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A B S T R A C T   

A shared characteristic of many tumors is the lack of response to anticancer drugs. Multiple mechanisms of 
pharmacoresistance (MPRs) are involved in permitting cancer cells to overcome the effect of these agents. 
Pharmacoresistance can be primary (intrinsic) or secondary (acquired), i.e., triggered or enhanced in response to 
the treatment. Moreover, MPRs usually result in the lack of sensitivity to several agents, which accounts for 
diverse multidrug-resistant (MDR) phenotypes. MPRs are based on the dynamic expression of more than one 
hundred genes, constituting the so-called resistome. Alternative splicing (AS) during pre-mRNA maturation re
sults in changes affecting proteins involved in the resistome. The resulting splicing variants (SVs) reduce the 
efficacy of anticancer drugs by lowering the intracellular levels of active agents, altering molecular targets, 
enhancing both DNA repair ability and defensive mechanism of tumors, inducing changes in the balance between 
pro-survival and pro-apoptosis signals, modifying interactions with the tumor microenvironment, and favoring 
malignant phenotypic transitions. Reasons accounting for cancer-associated aberrant splicing include mutations 
that create or disrupt splicing sites or splicing enhancers or silencers, abnormal expression of splicing factors, and 
impaired signaling pathways affecting the activity of the splicing machinery. Here we have reviewed the impact 
of AS on MPR in cancer cells.   

1. Introduction 

In humans, at least 20,000 genes encode a highly interindividual 
diverse proteome comprising between 250,000 and 1,000,000 proteins 
[1]. The comparison of these numbers suggests that the synthesis of such 
a great variety of proteins present in our body primarily requires the 

diverse expression of our genes, whose activity is regulated at the 
transcriptional, post-transcriptional, and translational levels [2]. One of 
the processes responsible for this proteome complexity is the variability 
in editing immature mRNA (pre-mRNA) by splicing. This process is 
regulated by a high number of “splicing factors”. These are proteins 
involved in the cut of introns from strings of pre-RNA and the 
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subsequent paste of adjacent exons. Splicing factors are either regulatory 
proteins or direct components of a multi-megadalton ribonucleoprotein 
complex named the spliceosome, which acts at the same time as tran
scription occurs, by removal of introns and re-connection of exons as an 
integrated element of the gene regulatory network [3]. In “constitutive 
splicing”, the process occurs at canonical sites of pre-mRNA, whereas in 
“alternative splicing” (AS), the cut-and-paste mechanism involves 
different splicing sites, which result in diverse forms of partial or com
plete removal or retention of introns and exons, respectively [4]. As 
splicing of a single pre-mRNA can produce more than one mature mRNA 
transcript called splicing variant (SV), multiple protein isoforms, which 
may be structurally and functionally dissimilar, could be generated by 
AS. Because more than 95% of human genes can undergo AS [4,5], this 
diversity substantially increases the coding capacity of our genome [6]. 
On the other hand, aberrant splicing has been associated with several 
diseases, including cancer. 

Despite the marked heterogeneity among types of cancer, among 
tumors of the same type, or even among tumors of the same patient, a 
shared characteristic of many tumors is their lack of response to phar
macological treatment, which is accounted for by multiple mechanisms 
of pharmacoresistance (MPRs). This characteristic of cancer cells can be 
primary (intrinsic pharmacoresistance) or secondary (acquired phar
macoresistance) triggered or enhanced in response to the treatment, 
which altogether can lead to diverse multidrug-resistant (MDR) phe
notypes. MPRs are based on the dynamically changing expression of 
more than one hundred genes, constituting the so-called resistome, 
which is markedly affected by AS [7]. MPRs have been classified into 
seven groups (Fig. 1) [8,9] depending on whether they hinder the effi
cacy of anticancer drugs by: i) lowering the intracellular amount of total 
drug either by reducing drug uptake (MPR-1a) or enhancing drug export 
(MPR-1b); ii) changing the proportion (MPR-2) of active agents inside 
cancer cells; iii) altering molecular targets (MPR-3); iv) enhancing both 
DNA repair ability and defensive mechanism of tumors (MPR-4); v) 
inducing changes in the balance between pro-survival and pro-apoptosis 
signals (MPR-5); vi) modifying interactions with the tumor microenvi
ronment (MPR-6); and vii) favoring malignant phenotypic transitions 
(MPR-7). In the present review, we have analyzed the role of AS in 
determining the resistome of cancer cells in general. Nevertheless, it 

should be kept in mind that a precise understanding of the lack of 
response to pharmacotherapy in any specific type of cancer during 
clinical practice requires taking into account additional characteristics 
of the individual cancer phenotype, not considered here, that markedly 
affect the overall impact of MPRs on each patient outcomes. 

2. The exon-recognition process 

There are four types of introns. Those included in Groups I and II are 
removed through an autocatalytic reaction. Group I introns are found in 
some ribosomal RNA (rRNA), whereas Group II introns are found in 
rRNA, tRNA, and mRNA of fungal organelles, plants, and protists 
[10–13]. Group IV introns are found in tRNA genes. They need endo
nucleases and ligases to be processed [14]. Introns considered in the 
present review belong to Group III. These introns are removed by the 
spliceosome after the definition of their limits in pre-mRNA, which is 
based on their sequence and structure. In the exon-recognition process, a 
critical role is played by specific sequences: two located at the 
intron–exon junction, i.e., the 5′ donor site (5′SS) and the 3′ acceptor site 
(3′SS), and an internal sequence, the branch point site (BPS), located 
18–40 nt from the 3′ ending edge of the intron. Group III introns can be 
classified into two subtypes, U2 and U12, depending on the class of 
spliceosome involved in their excision. Splicing of U2 introns, the most 
common type of introns in mammalian cells (more than 99% in humans) 
is performed by the so-called “major spliceosome” while the “minor 
spliceosome” is responsible for the removal of U12 introns [15–17]. 

The spliceosome is a multi-protein complex whose composition and 
conformation dynamically changes as exon-definition progresses from 
Complex E to subsequent Complexes A, B, and C (Fig. 2), before the cut- 
and-paste reactions start. The formation of the early E’ complex triggers 
the beginning of the exon-recognition process. The nucleotide sequences 
of the pre-mRNA identified by the major spliceosome are GU at 5′SS and 
AG at 3′SS [18], whereas in the minor spliceosome, the equivalent se
quences are AU and AC, respectively [17,19,20]. Major spliceosome 
assembly begins with a base pairing of GU at 5′SS with U1 small nuclear 
ribonucleoprotein (snRNP) (Fig. 2A). U1 snRNP belongs to a group of 
snRNPs consisting of: i) one of the five types (U1, U2, U4, U5, and U6) of 
small nuclear RNA (snRNA), which are RNA sequences of usually about 
150 nucleotides in length; and ii) seven Sm proteins to generate the 
central region of the snRNP particle (Table 1). Sm proteins are necessary 
for the biogenesis, transport, and function of snRNP particles [21] and 
are crucial for their metabolic stability. In the case of U1 snRNP, the 
complex also includes three specific proteins, namely, U1 snRNP 70 kDa, 
U1A snRNP, and U1C snRNP [20] (Table 1). Moreover, during the exon- 
definition process, the splicing factor 1 (Sf1) binds to the BPS in an ATP- 
independent manner (Fig. 2A). The early E complex is then formed by 
recruitment of the U2 heterodimer (U2af), consisting of two subunits of 
35 kDa (U2af1) and 65 kDa (U2af2), which bind to the 3′SS and the 
polypyrimidine tract (PPT), respectively [22] (Fig. 2B, Table 1). 

The next step is the formation of the A complex, in which snRNP-U2 
displaces Sf1, in an ATP-dependent manner. This process is catalyzed by 
the RNA helicases DDX46 (PRP5 in yeasts) and DDX39B (SUB2 in 
yeasts). DDX46/PRP5 assists in the binding of U2-subunit with U1- 
subunit [23], whereas DDX39B/SUB2 is required to stabilize the inter
action between U2 subunit and pre-mRNA BPS [24] (Fig. 2C, Table 1). 
To generate the next structure, U4/U6-U5 tri-snRNP recruitment to the 
donor site occurs, forming the pre-catalytic B complex (B1), U5 binds to 
the 5′ end of the exon, and U6 binds to U2 (Fig. 2D). 

In the next step, U1 and U4 snRNPs are released, which results in the 
activation of the spliceosome (activated B complex or B2 complex) [25]. 
The triggered catalytic activity of pre-mRNA processing factors included 
in the B2 complex [26], mediates the first reaction of splicing, producing 
an intermediate with lariat structure containing the 3′ intron loop [27] 
(Fig. 2E). Next, the spliceosome undergoes a conformational change, 
becoming the C complex, in which a different catalytically active ap
pears [28,29]. Thus, U6 and U2 catalyze the second step, which by 

Fig. 1. Scheme of the seven groups of mechanisms of pharmacoresistance 
(MPR) and the genes of the resistome that are affected by alternative splicing in 
cancer cells. 
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transesterification reactions, will join the exons after removing the 
intron with the loop structure, which is rapidly degraded by the cell 
[30–32]. In the minor spliceosome, ribonucleoproteins involved in this 
process are U11, U12, U4ATAC, U5, and U6ATAC [18]. 

A critical point in the splicing process is that the spliceosome must 
identify specific regions at the intron–exon borders to perform intron 
excision and exon binding accurately, despite the complexity accounted 
by the fact that exons constitute less than 1.1% of the human genome 
versus the 25% of introns. Differences in guanine and cytosine content 
between exons and introns, together with the existence of the afore
mentioned tag sequences (5′SS, 3′SS, BPS and PPT), make it possible to 
identify the exons for their processing by the spliceosome. Besides, there 
are cis-regulatory sequences named according to their position and 
function as exonic splicing enhancers (ESE), exonic splicing silencers 
(ESS), intronic splicing enhancers (ISE), and intronic splicing silencers 
(ISS) (Fig. 3). The definition of sequences to be removed depends partly 
on the interaction of pre-mRNA with many regulatory proteins that 
interact with these sites [18,20,33,34]. Thus, SR proteins (Table 1), 
characterized by a domain rich in arginine and serine di-peptides, favor 

short splicing due to their ability to bind to ESE and ISE [35]. SR proteins 
are concentrated in interchromatin granules or speckles [36], where 
splicing occurs [37] (Fig. 3). In contrast, heterogeneous nuclear ribo
nucleoproteins (hnRNPs) (Table 1) favor long splicing by inhibiting 
short splicing through interaction with both ESS and ISS [38] (Fig. 3). 
Besides, several kinases and phosphatases (Table 1) are involved in 
regulating of the spliceosome by changing the activity of SR proteins 
through phosphorylation and dephosphorylation, respectively [39]. The 
degree of complexity due to AS of pre-mRNA in target genes is increased 
because components of the splicing machinery and regulatory proteins 
involved in exon-recognition can themselves undergo AS, generating 
different isoforms (Table 1), which can modify the overall result of the 
splicing process. 

3. Genetic events affecting the spliceosome and regulatory 
proteins in cancer 

Since splicing dysregulation is a hallmark of cancer, it is not sur
prising that there are more than 15,000 tumor-associated SVs described 
in a wide variety of malignancies [40,41]. For instance, in a cell model of 
breast cancer, 1723 splicing alterations in target genes and changes in 
the expression of 41 splicing factors have been reported [42]. In most 
cases, these variants result from aberrant splicing, which produces 
proteins that alter, often favoring, critical aspects of cancer cell biology 
[43–45]. Besides generating abnormal proteins, AS can produce aber
rant forms of mRNAs containing “poison exons”, which lead to enhanced 
sequestration and degradation of specific “healthy” mRNAs in the nu
cleus, and hence alter cancer cells phenotype [46]. 

The mechanisms accounting for alterations in splicing observed in 
cancer cells include: i) abnormal expression of spliceosome components 
and regulatory proteins, which may affect their own splicing and hence 
the functional balance among their isoforms (Table 1) [47]; ii) muta
tions in these proteins; iii) mutations that create or disrupt splicing 
donor or acceptor sites or splicing enhancers or silencers in target pre- 
mRNAs [48,49]; and iv) changes in cell signaling pathways affecting 
the activity of the splicing machinery [48,50] (Table 1). Moreover, non- 
coding RNAs (ncRNAs), which include microRNAs (miRNAs), long non- 
coding RNAs (lncRNAs), circular RNAs (circRNAs), and small nuclear 
RNAs (snRNAs), have a marked impact on AS in cancer [51], which is 
yet not fully understood. Finally, nonsense-mediated mRNA decay 
(NMD) is a key mechanism for elimination of aberrant splicing isoforms. 
Accordingly, when NMD is impaired, aberrant transcripts persist in the 
tumor. UPF1 is the most commonly altered NMD factor in cancer. Be
sides downregulation, UPF1 often harbors splice site mutations itself 
[52]. 

Essential components of the U2 complex are SF3 proteins (Table 1). 
One of them is SF3B1, which has been identified as a driver protein in 
many cancers [53]. Regarding core proteins involved in E complex 
formation, the expression of SNRPB and SNRPD1 is higher in several 
tumors as compared with adjacent tissue. This is the case of hepatocel
lular carcinoma (HCC), in which up-regulation of both splicing factors 
has been correlated with shorter overall survival (OS) [54]. The 
expression of SNRPB is also increased in gliomas [55,56] and in non- 
small cell lung cancer (NSCLC) [57]. In these cancers, the tumorigenic 
capacity of SNRPB seems to be mediated, in part, by an SV of RAB26 that 
includes intron 7, whose generation is promoted by up-regulated SNRPB 
[57]. Altered expression of several hnRNPs has been found to be asso
ciated with cancer development in several organs. Thus, hnRNPE1 
(PCBP1) acts as a tumor suppressor and is down-regulated in many 
cancers. In contrast, hnRNPE2 (PCBP2) and hnRNPK are considered 
oncogenes and promote tumorigenesis [58–61]. Among SR proteins, 
SRSF1, SRSF3, SRSF5, and SRSF9, which are considered indirect onco
genes, are up-regulated in several tumors [62–66]. Furthermore, as 
mentioned above, pre-mRNA of splicing factors (e.g., SRSF3) can un
dergo AS resulting in altered proteins with impact on the overall func
tion of the spliceosome leading to changes in resistome profile and 

Fig. 2. Simplified scheme of exon-recognition process during splicing. (A) The 
splicing factor 1 (Sf1) binds to the BPS. (B) The early E complex is formed by 
recruitment of the U2 heterodimer U2af1/U2af2, which bind to the 3′SS and the 
polypyrimidine tract (PPT). (C) To generate the A complex, snRNP-U2 displaces 
Sf1, which is catalyzed by the RNA helicases DDX46 and DDX39B. (D) The 
recruitment of U4/U6-U5 tri-snRNP to the donor site occurs, forms the pre- 
catalytic B1 complex. (E) U1 and U4 snRNPs are released, resulting in the 
activation of the spliceosome (B2 complex), which is followed by the first re
action of splicing, producing an intermediate with lariat structure containing 
the 3′ intron loop, forming the C complex. 
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Table 1 
Components of the splicing machinery and regulatory proteins involved in exon-recognition, existence of splicing variants (SV), cancer-associated changes and known impact on mechanisms of pharmacoresistance (MPR).  

