
Review

Decoding the Oncogenic Signals from the Long
Non-Coding RNAs

Revathy Nadhan 1 and Danny N. Dhanasekaran 1,2,*

����������
�������

Citation: Nadhan, R.; Dhanasekaran,

D.N. Decoding the Oncogenic Signals

from the Long Non-Coding RNAs.

Onco 2021, 1, 176–206. https://

doi.org/10.3390/onco1020014

Academic Editor: Fred Saad

Received: 28 October 2021

Accepted: 7 December 2021

Published: 10 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Stephenson Cancer Center, The University of Oklahoma Health Sciences Center, Oklahoma, OK 73104, USA;
revathy-nadhan@ouhsc.edu

2 Department of Cell Biology, The University of Oklahoma Health Sciences Center, Oklahoma, OK 73104, USA
* Correspondence: danny-dhanasekaran@ouhsc.edu; Tel.: +1-405-271-6850

Simple Summary: Long non-coding RNAs (lncRNA), which are often referred to as “Genomic
Dark Matter”, are emerging as critical molecules involved in the regulation of multiple cellular
events. Their aberrant expressions and activities are correlated with tumorigenesis and tumor
growth in many cancers. The documented potential of lncRNAs to regulate diverse oncogenic events
identifies them as promising candidates for targeted therapy in cancer. In addition, the expression
profiles of lncRNAs have the potential to serve as diagnostic or prognostic markers in many cancers.
Therefore, an insight into the functional role of lncRNAs in cancer could aid in the development of
novel diagnostic, prognostic, and therapeutic strategies to combat cancer. This review is focused on
providing a succinct treatise on the functional role of lncRNAs in the genesis, growth, and progression
of different cancers.

Abstract: Cancer is one of the leading causes of death worldwide. Multifactorial etiology of cancer
and tumor heterogeneity are the two most acute challenges in existing diagnostic and therapeutic
strategies for cancer. An effective precision cancer medicine strategy to overcome these challenges
requires a clear understanding of the transcriptomic landscape of cancer cells. Recent innovative
breakthroughs in high-throughput sequencing technologies have identified the oncogenic or tumor-
suppressor role of several long non-coding RNAs (lncRNAs). LncRNAs have been characterized
as regulating various signaling cascades which are involved in the pathobiology of cancer. They
modulate cancer cell survival, proliferation, metabolism, invasive metastasis, stemness, and therapy-
resistance through their interactions with specific sets of proteins, miRNAs and other non-coding
RNAs, mRNAs, or DNAs in cells. By virtue of their ability to regulate multiple sets of genes and
their cognate signaling pathways, lncRNAs are emerging as potential candidates for diagnostic,
prognostic, and therapeutic targets. This review is focused on providing insight into the mechanisms
by which different lncRNAs play a critical role in cancer growth, and their potential role in cancer
diagnosis, prognosis, and therapy.
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1. Introduction

Long non-coding RNAs (lncRNAs) form a heterogenous family of non-coding RNAs
(ncRNAs) that comprises almost 98% of the human transcriptome [1,2]. Linear non-coding
RNAs that are greater than 200 nt in length are classified as lncRNAs. The family of
lncRNAs includes long intergenic non-coding RNAs (lincRNAs), the anti-sense lncRNAs,
the sense lncRNAs, the intronic lncRNAs, and the bi-directional lncRNAs [3]. Each of
these subtypes carries out diverse functions, adopting different modes of action, either
within the nucleus or in the cytoplasm [3]. Despite being not translated into proteins,
lncRNAs actively contribute to all the major cellular processes, which span from cellular
homeostasis to the cellular pathology underlying many diseases, including cancer [1,2,4–6].
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Through their various modes of action, lncRNAs contribute significantly to the different,
but synergistic, oncogenic pathways underlying cancer genesis, progression, and therapy
resistance [7]. Recent observations that lncRNAs traverse through circulation, either in the
form of circulating tumor cells or exosomal lncRNAs, also point to their role in long-distance
signaling, including the processes involved in distant metastasis [8–12]. In addition, the
findings that lncRNAs can be detected in blood, plasma, and urine also identify them as
potential diagnostic, prognostic, or therapeutic biomarkers [13,14].

Despite the significant progress in diagnostic and therapeutic strategies over the years,
cancer still ranks as the leading cause of death worldwide [15]. While increased under-
standing of the disease has led to the development of novel diagnostic methodologies
and targeted therapies for some cancers, disease recurrence and therapy resistance con-
tribute significantly to cancer death [16,17]. Disease recurrence and therapy resistance
often arise from the evolution of rescue pathways that facilitate cancer cells to bypass treat-
ment strategies [17]. Effective therapeutic strategies are further compounded by inter- and
intra-tumoral heterogeneity in cancer [18,19]. Personalized or precision cancer medicine
is emerging as an effective therapeutic strategy that can overcome the changes associated
with inter- and intra-tumoral heterogeneity in cancer [20,21]. However, this requires a clear
understanding of the multi-omics landscape of the cancer cells from a given patient, so
that effective therapies can be launched to combat the specific aberrant or asynchronous
pathway(s) presented by the patient. Thus, defining the mechanistic role of lncRNAs in
the cancer transcriptome is crucial for the development of an effective targeted therapy.
In this review, we present a comprehensive overview on the mechanistic role of lncRNAs
in different oncogenic responses, so that the diagnostic, prognostic, and/or therapeutic
potential of lncRNAs can be incorporated into precision cancer medicine strategies.

2. The Superfamily of lncRNAs and Cancer

The superfamily of lncRNAs consists of more than 70,000 annotated lncRNAs in the
human genome [22]. Functionally, lncRNAs can be defined as the multifunctional regula-
tors of gene expression. Aberrant expression of lncRNAs and the resultant dysregulated
expression of oncogenes and tumor-suppressor genes are associated with tumorigenesis
and tumor progression. The mechanisms by which lncRNAs execute their oncogenic
function involve the modulation of gene expressions through cis- and trans-modes of
epigenetic regulation, the regulation of chromatin topology, serving as RNA decoys, acting
as scaffolds for proteins and RNAs, and sequestering microRNAs (miRNAs) by acting
as competing endogenous RNAs (ceRNAs) [21–25]. They also play significant roles in
enhancing the expression of neighboring genes [18]. Through their various modes of
action, lncRNAs contribute to several oncogenic processes. These include cell proliferation,
genomic instability, invasive migration, epithelial-to-mesenchymal transition (EMT), stem
cell differentiation, maintenance of pluripotency, tumor progression and suppression, DNA
damage response and repair, and metabolic reprogramming [19,26–44].

Specifically, lncRNAs play a functional role in several key spatiotemporal events
involved in gene expression. The functional roles of lncRNAs include the maintenance of
spliceosome machinery, the inhibition of gene transcription by direct binding to the gene,
regulating gene expression through the modulation of transcription factor recruitment,
inducing epigenetic modifications to regulate gene expression, regulating the functions
of its interacting partners such as RNA, DNA, and proteins, regulating messenger RNA
(mRNA) translation, regulating mRNA decay, and preventing the miRNA-mediated mRNA
inhibition as a ceRNA. However, these functional roles need not be mutually exclusive. To
a certain extent, the mechanisms by which lncRNA alters gene expression are dependent
on the cellular location of the lncRNAs (Figure 1).
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Figure 1. Nuclear and Cytosolic Functions of lncRNAs. The nuclear functions of lncRNAs include (1) role in mRNA splicing;
(2) inhibition of gene transcription by direct binding to the gene; (3) regulating gene expression through modulation of
transcription factor recruitment; and (4) inducing epigenetic modifications to regulate gene expression. The cytoplasmic
functions of lncRNAs include (5) regulating mRNA translation; (6) mediating mRNA decay; (7) preventing the miRNA-
mediated mRNA inhibition through mRNA stabilization involving lncRNA-mRNA duplex formation; and (8) preventing
miRNA-mediated mRNA inhibition by binding to the miRNA as a competing endogenous RNA though the respective
interactomes.

Based on their role in oncogenic pathways, lncRNAs can be grouped into oncogenic
lncRNAs and tumor-suppressor lncRNAs (TS-lncRNAs). In addition, some lncRNAs are
grouped as dual-function lncRNAs due to their functional ability to be either oncogenic or
tumor-suppressive in a context-specific manner.

Oncogenic, Tumor-Suppressor, and Dual-Function lncRNAs

A large number of lncRNAs have been reported to function as oncogenes in many
cancers [23]. Increased expression of lncRNAs is seen in many cancers, either through gene
amplification or dysregulated constitutive expression [24]. Oncogenic lncRNAs promote
tumorigenic cell growth through the activation of multiple pathways involved in cell pro-
liferation, cell survival, genomic instability, EMT, invasive metastasis, tumor angiogenesis,
evading immune surveillance, cancer cell stemness, and/or radio/chemotherapy resis-
tance (Table S1). Similarly to the multi-targeted effects of oncogenic lncRNAs, TS-lncRNAs
inhibit the oncogenic growth of cells by suppressing the many different facets of oncogenic
pathways (Table S2). Presumably, this involves the lncRNA-mediated suppression of
expression or the activities of many of the oncogenic proteins, lncRNAs, and miRNAs.

There are also lncRNA variants that exhibit the dual functions of being either an onco-
gene or a tumor suppressor in a cellular or spatiotemporal context-dependent manner [25].
The plasmacytoma variant translocation 1 (PVT1), as well as the neuroblastoma-associated
transcript 1 (NBAT1) locus, produce different splice variants of lncRNAs, which act as
either oncogenes or as tumor suppressors, affecting the MYC levels [26–29]. Furthermore,
the metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) locus produces
multiple splice variants of MALAT1, in addition to the full length MALAT1. These splice
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variants play both oncogenic and tumor-suppressor roles in a cell-type/cancer-specific
manner [30,31]. In addition, H19, the NEAT1 (Nuclear Enriched Abundant Transcript 1),
and BANCR (BRAF-activated non-protein coding RNA) are a few other lncRNAs that
exhibit both oncogenic and tumor-suppressive functions in various tumor and cellular
conditions [32–37]. Furthermore, the cancer cell type and its metabolic state serve as de-
cisive factors to determine the exact role of the lncRNAs, be it either an oncogenic or a
tumor-suppressive mode of action [23].

