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Abstract

Due to deregulated control of the cell cycle, proliferation and metabolism, cancer cells are constantly exposed to a wide range of stresses,
including DNA damage, nutrient deprivation, heat shock, hypoxia, and oxidative stresses, often, in a non-exclusive manner. Maintaining
homeostasis, survival, and proliferation under these adverse conditions is a hallmark of cancer cells. Understanding the factors that enable
cancer cells to endure such harsh environments is an important topic in cancer pathology. Recently, the range of these factors have expanded
from regulatory proteins, mostly described as oncogenes and tumor suppressors, to non-coding RNAs, particularly long non-coding RNAs
(IncRNA). LncRNAs have been found to play crucial roles in regulating stress responses at the molecular level, with implications on cell survival
and tumor initiation and progression. In this review, we explore recent studies that underscore the importance of IncRNA in regulating cellular

stress responses, homeostasis, and survival.
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Introduction

The human genome is extensively transcribed, producing
thousands of non-coding transcripts [1]. Among these, long
non-coding RNAs (IncRNA) constitute a major class. LncRNA
are typically characterized by their length, exceeding 200
nucleotides. While they resemble mRNAs by being transcribed
by RNA polymerase Il and sharing similar overall structures,
they differ in transcript size, splicing efficiencies, and coding
potentials. LncRNA are highly heterogeneous in function
and have been shown to regulate various physiological and
pathological conditions [2]. Advanced transcriptomics tools
have identified numerous dysregulated IncRNA in cancer and
other pathological settings [3].

To mitigate the harmful effects of stress, cancer cells utilize
all available resources, including both coding and non-
coding components of the genome. LncRNAs function as
stress-induced-sensors, signal integrators and transducers in
physiological and pathological settings. While these activities

have been documented, a thorough examination of current
literature reveals a lack of recent reviews focusing on the roles
of newly discovered IncRNAs in cellular stress management
and cell fate determination. This review aims to highlight
recent discoveries regarding the involvement of IncRNAs in
regulation of UV response, DNA damage signaling, regulation
of drug response, oxidative stress, hypoxia and metabolic
reprogramming [4-71.

LncRNAs, the UV and DNA Damage Responses (DDR)

Ultraviolet (UV) radiation-driven-damages are one of the
most lethal insults that cells may experience in their lifetime
[8]. In response to UV exposure, cells execute highly selective
and orchestrated gene expression programs to maintain
genome integrity and cellular homeostasis, despite a general
slowdown in transcript elongation and restriction of gene
activity to the promoter-proximal ~25 kb region [9,10]. While
protein-coding genes induced by UV exposure, such as c-Jun,
have been well-characterized [11], the involvement of long
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non-coding RNAs (IncRNAs) in the UV response introduces
an additional layer of complexity. For example, the recovery
from the global slowdown of transcription in UV-exposed cells
is associated with a shift from the expression of long mRNAs
to shorter isoforms incorporating alternative last exons (ALEs)
that are closer to the transcription start site. One such RNA,
ASCC3, shifts from a protein-coding mRNA, which acts as a
transcriptional suppressor, to a shorter ALE isoform of non-
coding RNA. This shorter isoform, rather than encoding a
protein, plays a crucial role in the recovery of transcription
[10].

Adaption to environmental stress such as UV-exposure in the
organismal level, may also be carried out by the regulation
of IncRNAs. For instance, Inc-CD1D-2:1 is upregulated in
UVB exposed cells. Its silencing significantly suppressed
the UVB induced TYR mRNA expression and tyrosinase
activation, suggesting the involvement of Inc-CD1D-2:1 in the
melanogenesis induced by UVB irradiation and highlighting
the importance of IncRNA for organism’s adaptation to harsh
environmental conditions [12].

Given the roles of IncRNA in all of the mentioned activities,
it is not surprising that they might also influence the fate of
UV-exposed cells. We recently demonstrated that the IncRNA
JUNI (JUN-DT) is indispensable for the survival of cells exposed
to UV. JUNI is located “back-to-back” with the JUN gene and
only the JUN promoter distinguishing their transcription start
sites. Interestingly, JUNI shares the promoter activity with
JUN, a well-established UV responsive gene and like JUN, is
positively regulated by MAPK [13]. Expectedly, JUNIis induced
by UV exposure and its deficiency significantly sensitizes UV-
exposed cells to death as well as decrease JUN expression. In
this context, survival is partially dependent on the ability to
antagonize MAPK phosphatase DUSP14 (Figure 1).

