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			Apoptosis plays a vital role in cell homeostasis during development and disease. Bcl-x, a member of the Bcl-2 family of proteins, is a mitochondrial transmembrane protein that functions to regulate the intrinsic apoptosis pathway. An alternative splicing (AS) event in exon 2 of Bcl-x results in two isoforms of Bcl-x with antagonistic effects on cell survival: Bcl-xL (long isoform), which is anti-apoptotic, and Bcl-xS (short isoform), which is pro-apoptotic. Bcl-xL is the most abundant Bcl-x protein and functions to inhibit apoptosis by a number of different mechanisms including inhibition of Bax. In contrast, Bcl-xS can directly bind to and inhibit the anti-apoptotic Bcl-xL and Bcl-2 proteins, resulting in the release of the pro-apoptotic Bak. There are multiple splice factors and signaling pathways that influence the Bcl-xL/Bcl-xS splicing ratio, including serine/arginine-rich (SR) proteins, heterogeneous nuclear ribonucleoproteins (hnRNPs), transcription factors, and cytokines. Dysregulation of the AS of Bcl-x has been implicated in cancer and diabetes. In cancer, the upregulation of Bcl-xL expression in tumor cells can result in resistance to chemotherapeutic agents. On the other hand, dysregulation of Bcl-x AS to promote Bcl-xS expression has been shown to be detrimental to pancreatic β-cells in diabetes, resulting in β-cell apoptosis. Therefore, manipulation of the splice factor, transcription factor, and signaling pathways that modulate this splicing event is fast emerging as a therapeutic avenue in the treatment of cancer and diabetes.
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			Introduction

			Programmed cell death, known as apoptosis, plays a role in cell homeostasis in development and disease. The complex mechanism of apoptosis involves distinct regulatory pathways: the death receptor-mediated (extrinsic) pathway and the mitochondrial (intrinsic) pathway. The extrinsic pathway initiates apoptosis through a death ligand binding to a death receptor, such as tumor necrosis factor (TNF)-α binding to TNF receptor 1 (TFNR1). This results in the recruitment of several death domains, leading to activation of the apoptosis proteins caspase-8 and caspase-10. It is the intrinsic pathway that is regulated by the Bcl-2 family of proteins. The intrinsic pathway is activated by internal stimuli such as DNA damage, oxidative stress, or hypoxia, resulting in a loss of mitochondrial outer membrane (MOM) integrity and release of cytochrome c into the cytoplasm, which forms a complex with Apaf-1 and caspase-9 to form the apoptosome. The apoptosome goes on to activate caspase-3, which then activates cytoplasmic endonucleases (CAD/ICAD) and proteases, leading to degradation of chromosomal DNA, chromatin condensation, cytoskeletal reorganization, and cell disintegration (Elmore, 2007).

			Bcl proteins can be either pro- or anti-apoptotic depending on the Bcl-2 homology (BH) domains present (Danial, 2007). Bcl-x is a member of the Bcl-2 family of proteins with multiple BH3 domains. It is a transmembrane protein that lies within the mitochondria and regulates mitochondrial outer membrane permeabilization (MOMP) and release of cytochrome c into the cytoplasm in response to different stimuli (Shamas-Din et al., 2013).

			An alternative splicing (AS) event in exon 2 of Bcl-x results in two isoforms of Bcl-x with antagonistic effects on cell survival: Bcl-xL (long isoform), which is anti-apoptotic, and Bcl-xS (short isoform), which is pro-apoptotic (Figure 1). This review will focus on how the Bcl-x AS event is regulated in health and disease, as well as discussing how manipulation of Bcl-x splicing could be a potential therapeutic avenue in disease.
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			Figure 1 | Bcl-xL and Bcl-xS signaling in the intrinsic apoptosis pathway. The intrinsic pathway is activated by internal stimuli such as DNA damage, oxidative stress, or hypoxia. Bcl-xL inhibits the activation of Bax and Bak, preventing a loss of mitochondrial outer membrane (MOM) integrity and release of cytochrome c into the cytoplasm. Therefore, the Bcl-xL isoform is anti-apoptotic. On the other hand, Bcl-xS can inhibit Bcl-xL; thus, the activation of Bax and Bak results in a loss of MOM integrity. Cytochrome c is then released into the cytoplasm, which forms a complex with Apaf-1 and caspase-9 to form the apoptosome. The apoptosome goes on to activate caspase-3, resulting in cell apoptosis. Therefore, the Bcl-xS isoform is pro-apoptotic.

		


			Bcl-x Splice Isoforms

			Mechanism of AS

			AS is a key process in genetic diversity through which a single pre-mRNA transcript can give rise to multiple protein isoforms; therefore, AS increases the coding capacity of a gene (Matlin et al., 2005). AS is a highly regulated process; dysregulation can result in cellular dysfunction and disease, including cancer (Oltean and Bates, 2014), diabetes (Stevens and Oltean, 2016; Juan-Mateu et al., 2016), and cardiomyopathy (Guo et al., 2012).

			The splicing reaction generally involves the removal of introns from the pre-mRNA and the joining of exons, which is carried out by a macromolecular complex of small nuclear ribonucleoproteins and accessory proteins, known as the spliceosome (Will and Luhrmann, 2011). The spliceosome assembles on splice sites within the pre-mRNA transcript, and the splicing reaction occurs through two transesterification reactions: generation of the branch point and splicing at the 3′ or 5′ splice site (Shi, 2017).

			AS is a process where whole exons or parts of exons/introns are included/excluded in the final mRNA transcript. There are four main types of AS event: 1) cassette exon (whole-exon skipping or retention), 2) intron retention (intron remains), 3) alternative 3′ or 5′ splice site (different splice sites within an exon), and 4) mutually exclusive exons (two exons alternate inclusion/exclusion). In some instances, AS can alter the protein that is encoded, which can have an effect on function.

			AS is regulated by cis- and trans-acting elements. Cis-acting elements can be divided into four subgroups: exonic and intronic splicing enhancers and exonic and intronic splicing silencers. Cis-acting elements recruit trans-acting splice factors to the splice site to either facilitate or suppress the splicing reaction (Matlin et al., 2005). Splice factors are RNA-binding proteins and include serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) (Fu and Ares, 2014). Similar to transcription factors, splice factors are also integral parts of cellular signaling pathways. Modification of splice factor activity and availability through intracellular and extracellular signals results in changes in AS, thus changes in the protein repertoire and cell function.

			Transcription factors, termed trans-acting factors, are sequence-specific DNA-binding proteins that bind to response elements. Transcription factors can regulate pre-mRNA splicing through three key mechanisms: 1) influencing transcription elongation rates, 2) binding to pre-mRNA to recruit splice factors, and 3) blocking the association of splice factors with the pre-mRNA (reviewed in Rambout et al., 2018).

