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Abstract

This review provides a thorough survey of long noncoding RNAs that bear the RNA modification
N6-methyladenosine (m6A) and current work to understand the resulting mechanistic and biological
consequences. We give an overview of IncRNA and m6A biology first, describing the writers, erasers,
and readers of m6A and their targeting of IncRNAs. Next, we give an in-depth review of the field of
nuclear IncRNAs that regulate chromatin and their regulation via m6A. We then describe the
growing appreciation of liquid-liquid phase separation properties in IncRNA and m6A biology.
Finally, we cover examples of cytoplasmic IncRNAs regulated by m6A. Overall, this review aims to
emphasize how epitranscriptomics influence noncoding RNA mechanisms to provide additional
layers of regulation, integrated into downstream biological processes.

Keywords: long noncoding RNA; epitranscriptomics; N6-methyladenosine (m6A); gene regulation

1. Introduction

RNA modifications provide an added level of regulation within RNA biology mechanisms. In
many cases, enzymatic addition of chemical groups to RNA has the ability to modify the function or
fate of the RNA molecule. These epitranscriptomic regulatory mechanisms are often mediated by
proteins that can recognize the distinction between the unmodified and modified state. Specific
protein domains within RNA modification “reader” proteins have the capacity to bind with higher
affinity to modified RNA, with added specificity from the surrounding nucleotide sequence. One of
the most common enzymatically catalyzed modifications is N6-methyladenosine (m6A). While m6A
occurs on certain positions on rRNA4, it is also the most abundant modification of mRNAs, added as
they are transcribed. Because mRNAs and long noncoding RNAs (IncRNAs) are both transcribed by
RNA Polymerase II (Pol II), IncRNAs are also frequently m6A-modified. LncRNAs, generally defined
as Pol II-transcribed RNAs greater than 200 bases with no significant protein-coding potential, have
a wide variety of functions in different compartments in the cell. Modification by m6A can affect a
IncRNA in many ways, from altering its stability, regulating its molecular mechanism or subcellular
localization, or even feeding back to alter the chromatin locus from which the IncRNA was produced.
We provide an overview of the intersection of m6A epitranscriptomic regulation and mammalian
IncRNA biology in this review. We highlight how this RNA modification can tune the function of
noncoding RNA molecules that then can impact the underlying biology or human disease.

2. Writers and Erasers of m6A

Modification of RNA with m6A mainly happens as transcription occurs, where nuclear m6A
patterns of nascent RNA bear very strong similarity to cytoplasmic patterns [1]. The primary m6A
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‘writer’ enzyme complex for Pol II-transcribed RNA consists of a core heterodimer composed of S-
adenosylmethionine (SAM)-dependent methyltransferase METTL3 and METTL14 in association
with regulatory subunits WTAP, KIAA1429 (VIRMA), ZC3H13, HAKAIL and RBM15 (termed
MACOM [2]) (Figure 1) [3,4]. This methyltransferase complex targets RNAs containing a ‘DRACH’

’

consensus sequence (where ‘D’ is any nucleotide but cytosine, ‘R’ is any purine, and ‘H’ is any
nucleotide but guanine), with an obligate cytosine downstream of the substrate adenine being
essential for methylation [5]. In humans, methyltransferase METTL16 can also generate m°A
modifications on mRNA, though these do not happen within the same ‘DRACH’ consensus motif
and only a very few substrates are known [6,7]. Methylation by the m6A enzyme complex
METTL3/14 is inhibited when the RAC motif is in involved in base-pairing [8]. Additionally, recent
evidence suggests that the Exon Junction Complex, deposited after splicing, is a negative regulator
of m6A deposition within 100-200 nucleotides on either side of splice junctions [9]. This connection
helps to explain the enrichment of m6A in longer exons. Targeting of the methyltransferase is carried
out mainly by the regulatory subunits. For example, for the long noncoding RNA Xist, the RBM15
subunit directs methylation [10].

Erasure of m6A marks is carried out by two demethylases, FTO and ALKBHS [11], which are
iron (II)- and alpha-ketoglutarate-dependent dioxygenases (Figure 1). The two enzymes have
differences in their catalytic mechanisms, with ALKBHS5 promoting faster conversion back to
adenosine and FTO producing an hm6A intermediate [12]. Understanding the specificity between
the erasers is an emerging field, with insights on targeting of specific transcripts, based on
perturbation to FTO or ALKBHS5 protein levels and following direct changes that occur in the level
of methylation at specific m6A sites. Both enzymes have some additional activity reported for other
methylated adenosine modifications. FTO can demethylate RNAs, likely both in the nucleus and
cytoplasm, based on its localization patterns. A major role for FTO in the cytoplasm is to demethylate
m6Am 5’ caps [12,13]. ALKBHS5 is primarily nuclear, therefore less likely to influence mature RNAs
in the cytoplasm. ALKBH5 can be recruited and activated to demethylate mRNA by an adapter
protein, RBM33 [14]. Both FTO and ALKBHS5 have been shown to demethylate IncRNAs.
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Figure 1. General m6A machinery. The primary writer of m6A within mammalian cells is Mettl3/14,
in complex with many regulatory subunits (WTAP, VIRMA, AC3H13, HAKAI, RBM15) which make
up the MACOM. Deposition of m6A marks on IncRNAs occurs co-transcriptionally. Readers of m6A
can preferentially localize to the nucleus or the cytoplasm, coming in two main types: canonical
readers and indirect readers. Canonical readers directly bind m6A while indirect readers bind RNA
sequence that becomes available due to changes in the secondary structure of the RNA upon m6A
methylation. The two primary erasers of m6A are ALKBH5 and FTO; ALKBHS functions primarily
in the nucleus while FTO functions primarily in the cytoplasm. Created in BioRender. Gonzalez, S.
(2025) https://BioRender.com/i0u2r64.

3. m6A Readers and Their Interactions with Long Noncoding RNAs

Much of the function of an m6A mark is mediated by binding of the mark by proteins called
“readers.” Known reader proteins that interact with sites on IncRNAs include YT521-B homology
(YTH) domain family proteins (YTHDF1/2/3 and YTHDC1/2), insulin-like growth factor 2 mRNA-
binding proteins (IGF2BP1/2/3), Human antigen R (HuR), Leucine-Rich Pentatricopeptide Repeat
Containing protein (LRPPRC), and some heterogeneous nuclear ribonucleoproteins (HNRNPC,
HNRNPG, HNRNPA2B1) [15].