Role Gene (Protein) SV Change MPR Ref. 

They form part of U1 snRNP. 
Essential in the recognition of 5′SS and subsequent spliceosome assembly. 

SNRNP70 (U1 snRNP 70kD) 2 nd   
SNRPA (U1A snRNP) 1 nd   
SNRPC (U1C snRNP) 1 nd   

Sm proteins constitute the central region of the snRNP particles U1, U2, U4/U6, and U5, which are involved in Complex E, A, B, and C. SNRPB/B1 (sm-B/B1) 2 + [55,57] 
SNRPD1 (sm-D1) 2 + [54] 
SNRPE (sm-E) 4 nd   
SNRPF (sm-F) 2 nd   
SNRPG (sm-G) 6 nd   
SNRPN (sm-N) 3 nd   

Interaction with U1 and U2 snRNPs. 
Recognition of 3′SS and PPT. 
Initial assembly of Complex E. 

SF1 (Sf1) 11 -/*  [54] 
U2AF1 (U2af1) 3 -/*  [148] 
U2AF2 (U2af2) 2 *  [149] 

Part of U2 snRNP. 
Critical role in spliceosome assembly. 

SF3A1 (SF3A1) 1 nd   
SF3A2 (SF3A2) 1 nd   
SF3A3 (SF3A3) 2 nd   
SF3B1 (SF3B1) 3 +/* 5, 7 [102,143,150–154]. 
SF3B2 (SF3B2) 3 nd   
SF3B3 (SF3B3) 1 + [130,155] 
SF3B4 (SF3B4) 1 nd   

Helicases interacting with U2 snRNP. 
They are involved in Complex A, B and C 

DDX46 (DDX46) 2 nd   
DDX39B (DDX39B) 1 nd   

SR proteins can modify the selection of splicing sites. 
They bind to intronic (ISE) and exonic (ESE) splicing enhancer sites stimulating short splicing. 
They contain an RNA recognition motif (RRM) for binding RNA and an RS domain rich in serine and arginine residues for binding other proteins. 
SR proteins are also involved in mRNA export from the nucleus and in translation. 

SRSF1 (SFE2/ASF) 2 +/- 5, 7 [62,66,102,105,143] 
SRSF2 (SC35) 1 -/*  [156,157] 
SRSF3 (SRp20) 1 +/- 1 [62–67] 
SRSF4 (SRp75) 1 –   
SRSF5 (SRp40) 3 +/-  [62–66] 
SRSF6 (SRp55) 1 nd   
SRSF7 (9G8) 3 –  [54] 
SRSF8 (SRp46) 1 –  [54] 
SRSF9 (SRp30c) 1 + [62–66] 
SRSF10 (TASR) 1 + [65] 
SRSF11 (NET2) 9 nd   
SRSF12 (SREK1) 2 nd   
SRRM1 (SRm160) 26 –  [54] 
RBM5 (LUCA15) 7 nd   

hnRNPs can modify the selection of splicing sites. 
They bind to intronic (ISS) and exonic (ESS) splicing silencer sites, inhibiting short splicing. 
Participates in the transport of mRNA with poly(A) from the nucleus to the cytoplasm. 

HNRPA1 (hnRNPA1) 2 nd 3, 5 [94,95,122] 
HNRNPAB (hnRNP A/B) 2 + 7 [140] 
HNRNPA2B1 (hnRNP B1) 3 nd   
HNRNPD (hnRNP D) 4 +/-  [54,158] 
PCBP1 or HNRNPE1 (PCBP1) 1 – 5 [58,59,121] 
PCBP2 or HNRNPE2 (PCBP2) 7 + [60,61] 
HNRNPF (hnRNP F) 1 nd   
HNRNPH1 (hnRNP H1) 4 + [145] 
HNRNPH2 (hnRNP H2) 2 nd 2 [85] 
HNRNPI (PTBP1) 3 + 1 [81] 
HNRNPK (hnRNP K) 4 + [159–161] 
HNRNPL (hnRNP L) 2 +/-  [162,163] 
HNRNPM (hnRNP M) 3 + 7 [133] 

CDC-like kinases (CLKs) are nuclear kinases involved in the phosphorylation of SR proteins in the nucleus. CLK1 (CLK1) 2 –  [54] 
CLK2 (CLK2) 4 nd   
CLK3 (CLK3) 2 nd   
CLK4 (CLK4) 1 nd   

SR protein kinases (SRPKs) are cytoplasmic kinases that phosphorylate SR proteins. 
They specifically phosphorylate their substrates in serine residues located in regions rich in arginine/serine dipeptides. 

SRPK1 (SRPK1) 1 nd 5 [120] 
SRPK2 (SRPK2) 9 nd   

Serine/threonine specific phosphatases involved in the regulation of SR proteins by removing phosphate groups. PPP1CA (PP1A) 3 nd   
PPP2CA (PP2A) 2 nd   

Reported changes in cancer: +, up-regulation; -, down-regulation; *, mutations; nd, not described. 
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subsequent enhancement of pharmacoresistance. Thus, SRSF3 pre- 
mRNA undergoes AS affecting exon 4. The short SV lacking exon 4 en
codes the full-length SRSF3 protein. In contrast, the long isoform, which 
includes exon 4 (SRSF3ex4), encodes a truncated SRSF3 protein due to 
an earlier termination codon, leading to enhanced resistance to pacli
taxel in breast cancer and oral squamous cell carcinoma (OSCC) cells 
[67]. 

4. Role of AS in MPR-1. Changes in drug transporters 

Mechanisms affecting the response of cancer cells to pharmaco
therapy can be modified by the expression of SVs (Fig. 1, Table 2). This is 
the case of MPR-1, which accounts for changes in the uptake and efflux 
of antitumor drugs in cancer cells. The SLC superfamily of proteins 
currently includes 458 transporters classified into 65 families that 
transport a wide variety of substances across cell membranes; some of 
them play a crucial role in drug uptake [68]. An example is the organic 
cation transporter 1 (OCT1, SLC22A1), which is expressed at the baso
lateral membrane of hepatocytes and other healthy cells. This trans
porter plays an important role in the uptake of some antitumor drugs 
such as imatinib and sorafenib by cancer cells [69]. Several OCT1 SVs 
have been identified. Most of them are generated by exon skipping, 
which results in shorter OCT1 isoforms without transport activity. Thus, 
non-functional SVs, mainly due to exon 10, exon 9, and exon 9 + 10 
skipping, are frequently expressed in HCC and cholangiocarcinoma 
(CCA) [70]. Besides, some OCT1 SVs have been associated with the lack 
of response of chronic myeloid leukemia (CML) to imatinib [71] and 
HCC to sorafenib [72,73]. 

The equilibrative nucleoside transporter 1 (ENT1, SLC29A1) is 
involved in the uptake of some nucleoside-related drugs. An intronic 
mutation in ENT1 that disrupts the splicing of exon 13 causes impaired 
cytarabine uptake in leukemia cell lines [74]. 

Organic anion transporter polypeptide 1B3 (OATP1B3, SLCO1B3) is 
involved in the uptake of anticancer drugs, such as paclitaxel, docetaxel, 
methotrexate, SN-38, platinum-based drugs, and several tyrosine kinase 
inhibitors (TKIs). Under physiological conditions, the so-called liver- 
type isoform (Lt-OATP1B3) is highly expressed at the basolateral plasma 
membrane of hepatocytes. However, in several primary solid tumors 
generated in the colon, lung, pancreatic, ovarian, prostate, bladder, and 
breast, the cancer-type variant (Ct-OATP1B3) has been identified 
[75–77]. Compared with Lt-OATP1B3, the transcription start site of Ct- 
OATP1B3 mRNA is delayed to the second intron of this gene, and hence, 
the predicted Ct-OATP1B3 ORF lacks part of the N-terminal coding re
gion of Lt-OATP1B3 [78,79]. Although it is still unclear, there is evi
dence supporting that Ct-OATP1B3 has minimal or negligible transport 
activity. Nevertheless, Ct-OATP1B3 seems to confer proliferation 
advantage and chemotherapy resistance to cancer cells [79,80]. 

Multidrug resistance-associated protein 1 (MRP1, ABCC1) is one of 
the ATP-binding cassette (ABC) pumps able to export anticancer drugs 
from cancer cells, conferring pharmacoresistance. More than twenty SVs 
of MRP1 have been described in cancer (e.g., ovarian cancer), with a 
higher expression in tumor than in adjacent non-tumor tissue. These SVs 
are generated by partial exon skipping and intron inclusion, mainly 
between exons 10 and 19. Interestingly, the paired analysis in the same 
tumor samples, revealed enhanced expression of splicing factors poly
pyrimidine tract binding protein 1 (PTBP1, HNRNPI) and SRp20 (SRSF3) 
(Table 1). The in vitro study of the functional repercussions of these 
MPR1 SVs showed that MRP1–2 k (exons 12–26 skipped and 99 nucle
otides of exon 27 skipped), MRP1-d5d30 (exon 5 and 30 skipped), and 
MRP1-d17d18 (exon 17 and 18 skipped) still conferred doxorubicin 
resistance. However, they were not as potent as the full-length wild-type 
MRP1 [81]. 

5. Role of AS in MPR-2. Changes affecting pro-drug activation 
and drug inactivation 

Mechanisms altering the proportion of active versus inactive drugs 
inside cancer cells are classified as MPR-2 (Fig. 1, Table 2). Carbox
ylesterases (CES) catalyze the hydrolysis of a wide variety of com
pounds. CES2 is involved in the intracellular activation of irinotecan 
into its active metabolite SN-38. Six SVs can be formed by combining 
different ATG start sites and two splicing events. Alternate 5′-splicing in 
exon 10 removes 48 nucleotides from CES2 pre-mRNA generating the 
CES2Δ458-473 variant, which lacks 16 amino acids in the proximity of 
the active site resulting in impaired esterase activity. Consequently, the 
conversion of irinotecan into SN-38 is hampered. Nevertheless, since 
CES2Δ458-473 constitutes only a small proportion (6%) of total CES2, 
at least in colon cancer, it is unclear that this AS could play an essential 
role in determining irinotecan pharmacokinetics and therapeutic 
outcome of these patients [82]. 

Deoxycytidine kinase (DCK) is an intracellular enzyme required to 
activate cytarabine. Several SVs have been identified in cytarabine- 
resistant acute myeloid leukemia (AML), which are absent from sensi
tive leukemia cells and healthy leukocytes [83,84]. Besides, SVs lacking 
exon 2 and exon 3, due to intronic mutations, were found in cytarabine- 
resistant leukemia cells [74]. 

Thymidine phosphorylase (TP, TYMP) is a crucial enzyme in the first 
step of metabolic biotransformation of 5-fluorouracil (5-FU) into the 
active metabolite fluorodeoxyuridine monophosphate. Leukemia cells 
with enhanced 5-FU resistance present partly un-spliced TYMP pre- 
mRNA, which results in introns 1–6 still included in the major tran
script. The consequence is the presence of a premature stop codon in this 
SV which is translated into a dysfunctional enzyme unable to activate 5- 
FU. The generation of this SV has been associated with an enhanced 
nuclear abundance of hnRNPH2, which acts as an inhibitor of exon 
recognition [85]. 

Dihydropyrimidine dehydrogenase (DPD) is the main enzyme ac
counting for capecitabine catabolism. DPD overexpression induces a 
lack of sensitivity to capecitabine. However, on the other hand, reduced 
DPD activity may result in enhanced drug toxicity in patients receiving 
capecitabine. The rs3918290 SNP located in intron 14 is associated with 
an alteration of the splicing donor site, which results in the generation of 
the variant DPYD*2A by exon 14 skipping. Besides, the rs67376798 SNP 
located in exon 22 probably generates a broken ESE site together with a 
new ESS site. These changes alter exon recognition, which produces 
aberrant transcripts that are translated into proteins with deficient 
enzymatic activity. These variants have been significantly associated 
with increased capecitabine-induced toxicity in patients treated with 
this drug [86]. 

The intracellular retention of folates and antifolates drugs, such as 
methotrexate depends on conjugation through their gamma-carboxyl 
residue with multiple glutamate moieties, which is catalyzed by the 
enzyme folyl-poly-gamma-glutamate synthetase (FPGS), whose activity 
is reduced in acute lymphoblastic leukemia cells with decreased sensi
tivity to these drugs. This can be due in part to aberrant splicing, which 
results in a dysfunctional SVs generated by exon 12 skipping and intron 
8 partial retention [87–89]. 

6. Role of AS in MPR-3. Changes affecting drug targets 

The group of MPR-3 includes changes affecting drug targets (Fig. 1, 
Table 2). Imatinib is a TKI targeting the oncogenic BCR-ABL fusion 
protein, used to treat some malignancies, such as chronic myeloid leu
kemia (CML). In this cancer, point mutations affecting the kinase 
domain of the BCR-ABL gene often result in imatinib resistance. Besides, 
SVs, such as BCR-ABL35INS, which leads to premature termination of 
the protein and results in an inactive kinase domain, have been associ
ated with inadequate response to imatinib treatment [83]. 

Vemurafenib inhibits cell growth acting on the RAS-MAPK pathway. 
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This antitumor drug is used in melanoma treatment because it inhibits 
the BRAF p.V600E, which is the most frequent isoform in this skin 
cancer [90]. However, a shorter protein (C3 variant) encoded by a SV of 
BRAF p.V600E, generated by exon 4–8 skipping, is found in melanomas 
characterized by vemurafenib resistance [91,92]. The appearance of this 
SV leads to constitutive dimerization of BRAF p.V600E in a RAS- 
independent manner. Interestingly, using both in vitro and in vivo 
models, it has been shown the spliceostatin A (or its analog meayamycin 
B), a compound that targets SF3B1, can reverse the resistance to 
vemurafenib in melanomas harboring BRAF p.V600E SVs [93]. 

The androgen receptor (AR) is a critical therapeutic target for 
treating some tumors. The SV AR-V7, which has been detected in 
hormone-refractory prostate cancer, presents exons 4–7 skipping, which 
generates a functional protein lacking the ligand-binding domain. Thus, 
tumors expressing AR-V7 exhibit resistance to anti-AR drugs, such as 
enzalutamide and abiraterone. In vitro studies have demonstrated that 
hnRNPA1 inhibition by quercetin can prevent the generation of AR-V7 
and re-sensitize prostate cancer cells to enzalutamide [94,95]. 

Tamoxifen is used in the treatment of estrogen receptor (ER)-positive 
breast cancer. However, in some tumors, SV ERα36 is expressed. In this 
SV, the transcription is initiated from different promoters located in the 
first intron. Hence, ERα36 lacks the transcriptional activation domains 
and shows a worse tamoxifen response than tumors expressing the full- 
length wild-type ERα [96]. 

Acquired resistance to TOP2α inhibitors, such as mitoxantrone, 
etoposide, teniposide, daunorubicin, and doxorubicin, is frequently 
associated with a decreased level of TOP2α expression. Similarly, several 
truncated isoforms of TOP2α originated by AS resulting in reduced drug 
activity against TOP2α [97]. 

