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Abstract

:

More than 95% of the 20,000 to 25,000 transcribed human genes undergo alternative RNA splicing, which increases the diversity of the proteome. Isoforms derived from the same gene can have distinct and, in some cases, opposing functions. Accumulating evidence suggests that aberrant RNA splicing is a common and driving event in cancer development and progression. Moreover, aberrant splicing events conferring drug/therapy resistance in cancer is far more common than previously envisioned. In this review, aberrant splicing events in cancer-associated genes, namely BCL2L1, FAS, HRAS, CD44, Cyclin D1, CASP2, TMPRSS2-ERG, FGFR2, VEGF, AR and KLF6, will be discussed. Also highlighted are the functional consequences of aberrant splice variants (BCR-Abl35INS, BIM-γ, IK6, p61 BRAF V600E, CD19-∆2, AR-V7 and PIK3CD-S) in promoting resistance to cancer targeted therapy or immunotherapy. To overcome drug resistance, we discuss opportunities for developing novel strategies to specifically target the aberrant splice variants or splicing machinery that generates the splice variants. Therapeutic approaches include the development of splice variant-specific siRNAs, splice switching antisense oligonucleotides, and small molecule inhibitors targeting splicing factors, splicing factor kinases or the aberrant oncogenic protein isoforms.
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1. Alternative Splicing


Alternative splicing (AS) is a post-transcriptional process leading to the generation of alternative mRNA transcripts that encode structurally and perhaps functionally different protein isoforms. Genome-wide analysis of the human transcriptome based on expressed sequence tags (ESTs) have identified a diverse repertoire of splice variants [1]. ‘Splicing-sensitive’ microarray and next-generation deep sequencing results suggest that more than 95% of human genes are transcribed into pre-mRNAs that undergo AS [2,3,4,5], which increases the complexity of human transcriptome and explains why ~20,000 protein-coding genes in the human genome can give rise to more than 250,000 proteins in the human proteome. On average, a human gene contains 8 to 10 coding exons of variable length separated by non-coding introns that can be 10 to 100 times longer [6]. Following transcription of intron-containing genes, the pre-mRNA undergoes maturation where the spliceosome machinery catalyzes the excision of introns and ligates exons together. The process of AS occurs when different exons are retained or excluded to generate alternative mRNA transcripts, which allows a single gene to produce multiple mRNA variants, resulting in protein isoforms that can have distinct structural and drastically different biological activities [7]. Consequently, AS dramatically expands the protein-coding repertoire of higher eukaryotes. The expression of specific variants is regulated in a developmentally and tissue-specific manner [4,8,9,10,11,12,13,14]. Moreover, coordinated regulation of AS within gene networks plays a key role in cell differentiation and specialization [15,16,17].



There are several different mechanistic modes of AS in human cells. The different splicing events include: (1) Intron retention—the intron is retained in the mature mRNA transcript; (2) exon skipping—the entire exon is spliced out of the mature mRNA transcript; (3) alternative 5′- or 3′-splice sites—alternative selection of 5′- or 3′-splice sites that leads to the retention of a smaller exon; (4) mutually exclusive exons—different exon combinations are selected/retained to generate different splice variants; (5) alternative promoter selection—different polymerase II promoters are selected/occupied to generate alternative 5′-ends (it should be noted that this particular event is transcription factor-mediated and not splicing factor-mediated) [18]; and (6) alternative polyadenylation sites—selection of different polyadenylation sites to generate alternative 3′-ends (Figure 1). In-frame splicing events can produce mRNA variants that encode structurally and perhaps functionally different protein isoforms, contributing to the development and/or progression of cancer and/or treatment response.




2. Aberrant Alternative Splicing in Cancer


Cancer cells evolve by developing mechanisms that allow adaptation to their microenvironment. The cellular plasticity offered by AS enables cancer cells to produce protein isoforms favoring tumor growth and/or spreading [21]. Genome-wide approaches have revealed that large-scale AS occurs during tumorigenesis [22], and the genomic portraits of AS patterns have proven useful in the classification of tumors [23,24,25]. Reports of aberrant splicing events and alterations in ratios of alternatively spliced transcripts in different cancers have been noted, including breast, colon, prostate, lung, ovarian, brain and pancreatic cancers [20,25,26,27,28,29]. These events result in novel transcripts not observed in normal cell counterparts. It has been reported that nearly all areas of tumor biology are affected by AS, including metabolism, apoptosis, cell cycle control, invasion, metastasis and angiogenesis [23,30].