Each m6A reader has a unique combination of domains involved in m6A recognition, non-m6A
dependent RNA binding domains, subcellular localization, and protein-protein interactions. These
mo6A readers and their ability to recognize m6A-modified IncRNAs have been linked to several
biological functions including driving different cancer types, as described below.

4. Domain Architecture

m6A readers can be split into two categories: canonical and indirect readers (Figure 1). Canonical
readers have m6A recognition domains that promote direct protein interaction with the modified
RNA sequence, while indirect readers are indirectly influenced by the m6A mark in their binding to
proximal RNA regions. The YTH domain containing proteins and IGF2BPs are known canonical
readers. The YTH domain is highly functionally and structurally conserved amongst the proteins that
contain it [16]. The highly conserved residues are involved in an “aromatic cage” consisting of two or
three tryptophan residues and another hydrophobic residue surrounding the adenosine. The
specificity towards a methylated adenosine is due to m-m interactions between the nucleotide base
and the aromatic cage and surrounding cation-mt interactions [17]. YTH domain binding affinity
significantly decreases for a non-methylated adenosine compared to a methylated one; a similar fold
decrease is observed for methylated RNA when one or more of the aromatic cage’s tryptophan
residues are mutated. YTH domain family proteins YTHDF1/2/3 have a stronger affinity to m6A due
to their low-complexity domains (LCD), forming another hydrophobic alpha helix within the
aromatic cage [18]. The YTH domain also has an affinity for the N1-methyladenosine (m1A)
modification on RNAs, except in YTHDC2 [19].

IGF2BPs (1/2/3) have two RNA recognition motif (RRM) domains near their N-terminus and
four K homology (KH) domains at their C-terminus [20]. Their KH3-KH4 di-domains are essential for
mo6A recognition while KH1-2 contributes to their m6A affinity. In-silico and molecular analysis
showed that the KH4 domain in IGF2BP1 uses a hydrophobic cradle of residues to interact with its
mo6A target, contributing to higher m6A affinity than IGF2BP2 and IGFBP3 [21,22]. Through
molecular dynamics assays, IGF2BP2 and IGF2BP3 were found to shift the bound m6A from the KH4
domain to binding to the KH3 domain [22].

The HNRNP family is an example of indirect m6A readers that act by recognizing specific
sequence motifs that become available due to structural changes caused by m6A modifications on
their target transcripts [23]. HNRNPA2B1 has two RRM domains, consisting of two a-helices and
four B-sheets, making a sandwich binding pocket [24]. The HNRNPA2B1 conserved RNA binding
motif of repeated arginine (R) and glycine (G) residues (RGG box) also contributes to its RNA affinity
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[25]. HNRNPC and HNRNPG have one RRM domain and acid-rich and glycine-rich regions
contributing to their RNA affinity, respectively [26].

Other m6A reader proteins, such as HuR and LRPPRC, have demonstrated affinity for m6A-
modified transcripts, but the mechanisms for these proteins are still relatively unexplored [27].

5. Subcellular Localization

Each m6A reader interacts with its targets in the cytoplasm, nucleus, or both, depending on their
distinct subcellular localizations: YTHDF1, YTHDEF2, and YTHDEF3 are primarily cytoplasmic;
YTHDC1 localizes to the nucleus, particularly nuclear speckles; and YTHDC?2 is present in both the
nucleus and cytoplasm [23]. However, YTH protein localization can change in response to cellular
perturbations such as cellular stress. Radiation stress causes YTHDF1 to be phosphorylated and
prevents nuclear export, resulting in nuclear accumulation, which then allows YTHDF1 to increase
splicing and expression of DNA repair genes [28]. During heat shock stress, cytosolic YTHDF2 moves
to the nucleus and binds to m6A sites on Hsp70 mRNA, preventing FTO demethylation and
promoting increased translation [29]. The nuclear export protein CRM1 has affinity for all three
YTHDEF proteins, showing nucleus-to-cytosol potential [30]. O-GlcNAcylation helps mediate
YTHDF1 binding to CRM1 and nuclear export; however, whether O-GlcNAcylation plays a role in
the other YTHDF proteins’ translocation is unknown [31]. IGF2BPs are mostly cytoplasmic, with their
KH domain preventing nuclear accumulation, except IGF2BP3, which can be shuttled to the nucleus
[32,33]. HuR is a nuclear-cytoplasmic protein with a shuttling sequence within the hinge region
between its RRMs 2 and 3 [21]. LRPPRC is known to be a mitochondrial protein but has been found
to associate with RNA in the cytoplasm and nucleus [34]. The HNRNPs are primarily nuclear proteins
but can translocate to the cytoplasm [35,36], dependent on specific domains, for example, on
HNRNPA2B1 and HNRNPC [35,37].

6. Consensus Sequence Binding

The m6A consensus sequence, DRACH or RRACH, is commonly recognized by reader proteins,
but some readers have specific nucleotide bias or can recognize non-DRACH dependent mé6As.
Binding and structural analysis showed YTHDC1 has a bias for a guanine at the -1 position from an
mo6A site (G(m6A)C), with residue stacking and hydrogen bonds with residues around the aromatic
cage [38]. The other YTH-containing proteins are known to bind to this motif as well, as shown in
CLIP-seq data, but in-vitro experiments with different m6A k-mers have shown more flexible
binding, with them preferring pyrimidine bases at the -1 and -2 positions and not needing C on the
+1 position [39]. YTHDEF2 has a lower affinity to m6A sites located on RNA duplexes; this is presumed
to generalize to other YTH proteins but has not been formally demonstrated [40]. The KH3-4 di-
domains on IGF2BP 1/2/3 have been shown to recognize m6As with the consensus DRACH sequence
within IncRNA, i.e., ZFAS1 [41]. These in vitro m6A-transcript experiments show that reader proteins
can bind, sometimes better, to m6A within a sequence context that rarely/never exists in the cell, since
the motif preference of the methyltransferase dictates which sequences actually become methylated.
It is possible that lower affinity interaction of a reader with a methylated RNA is beneficial for
allowing downstream steps that would be blocked by binding too tightly.

