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Alternative splicing (AS) is a key process in which precursor RNAs produce different mature RNAs, and the disorder of AS is a key
factor in promoting cancer development. Compared with coding RNA, studies on the functions of long non-coding RNAs (IncRNAs)
are far from enough. In fact, IncRNA is an important participant and regulator in the process of AS. On the one hand, IncRNAs
regulate cancer progression as AS products of precursor messenger RNA (mRNA), but on the other hand, precursor IncRNA
generates cancer-related abnormal splicing variants through AS. In addition, IncRNAs directly or indirectly regulate the AS events of
downstream target genes, thus affecting the occurrence and development of cancer. Here, we reviewed how IncRNAs regulate AS

and influence oncogenesis in different ways.
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BACKGROUND

Alternative splicing (AS) refers to a process in which precursor
RNAs (pre-RNAs) produce different splicing variants through
different splicing patterns, mainly including exon skipping, intron
inclusion, mutually exclusive exons and alternative 5’ and 3’ splice
sites [1, 2]. However, more than 90% of human genes undergo AS
[3], which is not only an important mechanism for regulating gene
expression and generating proteome diversity, but is also a key
factor leading to the large differences in the number of eukaryotic
proteins. Specifically, different coding regions of a gene can be
spliced in different ways, resulting in multiple transcription states
of the gene, and the final protein product may have different or
mutually antagonistic functional and structural characteristics.
Differences in expression at the transcriptional and protein levels
result in different phenotypes and changes in biological processes
that may play important roles in development, differentiation and
cause various diseases, including cancer [4, 5]. However, abnormal
AS involved in the abnormal regulation of certain genes during
tumorigenesis is far from sufficiently elucidated.

The main factor that causes the AS of pre-RNAs is the co-
regulation of cis-elements and trans-acting factors; the cis-elements
are exon splice enhancer, exon splice silencer, intron splice enhancer
and intron splice silencer. Serine- and arginine-rich splicing factors
(SR proteins) and heterogeneous nuclear ribonucleoproteins
(hnRNPs) are two famous families of trans-acting factors [6, 7]. In
addition, transcription, m6A modification and chromosome structure
can affect AS [8, 9]. Thus, the occurrence of abnormal AS is also

closely related to the mutation or disorder of these splicing-related
elements, causing the occurrence of cancer. However, with further
research on the function of non-coding RNAs, studies have found
that non-coding RNAs have more unique and interesting functions in
the process of AS [10], especially long non-coding RNAs (IncRNAs).

LncRNA is a type of RNA molecule with a transcript longer than
200 nucleotides. A unique function of IncRNAs is that they interact
with various molecules and can form a variety of RNA-RNA,
RNA-DNA, or RNA-protein complexes through specific RNA
functional domains, leading to IncRNA functional diversity [11-14].
For this reason, IncRNAs, as important regulatory molecules, play a
key biological function in the occurrence and development of
cancer through different pathways [15-23]. Previous studies have
shown that IncRNAs can be used as products of AS to play a
biological function in promoting or suppressing cancer. Further-
more, INcRNAs may also participate in the abnormal AS process of
certain cancer-related genes through the regulation of precursor
messenger RNA (pre-mRNA), encoding small peptides and associa-
tion with splicing factors and so on.

This review aimed to elucidate the role of IncRNAs involved in
AS and their influence on tumorigenesis in order to identify new
pathways for the study of cancer pathological mechanisms and
clinical treatment.