			AS of Bcl-x

			Bcl-x represents an example of an apoptotic protein whose function is tightly regulated by AS. The Bcl-x gene consists of three exons. Within exon 2, alternative usage of two 5′ splice sites yields two splice variants of Bcl-x, which have antagonistic effects on cell survival. If the proximal 5′ splice site is selected in exon 2, the long isoform (Bcl-xL) is expressed, which has an anti-apoptotic function. On the other hand, if the distal 5′ splice site is selected, the short isoform (Bcl-xS) is expressed, which promotes cell death (Boise et al., 1993) (Figure 1).

			Regarding the protein, Bcl-xL is a 233-amino acid protein containing four BH domains, a loop between BH3 and BH4, and a transmembrane region. On the other hand, Bcl-xS lacks an internal 63-amino acid segment that contains the conserved BH1 and BH2 domains; therefore, it only contains the BH3 and BH4 domains. The BH1 and BH2 domains are essential for the interaction of Bcl-xL with death agonists, thus suppressing their activity.

			Bcl-xL is the most abundant Bcl-x protein and functions to inhibit apoptosis by a number of different mechanisms. It can directly inhibit Bax through binding to it and preventing it from binding to the MOM due to the presence of the BH1 and BH2 domains, induce the translocation of MOM bound Bax to the cytoplasm, and sequester tBid, which is an activator of Bax (Billen et al., 2008; Edlich et al., 2011). As a consequence, Bcl-xL prevents apoptosis through inhibition of MOMP (Shamas-Din et al., 2013). Overexpression of Bcl-xL has been reported to be correlated with increased cell and tissue survival (Yip and Reed, 2008), including pancreatic islet β-cells (Federici et al., 2001; Carrington et al., 2009). In addition, increased expression of Bcl-xL promotes the progression of breast and urothelial cancer (Espana et al., 2004; Yoshimine et al., 2013) and plays a role in chemotherapy resistance (Amundson et al., 2000).

			Regulation of the 5′ splice site selected in Bcl-x exon 2 is a critical factor in determining whether a cell is susceptible or resistant to apoptosis. Bcl-xS is the pro-apoptotic isoform of Bcl-x. Bcl-xS can directly bind to and inhibit the anti-apoptotic Bcl-xL and Bcl-2 proteins by forming heterodimers, resulting in the release of the pro-apoptotic Bak (Lindenboim et al., 2001; Plotz et al., 2012). Cell culture studies have shown that increasing the Bcl-xS isoform relative to Bcl-xL can induce apoptosis in cancer cells and pancreatic β-cells (Mercatante et al., 2001; Barbour et al., 2015).

			Regulation of Bcl-x Splice Site Selection

			There are multiple splice factors and signaling pathways that influence the Bcl-xL/Bcl-xS splicing ratio (Figure 2). SR proteins reported to be implicated in the homeostatic regulation of Bcl-x splicing include SRSF1 (Paronetto et al., 2007; Cloutier et al., 2008), SRSF2 (Merdzhanova et al., 2008), SRSF3 (Bielli et al., 2014a), SRSF7 (Bielli et al., 2014a), SRSF9 (Cloutier et al., 2008), and SRSF10 (Shkreta et al., 2016), as well as the following hnRNPs: A1 (Paronetto et al., 2007), PTBP1 (Bielli et al., 2014a), K (Revil et al., 2009), and F/H (Garneau et al., 2005; Dominguez et al., 2010). RNA-binding proteins include Sam68 (Paronetto et al., 2007), SF3B1 (Massiello et al., 2006), RBM4 (Wang et al., 2014), RBM11 (Pedrotti et al., 2012), RBM25 (Zhou et al., 2008), RBM10 (Inoue et al., 2014), and TRA2β (Bielli et al., 2014a), in addition to the transcription factors TCERG1 and FBI-1 (Montes et al., 2012; Bielli et al., 2014b).
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			Figure 2 | Regulation of Bcl-x exon 2 splice site selection. There are multiple splice factors and signaling pathways that influence 5′ splice site selection in exon 2 of the Bcl-x pre-mRNA, which function to alter the Bcl-xL/Bcl-xS splicing ratio. This schematic summarizes the RNA-binding proteins that can both promote splice site selection (red) and inhibit splice site selection (green), pre-mRNA-binding motifs within the exon, and known signaling pathways involved in splice site selection.

		


			RNA-Binding Proteins Implicated in Bcl-x AS

			The RNA-binding protein Sam68 complexed with hnRNP A1 can bind to the Bcl-x pre-mRNA to promote selection of the distal 5′ splice site and the production of Bcl-xS (Paronetto et al., 2007). This interaction is modulated by the Fyn kinase, which is normally activated through protein kinase C (PKC) signaling (Hsu et al., 2009). Although this collaboration between Sam68 and hnRNP A1 is not thought to make a substantial contribution to Bcl-x splicing under normal growth conditions, where very little Bcl-xS is produced, they have been reported to play a critical role when cells are subjected to DNA damage by treatment with oxaliplatin (Cloutier et al., 2018). Oxaliplatin is proposed to promote tyrosine dephosphorylation on Sam68 by counteracting Fyn kinase activity; therefore, dephosphorylated Sam68 can more readily interact with hnRNP A1 to activate the distal 5′ splice site in exon 2 of Bcl-x (Paronetto et al., 2007). Furthermore, depletion of hnRNP A1 or mutations that impair its interaction with Sam68 attenuated Bcl-xS splice isoform production (Paronetto et al., 2007). In addition to Bcl-x, Sam68 has been also proposed to regulate splice site selection in another apoptosis gene, BIRC5, modulating the expression of the anti-apoptotic DEx3 isoform (Gayvan-Cervantes et al., 2017).

			Studies have also shown that the interaction of Sam68 with the Bcl-x pre-mRNA is also modulated by SRSF1 and SRSF10. hnRNP A1 is known to compete with SRSF1 to cause switches in 5′ splice sites (Eperon et al., 2000). SRSF1 is suggested to decrease the use of the distal 5′ splice site; in cells treated with SRSF1, the proximal splice site was found to be used exclusively, resulting in the expression of only Bcl-xL (Paronetto et al., 2007). Furthermore, SRSF1 activity is modulated via phosphorylation by the kinases NEK2 and SRPK1, both of which have been reported to contribute to apoptosis resistance through the expression of Bcl-xL (Naro et al., 2014). On the other hand, SRSF1 itself is antagonized by the splice factors PTBP1 and RBM4. PTBP1 is reported to bind to a polypyrimidine tract located between the two 5′ splice sites in exon 2; upon binding of PTBP1 to this site, the distal splice site is favored, and Bcl-xS is transcribed (Bielli et al., 2014a). Mechanistically, PTBP1 was reported to displace the binding of SRSF1 to the proximal splice site, therefore repressing the expression of Bcl-xL (Bielli et al., 2014a). RBM4 competes with SRSF1 to bind to the same regulatory element in the Bcl-x pre-mRNA, promoting the expression of Bcl-xS (Wang et al., 2014). SRSF1 is implicated in splice site regulation in many genes, including several other genes in the apoptosis pathway. An example is that of BIM and BIN1; SRSF1 overexpression has been shown to promote the AS of anti-apoptotic isoforms, thus promoting cell survival (Anczukow et al., 2012).

