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LncRNAs-associated to genomic
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Although a large part of the genome is transcribed, only 1.9% has a protein-
coding potential; most of the transcripts are non-coding RNAs such as snRNAs,
tRNAs, and rRNAs that participate in mRNA processing and translation. In
addition, there are small RNAs with a regulatory role, such as siRNAs,
miRNAs, and piRNAs. Finally, the long non-coding RNAs (IncRNAs) are
transcripts of more than 200 bp that can positively and negatively regulate
gene expression (both in cis and trans), serve as a scaffold for protein
recruitment, and control nuclear architecture, among other functions. An
essential process regulated by IncRNAs is genome stability. LncRNAs
requlate genes associated with DNA repair and chromosome segregation;
they are also directly involved in the maintenance of telomeres and have
recently been associated with the activity of the centromeres. In cancer,
many alterations in IncRNAs have been found to promote genomic
instability, which is a hallmark of cancer and is associated with resistance to
chemotherapy. In this review, we analyze the most recent findings of IncRNA
alterations in cancer, their relevance in genomic instability, and their impact on
the resistance of tumor cells to anticancer therapy.
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Introduction

Most of the transcripts in the mammalian genome are non-coding. Within this group
of transcripts are the long non-coding RNAs (IncRNAs), RNAs of more than
200 nucleotides that lack protein-coding potential (SamudyataCastelo-Branco and
Bonetti, 2018). IncRNAs have nuclear or cytoplasmic localization. They can have
different cellular functions by regulating the expression of coding genes, controlling
protein modification, or serving as scaffolds for proteins that regulate chromatin
structure. Due to their versatility, IncRNAs have been associated with different
cellular processes, such as proliferation, differentiation, embryogenesis, stemness,
regulation of genome stability and pathological processes such as carcinogenesis
(SamudyataCastelo-Branco and Bonetti, 2018; Taniue and Akimitsu, 2021).
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NORAD REQUIRED FOR PROPER

CHROMOSOME SEGREGATION

NORAD is involved in the proper segregation of chromosomes. Two mechanisms by which NORAD promotes chromosome segregation have
been proposed. First (above), NORAD negatively regulates PUM1 and PUM2 proteins allowing the expression of genes involved in cell cycle
processes. On the other hand, NORAD forms a ribonucleoprotein complex with the RBMX protein, where they have a role in DNA duplication and
repair. However, it is not clear how this function participates in chromosome segregation.

Genomic instability is a critical feature in cancer cells. It has
been described as an enabling hallmark of cancer because it
allows cell plasticity to acquire different cancer features
2011).
instability is associated with increased aggressiveness and

(Hanahan and Weinberg, In addition, genomic
resistance to cancer therapy. It has been proposed that
genomic instability confers heterogeneity to tumors so
different clones can evolve, promoting drug resistance and
tumor progression (Vargas-Rondon et al, 2017; Sansregret
et al, 2018; Turajlic et al, 2019). The origin of genomic
instability in cancer is not well defined. Chromosomal
instability (defined as a high rate of changes in chromosome
number and structure) has been associated with alterations in
kinetochore-microtubule binding, centrosome duplication, and
alterations in the expression of specific mitotic genes,
tetraploidization events, defects in chromatid cohesion and
telomere dysfunction (Tanaka and Hirota, 2016).

On the other hand, genes involved in detecting, repairing,
and responding to DNA damage are mutated in different tumors.
Germline mutations in these genes are associated with genomic
instability syndromes that significantly increase the risk of
developing cancer (Hanahan and Weinberg, 2011). As the
IncRNAs are involved in a myriad of cell activities, it is not
surprising that IncRNAs are associated with genomic instability
in cancer. Although not all genomic stability-related IncRNAs
have been associated with resistance in cancer therapy, their
dysfunction and the consequent boost of genomic instability may
result in resistance and progression in different tumors. In this
review, we will discuss the different IncRNAs associated with
genome maintenance, their alterations in cancer, and the possible
repercussions on response to therapy and prognosis in cancer.
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LncRNAs at the chromosome stability

