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ARTICLE INFO ABSTRACT

Keywords: Abnormally alternative splicing events are common hallmark of diverse types of cancers. Splicing variants with
Alternative splicing aberrant functions play an important role in cancer development. Most importantly, a growing body of evidence
Cancer

has supported that alternative splicing might play a significant role in the therapeutic resistance of tumors.
Targeted therapy and immunotherapy are the future directions of tumor therapy; however, the loss of antigen
targets on the tumor cells surface and alterations in drug efficacy have resulted in the failure of targeted therapy
and immunotherapy. Interestingly, abnormal alternative splicing, as a strategy to regulate gene expression, is
reportedly involved in the reprogramming of cell signaling pathways and epitopes on the tumor cell surface
by changing splicing patterns of genes, thus rendering tumors resisted to targeted therapy and immunotherapy.
Accordingly, increased knowledge regarding abnormal alternative splicing in tumors may help predict therapeutic
resistance during targeted therapy and immunotherapy and lead to novel therapeutic approaches in cancer.
Herein, we provide a brief synopsis of abnormal alternative splicing events in cancer progression and therapeutic

Targeted therapy
Immunotherapy, Resistance

resistance.

Introduction

According to the Human Genome Project, the human genome con-
tains approximately 23,000 genes, which is far from the diversity of the
proteome encoded by genes. In 1980, it was first revealed that a gene
could be transcribed into two different mRNAs [1]. Alternative splicing
is the mechanism that processes pre-mRNA through different splicing
modes to produce a variety of mature mRNAs with different structures
and functions (Fig. 1). Reportedly, 95% of human gene expression is reg-
ulated by alternative splicing [2]. Alternative splicing greatly improves
the complexity of the transcriptome and the diversity of the proteome
as a significant regulatory mechanism of gene expression. If the alterna-
tive splicing pathway goes unchecked, it can lead to protein expression
disorders and various diseases, including cancer, neurodegenerative dis-
orders, muscular dystrophies, and cardiovascular and immunologic dis-
eases [3-5]. In particular, hundreds of splicing events are reportedly
disordered in cancer [6]. These abnormal splicing events are associated
with malignant progression and therapy resistance in tumors [7]. Specif-
ically, tumor cells can express abnormal proteins that promote cancer
progression through abnormal splicing events. Additionally, abnormal
splicing variants develop resistance by mediating the loss of antigen tar-

* Corresponding author.
E-mail address: 632138414@qq.com (J. Zuo).
1 Kun Deng and Jingwei Yao are the first authors.

https://doi.org/10.1016/j.tranon.2021.101077

gets or changing the target of drug action in cancer. This review focuses
on recent research progress concerning alternative splicing, which pro-
motes tumor malignant progression and develops resistance to targeted
therapy and immunotherapy.

The physiological process of alternative splicing

The alternative splicing process is carried out by spliceosomes
and splicing factors (Fig. 2). First, the arginine/serine-rich domain
(located at the C-terminal) of SRSF proteins is phosphorylated by
Serine/arginine-rich protein-specific kinase (SRPKs) in the cytoplasm,
which are transported to the nucleus by transportin-SR (TRN-SR)
[8]. Then, phosphorylated SRSF proteins are transported to the nu-
clear speckle domains and hyper-phosphorylated by cdc2-like kinase 1
(CLK1). Hyper-phosphorylated SRSF proteins can bind pre-mRNA via an
RNA recognition motif (RRM, in the N-terminal) [9]. U1 small nuclear
ribonucleoprotein (snRNP) and U2 snRNP are recruited to combine with
the splice site of the intron. U1l snRNP binds the conserved sequence G-U
of the 5’ splice site, and U2 snRNP replaces the branch-site binding pro-
tein (BBP) and binds to the conserved sequence A-G of the 3’ splice site
[10]. Then, U1 snRNP interacts with U2 snRNP to form the spliceosome
A. Second, U4, U6, and U5 snRNPs are assembled into tri-snRNP un-
der the action of phosphorylated pre-mRNA processing factor kinase 31

Received 18 December 2020; Received in revised form 12 March 2021; Accepted 15 March 2021
1936-5233/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.tranon.2021.101077
http://www.ScienceDirect.com
http://www.elsevier.com/locate/tranon
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2021.101077&domain=pdf
mailto:632138414@qq.com
https://doi.org/10.1016/j.tranon.2021.101077
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Deng, J. Yao, J. Huang et al.

-: Exon : Intron
Intron retention
(B —8 —8|—— (B [ B2 —&
Exon skipping

(Bt — 82 —E8 > [El 8

Mutually exclusive exons

Alternative donor sites
Alternative acceptor sites

(Bl Efa[Eb ——

Fig. 1. The modes of pre-mRNA alternative splicing. Intron retention: the intron
sequence is retained in the mature mRNA. Exon skipping: a single entire exon
sequence is removed. Mutually exclusive exons: one of the adjacent exons is
randomly removed or kept. Alternative donor sites: a different donor splice site
is used for removing or keeping part of exon sequence. Alternative acceptor
site: a different acceptor splice site is used for removing or keeping part of exon
sequence.