The direct involvement of IncRNA in the DNA damage
response and DNA repair have been previously reported [14].
Michelini et al, have demonstrated that long non-coding
RNAs, termed DilncRNAs, are synthesized by RNA polymerase
Il (RNAPII) bound to the MRE11-RAD50-NBS1 complex, which
is recruited to double strand breaks (DSBs). DilncRNAs act as
precursors for DDRNAs and recruit DDRNAs to DSBs through

Survival Survival

increased apoptotic death is observed [21].

Figure 1. A cartoon describing the role of JUNI (JUN-DT) for cancer cell survival following UV exposure. A. In normal/unstressed cells,
which do not have to cope with stress, the mitogen activated protein kinase (MAPK) pathway, which is composed, among the rest, by
c-Jun N-terminal kinase (JNK) and the kinases activating it (MAPKKs and MAPKKKs), is mildly activated, c-Jun is not upregulated. B. In cells
exposed to UV the MAPK pathway is activated by phosphorylation cascade, and c-Jun is highly phosphorylated to support survival. MAPK
also supports JUNI's induction that in turn prevents the de-phosphorylation of JNK by interacting and inhibiting the phosphatase DUSP14,
thereby enabling efficient induction of c-Jun and survival. C. In cells exposed to UV concomitantly with JUNI (JUN-DT) silencing, DUSP14
activity is not restricted therefore it prevents efficient phosphorylation of JNK and c-Jun activation rendering the cells more sensitive, and
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RNA-RNA pairing. Deficiency in DilncRNAs and DDRNAs
impairs site-specific DDR focus formation and DNA repair [14].
Another IncRNA, DINO (damage induced), is an important
factor for p53 regulated gene expression, cell cycle arrest
and cell death post DNA damage [15]. Similarly, the IncRNA
HOTTIP is elevated by UV exposure and cooperates with its
neighboring gene Hoxa13 to influence UV-induced G2/M-
phase arrest and early apoptosis. Mechanistically, both HOTTIP
and Hoxa13 regulate the accumulation p53, p21 and y-H2AX
following UV exposure. Interestingly, Hoxa13 overexpression
does not significantly affect the cell cycle, apoptosis, or the
expression of related proteins in cells not exposed to UV
radiation, highlighting the specificity of its activity in UV
response [16].

HOTAIR, is a well-studied IncRNA with established
involvement in cancer [17]. Upregulation of HOTAIR was found
to enhance platinum resistance in ovarian cancer by inducing
sustained activation of the DNA damage response (DDR) after
platinum treatment and NF-kB activation leading to cellular
senescence and drug resistance [18].

LncRNAs-driven Effects on Targeted Therapy and
Chemosensitivity

One of the primary reasons for cancer therapy failures is the
development of drug resistance [19]. While numerous proteins
have been implicated in mediating this phenomenon, recent
research has highlighted the significant role of IncRNAs in
drug resistance as well. Joung et al., developed a CRISPR-Cas9
based screen that activates over 10,000 distinct IncRNA loci
identifying non-coding loci that influence drug resistance.
They discovered 11 IncRNA loci that mediate resistance
to BRAF inhibitors in human melanoma cells, primarily, by
regulating nearby genes [20]. Similarly, the IncRNA JUNI (JUN-
DT), which is induced by various chemotherapeutic drugs, has
been shown to be a critical regulator of chemosensitivity and
cellular survival in cell lines and spheroid models. This effect is
likely mediated by the upregulation of its neighboring gene
JUN under these conditions [21]. Another IncRNA, HOTAIR, has
been found to enhance castration-resistant prostate cancer
(CRPQ). As its expression is repressed by androgen its levels
are upregulated in androgen-depriving- therapies and in
CRPC. Mechanistically, HOTAIR binds to the androgen receptor
(AR), preventing AR's association with the E3 ubiquitin ligase
MDM2. This interaction stabilizes AR, enhances its activity, and
thereby increases prostate cancer cell growth and invasion,
reducing the efficacy of androgen-deprivation therapies [22].
Linc01126 is also upregulated following androgen deprivation
therapy. It regulates AR protein stability and its translocation
to the nucleus by modulating O-GIcNAcylation of threonine
at position 80 and phosphorylation of serine at position 89.
Importantly, overexpression of Linc01126 was sufficient to
activate AR signaling in the absence of androgen, while its
knockdown led to a significant reduction in resistance, both