Ten-eleven translocation-2 (TET2) modulates DNA hydrox
ymethylation by converting 5-methylcytosine into 5-hydroxymethylcy
tosine to promote DNA demethylation. Skipping of exon 2 in TET2 
pre-mRNA by AS results in cytarabine resistance of AML cells [7,98]. 

7. Role of AS in MPR-4. Changes affecting DNA repair 

Some antitumor drugs, such as platinum-derived agents or inhibitors 
of poly(ADP-ribose) polymerase (PARP), induce double-stranded DNA 
breaks, which can be repaired by the homologous recombination (HR) 
DNA repair system. Enhanced tumor ability of DNA repair or protection 
have been classified as MPR-4 (Fig. 1, Table 2). BRCA1/2 proteins are 
essential for efficient HR-mediated DNA repair. Because tumors, such as 

breast or ovarian cancer, present a high frequency of loss-of-function 
mutations in BRCA1 and BRCA2 genes, these malignacies are poten
tially sensitive to PARP inhibitors (PARPi) and platinum-based treat
ment. However, in some cases, acquired resistance has been attributed 
to aberrant splicing of BRCA1 pre-mRNA that generates the BRCA1- 
Δ11q variant, in which most part of exon 11, containing inactivating 
mutations of this gene, is skipped. Consequently, the sensitivity to PARPi 
and platinum therapy are partly lost [99]. In vitro assays revealed that 
the sensitivity to PARPi was restored using an inhibitor of the U2 snRNP 
spliceosome machinery [99]. Aberrant splicing of BRCA2 has also been 
associated with acquired drug resistance. Thus, compared to the wild- 
type BCRA2 protein, the BRCA2ΔE5 + 7 SV, lacking exons 5 and 7, 
encodes an in-frame shorter protein due to the internal deletion of 55 
amino acids. Hence, the expression of this SV induces mitomycin C 
resistance in AML cells [100]. 

An essential element of the nucleotide excision repair (NER) mech
anism is excision repair cross complementation group-1 (ERCC1), 
capable of repairing cisplatin-induced DNA damage. In ovarian cancer, 
treatment with cisplatin favors the appearance of a functional SV of 
ERCC1, which results in a longer transcript and provides increased 
resistance to cisplatin [101]. 

8. Role of AS in MPR-5. Changes affecting apoptosis/survival 
balance 

As most anticancer agents aim to activate apoptosis in the tumor 
selectively, the imbalance between pro-apoptotic and pro-survival fac
tors commonly occurring in cancer cells hamper the response to phar
macotherapy, through processes classified as MPR-5 (Fig. 1, Table 2). 
Epithelial cell transforming 2 (ECT2) is a guanine nucleotide exchange 
factor involved in cell cycle regulation. ECT2-exon 5 inclusion levels are 
associated with poor prognosis in breast cancer after chemotherapy. 
This SV is favored by splicing factors ZRANB2 and SYF2 up-regulation, 
which leads to acquired resistance to doxorubicin [42]. 

Owing to aberrant splicing, the generation of SVs of members of the 
BCL-2 family promotes anticancer drug resistance. MCL-1, BCL-X, and 
BID have SVs coding for isoforms with opposite pro-apoptotic and anti- 
apoptotic activities. MCL-1 splicing is partially regulated by SF3B1, 
which explains why, in NSCLC and cervical carcinoma, SF3B1 inhibition 
reverses the predominance of SVs (differing in exon 2) from the anti- 
apoptotic MCL-1L (long) to pro-apoptotic MCL-1S (short) [102,103]. 
BCL-X can also undergo AS to produce either the long anti-apoptotic 

Fig. 3. Role of major regulatory proteins (SRs and hnRNPs) in exon definition. BPS, branch point site; ESE, exonic splicing enhancer; ESS, exonic splicing silencer; 
ISE, intronic splicing enhancer; ISS, intronic splicing silencer; PPT, polypyrimidine tract. 
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Table 2 
Splicing variants in genes associated with mechanisms of pharmacoresistance.  

MPR Gene (Protein) Splicing Event Impact Cancer Ref. 

1 SLC22A1 (hOCT1) TGGTAAGT insertion at exon 7 (rs113569197) No functional transporter 
Worse imatinib response 

CML [71] 

SLC29A1 (ENT1) Exon 13 skipping Absence of plasma membrane expression of ENT1. Impaired cytarabine uptake in vitro LK [74] 
SLCO1B3 
(OATP1B3) 

Ct-OATP1B3 (transcription start site in intron 2) Minimal or negligible transport activity. Absence of plasma membrane location. Lack of transport ability so 
possible link with drug resistance 

CAC, PDAC [79,80] 

ABCC1 (MRP1) MRP1–2 k; MRP1-d5d30; MRP1-d17d18 (all resulting in exon 
skipping) 

Maintained drug transport activity. Doxorubicine resistance in vitro, although less potent than the full- 
length MRP1 

OC [81] 

2 CES2 (CES2) CES2Δ458 – 473 Impaired esterase activity. Impaired conversion of irinotecan into SN-38 in vitro CAC [82] 
DCK (DCK) Exon (2–6) skipping Inactive proteins. Linked with cytarabine resistance in AML cells and patients AML [74,83,84] 
TYMP (TP) Introns (1– 6) retention Lack of protein. 5-FU resistance in vitro LK [85] 
DPYD (DPD) Intronic SNPs and aberrant splicing Low functionality of the enzyme. Increase toxicity in breast cancer patients treated with capecitabine BC [86] 
FPGS (FPGS) Exon 12 skipping and intron 8 partial retention Impaired polyglutamylation leading to decreased intracellular drug retention 

Lower response to methotrexate, dexamethasone, mitoxanthrone, and prednisolone 
ALL [9,87–89] 

3 BCR-ABL (BCR- 
ABL) 

BCR-ABL35INS (retention of 35 nt of intron 8) Protein with an inactive kinase domain. Poor response to imatinib treatment CML [164] 

BRAF (BRAF) BRAF C3 variant (exon 4–8 skipping) Constitutive dimerization of BRAF. Resistance to vemurafenib in vitro and in vivo models. Vemurafenib 
resistance in melanoma patients 

ML [91–93] 

AR (AR) AR-V7 (skipping of exons 4–7) Protein lacking the ligand binding domain. Patients expressing AR-V7 exhibit resistance to enzalutamide 
and abiraterone 

PC [93] 

ESR (ER) ERα36 (different promoter located in the first intron) Protein lacking transcriptional activation domains. Worse patient response to tamoxifen BC [96] 
TOP2A (TOP2α) Intron retention variants Truncated protein. 

Mitoxantrone resistance in vitro 
AML [97] 

SRSF3 (SRSF3) Exon inclusion (SRSF3ex4). Premature termination codon Paclitaxel resistance BC, OSCC [67] 
TET2 (TET2) Exon 2 skipping Impaired DNA demethylation. Cytarabine resistance AML [9,98] 

4 BRCA1 (BRCA1) BRCA1-Δ11q (exon 11 skipping) Bypass inactivating mutations of the protein. Partial resistance to PARPi and platinum therapy BC, OC [99] 
BRCA2 (BRCA2) BRCA2ΔE5+7 (exon 5 and 7 skipping) Protein lacking 55 amino acids 

Mitomycin C resistance in vitro 
AML [100] 

ERCC1 (ERCC1) Transcriptional start point located upstream of the normal one Larger ERCC1 transcript. Cisplatin resistance OC [101] 
5 ECT2 (ECT2) ZRANB2 and SYF2 up-regulation leading to ECT2 exon 5 

inclusion 
Doxorubicin resistance BC [42] 

BCL (BCL) BCL-XL (includes exon 2.1) Antiapoptotic variant 
Imatinib resistance in vitro and in vivo models 

CML, AML [104,165] 

BIM (BIM) BIM-γ Isoforms lacking the pro-apoptotic BCL2-homology domain 3 lead to imatinib resistance in vitro 
Patients with this variant respond worst to imatinib 

CML [106] 

TP53 (p53) Δ133p53 (different promoter vs full length TP53) Anti-p53 function. 5-FU resistance in vitro CCA [109] 
Δ133p53 Camptothecin resistance in vitro CAC [110] 
Δ40p53 (initiation of translation within intron 2, and deletion 
of 40 amino acids) 

Cisplatin resistance in vitro ML [111] 

Alternative splicing of exon 9b or 9 g Enhanced sensitivity to doxorubicin AML [112] 
BIRC5 (Survivin) Survivin-3B (intron 3 retention) Inhibits procaspase-6 

Cisplatin and 5-FU resistance in vitro 
BC, CAC, KC [113–115] 

Survivin-2B (includes additional exon 2.B) Blocks apoptosis induced by BAX Patients with this variant treated with cytarabine and mitoxantrone 
present worst OS 

AML [116] 

EIF4H (EIF4H) RBM10-dependent aberrant splicing Resistance to PI3K/AKT/mTOR inhibitors (e.g., AZD8055, BEZ235) LC [117] 
PIK3CD (PIK3CD) Exon 20 skipping Resistance to PI3K inhibitors, such as idelalisib and wortmannin PC [118] 
MNK2 (MNK2) Exclusion of part of the exon 13 Gemcitabine resistance PDAC [9,119] 
PKM (Pyruvate 
kinase) 

PKM2 (a mutually exclusive exon variant) Gemcitabine resistance in vitro PDAC [121] 

FGFR1 (FGFR1) Inclusion of intronic segments. Premature termination codon Enhanced pAKT activity 
Resistance to FGFR1 inhibitors, such as dovitinib 

SACC [123] 

6 RBM11 (RBM11) Enriched in EVs Altered splicing profiles (of MDM4 and Cyclin D1. Impaired apoptosis activation. GB [125] 
CD44 (CD44) CD44v8-10 Chemoresistance in vitro BC, GIC, OC, 

PC 
[136 
137–139] 

VEGFA (VEGFA) Alternative 3′ SS for exon 8 (VEGFA145b) Resistance to bevacizumab CAC [129] 
Release of EVs containing SF3B3 and hnRNPA3 Drug resistance by altered apoptosis activation AML [126] 

(continued on next page) 
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variant (BCL-XL) or the short pro-apoptotic one (BCL-XS). SF3B1 and 
SRSF1 partly orchestrate the generation of these SVs [102]. Thus, in 
cervical carcinoma, SRSF1 overexpression results in BCL-XL generation, 
whereas its down-regulation promotes BCL-XS formation [102]. In some 
cancers, the enhanced expression of BCL-XL often results in resistance to 
several drugs, such as imatinib [104]. The mechanism of action of this 
TKI involves stimulation of BIM (also named BCL2L11) transcription and 
post-translational activation of BIM protein, which induces apoptosis. 
AS of BIM may result in reduced sensitivity to imatinib and other TKIs. 
There is evidence indicating that SRSF1 promotes BIM AS [105]. Thus, 
the SV named BIM-γ, arising from exon 4-to-exon 3 switch due to an 
intronic deletion polymorphism, is correlated with resistance to imati
nib and to other TKIs in CML and NSCLC cells [106,107]. 

AS of TP53 pre-mRNA accounts for the generation of 12 SVs [108]. 
These include three smaller variants, named P53β, Δ40p53, and 
Δ133p53, which are associated with drug resistance. Thus, Δ133p53, 
which exhibits anti-p53 function, has been related to 5-FU resistance in 
CCA cells [109] and can protect colorectal cancer cells from 
camptothecin-induced apoptosis [110]. Besides, Δ40p53 expressed in 
melanoma cells inhibits p53-dependent transcription of p21 and PUMA 
and contributes to cisplatin resistance [111]. In contrast, AS can also 
generate proteins associated with a better prognosis. For instance, 
truncated forms of p53 produced by AS of exon 9β or 9γ correlates with a 
more satisfactory response of AML to doxorubicin due to the increased 
promoter binding ability of those isoforms, which up-regulates tumor 
suppressor (e.g., p21) and of pro-apoptotic (e.g., BAX) genes [112]. 

A survivin (BIRC5) SV named survivin-3B is originated by intron 3 
retention. Survivin-3B binds and inhibits procaspase-6. Thus, this SV, 
which is highly expressed in cancer of several organs, such as breast, 
colon, and kidney, increases their resistance to cisplatin [113] and 5-FU 
[114,115]. Moreover, AS of BIRC5 pre-mRNA can generate survivin- 
ΔEx2, lacking exon 2, and survivin-2B, which contains an additional 
exon 2B. In AML patients treated with cytarabine and mitoxantrone 
regime, those with leukemia cells expressing higher levels of survivin-2B 
showed poorer OS than those with lower expression [116]. 

RBM10 encodes a nuclear protein that contains an RNA-binding 
motif through which RBM10 interacts with hnRNPs to regulate AS of 
its target genes, such as eukaryotic translation initiation factor 4H 
(EIF4H). Lung cancer patients with low RBM10 expression have reduced 
survival rates. RBM10-dependent aberrant splicing of EIF4H in cancer 
cells results in gain-of-function SVs leading to resistance to PI3K/AKT/ 
mTOR inhibitors (e.g., AZD8055, BEZ235) [117]. 

Several mutations in PI3K result in constitutive activation of the 
PI3K/AKT/mTOR signaling pathway, which is associated with cancer 
progression. Two PIK3CD mRNAs are expressed in prostate cancer, i.e., 
PIK3CD-L (long variant) and PIK3CD-S (lacking exon 20). The latter is 
translated into a PI3Kδ short isoform that resists the inhibition induced 
by PI3K inhibitors, such as idelalisib and wortmannin, and has been 
associated with more aggressive tumors [118]. 

In pancreatic ductal adenocarcinoma (PDAC), MNK-dependent 
phosphorylation of eIF4E correlates with disease grade, early onset of 
disease, and worse prognosis. Gemcitabine up-regulates SRSF1, which 
favors the AS of MNK2 to generate MNK2b. This SV lacks part of the 
exon 13 and hence losses the binding site required to interact with 
MAPK, which enhances eIF4E phosphorylation and hence reduces 
gemcitabine-induced apoptosis and promotes cancer cell survival 
[7,119]. Moreover, experimentally induced expression of SRPK1 confers 
resistance to treatment with gemcitabine [120]. In contrast, SRSF1 
silencing, using siRNA, abolishes MNK AS, reducing eIF4E phosphory
lation and restoring the sensitivity of PDAC cells to gemcitabine [119]. 

In this sense, gemcitabine resistant-PDAC cells exhibited a switch in 
the AS of pyruvate kinase gene (PKM). This gene encodes two SVs, PKM1 
and PKM2, through the incorporation of mutually exclusive exons. The 
latter is involved in tumor development. Moreover, PTBP1 is also up- 
regulated in pharmacoresistant PDAC cells, which promotes PKM2 
generation. Besides, knockdown of PTBP1 precludes its binding to PKM Ta
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pre-mRNA, favoring the expression of PKM1 and restoring the sensi
tivity to gemcitabine [121]. Interestingly, miR-374b down-regulation 
has been shown to affect PKM1/PKM2 splicing by modifying hnRNPA1 
expression in sorafenib resistant HCC cells [122]. 

