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ABSTRACT

The purpose of this review is to highlight several areas of IncRNA biology and cancer that we hope will
provide some new insights for future research. These include the relationship of IncRNAs and the
epithelial to mesenchymal transition (EMT) with a focus on transcriptional and alternative splicing
mechanisms and mRNA stability through miRNAs. In addition, we highlight the potential role of
enhancer e-IncRNAs, the importance of transposable elements in IncRNA biology, and finally the
emerging area of using antisense oligonucleotides (ASOs) and small molecules to target IncRNAs and

their therapeutic implications.

Introduction

Two decades ago, our laboratory was interested in studying
the protective effect of an early pregnancy on breast cancer.
The best experimental model for these studies at that time
involved treating rats with a carcinogen. To perform these
studies, we used a now obsolete, but unbiased technique called
subtractive suppressive hybridization. One of the genes iso-
lated from these studies was a new unannotated noncoding
RNA which we called G.B7 [1]. At this time, there were only
a few long noncoding RNAs (IncRNAs) described with known
functions, the best described of which was Xist. With encour-
agement from a colleague, Dr. John Mattick, a pioneer in
emphasizing the potential importance of IncRNAs [2],
a postdoctoral fellow, Dr. Melanie Ginger, along with
a graduate student, Amy Shore, undertook the study of this
IncRNA, which we designated PINC, for pregnancy induced
noncoding RNA [3-5]. PINC was subsequently shown to be
a marker of mammary epithelial cell fate and to interact with
the polycomb repressive complex 2 [5]. More recently,
IncRNAs have been shown to be epigenetically regulated in
a tissue-specific manner and to be excellent biomarkers of cell
identity [6].

Fast forwarding to the beginning of 2020, there are now
estimated to be approximately 60,000 human IncRNAs and
almost a third as many publications with long noncoding
RNAs listed in PubMed including many excellent recent
reviews (e.g. see Yao et al. [7]). There are also many databases
documenting associations between IncRNAs and diseases, in
particular focusing on cancer, including breast cancer (e.g. see
Ma et al. [8]. and Huang et al. [9]). Accordingly, the challenge
for this review was to highlight several areas of IncRNA
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biology that we hope will provide some new insights for
future research. These include the relationship of IncRNAs
and the epithelial to mesenchymal transition (EMT) with
a focus on transcriptional and alternative splicing mechanisms
and mRNA stability through miRNAs. In addition, we high-
light the potential role of enhancer e-IncRNAs, the impor-
tance of transposable elements in IncRNA biology, and finally
the emerging area of using antisense oligonucleotides (ASOs)
and small molecules to target IncRNAs and their therapeutic
implications.

Transcriptional regulation by IncRNAs

LncRNAs play a crucial role in tumour progression and
metastasis mainly through transcriptional regulation.
LncRNAs adopt different mechanisms to regulate transcrip-
tion, including modifying chromatin architecture, binding to
the DNA in a sequence specific manner and bringing tran-
scriptional factors and complexes to activate or suppress tran-
scription [10,11]. At the epigenetic level, hundreds of
IncRNAs have been found to interact directly with chromatin
remodelling complexes, controlling their localization and
activity [12] (Fig. 1A). While many still need to be function-
ally validated, this suggests that epigenetic modification is
likely a core function of IncRNAs. Among the extensively
studied IncRNAs that form a scaffold for chromatin modify-
ing enzymes is HOTAIR (HOX transcript antisense intergenic
IncRNA). HOTAIR regulates gene expression by binding to
Polycomb Repressive Complex 2 (PRC2) at its 5’domain and
changing its genome-wide occupancy [13]. PRC2 is a critical
chromatin modifying complex consists of four main subunits
(Enhancer of zeste homolog 2 [EZH2], embryonic ectoderm
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Figure 1. Mechanisms of transcriptional regulation by IncRNAs. (A). Recruitment of chromatin remodelling complex PRC2 by IncRNAs to induce epigenetic silencing.
(B). Binding to DNA methyltransferase DNMT1 and inhibiting its epigenetic modification. (C). Formation of R-loops by binding of IncRNA to the DNA duplex allowing
access of the transcription factor (NF-kB) to the promoter of target genes. (D). Recruitment of a transcription factor (TF) by IncRNA to the promoter of the target gene.
(E). Suppression of transcription by IncRNA GAS5, which functions as a decoy glucocorticoid response element (GRE) for the glucocorticoid receptor (GR). (F). Binding
of DHFR IncRNA to the transcription factor TFIIB to suppress its transcription activity.

development [EED], suppressor of zeste 12 [SUZI12], and
retinoblastoma  suppressor  associated  protein = 46/48
[RbAp46/48]) [14]. Many other IncRNAs bind to different
components of PRC2 to induce changes in gene expression.
PRC2 induces gene silencing through histone H3 lysine 27
trimethylation (H3K27m3). HOTAIR also has multiple bind-
ing sites at its 3’domain that can bind to lysine-specific
histone demethylase 1A (LSD1), restrictive element 1-silen-
cing transcription factor (REST) and REST corepressor 1
(LSD1/coREST/REST) complex demethylating H3K4 [15].
HOTAIR has been found to be associated with increased
risk of metastasis in breast cancer [16], and required for
EMT and stemness of breast, colon and cervical cancers
[17,18].

H19 is another IncRNA that binds EZH2 and promotes
EMT in bladder cancer by downregulating E-cadherin [19].
MALATI1 (Metastasis associated lung adenocarcinoma tran-
script 1), also known as nuclear-enriched abundant tran-
script 2 (NEAT2), is another extensively studied IncRNA
that interacts with the chromatin remodelling complex
PRC2 to regulate gene expression. MALATI is induced by
TGF-B and promotes EMT by suppressing the expression of
the epithelial marker E-cadherin through its binding to
SUZ12 [20]. NEAT1 (nuclear enriched abundant tran-
scriptl), another well-known IncRNA, is mainly localized
to the nuclear paraspeckles and recruits the histone deacety-
lase SIN3A to the transcription suppressor FOXN3 to form
a repressive complex that induces EMT and invasion in ER-
positive breast cancer [21].

To explain the mechanism by which IncRNAs direct PRC2
to target genes, Mondal et al. mapped the binding site of
MEGS3 IncRNA, which also binds to EZH2. They found that
MEGS3 forms RNA-DNA triplexes with GA-rich regions distal
to the promoters of the target genes and directs the chromatin
modifiers to these genes. Through this mechanism, MEG3
IncRNA regulates TGF-B pathway target genes [22]. This
may represent a general mechanism by which IncRNAs
recruit different chromatin modifying enzymes to the target
genes.