NORAD

Non-coding RNA activated by DNA damage (NORAD) is a
IncRNA of approximately 5.3 kb expressed in different tissues
and highly conserved in mammals (Tan et al., 2019). NORAD
expression increased upon DNA damage in a p53-dependent
manner, despite having no apparent p53 response elements (Lee
et al,, 2016; Soghli et al., 2021). Deletion of NORAD causes
tetraploidization and mitotic defects, such as anaphase bridges
and mitotic slippage (Lee et al., 2016). Two mechanisms by which
NORAD maintains genomic stability have been proposed. First is
the binding of NORAD to PUMILIO RNA binding proteins
(PUMI and PUM2). PUM proteins bind RNA and inhibit the
expression of several genes, including genes related to mitosis,
DNA repair, and replication (Elguindy et al., 2019). NORAD
binding to PUM prevents repression of these genes and
maintains genomic stability (Figure 1).

On the other hand, NORAD purification and quantitative
liquid chromatography-mass spectrometry demonstrated that
NORAD binds to the RBMX protein (whose knockdown
provokes DNA repair and sister-chromatid separation defects)
(Munschauer et al., 2018). NORAD and RBMX are part of a
ribonucleoprotein complex involved in DNA replication and
repair, and NORAD depletion reduced replication fork
velocity (Figure 1). There is debate about which of these
mechanisms is more relevant to genome maintenance. In a
cell model where NORAD has been deleted, it has been
shown that expression of wildtype NORAD or a NORAD
fragment without the RBMX binding site can reverse the
generation of aneuploidy or the formation of alterations
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during segregation (Elguindy et al., 2019). They conclude that
RBMX is
maintenance activity. However, the functionality of NORAD-

a dispensable protein for NORAD genome

RBMX may be related to DNA replication and not mitosis.
Therefore, both mechanisms are not mutually exclusive and
can be an essential part of NORAD activity.

Because of NORAD activity in genome maintenance, its
the
development and prognosis of malignant tumors. Many

downregulation or deletion can be relevant to
published studies have been concerning its role in cancer
development and prognosis. However, most investigations
have associated increased NORAD levels with the acquisition
of malignant features or a worse disease prognosis. NORAD
overexpression has been found in breast, stomach, liver,
pancreas, breast, bladder, melanoma, colon, prostate, lung,
endometrium, ovary, and cervix tumors, as well as glioma and
neuroblastoma. The oncogenic activity of NORAD is mediated
by pathways such as TGFb, MAPK, Akt/mTOR, etc., and the
function of NORAD as a microRNA inhibitor by sponging
microRNAs. There are recent reviews for details about these
findings (Ghafouri-Fard et al., 2021; Soghli et al., 2021).
However, few studies have found a decrease in NORAD and a
relationship with clinical parameters in malignant tumors. Yu
et al., reported a decreased NORAD expression in endometrial
cancer tumor tissue compared with normal tissue from TCGA
data. In addition, they describe an association between low
NORAD levels and shorter overall survival. In endometrial
cancer samples (n = 56), they found an association between
decreased NORAD and increased clinical stage. Because NORAD
downregulation in endometrial cancer-derived cell lines
promoted apoptosis, they focused on the involvement of
FUBP1 (a NORAD-binding protein) in NORAD-driven
apoptosis. FUBP1 is a protein that negatively regulates the
transcription of pro-apoptotic genes. Thus, NORAD binding
to FUBP1 promotes apoptosis (Han et al., 2020). Surprisingly, the
role of NORAD in genome stability was not assessed in this
study, so it will be necessary to determine whether the NORAD
relevance in endometrial cancer is related only to the regulation
of apoptosis or also to the control of genome stability. From
NCBI’s Gene Expression Omnibus (GEO) data, a lower
expression of NORAD was found in tumors compared to
normal tissues in lung and breast tumors. Besides, there is a
correlation between decreased NORAD expression and poor
survival. In cohorts of lung adenocarcinoma samples (n = 95)
and breast cancer samples (n = 70), NORAD was decreased in
tumor samples vs. adjacent tissue. In both cohorts, a correlation
was demonstrated between decreased NORAD and the presence
of metastatic lymph nodes. In the same study, NORAD inhibited
invasion and metastasis by sequestering the S100P (invasion and
metastasis promoter) protein (Tan et al., 2019). Again, genomic
instability was not determined. Mice injected with MDA-MB-
231 cells (which showed chromosomal instability) showed
decreased metastatic capacity when chromosomal instability
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MCAK.
Demonstrating that chromosomal instability promotes the

was reduced by overexpression of KIF2B or
invasive and metastatic phenotype (Bakhoum et al, 2018).
addition to the of S100P, the
of NORAD may promote metastasis
formation through chromosomal instability. Finally, another

