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Alternative pre-mRNA splicing (AS) provides the potential to
produce diversity at RNA and protein levels. Disruptions in
the regulation of pre-mRNA splicing can lead to diseases.
With the development of transcriptome and genome
sequencing technology, increasing diseases have been identified
to be associated with abnormal splicing of mRNAs. In tumors,
abnormal alternative splicing frequently plays critical roles in
cancer pathogenesis and may be considered as new biomarkers
and therapeutic targets for cancer intervention. Metabolic ab-
normalities and immune disorders are important hallmarks
of cancer. AS produces multiple different isoforms and diver-
sifies protein expression, which is utilized by the immune
and metabolic reprogramming systems to expand gene func-
tions. The abnormal splicing events contributed to tumor pro-
gression, partially due to effects on immune response and
metabolic reprogramming. Herein, we reviewed the vital role
of alternative splicing in regulating cancer metabolism and im-
mune response. We discussed how alternative splicing regu-
lates metabolic reprogramming of cancer cells and antitumor
immune response, and the possible strategies to targeting alter-
native splicing pathways or splicing-regulated metabolic
pathway in the context of anticancer immunotherapy. Further,
we highlighted the challenges and discuss the perspectives for
RNA-based strategies for the treatment of cancer with abnor-
mally alternative splicing isoforms.

INTRODUCTION

Alternative RNA splicing (AS) is a primary mechanism of post-tran-
scriptional gene modulations that removes introns and links exons
specifically to form distinct mature messenger RNA (mRNA) and
extremely diversifies the repertoire of the transcriptome and prote-
ome." Increasing evidence has shown that ~95% of human genes ex-
press more than one alternative splice isoform, which has become one
of the significant molecular markers of cancer and potential targets
for the development of new therapeutics.”™

Tumor cells change their metabolism profile through a variety of
mechanisms to promote tumor progression. The metabolic pathways
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used by rapidly proliferating tumor cells to generate macromolecules
necessary for growth and survival, as well as the underlying mecha-
nisms controlled by tumor cells to meet their energy requirements,
have become the core hallmark of cancer for many years.”® Even un-
der normoxic conditions, these tumor cells are more prone to aerobic
glycolysis than oxidative phosphate.””” This metabolic reprogram-
ming has been shown to supply the building blocks that support
the rapid proliferation of tumor cells. The increased lactic acid and
other metabolites produced by aerobic glycolysis are related to the
promotion of cell invasion.'’ Furthermore, metabolic changes in tu-
mor cells also are involved in the regulation of the stemness and
chemical resistance of cancer. Due to the importance of metabolism
in tumor progression, increasing studies have begun to develop new
therapeutic drugs targeting cancer metabolism."' ™' In tumor cells,
the Warburg effect has been indicated to be regulated by alternative
splicing."” The pyruvate kinase (PKM) deserves special mention. It
catalyzes the last step of glycolysis, which converts phosphoenolpyr-
uvate into pyruvate. The alternative use of two mutually exclusive
exons 9 or 10 led to the formation of PKM1 or PKM2 subtypes,
respectively. It has been found that PKM1 promotes oxidative phos-
phorylation, while PKM2 is involved in promoting aerobic glycolysis
and is up-regulated in a variety of cancers.'®'” In addition, hypoxia-
induced alternative splicing has also been reported to be a powerful
driving force for tumor pathogenesis and progression.'®

The immune system is responsible for monitoring and defending
against the invasion of different foreign pathogens and maintaining
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internal homeostasis by maintaining appropriate immune tolerance
and regulation.'” Immune surveillance and immune defense are the
main immune responses. According to the type of exogenous antigen,
the immune response can comprehensively construct an immune de-
fense through a variety of immune cells, and exert anti-virus, anti-
bacterial, and antitumor functions."’ Although tumor cells have
developed an incredible strategy to evade the elimination of the im-
mune system,”’ immunotherapy is producing effective treatments
for some previously incurable cancers in recent years.*'
processing of mRNAs, with the potential to generate multiple func-
tionally distinct mRNAs and protein isoforms in many cancers,
may provide the potential of a widespread target space.”* Moreover,
immune cells divide and differentiate continuously throughout their
lives. The cells of the adaptive immune system are highly evolved cells
in vertebrates. Therefore, it is not surprising that immune cells use
alternative splicing to ensure high transcriptional diversity and regu-
late gene expression.”> Immune activation is the basis for the host
response to pathogenic infections and is known to be affected by alter-
native splicing.”® Recent studies suggest that pathogen co-opting of
host RNA splicing machinery may be part of a larger plan to perturb
the infection-mediated host response mechanism.””** In addition,
several studies have reported that abnormal alternative RNA splicing
can affect diseases by regulating the activation of immune cells.””*°

Alternative

In this review, we focused on how alternative RNA splicing is
altered in cancer and functionally drives cancer initiation and
maintenance by regulating immune response and metabolic re-
programming. In addition, we discuss emerging new strategies of
how to regulate pathologic splicing products in tumors. For any
pharmacological regulation, including mutations in the splicing
site mutations or the aberrant expression of splicing factors
(trans-effect changes) or mutations, this will create opportunities
for the production of a drug that may affect tumors in a truly tar-
geted way. Furthermore, we explore emerging evidence suggesting
that pre-mRNA splicing-derived aberrant isoforms can be suitable
tumor-specific antigens for cancer immunotherapy. Finally, we
highlight various strategies for targeting splicing defects in cancer
and discuss the possible role of splicing dysregulation in cancer
immunotherapy.

MOLECULAR MECHANISMS OF PRE-mRNA SPLICING

Splicing occurs through the synergistic action of multiple subunit
complexes. The core of the spliceosome is composed of small ribo-
somal proteins, Ul, U2, U4, U5, and U6, and hundreds of pro-
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teins.

Cis-acting regulatory sequences, splicing factors, and other
RNA-binding proteins that recognize and bind splice sites constitute
a common mechanism for establishing and maintaining alternative
splicing patterns.’® These sites can be introns or exons, splicing en-
hancers, or splicing silencers (exon-splicing enhancers or silencers
[ESE or ESS], and intron-splicing enhancers or silencers [ISE or
ISS]). Generally, the cis-elements on the precursor RNA can recruit
trans-splicing factors and influence splicing through various mecha-
nisms.”* There are two common types of splicing factors: one is serine
and arginine-rich splicing factor (SR protein), and the other is nuclear

heterogeneous ribonucleoprotein (hnRNPs). In exons, SR proteins
usually bind ESE to activate splicing, while hnRNPs usually bind
ESS to inhibit splicing.”® The activities of splicing factors are often
interdependent, which means that their activities can change when
they bind to different positions of pre-mRNA. For example, SR pro-
teins promote splicing when they bind to exons, but inhibit splicing
when they bind to introns.