3. Role of lncRNAs and Cancer

Cancer can be defined as a pathophysiological state in which the cancer cells mani-
fest an uncontrolled proliferation potential, breaking free from the cellular homeostatic
regulatory mechanisms. The slow evolution of normal cells into cancer cells involves
the accumulation of genetic and epigenetic changes, and various oncogenic selection pro-
cesses [38,39]. The differences between normal cells and cancer cells have been defined as
the hallmarks of cancer [40,41]. Major traits defined by the hallmarks of cancer include
sustained cell proliferation, resistance to cell death, genomic instability, invasive metastasis,
tumor angiogenesis, and metabolic reprograming. LncRNAs affect most, if not all, of
the hallmarks of cancer in promoting cancer genesis and growth. A broad spectrum of
oncogenic activities, regulated by different families of lncRNAs, act in concert with each
other, thus cumulatively contributing to cancer genesis and progression (Figure 2).
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3.1. lncRNAs in Cancer Cell Proliferation and Apoptosis

At normal physiological conditions, cells have stringent control over cell proliferation
and apoptosis to maintain cellular, as well as organismal, homeostasis. Oncogenes have
been known to disrupt cellular homeostasis and confer survival advantages to malignant
cells by stimulating pro-mitotic signaling pathways and/or inhibiting apoptotic signaling
pathways. Likewise, aberrant expressions of lncRNAs have been shown to provide survival
advantages to cancer cells by stimulating the activation of specific pro-mitotic signaling
pathways and/or inhibiting apoptotic signaling pathways. The pro-mitotic function of
lncRNAs mostly involves their ability to act as a scaffold for chromatin-modifying protein
complexes such as polycomb-repressive complex 2 (PRC2) and mixed-lineage leukemia
1 (MLL1), and the associated histone marks involved in gene silencing or activation.
An example of this mode of action can be seen with HOTTIP (HOXA Transcript at the
Distal Tip) lncRNA, which shows increased expression in many cancers (Table S1). In
pancreatic cancer, the oncogenic role of HOTTIP is correlated with its ability to interact
with MLL1, a H3K4 methyl transferase, and WD-repeat-containing protein 5 (WDR5),
a methyl transferase adaptor [42]. Using a panel of pancreatic cancer cells, it has been
shown that HOTTIP provides a scaffold for MLL1 and WDR5 that leads to the increased
expression of the AURKA gene, which encodes Aurora-A kinase. Specifically, HOTTIP-
MLL1 interaction leads to the increased expression of the potent oncogene AURKA [43],
presumably through H3K4-trimethylation [44]. UCA1 (Urothelial Cancer Associated 1),
which is overexpressed in many cancers, utilizes a different epigenetic mechanism to
promote oncogenic proliferation, as evidenced in gastric cancer cells. UCA1 interacts
with the enhancer of zest homologue 2 (EZH2), a histone methyl transferase, to induce
repressive H3K27-trimethylation in the promoter regions of tumor-suppressor genes such
as p27 and protein sprout homologue 1 (SPRY1), thereby promoting cell proliferation. Thus,
the silencing of UCA1 has been shown to suppress cell proliferation, as well as the xenograft
tumor growth of gastric cancer cells [45]. Similarly, EZH2-mediated suppression of the
phosphatase and tensin homologue (PTEN), has been attributed to the oncogenic role of
the lncRNA UFC1 (Ubiquitin Fold Modifier Conjugating Enzyme 1) in the proliferation of
non-small cell lung carcinoma (NSCLC) cells, as well as xenograft tumor growth [46]. More
interestingly, exosomally transmitted UFC1 could also promote the epigenetic silencing of
PTEN via EZH2 in this cancer model [47]. In some instances, oncogenic lncRNAs regulate
the transcription of genes by recruiting specific transcription factors and associated proteins
to the promoters of the target genes. The lncRNA REG1CP (Regenerating Family Member
1 Gamma Pseudogene), which is overexpressed in colorectal cancer (CRC), forms an RNA–
DNA triplex at the regenerating family member 3 alpha (REG3A) promoter region and
recruits fanconi anemia J helicase to unwind the DNA. This enables the glucocorticid
receptor-α mediated transactivation of REG3A expression and the subsequent REG3A-
mediated proliferation of CRC cells and CRC xenograft tumor growth [48].

A primary mechanism through which lncRNAs promote cell proliferation is through
the sequestration of specific miRNAs. The lncRNA PVT1 sequesters the tumor-suppressor
miRNA, miR-543, to block its inhibitory effect on the expression of the oncogenic tri-
chorhinophalangeal syndrome-1 gene. This leads to the increased proliferation and mi-
gration of breast cancer cells [49]. Similarly, UCA1 stimulates the proliferation of prostate
cancer cells by sequestering miR-143. Using DU145, a prostate cancer cell line, it has been
shown that the silencing of UCA1 results in the suppression of xenograft tumor growth
and it is associated with the ability of UCA1 to sequester the tumor-suppressive miRNA
miR-143 that targets pro-mitogenic MYO6 [50]. The mechanistic role for such a sequestra-
tion of tumor-suppressive miRNAs by lncRNAs has been shown in many other cancers
by different lncRNA-miRNA combinations. The lncRNA CCAT1 sequesters miR-155,
and thus upregulates c-Myc expression and the proliferation of acute myeloid leukemia
(AML) cells [51]. In breast cancer cells, NEAT1 sequesters miR-141-3p to upregulate the
expression of the mitogenic transcription factor, Kruppel-like factor 12 (KLF12) [52]. The
lncRNAs, STEAP3-AS1 (Antisense RNA 1 to Six-Transmembrane Epithelial Antigen of
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Prostate-3), UFC1, and ANRIL (Antisense Non-coding RNA in the INK-4 Locus), also
exhibit miRNA sequestration properties through which an array of oncogenes are upregu-
lated, triggering cell proliferation in the cellular models of colon, pancreatic and gastric
cancers, respectively [53–55].

In addition to the oncogenic lncRNAs, TS-lncRNAs play a critical role in cancer cell
proliferation. In many cancers, the genes encoding TS-lncRNAs are deleted or their ex-
pressions are drastically reduced. SATB2-AS1 (Special AT-rich Sequence Binding protein-2
antisense RNA 1) and DIRC3 (Disrupted in Renal Carcinoma 3) are examples of lncR-
NAs which take part in the epigenetic regulation of genes involved in the inhibition of
cell proliferation. Using a panel of CRC cell lines, it has been shown that the lncRNA,
SATB2-AS1, serves as a scaffold for the recruitment of the transcriptional co-activator p300.
SATB2-AS1-recruited p300 activates the expression of the tumor-suppressor gene SATB2
through the acetylation of H3K27 and H3K9 at the promoter site. However, downregulated
expression of SATB2-AS1, often seen in CRC, leads to decreased levels of SATB2 with a
resultant increase in cell proliferation [56]. In melanocytes, DIRC3, which is localized in the
nucleus, enhances the transcription of the tumor-suppressor protein, insulin-like growth
factor binding protein-5 (IGFBP5). DIRC3 acts as a decoy chromatin locus of IGFBP5 to
prevent SRY box transcription factor-10 (SOX10)-mediated repression of IGFBP5. However,
in melanoma cells, the melanocyte-inducing transcription factor and SOX10 complex re-
presses the expression of DIRC3 through the repressive histone acetylation and methylation
of the DIRC3 promoter. With the downregulation of DIRC3, SOX10 is able to repress the
expression of IGFBP5, thus promoting the survival and growth of melanoma cells [57]. The
sequestration of miRNAs by TS-lncRNAs also plays a role in tumor growth. The lncRNA
MEG3 (Maternally Expressed-3) has been shown to exert its tumor-suppressive effect
through the sequestration of miR-95-5p, which targets the tumor suppressor SOX11. In
hepatocellular carcinoma (HCC), the downregulation of MEG3 leads to the increase in the
levels of miR-9-5p. Subsequently, the expression of tumor suppressor SOX-11, which is a
target of miR-9-5p, is thus suppressed, which augments cell proliferation and anti-apoptotic
signals in HCC [58]. A similar role has been demonstrated with the TS-lncRNA, HAND2-
AS1 (Heart and Neural Crest Derivatives Expressed Transcript 2 Antisense RNA 1), whose
expression is downregulated in many cancers [59]. In vitro studies using a panel of HCC
cell lines have shown that the lncRNA HAND2-AS1 sequesters miR-3118, which targets
the suppressor of cytokine signaling 5 (SOCS5). The downregulation of HAND2-AS1
in HCC cells enhances the activity of miR-3118, and the subsequent suppression of its
target SOCS5. SOCS5 is an inhibitor of JAK/STAT signaling. Hence, the downregulated
HAND2-AS1 results in augmented JAK/STAT signaling, which contributes to enhanced
proliferation, invasion, and migration in HCC cells [59]. The TS-lncRNA, GAS5 (Growth
Arrest Specific-5), acts as a ceRNA to sequester miR-196a-3p in breast cancer cells. The
lower levels of GAS5 in triple-negative breast cancers (TNBCs) increase the miR-196a-3p
levels to inhibit the expression of the forkhead box O1 (FOXO1) gene. This activates the
phosphatidyl inositol-3kinase (PI3K)-AKT kinase signaling pathway, which triggers numer-
ous oncogenic pathways [60]. In addition to miRNA sequestration, TS-lncRNAs regulate
mRNA translation by acting as scaffold in the recruitment of various translation factors.
This function also plays a role in cancer cell proliferation and survival. The TS-lncRNA
GAS5 interacts with the eukaryotic translation initiation factor, eIF4E and directly inhibits
its recruitment to the translation site, thereby attenuating c-Myc translation and the down-
stream activation of c-Myc-regulated oncogenic events. This inhibition is relieved, and cell
growth is promoted with the reduced expression of GAS5 in lymphoma cells [61]. In these
cells, GAS5 is also found to interact directly with c-Myc mRNA to inhibit its translation.
Such direct TS-lncRNA-mRNA interaction is also observed in the case of lincRNA-p21 [62].
In HeLa cells, it has been shown that lincRNA-p21 directly interacts with the mRNAs of
the oncogenes JUNB and CTNNB1/β-catenin to inhibit their translation [63]. In addition,
it binds to the polysomal translational machinery and the translational repressors RCK
and FMRP to further suppress the translation of JUNB and CTNNB1 [62,63]. Reduced
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expression of lincRNA-p21 eases these constraints on JUNB and CTNNB1 expressions,
which leads to oncogenic cell growth. A few other TS-lncRNAs also affect the stability of
mRNAs that encode specific oncogenes. The tumor-suppressor role of NBAT1 in HCC cells
has been attributed to its ability to physically associate with insulin growth factor-2 binding
protein-1 to prevent its stabilizing interaction with c-Myc mRNA. Reduced expression of
NBAT1, in turn, enhances the stability of c-Myc mRNA, triggering the activation of c-Myc
regulated oncogenic signaling cascades [27].