Therefore, in role

downregulation

study found an association between low NORAD levels with
higher stage and worse survival in neuroblastoma patient
databases. The association between low NORAD levels and
tumor stage was also found in a group of neuroblastoma
patient samples (n = 40). In vitro studies with neuroblastoma-
derived cell lines determined that decreased NORAD promotes
cell proliferation, migration, and expression of DNA damage
markers. Interestingly, NORAD downregulation was associated
with reduced expression of chromosome segregation genes, such
as SMCI1A, RAD21, ESPL1, and PLK1 (Yu et al., 2020). This is
the only study linking NORAD downregulation with clinical
parameters and chromosomal instability in cancer tumors.

The role of NORAD in cancer biology is complex. Most
studies demonstrate increased NORAD expression in tumors
related to different pathways and microRNA regulation.
However, it will be necessary to determine whether elevated
levels of NORAD can modify genome stability. In this regard, it
has been reported that A549 cells exposed to PMI0 particles
overexpress NORAD and Spindle Assembly Checkpoint (SAC)
genes (MAD2L1, MADILI, BUBIB), and NORAD inhibition
counteracts the overexpression of SAC genes (Santibanez-
Andrade et al., 2021). Moreover, NORAD downregulation
may be relevant for some specific tumors, such as lung,
breast, endometrial, and neuroblastoma. Therefore, it is
necessary to determine whether genomic instability caused by
NORAD downregulation plays an essential role in the biology of
these neoplasms. In addition, it is critical to assess whether
NORAD downregulation is related to resistance to therapies
used in these tumors in both clinical and in vitro studies.

CONCR

The IncRNA CONCR (cohesion regulator non-coding RNA),
also known as DDX11-AS1, binds to the helicase DDX11 and
participates in DNA replication by maintaining cohesion
between sister chromatids. Depletion of CONCR results in the
loss of sister chromatid cohesion. CONCR expression is
indirectly repressed by p53. Overexpression of CONCR has
types
hepatocellular carcinoma, colorectal cancer, osteosarcoma,

been observed in different of cancer, such as
bladder cancer, gastric cancer, glioma, and non-small cell lung
cancer. Its expression has been associated with tumor stage,
recurrence, and lymph node metastasis (Tian et al, 2019;
Feng et al., 2020a; Zhang et al., 2020a; Feng et al., 2020b;
Xiang et al, 2022). CONCR activity is relevant for cell
proliferation, as its decrease is associated with the inhibition
of proliferation and increased cell death (Marchese et al., 2016).

The oncogenic activity of CONCR is complex and has been
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associated with the negative regulation of different miRNAs and
the activation of oncogenic pathways such as PI3K/AKT and
Wht/beta-catenin (Feng et al., 2020a; Xiang et al.,, 2022).

Due to the role of CONCR in tumor biology, it has been
proposed as a therapeutic target (Shi et al., 2017). In vitro and in
vivo models have shown that CONCR knockdown sensitizes
paclitaxel-resistant breast cancer cells and oxaliplatin-resistant
gastric cancer cells, respectively (Zhang et al.,, 2019; Song et al.,
2020). Although breast cancer cells sensitization was associated
with increased miR497 expression, it is possible that the increase
in segregation errors due to CONCR knockdown, coupled with
paclitaxel activity on microtubules, may allow mitotic defects to
be increased and thus favor cancer cell death.

CCAT2

On the other hand, the overexpression of a IncRNA called
CCAT2, which is conserved in mammals, was described in
(Redis et 2013).
CCAT2 expression was elevated in colorectal cancer samples

colorectal ~ cancer  samples al.,
compared to adjacent tissue. In addition, tumors with
microsatellite stability showed a higher CCAT2 expression
than those with microsatellite instability. Overexpression of
CCAT2 in cell lines and xenografted tumors promoted
The

characteristics of CCAT2 are associated with MYC regulation

increased proliferation and metastasis. oncogenic
(Redis et al., 2013; Pirlog et al., 2021). Moreover, in an analysis of
HCT116 cell clones overexpressing CCAT2, multiple structural
and numerical chromosomal alterations (aneuploidy and
polyploidy) were found. It has also been shown that
CCAT? stabilizes BOP1 (a ribosomal protein), which increases
the activity of AURORA B, a phenomenon associated with
chromosomal instability (Chen et al., 2020).

