRNAs have been more widely studied and shown to be involved in a range of
molecular processes, including chromatin organization, associated transcriptional regulation,
or alternative mRNA splicing. To achieve this diversity in molecular functions, a broad range of
INcRNA interaction types occur, such as IncRNA-protein interactions, INCRNA-DNA interactions,
and INcRNA-RNA interactions [6,8].

For the relatively few plant INncRNAs that have been functionally characterized, similar molecular
activities were identified that show a degree of cross-kingdom conservation (reviewed in [9]).
Given this conservation, parallels between the mammalian and plant fields can be drawn and
used to provide further insights into plant INcRNA function. In this review, we discuss striking
examples of functionally characterized plant IncRNAs with different molecular activities. We
have selected examples of INCRNAs involved in regulating chromatin and DNA methylation,
INcRNAs in R-loop formation, INcCRNA-RNA interactions, INcRNAs participating in splicing
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mobile signals. We contextualize and extend these with examples of what is known in the animal

field. We focus on IncRNAs the functions of which were experimentally validated in vitro or in vivo.

Rather than providing a comprehensive overview of the INCRNA field, our aim is to sketch a
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LncRNAs in epigenetics and chromatin interactions

The epigenomic landscape includes two main chemical modifications: chromatin marks located
on histone tails, and DNA methylation, where the methyl groups are directly linked to cytosines in
the DNA. Both types of modification require specific protein complexes, which are involved in
altering and maintaining the epigenome [10]. These complexes are categorized into three
classes: epigenetic ‘writers’, which add chromatin marks or DNA methylation; ‘erasers’,
which remove chromatin marks or DNA methylation; and ‘readers’, which recognize these
chemical modifications and convert them into specific biological processes. LncRNAs can
interact with these chromatin modifiers and modulate both histone and DNA methylation, such
as by guiding the modifier complexes to specific loci. Although the process of adding and
removing epigenetic marks is conserved in plants and animals, the specific positioning of histone
marks and the type of DNA methylation differ. While animals have only CG methylation of DNA,
plants have CG, CHH, and CHG methylation. Nevertheless, DNA methylation appears to fulfil
similar roles between the kingdoms [10,11], such as transcriptional silencing, transcriptional
activation, or precursor mRNA (pre-mRNA) splicing (reviewed in [12]). Therefore, parallels
between INcRNA-chromatin interactions in mammals and plants may still be drawn.

The relevance of drawing parallels between plants and mammals is exemplified in recent work
comparing the plant INcRNA AUXIN-REGULATED PROMOTER LOOP (APOLO) and human
IncRNA UHRF1 protein-associated transcript (UPAT) [13]. UPAT was found to interact with the
epigenetic reader PHD and RING finger domain-containing protein (UHRF1) and to stabilize it,
aiding its role in DNA methylation maintenance [14]. In plants, APOLO interacts with the
VARIANT IN METHYLATION1 (VIM1) protein, which is a homolog of UHRF1 and also acts as
DNA methylation reader, suggesting a conserved regulatory mechanism (reviewed in [15]).

Interestingly, APOLO interacts with VIM1 and also with LIKE HETEROCHROMATIN PROTEIN 1
(LHP1), a component of the epigenetic complex POLYCOMB REPRESSIVE COMPLEX 1 (PRC1)
[13,16]. The functional similarities between APOLO and UPAT were further extended and con-
firmed by showing that UPAT is also able to interact with the plant proteins LHP1 and VIM1
in vivo [13]. Additionally, ChlIP assays revealed a reduced presence of both LHP1 and VIM1 at
the YUCCAZ2 locus in APOLO or UPAT overexpression lines in arabidopsis (Arabidopsis thaliana),
revealing a similar and conserved activity of plant and human IncRNAs. This is especially stunning
considering the vast evolutionary distance between plants and animals and because the two
IncRNAs differ completely at the sequence level [13]. This example highlights the value of drawing
comparisons between plants and animals as a tool to improve our understanding of plant IncRNA
functionality.

UPAT does not affect DNA methylation directly through its interaction with the DNA methylation
reader UHRF1. Rather, it affects DNA methylation through regulation of DNA methyltransferase
(DNMT)-1 protein levels, by mediating the degradation or inhibiting degradation of DNMT1 de-
pending on the interaction partners of UHFR1 [17]. As UPAT inhibits degradation of UHRF1
[14], it indirectly regulates DNA methylation. In plants, APOLO interacts with VIM1, which is
also considered a DNA methylation reader. Therefore, extrapolating from mammalian data, it
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would be interesting to see whether APOLO also affects DNA methylation through promoting
VIM1 interactions with DNA methylases.

Additionally, the direct interaction of INcCRNAs with DNA methylation writers has also been char-
acterized in mammals. For example, the mammalian Hox antisense intergenic RNA (HOTAIR)
INcRNA is known to interact with DNA methylation writers from the DNMT family, including
DNMT1, DNMT3a, and DNMT3b [18-20]. Interestingly, HOTAIR appears to affect both methyla-
tion and demethylation of DNA through different interactions, representing a dual mechanism not
yet described in plants. On the one hand, HOTAIR recruits DNMT3a to catalyze DNA methylation
at the promoter of specific target genes, contributing to their silencing [20]. On the other hand,
HOTAIR was found to interact with DNMT1 to inhibit DNA methylation of a target promoter,
allowing transcriptional activation to occur [19]. Furthermore, HOTAIR promotes DNMTT,
DNMT3a, and DNMT3b transcript expression [21], suggesting its involvement in a strictly con-
trolled regulatory network. It also affects the distribution of various histone marks through interac-
tions with multiple writer complexes, suggesting a broader role in chromatin regulation by a single
INcRNA (reviewed in [22]). The DNMT1 family is relatively conserved; in plants, one of its members
is METHYL TRANSFERASE 1 (MET1) [23], which could also be under the control of a INcRNA.