The lncRNA interactome is so diverse that these interactions could determine their role
in tumorigenesis and tumor progression. DRAIC (Downregulated RNA in Cancer) has been
identified as a TS-lncRNA in castration-resistant prostate cancers [64]. It interacts with the
IκB kinase (IKK) subunits, thereby preventing the interaction between these subunits, their
phosphorylation, and the subsequent activation of nuclear factor kappa B (NF-κB). When
DRAIC levels are lower, it leads to NF-κB activation and the NF-κB-pathway-mediated
proliferation of prostate cancer cells [64]. A variation of this theme is seen with the NBAT1
and CASC15-003 (Cancer Susceptibility 15) lncRNAs in neuroblastoma [65]. In low-risk
neuroblastoma cells, both NBAT1 and CASC15-003 show higher expressions, predicting
better prognosis. In contrast, decreased expression of NBAT1 and CASC15-003 with poor
prognosis was observed in high-risk neuroblastoma. A decrease in the expression levels of
NBAT1 and CASC15-003 were accompanied with the increased expression levels of N-Myc
(MYCN). It has been demonstrated that NBAT1 and CASC15-003 interact with ubiquitin-
specific peptidase-36 (USP36), a de-ubiquitinating protein, to prevent its interaction with
N-Myc. Since USP36-N-Myc interaction prevents the ubiquitin-mediated proteolytic degra-
dation of N-Myc, increased expression of NBAT1 and CASC15-003 inhibits MYC-mediated
oncogenic pathways. However, reduced levels of NBAT1 and CASC15-003 result in the
enhanced expression of N-Myc and N-Myc-regulated oncogenic activities in neuroblas-
toma [65]. In summary, lncRNAs regulating cell proliferation and survival signals can
serve as significant therapeutic targets, as well as precise biomarkers for cancers.

3.2. lncRNAs and Genomic Instability

Genome instability is a hallmark of cancer which is characterized by defects in either
DNA replication fidelity, chromosome segregation, and/or DNA damage repair (DDR)
mechanisms. In cancer cells, genomic instability involves the complex DNA damage
response (DDR) pathways, in which lncRNAs also play a definitive role. DDR involves
DNA repair enzymes, tumor suppressors, apoptotic proteins, kinases, and cell cycle check-
point factors. Defective DDR, such as in cancers, enhance the mutational load as well
as genomic instability, and adversely affects therapy with DNA-damaging agents. The
prominent mammalian DDR pathways include homologous recombination repair (HRR),
non-homologous end joining (NHEJ), base excision repair (BER), nucleotide excision repair
(NER), and mismatch repair (MMR). The major sensors of DNA damage include ATM
(ataxia telangiectasia mutated), ATR (ataxia telangiectasia and Rad3 related) and DNA-PKs
(DNA-dependent protein kinase), while p53 serves as the most significant transcriptional
regulator to modulate cell cycle arrest and apoptosis in case of DNA damages. LncRNAs
are either induced directly owing to DNA damage, or indirectly via intermediates such as
p53, which is triggered upon DNA damage sensing, thereby regulating the cell cycle and
DNA repair, as well as DDR events [66,67].

DDR genes and associated DNA repair mechanisms play a major role in the main-
tenance of genomic stability [68]. Several lncRNAs have been documented to play a
role in the genomic instability of cancer cells through diverse mechanisms. The p53-
responsive lncRNA, GUARDIN, acts as a scaffold for the breast cancer type 1 susceptibility
protein/BRCA1-associated ring domain 1 (BRCA1/BARD1) complex, promoting DDR in
many different cancer cells, including those of CRC, osteosarcoma, and lung cancer [69].
GUARDIN also sequesters miR-23a to upregulate telomere repeat-binding factor-2 (TRF2)
levels which prevent chromosomal end-to-end joining in these cells [69]. In addition,
GUARDIN acts as a scaffold for the breast cancer type 1 susceptibility protein/BRCA1
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associated ring domain 1 (BRCA1/BARD1) complex, promoting DDR. The reduction of
GUARDIN sensitizes cancer cells to chemotherapy [70]. JADE (Gene for Apoptosis and
Differentiation in Epithelia) is an ATM-induced lncRNA, which is expressed upon DNA
damage in cancers. It transcriptionally activates the expression of Jade-1 protein, which
forms a complex with the histone acetyltransferase enzyme, human acetylase binding to
ORC1 (HBO1), to stimulate histone 4-specific acetyltanferase activity. This leads to the
expression of several other DDR genes promoting genomic instability and tumorigenesis in
breast cancer cells [71]. The lncRNA SNHG1 (Small Nucleolar RNA Host Gene 1) promotes
genomic instability by targeting p53 stability. In doxorubicin-treated colorectal cancer cells,
SNHG1 sequesters heterogenous nuclear ribonucleoprotein C (hnRNPC) from interacting
with p53, which leads to the inactivation of p53 with the resultant activation of DNA repair
pathways [72]. The lncRNA, ANRIL, binds to and stabilizes ATR proteins, preventing
it from ubiquitination. Thus, the complex promotes DNA double-strand repair through
HRR in cancer cells [73]. The lncRNA, PRLH1, (p53-regulated lncRNA for HRR 1), which
is upregulated in p53-mutated HCC, modulates the HRR pathway by binding to and
stabilizing the ring finger protein, RNF169, to recruit HRR factors aiding DDR [74].

Several p53-independent lncRNAs regulate DDR in cancers by acting as scaffold for
DNA-repair-associated proteins. LINP1 (LncRNA in NHEJ 1) regulates NHEJ by serving
as scaffold for Ku70/80 and major DNA-PKs in TNBCs. Upon DNA damage, LINP1
translocates from the cytoplasm to the nucleus, and its depletion sensitizes these cancers to
radiotherapy [75]. In multiple myeloma, MALAT1 binds to poly-ADP-ribose polymerase
1 (PARP1) and DNA ligase III in regulating the alternate-NHEJ repair mechanism [76].
Single-nucleotide polymorphisms at cyclin D1 (CCND1)-promoter regions enhance the
levels of lncRNAs CUPID1 and CUPID2 (CCND1 upstream intergenic DNA repair 1 and
2), which play a significant role in promoting HRR over NHEJ through interaction with
p53-binding protein 1 (53BP1) and BRCA1 [77]. The lncRNA, BGL3 (beta globin locus
transcript 3), promotes DDR through its interaction with PARP1 and BARD1 proteins. It
acts as scaffold for the BRCA1/BARD1 complex and other DDR, as well as HRR proteins,
to stimulate DNA damage repair pathways in breast, osteosarcoma, and colon cancer
cells [78]. BGL3 depletion has been shown to sensitize breast cancer cells to DNA damage-
mediated therapy [78]. Another oncogenic lncRNA, Ginir (Genomic Instability Inducing
RNA), interferes with karyogenesis, leading to the formation of multinucleated cells, during
cell division in multiple myeloma cells. This is primarily due to its regulatory role over
centrosomal functions through its interaction with the centrosomal protein, Cep112. Ginir-
Cep112 association impairs BRCA1-Cep112 interaction, leading to dysregulated DDR and
genomic instability in multiple myeloma, both in vitro and in vivo [79]. NORAD (Non-
coding RNA Activated by DNA damage) is yet another lncRNA that actively regulates
DDR in cancer cells. It acts as a decoy for various RNA-binding proteins, such as PUMILIO
and RBMX, to prevent them from inhibiting the expression of DDR proteins [80]. In colon
cancer cells, as well as colon organoids from mouse models, it has been reported that
the lncRNA, CCAT2 (colon cancer associated transcript 2), enhances the expression of
genes involved in ribosomal biogenesis, including the myc-induced expression of block
of proliferation 1 (BOP1). In addition, CCAT2 directly interacts with BOP1 to increase its
stability. BOP1 enhances the expression and activation of Aurora Kinase B, which leads to
chromosome instability and consequent tumorigenesis [81]. Overexpressed NEAT1 has
been observed to promote nuclear paraspeckle formation, enhancing the ATR signaling
in osteosarcoma and TNBC cell lines. This facilitates the rapid replication of cancer cells,
while its silencing sensitizes TNBC cells to chemotherapy [82].

Several of the TS-lncRNAs also play a role in regulating genomic stability. LincRNA-
p21 has been reported to activate p53-induced p21 expression through the interaction with
hnRNP-K, which further induces the expression of various DDR and G1/S cell cycle check-
point genes mediated via PRC2. The deficiency of lincRNA-p21 disrupts this DDR system
in many cancers [83]. A greater number of lncRNAs exert their functional roles, acting
as scaffold for various proteins to facilitate DDR. The lncRNA, DINO (Damage induced
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Non-coding), a transcriptional target of p53, binds and stabilizes p53, thus preventing the
latter from ubiquitin-mediated proteolytic degradation, thereby facilitating error-proof
DDR in CRC cell lines. The in vivo knockout mouse models affirmed that DINO-mediated
stabilization of p53 further promotes the expressions of DDR genes such as DDB2, RRM2b,
and GADD45a [84]. It has also been shown that DINO can reactivate dysfunctional p53
in human papilloma virus-positive cervical cancer cells via ATM/checkpoint kinase-2
(CHK2)-mediated DDR [85]. The lncRNA, DDSR1 (DNA damage sensitive RNA 1), an
ATM-induced lncRNA upon DNA damage, acts as scaffold that binds to BRCA1 and
hnRNP U-like 1 (hnRNPUL1) to facilitate the resection of DNA ends for the double-
strand-break repair. The downregulation of DDSR1 results in BRCA1 accumulation at
the damage site, resulting in deregulated HRR and DDR [86]. However, the seemingly
tumor-suppressor function of DDSR1 is contrasted by the observation that the reduced
expression of DDSR1 is correlated with the increased proliferation rate in multiple cancer
cells [86]. The lncRNA, HITT (HIF-1α Inhibitor at Translational level), appears to be the first
reported lncRNA that inhibits ATM activity in human cancers. HITT interacts with ATM,
and prevents its association with the meiotic recombination 11 (MRE11)-RAD50-Nibrin
(NBS1) complex, thereby inhibiting ATM recruitment and its activity at the damage sites,
both in vitro and in vivo. Thus, HITT can sensitize colon cancer cells to chemotherapy
through the inhibition of HRR [87]. The lncRNA, TERRA (Telomere Repeat Containing
RNA), which is induced by tumor suppressors, such as p53, promotes genomic stability in
normal cells. [88]. TERRA recruits TRF2 and associated factors at telomere ends to induce
telomere stability [88]. Reduced expression of TERRA, as well as increased activity of
TERRA, has been associated with the genomic instability in many cancers, including breast
cancer [88,89]. From these results, it can be surmised that the modulation in TERRA levels
in cancer cells leads to telomerase instability. Thus, lncRNAs play a major role in regulating
various DDR components involved in genomic instability through multiple mechanisms.
Further studies can reveal the precise roles in critical steps to maintain genome integrity,
which can aid cancer therapy.

3.3. lncRNAs and Metabolic Reprogramming

Metabolic reprogramming is one of the major hallmarks of cancer, which involves the
regulation of diverse cellular metabolic pathways, such as that of carbohydrates, lipids,
amino acids, and nucleotides, so as to support cancer cell proliferation and survival. Since
the cancer cells survive within a stressful tumor microenvironment, this condition can
trigger various metabolic signals which can modulate the lncRNA levels. Such lncRNAs,
in turn, regulate the expression and activity of various metabolic signaling pathway com-
ponents to alter the cellular metabolism, termed as metabolic reprogramming, aiding
tumorigenesis.