The activity of hnRNPs is more complicated because different mem-
bers can act as activators or inhibitors when binding the same intron
or exon. The interaction between splicing factors and cis-regulatory
elements usually constitutes a complex network responsible for the
plasticity of splicing regulation.”® In addition to the aforementioned
core components (small nuclear ribonucleoproteins [snRNPs], SR
proteins, and hnRNPs), hundreds of RNA-binding proteins are
widely believed to be involved in the regulation of alternative
splicing.””*® The regulatory complexity of these RNA-binding
proteins can diversify the RNA products for alternative splicing.
This review summarizes a simplified spliceosome assembly pathway
and core splicing factors required for exons or introns definition
(Figure 1).

The regulation of alternative RNA splicing largely occurs co-tran-
scriptionally, and the selection of alternative splicing sites is influ-
enced by RNA polymerase II elongation rate, chromatin remodelers,
and histone deacetylase inhibitors.”” RNA polymerase II is thought to
accumulate at promoters and co-transcriptional alternative splicing
sites where RNA synthesis is slowed. Brodsk et al. reported that
RNA polymerase IT accumulates at many constitutively spliced exons,
but is biased for alternatively spliced exons.*’ Consistent with this
idea, others have also found that polymerase density is higher on
alternative exons than on constitutive exons.*"** Histone posttransla-
tional modifications (PTMs) can occur at multiple locations within a
given polypeptide chain and plays an important role in regulating
chromatin structure.”” Some studies found an obvious enrichment
of the H3K36me3 mark on exons by analyzing genome-wide chro-
matin immunoprecipitation-sequencing (ChIP-seq) data. Notably,
this histone mark seems to correlate more significantly with constitu-

. . . 44,45
tive exons than with alternative exons.

The important contribution of oncogenic signaling pathways in the
regulation of alternative RNA splicing occurs through modifications
of RNA-binding protein (RBP) function or occupancy of histone
modifications on the body of transcribed genes. Blaustein et al.
showed that epithelial-mesenchymal interaction regulates the inclu-
sion of the fibronectin alternative exon EDA via PI3-kinase in mouse
mammary epithelial cells, and the PI3-kinase pathway is mediated by
the action of two SR proteins, SF2/ASF and 9G8.**” Patel et al. pro-
vided in vitro and in vivo evidence showing that Akt2 kinase directly
phosphorylated splicing factor SRp40, thereby connecting the insulin
and PI3-kinase/Akt signaling pathway with phosphorylation of a site
on a nuclear splicing protein and promoting exon inclusion.*® In
addition, Sanidas et al. showed that the RNA processing regulator
IWS1 and AKT play a central role in the regulation of the alternative
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Figure 1. Regulation of alternative pre-mRNA splicing

Alternaive splicing in tumor

patterns (A) Schematic diagram of five examples of alternative
splicing modes is exon skipping, intron retention, mutually
Exon exclusive exons, alternative 5’splice site, and alternative
skipping 3'splice site. Shown on the right is the mature mRNA
transcript from each alternative splicing event. (B) The
complex interaction of cis-acting elements and trans-fac-
tors in alternative splicing regulation. RNA-binding proteins,
r<=,|tr2rr1°sri]on serine/arginine-rich proteins, and heterogeneous ribonu-
cleoproteins bind to exon or intron cis-regulatory elements
to promote or prevent splicing factor recognition of the
splice site.
Mutually

excluive exons
tion is uncoupled from its activity to bind DNA
and critical for breast cancer progression.
Mechanistically, ERa. controls different steps
of RNA metabolism. In particular, they demon-
strated that ERa. RNA binding mediates alter-
native splicing of XBP1 and translation of the
elF4G2 and MCL1 mRNAs, which facilitates
survival

Alternative 5’
splice site

Alternative 3’

splice site in stress conditions and sustains
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tamoxifen resistance of cancer cells.

RNA secondary structure is emerging as an
important layer in splicing regulation. Huang
et al. found that the I-8 element contains an
RNA  G-quadruplex The RNA
sequence with the capacity of forming the sec-
ondary structure of G-quadruplex itself, rather
than the linear G tract, promotes alternative
splicing and the production of the epithelial-spe-
cific CD44v isoform. They further demonstrated
that hnRNP-F regulates G-quadruplex-associ-
ated alternative splicing. Depletion of hnRNP-F
induces EMT-associated CD44 splice isoform

structure.

splicing of FGFR2, promoting the skipping of exon 8 from the mature
FGFR2 mRNA transcript. The exclusion of the FGFR2 exon 8 de-
pends on the phosphorylation of IWS1 by Akt3 and Aktl at
Ser720/Thr721, which is required for the recruitment of SETD2 to
the RNA Pol II complex. This results in the trimethylation of histone
H3 at K36 in the body of the transcribed FGFR2 gene, triggering the
skipping of exon 8 from the mature transcript.*’ Recently, also it is
shown that AKT3-mediated IWS1 phosphorylation promotes the
proliferation of EGFR-mutant lung adenocarcinomas through cell cy-
cle-regulated U2AF2 RNA splicing.” In addition to the PIK3/AKT
pathway, roles of the Wnt signaling, nuclear factor (NF)-«B pathway,
and Hippo signaling pathway in the regulation of alternative splicing
of several cancer-related genes have also been established.”’ > Inter-
estingly, Xu et al. recently found that estrogen receptor o (ERa) is a
potent non-canonical RBP. They found that ERoe. RNA binding func-
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switch and promotes the EMT phenotype, a crit-

ical process that drives tumor metastasis.>

Recently, Fish et al. reported a systematic effort
to decipher the RNA structural code that shapes pathological splicing
during breast cancer metastasis. They found a previously unknown
structural splicing enhancer that is enriched near cassette exons with
increased inclusion in highly metastatic cells and showed that the spli-
ceosomal protein SNRPA linteracts with these enhancers to promote
cassette exon inclusion. This interaction enhances metastatic lung colo-
nization and cancer cell invasion, in part through SNRPA1-mediated
regulation of PLEC alternative splicing, which can be counteracted
by splicing modulating morpholinos.™

DYSREGULATION OF ALTERNATIVE SPLICING IN
CANCER

Splicing abnormalities caused by splicing cis-element mutations or
splicing factor mutations and expression dysregulation are wide-
spread in cancer, and significantly promote the progression of
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Figure 2. Dysregulatio

n of alternative splicing in cancer

(A) Roles of splicing factors in cancer. Simply, some well-known splicing regulatory proteins are involved in abnormally regulating the expression of tumor-related isoforms of
the cancer hallmarks due to their expression dysregulations or mutations. (B) The TCGA database shows that the well-known splicing factor changes have been detected in
most human tumors. In several patient cohorts, genetic alterations (including expression changes and repeated somatic mutations of splicing factors) were detected in more
than 2% of tumors. Splicing factor amplification is depicted in red, deep deletion in blue, inframe mutation in purple, splice mutation in yellow, and somatic mutations in green.

cancer’”*® (Figure 2). Increasing evidence shows that cancer-related
splicing abnormalities affect almost all aspects of cancer biology.>

Cancer cells selectively express potentially oncogenic splicing iso-

forms of affected genes to gain a growth advantage. Therefore,

splicing dysregulation is a molecular marker of cancer and has an

. . 60,61
oncogenic effect in some cancers.