Besides DNA methylation, both mammal and plant INcCRNAs have been associated with histone
protein modifications. Probably the best-studied example of a histone modification linked to
INcRNAs is represented by trimethylation of histone 3 lysine 27 (H3K27me3), a chromatin mark
associated with transcriptional silencing via the POLYCOMB REPRESSIVE COMPLEX 2
(PRC2) (reviewed in [7,24,25]). For example, CURLY LEAF (CLF), a component of PRC2 in plants,
was found to be associated with COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR)
[26] and AGAMOUS (AG)-incRNA4 IncRNAs [27]. These interactions result in H3K27me3 deposi-
tion and transcriptional silencing at FLOWERING LOCUS C (FLC), as part of the vernalization re-
sponse, and at AG to restrict its expression domain to the floral reproductive organs, respectively.

In the mammalian field, INcRNAs were shown to associate with a wider range of histone protein mod-
ifications [28,29], suggesting an extensive relationship between INcRNA and chromatin-remodeling
events. These findings could be used to broaden the scope of research on plant INcRNA and histone
interactions. In this respect, the modulation by INcCRNAs of H3K4me3 deposition via association with
its writer complex (COMPASS) represents a nice example. This was initially described in mammals
[30,31] but a similar pathway exists in plants. This is also the case for MAF4 ANTISENSE RNA
(MAS), a NAT originating from the MADS AFFECTING FLOWERING 4 (MAF4) locus (Figure 1).
Arabidopsis MAS was found to interact with WDRb5a, a component of the H3K4me3 writer
COMPASS-like complex [32]. MAS guides this writer complex to MAF4, promoting H3K4me3 depo-
sition and, consequently, activating its transcription in cis, suppressing precocious flowering.

Although functionally characterized plant INcCRNAs associated with the regulation of histone mark
deposition or removal are limited, the rice INcCRNA LRK ANTISENSE INTERGENIC RNA (LAIR)
was found to interact both with H3K4me3 and H4K16ac writers to affect these histone marks
[33]. In peanut, the INcRNA AhDONE40 was shown to interact with a predicted ortholog of an
arabidopsis H3K36me3 writer, although its role in regulating H3K36me3 deposition remains un-
known [34]. Furthermore, downregulation of the rice INcRNA TWISTED LEAF (TL) increased
H3K36me2, H3K36me3, and H3K4me3 deposition in cis, but its molecular function in this
process is yet to be demonstrated [35]. Although the exact contribution of plant INcRNAs to
the regulation of histone marks remains to be fully explored, it would be interesting to see whether
they could also modulate the accumulation of other chromatin marks already known to be
affected by IncRNAs in mammals, such as H3K9me3 [36-38], H3K27ac, and H3K14ac [39].
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Glossary

Alternative splicing (AS): process
where a precursor RNA can be
converted into more than one mMRNA
isoform through differential removal of
intronic sequences by splicing factors.
Chromatin: structure of proteins and
DNA that encapsulates the genome,
comprises mainly histones, the chemical
structure of which can affect the
accessibility of the genomic DNA.
Epigenetics: effects on transcription or
gene function that are not determined
through coding DNA sequences.
Epigenetics can involve either the
addition of methyl groups to the DNA or
changes to the chemistry of the
chromatin.

Long non-coding RNAs (IncRNAs):
RNA molecules longer than 200
nucleotides that do not encode proteins
longer than 100 amino acids.

MiRNAs: small noncoding RNAs
21-24 nuclectides in length that can
bind to complementary mRNAs to
modulate them post transcriptionally.
Natural antisense transcripts
(NATSs): a type of IncRNA that is
transcribed from the opposite DNA
strand of another transcriptional unit
(e.g., a protein-coding gene or INCRNA).
R-loops: structures where RNA binds
to an exposed single-stranded piece of
DNA, resulting in an RNA:DNA hybrid.
Splicing factors: proteins that are part
of the splicing machinery involved in the
removal of introns from pre-mRNAs.
Triple helix: structure where three
strands of either DNA, RNA, or in
combination, form three helices that bind
to each other using hydrogen bonds. It
occurs in the nucleus when a nucleotide
sequence binds to the exterior of the
double helix formed by the genomic
DNA strands.

Trends in Plant Science, Month 2024, Vol. xx, No. xx 3



CellPress logo

¢? CellPress Trends in Plant Science

Chromatin remodeling: MAS Figure 1. The NAT MAS regulates

MAF4 transcription in cis through
chromatin remodeling. The IncRNA
MAS is transcribed antisense from the
MAF4 locus. MAS interacts with the
H3K4me3 writing complex COMPASS
through interaction with its component
WDRb5a. Thus, MAS recruits COMPASS
to deposit H3K4me3 at the transcriptional
start site of MAF4. This results in
transcriptional activation of this locus.
Abbreviations: INcRNA, long noncoding
RNA;  MAF4, MADS AFFECTING
FLOWERING 4; MAS, MAF4 ANTISENSE
RNA; NAT, natural antisense transcript;
WDR5a, WD40 REPEAT BA.

COMPASS
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LncRNAs involved in R-loop formation

When RNA interacts with a single-strand DNA molecule through a complementary sequence, an
RNA-DNA hybrid is formed (an R-loop). Additionally, RNA can also interact with the exterior of the
major groove in the DNA double helix, forming a triple helix RNA¢DNA-DNA structure (Box 1).
Other types of regulatory INcRNA-DNA structure have also been identified (reviewed in [40]).