			SRSF10 has been reported to collaborate with hnRNP A1/A2 and Sam68 to drive the DNA damage-induced increase in Bcl-xS (Cloutier et al., 2018). SRSF10 interacts with the repressor hnRNP K and stimulatory hnRNP F/H proteins in normally growing cells, resulting in repression of the Bcl-xS splice site; however, upon DNA damage, SRSF10 becomes dephosphorylated, and its interaction with hnRNP F/H is decreased, thus allowing the stimulatory hnRNP F/H to bind to G-rich regulatory elements located downstream of the Bcl-xS splice site, activating its expression (Shkreta et al., 2016). SRSF2, which is upregulated by the transcription factor E2F1, has also been reported to bind to the same G-rich regulatory elements located downstream of the Bcl-xS splice site, resulting in increased cell apoptosis (Merdzhanova et al., 2008). hnRNP K has been found to bind to CX-rich sequences in a silencer element located upstream of the Bcl-xS 5′ splice site, which results in the repression of Bcl-xS (Revil  et al., 2009).

			SRSF9 is a splice factor reported to be involved in upregulating the anti-apoptotic splice variant, Bcl-xL. SRSF9 binds to two elements (ML2 and AM2) within the B3 region of the Bcl-x pre-mRNA located immediately upstream of the Bcl-xL donor site, resulting in a shift in splicing to the Bcl-xL 5′ splice site (Michelle et al., 2012). In addition, the B3 region also contains an element that represses Bcl-xL splice site selection, which is bound by U1 snRNP; however, SRSF9 appears to counteract the repressive activity of upstream U1 snRNP-binding sites (Michelle et al., 2012).

			In addition to RNA-binding proteins, it has been previously shown that two G-quadruplexes (G4s) form in the Bcl-x pre-mRNA, each of which is close to the two alternative 5′ splice sites (Weldon et al., 2017). Furthermore, G4 ligands have been shown to affect Bcl-x splicing, which act independently at the two splice sites depending on their structure (Weldon et al., 2017).

			Components of the exon junction complex (EJC), which is deposited on the mRNA concomitantly with splicing to coordinate mRNA export and surveillance, including eIF4A3, Y14, RNPS1, SAP18, and Acinus, have been reported to regulate Bcl-x splicing, with their knock-down shown to encourage production of a Bcl-xS variant (Michelle et al., 2012). Indeed, Bcl-x was the first mammalian gene for which a role of EJC components in splicing was demonstrated. In addition, depletion of these components of the EJC was also shown to effect the splicing of other apoptosis genes, including Bim and Mc11, inducing the synthesis of pro-apoptotic splice variants (Michelle et al., 2012).

			Transcription Factors Implicated in Bcl-x AS

			TCERG1 is a human nuclear factor implicated in transcriptional elongation and pre-mRNA splicing. TCERG1 has been reported to regulate the splicing of Bcl-x in a promoter-dependent manner; it promotes the splicing of Bcl-xS through the SB1 regulatory element within the first part of exon 2 (Montes et al., 2012). The proposed mechanism for this regulation is that TCERG1 modulates the elongation rate of RNA polymerase II to relieve pausing of the putative polymerase pause site, thus activating the pro-apoptotic Bcl-xS splice site (Montes et al., 2012). In concordance, TCERG1 has been proposed to sensitize cells to apoptosis through changes in mitochondrial membrane permeabilization (Montes et al., 2015). Interestingly, TCERG1 has also been reported to regulate splicing of the apoptosis gene Fas/CD95, promoting the expression of pro-apoptotic Fas (Montes et al., 2015).

			FBI-1 is a BTB/POZ-domain Krüppel-like zinc-finger transcription factor. It has recently been reported to play a direct role in the regulation of AS through its interaction with Sam68, reducing its binding to the Bcl-x pre-mRNA (Bielli et al., 2014b). Like Sam68, FBI-1 is overexpressed in human cancers (Aggarwal et al., 2010; Bielli et al., 2011). Through its interaction with Sam68, FBI-1 promotes splicing of the anti-apoptotic Bcl-xL isoform, thus increasing cell survival (Bielli et al., 2014b).

			Signaling Pathways Implicated in Bcl-x AS

			The phosphoinositide 3-kinase (PI3K) pathway has been proposed as a key survival pathway regulating the alternative 5′ splice site selection of the Bcl-x pre-mRNA, increasing Bcl-xL expression in non-small cell lung cancer (NSCLC) cells (Shultz et al., 2012). Protein kinase Ct (PKCt), atypical PKC, is downstream of PI3K and has been implicated in regulating this AS mechanism and the expression of the splice factor SF3B1, which is an RNA trans-factor that interacts with CREC1 to regulate the 5′ splice site selection of the Bcl-x pre-mRNA (Massiello et al., 2006; Shultz et al., 2012). On the other hand, the classical PKC pathway has been implicated in Bcl-x AS in non-transformed cells (HEK293 cells), where PKC inhibitors were shown to increase the expression of Bcl-xS; such changes in the Bcl-x splicing ratio were not observed when cancer cells were treated with PKC inhibitors (Revil et al., 2009).

			Interleukin 6 (IL-6) acts as both a pro-inflammatory cytokine and an anti-inflammatory myokine. Treatment of K562 leukemia cells with IL-6 resulted in a reduction in the Bcl-xL/Bcl-xS ratio; nucleotides 1–176 of the downstream intron were found to be required for the IL-6 effect (Li et al., 2004). It is likely that IL-6 has specific downstream targets that directly regulate Bcl-x splicing; however, the exact mechanism is yet to be elucidated.

			Ceramide is an important regulator of cell stress responses and growth mechanisms. A family of ceramide-regulated enzymes known as ceramide-activated protein phosphatases includes the serine/threonine-specific protein phosphatase PP1; endogenous ceramide has been reported to modulate the activity of SR proteins in a PP1-dependent manner (Chalfant et al., 2001). Regarding Bcl-x AS, ceramide has been shown to modulate 5′ splice site selection, increasing the mRNA expression of Bcl-xS, which correlated to an increased sensitization to chemotherapy (Chalfant et al., 2002). More recently, two ceramide-responsive cis-elements within exon 2 of the Bcl-x pre-mRNA have been identified that function to regulate 5′ splice site selection in response to ceramide (Massiello et al., 2004).