Molecular Therapy Vol. 30 No 3 March 2022 1021


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

Abnormal expression of splicing factors in cancer

In addition to genome mutations, changes in the copy number or
expression levels (up-regulation or down-regulation) of splicing
factors can also interfere with the cancer pathogenesis. In fact,
the abnormal expression of some splicing factors has been
frequently reported to be closely related to the development and
progression of cancer.”>*® A variety of splicing factors deregulated
in cancers have been shown to exhibit oncogenic or tumor sup-
pressive functions, which can be categorized into SR proteins,
hnRNP proteins, and other splicing factors.**%
of the expression levels of 1,348 RBPs found that extensive changes
in RNA-binding protein expression are related to various alterna-
tive splicing changes in cancer driving and oncogenic pathways.*®
One of the best characterized is SRSF1, an oncogenic SR protein
involved in both constitutive and alternative splicing. It is up-regu-

lated in a variety of types of tumors, including colon, breast, glio-
61

A recent analysis

blastoma, and lung.
an increase in the expression levels of oncogenic isoforms of RON,
MNK?2, and S6K1, and anti-apoptotic protein isoforms Bcl-xL and
MCL-1L, and a decrease of tumor suppressor protein isoform of
BIN1.°"% Anczukow et al. identified the targets of SRSF1 in hu-
man breast tumors by using RNA sequencing. De novo discovery
of the binding motif and construction of regulatory maps provided
insights into SRSF1 regulatory mechanisms and uncovered onco-
genic splicing events representing potential therapeutic targets.”’
In addition, they also found that SRSF1 overexpression promoted
alternative splicing of BIM and BIN1 to produce isoforms that lack
pro-apoptotic functions and contribute to the phenotype. Finally,
SRSF1 cooperated specifically with MYC to transform mammary
epithelial cells, in part by potentiating eIF4E activation, and these
cooperating oncogenes are significantly co-expressed in human
® SRSF3 and SRSF6 are also overexpressed in

71,72

Moreover, overexpression of SRSF1 induced

breast tumors.
certain cancer types and are considered to be oncoproteins.
The importance of hnRNPs in cancer is reflected in the fact that
these proteins are often associated with the prognosis of cancer pa-
tients.”” For example, hnRNP K is considered to be a tumor sup-
pressor, and its expression is reduced in hematological malig-
nancies and is related to prognosis.”* Recently, hnRNP A2 has
been found to be related to enhancing the expression of anti-
apoptotic proteins BIN1 and CASP9 and reducing the expression
of pro-apoptotic proteins Bcl-xS.”” In addition, other splicing fac-
tors, such as PTBP1, whose increased expression can induce the
expression of tumor-associated splicing isoforms, including
RAC1, NUMB, and PKM.””> RBM4 has also been shown to func-
tion as a tumor suppressor in cancers by suppressing the expres-
sion of anti-apoptotic splice isoform of BCL-X.”®

Mutations of splicing factors in cancer

Somatic mutations that affect the components of the early spliceosome
complex are often described in cancer, especially in hematological ma-
lignancies.”> Among the splicing factors most affected by these muta-
tions are SF3B1, SRSF2, U2AF1, and ZRSR2.”” SF3B1 is a subunit of
U2 snRNP, which can recognize the branchpoint site and is the most
common mutant of splicing regulator in many cancers. The mutation

1022 Molecular Therapy Vol. 30 No 3 March 2022

frequency in breast cancer can reach about 81%.”° Cancer-related
SF3B1 mutations are located in HEAT domains, which are involved
in the protein-protein interactions and clustered in hotspot mutations,
namely E622, R625, K700, H662, and K666. Specifically, it was recently
demonstrated that hotspot mutations affect residues of SF3B1 that are
in close proximity to the polypyrimidine tract within the intron, and
consequently connected to abnormal branchpoint site usage.””®'
SRSF2 is a member of the SR protein family that promotes splicing
by binding to the ESE sequences through its RNA recognition motif.**
SRSF2 mutations have been found in hematological malignancies,
particularly in patients with chronic myelomonocytic leukemia
(CMML, 28%-47%).”® SRSF2 mutations are concentrated on P95 res-
idues, leading to changes in RNA-binding preference, which is condu-
cive to the recognition of C-rich CCNGs rather than G-rich ESEs, and
leads to changes in the splicing of hundreds of mRNAs.*>** Moreover,
through analyses of transcriptomes from 982 patients with acute
myeloid leukemia, Yoshimi et al. identified frequent overlap of muta-
tions in IDH2 and SRSF2 that together promote leukemogenesis
through coordinated effects on the epigenome and RNA splicing.
While mutations in either IDH2 or SRSF2 imparted distinct splicing
events, co-expression of mutant IDH2 altered the splicing effects of
mutant SRSF2 and resulted in more profound splicing changes than
either mutation alone.*> U2AFI, required for recognition of the AG
dinucleotide-dependent 3’ splicing site recognized by the main spliceo-
some, hotspot mutations were reported to occur at residue S34 or Q157
located in the zinc finger domains in myeloid malignancies, thus
affecting the recognition of the splice sites.*>*” ZRSR2 is also a member
of SR protein family and affects the 3" splicing sites through U12.
Compared with SF3B1, U2AF2, and SRSF2, ZRSR2 mutations spread
throughout the entire gene, often leading to protein truncation, indi-
cating that this is a pathogenesis caused by loss of function.*®