(PRP31) and pre-mRNA processing factor kinase 6 (PRP6), both phos-
phorylated by pre-mRNA processing factor kinase 4k (PRP4k) [11,12].
The tri-snRNP interacts with spliceosome A through the pre-mRNA pro-
cessing factor kinase 28 (PRP28), which is phosphorylated by SRPK2.
The U2 snRNP displaces U4 snRNP to combine with U6 and U5 snRNPs,
U6 snRNP replaces Ul snRNP to bind the conserved sequence G-U of the
5’splice site of the intron, resulting in the conformation of spliceosome B
[8]. Then, the pre-mRNA is required to undergo two transesterification
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reactions for splicing into mature mRNA. In the first transesterification
reaction, the 2’ hydroxyl of adenylate located at the 3” splice site of the
intron performs a nucleophilic attack on the phosphodiester bond in the
5’ splicing site, breaking the phosphodiester bond between exons and
introns, thereby generating a 2’—5’ phosphodiester bond and resulting
in the conformation of the intron’s lariat structure. Thus, spliceosome
B transforms into spliceosome C. Following the second transesterifica-
tion reaction, the newly generated free hydroxyl in the exon 3 splicing
site performs a nucleophilic attack on the phosphodiester bond in the
3’splice site of the intron, thereby completely breaking the connection
between the intron and exon; consequently, the intron lariat is released
and degraded [13]. The adjacent exons are then pulled together and
connected via U5 snRNP, which requires GTP depletion. The remaining
U2, U5, and U6 snRNPs are released from spliceosome C to be utilized
in subsequent rounds of alternative splicing. Subsequently, the hyper-
phosphorylated SRSF proteins are dephosphorylated under the action
of protein phosphatase 2A (PP2A) or protein phosphatasel (PP1) and
released into the cytoplasm along with the mRNA for reuse. Thus, the
pre-mRNA undergoes a series of processes and is finally transformed
into mature mRNA.

Alternative splicing promotes cancer malignant progression

Oncogenesis is a complex multistep process that involves the abnor-
mal expression of several genes. In cancer cells, abnormal expression of
splicing factors leads to disordered alternative splicing events, resulting
in abnormal protein expression and promoting malignant progression
(Table 1).

RBMB5, as a tumor suppressor gene and splicing factor, improves the
production of meaningless mRNAs by recognizing incorrect 3’splice sites
of epidermal growth factor receptor (EGFR) pre-mRNA, thereby inhibit-
ing the proliferation of tumor cells [14]. However, the downregulation
of RBM5 has been observed in various tumors, consequently upregu-
lating the expression of EGFR and promoting tumor cell proliferation

Fig. 2. The physiological process of Pre-mRNA Alternative
Splicing. The whole process depends on spliceosome and splice
kinase. Please refer to the text for specific examples and refer-
ences.
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Table 1
Abnormal alternative splicing variants promotes cancer malignant progression.
Gene splice variant Role expression AS event Splicing factors Ref
in cancer
Mnk2 Mnk2-a Pro-apoptotic Low Exon skipping Overexpressed SRSF1 [18]
Mnk2-b Pro-proliferative High
BCL-X BCL-XL Anti-apoptotic High Alternative donor sites Overexpressed SRSF1 and [20]
SRSF9
MCL MCL-1L Anti-apoptotic High Exon skipping Overexpressed hnRNP K and [21]
hnRNP F/H
CD44 CD44s Pro-invasive High Exon skipping Down-regulated PCBP1 [22,23]
VEGF-A VEGF-Axxxa Pro-angiogenic High Alternative acceptor sites Overexpressed SRSF1, SRSF5 [26]
VEGFAxxxb Anti-angiogenic Low and SRPK1
PKM PKM2 Promote aerobic glycolysis High Mutually exclusive exons Overexpressed SRSF3, [31]

hnRNPA1 and PTBP1

and distant metastasis [15-17]. Mnk2 has two transcripts, the full-length
transcript Mnk2-a and exon 13a skipping transcript Mnk2-b (lack of
MAPK domain). Mnk2-a can directly interact with p38a-MAPK through
the mitogen-activated protein kinase (MAPK) domain, thereby induc-
ing apoptosis. Reportedly, overexpressed SRSF1 could switch the Mnk2
splicing to the Mnk2-b transcript in cancer, which promoted cell prolif-
eration [18]. Conversely, members of the BCL2 family are key regulators
of apoptosis, and the anti-apoptotic members Bcl-xL and MCL-1 L pro-
tect cells from apoptotic death [19]. Overexpression of SRSF1 and SRSF9
contributes to the increased production of BCL-XL transcripts in cancer
cells, which is an anti-apoptotic splicing variant of the BCL-X gene [20].
Similarly, it has been shown that overexpressed splicing factors hnRNP
K and hnRNP F/H could promote the switch in MCL pre-mRNA splic-
ing toward MCL-1 L transcript (an anti-apoptotic isoform) in breast and
ovarian cancers [21].