			Role of Bcl-x Splicing in Disease

			Cancer

			Cancer cells often avoid apoptosis through a change in the expression of genes that control apoptosis, including Bcl-x (Fernald and Kurokawa, 2013). Experimentally increased Bcl-xL expression has been observed in several cancer types, and high Bcl-xL expression is correlated with reduced cellular sensitivity to chemotherapeutic agents (Olopade et al., 1997; Takehara et al., 2001; Mercatante et al., 2002). Altered control of the expression of splice factors, resulting in a change in the balance of pro- and anti-apoptotic splice variants, has also been implicated in cancers. For example, SRSF1 has been shown to be increased in breast cancer (Karni et al., 2007); SRSF1 is associated with an increase in the Bcl-xL/Bcl-xS ratio (Paronetto et al., 2007). On the other hand, SRSF2 is reported to be upregulated in lung cancer (Gout et al., 2012), which results in a decrease in the Bcl-xL/Bcl-xS ratio (Merdzhanova et al., 2008). The reasons for this difference are not yet clear. Furthermore, both FBI-1 and Sam68 are overexpressed in human cancers (Aggarwal et al., 2010; Bielli et al., 2011), which results in an upregulation of Bcl-xL and cell survival (Bielli et al., 2014b).

			The splice factor hnRNP K represses the expression of Bcl-xS, suggesting an anti-apoptotic mechanism in cancer cells (Revil et al., 2009). Increases in the expression and changes in the cellular distribution of hnRNP K have been demonstrated in many cancer types, indicating it to be a prognostic marker of cancer (Pino et al., 2003; Carpenter et al., 2006; Chen et al., 2008). It has been proposed that hnRNP K interacts with the phosphatase 2A (PP2A) inhibitor SET to promote tumorigenesis through a reduction in Bcl-xS levels (Almeida et al., 2014).

			BC200 is a long non-coding RNA (lncRNA) that has been shown to be upregulated in breast cancer. Interestingly, a knockout (KO) of BC200 suppressed tumor cell growth both in vitro and in vivo through increased expression of the Bcl-xS isoform (Singh et al., 2016). Therefore, BC200 is proposed to play an oncogenic role in breast cancer through binding to the Bcl-x pre-mRNA and recruiting hnRNP A1/B2 (Singh et  al., 2016).

			The splicing suppressor RBM4 has recently been implicated in tumorigenesis; its expression is significantly decreased in cancer patients, and its level is positively correlated with improved survival (Wang et al., 2014). Mechanistically, RBM4 antagonizes SRSF1 and upregulates the expression of the pro-apoptotic Bcl-xS isoform, thus acting as a tumor suppressor (Wang et al., 2014).

			Therefore, in general, an upregulation of the pro-survival Bcl-xL is often observed in cancer cells, which may be, at least in part, due to the dysregulation of certain splice factors involved in Bcl-x pre-mRNA splicing.

			Diabetes

			Although the evidence thus far for the role of Bcl-x AS in diabetes is limited, it is clear that β-cell apoptosis plays a major role in the pathogenesis of diabetes, which correlates with the increased expression of the pro-apoptotic Bcl-xS splice isoform. Further research is needed to elucidate the mechanisms by which Bcl-x AS is regulated in diabetes to determine the spice factors and signaling pathway involved.

			Manipulation of Bcl-x Splicing as a Potential Therapeutic Avenue

			Manipulating the expression of the Bcl-x isoform ratio is emerging as a potential therapeutic avenue in certain disease types. This includes some form of cancers where tumor cells are resistant to chemotherapeutic agents due to the increased expression of anti-apoptotic Bcl-xL and diabetes where β-cells undergo apoptosis correlating to a shift in the splicing ratio to promote the pro-apoptotic Bcl-xS isoform relative to Bcl-xL.

			In cancer, one of the key causes of chemoresistance is the resistance of cancer cells to apoptosis (Fulda, 2009). The manipulation of splice factor expression has been shown to sensitize cancer cells to therapeutic treatments, acting either as pro-survival factors that diminish drug-induced apoptosis or as pro-apoptotic factors to potentiate the effects of chemotherapeutics. An example is the anti-apoptotic splice factor SRSF1. Downregulation of SRSF1 in cervical cancer cells with the AURKA kinase inhibitor VX-680 altered the splicing of Bcl-x to increase Bcl-xS, sensitizing the cells to VX-680-induced apoptosis (Moore et al., 2010). Furthermore, silencing SRSF1 in cancer cell lines has been shown to facilitate apoptosis induced by gemcitabine (Adesso et al., 2013). Similarly, hnRNP K has also been reported to interfere with the tumor response to chemotherapeutics. In acute myeloid leukemia cells, a reduction in hnRNP K is required in order for NSC606985, a camptothecin analogue, to trigger cell apoptosis (Go et al., 2009).

			Splice-switching oligonucleotides (SSOs) are anti-sense oligonucleotides that hybridize to pre-mRNA sequences, blocking the binding of splice factors, thus redirecting the splicing machinery to an alternative pathway and modifying splicing of the gene. In cancer, a commonly reported therapeutic effect of SSOs is of targeting the Bcl-x pre-mRNA to redirect splicing from Bcl-xL to Bcl-xS, resulting in pro-apoptotic and chemosensitizing effects in various cancer cell lines (Mercatante et al., 2002; Bauman et al., 2009; Bauman et al., 2010; Li et al., 2015). However, the effects of the Bcl-x SSOs appear to vary depending on the expression profile of the target cells, which was suggested to be attributed to the endogenous levels of the Bcl-xL variant; tumor cells with higher endogenous levels of Bcl-xL were reported to be more susceptible to the effects of Bcl-x SSOs, which is likely to be due to the SSO being able to produce enough Bcl-xS to promote apoptosis due to the higher transcription levels of Bcl-x (Mercatante et al., 2001; Mercatante et al., 2002).

			Certain chemical classes of G4 ligands, including ellipticine and quindoline derivatives, have been reported to have diverse effects on 5′ splice site usage in Bcl-x; for example, the ellipticine GQC-05 antagonizes the Bcl-xL 5′ splice site and activates the Bcl-xS 5′ splice site, thus inducing cell apoptosis (Weldon et al., 2017). Such ligands may have the potential to switch Bcl-x splicing in a therapeutic manner.

			Islet transplantation is fast becoming a realistic alternative treatment option for patients with a brittle form of type I diabetes (Ricordi and Strom, 2004). However, retaining islet viability is a problem. One study reported that delivering the Bcl-xL variant to the islets via protein transduction resulted in an improvement in islet viability, thus preserving islets for transplantation (Klein et al., 2004). In addition, insulin-like growth factor 1 (IGF-1) was shown to be protective against type I diabetes in non-obese diabetic mice as shown by reduced β-cell apoptosis resulting from increased expression of the anti-apoptotic Bcl-xL and Bcl-2 (Chen et al., 2004).