The major energy metabolism in cancer cells is through glucose utilization, whose rate
is enhanced either by increasing the glucose uptake or by increasing the dependency on aer-
obic glycolysis rather than depending on mitochondrial oxidative phosphorylation, termed
as Warburg effect [90]. To stimulate aerobic glycolysis, cancer cells increase the uptake of
glucose through several lncRNAs. The lncRNAs, PCGEM1 (Prostate Cancer Gene Expres-
sion Marker 1) in prostate cancers, CRNDE (Colorectal Neoplasia Differentially Expressed
Non-protein Coding Gene) in CRC, LINK-A (Long Intergenic RNA for Kinase Activation)
in triple-negative breast cancers, and NRCP (lncRNA Ceruloplasmin) in ovarian as well as
breast cancers, enhance the glucose uptake in respective cancer cells [91–94]. Specifically,
CRNDE has been shown to stimulate glucose uptake by increasing the expression of glucose
transporter-4 [92]. LncRNAs also regulate the key enzymes involved in glucose metabolism
such as hexokinase 2 (HK), aldolase, pyruvate kinase, and lactate dehydrogenase (LDH).
Hexokinase, which is encoded by HK1 or HK2 genes, is the first enzyme in the glycolytic
pathway. In HCC cells, TUG1 (Taurine Upregulated 1) sequesters miR-455-3p, which
represses the expression of the AMP-activated protein kinase β-2 (AMPKβ2). AMPKβ2,
thus relieved from the inhibitory effects of miR-455-3p, stimulates HK2 expression and
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glycolysis [95]. In gallbladder cancer cells, PVT1 overexpression enhances glycolysis by
quenching miR-143, which targets HK2, thereby increasing the expression levels of HK2
with the resultant increase in glycolysis [96]. In esophageal carcinoma, HOTAIR (HOX
Transcript Antisense Intergenic RNA) has been shown to upregulate the expression of HK2
by sequestering both miR-125 and miR-143, which target HK2 [97]. Increased expression of
HK2 is correlated with the overexpression of HOTAIR in pancreatic adenocarcinoma [98].
LncRNA-mediated stimulation of glycolysis also involves the increased expression of the
PKM gene which encodes pyruvate kinase. In cellular as well as murine models of CRC,
antisense lncRNA to FEZ family zinc finger-1 (FEZF1-AS1) increases the stability of both
cytoplasmic and nuclear PKM2 by physically associating with PKM2 [99]. While the cyto-
plasmic PKM2 interaction increases the aerobic glycolysis of CRC cells, nuclear interaction
leads to the hyperactivation of the signal transducer and the activator of transcription 3
(STAT3) signaling. Another lncRNA, PCGEM1, has been shown to increase the levels of
PKM2 and lactate dehydrogenase A (LDHA) to promote prostate cancer cell survival [100].
In prostate cancer cells, it has been reported that PCGEM1 directly binds to the promoters
of c-Myc and its target genes to stimulate the transactivation of PKM2 and LDHA genes.
In CRC, glucose starvation induces the lncRNA, GLCC1 (glycolysis associated lncRNA
of colorectal cancer 1), which directly interacts with HSP90 to stabilize c-Myc and tran-
scriptionally activate the expression of LDHA [101]. The lncRNA, lnc-IGFBP4-1, has also
been shown to promote glucose metabolism and cancer cell proliferation in lung cancers
by stimulating the expression of LDHA and HK2, as well as the PDK1 gene which encodes
pyruvate dehydrogenase kinase 1 [102].

In addition to glucose metabolism, lncRNAs are also involved in rewiring lipid
metabolism in cancer cells. Lipid metabolism is essential for cancer cells not only due to its
role in aiding proliferation and by being a cell membrane component, but by also being
a source for cellular energy and a precursor to many important signaling molecules. The
lncRNAs, HULC (Highly Upregulated in Liver Cancer) and TINCR (Terminal Differentia-
tion Induced lncRNA), stimulate acyl-CoA metabolism to promote tumor growth [103,104].
Using cellular as well as murine models of HCC, it has been demonstrated that HULC
increases the activity of acetyl CoA synthase (ACS), which leads to increased triacylglyc-
erol synthesis. Specifically, HULC increases the expression of the ACS-long chain family
member 1 (ACSL1) subunit of ACS through the upregulation of the transcription fac-
tor peroxisome proliferator-activated receptor alpha (PPARA), which transactivates the
ACSL1 promoter. The mechanism by which HULC upregulates the expression of PPARA is
through the epigenetic silencing of miR-9, which targets PPARA [103]. Using a panel of na-
sopharyngeal carcinoma (NPC) cell lines and a xenograft mouse model, it has been shown
that TINCR interacts with adenosine triphosphate citrate lyase to protect it from ubiquitin
degradation, which leads to the upregulation of acetyl CoA and an overall increase in lipid
biosynthesis [104].

Several lncRNAs have been shown to converge on the regulation of fatty acid synthase
(FASN), a key enzyme involved in lipid biogenesis. In the prostate cancer cell line LNCaP,
the lncRNA, PCGEM1, which regulates glucose metabolism, acts in co-ordination with
the androgen receptor and c-Myc to regulate fatty acid biosynthesis by increasing the
expression of FASN [100]. HOXD-AS1 or HAGLR (HOXD antisense growth-associated
long non-coding RNA), which is elevated in NSCLC, enhances the expression of FASN,
thereby increasing the levels of free fatty acids [105]. In NPC cells, HOTAIR has been
shown to induce the expression of FASN [106]. In the U2OS osteosarcoma cell line, PVT1
upregulates the expression of FASN by quenching miR-195, which targets FASN [107].
Cellular lipid metabolism is strictly regulated by the transcription factors, sterol regulatory
element-binding proteins (SREBPs). In the HCC cell line HepG2, MALAT1 has been
shown to associate with SREBP-1c to enhance its stability. MALAT1-stabilized SREBP-1c
promotes the transcription of genes involved in lipid metabolism, such as FASN, ATP citrate
synthase, stearoyl CoA desaturase 1 and acetyl-CoA carboxylase 1, leading to cellular lipid
accumulation [108].
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In addition to their role in reprogramming glucose and lipid metabolism in cancer
cells, a host of lncRNAs target amino acid metabolism. Of the amino acids, glutamine
is the most abundant and significant one which actively takes part in the bioenergetic
and biosynthetic pathways in cancer cells [109]. Glutamine, taken up by the cancer cells,
undergoes glutaminolysis, in which it is converted into glutamate and α-ketoglutarate.
These metabolites from glutaminolysis are used to generate ATP via the tricarboxylic acid
cycle, and to provide an anabolic carbon backbone for the synthesis of lipids, amino acids,
and nucleotides. The key enzyme involved in glutaminolysis is glutaminase. In CRC cells,
the lncRNA CCAT2 enhances the expression of GAC, a gene that encodes glutaminase-c
isoform, to augment the glutamine metabolism [110]. In bladder cancer cells, UCA1 has
been shown to sequester miR-16 and upregulates the expression of glutaminase 2 (GLS2).
This has been correlated with a reactive oxygen species (ROS) synthesis that protects cells
from oxidative toxicity, in addition to the promotion of glutaminolysis in bladder can-
cers [111]. HOTTIP has been shown to enhance glutamine metabolism in a panel of cancer
cells by upregulating GLS1 expression to promote tumorigenesis [112]. In glioma cells,
upregulated HOTAIR promotes glutamine metabolism by sequestering miR-126 and re-
lieving its inhibition on the expression of GLS [113]. In the prostate cancer cell line, LnCAP,
PCGEM1 promotes chromatin recruitment of c-Myc, for the transactivation of its target
genes that regulate the glutamine metabolism [100]. LncRNAs such as TUG1 also regulate
other enzymes involved in glutamine metabolism. In intrahepatic cholangiocarcinoma
cells, TUG1 induces sirtuin-3 (Sirt3)-mediated glutamate dehydrogenase (GDH) levels,
thereby enhancing glutaminolysis and synthesis of metabolic intermediates to promote
tumor progression [114]. It is significant to note here that the lncRNA, PVT1-5, in lung
cancer, has been demonstrated to promote increased amino acid uptake by promoting the
expression of the neutral amino acid exchanger, solute carrier family 7 member 5 (SLC7A5).
SLC7A5 mediates the transport of neutral amino acids in exchange for the intracellular
glutamine. PVT1-5 increases the expression levels of SLC7A5 by sequestering miR-126 that
targets SLC7A5 [115]. However, a similar lncRNA-mediated mechanism for the enhanced
uptake of glutamine by cancer cells remains to be established.

The role of lncRNAs in directly targeting molecules involved in nucleotide synthe-
sis remains poorly understood. Increased expression of the linc-NMR (long intergenic
non-coding RNA–nucleotide metabolism regulator) is observed in many cancers. Its over-
expression has been correlated with cell proliferation, invasion, and metastasis of the
respective cancer cells. Using the HCC cell line, HLE, it has been observed that the silenc-
ing of linc-NMR expression induces G0/G1 phase cell cycle arrest, which is accompanied
by a drastic reduction in the levels of all the deoxy nucleotide triphosphates. Further
analyses have indicated that linc-NMR binds to and regulates Y-box-binding protein-1
(YBX1), and YBX1 in turn regulates the key enzymes in pyrimidine metabolism, such as the
ribonucleotide reductase 2, thymidylate synthetase, and thymidine kinase 1 [116]. Detailed
analysis of the lncRNA-regulated metabolic reprogramming would help in unraveling
them as potential biomarkers and therapeutic targets in cancer.