In different in vitro models, it has been shown that the
IncRNA CCAT2 promotes resistance to treatment with
different drugs, such as 5-fluorouracil, platinum drugs,
tamoxifen, and doxorubicin, among others. However, it is
unclear whether this resistance can also be explained in
patients. Furthermore, it is not well defined whether the
resistance is due to its role in instability or is independent of it.

IncRNAs from the centromere

The centromere is the genomic region upon which the
kinetochore, the interface between the chromosomes and
microtubules essential for chromosome segregation, is
assembled (Fukagawa and Earnshaw, 2014). The centromere is
epigenetically defined by the presence of the H3 variant histone
CENP-A

modifications (Fukagawa and Earnshaw, 2014). At the genetic

and accompanying histone post-translational
level, this region is populated by non-coding elements termed a-
satellites, which are repeated in a head-to-tail orientation for up

to several megabases in arrays known as Higher Order Repeats
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(HORs). However, not all a-satellite repeats make part of a HOR
or host the CENP-A variant histone. Instead, the kinetochore is
usually assembled on the largest HOR of each chromosome, and
the flanking a-satellite repeats are part of a structure named
pericentromere (Altemose et al., 2022). The pericentromere is a
large region that contains several other repetitive elements and
has its own epigenetic (primarily repressive) features. In the
literature, the term “centromere” has been used somewhat
interchangeably to refer to the core centromere or to entail
the centromeric and pericentromeric regions. Historically, the
pericentromere and the centromere core have been difficult to
discern. Furthermore, both structures have been considered
transcriptionally inert. However, this is not the case. Although
the centromere and the pericentromere bear epigenetic
repressive marks, they can also display histone post-
translational modifications associated with active chromatin.
Basal centromeric expression is detectable in normal human
cells from different tissues (Eymery et al, 2009), even by
Northern blot (Caceres-Gutierrez et al, 2022). But these
and highly
responsive to the cellular context and internal and external

regions are also transcriptionally dynamic
stimuli, such as cell cycle progression (Bury et al, 2020),
differentiation  (Bouzinba-Segard et al, 2006), cancer
progression (Ting et al, 2011; Zhu et al, 2011), heat shock,
osmotic pressure, oxidative stress, and exposure to heavy metals
(Valgardsdottir et al., 2008). The IncRNAs transcribed from the
centromere or pericentromere have roles in the cell. In the
specific context of cancer treatment, the expression of
centromeric and pericentromeric regions in response to
chemotherapeutic agents can alter cellular behavior, impacting
treatment response. This has been demonstrated for the DNA
damaging agent etoposide. Early evidence showed that several
genotoxic agents cause overexpression of centromeric repeats in
non-cancerous murine cells (Hedouin et al., 2017). Further study
in humans demonstrated satellite III repeat hypomethylation in
cancerous compared to normal tissue, which was associated with
etoposide resistance in non-small cell lung carcinoma (Kanne
etal.,, 2021). The authors also showed that etoposide resistance is
accomplished by sequestering topoisomerase 2A (TOP2A) in
nuclear stress bodies. The seizing of TOP2A by nuclear stress
bodies prevents TOP2A from forming a complex with etoposide,
which would promote DNA damage. Therefore, pericentromeric
transcription stimulates tumor resistance to etoposide in this
model (Figure 2).