			A major problem that comes with the manipulation of AS events as a potential therapeutic option is how to target the splicing event within a particular cell type or tissue. It is of major concern that although reducing the Bcl-xS/Bcl-xL ratio in diabetes would have therapeutic effects regarding β-cell apoptosis, a decrease in the Bcl-xS/Bcl-xL ratio at a whole-organism level may promote tumor cell survival. One potential avenue that could be used to address this issue is using exosomes to deliver SSOs or splicing modulating drugs to target tissues. Exosomes are naturally occurring nanovesicular structures that are secreted by most cell types and are suggested to be the “next-generation” carrier for gene therapy. Although there are few publications to date, Alvarez-Erviti et al. (2011) have successfully delivered siRNA to the mouse brain via targeted exosomes.

			Conclusion

			AS of Bcl-x is a tightly regulated event that determines the apoptotic potential of the cell. In general, most cell types predominantly express the anti-apoptotic Bcl-xL isoform. However, a further upregulation of Bcl-xL expression in tumor cells can result in resistance to chemotherapeutic agents. On the other hand, dysregulation of Bcl-x AS to promote Bcl-xS expression has been shown to be detrimental to pancreatic β-cells in diabetes, resulting in β-cell apoptosis. Therefore, manipulation of the splice factor, transcription factor, and signaling pathways that modulate this splicing event is fast emerging as a therapeutic avenue in the treatment of cancer and diabetes; however, further research is required to investigate whether Bcl-x splicing can be modulated in a cell/tissue-specific manner.

			Author Contributions

			MS wrote the manuscript. SO helped with revisions and approved the final version.

			Funding

			Funding for this study was supported by grants to SO: British Heart Foundation (PG/15/53/31371), Diabetes UK (17/0005668)

			References

			Adesso, L., Calabretta, S., Barbagallo, F., Capurso, G., Pilozzi, E., Geremia, R., et al. (2013). Gemcitabine triggers a pro-survival response in pancreatic cancer cells through activation of the MNK2/eIF4E pathway. Oncogene. 32, 2848–2857. doi: 10.1038/onc.2012.306

			Aggarwal, A., Hunter, W. J., 3rd, Aggarwal, H., Silva, E. D., Davey, M. S., Murphy, R. F., et al. (2010). Expression of leukemia/lymphoma-related factor (LRF/POKEMON) in human breast carcinoma and other cancers. Exp. Mol. Pathol. 89, 140–148. doi: 10.1016/j.yexmp.2010.05.002

			Almeida, L. O., Garcia, C. B., Matos-Silva, F. A., Curti, C., and Leopoldino, A. M. (2014). Accumulated SET protein up-regulates and interacts with hnRNPK, increasing its binding to nucleic acids, the Bcl-xS repression, and cellular proliferation. Biochem. Biophys. Res. Commun. 445, 196–202. doi: 10.1016/j.bbrc.2014.01.175

			Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., and Wood, M. J. (2011). Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nat. Biotech. 29, 341–345. doi: 10.1038/nbt.1807

			Amundson, S. A., Myers, T. G., Scudiero, D., Kitada, S., Reed, J. C., and Fornace, A. J., Jr. (2000). An informatics approach identifying markers of chemosensitivity in human cancer cells. Cancer Res. 60, 6101–6110. 

			Anczukow, O., Rosenberg, A. Z., Akerman, M., Das, S., Zhan, L., Karni, R., et al. (2012). The splicing factor SRSF1 regulates apoptosis and proliferation to promote mammary epithelial cell transformation. Nat. Struct. Mol. Biol. 19, 220–228. doi: 10.1038/nsmb.2207

			Barbour, S. E., Nguyen, P. T., Park, M., Emani, B., Lei, X., Kambalapalli, M., et al. (2015). Group VIA phospholipase A2 (iPLA2β) modulates Bcl-x 5′-splice site selection and suppresses anti-apoptotic Bcl-x(L) in β-cells. J. Biol. Chem. 290, 11021–11031. doi: 10.1074/jbc.M115.648956

			Bauman, J. A., Jearawiriyapaisarn, N., and Kole, R. (2009). Therapeutic potential of splice-switching oligonucleotides. Oligonucleotides. 19, 1–13. doi: 10.1089/oli.2008.0161

			Bauman, J. A., Li, S. D., Yang, A., Huang, L., and Kole, R. (2010). Anti-tumor activity of splice-switching oligonucleotides. Nucleic Acids Res. 38, 8348–8356. doi: 10.1093/nar/gkq731

			Bielli, P., Busa, R., Paronetto, M. P., and Sette, C. (2011). The RNA-binding protein Sam68 is a multifunctional player in human cancer. Endrocr. Relat. Cancer 18, R91–R102. doi: 10.1530/ERC-11-0041

			Bielli, P., Bordi, M., Di Biasio, V., and Sette, C. (2014a). Regulation of BCL-X splicing reveals a role for the polypyrimidine tract binding protein (PTBP1/hnRNP I) in alternative 5′ splice site selection. Nucleic Acids Res. 42, 12070–12081. doi: 10.1093/nar/gku922

			Bielli, P., Busa, R., Di Stasi, S. M., Munoz, M. J., Botti, F., Kornblihtt, A. R., et al. (2014b). The transcription factor FBI-1 inhibits SAM68-mediated BCL-X alternative splicing and apoptosis. EMBO Rep. 15, 419–427. doi: 10.1002/embr.201338241

			Billen, L. P., Kokoski, C. L., Lovell, J. F., Leber, B., and Andrews, D. W. (2008). Bcl-XL inhibits membrane permeabilization by competing with Bax. PLoS Biol. 6, e147. doi: 10.1371/journal.pbio.0060147

			Boise, L. H., Gonzalez-Garcia, M., Postema, C. E., Ding, L., Lindsten, T., Turka, L. A., et al. (1993). Bcl-x, a Bcl-2-related gene that functions as a dominant regulator of apoptotic cell death. Cell. 74, 597–608. doi: 10.1016/0092-8674(93)90508-N

			Butler, A. E., Janson, J., Bonner-Weir, S., Ritzel, R., Rizza, R. A., and Butler, P. C. (2003). Beta-cell deficit and increased beta-cell apoptosis in human with type 2 diabetes. Diabetes. 52, 102–110. doi: 10.2337/diabetes.52.1.102