CD44 is a glycoprotein on the cell membrane, a widely recognized
stem cell marker in tumors. Alternative splicing transcribes CD44 to the
mesenchymal spliced variant (CD44s) and epithelial spliced variants
(CD44v). Interestingly, transforming growth factor (TGF)-f promotes
the switch from CD44 isoform to CD44s by inducing the degradation
of poly c binding protein 1 (PCBP1) in carcinoma cells, resulting in the
overexpression of CD44s in the process of epithelial-mesenchymal tran-
sition (EMT) induced by TGF-p [22,23].

Vascular endothelial growth factor (VEGF) is an essential growth fac-
tor that promotes proliferation of vascular endothelial cells. The VEGF-A
pre-mRNA encodes two splicing variants by recognizing different splic-
ing sites, pro-angiogenic VEGF-Axxxa and anti-angiogenic VEGF-Axxxb
isoforms [24]. Notably, the ratio of VEGF-A165b/VEGFA165a expres-
sion was downregulated in numerous solid tumors [25]. Reportedly, the
overexpression of SRSF1, SRSF5, and SRPK1 is related to the high ex-
pression of VEGF-Axxxa isoforms in pharyngeal tumors [26].

The pyruvate kinase M gene encodes two splice variants by removing
exon 9 or exon 10, which are PKM1(lack of exon 10) and PKM2 (lack
of exon 9) [27]. Under hypoxic conditions, tumor cells mainly rely on
aerobic glycolysis to supply energy [28]. Interestingly, PKM2 facilitates
the metabolic transformation of tumor cells [29]. It was reported that
SRSF3, hnRNPA1, and polypyrimidine tract-binding protein 1 (PTBP1,
also termed hnRPN1) jointly induce the expression of the PKM2 iso-
form during cancer [30]. SRSF3 induces the retention of exon 10 by
binding to exonic splicing enhancer (ESE) sequences during PKM pre-
mRNA splicing. Then, PTBP1 crosslinks to the pyrimidine tracts within
the 3’ splice sites of exon10, which inhibits other splicing factors from
identifying exon 10, thus preventing the exclusion of exon10 [31]. Con-
versely, PTBP1 promotes exon 9 exclusion by binding to the splice sites
flanking exon 9.

Alternative splicing promotes the development of tumor
resistance during targeted therapy

An important basis for tumorigenesis is the reprogramming of the
gene expression profile, which results in the production of proteins that
are beneficial for tumor cell growth and proliferation [32]. These pro-

teins are differentially expressed between normal cells and tumor cells
and can be designed as specific targets for anticancer drugs, which re-
sults in the elimination of tumor cells while reducing their cytotoxicity
to normal cells [33]. However, the inevitable drug resistance of tumor
cells considerably limits the clinical application of targeted drugs. Ab-
normal alternative splicing is the main factor altering the gene expres-
sion profiles of tumor cells, which induces resistance by changing the
target point and signal transduction pathway of targeted drugs (Table 2).

Alternative splicing promotes resistance to targeted drug by
changing the target of drug action

Imatinib is an anti-tumor drug that inhibits tyrosine kinase, fre-
quently employed in the treatment of chronic myelogenous leukemia.
Imatinib can induce the inactivation of BIM protein (a member of the
BCL2 family) by binding to its BH3 domain, thereby promoting apop-
tosis in leukemic cells [34]. However, BIM-Y', a spliced variant of BIM
that skips exon 4, is reportedly involved in leukemic cell resistance to
imatinib [35]. BIM may lack the target of imatinib due to the lack of
exon4, which further induces resistance to imatinib. Similarly, enzalu-
tamide is a targeted drug commonly used to treat prostate cancer, tar-
geting the ligand-binding domain (LBD) of the androgen receptor (AR),
thereby blocking the interaction between androgen and AR. However,
it has been shown that hnRNPA1 could induce the generation of ARv7,
a splicing variant of AR. The ARv7 transcript lacks a cryptic exon called
CE3, which encodes LBD. Thus, the Arv7 protein lacks LBD, and enzalu-
tamide lacks a target in prostate cancer; this further promotes prostate
cancer cell resistance to enzalutamide [36,37].