In this regard, we have demonstrated that proteasome
inhibitors promote the overexpression of several repetitive
RNAs, the
Gutierrez et al, 2022). Centromeric and pericentromeric

including centromeric  a-satellites (Caceres-
IncRNAs have also been associated with resistance to different
inhibitor
bortezomib (Figure 2). Our study demonstrated that the

antineoplastic drugs, such as the proteasome

upregulation of a-satellite DNA alters mitotic progression.
Moreover, work from another group showed that the
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FIGURE 2

Mechanisms proposed to mediate the relationship between RNAs transcribed from the centromere and pericentromere and treatment
response. Upper right panel: etoposide promotes DNA double-strand breaks (DSBs) through its interaction with topoisomerase 2 A (TOP2A) and the
formation of a ternary complex with the DNA. Etoposide-induced satellite [ll RNAs participate in sequestering TOP2A in nuclear stress bodies, which
prevents the generation of DNA DSBs. Lower right panel: Proteasome inhibition by bortezomib (used in treating multiple myeloma, among
other malignancies) promotes cell death through proteolytic stress and a prolonged mitotic, followed by cohesion fatigue (among other
mechanisms). Upon bortezomib treatment, delayed mitotic progression is associated with the overexpression of a-satellite RNAs. These transcripts
interact with cohesin subunits, which could inhibit the establishment of cohesion fatigue. On the other hand, the expression of satellite Il RNAs in
mesenchymal stromal cells (associated with B-lymphocytes in the bone marrow) triggered by bortezomib has been shown to protect malignant
B cells (the target of bortezomib) from bortezomib toxicity. DSB: Double Strand Breaks. MSC: Mesenchymal Stromal Cell.

bortezomib-induced upregulation of satellite III (Figure 2) DNA
in mesenchymal stromal cells protected multiple myeloma cells
from bortezomib-induced cells (Enukashvily et al., 2022).

Therefore, centromeric and pericentromeric IncRNAs alter
cellular behavior with negative consequences for cancer
treatment. However, further research will be necessary to
determine whether the exact mechanisms observed in vitro
operate in vivo and vice versa to reconstruct a complete
panorama of centromeric and pericentromeric transcription
and its impact on treatment outcomes. Such a research effort
would help provide clues to improve the outcome for cancer
patients.

TERRA-telomere homeostasis and
genomic stability

Given their linear nature, the homeostasis of human
chromosomes calls for the uninterrupted surveillance of
chromosome termini. For this reason, the telomere assembles
at the ends of linear chromosomes. Telomeres are specialized
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nucleoprotein complexes that maintain the integrity of the
chromosome, promoting the homeostasis of the whole
molecule in interphase and ensuring appropriate chromosome
segregation during mitosis (Chuang et al., 2004; Azzalin et al.,
2007; Heidenreich and Kumar, 2017). Capping telomere ends,
loop formation, strand invasion, chromatin compaction, and
establishment of guanine quadruplexes are necessary to
maintain telomere integrity. The Telomeric repeat-containing
RNA (TERRA) is a IncRNA that takes part in the previously
listed processes.

To prevent the DNA repair machinery from recognizing
and processing the ends of linear chromosomes, the protein
complex Shelterin assembles on the telomeric repetitive track
and aids in the formation of telomere loops (T-loops) (Blasco,
2005). Together, Shelterin deposition and T-loop formation
constitute telomere capping. At the end of DNA replication,
newly synthesized telomeres are uncapped and must be
protected from nucleolytic degradation. TERRA aids in the
re-establishment of the Shelterin complex by directly
associating with TRF2 (Mei et al., 2021) and by associating
with the Heterogeneous nuclear ribonucleoprotein Al
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(hnRNPA1) and then mediating an exchange between RPA
and Protection of telomeres protein 1 (POT1) (Flynn et al.,
2011). By ensuring the formation of the Shelterin complex,
TERRA prevents the abnormal shortening that would take
place through 5'-3' nucleolytic degradation (Longhese et al.,
2010).

Telomeres shorten at a regular rate as the cells divide and age.
As  these
heterochromatin is lost at telomeres and sub-telomeres; this

sequences  become  shorter, constitutive
promotes TERRA transcription in chromosome arms with
short telomeres (Yehezkel et al, 2008). In the presence of
human telomerase reverse transcriptase (hTERT), increased
TERRA hTERT

critically short telomeres (Farnung et al., 2012). This prompts

transcription ensures recruitment onto
telomere extension, heterochromatin recovery, and the eventual
reduction of TERRA expression at the extended telomeric locus
(Wang et al., 2015; Oliva-Rico et al., 2022).