			Carpenter, B., McKay, M., Dundas, S. R., Lawrie, L. C., Telfer, C., and Murray, G. I. (2006). Heterogeneous nuclear ribonucleoprotein K is overexpressed, aberrantly localized and is associated with poor prognosis in colorectal cancer. Br. J. Cancer. 95, 921–927. doi: 10.1038/sj.bjc.6603349

			Carrington, E. M., McKenzie, M. D., Jansen, E., Myers, M., Fynch, S., Kos, C., et al. (2009). Islet beta-cells deficient in Bcl-xL develop but are abnormally sensitive to apoptotic stimuli. Diabetes. 58, 2316–2323. doi: 10.2337/db08-1602

			Chalfant, C. E., Ogretmen, B., Galadari, S., Kroesen, B. J., Pettus, B. J., and Hannun, Y. A. (2001). FAS activation induces dephosphorylation of SR proteins; dependence on the de novo generation of ceramide and activation of protein phosphatase 1. J. Biol. Chem. 276, 44848–44855. doi: 10.1074/jbc.M106291200

			Chalfant, C. E., Rathman, K., Pinkerman, R. L., Wood, R. E., Obeid, L. M., Ogretmen, B., et al. (2002). De novo ceramide regulates the alternative splicing of caspase 9 and Bcl-x in A549 lung adenocarcinoma cell. Dependence on protein phosphatase-1. J. Biol. Chem. 277, 12587–12595. doi: 10.1074/jbc.M112010200

			Chen, W., Salojin, K. V., Mi, Q. S., Grattan, M., Meagher, T. C., Zucker, P., et al. (2004). Insulin-like growth factor (IGF)-I/IGF-binding protein-3 complex: therapeutic efficacy and mechanism of protection against type 1 diabetes. Endocrinology. 145, 627–638. doi: 10.1210/en.2003-1274

			Chen, Y., Li, W., and Zhang, S. (2008). hnRNP K expression and its clinical significance in human lung cancer tissues. Zhongguo Fei. Ai. Za. Zhi. 11, 241– 245. doi 10.3779/J-issn.1009–3419.2008.02.017

			Cloutier, A., Shkreta, L., Toutant, J., Durand, M., Thibault, P., and Chabot, B. (2018). hnRNP A1/A2 and Sam68 collaborate with SRSF10 to control the alternative splicing response to oxaliplatin-mediated DNA damage. Sci. Rep. 8, 2206. doi: 10.1038/s41598-018-20360-x

			Cloutier, P., Toutant, J., Shkreta, L., Goekjian, S., Revil, T., and Chabot, B. (2008). Antagonistic effects of the SRp30c protein and cryptic 5′ splice sites on the alternative splicing of the apoptotic regulator Bcl-x. J. Biol. Chem. 283, 21315–21324. doi: 10.1074/jbc.M800353200

			Danial, N. N. (2007). BCL-2 family proteins: critical checkpoints of apoptotic cell death. Clin. Cancer Res. 13, 7254–7263. doi: 10.1158/1078-0432.CCR-07-1598

			Dominguez, C., Fisette, J. F., Chabot, B., and Allain, F. H. (2010). Structural basis of G-tract recognition and encaging by hnRNP F quasi-RRMs. Nat. Struct. Mol. Biol. 17, 853–861. doi: 10.1038/nsmb.1814

			Edlich, F., Banerjee, S., Suzuki, M., Cleland, M. M., Arnoult, D., Wang, C., et al. (2011). Bcl-x(L) retrotranslocates Bax from the mitochondria into the cytosol. Cell. 145, 104–116. doi: 10.1016/j.cell.2011.02.034

			Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicol. Pathol 35, 495–516. doi: 10.1080/01926230701320337

			Eperon, I. C., Makarova, O. V., Mayeda, A., Munroe, S. H., Caceres, J. F., Hayward, D. G., et al. (2000). Selection of alternative 5′ splice sites: role of U1 snRNP and models for antagonistic effects of SF2/ASF and hnRNP A1. Mol. Cell Biol. 20, 8303–8318. doi: 10.1128/MCB.20.22.8303-8318.2000

			Espana, L., Fernandez, Y., Ruvio, N., Torregrosa, A., Blanco, J., and Sierra, A. (2004). Overexpression of Bcl-xL in human breast cancer cells enhances organ-selective lymph node metastasis. Breast Cancer Res. Treat. 87, 33–44. doi: 10.1023/B:BREA.0000041579.51902.89

			Federici, M., Hribal, M. L., Ranalli, M., Marselli, L., Porzio, O., Lauro, D., et al. (2001). The common Arg972 polymorphism in insulin receptor substrate-1 causes apoptosis of human pancreatic islets. FASEB J. 15, 22–24. doi: 10.1096/fj.00-0414fje

			Fernald, K., and Kurokawa, M. (2013). Evading apoptosis in cancer. Trends. Cell Biol. 23, 620–633. doi: 10.1016/j.tcb.2013.07.006

			Fu, X. D., and Ares, M., Jr. (2014). Context-dependent control of alternative splicing by RNA-binding proteins. Nat. Rev. Genet. 15, 689–701. doi: 10.1038/nrg3778

			Fulda, S. (2009). Tumor resistance to apoptosis. Int. J. Cancer. 124, 511–515. doi: 10.1002/ijc.24064

			Go, F. H., Wu, Y. L., Zhao, M., Liu, C. X., Wang, L. S., and Chen, G. Q. (2009). Protein kinase C-delta mediates down-regulation of heterogeneous nuclear ribonucleoprotein K protein: involvement in apoptosis induction. Exp. Cell Res. 315, 3250–3258. doi: 10.1016/j.yexcr.2009.09.005

			Garneau, D., Revil, T., Fisette, J. F., and Chabot, B. (2005). Heterogeneous nuclear ribonucleoprotein F/H proteins modulate the alternative splicing of the apoptotic mediator Bcl-x. J. Biol. Chem. 17, 22641–22650. doi: 10.1074/jbc.M501070200

			Gayvan-Cervantes, J., Gonzalez-Torres, C., Maldonado, V., Zampedri, C., Ceballos-Cancino, G., and Melendez-Zajgla, J. (2017). Protein Sam68 regulates the alternative splicing of surviving DEx3. J. Biol. Chem. 291, 13745–13757. doi: 10.1074/jbc.M117.800318

			Gout, S., Brambilla, E., Boudria, A., Drissi, R., Lantuejoul, S., Gazzeri, S., et al. (2012). Abnormal expression of the pre-mRNA splicing regulators SRSF1, SRSF2, SRPK1 and SRPK2 in non small cell lung carcinoma. PLoS One. 7, e46539. doi: 10.1371/journal.pone.0046539

			Guo, W., Schafer, S., Greaser, M. L., Radke, M. H., Liss, M., Givindarajan, T., et al. (2012). RBM20, a gene for hereditary cardiomyopathy, regulates titin splicing. Nat. Med. 18, 766–773. doi: 10.1038/nm.2693