A second mechanism by which IncRNAs regulate tran-
scription at the epigenetic level is through DNA methyltrans-
ferases (DNMTs) function (Fig. 1B). LncRNA DBCCR1-003,
which is derived from the locus of the tumour suppressor
DBCCRI (deleted in bladder cancer chromosome region 1),
directly binds to DNMTI1 and blocks its methylation of the
promoter of DCCRI1, subsequently suppressing the prolifera-
tion of bladder cancer cells [23].

LncRNAs can regulate transcription through other
mechanisms such as R-loop (DNA:RNA hybrid) formation,
binding directly to the promoter or recruiting transcriptional
activators or suppressors. The IncRNA VIM-AS1, which is
transcribed head to head to VIM intermediate filament, is
a good example. VIM-ASI regulates the transcription of
VIM by forming a stable R-loop that reduces chromatin
condensation around the VIM promoter and makes it acces-
sible for transcription factor NF-kB [24] (Fig. 1C). LncRNAs
can also recruit transcription factors to the target genes (Fig.
1D). For example, LncRNA-HIT (HOXA transcript induced



by TGEFp), which has been found to increase invasion and
migration in non-small cell lung cancer (NSCLC) [25], reg-
ulates transcription by binding to the transcription factor
E2F1 and regulating its occupancy on gene promoters [26].
ELIT-1 (EMT associated IncRNA induced by TGEFp) is
a newly discovered IncRNA that also works as a scaffold by
binding to SMAD3 and facilitates SMAD3/4 complex binding
to the promoters of target genes, promoting EMT in lung and
gastric cancer [27]. LncRNA BX-111, which is induced by
HIF1-a, mediates hypoxia-induced EMT in pancreatic cancer
by recruiting the transcription factor Y-box protein (YB1) to
the ZEB1 promoter [28].

A number of IncRNAs work as decoys for transcription
factors and suppress their transcriptional activity. The best
example is GAS5 (growth arrest specific 5), which works as
a decoy for the glucocorticoid receptor (GR) [29] (Fig. 1E).
GASS5 binds to DNA-binding domain of GR by mimicking the
glucocorticoid receptor elements (GREs) and hence competes
with DNA GREgs, resulting in growth arrest during stress [29].
GAS?5 is considered a tumour suppressor and has been found
to affect proliferation, apoptosis, EMT and metastasis in dif-
ferent types of cancer [30,31].

In addition to all these mechanisms, a few IncRNAs
directly interfere with the transcriptional machinery. The
transcription of the DHFR (dihydrofolate reductase) gene is
regulated by the DHFR IncRNA that is transcribed upstream
to the DHFR minor promoter. The DHFR IncRNA binds to
both the DHFR major promoter and the transcription factor
TFIIB, preventing the formation of a pre-initiation complex
and suppressing the transcription of DHFR in quiescent cells
[32,33](Fig. 1F). RNA polymerase II elongation is also regu-
lated by non-coding RNAs such as 7SK snRNA that is tran-
scribed by RNA polymerase III. 7SK suppresses the activity of
positive transcription elongation factor b (P-TEFb) by form-
ing a RNA-protein complex (7SK/HEXIM/P-TEFb) that can
be disassembled by the helicase activity of DDX21 (DEAD-
box RNA helicase) to release the active P-TEFb [34].

These are key examples of the different mechanisms by
which IncRNAs contribute to transcriptional regulation of
EMT. There are many other IncRNAs that play a role in
regulating EMT at the transcriptional level, but their mechan-
ism of action remains to be elucidated.

Enhancer and enhancer-associated RNAs

Enhancer regions within the human genome are defined by an
increased ratio of histone H3 lysine 4 monomethylation
(H3K4mel) to trimethylation (H3K4me3), as well as the acet-
ylation of histone H3 on lysine 27 (H3K27Ac) [35-37].
Furthermore, enhancers have been shown to bind acetyltrans-
ferases and coactivators such as p300 and CREB (cyclic AMP
response element binding) protein [38]. Enhancers play
a central role in the transcriptional regulation by recruiting
transcription machinery to promoter regions within the gen-
ome. In addition, they themselves are transcribed. RNAs
transcribed from enhancer sequences are named eRNAs,
and, based on their length, many of them fall into the category
of IncRNAs (>200 nucleotides). The presence of eRNAs cor-
relates with enhancer activity [38,39]. Likewise, super-
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enhancers are classified as cluster of enhancers that are hyper-
acetylated and actively transcribed [40]. They are often found
near actively transcribed coding genes. These super-enhancer
genomic regions also produce large numbers of eRNAs. Since
the initial description of eRNAs as a subtype of IncRNAs,
their function and what role they may play at a cellular level
has been up for debate. Many questions have been raised
regarding how they are controlled, and how they exert their
effects on their target genes (whether in cis through looping
with their targets or in tranms), especially in disease
progression.

What functions do enhancer-associated IncRNAs serve
and their potential roles in cancer?

Contrasting to the other types of noncoding RNAs whose
roles have been elucidated, the functional role of enhancer-
associated IncRNAs (e-IncRNAs) is debated. e-IncRNAs could
have a role in the recruitment of transcriptional machinery or
just be a byproduct of enhancer transcription. The passive
role of e-IncRNAs is broadly agreed upon, however, recent
studies have illustrated they may be more than just bypro-
ducts. For example, Sigova et al. observe that these e-IncRNAs
are involved in recruiting the transcription factor Yin-Yang.
Furthermore, by knocking down the RNA exosome complex,
the authors showed that e-IncRNAs are sensitive to activity by
this protein complex as accumulation of e-IncRNAs was seen
[41]. In contrast, a decrease in the Yin-Yang transcription
factor was observed, implying that nascent e-IncRNAs are
necessary for the recruitment of the Yin-Yang factor to the
enhancer. The RNA exosome protein complex allows the 3
end of the e-IncRNA to pull away from RNA polymerase II
and other transcription machinery. Consequently, the newly
transcribed e-IncRNAs can interact with transcription factors
and guide them to associated enhancer regions [42]. As
a result, e-IncRNAs have been indicated to play a vital role
in engaging with transcription factors and localizing them to
cognate enhancers. The 3'-end processing activity of the RNA
exosome may be important for trimming the e-IncRNAs to
appropriate sizes that support functionality; alternatively, the
degradation activity may reduce the level of free e-IncRNAs.