One of the earliest examples of alternative spliced variants with opposing apoptotic effects is the B-cell lymphoma 2-like 1 (BCL2L1) gene (Figure 2). The BCL2L1 pre-mRNA can be alternatively spliced to encode two protein isoforms, anti-apoptotic Bcl-xL (long isoform) and pro-apoptotic Bcl-xS (short isoform) [31,32]. High Bcl-xL/Bcl-xS mRNA ratios, associated with greater tumor cell survival, can be found in a number of cancer types, including human lymphoma, breast cancer, prostate cancer and human hepatocellular carcinoma [33,34,35,36]. Antisense oligonucleotides can effectively modulate (i.e., decrease) the Bcl-xL/Bcl-xS ratio to favor prostate cancer cell sensitization to radiation and chemotherapeutic agents [36]. Another example of an apoptosis-related gene that undergoes alternative RNA splicing in cancer cells is the FAS receptor gene. Expressed on the cell surface of many cell types, the FAS receptor is activated by the FAS ligand produced by cytotoxic T cells, which initiates a death-signaling cascade leading to apoptosis [37]. There are at least three short mRNA variants of FAS missing the encoded transmembrane domain and the resulting translated protein isoforms are presumably secreted by cancer cells and act as decoy receptors for the FAS ligand, thus allowing cancer cells to escape from apoptosis [38,39]. Caspase-2 (CASP-2) is activated by different stimuli, such as reactive oxygen species (ROS) [40,41], death receptor ligands, heat shock [42] or cytotoxic drugs. The CASP-2 gene produces multiple mRNA splice variants, including variants with pro-apoptotic or anti-apoptotic properties. CASP-2L encodes a full-length caspase-2 protein, which is expressed in most tissues and promotes apoptosis. However, splice variant CASP-2S, resulting from an exon 9 retention event that leads to a premature termination, encodes a truncated protein lacking the active domain and thereby inhibits cell apoptosis [43]. Previous studies have shown that CASP-2S overexpression promotes anti-apoptotic activities and protects cells from cytotoxicity by chemotherapeutic agents, such as etoposide in leukemic/lymphoma cells [44,45,46].



AS also plays a role in promoting proliferative, invasive and/or metastatic behavior in cancers. An AS event involving the HRAS oncogene results in the exclusion of a previously uncharacterized exon (named intron D exon or IDX) due to an intronic mutation in HRAS [50]. The IDX-containing HRAS mRNA variant encodes a truncated P19 protein that is less oncogenic compared to the HRAS variant missing IDX, which encodes a full length P21 protein. Cyclin D1 functions as a regulator in cell cycle progression, and its association with cyclin-dependent kinase 4/6 (forming CDK4/6/cyclin D1 complex) promotes the phosphorylation of tumor suppressor retinoblastoma protein (RB), leading to de-repression of the E2F transcription factor and subsequent enhanced cell proliferation [51,52]. Overexpression of cyclin D1 results in upregulation of CDK4/6 activity and contributes to neoplastic growth [53,54]. It has been shown that a common polymorphism in the cyclin D1 (CCND1) gene is associated with the generation of an alternative transcript, termed cyclin D1b. Compared to the full-length canonical mRNA variant cyclin D1a that retains all five exons, the cyclin D1b variant contains four exons and intron 4 due to a G/A870 polymorphism at the exon 4-intron 4 boundary. The latter variant cyclin D1b is more tumorigenic [55], associated with poor prognosis in ER-negative breast cancer [56], and more resistance to antiestrogen therapy in ER-positive breast cancer [57]. CD44 was among the first genes with splice variants specifically associated with metastasis, where variants containing exons 4–7 (v4–7) and 6–7 (v6–7) were shown to be expressed in a metastasizing pancreatic carcinoma cell line, but not in the corresponding primary tumor [58]. The fibroblast growth factor (FGF) family and their transmembrane receptors (FGFRs) are thought to be of importance in prostate carcinogenesis. AS of FGFR2, resulting in the switching of the FGFR2-IIIb variant to the FGFR2-IIIc variant, is associated with malignant transformation and androgen insensitivity [59]. Moreover, high affinity binding between the FGFR2-IIIc isoform and its ligand FGF8b is significantly associated with higher Gleason grade and clinical stage of prostate cancer [60]. Vascular endothelial growth factor (VEGF) is up-regulated in solid tumors and is associated with angiogenesis. Typical splicing of VEGF results in an anti-angiogenic splice variant VEGF165b, which is widely expressed in normal cells and tissues, but is down-regulated in prostate cancer [61] and potentially serves as an anti-angiogenic, anticancer therapeutic via either controlling VEGF splicing or targeted delivery [62]. Kruppel-like factor 6 (KLF6) is a tumor suppressor gene, and AS of KLF6 results in a dominant-negative splice form KLF6-SV1 (splice variant 1), which plays a critical role in promoting cell proliferation, survival, migration and angiogenesis of prostate cancer [63,64]. Moreover, KLF6-SV1 is overexpressed in metastatic prostate cancer and associated with the increased metastasis and poor clinical outcome [65].



Aberrant splicing can also lead to splice variants encoding protein isoforms that impact distinct signaling pathways. Cyclin D-binding Myb-like Protein 1 (DMP1) is a critical tumor suppressor gene in breast cancer, and DMP1 splicing results in splice variants DMP1α, DMP1β and DMP1γ [66]. DMP1α is tumor suppressive by transcriptionally up-regulating ARF, leading to apoptosis and anti-tumorigenesis in a P53-dependent manner [67]. In contrast, DMP1β has pro-proliferative oncogenic activity that is P53-independent [67]. Overexpression of DMP1β mRNA has been observed in 60% of breast cancers [66] and is associated with the poor clinical outcome [66,67]. Another example is CXCR3, a gene involved in cancer metastasis and inflammatory diseases [68,69]. CXCR3 splice variants, CXCR3A, CXCR3B and CXCR3Alt, encode protein isoforms exhibiting differential activation of Gαi, β-arrestin and ERK1/2 in response to cytokine stimulation. CXCR3A fully activates Gαi and ERK1/2 and partially stimulates β–arrestin recruitment in response to CXCL10. CXCR3B induces β–arrestin recruitment but weakly activates ERK1/2 in response to CXCL11. Lastly, CXCR3Alt fails to activate Gαi, β-arrestin and ERK1/2 in response to its cytokine ligands [70].