HNRNPs have an indirect mode of recognizing the m6A consensus sequence. m6A:U base-
pairing is weaker than A:U, causing local RNA unfolding which increases RNA accessibility for
HNRNPC to the ssRNA. This RRACH-U-tract coupling event where m6A base pairs with poly-U
tracts has been dubbed the “m6A switch” model [42,43]. A recent study focused on how HNRNPC
interacts with various endogenous m6A-modified RNAs conducted biophysical experiments and
computational simulations to refine the model to suggest that m6A causes more subtle
conformational changes in RNA structure, not large-scale unfolding, to energetically prime protein
binding [44]. m6A switches also contribute to HNRNPG binding to m6A sites flanked by purine-rich
regions in mRNAs [45]. HNRNPA2B1 has been shown to bind flanking sequences of the DRACH
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motif; however, A2B1 binding to short RNAs is directly inhibited by m6A, suggesting a possible m6A
switch mode of binding [25]. m6A marks near HuR’s binding motif, AU-rich elements, increased HuR
affinity to its site, while m6 A marks further from the binding site moderately decreased HuR binding
[46]. Whether this is due to m6A switches destabilizing RNA structure needs to be further explored.
LRPPRC has a broad RNA-binding affinity due to its many a-helical structure domains that facilitate
RNA binding [47].

7. M6A Readers That Regulate IncRNAs

Most m6A readers have been found to bind to certain m6A-methylated IncRNAs. The molecular
consequences of reader interaction with IncRNAs is very context-dependent, as is the subsequent
integration of those molecular events into a biological and physiological context. We describe some
of these m6A reader-IncRNA mechanisms in the following sections of this review. As a more
comprehensive catalog of these interactions, we provide, in table form, a list of readers, the IncRNAs
they interact with, the molecular outcome, and the physiological/disease context associated with the
mechanism (see Table 1).

8. Role of m6A on RNA Structure and Stability
8.1. m6A Effect on RNA Structure and Accessibility to RBPs

mo6A modifications can affect RNA stability in at least two ways, either by modulating the
binding of proteins that regulate RNA stability or by changing RNA stability due to changes in RNA
structure that subsequently affect stability. For coding RNAs, m6A can also influence stability by
slowing translation.

Current evidence suggests that the effect of m6A on the structure of RNAs is sequence and
structure context-dependent [40,45,48,49]. For example, m6A on adenosines tend to modestly
destabilize their ability to participate in base-pairing (Figure 2A) [40,45,48,49]. For regions of RNA
that are single stranded, however, the presence of the m6A mark appears to improve base stacking
of the RNA [48]. Taken together, this work suggests that the effect of m6A on RNA structure is likely
dependent on the nearby secondary structure of the RNA. Structural changes in RNA driven by m6A
are termed the “mo6A-switch” (Figure 2C) [42,45,48,49]. These structural changes play a role in the
differential recruitment of RBPs to RNAs, based on methylation status [45,49], first highlighted by
the effect of m6A on the recruitment of HNRNPC to the MALAT1 A2577 region [42]. In short,
HNRNPC normally binds poly-U tracts, one of which is near A2577 of MALAT1 and is normally
unavailable due to base pairing with A2577 and its nearby nucleotides. m6A methylation of A2577,
however, decreases the stability of the A-U base pairing, leading to a reduction in the stability of the
hairpin normally formed and opening this poly-U tract for binding by HNRNPC. The m6A switch
also operates for other IncRNAs, where changes in RNA secondary structure due to altered base-
pairing caused by m6A methylation drives binding of RBPs [42] Direct m6A readers may also help
open up binding sites for indirect m6A readers by directly binding the m6A site thereby increasing
the accessibility of the proximal binding site for indirect m6A readers, although more work is
required to determine if this is indeed the case. Future work in the field will lead to better
characterization of how ubiquitous this m6A-switch mechanism is with other IncRNAs and m6A
readers in the hopes of identifying some unifying principles surrounding how m6A methylation can
intrinsically alter RNA structure and function.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Effect of m6A on RNA stability and structure. A). m6A can weaken base pairing, leading
to opening of RNA hairpins or other secondary structure. B). Changes in structure of RNAs caused
by m6A can lead to increased availability of binding sites on the RNA, ultimately increasing the
recruitment of indirect readers. C). Depending on which reader is recruited to m6A, the mark can
either contribute to destabilization of the RNA (via recruitment of RNA of CCR4-NOT complex, for
example) or the mark can contribute to stabilization by recruiting proteins like PABPC1. Created in
BioRender. Gonzalez, S. (2025) https://BioRender.com/plaoej4.

8.2. m6A Effect on RNA Stability via RBP Recruitment

In tandem with structural changes in RNA caused by m6A methylation, the presence of this
mark can also change RNA stability by affecting which RBPs bind to IncRNAs. Whether or not the
m6A mark has a stabilizing or destabilizing effect on the IncRNA appears to primarily depend on
which m6A reader is recruited to the IncRNA (Figure 2B) [50]. For RNAs in general, YTHDF proteins
tend to destabilize RNAs they bind, while IGF2BPs tend to stabilize [50-52]. The way that YTHDF
proteins can destabilize is best showcased by YTHDEF2, which can recruit multiple types of RNA
metabolism machinery [50,53-55]. For example, YTHDEF2 directly interacts with the CCR4-Not
complex, which deadenylates RNAs to facilitate exosome degradation, reducing the level of the
IncRNA PLAC2 [54]. YTHDEF?2 can also recruit the RNaseP/MRP complex to the IncRNA PLAC2 to
degrade the transcript [55]. In both of these cases, YTHDEF2 works as a bridge, leveraging the presence
of the m6A site on the RNAs to then recruit degradation machinery to these RNAs. IGF2BPs, like
IGF2BP2, tend to stabilize m6A RNAs by recruiting RNA stabilizing factors like HuR, MATR3, and
PABPC1 [51]. For example, the overexpression of IGF2BP2 in FTL3-ITD Acute myeloid leukemia
allows for increased stability of the IncRNA DANCR, contributing to increased proliferation and a
worse prognosis for patients [56]. Taken together, these examples of YTHDEF2 and IGF2BP2 suggest
that changes in stability of RNAs caused by m6A tend to be through the recruitment of an RNA
stabilizing or destabilizing protein factor via the m6A reader.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0405.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 December 2025 d0i:10.20944/preprints202512.0405.v1