Three novel, truncated FGFR1 variants (FGFR1v) have been identi
fied in salivary adenoid cystic carcinoma (SACC) [123]. They are 
generated by premature termination codon by inclusion in the mature 
mRNA of intronic segments. These SVs are cell surface proteins lacking 
their intracellular domain, whose expression enhances pAKT activity, 
rendering SACC cells more resistant to FGFR1 inhibitors, such as dovi
tinib [7,123]. 

9. Role of AS in MPR-6. Changes affecting the tumor 
microenvironment 

The surrounding microenvironment may also affect tumor cells 
altering their response to pharmacotherapy (MPR-6) (Fig. 1, Table 2). 
Splicing events have been detected both in the secretome [124] and in 
extracellular vesicles (EVs) derived from cancer cells [125], which may 
have an impact on the drug resistance of other cancer cells located in 
their vicinity. For example, EVs released by apoptosis-resistant AML 
cells contain an enriched amount of SF3B3 and hnRNPA3, which can be 
taken up by apoptosis-sensitive AML cells altering their drug resistance 
[126]. Another example is observed in glioblastoma (GB) cells, where 
apoptotic cells release EVs containing the splicing factor RBM11. This is 
a tissue-specific splicing regulator selectively expressed in the brain, 
cerebellum, and testis, and to a lower extent in the kidney [127]. Upon 
uptake of these EVs by non-apoptotic GB cells, RBM11 can alter the 
splicing profile of MDM4 and Cyclin D1 toward the expression of more 
oncogenic isoforms, thereby promoting their proliferation and drug 
resistance [125]. Tunneling nanotubes can mediate the transport of 
vesicles between bone marrow stromal cells and CML cells. The cargo of 
these vesicles, which is enriched in splicing factors, transfers the ability 
to protect CML cells from imatinib-induced apoptosis [128]. 

Angiogenesis is a key determinant of the tumor microenvironment. 
The use of an alternative 3′ SS for exon 8 definition in VEGFA pre-mRNA 
generates the SV VEGFA145b, which acts as a reservoir of angiogenic 
growth factors in the tumor stroma leading to bevacizumab resistance in 
colorectar adenocarcinoma [129]. 

10. Role of AS in MPR-7. Changes affecting phenotypic 
transition 

In the group of MPR-7 changes favoring malignant phenotypic 
transitions such as EMT and the appearance of cancer stem cells (CSC)- 
like traits, have been included (Fig. 1, Table 2). EZH2, the catalytic 
subunit of the epigenetic modulator PRC2, promotes cancer develop
ment and progression through epigenetic silencing of tumor suppressors 
by trimethylation of histone H3. Exon 14 inclusion during splicing, 
which is promoted by SF3B3, results in an active SV accounting for stem- 
cell-like epigenetic state of prostate cancer cells that is accompanied by 
enzalutamide resistance [130] 

Alterations in the expression of different splicing regulatory proteins 
have been described as precursors of EMT, which determines an un
satisfactory response to pharmacological treatment. In turn, during 
EMT, the expression of several components of the splicing machinery is 
markedly changed [131,132]. Thus, epithelial splicing regulatory pro
teins 1 (ESRP1) and 2 (ESRP2), are epithelial cell-specific regulators of 
AS. Both splicing factors are down-regulated during EMT. In breast 
cancer, the balance between ESRP1 and hnRNPM is critical for stimu
lating EMT and chemoresistance. Whereas hnRNPM favors mesen
chymal phenotype due to its effect enhancing exon skipping and TGFβ 
signaling, ESRP1 favors epithelial phenotype by enhancing exon reading 
[133]. Both proteins act as competitive factors binding to cis-elements in 
target pre-mRNAs to antagonize theirs AS [134]. 

The CD44 gene, which is involved in EMT, has 10 constant exons and 

10 variable exons (v1-v10) located in the pre-mRNA between constant 
exon 5 and 16. Thus, several SVs can be generated during AS by inclu
sion, which is promoted by ESRP1, or exclusion, favored by hnRNPs, of 
variable exons. CD44v6 and CD44v9 interact with CD95, the death re
ceptor, interfering with death receptor signaling and inhibiting 
apoptosis, which results in chemoresistance [133,135]. Moreover, the 
expression of the variant containing exons v8-10 (CD44v8-10) has been 
associated with enhanced chemoresistance in gastrointestinal, breast, 
ovarian, and prostate cancer cells [136,137]. The up-regulation of this 
SV has been found in cisplatin-resistant urothelial cancer cells [138] and 
has been associated with docetaxel resistance in prostate cancer. 
Accordingly, the detection of CD44v8-10 mRNA in serum exosomes has 
been proposed as a prognostic marker [132,139]. 

The expression of HNRNPAB is increased in many cancers, including 
HCC, which favors EMT in a SNAIL-dependent manner [140]. Aberrant 
splicing in other genes such as RON and RAC1B also promotes EMT 
(MPR-7) and angiogenesis (MPR-6), which hamper the effect of anti
angiogenic drugs [141,142]. Moreover, the overexpression of the 
oncogenic SVs of the protein H-Ras in cancer cells results in the release 
of exosomes containing splicing factors such as SF3B1 and SRSF1, which 
are suggested to be taken up by distant cells where they promote EMT, 
leading to more tumor aggressiveness and poorer response to the 
treatment [143]. 

Three SVs of the transcription factor OCT4 have been described. In 
colon cancer cells, overexpression of the SV OCT4B1 promoted invasion 
and migration but also enhanced chemoresistance because OCT4B1 
suppressed the sensitivity to oxaliplatin by up-regulating ABCB1 and 
ABCG2 export pumps [144]. 

In HER2-positive breast cancer, the presence of phenotypic changes 
toward that of CSCs, which correlates with enhanced aggressiveness and 
pharmacoresistance, has been associated with the appearance of aber
rant SVs. This MPR-7 markedly depends on SRSF3 and hnRNPH1 
expression. These changes are clinically relevant because the expression 
levels of these SVs (e.g., Δ16HER2, P100-HER2, and Herstatin) deter
mine the response to trastuzumab [145]. 

11. Conclusions and Perspectives. 

The information analyzed here permits to reach several valuable 
conclusions. In the first place, similarly to its impact on interindividual 
variability in healthy people, the existence of splice events increases the 
diversity of tumor cell phenotypes favoring tumor heterogeneity 
regarding crucial malignant characteristics, such as pharmacoresist
ance. Altered AS can result from changes in the expression and function 
of regulatory elements of the exon-recognition machinery in tumor cells, 
some of them affected by AS themselves, during carcinogenesis, pro
gression, and response to treatment. 

Considering the high frequency of aberrant splicing associated with 
cancer pathogenesis and therapy, pharmacological intervention to 
modulate AS may provide new therapeutic opportunities in cancer 
[146]. Several preclinical studies have investigated the usefulness of 
small molecules as modulators of splicing. An important drawback of 
this strategy is that the targets of most of these agents are constitutive 
components of the spliceosome, whose manipulation often results in 
adverse side effects. Nevertheless, certain selectivity for individual 
splice events has been identified, which opens a window of hope in this 
line of research [147]. This is important because cancer cells are 
markedly active regarding replication, which requires a high rate of pre- 
mRNA processing. Accordingly, it is reasonable to expect that cancer 
cells could be more sensitive than healthy quiescent cells to pharma
cological manipulation of the splicing machinery using novel drugs. 
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(Ref. 201916–31). M.R. was supported by a predoctoral scholarships 
(FPU) funded by the Ministry of Science, Innovation and Universities, 
Spain. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] E. de Klerk, P.A.T. Hoen, Alternative mRNA transcription, processing, and 
translation: insights from RNA sequencing, Trends Genet. 31 (3) (2015) 128–139. 

[2] R.P. Martins, R. Fahraeus, A matter of maturity: The impact of pre-mRNA 
processing in gene expression and antigen presentation, Int. J. Biochem. Cell Biol. 
91 (Pt B) (2017) 203–211. 

[3] T.W. Nilsen, B.R. Graveley, Expansion of the eukaryotic proteome by alternative 
splicing, Nature 463 (7280) (2010) 457–463. 

[4] M.M. van den Hoogenhof, Y.M. Pinto, E.E. Creemers, R.N.A. Splicing, Regulation 
and Dysregulation in the Heart, Circ. Res. 118 (3) (2016) 454–468. 

[5] E.T. Wang, R. Sandberg, S. Luo, I. Khrebtukova, L. Zhang, C. Mayr, S. 
F. Kingsmore, G.P. Schroth, C.B. Burge, Alternative isoform regulation in human 
tissue transcriptomes, Nature 456 (7221) (2008) 470–476. 

[6] N.N. Mthembu, Z. Mbita, R. Hull, Z. Dlamini, Abnormalities in alternative 
splicing of angiogenesis-related genes and their role in HIV-related cancers, HIV 
AIDS (Auckl) 9 (2017) 77–93. 

[7] N. Mehterov, M. Kazakova, Y. Sbirkov, B. Vladimirov, N. Belev, G. Yaneva, 
K. Todorova, S. Hayrabedyan, V. Sarafian, Alternative RNA Splicing-The Trojan 
Horse of Cancer Cells in Chemotherapy, Genes (Basel) 12 (7) (2021). 

[8] J.J.G. Marin, R.I.R. Macias, M.J. Monte, M.R. Romero, M. Asensio, A. Sanchez- 
Martin, C. Cives-Losada, A.G. Temprano, R. Espinosa-Escudero, M. Reviejo, L. 
H. Bohorquez, O. Briz, Molecular Bases of Drug Resistance in Hepatocellular 
Carcinoma, Cancers (Basel) 12 (6) (2020). 

[9] J.J. Marin, R.I. Macias, Understanding drug resistance mechanisms in 
cholangiocarcinoma: assisting the clinical development of investigational drugs, 
Expert Opin. Invest. Drugs 30 (7) (2021) 675–679. 

[10] B. Dujon, Group I introns as mobile genetic elements: facts and mechanistic 
speculations–a review, Gene 82 (1) (1989) 91–114. 

[11] A.M. Lambowitz, M. Belfort, Introns as mobile genetic elements, Annu. Rev. 
Biochem. 62 (1993) 587–622. 

[12] M. Belfort, P.S. Perlman, Mechanisms of intron mobility, J. Biol. Chem. 270 (51) 
(1995) 30237–30240. 

[13] C. Csank, F.M. Taylor, D.W. Martindale, Nuclear pre-mRNA introns: analysis and 
comparison of intron sequences from Tetrahymena thermophila and other 
eukaryotes, Nucleic Acids Res. 18 (17) (1990) 5133–5141. 

[14] S. Hayashi, S. Mori, T. Suzuki, T. Suzuki, T. Yoshihisa, Impact of intron removal 
from tRNA genes on Saccharomyces cerevisiae, Nucleic Acids Res. 47 (11) (2019) 
5936–5949. 

[15] S.L. Hall, R.A. Padgett, Requirement of U12 snRNA for in vivo splicing of a minor 
class of eukaryotic nuclear pre-mRNA introns, Science 271 (5256) (1996) 
1716–1718. 

[16] P.A. Sharp, C.B. Burge, Classification of introns: U2-type or U12-type, Cell 91 (7) 
(1997) 875–879. 

[17] A.A. Patel, J.A. Steitz, Splicing double: insights from the second spliceosome, Nat. 
Rev. Mol. Cell Biol. 4 (12) (2003) 960–970. 

[18] M. Chen, J.L. Manley, Mechanisms of alternative splicing regulation: insights 
from molecular and genomics approaches, Nat. Rev. Mol. Cell Biol. 10 (11) 
(2009) 741–754. 

[19] W.Y. Tarn, J.A. Steitz, Pre-mRNA splicing: the discovery of a new spliceosome 
doubles the challenge, Trends Biochem. Sci. 22 (4) (1997) 132–137. 

[20] R. Tacke, J.L. Manley, Determinants of SR protein specificity, Curr. Opin. Cell 
Biol. 11 (3) (1999) 358–362. 

[21] D. Schumperli, R.S. Pillai, The special Sm core structure of the U7 snRNP: far- 
reaching significance of a small nuclear ribonucleoprotein, Cell. Mol. Life Sci. 61 
(19–20) (2004) 2560–2570. 

[22] Y. Zhang, T. Madl, I. Bagdiul, T. Kern, H.S. Kang, P. Zou, N. Mausbacher, S. 
A. Sieber, A. Kramer, M. Sattler, Structure, phosphorylation and U2AF65 binding 
of the N-terminal domain of splicing factor 1 during 3’-splice site recognition, 
Nucleic Acids Res. 41 (2) (2013) 1343–1354. 

[23] Y.Z. Xu, C.M. Newnham, S. Kameoka, T. Huang, M.M. Konarska, C.C. Query, Prp5 
bridges U1 and U2 snRNPs and enables stable U2 snRNP association with intron 
RNA, EMBO J. 23 (2) (2004) 376–385. 

[24] A.M. Fredericks, K.J. Cygan, B.A. Brown, W.G. Fairbrother, RNA-Binding 
Proteins: Splicing Factors and Disease, Biomolecules 5 (2) (2015) 893–909. 

[25] C. Charenton, M.E. Wilkinson, K. Nagai, Mechanism of 5’ splice site transfer for 
human spliceosome activation, Science 364 (6438) (2019) 362–367. 

[26] O.V. Makarova, E.M. Makarov, S. Liu, H.P. Vornlocher, R. Luhrmann, Protein 
61K, encoded by a gene (PRPF31) linked to autosomal dominant retinitis 
pigmentosa, is required for U4/U6*U5 tri-snRNP formation and pre-mRNA 
splicing, EMBO J. 21 (5) (2002) 1148–1157. 

[27] A. Sidarovich, C.L. Will, M.M. Anokhina, J. Ceballos, S. Sievers, D.E. Agafonov, 
T. Samatov, P. Bao, B. Kastner, H. Urlaub, H. Waldmann, R. Luhrmann, 
Identification of a small molecule inhibitor that stalls splicing at an early step of 
spliceosome activation, Elife 6 (2017). 

[28] V. Nancollis, J.P. Ruckshanthi, L.N. Frazer, R.T. O’Keefe, The U5 snRNA internal 
loop 1 is a platform for Brr2, Snu114 and Prp8 protein binding during U5 snRNP 
assembly, J. Cell. Biochem. 114 (12) (2013) 2770–2784. 

[29] A.M. Wlodaver, J.P. Staley, The DExD/H-box ATPase Prp2p destabilizes and 
proofreads the catalytic RNA core of the spliceosome, RNA 20 (3) (2014) 
282–294. 

[30] S.M. Fica, N. Tuttle, T. Novak, N.S. Li, J. Lu, P. Koodathingal, Q. Dai, J.P. Staley, 
J.A. Piccirilli, RNA catalyses nuclear pre-mRNA splicing, Nature 503 (7475) 
(2013) 229–234. 

[31] A. Jacquier, Self-splicing group II and nuclear pre-mRNA introns: how similar are 
they? Trends Biochem. Sci. 15 (9) (1990) 351–354. 

