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Natural antisense transcripts (NATs) are coding or non-coding RNA sequences transcribed on the opposite
direction from the same genomic locus. NATs are widely distributed throughout the human genome and
seem to play crucial roles in physiological and pathological processes, through newly described and tar-
geted mechanisms. NATs represent the intricate complexity of the genome organization and constitute
another layer of potential targets in disease. Here, we focus on the interesting and unique role of non-
coding NATs in cancer, paying particular attention to those acting as miRNA sponges.
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1. Introduction

Over the years, several studies pointed out to the presence of
RNA molecules that were transcribed but did not encode proteins,
making up the so-called non-coding genome. In fact, comparative
analyses carried out between mammalian genomes and transcrip-
tomes led to the important discovery that around three-quarters of
genomic DNA were transcribed [1–3], greatly contrasting with the
2 % that is translated into proteins [1].

Extensive annotation has revealed that about 80 % of the human
genome is functional. Indeed, several biochemical functions have
been assigned to the non-coding portion of the genome, including
transcription, association of transcription factors, chromatin struc-
ture and histone modification. This number overwhelmingly
exceeds the percentage of the genome assigned to coding proteins,
making it clear that the non-coding portion of the genome is not
randomly transcribed and is involved in several important biolog-
ical processes [4].
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Non-coding RNAs can be divided according to their length into
small and long non-coding RNAs (lncRNAs). The latter constitute a
class of RNA molecules of more than 200 nucleotides, and account
for the largest, yet less described, class of non-coding RNAs [5–6].
Many efforts have been applied to distinguish lncRNA from coding
RNA transcripts [5,7–9]. In some cases, the absence of a detectable
ORF is the only biochemical dissimilarity between lncRNAs and
messenger RNA (mRNA).

LncRNAs are often classified according to their location relative
to neighboring genes [10]. As such, these transcripts can be divided
into sense, antisense, intronic, intergenic and bidirectional accord-
ing to their positioning to proximal protein coding genes [11].
Here, we will focus only on the particular characteristics of anti-
sense lncRNAs. These transcripts overlap at least one exon of
another gene, and originate from the antisense strand [11]. Anti-
sense lncRNAs usually overlap protein-coding genes, but some
may overlap other lncRNAs [8,12–13]. Our main goal is to exem-
plify antisense transcripts in cancer, with particular emphasis on
those acting as microRNA (miRNA) sponges and their role in cancer
aggressiveness, metabolism, response to chemotherapy and the
epithelial-mesenchymal transition (EMT). miRNA sponges are
lncRNAs shown to regulate gene expression through direct binding
of specific miRNAs [14–18]. These lncRNAs have been termed com-
peting endogenous RNAs (ceRNAs), and have been implicated in
several biological processes and diseases, including cancer [19–22].

2. General overview of antisense lncRNAs

Natural antisense transcripts (NATs) have been considered to be
extremely common throughout the mouse and human genomes
[23]; in fact, around 70 % of mammalian genes are known to pro-
duce NATs [24]. Although these RNAmolecules may include coding
or non-coding sequences that are complementary to either coding
or non-coding transcripts [25–26], here we will specifically
describe the biological roles of non-coding NATs (hereafter referred
to as ncNATs) complementary to either coding or non-coding
sequences.
Fig. 1. NAT classification and mechanisms of regulation [35]. Sense and antisense pairs ca
in the vicinity (cis-NATs) or at large distance in the genome (trans-NATs) [82]. A proposed
genes [83], through interference with the process of splicing, affecting the DNA or chrom
DICER-dependent or -independent mechanisms [84,85].
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ncNATs can arise from a variety of promoters, such as indepen-
dent, bidirectional or cryptic. Bidirectional promoters are shown to
generate large numbers of ncRNAs, including in humans. Several
factors have been shown to influence promoter bidirectionality,
such as chromatin organization and polyadenylation signals that
surround the promoter [27–28]. In fact, bidirectional transcription
can also be originated from double strand breaks, demonstrating
the interactions between transcription and DNA damage [29].
ncNATs can also be generated from cryptic promoters that are
positioned either within the transcribed or from the termination
regions of the sense gene [30].. Regarding regulation at the RNA
level, several ncNATs, in yeast, for example, are considered cryptic
unstable transcripts and are targeted for early degradation by
nuclear exosomes. Other ncNATs are degraded by cytoplasmic
RNA exonuclease [31] or regulated by 50 decapping activity [32].