CD20 and CD19, as specific biomarkers, are widely expressed in ma-
lignant B cells and are used as targets for treating B-cell lymphoma. Rit-
uximab, ofatumumab, and obinutuzumab have been successfully used
to treat B-cell lymphoma by targeting CD20; however, acquired drug
resistance is considered a major obstacle to their clinical application.
A recent study has reported that five new splice variants of CD20
(D177-CD20, D393-CD20, D480-CD20, D618-CD20, and D657-CD20)
have been identified in malignant B cells, which are produced by exon
skipping or alternative splice sites [38]. Most importantly, it has been
proven that D393-CD20 is involved in resistance to rituximab. Part of
exon 3 to part of exon 7 is spliced in the D393-CD20 transcript, resulting
in its code protein lacking the rituximab recognition epitope, indicating
that this truncated D393-CD20 protein develops resistance to rituximab
[39]. Similarly, the D177-CD20 and D480-CD20 proteins also lack the
ofatumumab recognition epitope, whereas the D657-CD20 and D618-
CD20 proteins lack the obinutuzumab recognition epitope [38]. How-
ever, it remains to be determined whether the lack of these epitopes
is associated with resistance toward ofatumumab and obinutuzumab.
Thus, we assume that the four splice variants may develop resistance to
ofatumumab and obinutuzumab according to the mechanism of D393-
CD20 protein in drug resistance. An identical mechanism was also recog-
nized in the resistance to blinatumomab. Blinatumomab is used to treat
B-cell acute lymphoblastic leukemia, which induces a T-cell-mediated
immune response to cancer cells by directing CD3-positive T cells to tar-
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Table 2

Abnormal alternative splicing events promotes tumor resistance to targeted therapy.
Gene splice variant AS event Role Mechanism Ref
BIM BIM-Y Exon 4 skipping Resistance to Imatinib Missing target point of drug [35]
AR ARv7 Exon CE3 skipping Resistance to Enzalutamide Missing target point of drug [36,37]
CD20 D393-CD20 Exon 3-7 skipping Resistance to Rituximab Missing target point of drug [39]
CD19 CD19 ex2part Part exon 2 skipping Resistance to blinatumomab Missing target point of drug [40]

CD19 Aex5-6 Exon 5-6 skipping Resistance to blinatumomab Secreted extracellularly, worked as a [41]
decoy to bind drug

RAF p61 BRAFVG00E Exons 4-8 skipping Resistance to Vemurafenib Reactivate MAPK/ERK pathway [52,53]
ERa ERa36 Exons 7-8 skipping Resistance to Tamoxifen Activate MAPK/ERK pathway Activate [56]

Sphk1/S1p axis

get CD19-positive malignant B cells. Reportedly, CD19 has four splice
variants: the full-length transcript, exon 2 skipped transcript (termed
CD19 Aex2), part exon 2 spliced transcript (termed CD19 ex2part), and
exon 5-6 skipped transcript (termed CD19 Aex5-6). Interestingly, the
expression levels of CD19 ex2part in malignant B cells resistant to bli-
natumomab were significantly higher than in those sensitive to blinatu-
momab, and the CD19 ex2part was higher in the recurrence sample af-
ter treatment than in the sample before treatment during blinatumomab
therapy. The CD19 ex2part protein lacks residues Metl-Leul51, which
is the domain recognized by blinatumomab [40], suggesting that CD19
exon 2 encodes the epitope targeted by blinatumomab; therefore, CD19
ex2part and CD19 Aex2 may both be involved in resistance to blinatu-
momab. Then, exons 5 and 6 encode the transmembrane and cytosolic
domains of the CD19 protein, promoting the secretion of CD19 Aex5-
6 protein. The CD19 Aex5-6 variant served as a decoy combined with
blinatumomab in the tumor microenvironment, thereby inducing resis-
tance [41].

Trastuzumab, a monoclonal antibody targeting HER-2, is commonly
used to treat HER2-positive aggressive breast cancer. However, approx-
imately 50% of patients with HER2-positive breast cancer maintain a
low response to trastuzumab [42]. It was argued that HER2Aex16, a
splice variant of HER-2, might mediate the resistance to trastuzumab.
However, this theory remains controversial. On the one hand, the
HER2Aex16 splice variant lacks 16 amino acids encoded by exonl6,
which may impair the interaction with trastuzumab. In vitro experi-
ments, the wild-type HER2-expressing cell line showed significant sen-
sitivity to trastuzumab, while the HER2Aex16-expressing cell line was
resistant to trastuzumab. Interestingly, it was indicated that trastuzumab
similarly combined the wild-type HER2 and HER2Aex16 at the cell
surface [43]. Therefore, it is suggested that the HER2Aex16 variant
also has an epitope recognized by trastuzumab. Additionally, another
study revealed the mechanism underlying HER2Aex16 resistance to-
ward trastuzumab. Reportedly, HER2Aex16 is a cell surface recep-
tor that is inefficiently internalized; this results in the transmission
of drug signals to be blocked, inducing resistance to trastuzumab
[44]. In contrast to in vitro studies that revealed trastuzumab resis-
tance in HER2Aex16 expressing cells, trastuzumab significantly inhib-
ited the growth of HER2Aex16 overexpression in MCF10A cell-derived
xenograft tumors in vivo [45]. This could be attributed to differences
in physiological conditions in vivo and in vitro that resulted in these
two sharply contrasting perspectives. It has been shown that aberrant
vasculature dramatically alters the tumor microenvironment, promot-
ing the malignant progression of cancer and inhibiting the response
to anticancer therapies [46]. In solid tumors, this abnormal vascular
system supports the hypoxic characteristics of the tumor microenviron-
ment. Hypoxia induces the stable expression of the transcription factor
hypoxia-inducible factor 1a (HIF1a), which enhances the malignant per-
formance of cancer cells [47,48]. Conversely, hypoxia is an important
factor that induces tumor cell resistance to anticancer therapies, includ-
ing conventional radiotherapy and cytotoxicity. More importantly, it
was proven that an insufficient blood supply could impair the treatment
outcomes observed with monoclonal antibodies in solid tumors [49].
Considerably regular vascularization with numerous endothelium-lined