[32] C.L. Will, R. Luhrmann, Spliceosome structure and function, Cold Spring Harb 
Perspect Biol 3 (7) (2011). 

[33] B.R. Graveley, Sorting out the complexity of SR protein functions, RNA 6 (9) 
(2000) 1197–1211. 

[34] J.C. Long, J.F. Caceres, The SR protein family of splicing factors: master 
regulators of gene expression, Biochem. J. 417 (1) (2009) 15–27. 

[35] B.J. Blencowe, Exonic splicing enhancers: mechanism of action, diversity and role 
in human genetic diseases, Trends Biochem. Sci. 25 (3) (2000) 106–110. 

[36] D.L. Spector, Macromolecular domains within the cell nucleus, Annu. Rev. Cell 
Biol. 9 (1993) 265–315. 

[37] P.J. Shepard, K.J. Hertel, The SR protein family, Genome Biol. 10 (10) (2009) 
242. 

[38] R. Martinez-Contreras, P. Cloutier, L. Shkreta, J.F. Fisette, T. Revil, B. Chabot, 
hnRNP proteins and splicing control, Adv. Exp. Med. Biol. 623 (2007) 123–147. 

[39] C. Naro, C. Sette, Phosphorylation-mediated regulation of alternative splicing in 
cancer, Int J Cell Biol 2013 (2013), 151839. 

[40] R.A. Padgett, New connections between splicing and human disease, Trends 
Genet. 28 (4) (2012) 147–154. 

[41] C. He, F. Zhou, Z. Zuo, H. Cheng, R. Zhou, A global view of cancer-specific 
transcript variants by subtractive transcriptome-wide analysis, PLoS ONE 4 (3) 
(2009), e4732. 

[42] I. Tanaka, A. Chakraborty, O. Saulnier, C. Benoit-Pilven, S. Vacher, D. Labiod, E. 
W.F. Lam, I. Bieche, O. Delattre, F. Pouzoulet, D. Auboeuf, S. Vagner, M. Dutertre, 
ZRANB2 and SYF2-mediated splicing programs converging on ECT2 are involved 
in breast cancer cell resistance to doxorubicin, Nucleic Acids Res. 48 (5) (2020) 
2676–2693. 

[43] E. Sebestyen, M. Zawisza, E. Eyras, Detection of recurrent alternative splicing 
switches in tumor samples reveals novel signatures of cancer, Nucleic Acids Res. 
43 (3) (2015) 1345–1356. 

[44] M. Danan-Gotthold, R. Golan-Gerstl, E. Eisenberg, K. Meir, R. Karni, E. 
Y. Levanon, Identification of recurrent regulated alternative splicing events across 
human solid tumors, Nucleic Acids Res. 43 (10) (2015) 5130–5144. 

[45] C. Luo, Y. Cheng, Y. Liu, L. Chen, L. Liu, N. Wei, Z. Xie, W. Wu, Y. Feng, SRSF2 
Regulates Alternative Splicing to Drive Hepatocellular Carcinoma Development, 
Cancer Res. 77 (5) (2017) 1168–1178. 

[46] N.K. Leclair, M. Brugiolo, L. Urbanski, S.C. Lawson, K. Thakar, M. Yurieva, 
J. George, J.T. Hinson, A. Cheng, B.R. Graveley, O. Anczukow, Poison Exon 
Splicing Regulates a Coordinated Network of SR Protein Expression during 
Differentiation and Tumorigenesis, Mol. Cell. 80 (4) (2020) 648–665, e9. 

[47] E. Kim, A. Goren, G. Ast, Insights into the connection between cancer and 
alternative splicing, Trends Genet. 24 (1) (2008) 7–10. 

[48] A. Srebrow, A.R. Kornblihtt, The connection between splicing and cancer, J. Cell 
Sci. 119 (Pt 13) (2006) 2635–2641. 

[49] C. Berasain, S. Goni, J. Castillo, M.U. Latasa, J. Prieto, M.A. Avila, Impairment of 
pre-mRNA splicing in liver disease: mechanisms and consequences, World J. 
Gastroenterol. 16 (25) (2010) 3091–3102. 

[50] M. Blaustein, F. Pelisch, A. Srebrow, Signals, pathways and splicing regulation, 
Int. J. Biochem. Cell Biol. 39 (11) (2007) 2031–2048. 

[51] Y. Liu, X. Liu, C. Lin, X. Jia, H. Zhu, J. Song, Y. Zhang, Noncoding RNAs regulate 
alternative splicing in Cancer, J. Exp. Clin. Cancer Res. 40 (1) (2021) 11. 

M. Reviejo et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0006-2952(21)00426-3/h0005
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0005
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0010
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0010
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0010
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0015
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0015
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0020
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0020
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0025
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0025
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0025
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0030
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0030
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0030
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0035
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0035
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0035
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0040
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0040
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0040
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0040
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0045
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0045
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0045
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0050
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0050
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0055
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0055
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0060
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0060
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0065
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0065
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0065
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0070
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0070
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0070
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0075
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0075
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0075
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0080
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0080
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0085
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0085
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0090
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0090
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0090
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0095
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0095
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0100
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0100
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0105
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0105
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0105
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0110
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0110
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0110
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0110
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0115
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0115
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0115
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0120
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0120
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0125
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0125
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0130
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0130
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0130
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0130
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0135
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0135
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0135
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0135
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0140
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0140
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0140
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0145
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0145
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0145
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0150
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0150
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0150
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0155
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0155
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0160
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0160
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0165
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0165
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0170
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0170
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0175
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0175
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0180
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0180
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0185
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0185
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0190
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0190
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0195
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0195
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0200
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0200
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0205
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0205
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0205
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0210
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0210
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0210
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0210
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0210
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0215
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0215
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0215
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0220
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0220
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0220
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0225
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0225
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0225
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0230
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0230
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0230
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0230
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0235
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0235
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0240
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0240
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0245
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0245
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0245
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0250
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0250
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0255
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0255


Biochemical Pharmacology 193 (2021) 114810

11

[52] M. Oka, L. Xu, T. Suzuki, T. Yoshikawa, H. Sakamoto, H. Uemura, A. 
C. Yoshizawa, Y. Suzuki, T. Nakatsura, Y. Ishihama, A. Suzuki, M. Seki, Aberrant 
splicing isoforms detected by full-length transcriptome sequencing as transcripts 
of potential neoantigens in non-small cell lung cancer, Genome Biol. 22 (1) 
(2021) 9. 

[53] J.L. Lopez-Canovas, M. Del Rio-Moreno, H. Garcia-Fernandez, J.M. Jimenez- 
Vacas, M.T. Moreno-Montilla, M.E. Sanchez-Frias, V. Amado, M.F. Fondevila, 
R. Ciria, I. Gomez-Luque, J. Briceno, R. Nogueiras, M. de la Mata, J.P. Castano, 
M. Rodriguez-Peralvarez, R.M. Luque, M.D. Gahete, Splicing factor SF3B1 is 
overexpressed and implicated in the aggressiveness and survival of hepatocellular 
carcinoma, Cancer Lett. 496 (2021) 72–83. 

[54] M. Soto, M. Reviejo, R. Al-Abdulla, M.R. Romero, R.I.R. Macias, L. Boix, J. Bruix, 
M.A. Serrano, J.J.G. Marin, Relationship between changes in the exon- 
recognition machinery and SLC22A1 alternative splicing in hepatocellular 
carcinoma, Biochim. Biophys. Acta, Mol. Basis Dis. 1866 (5) (2020), 165687. 

[55] P. Bielli, V. Pagliarini, M. Pieraccioli, C. Caggiano, C. Sette, Splicing 
Dysregulation as Oncogenic Driver and Passenger Factor in Brain Tumors, Cells 9 
(1) (2019). 

[56] B.R. Correa, P.R. de Araujo, M. Qiao, S.C. Burns, C. Chen, R. Schlegel, S. Agarwal, 
P.A. Galante, L.O. Penalva, Functional genomics analyses of RNA-binding 
proteins reveal the splicing regulator SNRPB as an oncogenic candidate in 
glioblastoma, Genome Biol. 17 (1) (2016) 125. 

[57] N. Liu, Z. Wu, A. Chen, Y. Wang, D. Cai, J. Zheng, Y. Liu, L. Zhang, SNRPB 
promotes the tumorigenic potential of NSCLC in part by regulating RAB26, Cell 
Death Dis. 10 (9) (2019) 667. 

[58] F.J. Ji, Y.Y. Wu, Z. An, X.S. Liu, J.N. Jiang, F.F. Chen, X.D. Fang, Expression of 
both poly r(C) binding protein 1 (PCBP1) and miRNA-3978 is suppressed in 
peritoneal gastric cancer metastasis, Sci. Rep. 7 (1) (2017) 15488. 

[59] M. Zhang, X. Wang, J. Tan, M. Zhao, L. Lian, W. Zhang, Poly r(C) binding protein 
(PCBP) 1 is a negative regulator of thyroid carcinoma, Am J Transl Res 8 (8) 
(2016) 3567–3573. 

[60] K. Luo, K. Zhuang, High expression of PCBP2 is associated with progression and 
poor prognosis in patients with glioblastoma, Biomed. Pharmacother. 94 (2017) 
659–665. 

[61] C. Chen, J. Lei, Q. Zheng, S. Tan, K. Ding, C. Yu, Poly(rC) binding protein 2 
(PCBP2) promotes the viability of human gastric cancer cells by regulating CDK2, 
FEBS Open Bio 8 (5) (2018) 764–773. 

[62] R. Karni, E. de Stanchina, S.W. Lowe, R. Sinha, D. Mu, A.R. Krainer, The gene 
encoding the splicing factor SF2/ASF is a proto-oncogene, Nat. Struct. Mol. Biol. 
14 (3) (2007) 185–193. 

[63] J. Liu, B. Huang, Y. Xiao, H.M. Xiong, J. Li, D.Q. Feng, X.M. Chen, H.B. Zhang, X. 
Z. Wang, Aberrant expression of splicing factors in newly diagnosed acute 
myeloid leukemia, Onkologie 35 (6) (2012) 335–340. 

[64] S. Yang, R. Jia, Z. Bian, SRSF5 functions as a novel oncogenic splicing factor and 
is upregulated by oncogene SRSF3 in oral squamous cell carcinoma, Biochim. 
Biophys. Acta, Mol. Cell. Res. 1865 (9) (2018) 1161–1172. 

[65] F. Liu, M. Dai, Q. Xu, X. Zhu, Y. Zhou, S. Jiang, Y. Wang, Z. Ai, L. Ma, Y. Zhang, 
L. Hu, Q. Yang, J. Li, S. Zhao, Z. Zhang, Y. Teng, SRSF10-mediated IL1RAP 
alternative splicing regulates cervical cancer oncogenesis via mIL1RAP-NF- 
kappaB-CD47 axis, Oncogene 37 (18) (2018) 2394–2409. 

[66] X. Zhou, R. Wang, X. Li, L. Yu, D. Hua, C. Sun, C. Shi, W. Luo, C. Rao, Z. Jiang, 
Y. Feng, Q. Wang, S. Yu, Splicing factor SRSF1 promotes gliomagenesis via 
oncogenic splice-switching of MYO1B, J Clin Invest 129 (2) (2019) 676–693. 

[67] H. Jumaa, P.J. Nielsen, Regulation of SRp20 exon 4 splicing, Biochim. Biophys. 
Acta, Gene Regul. Mech. 1494 (1–2) (2000) 137–143. 

[68] M.D. Pizzagalli, A. Bensimon, G. Superti-Furga, A guide to plasma membrane 
solute carrier proteins, FEBS J. 288 (9) (2021) 2784–2835. 

[69] E. Lozano, E. Herraez, O. Briz, V.S. Robledo, J. Hernandez-Iglesias, A. Gonzalez- 
Hernandez, J.J. Marin, Role of the plasma membrane transporter of organic 
cations OCT1 and its genetic variants in modern liver pharmacology, Biomed Res. 
Int. 2013 (2013), 692071. 

[70] E. Herraez, E. Lozano, R.I. Macias, J. Vaquero, L. Bujanda, J.M. Banales, J. 
J. Marin, O. Briz, Expression of SLC22A1 variants may affect the response of 
hepatocellular carcinoma and cholangiocarcinoma to sorafenib, Hepatology 58 
(3) (2013) 1065–1073. 

[71] J. Grinfeld, G. Gerrard, M. Alikian, J. Alonso-Dominguez, S. Ale, M. Valganon, 
G. Nteliopoulos, D. White, D. Marin, C. Hedgley, S. O’Brien, R. Clark, J. 
M. Goldman, D. Milojkovic, J.F. Apperley, L. Foroni, A common novel splice 
variant of SLC22A1 (OCT1) is associated with impaired responses to imatinib in 
patients with chronic myeloid leukaemia, Br. J. Haematol. 163 (5) (2013) 
631–639. 

[72] D. Grimm, J. Lieb, V. Weyer, J. Vollmar, F. Darstein, A. Lautem, M. Hoppe- 
Lotichius, S. Koch, A. Schad, J.M. Schattenberg, M.A. Worns, A. Weinmann, P. 
R. Galle, T. Zimmermann, Organic Cation Transporter 1 (OCT1) mRNA 
expression in hepatocellular carcinoma as a biomarker for sorafenib treatment, 
BMC Cancer 16 (2016) 94. 

[73] A. Geier, R.I. Macias, D. Bettinger, J. Weiss, H. Bantel, D. Jahn, R. Al-Abdulla, J. 
J. Marin, The lack of the organic cation transporter OCT1 at the plasma 
membrane of tumor cells precludes a positive response to sorafenib in patients 
with hepatocellular carcinoma, Oncotarget 8 (9) (2017) 15846–15857. 

[74] J. Cai, V.L. Damaraju, N. Groulx, D. Mowles, Y. Peng, M.J. Robins, C.E. Cass, 
P. Gros, Two distinct molecular mechanisms underlying cytarabine resistance in 
human leukemic cells, Cancer Res. 68 (7) (2008) 2349–2357. 

[75] A.C. Lockhart, E. Harris, B.J. Lafleur, N.B. Merchant, M.K. Washington, M. 
B. Resnick, T.J. Yeatman, W. Lee, Organic anion transporting polypeptide 1B3 

(OATP1B3) is overexpressed in colorectal tumors and is a predictor of clinical 
outcome, Clin Exp Gastroenterol 1 (2008) 1–7. 

[76] M. Muto, T. Onogawa, T. Suzuki, T. Ishida, T. Rikiyama, Y. Katayose, N. Ohuchi, 
H. Sasano, T. Abe, M. Unno, Human liver-specific organic anion transporter-2 is a 
potent prognostic factor for human breast carcinoma, Cancer Sci. 98 (10) (2007) 
1570–1576. 

[77] K. Alam, T. Farasyn, K. Ding, W. Yue, Characterization of Liver- and Cancer-type- 
Organic Anion Transporting Polypeptide (OATP) 1B3 Messenger RNA Expression 
in Normal and Cancerous Human Tissues, Drug Metab. Lett. 12 (1) (2018) 24–32. 

