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RNA splicing is the process of forming mature mRNA, which is an essential phase
necessary for gene expression and controls many aspects of cell proliferation,
survival, and differentiation. Abnormal gene-splicing events are closely related to
the development of tumors, and the generation of oncogenic isoform in splicing
can promote tumor progression. As a main process of tumor-specific splicing
variants, alternative splicing (AS) can promote tumor progression by increasing
the production of oncogenic splicing isoforms and/or reducing the production
of normal splicing isoforms. This is the focus of current research on the
regulation of aberrant tumor splicing. So far, AS has been found to be
associated with various aspects of tumor biology, including cell proliferation
and invasion, resistance to apoptosis, and sensitivity to different
chemotherapeutic drugs. This article will review the abnormal splicing events
in colorectal cancer (CRC), especially the tumor-associated splicing variants
arising from AS, aiming to offer an insight into CRC-targeted splicing therapy.
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1 Introduction

In the past 20 years, colorectal cancer (CRC) has been one of the most life-threatening
malignant tumors. According to global data released by the American Cancer Society in the
Journal of Clinician’s Oncology in 2023, CRC has the third-highest incidence and second-
highest mortality rates of all tumors (1). For the treatment options for this disease, it is
acknowledged that molecular targeted therapies can provide effective treatment solutions,
especially for patients with advanced metastases. In the targeted therapy of CRC, although
most drug targets (e.g. EGFR, VEGEF, etc.) play an important role in the differentiation and
metabolism of normal cells, drug administration claims that these drug targets cannot
avoid their toxic effects on healthy tissues (2). Therefore, how we can maintain the
regulatory effect of this molecule on normal cells while targeting and inhibiting them is the
key to have a breakthrough in the molecular targeting therapy of CRC. In recent years, as
the functions and mechanisms of splicing-related molecules in CRC have become clearer,
targeted therapy using splice variants as targets has been developed, which shows a higher
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tumor specificity and offers the potential for a safer and controlled
CRC-targeted therapy (3). Although splice variant targeted therapy
is a new type of targeted therapy, it has very limited targets for
clinical application, failing to meet the drug needs of patients at
different stages of CRC. Therefore, what comes first is to study the
function and mechanism of splice variants in CRC to explore and
screen excellent drug targets to promote targeted therapy for CRC.

1.1 RNA splicing process

The studies on pre-mRNA splicing were first reported in 1977
(4, 5). RNA splicing is the process in which DNA is transcribed to
form an initial/pre-mRNA (pre-mRNA/hnRNA) and then is
sheared by a spliceosome to form a mature mRNA. The
spliceosome is responsible for pre-RNA splicing, which is a large
molecular complex composed of five small nuclear ribonucleic acids
(snRNAs) and various proteins. These five snRNAs are named Ul,
U2, U4, U5, and U6, each of which can be associated with specific
proteins, forming five small nuclear ribonucleoprotein particles
(snRNPs). These snRNPs sequentially bind to the precursor
mRNA during the splicing of introns, leading to the formation of
a lariat structure and bringing the upstream and downstream exons
closer together. Specifically, Ul and U2 snRNAs pair with the
boundary sequences at the 5’ and 3’ ends of the intron, followed by
the addition of U4, U5, and U6 to form a complete spliceosome.
What is noteworthy is that at this stage, the intron bends to form a
lariat structure, and the upstream and downstream exons gradually
approach each other. Finally, the spliceosome rearranges its
structure, releasing Ul, U4, and U5, while U2 and U6 form the
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catalytic center for the trans-esterification reaction. Splicing factors
(SFs) are a group of proteins that cooperate with the spliceosome to
catalyze this core cellular function. And studies have shown that
mutations in SFs can disrupt the expression ratios of small nuclear
RNAs and impair spliceosome assembly (6). This can result in
premature pathogenic termination of mRNA translation.

Alternative splicing (AS) has been regarded as one of the most
important mechanisms that can maintain genomic and functional
diversities since the Human Genome Project completed in 2004 (7).
As a regulatory mechanism, AS affects almost all multi-exon genes
in human body, in the sense that it allows multi-exon genes to
produce more than one mRNA and generate multiple protein
isoforms derived from the same single gene through differential
sorting of exons. In this process, certain splicing patterns can cause
loss or gain of key domains of proteins, leading to a lost or
incomplete function, which in turn affects protein stability and
changes subcellular localization. The type of AS includes intron
retention, exon skipping, alternative 3’ splicing, and alternative 5’
splicing (Figure 1).

1.2 Alternative splicing and CRC

RNA splicing, which represents a crucial stage in gene
expression, plays a pivotal role in regulating various aspects of
cell proliferation, survival, and differentiation. Given this
importance, abnormal changes in splicing events are closely
related to the occurrence and development of tumors (3). The
results of the deep mRNA sequencing of various tumor types have
shown that cancer cells exhibit more complex and abnormal
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Aberrant splicing process in the occurrence and development of colorectal cancer. Abnormal spliceosome elements or gene splice mutation can
trigger a variety of alternative splicing. The five common types of alternative splicing are exon skipping (ES), alternative 3’ splice site(A3SS), alternative
5" splice site(A5SS), mutually exclusive exon (MXE) and retained intron (RI). These different types of alternative splicing result in the production of
various protein isoforms, which can influence the function of colorectal cancer. Protein structures prediction using SWISS- MODEL (https://
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splicing behaviors compared to normal tissues (8), for instance,
transcript ratios of cancer cells containing premature stop codons
are significantly higher than the ones of normal tissues. Large-scale
genome studies have discovered a series of splicing mechanisms
that contribute to the development of tumors (9, 10), some of which
can promote tumor growth by abnormal RNA splicing. For
example, during the splicing process, abnormal changes in the
copy number of splicing factors can produce more cancer-
promoting splicing products (tumor-specific splicing variants)
through alternative splicing (AS) and can promote the malignant
growth and progression of tumor cells. Therefore, the abnormal
expression of splicing factors is considered one of the direct causes
of frequent and pathological splicing events in tumors (11). As the
main process of tumor-specific splicing variants, AS can promote
tumor progression by increasing the production of oncogenic
splicing subtypes and decreasing the production of normal
splicing subtypes, which is the focus of current research on the
regulation of abnormal tumor splicing (12). Data from the analysis
of 16 different tumors in the TCGA database show that almost all
types of tumors exhibit abnormalities in intron retention, which is
far more common than alterations in introns (13). In general,
abnormal spliceosome elements or gene splice mutations can
trigger various of AS, resulting in the production of different
protein isoforms that have different functional effects on CRC
(Figure 1). Capon et al. (14) were the first to discover that in
CRC cell lines, c-Ki-ras (KRAS) mutates at different points within
the same codon, resulting in the production of two transcript
variants. So far, more than 15,000 alternative splices have been
identified to be associated with various aspects of tumor biology,
including cell proliferation and invasion, resistance to apoptosis,
and sensitivity to different chemotherapeutic agents (15, 16).

1.3 CRC - targeted splicing therapy

Aberrant splicing is an important source that constitutes new
cancer biomarkers, spliceosomes of which represent attractive drug
targets for novel therapeutic agents. The research and treatment of
tumor-specific splicing variants as new targets for CRC therapy
have received extensive attention (7, 17, 18). Wang et al. (18) have
discussed the association between various AS targets and the
occurrence, progression, treatment, and prognosis of CRC. They
argue that differential AS isoforms of the same gene may influence
multiple biological functions in CRC, such as cell proliferation,
metastasis, apoptosis, angiogenesis, immunity, and metabolism. Of
the current targeted splicing therapeutic methods, oligonucleotide
therapy is a relatively mature and widely used one in clinical
practice, designed to alter splicing by Watson-Crick base pairing
and hybridization to RNA in a sequence-specific manner. Clinical
studies have shown that antisense oligonucleotides (ASO) can
significantly reduce the mRNA that contributes to the survival of
cancer cells. This therapy has achieved good results in correcting
specific pathological splicing events in non-tumor single-gene
diseases (19-21). Furthermore, small molecular compounds
targeting splicing factors (e.g, RBM39) and splicing regulators
have made progress in tumor treatment. Clinical studies have also
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reported strategies for combining splicing modulators with
traditional antitumor agents to reduce their toxicity to healthy
tissues (22, 23). In CRC-targeted splicing therapy, the current
work focuses on exploring tumor-specific splicing variants which
are expected to be diagnostic and prognostic markers of tumors.
Some promising splice isoform targets have also been reported,
including VEGF165b, c-FLIPL, CCND1b, etc. Thus, this article will
review the tumor-associated splicing variants arising from AS,
aiming to offer an insight into CRC-targeted splicing therapy.

2 Tumor-associated splicing variants
in CRC: from roles to potential
therapeutic approaches

Investigating the influence of splicing variants in CRC is of
paramount importance for the diagnosis and treatment of CRC.
Subsequent paragraphs will elaborate on the function of splice
isoforms in CRC by detailing its correlation with tumor initiation,
progression, metastasis, immunity, metabolism, and drug

resistance, shown in Figure 2.

2.1 Splice isoforms in the occurrence
of CRC

The occurrence of cancer involves a complex process that has to
do with the interaction of multiple genes and molecular pathways.
Anomalies in alternative splicing have been identified as a
significant contributor to the development of CRC, and studying
this phenomenon has the potential to shed light on the mechanisms

of tumor formation.

2.1.1 RIP3

Receptor-interacting protein 3 (RIP3) is a member of the RIP
family that induces apoptosis (24). Based on current research, RIP3 is
known to be a crucial component of necrosomes and serves as an
important mediator of inflammatory factors and infection-induced
necroptosis (25). It has been implicated in promoting the occurrence
and development of certain inflammatory cancer types, including
pancreatic and colorectal cancers, by activating proliferation signaling
pathways in cells and eliciting an immunosuppressive response within
the tumor microenvironment (26).

Yang et al. reported two novel splice variants of human RIP3,
named RIP3 and RIP3y, which are generated by alternative splicing
at the donor site of exon5 and retention of the intron between exons 5
and 6, respectively (27). Moreover, their study also revealed a
significant increase in the ratio of RIP3y to RIP3 in colon and lung
cancer compared to their matched normal tissues, indicating that
RIP3y may be the primary isoform associated with tumorigenesis (27).