3.4. lncRNAs and Evasion of Immune Surveillance

The human immune system includes both adaptive and innate immune responses.
Adaptive immune responses in the host involve the production of antigen-responsive
lymphocytes, mainly T-lymphocytes or T-cells and B-lymphocytes or B-cells, which protect
the host from similar kinds of antigenic exposure or re-infection with the same pathogen.
In adaptive immune responses, T-cell activation further triggers numerous T-cell subsets,
such as the CD8+ cytotoxic T-lymphocytes (CTLs), which eliminate the cancer cells via
the release of various cytokines such as tumor necrosis factors (TNFs) and interleukins
(ILs) [117]. Several lncRNAs target CTLs to promote immune evasion by cancer cells.
The lncRNA, NEAT1, which is upregulated in the PBMCs of HCC patients, enhances the
apoptotic death of CTLs so that the cytolysis of cancer cells is inhibited. The paradigm
that emerges from both in vitro and in vivo studies with the use of the HCC model system



Onco 2021, 1 187

indicates that NEAT1 binds to miR-155, quenching its repression on the expression of
T-cell immunoglobulin and mucin-domain containing-3 (Tim3), which promotes apoptosis
in CTLs, thus attenuating the CTL-mediated cytolysis of cancer cells [118]. A different
mechanism appears to be used by the lncRNA, lnc-TIM-3, to inhibit the cytolytic function
of CTLs in HCC [119]. Using the ectopically expressed lnc-TIM3, it has been shown that
it binds to and inhibits the interaction of TIM3 with the HLA-B-associated transcript 3
(BAT3) and BAT3-mediated downstream signaling. This leads to CD8+T cell exhaustion
that contributes to compromised anti-tumor immunity and tumor progression [119]. Thus,
the increased expression of both NEAT1 and lnc-TIM3 in the CTLs in HCC could contribute
to the inactivation of functional CTLs through different mechanisms. In breast cancer,
the lncRNA NKILA (NF-κB-interacting lncRNA) is involved in promoting the activation-
induced cell death of CTLs and type 1 helper T-cells to facilitate immune evasion by cancer
cells. NKILA has been shown to induce the tumor-antigen-activated death of T-cells by
physically interacting and inhibiting the activities of IκBα and NF-κB [120]. Although
the role of the lncRNA, lincMAF4 (Long-intergenic Non-coding Macrophage-activating
Factor Transcriptional Regulator RNA 4) in cancers remains to be established, lincMAF4
could play a role in cancer-immune evasion through its potent inhibitory effect on T-
cell differentiation [121]. It has been shown that lincMAF4 can epigenetically silence the
transcriptional activation of the transcription factor MAF [121]. Since MAF is involved in
the functional differentiation of regulatory T-cells (Tregs) and T-helper cells through the
transcriptional activation of interleukin-4 and -10 [122], the lincMAF4-MAF link can be
anticipated to have a potential role in cancer cells’ immunoevasion.

Amongst the T-cell-mediated adaptive immune response, one of the prominent tumor-
infiltrating lymphocytes (TILs) that aid tumor invasion by creating immune suppressive
milieu in the tumor microenvironment are the Tregs, whose maintenance and differentiation
are critically regulated by lncRNAs. Studies with HCC patient-derived CD4+ T cells and
xenograft mouse models indicate that lnc-EGFR (long non-coding epidermal growth factor
receptor) plays a role in Treg differentiation and suppresses CTLs by binding to EGFR, so
as to inhibit the signaling axis involving the transcription factors’ early growth response
gene 1, and transcription factor forkhead box p3 (Foxp3) [123]. Since there are two splice
variants of lnc-EGFR, namely lnc-EGFR-1 and lnc-EGFR-3, it is not clear whether both
lnc-EGFRs can bind to EGFR to inhibit tumor immunoescape. A mechanism based on
the ability of the lncRNA, FLICR, to epigenetically suppress the expression of FOXP3 to
alleviate its tumor-suppressive functions in Tregs, has also been proposed as a potential
mechanism through which cancer cells can escape immune surveillance [124]. Recent
studies have shown that indolamine-2, 3-dioxygenase (IDO) is an immunoregulatory
enzyme involved in tryptophan metabolism. By catabolizing tryptophan into kynurenine,
IDO suppresses T-cell activities and promotes immune tolerance for cancer cells. The
lncRNA, SNHG1, increases the levels of IDO in HCC cells by sequestering miR-448, which
targets IDO, thus suppressing the T-cell-mediated immune response [125]. In addition,
lnc-SOX5 has been reported to upregulate IDO through an unknown mechanism in CRC
cells, and this has been shown to play an immuno-suppressive role promoting CRC
xenograft tumor growth [126]. Immune checkpoint proteins such as programmed death
ligand-1 (PD-L1), as well as cytotoxic T-lymphocyte associated protein-4 (CTLA4), are
also targeted by lncRNAs to evade immune surveillance. In silico analyses have indicated
a role for lncRNA RP11-571M6.8 in reducing the expression levels of PD-1, PD-L1 and
CTLA4 [127]. Direct evidence for the ability to modulate the expression levels of PD-1 is
shown by LINC00473, SNHG20, and MALAT1 in different cancers [128–130]. LINC00473
upregulates the expression of PD-L1 in pancreatic cancer cells by sequestering PD-L1-
targeting miR-195-5p [128]. In esophageal squamous-cell carcinoma (ESCC), the lncRNA,
SNHG20, enhances the expression as well as the activation of ATM, Janus kinase (JAK),
and PD-L1, thus aiding compromised anti-tumor immunity [129]. The lncRNA, MALAT1,
regulates the NF-κB-dependent innate immune response, in addition to sequestering miR-
195 and upregulating PD-L1, resulting in CTL apoptosis as well as an immune escape
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in large B-cell lymphoma [130]. Similar to the effects of the T-cell-mediated immune
response, B-cell humoral responses are also regulated by lncRNAs. The aberrant levels
of soluble FAS receptors in B-cell lymphoma have been associated with the PRC2-EZH2-
mediated repression of FAS gene expression by lncRNA FAS-AS1 in B-cell lymphoma
cells [131]. The lncRNA, DLEU2 (deleted in lymphocytic leukemia-2), controls B-cell
proliferation by sequestering the miRNA15a/16-1 axis, which targets several cyclins and
cyclin-dependent kinases [132]. The lncRNA, MIAT (Myocardial Infarction-Associated
Transcript), is essential for B-cell survival and proliferation through its positive regulation
on the transcription factor Oct-4 (octamer-binding transcription factor-4) [133]. Thus, MIAT
can play a determinant role in B-cell immunity against cancer.

The major immune cells involved in innate immune responses are natural killer cells
(NKs), macrophages, and myeloid-derived suppressor cells (MDSCs). The sequestration of
miRNA is one of the mechanisms through which lncRNAs modulate the differentiation
and/or activities of these cells. In the case of NK cells, TS-lncRNA GAS5 has been shown
to exert its inhibitory effect on NK cells through the sequestration of miR-554. GAS5 binds
to miR-554, which targets the runt-related transcription factor-3 (RUNX3) and interferon-γ
(IFN-γ) in liver cells. Thus, the decreased levels of GAS5 in HepG2 and Huh7 liver cancer
cells result in the reduced expression of the transcription factor RUNX3 and interferon-γ
levels due to increased miR-544 activity. This results in the overall reduction in the num-
ber of CD107a+ NK cells. Both of these events suppress NK cell-mediated cytotoxicity
against HCC cells [134]. In the case of macrophages, lncRNAs have been shown to be
involved in the pathobiology of both M1 and M2 macrophages. Activated M1 macrophages
are involved in anti-tumor immune responses, whereas M2 polarization/differentiation
results in the formation of tumor-associated macrophages (TAMs) that facilitate tumor
progression. Using RAW264.7 macrophages, it has been shown that lincRNA-COX2 (Long
Intergenic Non-coding RNA to Cyclooxygenase 2) promotes the anti-tumor functionality of
M1 macrophages. In these cells, the lipopolysaccharide-induced M1 polarization and main-
tenance of M1-phenotype of the macrophages are very much dependent on lincRNA-COX2,
and the silencing of lincRNA-COX2 results in the attenuation of M1 macrophage-mediated
inhibition of HCC cell proliferation. The resultant strengthening of the functionality of
M2 macrophages promotes HCC growth, both in vitro and in vivo [135]. A few of the
lncRNAs are directly involved in promoting M2-polarization and the immunoescape of
cancer cells. The lncRNA, LNMAT1 (Lymph Node Metastasis Associated Transcript 1), acts
as scaffold and recruits hnRNPL to the promoter of C-C-motif chemokine ligand-2 (CCL2),
which results in the H3K4-trimethylation-mediated transcriptional activation of CCL2,
as well as CCL2-responsive genes. This promotes the M2-polarization of macrophages
and upregulated expression of vascular endothelial growth factor-C (VEGF-C), which
triggers lymphatic metastasis in bladder cancer [136]. The CCL2 conduit is also utilized
by HOTAIR to promote M2-polarization in many different cancers [137]. The lncRNA
MM2P (modulator of macrophage M2 polarization) is overexpressed in M2 macrophages.
MM2P has been shown to promote the M2 polarization of macrophages by reducing the
levels of phosphorylated STAT6 through a (yet to be defined) phosphatase-dependent
mechanism [138]. Validating this paradigm, the silencing of MM2 negatively affects the
M2-driven tumorigenesis and tumorangiogenesis of osteosarcoma xenograft tumor growth
in mice [138]. In contrast to the lncRNAs that promote M2 polarization, the TS-lncrRNA,
CASC2c, has been shown to inhibit the M2 polarization of macrophages through a dif-
ferent mechanism in glioblastoma multiforme context. CASC2c inhibits M2 polarization
in glioblastoma multiforme cells by acting in concert with miR-338-3p to inhibit the ex-
pression and release of the coagulation factor X (FX), a pro-M2-polarization factor [139].
The subsequent disruption of the paracrine loop involving FX leads to a reduction in M2
polarization of macrophages.

MDSCs are another heterogeneous class of immune cells which accumulate in cancers
and enhance tumor progression [140]. Upon stimulation by pro-inflammatory cytokines,
such as IL-6 and granulocyte-macrophage colony-stimulating factor (GM-CSF), lncRNA
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olfactory receptor 29 pseudogene 1 (Olfr29-ps-1) is upregulated via JAK3/STAT3 signal-
ing. Olfr29-ps-1 sequesters miR-214-3p and facilitates the differentiation of monocyte-
MDSCs [141]. The lncRNA lnc-CHOP (Long Non-coding C/EBP Homologous Protein)
interacts with the CHOP-CCAAT-enhancer-binding protein β (C/EBPβ) complex and in-
duces the H3K4me3-mediated transcriptional activation of the genes encoding arginase 1,
cyclooxygenase 2, NADPH oxygenase 2, and nitric oxide synthase 2, favoring the immuno-
suppression and differentiation of monocyte-MDSCs [142]. In lung cancers, the lncRNA
RUNXOR (RUNX1 overlapping RNA) reduces RUNX1 expression, favoring MDSC differ-
entiation and tumor progression [143]. The hypoxia-induced lncRNA, PVT1, was upregu-
lated in monocyte-MDSCs as well as granulocyte-MDSCs, which increase ROS and Arg1
expression, thereby enhancing immunosuppressive functions in lung cancer cell lines as
well as the murine model of lung cancer [47]. Thus, lncRNAs that regulate tumor-immune
responses are emerging as precise immunotherapeutic targets for cancers.