7 of 23

Some readers, however, appear to have different effects on RNA stability, depending on the
situation. The m6A reader YTHDC1 is able to stabilize the IncRNA HOTAIR, and loss of YTHDC1 or
m6A sites on HOTAIR leads to reduced HOTAIR levels [57]. Furthermore, other work has found that
YTHDCT1 stabilizes SQSTM1 mRNA and is able to stabilize enhancer RN As (eRNAs) as well [58,59].
On the other hand, YTHDCI1 binding to m6A methylated PTEN mRNA appears to increase
degradation of this transcript [60]. YTHDC1 also increases degradation of m6A methylated LINE1
RNAs via recruitment of the NEXT complex [61]. Still, in other cases, it appears that YTHDC1 has no
effect on the stability of the RNA it binds [62]. Taken together, these data suggest that YTHDC1 may
have differing effects on RNA stability depending on the context. The major body of work on m6A
reader-mediated stability has focused primarily on mRNAs rather than IncRNAs, and therefore these
same patterns may not hold true in all cases for IncRNAs. Future work should focus on better
understanding how m6A readers alter stability of different IncRNAs, so that trends in/for regulation
of IncRNA stability by m6A readers can emerge.

It is important to highlight that robust methods to quantify m6A methylation are needed to
ensure careful studies can be performed to evaluate the effect of these marks on stability. While prior
work has done well to either make site-specific mutations that prevent m6 A methylation and evaluate
the effect on the stability and function of these RN As or generate knock outs of some of the readers,
writers, or erasers of m6A marks and subsequently evaluated how this affected RNAs, more
quantitative approaches have been limited thus far [63]. Excitingly, however, new techniques are
quickly coming online that hold promise for robust, quantitative evaluation of m6A marks along
IncRNAs, allowing for a more careful understanding of the relevance of these m6A mechanisms on
IncRNA stability [64-66]. While meRIP and associated methods have been a staple for evaluating the
amount of m6A methylation, these techniques are not site specific and tend to have difficulty being
quantitative. CLIP-based methods have been highly valuable for identifying individual methylation
sites, but have lacked a quantitative frame work for assessing percentage methylation at each site in
a population of RNAs [57,67,68]. New methods, however, like Nanopore sequencing of m6A marks,
GLORI, and eTam hold promise for more quantitative evaluation of mé6A methylation [64-66,69,70].
These methods for m6A quantification work either through directly sequencing RNA (Nanopore) or
indirectly (eTam-seq and GLORI) by converting non-m6A methylated adenosines into inosines,
allowing for them to be read as guanines upon sequencing. These techniques quantitatively measure
mo6A methylation at specific nucleotides, allowing for more careful evaluation of the relevance of
different levels of m6A marks on a transcript’s stability.

9. Involvement of m6A in IncRNA-Mediated Chromatin Repression

There are several instances where m6A modification of nuclear IncRNAs supports their ability
to promote gene repression and subsequently induce heterochromatin formation. In the following
examples, m6A deposition on a IncRNA enables interaction with the nuclear m6A reader YTHDC1
to induce transcriptional repression and in some cases chromatin condensation. This process can
occur both in cis and in trans, and, like most m6A marks, the outcome is context dependent.

9.1. Xist

Perhaps the most well-studied example of a IncRNA that induces heterochromatin is X-inactive
specific transcript (XIST), a ~17-19 kb nuclear localized noncoding RNA. Xist is transcribed from the
X chromosome that will undergo X chromosome inactivation (XCI), a process in which one copy of
the entire X chromosome in female mammals is silenced, packaged into heterochromatin [71,72].
XIST orchestrates XCI by accumulating over the X chromosome from which it is transcribed and
recruiting additional factors that act to silence and condense the chromatin. While the precise
mechanism and sequence of events that lead to XCI remains an active area of research, establishment
of silencing involves exclusion of RNA Polymerase II (RNAPII), loss of histone modification
associated with transcription, and gain of histone modifications associated with Polycomb repressive
complexes PRC1 and PRC2 [73].
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The first evidence of potential m6A modification of Xist came in 2015 from 4 independent
studies. First, comprehensive identification of RNA binding proteins by mass spectrometry (ChIRP-
MS) was performed on Xist to systematically identify protein interactors of the IncRNA. Identification
of known Xist interacting factors involved in silencing, including components of PRC1 and SPEN,
was achieved. A component of the m6A methyltransferase complex WTAP was also detected as an
Xist interacting protein in differentiated cells, and this interaction was dependent on the presence of
the A repeat in Xist [74]. A study using a similar Xist pulldown approach also identified RBM15 as
an Xist interacting protein in female fibroblasts [75], and a pooled shRNA screen identified RBM15
and WTAP as important factors for Xist RNA-mediated silencing in a transgenic reporter embryonic
stem cell (ESC) line [76]. Concurrently, the first single nucleotide m6A mapping in human cells
discovered multiple m6A sites in Xist [67].

Following these studies, it was found that Xist has multiple binding sites for RBM15 and
RBM15B and >60 m6A methylation sites, including a cluster in the A repeat region, that are
dependent on RBM15/15B, WTAP, and METTL3 in mouse ESCs. iCLIP revealed that the nuclear m6A
reader YTHDC1 bound Xist specifically in regions that were m6A modified. Experiments in a male
mouse ESC line that express a doxycycline inducible Xist on the X chromosome and single molecule
fluorescence in situ hybridization (sm-FISH) to monitor expression of X-linked transcripts
demonstrated that this reader was necessary for Xist mediated silencing (via YTHDC1 knockdown)
and sufficient to overcome Xist silencing defects upon knockdown of METTL3 (by tethering YTHDC1
to Xist) [77].