Existing evidence suggests that the widely used cancer
treatments multi-targeting kinase inhibitors, such as Dabrafenib,
Vemurafenib, Sorafenib, Pazopanib, and Ponatinib, also exhibit
anti-necroptotic activity (28). This reveals the potential of targeting
RIP3 in CRC for therapeutic interventions.
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Functions of tumor-associated splicing variants in colorectal cancer. (Black font: promoting effect; red font: inhibition effect).

2.1.2 APC

In colorectal tumors, the tumor suppressor gene APC
(Adenomatous Polyposis Coli) is commonly found to be mutated
(29). It produces various splicing isoforms associated with CRC
tumorigenesis through abnormal splicing events such as exon
skipping (e.g., exon 1, exons2-5, exon 7, exon 9A, exon 14, exon
10A) and intron retention (e.g., intron 11) (30). Three isoforms of
the APC gene have been identified, namely cAPC, BS-APC, and 0.3
APC, resulting from alternative splicing of exon 1.

Previous studies have demonstrated that cAPC and BS-APC
can effectively suppress the growth of colon tumor cells, while 0.3
APC lacks this effect. The loss of inhibitory function in 0.3 APC
may be attributed to AS-induced changes in the conserved domain
of the protein structure, which in turn impairs its ability to interact
with other proteins (31). These results suggest that distinct APC
isoforms may play different roles in the tumorigenesis of CRC.

2.1.3 EIF4H

EIF4H (Eukaryotic Translation Initiation Factor 4H) encodes a
translation initiation factor that stimulates protein synthesis by
promoting mRNA utilization. Previous studies have indicated that
EIF4H selectively regulates the translation of potent growth and
survival factor mRNAs, thereby playing a vital role in translational
control. This function can facilitate cellular transformation and has
been implicated in cancer development (32).

The EIF4H gene is known to generate two splice variants,
isoform 1 and isoform 2 through alternative splicing of exon 5
(33). Wu et al. discovered that the expression of EIF4H isoform 1
increased in CRC, and its overexpression in immortalized mouse
fibroblast cells induced tumor formation in nude mice.
Significantly, ectopic expression of EIF4H isoform 1 significantly
increases the level of cyclin D1, while co-transfection of EIF4H
isoform 1 siRNA and cyclin D1 expression vector can reverse the
growth of the inhibitory effect of EIF4H isoform 1 knockdown (34).
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These findings suggest that EIF4H isoform 1 promotes the
development of CRC through the activation of oncogenic signals
and may serve as a potential therapeutic target for CRC treatment.

2.1.4 BARD1

BRCA1 Associated RING Domain 1 (BARDI), a binding
partner of BRCAI, encodes a protein that interacts with the N-
terminal region of BRCAI both in vivo and in vitro (35). Numerous
studies have demonstrated that BRCAI plays a significant role in the
onset and progression of colorectal cancer, with its mutations
closely linked to CRC susceptibility (36-40). BARDI is necessary
for the majority of BRCAI’s tumor suppressor functions, with
BRCAI’s stability relying on its interaction with BARDI (41).

Through alternative splicing, BARDI can generate multiple
isoforms, including BARD1kx, BARD1f, BARDIn, BARDIS,
BARDI1¢@, and others. Furthermore, the findings suggest that
BARDI isoforms k, B, and 1 are associated with the occurrence
and progression of CRC tumors and may serve as specific
prognostic biomarkers. Conversely, isoforms & and ¢ may have
an inhibitory effect (42).

Recently, studies have found that poly ADP ribose polymerase
(PARP) inhibitors selectively kill BRCA1-deficient cells by directly
suppressing the fast recruitment of the BARDI-BRCA1 heterodimer
to DNA damage sites and impairing DNA repair. In addition,
BARDI has been demonstrated to enhance the sensitivity of CRC
cells to poly PARP-1 inhibition, suggesting that it is a promising
biomarker for assessing the suitability of homologous recombination
targeting with PARPI in the treatment of advanced CRC (43).

2.1.5 KRAS

The RAS (Rat Sarcoma Viral Oncogene Homolog) family is
composed of small GTPases that are associated with the membrane
and have critical functions in cell survival, proliferation, and
differentiation (44). Central to cancer biology are the four
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proteins encoded by the three mammalian RAS genes, namely
HRAS (Harvey Rat Sarcoma Viral Oncogene Homolog), NRAS
(Neuroblastoma RAS Viral Oncogene Homolog), and KRAS
(Kirsten Rat Sarcoma Viral Oncogene Homolog) (45).

In CRC, the KRAS gene is the most frequently mutated RAS
gene (46). Alternative splicing of the KRAS transcript produces two
variants with alternative 4th exons, which are referred to as
KRAS4A and KRAS4B (47). When KRAS is constitutively
activated by the mutation in exon 2 or 3, both KRAS4A and
KRAS4B exhibit oncogenic properties (48). Furthermore, the
direct regulation of hexokinase 1 by KRAS4A implies that the
metabolic weaknesses of KRAS-mutant tumors may be influenced,
at least in part, by the expression levels of the splice variants (49).

In a co-clinical trial conducted on RAS mutant colorectal
cancer, the combined inhibition of MEK and CDK4/6 has been
shown to exhibit therapeutic efficacy in patient-derived xenografts
(50). Additionally, the trial has demonstrated the safety of
Binimetinib and Palbociclib in patients with metastatic colorectal
cancer with RAS mutations, identified biomarkers associated with
treatment response, and revealed mechanisms of resistance that can
be targeted (50).

2.1.6 RON

The proto-oncogene receptor d’origine nantais (RON, MSTIR)
is a transmembrane tyrosine kinase receptor for macrophage-
stimulating protein (MSP) that crucially regulates cell motility,
adhesion, proliferation, apoptosis, and epithelial-to-mesenchymal
transition (EMT) in various tumor biological processes.

The impact of RON on tumors arises from various splice
variants generated by AS, including RONA170, A165, A160, A155,
A110, and A55 (51). RONA160 is generated by skipping exons 5 and
6, while RONA155 is a derivative that lacks exons 5, 6 and 11 in
combination, both of which can promote cell transformation and
tumor growth (52, 53). In contrast, RONAL70 can suppress the
oncogenic activity of RONA160 in CRC cells, which is generated by
skipping exon 19 (54). A constitutively active isoform generated by
skipping exon 11, called DeltaRON, can activate epithelial-to-
mesenchymal transition and increase the motility of expressing
cells (55). Merestinib is an oral kinase inhibitor with antitumor
proliferative and antiangiogenic activity developed initially to target
the MET kinase. However, it has also shown the activity against
other receptor tyrosine kinases, such as RON. While the safety and
tolerability profile of Merestinib has been demonstrated, further
investigation is necessary to determine its efficacy in targeting RON
in CRC patients (56).

2.1.7 CCND1

Cyclin D1 (CCND1) is a critical regulator of the cell cycle and is
known to facilitate uncontrolled cellular proliferation, making it a
key player in the development of cancer (57).

Research has shown that alterations in CCNDI gene expression,
including overexpression, underexpression, and variants, are
associated with the development and poor prognosis of CRC (58-
60), particularly the G870A mutation (60). This mutation is the
most common splice mutation in CCNDI (61, 62) and results in the
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generation of two CCNDI isoforms through alternative splicing:
full-length CCND1a and divergent C-terminal CCND1b (63, 64). It
is widely accepted that an imbalanced CCND1la/b ratio or high
expression of CCNDIDb is closely linked to the development of
cancer. Recent studies have also revealed the role of CCND1b in cell
cycle regulation, invasion, and metastasis (65, 66).

In terms of therapeutic strategies, research has shown that
correcting CCNDI splicing through antisense oligonucleotides
(ASO) and small molecule modulators can be effective in cancer
therapy (67). These findings suggest that developing splicing
regulatory drugs targeting CCNDI splicing variants could be a
promising new option for the treatment of CRC.

2.18 FIR

In colorectal cancer tissue, AS of the far-upstream element
(FUSE)-binding protein (FBP)-interacting repressor (FIR) results in
splicing variants that promote tumor development by disabling FIR
repression, sustaining high levels of c¢-Myc, and opposing
apoptosis (68).

Knockdown of SE3b, a subunit of SAP155 pre-mRNA-splicing
factor, generates three splicing variants of FIR, including
FIRAexon2, A3, and A4. FIRAexon2 lacks c-myc repression
activity, and both FIRA3 and A4 are activated in human CRC
tissue. This suggests that the overexpression of FIR and its splicing
variants in CRC lead to the feed-forward or addicted circuit c-myc
transcriptional activation (69). Furthermore, the combination of
FIRAexon2/FIR mRNA ratios with the real-time PCR detection of
FIRAexon2 mRNA significantly enhances the accuracy of screening
for CRC, compared to conventional tumor markers CEA and
CA19-9. Therefore, the mRNA expression of FIR, FIRAexon2,
FIRA3, and FIRA4 represents strong biomarkers for cancer
screening (70). Spliceostatin A (SSA) exhibits anti-proliferative
and anti-tumor activities by inhibiting spliceosome assembly
through the nonproductive recruitment of U2 snRNP of subunit
SE3b. Other compounds, such as meayamycin, pladienolide B, FD-
895, and H3B-8800, can also interact with the SF3b subunit, thereby
inhibiting the alternative splicing of SAP155 (71, 72).

2.19 RAC1

RACI (Ras-Related C3 Botulinum Toxin Substrate 1), a small
GTPase, is involved in various numerous dynamic cellular
processes such as cell proliferation, cell survival, cell-cell
interactions, EMT, cell mobility, and invasion (73-75).

The RACID variant is caused by the inclusion of exon 3b,
resulting in the addition of a 19-amino acid sequence that is in-
frame and located directly after the switch II domain. In addition,
the equilibrium between RACI1 and RACIb expression is
modulated by splicing factors such as SRSF1 (76), hnRNP Al
(77), and SRp20 (78), which can promote or inhibit the inclusion
of exon 3b via EGFR or Wnt signaling pathway (79). Experimental
evidence indicates that RACIb boosts G1/S progression and cell
survival in NIH3T3 cells. Moreover, RAClb may contribute to
advanced stages of carcinogenesis, as it enhances Apc-dependent
intestinal tumorigenesis and promotes carcinogenesis in the cecum
and proximal colon during chronic inflammation (80).
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Recently, highly effective and specific RACI inhibitors have
been discovered and developed, including GYS32661 and MBQ-
167, which are currently undergoing preclinical trials for the
treatment of advanced solid tumors (81). Therefore, due to its
association with poor prognosis (82) and chemoresistance to
oxaliplatin (83) of CRC, selectively targeting RACIb and/or its
interaction with molecular partners may represent a promising

therapeutic approach for treating CRC.