[78] M. Nagai, T. Furihata, S. Matsumoto, S. Ishii, S. Motohashi, I. Yoshino, M. Ugajin, 
A. Miyajima, S. Matsumoto, K. Chiba, Identification of a new organic anion 
transporting polypeptide 1B3 mRNA isoform primarily expressed in human 
cancerous tissues and cells, Biochem. Biophys. Res. Commun. 418 (4) (2012) 
818–823. 

[79] N. Thakkar, K. Kim, E.R. Jang, S. Han, K. Kim, D. Kim, N. Merchant, A. 
C. Lockhart, W. Lee, A cancer-specific variant of the SLCO1B3 gene encodes a 
novel human organic anion transporting polypeptide 1B3 (OATP1B3) localized 
mainly in the cytoplasm of colon and pancreatic cancer cells, Mol. Pharm. 10 (1) 
(2013) 406–416. 

[80] Y. Sun, T. Furihata, S. Ishii, M. Nagai, M. Harada, O. Shimozato, T. Kamijo, 
S. Motohashi, I. Yoshino, A. Kamiichi, K. Kobayashi, K. Chiba, Unique expression 
features of cancer-type organic anion transporting polypeptide 1B3 mRNA 
expression in human colon and lung cancers, Clin Transl Med 3 (2014) 37. 

[81] X. He, P.L. Ee, J.S. Coon, W.T. Beck, Alternative splicing of the multidrug 
resistance protein 1/ATP binding cassette transporter subfamily gene in ovarian 
cancer creates functional splice variants and is associated with increased 
expression of the splicing factors PTB and SRp20, Clin. Cancer Res. 10 (14) 
(2004) 4652–4660. 

[82] M.A. Schiel, S.L. Green, W.I. Davis, P.C. Sanghani, W.F. Bosron, S.P. Sanghani, 
Expression and characterization of a human carboxylesterase 2 splice variant, 
J. Pharmacol. Exp. Ther. 323 (1) (2007) 94–101. 

[83] M.J. Veuger, M.W. Honders, J.E. Landegent, R. Willemze, R.M. Barge, High 
incidence of alternatively spliced forms of deoxycytidine kinase in patients with 
resistant acute myeloid leukemia, Blood 96 (4) (2000) 1517–1524. 

[84] M.J. Veuger, M.H. Heemskerk, M.W. Honders, R. Willemze, R.M. Barge, 
Functional role of alternatively spliced deoxycytidine kinase in sensitivity to 
cytarabine of acute myeloid leukemic cells, Blood 99 (4) (2002) 1373–1380. 

[85] M. Stark, E.E. Bram, M. Akerman, Y. Mandel-Gutfreund, Y.G. Assaraf, 
Heterogeneous nuclear ribonucleoprotein H1/H2-dependent unsplicing of 
thymidine phosphorylase results in anticancer drug resistance, J. Biol. Chem. 286 
(5) (2011) 3741–3754. 

[86] M.C. Etienne-Grimaldi, J.C. Boyer, C. Beroud, L. Mbatchi, A. van Kuilenburg, 
C. Bobin-Dubigeon, F. Thomas, E. Chatelut, J.L. Merlin, F. Pinguet, C. Ferrand, 
J. Meijer, A. Evrard, L. Llorca, G. Romieu, P. Follana, T. Bachelot, L. Chaigneau, 
X. Pivot, V. Dieras, R. Largillier, M. Mousseau, A. Goncalves, H. Roche, 
J. Bonneterre, V. Servent, N. Dohollou, Y. Chateau, E. Chamorey, J.P. Desvignes, 
D. Salgado, J.M. Ferrero, G. Milano, New advances in DPYD genotype and risk of 
severe toxicity under capecitabine, PLoS ONE 12 (5) (2017), e0175998. 

[87] M. Stark, C. Wichman, I. Avivi, Y.G. Assaraf, Aberrant splicing of 
folylpolyglutamate synthetase as a novel mechanism of antifolate resistance in 
leukemia, Blood 113 (18) (2009) 4362–4369. 

[88] A. Wojtuszkiewicz, Y.G. Assaraf, M. Hoekstra, R. Sciarrillo, G. Jansen, G.J. Peters, 
R. Pieters, E. Sonneveld, G. Escherich, G.J. Kaspers, J. Cloos, The association of 
aberrant folylpolyglutamate synthetase splicing with ex vivo methotrexate 
resistance and clinical outcome in childhood acute lymphoblastic leukemia, 
Haematologica 101 (7) (2016) e291–e294. 

[89] A. Wojtuszkiewicz, S. Raz, M. Stark, Y.G. Assaraf, G. Jansen, G.J. Peters, 
E. Sonneveld, G.J. Kaspers, J. Cloos, Folylpolyglutamate synthetase splicing 
alterations in acute lymphoblastic leukemia are provoked by methotrexate and 
other chemotherapeutics and mediate chemoresistance, Int. J. Cancer 138 (7) 
(2016) 1645–1656. 

[90] H. Davies, G.R. Bignell, C. Cox, P. Stephens, S. Edkins, S. Clegg, J. Teague, 
H. Woffendin, M.J. Garnett, W. Bottomley, N. Davis, E. Dicks, R. Ewing, Y. Floyd, 
K. Gray, S. Hall, R. Hawes, J. Hughes, V. Kosmidou, A. Menzies, C. Mould, 
A. Parker, C. Stevens, S. Watt, S. Hooper, R. Wilson, H. Jayatilake, B.A. Gusterson, 
C. Cooper, J. Shipley, D. Hargrave, K. Pritchard-Jones, N. Maitland, G. Chenevix- 
Trench, G.J. Riggins, D.D. Bigner, G. Palmieri, A. Cossu, A. Flanagan, 
A. Nicholson, J.W. Ho, S.Y. Leung, S.T. Yuen, B.L. Weber, H.F. Seigler, T. 
L. Darrow, H. Paterson, R. Marais, C.J. Marshall, R. Wooster, M.R. Stratton, P. 
A. Futreal, Mutations of the BRAF gene in human cancer, Nature 417 (6892) 
(2002) 949–954. 

[91] K.T. Flaherty, I. Puzanov, K.B. Kim, A. Ribas, G.A. McArthur, J.A. Sosman, P. 
J. O’Dwyer, R.J. Lee, J.F. Grippo, K. Nolop, P.B. Chapman, Inhibition of mutated, 
activated BRAF in metastatic melanoma, N. Engl. J. Med. 363 (9) (2010) 
809–819. 

[92] P.I. Poulikakos, Y. Persaud, M. Janakiraman, X. Kong, C. Ng, G. Moriceau, H. Shi, 
M. Atefi, B. Titz, M.T. Gabay, M. Salton, K.B. Dahlman, M. Tadi, J.A. Wargo, K. 
T. Flaherty, M.C. Kelley, T. Misteli, P.B. Chapman, J.A. Sosman, T.G. Graeber, 
A. Ribas, R.S. Lo, N. Rosen, D.B. Solit, RAF inhibitor resistance is mediated by 
dimerization of aberrantly spliced BRAF(V600E), Nature 480 (7377) (2011) 
387–390. 

[93] M. Salton, W.K. Kasprzak, T. Voss, B.A. Shapiro, P.I. Poulikakos, T. Misteli, 
Inhibition of vemurafenib-resistant melanoma by interference with pre-mRNA 
splicing, Nat. Commun. 6 (2015) 7103. 

[94] B. Cao, Y. Qi, G. Zhang, D. Xu, Y. Zhan, X. Alvarez, Z. Guo, X. Fu, S.R. Plymate, 
O. Sartor, H. Zhang, Y. Dong, Androgen receptor splice variants activating the 

M. Reviejo et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0006-2952(21)00426-3/h0260
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0260
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0260
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0260
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0260
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0265
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0265
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0265
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0265
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0265
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0265
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0270
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0270
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0270
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0270
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0275
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0275
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0275
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0280
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0280
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0280
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0280
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0285
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0285
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0285
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0290
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0290
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0290
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0295
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0295
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0295
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0300
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0300
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0300
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0305
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0305
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0305
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0310
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0310
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0310
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0315
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0315
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0315
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0320
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0320
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0320
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0325
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0325
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0325
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0325
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0330
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0330
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0330
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0335
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0335
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0340
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0340
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0345
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0345
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0345
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0345
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0350
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0350
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0350
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0350
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0355
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0355
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0355
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0355
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0355
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0355
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0360
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0360
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0360
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0360
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0360
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0365
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0365
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0365
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0365
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0370
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0370
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0370
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0375
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0375
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0375
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0375
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0380
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0380
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0380
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0380
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0385
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0385
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0385
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0390
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0390
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0390
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0390
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0390
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0395
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0395
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0395
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0395
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0395
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0400
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0400
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0400
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0400
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0405
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0405
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0405
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0405
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0405
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0410
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0410
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0410
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0415
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0415
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0415
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0420
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0420
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0420
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0425
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0425
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0425
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0425
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0430
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0430
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0430
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0430
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0430
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0430
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0430
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0435
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0435
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0435
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0440
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0440
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0440
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0440
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0440
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0445
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0445
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0445
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0445
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0445
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0450
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0455
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0455
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0455
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0455
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0460
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0460
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0460
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0460
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0460
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0460
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0465
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0465
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0465
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0470
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0470


Biochemical Pharmacology 193 (2021) 114810

12

full-length receptor in mediating resistance to androgen-directed therapy, 
Oncotarget 5 (6) (2014) 1646–1656. 

[95] R. Tummala, W. Lou, A.C. Gao, N. Nadiminty, Quercetin Targets hnRNPA1 to 
Overcome Enzalutamide Resistance in Prostate Cancer Cells, Mol. Cancer Ther. 
16 (12) (2017) 2770–2779. 

[96] L. Shi, B. Dong, Z. Li, Y. Lu, T. Ouyang, J. Li, T. Wang, Z. Fan, T. Fan, B. Lin, 
Z. Wang, Y. Xie, Expression of ER-{alpha}36, a novel variant of estrogen receptor 
{alpha}, and resistance to tamoxifen treatment in breast cancer, J. Clin. Oncol. 27 
(21) (2009) 3423–3429. 

[97] T.S. Elton, H.G. Ozer, J.C. Yalowich, Effects of DNA topoisomerase IIalpha splice 
variants on acquired drug resistance, Cancer Drug Resist 3 (2) (2020) 161–170. 

[98] A.M. Mohamed, M. Balsat, M. Thenoz, C. Koering, L. Payen-Gay, M. Cheok, 
H. Mortada, D. Auboeuf, C. Pinatel, M. El-Hamri, C. Dumontet, E. Cros, 
P. Flandrin-Gresta, O. Nibourel, C. Preudhomme, M. Michallet, X. Thomas, 
F. Nicolini, F. Solly, D. Guyotat, L. Campos, E. Wattel, F. Mortreux, Oncogene- 
and drug resistance-associated alternative exon usage in acute myeloid leukemia 
(AML), Oncotarget 7 (3) (2016) 2889–2909. 

[99] Y. Wang, A.J. Bernhardy, C. Cruz, J.J. Krais, J. Nacson, E. Nicolas, S. Peri, H. van 
der Gulden, I. van der Heijden, S.W. O’Brien, Y. Zhang, M.I. Harrell, S.F. Johnson, 
F.J. Candido Dos Reis, P.D. Pharoah, B. Karlan, C. Gourley, D. Lambrechts, 
G. Chenevix-Trench, H. Olsson, J.J. Benitez, M.H. Greene, M. Gore, R. Nussbaum, 
S. Sadetzki, S.A. Gayther, S.K. Kjaer, I. ConFab, A.D. D’Andrea, G.I. Shapiro, D. 
L. Wiest, D.C. Connolly, M.B. Daly, E.M. Swisher, P. Bouwman, J. Jonkers, 
J. Balmana, V. Serra, N. Johnson, The BRCA1-Delta11q Alternative Splice Isoform 
Bypasses Germline Mutations and Promotes Therapeutic Resistance to PARP 
Inhibition and Cisplatin, Cancer Res. 76 (9) (2016) 2778–2790. 

[100] S. Meyer, A. Stevens, R. Paredes, M. Schneider, M.J. Walker, A.J.K. Williamson, 
M.B. Gonzalez-Sanchez, S. Smetsers, V. Dalal, H.Y. Teng, D.J. White, S. Taylor, 
J. Muter, A. Pierce, C. de Leonibus, D.A.P. Rockx, M.A. Rooimans, E. Spooncer, 
S. Stauffer, K. Biswas, B. Godthelp, J. Dorsman, P.E. Clayton, S.K. Sharan, A. 
D. Whetton, Acquired cross-linker resistance associated with a novel spliced 
BRCA2 protein variant for molecular phenotyping of BRCA2 disruption, Cell 
Death Dis. 8 (6) (2017), e2875. 

[101] J. Liu, L. Zhang, P. Mao, G. Jiang, L. Liu, J. Wang, W. Yang, L. Owusu, W. Li, 
Functional characterization of a novel transcript of ERCC1 in chemotherapy 
resistance of ovarian cancer, Oncotarget 8 (49) (2017) 85759–85771. 

[102] M.J. Moore, Q. Wang, C.J. Kennedy, P.A. Silver, An alternative splicing network 
links cell-cycle control to apoptosis, Cell 142 (4) (2010) 625–636. 

[103] Y. Gao, K. Koide, Chemical perturbation of Mcl-1 pre-mRNA splicing to induce 
apoptosis in cancer cells, ACS Chem. Biol. 8 (5) (2013) 895–900. 

[104] J. Zhang, Y. Wang, S.Q. Li, L. Fang, X.Z. Wang, J. Li, H.B. Zhang, B. Huang, Y. 
M. Xu, W.M. Yang, J. Lin, Q.H. Min, Z.H. Liao, Y. Wu, J. Liu, Correction of Bcl-x 
splicing improves responses to imatinib in chronic myeloid leukaemia cells and 
mouse models, Br. J. Haematol. 189 (6) (2020) 1141–1150. 

[105] O. Anczukow, A.Z. Rosenberg, M. Akerman, S. Das, L. Zhan, R. Karni, S. 
K. Muthuswamy, A.R. Krainer, The splicing factor SRSF1 regulates apoptosis and 
proliferation to promote mammary epithelial cell transformation, Nat. Struct. 
Mol. Biol. 19 (2) (2012) 220–228. 

[106] K.P. Ng, A.M. Hillmer, C.T. Chuah, W.C. Juan, T.K. Ko, A.S. Teo, P.N. Ariyaratne, 
N. Takahashi, K. Sawada, Y. Fei, S. Soh, W.H. Lee, J.W. Huang, J.C. Allen Jr., X. 
Y. Woo, N. Nagarajan, V. Kumar, A. Thalamuthu, W.T. Poh, A.L. Ang, H.T. Mya, 
G.F. How, L.Y. Yang, L.P. Koh, B. Chowbay, C.T. Chang, V.S. Nadarajan, W. 
J. Chng, H. Than, L.C. Lim, Y.T. Goh, S. Zhang, D. Poh, P. Tan, J.E. Seet, M.K. Ang, 
N.M. Chau, Q.S. Ng, D.S. Tan, M. Soda, K. Isobe, M.M. Nothen, T.Y. Wong, 
A. Shahab, X. Ruan, V. Cacheux-Rataboul, W.K. Sung, E.H. Tan, Y. Yatabe, 
H. Mano, R.A. Soo, T.M. Chin, W.T. Lim, Y. Ruan, S.T. Ong, A common BIM 
deletion polymorphism mediates intrinsic resistance and inferior responses to 
tyrosine kinase inhibitors in cancer, Nat. Med. 18 (4) (2012) 521–528. 