In support of this, kinetic experiments assessing how cells
respond to different stimuli have demonstrated the time
dependent transcription of e-IncRNAs. For example, mamma-
lian cells exposed to pathogens and different growth stimuli
exhibit the transcription of e-IncRNAs first, then mRNAs that
encode transcription factors, and ultimately, the transcription
of the gene of interest [43,44]. This indicates that e-IncRNAs
might be essential in recruiting transcription factors for target
gene transcription under certain stimuli. These recent find-
ings increase our understanding of what role e-IncRNAs may
serve but also highlight why enhancers are usually found near
genes they regulate. Within the past decade, work on IncRNAs
have highlighted several potential candidates and their role in
cancer metastasis. Li et al. [45] described two IncRNAs,
ACO026904.1 and UCA1, which upregulate Slug expression at
both transcriptional and post-transcriptional levels, exerting
critical roles in TGF-p-induced EMT in breast cancer.
However, a concerted effort is required to understand how
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enhancer associated IncRNAs facilitate gene expression in
cancer progression. Whether an e-IncRNA acts in a cis or
trans manner to regulate transcription of target genes, speci-
fically genes crucial for epithelial to mesenchymal transition
of cells, still remains to be studied.

Cis vs trans action of e-IncRNAs

e-IncRNAs are speculated to act either in cis or trans to
regulate transcription of target genes. First, in the pure cis
model, e-IncRNA are thought to be byproducts of the open
chromatin and the transcription machinery present at the
enhancer locus. Thus, the e-IncRNAs themselves do not play
a role in recruiting transcription factors rather their transcrip-
tion denotes how active the enhancer is. Current studies and
models indicate that in a 3D environment, chromosomal
motion is limited within a nucleus [46]. Therefore, intrachro-
mosomal interactions are more prevalent than interchromo-
somal interactions and suggest that the cis—trans model likely
reflects nature of e-IncRNAs and their function.

An alternative to the purely cis model is the cis-trans
model. In this model, the e-IncRNA guides the enhancer,
from which it was transcribed, to a promoter region of
a coding gene. This coding gene could again be on
a different chromosome or elsewhere on the same chromo-
some. In other words, the e-IncRNA is a component that
facilitates the interaction of the enhancer and the promoter.
For example, HOTTIP (long intergenic noncoding RNA),
which resides at the 5' tip of the HOXA locus, regulates the
transcription of various HOXA genes in vivo through chro-
mosomal looping of its enhancer to the promoter region of
these genes. The HOTTIP RNA interacts with WDR5 (WD
repeat domain 5) directly and directs WDR5/MLL (mixed
lineage leukaemia) complex to the HOXA locus. Ectopically
expressed HOTTIP RNAs were unable to activate genes
within the HOXA locus through similar function.
Accordingly, HOTTIP would seem to function in a cis-trans
manner [47].

A purely trans acting e-IncRNA can regulate genes on
different chromosomes or genes farther away on the same
chromosome from which they were transcribed Identifying
trans-acting e-IncRNAs has been a challenge; however, the
best example of a trans-acting e-IncRNA known so far is the
aforementioned HOTAIR. HOTAIR is a IncRNA 2.2-kb in
length transcribed from the antisense strand of the HOXC
cluster on human chromosome 12 [48]. Knockdown of
HOTAIR exhibited no effects to neighbouring genes, but led
to transcriptional activation of HOXD genes (through the loss
of H3K27me3 marks present at the HOXD locus) located on
human chromosome 2. This result shows that HOTAIR can
function in a trans-acting manner [49].

Finally, super-enhancers display increased levels of chro-
matin interaction and chromatin organization. This high
order of chromatin organization is necessary for recruitment
of transcription machinery and regulating expression of
important genes. However, what coordinates the local chro-
matin organization within the super-enhancers and what
recruits the regulatory complexes to the super-enhancers are
yet to be fully explored. Soibam et al. has described a set of

IncRNAs (which they term super-IncRNAs) that interacts
with these super-enhancer genomic regions via RNA:DNA:
DNA triplex formation [50]. These IncRNAs can recruit
essential transcription facilitators to the super-enhancers and
allow for organization of local chromatin in super-enhancer
regions driving transcriptional activity.

LncRNA regulation of splicing

Newly transcribed RNA molecules have coding regions
(exons) and non-coding regions (introns) that are spliced
out during or immediately after transcription. RNA splicing
is catalysed by spliceosomes, RNA-protein complexes com-
posed of small nuclear RNAs (snRNAs) that are assembled
with small nuclear proteins to form ribonucleoproteins
(snRNPs). The splicing process can produce two or more
transcripts from a single RNA molecule by a process called
alternative splicing (AS) increasing the proteomic complexity.
This process is regulated by cis-acting sequences (enhancer
and silencer sites) and trans-acting proteins called splicing
factors (SFs) [51]. The most common splicing factors are the
serine/arginine-rich proteins (SR proteins), which have one or
more RNA recognition motifs (RRMs) [52]. Abnormalities in
alternative splicing have been linked to many human diseases
including cancers [53].

LncRNAs play a role in the regulation of mRNA splicing.
The first IncRNAs to be associated with RNA splicing are
NEAT1 and MALAT1 (NEAT2), which have been found to
be associated with SC35 SF-containing nuclear speckles [54].
NEAT]I regulates AS of PPARy during adipogenesis through
its effect on the phosphorylation of the splicing factor SRp40
[55]. MALAT]I is mainly localized to the nuclear speckles and
interacts with SR splicing factors. Tripathi et al. found that
MALAT1 modulates the nuclear localization and phosphor-
ylation status of SR proteins (Fig. 2A), which is required for
AS regulation [56]. MALAT1 depletion also has been found to
change the pattern of AS for many genes [56,57]. The
mechanism by which MALAT1 regulates the phosphorylation
of SR proteins is suggested to be through its modulation of the
localization and activity of kinases like SRPK1, or the phos-
phatases (PP1 or PP2A) that influence AS through modifying
SR protein [58]. Direct binding of MALAT]1 to splicing factors
may disrupt their interaction with other proteins and hence
modulate their activity, e.g. NEAT2 binding to SFPQ (proline-
and glutamine-rich SF). SFPQ works as a suppressor by bind-
ing to the proto-oncogene PTBP2 (polypyrimidine-tract-
binding protein) that promotes tumour growth. MALAT1
has been found to bind competitively to SFPQ, releasing the
proto-oncogene PTBP2 in colorectal cancer (Fig. 2B). This
mechanism may explain how MALATI induces tumour
growth and metastasis [59].