R-loops are associated with an open chromatin landscape in both plants and animals, with low
levels of CG DNA methylation and H3K27me3, and higher levels of H3K4me3 and H3K27ac
[41-43]. R-loops often occur when the DNA strands are separated during transcription and can
affect transcriptional elongation and the conformation of the surrounding chromatin (reviewed in
[44]). Furthermore, R-loop enrichment in promoters and actively transcribed genes in arabidopsis
strongly suggests a role for these dynamic structures in transcriptional regulation [41]. Notably, in
mammals, antisense INCRNAs can themselves be generated by R-loops, which are formed
when a nascent transcript invades the DNA double helix behind elongating RNA polymerase |l
(Pol Il) [45]. However, our focus here is on INcRNA molecular functionality in R-loop formation
and associated consequences rather than on INCRNA generation through R-loops.

In arabidopsis, APOLO forms R-loops in trans at target genes through interaction with a GAAGAA
DNA motif by a six-base pair (bp) complementary sequence (WUCUUQC) [46,47]. As mentioned
earlier, APOLO can interact with LHP1, a component of the epigenetic programming complex
PRC1 [47]. At high expression levels, APOLO could act as a decoy for LHP1, preventing its func-
tioning [46,47].

In addition, the interaction of APOLO with VIM1 leads to the formation of an R-loop at the YUC2
locus [13]. Interestingly, this R-loop forms at 23°C, while no R-loop and also no VIM1 binding at
the YUCZ locus occurs at higher temperatures (29°C) (Figure 2). This suggests that the formation
of the APOLO-based R-loop is necessary to bring the epigenetic writer near the target locus and
to alter the local chromatin at 23°C.

Moreover, circular RNAs (circRNAs) are also involved in R-loop formation [48,49]. CircRNAs are a
class of ncRNA molecule generated by back splicing from intronic or exonic sequences,
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Box 1. LncRNAs in triple helices

Certain IncRNAs with a complementary sequence length of at least 19 bases can interact with the exterior of nucleotides in
the major groove of the double-stranded DNA (dsDNA) helix and establish specific hydrogen bonds (Hoogsteen bonds)
[140] (Figure I). The structures created from these INCRNA interactions are called triple helices, also known as triplexes
(reviewed in [141,142]). Hoogsteen bonds are commonly annotated by ‘e’, (whereas Watson-Crick pairing is annotated
with ‘-’). The different types of triple helix discovered thus far are RNA®DNA-DNA helices, RNA®RNA-RNA helices, and
DNAeDNA-DNA helices.

Mammealian IncRNA-based triple helices are involved in multiple molecular processes both in cis and in trans, including
transcriptional activation [143], repression [144], or the modification of chromatin [145]. Triple helixes appear to be
enriched in promoter sequences [146,147]. However, characterized INcRNAs in triple-helical structures are limited due
to the difficulty in studying these structures. In plants, the INcRNA triple-helix field is still in its infancy and, therefore, could
benefit from methodologies and tools developed for mammalian systems. For instance, specific bicinformatic tools have
been developed to find triple helix-forming elements in RNAs, including Triplexator [146] and the Triplex Domain Finder
[147]. These tools test strings of DNA and RNA for complementary sequences, where minimum length and error margin
can be defined. Using these tools, potential triple helix-forming elements have been found in a INcRNA in cotton [148] and
in hundreds of INcRNAs in rice [149]. Many of the motifs found in rice have complementary sequences in neighboring
genes, suggesting they form triple-helical structures in cis [149]. Furthermore, Triplexator was used to identify a potential
triplex-forming motif in COOLAIR located in a region needed for its interaction with FLC locus chromatin. This triplex-
forming motif in COOLAIR was shown by an in vitro electrophoretic mobility shift assay (EMSA) to bind to the complemen-
tary dsDNA sequence of FLC [129]. However, more work is needed to confirm that triple-helix structures are formed
in vivo.

Unfortunately, triple-helical interaction confirmation in vivo is challenging. Chromatin Isolation by RNA Purification (ChIRP)
in combination with biocinformatic tools, such as Triplexator or Triplex Domain Finder, could constitute a good indication
that a IncRNA forms a triple helix at a specific DNA target site (e.g., as used in [145]); however, it by itself is not conclusive.
Alternatively, a recently developed untargeted genome-wide approach may be implemented for the isolation of
RNAeDNA-DNA helices [150]. Furthermore, the fluorescent dye Thiazole Orange (TO), an in vivo approach, specifically
stains triple helices in living mammalian cells, making this an interesting tool to visualize triple-helix formation [151]. TO live
cell assays have been performed successfully in tobacco BY2 cells, indicating that it can be used in plants [152]. X-ray
crystallography and nuclear magnetic resonance (NMR) also have been applied successfully to confirm RNAeRNA-RNA
triple helices (reviewed in [153]). However, thus far, these methods have yet to be applied in RNA¢DNA-DNA studies. Nev-
ertheless, they could be valuable to finally confirm the existence of RNAeDNA-DNA triple helices in vivo, both in mammals
and plants.