Depending on the location of their target genes, ncNATs can be
classified as: cis-NATs, if transcribed from the opposite strand at
the same genomic locus (and exhibiting perfect sequence comple-
mentarity to their targets); or trans-NATs, if transcribed from dif-
ferent genomic loci (and usually displaying imperfect sequence
complementarity) [33–34]. Stalled RNA polymerases, R-loops and
triples helices have been shown to help retain NATs at their site
of transcription, allowing cis-acting NATs to exert their function.
On the other hand, the three-dimensional organization of chro-
matin can lead to the interaction of regions of antisense transcrip-
tion with other loci, thus mediating trans effects (reviewed in [35]).
cis-NATs are further classified according to how they overlap with
their targets, and are categorized as: head-to-head, whose 50 end
overlaps with the 50 of the target transcript; tail-to-tail, whose 30

overlaps with the 30 of the target gene; and internal, which entirely
bind to their target. cis-NATs can also be classified as nearby NATs,
which are located very close to their targets, but do not, in fact,
overlap [24,36] (Fig. 1).

ncNATs, just like other lncRNAs, exhibit tissue-specific expres-
sion, which suggests that there are many evolutionarily conserved
functional roles associated with these transcripts [37]. Regarding
the effect in relation to the cognate sequence, their expression
n be head-to-head, tail-to-tail or fully overlapped [26]. NATs can regulate the genes
mechanism of action may involve a direct impact on the transcription of the cognate
atin epigenetic signature or affect mature RNAs by RNA/RNA interactions, through



Table 1
A variety of techniques can be used to detect novel NATs [86]. Most of the methods include sequencing, being RNA-seq the most basic and versatile application of this principle, followed by microarrays. Depending on the length or other
specificities of the target RNAs, enrichment or size selection can be done to optimize the screening. A strand-specific protocol should be preferred for the analysis of the antisense strand and its characteristics. It is also possible to analyze
specifically the expression of nascent transcripts, i.e., GRO-seq. CAGE and SAGE are examples of methods that sequence the ends of the transcripts. Techniques such as ChIP-seq or ChIRP analyze the indirect effects of their transcription
in chromatin signatures, but this might prove a limitation when NATs overlap coding genes. Polyadenylation is also uncommon in NATs so poly(A)-dependent methods, such as 3P-seq, might not detect all the antisense transcripts
present in a sample [87–88]. When NAT structure is already known and annotated, its expression can be further evaluated using RT-qPCR or in situ imaging techniques. There has also been a quick evolution with single-cell adaptations,
and it is now already possible to apply several omics at once. Finally, only a handful of the techniques listed have been put to practice in NAT identification, so further advances in this field are to be expected, with the consideration that
the best analyses may come from a combined application of several techniques.

Method Principle Advantages Limitations Ref Original

4Su-seq Metabolic labelling of nascent RNA using 4sU-tagging Changes in RNA kinetics are more visible than with
total RNA; more sensitive to transient RNA than RNA-
seq

More input required; library preparation may
introduce some bias for large transcripts; only a
short amount of 30regions are labelled during the
short 4sU exposure leading to 50 bias

[89]

CAGE (Cap Analysis of Gene
Expression)

Sequencing method that analyzes 50 end termini of
transcripts

High accuracy and single nucleotide resolution in a
high-throughput manner

Not suited for the characterization of novel NATs [90]

ChIP-seq (Chromatin
immunoprecipitation)

Detection of chromatin signatures through
combination of chromatin immunoprecipitation with
RNA-seq, allowing evaluation of expression and
primary structure of genes encoding transcripts

