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ABSTRACT 

BCL-2-interacting mediator of cell death (BIM) is a proapoptotic member of the BCL-2 

protein family. BIM upregulation is required for tyrosine kinase inhibitor (TKI)-mediated 

cell death in many kinase-driven cancers including chronic myeloid leukemia (CML) and 

epidermal growth factor receptor mutated non-small cell lung cancer (EGFR NSCLC). 

Previously, a 2.9 kb deletion polymorphism in BIM intron 2 was found to contribute to 

TKI resistance in CML and EGFR NSCLC patients. The deletion allele switched splicing 

from BIM exon 4 (E4) to exon 3 (E3) in a mutually exclusive manner, generating isoforms 

lacking the proapoptotic BCL2-homology domain 3 (BH3) encoded by E4. This suggests 

that modulating BIM splicing to exclude E3 might resensitize the polymorphism 

containing cancer cells to TKI. In this project, the mechanisms of BIM E3 alternative 

splicing regulation were studied. To identify the cis-acting splicing elements regulating 

BIM E3, a series of sequential 10 nucleotide deletions throughout E3 and upstream 

intronic region were generated in two BIM minigenes with and without the polymorphic 

fragment. By comparing the E3/E4 ratio of the deletion mutants to that of the full-length 

minigenes by quantitative real-time PCR, putative splicing enhancers and silencers 

regulating BIM exon 3 were defined. The exonic enhancers were subsequently verified by 

point mutations and heterologous minigene analysis. The length of the BIM E3 poly-

pyrimidine tract, which is an essential sequence within 3’ splice sites was varied, and it 

was found that an unusually long minimum of 16 uridines was required for maximal E3 

inclusion. The splicing factor, SRSF1 was confirmed to promote BIM E3 inclusion by 

knockdown/overexpression study. In addition minor alleles for four annotated single 

nucleotide polymorphisms (SNPs) were found to potently alter E3 splicing in BIM 

minigenes and the allele combinations showed additive effects. These annotated SNPs 

will be subsequently tested for their effects on TKI responses. The splicing regulatory 

elements elucidated in our study may reveal therapeutic targets for sensitization of TKI 

responses in cancers dependent on BIM expression for drug sensitivity.  
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1 INTRODUCTION 

Subtle changes in gene expression can lead to phenotypic variability and even disease. 

Hence understanding the regulation of gene expression becomes very important. The 

eukaryotic gene expression pathway involves processes such as transcription, precursor 

mRNA processing, translation, and post-translational modification of a protein. Pre-

mRNA processing involves capping, editing, splicing and polyadenylation. The focus of 

our lab is pre-mRNA splicing which is an extremely intricate process governed by many 

factors and is intimately coordinated with other gene expression processes such as mRNA 

transcription, transport and translation. The extensive integration of splicing with other 

layers of gene regulation stresses the need to explore splicing regulation. Splicing is 

further complicated by the process of alternative splicing which contributes to the 

generation of multiple mRNA and protein isoforms from one gene. Perturbations in 

constitutive splicing and alternative splicing could directly lead to a disease, increase 

susceptibility to a disease or affect drug responses. Hence studying the link between 

splicing and disease provides opportunities for diagnostics as well as treating the cause of 

the disease. In my PhD project, I have studied the regulatory mechanisms of B cell 

lymphoma-2 (BCL-2)-interacting mediator of cell death (BIM) exon 3 (E3) splicing. The 

importance of studying splicing regulation of BIM E3 lies in the fact that BIM is a 

proapoptotic protein and the increased splicing of exon 3 (E3) due to a genomic 

polymorphism is associated with tyrosine kinase inhibitor (TKI) resistance in chronic 

myeloid leukemia (CML) and epidermal growth factor receptor mutated non-small cell 

lung cancer (EGFR NSCLC) patients. This suggests that modulating BIM splicing to 

exclude E3 might restore sensitivity to TKIs.  

In this section, I will be providing general background on splicing, apoptosis and BIM, 

and its implications in treatment of kinase-driven cancers such as CML and EGFR 

NSCLC. 

1.1 Spliceosome assembly and splicing  

A crucial step in ensuring accurate gene expression in eukaryotes is the process of 

precursor mRNA (pre-mRNA) splicing whereby introns are removed as a lariat and exons 
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are ligated in a pre-mRNA resulting in formation of a mRNA transcript (House and Lynch, 

2008; Keren et al., 2010; Kim et al., 2008). The discovery of splicing as a post-

transcriptional process was made in 1977 when Roberts and Sharp found that 

discontinuous regions of adenoviral genomic DNA generated a continuous mRNA 

transcript (Berget et al., 1977; Chow et al., 1977). Apart from producing different mRNA 

and proteins, splicing also regulates other gene expression pathways such as mRNA 

transcription, turnover, transport, and translation (Braunschweig et al., 2013).  

Splicing is accomplished in a dual-step trans-esterification reaction which is facilitated by 

a dynamic macromolecular complex known as the spliceosome. Small nuclear 

ribonucleoproteins (snRNPs) - U1, U2, U4, U5, and U6 and more than hundred proteins 

are constituents of the spliceosome. A single snRNP is formed of a small nuclear RNA 

(snRNA) and associated proteins (Wahl et al., 2009). There are three essential cis-acting 

splicing elements, which define the core splice signals necessary for recognition by the 

spliceosome. They are: the 5′ splice site (5′ss) and the 3′ splice site (3′ss) at the 5′ and 3′ 

end of introns, respectively, and the intronic branch-point sequence (BPS) that forms the 

branched lariat (Keren et al., 2010; Kim et al., 2008). 

The spliceosomal components are loaded onto a pre-mRNA in an orderly fashion forming 

distinct spliceosomal complexes (Figure 1.1). Splicing is initiated upon association of U1 

snRNP with the 5′ss and the recruitment of splicing factor 1 (SF1) at the BPS. This 

generates the E′ complex. Next, the 3′ terminal AG dinucleotide and upstream 

polypyrimidine tract are recognized by the protein heterodimer, U2 auxiliary factor 

(U2AF). The 3′ terminal AG is bound by U2AF35 (small subunit) while the 

polypyrimidine tract is bound by U2AF65 (large subunit), generating the E complex. The 

generation of E′ complex and E complex does not require ATP. Subsequently in an ATP 

dependent manner, U2 snRNP replaces SF1 to associate with the branch point, generating 

complex A (Figure 1.1). During this complex A formation, there is base-pairing between 

the BPS and the U2 snRNA which leads to bulging out of branch point adenosine.  

Subsequent loading of U4/U6–U5 pre-assembled tri-snRNP gives rise to the B complex. 

Further changes in conformation and composition give rise to the activated spliceosome, 
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Bact complex. These changes include disruption of U4 and U6 snRNAs base-pairing 

followed by U6 and 5′ss base-pairing and discharge of U1 and U4 from the complex. 

Subsequently U2-U6 base-pairing forms and brings together the 5′ss and BPS for the first 

catalytic splicing reaction. Other conformational rearrangements include formation of U6 

intramolecular stem-loop structure (U6-ISL) and interaction of U5 snRNA with 

nucleotides of the 5′ exon. Subsequent remodeling by the ATPase Prp2, generates the 

catalytically active B* complex. The first trans-esterification reaction of splicing then 

occurs by adenosine 2′-hydroxyl group at the BPS attacking the 5′ss phosphodiester bond. 

This liberates the 5′ exon from the intron lariat-3′ exon generating the C complex. 

Additional rearrangements of the C complex enable it to conduct the second trans-

esterification reaction of splicing. During this second catalytic step, the 3′ss 

phosphodiester bond is attacked by the 3′ hydroxyl group of the liberated 5′exon. As a 

result, the exons are linked to form a mature mRNA while the intron-lariats are usually 

degraded (Figure 1.1). The spliceosome subunits are recycled for subsequent splicing 

reactions (Chen and Manley, 2009c; Kornblihtt et al., 2013; Matera and Wang, 2014; 

Wahl et al., 2009; Will and Luhrmann, 2011). Throughout the splicing process, RNA-

protein and RNA-RNA remodeling is mediated by different RNA-dependent 

helicases/ATPases at various stages. The recognition of the essential cis-acting elements 

multiple times by different snRNAs and proteins ensures the precision of splicing (Wahl 

et al., 2009).   
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Figure 1.1 Schematic representation of spliceosome assembly and splicing. 

U1 snRNP interacts with the 5′ss while SF1 binds BPS. U2AF heterodimer interacts with 

3′ss. SF1 at the branch point is replaced by U2 snRNP. Subsequently, the tri-snRNP 

U4/U5/U6 is recruited, and this is followed by conformational and compositional 

rearrangements of the spliceosome including loss of U1 and U4. The two trans-

esterification reactions of splicing then take place. Boxes represent exons; Lines represent 

introns. For simplicity, E′ and Bact complex are not shown in figure. 

 

1.2 Splicing regulators and exon definition 

The essential cis-acting elements in higher eukaryotes are poorly conserved (Sheth et al., 

2006). Due to this degenerate nature of splice-site consensus sequences, auxiliary cis-

acting elements are required for splice-site recognition (Braunschweig et al., 2013; Wahl 

et al., 2009). Regulatory elements promoting the recognition of splice-sites are known as 

exonic or intronic splicing enhancers (ESEs/ISEs) (Figure 1.2A). Conversely, regulatory 

elements inhibiting the recognition of splice sites are known as exonic or intronic splicing 

silencers (ESSs/ISSs) (Figure 1.2A) (House and Lynch, 2008). The auxiliary cis-acting 
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elements exert their functions by providing sites for binding of trans-acting regulatory 

factors (Figure 1.2A) (Wahl et al., 2009). The members of SR protein family (enriched in 

Arg-Ser dipeptides) typically bind to ESEs/ISEs and promote splicing while the 

heterogeneous nuclear ribonucleoprotein (hnRNP) protein family members typically bind 

to ESSs/ISSs, inhibiting splicing (Figure 1.2A) (House and Lynch, 2008). 

As human pre-mRNAs are comprised of shorter exons among very long introns, the 

recognition of a 5′ss by U1 snRNP can be facilitated by the binding of U2AF at the 3′ss of 

the same exon and vice-versa. This process is referred to as exon definition (Figure 1.2B) 

(Berget, 1995; De Conti et al., 2013). For the first exon, 5′ end capping of the pre-mRNA 

enables the binding of U1 snRNP at the 5′ss (Figure 1.2B) (Lewis et al., 1996). For the 

last exon, the recruitment of U2AF at the 3′ss is augmented by polyadenylation signals at 

the 3′ end (Figure 1.2B). In fact, splicing of last exon and polyadenylation are mutually 

coordinated and are achieved by the cooperation amongst the splicing machineries and 

cleavage or polyadenylation factors (Kyburz et al., 2006; Millevoi et al., 2006).  

Polyadenylation of nearly all eukaryotic mRNAs takes place in two consecutive steps. 

First, pre-mRNA endonucleolytic cleavage occurs and then polyadenylate tail addition 

ensues downstream of the cleavage site. The processing is achieved by protein factors 

binding to different cis-acting elements. The cleavage and polyadenylation specificity 

factor (CPSF) binds to the highly conserved polyadenylation (polyA) site, AAUAAA, 

which lies upstream (10–30 nucleotides) of the cleavage site. The cleavage stimulatory 

factor (CstF) recognizes a variable G/U enriched sequence located downstream of the 

cleavage site. Following this, cleavage occurs with the presence of cleavage factors I and 

II (CFI and CFII). PolyA polymerase (PAP) adds around 10 adenosine nucleotides at the 

3′ end. Further elongation of the polyA tail by PAP depends on the interaction between 

polyA-binding protein II (PABII), PAP and CPSF (Li et al., 2001; Murthy and Manley, 

1995).  
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Figure 1.2 Splicing regulation and exon definition 

(A) SR proteins promote splicing by binding to ESEs or ISEs while hnRNPs inhibit 

splicing by binding to ESSs or ISSs. (B)The recruitment of U1 snRNP at the 5′ss is 

enhanced by the binding of U2AF at the 3′ss and vice-versa of the exon by exon definition. 

In addition, capping enhances the binding of U1 snRNP at the 5′ splice site of first exon 

while polyadenylation enhances recruitment of U2AF at the 3′ss of last exon.   
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1.3  Alternative splicing 

Pre-mRNA can be spliced in multiple ways to give rise to different mRNA isoforms that 

are translated to different proteins in a process called alternative splicing. Alternative 

splicing results in the generation of the multitude of distinct proteins in multicellular 

eukaryotic organisms (Nilsen and Graveley, 2010). In fact, the production of >90,000 

different proteins from the ~21000 protein-coding genes in the humans can be attributed 

to the process of alternative splicing (Ast, 2004). A recent examination of transcriptome 

wide high-throughput RNA sequencing data has revealed that in humans alternative 

splicing occurs in > 90% of pre-mRNAs (Wang et al., 2008). 

Alternative splicing is differentially regulated in tissues, at different developmental or 

differentiation stages, or in response to various signals (Keren et al., 2010; Nilsen and 

Graveley, 2010). At cellular level, alternative splicing plays a crucial role in diverse 

processes including apoptosis, cell-cycle progression, pluripotency, circadian rhythms, 

responses to environmental stimuli and pathogen invasion (Braunschweig et al., 2013; 

Chen and Manley, 2009).  

1.3.1 Alternative splicing types 

Seven different types of alternative splicing have been defined to date: cassette-exon, 

mutually exclusive exons, intron retention, alternative 5′ or 3′ splice sites, and alternative 

promoters or polyA sites (Black, 2003; Keren et al., 2010) (Figure 1.3). Cassette exons 

comprise exons which can be retained or skipped from the mature mRNA. Mutually 

exclusive exons involve inclusion of only one of the two or more exons in the mature 

mRNA. Intron retention leads to intron-containing mature transcripts. Alternative 5′ or 3′ 

splice sites gives rise to exons having different sizes and boundaries. Alternative 

promoters or polyA sites generate different terminal exons due to use of different 5′ss or 

3′ss. 
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Figure 1.3 Schematic of the seven general types of alternative splicing 

See text for details. Image is adapted from Zahler, 2005. 

 

1.3.2 Regulatory mechanisms of alternative splicing  

Alternative splicing is regulated by cis-acting elements and trans-acting factors, pre-

mRNA secondary structure, transcription and chromatin structure (Chen and Manley, 

2009; Nilsen and Graveley, 2010; Smith and Valcarcel, 2000).  

Auxillary cis-acting elements include ESEs/ISEs that promote the use of splice sites and 

ISSs/ESSs that repress the use of splice sites. Trans-acting factors include splicing 

activators such as SR proteins which bind to ESEs and ISEs and promote exon inclusion 

and splicing repressors such as hnRNPs which bind to ESSs/ISSs and promote exon 

exclusion. The common SR proteins include SRSF1, SRSF2, SRSF3, SRSF4, SRSF5 and 

SRSF6. Some common hnRNP proteins include hnRNP A1, hnRNP A2/B1, PTBP1 

(hnRNP I), PTBP2, hnRNP L and hnRNP LL (Chen and Manley, 2009). Splicing 
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activators can favor the interaction between U1 snRNP and U2AF across an exon, 

promoting their recruitment to the 5′ss and 3′ss by exon definition (Figure 1.4A) (Smith 

and Valcarcel, 2000). Alternatively, splicing activators can antagonize the binding of 

splicing repressors or cooperate with other positive regulatory factors to facilitate the 

recognition of splice sites (Figure 1.4A) (Cartegni et al., 2002; Chen and Manley, 2009). 

Splicing repressors can sterically block binding of snRNPs or splicing activators to the 

pre-mRNA. Splicing inhibition could also be achieved by multimerization of repressors 

along the pre-mRNA, thus preventing splice-site recognition by the spliceosome (Figure 

1.4B). Alternatively, some repressors could engage in a protein–protein interaction across 

an alternative exon causing ′looping out′ of the exon. This loop formation may sterically 

hinder snRNP recruitment (Figure 1.4B) (Chen and Manley, 2009; House and Lynch, 

2008). Ultimately, it is the sum of positive and negative factors that leads to inclusion or 

exclusion of an exon (Nilsen and Graveley, 2010; Wahl et al., 2009).  

Apart from the widely expressed SR and hnRNP group of splicing factors, tissue-specific 

expression of splicing regulators that contributes to the differential expression of 

alternative splicing isoforms in the specific tissues (Wang et al., 2008). The most 

abundant occurrence of tissue-specific alternative splicing isoforms is found in the brain 

which is the most diverse tissue functionally. Examples of these neural-specific factors 

include neuro-oncological ventral antigen (NOVA) (Ule et al., 2005) and embryonic lethal 

abnormal visual (Elav) (Perrone-Bizzozero and Bolognani, 2002).  
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Figure 1.4 Regulation of alternative splicing by cis-acting elements and trans-acting 

factors 

 (A) Splicing activators such as SR proteins bind to ESEs or ISEs and facilitate exon 

inclusion by recruiting the spliceosome or inhibiting the binding of nearby repressors. (B) 

Splicing repressors such as hnRNPs bind to ESSs or ISSs and promote exon skipping. The 

repression is attained by (i) multimerization of splicing repressors which blocks the access 

of the spliceosome to the splice sites or activator to enhancer sequences; (ii) looping out 

of the alternative exon due to interaction between repressors located at the two flanking 

introns; (iii) inhibiting the binding of spliseosome components or splicing activators 

thereby preventing exon definition.  
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Pre-mRNA secondary structure formation can influence alternative splicing by blocking 

core splicing signals or enhancer or silencer regions (Chen and Manley, 2009). The 

regulation of splicing by transcription has been explained by two models: recruitment 

model and kinetic model (Figure 1.5A and B respectively). In the recruitment model, the 

RNA polymerase II carboxy-terminal domain (CTD) (Pol II) directly recruits the splicing 

factors to pre-mRNA or structurally different promoters cause recruitment of different 

splicing factors leading to exon inclusion or exclusion (Figure 1.5A). In the kinetic model, 

the RNA Pol II transcription rate influences splicing. For example, if splice sites are weak, 

rapid elongation will favor recognition of distal stronger splice sites by the spliceosome 

causing exclusion of the exon, while slow elongation will favor recruitment of the 

spliceosomal complex at weak splice sites, promoting exon inclusion (Figure 1.5B) 

(Braunschweig et al., 2013; Chen and Manley, 2009; Kornblihtt et al., 2013). 

Alternatively, slowing the rate of transcription can also promote exon skipping by 

favoring the recognition of silencer elements by splicing repressors (Dujardin 2014). 

Splicing regulation by chromatin structure encompasses the influence of histone 

modifications and nucleosome positioning. Histone post-translational modifications can 

indirectly affect splicing by causing chromatin structure to become loose or compact thus 

causing a faster or slower rate of RNA Pol II transcription, respectively (Figure 1.5C). 

Histone marks can also regulate splicing by binding to chromatin adaptors which in turn 

can interact with splicing factors (Figure 1.5D) (Montes et al., 2012). The favorable 

positioning of nucleosomes at exons compared to introns, also tag the beginning of an 

exon. This in turn causes transient RNA Pol II elongation pause, thus providing a time-

window for the recognition of 3′ss by U2AF (Kornblihtt et al., 2013).  

Thus splicing is a highly complex and regulated process and a splicing disruption 

occurring at any level of regulation can lead to disease.  
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Figure 1.5 Alternative splicing regulation by transcription and chromatin 

(A) Recruitment model: The CTD of RNA Pol II directly recruits the splicing repressor to 

pre-mRNA thereby leading to exon exclusion (left) while lack of interaction between Pol 
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II CTD and splicing repressor leads to exon inclusion (right). (B) Kinetic model: Fast Pol 

II elongation favors recognition of distal stronger splice sites instead of the upstream weak 

3′ss causing exon exclusion (left). Slow Pol II elongation favors recognition of the 

spliceosomal complex at the upstream weak 3′ss splice sites, promoting exon inclusion 

(right). (A, B) Images adapted from Hall and Georgel, 2011. (C) Histone post-

translational modifications can cause chromatin structure to be loose causing faster rate of 

Pol II elongation leading to exon exclusion (left). Other histone modifications can also 

cause chromatin structure to be more compact causing a slower rate of pol II elongation 

leading to exon inclusion (right). (D) Some histone modifications can recruit a splicing 

repressor through the interaction with adaptor protein, thereby leading to exon exclusion 

(left). In contrast, lack of the histone modification inhibits the recruitment of repressor 

thereby leading to exon inclusion. (C, D) Images adapted from Kornblihtt et al., 2013. The 

green circle indicates splicing repressor; the brown circle indicates spliceosome and the 

blue square indicates an adaptor protein. 