small vessels has been observed in xenograft tumors derived from over-
expressing HER2Aex16 cells, compared with those derived from over-
expressing wild-type HER2 cells [50]. Thus, we postulate that this dif-
ference may be attributed to the complex vascular system in xenograft
tumors, and HER2Aex16 may promote the formation of a more regular
vascular system in tumors.

Alternative splicing promotes resistance to targeted drugs by
changing the signal transduction pathway

BRAF is an integral part of the MAPK pathway responsible for trans-
mitting extracellular signals from RAS to MEK, thereby activating the
RAS-RAF-MEK-ERK pathway and promoting tumor cell malignant pro-
gression. Vemurafenib inhibits the activity of BRAF by targeting the
ATP-binding site, thereby inhibiting BRAF activation by RAS and com-
pleting the signal transmission. Thus, vemurafenib is often used to treat
melanoma in the BRAF-V600E mutant [51]. However, some patients de-
velop acquired resistance following vemurafenib treatment for a specific
period, which is attributed to the recovery of the blocked MAPK path-
way. p61 BRAF V60OE is a splice variant lacking the RAS binding do-
main (RBD), encoded by exons 4-8. It has been confirmed that the lack
of RBD induces the dimerization and activation of BRAF to proceed in a
manner independent of RAS, thereby restoring signal transmission and
reactivating the MAPK/ERK pathway [52,53]. Thus, p61 BRAF V600E
promotes the development of resistance to vemurafenib by restoring the
MAPK signaling pathway.

The estrogen receptor (ER) induces the transcription of target genes
in response to estrogen stimulation, which is the main factor associated
with breast cancer development. Accordingly, tamoxifen, an anticancer
drug targeting the ER, inhibits the proliferation of cancer cells by alter-
ing the conformation of estrogen receptors and disturbing the transcrip-
tion of target genes in breast cancer [54]. However, some patients with
breast cancer develop resistance to tamoxifen. The ER family mainly
includes two types of members: ERa and ERp. Estrogen stimulates cell
proliferation mainly by activating ERa. ERa has three splice variants:
the full-length isoform ERa66 and two truncated isoforms, ERa36 and
ERa46. Interestingly, ERx36 has been found to be closely related to ta-
moxifen resistance. ERa36 transcript skipping exon7 and exon 8 lacks
a transcriptional activation domain and is therefore unable to directly
activate target gene transcription [55]. However, studies have revealed
that ERa36 can activate alternate pathways to mediate the proliferation
of tumor cells, including the MAPK/ERK and PI3K/ATK pathways [56].
The ERa36 receptor is responsible for sphingosine kinase 1 (SphK1) ac-
tivation via estrogen, which in turn enhances sphingosine-1-phosphate
(S1P)-mediated activation. SphK1 plays a significant role in the malig-
nant progression of breast cancer [57]. Most importantly, tamoxifen and
estrogen are activators of ERa36.

Alternative splicing promotes tumor resistance to immunotherapy
Anti-tumor immunotherapy is the central pillar of future tumor treat-

ment strategies, in which the host-based immune system utilizes im-
mune checkpoint inhibitors or adoptive immune cells to eliminate tu-
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Table 3
Abnormal alternative splicing events promotes tumor resistance to immunotherapy.
Gene splice variant AS event Role Mechanism Ref
PD-L1 PD-L1 v242 Unclear Resistance to aPD-L1 Secreted extracellularly, worked as a decoy [63]
PD-L1 v229 Unclear to bind drug
PD-1 PD-1Aex3 Exon3 skipping Resistance to aPD-1 Secreted extracellularly, worked as a decoy [65]
to bind drug
CTLA-4 sCTLA-4 Exon3 skipping Resistance to Secreted extracellularly, worked as a decoy [76]
anti-CTLA-4 to bind drug
CD19 CD19 Aex2 Exon2 skipping Resistance to CART-19 Missing target point of drug [82]

