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Abstract: Apoptosis is a vital cellular process that is critical for the maintenance of homeostasis in health and disease. The derailment
of apoptotic mechanisms has severe consequences such as abnormal development, cancer, and neurodegenerative diseases. Thus, there
exist complex regulatory mechanisms in eukaryotes to preserve the balance between cell growth and cell death. Initially, protein-
coding genes were prioritized in the search for such regulatory macromolecules involved in the regulation of apoptosis. However,
recent genome annotations and transcriptomics studies have uncovered a plethora of regulatory noncoding RNAs that have the ability
to modulate not only apoptosis but also many other biochemical processes in eukaryotes. In this review article, we will cover a brief
summary of apoptosis and detection methods followed by an extensive discussion on microRNAs, circular RNAs, and long noncoding

RNAs in apoptosis.
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1. Introduction

Historically, it was assumed by scientists that cell death
is a natural consequence of life without any genetic basis.
However, the accumulating evidence clearly indicates that
cell death can be intervened both pharmacologically and
genetically, paving the way for its use in health and disease
(Fuchs and Steller, 2015). The Nomenclature Committee on
Cell Death (NCCD) released a report in 2018, proposing
two major cell death modes (1) accidental cell death (ACD)
and (2) regulated cell death (RCD) (Galluzzi et al., 2018).
ACD comes about physico-chemically or mechanically
and, thus, has no application in clinics due to its irreversible
nature. On the other hand, the evolutionarily conserved
and reversible RCD has an essential function in several
key cellular processes such as elimination of excess cells
or life-threatening antigens (Hotchkiss et al., 2009; Chao
et al,, 2012; Ouyang et al., 2012; Singh et al,, 2012). The
rate of RCD is highly critical in maintaining organismal
homeostasis. Any decline in the rate of cell death may result
in cancer and autoimmune diseases while an elevation in
its rate may lead to neurodegenerative diseases or AIDS.
The cellular function of RCD is not confined to diseases
as it orchestrates numerous physiological processes such
as morphogenesis and organogenesis (Arya and White,
2015).

* Correspondence: bunyaminakgul@iyte.edu.tr

The first example of programmed cell death (PCD) was
reported in 1965 in a study involving the development of
muscle subsegments (Lockshin and Williams, 1965). The
term apoptosis, which means “falling off” in Greek, was
then coined in 1972 to describe the characteristics of a
dying cell such as cell shrinkage, chromatin condensation,
nuclear fragmentation, blebbing, and apoptotic bodies
(Kerr et al, 1972). Since the first morphological
description of cell death in 1965, it took nearly 27 years
to characterize an apoptotic protein at the molecular
level (Thornberry et al., 1992). Subsequent studies have
led to the identification of three major types of cell death
although it is sometimes difficult to draw the boundaries
among them unequivocally: apoptosis, autophagy, and
necrosis (Eisenberg-Lerner et al., 2009; Hotchkiss et al.,
2009; Maghsoudi et al., 2012; Berghe et al., 2014; Teng
and Hardwick, 2015). Currently twelve major cell death
subroutines have been characterized in mammals based
on the types of changes in the intracellular or extracellular
microenvironment (Galluzzi et al., 2018).

In this review, we will succinctly describe major
apoptotic pathways followed by the coverage of three
major types of noncoding RNAs (ncRNAs) that modulate
apoptosis, namely microRNAs (miRNAs), circular RNAs
(circRNAs) and long noncoding RNAs (IncRNAs).

This work is licensed under a Creative Commons Attribution 4.0 International License.
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2. Apoptosis

Apoptosis is a type of programmed cell death performed
by activation of a family of cysteine proteases known as
caspases. Apoptosis takes place in an ordered chain reaction
triggered by various intra- or extracellular stimuli such as
ligation of cell surface receptors, treatment with cytotoxic
drugs or irradiation (Blank and Shiloh, 2007). In response
to an apoptotic stimulus, cells exhibit the hallmarks of
apoptosis depicted as shrinkage in cellular volume and
chromatin condensation, which is followed by membrane
blebbing, nucleus fragmentation and, eventually, apoptotic
body formation. These morphological features are cell
type-, stimulus- and apoptotic stage-dependent. During
apoptotic processes, cells, which are defined as apoptotic
bodies henceforth, are rapidly removed from the site of
action through ATP and UTP release, proceeding with
phosphatidylserine presentation for phagocytosis by
macrophages (Nirmala and Lopus, 2020). Maintenance
of plasma membrane integrity prevents the release of the
intracellular content as well as any potential inflammatory
reactions (Elmore, 2007). In case of inefficient removal of
the apoptotic cells, secondary necrosis may arise, leading
to chronic inflammatory diseases such as type 2 diabetes,
atherosclerosis, chronic obstructive pulmonary disease
(COPD), cystic fibrosis, asthma as well as, Parkinsonss,
Alzheimers, and Huntington’s disease (Szondy et al,
2014).