 

1.4 Splicing and disease 

Mutations in splicing regulatory elements and factors account for a high fraction of human 

hereditary diseases and cancers (Kornblihtt et al., 2013). Between 15 to 50% of mutations 

cause disease by disrupting splicing (Krawczak et al., 1992; López-Bigas et al., 2005). 

These mutations affect cis-acting elements while trans-acting factors could be affected by 

mutations as well as alterations in their levels. 

1.4.1 Cis-acting mutations 

The essential or auxiliary cis-acting elements can have mutations which may impair 

recognition of constitutive or alternative splice sites.  

Disruptions in the recognition of constitutive splice sites can cause skipping of 

constitutive exons, intron retention or cryptic splice site activation. As a consequence, 

there could be an abnormal protein production or mRNA nonsense mediated decay (NMD) 

(Singh and Cooper, 2012). An example of a mutation affecting constitutive exon splicing 
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is familial dysautonomia (FD) which is an autosomal recessive condition affecting the 

autonomic as well as sensory neurons. FD is caused by mutations occurring in the 

inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase complex-associated 

protein (IKBKAP) gene that hampers the production of IkB kinase complex associated 

protein (IKAP), an important constituent of the transcriptional elongation complex (Rubin 

and Anderson, 2008). In 98 % of FD cases, a substitution in intron 20 (a T > C transition 

in 5′ss) causes exon 20 skipping. The resultant mRNA has a premature termination codon 

due to shift in the open reading frame. This leads to decreased production of functional 

IKAP due to NMD (Anderson et al., 2001; Rubin and Anderson, 2008; Slaugenhaupt et 

al., 2001), affecting the transcription of many genes involved in cell motility. The 

consequential neuronal dysfunction is possibly due to impaired neuronal cellular 

migration (Close et al., 2006).  

Disruptions in the alternative splice sites recognition can change proportion of 

alternatively spliced mRNA transcripts resulting in undesired biological effects (Faustino 

and Cooper, 2003; Singh and Cooper, 2012). Examples include frasier syndrome, atypical 

cystic fibrosis and frontotemporal dementia and parkinsonism linked to Chromosome17 

(FTDP-17). Atypical cystic fibrosis is a milder form of cystic fibrosis and occurs due to 

mutations in the gene encoding cystic fibrosis transmembrane conductance regulator 

(CFTR) protein. These mutations reduce production of functional CFTR protein, affecting 

the pancreas, lungs and testes (Noone and Knowles, 2001). However, humans comprising 

the same CFTR mutations exhibit variations in the severity of disease. One such factor 

accounting for the difference in severity is polymorphisms affecting UG and U repeats 

located at the 3′ss of CFTR exon 9 that can affect exon 9 skipping. There is always slight 

exon 9 skipping even in unaffected individuals, but in individuals with atypical cystic 

fibrosis, increased skipping of exon 9 further compromises the production of full-length 

functional protein (Steiner et al., 2004). 

Mutations in certain splicing regulatory elements can also cause cancers. Mutations in 

tumor-suppressor genes like breast cancer 1 (BRCA1) and mutL homolog 1 (MLH1) have 

been shown to affect splicing thereby inactivating their tumor-suppressor function (Tazi et 

al., 2009). For example, a nonsense mutation in the BRCA1 constitutive exon 18 gene 
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abrogates binding of SRSF1 to an ESE thereby causing exclusion of the exon (Liu et al., 

2001), while activation of a cryptic 3′ss due to AA to AG mutation adds a few nucleotides 

to BRCA1 mRNA, generating a truncated protein in a type of breast cancer (Hoffman et 

al., 1998).  

Thus mutations in cis-acting elements can affect splicing of a single gene and contribute 

to disease or cause variations in disease severity among individuals. 

1.4.2 Trans-acting mutations and alterations in expression 

Mutations occurring in genes encoding trans-acting splicing factors or alterations in their 

levels have a wide impact on the cell because they affect expression of many other genes. 

Such mutations affecting the expression or availability of splicing factors are linked with 

diseases such as retinitis pigmentosa, myotonic dystrophy, autism spectrum disorder and 

amyotrophic lateral sclerosis (Singh and Cooper, 2012; Ward and Cooper, 2010).  

Retinitis pigmentosa involves the progressive damage of retinal cells resulting in visual 

impairment. The autosonal dominant form of retinitis pigmentosa can occur due to 

mutations affecting general splicing factors such as pre-mRNA processing factor 3 

(PRPF3), pre-mRNA processing factor 8 (PRPF8) and pre-mRNA processing factor 31 

(PRPF31) that are components of the tri-snRNP U4/U6.U5 (Mordes et al., 2006).  

Myotonic dystrophy type 1 (DM1) which is the most prevalent form of myotonic 

dystrophy, is caused by expansion of a 3′ untranslated region CUG repeat of myotonic 

dystrophy protein kinase (DMPK) gene (Mahadevan et al., 1992). The long CUG repeats 

provide strong binding site for the splicing factor, muscleblind like splicing regulator 1 

(MBNL1). This causes its nuclear foci colocalization, exhausting nucleoplasmic MBNL1 

(Lin et al., 2006). The splicing regulator, CUG binding protein 1 (CUGBP1), is also up-

regulated due to DMPK CUG-repeat mediated protein kinase C-mediated 

hyperphosphorylation and stabilization of CUGBP1 (Kuyumcu-Martinez et al., 2007). 

Thus, disease pathogenesis such as myotonia and insulin resistance results from functional 

loss of MBNL1 and upregulation of CUGBP1, resulting in the perturbations in alternative 

splicing events in muscle and other tissues (Charlet et al., 2002; Cho and Tapscott, 2007). 
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Interestingly, MBNL1 and CUGBP1 have antagonistic effects on splicing which further 

adds to the alterations in splicing events (Cho and Tapscott, 2007). 

Most cancer-related splicing changes are caused due to alterations in levels of trans-acting 

splicing factors. Altered expression of splicing factors such as SRSF1, hnRNP A1, 

hnRNP H, RNA-binding protein 5 (RBM5), and RNA-binding protein 10 (RBM10) is 

known to cause aberrant splicing of pre-mRNA targets resulting in malignant phenotypes 

(Singh and Cooper, 2012). A well-known example is the up-regulation of SRSF1 that 

causes production of tumorigenic isoforms (Anczukow et al., 2012; Anczuków et al., 

2015; Ghigna et al., 2005; Karni et al., 2007). For example, SRSF1 overexpression 

promotes Recepteur d'Origine Nantais (RON) tyrosine kinase receptor pre-mRNA 

alternative splicing to produce a constitutively active RON∆11 isoform, which enhances 

cell metastasis, a phenotype of aggressive tumor cells (Ghigna et al., 2005). SRSF1 

overexpression also favors production of the isoforms of the ribosomal S6 kinase 1 (S6K1) 

and mitogen-activated protein kinase interacting serine/threonine kinase 2 (MNK2) 

kinases that have antiapoptotic and proliferative effects. Further SRSF1 overexpression 

promotes the generation of BIN1+12a isoform that impairs Myc binding and hence 

eliminates its tumor suppressor function (Karni et al., 2007). Thus even moderate 

variations in expression or levels of trans-acting factors can have significant effects on 

alternative splicing.  

1.4.3 Single nucleotide polymorphisms  

Similar to splicing cis-acting and trans-acting factor mutations that affect splicing, single 

nucleotide polymorphisms (SNPs) can also change splicing phenotype. A SNP can be 

defined as a variation in a single nucleotide of any gene, occurring in >1 % of at least one 

ethnic group (Cartegni et al., 2002). Any SNP located at the splice sites or positive or 

negative splicing regulatory elements can modulate splicing and have detrimental effects 

(Cartegni et al., 2002; Lu et al., 2012). It has been revealed that 21% of alternatively 

spliced transcripts emerge from allele-specific splicing (Nembaware et al., 2004) . Lately 

several studies have demonstrated SNPs to affect pre-mRNA splicing. For example, 

endoplasmic reticulum aminopeptidase 2 (ERAP2), which is a gene required for major 
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histocompatibility complex (MHC) class I antigen presentation contains a SNP (A to G) 

located at exon 10 5′ss. This activates a downstream cryptic splice site resulting in NMD 

of the mRNA and subsequent reduction in functional protein levels (Andrés et al., 2010). 

In individuals that are biallelic for the A to G SNP, there is less cleavage of antigenic 

peptides and reduced expression of MHC Class I at the surface of B cell. Similarly, a G to 

A SNP occurs in 2′-5′ oligoadenylate synthetase 1(OAS1), a gene responsible for innate 

immune reaction to viral infections. This SNP present at exon 7 3′ss promotes use of an 

internal 3′ss generating a protein with compromised activity (Bonnevie-Nielsen et al., 

2005). Hepatitis C virus patients are also affected by this SNP because patients harbouring 

the biallelic SNP respond sub-optimally to interferon treatment and develop liver fibrosis 

(El Awady et al., 2011).  

SNPs altering splicing have been also shown to be associated with cancer. For example, a 

G to A SNP in the cyclin D1 (CCND1) gene results in production of an alternative splice 

variant, which increases the risk of developing lung cancer (Gautschi et al., 2007). 

Furthermore, an intronic G to A SNP in a tumor suppressor gene encoding Kruppel-like 

factor 6 (KLF6), a member of Kruppel-like family of zinc finger transcription factors, 

results in the generation of three alternative splicing forms of KLF6. This SNP was found 

to be associated with increased prostate cancer risk in men (Narla et al., 2005).  

Thus SNPs affecting splicing could contribute to phenotypic heterogeneity in terms of 

disease susceptibility, disease severity or response to drug treatment (Wang and Cooper, 

2007) .  

1.5 Splicing and therapy 

Given the plethora of diseases caused due to improper splicing, studying the mechanisms 

of splicing regulation and the subsequent management of the diseases is of key relevance. 

Indeed, substantial progress has been made in therapies used to correct aberrant splicing 

defects, which include use of splice-switching anti-sense oligonucleotides (ASOs), small 

molecule compounds, modified snRNAs and trans-splicing (Havens et al., 2013).  
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ASOs which are of particular relevance in modulating BIM E3 splicing, are short 

oligonucleotides (~15-25 nt) that can hybridize to specific complementary regions of the 

pre-mRNA by Watson-Crick base-pairing. Splice-switching ASOs can redirect splicing 

by sterically blocking interactions of the splicing machinery with target pre-mRNA. 

Splice-switching ASOs binding splice sites can induce exon skipping. Splice-switching 

ASOs binding splicing enhancers or silencers can prevent association of trans-acting 

splicing factors and cause exon skipping or exon inclusion respectively (Bennett and 

Swayze, 2010). Clinical trial studies have established the success rates of splice-switching 

ASOs for Duchenne muscular dystrophy (DMD) (Mendell et al., 2013; Voit et al., 2014) 

and spinal muscular atrophy (SMA) (https://clinicaltrials.gov/ct2/show/NCT02386553).  

DMD is a neuromuscular disorder that results in muscle loss and death (Douglas and 

Wood, 2013). It occurs due to deletions and mutations within the dystrophin gene. 

Splicing of remaining exons disrupts the translational reading frame leading to loss of 

dystrophin function. ASOs binding specific exons have shown to promote skipping of 

those exons thereby rescuing the reading frame and enhancing expression of dystrophin 

protein (Hammond and Wood, 2011).  

Spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disease 

causing muscle loss and is one of the major hereditary causes of deaths in infants. It 

occurs due to mutations/deletions in the survival of motor neuron 1 (SMN1) alleles 

causing its loss of function (Lefebvre et al., 1995). SMN2, paralog of SMN1, fails to 

rescue SMN1 loss. This is because SMN2 contains a C to T substitution in the 6th 

nucleotide of exon 7 leading to its skipping and subsequent generation of a nonfunctional 

shortened protein (Lorson et al., 1999; Wirth, 2000). SMN1 is essential for snRNP 

assembly ubiquitously, however its deficiency mainly causes impairment of  motor 

neurons (Monani, 2005) . 

In SMA, various ASOs targeting SMN2 exon 7 and nearby intronic regions have been 

tested to promote exon 7 inclusion (Hua et al., 2007; Passini et al., 2011; Porensky et al., 

2011). The splice switching ASO ISIS-SMN-Rx which binds and blocks an ISS in SMN2 

intron 7 has caused increase in expression of full-length protein in cell culture and mouse 



                                  P a g e  | 19 
 

 

models and has shown promising improvements in reversing the SMA defects (Havens et 

al., 2013; Hua et al., 2008; Hua et al., 2010; Hua et al., 2011). Moreover, splice-switching 

ASOs for cancer against targets like B-cell lymphoma-X (BCL-X) and signal transducer 

and activator of transcription 3 (STAT3β) are in clinical trials (Bauman et al., 2010; 

Zammarchi et al., 2011). 

In my project, I studied the mechanisms of alternative splicing regulation of the 

proapoptotic factor BIM which is clinically relevant in the context of CML and EGFR 

NSCLC. In the below sections each of these concepts are introduced in detail. 

1.6 Apoptosis  

Apoptosis is a physiological process of programmed cell death that is critical for 

development, tissue homeostasis and defense mechanism in immune responses (Adams 

and Cory, 2007; Elmore, 2007). Therefore its deregulation underlies many diseases, 

including cancer, autoimmune and neurodegenerative disorders (Elmore, 2007; Strasser et 

al., 2000). The characteristic morphological changes associated with apoptosis are 

shrinking of cells, condensation of chromatin, blebbing of cell membrane, fragmentation 

of nucleus, and separation of cellular fragments into apoptotic bodies. Eventually, the 

apoptotic bodies are cleared by phagocytosis by macrophages or surrounding cells 

(Elmore, 2007; Yuan et al., 2003).  

The intrinsic or mitochondrial and the extrinsic pathway constitute the two key apoptotic 

pathways in mammals (Figure 1.6) (Adams and Cory, 2007; Klener et al., 2006), which 

are executed by a family of cysteine-dependent aspartate-directed proteases known as 

caspases(Adams and Cory, 2007). Cellular stress like radiation, growth factor deprivation, 

and cytotoxic drugs stimulate the intrinsic pathway (Strasser et al., 1995). The regulation 

of this pathway is achieved by the B-cell lymphoma 2 (BCL-2) protein family members. 

The activation of proapoptotic proteins BCL-2-associated X protein (BAX) and BCL-2 

homologous antagonist/killer (BAK) causes the discharge of mitochondrial apoptogenic 

molecules like cytochrome c due to mitochondrial outer membrane permeabilization. 

Cytochrome c binds to apoptosis protease-activating factor-1, and procaspase-9 (initiator 

caspase) into a multiprotein complex, called apoptosome, thus activating caspase-9 
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(Chipuk et al., 2010) . Caspase-9 in turn activates the effector caspases (i.e.caspases-3, 6 

and 7). The effector caspases ultimately cleave target substrates, activating DNases and 

mediating cell death. The extrinsic pathway begins when extracellular ligands of the 

tumor necrosis factor (TNF) receptor family bind to their receptors. This causes a final 

activation of the cascade of “effector caspases”, mediated by caspase-8 activation (Elmore, 

2007). Though the two pathways are independent, the intersection of the two pathways is 

found in few cell types (e.g. hepatocytes) whereby caspase-8 mediates cleavage and 

activation of BH3 interacting-domain death agonist (BID) to truncated BID (tBID). This 

triggers effector caspases to be activated through the mitochondrial pathway (Figure 1.6) 

(Adams and Cory, 2007; Youle and Strasser, 2008). 

 

Figure 1.6 Schematic of apoptotic signaling pathways  

Apoptosis is triggered by ligands of the tumor necrosis factor family binding to their 

respective receptors (extrinsic pathway) or by cellular stress (intrinsic pathway). In the 

extrinsic pathway, there is direct activation of caspase-8. The intrinsic pathway involves 

cytochrome c release and caspase-9 activation upon BAK/BAX activation. Both pathways 

lead to activation of the effector caspases (caspase-3,6,7). In few cell types such as 

hepatocytes, intersection of the intrinsic and extrinsic pathways is observed. Image is 

adapted from Adams and Cory, 2007.                                                                                                                             
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1.7 BCL-2 protein family  

The BCL-2 protein family members contain up to four BCL-2 homology (BH) domains 

(BH1 to BH4) which are conserved motifs (Adams and Cory, 1998). Based on the 

differences in structure and function, they can be grouped into three subfamilies and to 

date, up to 30 members of this family have been isolated (Chipuk et al., 2010; Tzifi et al., 

2011). The pro-survival or antiapoptotic subfamily includes BCL-2, B-cell lymphoma-

extra-large (BCL-xL), and myeloid cell leukemia sequence 1 (MCL-1) proteins, which 

contain all four conserved BH domains. The proapoptotic proteins include: (1) the 

multidomain members, such as BAX and BAK protein containing BH 1–3 domains and (2) 

the “BH3-only” proteins, such as BCL-2-interacting mediator of cell death (BIM) and, 

p53 upregulated modulator of apoptosis (PUMA) which contain only the BH3 domain 

(Packham and Stevenson, 2005). The BH3 domain is the essential domain responsible for 

cell death in the proapoptotic members as observed by mutagenesis and deletion studies 

(Gross et al., 1999). 

There are two proposed models that describe the role of BH3-only proteins in the intrinsic 

apoptotic pathway. The “direct activation model”, involves cooperation between 

activators and sensitizers of the BH3-only proteins. Activators include BH3-only proteins 

(BIM, BID) that upon binding to BAK/BAX, cause their activation. While the sensitizers 

include other BH3-only proteins such as BCL-2-associated death promoter (BAD), BCL-

2-interacting killer (BIK) and Phorbol-12-myristate-13-acetate-induced protein 1 (NOXA), 

that bind to the antiapoptotic BCL-2 proteins. This releases any activator proteins bound 

to the antiapoptotic BCL-2 proteins, permitting them to directly activate BAX and BAK. 

The “indirect activation model” suggests that all BH3-only proteins engage with the 

antiapoptotic BCL-2 proteins, thus preventing them from inhibiting BAK/BAX activation 

(Adams and Cory, 2007; Kang and Reynolds, 2009). Once activated, BAX and BAK 

oligomerize causing mitochondrial outer membrane permeabilization (Chipuk et al., 2010). 

This leads to release of cytochrome c from the mitochondria and subsequent activation of 

caspases resulting in apoptotic cell death (Figure 1.6) (Chipuk et al., 2010; Tzifi et al., 

2011). Thus tissue homeostasis is maintained by the delicate balance between the levels of 

proapoptotic and antiapoptotic BCL-2 proteins and either upregulation of antiapoptotic 
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members or downregulation of proapoptotic members can be oncogenic (Adams and Cory, 

2007). For example, BCL-2 was first found to be upregulated in follicular B-cell 

lymphoma (Bakhshi et al., 1985). Subsequently, over-expressed BCL-2 and MCL-1 have 

been implicated in a number of other cancers (Dewson and Kluck, 2010), rendering tumor 

cells resistant to apoptotic stimuli, including most chemotherapeutics (Reed, 2003). 

Recently, drugs specifically targeting the BCL-2 protein family for the treatment of 

malignancies are being developed as they have shown considerable potential (Dewson and 

Kluck, 2010). Among the BCL-2 family members, the proapoptotic protein, BIM has 

garnered special attention as a potent target for cancer-based therapy, due to its tumor 

suppressor role (Akiyama et al., 2009).  