mor cells. As a result of the memory function of the adaptive immune
system, immunotherapy can continuously eliminate tumor cells for a
prolonged period, resulting in reduced side effects in patients, with im-
proved long-term survival [58]. Although immunotherapy has several
advantages when compared with traditional treatment regimens, it is
yet to gain significant popularity in clinical settings. This is attributed
to the high resistance of some tumors, and different domains of the
same tumor entity have distinct response frequencies to immunotherapy
[59]. Reportedly, alternative splicing is involved in tumor-immune in-
teractions by regulating the expression of related genes. Notably, some
abnormal alternative splicing events contribute to tumor cell immune
escape [60]. More specifically, tumor cells can secrete proteins with ab-
normal structures through abnormal alternative splicing, which act as a
decoy to bind immune checkpoint inhibitors extracellularly. Conversely,
abnormal alternative splicing events mediate the loss of tumor cell sur-
face antigens, resulting in the failure of some adaptive immune cells to
recognize tumor cells (Table 3).

Alternative splicing promotes tumor resistance to immune
checkpoint inhibitors

In tumors, the programmed death-1 (PD-1)/programmed cell death
ligand 1 (PD-L1) signaling pathway contributes to the immune escape.
PD-1 is mainly expressed on the surface of immune cells, while PD-L1
is expressed on a variety of tumor cells. PD-1 is activated by binding
PD-L1. Activated PD-1 then forms negative costimulatory microclus-
ters with T cell receptors (TCRs) by recruiting Src homology 2 domain-
containing tyrosine phosphatase 2, which results in dephosphorylation
of extracellular regulated protein kinases (ERK), Vav1l, and phospholi-
pase Cy2 (PLCy2) signaling molecules, leading to the failure of T cell
activation [61]. Interestingly, anti-PD-1/PD-L1 antibodies (aPD-1/aPD-
L1) have been effectively used to treat diverse cancers; however, some
tumor types, such as lung and pancreatic cancers, have shown a low
response frequency to these antibodies. Recently, a cancer-derived PD-
L1 splice variant was identified in multiple cancers, which could be se-
creted out of the cell to accumulate in the tumor microenvironment, thus
differing from the wild-type PD-L1 expression observed on the surface
of tumor cells [62]. Notably, it was proven that the PD-L1 splice vari-
ant is involved in aPD-L1 resistance. For example, it was observed that
the mutation of TAR DNA binding protein (TDP-53) might influence the
alternative splicing process of PD-L1 pre-mRNA, resulting in the forma-
tion of two novel PD-L1 splice variants (PD-L1 v242 and PD-L1 v229).
PD-L1 v242 and PD-L1 v229 are secreted into the tumor microenviron-
ment owing to the lack of a transmembrane domain. The secreted PD-L1
v242 and PD-L1 v229 splicing variants can afford resistance to PD-L1
blockade immunotherapy by capturing aPD-L1 [63]. However, further
studies are needed to clarify how TP53 mediates the alternative splic-
ing process of PD-L1. Similarly, PD-1 has five forms, consisting of four
truncated isoforms of exon skipped and the full-length isoform [64].
Reports have confirmed that the truncated PD-1Aex3 is the main splice
variant regulated by Matrin 3 (MATR3). The transmembrane domain of
PD-1 is encoded by exon3; therefore, PD-1Aex3 is a secreted isoform
like PD-L1 v242 and PD-L1 v229 [65]. Consequently, we hypothesized

that PD-1Aex3 competitively binds to aPD-1 to induce resistance to PD-1
blockade immunotherapy.