2.1. Pathways of apoptosis

As being committed in a fashion of a cascade of events,
apoptosis proceeds through the phases of initiation,
intracellular ~ response, cell fragmentation, and
phagocytosis (Afford and Randhawa, 2000). Based on
initiator signals and executory processes, the pathways
of apoptosis are classified into three subgroups: extrinsic,
intrinsic, and perforin/granzyme pathways (Figure 1).
First two pathways crosstalk with each other during
caspase activation in the execution phase, and all three
pathways share the same termination module in the end
(Igney and Krammer, 2002).

A specific interaction between a ligand and
transmembrane death receptors, such as tumour necrosis
factor receptor 1 (TNFR1) and Fas receptor (FasR),
which are members of the tumor necrosis factor (TNF)
receptor gene superfamily, initiates apoptosis through
the extrinsic signalling pathway. The ligand-receptor
interaction activates the sequential events of recruitment
of cytosolic adaptor proteins harboring death domains,
death domain association with procaspase-8, formation
of death-inducing signal complex (DISC) and activation
of procaspase-8 to initiator caspase-8. Subsequently,
executioner caspases (caspases-3, - 6 and - 7) are activated
to complete the process (Blank and Shiloh, 2007; Elmore,
2007).

The intrinsic pathway is initiated through stress stimuli
such as direct DNA damage, hypoxia, and survival factor
deprivation, and proceeds with the loss of mitochondrial
membrane potential, resulting in an alteration in the
permeability of mitochondria. Cytochrome c¢ is then
released from the intermembrane space into the cytosol
and interacts with proapoptotic cytosolic factor Apaf-
1 to form the apoptosome, which activates caspase-9
and -3, consecutively (Bender and Martinou, 2013).
Synchronously, inhibitor of apoptosis proteins (IAP) is
inhibited by Smac/DIABLO and HtrA2/Omi to promote
apoptosis. DNA fragmentation is a late event of apoptosis
that is induced by apoptosis inducing factor (AIF) and
endonuclease G (EndoG) released from the mitochondria
(Nirmala and Lopus, 2020). Both extrinsic and intrinsic
pathways are linked to each other via Bid, a pro-apoptotic
member of the Bcl-2 family (Igney and Krammer,
2002). Translocation of Bid to the mitochondria and
its cleavage into the truncated Bid (t-Bid) by caspase-8
permeabilizes the mitochondrial membrane, resulting in
the amplification of apoptotic signals (Billen et al., 2008).

The perforin/granzyme pathway, which is specialized
for infected cells, is executed by cytotoxic T-lymphocytes
and natural killer cells (Igney and Krammer, 2002;
Nirmala and Lopus, 2020). Immune cells in the infection
site release perforin to disrupt the membrane integrity of
the target cells. The resulting pores then induce apoptosis
with the action of granzyme A and B, a group of serine
proteases. Granzyme A causes DNA fragmentation in
a caspase-independent manner by cleaving the SET
complex, which inhibits NM23-H1, a tumor suppressor
gene (Elmore, 2007). Granzyme B activates procaspase-10
and contributes to the intrinsic pathway via caspase-9 and
-3.

2.2. Detection methods of apoptosis

Apoptotic features can be distinguished via various
methods based on cell morphology, DNA structure,
biochemical and electrochemical properties of apoptotic
cells either real-time or at an end point (Table 1). Recent
advances in the detection methods have facilitated data
acquisition with less intervention to the population of
interest, which mitigates the extent of a bias during data
processing.

2.3. Electron microscopy

Morphological features of apoptosis can be monitored
by electron microscopy, either by scanning (SEM) or
transmission electron microscopy (TEM). SEM provides
topographic data depicting cell surface alterations by using
a focused beam of high energy electrons (Burattini and
Falcieri, 2013). Nonhazardous electron bombardment on
the surface allows to obtain micrographs from a broader
perspective but in lower resolution when compared with
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Figure 1. Three pathways of apoptosis. The extrinsic signalling pathway is initiated through the binding of a ligand to transmembrane
receptors. The death domain plays a critical role in transmitting the death signal from the cell surface into the cell through caspase-8.
External stimuli such as cell stress, hypoxia, and radiation trigger the intrinsic pathway that causes cytochrome-c release from
mitochondria. Cytotoxic T-cells are the main controllers for the granzyme pathway, which results in caspase-10 activation. Granzyme

B can activate caspases in the targeted cell.

TEM, which is considered as the gold standard (Elmore,
2007). Instead of utilizing reflected electrons, the image
in TEM is obtained by the electron passage through the
specimen, which provides a higher resolution of inner
structures. On the other hand, the specimen preparation
is more laborious in TEM, and the field of view is much
smaller than SEM. Unfortunately, none of these methods
can be applied to real-time imaging as they serve as end-
point assays (Martinez et al., 2010). Acquisition of precise
data on the characteristic features of the early stages of
apoptosis is difficult to attain due to the dynamic nature
of apoptosis and stage-based variations among cell types
(Otsuki et al., 2003).