3. Splicing Factors in Cancer Development and Progression


3.1. Aberrant Expression of Splicing Factors


Alternative RNA splicing is regulated/catalyzed by a large and highly dynamic protein complex called the spliceosome [71,72]. The spliceosome complex is composed of five small nuclear ribonucleic acids (snRNA U1, U2, U5, U5 and U6) and about 200 protein components [71,73]. Among the associated 200 proteins, there are two well-studied RNA splicing factor families, the serine-arginine rich splicing factors (SRSF) and the heterogeneous nuclear ribonucleoprotein (HNRNP) proteins [71,73]. Mechanistically, SRSF proteins bind to exon splicing enhancers (ESEs) and intronic splicing enhancers (ISEs), while HNRNP proteins tend to bind exonic splicing silencers (ESSs) and intronic splicing silencers (ISSs). Therefore, SRSF and HNRNP proteins have been implicated in promoting exon inclusion and exon skipping during the process of alternative mRNA splicing [74,75,76,77].



Incorrect assembly of the spliceosome complex due to aberrant expression and/or mutations of spliceosome components often leads to splicing abnormalities. Mis-regulation of splicing factors has been recently identified as a mechanism underlying aberrant mRNA splicing programs associated with cancer development and progression. Several SRSF and HNRNP proteins are found up-regulated in human cancers [78]. SRSF1 (also known as SF2/ASF) is the first splicing factor to be identified as a proto-oncogene in human cancers [79]. Previous studies revealed that SRSF1 is up-regulated in different types of human cancers, including colon, breast, thyroid, small intestine, kidney and lung cancers [79,80]. Overexpressed SRSF1 has been shown to be involved in aberrant AS of RON, BIN1, MNK2, S6K1, BCL2L1 and MCL1 pre-mRNAs, which results in enhanced expression of oncogenic protein isoforms of RON [79], MNK2 and S6K1 [80], enhanced expression of anti-apoptotic isoforms Bcl-xL and MCL-1L [81], and loss of the tumor suppressor isoform of BIN1 (due to exon 12A skipping event) [80] Another SRSF protein, SRSF2 (also called SC35), is overexpressed in ovarian and neck and head cancers [82,83,84], and plays critical role in cell proliferation and genomic stability with potential link to cancer progression [83]. In head and neck cancer, an exon 11 skipping event in the E-cadherin pre-mRNA results in down-regulation of E-cadherin (a tumor suppressor gene) expression, leading to overexpression of SRSF2 [84]. Previous studies have also proposed SRSF3 (also known as SRp20) and SRSF6 as proto-oncogenes [85,86]. Overexpression of SRSF3 is observed in human cervical, breast, ovarian, stomach, skin, thyroid, kidney and bladder cancers [85,86,87], while up-regulation of SRSF6 has been implicated in lung [88] and colon [88] cancers. Up-regulation of SRSF2, 3, 5 and 6 has been associated with enhanced expression of anti-apoptotic protein isoforms, including caspase-8L, caspase-9b, c-FLIPs, Bcl-xL, and MNK-2b [81]. Knockdown of SRSF3 induces cell apoptosis in various types of cancer cells [85,89]. Additionally, suppression of SRSF3 leads to increased expression of the P53β isoform (encoded by an alternatively spliced variant that includes exon i9, an aberrant exon residing in intron 9) and enhanced cellular senescence [90]. These findings provide evidence that SRSF3 is an oncoprotein promoting proliferation/survival and anti-apoptosis in cancer cells.



HNRNP proteins have likewise been implicated as splicing factor oncoproteins [91] where HNRNP A1 and A2 are overexpressed in many cancers [92,93,94]. Small interfering RNA (siRNA) experiments have demonstrated that suppression of HNRNP A1/A2 causes enhanced apoptosis of cancer cells, suggesting that HNRNP A1 and A2 function as anti-apoptotic proteins promoting cell proliferation/survival [93]. HNRNP A2 (as well as B1 and K) has been associated with enhanced expression of anti-apoptotic variants of BIN1 and capase-9, and decreased expression of pro-apoptotic variant Bcl-xS [81]. HNRNP A1 and A2 overexpression is linked to a metabolic shift from oxidative phosphorylation to aerobic glycolysis (Warburg effect). These two splicing factors facilitate the AS of PKM pre-mRNA by favoring the generation of the PKM2 variant (promotes aerobic glycolysis) over the PKM1 variant (promotes oxidative phosphorylation) [95]. Lastly, HNRNP F is overexpressed in primary and metastatic colorectal cancers, indicating a potential role by this splicing factor in early-stage tumor progression and as a potential cancer biomarker [96].