Despite the positive effects of TERRA transcription in
telomere recovery, chromosome stability requires that TERRA
expression return to its normal rate. Otherwise, the accumulation
of this IncRNA can become detrimental (Aguilera and Garcia-
Muse, 2012; Arora and Azzalin, 2015). DNA-RNA hybrids and
the DNA strand they displace are called RNA loops (R-loops). To
allow the progression of the replication fork Telomere R-loops
(TRLs) must be resolved during S-phase. Otherwise, the stalled
polymerase leads to fork collapse and double-strand breaks (Balk
et al., 2014). Furthermore, in the telomeric track, DSB can lead to
the of

overexpression of TERRA would result in more TRLs at the

accelerated  shortening telomeres.  Therefore,
transcribing loci, further shortening an already critically short
telomere.

The significance of TERRA expression in cancer is not well
understood. Reported that in the presence of telomerase, the
hypomethylation-induced steady expression of TERRA
allowed the extension of the telomeres associated with
hypomethylated loci in a human colon cancer cell line
(Nergadze et al., 2009; Farnung et al., 2012). However, Oh
et al. reported that in tissue from patients with hepatocellular
carcinoma, telomeres could be extended in chromosomes with
both hypo and hypermethylated subtelomeric loci, making
TERRA expression seem inconsequential for telomere
elongation in liver cells (Oh et al, 2011). Arnoult et al.
then found that in fibrosarcoma and lung cancer-derived
cell lines and non-tumoral fibroblast telomere extension
directly silenced TERRA expression at the associated
subtelomeric loci by increasing the levels of H3K9me3
(Arnoult et al, 2012). However, in gastric cancer, breast
cancer, and cervical carcinoma-derived cell lines, Smirnova
et al. found that telomere length and TERRA expression did
not correlate (Smirnova et al., 2013).

It is clear that the transcriptional regulation of TERRA
expression is tissue-specific. There seem to be stark differences
between the results obtained from directly analyzing tissue
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samples and those results from cell lines of the same tissue
lineage. Moreover, the expression of TERRA at each telomere
appears to be regulated in a telomere-specific way, making it
hard to pinpoint a reliable regulation pathway for the eventual
use of this IncRNA as a biomarker for the prognosis of the
disease.

It has proven complicated to directly relate TERRA
expression and the possible consequences of an altered
telomere length, such as cell-life span, disabled tissue
(Maicher
2014), tumor aggressiveness (Deng et al, 2012), and

replenishment, degenerative disorders et al.,
radiation sensitivity (Smirnova et al., 2013), to mention a
few. However, there is a clear association between TERRA
expression and the proliferation rate of a cell. Flynn et al. have
proposed that altering the transcriptional control of TERRA
could induce chromosome fragmentation and apoptosis, thus
serving as a therapeutic strategy (Flynn et al., 2015). But there
is still an absence of a well-established approach to depleting
TERRA levels (Gala and Khattar, 2021). Given that TERRA

expression is cell cycle-regulated, such a treatment’s
effectiveness ~ would  likely depend on  functional
checkpoints. We consider that an adequate TERRA-

mediated treatment should not focus on the transcription
of the IncRNA but rather on the effects of its accumulation.
The primary goal of this TERRA-focus treatment would be to
indirectly induce accelerated telomere attrition, hinder cell
division and induce either cellular senescence or mitotic
catastrophe; this scenario could slow tumor growth and
temporarily reduce cancer aggressiveness.

It is essential to consider which telomere maintenance
mechanism is active before using any telomere-focused
therapy because the expression of hTERT or homologous
recombination in ALT cells can influence the outcome of
those treatments (Oliva-Rico and Herrera, 2017; Gala and
Khattar, 2021). TERRA expression is already upregulated in
ALT-dependent tumor cells, evidencing its oncogenic role
(Azzalin et al., 2007; Gala and Khattar, 2021), so a practical
approach like reducing the effect to the ribonuclease
RNaseH1 or depleting its expression (Figure 3), would
favor the buildup of TRLs (Arora et al, 2014). These
structures already occur in human cells under physiological
levels of TERRA expression (Toubiana and Selig, 2018).
Therefore, under tumorigenic conditions, the elevated
transcription of TERRA is more likely to trigger the
deleterious effects of TRLs in the cells with a higher
proliferation rate. In telomerase-dependent tumor cells,
TERRA can behave as a tumor suppressor, and therefore,
its expression is considerably lower (Azzalin et al., 2007;
Gala and Khattar, 2021); in these TERRA
transcription can be prompted by the use of Trichostatin A