The cytotoxic T-lymphocyte antigen 4 (CTLA-4), an inhibitory re-
ceptor, is widely expressed on activated T cells and contributes to
immune homeostasis and tolerance [66]. CTLA-4 has two isoforms,
the membrane-bound receptor form (mCTLA-4) and the secreted form
(sCTLA-4). sCTLA-4 is a splicing variant that lacks exon3, which encodes
a transmembrane domain, resulting in secretion of sCTLA-4 [67]. No-
tably, studies have revealed that mCTLA-4 and sCTLA-4 are expressed
in tumor cells and are associated with the immune escape of tumors
[68,69]. Compared with CD28 on the surface of T cells, both mCTLA-
4 and sCTLA-4 bind to CD80 and CD86 on antigen-presenting cells
(APCs) with higher affinity, thereby preventing T cell activation [70].
Conversely, mCTLA-4 can mediate cell trans-endocytosis to eliminate
CD80 and CD86 from the surface of APC, thus blocking the activation
of CD28 (+) T cells by these stimulatory receptors [71]. Although the im-
munosuppressive effect of mCTLA-4 and sCTLA-4 has been confirmed,
its association with cancer prognosis remains controversial. To date, it
has been revealed that the expression levels of mCTLA-4 and sCTLA-4
on tumors can be positively correlated with survival in esophageal and
non-small cell lung cancer [72,73] and negatively correlated with prog-
nosis in nasopharyngeal and colorectal cancer [74,75]. In the present
review, we provide evidence in support of this perspective. The num-
ber of CD8-positive T cells was significantly reduced in the tumor mi-
croenvironment of colorectal cancer tissues presenting CTLA-4 high ex-
pression [75], consistent with the immunosuppressive effect of CTLA-4.
Therefore, CTLA-4 has been developed as a new target for immunother-
apy, and anti-CTLA-4 monoclonal antibodies could effectively induce
antibody-dependent cell-mediated cytotoxicity (ADCC) of T cells [76].
However, a clinical trial indicated that patients with melanoma who
received anti-CART-4 immunotherapy failed to achieve any significant
therapeutic effect [77]. The mechanism of resistance to anti-CART-4 im-
munotherapy remains unclear. Given that the secreted PD-L1 variant
plays a significant role in resistance to anti-PD-L1 immunotherapy and
melanoma cells have been shown to express the secreted CART-4, we
hypothesized that the secreted CART-4 (sCTLA-4) is involved in resis-
tance to anti-CART-4 immunotherapy. sCTLA-4 and mCTLA-4 have a
high degree of homology, both of which can bind to anti-CART-4 anti-
bodies, implying that sCTLA-4 serves as a decoy to combine therapeutic
antibodies in the tumor microenvironment, which reduces the availabil-
ity of therapeutic antibodies to tumor cells expressing mCTLA-4. More-
over, therapeutic antibodies selectively binding sCTLA-4 instead of cell
surface mCTLA-4 would be unlikely to induce effective ADCC of T cell
target tumors and enhance the ratio of effector T cells to regulatory T
cells in the tumor microenvironment [76].

Alternative splicing promotes tumor resistance to chimeric
antigen receptor T cell (CAR-T cell) therapy

CAR-T cells are adoptive T cells that express chimeric antigen re-
ceptors targeting specific tumor antigens through genetic engineering,
commonly used to treat hematological malignancies [78]. CAR-T cells
are highly precise and can specifically eliminate tumor cells express-
ing particular antigens, thereby avoiding the impact on normal cells.
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Conversely, the process of CAR-T cell recognition by tumor cell surface
antigens does not require the assistance of histocompatibility complex
molecules, which effectively avoids immune escape of tumor cells [79].
CD19 antigens on the surface of tumor cells are the most commonly used
targets in CAR-T cells.

CART-19 is performed to treat B cell-driven malignancies by ex-
pressing a chimeric antigen receptor against CD19 [80]. CART-19 im-
munotherapy has reported significant clinical effects, which can poten-
tially induce immune effects targeting tumor cells. However, the poor
response of some patients to CART-19 and the phenomenon of cancer
relapse following CART-19 treatment cannot be ignored. Studies have
observed that the loss of epitopes on the tumor cell surface is the pri-
mary mechanism of resistance to CART-19 [81]. Increased abundance
of CD19 Aex2 and decreased levels of the CD19 full-length transcript
were detected in resistant and recurrent samples of patients with B-cell
lymphoma. More importantly, it was proven that the FMC63 epitope of
CART-19 is encoded by CD19 exon 2, indicating that malignant B cells
expressing CD19 Aex2 cannot be recognized by CART-19, resulting in
the development of resistance to CART-19. Additional studies have re-
vealed that low SRSF3 expression in malignant B cells induces the pro-
duction of CD19 Aex2, which was attributed to SRSF3 as a splicing fac-
tor involved in the retention of CD19 exon 2 [82]. However, few studies
on alternative splicing and adoptive T cell resistance exist, and avail-
able reports are mainly restricted to alternative splicing that promotes
resistance to CART-19.

Abnormal splicing variants as cancer biomarkers

As described above, several abnormal splicing variants promote ma-
lignant progression and development of therapeutic resistance in cancer,
which can be employed as potential cancer markers.

In colorectal cancer, the splicing variant Bcl-xL is an oncogenic driver
[83]. Interestingly, it was observed that Bcl-xL and MCL-1 L were the
most expressed anti-apoptotic mRNA isoforms in a cancer stem cell tran-
scriptome sequencing study [84]. Cancer stem cells are considered a
type of cancer-initiating cell and are closely related to malignant pro-
gression and drug resistance in cancer. As a typical cancer stem cell sur-
face marker, CD44 has been validated in various types of cancer [85].
CD44 has two types of splicing variants: CD44s and CD44v. CD44v is
considered a potential cancer stem cell marker owing to its unique ex-
pression pattern and function [86]. Indeed, CD44v, as a cancer stem cell
marker, plays a role in colorectal cancer, gastric cancer, and head and
neck cancer [87-89]. PD-L1 is an important target for clinical tumor im-
munotherapy, and its soluble splicing variants are reportedly related to
drug resistance. In non-small cell lung cancer patients, high expression
of this PD-L1 soluble splicing variant was associated with a poor prog-
nosis [90]. Therefore, malignant progression and drug resistance of the
tumor can be predicted by detecting the expression levels of these splice
variants in patients with cancer.