A product of AS of pre-mRNA: IncRNA
RNA splicing depends on the mutual cooperation of U1, U2, U4,
U5 and U6 small nuclear ribonucleoproteins, and the whole
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Fig. 1 A product of AS of pre-mRNA: IncRNA. a Splicing factor hnRNPE1 promotes proximal 5’ splice-site selection in exon 12, thus inducing
the production of PNUTS mRNA. The absence of hnRNPE1 facilitates the generation of the IncRNA-PNUTS isoform, which promotes
tumour development by competitively binding with miR-205 to upregulate ZEB1. b IFNy promotes the generation of the PD-L1-Inc isoform
and PD-L1-Inc activates the transcriptional activity of c-myc through the formation of a heterodimer with Max to promote the development of
tumours. ¢ In oral squamous cell carcinoma, exon 2 and 3 skipping of ORAOV1 pre-mRNA leads to the formation of the IncRNA ORAOV1-B
isoform, which activates the TNF-xB/TNFa loop pathway by binding with HSP90.

process is completed by two transesterification reactions [2]. The
selection of splice sites in pre-RNA induced by multiple splicing
factors is the main reason for the occurrence of AS. However, the
AS of human genes is common and extensive, and the birth of
IncRNA is also inseparable from such a process. It may be
generated as a splicing product, especially in the process of
tumour development, where the abnormally expressed IncRNA
directly affects its downstream pathways and plays a specific
biological function [24-28].

Previous studies have shown that IncRNA-PNUTS splicing
isoforms are involved in epithelial-to-mesenchymal transition
(EMT)-related tumour progression. Moreover, the splicing inhibitor
hnRNPE1 can bind to the PNUTS pre-mRNA exon 12 splicing site
to regulate the AS of PNUTS. When hnRNPET binds to this site,
PNUTS pre-mRNA undergoes normal splicing to produce PNUTS
mMRNA, whereas, when hnRNPE1 dissociates from this site, PNUTS
pre-mRNA produces the non-coding isoform IncRNA-PNUTS.
Functionally, IncRNA-PNUTS can act as a sponge to compete for
miR-205, inhibit the binding of miR-205 to the target gene ZEB1
and upregulate ZEB1, thereby inhibiting the expression of the
epithelial marker E-cadherin and inducing EMT to promote
tumorigenesis [29] (Fig. 1a). Similarly, researchers found that PD-
L1 produces PD-L1-Inc through AS, which is composed of parts of
exons 4, 5 and 6. Like PD-LT mRNA, interferon-y (IFNy) can also
upregulate PD-L1-Inc. Meanwhile, PD-L1-Inc can combine with

chaperone protein Max to form a heterodimer to promote the
nuclear distribution and transcriptional activity of c-Myc, thus
enhancing the progression of cancer cells [30] (Fig. 1b). The
IncRNA ORAOV1-B is a newly discovered AS variant of the ORAOV1
gene, which activates the tumour necrosis factor-kB (TNF-kB)/
TNFa loop by interacting with heat-shock protein 90 (HSP90), and
then induces the EMT mechanism to promote the invasion and
metastasis of oral squamous cell carcinoma [31] (Fig. 1c). These
studies show that IncRNAs may play the role of cancer-related
splicing products of pre-mRNA and regulate tumorigenesis.

AS of pre-IncRNA produces generate different IncRNAs

LncRNA genes can also undergo AS and generate different IncRNA
isoforms [32, 33]. However, the potential biological functions of
most IncRNA isoforms have not been discovered, and more
studies tend to focus on the variants with relatively high
expression abundance. In fact, the functional mechanisms of
IncRNA isoforms may be quite different [34]. It is proposed that
splicing events at the IncRNA-associated enhancer RNA producing
centre sites are associated with enhancer activity [35], but the
findings of studies of the AS process of IncRNAs remain vague.
MBNL3, a skeleton splicing factor, promotes tumorigenesis and
indicates a poor prognosis for patients with hepatocellular
carcinoma; it induces INncRNA-PXN-AS1 exon 4 inclusion by
binding to IncRNA-PXN-AS1 intron 4 to promote liver cancer.
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Fig.2 AS of pre-IncRNA produces generate different IncRNAs. a Through AS, PXN-AS1 pre-mRNA generates PXN-AS1-L and PXN-AS1-S, two
IncRNA isoforms. Splicing factor MBNL3 promotes the inclusion of exon 4, thus upregulating PXN-AS1-L, promoting the stability of PXN mRNA
and promoting the occurrence and development of tumours. On the contrary, PXN-AS1-S inhibits the translation of PXN mRNA, thereby
inhibiting tumorigenesis. b PVT1 pre-IncRNAs generate PVT1A4 and PVT1 isoforms through AS. Splicing factor SRSF1 promotes exon
4 skipping, which is conducive to the generation of the PVT1 isoform. Both IncRNA variants can competitively bind to miR-200s to promote
the upregulation of BMI1, ZEB1 and ZEB2, thereby inducing tumorigenesis.