High-throughput, sensitivity and specificity, and low
cost and input requirement

High complexity; inappropriate to ncRNAs
overlapping protein-coding genes and short
transcripts; detects all RNA polymerase II (Pol II)-
RNA complexes, not just those that are actively
engaged

[91]

ChIRP-seq (Chromatin Isolation
by RNA Purification)

Identification of binding sites and interactions
between transcripts and chromatin using tiling
oligonucleotides retrieval followed by sequencing

Indicative of putative transcription factor activity for
a given ncRNA

Noise caused by precipitation of non-specific DNA
fragments from off-target hybridization; prior
knowledge of NATs sequence needed

[92]

CLIP (Cross-linking
immunoprecipitation)

Detects transcripts that interact with RNA Binding
Proteins (RBP); RIP followed by sequencing, with
variations on the technique depending on the
purpose i.e., HITS-CLIP, PAR-CLIP, iCLIP, CRAC

High resolution; can detect unstable transient
interactions as well; covalent binding allows washing
and purification

UV cross-linking may result in partial degradation of
RNA samples; PCR amplification needed to
compensate low efficiency if crosslinking

[93]

GRO-seq (Global Run-On
sequencing)

Sequencing method that analyzes nascent transcripts
thus differentiating between transcriptionally active
and inactive regions

High resolution and specificity Detects low but significant amount of antisense
transcripts; does not necessarily reflect transcription
in vivo

[28]

Imaging Several imaging techniques allow for in situ
hybridization of transcripts directly on tissues i.e.,
smFISH, MERFISH, seqFISH, FISSEQ and SPOTs

Highly specific probes that are easy to use and allow
for spatial and contextual information

Small probes can lead to false positives, high
background, overcrowding, less sensitivity and
spatial resolution

SmFISH- [94–96]
MERFISH- [97]
SeqFISH- [98]
Fisseq- [99–100]
Spots- [101]

Microarrays Detection of transcripts through hybridization with
nucleic acids

Well established, affordable, flexible customization
and easy analysis; the use of artificial anti-sense
sequence (AFAS) probes identifies unannotated NATs
undetectable with cDNA; Affymetrix chips allow a
sensitive analysis of most protein coding mRNAs in a
more affordable and timely manner

Many non-coding transcripts cannot be detected
with standard microarrays due to their design

[102–105]

Tiling microarrays Detection of transcripts through hybridization with
nucleic acids

Identifies more unknown transcripts than RNA-Seq High false-positive rate; inadequate for low
expression transcripts

[106]

Nanostring Directly measures expression of transcripts using
probe hybridization and imaging

High automation, specificity, and sensitivity; also
detects low expression transcripts without
amplification and cDNA production

Requires previous knowledge of the transcript
sequence

[107]

Nascent-seq Isolation and sequencing of nascent transcripts Changes in RNA kinetics are more visible than with
total RNA

Many NATs are not polyadenylated and cannot be
detected through polyadenylation isolation and
sequencing

[108–109]

Northern Blot Probe labelling of RNAs transferred to a membrane
that were size separated using gel electrophoresis

Allows estimation of RNA size; cheap and simple No signal amplification; larger probes are more
specific but are more prone to create background;
labor-intensive; poor reproducibility; sensitivity
impacted by RNA degradation; poor quantitative
technique

[110]

NET-seq (Native elongating
transcript sequencing)

Sequencing of the whole nascent transcriptome that
is attached to polymerase

Single-nucleotide resolution of RNA polymerase II
(Pol II) associated transcripts

Only detects still attached to RNA polymerase II (Pol
II); cannot distinguish between Pol II accumulation
and co-transcriptional cleavage

[48]

PRO-seq (Precision nuclear Run- Analyzes nascent RNAs from their 30 ends that are High sensitivity and base-pair resolution Does not distinguish between Pol I, II and III [111]

F.Santos,A
.M

.Capela,F.M
ateus

et
al.