2.4. DNA fragmentation

As one of the hallmarks of apoptosis, DNA fragmentation
serves as a feasible tool for detection. DNA fragments
(approximately 200 bp) generated by endonuclease
cleavage during apoptosis can be visualized by agarose

gel electrophoresis (Banfalvi, 2017). This method is
favored due to its convenience. However, there are several
drawbacks associated with this approach that need to be
considered. For example, the sensitivity of the method
is directly proportional to the number of apoptotic cells,
requiring relatively a high number of apoptotic bodies
in the samples. Another disadvantage is the rate of false
positives that arises from the additional stress induced
during the sample preparation. Additionally, the inability
to detect the early stages of apoptosis constitutes yet
another disadvantage of this approach (Elmore, 2007;
Martinez et al., 2010).

End-labeling the resulting DNA fragments has led
to the development of other derivations such as In Situ
End Labeling (ISEL) and Terminal dUTP Nick End-
Labeling (TUNEL). Both methods incorporate the labeled
nucleotides at the site of DNA strand break either by
DNA polymerase I in ISEL or terminal deoxynucleotidyl
transferase in TUNEL assay. Digitoxigenin-tagged or
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Table 1. Apoptosis detection methods.

Method

Platform

Advantages

Disadvantages

Scanning electron
microscopy (SEM)

- Electron microscopy

- Provides information from a
larger area on the surface

- Lower resolution compared to TEM

- Requires expertise for using the instrument
- Inaccuracy due to variations of apoptotic
pattern among cell types

Transmission electron
microscopy (TEM)

- Electron microscopy

- Higher resolution than SEM
- More detailed information of
the inner structure is obtained

- Data is obtained from a smaller area than
SEM

- Specimen preparation is labor intensive

- Specimen exposed to harsh processing
conditions may destroy

- Requires expertise for using the instrument
- Inaccuracy due to variations of apoptotic
pattern among cell types

DNA fragmentation

- Agarose gel
electrophoresis

- Convenient to perform

- Sensitivity is proportional to number of
apoptotic cells

- False positivity due to additional stress
during sample preparation

- Inability to detect early phases of apoptosis

In situ end labeling (ISEL)

- Fluorescence
microscopy
- Flow cytometry

-N.A.

- Less sensitive than TUNEL due to labeling
only on 3’- ends

- False positive results due to DNA damage
other than apoptosis

Mitochondrial membrane
potential measurement

- Flow cytometry
- Confocal microscopy
- Fluorimetry

- Can be performed either by
live or fixed cells

Terminal dUTP Nick End- |~ Eluorescence - ’TdT can label both the 3’- and |- Expensws: fiue to enzyme and probes
. microscopy 5’-ends and blunt ends, more - False positive results due to DNA damage
Labeling (TUNEL) .\ .
- Flow cytometry sensitive than ISEL other than apoptosis
. Stage—dependent detections | _ Genotoxicity and cytotoxicity can lead to
- Fluorescence possible s
Comet assay . e false positive results
microscopy - Sensitivity is higher than DNA e .
g - Variability in case of manual scoring
fragmentation
. .. i D.etectlon n .earl){ apop 18181 Should be assayed subsequent to staining,
Annexin V staining Flow cytometry - Direct quantification is .
. cannot be stored for later detection
possible by flow cytometry
- Fluorescence
microscopy

- Indirect method for assessing apoptosis
- Not applicable for all pathways

Hematoxylin-eosin and
Giemsa staining

- Light microscopy

- Cost-effective

- Detects later events of apoptosis

- May underestimate the rate of apoptosis
therefore should be combined with another
method

Protein-based assays

- Western-blotting
- Fluorescence
microscopy

- Detection can be performed in
a mechanistic approach

- Time-consuming

- Difficulty in troubleshooting due to multi-
step nature

- Requires additional procedures like fixation
or isolation

biotinylated nucleotides used in ISEL as well as dUTP
biotin nick end labeling in TUNEL can be monitored by
fluorescent microscopy and flow cytometry following
hybridization with appropriate probes (Ning et al., 2002;
Banfalvi, 2017). The difference between the two methods

relies on the location of the label on DNA. In TUNEL assay,
TdT can label both the 3’- and 5’-ends as well as blunt
ends, whereas in ISEL assay, labeling is performed only
on the 3’-ends, which makes the former more sensitive
(Hall, 1999). As both methods are based on DNA strand
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break detection, the rate of false positives may be relatively
higher due to DNA damage rather than apoptosis.

2.5. Spectroscopy

The rate of apoptosis can be detected by monitoring the
absorption and emission of light by the sample. This
approach allows the use of different platforms ranging
from microscopes and spectrophotometers, with or
without fluorescent dyes, to flow cytometers based on laser
excitation. DNA-fragmentation-based methods, ISEL and
TUNEL, can be also categorized in this section due to
the use of fluorescent-tagged nucleotides. Comet assay is
another method for apoptosis detection, which is based on
the analysis of DNA strand breaks (Lorenzo et al., 2013).
This assay is also called single cell gel electrophoresis
due to the electrophoresis of cells embedded in agarose.
Following the lysis of cells with detergent and high salt,
electrophoresis is carried out at high pH value, resulting
in the formation of comet-like structures. The intact part
of DNA migrates relatively more slowly and is observed as
the head, whereas the damaged DNA migrates faster and,
thus, forms the tail of the comet. This method can sense
DNA stretching, nuclear budding, and apoptotic bodies
containing nuclear fragments, which are the indicators
of early apoptosis. The sensitivity of the method is
higher and the stage-dependent detection is more likely
than DNA fragmentation by agarose gel electrophoresis
(Choucroun et al., 2001).