A caveat of these studies is that they were performed in mouse cells that use transgenic Xist
expression to establish silencing, with various techniques to measure the level of silencing. Studies
in 2019 and 2020 used interspecific XX mouse ESCs to examine endogenous Xist function. The first
study aimed to define the contribution of different pathways in XCI via an inducible endogenous Xist
by measuring nascent RNA transcripts including allelic analysis from the active and inactive X
chromosomes [78]. In this context, knockout of RBM15 or WTAP showed minimal effects on Xist
mediated transcriptional repression, whereas SPEN and Polycomb were key to the process. In
support of this, SPEN (specifically its SPOC domain) was shown to be essential for initiation of XCI
in mouse embryos and mouse ESCs, but dispensable for maintenance of XCI in neural progenitors
[79]. Interestingly, the m6A RNA methylation machinery was found to associate with the SPOC
domain of SPEN, suggesting that SPOC may play a role in recruiting m6A to Xist. In 2020, a study
used CRISPR/Cas9 mediated mutagenesis to delete portions of the 5’ Xist m6A region to examine
impacts on m6A modification and Xist mediated silencing. Deletion of the Xist A repeat (where
RBM15 binds) abolished m6A modification of the Xist 5’ region and impaired silencing, supporting
a role for m6A in this process [80]. A study examining the extensive modular structure of the Xist
RNP also supports the function of the essential A-repeat domain in recruiting m6A methylation
machinery to Xist, although multiple other proteins are also recruited by this domain, showing that
A-repeat serves as a nucleation center for Xist protein recruitment [81].

To address whether m6A plays a role in Xist transcript stability, a recent 2025 study used
interspecific XX mouse ESCs with inducible Xist and a dTAG degron system to rapidly deplete
METTLS3. The study also took advantage of chromatin-associated RNA sequencing to detect active
transcription from the active and inactive X chromosomes, which could be differentiated due to the
interspecific XX chromosomes. METTL3 depletion resulted in rapid loss of m6A transcriptome-wide,
including over the Xist m6A peak regions [82]. Interestingly, METTL3/m6A depletion led to an
increase in Xist levels, and in turn, in the rate of Xist mediated silencing, suggesting m6A leads to
destabilization of the Xist transcript. Indeed, it was found that m6A modified Xist transcripts were
targets for degradation by the NEXT complex [62]. This adds another layer of complexity to
regulation of Xist by m6A, shedding light on its role in Xist transcript stability and dynamics during
the process of XCI induction in mESCs.

With most Xist studies performed in mouse cells, it was unclear whether the same m6A function
on Xist was present in human cells. To demonstrate the role of m6A on Xist in human cells, a study
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performed in HEK293T cells, a cell line derived from a human embryonic kidney that has multiple X
chromosomes that are silenced but one single active X, found that knockdown of METTL3 resulted
in upregulation of two X chromosome genes, GPC4 and ATRX, as determined by RT-qPCR [83].
Repression was restored by specifically targeting the methyltransferase domain of METTL3 to Xist,
suggesting m6A methylation of Xist is key to repression of X chromosome transcribed genes. In
contrast, tethering the m6A demethylase FTO to Xist led to a minor but significant upregulation of
GPC4 and ATRX, demonstrating that demethylation of Xist may partially overcome epigenetic
silencing of the X chromosome.

Taken together, a multi-pronged model of m6A regulation of Xist has emerged (Figure 3A). A
theme in m6A biology is that its function is largely context dependent, with differing functions
depending on the RNA transcript modified, the cell type it is in, and the location within the cell. The
different outcomes observed in these Xist studies likely stems from the different contexts (cell type
and chromosomal) and methods used to induce Xist and assay silencing. While it is clear that
components of the m6A machinery bind to Xist, initiation of XCI and Xist mediated silencing are
likely not solely dependent on m6A, although m6A may still play a role in Xist function. There remain
a number of unknowns in our knowledge of m6A function on Xist, including the m6A distribution
across Xist transcripts. With new techniques to map m6A in a quantitative fashion, a better
understanding of the location and frequency of m6A modification within individual Xist transcripts
is possible. How significant a role m6A plays in repression by Xist, and when during development
or in different cell types it might have the biggest impact, remain open questions and important areas
for future studies to investigate.
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Figure 3. Role of m6A methylation on IncRNAs in chromatin repression. A). XIST can undergo
m6A methylation near its 3’ end, allowing for the recruitment of the NEXT complex and the
subsequent degradation of XIST. Ultimately, this leads to inhibited X-chromosome activation and
loss of Barr-body formation (top). Additional sites in the 5" end of the transcript can also undergo
m6A methylation, allowing for the recruitment of YTHDC, contributing to X-chromosome
inactivation and Barr-body formation, in conjunction with many other factors (depicted as other
shapes). B). HOTAIR undergoes m6A methylation at site A783. This subsequently recruits YTHDC1,
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which induces initial transcriptional repression of specific loci in the genome caused by HOTAIR.
Subsequently, PRC2 is deposited at these loci, leading to long-term repression of these genes. C.
LINEs are able to undergo m6A methylation, recruiting different YTH domain m6A readers such as
YTHDC1 or YTHDEF2. Binding of these readers recruits other proteins to these LINEs, leading to
either increased heterochromatin formation, reduced retrotransposition, or increased degradation of
the LINEs depending on the context. https://BioRender.com/5{ix9zi.

9.2. HOTAIR

HOX antisense intergenic RNA (HOTAIR) was originally identified in 2007 as a 2.2 kb IncRNA
containing 6 exons that is transcribed from the HOXC locus and regulates development by localizing
PRC2 and H3 lysine-27 trimethylation (H3K27me3) to the HOXD locus in trans [84]. HOTAIR has
since been extensively studied for its contribution to cancer progression, where overexpression
promotes cancer malignancy in many different cancer types including breast, hepatocellular,
colorectal, gastric, lung, glioma, cervical, ovarian, and liver cancers [85]. HOTAIR acts as a scaffold
to reprogram chromatin state via its interactions with histone modifiers PRC2 and lysine demethylase
1 (LSD1) to methylate H3K27 and demethylate H3K4 to repress tumor suppressor genes, promoting
cancer metastasis [86,87]. The modular structure of HOTAIR folds into four domains to support its
scaffolding function, with the 5" domain 1 interacting with PRC2 and 3' domain 4 interacting with
LSD1 [87,88].

Shedding light on how HOTAIR is targeted to genomic loci, a 2016 proteomic screen of HOTAIR
identified hnRNP A2/B1, an RNA binding protein with the potential to be regulated by m6A, as a
prevalent interactor of HOTAIR [89]. The B1 isoform specifically binds to HOTAIR and target RNAs
to enable HOTAIR RNA-RNA interactions, facilitating targeting and repression in trans [90,91]. It is
also notable that HOTAIR localization to chromatin can repress gene expression in the absence of
PRC2, suggesting that the initial transcriptional inhibition by HOTAIR is enabled by other factors
[92].