Com
putational

and
Structural

Biotechnology
Journal

20
(2022)

5652–
5660

5654



Table 1 (continued)

Method Principle Advantages Limitations Ref Original

On and sequencing assay) attached to polymerase transcription
POINT (Polymerase intact

nascent transcript)
Purification and sequencing of nascent transcripts Intact nascent RNA and fast Only detects still attached RNA polymerase II (Pol II);

cannot distinguish between Pol II accumulation and
co-transcriptional cleavage

[49]

PolyA-seq Sequencing of poly(A)-associated regions of
transcripts

High sensitivity; quantitative analysis of novel 30

UTRs without low false positives; better than RNA-
seq to detect short transcripts; already strand-
specific

Many NATs are not polyadenylated [112]

Poly(A)-position profiling by
sequencing (3P-Seq)

Sequencing of 30 UTR of polyadenylated transcripts High-throughput Many NATs are not polyadenylated [113]

RT-qPCR PCR amplification of cDNA Specific and widely used to evaluate expression Requires previous knowledge of the transcript
sequence

[114]

RACE (Rapid amplification of
cDNA ends)

Sequencing method following PCR amplification Efficient and precise annotation of single and low
abundance transcripts

Less efficiency with larger fragments, in which cases
a cDNA library could be done; requires previous
knowledge of a short part of the sequence for primer
construction

[115]

RIP (RNA immunoprecipitation) Determination of transcript targets of a given RNA-
binding protein (RBP) in vivo

Gold standard that also allows to detect nascent
NATs

Only captures the relatively stable RNA–protein
complexes and may result in under-representation of
transient interactions

[116]

RNA CaptureSeq Deep-sequencing method that constructs tiling
arrays of regions of interest against which captured
cDNAs of transcripts are hybridized

Quantitative analysis with increased sequencing
depth, that allows recognition of rare and
unannotated NATs

Hybridization might add undesired artifacts [117]

RNA-PET (RNA paired-end
ditags) or GIS-PET

Sequencing of 50 and 30 end regions of transcripts Validates and maps boundaries of polyadenylated
transcripts

Requires large amount of sample; short tags render
less mapping specificity; many NATs are not
polyadenylated

[118–119]

RNA-seq Sequencing method that identifies and characterizes
transcripts; adaptations can be made to sequence the
wanted targets i.e., Targeted RNA-seq, Strand-specific
RNA (ssRNA-seq), Short RNA-seq, Single-cell RNA-seq
(scRNA-seq)

Can detect novel transcripts, of various sizes,
expression levels and kinds with a high resolution
and sequencing depth

Long RNAs need to be fragmented and assembled in
libraries, which may lead to unprecise genomic
boundaries; needs complementary experimentation
to exclude transcriptional noise

[120–126]

RT-PCR-seq Deep-sequencing method combined with highly
multiplexed PCR amplification of cDNA of transcripts

Identifies novel exons of known transcripts Primer design limits the number of known or
predicted testable junctions to be validated

[127]

SAGE (Serial Analysis of Gene
Expression)

Sequencing method that analyzes 30 end termini of
transcripts (poly(A)-associated regions/sites)

Quantitative and qualitative analysis; can identify
novel transcripts

Many NATs are not polyadenylated [128]

Single-cell multiomics Simultaneous sequencing of the transcriptome and
other omics, such as genomics i.e., DR-seq and G&T-
seq; epigenomics i.e., scM&T-seq and scMT-seq; and
proteomics i.e., PLAYR and SPARC

Allows a contextual analysis of the cell, useful in
cancer studies and diagnosis

Expensive; amplification errors; allelic and locus
dropout; challenging single-base resolution

[129–134]

TimeLapse-seq Metabolic labelling of nascent RNA using 4sU-tagging
followed by sequencing

Results in temporal information; already has internal
normalization; low input required; changes in RNA
dynamics are more visible than with total RNA

Reads beyond the poly-A termination signal are rare,
and with restricted time, only 30 ends are labelled,
which unables detection of many NATs that are not
polyadenylated

[135]

TT-seq (Transient transcriptome
sequencing)