Being one of the early indicators of apoptosis,
phosphatidylserine exposure serves as another useful
tool to detect apoptosis. Fadok et al. (1992) reported that
the macrophage phagocytosis during apoptosis in the
negative selection of thymocytes is attained through the
recognition of the exposed phosphatidylserine (Fadok et
al,, 1992). Andree et al. (1990) subsequently showed that
the vascular anticoagulant a protein, thereafter, termed
as annexin V, binds to the phospholipid surface on the
cells in the presence of calcium ions (Andree et al., 1990).
This finding was exploited by Koopman et al. (1994) to
quantify the Annexin-V-positive, thus apoptotic, cells
by flow cytometry via using fluorescein isothiocyanate
(FITC)-labeled annexin V in the presence of a calcium
buffer (Koopman et al., 1994). Flow cytometry analysis
performed by fluorochrome-labeled annexin V, coupled
with 7AAD or PI possessing DNA binding capacity as an
indicator of late apoptosis, is now considered one of the
most common methods for quantification of apoptosis
(Zembruski et al., 2012).

Alterations in the mitochondrial membrane potential
followed by the cytochrome c release into the cytosol are
also considered an indication of early apoptosis (Martinez
et al., 2010). JC-1, rhodamine 123, and its derivatives
tetramethylrhodamine methyl (TMRM) and ethyl (TMRE)

ester are examples of the most frequently used fluorescent
lipophilic cationic probes for direct measurement of the
mitochondrial potential. This process can be monitored
by various methods such as flow cytometry, fluorescence-
detecting microscopy, and fluorometry (Perry et al., 2011).
Rhodamine-based probes exhibit aggregation-caused
quenching (ACQ) characteristic (Li et al., 2020) as they
accumulate at high mitochondrial membrane potential
(MMP) conditions, forming aggregates and quenching
fluorescence. As the MMP decreases and depolarization
occurs, the fluorescent intensity increases until a complete
dissociation. Apart from the monochromatic rhodamine
derivatives, JC-1 acts as a dual-color probe, allowing
for the rational measurement based on aggregated and
monomer forms in red and green color, respectively (Perry
et al,, 2011). As the name denotes, JC-1 forms reversible
] aggregates because of accumulation in mitochondria
in a healthy state, which emits red fluorescence. In the
case of apoptosis, the membrane permeability increases
followed by a reduction in the electrochemical potential,
resulting in a lesser uptake of JC-1, prevention of |
aggregate formation and emission of green fluorescence
(Sivandzade et al., 2019).

In addition to fluorescence detection, light microscopy
can also be exploited to distinguish apoptotic cells via
a histochemical staining procedure. Hematoxylin and
eosin as well as Giemsa stainings are employed to define
the morphological hallmarks of apoptosis such as dense
purple chromatin and darker cytoplasm containing round
bodies because of DNA fragmentation (Banfalvi, 2017).

2.6. Biochemical approaches

The protein components of apoptotic cascades,
activated through extrinsic or intrinsic pathways,
can be biochemically monitored by western blotting,
flow cytometry or immunocytochemistry based on
the availability of unlabeled or fluorochrome-labeled
antibodies. Some of the common members of the protein
network that are targeted for analysis include caspases,
Bcl-2 and p53 proteins as the main regulators, cytochrome
c as an indicator of the mitochondrial pathway and the
truncated form of bid, t-bid, as the hallmark of the crosstalk
between the intrinsic and extrinsic pathways (Ormerod,
2001). As these biochemical approaches require protein
isolation or cell fixation, they are considered as end-point
assays.

3. Noncoding RNAs

Historically, it was believed that the genetic information
stored in the genome is first transcribed into messenger
ribonucleic acids (mRNAs) followed by translation into
proteins. This concept was embraced for a long time as
proteins were considered as the structural and functional
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Figure 4. IncRNA classification and mode of action. (A) IncRNA classification. IncRNAs are classified, based on their genomic
position, as intergenic, intronic, antisense, bidirectional and enhancer RNA. Intergenic IncRNAs are localized between two protein
coding genes and transcribed from intergenic regions, while intronic IncRNAs are processed from introns of protein coding genes.
Antisense IncRNAs are transcribed from the complementary strand of a protein coding gene. Bidirectional IncRNAs are transcribed
from both stands, and enhancer RNAs are transcribed from enhancer regions. (B) IncRNA mode of action. IncRNAs act as molecular
guides, scaffolds, signals, and decoys in cell. IncRNAs mediate the recruitment of chromatin modifiers to modulate gene expression of
target gene expression and chromatin dynamics as molecular guides. IncRNAs can direct the assembly of protein complexes to target
genes as molecular scaffolds. IncRNAs are transcribed as response to specific stimuli and work in a cooperation with transcription
factors to regulate transcription of downstream genes as molecular signals. IncRNAs function as molecular decoys by blocking
transcriptional regulators.