Beside its ability to shuttle SFs between the nuclear speck-
les and transcription start sites, MALATI increases the
expression of the splicing factor SRSF1 in hepatocellular car-
cinoma. SRSF1 modulates the AS of a set of genes that play an
important role in cancer progression and maintenance [60].
MALAT1 also regulates the expression of another splicing
factor called RBFOX2, which modulates AS of pro-apoptotic
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Figure 2. Regulation of splicing by IncRNAs. (A) MALAT1 modulates the localization and phosphorylation of serine arginine rich splicing factors (SR). (B) MALAT1
disrupts the interaction between the splicing factor SFPQ and the proto-oncogene PTBP, releasing PTBP from SFPQ. (C) LINCO1133 functions as a decoy for the
splicing factor SRSF6, blocking its effect on target mRNAs. (D) SAF NAT forms base-pairing with FAS pre-mRNA to recruit the splicing factor SPF45 in order to induce
exon 6 exclusion. (E) ZEB2-AS1 blocks the splicing donor site on ZEB2 mRNA, leading to the inclusion of an IRES that promotes ZEB2 mRNA translation. (F) The
IncRNA asFGFR2 recruits polycomb-group proteins and KDM2a to FGFR2 pre-mRNA, masking the binding site of the chromatin splicing complex and causing exon lllb

inclusion.

tumour suppressor KIF1B, promoting anchorage independent
survival and EMT in ovarian cancer [61].

Another IncRNA that binds to SF and affects colorectal
cancer metastasis is LINCO01133, which is downregulated by
TGFp. LINCO01133 suppresses EMT by working as a target
mimic for the splicing factor SRSF6, which has been found to
induce EMT [62]. By this mechanism, LINC01133 works as
a decoy for SRSF6 titrating it away from its target mRNA (Fig.
2C), thus suppressing EMT induction by SRSF6.

Another mechanism by which IncRNAs modulate AS
involves a group of IncRNAs that are transcribed in the
opposite direction to some mRNA called Natural Antisense
Transcripts (NATs). NATs can base pair with their sense
transcripts, forming RNA-RNA duplexes to regulate the sta-
bility, nuclear export and splicing of mRNA [58,63]. One of
the known NATSs that plays an important role in protecting
cancer cells from programmed cell death, or apoptosis, is SAF
IncRNA. SAF is transcribed anti-sense to the FAS ligand
(FASL), which initiates apoptosis by binding to the FAS
receptor at the cell membrane. SAF binds to FAS pre-
mRNA overlapping exon 6 that codes for transmembrane
sequences. At the same time, it binds to splicing factor 45
(SPF45), which facilitate AS of FASL pre-mRNA leading to
exon 6 skipping (Fig. 2D). The FAS transcript without exon 6
produces soluble FAS (sFAS) that cannot induce cell death. By
this mechanism, SAF IncRNA protects cancer cells from
apoptosis [64]. SAF is an example of a NAT that mediates
exon skipping. ZEB2NAT or ZEB2-AS1 (zing finger E-box-
binding homeobox 2 antisense RNA 1) is another example for
a NAT that mediates intron inclusion of the transcription
factor ZEB2 inducing EMT [65]. ZEB2NAT sequences are

complementary to an intron on the 5'UTR of ZEB2 mRNA,
which has an internal ribosomal entry site (IRES) that is
normally removed by splicing. ZEB2NAT binds to ZEB2 pre-
mRNA, covering a splicing donor site at that intron, leading
to conservation of IRES and inducing ZEB2 translation [65]
(Fig. 2E).

Antisense IncRNAs can also regulate AS through recruit-
ment of chromatin modifiers to their sense locus. The best
studied example is IncRNA asFGFR2 (antisense for fibroblast
growth factor receptor 2, FGFR2). In epithelial cells, asFGFR2
binds to the FGFR2 locus and recruits Polycomb-group pro-
teins and H3K36 demethylase KDM2a, masking the binding
site for the chromatin-splicing complex. By this mechanism,
asFGFR2 promotes inclusion of exon IIIb of FGFR2 in epithe-
lial cells that is normally excluded in mesenchymal stem cells,
which lack asFGFR2 transcript [66] (Fig. 2F).

From these examples, we can conclude that IncRNAs reg-
ulate alternative splicing through several mechanisms includ-
ing: (1) Regulating the transcription of some SFs, (2)
Interacting with SFs modulating their nuclear localization
and activity, (3) Altering the phosphorylation status of SFs,
(4) Working as a decoy for splicing factors and (5) Antisense
IncRNAs (NATs) form RNA-RNA duplexes with sense RNAs
to activate or suppress splicing site [58].

LncRNA regulation of miRNAs

One of the best characterized functions of IncRNAs is by
working as a competitive endogenous RNA (ceRNA), which
is also one of the mechanisms by which IncRNAs regulate
mRNA stability (see also section on Transposable Elements
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and Fig. 4B). These IncRNAs are also described as ‘molecular
sponges’, where they compete with mRNAs for binding
miRNAs [67]. Among the extensively studied microRNAs
that play a crucial role in cancer initiation and metastasis is
the miR-200 family (miR-200a, miR-200b, miR-200c, miR-
141 and miR-429), which inhibits EMT by targeting ZEB1
and ZEB2 [68-71]. A number of IncRNAs have been demon-
strated to promote EMT by working as sponges for the miR-
200 family. The most studied IncRNAs that function as
ceRNAs for miR-200s are HULC (highly upregulated in liver
cancer) [72,73], which induces EMT by competing with ZEB1
for miR-200a-3p [74]; LncRNA-ATB (activated by TGFp),
which induces TWIST by targeting miR-200c [75,76]; and
IncRNA-HIT, which is associated with tumour growth and
metastasis in breast cancer [77].

Other EMT-related miRNAs and mRNAs are also regu-
lated by IncRNAs through the ceRNA mechanism. For
instance, H19 binds to miR-200s and miR-138, de-repressing
ZEB1, ZEB2 and vimentin expression in lung cancer and
colorectal cancer [78,79]. LncRNA-PNUTS, derived from
PNUTS (phosphatase 1 nuclear targeting subunit) pre-
mRNA in the absence of the splicing silencer hnRNP E1
that is suppressed by TGEp, induces EMT by competing
with PNUTS mRNA for binding to miR-205 [80]. Linc-ROR
has been found to increase invasion and metastasis in triple
negative breast cancer (TNBC) by working as ceRNA for
ARF6, a small GTPase that facilitates cellular invasion, by
binding to miR-145 [81]. Linc-ROR also binds to other
miRNAs such as miR-205, de-repressing ZEB2 expression to
induce EMT [82]. TUGI (Taurine upregulated 1) induces
EMT by serving as ceRNA for different miRNAs such as
miR-145, which targets ZEB1 [83].