Mutations of splicing regulatory cis-elements in cancer
Mutations in splicing regulatory cis-elements of tumor-associated
genes can result in splicing abnormalities that promote tumor progres-
sion. Recently, a global exome analysis of genes with splice site muta-
tions in more than 8,000 tumor samples identified that more than
1,000 genes were affected by mutations that may produce new alterna-
tive splice sites.”” High-throughput sequencing has been used to
analyze the frequency of genomic mutations in different types of tu-
mors. The search for single nucleotide variants revealed 1.5% muta-
tions in splice sites.”” For example, the mutation from G to A in
exon 10 of NEIL1 can cause the shortening of mature mRNAs, and
then through the translation produces abnormal protein molecules
that do not have DNA repair functions, thereby promoting the occur-
rence of gastric cancer.”' Tao et al. discovered a new alternative splicing
site on the MYH-IVS10-2 A’G (c.892-2 A— G) heterozygous gene in
two Japanese family gastric cancer patients. This form of alternative
splicing can produce abnormal mRNA transcripts and translate a
shortened MYH protein, which has impaired DNA repair functions.””
In addition, this mutation site in the CDH1 gene was also identified in a
52-year-old patient with signet ring cell carcinoma. This site can cause
changes in traditional splicing sites, resulting in three different CDH1
transcripts.”
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Figure 3. Schematic of tumor hypoxia-induced splicing events in several hallmarks of cancer
Schematic representations of the many ways that tumor hypoxia-induced alternative splicing promotes proliferation, angiogenesis, apoptosis avoidance, metabolic changes,

metastasis, immune evasion, and chromosomal instability.

ALTERNATIVE SPLICING AND TUMOR METABOLISM
Tumor cells have a unique metabolic system, which is an important
hallmark that distinguishes tumor cells from normal cells. Most
normal tissues can generate sufficient energy supplies through the
tricarboxylic acid cycle and oxidative phosphorylation under aerobic
conditions. Fast-proliferating cells, such as tumor cells, use a different
metabolic method from the former, that is, when oxygen is abundant,
a large amount of glucose is converted into lactic acid for energy sup-
ply. This phenomenon is called the Warburg effect or aerobic glycol-
ysis.”* Although this phenomenon has a very low efficiency in gener-
ating energy, glycolytic metabolites will participate in the synthesis of
molecules that are important for cell proliferation, thereby promoting
tumor growth.”

During tumor progression, tumor cells frequently experience hyp-
oxia, due to overgrowth. Hypoxia is a common feature of most solid
tumors and plays an important role in tumor metabolism regula-
tion, invasion, metastasis, and other aspects.”® The response to hyp-
oxia includes a series of adaptive mechanisms that promote cell sur-
vival. Hypoxia alters metabolism and is a key component of
maintaining the type of glycolytic metabolism.” There is abundant
evidence showing that hypoxia-induced alternative splicing events
are a potent driving force in tumors'® (Figure 3). Hypoxia-induced

alternative splicing is essential for the adaptation of the tumor cell
microenvironment. It is one of the most important functions of tu-
mor hypoxia responses.”” The vascular endothelial growth factors
(VEGFs), the key regulators of angiogenesis, are primarily regulated
by hypoxia and are direct targets of HIF-1o. and HIF-20.. Tumor
hypoxia is also known to increase the expression of pro-angiogenic
VEGF isoforms. However, the anti-angiogenic VEGF isoform for-
mation is promoted preferentially under normoxia.”* ' In
addition, the hypoxia-induced alternative pre-mRNA splicing af-
fects tumor metabolic reprogramming under anaerobic conditions,
which initiates with HIFla stabilization and promotion of PKM2
splice isoform expression, at the expense of the oxidative phosphor-
ylation-promoting PKM1 isoform, leading to a metabolic shift to
glycolysis.'® Lactate dehydrogenase (LDH/LDHA) is an HIF-target
gene, and its overexpression is associated with poor prognosis in
several cancers. In cancer cells, hypoxia promotes alternative
LDHA-001splicing and reduces LDHA-201 isoform expression, re-
sulting in the loss of LDHA-201 expression through nonsense-
mediated mRNA decay.'”’ The effects of hypoxia on general
splicing mechanisms include the imbalance of splicing factor
expression of hnRNPA1, hnRNP M, SRSF1, SRSF3, SAM68, Hur,
PRPF40b, and RBM4, and the activation and increased expression
of SR splicing factor kinases CLK1 and SRPK1, which promote
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Figure 4. Dysregulation of alternative splicing events in cancer metabolism

(A) c-Myc-mediated transcription of PTBP1 and hnRNP A1/A2 promotes the formation of the pro-tumorigenic isoform PKM2, which contains exon 10 and excludes exon 9.
(B) Mutually exclusive exons define the formation of KHK-A or KHK-C. KHK-A has tumorigenic activity, and its formation is promoted by the expression of hnRNP H1 and
hnRNP H2 mediated by c-Myc. (C) The regulation of GLS alternative splicing is complex, involving the activity of LncRNA CCAT2, which binds to other proteins in an allele-
specific manner. Alleles containing SNP G promote the formation of a shorter isoform (lacking exons 16-18), while alleles containing T promote the formation of a longer

isoform.

hyperphosphorylation and activity of SR splicing factors, change
intracellular localization of splicing factors, and the ability to
interact with other proteins and pre-mRNAs, leading to transcrip-
tion of hypoxic adaptive genes and promoting tumor progres-
sion.”>'9271% Recently, Han et al. found a large number of alterna-
tive splicing events, including intron retention, exon skipping, and
alternative first exon usage that was regulated by acute and chronic
hypoxia where intron retention was the most dominant type of hyp-
oxia-induced alternative splicing. Many of these genes are involved
in metabolism, cancer cell proliferation, migration, and invasion,

1024 Molecular Therapy Vol. 30 No 3 March 2022

suggesting they may modulate or be involved in additional features
of tumorigenic development that extend beyond the known func-
tions of canonical full-length transcripts.'”' There is increasing ev-
idence that cancer-related alternative splicing helps promote tumor
growth and proliferation, partly because of the effects of metabolic
reprogramming. Herein, we discuss the role of splicing in regulating
cancer metabolism and put forward evidence to support the view
that in many types of cancers, alternative splicing acts as a molec-
ular switch to change metabolism and drive tumorigenesis
(Figure 4).
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Alternative splicing regulates glucose metabolism

Compared with normal cells, tumor cells preferentially metabolize
glucose through aerobic glycolysis, and some of the genes encoding
enzymes are prone to alternative splicing. Glycolysis consists of a se-
ries of 10 enzyme-catalyzed reactions, three of which are irreversible
and are called commitment steps.'> Pyruvate kinase catalyzes the last
step of glycolysis and converts phosphoenolpyruvate into pyruvate,
which is a key determinant of how glucose is used in cancerous and
differentiated cells. Pyruvate kinase muscle isozyme PKM produces
PKM1 and PKM2 splice isoforms using mutually exclusive exon 9
and exon 10, respectively. PKM1 is expressed in most normal cells
and promotes oxidative phosphorylation, while PKM2 is up-regu-
lated in tumor cells and promotes aerobic glycolysis.'”® Christotk
et al. proved that the replacement of PKM2 in tumor cells with
PKMI1 can significantly reduce the production of lactic acid and the
size of the tumor, indicating that the presence of PKM1 or PKM2
in tumor cells can directly affect the metabolic phenotype of the tu-
mors.'® By regulating the expression of PKM genes, inhibiting the
expression of PKM2 and promoting the production of PKMI is of
great significance for inhibiting tumor progression. Studies have
shown that the alternative splicing of PKM is determined by splicing
regulators hnRNPA1, hnRNPA2, PTB, and SRSEF3, etc. It suggests
that splicing factors are involved in the role of alternative splicing

. . 107
in tumor metabolism.