(A) (B)

DNA double helix
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RNA+DNA-DNA triple helix with RNA in the major groove
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Figure I. Triple-helix formation through interaction between RNA and double-stranded (ds)DNA. (A) Simplified
overview of an RNA®DNA-DNA triple-helix formation through RNA interaction (red) with the DNA double helix (blue). The
invading RNA strand binds through Hoogsteen base pairing within the major groove of the DNA double helix.
(B) Example of the annotation of a triple helix with RNA (red) and a DNA double helix (blue). Hoogsteen bonds are
annotated by ‘e’, whereas Watson-Crick pairing is annotated by ‘-’.
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Transcriptional regulation through Figure 2. APOLO regulates
R-Ioop formation: APOLO YUC2expression through R-loop
formation. At 23°C, APOLO is able
to form an R-loop at the YUC2 locus
through a complementary sequence.
T a4 YUC locus APOLO can interact with the DNA
methylation  writer VIM1, which
methylates the YUC2 promoter, resulting
in its transcriptional repression.
23°C  Furthermore, APOLO interacts with
the PRC1 protein LHP1. At 29°C,
APOLO is unable to form an R-loop at
the YUC2 locus, allowing its transcription
to occur. Abbreviations: APOLO, AUXIN-
REGULATED PROMOTER LOOP;
LHP1, LIKE HETEROCHROMATIN
PROTEIN 1; PRC1, POLYCOMB
29°C  REPRESSIVE COMPLEX 1; VIM1,
VARIANT IN METHYLATION1; YUC2,

YUC locus YUCCA2.

R-loop formation with methylation

Trends in Plant Science

presenting a covalently closed loop structure in which their 3" and 5 ends are joined together [50].
For example, in arabidopsis, exon six of SEPALLATA3 (SEP3) gives rise to a circRNA that
enhances the expression of the SEP3.3 isoform lacking exon six [48]. This mechanism operates
via R-loop formation through direct interaction of the SEP3 circRNA with the genomic locus of its
cognate, resulting in transcriptional pausing and, consequently, altered floral organ development.

Data from the mammalian field suggest that R-loops in an open chromatin landscape actively
facilitate chromatin relaxation. For example, TCF21 antisense RNA inducing promoter demethyla-
tion (TARID) is a IncRNA forming an R-loop, which is recognized by ten-eleven translocation (TET)
and growth arrest and DNA damage protein 45A (GADD45A). TET and GADD45A promote DNA
demethylation at the TCF217 locus and it was proposed that GADD45A acts as a reader of R-loops
and, consequently, recruits the TET demethylase [51,52].

In conclusion, these studies show that INcRNA-based R-loops have a role in chromatin remodeling
and transcriptional regulation. It would be interesting to determine whether INcRNA-based R-loops
can also recruit other transcriptional or epigenetic regulators to loci of protein-coding or noncoding
genes in plants.

LncRNA-RNA interactions

LncRNAs can interact with multiple types of RNA through complementary Watson—Crick base
pair binding. In plants, INcRNAs interact with various miRNAs (reviewed in [8]). This specific inter-
action type, known as target mimicry, is proposed to result in competition between the mRNA
and the INcRNA to bind miRNAs. MiRNAs are small RNAs of 21-24 nucleotides in length that
are known to regulate target genes at the post-transcriptional level through interaction with
mMRNAs [53]. For instance, one of the first reports on this topic refers to the arabidopsis INcCRNA
INDUCED BY PHOSPHATE STARVATIONT (IPS17), which partly complements and binds to
miR399. However, due to a few mismatches in the sequence, this double-stranded RNA
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(dsRNA) is not cleaved. Therefore, IPS1 decoys miR399, leading to an increase in its MRNA
target PHOZ2 and a dynamically and precisely altered phosphate-starvation response [54]. Differ-
ences in MIRNA regulation between mammals and plants have been extensively reviewed [55]. In
plants, the most common mode of action involves miRNA-dependent target cleavage and
degradation through the RNA-induced silencing complex (RISC). Although plant miRNAs and
their targets are almost fully complementary [56-61], mismatches between the 10- and 11-bp
position in the 5’ of the mIRNA can occur and enhance target mimicry [58,62]. By contrast,
miRNA regulation in mammals occurs commonly via translation inhibition of their mRNA targets
[66,57,63-66]. Interestingly, only a short seed region (6-8 bp) usually matches the miRNA to its
target [56], which needs to be loaded into Argonaute (AGO) protein to form the RISC. Although
mammals have four AGO proteins, only one is active, indicating the lack of function of miRNAs
via transcriptional inactivation [67,68]. Instead, miRNA regulation in mammals relies on other pro-
teins that function during translation inhibition [69,70], although no precise molecular mechanism
has yet been identified accounting for the preference of miRNAs to promote either mRNA trans-
lation or degradation.

MIRNA sponging can also occur via circBRNA regulation. Mammalian circRNA can sponge
miRNAs to modulate mRNA translation, affecting the protein levels of the miRNA target [71,72].
Although these circRNAs show low expression overall, they are relatively stable and, furthermore,
appear to be highly abundant in a tissue-specific manner [73-75]. For instance, circRNA-Sirtuin{
(circ-Sirt1) binds to miR-132/212, increasing SIRT1 protein levels and affecting the inflammatory
pathway [71]. In plants, a recent study described circRNA involvement in miRNA sponging,
whereby Os06¢circ02797 sponges OsMIR408, regulating salinity stress during seed germination.
In agreement, the targets of OsMIR408 showed reduced expression in an OS06c¢irc02797 A1
mutant [76]. Although in vivo tissue-specific levels of arabidopsis circRNAs have been described
[77], it would be important to both validate their accumulation and demonstrate whether plant
circRNA can also affect protein translation of a miRNA target.