2.1.10 Others

Abdel-Samad et al. discovered that MiniSOX9, a truncated
version of SOX9 (SRY-Box Transcription Factor 9) lacking a
transactivation domain due to the retention of its second intron,
acts as an inhibitor of SOX9, suppressing the activity of the protein
kinase Co. promoter and stimulating the classic Wnt pathway in
CRC (84).

Thorsen et al. discovered that SLC39A14, a divalent cation
transporter, undergoes the aberrant splicing in CRC tumor
samples by mutually exclusive exon 4A and 4B, resulting in two
splicing variants regulated by the Wnt pathway (85). Further studies
found that the SLC39A14-exon4B transcript variant is a highly
specific and sensitive cancer biomarker for colorectal tissue
biopsies (86).

TP53 (Transformation-Related Protein 53) mutations are
frequently observed in CRC, and its splicing mutations can
generate transcript variants with different tumorigenic and
prognostic properties (87). Shirole et al. found that TP53 exon-6
truncating mutations produce the separation of the function of
isoforms with pro-tumorigenic functions (88). Its function is similar
to P53, a transcriptionally inactive P53 isoform, which can
reprogram cells toward a metastatic-like state (89). In addition,
an alternative P2 promoter located internally in intron 4 and the
retention of intron 2, as well as alternative splicing of exon 9, can
also lead to various splicing variants of TP53 and the loss of p53
activity (90). The various p53 proteoforms resulting from
alternative splicing may aid in the early diagnosis of CRC.

Zhou et al. observed that the splicing factor SRSF10 is involved
in the post-transcriptional splicing of Bcl-2-associated transcription
factor 1 (BCLAFI) and forms the L isoform, thereby promoting the
development of colorectal cancer (91).

OCC-1 is considered as a differentially upregulated gene in CRC
(92), which generates multiple splice variants through alternative
splicing, including OCC-1A/B, OCC-1C, OCC-1D, and so on. The
research findings indicate that the splice variants OCC-1A/B and
OCC-1D of OCC-1 can promote the occurrence of CRC by
regulating the Wnt signaling pathway (93).

The nuclear receptor known as hepatocyte nuclear factor 4o
(HNF40) has been found to have tumor suppressive effects in the
liver, but in colon cancer it appears to be amplified, suggesting an
oncogenic role. HNF4a generates two splice variants, HNF40.2 (P1-
HNF40)) and HNF408 (P2-HNF4a), through the use of two
alternative promoters (P1 and P2) and two distinct 3’ splice
events (94). The study indicates that HNF402 inhibits the
development of colorectal cancer, while HNF4a8 has the opposite
effect (95).
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Before colorectal cancer develops into an advanced stage, it
typically remains asymptomatic. Thus, it becomes crucial to identify
additional risk factors in order to determine which segment of the
population should undergo further colonoscopy. Various abnormal
splice variants of genes have been proven to affect the occurrence of
CRC. Furthermore, some genes such as BARD1 and HNF4o. have
splice variants that have completely opposite effects on CRC.
Therefore, it can be inferred that targeting specific splice variants
may be more effective and promising in comparison to targeting
disease-causing genes. Further research on the genes and splice
isoforms discussed in our previous review may lead to more
advancements in the prevention, early diagnosis, and treatment
of CRC.

2.2 Splice isoforms in the proliferation
of CRC

It is a frequent occurrence for tumor cells to exhibit abnormal
splicing activity, resulting in an elevated frequency of splicing
isoforms that sustain abnormal proliferation and apoptotic
patterns. Alternative splicing plays a role in the processes of
proliferation, differentiation, and apoptosis by regulating the
alternative expression of numerous oncogenic or tumor
suppressor genes, as well as splicing factors.

2.2.1 H2AFY

H2AFY (MacroH2A1) gene is a histone H2A variant that plays
important roles in metabolic functions, transcriptional gene
regulation, and DNA damage response (96).

H2AFY encodes two alternatively spliced variants, H2AFY1.1
and H2AFY1.2 (also known as MacroH2A1.1 and MacroH2A1.2),
via mutually exclusive exon splicing (97). Novikov et al. observed
that the percentage of MacroH2A1.1 relative to total MacroH2A1
was significantly reduced in CRC samples compared to normal
controls, and the level of MacroH2A1.1 was regulated by QKI.

Moreover, the inhibition of proliferation mediated by
MacroH2A1.1 is attributed to the decrease in protein levels of
poly(ADP-ribose) polymerase 1 (PARP-1) (98). Multiple lines of
evidence suggest that U2AF1 (S34F) can modulate alternative
splicing, leading to a reduction in the MacroH2A1.1 isoform (97,
99-101).

2.2.2 MAT2p3

Methionine adenosyl transferase (MAT) is the sole enzyme
responsible for catalyzing the formation of S-adenosylmethionine,
which is the primary biological methyl donor (102).

Human methionine adenosyl transferase 23 (MAT2f) encodes
two splice variants, V1 and V2, which differentially regulates cell
growth. Of these, V1 plays a key role in the regulation of apoptosis
and its knockdown has been shown to induce apoptosis in colon
cancer cell lines (103). These two variants are present in both the
nucleus and cytoplasm of colon cancer cells, and the overexpression
of them can increase the levels of cytoplasmic HuR (an mRNA
binding protein), thereby affecting cancer cell proliferation (104).
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2.2.3ITGA6

Integrins consist of a heterodimeric pairing of an o and a B
subunit. Currently, there are 18 o subunits and 8 3 subunits that
have been recognized, and they can combine together to create a
total of 24 unique integrins (105).

During the formation of integrin o6 (ITGA6) subunit pre-
messenger RNA, alternative splicing occurs to produce two
distinct splice variants, namely integrins o6A (ITGA6A) and
integrins 06B (ITGA6B) (106). These variants have different
cytoplasmic domains, which contribute to their unique functions
in cellular processes. Studies have suggested that the integrins 0l6A
splice variant of the integrin o6 subunit in CRC cells plays a pro-
proliferative role and activates the Wnt/f3-catenin pathway to exert
its effects (107). This pathway is recognized as the primary regulator
of proliferative activity in the intestinal epithelium, both in its
normal state and in CRC (108).

The study reveals that in CRC cells, the proto-oncogene MYC
can control the activation of the promoter and splicing of the
ITGA6 integrin gene through ESRP2 (109). This regulation
promotes the production of the pro-proliferative ITGA6A variant.
The pharmacological inhibition of MYC activity using the MYC
inhibitor (MYCi) 10058-F4 leads to a decrease in the levels of
ITGA6 and ITGA6A in CRC cells. This highlights the potential of
targeted therapy against ITGA6A (109).

2.2.4 UPF3A

UPF3A, also known as up-frame shift 3A, plays a role in both
the NMD pathway and GCR. Specifically, it acts as an inhibitor of
the NMD pathway while simultaneously promoting GCR (110).

Human UPF3A pre-mRNA is regulated by alternative splicing,
which produces two splice variants, UPF3A-L and UPF3A-S. The
two variants depend on whether exon 4 is included or excluded.
These splice variants can give rise to two protein isoforms, UPF3A
and UPF3A-S, which have distinct functions (111). Wang et al.
discovered that knockdown of UPF3A-L inhibited the proliferation
of CRC cells and induced DNA damage response and cell death.
Furthermore, their study also found that CHERP and SR140, both
identified as U2 snRNP-associated proteins, can regulate the
splicing of UPF3A pre-mRNA by binding to the enhancer
elements in exon 4 of UPF3A and activating its inclusion, thereby
affecting the proliferation of CRC cells (112). The target gene of
UPF3A is SRSF3, which is positively correlated with the expression
of UPF3A. Increasing SRSF3 could enhance the invasion and
metastasis of CRC cells, resulting in a poor prognosis. Targeted
inhibition of UPF3A could reduce the genetic compensation
response and offer a new therapeutic approach for treating
CRC (113).

2.2.5 MKNK2
Many kinase networks, such as EGFR, MAPKs, and c-Src, are
involved in CRC development. MNKs, downstream of MAPKs, are
protein kinases that can increase oncogenic mRNA translation by
phosphorylating eIF4E, contributing to CRC pathogenesis (114).
MKNK2a and MKNK2b are two splice isoforms derived from
the pre-mRNA of MKNK2 through alternative splicing (115). The
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TCGA database showed that the MKNK2a/MKNK2b ratio was
decreased in CRC tissues when compared to non-tumorous colon
tissues (116).

Moreover, studies have found that CRC specimens exhibit
decreased levels of MKNK2a and increased levels of MKNK2b,
which are associated with KRAS mutations and tumor size. Their
further experiments also demonstrated that elevated nuclear SRSF1
promotes MKNK2 splicing into MKNK2b rather than MKNK2a,
thereby enhancing the proliferation of CRC tumors (117). SRPK
inhibitors such as SRPIN340 and the PPlo-specific inhibitor
Tautomycetin can efficiently disrupt SRSF1 phosphorylation,
nucleus translocation, and MKNK2 alternative splicing (117).
Therefore, this provides an opportunity for therapeutic
intervention in CRC, such as the use of SRPK inhibitors or PP1o
allosteric activators for the treatment of malignant tumors.

2.2.6 Others

CABLES is a cell cycle regulatory protein that inhibits cdk2
activity by enhancing cdk2 tyrosine 15 phosphorylation by WEEI,
ultimately leading to the inhibition of cell growth. However,
research has revealed the presence of a 627bp abnormal splicing
variant of CABLES in colon cancer, which leads to an increased cell
growth rate in human colon cancer HT-29 cells, indicating that its
role functions as a dominant negative mutant (118).

PARKIN, a tumor suppressor gene, functions as an E3 ligase
and targets multiple substrates in the ubiquitin-proteasome system,
inducing the degradation of cyclin E protein during the cell cycle. Its
activity is modulated by growth factors. However, recent findings by
Ikeuchi et al. have revealed that alternative splicing of the PARKIN
gene leads to defects in the proteolysis of cyclin E, promoting colon
cell proliferation and contributing to the development of colorectal
cancer (119).

The 4-phosphatase Inositol polyphosphate 4-phosphatase II
(INPP4B) is a regulator of the PI3K signaling pathway. The study
demonstrated that a small transcript variant, INPP4B-S, generated
by inserting a small exon between exon 15 and 16 and skipping
exons 20-24, has been shown to promote the proliferation of
colorectal cancer (120).