			Hsu, K. L., Fan, H. J., Chen, Y. C., Huang, Y. S., Chen, C. H., Wu, J. C., et al. (2009). Protein kinase C-Fyn kinase cascade mediates the oleic acid-induced disassembly of neonatal rat cardiomyocyte adherens junctions. Int. J. Biochem. Cell Biol. 41, 1536–1546. doi: 10.1016/j.biocel.2008.12.016

			Inoue, A., Yamamoto, N., Kimura, M., Nishio, K., Yamane, H., and Nakajima, K. (2014). RBM10 regulates alternative splicing. FEBS Lett. 588, 942–947. doi: 10.1016/j.febslet.2014.01.052

			Juan-Mateu, J., Villate, O., and Eizirik, D. L. (2016). Mechanisms in endocrinology. Alternative splicing: the new frontier in diabetes research. Eur. J. Endocrinol 174, R225–R238. doi: 10.1530/EJE-15-0916

			Karni, R., de Stanchina, E., Lowe, S. W., Sinha, R., Mu, D., and Krainer, A. R. (2007). The gene encoding the splicing factor SF2/ASF is a proto-oncogene. Nat. Struct. Mol. Biol. 14, 185–193. doi: 10.1038/nsmb1209

			Klein, D., Ribeiro, M. M., Mendoza, V., Jayaraman, S., Kenyon, N. S., Pileggi, A., et al. (2004). Delivery of Bcl-XL or its BH4 domain by protein transduction inhibits apoptosis in human islets. Biochem. Biophys. Res. Commun. 323, 473–478. doi: 10.1016/j.bbrc.2004.08.116

			Li, C. Y., Chu, J. Y., Yu, J. K., Huang, X. Q., Liu, X. J., Shi, L., et al. (2004). Regulation of alternative splicing of Bcl-x by IL-6, GM-CSF and TPA. Cell Res 14, 473–479. doi: 10.1038/sj.cr.7290250

			Li, Z., Li, Q., Han, L., Tian, N., Liang, Q., Li, Y., et al. (2015). Pro-apoptotic effects of splice-switching oligonucleotides targeting Bcl-x pre-mRNA in human glioma cell lines. Oncol. Rep. 35(1013), 1019. doi: 10.3892/or.2015.4465

			Lindenboim, L., Borner, C., and Stein, R. (2001). Bcl-x(S) can form homodimers and heterodimers and its apoptotic activity requires localization of Bcl-x(S) to the mitochondria and its BH3 and loop domains. Cell Death Differ. 8, 933–942. doi: 10.1038/sj.cdd.4400888

			Luciani, D. S., White, S. A., Windenmaier, S. B., Saran, V. V., Taghizadeh, F., Hu, X., et al. (2013). Bcl-2 and Bcl-xL suppress glucose signaling in pancreatic β-cells. Diabetes. 62, 170–182. doi: 10.2337/db11-1464

			Massiello, A., Salas, A., Pinkerman, R. L., Roddy, P., Roesser, J. R., (2004). Identification of two RNA cis-elements that function to regulate the 5′ splice site selection of Bcl-x pre-mRNA in response to ceramide J. Biol. Chem. 279, 15799–15804. doi: 10.1074/jbc.M313950200

			Massiello, A., Roesser, J. R., and Chalfant, C. E. (2006). SAP155 binds to ceramide-responsive RNA cis-element 1 and regulates the alternative 5′ splice site selection of Bcl-x pre-mRNA. FASEB J. 20, 1680–1682. doi: 10.1096/fj.05-5021fje

			Matlin, A. J., Clark, F., and Smith, C. W. (2005). Understanding alternative splicing: towards a cellular code. Nat. rev. Mol. Cell Biol. 6, 386–398. doi: 10.1038/nrm1645

			Mercatante, D. R., Bortner, C. D., Cidlowski, J. A., and Kole, R. (2001). Modification of alternative splicing of Bcl-x pre-mRNA in prostate and breast cancer cells. Analysis of apoptosis and cell death. J. Biol. Chem. 276, 16411–16417. doi: 10.1074/jbc.M009256200

			Mercatante, D. R., Mohler, J. L., and Kole, R. (2002). Cellular response to an antisense-mediated shift of Bcl-x pre-mRNA splicing and antineoplastic agents. J. Biol. Chem. 277, 49374–49382. doi: 10.1074/jbc.M209236200

			Merdzhanova, G., Edmond, V., De Seranno, S., Van den Broeck, A., Corcos, L., Brambilla, C., et al. (2008). E2F1 controls alternative splicing pattern of genes involved in apoptosis through upregulation of the splicing factor SC35. Cell Death Differ. 15, 1815–1823. doi: 10.1038/cdd.2008.135

			Michelle, L., Cloutier, A., Toutant, J., Shkreta, L., Thibault, P., Durand, M., et al. (2012). Proteins associated with the exon junction complex also control the alternative splicing of apoptotic regulators. Mol. Cell. Biol. 32, 954–967. doi: 10.1128/MCB.06130-11

			Montes, M., Cloutier, A., Sanchez-Hernandez, N., Michelle, L., Lemieux, B., Blanchette, M., et al. (2012). TCERG1 regulates alternative splicing of the Bcl-x gene by modulating the rate of RNA polymerase II transcription. Mol. Cell Biol. 32, 751–762. doi: 10.1128/MCB.06255-11

			Montes, M., Coiras, M., Becerra, S., Morneo-Castro, C., Mateos, E., Majuelos, J., et al. (2015). Functional consequences for apoptosis by transcription elongation regulator 1 (TCERG1)-mediated Bcl-x and Fas/CD95 alternative splicing. PLoS One. 10, e0139812. doi: 10.1371/journal.pone.0139812

			Moore, M. J., Wang, Q., Kennedy, C. J., and Silver, P. A. (2010). An alternative splicing network links cell-cycle control to apoptosis. Cell. 142, 625–636. doi: 10.1016/j.cell.2010.07.019

			Naro, C., Barbagallo, F., Chieffi, P., Bourgeois, C. F., Paronetto, M. P., and Sette, C. (2014). The centrosomal kinase NEK2 is a novel splicing factor kinase involved in cell survival. Nucleic Acids Res. 42, 3218–3227. doi: 10.1093/nar/gkt1307

			Olopade, O. I., Adeyanju, M. O., Safa, A. R., Hagos, F., Mick, R., Thompson, C. B., et al. (1997). Overexpression of BCL-X protein in primary breast cancer is associated with high tumor grade and nodal metastases. Cancer J. Sco. Am. 3, 230–237. 