A few other IncRNAs compete with Snaill and Snail2
(Slug) for miRNA binding such as CAR10 (chromatin-
associated RNA 10), which binds miR-30 and miR-203 and
induces metastasis of lung adenocarcinoma [84]. LncRNA
TTN-AS1, associated with increased invasion and metastasis
in oesophageal squamous cell carcinoma, induces EMT by
competing for miR-133b binding. This stabilizes miR-133b
target mRNAs such as Snaill, HuR and FSCN1 (actin-
binding protein fascin homologl) [85]. FSCN1 is required
for the migration and invasion of cancer cells and has been
found to be associated with poor prognosis [86]. Another
IncRNA that competes with Snaill and Snail2 for binding
miR-203 is HCP5 (histocompatibility leukocyte antigen com-
plex P5) IncRNA that is induced by TGFB and promotes
metastasis in lung adenocarcinoma [87]. TINCR (terminal
differentiation-induced noncoding RNA) induces EMT by
titrating miR-125b away from Snaill in Trastuzumab-
resistant breast cancer [88]. UCA1 IncRNA increases the
expression of Slug in breast cancer by competing for binding
to miR-1 and miR-203a [45].

In addition to regulating miRNAs function by sponging,
IncRNAs can also regulate the expression of miRNAs at the
epigenetic level. HOTAIR induces EMT in gastric cancer by
suppressing the expression of miR-34a, subsequently de-
repressing the expression of its target c-Met and Snail
[89]. MEGS8 induces EMT by recruiting EZH2 to the reg-
ulatory region of miR-34a and miR-203, resulting in

upregulation of Snaill and Snail2 transcription factors that
suppress the expression of E-cadherin in lung and pancrea-
tic cancers [90]. MEG3 recruits JARID2 and EZH2 to the
promoters of E-cadherin and miR-200 family genes, silen-
cing them and mediating EMT induction by TGF-B in lung
cancer [91]. The IncRNA B3GALT5-AS1 suppresses the
expression of miR-203 by directly binding to its promoter,
subsequently upregulating ZEB2 and Snail2 to induce EMT
in colon cancer [92].

Collectively, these examples illustrate that the interplay
between IncRNAs and miRNAs is crucial for fine-tuning the
level of expression of EMT markers and hence regulating
metastasis in different types of cancers.

LncRNA regulation of mRNA stability

Regulation of mRNA stability shares a similar feature to AS
regulation, being mediated by cis-acting sequences like AU-
rich elements (AREs) and trans-acting proteins such as RNA
binding proteins (RBPs), including stabilizing and destabiliz-
ing factors. LncRNAs have also been found to play a vital role
in regulating mRNA stability by different mechanisms:

The first mechanism is by recruiting different stabilizing
and destabilizing RBPs to the target mRNA [52]. Linc-ROR
has been found to bind both stabilizing and destabilizing
factors to regulate c-Myc mRNA stability. On one hand,
linc-ROR interacts with hnRNP1 to facilitate its binding to
c-Myc mRNA and hence stabilizes c-Myc mRNA (Fig. 3A).
On the other hand, linc-ROR binds AUF1 (AU-rich element
RNA-binding protein 1), which is known to destabilize
mRNAs, and inhibits its binding to c-Myc mRNA [93].
Furthermore, Linc-ROR suppresses p53 induction by DNA
damage by titrating hnRNP1 away from p53, since hnRNP1
binding to p53 increases its translation [94]. Another exam-
ple of a IncRNA that binds to mRNA-stabilizing proteins is
LAST. LAST (IncRNA-assisted stabilization of transcripts) is
an oncogenic IncRNA, induced by c-Myc, that promotes cell
cycle progression by stabilizing CCNDI1 (cyclin D1) mRNA
through its interaction with CNBP, a RNA binding pro-
tein [95].

The second mechanism that IncRNAs adopt to regulate
mRNA stability is by directly binding to mRNAs. One
example is LncRNA AC132217.4 that is induced by KLF8
(Krueppel like factor 8) and promotes EMT in oral squa-
mous cell carcinoma by binding to the 3"UTR of IGF2
(Insulin-like growth factor 2) mRNA in order to increase
its stability [96]. NATs can also regulate the stability of their
sense mRNAs. PDCD4-AS]1 is a IncRNA that is complemen-
tary to PDCD4 (programmed cell death 4) mRNA, a tumour
suppressor gene suppressed in TNBC and metastatic dis-
eases. PDCD4-AS1 binds to PDCD4 mRNA and inhibits
HuR binding, thus stabilizing PDCD4 mRNA in epithelial
cells (Fig. 3B) [97]. Another example of NAT regulation is
MACCI1-AS1 (metastasis associated in colon cancer pro-
teinl-antisense 1) IncRNA, which enhances metabolic plas-
ticity in gastric cancer by stabilizing MACC1 mRNA
mediated by AMPK/1in28 pathway (Fig. 3C) [98].

Third, some IncRNAs regulate the stability of mRNAs
indirectly by modulating the stability of RBPs required for
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mRNA stability. LncRNA OCC-1 (over expressed in color-
ectal cancer) has been found to reduce cell death in colon
cancer. LncRNA OCC-1 binds directly to HuR, which stabi-
lizes thousands of mRNAs, and targets it for ubiquitination by
enhancing its interaction with E3 ubiquitin ligase p-TrCP1
(Fig. 3D). By this mechanism, IncRNA OCC-1 destabilizes
mRNAs that are required for cell growth through the promo-
tion of HuR degradation [99].

Fourth, IncRNAs can function as a decoy for RBPs that
mediate mRNA degradation [7]. Lnc-ASNR (apoptosis sup-
pressing-noncoding RNA) is a nuclear localized IncRNA that
is upregulated in cancer cells. Lnc-ASNR interacts with AUF1,
which is known to induce degradation of Bcl2, an apoptotic
suppressor, mRNA, and reduces its cytoplasmic pool, ulti-
mately suppressing apoptosis (Fig. 3E) [100].

Lastly, IncRNAs can target mRNAs for decay through processes
like staufen mediated decay (SMD). Staufen (STAU1) is a double-
stranded RNA (dsRNA) binding protein that binds intramolecular
or intermolecular dsRNAs to initiate SMD. A number of IncRNAs
have been found to form partial base-pairing with the 3"UTR of
target mRNAs through their Alu elements, resulting in the forma-
tion of STAU1-binding sites (SBSs) that recruit STAU1 to initiate
SMD (Fig. 3F) (see also section on Transposable Elements). These
IncRNAs are called half-STAUl-binding site RNAs (1/
2-sbsRNAs) and have been shown to target the SERPINE1 and
SOWAHC mRNAs for degradation [101].