Flodrops et al. discovered that in CRC, tissue metalloprotease
inhibitor I (TIMPI) increases proliferation and metastasis and
decreases apoptosis by specifically regulating the FAK-PI3K/AKT
and MAPK pathways. However, the splicing variant TIMP1-i3(+)
generated by the retention of intron 3 of TIMPI is involved in
inhibiting the progression of colon cancer during the early
transition from normal mucosa to colorectal adenoma, and is
regulated by hnRNPA1 (121).

It is established that SMURF2 promotes the migration and
invasion of cancer cells, indicating its potential oncogenic role in
CRC (122). However, its splice variant AE2SMURF2 has been
shown to control mouse intestinal tumor growth by upregulating
the degradation of wild-type SMURF?2 via type II TGE-} receptor
and reducing the proliferation and production of pro-inflammatory
cytokines (123).

The gene DBF4B produces two splicing variants, DBF4B-FL and
DBF4B-S, through the inclusion or skipping of exon 6. Chen et al.
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found that the upregulation of SRSF1 promotes the inclusion of
exon 6 in DBF4B, leading to the increased expression of DBF4B-FL
and promoting the occurrence and proliferation of CRC (124).

The splice variant of the human transformer 23 (TRA2B) gene
that contains exon 2 (TRA2f34) was found to be preferentially
expressed in the nuclei of human colon cancer cells. It is possible
that TRA2[B4 could sequester Sp1 from binding to the promoters of
target genes, which may promote cell growth by disrupting the gene
expression program related to senescence (125). Nucleolin (126)
and hnRNPA1 (127) have been shown to regulate the splicing of
TRA2p, which affects the levels of TRA2[4 and is associated with
the abnormal growth of CRC cells.

The expression of the inhibitor of differentiation 1 (IDI1) was
found to be positively correlated with high tumor grade in CRC
patience (128). The IDI gene can generate two distinct isoforms
through alternative splicing, known as IDla and ID1b. Research
findings indicate that the overexpression of IDla promotes cell
proliferation, while ID1b has the opposite effect by inhibiting
proliferation and maintaining an undifferentiated cancer stem
cell-like phenotype, as well as inducing cell quiescence (129).

CDCI4B is an important regulator of mitotic spindle assembly
in eukaryotes, which can have an impact on cancer cell proliferation
and mitotic spindle dynamics. Matrin3 is a splicing regulator that
can suppress the inclusion of exons 13 and 14 in the CDCI4B
mRNA. Since exon 13 contains a premature termination codon
(PTC), knockdown of matrin3 can increase the formation of a
CDC14B-PTC variant that inhibits the proliferation of CRC cells
and promotes apoptosis. Therefore, the Matrin3/CDC14B axis
represents a promising target for CRC treatments (130).

Sustaining proliferation is one of the malignant characteristics
of the tumor growth. This process can be further enhanced by
aberrant splicing and the consequent generation of oncogenic
splicing isoforms. The aforementioned splice variants have all
been shown to directly or indirectly impact the proliferation of
CRC. In particular, the splicing isoforms of certain genes, such as
H2AFY, TIMPI, SMURF2, and ID1, have been identified to possess
inhibitory proliferation properties, indicating that therapeutic
approaches targeting these variants would be highly beneficial for
disease control and treatment in CRC patients.

2.3 Splice isoforms in the metastasis/
invasion of CRC

Overcoming invasion and metastasis are critical challenges in
treating CRC. The activation of EMT during cancer metastasis and
recurrence is abnormal and relies on the interactions between
cancer cells and the microenvironment. Accurately identifying
whether a tumor is invasive or metastatic is crucial for
determining its behavior.

2.3.1 CD44

CD44, a transmembrane glycoprotein, can be alternatively
spliced into multiple isoforms via the alternative splicing of its
pre-messenger RNA (131). In the human gut epithelium, the
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presence of three isoforms, namely CD44s, CD44v6, and
CD44v4-10, is commonly observed (132). Studies have indicated
that CD44v6 has a negative impact on the prognosis of CRC
patients, as it promotes CRC colonization, invasion, and
metastasis, and even increases CRC cell resistance to anti-cancer
therapies (133).

The good news is that several strategies targeting CD44v6 have
been developed to date. Some strategies aim to block the interaction
between HA and CD44v6, such as using the soluble CD44
ectodomain, a-CD44-HABD mAb, or the small fragment of HA
(sHA). Other strategies mainly target the exon v6-encoded region
by developing an 0-CD44v6 mAb or by synthesizing a CD44v6-
specific peptide (134, 135). Ejima et al. (136) recently have
developed a novel anti-CD44 mAb, C44Mab-9, which can be
utilized for detecting CD44v6 in various applications, and further
research needed to determine whether C44Mab-9 has antitumor
activity in vivo.

2.3.2 CCTN

CCTN (Cortactin), encodes an actin-associated scaffolding
protein, is overexpressed in CRC and regulates cell migration
(137). The CCTN transcript that contains exon 11, known as
CCTN isoform-a, is the most abundant among all CCTN
transcripts. This isoform is the wild type and dominant one,
containing the full functional repeats, and has the strongest
abilities in binding and cross-linking filamentous actin (F-actin)
and promoting cell migration (138). In contrast, CCTN isoform-b
and isoform-c (which are much less abundant) lack the 6th repeat
(exon 11), resulting in a reduced F-actin binding and
polymerization ability and significantly decreased cell migration
when compared to CCTN isoform-a (138).

Studies have shown that as a potential functional RNA-binding
protein, high levels of PTBP1 lead to the inclusion of exon 11 in the
CCTN gene, promoting the generation of CCTN isoform-a and
thereby enhancing cell migration and invasion in CRC (139).

2.3.3 FAK

FAK is a type of cytoplasmic tyrosine kinase that is activated by
both growth factors and integrins. Through AS of FAK pre-mRNA,
specific exons (13, 14, 16, and 31) can be included independently,
which in turn code for specific domains (boxes 28, 6, 7, and Pro-
Trp-Arg, or PWR) that characterize FAK (140). There are different
forms of FAK resulting from AS of its pre-mRNA. FAKO is the most
common form and is expressed in various tissues. FAK28 includes
exon 13 and displays an increased expression with age, but its
function in regulating FAK remains unknown. FAK6 and FAK7
include exons 14 and 16, respectively, and peak in expression during
the final stages of embryonic development (141, 142).

The study found that FAKO and FAK6 expressions are
associated with metastatic potential in aggressive CRC cell lines
HT29 and HCT116, suggesting that they could be markers of
aggressiveness. FAK28 has a more specific role in tumor-
microenvironment interactions. Therefore, FAK6 or FAK28 splice
variants or their protein isoforms may be potential therapeutic
targets for CRC primary tumors and metastasis (142).
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234 TNC

Tenascin-C (TNC), encodes a matricellular protein, is
abundantly expressed in both inflammatory lesions and tumor
tissues (143, 144). Additionally, TNC contains a hidden functional
site that consists of the amino acid sequence YTTTIRGV, which is
activated upon proteolytic cleavage (145).

Peptide TNIIIA2, a 22-mer TNC peptide that contains the
functional sequence, has been found to strongly and persistently
activate Bl-integrins (146). The active sequence of TNIIIA2 is
located within the cancer-associated alternative splicing domain,
fibronectin type III repeat A2 (FNIII-A2), of the TNC molecule
(147). Therefore, it is speculated that TNIIIA2-containing TNC
peptides/fragments may play a role in cancer pathogenesis by
inducing B1-integrin activation. OS2966 is a humanized and de-
immunized monoclonal antibody that targets 1 integrin and has
been shown to have antiproliferative, anti-invasive,
antivascularization, and proapoptotic functions (148). This could
be beneficial in CRC cases with high TNC expression.

Recent studies have demonstrated that peptide TNIIIA2
directly promotes the in vitro invasiveness of colon cancer cells
by increasing the secretion of matrix metalloproteinase (149).
Moreover, in vivo experiments using a spontaneous metastasis
model have revealed that peptide TNIIIA2 is implicated in the
metastasis of colon cancer cells to the lung (150). ST2146 is a
biotinylated anti-tenascin monoclonal antibody and is a promising
treatment for CRC (151).

2.3.5 BIRC5 (SURVIVIN)

BIRC5 (SURVIVIN) is a member in the inhibitors of apoptosis
(IAP) family regulating cell cycles and controlling programmed cell
death (152). The human BIRC5 gene comprises four dominant
exons and two hidden exons. In addition to the wild-type
SURVIVIN, alternative splicing of SURVIVIN pre-mRNA
generates four different mRNAs that encode four unique proteins,
namely SURVIVIN-AEx3, SURVIVIN-2B, SURVIVIN-3B, and
SURVIVIN-2a (152, 153). Each splice variant has the potential to
modulate survivin function by interacting with survivin during
mitosis (154).

Ge et al. discovered that mRNA expression rates and levels of
SURVIVIN and its four splice variants were increased in CRC
tissues. Moreover, the expression levels of SURVIVIN-AEx3 and
SURVIVIN-3B were positively correlated with tumor
aggressiveness (153).

Currently, several SURVIVIN inhibitors are undergoing clinical
evaluation, and more specific and effective SURVIVIN inhibitors are
being developed. For instance, YM155 is a small-molecule inhibitor
that specifically targets and suppresses the activity of the survivin
promoter. LY2181308 and SPC3042 (EZN-3042) are antisense
oligonucleotides that limit survivin expression by binding to and
degrading its mRNA (155). The use of survivin-2B80-88 in
combination with IFA and IFNo: has also been shown to result in
clinical improvement and enhanced immunological responses for
patients with CRC (156). However, targeted drugs against
SURVIVIN splice variants still require further discovery and
investigation (157).

Frontiers in Oncology

10.3389/fonc.2023.1222932

2.3.6 CXCR3

The expression of C-X-C motif chemokine ligands (CXCL) 9, 10,
and 11, along with other factors associated with EMT, is elevated at
the invasive edge of CRC tissues (158). They involved in leukocyte
trafficking, immune response, and cellular proliferation by binding to
a common receptor, known as C-X-C motif chemokine receptor 3
(CXCR3) (159-161). This receptor belongs to the G protein-coupled
receptor family and is expressed in CRC tissues (162).