3.2. Mutations in Splicing Factors


Mutations in cis-acting splicing factor binding sequences and mutations in critical components of the spliceosome may also lead to cancer development and progression. Genomic analysis by pairing DNA and RNA-Seq data from The Cancer Genome Atlas (TCGA) has revealed that somatic mutations in the splice donor/acceptor sites, last-base exon (LBE) sites, and ESEs and ESSs can affect RNA splicing in tumor cells [97,98,99]. Somatic mutations in LBE sites were enriched in tumor suppressor genes while the mutations in ESE and ESS sites were often involved in oncogenes [100]. These results suggest that mutations in cis-acting splicing factor binding sites can cause aberrant AS of specific oncogenes/tumor suppressor genes and may functionally contribute to cancer development/progression. Next-generation sequencing has uncovered numerous somatic mutations involving splice factors in myeloid neoplasms [101]. Spliceosome mutations are found to reside in more than half of the patients with myelodysplastic syndromes (MDS), and these mutations are likely contributing to disease pathogenesis [102]. Mutations in splicing factors SF3B, SRSF2 and U2AF1 are frequently detected among MDS patients. Previous studies have shown that mutations in SF3B, SRSF2 and U2AF1 occur in 20%, 12% and 6% of MDS patients, respectively [103,104,105]. In addition, mutations in genes involving the splicing machinery have been associated with decreased survival and pathogenesis in acute myeloid leukemia (AML) [106]. Mutations in genes encoding splicing factors (mostly in SRSF2, SF3B1, U2AF1 and ZRSR2) and/or proteins involved in chromatin remodeling (ASXL1, STAG2, BCOR, MLLPTD, EZH2 and PHF6) occur in 18% of AML patients. Poor clinical outcomes are observed in AML patients harboring these mutations, especially patients carrying concurrent mutations in both spliceosome-chromatin and TP53 [106]. DEAD-box polypeptide 41 (DDX41) belongs to RNA helicase family, and plays an important role in spliceosome assembly [107]. DDX41 mutations have been identified in ~3% of inherited hematologic malignancies [108], and the defective DDX41 have been implicated in promoting exon skipping or exon retention in dozens of genes [109]. Mutations in SRSF2 result in mutant proteins that promote or suppress the inclusion of exons containing C- or G-rich motifs [110] and alter the splicing patterns of hundreds of genes [111]. In addition, SRSF2 mutations cause the alternatively splicing of EZH2 and BCOR (two commonly mutated genes in MDS) [112] and have been suggested as a driver of MDS pathogenesis.





4. Aberrant mRNA Splicing and Cancer Drug Resistance


4.1. BCR-ABL Splice Variant and Imatinib Resistance


Imatinib is a tyrosine kinase inhibitor (TKI) that targets the oncogenic BCR-ABL fusion protein in chronic myelogenous leukemia (CML). CML patients who receive imatinib therapy and exhibit an earlier/deeper molecular response have more favorable clinical outcomes, including prolonged relapses-free and overall survival rates [113,114]. However, ~20% of CML patients that initially respond to imatinib will develop resistance primarily due to point mutations within the kinase domain of the BCR-ABL gene. In addition to these mutations, alternatively spliced BCR-ABL variants are known to exist, and the BCR-ABL35INS variant has been associated with poor response to TKI treatment [115,116,117]. BCR-ABL35INS retains 35 intronic nucleotides between exons 8 and 9, leading to a frameshift and pre-mature termination of the encoded protein (Figure 3). As a result, the remaining portion of the kinase domain on the truncated BCR-ABL35INS protein is kinase-inactive [118,119] and 3-dimensional modeling suggests a global conformational shift of the protein that is associated with poor TKI binding [120]. The mechanism of resistance and clinical significance of this splice variant remains unclear and controversial.




4.2. BCL2-Like 11 (BIM or BCL2L11) Splice Variant and TKI Resistance


One of the proposed mechanisms of imatinib-induced apoptosis in leukemic cells involves increased transcription of the BCL2-like 11 (BIM or BCL2L11) gene and post-translational activation of BIM protein [128]. Failure of CML patients to respond to imatinib therapy has been linked to point mutations in the target protein BCR-ABL and/or AS of the BCR-ABL pre-mRNA (see Section 4.1). Interestingly, another potential mechanism responsible for imatinib resistance may involve AS of BIM. Multiple BIM splice variants have been identified including BIM-γ, arising from an exon 4-to-exon 3 switch due to an intronic deletion polymorphism [124]. Genomic analysis has revealed that expression of the BIM-γ splice variant is correlated with imatinib-resistant CML, as well as resistance to other TKIs [124]. Exon 4 of BIM encodes a BH3 domain, which is essential for the pro-apoptotic function of BIM. The exon 4-to-exon 3 switch introduces a polyadenylation signal sequence leading to premature translation termination and loss of the BH3 domain [129,130]. Indeed, BCR-ABL-positive CML and EGFR mutation-positive non-small cell lung cancer (NSCLC) cells expressing BIM-γ exhibit resistance to imatinib and gefitinib (EGFR TKI), respectively [124]. However, this drug resistance can be bypassed by treating CML and NSCLC with BH3 mimetic drugs [124]. More recently, a systematic antisense splice-switching oligonucleotide (ASO) ‘walking’ screen identified 67 ASOs that corrected aberrant BIM splicing by preventing the exon 4-to-exon 3 switch. This led to a restoration of TKI sensitivity and re-sensitized leukemic cells to imatinib-induced apoptosis [130].




4.3. BRCA Splice Variants Leading to PARP Inhibitor or Cytotoxic Drug Resistance


BRCA1 and BRCA2 encode tumor suppressor proteins that are required for homologous recombination (HR)-mediated repair of double-strand DNA (dsDNA) breaks [131,132]. Germline loss-of-function mutations in BRCA1 or BRCA2 have been implicated in increased risk of breast and ovarian cancers [133,134]. In the absence of either BRCA1 or BRCA2 activity, poly (ADP-ribose) polymerase (PARP), which functions as an enzyme to repair single-strand DNA (ssDNA) breaks through base excision repair, is thought to be an essential safeguard for maintaining genome integrity. Consequently, PARP inhibitors (PARPi) may serve as an effective agent to induce ‘synthetic lethality’ of tumor cells with dysfunctional BRCA1 and/or BRCA2 [135,136,137]. Although PARPi therapy has been demonstrated to efficiently sensitize BRCA1/2 mutation-associated cancers and improve survival in patients, not all patients respond to therapy and some patients developed drug resistance after initial favorable response [138,139].