Transposable elements: a new paradigm of LncRNA
function

Transposable elements (TEs) are well recognized to be perva-
sive in the mammalian genome yet their roles in gene regula-
tion still remain elusive. TEs comprise 50% of the human
genome [102] and up to 95% of the genome in some plants
[103]. TEs have been the driving force of major genome
expansions and evolution of eukaryotes through their capabil-
ity to multiply within the genome as found in maize by
Barbara McClintock’s pioneering work [104]. In cancer,
LINE-1 transposition occurs somatically in 53% of tumours
and contributes to tumour evolution and metastasis [105].
TEs that are either transposition incompetent or inactive are
located within IncRNAs, UTRs or introns of mRNAs as well
as intergenic regions. A number of these TEs have the poten-
tial to act in cis or in trans to influence IncRNA’s localization,
stability, splicing, transcription, and the IncRNA’s capacity to
regulate metabolism of other transcripts particularly mRNAs
[101,106,107]. In this section, we are going to discuss in detail
molecular functions of TEs that are part of IncRNAs and how
they may contribute to cancer development.

Eighty three percent of IncRNAs contain TEs, which com-
prise 42% of IncRNA sequences, whereas only 6.2% of pro-
tein-coding genes contain TEs, which comprise only 0.32% of
their nucleotides [108]. This large contribution of TEs to
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IncRNA composition is possibly due to the fact that IncRNAs
are more evolutionarily malleable since their sequences can
tolerate insertion or deletion driven by TE-mediated transpo-
sition or recombination due to TE’s high sequence homology
among its many copies across the genome. In contrast, pro-
tein-coding genes are more likely to suffer a loss of function
due to such mutations [109].

There is substantial evidence supporting a role for TEs as
functional domains of IncRNAs that can mediate the involve-
ment of IncRNAs in the aetiology of cancer as both cis and
trans regulators. In terms of cis regulation, TEs, such as Alu,
that are embedded in IncRNAs can influence the localization
of IncRNAs by mediating their interactions with compart-
ment-specific RNA-binding proteins (RBPs) such as
HNRNPK [110] (Fig. 4A). We have recently demonstrated
that a SINEBI of MALATI1, a well-known metastasis-
associated IncRNA that is frequently mutated in endocrine-
resistant breast cancers, mediates MALAT1's nuclear reten-
tion [111]. Deletion of the SINEBI in the endogenous Malatl

with CRISPR-Cas9 in a mammary epithelial cell line causes
MALAT1 to dissociate from HNRNPK, mislocalize to the
cytoplasm and subsequently induce apoptosis and DNA
damage as a result of a loss of function of nuclear MALAT1
[111]. In addition to MALAT]I, lincRNA-p21, another well-
known cancer-associated IncRNA involved in the p53-
mediated stress response, has inverted repeat Alu elements
(IRAlus) that regulate lincRNA-p21’s localization to para-
speckles [112]. These studies indicate that TEs that regulate
the localization of cancer-associated IncRNAs can potentially
impact the ability of the IncRNA to influence cancer
development.

LncRNA TEs can regulate the stability or splicing of the
host IncRNAs (Fig. 4A-C) as well as the IncRNA’s ability to
regulate other transcripts by functioning as binding sites for
regulating RBPs such as HuR [113] (Fig. 4A). Genome-wide
analysis of CLIP (crosslinking immunoprecipitation)-Seq
experiments has identified a diversity of TE-specific RBP
binding motifs on IncRNAs [113]. In fact, poly(U) sequences



in the antisense Alu, which are derived from poly(A) stretches
in the sense Alu, contribute to the formation of approximately
40% of AU-rich elements (AREs) in the 3" UTR of mRNAs
[114]. These Alu-derived elements can be bound by ARE-
binding proteins such as TTP, AUF1 and HuR to either
stabilize or destabilize TE-embedded IncRNAs (Fig. 4A). The
ability of IncRNAs to promote tumour development has been
demonstrated to be regulated by ARE-binding proteins. For
instance, NEAT1’s stability in ovarian cancer is regulated by
HuR [115]. Almost 50% of NEAT1’s sequence is made up of
TEs, many of which are Alu, which likely function as AREs
for HuR binding. In terms of splicing, intronic Alu elements,
containing 5’ and 3’ splice sites, have been estimated to con-
tribute to 5% of alternatively spliced exons in human [116]
and can be bound by RBPs involved in regulation of alter-
native splicing such as HNRNPC [117] (Fig. 4C). Since the
majority of IncRNAs need to be spliced into mature IncRNAs
like mRNAs, the intronic Alu elements likely regulate splicing
of a fraction of IncRNA exons, a number of which may belong
to cancer-associated IncRNAs.

LncRNA-embedded TEs have also been suggested to function
as binding sites for microRNAs (miRNAs) to influence IncRNA’s
stability or to titrate miRNAs away from binding sites on other
transcripts [118] (as mentioned above and Fig. 4B). For example,
approximately 50% of the sequence of PTENP1, the pseudogene of
PTEN, is comprised of TEs, predominantly LINEs. PTENPI,
selectively lost in human cancer, functions as a ceRNA to titrate
different miRNAs away from the tumour suppressor PTEN and
has been implicated in a variety of cancers including breast cancer
[119,120]. Thus, it is likely that the TEs may serve as miRNA
binding sites on PTENP1 in order to influence cancer develop-
ment. A similar mechanism may apply to the aforementioned
IncRNA HULC, which regulates liver cancer tumorigenesis by
potentially functioning as an endogenous ‘sponge’ for multiple
miRNAs [121] and contains many TEs within its sequence.

Alu embedded at the 3’ end of a IncRNA may function as
a polyadenylation signal (PAS) (Fig. 4D) since many Alu TEs
contain the canonical AAUAAA PAS sequence [122] that can
be bound by PABP, resulting in generation of transcripts with
different lengths. Moreover, approximately 70% of human
and mouse genes go through alternative polyadenylation
(APA), many of which are IncRNAs [123], suggesting the
possibility that TE-derived PAS may drive APA in cancer-
associated IncRNAs. An example of a cancer-associated
IncRNA that undergoes APA is the IncRNA CCAT1, which
is known to regulate long-range chromatin interactions at the
MYC locus in colon cancer [124].