In humans, three splice variants of CXCR3 (CXCR3A, CXCR3B,
and CXCR3-alt) have been discovered, and these variants play
distinct roles in different types of cancer cells (163, 164). For
example, gastric and renal cancer cells’ invasiveness and
metastasis are promoted by CXCR3A (165), while prostate cancer
cells’ invasiveness and migration are inhibited by CXCR3B (166).
Recent studies have indicated that the CXCL10-induced
proliferation and invasiveness of the HCT116 CRC cell line may
be mediated by CXCR3A, not CXCR3B (167).

2.3.7 FOXM1

The Forkhead box m1(FOXMI) is known to function as a
transcription factor essential for G (1)/S transition and controls
proper execution of mitotic cell division (168). It is a key mediator
of Wnt/B-catenin signaling and acts by binding to -catenin and
stabilizing B-catenin in cell nuclear and enhancing transcriptional
activity (169).

AS of exons 6 and 9 leads to the formation of various FOXMI
isoforms. FOXM1a contains only exon 9, FOXM1b neither exon 6
nor 9, FOXMIc¢ only exon 6 and FOXM1d contains both. FOXMI is
the inactive isoforms, while FOXMI1b and FOXMlc remain
functional (170). Recent study has shown that AKTI works as an
upstream kinase, regulating RBM17-mediated FOXMI1 alternative
splicing and promoting the properties of cancer stem cells in
CRC (171).

Rather et al. investigated the expression of FOXM1I in 98 CRC
samples and normal tissues, and found that FOXM1 was elevated in
CRC and linked to reduced disease-free survival (172).
Overexpression of FOXMI in tumor tissues is also significantly
related to metastasis in CRC through the induction of EMT (173).
Another study also showed that the expression of FOXMI has a
significant difference between CRC and adjacent noncancerous
tissue samples. Silencing of FOXMI inhibited the proliferation,
invasion, and migration of CRC cells. Furthermore, knockdown of
FOXMI can also reduce VEGF-A levels in CRC cell lines, indicating
that FOXM1 could be a selective target for the molecularly targeted
treatments of CRC (174). Additionally, SPF45/SR140/CHERP
complex regulates FOXM1 alternative splicing as well (170).

2.3.8 Others

A-type lamins, which are produced by alternative splicing of the
LMNA gene located on chromosome 1q21.3 (175), have been
shown to increase the risk of death from CRC. This is attributed
to their ability to enhance invasiveness and potentially induce a
more stem cell-like phenotype (176).

Pan et al. made a discovery that SRSF11 plays a pro-metastatic
role in CRC by impeding the AS of HSPAI2A (Heat Shock Protein
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Family A (Hsp70) Member 12A pre-RNA). Their results highlight
the novel connection between SRSF11-regulated splicing and CRC
metastasis via HSPAI2A, indicating that the PAK5/SRSF11/
HSPA12A axis could serve as a promising therapeutic target and
prognostic biomarker for CRC (177).

Multiple splice variants of the cholecystokinin-2 (CCK2)/gastrin
receptor are ectopically expressed in gastrointestinal (GI) cancers.
Studies have shown that one of these variants, CCK2i4svR, may
enhance tumor angiogenesis through agonist-independent
mechanisms, thus potentially contributing to the growth and
metastasis of GI cancers (178).

TXL-2, a member of the thioredoxin (TXN) and nucleoside
diphosphate kinase family, is a novel gene that undergoes
alternative splicing to produce three distinct isoforms: TXL-2a,
TXL-2b, and TXL-2c. Studies have demonstrated that TXL-2b
significantly promotes cell invasion and metastasis through its
interaction with the RAN and PI3K signaling pathways in CRC
cells. In contrast, TXL-2¢ inhibits these processes (179).

The HDM?2 oncogene is known to negatively regulate the P53
gene. In colorectal cancer tissues and cells, four HDM2 splicing
variants have been identified: HDM?2/1338, HDM2/707, HDM2/
1007, and HDM2/1200. Experimental results indicate that the
expression of HDM2 splicing variants is associated with advanced
tumor stage and distant metastasis in wild-type P53 cases, as well as
poor survival of patients (180).

Z01 is a widely recognized cytoplasmic scaffolding and tight
junction protein (181), and the AS event of ZO1 exon 23 (ZO1 E23)
plays a crucial role in the progression of CRC. Research has shown
that the deletion of ZO1 E23 (ZO1 E23-) leads to a disruption in F-
actin distribution, which promotes CRC cell migration and invasion
(182). Conversely, the inclusion of exon 23 in ZO1I (ZO1 E23+) has
the opposite effect. SRSF6 (183), HnRNP L (184), RBM47 (185),
and GLTSCRI1 (182) have all been shown to regulate ZO1 E23 AS,
thereby impacting the development of CRC. The B2-adrenergic
receptor agonist, indacaterol, has been identified as an inhibitor of
SRSF6, which suppresses the AS of ZOI and subsequently
suppresses CRC tumorigenesis (183).

Carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM]) is a protein that is often overexpressed in CRC and
has been found to be correlated with clinical stage (186, 187).
CEACAMI has alternatively spliced isoforms that contain either
three or four Ig-like extracellular domains, and a long (CEACAM1-
L) or a short (CEACMI1-S) cytoplasmic tail (188). Studies have
shown that compared to CEACAM1-S, CEACAM1-L promotes the
invasion and migration of CRC (189).

In addition to the aforementioned variants, two splicing
variants of RON, RONA165E2 (190) and RONA160(E2E3) (191),
have been identified in recent years, and both have been
demonstrated to enhance the growth and metastasis of CRC.

NE-Y is a heterotrimeric transcription factor composed of the
DNA-binding subunit, NF-YA, and the histone-fold domain, NF-
YB/NF-YC dimer. There are two splice variants of NF-YA: NF-YAs
and NF-YAL The latter results from the inclusion of exon 3 within
the transactivation domain. Study has shown that high levels of NF-
YAI transcription can forecast the poor overall survival in CRC
patients, and tumor cells exhibiting elevated NF-YAI expression
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possess greater single-cell migratory and invasive potential.
Targeting the NF-YAI splice variant and increasing the NF-YAs/
NE-YAl ratio may decrease the progression of metastatic CRC (192).

The dissemination of tumor cells is the most dangerous process
in the development of tumors. For many years, invasion and
metastasis have been challenging obstacles in the battle against
cancer, causing distress for both doctors and patients. Here, we have
summarized some relevant splice variants and found that different
splicing isoforms of HSPA12A, TXL-2, and ZO1 can promote or
inhibit the invasion and metastasis process. Therefore, the discovery
of splice variants associated with invasion and metastasis in CRC
mentioned above brings new hope for effective treatment and
improved prognosis in CRC.

2.4 Splice isoforms and the apoptosis
in CRC

Apoptosis is a cellular process that occurs in physiological and
pathological conditions, defects in apoptosis can lead to malignant
transformation, tumor metastasis and drug resistance. AS of genes
can impact the CRC development by affecting the apoptosis
network of CRC.

2.4.1 c-FLIP

FLICE-inhibitory protein (FLIP) is an inhibitor that regulates
apoptosis mediated by death receptors (193). The Human FLIP
gene is approximately 48 kb in size and includes at least 14 exons,
which can generate 11 different isoforms through alternative
splicing (194). Cellular FLIP (c-FLIP) is predominantly expressed
as two splice variants, including a long form (c-FLIPL) with two
serial death effector domains (DEDs) in the amino-terminal
followed by a caspase-like domain (CLD) in the carboxy-terminal,
and a short form (c-FLIPS) with only two N-terminal DEDs (194).
Both splice variants of ¢-FLIP can inhibit proapoptotic downstream
molecules (195).

c-FLIPL has been found to be significantly higher in colorectal
cancer compared with matched normal tissue, suggesting that c-
FLIPL may contribute to in vivo tumor transformation (196). The
apoptosis induced by silencing of one splice form may be
counteracted partly by the other splice form. However,
researchers also found that specific silencing of c-FLIPL can
effectively inhibit HCT116 tumor growth and induce apoptosis as
silencing both splice forms, and c-FLIPL overexpression can
dramatically inhibit the growth-inhibitory effects of chemotherapy
in vivo setting, suggesting that the c-FLIPL may be the more
important regulator of CRC (195).

2.4.2 ZNF148

Zinc fingers proteins (ZNF) are the largest family of DNA
binding proteins and can act as transcriptional factors in
eukaryotes, and selectively binds to specific DNA sequences in
the promoter of target genes via characteristic zinc finger domain
(197). ZNF148 plays an significant role in cell growth, proliferation,
differentiation, apoptosis and other biological activities (198).
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ZNF148 has two functionally distinct alternative splicing isoforms.
ZNF148FL contains a complete 794 amino acids, while ZBP-148AN
was generated by alternative promoter usage upstream of an
alternative exon 4B, and the ZBP-148AN protein lacks the amino-
terminal 129 amino acids (197, 198). Two splicing isoforms of ZNF148
mutually antagonize with each other. Overexpression of ZNF148FL
can decrease ZNF148AN expression, and promote the proliferation,
migration, and invasion of human CRC cells trough binding to the
transcription factor p300 and modulating the Wnt signaling pathway.
On the contrary, overexpression of ZNF148AN can reduce levels of
ZNF148FL and inhibit the upregulation of Wnt signaling pathway by
ZNF148FL, subsequently promote the apoptosis, and inhibits the
proliferation, migration, and invasion of CRC cells (198).

2.4.3 SYK

Spleen tyrosine kinase (SYK) is a 72 kDa non-receptor tyrosine
kinase that contains two tandem Src homology 2 domains at the
NH2 terminus and a kinase domain at the COOH terminus (199,
200). SYK has two alternatively spliced isoforms: the full-length
(SYK(L)) is predominantly found in nuclear, while the short form
(SYK(S)) lacks a 69-nucleotide exon and is only expressed in the
cytoplasm (199, 200). It has been shown that hnRNP-K protein
regulates the splicing pattern of SYK (199).

SYK implicated in the control of apoptosis, and in the regulation
of cell cycle. Deficiency of SYK (L) leads to the accumulation of cells
in the G2-M phase of cell cycle, and to the emergence of cells with a
>4N DNA (199). Ni et al. found that SYK (L) was downregulated in
69% of tumor tissue samples compared to the adjacent non-cancerous
tissue, the expression of SYK (S) remained stable, suggesting that SYK
(L) but not SYK (S) is associated with tumor suppressing activities
(200). Denis et al. further demonstrated that survival of CRC cell
depends on SYK(L), since silencing of SYK(L) expression affected cell
viability and induced apoptosis (199, 200). C-13 is an original non-
enzymatic inhibitor of SYK, which shows promising potential for the
treatment of CRC and other cancer diseases (199).