The transcript of INcRNA-PXN-AS1 lacking exon 4 can bind to the
coding sequence of PXN mRNA and lead to the dissociation of
translation elongation factors from PXN mRNA, thereby inhibiting
the translation of PXN mRNA and inhibiting liver cancer. In
addition, the transcript containing exon 4 preferentially binds to
the 3’-untranslated regions (UTR) of PXN mRNA and protects the
PXN mRNA from degradation induced by the microRNA-24-AGO2
complex, thereby increasing PXN expression and promoting liver
cancer [36] (Fig. 2a).

LncRNA PVT1 combines with miR-200S to upregulate the
expression of ZEB1, ZEB2 and BMI1 and promotes tumour growth
in clear-cell renal cell carcinoma (ccRCC). Interestingly, PVT1
lacking exon 4 (PVT1AE4) is a new splice isoform that has a high
expression level in ccRCC. Splicing factor SRSF1 promoted the
skipping of exon 4 of PVT1 and induced the expression of splicing
variant PVT1AE4. It can also competitively bind with miR-200s to
regulate the expression of ZEB1, ZEB2 and BMI1 as full-length
transcripts, and the specific mechanism needs to be further
studied [37] (Fig. 2b). In summary, these studies suggest that
studying the differences in AS isoforms of IncRNAs is helpful to
further understand the biological function of IncRNAs in the
process of cancer development.

LncRNAs directly participate in the regulation of AS

LncRNAs can be directly involved in the AS of target genes by
means of their ability to form RNA-DNA duplexes [38] or
RNA-RNA duplexes [39]. It is noteworthy that many of the

British Journal of Cancer (2022) 126:1113-1124

IncRNAs that rely on complementary sequences to regulate AS are
natural antisense transcripts.

LncRNAs regulate AS by establishing a splicing-specific chromatin
tag. Whole-genome sequencing data revealed different chroma-
tin landscapes on exon and intron sequences, confirming the role
of chromatin as a splicing regulator. It has a unique splicing
pattern by affecting the elongation of Pol Il and specifically
recruiting RNA-binding proteins that interact with chromatin-
binding proteins [40]. The key issue in the regulation of chromatin-
mediated splicing is the establishment and maintenance of
regulatory chromatin domains. As partners of the chromatin
modification complex and chromatin remodelling factor, IncRNAs
play an important role in regulating the chromatin structure in
tumours [41], which is highly likely to be a means for IncRNAs to
regulate AS in tumours. However, the relationship between
IncRNA and chromatin-mediated AS remains unclear.