Aberrant pre-mRNA splicing has been implicated as a potential mechanism responsible for the development of PARPi resistance. Inactivating mutations in exon 11 of BRCA1 account for ~30% of breast and ovarian cancers [140,141,142]. A recent study has revealed that a BRCA1-∆11q splice variant, where the majority of exon 11 is skipped and consequently bypasses any inactivating mutations in this region, promotes partial resistance to PARPi therapy (Figure 3) [125]. Interestingly, PARPi resistance can be reversed with a small molecule inhibitor P1-B that suppresses the U2 snRNP spliceosome machinery, leading to a silencing of the splicing event responsible for generating BRCA1-∆11q and re-sensitization of cancer cells to PARPi treatment [125]. In addition, aberrant splicing of BRCA2 and chemoresistance has been reported in a recent study [143]. A novel splice variant BRCA2∆E5+7, missing exons 5 and 7, encodes an in-frame protein isoform with an internal deletion of 55 amino acids compared to wild-type BCRA2. Expression of this aberrant isoform has been associated with the acquisition of resistance to the DNA cross-linking drug mitomycin C [143].




4.4. TP53 Splice Variants and Cisplatin Resistance


Alternative splicing of the TP53 pre-mRNA produces at least 12 splice variants [144]. Expression of specific P53 isoforms, such as P53β, ∆40p53, and ∆133p53 [145,146,147], has been associated with tumor progression, clinical response and prognosis [144]. P53β, ∆40p53, and ∆133p53 are small molecular weight isoforms compared to full-length wild-type P53. In response to the DNA alkylating agent cisplatin, P53β and ∆40p53 have been demonstrated to differentially regulate downstream signaling [146]. Namely, the P53β isoform stimulates transcription of the P21 and PUMA genes in a wild-type P53-dependent manner, while the ∆40p53 isoform has the opposite effect in melanoma cells. The latter appears to contribute to resistance to cisplatin therapy [146].




4.5. BRAF V600E Splice Variant and Vermurafenib Resistance


The BRAF gene encodes a serine/threonine kinase that is a critical component in the RAS-RAF-MEK-ERK-MAPK pathway in response to growth signaling [148]. Previous studies have revealed that more than 60% of malignant melanoma patients carry mutations in the BRAF gene, and all mutations are localized within the kinase domain [148]. The BRAF V600E mutation, resulting in a single valine-to-glutamate substitution, accounts for the majority of the BRAF mutations among melanoma patients [148]. Vemurafenib is a BRAF inhibitor specifically targeting melanomas carrying the BRAF V600E mutation. BRAF inhibitors (including vemurafenib) bind to the ATP-binding site of the 90 kDa BRAF (V600E) mutant to inhibit kinase activity [149,150,151]. Therefore, BRAF (V600E) serves as a molecular target and BRAF inhibitors have remarkable clinical value in treating melanomas [152].



However, a 61kDa BRAF (V600E) isoform, encoded by a splice variant with an exon 4–8 skipping event, is expressed in melanoma patients exhibiting resistance to vemurafinib (Figure 3) [126,153]. Exons 4 through 8 of BRAF encode the RAS-binding domain (RBD), and the multi exon skipping event results in a p61 BRAF V600E isoform missing the RBD. This leads to constitutive isoform dimerization in a RAS-independent manner, conferring resistance to vemurafenib [126]. Interference of the pre-mRNA splicing machinery has been proposed as a therapeutic strategy to overcome vemurafenib resistance. Spliceostatin A and its analog meayamycin B target splicing factor SF3B1 and inhibit formation of the p61 BRAF V600E splice variant, which in turn re-sensitizes therapy-resistant melanomas to vemurafenib as demonstrated in both in vitro and in vivo models (Figure 4A) [154].




4.6. CD19 Splice Variant and CART-19 Immunotherapy Resistance in B-Cell Acute Lymphoblastic Leukemia


Immunotherapy has been demonstrated as an effective approach for treating relapsed B-cell acute lymphoblastic leukemias (B-ALLs). For example, patients with B-cell malignancies are being treated with adoptive T cells expressing a chimeric antigen receptor (CAR) targeting the CD19 epitope [155,156]. CD19 is a cell surface protein that triggers activation of PI3K and LYN signaling in neoplastic B-cells [157], and has been implicated in B-cell neoplasms [158,159,160]. CAR T-cell immunotherapy has been documented to successfully treat B-ALL with an overall 70% to 90% remission rate [161]. However, relapse has been observed in CAR T-cell treated patients exhibiting an apparent loss of CD19 surface expression on malignant cells. One of the proposed mechanisms underlying loss of CD19 is AS. Skipping of exon 2 during processing of the CD19 pre-mRNA (leading to the formation of the CD19-∆2 variant) results in an N-terminally truncated CD19 protein lacking the CAR recognition site, which prevents CAR T-cell targeting/killing of B-ALL cells [127]. Previous studies have shown that the loss of the CD19 epitope occurs in 10% to 20% of the pediatric B-ALL patients [162,163], contributing to immunotherapy resistance among these patients. One possible strategy for overcoming this immunotherapy resistance is to develop a novel CART-19 that targets alternative CD19 ectodomains.




4.7. Truncated AR Variants and Androgen-Independent/Refractory Prostate Cancer Disease


The androgen receptor (AR) is a critical therapeutic target for treating advanced prostate cancer. Aberrant AR splicing patterns in prostate cancer has been identified as a key mechanism leading to acquired resistance to androgen ablation therapy. Several AR splice variants have been implicated in castration-resistance (e.g., androgen-refractory/independent) in in vitro cell models, and in vivo xenograft and transgenic mouse models [47]. Skipping of exons 2, 3 or 7, or retention of intron 6 during AR pre-mRNA processing are well-recognized aberrant splicing events [47]. Truncated AR protein isoforms, resulting from the exon skipping events, lack the ligand-binding domain (LBD) and translocate to the nucleus in an androgen-independent manner [164,165] resulting in constitutive expression of AR-target genes [166].