[107] K. Isobe, A. Kakimoto, T. Mikami, K. Kaburaki, H. Kobayashi, T. Yoshizawa, 
T. Makino, H. Otsuka, G.O. Sano, K. Sugino, S. Sakamoto, Y. Takai, N. Tochigi, 
A. Iyoda, S. Homma, Association of BIM Deletion Polymorphism and BIM-gamma 
RNA Expression in NSCLC with EGFR Mutation, Cancer Genomics Proteomics 13 
(6) (2016) 475–482. 

[108] M.P. Khoury, J.C. Bourdon, The isoforms of the p53 protein, Cold Spring Harb 
Perspect Biol 2 (3) (2010), a000927. 

[109] N. Nutthasirikul, C. Hahnvajanawong, A. Techasen, T. Limpaiboon, 
C. Leelayuwat, S. Chau-In, P. Jearanaikoon, Targeting the 133p53 isoform can 
restore chemosensitivity in 5-fluorouracil-resistant cholangiocarcinoma cells, Int. 
J. Oncol. 47 (6) (2015) 2153–2164. 

[110] N. Arsic, A. Ho-Pun-Cheung, E. Lopez-Crapez, E. Assenat, M. Jarlier, C. Anguille, 
M. Colard, M. Pezet, P. Roux, G. Gadea, The p53 isoform delta133p53ss regulates 
cancer cell apoptosis in a RhoB-dependent manner, PLoS ONE 12 (2) (2017), 
e0172125. 

[111] K.A. Avery-Kiejda, X.D. Zhang, L.J. Adams, R.J. Scott, B. Vojtesek, D.P. Lane, 
P. Hersey, Small molecular weight variants of p53 are expressed in human 
melanoma cells and are induced by the DNA-damaging agent cisplatin, Clin. 
Cancer Res. 14 (6) (2008) 1659–1668. 

[112] N. Anensen, S.M. Hjelle, W. Van Belle, I. Haaland, E. Silden, J.C. Bourdon, 
R. Hovland, K. Tasken, S. Knappskog, P.E. Lonning, O. Bruserud, B.T. Gjertsen, 
Correlation analysis of p53 protein isoforms with NPM1/FLT3 mutations and 
therapy response in acute myeloid leukemia, Oncogene 31 (12) (2012) 
1533–1545. 

[113] S.K. Knauer, C. Bier, P. Schlag, J. Fritzmann, W. Dietmaier, F. Rodel, L. Klein- 
Hitpass, A.F. Kovacs, C. Doring, M.L. Hansmann, W.K. Hofmann, M. Kunkel, 
C. Brochhausen, K. Engels, B.M. Lippert, W. Mann, R.H. Stauber, The survivin 

isoform survivin-3B is cytoprotective and can function as a chromosomal 
passenger complex protein, Cell Cycle 6 (12) (2007) 1502–1509. 

[114] F. Vegran, R. Mary, A. Gibeaud, C. Mirjolet, B. Collin, A. Oudot, C. Charon-Barra, 
L. Arnould, S. Lizard-Nacol, R. Boidot, Survivin-3B potentiates immune escape in 
cancer but also inhibits the toxicity of cancer chemotherapy, Cancer Res. 73 (17) 
(2013) 5391–5401. 

[115] K. Sawai, T. Goi, Y. Hirono, K. Katayama, A. Yamaguchi, Survivin-3B gene 
decreases the invasion-inhibitory effect of colon cancer cells with 5-fluorouracil, 
Oncol. Res. 18 (11–12) (2010) 541–547. 

[116] A.S. Moore, T.A. Alonzo, R.B. Gerbing, B.J. Lange, N.A. Heerema, J. Franklin, S. 
C. Raimondi, B.A. Hirsch, A.S. Gamis, S. Meshinchi, BIRC5 (survivin) splice 
variant expression correlates with refractory disease and poor outcome in 
pediatric acute myeloid leukemia: a report from the Children’s Oncology Group, 
Pediatr. Blood Cancer 61 (4) (2014) 647–652. 

[117] C.L. Cope, R. Gilley, K. Balmanno, M.J. Sale, K.D. Howarth, M. Hampson, P. 
D. Smith, S.M. Guichard, S.J. Cook, Adaptation to mTOR kinase inhibitors by 
amplification of eIF4E to maintain cap-dependent translation, J. Cell Sci. 127 (Pt 
4) (2014) 788–800. 

[118] B.D. Wang, K. Ceniccola, S. Hwang, R. Andrawis, A. Horvath, J.A. Freedman, 
J. Olender, S. Knapp, T. Ching, L. Garmire, V. Patel, M.A. Garcia-Blanco, S. 
R. Patierno, N.H. Lee, Alternative splicing promotes tumour aggressiveness and 
drug resistance in African American prostate cancer, Nat. Commun. 8 (2017) 
15921. 

[119] L. Adesso, S. Calabretta, F. Barbagallo, G. Capurso, E. Pilozzi, R. Geremia, G. Delle 
Fave, C. Sette, Gemcitabine triggers a pro-survival response in pancreatic cancer 
cells through activation of the MNK2/eIF4E pathway, Oncogene 32 (23) (2013) 
2848–2857. 

[120] G.M. Hayes, P.E. Carrigan, L.J. Miller, Serine-arginine protein kinase 1 
overexpression is associated with tumorigenic imbalance in mitogen-activated 
protein kinase pathways in breast, colonic, and pancreatic carcinomas, Cancer 
Res. 67 (5) (2007) 2072–2080. 

[121] S. Calabretta, P. Bielli, I. Passacantilli, E. Pilozzi, V. Fendrich, G. Capurso, G. 
D. Fave, C. Sette, Modulation of PKM alternative splicing by PTBP1 promotes 
gemcitabine resistance in pancreatic cancer cells, Oncogene 35 (16) (2016) 
2031–2039. 

[122] S. Li, Z. Hu, Y. Zhao, S. Huang, X. He, Transcriptome-Wide Analysis Reveals the 
Landscape of Aberrant Alternative Splicing Events in Liver Cancer, Hepatology 69 
(1) (2019) 359–375. 

[123] J.O. Humtsoe, H.S. Kim, B. Leonard, S. Ling, B. Keam, L. Marchionni, B. Afsari, 
M. Considine, A.V. Favorov, E.J. Fertig, H. Kang, P.K. Ha, Newly Identified 
Members of FGFR1 Splice Variants Engage in Cross-talk with AXL/AKT Axis in 
Salivary Adenoid Cystic Carcinoma, Cancer Res. 81 (4) (2021) 1001–1013. 

[124] M. de Wit, H. Kant, S.R. Piersma, T.V. Pham, S. Mongera, M.P. van Berkel, 
E. Boven, F. Ponten, G.A. Meijer, C.R. Jimenez, R.J. Fijneman, Colorectal cancer 
candidate biomarkers identified by tissue secretome proteome profiling, 
J. Proteomics 99 (2014) 26–39. 

[125] M.S. Pavlyukov, H. Yu, S. Bastola, M. Minata, V.O. Shender, Y. Lee, S. Zhang, 
J. Wang, S. Komarova, J. Wang, S. Yamaguchi, H.A. Alsheikh, J. Shi, D. Chen, 
A. Mohyeldin, S.H. Kim, Y.J. Shin, K. Anufrieva, E.G. Evtushenko, N.V. Antipova, 
G.P. Arapidi, V. Govorun, N.B. Pestov, M.I. Shakhparonov, L.J. Lee, D.H. Nam, 
I. Nakano, Apoptotic Cell-Derived Extracellular Vesicles Promote Malignancy of 
Glioblastoma Via Intercellular Transfer of Splicing Factors, Cancer Cell 34 (1) 
(2018) 119–135, e10. 

[126] A. Wojtuszkiewicz, G.J. Schuurhuis, F.L. Kessler, S.R. Piersma, J.C. Knol, T. 
V. Pham, G. Jansen, R.J. Musters, J. van Meerloo, Y.G. Assaraf, G.J. Kaspers, 
S. Zweegman, J. Cloos, C.R. Jimenez, Exosomes Secreted by Apoptosis-Resistant 
Acute Myeloid Leukemia (AML) Blasts Harbor Regulatory Network Proteins 
Potentially Involved in Antagonism of Apoptosis, Mol. Cell. Proteomics 15 (4) 
(2016) 1281–1298. 

[127] S. Pedrotti, R. Busa, C. Compagnucci, C. Sette, The RNA recognition motif protein 
RBM11 is a novel tissue-specific splicing regulator, Nucleic Acids Res. 40 (3) 
(2012) 1021–1032. 

[128] M.D. Kolba, W. Dudka, M. Zareba-Koziol, A. Kominek, P. Ronchi, L. Turos, 
P. Chroscicki, J. Wlodarczyk, Y. Schwab, A. Klejman, D. Cysewski, K. Srpan, D. 
M. Davis, K. Piwocka, Tunneling nanotube-mediated intercellular vesicle and 
protein transfer in the stroma-provided imatinib resistance in chronic myeloid 
leukemia cells, Cell Death Dis. 10 (11) (2019) 817. 

[129] G. Pentheroudakis, L. Mavroeidis, K. Papadopoulou, G.A. Koliou, C. Bamia, 
K. Chatzopoulos, E. Samantas, D. Mauri, I. Efstratiou, D. Pectasides, 
T. Makatsoris, D. Bafaloukos, P. Papakostas, G. Papatsibas, I. Bombolaki, 
S. Chrisafi, H.P. Kourea, K. Petraki, G. Kafiri, G. Fountzilas, V. Kotoula, 
Angiogenic and Antiangiogenic VEGFA Splice Variants in Colorectal Cancer: 
Prospective Retrospective Cohort Study in Patients Treated With Irinotecan-Based 
Chemotherapy and Bevacizumab, Clin Colorectal Cancer 18 (4) (2019) 
e370–e384. 

[130] Y. Bai, Z. Zhang, L. Cheng, R. Wang, X. Chen, Y. Kong, F. Feng, N. Ahmad, L. Li, 
X. Liu, Inhibition of enhancer of zeste homolog 2 (EZH2) overcomes enzalutamide 
resistance in castration-resistant prostate cancer, J. Biol. Chem. 294 (25) (2019) 
9911–9923. 

[131] I.M. Shapiro, A.W. Cheng, N.C. Flytzanis, M. Balsamo, J.S. Condeelis, M.H. Oktay, 
C.B. Burge, F.B. Gertler, An EMT-driven alternative splicing program occurs in 
human breast cancer and modulates cellular phenotype, PLoS Genet. 7 (8) (2011), 
e1002218. 

[132] D. Pradella, C. Naro, C. Sette, C. Ghigna, EMT and stemness: flexible processes 
tuned by alternative splicing in development and cancer progression, Mol Cancer 
16 (1) (2017) 8. 

M. Reviejo et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0006-2952(21)00426-3/h0470
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0470
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0475
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0475
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0475
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0480
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0480
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0480
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0480
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0485
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0485
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0490
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0490
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0490
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0490
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0490
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0490
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0495
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0500
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0500
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0500
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0500
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0500
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0500
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0500
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0505
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0505
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0505
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0510
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0510
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0515
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0515
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0520
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0520
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0520
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0520
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0525
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0525
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0525
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0525
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0530
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0535
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0535
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0535
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0535
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0535
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0540
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0540
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0545
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0545
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0545
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0545
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0550
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0550
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0550
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0550
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0555
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0555
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0555
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0555
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0560
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0560
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0560
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0560
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0560
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0565
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0565
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0565
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0565
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0565
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0570
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0570
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0570
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0570
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0575
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0575
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0575
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0580
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0580
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0580
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0580
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0580
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0585
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0585
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0585
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0585
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0590
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0590
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0590
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0590
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0590
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0595
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0595
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0595
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0595
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0600
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0600
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0600
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0600
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0605
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0605
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0605
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0605
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0610
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0610
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0610
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0615
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0615
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0615
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0615
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0620
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0620
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0620
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0620
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0625
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0625
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0625
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0625
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0625
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0625
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0625
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0630
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0630
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0630
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0630
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0630
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0630
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0635
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0635
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0635
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0640
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0640
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0640
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0640
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0640
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0645
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0645
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0645
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0645
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0645
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0645
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0645
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0645
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0650
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0650
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0650
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0650
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0655
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0655
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0655
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0655
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0660
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0660
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0660


Biochemical Pharmacology 193 (2021) 114810

13

[133] Y. Xu, X.D. Gao, J.H. Lee, H. Huang, H. Tan, J. Ahn, L.M. Reinke, M.E. Peter, 
Y. Feng, D. Gius, K.P. Siziopikou, J. Peng, X. Xiao, C. Cheng, Cell type-restricted 
activity of hnRNPM promotes breast cancer metastasis via regulating alternative 
splicing, Genes Dev. 28 (11) (2014) 1191–1203. 

[134] S.E. Harvey, Y. Xu, X. Lin, X.D. Gao, Y. Qiu, J. Ahn, X. Xiao, C. Cheng, 
Coregulation of alternative splicing by hnRNPM and ESRP1 during EMT, RNA 24 
(10) (2018) 1326–1338. 

[135] C.C. Warzecha, S. Shen, Y. Xing, R.P. Carstens, The epithelial splicing factors 
ESRP1 and ESRP2 positively and negatively regulate diverse types of alternative 
splicing events, RNA Biol. 6 (5) (2009) 546–562. 

[136] E.S. Choi, H. Kim, H.P. Kim, Y. Choi, S.H. Goh, CD44v8-10 as a potential 
theranostic biomarker for targeting disseminated cancer cells in advanced gastric 
cancer, Sci. Rep. 7 (1) (2017) 4930. 

[137] A. Sosulski, H. Horn, L. Zhang, C. Coletti, V. Vathipadiekal, C.M. Castro, M. 
J. Birrer, O. Nagano, H. Saya, K. Lage, P.K. Donahoe, D. Pepin, CD44 Splice 
Variant v8–10 as a Marker of Serous Ovarian Cancer Prognosis, PLoS ONE 11 (6) 
(2016), e0156595. 

[138] M. Hagiwara, E. Kikuchi, N. Tanaka, T. Kosaka, S. Mikami, H. Saya, M. Oya, 
Variant isoforms of CD44 involves acquisition of chemoresistance to cisplatin and 
has potential as a novel indicator for identifying a cisplatin-resistant population in 
urothelial cancer, BMC Cancer 18 (1) (2018) 113. 

[139] T. Kato, K. Mizutani, K. Kawakami, Y. Fujita, H. Ehara, M. Ito, CD44v8-10 mRNA 
contained in serum exosomes as a diagnostic marker for docetaxel resistance in 
prostate cancer patients, Heliyon 6 (7) (2020), e04138. 