A previous study revealed that an evolutionarily conserved nuclear
antisense IncRNA-asFGFR2 generated from the human FGFR2 locus
promotes FGFR2-specific AS. asFGFR2 recruits the EZH2 and SUZ12 of
polycomb repressive complex 2 and histone demethylase KDM2a to
the FGFR2 locus, forming a splicing-specific chromatin tag to generate
a chromatin environment; it blocks the binding of the chromatin
adaptor complex MRG15-PTB to exon lllb and eventually induces the
inclusion of FGFR2 exon lllb. It has been proposed that asFGFR2 is
directly involved in AS by recruiting chromatin modifiers to the site
through sequence complementarity and the formation of RNA-DNA
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Fig.3 LncRNAs directly participate in the regulation of AS. a asFGFR2 recruits the EZH2 and SUZ12 of polycomb repressive complex 2 to its
parent sites, triggering the recruitment of H3K36 demethylation enzyme KDM2a, thereby establishing a splicing chromatin tag that blocks the
binding of chromatin adaptor complex MRG15-PTB to exon lllb. This promotes the production of FGFR2 mRNA containing lllb. b Snail1
promotes the formation of the RNA-RNA duplexes in introns of the 5-UTR of parent RNA and prevents the removal of this intron during
splicing. Then, the ribosome can be induced to recognise the internal ribosome entry site (IRES) in the intron and promote the protein
expression of ZEB2. ¢ Fas antisense transcription Saf binds to exon 6 of Fas pre-mRNA and recruits splicing factor SPF45 to facilitate the
skipping of exon 6 and promote the generation of the sFas isoform, thereby inhibiting cell apoptosis and leading to tumour growth.

double strands with the parent DNA [42]. The FGFR2 lllb isoform plays
an antitumor role in hepatocellular carcinoma, which provides a new
approach for the study and treatment of this highly aggressive
tumour [43] (Fig. 3a).

LncRNAs interact with target pre-mRNAs to regulate AS. The
formation of RNA-RNA duplexes is a major function of IncRNAs,
which is also performed by IncRNAs in AS. Interestingly, many
antisense IncRNAs will form duplexes with their sense pre-mRNA
and participate in AS.

One of the first discovered pre-mRNA directly regulated by its
antisense IncRNA for AS is ZEB2. ZEB2 pre-mRNA has a long 5'-
UTR, and effective translation requires retention of the 5-UTR
containing the intron of the internal ribosome entry site. However,
the retention of introns depends on the expression of the
antisense transcript (ZEB2-antisense RNA, ZEB2-anti) complemen-
tary to the 5’ splice site of the intron. In epithelial cells, ZEB2-anti is
absent, and the exposure of the ZEB2 5’-UTR splicing site causes
the splicing of the introns that regulate the translation of ZEB2. In
mesenchymal cells, the mesenchymal marker Snail1 promotes the

British Journal of Cancer (2022) 126:1113-1124
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Fig. 4 LncRNAs are indirectly involved in the regulation of AS. a PKM pre-mRNA can produce both PKM1 and PKM2 isoforms. HOXB-AS3
encodes a small peptide that competitively binds to the splicing factor hnRNPA1, thereby promoting the formation of PKM1 and ultimately

inhibiting tumour growth. b Sp4 pre-mRNA can produce both

SRSF3, the small peptide encoded by LOC90024 promotes the i

long variants (Sp4-L) and short variants (Sp4-S) by AS. By interacting with
nclusion of exon 3 of Sp4 pre-mRNA and the generation of Sp4-L, which is

conducive to tumour development. ¢ TPM1-AS prevents the splicing effect of RBM4 on TPM1 by binding with the splicing factor RBM4,
induces the generation of the TPM1 V1/V3/V4/V5 variant and inhibits the occurrence and development of tumour cells. d Mcl-1 pre-mRNA
generates Mcl-1S (pro-apoptotic) and Mcl-1L (anti-apoptotic) by AS. The interaction between DGCR5 and SRSF1 promotes the retention of
exon 2 and the generation of Mcl-1L. e MALAT1 hijacks SFPQ in the SFPQ/PTBP2 splicing factor complex, thereby causing the release of PTBP2
to promote tumour growth. Meanwhile, MALAT1 can control the transport and distribution of SR family proteins at transcription sites and
among nuclear spots by affecting the phosphorylation of SR family proteins. MALAT1 forms a splicing complex with 1D4, mut-P53 and SRSF1
to promote the distal 5 splice-site selection of exon 8, promoting the generation of angiogenic isoform VEGFA,,, (the subscript xxx indicates

the number of amino acids in different isoforms).
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expression of ZEB2-anti, which combines with the ZEB2 5-UTR
intron to cover the splice donor that regulates the intron,
inhibiting splicing and inducing translation to promote the
occurrence of EMT [44] (Fig. 3b).