			Oltean, S., and Bates, D. O. (2014). Hallmarks of alternative splicing in cancer. Oncogene. 33, 5311–5318. doi: 10.1038/onc.2013.533

			Paronetto, M. P., Achsel, T., Massiello, A., Chalfant, C. E., and Sette, C. (2007). The RNA-binding protein Sam68 modulates the alternative splicing of Bcl-x. J. Cell Biol. 176, 929–939. doi: 10.1083/jcb.200701005

			Pedrotti, S., Busa, R., Compagnucci, C., and Sette, C. (2012). The RNA recognition motif protein RBM11 is a novel tissue-specific splicing regulator. Nucleic Acids Res. 40, 1021–1032. doi: 10.1093/nar/gkr819

			Pino, I., Pio, R., Toledo, G., Zabalegui, N., Vicent, S., Rey, N., et al. (2003). Altered patterns of expression of members of the heterogeneous nuclear ribonucleoprotein (hnRNP) family in lung cancer. Lung Cancer. 41, 131–143. doi: 10.1016/S0169-5002(03)00193-4

			Plotz, M., Hossini, A. M., Gillissen, B., Daniel, P. T., Stockfleth, E., and Eberle, J. (2012). Mutual recognition of Bcl-2 proteins independent of the BH3 domain as shown by the BH3-domain lacking protein Bcl-x(AK). PLoS One. 7, e34549. doi: 10.1371/journal.pone.0034549

			Rambout, X., Dequiedt, F., and Maquat, L. E. (2018). Beyond transcription: roles of transcription factors in pre-mRNA splicing. Chem. Rev. 118, 4339–4364. doi: 10.1021/acs.chemrev.7b00470

			Revil, T., Pelletier, J., Toutant, J., Cloutier, A., and Chabot, B. (2009). Heterogeneous nuclear ribonucleoprotein K represses the production of pro-apoptotic Bcl-xS splice isoform. J. Biol. Chem. 284, 21458–21467. doi: 10.1074/jbc.M109.019711

			Ricordi, C., and Strom, T. B. (2004). Clinical islet transplantation: advances and immunological challenges. Nat. Rev. Immunol. 4, 259–268. doi: 10.1038/nri1332

			Shamas-Din, A., Kale, J., Leber, B., and Andrews, D. W. (2013). Mechanisms of action of Bcl-2 family proteins. Cold Spring Harb. Persepct. Biol 5, a008714. doi: 10.1101/cshperspect.a008714

			Shi, Y. (2017). Mechanistic insights into precursor messenger RNA splicing by the spliceosome. Nat. Rev. Mol. Cell Biol. 18, 655–670. doi: 10.1038/nrm.2017.86

			Shkreta, L., Toutant, J., Durand, M., Manley, J. L., and Chabot, B. (2016). SRSF10 connects DNA damage to the alternative splicing of transcripts encoding apoptosis, cell-cycle control, and DNA repair factors. Cell Rep. 17, 1990–2003. doi: 10.1016/j.celrep.2016.10.071

			Shultz, J. C., Vu, N., Schultz, M. D., Mba, M. U., Shapiro, B. A., and Chalfant, C. E. (2012). The proto-oncogene PKCi regulates the alternative splicing of Bcl-x pre-mRNA. Mol. Cancer Res. 10, 660–669. doi: 10.1158/1541-7786.MCR-11-0363

			Singh, R., Gupta, S. C., Peng, W. X., Zhou, N., Pochampally, R., Atfi, A., et al. (2016). Regulation of alternative splicing of Bcl-x by BC200 contributes to breast cancer pathogenesis. Cell Death Res. 7, e2262. doi: 10.1038/cddis.2016.168

			Socha, L., Silva, D., Lesage, S., Goodnow, C., and Petrovsky, N. (2003). The role of endoplasmic reticulum stress in nonimmune diabetes: NOD.k iHEL, a novel model of beta cell death. Ann. N. Y. Acad. Sci. 1005, 178–183. doi: 10.1196/annals.1288.022

			Stevens, M., and Oltean, S. (2016). Alternative splicing in CKD. J. Am. Soc. Nephrol. 27, 1596–1603. doi: 10.1681/ASN.2015080908

			Takehara, T., Liu, X., Fujimoto, J., Friedman, S. L., and Takahashi, H. (2001). Expression and role of Bcl-xL in human hepatocellular carcinomas. Hepatology. 34, 55–61. doi: 10.1053/jhep.2001.25387

			Wang, Y., Chen, D., Qian, H., Tsai, Y. S., Shao, S., Liu, Q., et al. (2014). The splicing factor RBM4 controls apoptosis, proliferation, and migration to suppress tumor progression. Cancer Cell. 26, 374–389. doi: 10.1016/j.ccr.2014.07.010

			Weldon, C., Dacanay, J. G., Gokhale, V., Boddupally, P. V. L., Behm-Ansmant, I., Burley, G.-A., et al. (2017). Specific G-quadruplex ligands modulate the alternative splicing of Bcl-x. Nucleic Acids Res. 46, 886–896. doi: 10.1093/nar/gkx1122

			Will, C. L., and Luhrmann, R. (2011). Spliceosome structure and function. Cold Spring Harb. Persepct. Biol 3, a003707. doi: 10.1101/cshperspect.a003707

			Yip, K. W., and Reed, J. C. (2008). Bcl-2 family proteins and cancer. Oncogene. 27, 6398–6406. doi: 10.1038/onc.2008.307

			Yoshimine, S., Kikuchi, E., Kosaka, T., Mikami, S., Miyajima, A., Okada, Y., et al. (2013). Prognostic significance of Bcl-xL expression and efficacy of Bcl-xL targeting therapy in urothelial carcinoma. Br. J. Cancer. 108, 2132–2120. doi: 10.1038/bjc.2013.216

			Zhou, A., Ou, A. C., Cho, A., Benz, E. J., Jr., and Huang, S. C. (2008). Novel splicing factor RBM25 modulates Bcl-x pre-mRNA 5′ splice site selection. Mol. Cell Biol. 28, 5924–5936 doi: 10.1128/MCB.00560-08

			Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

			Copyright © 2019 Stevens and Oltean. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

		

OEBPS/Images/logo.jpg
, frontiers
in Genetics





OEBPS/Images/Figure_2.jpg
TCERG1






OEBPS/Images/fgene.2019.00804_cover.jpg
, frontiers
in Genetics

Modulation of the Apoptosis
Gene Bcl-x Function Through
Alternative Splicing





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/Figure_1.jpg
I Bel-xL I Bcl-xS

Intrinsic pathway Intrinsic pathway

(Cell membrane Cell membrane l
Activated BAX + BAK I—. Activated BAX + BAK .
Mitochondrion, Mitochondrion,

Cytochrome C
.

1' Cytochrome C

.
AWTON Apoptosome
Apoptosis Apoptosis