Alternative splicing regulates glutamine metabolism

In addition to aerobic glycolysis, enhanced glutamine metabolism is
another important feature of cancer cells.'* Glutamine is an impor-
tant precursor of biosynthetic reactions, supplementing the carbon
sources of the tricarboxylic acid cycle, and can produce glutathione
to regulate redox homeostasis.>'**"''" Glutaminase metabolizes
glutamine into glutamate in the mitochondria, which is hydrolyzed
to a-ketoglutarate (a-KG), an important anaplerotic source for the
tricarboxylic acid cycle in fast-growing cells.'"' Glutaminase exists
in two alternatively spliced variants: glutaminase C, a 598-amino
acid long protein that lacks the last 16 to 18 exons, and kidney-type
glutaminase.”z’1 13 Compared with normal tissues, glutaminase C iso-
form is found to be dominant in adenoma, glioma, colorectal cancer,
and breast tumors. Specific inhibition of glutaminase C isoform with
small molecule inhibitors can inhibit tumor progression.''*™''® A
mechanism of the priority expression of glutaminase C isoform and
its regulation was elusive until recently. Previous studies reported
that the kidney-type glutaminase isoform contains miR-23a/b target
sites in rat cells. In addition, although c-Myc transcriptional inhibi-
tion of miR-23a/b leads to the de-suppression of kidney-type gluta-
minase isoform, a large-scale analysis of clinical samples from the
TCGA dataset found that tumors often switch the use of 3'UTR
from kidney-type glutaminase isoform to glutaminase C isoform,
thus avoiding the need to inhibit miR-23a/b.''”""'® Recently, Ma-
samha et al. reported that one of the main targets of CFIm25 is gluta-
minase. After CFIm25 was down-regulated, glutaminase underwent
splicing alternative polyadenylation changes, and kidney-type gluta-
minase isoform expression was significantly increased. Interestingly,
CFIm25 knockdown also affects alternative splicing, and glutaminase

C isoform exon inclusion is inhibited in cells that normally use gluta-

. . 5
minase C isoform.""

Alternative splicing regulates fructose metabolism

In order to meet the needs of their own growth, tumor cells will use
all available nutrients. Fructose, as the isomer of glucose, is a better
carbon source. Glycerol-3-phosphate and glyceraldehyde-3-phos-
phate, which are metabolized by fructose in tumor cells, can provide
a material basis for tumor cells to synthesize phospholipids and tri-
glycerides. In addition, the intermediate products of fructose meta-
bolism can enter the non-oxidative pentose phosphate pathway,
which provides ribose 5-phosphate for the synthesis of ribose in tu-
mor cells and produces a large amount of NAPDH."** Fructose
metabolism begins with its phosphorylation by the enzyme ketohex-
okinase (KHK), which exists in two alternatively spliced variants,
KHK-A and KHK-C."”' KHK-C is tissue-specific and is predomi-
nantly expressed in liver, intestine, and kidney,122 while the KHK
isoform has been linked to the development of disorders, such as
cancer.'”” KHK-C and KHK-A were produced by specific excision
of adjacent exons 3A and 3C, respectively. The expression of these
two isoforms is tissue-specific, but usually mutually exclusive.
Some studies have emphasized the importance of KHK-C expres-
sion in the progression of diabetes, liver diseases, or hyperten-
sion,'24712¢ Recently, it was found that KHK-A, as a protein kinase,
directly phosphorylates phosphoribosyl pyrophosphate synthetase 1
from in the de novo nucleic acid synthesis pathway in hepatocellular
carcinoma cells.'*” Li et al. identified hnRNP H1 and hnRNP H2 as
the major splicing proteins binding to the splicing exons and adja-
cent introns of KHK. Mutagenesis of the binding motif and mini-
gene reported assay further identified their role in regulating this
splicing event.'*”

Alternative splicing regulates fatty acid metabolism

Compared with aerobic glycolysis, the increase of lipid fatty acid
metabolism has received less attention, but recently it has been
considered as another important metabolic abnormality that is
necessary for tumor progression.'*® Fatty acids are a kind of car-
boxylic acid with a long aliphatic chain. It usually appears as an
even number of carbons, which can be saturated or unsaturated.
Fatty acids are essential for energy storage, membrane synthesis,
and signal molecule production.'” Fatty acids need to be con-
verted to acyl coenzyme A for subsequent metabolism, including
anabolism or catabolism. Acyl coenzyme A synthetase located on
the endoplasmic reticulum and mitochondrial outer membrane,
catalyzes the conversion of fatty acids in the presence of ATP, co-
enzyme A, and Mg2."”" Long-chain acyl-CoA synthetase (ACSL)
family members include five different ACSL isoforms, each en-
coded by a separate gene and have multiple spliced variants."’'
ACSL4 is a member of the ACSL family. Its expression in liver
cancer tissues is significantly higher than that in normal tissues,
and is involved in tumorigenesis by regulating cAMP and p38
MAPK pathways.'”* In addition, ACSI4 is also highly expressed
in breast cancer cells, which promotes tumor growth in vivo and

. . 3
in vitro.'>
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Figure 5. Roles of abnormal alternative splicing
events in immune cells
o Dendritic cells Macrophages Schematic shows abnormal alternative splicing isoforms
in dendritic cells, macrophages, B cells and T cells. In
SF3A1 TDP-43 raAl TDP-43 Soluble 20-kDa TLR4 addition, we describe the mechanism of alternative

MyD88s(yskipping of  Tpp_43 binds IL-6 1

MyD88 exon 2) MyD88s(yskipping of

signals

Cytokine production

5 Activation the
in macrophages

immune response

S

Cytokine production
in macrophages

-

I

Roles of alternative splicing
in immune cell

£ TDP-43 binds IL-6

or IL.-10 RNA MyD88 exon 2) or IL-10 RNA
Toll-like receptor (TLR) b I
. 56y ”_‘ :,lo Toll-like receptor (TLR) ACACI L0
g RNA splicing RNA splicing

Activation the
immune response

splicingisoform splicing isoforms in important genes for immune cell dif-
ferentiation and function, such as MyD88/interleukin (IL)-
6/IL-10 in dendritic cells, MyD88/IL-6/IL-10/TLR4 in
macrophages, CD45/CD44/FOXP3/MALT1 in T cells or

IgM/IgD/IgE in B cells.