2.4.4 PGAM5

PGAMS5 is a member of the phosphoglycerate mutase family
and has two splicing variants, including a long form (PGAM5L) and
a short form (PGAMS5S). Alternative splicing results in a truncation
at amino acid residue 239 of the PGAMS5 protein, with the PGAM5S
isoform contains 16 additional C-terminal hydrophobic amino
acids, while the PGAMS5L isoform containing 50 additional
hydrophobic amino acids residue at the C terminus (201, 202).

Both isoforms of PGAMS5 function in the intrinsic necrosis
induced by TNF-o. as well as reactive oxygen species (ROS) and
calcium ionophore (201, 202). Further experiment indicated that
PGAMSL is indispensable for the execution of intrinsic apoptosis by
controlling the Bax activation and Drpl dephosphorylation and
induces mitochondria fission, Bax-PGAMS5L-Drpl complex is a
potential target for CRC treatment (201).

2.4.5 WNT5A

The canonical Wnt/B-catenin pathway is widely recognized as
being associated with the formation of CRC (203). WNT5A (Wnt
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Family Member 5A) is an extracellular glycoprotein that activates
Wnt signaling pathways, which are important in both development
and tissue homeostasis (204, 205). According to a recent study, the
opposing roles of WNT5A in cancer can be attributed to the
encoding of two different splice isoforms, WNT5A-long (L) and
WNT5A-short (S) (206). The WNT5A-L mRNA isoform can
promote cell apoptosis, thereby suppressing cell proliferation and
acting as a tumor suppressor in CRC cells. Conversely, the
WNT5A-S mRNA isoform can inhibit cell apoptosis, promoting
cell proliferation and playing an oncogenic role in CRC cells (207).

2.4.6 Others

It is known that FAS (Fas Cell Surface Death Receptor) mediates
apoptosis of CRC cells (208, 209). The pre-mRNA of FAS
undergoes alternative splicing that excludes exon 6, resulting in
the production of soluble FAS (sFAS) protein. This protein lacks a
transmembrane domain and functions to inhibit FAS-mediated
apoptosis (210).

The MRPL33 gene is responsible for encoding a protein found
in the large subunit of the mitochondrial ribosome. The depletion of
MRPL33’s long isoform (MRPL33-L) which contains exon 3, has
been shown to impair proliferation and increase apoptosis in both
cancer cell lines and xenograft models (211). Studies have found
that MRPL33-L expression is elevated in human colorectal cancer
tissues, and this has been correlated with the levels of
hnRNPK (211).

BCL2L1, a crucial gene in regulating apoptosis, is functionally
involved in various cancer-related processes, and its protein
expression has been linked to 20q gain. This suggests that the
expression of BCL2LI, which is dependent on 20q gain, may play a
role in the progression of colorectal adenoma to carcinoma. BCL2L1
encodes two splice variants, an anti-apoptotic BCL-X(L) and a pro-
apoptotic BCL-X(S) (212). ABT-737, a BCL-2/BCL-X(L) anti-
apoptotic protein inhibitor, has successfully completed a
prospective multicenter single-arm phase II study (213). This
demonstrates the potential of targeting BCL-X(L) in CRC
(colorectal cancer) therapy.

LINCO00963 is an oncogenic IncRNA that is upregulated in CRC
tissues. Recently, two novel variants of this gene, LINC00963-v2
and LINC00963-v3, have been discovered to be downregulated in
CRC tissues. LINC00963-v2 lacks exons 2, 3, and 4, while
LINCO00963-v3 lacks exons 3 and 4. Overexpression of
LINC00963-v2/-v3 in CRC cells has been found to suppress their
proliferation, viability, and migration, and increase apoptosis. These
effects are mainly due to attenuating the PI3K/AKT and Wnt/f3-
catenin signaling pathways. Therefore, these IncRNAs could serve
as potential targets for CRC therapy (214).

Cancer typically inhibits the cellular apoptosis mechanism in
the body, resulting in uncontrolled tissue growth. Chemotherapy
uses the association between cellular apoptosis and cancer to
destabilize the tumor and cause its death. It can be observed that
the above-mentioned genes and their splice variants have different
effects on apoptosis in CRC. Inducing the production of more pro-
apoptotic splice variants could have a certain effect on the control
and treatment of CRC.
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2.5 Splice isoforms and the angiogenesis
in CRC

Tumor growth, dissemination and metastasis are dependent on
angiogenesis. AS of angiogenesis-related genes can lead to the
formation of distinct functional subtypes, while an imbalance
among isoforms can impact tumor progression. It would be
beneficial for the development and outcome of CRC if the
regulation of splice variant proportions through targeting relevant
splice variants could inhibit angiogenesis.

2.5.1 VEGF

The vascular endothelial growth factor (VEGF) family of
proteins regulates blood flow, growth, and function in both
normal and diseased states, and VEGF-A is the most significant
isoform of VEGF responsible for regulating angiogenesis (215).
Additionally, VEGF-A and its receptors have been found to be
highly expressed in mCRC (215).

The VEGF gene resides on chromosome 6 and consists of 8
exons (216). The VEGFxxx family of VEGF is produced through
differential splicing in exons 6 and 7 and the proximal splice site in
exon 8, whereas the distal splice site selection 66 bp downstream of
the proximal splice site in exon 8 results in VEGFxxxb (217). The
conventional VEGFxxx has angiogenic properties, while the
VEGFxxxb isoform family has antiangiogenic properties, with xxx
indicating the number of amino acids in a particular isoform (217).
12 isoforms of VEGF-A have been identified (218). The increase in
VEGEF-Axxx isoforms and the decrease in VEGF-Axxxb levels lead
to an imbalance among the isoforms (215).

Bevacizumab is the first anti-angiogenetic treatment approved
for clinical use in CRC patients. However, it has been reported to
have a low response rate but a high rate of resistance and adverse
events (219). Administering recombinant VEGF-Axxxb isoforms
may be a promising new therapeutic approach (220).

252 TIA-1

T-cell Intracellular Antigen-1 (TIA-I) is a binding protein
recognizing the complex secondary structure of the 3’ UTR,
assisting in alternative RNA splicing, export and translational
regulation that contribute to cancer formation and progression
(221). TIA-1I itself also undergo alternatively spliced in exon 6a to
form two isoforms, namely fITTA-1 and sTIA-1 (222). TTA-1 can bind
to VEGF-A RNA and act as a splicing and translational regulator of
VEGF-A, influencing the angiogenic capability of CRC (223).

sTIA-1 had been found to be highly expressed in KRAS mutant
colon cancers. It exerts its effects by preventing fITIA-1 from
inhibiting splicing and/or translating the VEGF-A165a, a pro-
angiogenic isoform of VEGF, to promote tumor growth and
angiogenesis (222). However, fITIA-1 expression also inhibited
the effect of anti-VEGF antibodies, added a layer of intricacy to
the anti-angiogenic treatment.

2.5.3 CALD1

Caldesmon (CaD) is an actin-binding protein encoded by the
CALDI gene. There are at least two high-molecular-weight isoforms

Frontiers in Oncology

12

10.3389/fonc.2023.1222932

(h-CaD) and four low-molecular-weight isoforms (I-CaD)
produced by alternative splicing (224, 225). The alternatively
spliced variants of the 1-CaD are further differentiated by
inclusion (Hela 1-CaD) or exclusion (WI-38 1-CaD) of exon 1 (225).

The expression of Hela 1-CaD was restricted to the tumor
vasculature and was not found in normal blood vessels of cancers
derived from colon and other various organs and was preferentially
expressed in the early stage of tumor neovascularization. This
indicates that Hela 1-CaD can be considered as a marker of
angiogenic endothelial cells during the early stages of tumor
neovascularization (225). Kim et al. found that 1-CaD significantly
increases in primary colon cancer and liver metastasis than in the
corresponding normal tissues, while h-CaD did not differ among
these groups, and colon cancer patients with high levels of 1-CaD
had a poor response to chemoradiotherapy (226). These data
suggested that 1-CaD can be used for diagnosis and prognosis,
and maybe a potential target for CRC treatment.

2.5.4 VEGFR2

Vascular endothelial growth factor receptor 2 (VEGFR?2) is the
primary receptor of VEGF. There are two distinct forms of VEGFR2
that are expressed: the membrane-bound VEGFR2 (mVEGFR2)
and the soluble VEGFR2 (sVEGFR2) (227, 228).

Retention of intron 13 would lead to an in-frame early
termination TAA codon, resulting in a truncated transcript
variant. The protein product of this variant would lack the
transmembrane and intracellular tyrosine kinase domains of
VEGRF2 (227). Tumor vascularization and tumor growth can be
inhibited by both decreasing mVEGFR2 and increasing sVEGFR2
since sVEGFR2 has anti-angiogenic and anti-lymphangiogenic
properties, whereas mVEGFR2 has the opposite effect (229).

Therapeutic drugs targeting VEGFR2, such as anti-VEGFR2
antibodies, siRNAs, and small-molecule VEGFR?2 inhibitors, have
shown success in a variety of preclinical animal studies and clinical
trials. Morpholino is considered a novel therapy that targets
VEGFR?2 (229).

2.6 Splice isoforms and the immunity
in CRC

Immune mechanism in tumor is very complex and is associated
with AS. AS of genes can participate in the process of tumor immunity
by affecting cytokine signaling or the function and infiltration of
immune cells, which can impact tumor proliferation and migration.
The discovery of immune-related splice variants associated with CRC
will assist us in understanding the immune mechanisms of CRC and
guide targeted and immunotherapy for CRC.

2.6.1IL6R

Interleukin-6 receptor (IL-6R) plays an important role in
inflammation, immune cell differentiation and cancer. IL-6 can
signal in two different ways, one is classic signaling via the
membrane-bound IL-6R, another is trans-signaling via soluble
forms of the IL-6R (sIL-6R).
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sIL-6R can be generated from different mechanism, proteolytic
cleavage of membrane IL-6R by transmembrane metalloproteases,
release of cytokine receptors from cells on extracellular vesicles, and
the generation an alternatively spliced mRNA isoform in
transcriptional mechanism without the region encoding the
transmembrane domain (230, 231). IL-6 can bind to IL-6R or sIL6-
R to form the IL-6/IL-6R complex which can interact with the IL-6
transducer expressed gpl130, subsequently results in gp130
dimerization and phosphorylation and activates the receptor-
associated kinases such as JAK1, JAK2, and Tyk2, which eventually
promote the cell proliferation and tumor progression (230). Recent
studies have found a correlation between increased serum levels of IL-
6 and sIL-6R in patients with CRC and tumor size as well as poor
prognosis in those with metastatic colorectal cancer (230, 232). For
instance, the compound Evodiamine has shown potential in
inhibiting intestinal inflammation and the development of CRC by
suppressing IL-6 signaling (233). These findings suggest that blocking
IL-6 trans-signaling could play a role in the treatment of CRC.