in vitro and in vivo [23]. In another type of cancer, chronic
myeloid leukemia (CML), overexpression of the IncRNA
FENDRR mitigates Adriamycin-related resistance, promotes
cell death and reduces tumor load in mice [24]. Overall, while
research into the involvement of IncRNAs in drug resistance is
still in its infancy, the data is promising and warrants further
investigation in diverse models to establish their potential
benefits in cancer therapy.

LncRNAs and Oxidative Stress

Cancer cells constantly experience oxidative stress, due to
higher metabolic activities, oncogenic addiction, genomic
instability and drug exposure [25]. Contingent upon
concentration, reactive oxygen species (ROS) influence cancer
evolution in apparently contradictory ways, either initiating/
stimulating tumorigenesis and supporting transformation/
proliferation of cancer cells or causing cell death [26]. The
expression and activity of IncRNAs have been studied in the
context of elevated oxidative stress. Few studies addressed
the identification of IncRNA signatures to predict prognosis
and immune responses. Zhang et al., identified oxidative-
stress-related-IncRNA signature (OSRLs) in gastric cancers,
suggesting that eight IncRNAs signature can be used to
predict immune response and survival outcome in gastric
cancer patients [27]. Similarly, Sun et al., explored the role of
IncRNAs associated with oxidative stress in the prognosis and
survival of lung adenocarcinoma (LUAD) and identified 16
IncRNAs that can predict the clinical status of LUAD patients
[28].

Other studies have found direct involvement of IncRNA in
regulating ROS pathways. For example, PVTT, a well-studied
IncRNA in cancer has been shown to stabilize NRF2, a key
regulator of oxidative stress and promoting resistance to
doxorubicin treatment in breast cancer [29]. In contrast, the
INcRNA Gas5 increases melanoma cell death and oxidative
stress by suppressing translation of EZH2 and increasing the
expression of CDKN1C [30].

The IncRNA XIST, known for its essential role in X-chromosome
inactivation [31], has been found to be aberrantly
overexpressed in non-small cell lung cancer (NSCLC) tumors
and cell lines. Knockdown of XIST promotes apoptosis and
inhibits cell proliferation in NSCLC cells by inducing pyroptosis.
This cell death is associated with increased ROS production
and NLRP3 inflammasome activation, and it can be prevented
by treatment with the ROS scavenger N-acetyl cysteine
(NACQ) [32]. Thus, XIST appears to play a non-canonical role in
preventing ROS formation and cell death in NSCLC.

Hypoxic and Metabolic Stresses

Hypoxia is a classical feature of tumorigenesis, resulting
from uncontrolled cell proliferation and poorly developed,
dysregulated vasculature. It has been associated with cancer
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progression and poor survival outcomes. Previous studies
have demonstrated that tumor hypoxia is associated with
epithelial-mesenchymal transition, drug resistance, immune
evasion, and metabolic reprogramming [33]. Many IncRNAs
have been shown to be induced by hypoxia and their roles
were delineated [34]. Here, we highlight a few notable
examples.

MALATTI, a well-known IncRNA has been studied by several
groups in the context of hypoxic conditions in tumors. It was
found that MALAT1 inhibits the association of VHL and HIF-
1a/HIF-2q, leading to reduced degradation of these hypoxia-
inducible factors. This results in increased invasiveness and
metastatic potential of arsenite-transformed cells [35,36].
It appears that MALATT is not exclusive, the INncRNA CASC9
interacts with HIF-1q, stabilizing it and promoting accelerated
glycolysis and tumorigenesis in nasopharyngeal cancer cells
[37,38]. HIF-2a itself can directly upregulate the IncRNA
NEATT in breast cancer cell lines and tumors under hypoxic
conditions. This upregulation leads to increased paraspeckle
formation and consequently to sequestration of proteins
and RNAs, revealing a novel mechanism of gene regulation
by IncRNAs under hypoxia. Elevated NEAT1 expression is
associated with higher proliferation and survival in cancer cell
lines, as well as poor prognosis in patients [39].