TNF-a production
and NF-kB activation

Immune response

of great significance for revealing the mecha-
nisms of tumor evasion of immune response
and the immune mechanisms of tumors.

Alternative splicing in macrophages

metastasis

naive T cells activation function

a D The ImmGen Consortium found through high-
(6] T cells O B cells throughput sequencing that alternative splicing
o ~ is ubiquitous. About 60% of genes show different
ERK signaling hnRNPL, PTB hnRNP U Splicing factors Zfp318 Sp"cte‘.“%'::' bR alternative splicing isoforms in T or B cells, of
and hnRNP E2, RIS.E ? . . L.
l | I l which about 70% of alternative splicing events
Samé8 ; MALT1A Splicing  Inhibits the bindin, . . .
Bind CD45 . S FOXP3A2A7 P 4 g Increase the
| vamscripty lInclusionof e lC i ofthe Vi | of cleavaga factors  panseript are related to hrlleage differentiation, and more
splicing MALTL exon 7} £oxp3 both | diversity of than 7,000 previously unreported subtypes can
5 2and7 q IgE . . 3 .
variantCD44v  CDASRA i =eca? andd) Balancing the  Production of ¢ be identified."*® A prominent example of alterna-
l (variable exonRecruitment 1gD and IgM membrane- . L. L. . .
monocte | 40fCDAS)  Of TRAFS IL-1p e bound IgM tive splicing in innate immune signal transduc-
ymphocyte . X i
activationand p ki Thell  inhibitsTres tion is MyD88. One of its subtypes, MyD88s,

has been shown to regulate the production of in-

flammatory factors in macrophages, thus limiting

ALTERNATIVE SPLICING AND TUMOR IMMUNE
RESPONSE

Tumor cells can modify their surface antigens to change the microen-
vironment of tumor tissues; avoid the surveillance, recognition, and
attack of the immune system, and continue to grow and proliferate.
A positive correlation has been found between tumor mutation loads
and response to immune checkpoint blockade. Cancer neoantigens
derived from somatic mutations activate an adaptive immune
response to kill cancer cells. Similarly, tumor-associated splicing
events with neoantigen-generating capacities have been proposed as
predictors for the response of immunotherapy.®* Increasing clinical
studies have revealed remarkable outcomes both for TCR-T cell ther-
apy targeting cancer germline antigens and for neoantigen-based vac-
cines.'”* Coding mutation-derived neoantigens are best studied, but
neoantigens can also arise from other processes, such as altered
splicing events. Some studies analyzing the high-throughput
sequencing data concluded that tumor-specific alternative splicing
is abundant and may generate neoepitopes that contribute to the
epitope repertoire.””'*” Increased studies have shown that splicing
disorders directly affect genes that play a key role in the immune
pathway, thereby affecting the effectiveness of cancer immuno-
therapy”*'**"*7 (Figure 5). Identifying the role of different splice iso-
forms in specific cancers and the regulatory role of splicing factors is
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the innate immune activation downstream of
TLR signaling."”® The regulation of the splicing
factors Eftud2 on MyD88s may indicate the link between alternative
splicing and innate immune response.'*’ In addition, in the TLR4
signaling pathway, the splicing factors SF3A1, SF3A2, SF3A3, or
SE3BI are essential for the generation of the long subtype of MyD88,
because their knockout will lead to an increase in the short subtype,
thereby inhibiting the MyD88 signaling pathway.'* In addition, for
TLR4, there is a soluble isoform, that is, a 144-base pair insertion be-
tween exons 2 and 3, which results in a premature stop codon, and
this subtype can be induced in an inflammatory response. This isoform
is functionally different from the membrane-bound isoform because it
inhibits the production of tumor necrosis factor-o. and NF-«kB signals in
the macrophage cell line, and therefore serves as a negative feedback

. o o . 141
mechanism to limit excessive inflammation response.

Alternative splicing in dendritic cells

The maturation of dendritic cells is a key step in inducing adaptive
immune responses. Jia et al. previously found that the expression of
the splicing factor hnRNP C was significantly increased after LPS
stimulation. hnRNP C knockout or overexpression down-regulates
or up-regulates the expression of NF-kB p65 and its downstream tar-
gets CD80 and CD40. These results indicate that the splicing factor
hnRNP C regulates the maturation of dendritic cells by affecting
the expression of p65, CD80, and CD40.'*”> Geng et al. found that
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RNA immunoprecipitation experiments
showed that splicing factor hnRNP LL is
related to the exclusion of exons 4 and 6 in
CD45."°> hnRNP LL is tissue-specific and is
preferentially expressed in activated T lym-
phocytes.'”> 1Its high expression promotes

CD45 splicing, resulting in a decrease in
high molecular weight subtypes and an in-

the specific deletion of splicing factor Ptbpl in DCs can increase the
expression of major histocompatibility complex (MHC) II. Function-
ally, deletion of Ptbpl in dendritic cells can enhance antitumor im-
munity by regulating Pkm alternative splicing. These findings reveal
the role of splicing factor PTBPI in dendritic cells, suggesting that

PTBP1 may become a new target for antitumor therapy.'*’

Alternative splicing in B cells

Alternative splicing can also increase the diversity of immunoglobulin
(Ig)E transcripts in B cells. IgE exists in various subtypes, including
secreted and membrane-bound.'**'** Studies have shown that the
generation of different IgE subtypes depends on different stimuli
and follows developmental characteristics,'** highlighting the differ-
entiation-related regulation of splicing variant expression.'*’” An
example of an effective regulator for these alternative splicing events
in B cells is the splicing protein HuR."*®'*’ The loss of HuR leads to
defective class-switching and B cell death. It also emphasizes the
importance of tightly regulated splicing mechanisms in the differen-
tiation and activation of B cells.