1.8 BIM 

BIM also known as BCL2-like 11 or BCL2L11is a BH3-only protein that was first 

identified by O′Connor et al in 1998, while screening a bacteriophage λ cDNA expression 

library for BCL-2 binding proteins (O'Connor et al., 1998). Later in the same year mouse 

BIM was discovered while screening an ovarian cDNA library using MCL1 as bait via a 

yeast two-hybrid approach (Hsu et al., 1998). 

BIM contains the short (nine amino acid) BH3 motif present in all Bcl-2 family members. 

The BH3 domain in BIM has the proapoptotic activity, as lack of BH3 domain was found 

to prevent cell death (O'Connor et al., 1998). In mammalian cells, BIM binds to all the 

antiapoptotic proteins of the BCL-2 family by inserting its BH3 domain into the 

hydrophobic groove of the antiapoptotic members, making it highly cytotoxic (Willis and 

Adams, 2005). Moreover, BIM can directly interact with BAK and BAX, to cause 

mitochondrial outer membrane permeabilization (Youle and Strasser, 2008). Like BCL-2, 

a hydrophobic C-terminus in BIM targets it to intracytoplasmic membranes (O'Connor et 

al., 1998). The expression of BIM has been found in tissues such as brain, lung, trachea, 

heart, liver, kidney, thymus, spleen, testis and ovary but most highly in cells of 

hematopoietic origin (O'Reilly et al., 2000).  
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1.8.1  Gene structure and isoforms 

In humans, BIM is located at chromosome 2q13 (Bouillet et al., 2001). The BIM gene 

contains five exons (Figure 1.7A). Exon 2A (E2A) contains the start codon while exon 3 

(E3) and exon 5 (E5) both contain an in-frame stop codon and polyadenylation signal 

(PAS) for the 3′-end formation of mature mRNA (Figure 1.7A) (Ng et al., 2012). 

Alternative splicing of the BIM pre-mRNA generates different mRNA isoforms, and to 

date, at least 12 splice variants have been identified in humans in different cell types 

(Adachi et al., 2005). However, the three major splice variants are BIMEL, BIML and 

BIMS (O'Connor et al., 1998) which contain the BH3 domain encoding E4 (Figure 1.7B). 

BIMEL and BIML are more prevalent in tissues, whereas BIMS is less prevalent (Bouillet 

et al., 2001). The three isoforms differ in their proapoptotic activity, the shortest BIMS 

being the most potent (O'Connor et al., 1998). This is because of association of the less 

potent forms, BIML and BIMEL but not BIMS to the cytoskeletal dynein light chain, LC8. 

The dynein binding domain (DBD) is encoded by Exon 2C which is present in BIMEL 

and BIML, but not BIMS (Figure 1.7B). Only when triggered by an apoptotic signal, there 

is release of BIML and BIMEL from microtubules to inhibit BCL-2 (Puthalakath et al., 

1999) while BIMS directly interacts with the proapoptotic BAX (Marani et al., 2002). 

Apart from these transcripts, two other transcripts that have gained attention are BIMγ1 

and BIMγ2. These transcripts are produced as a result of inclusion of the alternative E3. 

E3 is a terminal exon because it lacks a 5′ss to undergo splicing with E4 and has its own 

polyA signal. As a result, BIMγ1 and BIMγ2 lack the proapoptotic BH3 domain (encoded 

by E4) and hence cannot activate the intrinsic apoptotic-pathway (Anczukow et al., 2012; 

Ng et al., 2012).  
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Figure 1.7 Schematic of BIM gene structure and transcripts. 

 (A) BIM comprises five exons (E1, E2, E3, E4, and 5). E2A contains the translational 

start codon, while E3 and E5, both contain PolyA signal and stop codon. A dynein 

binding domain (DBD) is encoded by E2C. E4 contains the proapoptotic BH3 domain 

while E5 contains a hydrophobic domain. (B) Alternative splicing can give rise to 

different BIM isoforms (BIMEL, BIML, BIMS and BIMγ1 and BIMγ2). Abbreviations: E, 

exon; PAS, polyadenylation signal (Ng et al., 2012). Image is adapted from Ng et al., 

2012. 

 

1.8.2 Physiological roles and implication in cancer-based therapy 

Most of the physiological functions of BIM have been elucidated in mice by gene-

targeting experiments. Firstly, BIM plays a critical role in hematopoietic homeostasis as 

BIM was found to provoke apoptosis of lymphocytes upon stimuli such as calcium ion 

flux and deprivation of cytokines. Moreover, BIM deficient mice showed accumulation of 

lymphoid and myeloid cells (Bouillet et al., 1999). Homeostasis of naive and memory T 

cells is regulated by BIM (Wojciechowski et al., 2007) and apoptosis of antibody-forming 

cells and memory B cells (Fischer et al., 2007) is governed by BIM. Besides, BIM 

contributes to prevention of autoimmunity by mediating death of autoreactive T cells 
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(Bouillet et al., 2002) and B cells (Enders et al., 2003) as well as terminating immune 

reactions after clearance of infections (Hildeman et al., 2002; Pellegrini et al., 2003) .  

Given the functional significance of BIM, its deficiency could lead to autoimmune 

disorders or malignancies (Pinon et al., 2008). Indeed BIM deficient mice developed a 

fatal autoimmune kidney disease, resembling systemic lupus erythematosus in human 

(Bouillet et al., 1999). BIM’s role as a tumor suppressor is beginning to be understood and 

was first demonstrated in Eu-myc mice, whereby deletion of a single Bim allele 

augmented the progression to acute B-cell-leukemia (Egle et al., 2004). In Burkitt′s 

lymphomas the BIM gene was found to be inactivated by enhanced methylation of 

promoter regions (Mestre-Escorihuela et al., 2007) and in mantle cell lymphomas biallelic 

loss of BIM gene was observed (Tagawa et al., 2004). 

Given its role as a tumor suppressor, BIM has been in the spotlight as a plausible target in 

many cancer-based therapies (Akiyama et al., 2009). For instance, BIM expression is 

essential for inducing apoptosis by glucocorticoids in acute lymphocytic leukemia 

(Bouillet et al., 1999) and paclitaxel in lymphocytes and epithelial tumor cells (Bouillet et 

al., 1999; Tan et al.). Proteasome inhibitors such as the boronic anhydride bortezomib 

(Velcade) activate BIM indirectly by upregulating NOXA which in turn causes 

displacement of BIM from MCL1. Free BIM then activates BAK/BAX to cause apoptosis 

in multiple myeloma (Gomez-Bougie et al., 2007). Bortezomib also causes apoptosis in 

prostate and colon cancer cells by death receptor ligand Trail mediated BIM activation 

(Nikrad et al., 2005). Histone deacetylase inhibitors also mediate their lethal effects by 

upregulating BIM. For example the epigenetic inactivation of BIM was reversed by 

histone deacetylase inhibitor which in turn sensitized Burkitt′s lymphoma cells to many 

chemotherapeutic agents (Richter-Larrea et al., 2010). Vorinostat, a histone deacetylase 

inhibitor was shown to enhance BIM expression, among many other BH3-only proteins 

by facilitating acetylation of the promoter sequences in mantle cell lymphomas (Xargay-

Torrent et al., 2011).  

Importantly, BIM has a crucial function in mediating apoptosis in many tyrosine kinase 

inhibitor (TKI) based therapies. For example, the TKI, imatinib upregulates BIM in CML 
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(Aichberger et al., 2005; Kuribara et al., 2004; Kuroda et al., 2006) while the TKI, 

gefitinib upregulates BIM in EGFR NSCLC (Costa et al., 2007). The upregulation of BIM 

is achieved by transcriptional as well as post-translational mechanisms (Essafi et al., 2005; 

Ley et al., 2003; Luciano et al., 2003). Transcriptional upregulation of BIM is driven by 

the Forkhead box O3 (FOXO3A) transcription factor which is activated due to shutdown 

of Phosphatidylinositol 3-kinase (PI3K) Akt signaling (Essafi et al., 2005). The post-

translational upregulation of BIM is mediated by inhibition of extracellular-signal-

regulated kinase (ERK), which phosphorylates BIM, thus targeting it for ubiquitination 

and proteasomal degradation (Ley et al., 2003; Luciano et al., 2003).  

1.9 Chronic myeloid leukemia (CML) 

CML is a myeloproliferative disorder resulting from the neoplasm of hematopoietic stem 

cells (Garcia-Manero et al., 2003; Ren, 2005). Most CML patients (more than 90%) 

exhibit the characteristic Philadelphia chromosome (Figure 1.8) (An et al., 2010; Epstein 

et al., 1999). Discovered in 1960 by Nowell and Hungerford, the Philadelphia 

chromosome was the first ever chromosomal aberration to be linked to a malignant 

disease (Nowell, 1960). Subsequently Rowley and colleagues showed that the 

Philadelphia chromosome resulted from a reciprocal translocation between the long arms 

of chromosomes 9 and 22 t(9;22)(q34;q11) (Rowley, 1973) and a decade later this 

translocation was found to involve Abelson murine leukemia viral oncogene homolog 

(ABL) on chromosome 9 (Bartram et al., 1983) and the breakpoint cluster region (BCR) 

gene on chromosome 22 (Groffen et al., 1984) (Figure 1.8). This fusion gene was first 

demonstrated to be a potent oncogene when murine recipients of BCR-ABL retrovirus-

transduced bone marrow manifested a CML-like disease (Daley et al., 1990).   
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Figure 1.8 Schematic of Philadelphia chromosome 

Reciprocal translocation between parts of chromosome 9 and chromosome 22 generates 

BCR-ABL fusion gene encoding the BCR-ABL oncoprotein. Image is modified from 

Lydon et al., 2009. 

 

1.9.1 BCR-ABL protein isoforms 

Patients can have various BCR-ABL isoforms, depending on the translocation breakpoints 

and alternative pre-mRNA splicing (Ren, 2005). In the ABL gene, breakpoints can occur 

either upstream of alternative exon Ib, downstream of the alternative exon Ia, or, more 

commonly between the two. However due to splicing, the final hybrid mRNA contains 

exon a2 (Figure 1.9). Three different breakpoints in the BCR gene: major (M-bcr), minor 

(m-BCR) and micro (µ-bcr) generate BCR-ABL fusion proteins with different molecular 

weights (Deininger et al., 2000; Quintás-Cardama and Cortes, 2009). 

The breakpoints within BCR occurring between exons e12-e16 (also called b1-b5) are 

referred to as the major breakpoint cluster region (M-bcr). The breakpoint at this region 

gives rise to fusion transcripts with either b2a2 (e13a2) or b3a2 (e14a2) junctions that are 

translated to a 210 kDa protein (p210BCR-ABL). The breakpoint in the minor breakpoint 

cluster region (m-bcr) between the alternative BCR exons e2′ and e2, results in a fusion 

transcript named e1a2, which is translated to a 190 kDa protein, (p190BCR-ABL). The 

third breakpoint cluster region (µ-bcr) downstream of exon 19, results in fusion transcript 
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e19a2 that gives rise to a 230 kDa protein (p230BCR-ABL) (Figure 1.9) (Deininger et al., 

2000; Quintás-Cardama and Cortes, 2009). Out of these fusion proteins, the p210 is 

typical of CML (95 % of patients) while the p190 and p230 are more commonly 

associated with acute lymphoblastic leukemia (ALL) and chronic neutrophilic leukemia 

(CNL) respectively. 

 

Figure 1.9 ABL and BCR breakpoint locations and respective fusion mRNA isoforms 

The breakpoints in ABL can occur upstream of exon Ib, downstream of exon Ia, or, more 

frequently between the two. Nevertheless, the chimeric mRNA transcripts contain exon a2 

due to splicing. The breakpoints within BCR can occur between i) alternative exons e2′ 

and e2 (m-bcr), resulting in a fusion transcript e1a2 ii) exons e12-e16 (M-bcr) generating 

either b2a2 (e13a2) or b3a2 (e14a2) fusion transcripts (iii) downstream of exon 19 (µ-bcr) 

generating fusion transcript e19a2. Image is adapted from Deininger et al, 2000. 

 

1.9.2 BCR-ABL signaling 

ABL proteins are nonreceptor tyrosine kinases with two isoforms that can travel between 

the nucleus and cytoplasm. In the nucleus, ABL is involved in regulation of the cell cycle 

and in genotoxicity and in the cytoplasm it is involved in signal transduction and 
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cytoskeletal molding (Kurzrock et al., 2003). The N-terminus of ABL contains three SH 

domains: SH3, SH2 and SH1. The SH1 domain harbors the tyrosine kinase function, 

whereas the SH2 domain binds to phosphotyrosine residues and the SH3 domain binds to 

proline-rich (PxxP) motifs and negatively regulates ABL tyrosine kinase activity. 

Downstream there are three proline-rich sequences which can interact with SH3-

containing proteins such as Crk. The C-terminal part of ABL contains a DNA-binding 

domain, nuclear localization signals, and a binding site for actin (Deininger et al., 2000; 

Epstein et al., 1999; Quintás-Cardama and Cortes, 2009). The BCR protein also is found 

in both, the cytoplasm and nucleus and is involved in two major signaling pathways: (i) 

phosphorylation and (ii) guanosine triphosphate (GTP) binding. The N-terminus of Bcr 

contains a coiled-coil oligomerization domain, followed by a SH2 binding domain. Other 

downstream domains include a serine/threonine kinase domain, a Rho guanine nucleotide 

exchange factor (Rho-GEF) domain, a pleckstrin homology domain (PH domain), a 

calcium dependent lipid binding (CaLB) domain and a Rac GTPase activating protein 

(Rac-GAP) domain (Deininger et al., 2000; Kurzrock et al., 2003; Quintás-Cardama and 

Cortes, 2009) . 

The usually controlled tyrosine kinase activity of the ABL protein is constitutively 

activated when ABL is fused with BCR regions. This is because (i) BCR inhibits the 

adjacent ABL SH3 kinase regulatory domain, and (ii) a coiled coil domain in the BCR 

promotes dimerization and trans-autophosphorylation. The subsequent increase in the 

phosphorylated tyrosine residues on BCR-ABL provides binding regions for the SH2 

domains of other proteins (Cilloni and Saglio, 2012; Epstein et al., 1999). The BCR–ABL 

oncoprotein activates signal transduction pathways such as RAS/mitogen-activated 

protein kinase (MAPK), phosphatidylinositol 3-kinase (PI-3K), janus kinase-signal 

transducers and activators of transcription (JAK-STAT) and Src (Salesse and Verfaillie, 

2002). The activation of these pathways promotes cell proliferation, inhibits apoptosis and 

reduces cellular adhesion (Deininger et al., 2000; Thielen et al., 2011). Importantly, a 

tyrosine at position 177 in BCR is essential for the binding of adaptor proteins such as 

growth factor receptor-bound protein (Goldman and Melo, 2003). Growth factor receptor-

bound protein 2 (GRB2) binds to son of sevenless (SOS) and Grb2 associated binding 

protein 2 (GAB2) and the formation of GRB2/GAB2/SOS complex causes activation of 
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RAS and recruitment of PI3K. RAS in turn activates downstream MAPK which causes 

uncontrolled cell proliferation. PI3K activates the serine-threonine kinase AKT, which in 

turn prevents apoptosis by inhibiting forkhead O (FOXO) transcription factors and 

stimulates cell proliferation by inducing p27 proteasomal degradation and mammalian 

target of rapamycin (mTOR) activation. Additionally direct phosphorylation of signal 

transducer and activator of transcription 5 (STAT5) by or indirect phosphorylation by 

HCK or janus kinase 2 (JAK2) inhibits apoptosis by causing up-regulation of 

antiapoptotic BCL-xL. In addition, CML cells show reduced adhesion to their bone 

marrow microenvironment resulting in enhanced proliferation (Cilloni and Saglio, 2012; 

O'Hare et al., 2011).  

1.9.3 Clinical features of CML 

CML accounts for 15% of all cases of newly diagnosed leukemia in adults and has an 

annual incidence of 1–2 cases per 100,000 adults (Jabbour and Kantarjian, 2014). CML is 

a triphasic disease that begins with a chronic phase and progresses to a terminal blast 

phase, through an intermediate accelerated phase (Rana et al., 2011). In the chronic phase 

(CP) of CML which lasts for 3-4 years (Ren, 2005), the massive proliferation of myeloid 

progenitors causes an increase in granulocytes in peripheral blood (Vigneri and Wang, 

2001). Most CML patients are diagnosed in the chronic phase. Symptoms include 

splenomegaly, anemia, lethargy and weight loss. However, half of the patients do not 

manifest the symptoms and are diagnosed by a blood test for other reasons (Perrotti et al., 

2010). CML is diagnosed by the visualization of Philadelphia chromosome by 

cytogenetics or BCR-ABL fusion oncogene by fluorescent in situ hybridization (FISH), or 

detection of BCR-ABL mRNA with quantitative reverse-transcription polymerase chain 

reaction (qRT-PCR) (Deininger and Druker, 2003; Jabbour and Kantarjian, 2014). The 

disease inevitably progresses into an accelerated phase and eventually to a fatal blast crisis 

in several weeks or months if left untreated or due to treatment resistance (Smith et al., 

2003; Thielen et al., 2011). In the blast phase, there is rapid overproduction of immature 

myeloid blast cells (in two thirds of patients) and immature lymphoid blast cells (in one 

third of patients) which overcome the bone marrow space and lose the ability to 

differentiate (Kurzrock et al., 2003; Savona and Talpaz, 2008; Thielen et al., 2011). Most 
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patients acquire additional cytogenetic abnormalities while progressing into blast phase 

and the median survival is six months (Perrotti et al., 2010). Hence treatment is necessary 

in the chronic phase.  

1.9.4 CML treatment 

The standard treatment for CML includes imatinib (also known as “Gleevec” or “Glivec”), 

a tyrosine kinase inhibitor, which has revolutionized the treatment of CML by converting 

a fatal cancer into a chronic illness. Approved in 2001, imatinib has markedly improved 

response rates, overall survival, and patient outcomes in CML patients, compared to prior 

therapeutic options (An et al., 2010) such as spleen irradiation, hydroxycarbamide and 

busulfan or interferon-alpha. Before the advent of imatinib, only Interferon-alpha was able 

to induce cytogenetic responses (≤35% Ph-positive metaphases) in around 20% of patients. 

Allogenic stem cell transplantation was another potential alternative, but only in few 

patients due to age limits and donor availability (Thielen et al., 2011). The eight-year IRIS 

study (International Randomized Study of Interferon and STI571) of newly diagnosed 

patients with chronic phase CML treated with imatinib reported a complete cytogenetic 

response rate of 83% and an estimated overall survival (OS) of 93% when only CML-

related deaths were considered (Deininger, 2009) .  

Imatinib competes with ATP for its binding site in the tyrosine kinase domain of BCR-

ABL, locking it in a non-ATP-binding closed state (Figure 1.10) (Savage and Antman, 

2002). This prevents tyrosine trans-autophosphorylation and activation of downstream 

pathways that trigger oncogenesis (Melo and Chuah, 2008). Imatinib only induces 

apoptosis of hematopoietic cells expressing BCR-ABL without affecting normal cells due 

to its specificity for BCR-ABL. Side effects related to the use of imatinib are relatively 

well tolerated which include muscle cramps, edema, and diarrhoea (von Bubnoff and 

Duyster, 2010).  

Although imatinib has revolutionized the treatment of CML, primary/intrinsic resistance 

(inability to achieve hematological or cytogenetic response within a given time period) or 

secondary resistance (loss of previously achieved hematological or cytogenetic responses) 

could arise (von Bubnoff and Duyster, 2010). Secondary resistance can be caused due to 
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BCR-ABL gene amplification or point mutations in the ABL kinase domain. Point 

mutations can occur in the kinase domain or can change the BCR-ABL conformation to 

the active form, preventing imatinib binding. More than 100 different BCR-ABL point 

mutations have been identified of which the T315I mutations occurring in the P-loop are 

the most common ones (Bhamidipati et al., 2013). Indeed second-generation TKIs such as 

dasatinib and nilotinib have been approved for patients showing resistance to imatinib due 

to point mutations. The effects of BCR-ABL gene amplification can be overcome by dose 

escalation. However the reasons underlying intrinsic resistance were not well defined until 

very recently and they still demand intensive characterization (Zhang et al., 2009). 