Tissue specificity and environmental conditions can modulate INcCRNA-miRNA interactions. In
mammals, the INcCRNA maternally expressed gene 3 (MEGS3) binds to seven miRNAs depending
on cancer cell type and hypoxia conditions [63,78,79]. In plants, specific conditions, such as cold,
drought, or heat, potentially affect the interactions between INCRNAs and miRNAs (reviewed in
[80]). Nevertheless, the potential occurrence of multiple plant INcRNA-mIRNA interactions has
been based on colocalization, co-expression, and predicted binding capabilities, with only a
few interactions being confirmed in planta. Therefore, further functional assays are required to
assess the potential biological role of these INCRNA-mMIRNA interactions.

Interestingly, besides the described INcRNA-mMIRNA association, mammalian INcCRNAs can also
interact with mRNAs and other INcCRNAs, and this appears to be a frequent and commmon molec-
ular mechanism [81]. Some of these INcCRNAs, such as metastasis-associated lung adenocarci-
noma transcript 7 (VALATT) and nuclear enriched abundant transcript 1 (NEATT) can interact
with hundreds of RNAs [81]. These INcCRNAs are considered hub RNAs because they associate
with numerous other transcriptional units, most of which are transcribed from coding genes
across the genome. HOTAIR is another example of a mammalian INncRNA that has multiple con-
firmed interactions, including with both miRNAs [82] and mRNAs [83,84]. RNA immunoprecipita-
tion (RIP) pulldown of HOTAIR revealed that it interacts directly with target mMRNAs and affects
their expression levels [83]. This is achieved through interaction with heterogeneous nucleus ribo-
nucleoprotein (NRNP) B1, a so-called ‘matchmaker protein’ that facilitates RNA-RNA interac-
tions [83,84] (Figure 3). This dsRNA formation appears to associate with higher PRC2 activity,
because it was inhibited by single-stranded RNA compared with a no-RNA control [84]. It
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Transcriptional regulation Figure 3. HOTAIR can engage
by RNA-RNA interaction: HOTAIR i RNA-RNA interactions and

promotes PRC2 function. The human
INcRNA HOTAIR can interact with other
RNAs (the mRNA of JAM2 shown here).
This interaction is facilitated by the
matchmaker protein hnRNP B1. HOTAIR
also binds to the H3K27me3 writer
complex PRC2. HOTAIR interaction with
JAM2 promotes PRC2 function, with the
consequent deposit of H3K27me3 at the
JAMZ2 locus. Abbreviations: HOTAIR, Hox
antisense intergenic RNA; hnRNPB1,
heterogeneous nucleus ribonucleoprotein
B1; IncRNA, long noncoding RNA; PRC2,
polycomb repressive complex 2.

Trends In Plant Sclence

might be that dsRNA could target chromatin remodelers to specific locations, and that INCRNAs
could have an important role in the formation of these double-stranded structures.
Nevertheless, their role in guiding PRC2 complexes requires further investigation.

Thus, these results from the mammalian field show that many different types of INCRNA-RNA
interaction are possible. Although none have yet been confirmed in vivo, several plant INncRNAs
are predicted to interact with mRNAs [85]. Therefore, it would be of interest to assess how wide-
spread these INcCRNA-RNA interactions are in plants compared with what has been found in
mammals [81].

LncRNAs involved in splicing regulation

Alternative splicing (AS) is a process by which a single pre-mRNA can be converted into a
multitude of individual MRNAs with different stability and functions or that encode different protein
isoforms [86]. The process is mediated by the spliceosome, a multiprotein complex including
various splicing regulators [87], a conserved core of splicing factors [38], hundreds of peripheral
splicing factors, and splicing-associated proteins [89]. Several studies revealed that plant
INcRNAs can interact with some of these splicing factors and affect splicing (reviewed in [90]).
This is the case of the ALTERNATIVE SPLICING COMPETITOR (ASCO) IncRNA in arabidopsis,
which can bind to splicing factors, such as PRP8a, SMD1b, NSRa, and NSRb [91-93]. Both
knockdown by RNAi and overexpression of ASCO resulted in altered AS events of protein-
coding mRNAs [92,93]. Furthermore, ASCO overexpression resulted in increased competition
with specific pre-mRNAs normally bound by PRP8a, leading to differential splicing outcomes
for these targets [93] (Figure 4). These observations suggest that ASCO binds to multiple splicing
factors to fine-tune AS of a defined set of MRNAs modulating transcriptome reprogramming in
response to biotic stress.

LncRNA interaction with specific splicing factors also occurs in animals. This is the case of the
INcRNA GOMAFU, which interacts with multiple splicing factors in the nuclear compartment,
namely SF1, Celf3, SRSF, and QKI [94,95]. The authors hypothesized that GOMAFU hijacks
these splicing factors to inhibit their ability to splice pre-mRNA and that they are released when
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Regulation of splicing: ASCO Figure 4. ASCO competes with
pre-mRNAs for interaction with
splicing factor PRP8a and affects
pre-mRNA splicing. The IncRNA
ASCO can interact with multiple splicing
factors, such as PRP8a, SMD1b,
NSRa, and NSRb (PRP8a is depicted
here as a specific example). Through
this interaction, ASCO competes with
pre-mRNAs, the splicing of which
depends on PRP8a. At regular ASCO
transcription levels, enough PRP8a is
present to affect the splicing of its
pre-mRNA targets. When ASCO is
- m overexpressed, it outcompetes the
Pre-mRNA mRNA pre-mRNAs, resulting in alternative
splicing of PRP8a target genes.
Abbreviations: ASCO, ALTERNATIVE
SPLICING COMPETITOR; IncRNA,
long noncoding RNA; pre-mRNA,
precursor mRNA.