Alternative splicing in T cells
There are also some examples to illustrate the role of alternative
splicing in T cell regulation and differentiation. The expression

crease in low molecular weight subtypes.
These indicate that the transformation of the
CD45 splicing isoform is critical to the development and func-
tion of T lymphocytes. In addition, MALT1 exhibits lymphocyte
activation function by connecting TCR/CD28 with downstream
signaling pathways.'” There are two splice isoforms of
MALT1, MALTIA and MALT1B. MALT1A containing exon 7
can promote the recruitment of TRAF6 and enhance the func-
tion of the MALT1 scaffold, but it cannot enhance the activity
of protease.”’ Naive CD4+ T cells mainly express MALT1B,
and activated CD4+ T cells mainly express MALT1A. Down-
regulation of splicing protein hnRNP U promotes the expression
of MALT1A and T cell activation.*

ALTERNATIVE SPLICING AND CANCER THERAPY

The existence of tumor-specific splicing isoforms drives or promotes
tumor growth, making them potential therapeutic targets. The diver-
sity of alternative splicing regulation changes suggests that multiple
strategies can be used to target abnormal splicing programs in cancer
(Figure 6). Thus far, there are many ways to interfere with RNA
splicing, including directly targeting RNA splicing factors, blocking
kinases that regulate splicing factors, and using oligonucleotides
that can regulate RNA splicing factors, etc.'”* Herein, we highlight
the key advances in the development of treatments for oncogenic
alternative splicing (Table 1).
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Table 1. The application of alternative splicing in cancer therapy

Tumor type Splicing-based treatment strategy Drug names Inhibition target References
Colorectal, esophageal Targeting the core spliceosome E7107 SE3b 19
Colorectal Targeting the core spliceosome FR901464 SE3b 10
Melanoma Targeting the core spliceosome GEX1 SF3b 7
Chronic lymphocytic leukemia Targeting the core spliceosome Spliceostatin A SF3b o8
Head and neck Targeting the core spliceosome Meayamycin B SF3b 19
Breast Targeting the core spliceosome Isoginkgetin U4/U6-US5 tri-snRNP 10
Not determined Targeting the core spliceosome Ubistatin A U4/U6-U5 tri-snRNP ot
Lung Targeting regulatory splicing factors NB-506 SF2/ASF o2
Hepatocellular Targeting regulatory splicing factors GSK3326595 PRMT5 103
Lung Targeting regulatory splicing factors JNJ-64619178 PRMT5 tod
12 tumor types Targeting regulatory splicing factors GSK3368715 PRMT1 165
Melanoma Targeting regulatory splicing factors SRPIN340 SRPK1 and SRPK2 to6
Prostate Targeting regulatory splicing factors Indisulam RBM39 17
Breast Splicing isoform-specific targeting Oligonucleotides BRCA1 18
Pancreatic Splicing isoform-specific targeting Oligonucleotides PKM 169
Glioma Splicing isoform-specific targeting Oligonucleotides Bcl 170
Melanoma Splicing isoform-specific targeting Oligonucleotides MDM4 7

Small molecules against splicing modulators

The use of small molecule inhibitors to target mutations or abnor-
mally expressed splicing factors is the first and one of the best re-
searched methods of splicing-based therapy. The earliest splicing reg-
ulators is FR901464 and its acetylated derivative spliceostatin A
(SSA). SSA is a natural product extracted from Pseudomonas spp. It
was first described in human and mouse tumors in several xenograft
models with antitumor effects.!”>'”* Mechanistically, these com-
pounds non-covalently bind to SF3B1, disrupting the interaction be-
tween the SF3B/U2AF1/U2-snRNP complex and the pre-mRNA,
leading to disordered pre-mRNA splicing.'”>'”° The first splicing
modulator to enter phase 1 clinical trials, pladienolide B synthetic
E7107, was tested in solid tumors where spliceosome mutations are
fairly uncommon and minimal clinical activity was observed.'>>'”
In addition, H3B-8800 is a silosadienolide derivative, which has
been shown to have a stronger inhibitory effect on cancer cells with
mutations in SF3B1, SRSF2, U2AF1, and U2AF1 genes."”® This
drug candidate is currently in phase I clinical trials
[NCT02841540]. Other new small molecules targeting different
stages of the splice pathway have been discovered. For example, N-
palmitoyl-I-leucine can block the later stages of spliceosome assem-
bly, Cp028 can inhibit the middle stage of the spliceosome activation
process, and jerantine An up-regulates the SF3b protein in breast can-
cer cells, resulting in an increase in unspliced pre-mRNA."*'! A
recent study showed that by reducing the expression of pro-angio-
genic VEGF isoforms, the compound SRPIN340 inhibits SRPK1
(which phosphorylates splicing factors SRSF1) and significantly re-
duces tumor growth in metastatic melanoma.'®® Another promising
splicing-related therapeutic target is PRMT5, an arginine methyl-
transferase that methylates U2 snRNP’s Sm protein.”* Pharmacolog-
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ical inhibition of the PRMT5 has exhibited antitumor potency associ-
ated with splicing defects in many cancer types.'®* Tumor cells are
shown to be sensitive to PRMTS5 inhibition, in part due to the general
inhibition of splicing.* Several PRMTS5 inhibitors are currently in
clinical trials for patients with relapsed/refractory solid tumors. These
include compounds GSK3326595, PF06939999, and JNJ-
64619178.'%% These findings indicate that small molecules, which
are general inhibitors of splicing, may provide a new way to develop
new anticancer drugs.

Antisense oligonucleotides for alternative splicing in cancer
therapy

RNA-targeted therapy appeared in 1978, when Zamecnik and Ste-
phenson first described this therapy, a chemically modified oligonu-
cleotide that can inhibit Rous sarcoma virus gene expression and virus
replication.“”‘185 As a result, antisense oligonucleotides (ASOs) have
been extensively explored in the process of drug development, and
have proven to be a useful alternative to target specificity in the treat-
ment of splicing-related cancers. ASOs are synthetic molecules
composed of short single-stranded nucleic acid sequences, generally
about 20 nucleotides, which are combined with complementary
pre-mRNA sequences through base pairs.'®® Targeted RNA therapy
has been applied to the clinic, and many clinical trials of ASOs are un-
der way.'®'® Previous studies reported that nusinersen, an anti-
sense oligonucleotide for intron silencing in SMN2, enhances the in-
clusion of exon 7 in SMN2 mRNA, and restores functional SMN
protein levels in patients with spinal muscle atrophy with SMN1 in-
activating mutations.'”*'*! Preclinical studies have shown that ASOs
"2 By using ASOs to
target oncogenic splice variants or key oncogenes, promising