A major apoptosis pathway is triggered by the Fas receptor-Fas
ligand (FasL) interaction. A IncRNA located in the nucleus, Fas
antisense or Saf, interacts with the Fas pre-mRNA and splicing
factor 45 to promote the cleavage of exon 6 [45]. The product is
soluble Fas that can protect cells from Fas-FasL-induced apoptosis
by binding to FasL (Fig. 3c).

In addition, BC200 has a carcinogenic effect in breast cancer. A
study has found that BC200 contains a 17-nucleotide sequence
complementary to Bcl-x pre-mRNA, which can promote its binding
to Bcl-x pre-mRNA and the recruitment of the splicing factor
hnRNPA2/B1. The hnRNPA2/B1 interferes with the binding of Bcl-x
pre-mRNA and Bcl-xs promotion factor Sam68, resulting in the
blockade of Bcl-xs expression, thereby promoting tumour
occurrence [46]. Therefore, IncRNAs can interact with pre-mRNA
and directly participate in the regulation of AS in cancers.

LncRNAs are indirectly involved in the regulation of AS
LncRNAs regulate AS through the encoded peptide. Although
IncRNAs belong to a class of RNA molecules that have no or weak
coding ability, with the development of bioinformatics and high-
volume measurement, small open-reading frames in INcRNAs have
been gradually discovered, which can play a biological function by
encoding small peptides. Many studies have shown that small
peptides encoded by IncRNAs also play an important role in the
development of cancer [47-51].

A previous study identified a small peptide encoded by the
IncRNA HOXB-AS3, which was named 53-amino acid (aa) peptide,
and showed that patients with colon cancer (CRC) with low levels
of 53-aa peptide have a poor prognosis. The 53-aa peptide
competitively binds to the arginine residue in the RGG motif of the
splicing factor hnRNPA1 and blocks the binding of hnRNPA1 to
the PKM pre-mRNA, thereby inhibiting the cleavage of PKM exon
9, resulting in the reduced synthesis of PKM2, an isoenzyme of
glycolytic pyruvate kinase, thereby inhibiting the reprogramming
of glucose metabolism and ultimately inhibiting the growth of
CRC [52] (Fig. 4a).

In addition, IncRNA LOC90024-encoded small peptide SRSP can
bind splicing factor SRSF3 to induce the inclusion of transcription
factor Sp4 exon 3, promote the generation of Sp4-L while
inhibiting Sp4-S and promote tumorigenesis of CRC [53] (Fig. 4b).

LncRNAs regulate AS by interacting with splicing factors. Splicing
factors play a central role in the regulation of AS by interacting
with the sequence elements of pre-RNA, while IncRNAs often play
the role of cooperating with or hijacking splicing factors to
regulate AS.

A study found TPM1-AS, an uncharacterised IncRNA, which was
reverse transcribed from the second intron of TPM1. TPM1-AS is
located at the nucleus and interacts with the splicing factor RBM4
in human oesophageal cancer cells. The interaction between
TPM1-AS and RBM4 hinders the binding of RBM4 to TPM1 pre-
mRNA and inhibits the inclusion of endogenous exon 2a of TPM1,
resulting in the specific downregulation of TPM1 variants V2 and
V7 in human oesophageal cancer cells, and producing the TPM1
MRNA variants V1, V3, V4 and V5, thereby inhibiting the migration
and mitosis of human oesophageal cancer cells [54] (Fig. 4c).