A pioneering 2022 study identified multiple sites of m6A modification in HOTAIR, with one
specific site at adenosine 783 (A783) being consistently methylated in multiple breast cancer cell lines.
Mutation of A783 to uracil (A783U) so that it could no longer be m6A modified at that site blocked,
and in some cases reversed, the cancer-promoting effects of HOTAIR in triple negative breast cancer
cells. This study identified YTHDC1 as a prevalent interactor of HOTAIR capable of mediating the
effects of m6A783 (Figure 3B): tethering YTHDC1 to A783U mutant HOTAIR restored its cancer
promoting effects, and knockdown of YTHDCI alleviated transcriptional silencing by HOTAIR [57].
This work suggests that m6A at A783 is required for HOTAIR to stimulate breast cancer progression
and could be a promising therapeutic target for cancer patients with HOTAIR overexpression.

Other recent studies have supported a role for m6A modification of HOTAIR. Proximity labeling
of HOTAIR-interacting proteins by RNA-BiolD identified WTAP and RBM15 as proteins that interact
with HOTAIR in T-REx 293 cells, demonstrating that HOTAIR is likely to be m6A modified in
multiple cell types [93]. A study in bone marrow-derived mesenchymal cells found that HOTAIR
interacts with the m6A demethylase FTO to prevent its ubiquitination and degradation [94]. In
oxycodone-treated mice, increased METTL14 expression was found to mediate upregulation of
HOTAIR which led to repression of PPla and recruitment of LSD1 to induce H3K4mel
demethylation [95]. This work supports the idea that m6A modification of HOTAIR increases its
expression or stability to enable its functions.

A growing body of evidence provides insight into the interaction of m6A modification with
HOTAIR function. How specific sites of m6A modification on HOTAIR regulate its structure,
interaction with other proteins and RNAs, localization, and impacts on cell fate remains an active
area of research. It will be important to determine how distribution of m6A across HOTAIR
transcripts influences HOTAIR function in different cell types to gain a better understanding of how
mechanisms of m6A modification on HOTAIR drive its cellular impacts.
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9.3. LINE1

Long Interspersed Nuclear Element-1 (LINE1) is an abundant transposon element which is m6A
modified to recruit YTHDC1 which facilitates degradation of the LINE1 RNA on chromatin (Figure
3C) [61]. Without m6A sites on LINE], its RNAs accumulate, which increases euchromatin formation
and LINE1l-associated gene expression. YTHDC1 binding to m6A modified LINE1 is required before
SETDB1 deposits H3K9me3 on LINE1 genomic loci, which is essential for mESC identity [96].
Another pathway shows YTHDC1 binding to m6A-modified LINE1 to enable its association with
NCL and KAP], the latter mediating addition of H3K9me3 on the LINE1 loci, which again helps in
maintaining early mESC identity [97]. Loss of the eraser FTO increases m6A marks on LINE1 and
leads to its lower abundance in mESC [98]. This causes an increase in euchromatin in LINE1-
activating genes and dysregulated embryonic development. m6A marks appear to be more abundant
on younger LINE1 elements, especially LINE1HS (a.k.a. L1IPA1) [99]. m6A marks on LINE1 and
subsequent binding of YTHDEF2 prevents retrotransposition, which aids in human germline
development [100]. This highlights how m6A marks on LINE1 elements act in maintaining gamete
and early embryonic development by recruiting méA readers to destabilize the transposon and lock
down their loci. Similarly, m6A marks on endogenous retroviruses act as guardrails for these
transposable elements and preserving cellular integrity [101].

10. Enhancer Activation

eRNAs are RNAs transcribed from enhancer regions (specific DNA sequences that enhance the
transcription of associated genes) and range from ~50-2000 nucleotides in length. These eRNAs tend
to be short, 5’ capped but generally not polyadenylated, transcribed by RNA Pol II, and bidirectional
[102]. eRNA abundance is often correlated with the activity of their enhancers, with highly expressed
eRNAs co-occurring with high expression of the enhancer target genes. One of the first studies to
identify m6A on eRNAs was a 2019 study which found that a high portion of eRNAs had m6A
modifications present [103]. Earlier work suggested that m6A decreased the stability of eRNAs by
demonstrating that eRNAs without these marks (through loss of METTL3) had a modestly higher
abundance [61]. Multiple subsequent studies, however, demonstrated that the presence of this m6A
mark instead increased the stability of many specific eRNAs. In a 2022 study that examined m6A on
nascent transcripts using PRO-seq, m6A modification was identified on pre-mRNAs, promoter
upstream transcripts, and eRNAs, and these transcripts were significantly depleted upon METTL3
knockdown. The results of this study suggested that m6 A modification protects nascent RNAs from
transcription termination by the Integrator complex to promote productive transcription [104]. In an
analogous study that used a high-sensitivity MINT-seq technique to identify m6A on nascent
transcripts, m6A on eRNAs was found to facilitate transcriptional condensate formation and gene
activation. Here, m6A methylation was shown to be enriched on long eRNAs and to enable
interactions with YTHDC1, leading to transcriptional condensate formation involving recruitment of
and co-mixing with BRD4 condensates to promote active transcription [15,58]. Taken together, this
work highlights that m6A on eRNAs is important for their stability, thereby helping them enhance
transcription at their paired promoters.

10.1. Phase Separation

The formation of biomolecular condensates is driven by the process of liquid-liquid phase
separation (LLPS) in which molecules spontaneously generate dense compartments termed
membraneless organelles with enriched concentrations of specific proteins and RNAs. These can
form in both the cytoplasm (stress granules, processing bodies (P-bodies)) or nucleus (nucleolus,
nuclear speckles) and have diverse functions in various cellular processes [105]. Multivalent
interactions between proteins and RNA molecules contribute to the ability to form condensates, with
increased valency contributing to strength of LLPS [106-109].
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With RNA being a major component of biomolecular condensates, how RNA modifications
might regulate phase separation is an important consideration. For example, m6A on mRNA
contributes to stress granule and P-body formation in the cytoplasm which is mediated by binding
of the cytoplasmic m6A readers YTHDF1-3 and IGF2BP3 that contain disordered domains that drive
LLPS of the reader proteins and their m6A modified targets [110-116]. m6A on mRNA can also
facilitate phase separation in the nucleus, with one study in acute myeloid leukemia (AML)
demonstrating that YTHDC1-m6A nuclear condensates are increased in AML cells compared to
normal hematopoietic stem cells. These condensates act to protect oncogenic m6A modified mRNAs
from degradation, enabling cancer cell survival [117]. This nuclear condensation of methylated
mRNAs by YTHDC1 also has implications for m6A modified IncRNAs which tend to be localized in
the nucleus. In addition to LLPS of the m6A reader proteins, components of the m6A
methyltransferase complex have also been found to undergo phase separation [118-121].