TEs in the promoter regions of IncRNAs have also been asso-
ciated with the tissue specificity of IncRNA expression and can
function as binding sites for transcription factors [125] (Fig. 4E).
These transcription factors may either drive tissue-specific expres-
sion of IncRNAs or alternatively be titrated away from other active
binding sites. For instance, the LINE L1PA2 subfamily was
reported to potentially function as a promoter for placenta-
specific IncRNAs [125]. The FANTOM4 project identified TE-
derived transcription start sties (TSSs) in 6-30% of 5'-capped
transcripts in human and mouse, many of which are likely
IncRNAs [126], implicating the prevalence of promoter TEs that
drive IncRNA expression. Another analysis of FANTOM data
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identified a promoter TE, a LTR7 C element, in the cancer-
associated IncRNA UCAL, known to promote breast, bladder
and pancreatic cancer. This is thought to contribute to the forma-
tion of breast cancer-associated transcription factor binding sites
that drive IncRNA UCALI1 transcription [127]. Additionally, these
promoter TEs may induce IncRNA transcription at alternative
transcription start sties.

In terms of trans regulation, TEs can mediate intermole-
cular IncRNA-mRNA interactions to regulate the stability of
cancer-associated mRNAs (Fig. 4F). Alu or SINE elements in
human and mouse IncRNAs, respectively, upon forming dou-
ble-stranded RNA (dsRNA) duplexes with Alu or SINE in the
3" UTRs of mRNAs through partial complementary base
pairing can be bound by the dsRNA-binding protein
Staufenl, which mediates degradation of the mRNA [101].
For instance, the aforementioned IncRNA_AF087999 (1/
2-sbsRNA1) has been demonstrated to regulate SERPINEI
and SOWAHC through SMD [101]. SERPINEI has been
associated with poor prognosis in various cancers [128].
This mode of regulation by IncRNA TEs may influence the
stability of a wide range of cancer-associated genes, since Alu
exists in a majority of IncRNAs and in at least 5% of human
mRNA 3’ UTRs [126]. However, the presence of a 3'UTR Alu
does not guarantee that the mRNA will undergo SMD and
hence it remains to be determined which subsets of 3'UTR
Alu elements dictate the process.

TEs that are embedded in IncRNAs can also mediate the
ability of IncRNAs to regulate translation of cancer-associated
mRNAs (Fig. 4G). For example, The SINEB2 repeat
embedded in the antisense IncRNA UCHL1AS promotes
translation of the sense mRNA Uchll through an unknown
mechanism [106], potentially by recruiting translation initia-
tion factors to the 5" UTR of the mRNA UCHLL. The IncRNA
Uchl1AS forms complementary base pairing with the mRNA
Uchll in a 5 head-to-head fashion instead of through the
SINEB2 repeat. Further bioinformatic analysis has identified
59 other similar antisense IncRNAs with embedded SINEB2
elements that may function in a similar manner to promote
translation of sense mRNAs [106]. A number of these regu-
lated mRNAs have been associated with cancer progression
including UCHL1 [129] and UXT [130]. The UXT-AS1
IncRNA shown to promote translation of UXT [106] has
also been associated with tumour progression [131].

Transcription of mRNAs can be influenced by IncRNA TEs
(Fig. 4H). The TEs can promote direct binding between
IncRNAs and promoters of specific genes through comple-
mentary base pairing for subsequent recruitment of transcrip-
tion regulators to the promoter region. A LINE L1 embedded
in the IncRNA FENDRR functions as a DNA-binding domain
to promote recruitment of PRC2 to promoters of Foxfl and
Pitx2 through complementary base-pairing and dsSDNA/RNA
triplex formation [132]. Likewise, the IncRNA ANRIL can
recruit PRC1 and PRC2 complexes to the chromatin through
Alu-mediated complementary base pairing to influence
expression of genes that drive cell proliferation and reduce
apoptosis [133]. Both FENDRR and ANRIL have been asso-
ciated with cancer progression and EMT [134,135].

LncRNA TEs can regulate not only mRNA expression, but
also protein localization, metabolism and function (Fig. 4I).
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We have demonstrated that the SINEB1 of MALATI, is
required for proteostasis of TDP-43, a RBP that is prone to
forming cytotoxic aggregates [111]. MALAT1 without the
SINEBI loses its ability to scaffold a number of RBPs includ-
ing HNRNPK, but binds stronger to TDP-43 and hijacks
TDP-43 to the cytoplasm for subsequent TDP-43 aggregation
and activation of apoptosis and unfolded protein response. An
independent study reported the role of a L1 transcript,
expressed in 25% of hepatocellular carcinomas examined,
that functions as a IncRNA to induce nuclear translocation
of B-catenin and activate WNT signaling[136]. The Wnt path-
way is known to promote cancer invasion and synergizes with
different cancer pathways such as FGF to accelerate tumor-
igenesis [137]. LncRNAs generated from Alu and SINEB2
elements can directly bind RNA polymerase II (Pol II) to
form stable complexes at promoter DNA of specific genes
and blocks their transcription during the heat shock response
[138]. One of the repressed genes is GLUD-1, which has been
implicated to drive growth of IDH1-mutant glioma tumours
[139]. It remains to be determined whether these heat shock
responsive Alu-SINEB2-derived IncRNAs have roles in cancer
adaptation and evolution.

Collectively, mutations in the TEs that weaken or
strengthen their abilities to bind RNA, DNA or RBP can
contribute to cancer development. Particularly, ADAR’s
A-to-I editing, more than 90% of which occur in Alu elements
[140,141], can disrupt TE-mediated gene regulation in cancer,
which commonly overexpress ADARI1 [142]. The study on the
role of the SINEB1 element in mouse MALAT1 also suggests
an involvement of IncRNA TEs in potentially influencing the
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cancer immune microenvironment, since a global upregula-
tion of dsRNAs and activation of PKR, a key regulator of
innate immunity, upon deletion of the MALAT1 SINEB1 was
observed. It is likely that not all IncRNA TEs are important in
regulating IncRNA metabolism and function. Therefore, it
will be important to identify those TEs that represent func-
tional domains of IncRNAs in order to further our under-
standing of their role in cancer development and guide the
development of emerging cancer therapeutics targeting RNAs.