and Akgiil, 2022). IncRNA:miRNA sponge mechanism Genome structure and organization is achieved
also can be classified as decoy mechanism. For example, by an intricate folding of the genomic DNA mediated
OIP5-AS1 IncRNA sponges miR-216a-5p, resulting in de- by numerous DNA:protein interactions. As a third
repression of the GLO1 mRNA (Wu et al,, 2021). mechanism, IncRNAs can act as guiding molecules
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to recruit chromatin modifiers, ribonucleoprotein
complexes and transcription factors to the target sites
to modulate chromatin dynamics and gene expression
(Wang and Chang, 2011) (Figure 4B). IncRNA HOTAIR
is one of the typical examples of guide IncRNAs. The
two ends of IncRNA HOTAIR interact with different
histone modification complexes and promote histone
methylation/demethylation of target genes. The 5-end
domains of HOTAIR interacts with Polycomb repressive
complex 2 (PRC2). This interaction augments histone H3
lysine 27 methylation (Gupta et al., 2010). On the other
side, the 3’-end domain of IncRNA HOTAIR binds LSD1/
CoREST/REST complex and, this interaction promotes
demethylation at H3 lysine 4 residues (Tsai et al., 2010). In
addition to acting as guide molecules, IncRNAs may also
mediate the assembly of protein complexes by serving as
scaffolding molecules (He et al., 2019) (Figure 4B). A study
in human aortic smooth muscle cells (HASMC) showed
that the ANRIL IncRNA acts as a molecular scaffold for
the binding of WDR5 and HDACS3 proteins. The resulting
WDR5/HDAC3 complex activates the transcription of
NOXI1 (NADPH oxidase) by deacetylation (Zhang et al.,
2020).
Byusingthemolecularmechanisms,IncRNAsmodulate
gene expression at epigenetic, transcriptional, and post-
transcriptional levels (Gao et al., 2020). IncRNAs take part
in epigenetic mechanisms by interacting with chromatin-
modifying enzymes and remodelling complexes. As such,
IncRNAs can either promote or prevent the recruitment
of chromatin modifiers/remodelers (Zhang et al., 2019).
For example, while Xist promotes the recruitment of
components of PRC2 and induces heterochromatin
formation by H3K27me3 deposition, IncPRESS] interacts
with SIRT6, a histone deacetyltransferase, and inhibits
SIRT6 function, thereby causing activation of transcription
at pluripotency gene promoters (Jain et al., 2016). The
interaction of IncRNAs with DNA methyltransferases
(DNMT) changes gene expression at chromatin loci. As
an example, DBCCR1-003 IncRNA binds to DNMT1
and blocks the methylation of DBCCR1 by DNMTI
in bladder cancer cells (Qi et al., 2016). Furthermore,
IncRNAs can regulate gene expression transcriptionally
by recruiting or sequestering the regulatory protein
complexes in cis- or in trans. To this extent, IncRNAs may
directly interact with transcription factors and can change
gene expression. For instance, MALATI recruits the Spl
transcription factor to the LTBP3 promoter to activate the
transcription of LTBP3 (Li et al., 2014). Lastly, IncRNAs
may interact with RBPs to regulate gene expression post-
transcriptionally. As such, mRNA stability, translation,
splicing and subcellular localization may be modulated
by IncRNAs (He et al.,, 2019). For example, the IncRNA

pTENpgl post-transcriptionally regulates the tumour
suppressor gene PTEN, which plays an essential role in the
maintenance of cell homeostasis as a negative regulator of
the PI3K-Akt pathway (Xing 2010). PTENpg1 regulates
PTEN by sequestering the miRNA that binds to the 3’
UTR of PTEN (Poliseno et al., 2010).

3.4.5. IncRNAs in apoptosis

IncRNAs may regulate apoptosis by modulating the
activity of transcription factors, histone modification
complexes and miRNAs or by altering the stability of
apoptosis-related proteins (Takeiwa et al., 2021). Initial
efforts were geared towards uncovering IncRNAs that
modulate apoptosis and/or proliferation in cancer cells.
For example, linc-p21 was documented to activate
p53 and apoptosis upon DNA damage (Huarte et al.,
2010). The SPRY4-IY1 IncRNA was reported to regulate
apoptosis in the LOX-IMX1 melanoma cells (Khaitan et
al., 2011). The Inc-CCNLI1-3:1 IncRNA is upregulated
in polycystic ovary syndrome (PCOS) patients. The use
of a RPIseq algorithm-based prediction tool suggested
a potential interaction between FOXO1l and Inc-
CCNL1-3:1 (Huang et al, 2021). Rescue experiments
showed that knockdown of FOXO1 attenuates the effects
of CCNL overexpression on cell apoptosis (Huang et al.,
2021). Apparently, a specific interaction between this
IncRNA and FOXOL1 is essential for the nuclear retention
of FOXO1 and corresponding apoptosis. In another study,
a transcriptomics profiling study showed the expression
of as many as 10,214 differently expressed IncRNAs under
apoptotic conditions induced by cisplatin (Gurer et al.,
2021). These studies suggest that IncRNAs may modulate
apoptosis in a pathway-dependent manner.