may also have therapeutic values in oncology.
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preclinical results have also been achieved. For example, it is reported
that ASO targeting MDM4 with exon 6 skipping can reduce the
expression of MDM4, thereby inhibiting the growth of melanoma
and diffuse large B cell lymphoma, and improving the sensitivity to
MAPK targeted therapy.'”' Bcl-x ASO was designed to induce
splicing switches, which is conducive to the production of pro-
apoptotic Bcl-xS isoforms. In vitro experiments have shown that in
various cancer cell lines, these ASO treatments are used to transfer
splicing from Bcl-xL to Bcl-xS.'” In addition, the Bcl-xS protein
induced by ASO makes cancer cells sensitive to chemotherapy drugs
or UV radiation.'”* Recent preclinical data have evaluated the appli-
cation of ASOs in targeting key cancer driver genes, showing promise.
AZD9150 is an anti-transcription factor STAT3 ASO drug, which can
reduce the expression of STAT3 in a variety of preclinical tumor
models, and shows antitumor activity in lymphoma and lung cancer
models.'””> AZD4785 is another ASO targeting KRAS-driven cancers,
depleting KRAS and inhibiting downstream effector pathways and
anti-proliferative effects.'”® In addition, a related ASO method is to
design a bait oligonucleotide composed of RNA motifs recognized
by a given splicing factor, which can down-regulate its splicing activ-
ity. When splicing factors are overexpressed or overactive in cancer
cells, this may be a promising treatment.'””

CRISPR-Cas9-guided alternative splicing in cancer therapy

The clustered regularly interspaced short palindromic repeats
(CRISPR) and the CRISPR-related (Cas) 9 protein system have
become the forefront of gene editing technology, and their clinical ap-
plications have been studied in many malignant and non-malignant
tumors.'”® The CRISPR-Cas system can be designed to use a single
guide RNA (sgRNA) to destroy or edit specific splice sites, use a
pair of sgRNAs to remove specific exons or regulate cis-elements,
or use template-mediated homologous recombination to correct

199-201 .
%" An innova-

splicing abnormalities caused by gene mutations.
tive knockin system based on CRISPR-Cas9 was used to explore the
functional significance of SF3B1 mutations leading to alternative
splicing events in cancer cell lines.””” Although research on
CRISPR-Cas9 for targeting oncogenic alternative splicing events is
still insufficient, the specificity of these events for various cancer types
and the easy customization of the CRISPR-Cas9 system indicate that

CRISPR-Cas9 can effectively target splicing mutations.

Alternative splicing for cancer immunotherapy

Immunotherapy is producing effective treatments for some previ-
ously incurable cancers.'*>"*” According to certain different patterns
of mRNA alternative splicing between tumor and normal tissues, neo-
antigens are produced by abnormally spliced mRNA but not recog-
nized by the immune system, including splicing mutations, gene
fusion, and other processes.””> Some studies have shown that splicing
disorders directly affect genes that play a key role in the immune
pathway, thereby affecting the effectiveness of cancer immuno-
therapy.** A study on the B cell marker CD20 showed that the alter-
native splicing subtype of 168 nucleotides spliced in exons 3 to 7 is
only present in some patient-derived B lymphoma cell lines rather
than normal cells, and can produce CD20-derived peptides with

HLA-DRI binding epitope and vaccination, thereby inducing specific
CD4+ and CD8+ responses in transgenic mice.””* The other recent
research on CD19 exon 2 skipping results in a stable subtype that is
not recognized by T cells expressing CD19-specific chimeric antigen
receptor (CAR-T). Therefore, it is resistant to CD19 CAR-T in the

295 1n addition, a

treatment of B cell acute lymphoblastic leukemia.
study found that two secreted splice variants of programmed death
ligand 1 (PD-L1) trigger resistance to PD-LI blockade in non-small
cell lung cancer.””® Lu et al. showed that pharmacologic regulation
of splicing through specific drug classes generates bona fide neoanti-
gens and elicits antitumor immunity, increasing checkpoint immuno-
therapy. Splicing regulation inhibits tumor growth and enhances
checkpoint blockade in a manner dependent on host T cells and pep-
tides presented on tumor MHC class I. Splicing regulation induces
stereotyped splicing changes across tumor types, altering the MHC
I-bound immunopeptidome to yield splicing-derived neoepitopes
that trigger an antitumor T cell response in vivo. These data address
the central question of whether altered RNA splicing generates
immunologically meaningful neoantigens to provoke an effective
antitumor immune response.”’” Although the use of tumor-specific
mRNA splicing events to expand the immunotherapy target space
is progressing significantly, a lot of work is still needed.

CONCLUSIONS

Alternative splicing is a vital step in gene expression and alternative
splicing generates transcriptome diversity in eukaryotic cells. Howev-
er, although alternative splicing is the main driver of bio-diversity and
plays a role in many characteristics of cancer, it has been neglected for
a long time in the analysis of tumor characteristics, and it has also
been neglected as a source of new biomarkers and therapeutic targets
for drug development. In recent years, great progress has been made
in the research of alternative splicing, cancer metabolism, and tumor
immunity, and the relationship between them has become increas-
ingly clear. In cancer, abnormal alternative splicing may deregulate
every "cancer feature" proposed by Hanahan and Weinberg,”*® Tu-
mor metabolic disorders and tumor immune evasion are important
characteristics that distinguish tumor cells from normal cells. Under-
standing the role of abnormal splicing events in tumor metabolism
disorders and tumor immune evasion will facilitate the development
of specifically targeted tumor drugs. This review article presents the
aberrant-splicing events could be involved in tumorigenesis as onco-
genic drivers by regulating tumor metabolism and tumor immune
evasion. Although important advances have been made in the role
of abnormal splicing in tumors, there is still a great deal of work
left over. First of all, the data obtained of splicing events are mainly
from the second generation of RNA sequencing, which has a major
drawback that the read length is too short, resulting in inaccuracy.
Therefore, with the development of third-generation sequencing,
the combination of second-generation and third-generation
sequencing is expected to produce more accurate and high-
throughput splicing events. Targeting splicing has also been explored
as a new treatment option for cancer, including small molecules,
ASOs, novel RNA-based CRISPR-Cas9 editing technology, and
immunotherapy that modulates splicing. Despite exciting progress
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in this area, these targeted anticancer therapies based on alternative
splicing are still far from reaching the clinic. For example, a number
of drugs or inhibitors that target splicing are undergoing clinical trials
in cancer, but they are still far from being used. More research is
needed to find more precise targeting mechanisms. Therefore, it is
imperative to reveal in more detail how alternative splicing changes
actually drive tumorigenesis and how it is linked to altered tumor
metabolism, and tumor immune and other tumor-associated
signaling pathways.
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