Low ASCO expression

PRP8-spliceosome

High ASCO expression

Non-PRP8 spliceosome mRNA
Trendsin Plant Science

splicing is necessary through the downregulation of the GOMAFU transcript [94]. Interestingly,
splicing regulation in animals involving INcRNAs is also affected by post-transcriptional modifica-
tions. The INcRNA nuclear enriched abundant transcript 1 (NEAT7) modulates the AS of PPARg
pre-mRNA by regulating the post-translational modification of the SRp40 splicing factor through
protein phosphorylation [96,97]. Finally, the INcRNA MALAT not only interacts with SR proteins
and regulates their phosphorylation, but also stabilizes the crucial splicing factor complex compo-
nents polypyrimidine tract-binding protein-associated splicing factor (PTB1) and PTB-associated
splicing factor (PSF) [98,99]. Such mechanisms have not yet been described in plants, but it
would be interesting to confirm whether these functionalities are conserved among kingdoms.
Nevertheless, these results reveal that splicing can be affected by INcRNAs in multiple ways, either
via direct competition with pre-mRNAs for binding to proteins of the splicing machinery or by
altering splicing factors, through post-transcriptional modifications. It will be of interest to explore
whether plant INcRNAs have also evolved this range of ways to influence AS.

Natural antisense IncRNAs act as multitasking regulators

NAT-IncRNAs are a group of INncRNAs that originate from the antisense strand in relation to their
targets (e.g., other INcRNAs or protein-coding genes). Plant NAT-IncRNAs are some of the most
functionally characterized and include COOLAIR (recently reviewed in [100]), MAS [32] (Figure 1;
see also section ‘LncRNAS in epigenetics and chromatin interactions’), SVALKA [101], asCBF1
[102], FLORE[103], and asDOGT [104,105]. These NAT-IncRNAs may associate with chromatin
remodelers, as exemplified by the aforementioned COOLAIR-PRC2 complex mediating
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H3K27me3 accumulation at the FLC locus upon prolonged cold exposure, and the associated
silencing of FLC expression. Alternatively, NAT-IncRNAs have been shown to promote RNA
Pol Il collision and inhibition of transcription, as is the case for SVALKA-mediated regulation of
the CBF1 locus. Despite these diverse mechanisms of action, some shared patterns emerge,
such as the specific accumulation of NAT-INncRNAs in response to certain abiotic stresses, includ-
ing short or prolonged cold exposure and drought. Furthermore, many NAT-IncRNAs have the
opposite biological function in relation to their target transcripts; for example, the NAT-IncRNA
asDOG1 regulates the antisense encoded gene DELAY OF GERMINATION 1 (DOGT) and,
thus, seed dormancy levels and germination [105].

An anti-phasically expressed transcript pair in arabidopsis, CDF5 Long non-Coding RNA (FLORE)
and CYCLING DOF FACTOR 5 (CDFb5), display a mutual inhibitory relationship, which is reflected
in their opposite roles in regulating photoperiod-dependent flowering [103]. Moreover, FLORE
was shown to act both in cis and in trans and each component of this NAT pair was found to
be required to ensure the proper oscillation of its counterpart, suggesting a connection between
circadian perception and INcRNA FLORE function [103]. A similar IncRNA/StCDF1 transcript pair
was also identified in potato. This locus appears to affect water homeostasis, resulting in drought
tolerance in StCDF1-RNAI plants with higher StFLORE expression and drought susceptibility in
the natural StFLORE mutants represented by the StCDF1.3 allele. These results indicate a similar
mutual regulation of the INcCRNA StFLORE and the sense StCDF1 transcript [106].

Interestingly, the NAT-IncRNA SVALKA was shown to modulate cold stress responses [101].
Unlike COOLAIR, which regulates the FLC locus upon prolonged cold exposure, SVALKA is in-
volved in the downregulation of C-REPEAT/DEHYDRATION-RESPONSIVE ELEMENT BINDING
FACTOR 1 (CBF1) after short-term cold stress to prevent its overaccumulation and growth inhibi-
tion. Detailed molecular analyses showed that SVALKA run-through transcription by RNA Pol I
generates an additional cryptic antisense INCRNA to CBF1 (asCBF1). Accumulation of asCBF1
promotes Pal Il collision at the 3" end of the CBFT7, resulting in early transcription termination and
an overall reduction in CBF1 expression. Similarly to COOLAIR, this mechanism operates in cis
since SVALKA and asCBF1 fail to modulate the expression of other components of the CBF
regulon located in their vicinity [101]. Recently, a longer isoform of SVALKA was shown to accumu-
late under optimal temperature (22°C) conditions, which extends over the antisense strand of
CBF1a. This leads to the formation of dsRNA, which is recognized by DICER2 and/or DICERA4.
Ultimately, these result in CBF7 mRNA downregulation via AGO1 [102]. Although this mechanism
is fully independent of regulation occurring after short cold exposure, it appears to modulate plant
biomass under normal temperatures. Interestingly, these studies show that one NAT-INcCRNA can
regulate its target antisense gene through multiple processes, with opposite biological effects
based on different environmental conditions.

Recently, a novel INcRNA locus encoding FLOWERING-ASSOCIATED INTERGENIC IncRNA
(FLAIL) was shown to modulate flowering time by modulating gene expression in trans similarly
to the FLORE NAT-IncRNA [107]. FLAIL is transcribed from both sense and antisense strands,
but only its sense isoform appears to regulate flowering by modulating both AS events, as well
as the accumulation of H3K4me1 and H3K4me3 marks in specific target loci. Thus, FLAIL con-
stitutes one of the first plant INCBRNAs shown to regulate these two cotranscriptional processes.