Targeting IncRNAs with ASOs and small molecules

Targeting IncRNAs that play a role in cancer pathogenesis will help
expand therapeutic options for cancers that are difficult to treat.
Though there are multiple approaches to target IncRNAs, the use
of antisense oligonucleotides (ASOs) has potential clinical applica-
tions. Advances in ASO chemistry has increased potency, safety,
and tissue distribution of the oligonucleotides, making them
a promising drug candidate. ASOs bind to the targeted RNA
through Watson and Crick base pairing and can alter RNA func-
tion using multiple mechanisms such as steric hindrance, splicing
alterations, and RNA degradation via the endogenous enzyme
RNase H [143] (Fig. 5).

In order for antisense drugs to overcome the instability of
RNAs in the body, modifications to the oligonucleotide are
required. First generation ASOs were created with
a modification in the backbone, replacing one of the non-
bridging oxygen atoms in the molecule with a sulphur atom.
This modification, known as a phosphorothiate bond (PS),
increases the resistance to nucleotlytic degradation, allowing
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a systematic administration of the drug while also helping to
facilitate drug uptake and RNase H cleavage of the target RNA
[144,145]. Further modifications to the 2’ sugar moiety (2'-
O-methoxyethyl) have enhanced ASO drug-like capabilities by
greatly increasing RNA binding affinity and improving tissue half-
life. Known as second generation ASOs, the modifications made to
the sugar backbone of these oligonucleotides cause minimal
RNAse H activity [146]. Though these ASOs are not ideal for
RNA knockdown, they are effective as splice-switching ASOs
and can be used to alter splicing patterns of respective RNA targets
by blocking splicing enhancers or repressor binding sites [147]. In
order to overcome the reduced RNase H activity made with this
modification, gapmer ASOs were created. Gapmer ASOs are
chimeric RNA-DNA-RNA hybrids, where RNA residues still
contain a 2-O-methoxyl modified sugar backbone [146]. ASO
chemistry has advanced further with the introduction of the
S-constrained ethyl (cEt) modifications that once again improved
potency of the drug, while limiting toxicity found in the earlier
ASO generations [147].

The increased potency and tolerability of second generation
ASO has translated to a potential clinical benefit, and ASOs
targeting different mRNAs have entered clinical trials for multiple
diseases including cancer. Custersin is an ASO that targets the gene
clusterin, an inhibitor of apoptosis, and has been well tolerated and
shown promise when used as a single agent or in combination with
chemotherapy in Phase I and II trials for the treatment of prostate
cancer [148]. Danvatirsen, a cET gapmer ASO targeting signal
transducer and activator of transcription 3 (STAT3), has shown
promising results as a single agent in a Phase II clinical trial against
STAT3-enriched cancers with results in diffuse large B cell lym-
phoma being the most noteworthy [149]. Another cET gapmer in
Phase 1II clinical trials targets the androgen receptor and has
delayed chemo resistant tumour growth in prostate cancer pre-
clinical models [150].

Targeting IncRNAs with ASO technology is still a relatively
new endeavour, however there has been promising preclinical
results. A large amount of IncRNAs reside in the nucleus and
since ASO mediated knockdown in the nucleus can be achieved
due to the abundance of RNase H within, ASOs are an ideal
approach for targeted IncRNA knockdown. Identifying onco-
genic IncRNAs and creating oligonucleotides for targeted inhi-
bition may improve clinical outcome when used as a single
agent or in combination with other therapeutics. The Spector
laboratory has shown a proof of concept with the targeting of
the nuclear enriched IncRNA, MALAT1. Subcutaneous deliv-
ery of MALAT1 ASO in the MMTV-PyMT mouse model of
luminal B breast cancer caused differentiation of primary
tumours as well as nearly 80% reduction in metastasis relative
to non-specific ASO-treated control mice [151]. Furthermore,
ASO mediated MALAT1 knockdown reduced branching mor-
phogenesis in a 3D organoid model derived from MMTV-
PyMT tumours and a HER2 amplified mouse mammary
tumour model [151]. These results suggest that MALAT1
ASOs may emerge as a potential therapeutic for metastatic
disease in several cancer types, but further assessment into the
mechanisms behind this discovery is needed [152]. As more
IncRNAs responsible for promoting cancer dissemination
become known, ASO therapies provide a way to combat metas-
tasis and hopefully improve clinical outcome.
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An alternative approach to the use of ASOs to target
IncRNAs is the design and validation of small molecules to
target RNA based upon RNA structure (see review in [153]).
Small molecules have been developed that can cross-link and
cleave their RNA targets, and even compete for protein bind-
ing to the RNA. While there are still many hurdles to over-
come, small molecules may ultimately be preferable as
therapeutics. The clinical efficacy of both ASOs and small
molecules to target IncRNAs for cancer treatment remains
to be demonstrated.

EMT and RNA Modifications

EMT involves both inactivation of epithelial genes and activation
of mesenchymal genes. Accomplishment of this fundamental state
change includes epigenetic mechanisms (DNA methylation and
histone marks) [154,155], alternative splicing [156,157], specific
miRNA expression [155,158]and IncRNAs; the subject of this
review. There are also specific RNA modifications that are
enriched or repressed in the EMT state that play a role in this
process. Epitranscriptomics, the study of RNA modifications,
represents an exciting new frontier for identifying the importance
of RNA modifications as a code in RNA’s control of gene expres-
sion. Post-transcriptionally modified nucleosides in RNA are cri-
tical for many aspects of biology including germline development,
cellular signalling, neurodegeneration, circadian rhythm, and can-
cer [159-164]. These modifications are pervasive across different
RNA types including messenger RNA (mRNA) [165,166], transfer
RNA (tRNA) [167], ribosomal RNA (rRNA) [168], small nuclear
RNA (snRNA) [169], and microRNA (miRNA) [170]. In fact,
nucleoside modifications are one of the most evolutionarily con-
served properties of RNAs, with the sites of modification being
under strong selective pressure. Many of these modifications, over
110 types currently documented (http://mods.rna.albany.edu/), as
well as their prevalence and impact, have only been recently
discovered [171,172]. During EMT, mP®A modifications in
mRNA, the most abundant modification found in eukaryotic
mRNA [173], significantly increase in cancer cells [174]. The
increased m°A in the coding sequence of the Snail mRNA has
been shown to trigger polysome-mediated translation of Snail
through the m®A binding protein or ‘reader’ YTHDF1 [174].
Snail recruits chromatin modifiers which lead to repression of
the CDH1 promoter. Methyltransferase-like 3 (METTL3)-
mediated m®A modification has been shown to be important for
EMT in both gastric and liver cancers [174,175]. Although cur-
rently unexplored, other RNA modifications as well as RNA edit-
ing are likely to play additional roles that are critical in regulating
gene expression during the EMT process.
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