 

 

Figure 1.10 Schematic showing imatinib mechanism of action 

Imatinib binds the ATP binding site of the BCR-ABL tyrosine kinase domain thereby 

preventing activation of downstream pathways. Image is adapted from Savage et al., 2002. 

 

1.10 EGFR NSCLC 

Lung cancer leads to the largest number of cancer deaths in the world and more than 85% 

of lung cancer cases comprise of NSCLC (Chen et al., 2014). In a subset of NSCLC 

patients (30% East Asians and 10% North Americans and Western Europeans), activating 
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EGFR mutations within the kinase domain of EGFR are observed (Bell et al., 2005; 

Shigematsu et al., 2005). These mutations occur more commonly in females compared to 

males and in non-smokers compared to smokers (Midha et al., 2015; Rosell et al., 2009) .  

Most of the activating EGFR mutations comprise small in-frame deletions in exon 19 and 

exon 21 point mutations (L858R) that occur around the ATP-binding pocket of the EGFR 

tyrosine kinase domain. (Rosell et al., 2009). These “activating mutations” cause ligand-

independent increased tyrosine kinase activation by destabilizing the normally 

autoinhibited conformation (in absence of ligand) of the domain (Yun et al., 2007). This 

leads to activation of downstream AKT and STAT pathways, which confer oncogenic 

properties (Sordella et al., 2004). 

The activating EGFR mutations are sensitive to the TKIs gefitinib and erlotinib (Paez et 

al., 2004) (Lynch et al., 2004) (Pao et al., 2004). These TKIs reversibly bind to the 

tyrosine kinase domain of EGFR (Antonicelli et al., 2013; Soria et al., 2012). Around 

25 %- 30% of EGFR-NSCLC patients show primary or intrinsic resistance to EGFR-TKIs 

i.e. they fail to respond to TKIs for which the mechanisms are not well characterized 

(Mitsudomi and Yatabe, 2007). In many patients who are initially sensitive to TKI 

treatment, at some point develop EGFR-TKI acquired resistance. For example, in more 

than 50% of patients developing acquired resistance, a gatekeeper second-site mutation 

(T790M) occurs in EGFR (Pao et al., 2005). Other causes of acquired resistance include: 

amplification of MET proto-oncogene amplification, epithelial-to-mesenchymal transition 

and transformation to small-cell lung cancer (Sequist et al., 2011; Yano et al., 2008). In 

patients developing acquired resistance to EGFR-TKIs, new generation EGFR-TKIs and 

EGFR-TKI in combination with MET-TKI have been tested (Pao and Chmielecki, 2010). 

1.11 Primary TKI resistance in East Asian CML and EGFR NSCLC patients 

Despite the high success rates of targeted therapies in cancers, such as TKIs, there is a 

high degree of heterogeneity in patient responses such as variations in initial response to 

treatment, response durations and overall survival (Gazdar, 2009; Sequist et al., 2007; 

Sharma et al., 2007). The importance of BIM activation in sensitizing these cancers to 

TKI-based therapies, suggests that the expression levels of BIM is a major contributor to 
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heterogeneity in patient responses. However the reasons underlying the differences in 

BIM expression remain poorly understood (Faber et al., 2011). Genomic polymorphisms 

have been known to contribute to differences in patient responses to cancer therapeutics, 

but have not been researched in the field of TKI-based cancer therapies (Feero et al., 

2011).  

In an attempt to identify the basis for sub-optimal response to TKIs, our collaborators at 

Duke-Nus, Dr. Ong Sin Tiong and his team recently found that a 2.9 kb deletion in BIM 

gene intron 2 was associated to intrinsic TKI resistance, in CML and EGFR NSCLC 

which are cancers caused by kinase activation. They found a strong correlation between 

this deletion polymorphism and TKI resistance not only in CML patients, but intrinsic 

TKI resistance was also observed when the polymorphism was introduced into CML and 

EGFR NSCLC cell lines that are TKI-sensitive. Interestingly, the deletion polymorphism 

was found to occur at a frequency of 12.3% in healthy East Asian populations and was 

completely absent in African and European populations. Analysis of BIM splicing from 

minigene and endogenous transcripts was done using CML and EGFR NSCLC cell lines. 

The analyses revealed that the 2.9 kb deletion in intron 2 altered the splicing pattern of the 

BIM pre-mRNA such that it favored inclusion of E3 over E4. This gave rise to 

proapoptotic BH3 domain (encoded by E4) lacking BIM isoforms. Consequently, 

individuals with the polymorphism had primary resistance to TKI as polymorphism-

containing cells were unable to fully induce apoptosis following TKI treatment. Thus Dr. 

Ong Sin Tiong and his team speculated that the 2.9 kb intronic fragment contained 

silencer elements that repress BIM E3 inclusion (Ng et al., 2012). Indeed the silencer 

elements have been narrowed down to a 322-nt region of which a 23-nt ISS at the 3′ end 

was found to be imperative (Juan et al., 2014). Subsequent studies by other groups also 

found a correlation between the BIM 2.9 kb deletion polymorphism and sub-optimal 

responses to TKI in TKI treated cancer patients (Isobe et al., 2014; Ying et al., 2015; Zhao 

et al., 2014). However two South Korean centers did not show a correlation between the 

polymorphism and TKI resistance (Lee et al., 2013; Lee et al., 2015), suggesting that 

genomic variations apart from the 2.9kb polymorphism could also contribute to TKI 

resistance.  
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1.12 Rationale of project 

The discovery of the BIM deletion polymorphism has opened possibilities of identifying 

the patients at risk of inferior TKI responses, thus personalizing therapy to circumvent 

TKI resistance in these patients. A promising therapeutic would be the use of splice-

switching ASOs that switch splicing from E3 to E4 and restore production of functional 

BIM. In this project I intended to characterize cis-acting elements regulating BIM E3 

splicing. This included identification of enhancers and silencers in E3 and upstream 

intronic region after the 2.9 kb fragment with a focus on enhancers as they are potential 

targets for splice-switching ASOs. Identification of potential trans-acting factors 

promoting BIM Exon 3 inclusion was another area of research as these factors could be 

oncogenic biomarkers. Furthermore, in an attempt to find sequence polymorphisms apart 

from the 2.9 Kb fragment that could affect TKI resistance, I studied the effect of 

annotated SNPs on E3 splicing. Lately a growing number of studies have shown SNPs to 

modulate pre-mRNA splicing. A recent study found a SNP in E4 that led to drug 

resistance and shorter overall survival in acute lymphoblastic leukemia patients (Gagné et 

al., 2013). I looked for SNPs in E3 and upstream intronic region that could alter E3 

inclusion possibly affecting TKI responses. Identification of SNPs associated with TKI 

resistance could be beneficial as these SNPs could be used as biomarkers for predicting 

risk of TKI resistance. Accordingly treatment could be personalized for these patients. 

 

1.13 Objectives 

The objectives of my project are to (i) identify cis-acting splicing elements in BIM E3 and 

upstream intronic region as mapping of splicing enhancers could reveal potential targets 

for antisense oligonucleotides (ASOs), (ii) identify potential trans-acting factors acting 

through enhancers, and (iii) study the effects of SNPs on E3 splicing and TKI response in 

order to identify biomarkers for TKI resistance.  
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2 MATERIALS AND METHODS                                                                                                                                                                                                                            

2.1 Cell culture 

K562 CML cell line, lacking the BIM deletion polymorphism was maintained in Roswell 

Park Memorial Institute 1640 (RPMI-1640) medium (Hyclone, USA) supplemented with 

10% Fetal Bovine Serum (FBS; Gibco, USA), and 100 U/ml Penicillin and 100 µg/ml 

Streptomycin (Gibco, USA). The cells were incubated at 37°C, and 5% CO2. 

CRISPR/Cas9-edited K562 cells were generated and maintained in RPMI-1640 medium 

supplemented with 20% FBS and 100 U/ml Penicillin and 100 µg/ml Streptomycin and 

incubated at 37°C, and 5% CO2. 

2.2 Plasmids 

2.2.1 Generation of mutant plasmids for BIM Δ10 and Δ11 minigenes 

Mutant plasmids were made in the context of both BIM Δ10 and Δ11 minigenes, using 

specific primers and KAPA HiFi DNA polymerase (KAPA Biosystems, USA), in 

accordance with manufacturer′s instructions. The Δ10 and Δ11 minigenes were kindly 

provided to us by our collaborator, Dr. Ong Sin Tiong. These are chimeric constructs 

containing adenovirus first exon (U) followed by E3 and flanking intronic sequences, and 

E4 and upstream intronic sequence. E4 is fused with adenovirus exonic sequence D, 

which has a PAS. The Δ10 minigene contains only the 322 nt fragment at the 3′ end of the 

2.9 kb polymorphic region, which is sufficient to suppress E3 splicing while Δ11 has the 

322-nt fragment removed (Juan et al., 2014; Ng et al., 2012). Serial deletions and 

staggered deletions of 10 nt each were generated in BIM E3 (220 nt) and upstream 106 nt 

intronic region (downstream of the 2.9 kb polymorphic region). Specific primers were 

used which contained the flanking regions of deleted nucleotides, as shown in Table 2.1, 

Table 2.2, Table 2.3, and Table 2.4 respectively. PolyU tract lengths at 3′ss of BIM E3 

were varied using specific primers, as stated in Table 2.5. Point mutations in enhancer 

sequences of BIM E3 were introduced using specific primers, as shown in Table 2.6. 

SNPs in BIM E3 and upstream intronic regions were introduced using specific primers, 

shown in Table 2.7. All the DNA primers were ordered from IDT, USA. Reactions were 
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performed using the PCR mutagenesis conditions as depicted in Table 2.8. Total PCR 

products were treated with 20 U DpnI (New England Biolabs, USA) to remove 

methylated PCR templates followed by transformation of chemically competent E. coli 

DH5α with 4 µl PCR products. 

Table 2.1 Primers for generation of serial deletions in BIM E3 

Plasmid Forward Primer Reverse Primer 

D1 CCAACACTTTTTTTTTTTTTTA

ACAGTAAGGATATAGGTGATCT

TTCACT 

AGTGAAAGATCACCTATATCCT

TACTGTTAAAAAAAAAAAAAAG

TGTTGG 

D2 TAACAGTAGTCATCCTAGTGAT

CTTTCACTGTGCTTTGG 

GCACAGTGAAAGATCACTAGGA

TGACTACTGTTAAAAAAAAAAA

AAAGTG 

D3 GTAGTCATCCTAGAGGATATAG

GCTGTGCTTTGGATTTATATTT

ACTG 

CAGTAAATATAAATCCAAAGCA

CAGCCTATATCCTCTAGGATGA

CTAC 

D4 GGATATAGGTGATCTTTCAGAT

TTATATTTACTGGCTTAGATTT

GTATGG 

CTAAGCCAGTAAATATAAATCT

GAAAGATCACCTATATCCTCTA

GG 

D5 GGTGATCTTTCACTGTGCTTTG

TACTGGCTTAGATTTGTATGGC

C 

CCATACAAATCTAAGCCAGTAC

AAAGCACAGTGAAAGATCACCT

ATATC 

D6 CTTTCACTGTGCTTTGGATTTA

TATTGATTTGTATGGCCACCAC

C 

GGTGGTGGCCATACAAATCAAT

ATAAATCCAAAGCACAGTGAAA

G 

D7 GTGCTTTGGATTTATATTTACT

GGCTTAGCCACCACCATAGTCA

AGATAC 

GTATCTTGACTATGGTGGTGGC

TAAGCCAGTAAATATAAATCCA

AAGCAC 

D8 CTGGCTTAGATTTGTATGTAGT

CAAGATACAGAACAACTCAAC 

GGATTTATATTTACTGGCTTAG

ATTTGTATGTAGTCAAGATACA

GAAC 
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D9 GATTTGTATGGCCACCACCAAC

AGAACAACTCAACCACAAGG 

CCTTGTGGTTGAGTTGTTCTGT

TGGTGGTGGCCATACAAATC 

D10 GCCACCACCATAGTCAAGATTC

AACCACAAGGATTTCTCATG 

CATGAGAAATCCTTGTGGTTGA

ATCTTGACTATGGTGGTGGC 

D11 CCATAGTCAAGATACAGAACAA

CGGATTTCTCATGATACCTTTT

TATAGC 

GCTATAAAAAGGTATCATGAGA

AATCCGTTGTTCTGTATCTTGA

CTATGG 

D12 CAGAACAACTCAACCACAATGA

TACCTTTTTATAGCCACAG 

CTGTGGCTATAAAAAGGTATCA

TTGTGGTTGAGTTGTTCTG 

D13 CTCAACCACAAGGATTTCTCAT

TATAGCCACAGCCACC 

GGTGGCTGTGGCTATAATGAGA

AATCCTTGTGGTTGAG 

D14 CCACAAGGATTTCTCATGATAC

CTTTAGCCACCTCTCTCCCTC 

GAGGGAGAGAGGTGGCTAAAGG

TATCATGAGAAATCCTTGTGG 

D15 CTCATGATACCTTTTTATAGCC

ACCTCCCTCTTCCTTGAGC 

GCTCAAGGAAGAGGGAGGTGGC

TATAAAAAGGTATCATGAG 

D16 GCCACAGCCACCTCTCTTGAGC

ATTTTGTCATATGGTCATTG 

CAATGACCATATGACAAAATGC

TCAAGAGAGGTGGCTGTGGC 

D17 CACCTCTCTCCCTCTTCTTGTC

ATATGGTCATTGGTG 

CACCAATGACCATATGACAAGA

AGAGGGAGAGAGGTG 

D18 CCTCTTCCTTGAGCATTGTCAT

TGGTGATTAAATAAAATGT 

ACATTTTATTTAATCACCAATG

ACAATGCTCAAGGAAGAGG 

D19 GAGCATTTTGTCATATGATTAA

ATAAAATGTATTTTAATATTGA

CTTTC 

CCTTGAGCATTTTGTCATATGA

TTAAATAAAATGTATTTTAATA

TTG 

D20 GTCATATGGTCATTGGTGATGT

ATTTTAATATTGACTTTCTCTG 

CAGAGAAAGTCAATATTAAAAT

ACATCACCAATGACCATATGAC 

D21 CATTGGTGATTAAATAAAATAT

TGACTTTCTCTGTTTCTTTCTA

CCTTTTTAAACATGG 

CCATGTTTAAAAAGGTAGAAAG

AAACAGAGAAAGTCAATATTTT

ATTTAATCACCAATG 

D22 GGTCATTGGTGATTAAATAAAA

TGTATTTTATCTCTGTTTCTTT

GTTTAAAAAGGTAGAAAGAAAC

AGAGATAAAATACATTTTATTT
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CTACCTTTTTAAAC AATCACCAATGACC 

D23 GGTGATTAAATAAAATGTATTT

TAATATTGACTTTTTCTACCTT

TTTAAACATGGCTAC 

GTAGCCATGTTTAAAAAGGTAG

AAAAAGTCAATATTAAAATACA

TTTTATTTAATCACC 

Note: Sequences upstream of the respective deletions are shown in red, while sequences 

downstream of the deletions are shown in blue. All primer sequences are in 5′ to 3′ 

direction.  
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Table 2.2 Primers for generation of serial staggered deletions in BIM E3 

Plasmid Forward Primer Reverse Primer 
SD1 CCAACACTTTTTTTTTTTTTTA

ACAGTAGTCATTAGGTGATCTT
TCACTGTGC 

GCACAGTGAAAGATCACCTATA
TGACTACTGTTAAAAAAAAAAA
AAAGTGTTGG 

SD2 GTAGTCATCCTAGAGGATTTTC
ACTGTGCTTTGG 

CCAAAGCACAGTGAAAATCCTC
TAGGATGACTAC 

SD3 CATCCTAGAGGATATAGGTGAT
CCTTTGGATTTATATTTACTGG
CTTAG 

CTAAGCCAGTAAATATAAATCC
AAAGGATCACCTATATCCTCTA
GGATG 

SD4 GGATATAGGTGATCTTTCACTG
TGATATTTACTGGCTTAGATTT
GTATGG 

CCATACAAATCTAAGCCAGTAA
ATATCACAGTGAAAGATCACCT
ATATCC 

SD5 CTTTCACTGTGCTTTGGATTTG
CTTAGATTTGTATGGCCAC 

GTGGCCATACAAATCTAAGCAA
ATCCAAAGCACAGTGAAAG 

SD6 CTGTGCTTTGGATTTATATTTA
CTGGTATGGCCACCACCATAG 

CTATGGTGGTGGCCATACCAGT
AAATATAAATCCAAAGCACAG 

SD7 GGATTTATATTTACTGGCTTAG
ATTTCACCATAGTCAAGATACA
GAAC 

GTTCTGTATCTTGACTATGGTG
AAATCTAAGCCAGTAAATATAA
ATCC 

SD8 GCTTAGATTTGTATGGCCACAA
GATACAGAACAACTCAACC 

GGTTGAGTTGTTCTGTATCTTG
TGGCCATACAAATCTAAGC 

SD9 GCCACCACCATAGTCACAACTC
AACCACAAGG 

CCTTGTGGTTGAGTTGTGACTA
TGGTGGTGGC 

SD10 CCACCATAGTCAAGATACAGAC
ACAAGGATTTCTCATGATACC 

GGTATCATGAGAAATCCTTGTG
TCTGTATCTTGACTATGGTGG 

SD11 GTCAAGATACAGAACAACTCAA
CTCTCATGATACCTTTTTATAG
CCAC 

GTGGCTATAAAAAGGTATCATG
AGAGTTGAGTTGTTCTGTATCT
TGAC 

SD12 CAACTCAACCACAAGGATTCCT
TTTTATAGCCACAGCC 

GGCTGTGGCTATAAAAAGGAAT
CCTTGTGGTTGAGTTG 

SD13 CAACTCAACCACAAGGATTTCT
CATGATAGCCACAGCCACCTCT
C 

GAGAGGTGGCTGTGGCTATCAT
GAGAAATCCTTGTGGTTGAGTT
G 

SD14 CACAAGGATTTCTCATGATACC
TTTTTATACCTCTCTCCCTCTT
CCTTG 

CAAGGAAGAGGGAGAGAGGTAT
AAAAAGGTATCATGAGAAATCC
TTGTG 

SD15 GATACCTTTTTATAGCCACAGC
CATCTTCCTTGAGCATTTTGTC
ATATGG 

CCATATGACAAAATGCTCAAGG
AAGATGGCTGTGGCTATAAAAA
GGTATC 

SD16 CAGCCACCTCTCTCCCGCATTT
TGTCATATGGTCATTGGTG 

CACCAATGACCATATGACAAAA
TGC GGGAGAGAGGTGGCTG 

SD17 
 

CTCTCTCCCTCTTCCTTGAATA
TGGTCATTGGTGATTAAATAAA
ATGTATTTTAATATTG 

AATATTAAAATACATTTTATTT
AATCACCAATGACCATATTCAA
GGAAGAGGGAGAGAGG     
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SD18 CTTCCTTGAGCATTTTGTCTGG
TGATTAAATAAAATGTATTTTA
ATATTG 