NAT-IncRNAs have been extensively studied in animals, with HOTAIR being one of the best char-
acterized. Their widespread functions have been closely associated with cancer, where they
could act as either oncogene factors (e.g., HOTAIR) or tumor suppressors (e.g., growth arrest-
specific 5; GAS5) (reviewed in [108]). Detailed analyses of their mechanisms of action reveal
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common biological functions, including sponging of specific mMiRNAs, association with chromatin
remodelers at specific loci (e.g., KCNQT1OT1/LIT1 [109] and HOX11-AS [110]), and regulation of
protein stability by modulating ubiquitination and proteasome-dependent degradation of targets
(e.g., KCNQ1OT1 and hexokinase 2 [111]). This ability to fulfil diverse biological functions is best
shown in antisense NcRNA in the INK4 locus (ANRIL), which performs different biological func-
tions according to its intracellular localization [108]. Cytoplasmic ANRIL engages mostly in
miRNA sponging, whereas, in the nucleus, it acts both in cis and in trans. ANRIL recruits PRC1
and PRC2 components to silence CDKN2B, its antisense protein-coding transcript. This regula-
tion appears to involve chaperones with RHA helicase activity, and the formation of a triple helix at
this locus (see Box 1 for an explanation of triple helixes). ANRIL could also associate with PRC2
components to inhibit specific targets in trans. Interestingly, ANRIL was shown to induce NADPH
oxidase 1 (NOX1) transcription via its interaction with WD-40 repeat-containing protein 5 (WDR5)
and histone deacetylase 3 (HDACS) in the nucleus [112]. In addition to these functions, ANRIL
could regulate AS events via an, as yet unknown, mechanism [108]. Together, these results
suggest that NAT-IncRNAs perform a range of biological functions according to their intracellular
localization and physical interactions. This finding and the previously mentioned multifaceted and
dynamic activity of the plant NAT-IncRNA SVALKA show that multitasking activity by NAT, or
other INcRNASs, is likely to be a frequent occurrence. This makes it interesting and relevant to
study the functionality of plant INncRNAs with an open mind and to consider multiple roles for
these dynamic molecules.

LncRNAs as mobile signals

In all multicellular organisms, communication between cells, tissues, and organs is vital and
requires unique mobile signals traveling from cell to cell or over long distances. Interestingly,
mammalian INcCRNAs were shown to travel intercellularly and act as messenger molecules in
neighboring cells. This transport is achieved through different forms of extracellular vesicle
trafficking, including exosomes, microvesicles, and apoptotic bodies (reviewed in [113,114]).
These membrane-derived extracellular vesicles are of different sizes, with exosomes being the
smallest (<100 nm) and apoptotic bodies the largest (>1000 nm). Extracellular vesicle-based
INcRNA movement was shown to occur between the same and different cell types [115,116].
For example, MALATT is transcribed in bone marrow-derived mesenchymal stem cells and
transported through exosomes to osteoblasts. Furthermore, it is involved in sponging specific
miRNAs and, thus, regulating downstream genes, strengthening the notion that IncRNAs can
act as signaling molecules between cell types [117].

In addition to this short-distance travel, mammalian INcRNAs are frequently excreted into the
circulatory system and transported through blood serum [118-120]. For example, LINC00470
is present in exosomes in blood serum samples and can be absorbed by different cell lines
in vitro [118]. However, whether serum-transported INcRNAs remain functional in their destination
tissues in vivo remains to be established.

In plants, INcCRNAs were also shown to travel long distances. In cucumber, 22 INcRNAs were
identified in the phloem and appeared to be transmissible between cucumber and watermelon
heterografts. These INcRNAs seemed to be specifically targeted for transport since their move-
ment in the phloem was not concentration dependent [121]. The transport mechanisms of
INcRNAs are similar to those of MRNAs. Both types of RNA contain the same CU-rich motifs
that are required for binding to POLYPYRIMIDINE TRACT BINDING PROTEIN (PTB) and to
facilitate phloem transport [121,122]. Although these findings provide strong support for INcRNA
transport in plants, their functionality at the destination was not shown until very recently, when it
was reported that the IncRNA ELF18-INDUCED LONG NONCODING RNA 1 (ELENAT) is
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transcribed in roots under low nitrogen conditions and systemically transported to the shoot,
where it acts to attenuate leaf senescence in the event of nitrogen deficiencies [123]. At its des-
tiny, ELENAT limits the activity of the master transcription factor of plant senescence ORESARA1
(ORE1) by dissociating the MEDIATOR SUBUNIT 19a (MED19a)-ORE1 transcriptional complex.
This spectacular finding reveals for the first time a plant INcRNA that is specifically transported and
shows specific interactions in the target tissue; thus, it could even suggest a hormone-like role for
ELENAT in plants. All-inclusive definitions of hormones are lacking, since, for each proposed
definition, there will be canonical hormones that fail to adhere to all requirements. Nevertheless,
it is commonly accepted that hormones are molecules produced by multicellular organisms to
carry specific signals to target tissues. Interestingly, these common definitions would not sep-
arate hormones from other signaling molecules [124]. For example, the florigen (FLOWERING
LOCUST) protein is considered a plant hormone, although it binds an intracellular transcription
factor complex to effect transcription rather than binding to extracellular receptors [125]. By
contrast, reactive oxygen species (ROS), which are sensed by specific receptors and affect
specific signaling cascades [126], are not considered bona fide plant hormones. However,
wider definitions that consider hormones as organic molecules that regulate physiological
processes at low concentrations [127] could also classify other molecules as hormone-like,
such as IncRNAs.