The ability of IncRNAs to drive phase separated condensate formation is of note, especially in
the nucleus. Examples include Xist mediated Barr body formation, nuclear-enriched abundant
transcript 1 isoform 2 (NEAT1_2) mediated paraspeckles, human satellite III (HSATIII) mediated
nuclear stress bodies, and enhancer RNA (eRNA) mediated transcriptional condensates [122-125].
Recent studies demonstrate that m6A modification and YTHDC1 are involved in the mechanism by
which these IncRNAs regulate the formation of condensates.

10.2. Xist Condensation of the Inactive X

As previously discussed, Xist is the IncRNA master regular of XCI, a process that involves
silencing and condensation of the inactive X chromosome during development of female mammals.
The formation of this condensed X chromosome is suggested to be a repressive form of phase
separation that can be visualized by microscopy as a dense mass on the periphery of the nucleus
[122]. The E-repeat-element of Xist recruits a multiprotein assembly that mediates condensate
formation of the inactive X via self-aggregation and heterotypic protein interactions. This condensate
is required for sustained gene silencing and anchoring of Xist to the inactive X, as well as maintenance
of X chromosome inactivation in the absence of Xist [126]. With the presence of over 60 m6A sites on
Xist enabling docking of multiple YTHDCI1 reader proteins, the scaffolding ability of Xist to localize
several YTHDC1 proteins together supports a model where multivalent interactions can drive phase
separation of the entire X chromosome [77]. With the ability of Xist to induce heterochromatin of an
entire X chromosome, it is possible that other IncRNAs that require m6A to induce chromatin
silencing (i.e., HOTAIR, LINEs) may also employ repressive phase separation to facilitate this
process.

10.3. NEAT1 and Paraspeckle Formation

Paraspeckles are membraneless nuclear bodies found near nuclear speckles in mammalian
nuclei. The 23 kb long IncRNA NEAT1T isoform 2 (NEAT1_2) is a scaffold component of paraspeckles,
residing at their core and driving their formation, via the localized high concentration of nascent
NEAT1_2 transcripts, which induce phase separation [127]. Containing over 60 identified protein
components, paraspeckles are complex compartments within the nucleus that regulate processes
such as RNA metabolism, gene expression, and DNA damage response [128]. NEAT1 is
overexpressed in many tumors, suggesting a role in cancer [129].

Several studies have demonstrated a role for m6A in regulating NEAT1 function in cancer
contexts. For example, NEAT1 accumulates at DNA double strand breaks in human U20S
osteosarcoma cells to facilitate genome repair, and this is dependent upon METTL3-mediated m6A
modification [130]. The m6A demethylase ALKBHS5 acts to demethylate NEAT1 in gastric and colon
cancer, leading to increased NEAT1 expression and cancer malignancy [131,132]. Similarly, in
glioblastoma multiforme (GBM), hypoxia-induced ALKBHS5 is upregulated and demethylates
NEAT1, stabilizing it and increasing paraspeckle formation. This induces relocalization of the
transcriptional repressor SFPQ from the CXCL8 promoter to paraspeckles, leading to an
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immunosuppressive tumor microenvironment and immune evasion [133]. Interestingly, the
intrinsically disordered C terminal domain of ALKBHS is required to drive its incorporation into
paraspeckles and increase paraspeckles in response to hypoxia via demethylation and stabilization
of NEAT1 [123]. Altogether, these studies suggest a key function for m6 A modification of NEAT1 in
paraspeckle formation and dynamics (Figure 4A), with unmethylated NEAT1 accumulating in and
increasing formation of paraspeckles leading to increased cancer malignancy, and methylated
NEAT!1 functioning at DNA double strand breaks to facilitate genome repair.
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Figure 4. Role of Liquid-Liquid phase separation (LLPS) in m6A mechanisms. A) The IncRNA
NEAT]I is a scaffold component of paraspeckles and contributes to their formation. When NEAT1
undergoes m6A methylation, the IncRNA is more rapidly degraded, leading to reduced paraspeckle
formation. Conversely, when NEAT1 does not have m6A methylation, its expression is increased,
leading to more paraspeckles forming. B). m6A methylation on eRNAs recruits YTHDC1. YTHDC1
IDRs then help drive LLPS, recruiting BRD4 condensates to help enhance transcription. C) HSATIII
undergoes m6A methylation in nuclear stress bodies (nSBs), leading to the sequestration of YTHDC1
into nSBs and altered splicing. https://BioRender.com/4ifpmdu.

10.4. eRNA Mediated Transcriptional Condensates

As previously discussed, enhancer RNAs (eRNAs) are modified by the m6A methyltransferase
complex [58,104]. This modification helps promote the formation of transcriptional condensates that
form at active sites of transcription by incorporating transcription factors, co-activators, core
transcriptional machinery, eRNAs, and underlying chromatin [124]. Unlike repressive phase
separated compartments, transcriptional condensates drive active transcription by forming hubs of
transcriptionally active clusters of enhancers and their target genes. eRNA m6A methylation is
enriched on long eRNAs and enables interaction with nuclear m6A reader YTHDC1 leading to the
formation of YTHDC1 condensates. Condensate formation is enabled by the arginine residues in the
YTHDCI intrinsically disordered region 2, which support co-mixing and augmentation of BRD4
condensates (Figure 4B) [58].
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10.5. HSATIII and Nuclear Stress Bodies

Nuclear stress bodies (nSBs) are membraneless organelles formed in the nucleus upon thermal
stress. Their formation is dependent upon the architectural IncRNAs HSATIII, primate-specific
transcripts produced from pericentromeric satellite III regions on several chromosomes [125]. nSBs
act to selectively sequester serine/arginine-rich splicing factors (SRSFs) during thermal stress to
enable retention of introns during stress recovery [134]. The m6A methyltransferase complex is
recruited to nSBs during thermal stress recovery, leading to high levels of m6A modification on
HSATIII IncRNAs [135]. This results in sequestration of YTHDCI to nSBs, depleting it from the
nucleoplasm and preventing splicing of introns regulated by the HSATIII IncRNA (Figure 4C). The
m6A modification maps to the noncanonical mé6A motif GGAAU repeat sequence in HSATIII, which
is believed to be accomplished via enrichment of the m6A methyltransferase complex within nSBs to
subvert the normal requisite cytosine downstream of the methylated adenosine. Multiple GGAAU
repeat sequences present in HSATIII bind SRSF9 while m6A modified GGAAU instead binds
YTHDC], leading to the formation of distinct ribonucleoprotein complexes that cooperatively control
intron retention during thermal stress recovery.