The cytoplasmic IncRNA LINK-A has been shown to activate
HIF-1a transcriptional programs under normoxic conditions.
LINK-A recruits BRK to the EGFR complex, leading to BRK
phosphorylation and stabilization of HIF-1a. This LINK-A-
dependent signaling is correlated with triple-negative breast
cancer (TNBC) and promotes glycolysis reprogramming in
breast cancer [40]. Additionally, the TNBC cells MDA-MB-231
acquire stem cell-like features through the regulation of
the SETDB1/PLK3/HIF1a signaling pathway by linc00115.
This IncRNA is significantly upregulated following paclitaxel
treatment, contributing to drug resistance [41].

Metabolic stress is a well-documented phenomenon in
cancer [42] and in fact, metabolic changes are a driving force
in some cancers, such as kidney cancer [43]. The prevailing
involvement of IncRNA in response to stresses is also correct
for the accommodation of metabolic ones. The mitochondrial
IncRNA GAS5 is a critical regulator of TCA cycle and metabolic
stress, which interacts with malate dehydrogenase 2 (VDH2),
an important factor for citrate synthase complex formation
and cancer progression [44].

Glucose consumption, an extremely important factor for
cancer cell survival is also regulated by IncRNAs. MALATI,
for instance, contributes to hepatocellular carcinoma (HCC)
development and tumor progression by reprogramming
tumor glucose metabolism. Mechanistically, it enhances the
translation of the metabolic transcription factor TCF7L2, in
mMTOR dependent manner [45].

LncRNAs also regulate the execution of hypoxic programs
under normoxic conditions, enhancing tumorigenicity. For
example, the IncRNA, IDH1-AS1, prevents the formation
of Warburg effect under normoxia whereas c-Myc
transcriptionally represses IDH1-AST to enable Warburg effect
under normoxia [46]. Additionally, the IncRNA SOX9-AS1 affects
lipid metabolism in breast cancer cells. Cisneros-Villanueva
et al, discovered that the IncRNA SOX9-AS1 is significantly
overexpressed in basal-like and TNBC breast tumors compared
to other breast cancer tumor types. Its overexpression was
associated with favorable prognosis in TNBC and basal-like
patients. Furthermore, the researchers found that IncRNA
SOX9-AS1 promoted lipid metabolism in these cancer types
reducing triglyceride synthesis, cell migration and invasion in
two TNBC cell lines. Its suppression enhances aggressiveness
of TNBC cells [47]. Moreover, IncRNAs can also regulate the
function of NAD* dependent SIRT1 histone deacetylase, a
highly conserved and well-studied cytoprotective protein
against various cellular insults such as oxidative stress, DNA
damage, and metabolic reprogramming [48,49]. For instance,
Zhang et al., for example, demonstrated that the IncRNA GAS5,
an IncRNA also involved in various metabolic effects, inhibits
malignant properties in colon cancer by regulating SIRT1 [50].

Conclusion and Future Directions

Cancer thrives under stressful conditions and constantly
adapts by exploiting both coding and non-coding
genes. Among non-coding RNAs, long non-coding RNAs
(IncRNAs) play a crucial role in responding to cellular stress
and maintaining homeostasis. Numerous studies have
highlighted the involvement of IncRNAs in regulating stress
responses related to specific organelles, cytoplasmic-nuclear
communication, genotoxic stress, and hyperactivated
molecular pathways during cancer progression and therapy
[51,52].

However, many IncRNA were overlooked due to lower
expression and higher variability across different tissues.
To address this gap, a deeper understanding of differential
IncRNAs expression and function in different disease models
is required. Mapping the full spectrum of IncRNAs that enable
cancer cells to cope with the endogenous stresses or those
induced by specific therapies is necessary. This includes
studying IncRNAs with lower expression levels or those
critical to specific stages of the cell cycle, such as cell division
distinguishing cancer cells from the background of non-
proliferating normal tissue. Thereby, expending the “Target
bank”in the fight against different types of cancers.

The identification, using various biochemical and
bioinformatics tools as well as hypothesis-driven experiments,
of genes, motifs, secondary and tertiary structures for better
understanding of IncRNA activity under stressful conditions
are warranted, but remains in a primary stage. Therapies
exploiting the essentiality of such factors, targeting them as
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monotherapy or in combination with stress inducing agents,
will be possible only upon development of better nucleic-
acid-based delivery systems for therapy.
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