AR-V7, one of the best characterized AR splice variants, is missing exons 4–7 and prominently expressed in hormone-refractory prostate cancer (Figure 2) [165,167]. The AR-V7 variant encodes a functional protein lacking the LBD, a crucial target for androgen ablation therapy. Consequently, patients with AR-V7-expressing prostate cancer (Figure 3) exhibit resistance to the antiandrogen drugs enzalutamide (AR antagonist) and abiraterone (inhibitor of steroidogenic enzyme CYP17A1) [121]. In addition, overexpression of the AR-V7 isoform has been correlated with poorer patient survival and higher recurrence rates [121,165]. In the prostate cancer cell line 22Rv1 that expresses the full-length AR mRNA and a truncated AR splice variant, siRNA-mediated knockdown of both full-length and truncated variant, but not knockdown of full-length alone, effectively suppresses androgen-independent cell proliferation and initiates cell apoptosis [168]. It has also been shown that suppression of HNRNPA1 by quercetin can prevent the generation of AR-V7 and re-sensitize the prostate cancer cells to enzalutamide (Figure 4A) [169,170]. A proteomic approach has identified HNRNPA1 and EF-1α as molecular targets of quercetin [171]. Quercetin binding to EF-1α disrupts formation of an EF-1α-GTP-tRNA complex and/or prevents this complex from interacting with ribosomes [172]. The cooperative effects of quercetin to inhibit HNRNPA1 nuclear translocation and disrupt the tRNA machinery may explain how this small molecule inhibitor suppresses the generation of aberrant splice variant AR-V7.




4.8. ER Splice Variants and Tamoxifen Resistance


Estrogen is essential for growth and development of the mammary glands and plays an important role in the development and progression of breast cancer. The estrogen receptor (ER) is comprised of two isoforms ERα and ERβ, which are encoded by the ESR1 and ESR2 genes, respectively [173]. ERα splice isoforms of full-length ERα (ERα66) have been identified, ERα46 and ERα36 [174,175]. ERα66 (consisting of 595 amino acids) contains the constitutive activation function (AF-1) and hormone-dependent activation function (AF-2) domains, as well as a DNA binding domain (DBD) [175]. ERα46 is missing the first 173 amino acids of ERα66 due to alternative promoter usage, which results in a truncated protein isoform lacking the AF-1 domain [174]. Splice isoform ERα36 lacks the AF-1 and part of the AF-2 domains, and has a unique 27-amino-acid C-terminus that replaces the last 138 amino acids encoded by exons 7 and 8 of ERα66 [174]. Genomic and nongenomic estrogen signaling are mediated by ERα66 and ERα36, respectively [174,175]. ERα36 is highly expressed in ERα-negative breast cancer, and overexpression of ERα36 causes a decrease in ERα66 [176]. Conversely, it has also been reported that expression of ERα66 negatively regulates the expression of ERα36 transcript [177]. Tamoxifen has been successfully used in the treatment of ER-positive breast cancer patients for decades. It has been reported that patients with breast tumors expressing ERα36 benefit less from tamoxifen therapy compared to those with breast tumors expressing ERα66 [178,179]. Interestingly, ERα36 levels were found co-localized and positively correlated with the expression of stem cell marker aldehyde dehydrogenase 1A1 (ALDH1A1) in tamoxifen-resistant breast cancers [180]. This AS-driven tamoxifen resistance may be overcome by suppressing ERα36 using shRNA [181], ALDH1 inhibitors, or ERα36-specific antibody [180].




4.9. PIK3CD Splice Variant and Idelalisib Resistance


PI3K plays a central role in PI3K/AKT/mTOR signaling, and activating mutations in this pathway are associated with cancer proliferation, survival, invasion and migration/metastasis [182]. An integrative genomic analysis has revealed >2000 differential RNA splicing events between African American (AA) and European American (EA) prostate cancers [122]. Specific splice variants of PIK3CD, TSC2, and RASGRP2 are associated with a more aggressive oncogenic phenotype in AA prostate cancer cells, which has been hypothesized as an underlying mechanism for prostate cancer health disparities between AA and EA men [122]. Notably, both PIK3CD-L (long splice variant containing all 24 exons; see Figure 3) and PIK3CD-S (short variant with all exons except exon 20) are expressed in AA prostate cancer, while PIK3CD-L is the major variant expressed in EA prostate cancer. In vitro and in vivo assays have demonstrated that the PIK3CD-S splice variant is associated with more aggressive oncogenic properties (enhanced proliferative, invasive and metastatic capabilities) [122]. An siRNA designed to specifically target the junction of exons 19 and 21 effectively inhibits the proliferative- and invasive-rendering phenotype of the PIK3CD-S variant (Figure 4B) [122]. Skipping of exon 20 in PIK3CD-S results in a PI3Kδ short isoform lacking 56 amino acids that are part of the hinge region of the catalytic kinase domain. The 56 amino acid region also contains critical amino acids for the docking of idelalisib, a specific inhibitor of PI3Kδ [183]. In vitro and in vivo experiments reveal that the PIK3CD-S variant encodes a PI3Kδ isoform resistant to inhibition by idelalisib and wartmannin (non-selective pan-PI3K inhibitor) [122]. Notably, idelalisib is currently used in the treatment of B-cell malignancies such as chronic lymphocytic leukemia (CLL) [184]. However, 20% to 50% of CLL patients have poor response to idelalisib [185,186,187]. Our analysis of publicly available TCGA RNA-Seq data suggests that a high PIK3CD-S/PIK3CD-L mRNA expression ratio is associated with poor survival of patients with prostate, breast and colon cancers [122]. It will also be of interest to ascertain in future studies whether high expression of the PIK3CD-S variant is coupled to idelalisib resistance.