Therapeutic strategy of targeting alternative splicing process

Dysregulation of alternative splicing is related to various biological
behaviors of tumor cells and promotes resistance to targeted therapy
and immunotherapy. It also provides a novel therapeutic strategy for
targeting alternative splicing programs for cancer treatment. Alterna-
tive splicing events (ASEs) are mediated via spliceosomes and splicing
factors, and there two known pathways to block abnormal alternative
splicing in cancer. Spliceostatin A (SSA) and E7107 are anti-tumor drugs
that block the assembly of spliceosome A. SSA can break the combina-
tion of U2 SnRNA with pre-mRNA by altering the conformation of U2
SnRNA and induces U2 SnRNA to be recruited to the incorrect 3’splice
site of the intron [91]. Similarly, E7107 disrupts the interaction be-
tween U2 SnRNA and BBP by blocking the ATP-dependent conforma-
tional change of U2 SnRNA, thereby blocking the assembly of spliceo-
some A [92]. Isoginkgetin inhibits assembly of spliceosome B by inhibit-
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ing recruitment of the U4/U6/U5 tri-snRNP complex [93]. Conversely,
isoginkgetin can induce the switch of IL-32 alternative splicing toward
IL-32Y isoform, and the accumulation of IL-32Y" leads to caspase-8 medi-
ated apoptosis [94]. However, owing to the cytotoxicity of isoginkgetin,
its clinical application remains to be further investigated. Additionally,
there exists a promising treatment strategy that inhibits the activity of
splicing kinases. Splicing kinases regulate the entire alternative splic-
ing process by modulating SRSF protein phosphorylation. In vitro as-
says have revealed that gastric cancer cells treated with TG003 or CLK1
siRNA to inhibit the activity of CLK1 show reduced proliferation, inva-
sion, and migration. Thus, CLK1 can be developed as a novel therapeu-
tic target in gastric cancer by employing a personalized tumor explant
culture system [95]. Similarly, the inhibition of SRPK1 could simulta-
neously influence a variety of oncogenic processes, including angiogen-
esis, apoptosis, proliferation, migration, invasion, and metastasis. Inter-
estingly, targeting SRPK1 could enhance sensitivity to platinum-based
chemotherapy in certain carcinomas [96]. Splicing-correcting therapy
uses splice-switching oligonucleotides (SSOs) to target splicing defects,
which are often used to treat neuromuscular disorders in clinical prac-
tice [97]. SSOs are typically designed as single-stranded RNA molecules
(15-30 nucleotides long), containing specific sequences that can be used
to bind specific splice sites on pre-mRNA, thereby restricting its splic-
ing products toward a specific direction [98]. However, drugs targeting
cancer cells with SSOs are still under investigation.

Conclusion and perspectives

A growing body of evidence has demonstrated that dysregulation of
ASEs could promote malignant progression and development of tumor
therapeutic resistance, while functioning as therapeutic targets for can-
cer. Abnormal alternative splicing alters the pattern of protein expres-
sion in cancer cells, resulting in the production of protein isoforms with
abnormal functions and thereby enhancing therapeutic resistance. Tar-
geted therapy and immunotherapy have gradually replaced traditional
radiotherapy and chemotherapy, which has become an irresistible trend
in tumor treatment. However, abnormal ASEs have become a major ob-
stacle in the clinical application of targeted therapy and immunotherapy
by altering the target of drug action, as well the drug signaling pathway.
Fortunately, drugs that target alternative splicing are also under devel-
opment. Among them, SSOs are the most promising therapeutic drugs,
with sequences that can be designed to target specific splicing events in
cancer cells, thereby inhibiting the production of tumor-friendly protein
isoforms and decreasing resistance to targeted therapy and immunother-
apy. Thus, a feasible research direction for tumor treatment in the future
could employ SSOs with different sequences produced according to tu-
mor heterogeneity. The combined adaptation of this special SSO with
immunotherapy drugs and targeted therapy drugs can limit the gener-
ation of drug resistance to the greatest extent, while providing individ-
ualized and precise treatment plans in patients with cancers to achieve
the desired therapeutic effect. Therefore, a major challenge for future
research is to define the splicing pattern of different cancers more ac-
curately in order to explore the potential of therapeutically targeting
abnormal splicing events.
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