CAATATTAAAATACATTTTATT
TAATCACCAGACAAAATGCTCA
AGGAAG 

SD19 GAGCATTTTGTCATATGGTCAT
ATAAAATGTATTTTAATATTGA
CTTTCTCTG 

CAGAGAAAGTCAATATTAAAAT
ACATTTTATATGACCATATGAC
AAAATGCTC 

SD20 GTCATATGGTCATTGGTGATTA
ATTTTAATATTGACTTTCTCTG
TTTCTTTC 

GAAAGAAACAGAGAAAGTCAAT
ATTAAAATTAATCACCAATGAC
CATATGAC 

SD21 GGTCATTGGTGATTAAATAAAA
TGTAGACTTTCTCTGTTTCTTT
CTACC 

GGTAGAAAGAAACAGAGAAAGT
CTACATTTTATTTAATCACCAA
TGACC 

SD22 CATTGGTGATTAAATAAAATGT
ATTTTAATATTGTTTCTTTCTA
CCTTTTTAAACATG 

CATGTTTAAAAAGGTAGAAAGA
AACAATATTAAAATACATTTTA
TTTAATCACCAATG 

SD23 GATTAAATAAAATGTATTTTAA
TATTGACTTTCTCTACCTTTTT
AAACATGGCTACTAG 

CTAGTAGCCATGTTTAAAAAGG
TAGAGAAAGTCAATATTAAAAT
ACATTTTATTTAATC 

Note: Sequences upstream of the staggered deletions are shown in red, while sequences 

downstream of the staggered deletions are shown in blue. All primer sequences are in 5′ to 

3′ direction.  
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Table 2.3 Primers for generation of serial deletions in BIM Intron 2 

Plasmid Forward Primer Reverse Primer 
-D1 GGTTCCAGTTTCTCCACATACT

TTTTTTTTTTTTTAACAGTAGT
CATCCTAGAGG  

CCTCTAGGATGACTACTGTTAA
AAAAAAAAAAAAGTATGTGGAG
AAACTGGAACC  

-D2 GCACAAGGGTTCCAGTTTCTAC
CAACACTTTTTTTTTTTTTTAA
CAGTAGTC  

GACTACTGTTAAAAAAAAAAAA
AAGTGTTGGTAGAAACTGGAAC
CCTTGTGC  

-D3 CAACAGGGCACAAGGGTCCACA
TACTTACCAACACTTTTTTTTT
TTTTTAAC  

GTTAAAAAAAAAAAAAAGTGTT
GGTAAGTATGTGGACCCTTGTG
CCCTGTTG  

-D4 CATTTTACATTCCCACCAACAG
GTCCAGTTTCTCCACATACTTA
CC  

GGTAAGTATGTGGAGAAACTGG
ACCTGTTGGTGGGAATGTAAAA
TG  

-D5 GGCTGTGCCATTTTACATTCC  
GCACAAGGGTTCCAGTTTC  

GAAACTGGAACCCTTGTGC  
GGAATGTAAAATGGCACAGCC  

-D6 CCATAGAGGCTGTGCCAT  
CACCAACAGGGCACAAG  

CTTGTGCCCTGTTGGTG  
ATGGCACAGCCTCTATGG  

-D7 
(Δ10) 

CCATCATGCTGTTCTCCATAGA
GTTTACATTCCCACCAACAGGG  

CCATCATGCTGTTCTCCATAGA
GTTTACATTCCCACCAACAGGG  

-D7 
(Δ11) 

CGCGATATCCTGTTCTCCATAG
AGTTTACATTCCCACCAACAGG
G  

CGCGATATCCTGTTCTCCATAG
AGTTTACATTCCCACCAACAGG
G  

-D8 
(Δ10) 

GGGGAACCATCATGCTGTT 
GCTGTGCCATTTTACATTCCC  

GGGGAACCATCATGCTGTT 
GCTGTGCCATTTTACATTCCC  

-D8 
(Δ11) 

GGCCGCGATATCCTGTT 
GCTGTGCCATTTTACATTCCC  

GGCCGCGATATCCTGTT 
GCTGTGCCATTTTACATTCCC  

Note: Sequences upstream of the respective deletions are shown in red, while sequences 

downstream of the deletions are shown in blue. All primer sequences are in 5′ to 3′ 

direction.  
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Table 2.4 Primers for generation of serial staggered deletions in BIM Intron 2 

Plasmid Forward Primer Reverse Primer 
-SD1 GGGTTCCAGTTTCTCCACACAC

TTTTTTTTTTTTTTAACAGTAG
TCATCC  

GGATGACTACTGTTAAAAAAAA
AAAAAAGTGTGTGGAGAAACTG
GAACCC  

-SD2 GGCACAAGGGTTCCAGTACTTA
CCAACACTTTTTTTTTTTTTTA
ACAG  

CTGTTAAAAAAAAAAAAAAGTG
TTGGTAAGTACTGGAACCCTTG
TGCC  

-SD3 CCACCAACAGGGCACATTTCTC
CACATACTTACCAACAC  

GTGTTGGTAAGTATGTGGAGAA
ATGTGCCCTGTTGGTGG  

-SD4 GCCATTTTACATTCCCACCA  
AGGGTTCCAGTTTCTCCAC  

GTGGAGAAACTGGAACCCT  
TGGTGGGAATTTAAAATGGC  

-SD5 CATAGAGGCTGTGCCATTTTAC  
ACAGGGCACAAGGGTTC  

GAACCCTTGTGCCCTGT  
GTAAAATGGCACAGCCTCTATG  

-SD6 CTGTTCTCCATAGAGGCTGT  
ATTCCCACCAACAGGGC  

GCCCTGTTGGTGGGAAT  
ACAGCCTCTATGGAGAACAG  

-SD7 
(Δ10) 
 

GGAACCATCATGCTGTTCTCCA  
GCCATTTTACATTCCCACCAAC
AGG  

CCTGTTGGTGGGAATGTAAAAT
GGCTGGAGAACAGCATGATGGT
TCC  

-SD7 
(Δ11) 

CCGCGATATCCTGTTCTCCA  
GCCATTTTACATTCCCACCAAC
AG  

CTGTTGGTGGGAATGTAAAATG
GCTGGAGAACAGGATATCGCGG  

-SD8 
(Δ10) 
 

TTTTTGGGGAACCATCATGTAG
AGCTGGCCATTTTACATTCC  

GTAAAATGGCACAGCCTCTACA
TGATGTTCCCCAAAAAATTAAA
AATAGAATTACC  

-SD8 
(Δ11) 

CGCGGCCGCGATATCTAGAGGC
TGTGCCATTTTACATTCC  

GGAATGTAAAATGGCACAGCCT
CTAGATATCGCGGCCGCG  

Note: Sequences upstream of the respective deletions are shown in red, while sequences 

downstream of the deletions are shown in blue. All primer sequences are in 5′ to 3′ 

direction. 

 

The identification of intronic cis-acting elements regulating BIM E3 splicing was 

performed by the CN Yang Scholars program, Year 1 undergraduate student Yue Wan 

Lin.  
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Table 2.5 Primers for varying the PolyU tract length at 3′ss of BIM E3 

Plasmid Forward primer Reverse primer 
6 T CCACATACTTACCAACACTTTT

TTAACAGTAGTCATCCTAGAGG
ATATAGGTGATC 

CCTCTAGGATGACTACTGTTAA
AAAAGTGTTGGTAAGTATGTGG
AGAAACTGG 

8 T CCACATACTTACCAACACTTTT
TTTTAACAGTAGTCATCCTAGA
GGATATAGGTGATC 

CCTCTAGGATGACTACTGTTAA
AAAAAAGTGTTGGTAAGTATGT
GGAGAAACTGG 

10 T CCACATACTTACCAACACTTTT
TTTTTTAACAGTAGTCATCCTA
GAGGATATAGGTGATC 

CCTCTAGGATGACTACTGTTAA
AAAAAAAAGTGTTGGTAAGTAT
GTGGAGAAACTGG 

12 T CATACTTACCAACACTTTTTTT
TTTTTAACAGTAGTCATCCTAG
AGGATATAGGTGATC 

CCTCTAGGATGACTACTGTTAA
AAAAAAAAAAGTGTTGGTAAGT
ATGTGGAGAAACTGG 

16 T CATACTTACCAACACTTTTTTT
TTTTTTTTTAACAGTAGTCATC
CTAGAGGATATAGG 

AAAAAAAAAAAAAAGTGTTGGT
AAGTATGTGGAGAAACTGGAAC
C 

18 T CTTACCAACACTTTTTTTTTTT
TTTTTTTAACAGTAGTCATCCT
AGAGGATATAGG 

AAAAAAAAAAAAAAGTGTTGGT
AAGTATGTGGAGAAACTGGAAC
C 

20 T CTTACCAACACTTTTTTTTTTT
TTTTTTTTTAACAGTAGTCATC
CTAGAGGATATAGG 

AAAAAAAAAAAAAAGTGTTGGT
AAGTATGTGGAGAAACTGGAAC
C 

Note: The poly T tract in the forward primer and its complementary polyA tract in the 

reverse primer are shown in red. All primer sequences are in 5′ to 3′ direction.  
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Table 2.6 Primers for introducing point mutations in BIM E3 enhancer sequences 

Plasmid Forward primer Reverse primer 

Enhancer 1 region (D1+ SD1) 

Mut 1 CAGTAGTAATCATAGCGGATAT
AGGTGATC 

CATACTTACCAACACTTTTTTT
TTTTTTTAACAGTA 

Mut 2 CAGTAGTCAGCATAGCGGATAT
AGGTGATC 

GATCACCTATATCCGCTATGCT
GACTACTG 

Mut 3 CAGTAGTCATAATAGCGGATAT
AGGTGATC 

GATCACCTATATCCGCTATTAT
GACTACTG 

Enhancer 2 region (SD9+SD10) 

Mut 1 GGCCACCACCATAGTCAACATA
ATTAACCATTCAACCACAAGGA
TTTCTCATGATACC 

GGTATCATGAGAAATCCTTGTG
GTTGAATGGTTAATTATGTTGA
CTATGGTGGTGGCC 

Mut 2 GGCCACCACCATAGTCAAGATA
ATTAATCATTCAACCACAAGGA
TTTCTCATGATACC 

GGTATCATGAGAAATCCTTGTG
GTTGAATGATTAATTATCTTGA
CTATGGTGGTGGCC 

Mut 3 GGCCACCACCATAGTCAAGATA
TCTAATAACTCCACCACAAGGA
TTTCTCATGATACC 

GGTATCATGAGAAATCCTTGTG
GTGGAGTTATTAGATATCTTGA
CTATGGTGGTGGCC 

Mut 4 GGCCACCACCATAGTCCATACT
CATAATAACTCCACCACAAGGA
TTTCTCATGATACC 

GGTATCATGAGAAATCCTTGTG
GTGGAGTTATTATGAGTATGGA
CTATGGTGGTGGCC 

Enhancer 3 region (SD11+D12) 

Mut 1 GATACAGAACAACTCAACCATA
AGCATTTCCCATGATACCTTTT
TATAGCC 

GGCTATAAAAAGGTATCATGGG
AAATGCTTATGGTTGAGTTGTT
CTGTATC 

Mut 2 GATACAGAACAACTCAACCATA
ACCATTTCTCATGATACCTTTT
TATAGCC 

GGCTATAAAAAGGTATCATGAG
AAATGGTTATGGTTGAGTTGTT
CTGTATC 

Mut 3 GATACAGAACAACTCAACCACT
AGCATTTCTCATGATACCTTTT
TATAGCC 

GGCTATAAAAAGGTATCATGAG
AAATGCTAGTGGTTGAGTTGTT
CTGTATC 

Mut 4 GATACAGAACAACTCAACCACT
ATCATTTCTCATGATACCTTTT
TATAGCC 

GGCTATAAAAAGGTATCATGAG
AAATGATAGTGGTTGAGTTGTT
CTGTATC 

Note: The mutations in the forward and reverse primer are shown in red. All primer 

sequences are in 5′ to 3′ direction.  
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Table 2.7 Primers for introducing SNPs in BIM E3 and upstream intronic region 

Plasmid Forward primer Reverse primer 
 
SNP 1 GCTGTGCCATTTTACATTCCCA

CCAGCAGGGCACAAGGGTTCCA
G 

CTGGAACCCTTGTGCCCTGCTG
GTGGGAATGTAAAATGGCACAG
C 

SNP2 CATTCCCACCAACAGGGCACAG
GGGTTCCAGTTTCTCCACATAC
TTACC 

GGTAAGTATGTGGAGAAACTGG
AACCCCTGTGCCCTGTTGGTGG
GAATG 

SNP3 GGATATAGGTGATCTTTCACTG
TGCTTCGGATTTATATTTACTG
GCTTAGATTTGTATGG 

CCATACAAATCTAAGCCAGTAA
ATATAAATCCGAAGCACAGTGA
AAGATCACCTATATCC 

SNP 4 GGTGATCTTTCACTGTGCTTTG
AATTTATATTTACTGGCTTAGA
TTTGTATGGC 

CCATACAAATCTAAGCCAGTAA
ATATAAATTCAAAGCACAGTGA
AAGATCACC 

SNP 5 CACTGTGCTTTGGATTTATATT
TACTGGTTTAGATTTGTATGGC
CACCACC 

GGTGGTGGCCATACAAATCTAA
ACCAGTAAATATAAATCCAAAG
CACAGTG 

SNP 6 GCTTTGGATTTATATTTACTGG
CTTAGATGTGTATGGCCACCAC
CATAG 

CTATGGTGGTGGCCATACACAT
CTAAGCCAGTAAATATAAATCC
AAAGC 

SNP 7 CCACAAGGATTTCTCATGATA 
CTTTTTTATAGCCACAGCCACC 

GGTGGCTGTGGCTATAAAAAA 
GTATCATGAGAAATCCTTGTGG 

SNP 
3+4+5+6 

ATTTATATTTACTGGTTTAGAT
GTGTATGGCCACCACCATAG  

CCAGTAAATATAAATTCGAAGC
ACAGTGAAAGATCACCTATATC
C  

                        
SNP 3+4 

ATTTATATTTACTGGCTTAGAT
TTGTATGGCCACCACCATAG  

CCAGTAAATATAAATTCGAAGC
ACAGTGAAAGATCACCTATATC
C 

SNP 5+6 
 

ATTTATATTTACTGGTTTAGAT
GTGTATGGCCACCACCATAG 

CCAGTAAATATAAATCCAAAGC
ACAGTGAAAGATCACCTATATC
C 

SNP 3+5 
 

ATTTATATTTACTGGTTTAGAT
TTGTATGGCCACCACCATAG  

CCAGTAAATATAAATCCGAAGC
ACAGTGAAAGATCACCTATATC
C 

SNP 3+6 
 

ATTTATATTTACTGGCTTAGAT
GTGTATGGCCACCACCATAG 

CCAGTAAATATAAATCCGAAGC
ACAGTGAAAGATCACCTATATC
C 

SNP 4+5 ATTTATATTTACTGGTTTAGAT
TTGTATGGCCACCACCATAG  

CCAGTAAATATAAATTCAAAGC
ACAGTGAAAGATCACCTATATC
C  

SNP 4+6 
 

ATTTATATTTACTGGCTTAGAT
GTGTATGGCCACCACCATAG 

CCAGTAAATATAAATTCAAAGC
ACAGTGAAAGATCACCTATATC
C  

SNP CACTGTGCTTTGGATTTATATT CCAGTAAATATAAATTCGAAGC
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3+4+5 TACTGGTTTAGATTTGTATGGC
CACCACC 

ACAGTGAAAGATCACCTATATC
C  

SNP 
3+4+6 

GCTTTGGATTTATATTTACTGG
CTTAGATGTGTATGGCCACCAC
CATAG 

CCAGTAAATATAAATTCGAAGC
ACAGTGAAAGATCACCTATATC
C 

SNP 
3+5+6 

ATTTATATTTACTGGTTTAGAT
GTGTATGGCCACCACCATAG 

CCATACAAATCTAAGCCAGTAA
ATATAAATCCGAAGCACAGTGA
AAGATCACCTATATCC 

SNP 
4+5+6 

ATTTATATTTACTGGTTTAGAT
GTGTATGGCCACCACCATAG 

CCATACAAATCTAAGCCAGTAA
ATATAAATTCAAAGCACAGTGA
AAGATCACC 

Note: The mutations in the forward and reverse primer have been shown in red. All 

primer sequences are in 5′ to 3′ direction. 

 

Table 2.8 Conditions for PCR mutagenesis 

Cycling step Temperature (°C) Time  

Initial denaturation 95 2 min  

Denaturation 98 30 sec  

Annealing 50 1 min 

Extension 72 5 min 

Final extension 72 5 min  

Cooling 4 ∞  

 

2.2.2 pSXN heterologous plasmid 

pSXN plasmid (kindly provided by Prof. Thomas A. Cooper from Baylor College of 

Medicine, USA) contains a small weakly spliced alternative exon placed between β-

globin exon 1 and exon 2 as well as a downstream exon 18 from cTNT) (Figure 2.1) 

(Coulter et al., 1997). To test the BIM E3 ESE sequences in context of the pSXN 

minigene, equimolar amounts of a pair of complementary DNA oligonucleotides 

containing designed test sequences and restriction overhangs (Table 2.9) were first 

annealed by heating in at 95°C for 5 minutes followed by gradual cooling to room 

temperature for 1 h. The annealed oligonucleotides were then 5′-end phosphorylated by 

18 cycles 
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T4 polynucleotide kinase (T4PNK; New England Biolabs, USA) in 1x ligation buffer [50 

mM Tris-HCl, 10 mM MgCl2, 1 mM ATP and 10 mM DTT] and ligated to the BamHI 

and SalI sites in the alternative exon within pSXN13 vector. 

 

 

Figure 2.1 pSXN plasmid 

The pSXN plasmid contains a weak exon located between β globin exons 1 and 2. Tested 

sequences (Table 2.9) were cloned into the weak exon using the SalI and BamHI sites and 

their effects on exon inclusion were examined by RT-PCR using the depicted primers. 

Primer sequences have been shown in Table 2.15.  
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Table 2.9 Oligonucleotide inserts for pSXN plasmid 

BIM.Ex3.ESE1.WT.F  TCGACTAGTCATCCTAGAGGATG  

BIM.Ex3.ESE1.WT.R  GATCCATCCTCTAGGATGACTAG  

BIM.Ex3.ESE1.Mut 3.F  TCGACTAGTCATAATAGCGGATG  

BIM.Ex3.ESE1.Mut 3.R  GATCCATCCGCTATTATGACTAG  

BIM.Ex3.ESE2.WT.F  TCGACTCAAGATACAGAACAACTCAACCAG  

BIM.Ex3.ESE2.WT.R  GATCCTGGTTGAATGATTAATTATCTTGAG  

BIM.Ex3.ESE2.Mut 1.F  TCGACTCAAGAUAATTAATCATTCAACCAG  

BIM.Ex3.ESE2.Mut 1.R  GATCCTGGTTGAATGATTAATTATCTTGAG  

BIM.Ex3.ESE3.WT.F  TCGACACCACAAGGATTTCTCATGG  

BIM.Ex3.ESE3.WT.R  GATCCCATGAGAAATCCTTGTGGTG  

BIM.Ex3.ESE3.Mut 1.F  TCGACACCAUAAGCAUUUCCCATGG  

BIM.Ex3.ESE3.Mut 1.R  GATCCCATGGGAAATGCTTATGGTG  

pSXN.Linker.F  TCGACATTCGGCTAG  

pSXN.Linker.R  GATCCTAGCCGAATG  

Insert sequence is in black font, SalI overhang is in blue font and BamHI overhang is in 

green font. Mutation is labeled in red color. Note: All oligonucleotide inserts are in 5′ to 3′ 

direction. 

 

2.2.3 Overexpression plasmids 

Overexpression plasmid, pCGT7-SRSF1 (SRSF1 cDNA plasmid) was a gift from Javier F 

Cáceres from MRC Human Genetics Unit at Edinburgh, UK. SRSF3 overexpression 

plasmid in pcDNA3.1 vector was purchased from GenScript, USA. 1.2 µg overexpression 

plasmids were transfected with or without BIM minigene plasmids. The transfected cells 

were incubated for 48 h before RNA and/or protein extraction unless otherwise stated. 

2.3 Bacterial transformation and plasmid extraction  

All bacterial transformations were carried out as follows: 50 µl of competent E. coli 

DH5α was transformed with 4 µl PCR or ligation products and incubated on ice for 30 
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min followed by a heat shock at 42 °C for 45 s. Cells were then incubated on ice for 

another 5 min and then recovered in 946 µl of pure lysogeny broth (LB) at 37° C for 1 h 

with agitation. Cells were spun down at 10,000 g for 1 min and 900 µl of the supernatant 

was discarded. The transformed cells were re-suspended in the remaining supernatant by 

gentle pipetting, before being plated on ampicillin-supplemented LB agar plate (70 µg/ml). 