cells,
or 5-aza cytidine (5-AZC) (Figure 3), both drugs reported to

induce an accumulation of TERRA (Azzalin and Lingner,
2008).
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The telomeres in eukaryotic cells protect the extremes of the linear chromosomes. Note that the canonical telomeric sequence (5'-TTAGGG-
3’) degenerates into associated repeats towards the chromosome sequence. The IncRNA TERRA forms R-Loops in the telomeric tract to increase
telomere protection. Still, a potential therapeutic application can derive from R-Loop accumulation by inducing senescence/apoptosis. hnTERT +
tumor cells treated with 5-azacytidine or trichostatin will increase TERRA transcription; ALT + tumor cells treated with RNHIs will not be able to
dismantle DNA/RNA hybrids. Both treatments can lead to telomeric R-Loop accumulation, DNA damage, telomere shortening, and arresting cell

division.

IncRNAs in regulating the response to
DNA damage

PANDA

Genome maintenance requires DNA surveillance for the
detection and repair of DNA damage. p53 is considered the
guardian of the genome because it participates in different
mechanisms of the DDR. Recently, different IncRNAs have
been described whose function is directly related to the activity
of p53. The p2l-associated ncRNA DNA damage activated
(PANDA) is a transcriptional target of p53 expressed in
response to DNA damage (Hung et al, 2011; Shi et al,
2019). PANDA inhibits apoptosis
transcription factor NF-YA from binding to its targets,

by preventing the

which include apoptotic genes (Hung et al, 2011). In
addition, the interaction of PANDA with SAFA (an RNA-
and DNA-binding protein) promotes cell proliferation
through the activity of cyclins D1/2 and E1 (Shi et al,
2019). It has been proposed that PANDA
proliferation and senescence by forming complexes with

regulates
proteins. In proliferating cells, it binds to the SAFA protein

and negatively regulates different genes, including p21 and
PANDA expression. On the other hand, when senescence is
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promoted, PANDA binds to the NF-YA factor inhibiting
apoptosis of senescent cells (Puvvula et al, 2014). As
above, the function of PANDA can be
antagonistic according to the cellular context. Likewise, its

mentioned

expression is either decreased or increased in different tumor
types. Some studies have found decreased PANDA levels
relative to adjacent tissue in cellular hepatocarcinoma
tumors (Puvvula et al, 2014; Peng et al., 2017), while
others have demonstrated overexpression (Peng and Fan,
2015). Despite the conflicting data, both overexpression and
underexpression of PANDA may contribute to tumor
development and aggressiveness. PANDA down-regulation
been described in breast
lymphoma, papillary thyroid carcinoma, and gastric cancer
(Wang et al.,, 2017a; Esfandi et al., 2019; Zhang et al., 2020b;
Ghafouri-Fard et al., 2022; Islam et al., 2022). On the other
hand, an increase in PANDA expression has been reported in

has tumors, lung cancer,

colorectal cancer tumors, glioma, thyroid gland carcinoma,
renal cell carcinoma, cholangiocarcinoma, osteosarcoma,
bladder cancer, and cervical cancer (Huang et al., 2017; Zou
et al,, 2018; Rivandi et al., 2019; Qing et al., 2021; Guo et al,,
2022). In diffuse large B-cell lymphoma, an association was
found between PANDA down-regulation and response to
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rituximab (Wang et al., 2017a; Ghafouri-Fard et al., 2022).
Furthermore, in cell lines, PANDA knockdown was also found
to sensitize cells to doxorubicin treatment (Hung et al., 2011).
Moreover, in esophageal squamous carcinoma tissue, a higher
expression of PANDA was reported compared to adjacent
tissue related to tumor invasion, metastasis, and stage
(Figure 4). This finding was associated with SAFA
regulation by PANDA (Shi et al, 2019). Despite the
evidence of PANDA regulation by p53, it is unclear
whether it functions in the regulation of apoptosis and
proliferation or may be involved in other processes of DNA
damage responses.