Metabolic labelling of nascent RNA using 4sU-tagging
followed by sequencing

Low input; better than SLAM-seq in analyzing
transient RNA species since most ncRNAs are quickly
degraded; allows tracking of RNA kinetics;
overcomes 4su-seq 50 bias with RNA fragmentation
before isolation thus mapping transcribed regions
uniformly

With restricted time, only 30 end is labelled and
many NATs are not polyadenylated

[136]

SLAM-seq (Thiol (SH)-Linked
Alkylation for the Metabolic
sequencing of RNA)

Metabolic labelling of nascent RNA using 4sU-tagging
followed by sequencing

Allows tracking of RNA and kinetics; rapid, low input
and high throughput

Many NATs are not polyadenylated; the cellular 4sU
uptake kinetics, transcriptional activity and library
sequencing depth may limit the detection of nascent
labelled transcripts; an assessment should be made
to know toxic concentrations of 4sU for the cell type

[137]
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may be concordant (associated with an increased expression) [38]
or discordant (associated with a decrease in expression levels) [39].
ncNATs may affect negatively or positively the expression of sense
transcription, and their expression is closed related with the regu-
lation of their sense gene [40–41]. Indeed, the regulation of pro-
moter specificities is a potential mechanism of ncNATs in cancer.
For instance, HNF4A-AS1L selectively activates the HNF4A P1 pro-
moter via HNF1A, which upregulates the expression of tumor sup-
pressor P1-driven isoforms [42]. RNA-seq data has identified
several ncNATs whose expression correlates specifically with the
activity of one promoter of their sense gene. Silencing of these
ncNATs was shown to alter the promoter usage, demonstrating
how these transcripts may regulate promoter-specific programs
under different contexts [42].

ncNATs are more frequently located in the nucleus, but they can
also be found in the cytoplasm [24], and, like other lncRNAs, con-
tain specific motifs that interact with DNA, RNA and proteins [5],
meaning that these transcripts can affect gene expression at the
transcriptional, post-transcriptional and translational levels. As
such, ncNATs can regulate gene expression by DNA methylation
(eg. LUC7L), histone modification (eg. XIST/TSIX, HOTAIR), transcrip-
tional interference (eg. GNG12-AS), regulation of alternative splic-
ing (Zeb2-NAT), and regulation of mRNA stability, either by
masking of miRNA binding sites (eg. BACE1-AS) or sponging miR-
NAs (eg. HOTAIR, NR2F1-AS1) [24,43]. Interestingly, some ncNATs
regulate gene expression through DICER-dependent mechanisms
(eg. NAT6531), giving rise to small RNAs with roles in the epige-
netic regulation of gene expression. The regulation of mRNA stabil-
ity through miRNA sponging is of particular interest, as several
recently identified ncNATs function as ceRNAs (discussed below).
Furthermore, several ncNATs have been detected in both the
nucleus and cytoplasm, highlighting their role in the regulation
of gene expression through multiple mechanisms.

2.1. Challenges in the detection of ncNATs and how it impacts on their
understanding

The overlap of antisense transcripts with their sense counter-
parts, their relative low expression levels and limited evolutionary
conservation, have limited the use of high-throughput approaches
to identify these transcripts (reviewed in [35]). In fact, antisense
transcription has been carefully exploited at a large scale even
before the advent of massive sequencing [44–47]. Further, detect-
ing active transcription using global run-on sequencing (GRO-seq),
native elongating transcript sequencing (NET-seq) or, more
recently, POINT-technology, have been shown to be essential to
identify antisense transcription and, therefore, antisense tran-
scripts [28,48,49]. It is important, however, to discriminate
between antisense transcription and antisense transcripts, because
the former not always gives rise to functional RNAs, either coding
or non-coding. In fact, antisense transcription is known to impact
locally on gene expression programs through a variety of mecha-
nisms not always mediated through ncRNAs. The advent of new
technologies has been supporting the understanding of transcrip-
tion complexity (Table 1). Indirect detection of antisense tran-
scripts through chromatin modification states has also been
employed, although this approach is rather limited due to the lack
of strand specificity of chromatin modification and the generally
higher expression levels of sense transcripts [50] (reviewed in
[43]). The genomic arrangement of ncNATs has made it difficult
to determine their function by loss-of-function studies without
affecting the expression of the corresponding sense transcript
[35,51]. To bypass this problem, the analysis of genome-wide gene
expression levels at several time points and its comparison to the
transcriptional response of cells after modulation of components
that are involved in gene regulation by antisense transcription
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(such as histone-modifying enzymes) has proven to be a more suit-
able approach [52–53].
3. Selected cancer-related ncNATs