In addition, IncRNA DGCR5 expression is upregulated in
oesophageal squamous cell carcinoma (ESCC) and is associated
with a poor prognosis. Researches have shown that DGCR5
interacts with SRSF1 and regulates the AS event of Mcl-1, which is
conducive to the generation of the anti-apoptotic isoform Mcl-1L,
thus promoting tumorigenesis [55] (Fig. 4d).

LncRNA MALATT1, as one of the classical IncRNAs associated with
tumours, is highly expressed in many cancer types. Studies have

shown that MALAT1 located in nuclear speckles can interact with a
series of SR proteins such as SRSF1, SRSF2, SRSF3 and SRSF5 to
varying degrees, and affect the transport and distribution of SR
protein at transcription sites and between nuclear speckles by
regulating the ratio of phosphorylation/dephosphorylation of SR
proteins to regulate the AS events of pre-RNAs [56]. Previous
studies have shown that MALAT1 can upregulate SRSF1-mediated
series of cancer-promoting splicing events [57]. Another study
showed that mutant p53 and ID4 proteins can form complexes
with MALAT1 and SRSF1, regulate the AS of VEGFA pre-mRNA,
inhibit the synthesis of the anti-angiogenic VEGFA isoform and
promote angiogenic formation [58]. Not only does MALAT1
cooperate with the splicing factor but it also hijacks SFPQ from
the splicing factor complex SFPQ/PTBP2 [59] (Fig. 4e).

Another study has shown that lincRNA-uc002yug.2 is generally
overexpressed in ESCC. LincRNA-uc002yug.2 promotes the bind-
ing of SRSF1, MBNL1 and other splicing factors to the RUNX1 pre-
mMRNA, thereby upregulating the expression of RUNX1a and
downregulating the expression of RUNX1 to reduce the expres-
sion level of the gene CEBPa and promote cell proliferation and
tumorigenesis [60]. Meanwhile, in colorectal cancer, LINCO1133
can interact with SRSF6 to inhibit the occurrence of EMT. Whether
this IncRNA acts as a repressor of SRSF6 and, thus, affects the AS
process of SRSF6-mediated EMT-related molecules remains to be
studied [61]. In addition, linc01232 interacts with the splicing
factor hnRNPA2/B1 and stabilises hnRNPA2/B1 by inhibiting
hnRNPA2/B1 ubiquitination and degradation to promote the
expression of its splicing target A-Raf full-length, thereby
promoting pancreatic cancer [62]. These studies have revealed a
new mechanism in which IncRNA regulates the splicing of target
genes by interacting with splicing factors, thereby exerting a
biological function of promoting or suppressing cancer.

Bioinformatics tools for predicting IncRNAs and AS

Only a few studies have confirmed the close relationship between
IncRNAs and AS. It is necessary to predict the AS events mediated
by IncRNAs and the abundance of each transcript through
bioinformatics methods. Most of the algorithms are based on
the application of RNA-sequencing (RNA-seq) data sources and
mathematical models, which will allow a more systematic and
comprehensive understanding of the AS events of IncRNAs or the
target genes regulated by them in cancers [63-65]. Deng et al.
developed a cancer-related AS database of IncRNAs named
IncAS2Cancer, which collected the RNA-seq data of more than
30 tumour types. The latest splicing algorithms (rMATS, MAJIQ,
SEASTAR, Dapars, SUPPA2 and Brie) were used to obtain eight AS
patterns of IncRNAs. Therefore, this tool is beneficial for predicting
potential sequence functions, regulatory factors and biomarkers
[66]. Meanwhile, in recent years, the RNA-seq data of liver cancer
tissues and normal liver tissues from TCGA and GTEX-RNA were
used to identify non-coding genes and AS isoforms with different
expressions, and the physical interaction information network
between IncRNAs and target genes was integrated through data
mining. Finally, the RWMG model algorithm was used to analyse
and predict the IncRNAs related to AS. This is the first time that a
large-scale complex network has been integrated to predict the
IncRNAs that regulate AS events in cancers, which is of great
significance for discovering potential tumour markers [67].