DINO

The expression of the Damage Induced Noncoding (DINO)
RNA is also regulated by p53; furthermore, DINO stabilizes
p53 and participates in the DNA damage response by regulating
the expression of p53 targets (Schmitt et al., 2016). In vivo models
have shown that DINO deletion promotes the development of
spontaneous tumors independently of p53 status (Figure 4).
Furthermore, tumors caused by DINO knockout are tissue-
specific (Marney et al., 2022). Using the TCGA Pan-Cancer
database, it was found that many tumors have methylation in
the CpG shore downstream of the DINO TSS associated with
lower expression, which would explain the low mutation rate in
this gene (Marney et al., 2021). In tumors of patients with gastric
cancer, DINO is downregulated compared to adjacent tissue (Liu
et al., 2019).

LincRNA-p21
The IncRNA lincRNA-p21 is another p53-regulated RNA. It
was described as a IncRNA that participates in the p53 pathway
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by repressing specific genes in complex with hnRNP-K (Huarte
et al.,, 2010). However, many functions have been described for
lincRNA-p21, such as direct interaction with MDM2 (a negative
p53 regulator) and p53, transcription of p21, cell proliferation
regulation, metastasis, and intercellular communication
(Dimitrova et al., 2014; Huang et al., 2022). LincRNA-p21 is
inhibited in different malignant tumors, including colorectal
carcinoma, breast cancer, cervical carcinoma, skin cancer,
hepatocellular carcinoma, non-small cell lung carcinoma,
head, and neck squamous cell carcinoma, gastric cancer,
prostate cancer, and chronic lymphocytic leukemia (Wang
et al,, 2017b; Wang et al., 2017¢; Huang et al., 2022). Estrogen
receptor alpha (ER-alpha) mediated downregulation of lincRNA-
p21 has been associated with chemotherapy resistance in breast
cancer (He et al, 2021). In vitro studies have shown that
lincRNA-p21 expression enhances the sensitivity of gastric
cancer cells to ionizing radiation (Chen et al., 2019). However,
another study showed that lincRNA-p21 knockdown promoted
radiosensitivity in glioma cells (Figure 4) (Shen et al., 2017).

MEG3

Other IncRNAs can act upstream of p53 and regulate its
function. Maternally expressed gene 3 (MEG3) is a IncRNA that
regulates p53 directly and indirectly. MEG3 inhibits the binding
of p53 to MDM, promoting p53 stability and, on the other hand,
stimulates p53 expression (Ghafouri-Fard and Taheri, 2019).
MEG3 is downregulated in different tumors, such as breast,
liver, glioma, colorectal, cervical, gastric, lung, ovarian,
kidney,  bladder, prostate,
retinoblastoma, thyroid, leukemia, and lymphoma (Al-
Rugeebah et al., 2019; Ghafouri-Fard and Taheri, 2019).
Moreover, MEG3 expression increases the sensitivity of cancer

osteosarcoma, melanoma,
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cells to different therapies. In ovarian cancer tumors, there is a
correlation between the downregulation of MEG3 and the
response to cisplatin chemotherapy (El-Khazragy et al., 2020).
Furthermore, in small-cell lung cancer (SCLC) cells,
MEG3 expression increases sensitivity to cisplatin (Sun et al.,
2022). In breast cancer patients, a decrease in MEG3 expression
was associated with methylation of the gene promoter of MEG3
(Li et al, 2020). Accordingly, in breast cancer cell lines,
MEG3 expression increases sensitivity to paclitaxel (Figure 4)
(Zhu et al., 2020).

Conclusion

The number of IncRNAs that have been described as
associated with genome stability has increased recently;
however, the functional association is still unknown, and the
role of IncRNAs inducing genomic instability has been poorly
explored in several cancers. On the other hand, Its role in other
hallmarks of cancer, such as uncontrolled proliferation, resisting
cell death, and activating invasion and metastasis, is better
understood. In addition, the IncRNAs have pleiotropic effects,
which makes it difficult to determine if their activity in the
mechanisms of resistance and sensitivity to cancer treatment is
related to their function in the stability of the genome or is due to
independent mechanisms influencing the development of cancer.
A better understanding of IncRNAs functions in the process of
carcinogenesis may provide new insights into cancer treatment
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