Several ncNATs have been associated to cancer, and their roles
have been elucidated in several reviews (see references [24,43]).
For instance, TALAM1 (MALAT1 antisense RNA) is a ncNAT that
has been linked to the expression of lncRNA MALAT1 (metastasis-
associated lung adenocarcinoma transcript 1). Zong and colleagues
revealed that TALAM1 interacts withMALAT1 at its site of transcrip-
tion, promoting its RNase P-mediated 30 end cleavage. Interest-
ingly, MALAT1 positively regulates the transcription and RNA
stability of TALAM1. The dynamic between these two lncRNAs
has been explored in breast cancer. BothMALAT1 and TALAM1were
shown to be upregulated in MCF7 (luminal A) and MDA-MB-231
(triple negative) cell lines. An upregulation of both MALAT1 and
TALAM1 was also observed in MCF 10A cells (derived from normal
breast epithelium) after exposure to TGF-b. Silencing TALAM1 neg-
atively impacted the ability of breast cancer cells to migrate in vitro
and to develop lung metastasis in immunocompromised mice.
Ultimately, this study suggests that MALAT1 and TALAM1 act
together to regulate breast cancer aggressiveness and malignancy
[54].

FGD5-AS1 (FGD5 antisense RNA 1) was shown to be overex-
pressed in pancreatic cancer and bind to miR-577, which targets
b-catenin and LRP6 (low density lipoprotein receptor related pro-
tein 6) [55]. Downregulation of FGD5-AS1 led to increased levels
of miR-577, resulting in decreased levels of b-catenin and LRP6.
This decrease was associated with a reduction in the Wnt signaling
pathway and inhibition of cell proliferation, migration and inva-
sion [55]. CERS6-AS1 (ceramide synthase 6 antisense RNA 1) was
also identified as being overexpressed in both pancreatic tissue
samples and cell lines [56]. According to study conducted by Gao
and colleagues, CERS6-AS1 acts as a ceRNA by interacting with
miR-195-5p, resulting in an increase of WIPI2. Silencing this anti-
sense transcript resulted in an increase of miR-195-5p and a
decrease of WIPI2, which was accompanied by a decrease of cell
proliferation, evidenced by a reduction in EdU positive cells, and
an increase of apoptotic cells. Remarkably, overexpression of WIPI2
reversed the effects of CERS6-AS1 silencing. Also in pancreatic can-
cer, Zhang and colleagues observed increased expression levels of
SLCO4A1-AS1 (solute carrier organic anion transporter family
member 4A1 antisense RNA 1) in cancer samples. This lncRNA also
targeted a miRNA, miR-4673, to derepress KIF21B. Comparable to
other antisense transcripts identified in pancreatic cancer, silenc-
ing SLCO4A1-AS1 led to a decrease in cell viability and migration,
and an increase of apoptosis [57].

LncRNA AFAP1-AS1 (actin filament-associated protein 1 anti-
sense RNA 1) was discovered to play an important role in
retinoblastoma, which was shown to be overexpressed in tumor
samples and cell lines. AFAP1-AS1 acts as a ceRNA to suppress
miR-545-3p, which in turn derepresses its target GNB1. By silenc-
ing AFAP1-AS1, miR-545-3p is able to inhibit GNB1, and this was
associated with decreased cell proliferation and migration [58].