5. Therapeutic Strategies for Correcting Aberrant Splicing Errors


Aberrant mRNA splicing often encodes protein isoforms with distinct properties, and in some cases (as described above), promotes drug/therapy resistance. Oncogenic splicing errors may be mitigated by directly targeting the aberrant protein isoforms, or targeting their upstream splicing regulators using pharmacologic or molecular approaches. Figure 5 summarizes the various approaches to correct aberrant splicing errors and to re-sensitize cancer cells to therapeutics. Small molecule inhibitors have been successfully employed to target splicing factors, splicing factor kinases, or upstream splicing regulators and to alter mRNA splicing patterns. Likewise, siRNAs and SSOs have also been applied to specifically target and disrupt the splicing regulatory sequences or splicing factor/RNA interactions at the pre-mRNA level [188,189]. SF3B1-targeting agents, such as spliceostatins, pladienolides and herboxidienes, are small molecule inhibitors used to disrupt the early stage of spliceosome assembly [188]. For example, spliceostatin A, meayamycin B and sudemycins (spliceostatin A analogs), and E7107 (pladienolide analog) bind SF3B1 to prevent formation of an U2 snRNP-SF3B1 complex with pre-mRNAs [188,190]. Spliceostatin A and meayamycin B have been shown to correct splicing errors by inhibiting exon skipping of BRAF V600E and overcome p61 BRAF V600E-driven vemurafenib resistance (Figure 4A) [154]. H3B-8800, another splicing modulator targeting SF3B1, inhibits expression of aberrant splice variant MAP3K7 in a dose-dependent manner and preferentially kills epithelial and hematologic malignancies expressing mutant spliceosome components [191]. Besides splicing factors (Figure 4A), the targeting of splicing factor kinases, such as the CDC2-like kinases (CLKs) and serine-arginine protein kinases (SRPKs), has emerged as a potential therapy to reverse aberrant RNA splicing [188,189]. For example, small molecule inhibitor SRPIN340 blocks SRPK1-mediated phosphorylation of SRSF1 [192], leading to splice switching of pro-angiogenic VEGFA165 to anti-angiogenic VEGFA165b in prostate cancer and leukemic cells [193,194]. SPHINX, a new generation SPRK1 inhibitor, likewise promotes splice switching of VEGFA165 to VEGFA165b to inhibit tumor growth in vivo [195]. The small molecule inhibitors of the CLKs (Cpd-1, Cpd-2 and Cpd-3) significantly suppress phosphorylation of splicing factors SRSF1, SRSF4 and SRSF6, thereby altering the splicing pattern of S6K pre-mRNAs, reducing cell proliferation and promoting cell apoptosis [196]. In addition, oligonucleotide-based therapies have been demonstrated as effective strategies for targeting wild-type or aberrant splice variants with high selectivity/specificity. SiRNAs have been used to specifically target AR, AR-V7, PIK3CD-L and PIK3CD-S splice variants [122,164,168], while SSOs have been leveraged to modify splicing of MDM4, STAT3, KRAS, and BCL2L1 [197,198,199,200]. Both siRNA- and SSO-mediated strategies have successfully suppressed in vitro and/or in vivo tumor cell growth.




6. Concluding Remark and Perspectives


Accumulating evidence suggests that aberrant splicing mechanisms likely play an essential role in cancer development and progression. In this review, we have highlighted the critical consequences of splicing factor dysfunction and aberrant mRNA splicing in promoting/driving tumorigenesis and drug resistance. A number of cancer-specific splice variants have been discovered, including but not limited to BCL2L1, FAS, HRAS, Cyclin D1, CASP2, CD44, TMPRSS-EGR, FGFR2, VEGF, AR, and KLF6-SV1. Moreover, aberrant splicing may be an intrinsic mechanism leading to therapy resistance. Aberrant splicing through intron retention (BCR-ABL35INS) or exon-skipping events (BIM-γ, IK6, BRCA1-∆11q, p61BRAF V600E, CD19-∆4, AR-V7 and PIK3CD-S) results, in some instances, to insensitivity to targeted therapies due to structural changes in drug-targeting domains. There are numerous additional examples of specific splice variants associated with greater cancer aggressiveness, but links between these variants and drug resistance have yet to be fully explored. For example, fusion of the coding region of ERG with the promoter region of the TMPRSS gene is observed in approximately half of all prostate cancers. This fusion event leads to ERG protein overexpression and chemotherapy resistance to the taxanes [201]. Given that the TMPRSS2–ERG+72bp splice variant (which includes 72 bp exon 11) is associated with more aggressive prostate cancer compared to variants excluding the 72 bp exon 11 (Figure 2) [48,49,202], it will be of interest to determine if the former variant is also associated with greater chemoresistance compared to the latter variants. It is clear that the identification of aberrant splicing patterns and understanding their mechanistic consequences will be crucial for developing novel therapeutic strategies to overcome splicing-driven drug resistance and/or re-sensitize cancer cells to drug therapy. Potential therapeutic re-sensitization approaches include oligonucleotide-mediated gene therapy (siRNAs or SSOs) [203], modulating function or expression of splicing factors using small molecule inhibitors or siRNAs (see Figure 5 for the summary of potential re-sensitization approaches).