Therapeutic drugs targeting IL-6R are currently under
development. For example, Tocilizumab, an anti-IL-6 receptor
antibody, has completed phase III randomized controlled trials
(234), while Olamkicept, a soluble gp130-Fc fusion protein that
selectively inhibits trans-signaling of interleukin-6 (IL-6) by binding
to soluble IL-6 receptor/IL-6 complex, has completed randomized
clinical trials (235).

2.6.2 PPAR

Peroxisome proliferator-activated receptors (PPARs) belong to
the nuclear hormone receptor family including three AS isoforms,
namely PPARo, PPARP/3 and PPARY. PPARP/S-linked
tumorigenesis was first identified in CRC and was considered as a
potential drug target for CRC (236). The organization of the coding
exons of PPARB/S corresponds to that of the genes encoding
PPARo and PPARY. PPARY1 and Y2 are generated by using the
differential promoter and AS (237), and four different splicing
isoforms of PPARB/& mRNAs containing one or two non-coding
5’-exons are also generated by alternative promoter (238).

PPAR can promote lipid accumulation in NK cells, inhibit of
their cellular metabolism and thus inhibit their function (239).
Schumann et al. found that most of PPARB/ target genes are
upregulated in tumor-associated macrophages (TAMs) from
ovarian carcinoma patients, activation of PPARB/S target genes by
polyunsaturated fatty acids which act as potent PPARB/S agonists in
macrophages contributes to the pro-tumorigenic polarization of
ovarian carcinoma TAMs (240). Therefore, PPARB/S has the pro-
tumorigenic functions by promoting polarization of macrophages
favoring tumor progression or impairing antitumor cytotoxicity of
NK cells (241). A recent study has found that blocking the PPAR
pathway can promote apoptosis and inhibit the development of CRC
organoids in vitro, indicating that the PPAR signaling pathway is
involved in CRC tumorigenesis (242).

2.6.3 IL22RA2
Interleukin-22 (IL-22) is an IL-10-type cytokine involved in
various pathologic processes. It is signaled through a membrane
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receptor composed by the heterodimer IL-22R1/IL-10R2 and can be
recognized by a secreted receptor called IL-22 binding protein (IL-
22BP), which is encoded by the IL22RA2 gene (243). Human
IL22RA2 gene can express three alternatively spliced variants
including IL22RA2v1 (IL-22BPil), IL22RA2v2 (IL-22BPi2), and
IL22RA2v3 (IL-22BPi3), IL-22BPil was retained intracellularly
because of the presence of exon 3 in its mRNA; the sequences of
IL22RA2v1 and IL22RA2v2 differ only in exon 3; IL-22BPi2
consists of two fibronectin III domains, whereas IL-22BPi3 lacks
the C-terminal domain except for five frameshifted residues (244).

IL-22BP is highly expressed by dendritic cells (DC) in colon
under homeostatic conditions and plays a crucial role in controlling
tumorigenesis and epithelial cell proliferation. Although IL-22BPi3
was more abundant in human tissues, IL-22BPi2 was more effective
than IL-22BPi3 at blocking IL-22 signaling, while IL-22BPil was
unable to antagonize IL-22 signaling because it is not secreted (244).

IL-22BP deficiency can lead to the accelerated and increased
tumorigenesis in colitis-associated colon cancer model (245).
However, it is also reported that CD4+ T cells from patient with
IBD produce high levels of IL-22BP, which can block the protective
actions of IL-22 during acute colitis (246, 247). A study
demonstrated that the delivery of liposome-protamine-IL-22BP
mRNA complex can induce tumor apoptosis, inhibit
angiogenesis, and increase infiltration of immune cells, showing a
promising potential for colon cancer therapy (248).

2.6.4ILT3

Inhibitory receptor Ig-like transcript 3 (ILT3) is an
immunoregulatory protein that belongs to the ILT family. Human
ILT3 is mainly expressed in dendritic cells and monocytes. It is
generally viewed as having a negative regulatory function (249).

Alternatively spliced mRNA that results from the deletion of
exons 5-7 of ILT3 encodes a soluble form of the ILT3 (sILT3)
protein, which lacks the ILT3 transmembrane domain, causing the
release of ILT3 in the circulation (250). Both membrane-bound
ILT3 and sILT3 could inhibit the proliferation of T cells, induce its
anergy, and promote the differentiation of CD8+ T cells within the
tumor microenvironment or in sentinel lymph nodes. Furthermore,
patients with CRC have been found to have a significantly higher
amount of sILT3, which inhibit tumor immunity in CRC (250). A
study revealed that the decreased expression of ILT3 in CRC
patients is associated with improved overall survivals (251). The
data suggested that the expression of ILT3 could have a significant
impact on the progression of CRC and serve as a target for
individualized therapy.

2.7 Splice isoforms and the metabolism
reprogramming in CRC

Metabolic reprogramming is a distinguished cancer hallmark.
AS can affect CRC through participating in many metabolic
pathways, such as lipid metabolism and carbohydrate metabolism.
Studying the genes and their splice variants associated with CRC
metabolic reprogramming can aid in the development of new
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treatment strategies, such as targeting these variants to interfere
with the survival and proliferation of cancer cells by disrupting their
metabolic pathways. This has the potential to become an important
approach in future cancer therapy.

2.7.1 PKM

The Warburg effect is characterized by the preference of tumor
cells for glycolysis over oxidative phosphorylation for energy
production, and this metabolic shift is a crucial factor in malignant
transformation. Studies have shown that this metabolic alteration
results from a change in the expression of different splice variants
(PKM1 and PKM2) of the glycolytic enzyme pyruvate kinase (PK)
(252). The PKM1 isoform promotes oxidative metabolism, whereas
PKM2 enhances aerobic glycolysis. And data suggest that the
decrease in PKM1 expression may contribute to the upregulation
of glycolysis and the downregulation of butyrate oxidation in CRC
cells (253). Furthermore, multiple studies have suggested that PTBP1
(254), IncRNA SNHG6 (255), IncRNA HOXB-AS3 (256), Sam68
(257), MicroRNA-124 (258), LncRNA XIST/miR-137 axis (259),
TRIM29 (260), and other molecules can target PKM1/PKM2 and
influence their ratio, thereby impacting the growth, glycolysis, and
even chemoresistance of CRC cells.

2.7.2 UGT1A

UDP-glucuronosyltransferase enzymes (UGTs) are responsible
for glucuronidation pathway which is a major cellular process of
conjugative metabolism (261). Girard et al. (262) found that a new
exon 5b, located in between the coding exons 4 and 5, can undergo
alternatively spliced with exon 5a (the classical exon 5), generating
new UGT1A mRNA variants referred to as isoforms 2 or i2.
UGT1A_i2 is enzymatically inactive and acts as a negative
modulator of UGT1A1_il, resulting a significant repression of
UGT1A_il-mediated drug metabolism (262, 263), and
influencing cancer cell metabolism via complex protein network
connecting other metabolic pathways (264). Studies have shown
that UGT1A_i2 mRNA is downregulated in colon tumors, and the
depletion of UGT1A_i2 proteins in colon tumors cell model can
enforce the Warburg effect, leading to lactate accumulation and
impacting migration properties (264).

2.7.3 ACSL

Long-chain acyl-CoA synthetases (ACSL) plays a crucial role in
the degradation of fatty acids, the remodeling of phospholipids, and
the synthesis of long acyl-CoA esters that controls a multitude of
physiological processes in mammals. Five ACSL genes have been
identified, namely ACSL1, ACSL3, ACSL 4, ACSL 5, and ACSL 6,
with each gene having up to five different spliced variants, and most
spliced variants are generated by AFE, ES, and MXE (265). Among
these spliced variants, ACSL1 and ACSL4 were found to be
overexpressed in CRC patients with poorer outcomes (266).

The metabolic profiles of both ACSL1 and ACSL4 isoforms
were significantly different. ACSL1 was more inclined to triglyceride
synthesis while ACSL4 prefers longer polyunsaturated fatty acids
(PUFA) such as arachidonic acid as substrates. Furthermore,
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ACSL1 exhibits a tendency towards invasive capabilities
accompanied by a decrease in the basal oxygen consumption rate,
whereas ACSL4 promotes the proliferation in CRC cells and is
related to a more glycolytic phenotype compared to control or
ACSLI cells (266). It is reported that the combination of ACSL/SCD
inhibitors can reduces the survival of CRC cells without impacting
normal cells, and it is also effective in CRC cells resistant to the
conventional chemotherapy. Therefore, the inhibition of ACSL/
SCD axis is of great potential in cancer treatment (267).

2.8 Splice isoforms and the drug resistance
in CRC

AS can not only influence therapeutic efficacy but also serve as a
prognostic and predictive biomarker for CRC. Different AS
isoforms may have contrasting functions in drug resistance.
Targeting these isoforms is highly likely to help adjust and refine
the corresponding treatment strategies, overcome cancer drug
resistance, and thus improve the therapeutic efficacy of CRC.

2.8.1 ASPP2

ASPP2 is a tumor suppressor that enhances apoptosis and
inhibit tumorigenesis via P53-dependent and P53-independent
pathways (268, 269). Exon-skipping splicing of ASPP2 results in
the generation of ASPP2x, which is a C-terminally truncated
isoform that lacks the P53 binding sites. This isoform is defective
in promoting stress-induced apoptosis (270). The overexpression of
ASPP2k in tumor tissue compared to adjacent normal tissue
contributes to CRC by enhancing proliferation, promoting cell
migration, and conferring resistance to chemotherapy-induced
apoptosis (271). It serves as a potential treatment target and acts
as a prognostic and predictive biomarker for CRC.