Considering the specificity of INCRNA transport and tissue accumulation, and the recent identifi-
cation of the long-distance functioning of ELENAT, some plant INcRNAs might be considered
hormone-like molecules. This novel function of plant INcCRNAs significantly affects our under-
standing of within-plant communication systems and opens new research opportunities, such
as the study of source to sink transport and signaling during growth, in development, or in
systemic abiotic and biotic stress responses.

Concluding remarks and future perspectives

Rapid advances in INcCRNA research and sequencing technology have resulted in the discovery
and annotation of thousands of novel INcRNAs from a multitude of plant species under a variety
of environmental conditions. However, due to several technical challenges in functionally
characterizing INcRNAs, only a relatively small number have been assigned a molecular and
biological function. This has resulted in a ‘numbers game’ dilemma, where it is difficult to see
the wood, namely the vast numbers of IncRNAs found, for the trees, which are the molecular
functions of specific INcRNAs. Here, we explored several insights from the mammalian field
and built on the similarities in INCRNA molecular functionality across kingdoms, to provide
guidance for future studies and to predict further INncRNA functions in plants. While it is likely
that IncRNA-mediated regulation of biological processes evolved early in the tree of life, it is
possible that the different kingdoms have evolved in parallel and that there are species-
specific INcRNA mechanisms. Nevertheless, as with other regulatory processes, it is useful to
compare the broadest possible diversity of mechanistic links and, thus, learn from what is
known in mammals. The growth in fundamental knowledge of INcRNA functionality in mammals
provided researchers with more tools to tackle the ‘numbers game’ problem and reinforced the
notion that INcCRNAs are not ‘just transcriptional noise’ [128]. We also believe this to be the case
in plants, where INcRNAs have been associated with distinct functions, including regulation of
genome dynamics and the fine-tuning of regulatory processes related to particular develop-
mental transitions.

Despite all the challenges, the INCRNA field has seen much progress over the past few years.
Many types of interaction have been uncovered and a range of molecular processes have been

characterized, leading to a new view of eukaryotic genomes as dynamic entities where
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Outstanding questions

Why is such a large part of the genome
transcribed into INCRNAs?

Do IncRNAs fulfil a specific biological
need by saving the energy costs of
protein translation?

How do we functionally characterize
the large number of INcRNAs found in
plants in an efficient way?

Are there any IncRNA molecular
mechanisms specific to plants?

How universal is the relationship
between INcRNAs and the deposition
of chromatin marks?

Do IncRNAs commonly affect activating
chromatin marks in plants?

How do IncRNAs in R-loops affect
local chromatin and transcription?

How can we validate plant INcRNA
participation in triple helices?

How much can research on secondary
structures and conservation of INcCRNA
help us understand their function across
kingdoms?

Do IncRNAs contribute substantially to
plant stress adaptation and, if so, how?
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transcriptional regulation occurs at different levels. As discussed earlier, the plant INcRNA field
can benefit from the mammalian research field. However, an interesting facet of animal and
plant biology is worth highlighting. Unlike animal cells, which can be isolated and generally retain
their cellular identity, which makes them amenable for detailed study, plant cells withdrawn from
their tissue context and their cellular compartment tend to revert to a stem cell-like status. This
makes developmental analysis at a single cell level challenging, especially for the exquisite fine-
tuning processes that involve INcBRNAs. Thus, specific in planta technologies are required to
study these processes in all their detail. However, there are also advantages and opportunities
for plant sciences in this respect. The generation of mutant, overexpression, and reporter lines
is routine and allows easy comparison between different tissues in the same genotype, facilitat-
ing, for example, the investigation of INcRNAs with putative hormone-like function at the organism
level, of which the recently published research on ELENAT is an excellent example.

Considering the vast progress made in bioinformatics and available molecular tools, we anticipate
that IncRNA studies will improve in their complexity and accuracy over the next few years. For
example, recent predictions of INcRNA secondary structures in vivo show how different isoform
structures can be associated with specific environmental conditions that likely correspond to
different functionalities [129]. Research into the secondary structure of INncRNAs could prove
especially useful. Recently, it was shown that two sequence-unrelated INCRNAs from arabidopsis
and humans can bind to the same arabidopsis chromatin remodelers, probably due to a similar
domain in their secondary structures [13]. This observation once again underlines the usefulness
of comparing plant and animal INcRNAs and how this could advance our fundamental under-
standing of INcCRNA biology.

Many of the characterized IncRNAs in model plants and crops modulate important agricultural
traits, such as flowering time, root development, seed dormancy, and biotic and abiotic stress
responses [103,106,130-135]. Therefore, further research into plant INcRNAs has the potential
to uncover novel fine-tuning mechanisms, expanding their identification and functional characteri-
zation from model species to crops [136]. This regulation could become even more relevant as a
tool to uncover the molecular mechanisms providing tolerance to climate change and extreme
weather events [137]. Recently, the link between IncRNAs, the regulation of complex traits, and
the associated potential for targeted crop improvement has been recognized [138,139]. An
urgent and immediately emerging question that follows is how this knowledge can be applied
in breeding programs, such as biomarkers for particular traits or as regulators of abiotic stress
responses.

In conclusion, the plant research field is on the brink of transitioning from large-scale INcCRNA iden-
tification and a ‘numbers game’ to their functional characterization and full harnessing of the enor-
mous potential that these regulators offer for breeding approaches (see Outstanding questions).
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