PERSPECTIVE

As the most critical switch in RNA processing, AS strictly controls
the physiological order at the transcriptome level and micro-
regulates all aspects of biological effects in cells. Abnormal
changes in AS make genes produce splicing isoforms after
transcription and encode abnormal proteins. Splicing isoforms
are related to cancer-related cell migration, cell growth regulation,
hormone responsiveness, cell death and changes in gene
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expression in chemotherapy responses and become tumour
biomarkers and molecular targets [68, 69]. There is evidence that
splicing mutations affecting oncogenes, tumour suppressor genes
and other cancer-related genes occur during the initiation and
development of cancer and there is a causal link. However, the
mechanism leading to abnormal splicing during tumorigenesis
remains unclear. Various studies have shown that genetic and
somatic mutations in cis-acting elements, as well as variations in
the composition, concentration, location and activity of trans-
regulators affect the recognition and function of splice sites and
promote the development of cancers [5, 70, 711.

LncRNAs account for a considerable proportion of the human
transcriptome. Due to the long length and poorly conserved
characteristics of IncRNAs, their structure and function are much
more complex than that of coding genes, but their main function
is to regulate gene expression [15]. Recent studies have shown
that IncRNA plays an important role in normal life activities and
the development of diseases. In various human cancers, many
IncRNAs are involved in transcriptional activation regulation,
epigenetic regulation and signal transduction to affect the
proliferation, apoptosis, invasion and metastasis, DNA damage
repair, metabolism and drug resistance of cancer cells [72-79].
However, in the past decade, studies on the mechanism of
IncRNAs participating in the process of AS have gradually
attracted attention. Similarly, IncRNAs, as splicing regulators,
affect these characteristics of malignant tumour cells.

For example, hypoxia-induced IncRNA LUCAT1 can cause
chemotherapy resistance in colorectal cancer. These chemother-
apy drugs are all DNA damage inducers, while IncRNA LUCAT1
causes AS of a series of DNA damage-related genes by binding
splicing factor PTBP1 [80]. In addition, Ai-IncRNA EGOT can recruit
hnRNPH1 to enhance the AS of pre-ITPR1 and form pre-ITPR1/
EGOT double-stranded RNA to upregulate the expression of ITPR1,
leading to the sensitivity of breast cancer cells to paclitaxel toxicity
[81]. These findings suggest that it is very important to understand
the mechanism of IncRNA-associated AS to solve the problem of
drug resistance. Meanwhile, the AS events in the metabolic
pathway regulated by IncRNAs are worthy of our attention. A
study has found that IncRNA CCAT2 is involved in the AS process
of glutaminase. Interestingly, CCAT2 is a IncRNA containing the
single-nucleotide polymorphism (SNP) rs6983267. It reported that
the allele of this SNP locus leads to different incidences of
colorectal cancer. The authors found that different alleles of
CCAT2 have different affinities for the subunit cleavage factor | 25
(CFIm25) and CFIm68 of CFIm, so that changes in the interaction
between CCAT2, CFlIm and glutaminase pre-mRNA result in
different splicing results [82]. This ultimately leads to the
metabolic reprogramming of tumour cells. Of course, IncRNAs
are not only supporters of cancer-promoting splicing isoforms.
LINC0O1348 interacts with splicing factor SF3B3 to promote the
skipping of exon 14 of EZH2 pre-mRNA. Eventually, the
LINC01348/SF3B3/EZH2/JNK/c-Jun/Snail pathway inhibits hepato-
cellular carcinoma progression [83]. LINCO1133 has also been
reported to interact with SRSF6 to inhibit EMT and metastasis in
colorectal cells [61]. These studies suggest that IncRNA is
extensively involved in the regulation of AS events in the
tumorigenesis mechanism. In addition to cancer, IncRNAs also
influence AS events in other diseases. The IncRNA GOMAFU can
change the AS events of schizophrenia-related genes DISCT and
ERBB4, and GOMAFU can interact with splicing factors QKI and
SRSF1, which may be the mechanism of GOMAFU participating in
the AS process [84]. The IncRNA Ctcflos is an important regulator
of PRDM16, a key Brite fat-forming factor, which can regulate the
splicing variant’'s abundance of PRDM16, and then microregulate
its function to regulate the production of Brite fat, which has
research value in the treatment of obesity diseases and related
comorbidities [85]. Therefore, the mechanism of IncRNA-
associated AS in other diseases is worth in-depth study.