2.8.2 OPN

Osteopontin (OPN) is an extracellular matrix protein that is
overexpressed in various cancers. It promotes cancer cell
proliferation, survival, metastasis, and angiogenesis. There are
three main splicing isoforms of OPN: OPNa, OPNb, and OPNc.
OPNa is the full-length wild-type form, while OPNb and OPNc are
mutually exclusive splicing isoforms. OPNb lacks exon 5, while
OPNCc lacks exon 4 (272). After 5-FU treatment of colon cancer
cells, the splicing isoform OPNc was found to be the most
upregulated in comparison to the other two isoforms, and the
secretory OPNc can stimulate cells to survive from drug-induced
microenvironmental stress (273). Preventing OPN splicing could be
an effective method of inhibiting tumor progression and recurrence.

2.8.3 LGR5

LGR5 can inhibit the degradation of B-catenin, resulting in the
accumulation of B-catenin and its translocation into the nucleus
where it regulates the expression of a wide range of target genes
(274). LGR5 has been reported to be overexpressed in CRC patients
and correlated with poor prognosis (275). Additionally, LGR5 has
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been found to drive tumorigenesis in both the small intestine and
colon (276).

LGRS5 consists of 18 exons, with exons 1-17 constituting
extracellular leucine-rich repeats (LRRs). There are two transcript
variants of LGR5, one lacking exon 5 (LGR5A5) and the other
lacking exon 8 (LGR5A8) (277).

LGR5FL-positive cells exhibit low proliferative activity and
resistance to anti-tumor drug, while blocking LGR5 exon 5
impairs the dormancy of LGR5FL-positive cells and gives the
ability of proliferation, subsequently increasing the sensitivity to
chemical treatments (277). The study has also demonstrated that
the low level of LGR5A5 expression was significantly correlated with
a poor prognosis for the disease-associated survival of soft-tissue
sarcoma patients (278). It appears that the LGR5 exon 5 Ab has the
potential to be a new and promising drug for CRC.

2.8.4 Others

SYK is associated with the survival of CRC cells. Although the
overexpression of SYK(S) did not alter proliferation and metastasis,
SYK(S) is important in the chemotherapeutic treatment of CRC,
Both SYK(L) and SYK(S) can increase the sensitivity of CRC cells to
5-FU, which is significant in cancer treatment (200).

AS of FOXM1 leads to its functional isoform and promotes 5-
FU resistance by upregulating ABCC10 through directly binding to
its promoter region, silencing of FOXM1 promoted the sensitivity of
CRC cells to 5-FU by enhancing cell apoptosis (170, 279). The study
has also demonstrated that FOXM1I can potentially regulate other 5-
FU targets, such as thymidylate synthase (TYMS), thymidine kinase
1 (TK-1) and thymidine phosphorylase (TYMP); inhibiting FOXM1
leads cell cycle arrest, DNA damage, and apoptosis in CRC cell
lines (280).

Alternative splicing results in the inclusion of a new exon 11 in
the RAF1 mRNA, which causes a frameshift and introduces three
premature stop codons, leading to the truncation of the RAFI
protein and the absence of its C-terminal kinase domain, The
resulting splice isoform is named RAF1-tr (281). RAFl-tr can
increase nuclear localization and inhibits the function of DNA
damage-regulating protein. This leads to an increase in the levels of
DNA damage after the exposure to bleomycin and radiation, and
enhances the apoptotic response of CRC cells to double-stranded
DNA damage (281).

The unfolded protein response (UPR) is a cellular stress
response related to the endoplasmic reticulum (ER). Inositol
requiring enzyme 1 (IREla) is a ER-localized proteins that
constitutes one arm of the UPR (282). Chemotherapeutic agents
trigger ER stress and activate UPR. Upon activation, IRE1o. removes
a 26-bp nucleotide intron from the mRNA encoding X-box binding
protein (XBP) 1 to causing a frame-shift and producing an active
form XBP1s, which controls the expression of genes involved in
protein folding, ER-associated degradation, protein quality control
and phospholipid synthesis (282-284). Sustained activation of the
UPR contribute to oncogenic processes, metastasis, and tumor
chemotherapy resistance (282, 285).

LIN28B has two alternative splicing isoforms which are different
in 5" exons, namely the LIN28B-long and LIN28B-short isoforms.
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The LIN28B-long isoform consists of 250 amino acids and has both
cold shock domain (CSD) and zinc finger domains (ZFDs), whereas
the LIN28B-short isoform lacks 70 amino acids in the N-terminus
and deficient with a complete CSD (286, 287). The overexpression
of LIN28B-long isoform can downregulate LET-7 expression, which
negatively regulates the RAS/ERK signaling. The LIN28B-short
isoform does not suppress LET-7 and acts as an antagonist
against the LIN28B-long isoform in normal colonic epithelial
homeostasis (287). Therefore, it is the LIN28B-long isoform
rather than the LIN28B-short isoform that contributes to the
drug resistance. Targeting the CSD of LIN28B may have a
potential therapeutic effect in treating LIN28B positive CRC.

CACClInc is a recently discovered novel IncRNA. It can promote
drug resistance in CRC by specifically binding to YB1 and U2AF65,
both of which are splicing factors. This binding promotes their
interaction and then modulates the AS of RAD51 mRNA, thereby
promoting DNA repair and enhancing homologous recombination
(288). Targeting CACClnc and its associated pathway may assist
in improving treatment outcomes for CRC patients
with chemoresistance.

3 Conclusion and perspectives

In summary, under the influence of various factors, abnormal
splicing events in genes lead to the generation of different splicing
variants. Due to distinct coding information, these isoforms can
encode proteins with different structural and functional
characteristics, in the sense that they may impact the activity of
signaling pathways, regulate the cell cycle, and affect the stability of
genes, thereby exerting different functional effects on CRC. For
instance, when compared to ZNF148FL, ZNF148AN is generated
through alternative promoter usage upstream of an alternative exon
4B. Consequently, it lacks the amino-terminal 129 amino acids, part
of the transcriptional activation domain of the protein. This
difference leads to the mutually antagonistic effects and distinct
roles in the development of CRC. Different from typical targeted
therapies, targeted splicing therapy usually has higher tumor
specificity due to acting on abnormal splicing events in tumors.
Thus, targeted splicing therapy is expected to achieve the targeted
inhibition of cancer-promoting molecules while maintaining the
regulatory effect of the molecule on normal cells and reducing the
impact on healthy tissues for traditional antitumor drugs cannot
avoid side effects and toxicity. In other words, targeted therapies are
supposed to substitute these traditional drugs. As a more effective
and safer new strategy for tumor treatment, targeted splicing
therapy has great potential for the development in the field of
oncology treatment (e.g. CRC). Because different splicing events
occur in different phenotypes of CRC, personalized targeted splicing
treatments are necessary to improve outcomes and minimize
adverse effects.

In this review, we summarize the current progress in targeted
therapies for these splicing variants and some potential therapeutic
approaches (shown in Figure 3 and Table 1). However, although
numerous splicing isoforms have been identified, many of them
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Schematic mechanisms of targeted splicing strategies. Strategies targeting splicing variants include Antisense oligonucleotides (ASO) and Small
interfering RNA (siRNA). ASO can interact with specific exon or intron sequences of target mRNA and alter its splicing, thereby affecting the
expression and function of the target gene. siRNA degrades targeted mRNA to inhibit the expression of the targeted gene. Drugs targeting splicing
factors can affect the expression balance of splicing factors in the spliceosome, thereby reducing the production of carcinogenic isoforms.

TABLE 1 Current drugs targeted splicing in the treatment of CRC.

Drug name Type Target Phase Reference
4u8c Small molecules IREla - XBP1s Preclinical (282)
Morpholino antisense oligonucleotides ASO CCND1a/1b Preclinical (67)

siRNA CCNDI1b Preclinical (289)
Tautomycetin Small molecules SRSF1 - MKNK2 Preclinical
SRPIN340 Small molecules SRPK1/2 - MKNK2 Preclinical an
H3B-8800 Small molecules SF3b I (72)
DBS1 Small molecules SRPKs - VEGF Preclinical (290)
Sulfasalazine xCT inhibitor CD44 1 (291)
RO5429083 Antibody CD44 I
HA oligomers Small molecules HA - CD44 Preclinical

(135)
IM7 or KM201 Antibody CD44 Preclinical
PEP-1 Peptide CD44 Preclinical
shRNA or miRNA Small molecules CD44 Preclinical
0-CD44v6 mAb Antibody CD44 Preclinical -
SM08502 Small molecules SRSF 1 (292)
082966 Antibody B1-integrins 1 (148)
YM155 Small molecules Survivin I (157)
(Continued)
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TABLE 1 Continued

10.3389/fonc.2023.1222932

Drug name Type Target Phase Reference
LY2181308 ASO Survivin 11
SPC3042, EZN-3042 ASO Survivin 1
Survivin-2B80-88 Antigenic peptide Survivin I (155)
ABT-263 Small molecules BCL-2/BCL-X I (213)
Tocilizumab Antibody IL-6R 111 (234)
FD-895 antibiotic SF3b Preclinical

(71)
Spliceostatin A (SSA) Small molecules SE3b Preclinical
C-13 Small molecules SYK Preclinical (199)
Merestinib Small molecules RON 1 (56)
Dabrafenib, Vemurafenib, Sorafenib, Pazopanib and Ponatinib Small molecules RIP3 111 (28)
Binimetinib and Palbociclib Small molecules KRAS I (50)
10058-F4 Small molecules ITGA6 Preclinical (109)
HOXB-AS3 IncRNA PKM Preclinical (256)
Indacaterol Small molecules SRSF6 - ZO-1 Preclinical (183)
GYS32661, MBQ-167 Small molecules RAC1 Preclinical (81)
Olamkicept Fusion-protein IL6/sIL-6R I (235)
Anti-VEGFR2 antibodies Antibody VEGFR2 Preclinical

siRNAs VEGFR2 Preclinical

(229)
Sunitinib, Pazopanib Small molecules VEGFR2 I
Morpholino antisense oligonucleotides ASO VEGFR2 Preclinical
ST2146 Antibody TNC Preclinical (151)

have not yet been ascertained whether they match appropriate
target treatments. Thus, further research is needed to improve our
understanding and develop effective targeted therapies. Since it is
accepted that tumor-associated splice variants have promising
applications in CRC diagnosis and prognosis, subsequent work
should be twofold. First, we will study new tumor-associated splice
variants by experimental data, especially for the study of different
CRC phenotypes, which is crucial to future targeted therapeutic
approaches. Second, we will extend targeted splicing therapies and
explore how to manipulate splicing to make targeted CRC therapies
more safely, effectively, and accurately. To conclude, this article
mainly reviews abnormal splicing events and related tumor-specific
splicing variants in CRC, providing insight into targeted splicing
therapy in CRC.
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