3.5. lncRNAs in EMT and Metastasis

The advancing stages of cancers are marked by their prominent characteristics involv-
ing EMT and the invasive migration of cancer cells, as well as metastasis to distant sites,
creating secondary tumors. Many different lncRNAs are critically involved in regulating
the expression of genes involved in these pathological events. A host of oncogenic lncRNAs
induce the EMT of cancer cells through epigenetic mechanisms. The lncRNA, HOTAIR,
induces epigenetic histone marks through its interaction with either PRC2 or LSD1. Using
both in vitro cellular and in vivo mouse models, it has been established that the HOTAIR-
PRC2 complex induces a repressive H3K27 methylation on tumor-suppressive genes such
as junctional adhesion molecule-2, protocadherin-10, PTEN, or protocadherin beta-5 [30].
On the other hand, in cellular as well as murine models of breast cancer, the HOTAIR-LSD1
complex induces H3K4 demethylation histone marks at the promoters or enhancers of
oncogenic genes such as LDHA, Cyclin A, or eIF4E, to promote EMT [56]. Likewise, the
MALAT1-PRC2 complex represses the expression of tumor-suppressor genes such as p21
and p27 through H3K27 trimethylation, to promote EMT and metastasis in mantle cell
lymphoma cell lines [30]. Both in vitro and in vivo studies in bladder cancer have shown
that H19 interacts with EZH2 to repress nucleoside diphosphate kinase 1, a Wnt-signaling
antagonist, via H3K27 trimethylation, to enhance EMT through Wnt signaling [144]. The
lncRNA, SChLAP1 (SWI/SNF complex antagonist associated with prostate cancer 1), binds
to EZH2 and induces repressive H3K27 trimethylation on the promoters of miR-340-5p
and miR-143-3p, which target the DNA methyltransferase, DNMT3a. This leads to the
upregulation of DNMT3a, which methylates the promoters of tumor-suppressor genes that
suppress metastasis, thus promoting cancer metastasis in prostate cancer cells [145]. The
lncRNA, UFC1, interacts with EZH2 to induce H3K27me3-repressive methylation on the
PTEN promoter to inhibit its expression and thereby promote the invasive metastasis of
NSCLC cells, both in vitro and in vivo [46].

Many of the lncRNAs also utilize their roles as ceRNAs to modulate EMT and metasta-
sis. HOTAIR acts through the sequestration of miR-23b-3p in HCC and the sequestration of
miR-1227-5p in gastrointestinal (GI) cancer cell lines and tumor xenografts to upregulate the
expressions of zinc finger E-box-binding homeobox-1 (ZEB1) and collagen type V alpha 1
chain (COL5A1), respectively, to induce EMT and metastasis [146]. MALAT1 acts as a
ceRNA to sequester miR-126-5p, through which it promotes the expressions of snail family
transcriptional repressor 2 (SLUG) and the transcription factor, TWIST, to induce EMT and
metastasis in CRC [147]. Using HCC cell lines, it has been shown that both MALAT1 and
lncRNA-ATB stimulate the expression of the ZEB family of transcription factors through
the sequestration of two different miRNAs to promote EMT. While MALAT1 sequesters
miR-143-3p to upregulate the expression of ZEB1, lncRNA-ATB competitively binds to
miR-200 to upregulate ZEB1/2 [148]. In both the in vitro as well as the in vivo models of
GI cancer, PVT1 has been shown to sequester miR-30a-5p, through which it relieves the
inhibitory effect of miR-30a-5p on the expression of snail family transcriptional repressor 1



Onco 2021, 1 190

(SNAIL), ZEB1/2 and neural-cadherin (N-cadherin), to facilitate EMT and metastasis [29].
In osteosarcoma, both in vitro and in vivo studies have shown that TGF-β secreted by
cancer-associated fibroblasts induce the lncRNA TUG1, which sequesters miR-143-5p to
upregulate hypoxia-inducible factor-1α (HIF-1α), and promotes metastasis [149]. In cellu-
lar as well as murine models of CRC, H19 is shown to sequester miR-138 and miR-200a
to upregulate ZEB1/2 to promote EMT [144]. Similar lncRNA, miRNA, and target gene
nexuses are seen to promote EMT and metastasis in many other cancers. The lncRNA
HULC has been shown to act through the miR-200a-3p/ZEB1 axis in HCC cell lines and
mouse models [150]. LINC00460 has been observed to quench miR-433-3p to increase
the expression of ANXA2, Vimentin, and N-Cadherin to induce EMT in both cellular and
xenograft mouse models of colon cancers [151]. NEAT1 has been shown, both in vitro
and in vivo, to restrain miR-141-3p from inhibiting the expression of KLF12 in breast can-
cers [152]. UFC1 has also been shown to sequester miR-34a to inhibit its repressive effect
on the expression of CXCL-10 involved in invasive metastasis [153].

In addition to epigenetic and ceRNA roles, lncRNAs also act as scaffold to regulate
EMT and metastasis. Increased levels of HOXA11-AS serve as scaffold for LSD1 or DNMT1,
as well as ceRNA for miR-1297, which targets EZH2 to promote tumor invasion and EMT
in GI cancers [154]. Using a panel of GI cancer cell lines and xenograft mouse models,
the HOXA11-AS/DNMT1/EZH2 complex has been shown to repress KLF2 expression,
while the HOXA11-AS/LSD1/EZH2 complex represses PRSS8 expression. The decreased
expression of the tumor suppressors KLF2 and PRSS8 leads to an overall increase in the
proliferation and migration of the GI cancer cells [154]. In breast cancer, the lncRNA,
BCAR4 (Breast Cancer Anti-estrogen Resistance-4), is overexpressed in breast cancer cells
and mediates C-C motif ligand-21 (CCL21) and C-C motif chemokine receptor-7 (CCR7)-
induced EMT [28]. BCAR4 acts as scaffold for phospho-Gli-2 and protein phosphatase 1
nuclear targeting subunit (PNUTS), and Smad nuclear-interacting protein-1 (SNIP1), to
regulate p300-mediated histone acetylation as well as RNA Pol II activities. Activated
phospho-Gli2 stimulates the expression of the transforming growth factor beta 1 (TGFβ1),
IL-6, protein patched homologue-1 (PTCH1), and mucin 5AC (MUC5AC) to promote
EMT and metastasis [155]. The lncRNA CCAT2 interacts with the transcription factor
TCF7L2 (Transcription Factor 7 like 2) to transactivate the expression of WNT target genes,
including MYC, to promote invasive cell migration in colon cancer cells [156].

TS-lncRNAs are also involved in the regulation of invasion, migration, EMT and
metastasis in cancers. In HCC cells, lincRNA-p21 has been shown to inhibit the repressive
effect of miR-9 on the expression of E-cadherin to suppress the invasive migration of
HCC cells. Thus, the reduced expression of lincRNA-p21 is correlated with the invasive
migration of HCC cells [157]. In the context of glioma and TNBC, the expression levels
of the lncRNA, GAS5, are inversely correlated with the size, staging, and metastasis of
the respective cancers. GAS5 acts as a ceRNA to quench miR-196a-5p that targets FOXO1
expression, thereby increasing the expression of FOXO1 and FOXO1-mediated inhibition
of PI3K/AKT activation, involved in the growth and invasive migration of glioma stem
cells and TNBC cells [60,61,158].

3.6. lncRNAs and Tumor Angiogenesis

Angiogenesis is defined as the process associated with the formation of new blood
vessels. Cancer growth and progression, including metastatic tumor growth, require
angiogenesis to provide nutrients and oxygen for the growing tumors, in addition to the
disposal of metabolic wastes. Numerous growth factors, such as vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), epidermal growth factor (EGF),
transforming growth factor (TGF), and angiopoietins, as well as signaling cascades such as
STAT-3, Wnt/β-Catenin, mTOR (mechanistic target of rapamycin), and NF-κB also engage
in activating the pro-angiogenic mechanisms. In addition to cancer cells, numerous other
cell types within the tumor microenvironment, such as TAMs, are also involved in initiating
angiogenesis, thereby recruiting several cell types such as endothelial progenitor cells,
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haematopoietic stem cells, and mesenchymal stem cells to initiate blood vessel formation
and thence, angiogenesis [159]. The hypoxic conditions in tumors activate the hypoxia-
inducible factors (HIFs), which are translocated to the nucleus and escape its degradation
in the cytoplasm, which further transactivates the expression of multiple genes to activate
angiogenesis. A broad spectrum of lncRNAs regulate these pro-angiogenic factors, so as to
regulate tumor angiogenesis.

The lncRNA, PVT1, binds to phospho-STAT3 and prevents it from ubiquitin-mediated
proteolytic degradation, which then upregulates VEGFA expression, enhancing tumor
angiogenesis in gastric cancer cells [160]. In cellular and murine models of lung carcinoma,
LINC00665 has been shown to interact with the Y-box-binding transcription factor YB-
1, to protect it from ubiquitin-mediated proteolytic degradation. YB-1, thus stabilized,
binds to the promoters of angiopoietin-4, angiopoietin-like 3, and VEGFA to enhance their
expressions and promote tumor angiogenesis [161]. Similarly, lncRNA olfactory receptor
family 3 subfamily A member 4 pseudogene (OR3A4) promotes tumor angiogenesis by
associating with the transcription factor AGGF1 (angiogenic factor with G-patch and FHA
domains 1), which transactivates the expression of VEGF, FGF and Ang1 in HCC cells [162].
Tumor angiogenesis in HCC appears to also involve the lncRNA, MVIH (microvascular
invasion in hepatocellular carcinoma), through a different mechanism. Using HCC tissues
and cell lines, MVIH has been shown to physically interact with phosphoglycerate kinase
(PGK) to block its secretion. Since the secreted PGK1 is known to inhibit angiogenesis,
the MVIH-mediated block in PGK1 secretion relieves this inhibition and promotes tumor
angiogenesis [163]. LncRNA-CamK-A (calcium-dependent kinase activation) in breast
cancer cells activates PNCK through physical association to stimulate the expression of
cytokines such as IL-6, IL-8, and VEGF through the NFκB signaling pathway. These
cytokines promote tumor angiogenesis, as demonstrated by a patient-derived xenograft
model using TNBC cells overexpressing lncRNA-CamK-A [164].

The lncRNA-mediated sequestration of specific miRNAs also plays a role in tumor
angiogenesis. Tumor angiogenesis in gastric cancer has been shown to involve the ability of
LINC01410 to sequester miR-532-5p, which represses the expression NCF-2 and NF-κB. The
consequent upregulation of neutrophil cytosolic factor-2 (NCF-2)- and NF-κB-mediated
signaling pathways promote angiogenesis in gastric cancers [165]. The lncRNA, TUG1, acts
through the miR-299/VEGFA axis in glioblastoma, while it upregulates HIF-1α through
miR-143-5p in osteosarcoma to promote angiogenesis [149]. The lncRNA, MALAT1, also
promotes angiogenesis, through the miR-140/VEGFA axis in HCC, or through the miR-
145/VEGFA axis in breast cancer cells [148]. Other examples of lncRNAs which act through
miRNA sequestration to promote angiogenesis include DANCR (Differentiation Antago-
nizing Non-protein Coding RNA) through the miR-145/VEGF axis, SCAMP1 (Secretory
Carrier Membrane Protein 1) through the miR-137/CXCL-12 axis, and MEG3 through
the miR-421/PDGFR-A (platelet-derived growth factor receptor-A) axis, all of which are
regulated in ovarian cancers [166–168]. In HCC, the lncRNA HULC stimulates an increase
in the activation of sphingosine kinase 1 (SPHK1), a kinase that promotes tumor angiogene-
sis [169]. In cytosol, HULC sequesters miR-107 to upregulate the levels of the transcription
factor E2F1, which targets SPHK1. In the nucleus, HULC promotes the expression of
SPHK1 by recruiting E2F1 onto the SPHK1 promoter, [169].