EMT plays a pivotal role in cancer progression [59]. Recently,
Bozgeyik and colleagues identified VIM-AS1 (vimentin antisense
RNA 1), which is transcribed opposite of VIMENTIN (VIM), a well-
known EMT marker, and both are upregulated in oral cancer.
Accordingly, the expression of E-cadherin exhibited an opposite
trend, being downregulated in tumor samples. The higher expres-
sion of VIM-AS1was also associated with an advanced clinical stage
and the presence of lymph node metastasis [60]. Other crucial
EMT-related ncNAT is ZE2-NAT (ZEB2 natural antisense transcript),
which was shown to be important for the maintenance of 50-UTR
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ZEB2 intron through direct overlapping with the 50 splice site in the
intron [61]. ZEB2 is a transcriptional repressor of E-cadherin and a
major activator of EMT, and expression of ZEB2-NAT prevents splic-
ing of the first intron of ZEB2, increasing the levels of ZEB2 protein.
Thus, ZEB2-NAT expression favors EMT, and is therefore associated
with cancer progression and cellular reprogramming [38,62]. This
ncNAT has been shown to play an important role in the conserva-
tion of stemness properties in quiescent cancer stem cells, support-
ing the existence of a cellular population with chemoresistance
potential [63]. In fact, several ncNATs have been shown to be
equally important in cancer and stem cells and/or to modulate
response of cancer cells to chemotherapeutic agents. One example
is a ncNAT occurring in the SOX9 locus (SOX9-NAT). SOX9-NAT
expression was significantly lower in cancer tissues or human
embryonic stem cells, compared with their matched normal tis-
sues, suggesting that slight modifications in SOX9-NAT may result
in remarkable changes in SOX9 expression, making this ncNAT a
potential therapeutic target in regenerative medicine and cancer
treatment [64]. Another example, TRPM2-AS (transcript receptor
potential cation channel subfamily M member 2 antisense RNA),
was shown to confer paclitaxel resistance in prostate cancer. Shi
and colleagues showed that both prostate cancer tissues and cell
lines exhibited higher levels of TRPM2-AS, compared to normal tis-
sues and cells [65]. Moreover, paclitaxel-resistant prostate cancer
cell lines demonstrated even higher expression levels of TRPM2-
AS. Mechanistically, this transcript was shown to bind to miR-
497-5p, whose expression was decreased in prostate cancer tis-
sues, when compared to normal tissues. Furthermore, it was
revealed that miR-497-5p negatively regulates FOXK1, whose
expression levels are higher in prostate cancer tissues and cell
lines. The authors revealed that silencing TRPM2-AS led to
increased and decreased levels of miR-497-5p and FOXK1, respec-
tively, resulting in decreased proliferation, migration and invasion
and increased apoptosis, and even suppressed tumor growth
in vivo [65].

Another example of how ncNATs are associated with chemore-
sistance was brough to light by Ling and colleagues [66]. They
identified FOXD3-AS1 (foxhead box D3 antisense RNA 1) as an over-
expressed antisense transcript in glioblastoma associated with a
worse prognosis. Furthermore, temozolomide-resistant glioblas-
toma cell lines evidenced higher FOXD3-AS1 expression levels com-
paring to those that were sensitive [66]. In fact, overexpression of
FOXD3-AS1 increased tolerance of temozolomide in sensitive cells.
Additionally, this lncRNA was revealed to interact with miR-128-
3p, which in turn was shown to negatively regulate cell cycle pro-
tein WEE1. The authors demonstrated that silencing FOXD3-AS1
resulted in decreased and increased expression levels of miR-
128-3p and WEE1, respectively. Furthermore, reduced expression
of FOXD3-AS1 sensitized resistant glioblastoma cells to temozolo-
mide, inhibiting cell growth and inducing an increase of cleaved
caspase-3, resulting in apoptosis [66].