IncRNAs may regulate the intrinsic pathway of
apoptosis by activating p53 or regulating the downstream
target genes of intrinsic pathways such as Bcl-2 family
members (Shi et al., 2018; Wu et al.,, 2020). Taurine up
regulated 1 IncRNA (TUGI) modulates apoptosis by
regulating different target genes in different cell types (Liu
et al., 2017; Long et al., 2018). A study reported that a
direct interaction between EZH2 and TUG1 alleviates the
expression level of pro-apoptotic BAX in lung cancer cells
(Liu et al.,, 2017). Another study showed the oncogenic
role of TUG1 by enhancing the astrocyte elevated gene-
1 (AEG1) expression by sponging miR-129-5p in human
malignant melanoma. Activation of this regulatory axis
leads to an increase in the rate of apoptosis through
downregulation of Bcl-2 and upregulation of cleaved
caspase -3 in TUGI-suppressed melanoma cells (Long et
al., 2018).

Urothelial cancer associated 1 (UCA1) is a IncRNA
upregulated in bladder cancer cells. Studies showed that
binding of Ets-2, a transcription factor that binds to the

23
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UCA1 promoter, modulates its transcription (Wu et al.,
2013). Ets-2 transcriptionally regulates UCA1, resulting
in activation of the Akt signalling pathway and suppresses
the bladder cancer cell apoptosis (Wu et al., 2013). Despite
the presence of high levels of endoplasmic reticulum (ER)
stress in cancer cells, the mechanism of how cancer cells
evade apoptosis under these conditions is not elucidated
completely (Rozpedek et al., 2016). It was shown that
golgin A2 pseudogene 10 (GOLGA2P10) IncRNA protects
hepatocellular carcinoma cancer (HCC) cells from ER-
stress-induced apoptosis by modulating the intrinsic
pathway. An increase in transcription of GOLGA2P10 via
ER-stress inducers leads to the induction of PERK/ATF4/
CHOP signalling pathway. Mechanistically, GOLGA2P10
interferes with the ER-stress-induced apoptosis by
modulating BCL-xL and phosphorylated-BAD levels in
HCC cells (Wu et al., 2020).

Regulation of the extrinsic apoptotic pathway can
be mediated directly or indirectly by IncRNAs (Jiang et
al., 2021). For example, alternatively spliced soluble Fas
receptor (sFas) that exclude exon 6 leads to inhibition
of apoptosis by interfering Fas ligand (FasL) (Bonnal et
al., 2008). The regulation of alternative splicing of Fas is
achieved by IncRNA antisense transcript of Fas (FAS-AS1)
in lymphomas. FAS-ASI binding to RBMS5 inhibits the
exon 6 skipping in alternative splicing mediated by RBM5
and production of sFAS. Subsequent studies showed
that hyper-methylation of FAS-AS1 by EZH2 causes the
production of sFas in lymphomas and sequestration of
apoptosis by sFas (Sehgal et al., 2014). HOX antisense
lincRNA HOXA-AS2 is upregulated upon ATRA (all
trans retinoic acid) treatment in NB4 cell line (Zhao et
al.,, 2013). ATRA-treated HOXA-AS1 knockdown cells
exhibited enhanced caspase-3, 8, -9 activities and BAX
levels. Subsequent studies uncovered that TRAIL levels
were upregulated, and application of TRAIL-neutralizing
antibody partially suppressed caspase-8 and -9 activities
in ATRA-treated HOXA-AS1 knockdown cells. Overall,
HOXA-ASI acts as a repressor of apoptosis and TRAIL
may be partially involved in this regulatory mechanism
in ATRA-treated NB4 promyelocytic leukemia cells
(Zhao et al., 2013). Despite the potential use of TRAIL
as a chemotherapeutic target, recent reports show the
emergence of resistance of pancreatic cancer cells to
TRAIL-induced apoptosis (James and Griffith, 2014).
HOTALIR is expressed at low levels in cells sensitive to the
TRAIL-induced apoptosis while it exhibits high expression
level in the resistant cells. Apparently, the sensitivity of
pancreatic cells is correlated with the HOTAIR expression
level (Yang et al., 2017). HOTAIR overexpression results
in the inhibition of death receptor 5 (DR5) by EZH2-
mediated trimethylation of the lysine residue of histone 3
around the DR5 promoter (Yang et al., 2017).
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IncRNAs may target tumour suppressor genes such
as p53 and PTEN to control apoptosis (Levine and Oren,
2009; Yamada and Araki, 2001). For example, IncRNA-
Gas5 binds to miR-103 and sequesters it away from
PTEN. This interaction enhances the expression of PTEN
and promotes apoptosis in endometrial cancer cells
(Guo et al., 2015). On the other hand, if IncRNA-GAS5
binds to the DNA binding domain of glucocorticoid
receptor (GR), it blocks the interaction between GR and
glucocorticoid response element (GRE). By serving as a
decoy for GRE, IncRNA-GAS5 blocks the transcription
of GR and neutralizes the anti-apoptotic effects of GR,
sensitizing cells to apoptosis (Kino et al., 2010). MEG3
activates p53 by downregulating its negative regulator,
MDM2. The underlying mechanism of downregulation
of MDM2 expression by MEG3 is not clear yet (Zhou et
al., 2007). With respect to apoptosis, transactivation of
p53 by MEG3 increases caspase 3 expression levels and
decreases Bcl-2 and Cyclin D1. MEG3 promotes apoptosis
and inhibits proliferation by activation of p53 in human
osteosarcoma cells (Shi et al., 2018).