In addition to the cancer cells, lncRNAs also influence the cells in the tumor microen-
vironment, as well as the cancer stem cells, to regulate angiogenesis. The lncRNA-MM2P
promotes the macrophage M2-mediated angiogenesis through the direct binding and sta-
bilization of phospho-STAT-6. The depletion of lncRNA-MM2P reduces osteosarcoma
xenograft tumor growth and tumor angiogenesis [138,170]. Furthermore, the lncRNA,
POU3F3 (POU class 3 homeobox 3), released through exosomes from tumor cells, is
reported to be internalized by endothelial cells to enhance endothelial cell-based angio-
genic signaling through the upregulation of bFGF (basic fibroblast growth factor), VEGFA,
bFGFR (basic FGF receptor), and Angio in glioma cells [171]. However, the detailed mecha-
nism behind the upregulation of these pro-angiogenic factors is yet to be elucidated. In
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HCC, CD90+ cancer stem cells release exosomal H19, which modulates endothelial cells
by upregulating the expression of VEGF and VEGFR (VEGF receptor), thereby promot-
ing angiogenesis [172]. Certain angiogenic lncRNAs also epigenetically regulate critical
angiogenic factors. For instance, the lncRNA, SNHG14, induces cytoplasmic polyadenylate-
binding protein 1 (PABPC1) expression via H3K27 acetylation. Increased levels of PABPC1
inhibit PTEN signaling, presumably through its inhibitory effect on PTEN mRNA stability,
which further induces angiogenesis in both the cellular and xenograft models of HCC [127].
In CRC cells, LINC00337 recruits DNMT1 to suppress CNN1 (calponin 1) expression,
thus relieving its repressive effect on VEGF-mediated angiogenesis [173,174]. In TAMs,
the lncRNA, MALAT1, stimulates FGF-2 expression and associated paracrine signaling
pathways to promote angiogenesis in thyroid cancers [175]. Although the mechanism by
which MALAT1 upregulates the expression of FGF2 is not defined, MALAT1 has been
shown to promote tumor angiogenesis in neuroblastoma via FGF2 [176].

TS-lncRNAs also contribute to the regulation of tumor-angiogenic pathways. In vitro
and in vivo studies have shown that the lncRNA, GAS5, inhibits the Wnt/β-catenin path-
way through the downregulation of β-catenin, Cyclin D1, and c-Myc in CRC, thereby
attenuating angiogenesis [177]. The lincRNA-p21 has also been reported to regulate angio-
genesis under hypoxic conditions in NSCLC through the modulation of MMP-2 (matrix
metalloproteinase 2), FGF-2, VEGFA, and PDGFB (platelet-derived growth factor β) expres-
sions [178]. MEG3 has tumor-suppressive functions and inhibits cancer cell proliferation,
as well as induces apoptosis, while its knockdown promotes angiogenesis. In breast
cancer cells, MDA-MB-231 and MCF-7, as well as nude mouse xenograft models, it has
been shown that MEG3 suppresses AKT pathways and downstream effectors such as
MMP-9 and VEGFA, to inhibit angiogenesis [179]. Furthermore, HIF-1A-AS2, an antisense
lncRNA to HIF-1α, binds to and inhibits HIF-1α, to inhibit tumor angiogenesis in the
OVCAR-8 ovarian cancer cell line, as well as the LNCaP prostate cancer cell line and tumor
xenografts [180].

3.7. lncRNAs and Cancer Stemness

Cancer stemness plays a critical role in disease recurrence and therapy resistance [181].
Many different lncRNAs significantly contribute to cancer stemness. Cancer stemness is
marked by the expression of several unique transcription factors [182]. A large number of
lncRNAs have been shown to modulate the expression of one or more of these transcription
factors to confer or maintain cancer stemness [183,184]. The antisense lncRNA, LAMP5-
AS1 (antisense-to-lysosomal-associated membrane protein family member 5), interacts
with and activates methyl transferase activity of the enzyme disruptor of telomerase-
silencing-1 (DOT1L), promoting H3K79 di- and tri-methylations on the promoters of
DOT1L-regulated genes to augment cancer stemness in mixed-lineage leukaemia [185].
The lncRNA-mediated sequestration of miRNA also plays a role in the regulation of cancer
stemness. UCA1, transmitted exosomally from the cervical cancer cell line CaSki, has
been shown to sequester miR122-5p and upregulate SOX2 expression, which promotes
cancer stemness in these cells [186]. UCA1 has also been shown to promote stemness
in glioma cells by inducing the expression of SLUG through the sequestering of both
miR-1 and miR-203a [187]. Using CRC cells, it has been reported that H19 upregulates the
expression of c-Myc, SOX-2, and Oct-4 to induce stemness. In this model, it has also been
shown that the exosomal-derived H19 from the cancer-associated fibroblasts upregulates
the expression of stemness-associated factors through the β-catenin signaling cascade by
sequestering miR-141 [188]. Stemness in CRCs is also mediated by the lncRNA FARSA-AS1
(Phenylalanyl-tRNA Synthetase Subunit Alpha Antisense RNA1) [189]. Here, FARSA-AS1
increases the expression levels of SOX-9 by sequestering miR-18b-5p. More interestingly,
SOX-9 also increases the expression levels of FARSA-AS1 by activating its transcription by
binding to its promoter, thus establishing a sustained positive feedback loop to maintain
cancer stemness. The lncRNA, MALAT1, has been shown to modulate cancer stemness
through the quenching of miR-375 to upregulate the expression of YAP1 (Yes-associated
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transcriptional regulator) in liver cancer cells [190]. In gastric cancer cells, linc-ROR (long
intergenic non-coding RNA—regulator of reprogramming) has been reported to enhance
the expression of stemness-associated transcription factors such as Oct4, SOX-2, and Nanog
through the sequestration of miRNAs [191].

In the tumor-initiating cells of renal cell carcinoma, lncARSR (lncRNA activated in
renal cell carcinoma with sunitinib resistance) interacts with YAP1 and inhibits YAP1
phosphorylation, facilitating the nuclear translocation of YAP1. YAP1 upregulates the
expression of Oct-4, Nanog, and SOX-2 to promote the self-renewal of CSCs and metasta-
sis [192]. Several lncRNAs promote cancer stemness in breast cancer cells through multiple
mechanisms. HOTAIR represses the expression of HoxD10 through PRC2-mediated H3K27
trimethylation, which leads to a decrease in the levels of miR-7. The resultant increased
expression and activation of STAT3 promotes stemness in breast cancer cells via c-Myc
and TWIST [146,193]. The lncRNA-Hh, which is regulated by TWIST, promotes stemness
in MCF7 breast cancer cells by stimulating hedgehog signaling-mediated expression of
Oct-4 and Sox-2 [194]. Examples of the lncRNAs acting through hedgehog signaling also in-
clude lnc-HDAC2 and lnc-HOXA10. In the liver-cancer-tumor-initiating cells, lnc-HDAC2
activates the hedgehog signaling pathway, and lnc-HOXA10 initiates the transcriptional
activation of HOXA10. Together, these lncRNAs stimulate the self-renewal and tumor
progression of their CSCs [195]. In the context of liver cancer, lncRNA-SOX4 has been
shown to recruit STAT3 to the SOX4 promoter to enhance its expression, thereby promot-
ing stemness [196]. In CRC cells, lncGATA6 (lncRNA GATA binding protein 6) recruits
a nucleosome remodeling factor (NURF) complex to the promoter of Ehf (ETS homol-
ogous transcription factor) to induce its expression, which leads to Lgr4/5 expression,
LGR4/5-mediated activation of Wnt signaling, and CSC renewal and maintenance [197].

TS-lncRNAs are also associated with cancer stemness. Reduced expression of DILC
(lncRNA Downregulated in Liver Cancer Cells), a TS-lncRNA, has been correlated with
cancer stemness in HCC [198]. DILC inhibits IL-6 expression by binding to its promoter
and thereby attenuating the STAT3 signaling and cancer stemness. Similarly, lncRNA-LBCS
(lncRNA Bladder and Prostate Cancer Suppressor) is downregulated in bladder cancer
stem cells. This lncRNA, otherwise, would bind to hnRNPK and EZH2, acting as scaffold,
to induce the H3K27-repressive tri-methylation of SOX-2 and repress its expression [199].

3.8. lncRNAs and Therapy Resistance

Therapy resistance contributes greatly to cancer mortality. A number of lncRNAs have
been reported to play a role in either promoting or inhibiting therapy resistance in cancers.
Generally, lncRNAs that promote radiosensitivity include those with tumor-suppressive
activity, and the primary mechanism appears to be through the sequestration of miRNAs
that target tumor suppressors. NEAT1 enhances chemosensitivity in nasopharyngeal
carcinoma through the sequestering of miR-101, which targets EMP2 (epithelial membrane
protein 2 [200]. Similarly, OIP5-AS1 has been shown to play a role in the chemoresistance
of CRCs via its interaction with miR-369. Using the CRC cell lines LoVo and SW280, it
has been shown that the sequestering of miR-369 by OPI5-AS1 leads to the increased
expression of dual-specificity tyrosine phosphorylation-regulated kinase-1A (DYRK1A),
which is involved in suppressing cell proliferation and therapy resistance [201]. LincRNA-
p21 has been shown to promote sensitivity to radiation therapy by inhibiting the expression
of β-catenin at both the mRNA and protein levels in gastric as well as CRC cells [202,203].
As can be predicted, oncogenic lncRNAs enhance the radiotherapy resistance in numerous
cancers. UCA1 regulates the cell-cycle signaling molecules such as focal adhesion kinase,
AKT, FGR-tyrosine kinase, AMP-activated protein kinase, and AMPKα1 to contribute to
radiotherapy resistance in prostate cancer [204]. MALAT1 confers radiotherapy resistance
in NPC by sequestering miR-1 to enhance the expression of SLUG, whereas LINC00963
promotes radiotherapy resistance in breast cancer by sequestering miR-324-3p to increase
the expression of activated CDC42 kinase 1 [205]. In the case of resistance to chemotherapy,
it could be against a single drug or to a broader spectrum of drugs. Many lncRNAs
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confer drug resistance, either by stimulating signaling pathways that can override drug
sensitivity or by increasing the expression of proteins involved in drug efflux, such as
multiple-drug resistance (MDR) or multi-drug-resistance-associated proteins (MRP) [206].
Several lncRNAs, such as MALAT1 and HOTAIR, induce drug resistance by modulating
the expressions of proteins involved in the influx and efflux of therapeutic agents, or
by altering specific signaling pathways. MALAT1 was first identified as overexpressed
in lung cancer metastasis, and induces MDR by upregulating MRP1, as well as MDR1
proteins and STAT3 activation, to induce drug efflux [207]. MALAT1 has been associated
with gefitinib resistance in lung cancer by sequestering miR-200a, thereby upregulating
ZEB-1 expression, which is involved in the regulation of MDR proteins [208]. However, in
gastric cancers, MALAT1 enhances ZFP91 (zinc finger protein 91 homologue) expression
through the sequestration of miR-22-3p, thereby inducing oxaliplatin resistance [209].
HOTAIR has been reported to induce doxorubicin resistance in breast cancers via the
activation of PI3K/AKT/mTOR pathways and upregulating the MDR1, MRP1 and ABCB1
(ATP-binding cassette subfamily B member 1) expressions [210]. In addition, HOTAIR
also induces cisplatin resistance in NSCLC via the upregulation of MDR1, MRP1, and
Wnt/β-catenin signaling [211]. HOTAIR induces paclitaxel and doxorubicin resistance in
gastric cancers by sequestering miR-217, targeting glypican 5 (GPC5) and protein tyrosine
phosphatase non-receptor type 14 (PTPN14) [212]. It also induces cisplatin resistance
in gastric cancers by targeting miR-126, which targets and activates PI3K/AKT/MRP1
proteins [213]. It has been reported that the natural product, curcumin, inhibited the
HOTAIR/miR-20a-5p/WT-1 transcription factor signaling axis to reduce the adriamycin
resistance in acute myeloid leukemia (AML), thus suggesting the potential role of the
HOTAIR/miR-20a-5p/WT-1 axis in conferring adriamycin resistance in AML [214].