Reference
[57, 58, 96]

Breast cancer, hepatocellular
carcinoma, ovarian cancer

Tumour types

affects the AS of cancer-related isoforms,
thus promoting the development of

Regulates splicing factors and indirectly
tumours

Function

(1) Cooperates with SRSF1 to regulate the
AS of BIM, BINI, TEAD1 and VEGFA pre-

mRNA
(3) Hijacks the SFPQ in the splicing factor

distribution of SR protein family in the
complex SFPQ/PTBP2 and releases the
splicing factor PTBP2

(2) Regulates the localisation and
nucleus

Mechanism of AS

Interacting with splicing

Classification of AS
factors

Table 1 continued
LncRNA name
MALAT1
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Understanding the potential relationship between IncRNAs and
AS may find new treatment options for cancer treatment. Because
of its selective anti-proliferative effect on cancer cells, the cold
atmospheric plasma (CAP) is considered a potential alternative or
complementary tool for cancer treatment and has been widely
used in medicine in recent years. At present, studies have shown
that CAP can kill a variety of tumours, but its tumour suppressor
mechanism remains unclear. Studies have reported that CAP
treatment of breast cancer cell line MCF-7 with different treatment
conditions (600s, 10x 30s) induces the opposite expression of
ZNRD1 and its antisense IncRNA ZNRD1-AS1. When the CAP
treatment condition is 600s, the expression of ZNRD1 in MCF-7
cells is upregulated, while the expression of ZNRD1-AS1 is
downregulated; when the CAP treatment condition is 10x30s,
the expression of ZNRD1 in MCF-7 cells is downregulated, while
the expression of ZNRD1-AS1 upregulated [86]. This study has not
yet discovered the specific mechanism of action between ZNRD1
and ZNRD1-AS1. However, the base complementary pairing of
antisense IncRNA and sense mRNA is closely related to the AS
mechanism, which is also likely to be one of the means to help
formulate CAP treatment plans.

In general, the “butterfly effect mechanism” of IncRNA
microregulates the expression of splicing isoforms of genes and
then changes their functional effects in the mechanism pathway,
which is of great research significance and provides new ideas
and strategies for cancer research and clinical treatment.
However, the involvement of IncRNAs in AS to regulate
tumorigenesis is a relatively new research field. Few studies have
investigated AS-related IncRNAs, and there is a need to develop
effective systems biology approaches to develop a cancer-related
IncRNA and AS events comprehensive network diagram to
predict more relevant splicing isoforms of IncRNA and discover
new AS mechanisms to identify more potential biomarkers. In
addition, one of the major challenges in current research is the
lack of experimental animal models related to splicing isoforms,
which is indispensable for linking basic research with clinical
practice. Another challenge is the development of effective
targeted drugs that target small molecules that regulate key
cancer-related AS events, such as IncRNAs, and the development
of splicing drugs will be a significant step towards personalised
therapy in the future.

CONCLUSION

In this review, we discussed the mechanism of how IncRNAs
participate in the regulation of AS in different ways and how they
are involved in the regulation of certain tumorigenesis processes
(Table 1). Specifically, IncRNAs can either become a cancer-
associated splicing isoform or regulate the generation of cancer
splicing variants of target genes. This may help us to further
understand the molecular mechanism of cancer occurrence and
development and find a new therapeutic method for cancer
treatment.
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