The establishment of in vivo animal models will likewise be crucial for the development of new strategies to overcome therapy resistance driven by oncogenic splice variants. A major hurdle is the low conservation (20% to 25%) of alternative splicing events observed in humans and mice [204]. Consequently, in vivo splice variant-specific knockout mouse models should only be considered when RNA splicing for a particular gene is conserved between the two species. An alternative strategy may be to employ transgenic mouse models [205] to facilitate our understanding of in vivo aberrant splicing in cancer development and progression.



Finally, systematic and genome-wide mapping of splicing events in cancers will further our understanding of mechanisms promoting drug resistance. Recent genomics studies using next-generation sequencing (NGS) approaches have revealed global alternative splicing profiles in multiple types of cancers [206,207,208,209,210]. Notably, these studies have highlighted the prognostic value of aberrant splice variants in NSCLC [206], ovarian cancer [207], breast cancer [208], uveal melanoma [209] and glioblastoma [210]. Most recently, a comprehensive analysis of alternative splicing mapping across 32 TCGA cancer types has revealed tumor-specific splicing patterns [211]. Approximately 251,000 neojunctions (novel exon-exon junctions) with an average of ~930 neojunctions per cancer sample have been identified. The identification of a new class of neoantigens could be leveraged for designing novel immunotherapeutic interventions (i.e., CAR T-cell therapy) to overcome splicing-driven immunotherapy resistance. Advancements in cancer genomics will pave a new avenue for developing novel diagnostic and therapeutic strategies towards cancer precision medicine.
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Figure 1. Different modes of alternative RNA splicing. Different modes of alternative splicing (AS), including constitutive splicing, intron retention, exon skipping, alternative splice site selection (5′ and 3′), mutually exclusive splicing, alternative promoter selection and alternative polyadenylation sites [19,20]. The pre-mRNAs are shown on the left panel, and the mature mRNA variants following AS are shown on the right panel. 
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Figure 2. Alternative splicing events in cancers. Examples of aberrant splice variants and oncogenic consequences for Bcl-xL, FAS-S, p21H-RAS, Cyclin D1b, CASP-2S, TMPRSS2-ERG+72bp, FGFR2-IIIc, VEGF-165, AR-V7 and KLF6-SV1 [20,43,47]. Abbreviations: TMPRSS2–ERG+72bp, TMPRSS2–ERG fusion transcript with inclusion of a 72-bp exon [48]; BCa, breast cancer; PCa, prostate cancer; CE3, cryptic exon 3. Overexpression of splice variant TMPRSS2–ERG+72bp has been correlated to aggressive prostate cancer with poor clinical outcome [49]. The pre-mRNAs are shown on the left panel, and the mature mRNA variants (only the exons surrounding the differential splicing event are shown) following AS are shown on the right panel. 
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Figure 3. Aberrant mRNA splice variants in cancer drug resistance. AS events involving oncogenes, BCR-ABL, BIM, IKZF1, BRCA1, TP53, BRAF, CD19, AR, ER and PIK3CD, leading to resistance to targeted therapies, chemotherapy, hormone therapy or immunotherapy [121,122,123,124,125,126,127]. ATG1: Start codon for full-length TP53 and ERα. ATG2: Start codon for ∆40p53 and ERα36 splice variants. TGA: Stop codon for ERα36 splice variant. See text for additional references. 
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Figure 4. Different re-sensitization approaches to reverse RNA splicing events causing drug resistance. (A) Top panel: SiRNA-mediated knockdown of oncogenic splice variants. SiRNAs targeting exon 1of AR-V7 variant. Bottom panel: SiRNA targeting the junction of exons 19 and 21 to specifically inhibit expression of PIK3CD-S. (B) Splice switching oligonucleotides (SSO) as a strategy to interfere with aberrant splicing. Example illustrated is an SSO (or splice switching anti-sense oligonucleotide, ASO) bound to the intron-exon junction to prevent splice generation of the MKNK2-2b variant, thereby re-sensitizing cancer cells to drug treatment. (C) Pharmacologic inhibition of splicing factors. Spliceostatin A (SF3B1 inhibitor) and quercetin (HNRNPA1 inhibitor) suppress formation of p61 BRAF V600E and AR-V7 splice variants, respectively. These approaches will induce re-sensitization of cancer cells to drug treatments. See text for corresponding references. 
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Figure 5. Potential therapeutic approaches to correct splicing errors. Small molecule inhibitors (Cpd-1, Cpd-2, Cpd-3, SRPIN340, SPHINX) can be used to block the activity of splicing factor kinases (CLKs and SRPKs) thereby reversing aberrant mRNA splicing. Small molecule inhibitors of splicing factors (Spliceostatin A, Meayamycin B, H3B-8800, Quercetin) can reverse aberrant splicing by blocking spliceosome assembly or directly targeting splicing factors. Splice switching oligonucleotides (SSOs) can prevent SRSF and HNRNP proteins from interacting with exon splicing enhancers (ESEs) and exonic splicing silencers (ESSs) located on the pre-mRNA, respectively. SSOs targeting exon-intron junctions can disrupt alternative splicing. Future small molecules can be developed to specifically target aberrant protein isoforms. All of these strategies may be used to correct splicing errors and overcome drug resistance. See text for corresponding references. 
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