Plates were incubated overnight at 37ºC. Colonies were grown in 3 ml of LB overnight at 

37ºC. The plasmids were then extracted using MiniPrep kit (Omega Bio-tek, USA). 

Purified plasmids were sequenced (1st Base, Singapore) to confirm the successful 

introduction of designed mutations. For most of the ligation products, plasmids were 

digested with the respective restriction enzymes to confirm the insertion of specific 

fragments before sequencing. 

2.4 Transfection with plasmids 

Cells were seeded in 12-well plates at a density of 200,000 cells/ml 24 h before 

transfection to achieve a confluency of 60-70%. 1.2 µg plasmid DNA was mixed with 100 

µl OptiMEM (Life Technologies, USA) and 1 µl Roche Xtreme GENE HP transfection 

reagent (Roche Applied Science, Switzerland). The transfection mixture was incubated 

for 30 min before adding to cells. The transfected cells were incubated at 37ºC with 5% 

CO2 for 48 hs before RNA extraction. 

2.5 Knockdown studies 

Depletion of SRSF1 was performed using Silencer® Select SRSF1 small interfering RNA 

(siRNA) s12725 (Ambion, United States). Depletion of SRSF3 was performed using 

Dicer substrate interfering RNA (dsiRNA) which were chemically synthesized by (IDT, 

USA). DsiRNAs are 27-mer duplex RNAs that have increased potency of up to 100-fold 

in RNA interference compared to traditional 21mers siRNAs. Additionally, dsiRNAs are 

able to effectively target some sites that 21mers siRNAs are not able to silence (Kim et al., 

2005). The siRNA and dsiRNA sequences have been shown in (Table 2.10). 

Knockdowns were performed using siRNA or dsiRNA at 50µM concentration in 1×106 

K562. Negative controls for knockdown studies were carried out with Silencer® Select 
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Negative Control No. 1 siRNA (Ambion, USA). Nucleofection was performed according 

to manufacturer′s instruction by using the FF-120 program with Amaxa 4D-Nucleofector 

(Lonza, Switzerland). The nucleofected cells were then incubated for 48 hs before RNA 

and/or protein extraction unless otherwise stated. 

Table 2.10 List of siRNA and dsiRNA sequences  

Target 

gene 
Sense Antisense 

SRSF1 GACCUAUGCAGUUCGAAAAtt UUUUCGAACUGCAUAGGUCat 

SRSF3 AGAGCUAGAUGGAAGAACACUAUgt ACAUAGUGUUCUUCCAUCUAGCUCU 

*Lowercase indicates DNA nucleotides. 

 

2.6 Rescue studies 

Rescue studies were carried out for SRSF1 and SRSF3. Prior to rescue studies, the 

overexpression plasmids were mutated at the siRNA or dsiRNA binding sites to make 

them resistant to the effects of knockdown studies. Mutations were introduced at every 

third nucleotide of each amino acid codon within the siRNA or dsiRNA binding site. 

Mutations were generated by a PCR site-directed mutagenesis using complementary 

mutant primers. SRSF1 siRNA resistant overexpression plasmids were previously 

obtained by Dr. Tang Sze Jing while SRSF3 dsiRNA resistant overexpression plasmids 

were obtained using the following primers (forward primer- 5′-

ACAGCTGATGCAGTCCGCGAACTTGACGGGAGGACTCTATGTGGCTGCCGTGT

AAG-3′ and reverse primer - 5′- 

CTTACACGGCAGCCACATAGAGTCCTCCCGTCAAGTTCGCGGACTGCATCAGC

TG -3′.24 h after knockdown, K562 cells were transfected with its corresponding siRNA 

or dsiRNA resistant overexpression plasmids. Cells were incubated for either 24 h (for 

SRSF1) or 48 h (for SRSF3) before RNA and/or protein extraction. 
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2.7 RNA Extraction and DNase I treatment 

The transfected cells were lysed 48 h or 24 h (when transfected with SRSF1 rescue 

plasmid) post transfection/ nucleofection, and total cellular RNA was extracted using 

Purelink RNA mini kit (Ambion, USA). RNA concentration was measured using 

Nanodrop 2000 (Thermo Scientific, USA). 4 µg RNA was treated with 2U RQ1-RNase 

free DNase I (Promega, USA) at 37ºC for 1 h to eliminate DNA contamination. RNA was 

then subjected to ethanol precipitation by first topping up the reaction to 100 µl with 

RNase-free water, then adding 0.1x volume of 3 M sodium acetate (pH 5.2) and 3x 

volume of 100% ethanol, and finally incubating at -80 °C overnight. RNA was 

centrifuged at 13500 rpm for 45 min and then washed with 70% ethanol once before 

resuspending the pellets in 10µl RNase-free water. 

2.8 Reverse Transcription and gel electrophoresis 

1µg of DNase I-treated RNA was used as template for complementary DNA (cDNA) 

synthesis using Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase (New 

England Biolabs, USA) and oligo-dT, at 42°C for 1 h. cDNA was then amplified with 

specific primers, as depicted in Table 2.11 using PCR conditions as shown in Table 2.12. 

PCR products were resolved to determine the splicing patterns of BIM E3 versus E4 in 

full length, deletion, Δ10 and Δ11 minigenes by 1.5% (w/v) agarose gel electrophoresis 

and viewed under UV light. 

Table 2.11 Primers for detecting U-E3 and U-E4 transcripts (RT-PCR) 

Transcript Forward primer Reverse primer 

U-E3 

 

CGAGCTCACTCTCTTCCG  GTCAATATTAAAATACATTTTATT 
TAATCACCAATGACC  

U-E4 

 

CGAGCTCACTCTCTTCCG  
 

CCTCCTTGCATAGTAAGCGT  
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Table 2.12 Conditions for PCR 

Cycling step Temperature (°C) Time  

Initial denaturation 95 2 min  

Denaturation 95 30 sec  

Annealing 54 40 sec 

Extension 72 50 sec 

Final extension 72 5 min  

Cooling 4  ∞  

 

2.9 Real time PCR 

Quantification of trans-acting factors (SRSF1 and SRSF3), endogenous BIM and BIM 

minigenes transcripts was done using Applied Biosystems 7500/ CFX96 Touch™ (Bio-

Rad, USA) Real-Time PCR detection system and SYBR Select Mastermix (Applied 

Biosystems). PCR was set up in 96-well microplates containing 10 µL of Master Mix, 

1 µL of cDNA, and 4 pmol each of forward and reverse primer in a 20 µL reaction 

volume. The conditions for PCR are indicated in Table 2.13.  

Transcript levels of β-actin was used to normalize SRSF1, SRSF3 and BIM endogenous 

transcripts. Transcript levels of adenovirus exonic sequence (U) were used to normalize 

BIM minigene transcripts. Primer sequences used to amplify β-actin, SRSF1, SRSF3, 

endogenous BIM transcripts and BIM minigenes transcripts are shown in Table 2.14. For 

amplifying transcripts from minigenes, we used a common forward primer that matched 

the sequence in U (adenovirus exon); the reverse primer for detecting U-E3 transcripts 

matched the junction between U and E3 while the reverse primer for detecting U-E4 

transcripts matched the junction between U and E4 (Table 2.14). Ct values were used to 

calculate relative mRNA expression by the 2-ΔΔCt relative quantification method (Livak 

and Schmittgen, 2001). Three technical replicates for each of three biological replicates 

was done. 

 

35 cycles 
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Table 2.13 Conditions for Real time PCR 

 Temperature (ºC) Time   

Initial denaturation 95 3 min  

Denaturation 95 10 sec  

Annealing 58 30 sec 

Extension 72 20 sec 

 

 

Table 2.14 Primers for detecting different transcripts (Real time PCR) 

Transcript Forward primer Reverse primer 

Primers for detecting β-actin transcripts 

β-actin CCAGAGGCGTACAGGGATAG CCAACCGCGAGAAGATGA 

Primers for determining the expression level of trans-acting factors 

SRSF1 TTCTACAAATACGGCGCTATCC GTACCCATCGTAATCATAGCCG 

SRSF3 AGCTGATGCAGTCCGAGAG GGTGGGCCACGATTTCTAC 

Primers for detection of BIM minigene transcripts 

U-E3 

 

CGAGCTCACTCTCTTCCGC CTCTAGGATGACTACTGGTAGG

GT 

U-E4 

 

CGAGCTCACTCTCTTCCGC CCTCATGGAAGCTGGTAGGGT 

Primers for detection of BIM endogenous transcipts 

Exon 2A TTCCCCCAAATGTCTGACTC CTTGTGGCTCTGTCTGTAGGG 

E3 CCAGGCCTTCAACCACTATC ATGGTGGTGGCCATACAAAT 

E4 TTCCATGAGGCAGGCTGAAC CCTCCTTGCATAGTAAGCGTT 

  

40 cycles 
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2.10 Semi-quantitative PCR 

10 pmol forward primer was 5′ end labeled using 10U T4 PNK (New England Biolabs, 

USA) and 10.2 pmol γ-32P-ATP (60 µ Ci; Perkin Elmer, USA). Labeled primers were 

then purified by illustra Microspin G-25 column (GE Healthcare Life Sciences, USA) and 

added into primer mixture containing 100 pmol unlabeled reverse primer and 90 pmol 

unlabeled forward primer.cDNA was amplified by PCR using Go-Taq polymerase 

(Promega, USA) with the radiolabeled primer mixture for 22 cycles. The primer pairs 

used for amplification of cDNA have been shown in Table 2.15. The PCR products were 

separated by 8% (w/v) native polyacrylamide gel (Acrylamide/Bis 29:1; Biorad, USA) in 

1x TBE buffer. Radioactive signals from the gel were subsequently exposed to storage 

phosphor imaging screen which were read by Typhoon Trio variable mode imager (GE 

Healthcare Life Sciences, USA). The analysis of band intensity was done with 

ImageQuant TL software (GE healthcare life sciences, USA). For image formation, X-ray 

films (Kodak, USA) were exposed with the gel for 12-48 h in X-ray cassette at -80 ° C 

and then processed by Kodak Model 2000 X-12 ray film processor.  

Splicing patterns of pSXN minigenes were analyzed by measuring the percentage of exon 

inclusion band′s intensity. The average exon inclusion percentage was derived from at 

least three experimental replicas.  

Table 2.15 List of radioactive primers 

pSXN vector   

pSXN_βglobinEx1_F   AGGTGAACGTGGATGAAGTTGGTGGTG 

pSXN_βglobinEx2/cTNTEx18.R   CGTGCAGCCTTTGACCTACTAGTGTG 
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2.11 Protein extraction and western blotting 

2.11.1 Sample preparation  

K562 cells were washed with 1x phosphate-buffered saline (PBS) once and lysed in NP-

40 lysis buffer (50mM Tris-HCl pH8, 150mM NaCl, 1% Triton X-100, 10% glycerol, 

1mM EDTA) with protease inhibitors cocktail (Roche, Switzerland). Lysates were 

incubated on ice for 30 minutes followed by 30 minutes centrifugation at maximum speed, 

and the resulting supernatants were collected. Protein concentration was measured using 

the Bradford assay (Bio-Rad, USA). 20 µg proteins from each sample were boiled for 10 

min with 5XSDS loading buffer before loading into sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE).  

2.11.2 SDS-PAGE and transfer   

20µg of proteins from each sample were separated by 10-12.5% polyacrylamide gel 

(Acrylamide/Bis 37.5:1; Biorad, USA) in 1x SDS running buffer [25 mM Tris, 192 mM 

glycine, 0.1% SDS]. Proteins were transferred to PVDF membrane (Biorad, USA) in 

transfer buffer [25 mM Tris, 192 mM glycine, 20% 4 methanol] at 100 V for 1 h.  

2.11.3 Detection  

Membrane was blocked in 5% milk in 1x TBST [144 mM NaCl, 20 mM Tris, 0.05% 

Tween 20, pH7.6] for 1 h and washed with 1x TBST thrice, each for 5 min. Next, the 

membrane was incubated with the primary antibody diluted in 1x TBST at 4°C overnight 

followed by three washes with 1x TBST and incubation with the secondary anti-

mouse/rabbit/goat IgG antibodies (BioLegend, USA/Sigma-Aldrich, USA/Santa cruz 

biotechnology, USA) diluted in 1x TBST with or without 5% milk. After three washes, 

proteins were detected by Western Lightning Plus ECL (Perkin Elmer, USA).  

Subsequently, the membrane was blocked for one h in 5% (w/v) non-fat dry milk (BioRad, 

USA) in 1x TBST [144 mM NaCl, 20 mM Tris, 0.05% Tween 20, pH7.6] for 1 h and 

washed with 1x TBST thrice, each for 5 min. Next, the membrane was incubated with the 

primary antibody diluted in 1x TBST at 4°C overnight followed by three washes with 1x 
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TBST and incubation with the secondary anti-mouse IgG antibodies (BioLegend, USA) 

diluted in 1x TBST (Table 2.16). After three washes in TBST, the protein bands on the 

membrane were visualized by Western Lightning Plus enhanced chemiluminescence 

substrate (Perkin Elmer, USA) and exposed to Xray films (Carestream Health, USA).  

Table 2.16 List of antibodies 

Primary Antibody Secondary Antibody 

anti-SRSF1 1:1000 Anti-mouse IgG 1:10000 

anti-SRSF3 1:1000 Anti-mouse IgG 1:10000 

anti-PTBP1 1:1000 Anti-mouse IgG 1:10000 

anti-hnRNP A1 1:1000 Anti-mouse IgG 1:10000 

anti-hnRNP A2/B1 1:1000 Anti-mouse IgG 1:10000 

β-actin 1:10000 Anti-mouse IgG 1:10000 

Tubulin 1:1000 Anti-mouse IgG 1:10000 

 

 

2.12 RNA pull-down  

RNA pull-down was performed using Pierce Magnetic RNA-Protein Pull-down kit (USA). 

First, 50 pmol synthetic RNA (IDT, USA, Table 2.17) was ligated with 

desthiobiotinylated cytidine bisphosphate at the 3′ end and then purified by ethanol 

precipitation. Subsequently, labeled RNA was bound to the streptavidin magnetic beads at 

room temperature followed by incubation with 120 µg HeLa nuclear extract at 4 ° C for 2 

h with agitation. After incubation, magnetic beads were washed three times with wash 

buffer [20 mM Tris (pH 7.5), 10 mM NaCl, 0.1% Tween-20] and the bound proteins were 

eluted using biotin elution buffer. Bound proteins were analyzed by SDS-PAGE and 

silver staining.  
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Table 2.17 List of RNA oligonucleotides for RNA pull-down 

BIM.Ex3ESE2.WT  
 

UAGUCAAGAUACAGAACAACUCAACCACAA 

BIM.Ex3ESE2.MUT  
 

UAGUCAACAUAAUUAACCAUUCAACCACAA 

BIM.Ex3ESE3.WT  
 

UCAACCACAAGGAUUUCUCAUGAUA 

BIM.Ex3ESE3.MUT  
 

UCAACCAUAAGCAUUUCCCAUGAUA 

Note: Core sequences of cis-acting elements are shown in bold. Mutations are labeled in 

red. 

 

2.13 Silver staining  

Protein gels were first incubated in 50% methanol twice, then in 5% methanol and in 

water with 60 mM DTT once for fixation. Each incubation was 15 min long with constant 

shaking. Subsequently, the gel was incubated in 0.1% silver nitrate solution (Sigma-

Aldrich, USA) for 15 min followed by incubation with developing solution (3% sodium 

carbonate (Sigma-Aldrich, 5 USA) and 0.05% formaldehyde). The protein bands which 

were absent or less intense in the mutant control samples were analyzed by LC-MS/MS, a 

service provided by NTU mass spectrometry core facilities, and confirmed by western 

blot.  

2.14 CRISPR guide RNA Vector construction and ssODN design 

In order to study the effects of different BIM E3 SNPs on E3 splicing and TKI response, 

we intended to introduce minor alleles of these SNPs into the endogenous BIM genes in 

K562 by the Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR 

associated protein 9 (CRISPR/Cas9) genome editing tool. To introduce SNP 3c and SNP 

4a in K562 BIM E3, 20 nt guide sequences targeting human BIM E3 were cloned into the 

pSpCas9n(BB)-2A-GFP (PX461; Addgene) vector which expresses the mutated “nickase” 

version of the Cas9 enzyme. A pair of appropriately spaced guide RNAs (gRNAs) would 

target the Cas9 nickase (Cas9n) to simultaneously introduce single-stranded nicks on both 

strands of BIM E3. The double-stranded breaks (DSBs) from double nicking would then 

be repaired via homology directed repair (HDR) in presence of a repair template (Ran et 
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al., 2013b). To achieve HDR, single-stranded sense DNA oligonucleotides (ssODNs) 

purchased from IDT were used as repair template. ssODNs contained flanking sequences 

of 60 nt on each side of the SNP minor allele that are homologous to the target region 

(Table 2.19).  

Since the CRISPR/Cas9 genome editing approach was not efficient in introducing minor 

alleles of SNPs into endogenous BIM gene, we also used another experimental strategy to 

study the effect of SNPs on splicing and TKI resistance. In this second approach, we 

firstly wanted to knockout all endogenous BIM genes in K562. This would be followed by 

transfecting K562 with a BIM expression plasmid with different allelic variants.  

To generate BIM knockout in K562, firstly we designed a pair of 20 nt guide sequences 

each targeting two different regions of BIM EXON 2A (E2A). We cloned these 20 nt 

guide sequences individually into the pSpCas9 (BB)-2A-GFP (PX458; Addgene) vector 

which expresses the wild-type Cas9 enzyme. A pair of gRNAs expressed from these 

plasmids would induce Cas9 mediated double strand breaks (DSBs) at the two sites was 

expected to delete intervening DNA segment due to precise end joining (Zheng et al., 

2014).  

All guide sequences (shown in Table 2.18) were designed using the CRISPR design tool, 

CHOPCHOP (Montague et al., 2014).  

PX458 and PX461 vectors were digested with BbsI at 37°C for 3 h. A pair of 

complementary DNA oligonucleotides containing guide sequence and corresponding 

restriction overhangs was first annealed by heating equal molar amounts of the two 

oligonucleotides at 37°C for 30 min followed by 95 °C for 5 min and gradually cooling to 

room temperature in 1 h. The annealed oligonucleotides were then 5′ end phosphorylated 

by T4 polynucleotide kinase (T4PNK; New England Biolabs, USA) in 1x 10 ligation 

buffer [50 mM Tris-HCl, 10 mM MgCl2, 1 mM ATP and 10 mM DTT] and ligated into 

PX 458 or PX 461 vector that was cut by BbsI.  
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Table 2.18 Design of CRISPR guide sequences 

CRISPR guide sequence designs to introduce SNP 3c and 4a in BIM E3 
BIM.Ex3.gRNA 1.F  CACCgAAAGATCACCTATATCCTCT 

BIM.Ex3.gRNA 1.R AAACAGAGGATATAGGTGATCTTTc 

BIM.Ex3.gRNA 2.F CACCgTGCTTTGGATTTATATTTAC 

BIM.Ex3.gRNA 2.R AAACGTAAATATAAATCCAAAGCAc 

BIM.Ex3.gRNA 3.F CACCgTTTACTGGCTTAGATTTGTA 

BIM.Ex3.gRNA 3.R AAACTACAAATCTAAGCCAGTAAAc 

BIM.Ex3.gRNA 1-modified .F CACCgTCCAAAGCACAGTGAACTCT 

BIM.Ex3.gRNA 1-modified .R AAACAGAGTTCACTGTGCTTTGGAc 

CRISPR guide sequence designs to generate BIM Knockout  
BIM.Ex2A.gRNA 1.F  CACCgAGTTCTGAGTGTGACCGAGA 

BIM.Ex2A.gRNA 1.R AAACTCTCGGTCACACTCAGAACTc 

BIM.Ex2A.gRNA 2.F CACCgTGTAGGGAGGTAGGGGCCCC 

BIM.Ex2A.gRNA 2.R AAACGGGGCCCCTACCTCCCTACAc 

Note: Guide sequence (20 nt) is in black font, BbsI overhang is in blue font. An extra g 

(shown in bold lower case) is added at the 5′ of the sgRNA where the 20-nt guide 

sequence does not begin with g because the U6 RNA polymerase III promoter used to 

express the sgRNA prefers a guanine (g) nucleotide as the first base of its transcript. All 

DNA oligonucleotides are in 5′ to 3′ direction (Ran et al., 2013a). 