10.6. Other Example of m6A Involvement in LLPS

Several additional examples of m6A driving phase separation of IncRNAs exist. These include
IncRNA RUNX-IT1 driving phase separation of the m6A reader IGF2BP1 to increase mRNA stability
of GPX4 [136], m6A modification of TERRA IncRNA mediating telomere stability and R-loop
formation [137,138], centromeric RNA (cenRNA) interactions with the chromosome passenger
complex (CPC) and a role for cenRNA m6A modification in promoting centromere integrity in cancer
cells [139-141], and IncNONMMUT062668.2 m6A facilitating YTHDC1 phase separation, driving its
nuclear export to exacerbate pulmonary fibrosis [142].

Overall, m6A on IncRNAs enables LLPS in a context-dependent manner. From repressive
condensate formation of the X chromosome by Xist to active condensate formation by eRNAs at
transcriptional hubs, m6A can drive interactions with proteins to enable biomolecular condensate
formation which exerts an impact on the RNAs, chromatin, and proteins involved. Frequently, m6A-
dependent condensate formation involves recruitment of YTHDCI, although other components of
the m6A machinery including components of the methyltransferase complex and demethylase
ALKBHS5 can also undergo and contribute to méA-mediated phase separation [118,123]. Additional
research will be important to elucidate the breadth and rules of m6A’s potential in regulating phase
separation of IncRNAs.

11. Cytoplasmic m6A-Modified IncRNAs

Most of the work in the literature looking at cytoplasmic m6A methylation focuses on mRNAs,
rather than IncRNAs; however, some examples exist of m6A regulated IncRNAs in the cytoplasm.
One such IncRNA is THOR, which stands for testis-associated highly conserved oncogenic long non-
coding RNA. THOR interacts with IGF2BP1 to help stabilize m6A modified mRNAs in the cytoplasm
via an unknown mechanism [143,144]. The THOR IncRNA has a shorter half-life in the cytoplasm
when m6A modified [143]. THOR has lower expression when the cytoplasmic reader YTHDF1 is
knocked down but greater expression when its other reader YTHDEF2 is knocked down,
demonstrating differential effects of m6A on RNA stability in the cytoplasm based on the m6A reader
[143]. These two readers are thought to bind different m6A sites on THOR, suggesting differential
moA effects on cytoplasmic IncRNAs depending on the RNA sequence context. The cytoplasmic
IncRNA DANCR, which is involved in cancer stemness [145], undergoes m6A methylation at site
A664, thereby recruiting IGF2BP2 [146]. IGF2BP2 then helps increase the stability of DANCR,
allowing DANCR to more robustly support tumor progression [56,146]. One way DANCR increases
tumor progression is by inhibiting miRNA binding to mRNAs either by directly sponging the
miRNAs or by binding the mRNAs at the miRNA binding sites; both scenarios lead to increased
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stability of the mRNA and subsequent increased protein expression [147]. This is exemplified by
DANCR acting as a sink for miRNAs that target genes like Nanog, Sox2, and Oct4, leading to higher
expression of these genes and subsequent increased epithelial to mesenchymal transition (EMT)
[147]. This example highlights how m6A modification of DANCR in the cytoplasm can have direct
impact on disease; in both AML and pancreatic cancer, increased stability of DANCR driven by
IGF2BP binding m6A sites on DANCR drives disease progression. Recent studies have examined the
effect of m6A methylation on the cytoplasmic IncRNA NORAD in intervertebral discs and in
mesenchymal stem cells [148,149]. NORAD acts as a sponge for either miRNAs or proteins like
Pumilio, helping increase the stability of mRNA transcripts normally degraded via these miRNAs or
Pumilio [150]. In both cases, the presence of m6A on NORAD leads to reduced stability of the
transcript, which appears to be YTHDF2 dependent, leading to more miRNA or Pumilio being
available to inhibit the downstream mRNA normally protected by the presence of NORAD [148,149].
In turn, this led to altered disease progression such as the senescence of nucleus pulposus cells in
intervertebral discs and subsequent degeneration of intervertebral discs [148,149]. In each of these
cases, the presence or absence of m6A on IncRNAs affects the progression of different diseases,
highlighting the importance of understanding molecularly how these m6A methylation marks alter
IncRNA biology.

While only a few examples, taken together, these studies also highlight how multiple m6A sites
on one transcript can have differential effects depending on what m6A reader is recruited. Current
work suggests the change in stability is caused by the recruitment of secondary proteins/complexes
via interacting with the m6A reader. For example, YTHDF2 has been characterized to decrease
stability via the recruitment of the CCR4-not complex, while IGF2BP2 increases stability by recruiting
RNA stabilizing proteins like PABPCI1. Furthermore, it is possible that changes to stability, while
easily detectable, may not be the only function through which these m6A marks are altering
molecular IncRNA mechanisms in the cytoplasm, even in the absence of translational control. There
is much work still to be done to determine how cytoplasmic IncRNAs are influenced by m6A
methylation as an additional step of regulation of their molecular mechanism.

12. Conclusion

As this review highlights, the diverse regulatory mechanisms that are triggered by m6A
modification are clearly harnessed and integrated in many ways into IncRNA biology. While some
patterns have emerged, one theme that persists is that context dictates outcome. The combination of
a specific RNA in a certain subcellular location that is modified at a specific nucleotide position will
determine what molecular mechanism is initiated and how that will impact the greater cellular and
organismal biology. It is an exciting time as these mechanisms are becoming more fully explored to
gain insight into the manner in which epitranscriptomics can tune noncoding RNA function.
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