In gastric cancers, UCA1 sequesters miR-27b, which upregulates cyclin G1 (CCNG1).
CCNG1 enhances p53 expression, as well as downregulates miR-508-5p, thereby inducing
MDR [215,216]. Several other lncRNAs, such as TRPM2-AS (antisense lncRNA to transient
receptor potential cation channel subfamily M member 2), which acts through the miR-138-
5p/EGFR/PI3K/AKT axis in NSCLC; lncRNA OIP5-AS1, which acts through miR-340-
5p/LPAATβ (lysophosphatidic acid β)/PI3K/AKT/mTOR axis in osteosarcoma; lncRNA
H19, which acts through the miR-107/HMGB1 (high mobility group box 1) axis in laryngeal
squamous cell carcinoma; lncRNA SNHG7, which acts through miR-34a in breast cancers;
lncRNA BLACAT1 (bladder cancer-associated transcript 1), which acts through the miR-
519d-3p/CREB1 (cAMP-responsive element-binding protein 1) axis in CRCs; lncRNA
TTN-AS1 (antisense lncRNA to titin), which acts through miR-16-5p/Cyclin E1 in HCC,
lncRNA DICER-AS1 (antisense lncRNA to DICER ribonuclease), which acts through miR-
34a-5p in osteosarcoma; and lncRNA PCGEM1, which acts through the miR-129-5p/EVT1
(ETS variant gene 1) axis, alter the MDR proteins to confer drug resistance [206].

In addition, some of these lncRNAs overcome drug resistance by stimulating the
expression of signaling proteins that can overcome drug sensitivity. The exosomal lncRNA,
SOX2-OT (SOX-2 overlapping transcript), sequesters miR-627-3p, which targets Smad2/3/4,
and activates Smad signaling. This promotes macrophage M2 polarization, resulting in the
production of TAMs to enhance resistance to EGFR-TKIs (EGFR-tyrosine kinase inhibitors)
in NSCLC [217]. The extra-vesicular NEAT1 sequesters miR-141-3p and upregulates KLF12
to induce resistance to paclitaxel, cisplatin, and 5-fluorouracil in breast cancer model [152].
The exosomal HOTTIP inhibits miR-214, thereby upregulating karyopherin subunit alpha
3 (KPNA3) expression to promote mitomycin resistance in CRC cancers [218]. The lncRNA,
UCA1, induces tamoxifen resistance in breast cancers by associating with EZH2 to gener-
ate repressive H3K27me3 methylation on the p21 promoter, thereby downregulating p21
expression and activating PI3K/AKT signaling [219]. UCA1 induces cisplatin resistance
in gastric cancers through its association with EZH2 and the activation of PI3K/AKT
signaling through upregulation of p-PI3K and p-Akt [220]. UCA1 has also been reported
to activate Wnt/β-catenin signaling, resulting in both tamoxifen and cisplatin resistance
in breast and bladder cancers, respectively [221,222]. HOTAIR upregulates DNMT3b lev-
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els and induces the promoter hypermethylation of PTEN, which downregulates PTEN
expression, leading to drug resistance in AML [223]. LINC00665 interacts with EZH2 and
induces Akt expression to activate the PI3K/AKT pathway, thereby leading to the gefitinib
resistance in NSCLC [224]. LINC00152 interacts with EZH2 to induce ZEB1 expression,
thereby leading to EMT and oxaliplatin resistance in esophageal cancers [225]. In gliomas,
the lncRNA DLEU1 (Deleted in Lymphocytic Leukemia 1) generates temozolomide re-
sistance by regulating autophagy [226]. Similarly, HOTAIR has been reported to induce
autophagy and imatinib resistance in GI cancers through the inhibition of miR-130a and
the subsequent upregulation of ATG2B (autophagy-related 2B) levels, which promotes
autophagy-mediated cell survival [227]. The lncRNA, PCAT-1 (Prostate Cancer Associated
Transcript-1), activates AKT and GSK-3 (glycogen synthase kinase-3) phosphorylation,
resulting in signaling which augments gefitinib resistance [228]. PVT1 inhibits kelch-like
ECH-associated protein 1 (Keap1)–nuclear factor erythroid 2-related factor 2 (Nrf-2) associ-
ation and stabilizes the latter, resulting in doxorubicin resistance in TNBCs [229]. Though
these studies have shown an increased drug sensitivity through the knockdown of the
lncRNAs, the exact mechanism has yet to be defined.

In addition to the oncogenic lncRNAs described above, TS-lncRNAs play a role in
regulating drug resistance in cancers. The downregulated expression of GAS5 is inversely
correlated with ABCB1 expression, as shown through silencing studies. GAS5, otherwise,
targets miR-221-3p and upregulates DKK2 (Dickkopf Wnt Signaling Pathway Inhibitor 2)
expression to inhibit the Wnt/β-catenin pathway, to promote adriamycin resistance in
breast cancers [230]. In HCC, the downregulated GAS5 levels contribute to doxorubicin
resistance via the activation of miR-222-3p and downregulation of PTEN [231]. In NSCLC,
it has been demonstrated that the lncRNA AC078883.3 levels are downregulated, which in-
creases miR-19a activity that targets PTEN. Similarly, downregulation of lncRNA TP53TG1
(TP53 Target 1), which otherwise suppresses miR-18a, reduces PTEN levels. Both these
lncRNAs have been reported to contribute to cisplatin resistance in NSCLC through the reg-
ulation of PTEN [232,233]. The lncRNA FER1L4 (Fer-1-like Family Member 4 Pseudogene)
levels are downregulated in ovarian cancers, which induces paclitaxel resistance through
the activation of mitogen-activated protein kinase (MAPK) signaling [234]. The lncRNA,
LINC00968 is downregulated in breast cancers and contributes to drug resistance through
its inhibitory effects on Wnt signaling. LINC00968 interacts with the transcription factor
HEY1 and inhibits Wnt2, thereby leading to Wnt/β-catenin signaling [235]. In pancreatic
cancers, the lncRNA DLEU2L targets miR-210-3p and upregulates BRCA2 to reduce the
gemcitabine resistance [236]. Targeting these oncogenic—as well as tumor-suppressive—
lncRNAs, and their associated axes, will be an ideal therapeutic strategy to combat the
therapy resistance in cancers.

4. Perspective and Conclusions

LncRNAs form a diverse class of non-coding RNAs which regulate the cellular pro-
cesses, both at the physiological as well as pathophysiological states in the human body.
They regulate cellular homeostasis through the modulation of gene expressions and protein
levels, as well as their stability and interactions. As discussed here, lncRNAs critically
participate in diverse cell signaling cascades, bringing out their multitudinous roles, rang-
ing from embryonic development to disease biogenesis, and most importantly, cancer
genesis and progression. From the initial oncogenic signals triggering the transformation of
normal cells to the tumorous state, through the regulation of diverse functional attributes
that promote tumor progression and metastasis, to the response to anti-cancer therapies,
lncRNAs perform a cardinal role (Figure 3).
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Figure 3. Multifacted role of lncRNAs in tumorigenesis and tumor progression. The diverse classes
of lncRNAs play a role in tumor progression by variably regulating the major arms of tumorigenesis,
either by promoting cell proliferation, invasion, migration, metastasis, EMT, angiogenesis, drug
resistance, cancer stemness, and metabolic reprogramming, or by inhibiting apoptosis, immune
surveillance, and efficient DNA damage response within the cancer cells.

Non-coding RNAs were considered to be the dark matter of the genome, as they could
not be translated into proteins and carry out cellular functions. The advent of the existence
of functional non-coding RNAs such as that of ribosomal RNAs (rRNAs), transfer RNAs
(tRNAs), lncRNAs, small interfering RNAs (siRNAs), miRNAs, guide RNAs (gRNAs), piwi-
interacting RNAs (piRNAs), and small nucleolar RNAs (snRNAs) has revolutionized the
significance of transcriptomes. Deeper understanding of transcriptomes has transfigured
the whole paradigm of cancer pathobiology. lncRNAs are now recognized as an active
component of complex cellular regulatory networks, playing significant roles in cancer
genesis, progression, and therapy resistance. Since lncRNAs lack sequence conservation,
multiple factors such as secondary, tertiary, and quaternary structure–function relationships
in their respective interactomes must be taken into account, in addition to their linear
primary sequence. Thus, targeting lncRNAs in precision cancer medicine requires a clear
understanding of their functional roles and underlying mechanisms in relation to their
interactomes in specific cancers, as well as in normal cells. The present review has discussed
the salient functional features of lncRNAs in cancer biology. However, it should be noted
that further analyses of the expression profiles and functional mechanisms of lncRNAs
could unravel them as effective diagnostic, prognostic, and therapeutic targets for cancers.
This calls for conjoint research demanding various omics technologies such as genomics,
transcriptomics, proteomics, and metabolomics, that would help towards deciphering the
precise upstream and downstream events underlying the aberrant expression of lncRNAs
in different cancers. With the advent of newer high-throughput technologies, the wait is
not long for when tailored therapy involving lncRNAs will translate into clinics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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