 

Table 2.19 Design of ssODNs 

ssODN 
SNP 3c 

TTTTTTTTTTTTAACAGTAGTCATCCTAGAGGATATAGGTGATCTT
TCACTGTGCTTcGGATTTATATTTACTGGCTTAGATTTGTATGGCC
ACCACCATAGTCAAGATACAGAACAACT 

ssODN 
SNP 4a 

TTTTTTTTTTTTAACAGTAGTCATCCTAGAGGATATAGGTGATCTT
TCACTGTGCTTTGaATTTATATTTACTGGCTTAGATTTGTATGGCC
ACCACCATAGTCAAGATACAGAACAACTC 

Note: ssODNs contain flanking sequences of 60nt on each side of the SNP minor allele 

which is indicated in red color. 

 

Cas9 gRNA and Cas9n plasmids were transformed into competent DH5α E. coli cells via 

heat shock. Selection for successfully transformed E. coli cells was done using lysogeny 

broth agar plates containing 70µg/mL of ampicillin. Colonies were grown in 3 ml of LB 
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overnight at 37ºC. The plasmids were then extracted using MiniPrep kit (Omega Bio-tek, 

USA). All purified plasmids were sequenced (1st Base, Singapore) to ensure insertion of 

correct guide sequences. 

2.15 Nucleofection 

For introducing minor alleles of SNPs in BIM E3 in K562, 2×106 cells were resuspended 

in 100 µl SF reagent (Lonza) with 2.5 µg of both Cas9n/gRNA CRISPR plasmids and 1µl 

of 100 µM respective ssODNs. For introducing BIM knockout in K562, 2×106 cells were 

resuspended in 100 µl SF reagent (Lonza) with 2.5 µg of both Cas9/gRNA CRISPR 

plasmids. Nucleofection was performed according to manufacturer′s instruction by using 

the FF-120 program with Amaxa 4D-Nucleofector (Lonza, Switzerland). After 24 hr, cells 

were sorted for GFP expression. 

2.16 Fluorescence-activated cell sorting (FACS) 

Post 24 h of nucleofection, cells were resuspended in culture media and sorted for 

expression of green fluorescent protein (GFP) using the BD FACS Aria cell sorter 

(Becton Dickinson, USA). FACS sorting was done for the top ~2% of GFP positive cells 

in order to enrich for cells that received high levels of the CRISPR/Cas9 plasmids. The 

sorted cells were plated on four 96-well plates for single-clone isolation. Cells were then 

allowed to expand for 3-4 weeks. When the cells were confluent, 50% of cells were 

extracted for DNA extraction and genotyping. 

2.17 Genomic DNA extraction and genotyping CRISPR-edited BIM  

K562 genomic DNA was extracted by adding lysis buffer [100 mM NaCl, 100 mM Tris-

HCl (pH 7.5), 1 mM EDTA (pH 7.5)] to cells and incubating at 55°C for 1 h. DNA was 

then subjected to ethanol precipitation by adding 2x volume of 100% ethanol and 0.1x 

volume of 3 M sodium acetate (pH 5.2) and incubated at -20 °C overnight. DNA was 

centrifuged at 13500 rpm for 15 min and then washed with 70% ethanol twice before 

resuspending the pellets in 50 µl water. 
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Genotyping of SNP minor alleles introduced in K562 cell line was done by PCR 

amplification followed by restriction fragment length polymorphism (RFLP) analysis. 

PCR was done using GoTaq polymerase (Promega, USA) and PCR conditions (Table 

2.20). PCR primers (forward primer- 5′-CTGTTCTCCATAGAGGCTGTGC-3′ and 

reverse primer- 5′-CAACCCAAGGAGTAAGCTTCATGG-3′) upstream and downstream 

of E3 were used outside the region spanned by the homology arms to avoid false detection 

of residual repair template. The correct band size was confirmed by agarose gel 

electrophoresis. Subsequently the PCR products were purified using QIAquick PCR 

purification kit (Qiagen, Germany). The presence of SNP 3c and SNP 4a in K562 was 

assessed using RFLP analysis of the purified PCR products followed by agarose gel 

electrophoresis. A correctly introduced SNP 3c or 4a would create a restriction site 

recognized by Hpy1881 or APOI, respectively. The successful introduction of a SNP 

minor allele was confirmed by 2% (w/v) ethidium bromide-stained agarose gel by UV 

light visualization of smaller DNA fragments generated by the restriction enzyme 

digestion. Positive single clones (showing restriction digestion into smaller DNA 

fragments) were selected and further sequenced (1st Base, Singapore) to ensure 

introduction of SNP minor alleles. 

BIM CRISPR knockout clones were genotyped by PCR using GoTaq polymerase 

(Promega, USA) and PCR conditions (Table 2.20). A forward primer (5′-

AGTTCCGCAAGCTGTTGAC-3′) upstream and a reverse primer (5′-

GAATCTGCTTGAAGGCTGTGT-3′) downstream of the gRNA cleavage sites was used. 

Wild-type genomic fragment for K562 and truncated genomic fragments for knockout 

clones were resolved by 2% (w/v) ethidium bromide-stained agarose gel and visualized by 

UV light. Positive clones (showing truncated PCR products) were selected and sequenced 

(1st Base, Singapore) to confirm deletion of the intended genomic region.  
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Table 2.20 Conditions for PCR 

Cycling step Temperature (°C) Time  

Initial denaturation 95 2 min  

Denaturation 95 30 sec  

Annealing 56 50 sec 

Extension 72 50 sec 

Final extension 72 5 min  

Cooling 4  ∞  

 

2.18 BIM expression plasmid construction   

The BIM expression plasmid was generated to study the effects of BIM SNPs on splicing 

and TKI response. The idea was to knockout all endogenous BIM genes in K562, and then 

rescue it by transfecting cells with a BIM expression plasmid. After determining that the 

BIM plasmid recapitulated endogenous BIM splicing and reconstituted all BIM protein 

isoforms, the plasmid would then be mutated to harbour the minor alleles of the SNPs. 

The BIM expression plasmid was constructed to include all BIM exons and shortened 

flanking introns (Figure 2.2). In order to generate the BIM plasmid, five fragments of BIM 

were amplified from Human Genomic DNA (Promega, USA) using PCR: (i) exon 1 and 

its downstream 200 nt intronic sequence using primers Ex1.F.Nhe1 and In1.R, (ii) exon 2 

and 200 nt of its upstream and downstream introns using primers In1.F and In2.R and (iii) 

E3 and 422 nt of its upstream and 200 nt of its downstream introns using primers In2.F 

and In3.R (iv) E4 and 200 nt of its upstream and downstream introns using primers In3.F 

and In4.R and (v) exon 5 (151 nt) and 200 nt of its upstream intron using primers In4.F 

and Ex5.R.EcoRI. Subsequently, PCR was done using fragment (i) as template with 

primers Ex1.F.NheI and In1.R.ClaI (present in intron 1) EcoRI. This generated a larger 

fragment named E1-I1 which contained exon 1 with Nhe1 site at the 5′ end and intron 1 

with ClaI- EcoRI sites at the 3′end. Fragments (ii), (iii), (iv) and (v) were merged into one 

by overlap PCR using primers In1.F and Ex5.R.EcoRI primer. This generated a larger 

fragment named I1-E5 with EcoRI at the 3′end. The BIM expression plasmid was 

35 cycles 
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constructed in a two-step process. In the first step, the fragment E1-I1 was sub-cloned into 

the Nhe1 and EcoR1 sites in the pcDNA 3.1 plasmid to generate an intermediate vector. 

Next, fragment I1-E5 was cloned into the Cla1/EcoR1 sites of the vector (Figure 2.2). 

Primer sequences for generating BIM expression plasmid have been shown in Table 2.21. 

All restriction enzymes were purchased from New England Biolabs, USA.  

BIM expression plasmids were transformed into competent DH5α E. coli cells via heat 

shock. Selection for successfully transformed E. coli cells was done using lysogeny broth 

agar plates containing 70µg/mL of ampicillin. Colonies were grown in 3 ml of LB 

overnight at 37ºC. The plasmids were then extracted using MiniPrep kit (Omega Bio-tek, 

USA). Plasmids were digested with restriction enzymes to confirm the insertion of 

specific BIM fragments before sequencing. Purified plasmid clones showing the correct 

insert size were sent for sequencing (1st Base, Singapore) to ensure insertion of correct 

BIM fragments.  
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Table 2.21 Primer sequences for generating BIM expression plasmid 

Ex1.F.Nhe1 AATTTAGCTAGCACTTCGCTCCGCGC 

In1.R 
GTAATTTTTTTTTGGTAGAGGGTACCCCGACTTTTCTTTAA

AGAGAACCTGCCC 

In1.F 
GGGCAGGTTCTCTTTAAAGAAAAGTCGGGGTACCCTCTACC

AAAAAAAAATTAC 

In2.R GAAATAAGCCTGTCATGGAAGAGCCAGCCTGGGCGACAG 

In2.F CTGTCGCCCAGGCTGGCTCTTCCATGACAGGCTTATTTC 

In3.R  
GAGTCTTCTACATAACTCTGGTTAAAGAATAAGACCAAACA

ACCCAAGGAGTAAGC 

In3.F 
GCTTACTCCTTGGGTTGTTTGGTCTTATTCTTTAACCAGAG

TTATGTAGAAGACTC 

In4.R 
CCCTGCAAAGGGGAAGACATTATTTTATTTAAGTGCCATTA

CTTAGTCATAAAAC 

In4.F 
GTTTTATGACTAAGTAATGGCACTTAAATAAAATAATGTCT

TCCCCTTTGCAGGG 

Ex5.R.EcoRI 
TGCTGGGTGAATTCGGTTTGAACAAGCAAAATGTCTGCATG

G 

In1.R.ClaI.EcoEI 
CTCCCAGAATTCAAAAATCGATGAATAAACAAATTAGCTCT

CACC 
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Figure 2.2 Generation of BIM expression plasmid by overlap PCR 

Exons are represented by boxes, introns with solid lines. Arrows represent primers. 

Dotted lines represent deleted sequences. See text for details of plasmid construction.  
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3 RESULTS 

3.1 BIM minigene plasmids  

The BIM minigene plasmids, provided by collaborator Dr Ong Sin Tiong, are chimeric 

constructs containing adenovirus first exon (U) followed by BIM exon 3 (E3) and flanking 

intronic sequences, and BIM exon 4 (E4) and upstream intronic sequence (Figure 3.1) 

(Juan et al., 2014; Ng et al., 2012). E4 is fused with adenovirus exonic sequence D, which 

has a PAS. The full-length minigene contains the 2.9 kb intronic polymorphic sequence 

present in TKI sensitive patients, while the deletion minigene has the 2.9 kb intronic 

sequence removed (representative of TKI resistant patients). The Δ10 and Δ11 minigenes 

are essentially shorter versions of the full-length and deletion minigenes, respectively. The 

Δ10 minigene contains only the 322 nt fragment at the 3′ end of the 2.9 kb polymorphic 

region, which is sufficient to suppress E3 splicing. Δ11 minigene has the 322 nt fragment 

removed, so it recapitulates the effects of the deletion minigene. The minigenes were 

expected to generate two transcripts, U-E3 and U-E4-D, as E3 and E4 are alternative 

exons (Figure 3.1) (Juan et al., 2014; Ng et al., 2012). 

 

Figure 3.1 Schematic of the BIM minigenes 

The BIM minigenes contained an adenovirus exonic sequence (U) followed by BIM E3 

and E4 fused with the adenovirus exonic sequence, D. Boxes represent exons and lines 

represent introns. The 2.9 kb polymorphic fragment has been depicted in red line. 
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3.2 Δ10 and Δ11 mimic splicing patterns of full-length and deletion minigenes  

In order to verify if Δ10 and Δ11 minigenes exhibited similar splicing patterns to the full-

length and deletion minigenes, respectively, K562 cells were transfected with the 

minigene plasmids, followed by RNA extraction and reverse transcription. PCR as well as 

q-PCR was performed to analyze E3 versus E4 splicing.  Both Δ11 and deletion minigene 

showed enhanced splicing of E3 over E4 in comparison to Δ10 and full length minigene 

respectively (Figure 3.2). Consistent with our collaborators findings, our results confirm 

that the splicing pattern of Δ10 is similar to full length, while that of Δ11 is similar to 

deletion, further verifying that the 322 nt fragment at the 3′ end of the 2.9 kb deletion 

region is sufficient to suppress E3 splicing.  

For our subsequent experiments, we used Δ10 as the non-deletion minigene and Δ11 as 

the deletion minigene, as PCR mutagenesis was more efficient using these smaller 

plasmids as templates.

 

Figure 3.2 E3 versus E4 splicing pattern in BIM minigenes 

(A) PCR and (B) qPCR analysis of splicing patterns of BIM E3 versus E4 in different 

minigenes. Both deletion and Δ11 minigenes showed enhanced splicing of E3 over E4 in 

comparison to full length and Δ10 minigenes, respectively. The open arrows indicate the 

location of the primers used to analyze the U-E3 and U-E4-D transcripts. Experiments 

were performed in triplicate. qPCR data is shown as mean ± standard error of the mean. 

Statistical significance is indicated as follows **, P<0.01 compared to cells transfected 

with the WT Δ10 and full length minigenes respectively using Student′s t-test.  
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3.3 Multiple cis-acting elements regulate BIM E3 splicing 

Cis-acting elements regulating BIM E3 splicing were identified by minigene deletion 

analysis in BIM E3 and the upstream intronic region after the 2.9 kb polymorphic 

sequence. The identified ESE sequences were further validated by point mutation and 

heterologous context assays. 

3.3.1 BIM E3 is rich in ESEs and ESSs 

As typical binding sites for splicing factors encompass 6-8 nucleotides (Cartegni et al., 

2002), in order to identify the ESEs and ESSs in BIM E3, 23 serial deletions of 10 

nucleotides each were introduced in BIM E3 in the context of Δ10 (deletion) and Δ11 

(non-deletion) minigenes (Figure 3.3). To more precisely map the cis-acting elements, we 

introduced additional 23 staggered deletions of 10 nucleotides, for which each staggered 

deletion spans from middle to a deletion to middle of the next deletion (Figure 3.3). This 

approach of introducing deletions and staggered deletions to map the cis-acting splicing 

elements has been previously done in our lab (Tang et al., 2016). The combined analysis 

of the two sets of deletions that are staggered by 5 nucleotides would minimize the 

possibility that the splicing effects were due to the inadvertent creation of splicing 

elements within the new junction sequences. The first two nucleotides of the 5′ end of E3, 

which are part of the 3′ss, were excluded from the deletions. Serial deletions were 

extended to the intronic region downstream of E3 (17 nt) (Figure 3.3), as this region 

contained polyadenylation regulatory elements which could influence E3 splicing. K562 

cells were transfected with the wild-type (Δ10 and Δ11) or deletion mutant minigenes and 

the E3 to E4 ratios were then compared to those of the wild-type minigene by qRT-PCR 

48-h post transfection. 
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Figure 3.3 Schematic map of serial deletions (D) and staggered deletions (SD) in BIM 

E3  

D1 to SD23 indicate deletions in the exon while –D1 to –SD8 indicate deletions in the 

intron upstream E3. Stop codon is indicated with a traffic stop sign. The conserved PAS 

has been highlighted in grey. Exonic sequence is shown in upper case while intron is 

shown in lower case.  

 

Numerous cis-acting splicing elements were identified within BIM E3 (Figure 3.4). As 

expected, transfection with the deletion mutants showed varied effects on E3 inclusion. 

Deletion of sequences D1, SD1, D4, D8, SD9, D10, SD10, SD11, D12 and SD17 caused a 

significant reduction in splicing of E3 over E4 (Figure 3.4). This strongly suggests that 

these sequences contain potential ESEs which recruit splicing activators to promote 

splicing, since their deletion caused a reduction in E3 splicing. In contrast, deletions of 

sequences D2, SD2, SD3, SD5, D6, SD6, D13, SD13, D14, SD14, D15, and SD16 

showed enhanced splicing of E3 over E4 (Figure 3.4). This suggests that these sequences 

contain potential ESSs which recruit splicing repressors to suppress splicing, since their 

deletion caused an increase in E3 splicing. Deletion of other sequences had neutral effects 

on E3 splicing, indicating that these sequences had no cis-acting splicing elements (Figure 

3.4). Moreover, apart from a few cases (e.g. SD10, D10 and SD11), the results of the first 

set of deletions and staggered deletions were consistent with each other.   
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Figure 3.4 Numerous cis-acting splicing elements are present in BIM E3  

Schematic of serial deletions (D) and staggered deletions (SD) introduced in BIM E3 are 

shown above the graphs. Real time PCR analysis showing E3/E4 ratio and Log2 (E3/E4) 

in the mutant plasmids, compared to the wild type (WT), in the context of both, Δ10 and 

Δ11 minigenes. ESEs are depicted in blue bars, while ESSs are depicted in red bars. WT 

and sequences having neutral effects on splicing are depicted in grey bars. Experiments 

were performed in triplicate and data is shown as mean ± standard error of the mean. 

Statistical significance is indicated as follows: *, P<0.05; **, P<0.01 compared to cells 

transfected with the WT minigene using Student′s t-test.  

 

3.3.2 E3 PolyA signal and flanking regions exhibit enhancer-like effects 

The deletions of the PAS and flanking sequences (SD19 to SD23) caused significant 

decrease in inclusion of E3 over E4 in comparison to the WT minigene (Figure 3.5). This 

suggests that these sequences manifest enhancing effects on splicing due to interaction 

between the polyadenylation and splicing machineries. The results were consistent in the 

context of both Δ10 and Δ11 minigenes, further validating our analysis. Our findings are 

in concordance with previous studies, which have shown the mutual stimulation between 

polyadenylation and splicing of terminal exons (Kyburz et al., 2006; Millevoi et al., 2006; 

Niwa and Berget, 1991). 
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Figure 3.5 Polyadenylation signal and flanking region within BIM E3 promote E3 

splicing 

Schematic of serial deletions (D) and staggered deletions (SD) introduced in polyA 

regulatory sequences are shown above the graphs. D20 sequence containing the conserved 

PAS, AAUAAA is highlighted in grey. E3/E4 ratio of mutant plasmids compared to WT, 

in the context of both, Δ10 and Δ11 minigene by qRT- PCR. Experiments were performed 

in triplicate and data is shown as mean ± standard error of the mean. Statistical 

significance is indicated as follows: *, P<0.05; **, P<0.01 compared to cells transfected 

with the WT minigene using Student′s t-test. 

  



                                  P a g e  | 74 
 

 

3.3.3 Intronic sequences upstream of BIM E3 3′ss contain splicing elements 

In order to get a complete picture of the cis-acting elements regulating BIM E3 splicing, 

deletions were also introduced in BIM intronic region directly upstream of E3 and 

immediately downstream of the 2.9 kb polymorphic fragment. This work was performed 

by CN Yang undergraduate program student, Yue Wan Lin under my direct supervision, 

and I confirmed the effects of some mutants. 