3.4.6. IncRNA databases

Advances in transcriptome-wide studies have led to
the establishment of IncRNA databases to maintain the
resulting massive data (Fritah et al., 2014).The most widely
used databases include LNCipedia (Volders et al., 2019),
LncDisease (Bao et al., 2019) and IncRNAdb (Amaral
et al., 2011) as they house the experimentally validated
interaction of IncRNAs with other macromolecules.
Databases such as DIANA-LncBase (Wang et al., 2016)
and TargetScan (Agarwal et al., 2015) may be used to
predict putative IncRNA-miRNA interactions. Based on
the IncRNA-Disease database, we listed the IncRNAs
with experimentally validated functions in apoptosis of
different cancer cells in Table 5 (Bao et al., 2019).

4. Conclusion

Apoptosis is a complex cellular mechanism that plays a
critical role in the maintenance of organismal homeostasis
throughout development. Undoubtedly, apoptosis
is regulated by epigenetic, transcriptional and post-
transcriptional gene regulatory mechanisms mediated
by protein coding genes. The accumulating evidence
demonstrates that these regulatory proteins are regulated
by a diverse biotype of ncRNAs, ranging from miRNAs
to IncRNAs and circRNAs. It is important to underline
the existence of other types of ncRNAs, such as piRNAs
or tRNA-derived fragments (tRF) that are known to be
involved in apoptotic processes (Cosacak et al., 2018;
Zeng et al.,, 2020). More excitingly, the emerging studies
document an intricate interplay among various ncRNAs
(Patop et al., 2019; Rong et al, 2017). For example, a
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MEL-5, and SK-MEL-2 cell lines