In osteosarcoma, ANRIL (antisense non-coding RNA in the INK4
locus) was identified as a potential biomarker for chemosensitivity
and clinical outcome. In a study carried out by Lee et al., ANRIL was
shown to be upregulated in osteosarcoma cell lines, which was
correlated with resistance to anti-cancer drugs cisplatin and dox-
orubicin [67]. By silencing the expression of ANRIL, cells became
more sensitive to these treatments and less proliferative. On the
other hand, overexpression of ANRIL resulted in an opposite out-
come: increased cell proliferation was observed, and cells devel-
oped further resistance to cisplatin and doxorubicin [67]. ncNATs
have also been shown to identically play fundamental roles
through the regulation of cancer metabolism. Li and colleagues
identified lncRNA OIP5-AS1 in cervical cancer, whose expression
was shown to be higher in cancer tissues and cell lines, in compar-
ison to their normal counterparts [68]. Furthermore, patients were
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stratified, according to OIP5-AS1 expression, into low and high
expression levels, and the latter was associated with larger tumor
size, lymph node metastasis and poor 5-year overall survival.
Interestingly, under hypoxic conditions, this transcript became
upregulated, along with HIF-1a, GLUT1 and LDHA. OIP5-AS1 was
revealed to bind to miR-124-5p, leading to de-repression of
IDH2 [68].
3.1. Therapeutic and prognostic value of ncNATs in cancer?

Although ncNATs have been widely associated to cancer as
prognostic and diagnostic markers [43,69–73] they are still far
from reaching a therapeutic significance. Several clinical trials are
in progress to assess their potential role as cancer biomarkers, in
particular when explored in circulating particles, such as exosomes
(see, for example, [43]). Examples of ncNATs in clinical trials are
lncRNA HOTAIR (coexisting in the HOX gene) in thyroid cancers
and MFI2-AS1 (melanotransferrin antisense RNA) in localized
clear-cell cancers of the kidney. MFI2-AS1 expression was associ-
ated with the recurrence and survival of patients with clear-cell
kidney carcinoma [74]. Interestingly,MFI2-AS1may act as a sponge
of miR-574-5p, a miRNA with potential roles in cancer metastasis
[75–76].

Therapeutics that modulate RNAs in general and ncNATs in par-
ticular may be envisioned to play fundamental roles in disease. The
development of antisense oligonucleotides (ASOs), duplex RNA
technologies (RNAi) or genome editing (e.g. CRISPR), has aided
the translational approach of ncNATs to the clinics, in particular
when loss of function is projected [77–79]. One example is the
application of NATs therapeutics in the Angelman syndrome. Here,
targeting NATs may be used to derepress the normally-repressed
paternal copy of the UBE3A gene in patients experiencing absent
expression of the UBE3A gene-copy of the maternal allele [79–80].

Additionally, using the knowledge acquired from how NATs
may interfere with the expression of associated genes, new thera-
pies may evolve. Recently, Taekyu Ha and colleagues explored a
gene-targeting method to deplete ephrinB2 using an inducible len-
tiviral vector. EphrinB2 promotes colorectal cancer and predicts
poor patient survival. They demonstrated that integration and
expression of the lentiviral construct in the host DNA may drive
divergent transcription. Antisense transcription was associated
with cell death through activation of a stress response providing
evidence that divergent gene transcription from lentiviral vector
integration may have an impact on the regulation of gene expres-
sion [81].
4. Conclusion

ncNATs are a class of lncRNAs that overlap either protein- or
non-coding sequences. Although many of these transcripts can be
regarded as junk RNA, several others present a conservation and
cellular specificity, guiding them to important roles during normal
tissue functions and diseases, including cancer. In particular,
ncNATs have been shown to affect eithertheir neighboring genes,
and sequences on different genomic loci, thus adding additional
layers to the already complex process of gene regulation.

Many recently identified ncNATs have been shown to derepress
miRNA targets by functioning as ceRNAs, thus contributing to the
regulation of mRNA stability. Interestingly, some of these tran-
scripts also have nuclear functions, making it clear that they can
regulate gene expression through several mechanisms.

The advances of gene editing and targeted techniques show
great potential for the tissue-specific determination of the role of
ncNATs in several biological processes, allowing the characteriza-
tion of these transcripts as potential therapeutic targets in disease.
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