[140] Z.J. Zhou, Z. Dai, S.L. Zhou, Z.Q. Hu, Q. Chen, Y.M. Zhao, Y.H. Shi, Q. Gao, W. 
Z. Wu, S.J. Qiu, J. Zhou, J. Fan, HNRNPAB induces epithelial-mesenchymal 
transition and promotes metastasis of hepatocellular carcinoma by 
transcriptionally activating SNAIL, Cancer Res. 74 (10) (2014) 2750–2762. 

[141] C. Ghigna, S. Giordano, H. Shen, F. Benvenuto, F. Castiglioni, P.M. Comoglio, M. 
R. Green, S. Riva, G. Biamonti, Cell motility is controlled by SF2/ASF through 
alternative splicing of the Ron protooncogene, Mol. Cell 20 (6) (2005) 881–890. 

[142] M.L. Stallings-Mann, J. Waldmann, Y. Zhang, E. Miller, M.L. Gauthier, D. 
W. Visscher, G.P. Downey, E.S. Radisky, A.P. Fields, D.C. Radisky, Matrix 
metalloproteinase induction of Rac1b, a key effector of lung cancer progression, 
Sci. Transl. Med. 4 (142) (2012) 142ra95. 

[143] B.J. Tauro, R.A. Mathias, D.W. Greening, S.K. Gopal, H. Ji, E.A. Kapp, B. 
M. Coleman, A.F. Hill, U. Kusebauch, J.L. Hallows, D. Shteynberg, R.L. Moritz, H. 
J. Zhu, R.J. Simpson, Oncogenic H-ras reprograms Madin-Darby canine kidney 
(MDCK) cell-derived exosomal proteins following epithelial-mesenchymal 
transition, Mol. Cell. Proteomics 12 (8) (2013) 2148–2159. 

[144] K.M. Wen, G.H. Zhang, J. Li, Z.Q. Chen, Y.L. Cheng, X. Su, Q.L. Zeng, OCT4B1 
promotes cell growth, migration and invasion suppressing sensitivity to 
omicronxaliplatin in colon cancer, Oncol. Rep. 34 (6) (2015) 2943–2952. 

[145] V. Hart, H. Gautrey, J. Kirby, A. Tyson-Capper, HER2 splice variants in breast 
cancer: investigating their impact on diagnosis and treatment outcomes, 
Oncotarget 11 (46) (2020) 4338–4357. 

[146] M. Blijlevens, J. Li, V.W. van Beusechem, Biology of the mRNA Splicing 
Machinery and Its Dysregulation in Cancer Providing Therapeutic Opportunities, 
Int. J. Mol. Sci. 22 (10) (2021). 

[147] M. Salton, T. Misteli, Small Molecule Modulators of Pre-mRNA Splicing in Cancer 
Therapy, Trends Mol. Med. 22 (1) (2016) 28–37. 

[148] C.L. Shirai, J.N. Ley, B.S. White, S. Kim, J. Tibbitts, J. Shao, M. Ndonwi, 
B. Wadugu, E.J. Duncavage, T. Okeyo-Owuor, T. Liu, M. Griffith, S. McGrath, 
V. Magrini, R.S. Fulton, C. Fronick, M. O’Laughlin, T.A. Graubert, M.J. Walter, 
Mutant U2AF1 Expression Alters Hematopoiesis and Pre-mRNA Splicing In Vivo, 
Cancer Cell 27 (5) (2015) 631–643. 

[149] E. Glasser, A.A. Agrawal, J.L. Jenkins, C.L. Kielkopf, Cancer-Associated Mutations 
Mapped on High-Resolution Structures of the U2AF2 RNA Recognition Motifs, 
Biochemistry 56 (36) (2017) 4757–4761. 

[150] L. Malcovati, E. Papaemmanuil, D.T. Bowen, J. Boultwood, M.G. Della Porta, 
C. Pascutto, E. Travaglino, M.J. Groves, A.L. Godfrey, I. Ambaglio, A. Galli, M. 
C. Da Via, S. Conte, S. Tauro, N. Keenan, A. Hyslop, J. Hinton, L.J. Mudie, J. 
S. Wainscoat, P.A. Futreal, M.R. Stratton, P.J. Campbell, E. Hellstrom-Lindberg, 
M. Cazzola, C. Chronic Myeloid, Disorders Working Group of the International 
Cancer Genome, M. of the Associazione Italiana per la Ricerca sul Cancro Gruppo 
Italiano Malattie, Clinical significance of SF3B1 mutations in myelodysplastic 
syndromes and myelodysplastic/myeloproliferative neoplasms, Blood 118 (24) 
(2011) 6239–6246. 

[151] D. Inoue, G.L. Chew, B. Liu, B.C. Michel, J. Pangallo, A.R. D’Avino, T. Hitchman, 
K. North, S.C. Lee, L. Bitner, A. Block, A.R. Moore, A. Yoshimi, L. Escobar-Hoyos, 
H. Cho, A. Penson, S.X. Lu, J. Taylor, Y. Chen, C. Kadoch, O. Abdel-Wahab, R. 
K. Bradley, Spliceosomal disruption of the non-canonical BAF complex in cancer, 
Nature 574 (7778) (2019) 432–436. 

[152] A.V. Biankin, N. Waddell, K.S. Kassahn, M.C. Gingras, L.B. Muthuswamy, A. 
L. Johns, D.K. Miller, P.J. Wilson, A.M. Patch, J. Wu, D.K. Chang, M.J. Cowley, B. 
B. Gardiner, S. Song, I. Harliwong, S. Idrisoglu, C. Nourse, E. Nourbakhsh, 
S. Manning, S. Wani, M. Gongora, M. Pajic, C.J. Scarlett, A.J. Gill, A.V. Pinho, 
I. Rooman, M. Anderson, O. Holmes, C. Leonard, D. Taylor, S. Wood, Q. Xu, 
K. Nones, J.L. Fink, A. Christ, T. Bruxner, N. Cloonan, G. Kolle, F. Newell, 
M. Pinese, R.S. Mead, J.L. Humphris, W. Kaplan, M.D. Jones, E.K. Colvin, A. 
M. Nagrial, E.S. Humphrey, A. Chou, V.T. Chin, L.A. Chantrill, A. Mawson, J. 
S. Samra, J.G. Kench, J.A. Lovell, R.J. Daly, N.D. Merrett, C. Toon, K. Epari, N. 
Q. Nguyen, A. Barbour, N. Zeps, I. Australian Pancreatic Cancer Genome, 
N. Kakkar, F. Zhao, Y.Q. Wu, M. Wang, D.M. Muzny, W.E. Fisher, F.C. Brunicardi, 
S.E. Hodges, J.G. Reid, J. Drummond, K. Chang, Y. Han, L.R. Lewis, H. Dinh, C. 
J. Buhay, T. Beck, L. Timms, M. Sam, K. Begley, A. Brown, D. Pai, A. Panchal, 
N. Buchner, R. DeBorja, R.E. Denroche, C.K. Yung, S. Serra, N. Onetto, 
D. Mukhopadhyay, M.S. Tsao, P.A. Shaw, G.M. Petersen, S. Gallinger, R. 
H. Hruban, A. Maitra, C.A. Iacobuzio-Donahue, R.D. Schulick, C.L. Wolfgang, R. 
A. Morgan, R.T. Lawlor, P. Capelli, V. Corbo, M. Scardoni, G. Tortora, M. 
A. Tempero, K.M. Mann, N.A. Jenkins, P.A. Perez-Mancera, D.J. Adams, D. 
A. Largaespada, L.F. Wessels, A.G. Rust, L.D. Stein, D.A. Tuveson, N.G. Copeland, 
E.A. Musgrove, A. Scarpa, J.R. Eshleman, T.J. Hudson, R.L. Sutherland, D. 
A. Wheeler, J.V. Pearson, J.D. McPherson, R.A. Gibbs, S.M. Grimmond, Pancreatic 
cancer genomes reveal aberrations in axon guidance pathway genes, Nature 491 
(7424) (2012) 399–405. 

[153] S.L. Maguire, A. Leonidou, P. Wai, C. Marchio, C.K. Ng, A. Sapino, A.V. Salomon, 
J.S. Reis-Filho, B. Weigelt, R.C. Natrajan, SF3B1 mutations constitute a novel 
therapeutic target in breast cancer, J. Pathol. 235 (4) (2015) 571–580. 

[154] D. Rossi, A. Bruscaggin, V. Spina, S. Rasi, H. Khiabanian, M. Messina, 
M. Fangazio, T. Vaisitti, S. Monti, S. Chiaretti, A. Guarini, I. Del Giudice, M. Cerri, 
S. Cresta, C. Deambrogi, E. Gargiulo, V. Gattei, F. Forconi, F. Bertoni, S. Deaglio, 
R. Rabadan, L. Pasqualucci, R. Foa, R. Dalla-Favera, G. Gaidano, Mutations of the 
SF3B1 splicing factor in chronic lymphocytic leukemia: association with 
progression and fludarabine-refractoriness, Blood 118 (26) (2011) 6904–6908. 

[155] K. Chen, H. Xiao, J. Zeng, G. Yu, H. Zhou, C. Huang, W. Yao, W. Xiao, J. Hu, 
W. Guan, L. Wu, J. Huang, Q. Huang, H. Xu, Z. Ye, Alternative Splicing of EZH2 
pre-mRNA by SF3B3 Contributes to the Tumorigenic Potential of Renal Cancer, 
Clin. Cancer Res. 23 (13) (2017) 3428–3441. 

[156] T.L. Lasho, M. Mudireddy, C.M. Finke, C.A. Hanson, R.P. Ketterling, N. Szuber, K. 
H. Begna, M.M. Patnaik, N. Gangat, A. Pardanani, A. Tefferi, Targeted next- 
generation sequencing in blast phase myeloproliferative neoplasms, Blood Adv. 2 
(4) (2018) 370–380. 

[157] R.C. Lindsley, B.G. Mar, E. Mazzola, P.V. Grauman, S. Shareef, S.L. Allen, 
A. Pigneux, M. Wetzler, R.K. Stuart, H.P. Erba, L.E. Damon, B.L. Powell, 
N. Lindeman, D.P. Steensma, M. Wadleigh, D.J. DeAngelo, D. Neuberg, R. 
M. Stone, B.L. Ebert, Acute myeloid leukemia ontogeny is defined by distinct 
somatic mutations, Blood 125 (9) (2015) 1367–1376. 

[158] M. Kumar, A. Matta, O. Masui, G. Srivastava, J. Kaur, A. Thakar, N.K. Shukla, 
A. RoyChoudhury, M. Sharma, P.G. Walfish, K.W. Michael Siu, S.S. Chauhan, 
R. Ralhan, Nuclear heterogeneous nuclear ribonucleoprotein D is associated with 
poor prognosis and interactome analysis reveals its novel binding partners in oral 
cancer, J Transl Med 13 (2015) 285. 

[159] W.Z. Peng, J.X. Liu, C.F. Li, R. Ma, J.Z. Jie, hnRNPK promotes gastric 
tumorigenesis through regulating CD44E alternative splicing, Cancer Cell Int 19 
(2019) 335. 

[160] F. Wen, A. Shen, R. Shanas, A. Bhattacharyya, F. Lian, G. Hostetter, J. Shi, Higher 
expression of the heterogeneous nuclear ribonucleoprotein k in melanoma, Ann. 
Surg. Oncol. 17 (10) (2010) 2619–2627. 

[161] B. Carpenter, M. McKay, S.R. Dundas, L.C. Lawrie, C. Telfer, G.I. Murray, 
Heterogeneous nuclear ribonucleoprotein K is over expressed, aberrantly 
localised and is associated with poor prognosis in colorectal cancer, Br. J. Cancer 
95 (7) (2006) 921–927. 

[162] T. Fei, Y. Chen, T. Xiao, W. Li, L. Cato, P. Zhang, M.B. Cotter, M. Bowden, R.T. Lis, 
S.G. Zhao, Q. Wu, F.Y. Feng, M. Loda, H.H. He, X.S. Liu, M. Brown, Genome-wide 
CRISPR screen identifies HNRNPL as a prostate cancer dependency regulating 
RNA splicing, Proc Natl Acad Sci U S A 114 (26) (2017) E5207–E5215. 

[163] J. Gu, Z. Chen, X. Chen, Z. Wang, Heterogeneous nuclear ribonucleoprotein 
(hnRNPL) in cancer, Clin. Chim. Acta 507 (2020) 286–294. 

[164] E. Berman, S. Jhanwar, C. Hedvat, M.E. Arcila, O.A. Wahab, R. Levine, M. Maloy, 
W. Ma, M. Albitar, Resistance to imatinib in patients with chronic myelogenous 
leukemia and the splice variant BCR-ABL1(35INS), Leuk. Res. 49 (2016) 108–112. 

[165] H. Yamaguchi, K. Inokuchi, K. Dan, The study for loss of bcl-xs expression as a 
prognostic factor in acute myeloid leukemia, Leuk. Res. 26 (12) (2002) 
1119–1123. 

M. Reviejo et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0006-2952(21)00426-3/h0665
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0665
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0665
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0665
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0670
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0670
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0670
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0675
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0675
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0675
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0680
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0680
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0680
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0685
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0685
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0685
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0685
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0690
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0690
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0690
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0690
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0695
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0695
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0695
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0700
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0700
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0700
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0700
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0705
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0705
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0705
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0710
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0710
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0710
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0710
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0715
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0715
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0715
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0715
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0715
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0720
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0720
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0720
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0725
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0725
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0725
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0730
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0730
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0730
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0735
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0735
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0740
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0740
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0740
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0740
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0740
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0745
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0745
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0745
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0750
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0755
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0755
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0755
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0755
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0755
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0760
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0765
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0765
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0765
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0770
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0770
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0770
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0770
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0770
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0770
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0775
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0775
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0775
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0775
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0780
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0780
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0780
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0780
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0785
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0785
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0785
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0785
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0785
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0790
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0790
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0790
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0790
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0790
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0795
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0795
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0795
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0800
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0800
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0800
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0805
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0805
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0805
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0805
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0810
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0810
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0810
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0810
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0815
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0815
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0820
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0820
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0820
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0825
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0825
http://refhub.elsevier.com/S0006-2952(21)00426-3/h0825

	Impact of alternative splicing on mechanisms of resistance to anticancer drugs
	1 Introduction
	2 The exon-recognition process
	3 Genetic events affecting the spliceosome and regulatory proteins in cancer
	4 Role of AS in MPR-1. Changes in drug transporters
	5 Role of AS in MPR-2. Changes affecting pro-drug activation and drug inactivation
	6 Role of AS in MPR-3. Changes affecting drug targets
	7 Role of AS in MPR-4. Changes affecting DNA repair
	8 Role of AS in MPR-5. Changes affecting apoptosis/survival balance
	9 Role of AS in MPR-6. Changes affecting the tumor microenvironment
	10 Role of AS in MPR-7. Changes affecting phenotypic transition
	11 Conclusions and Perspectives.
	Author Contributions
	Funding
	Declaration of Competing Interest
	References