Disease IncRNA Tissue/Cell line Regulation Targeted References
member
B cell lymphoma FAS-AS1 Granta-519 cells Down RBM5 (Sehgal et al., 2014)
Bladder cancer ANRIL T24 and EJ cells Up (Zhu et al., 2015)
Bladder cancer GAS5 T24 and EJ cells Down EZH2 (Wang et al., 2018)
Bladder cancer UCA1 BLZ-211 and BLS-211 cells Up Ets-2 (Wu et al., 2013)
MCF7, T-47D and (Pickard and Williams,
Breast Cancer GAS5 MDA-MB-231 cells Up 2016)
MCF-10A,SK-BR-3 miR-216a-5p/
Breast cancer OIP5-AS1 and MDA.MB-231 Up GLO1 (Wu et al., 2021)
Cervical & colon GAS5 HeLa and HCT116 cells Abundant Glucocorticoid (Kino et al., 2010)
cancer receptor
Cervical cancer HOTAIR SiHa, HeLa, Caski, c4-1 cells Up miR-143-3p (Liu et al., 2018)
Cervical cancer LINP1 Hela S3, SiHa and Hela cells Up (Wang et al., 2018)
Cholangiocarcinoma | UCA1 CCLP1 and RBE cells Up (Xu et al., 2017)
Colorectal adenoma | AK027294 iﬁ;ﬂ 16, HCT8, and SW480 Up (Niu et al., 2016)
Colorectal cancer DQ786243 SW620 and HT29 cells Up (Sun et al., 2016)
Dlab?tlc . H19 Diabetic rat tissue/HEK293 cells | Down miR-675 (Lietal., 2016)
Cardiomyopathies
The immortalized mouse
Diabetic podocyte cell line mouse .
nephropathy PVT1 podocyte clone 5 (MPC5), Up FOXAL (Liu etal,, 2019)
patient samples, mice sections
Endometrial cancer | GAS5 HHUA and JEC cells Down miR-103 (Guo et al., 2015)
. HGC-27, AGS, and PI3K/Akt
Gastric cancer ACI113133.1 SGC-7901 cells Up pathway (Huang et al., 2017)
Gastric cancer BANCR BGC-823 and MGC-803 cells | Up NF-kB1/miR-9. | (Zhang et al., 2015)
. HGC-27,BGC-823 .
Gastric cancer MEG3 and GES-1 cells Down (Jiao and Zhang, 2019)
MGC-803, HGC-27,
Gastric cancer MEG3 MKN-45, SGC-7901, Down miR-181a (Peng et al., 2015)
BGC-823 and AGS cells
Glioma CRNDE GSC-U87 and GSC-U251 cells | Up miR-186 (Zheng et al., 2015)
Glioma EGOT U251 and U87 cells Down (Wu et al., 2017)
Glioma ANCR 2?178 U251, SHG44, and ULLS |y EZH2 (Cheng et al., 2020)
Hepatocellular MHCC-97H, QGY-7703, PERK/ATF4/
carcinoma GOLGAZP10 SK-HEP-1 and 293T cells Up CHOP pathway (Wu et al,, 2020)
Hepatocellular HepG2, HCCLM3, Huh7,
carcinoma PDIA3PL SMMC-7721, and SK-Hepl cells Up p53 pathway (Kong etal, 2017)
Ischemia/ . . miR-29b-1-5p
reperfusion injury FTX Mice cardiomyocytes Down and B2 (Long et al., 2018)
PI3K/AKT
Lung cancer IncFOXO1 A549, H460, HCC827 and Down signaling (Ding et al., 2018)
H1299 cells
pathway
Lung cancer TUGI SPC-A1 and H1299 cell lines Up BAX and EXH2 | (Liu et al., 2017)
Lung carcinoma Lnc_bc060912 | H1299, A549 and 293T cells Up Ii?’lf\}l)ll and Luo et al,, 2015
Malignant melanoma | TUG1 HEMa-LF, A375, WM35, SK- Up miR-129-5p (Long et al., 2018)
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Table 5. Continued.
. . . . Targeted
Disease IncRNA Tissue/Cell line Regulation References
member
Myocardial I/R H19 Dﬁ;‘;se Model of Myocardial =y | miR-877-3p | (Li et al., 2016)
Nasopharyngeal LOC401317 | HNE2, HNEL, and CNE2 cells | 0P (Afterps3 | o4 (Gong et al., 2014)
carcinoma overexpression)
Nasopharyngeal ANRIL CNE2 and HONEI cells Up miR-125a (Hu et al., 2017)
carcinoma
Nasopharyngeal HULC SUNE and CNE-1 cells Up (Jiang and Liu, 2017)
carcinoma
Non-small cell lung | . A549,H1299, H1650, and
cancer lincRNA-p21 NCI-H2087 cells Up PUMA (Yang et al., 2019)
i‘;lr;:mau celllung | 1 ppMa AS | A549 and H1299 cell lines Up SHCI1 (Ma et al., 2017)
I;‘:i;:man celllung | y1 5C_008466 | A549 and Ha60 cells Up miR-874 (Yang et al., 2017)
Non-small cell lung A549, SPC-A1l and NCI-H1299
cancer PANDAR and SK-MES-1 Down NF-YA (Han et al., 2015)
Osteosarcoma MEG3 MG63 cells Down p53 (Shi et al., 2018)
. . Down
Pancreatic cancer HOTAIR BxPC3, MiaPaCa-2, Suit2, and (sensitive) / Up | DR5 (Yang et al., 2017)
PANC-1 .
(resistant)
Pancreatic ductal PANC-1, Capan-2, MIAPaCa-2,
4 . FEZF1-AS1 SW1990, and BxPC-3 and Up miR-107 (Ye et al., 2018)
adenocarcinoma HPDE6.C7 cells
Parkinson’s disease | NEAT1 SH-SY5Y cells and mice models | Up miR-124/KLF4 | (Liu et al., 2020)
Polycystic ovary Inc-CCNL1-3:1 | hLGCs Up FOXO1 (Huang et al., 2021)
syndrome
HTR-8/SVneo, JEG-3, human
Preeclampsia MEG3 amniotic epltheh.a'l cells ,(WISH)’ Down (Zhang et al., 2015)
and human umbilical vein
endothelial cells (HUVEQC)
Premature ovarian .
insufficiency (POI) PVT1 Granulosa cells and POI tissues | Down Foxo3a (Wang et al., 2021)
Prostate cancer PCAT-1 551:138’ DU145, INCap and C4-2 Up miR-145-5p (Xu et al., 2017)
Prostate cancer SOCS2-AS1 ii\THSaP, VCaP and their LTAD Up (Misawa et al., 2016)
. -, Rheumatoid arthritis fibroblast-
Rheumatoid arthritis | MALAT1 like synoviocytes (RAFLS) Up (Pan et al., 2016)
T-cell acute
lymphoblastic T-ALL-R- Jurkat cells Up Par-4 (Zhang et al., 2014)
. LncR1
leukemia
Urinary bladder lincRNA UM-UC-3 and EJ bladder U INK z;nd NRF2 (Zhao et al., 2014)
cancer AATBC cancer cells P sighaling aoetal,
pathways

circRNA may serve as a sponge for a miRNA, which other macromolecules. Additionally, a recent report on

may be regulating the stability of a target IncRNA that small ncRNAs modified with N-glycans and displayed on
potentially interacts with a DNA-binding protein. Thus, the surface of living cells opens a new avenue, expanding
it will be highly informative to uncover this complex and the role of ncRNAs in extracellular biology (Flynn et al.,
dynamic network of interactions between ncRNAs and 2021).
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