A total of 8 non-overlapping serial and staggered deletions of 10 nucleotides each were 

generated in BIM intron 2 (106 nt) in Δ10 and Δ11 minigenes (Figure 3.3). Deletions were 

not introduced in the last 17 nt of the intronic sequence as removal of this segment, which 

corresponds to the 3′ss of E3, would decrease splicing efficiency. From the experimental 

results, the deleted sequences corresponding to –D6, -SD6 and –SD8 are likely to contain 

ISSs while deleted sequences corresponding to -D1,-SD1, -D2, -SD2, -D3, -SD3, -D4 and 

-D5 are likely to contain ISEs (Figure 3.6). The deleted sequence corresponding to –SD1 

contains the predicted BPS for intron 2 of the BIM gene, which is an essential cis-acting 

splicing element. Our experimental results are consistent with this prediction, as shown by 

the drastic reduction in E3/E4 ratio in both Δ10 and Δ11.  

The identified ESEs/ESSs/ISEs/ISSs regulating BIM E3 were consistent in the context of 

both Δ10 and Δ11 as shown by the very high correlation coefficient (R2= 0.9644: Figure 

3.7). A summary map of enhancers and silencers regulating BIM E3 has been generated 

based on the deletion scan analysis (Figure 3.8). Since enhancer sequences are useful 

potential targets for ASOs, we focused on three ESE regions: ESE1 (D1+SD1 sequences), 

ESES2 (SD9+SD10 sequences) and ESE3 (SD11+D12 sequences) for further analysis 

(Figure 3.8). 
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Figure 3.6 Intronic sequences upstream E3 contain ISEs and ISSs 

Schematic of serial deletions (D) and staggered deletions (SD) introduced in intron 2 

upstream of E3 are shown above the graphs. Real time PCR analysis showing the ratio of 

E3 to E4 transcripts in the mutant plasmids, compared to the wild type (WT), in the 

context of both, Δ10 and Δ11 minigene. ISEs are depicted in blue bars, while ISSs are 

depicted in red bars. WT and sequences having neutral effects on splicing are depicted in 

grey bars. Experiments were performed in triplicate and data is shown as mean ± standard 

error of the mean. Statistical significance is indicated as follows: *, P<0.05; **, P<0.01 

compared to cells transfected with the WT minigene using Student′s t-test.  
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Figure 3.7 E3/E4 correlation for deletion mutants across Δ10 and Δ11 

The effects on E3 splicing caused by introduction of deletion and staggered deletion 

sequences across Δ10 and Δ11 show a positive correlation. X axis shows log2 (E3/E4) 

ratio of mutant plasmids compared to wild type (WT) in context of Δ10 minigene, while 

Y axis shows log2 (E3/E4) ratio of mutant plasmids compared to wild type (WT) in 

context of Δ11 minigene. 
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Figure 3.8 Map of enhancers and silencers for BIM E3 splicing by deletion analysis 

For each deletion (D) or staggered deletion (SD), the E3/E4 ratio is considered as an 

average of the mean E3/E4 ratio from both Δ10 and Δ11 minigenes. To derive the final 

map, we took the average normalized E3/E4 ratio between each deletion and staggered 

deletion and applied it to the 5 nt regions where each deletion and staggered deletion 

overlapped, marking them as either enhancer (blue), silencer (red), or neutral (uncolored) 

based on the following criteria: an ESE/ISE is defined as such if there is ≥30 % decrease 

in the mean E3/E4 ratio compared to WT after the deletion is made; an ESS/ISS is defined 

as such if there is ≥30 % increase in the mean E3/E4 ratio compared to WT after the 

deletion is made. For strong ESE/ISE and ESS/ISS, the cutoff is a ≥50% decrease or 

increase in the mean E3/E4 ratio compared to WT, respectively, after the deletion is made. 
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3.3.4 Point mutations within ESEs of BIM E3 reduced enhancer effects 

Our linker scan analysis revealed many cis-acting splicing elements in BIM E3. In silico 

analysis using SFmap, Human Splicing Finder and SpliceAid (Akerman et al., 2009; 

Desmet et al., 2009; Giulietti et al., 2013; Paz et al., 2010) predicted that the ESEs and 

ESSs are bound by SR proteins like SRSF1 and hnRNPs like hnRNP A1 or hnRNP 

A2/B1 (Figure 3.9). However these predictions may not be accurate due to many possible 

false positives. Hence, in order to identify trans-acting factors binding to the cis-cting 

elements, we also used a systematic RNA pull-down approach.  

 

 

Figure 3.9: In silico predictions of trans-acting factors binding to the E3 ESEs and 

ESSs  

ESEs are indicated in blue while ESSs are indicated in red. The underlined sequences 

indicate the ESE regions (named ESE1-3) that we focused to identify potential trans-

acting factors associating with them. The predicted trans-acting factors are mapped to 

their respective binding motifs.  
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For RNA pull-down assay, mutant control sequences are required to identify the specific 

proteins that interact with wild-type sequence but not with the mutant. Hence, we used the 

in silico tool, Human Splicing Finder (Desmet et al., 2009) to predict the outcome of 

introducing nucleotide substitutions in the three important exonic enhancer regions 

(ESE1: D1+SD1 sequences, ESE2: SD9+SD10 sequences and ESE 3: SD11+D12 

sequences). Point mutations were introduced such that the enhancer sites were disrupted 

as much as possible without creating new enhancers/silencers (Desmet et al., 2009) . For 

each enhancer region, 3 or 4 mutants were generated and each mutant contained one or 

more nucleotide substitutions (Figure 3.10). This point mutation assay would also aid in 

validating the effects of ESE1, ESE2 and ESE3 sequences derived from the deletion scan 

analysis. 

 

Figure 3.10 List of BIM E3 WT ESE sequences and the corresponding mutants  

The three ESE regions have been indicated in blue boxes within E3 (green box). The WT 

ESE sequences have been shown. The corresponding point mutations introduced within 

the ESE regions have been depicted in different colors. 

 

Real time PCR analysis suggested that all the mutants caused a significant reduction in E3 

splicing in different levels in the context of both Δ10 and Δ11 minigenes (Figure 3.11). 

And the effects were consistent with those caused by the respective deletion mutants. This 

further suggests that these sequences indeed harbor ESEs as mutating these sites caused a 

reduction in E3 splicing. The mutants (generated by introducing point mutations) that 

demonstrated the most similar splicing pattern to the respective deletion mutants were 

used as controls for subsequent RNA pull down assay.  
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Figure 3.11 Point mutations reduced enhancer effects 

Real time PCR analysis showing the ratio of E3 to E4 transcripts in the mutant plasmids 

compared to the wild type, in the context of both Δ10 and Δ11 minigene. The 

corresponding deletion and staggered deletion mutants served as positive controls. (A) 

ESE1 region, (B) ESE2, (C) ESE3 region. Experiments were performed in triplicate and 

data is shown as mean ± standard error of the mean. Statistical significance is indicated as 

follows: *, P<0.05; **, P<0.01 compared to cells transfected with the WT minigene using 

Student′s t-test. 
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3.3.5 Validation of ESE sequences in a heterologous context 

Next, to further confirm splicing enhancer effects of the BIM E3 ESE sequences, we 

tested the ESEs in the context of the heterologous PSXN minigene. The PSXN minigene 

has been previously used to test splicing enhancer activity of RNA motifs. Briefly, the 

functional enhancer effect is verified by inserting test sequences in the weakly spliced 

alternative exon between β-globin exon 1 and exon 2 and observing if the presence of 

ESEs promotes inclusion of the weakly spliced alternative exon (Coulter et al 1997).  

We analyzed the splicing effects of the wild-type and mutated ESE sequences by cloning 

the sequences in the PSXN minigene (Figure 3.12A). K562 cells were transiently 

transfected with the PSXN test constructs, and the splicing pattern was determined by 

semi quantitative-radioactive PCR using β-globin primers specific for this vector. All 

three ESE sequences caused varied levels of exon inclusion (Figure 3.12B). Of the three, 

ESE2 was found to be the strongest enhancer. Insertion of this sequence into the weakly 

spliced exon caused a very high level of exon inclusion (Figure 3.12B, lane 7). This effect 

was dramatically reduced by insertion of the respective mutated sequence in the 

alternative exon (Figure 3.12B, lane 8). ESE3 also showed strong enhancer effects with 

the respective mutation causing drastic exon skipping (Figure 3.12B, lanes 9-10). 

However ESE1 caused very mild inclusion of the alternative exon (Figure 3.12B, lane 3). 

Also enhancing the 5′ss sequence for more efficient base-pairing to U1 snRNA did not 

cause a large increase in exon inclusion (Figure 3.12B, lane 5). The respective mutated 

sequences caused reduction in exon inclusion, confirming that the mutations disrupted the 

mild splicing enhancer effects (Figure 3.12B, lanes 4 and 6). In summary, the ESE 

sequences identified by deletion and point mutation analysis were further validated in the 

heterologous context, confirming their enhancer effects.  
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Figure 3.12 Testing ESEs in heterologous context 

(A) Schematic diagram of the pSXN plasmid. Test sequences were cloned into the gray 

exon using SalI and BamHI sites. Arrows depict RT-PCR primers for detecting minigene 

transcripts. (B) The pSXN 13 containing enhancer sequence and the pSXN-linker 

containing short neutral sequence were the positive and negative control. Exon inclusion 

suggests the enhancing effect of the inserted sequences (lanes 1, 3, 5, 7, 9), while almost 

complete absence of exon inclusion implies the disruption of the enhancer activity (lanes 

2, 4, 6, 8, 10). Experiment was done at least in triplicate in K562.  



                                  P a g e  | 83 
 

 

3.4 BIM E3 splicing is regulated by length of PolyU tract at 3′ss 

Polypyrimidine tracts are defined by a pyrimidine-rich region upstream of the 3′ss AG 

that normally have a preference of Us over Cs (Sheth et al., 2006). Binding of U2AF65 at 

the polypyrimidine tract facilitates recruitment of U2 snRNP at the branch point driving 

the subsequent splicing steps (Gozani et al., 1998). A previous study has reported that a 

range of 10-15 pyrimidines at the 3′ss of an exon ensures its normal splicing (Fu et al., 

2011) while in another study, a stretch of 11 continuous uridines was found to be highly 

competent in ensuring optimal splicing (Coolidge et al., 1997). The polypyrimidine tracts 

from the 3′ss of the BIM E3 Δ10 and Δ11 minigenes encompass a stretch of 14 Uridines 

(Us) (Figure 3.13), while in humans this tract can range from 17 to 21Us (dbSNP 

rs748523945 and rs200489083). In order to determine the minimum number of 

pyrimidines required for maximal BIM E3 splicing, the length of the polyU tract at the 

3′ss was varied in constant increments of 2 (6Us to 20Us) in the context of both Δ10 and 

Δ11 minigenes. Real time PCR analysis suggested that a minimum of 10 uridines (Us) in 

the pre-mRNA were required for E3 inclusion, as E3 inclusion was almost negligible 

when the polyU stretch was shorter than 10Us (Figure 3.13). Surprisingly, we observed 

that a stretch of 16Us was required for maximal E3 splicing. Increasing the number of Us 

beyond 16 did not cause further enhancement of E3 inclusion (Figure 3.13).   
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Figure 3.13 BIM E3 splicing is regulated by length of PolyU tract 

(A) Schematic showing PolyU tract from BIM E3 minigenes, depicted in red color. The 

3′ss conserved dinucleotide, AG has been underlined (B) Real time PCR analysis showing 

the ratio of E3 to E4 transcripts in the mutant plasmids normalized to Δ10 and Δ11 

(containing 14 Us). Experiments were performed in triplicate and data is shown as mean ± 

standard error of the mean. Statistical significance is indicated as follows: *, P<0.05; **, 

P<0.01 compared to cells transfected with the WT minigene using Student′s t-test. 

 

3.5 Identification of trans-acting factors regulating BIM E3 splicing 

Next, we wanted to identify the trans-acting factors binding to the ESE sequences verified 

by deletion, mutation and heterologous context assays. For that, we used the systematic 

RNA pull-down approach and candidate overexpression/knockdown approach. 

3.5.1 RNA pull-down approach 

RNA pull-down allows the enrichment of RNA binding proteins using RNA end-labeled 

with desthiobiotin and streptavidin magnetic beads. The focus of my RNA pull-down 

assay was on ESE2 and ESE3 as they showed stronger enhancer effects in the 

heterologous minigene context. I purchased synthetic RNA oligonucleotides consisting of 

the wild-type or mutant ESE sequences and additional 5 flanking nucleotides at each end 
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from IDT (Table 2.17). These RNA oligonucleotides were first labeled with desthiobiotin 

and attached to streptavidin magnetic beads and then incubated with HeLa nuclear extract. 

Proteins bound to RNA were eluted and resolved by SDS-PAGE and detected by silver 

staining or western blot. Numerous proteins with varied molecular weights were pulled 

down together with wild-type RNA. With the assumption that binding of real splicing 

factors is disrupted by sequence mutations, the protein bands showing reduced intensity in 

the mutant as compared to the wild-type sample were selected for mass spectrometry at 

NTU-SBS core facility. From mass spectrometry results, proteins with high scores (high 

possibility of the identity to be true) were considered for further study.  

In ESE2 RNA pull-down, one band showed reduced intensity in mutant sample compared 

to WT ESE2. From mass spectrometry analysis of this band, the only splicing factor 

identified was hnRNP A2/B1 (Figure 3.14A). The common splicing activators i.e. SR 

proteins were not found to be binding to ESE2. hnRNP A2/B1 was further confirmed to 

bind to ESE2 sequence while its binding was reduced in the mutant ESE2 by western 

blotting analysis (Figure 3.15A). Western blotting was also performed to test if hnRNP 

A1 binds to ESE2 region, as hnRNP A1 and hnRNP A2/B1 are closely related proteins 

(He and Smith, 2009). Indeed hnRNP A1 was found to bind to ESE2 sequence while its 

binding was reduced in the mutant ESE2 (Figure 3.15A). 

In ESE3 RNA pull-down, several bands showed reduced intensity in mutant sample 

compared to WT ESE3. However, mass spectrometry analysis revealed only hnRNPs 

such as PTBP1 and hnRNP A1 binding to the ESE3 sequence (Figure 3.14B). No SR 

proteins (the typical splicing activators) were found binding to ESE3 by mass 

spectrometry analysis. Binding of hnRNP A1 and PTBP1 to the enhancer sequence was 

further confirmed by western blotting analysis (Figure 3.15B). 
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Figure 3.14 RNA pull-down assay for ESE2 and ESE3 

(A) The protein band that showed reduced binding to ESE2 mutant versus ESE2 WT 

RNA sequence was identified as hnRNP A2/B1 by mass spectrometry analysis. (B) 

Proteins such as PTBP1 and hnRNP A1 showed reduced binding affinity to the ESE3 

mutant sequence when compared to ESE3 WT RNA sequence as identified by mass 

spectrometry analysis. All RNA pull-down assays were performed twice. 

 

 

Figure 3.15 Western blot confirmed protein binding to ESE2 and ESE3 

 (A) hnRNP A2/B1 and hnRNP A1 were confirmed to be bound to the ESE2 and this 

interaction was absent/reduced in mutant ESE2. (B) PTBP1 and hnRNP A1 were bound to 

the ESE3 WT and the binding was absent/reduced in mutant ESE3 respectively. Note: (A) 

the blot for hnRNP A1 consists of two separate gels.  
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As shown in the pull down, hnRNPs were mainly found to be interacting with ESEs and 

the interactions were compromised by mutations. Also, according to computational 

predictions, there are putative binding sites for hnRNP A2/B1 and hnRNP A1 within the 

ESE2 and ESE3 regions. Although hnRNPs are known repressors, they can also activate 

exon inclusion in some cases (Huelga et al., 2012). Next, to validate the RNA-pull down 

results, knockdown and overexpression assays for hnRNP A1 and hnRNP A2/B1 were 

performed to observe changes in endogenous BIM E3 splicing (data not shown). The 

knockdown and overexpression efficiency of hnRNP A1 was low. Hence its effects on the 

endogenous E3-containing BIM transcripts were not conclusive. Knockdown of hnRNP 

A2/B1 did not cause any splicing changes in endogenous BIM E3 splicing suggesting that 

hnRNP A2/B1 may not be a regulator of BIM E3 inclusion. Although PTBP1 was found 

to bind ESE3 by RNA-pull down, a previous knockdown experiment revealed PTBP1 to 

be a repressor of BIM E3 inclusion  (Juan et al., 2014). The binding of PTBP1 to ESE3 

found by RNA-pull down could be a weak interaction, and in cells this interaction could 

be compromised by the presence of stronger competitor activators binding to the same 

ESE. Hence further knockdown/overexpression study on PTBP1 was not conducted as we 

were interested in finding splicing activators binding to enhancer sites.  

3.5.2 Candidate approach 

Next, candidate trans-acting factors that bind to these ESE regions were predicted using 

the following in silico tools: SFmap, Human Splicing Finder and SpliceAid (Akerman et 

al., 2009; Desmet et al., 2009; Giulietti et al., 2013; Paz et al., 2010). Trans-acting factors 

predicted by more than one program were selected for further functional analysis. 

According to these in silico tools: SRSF1 binds to ESE1 and ESE3, while SRSF3 binds to 

ESE1 and ESE2 and SRSF5 binds to ESE3 (Figure 3.9). Hence the effect of SRSF1, 

SRSF3 and SRSF5 on endogenous BIM E3 splicing was tested by knockdown and/or 

overexpression assays. All knockdown and overexpression assays were performed by 

final year project student, Loh Yan Ping, under my direct supervision, and I confirmed 

some of these results. 
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3.5.2.1 SRSF1 promotes BIM E3 inclusion 

For overexpression of SRSF1, K562 cells were transfected with T7 tagged SRSF1 cDNA 

plasmid. Upregulation of SRSF1 increased production of endogenous BIM E3 containing 

transcripts, suggesting that SRSF1 may act as an activator of BIM E3 splicing (Figure 

3.16C). To determine if the increased E3 splicing is due to binding of SRSF1 to cis-acting 

elements within E3 and E4, overexpression studies were done with co-transfection of BIM 

splicing minigenes (Δ10 and Δ11). Upon upregulation of SRSF1, it was observed that 

BIM E3 containing transcripts from the minigenes increased (Figure 3.17), which suggests 

that SRSF1 may regulate BIM E3 splicing by binding to E3 or nearby flanking intronic 

sequences in the minigene. To further validate the involvement of SRSF1 as an activator 

of BIM E3 inclusion, knockdown-rescue studies were performed. Knockdown of SRSF1 

transcript levels using SRSF1 siRNA, resulted in a decrease of endogenous BIM E3-

containing transcripts (Figure 3.18B). With subsequent rescue by plasmids containing 

siRNA resistant SRSF1 cDNAs, the knockdown splicing phenotype was reversed in a 

dose-dependent manner (Figure 3.18B). Taken together, the overexpression and 

knockdown-rescue results confirm that SRSF1 promotes BIM E3 inclusion. 
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Figure 3.16 SRSF1 overexpression promotes endogenous BIM E3 inclusion 

 (A) Relative expression of SRSF1 transcript levels by real time PCR. (B) Expression of 

SRSF1 protein level by western blot. The red arrow indicates SRSF1 overexpression (C) 

Real time PCR analysis showing the ratio of endogenous E3 to E4 transcripts (D) Relative 

expression of endogenous exon 2A-containing BIM transcripts. This represents the total 

level of BIM transcripts, as exon 2A is constitutive in all BIM isoforms. All relative 

expressions are determined by normalizing to K562 cells that were untreated (“U”). 

Results are represented as an average of thee replicates and data are shown as mean ± 

standard deviation. *, P<0.05. 
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Figure 3.17 SRSF1 overexpression promotes BIM E3 inclusion in minigenes 

(A) Relative expression of SRSF1 transcript levels. (B) Real time PCR showing ratio of 

E3 to E4 transcripts from BIM minigenes. All relative expressions are determined by 

normalizing to K562 cells that were transfected with BIM splicing minigenes (Δ10 and 

Δ11) (“control”). Results are represented as an average of three replicates and data are 

shown as mean ± standard deviation. *, P<0.05. 
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Figure 3.18 SRSF1 knockdown promotes E3 exclusion and rescue partially reverses 

it 

 (A) Relative expression of SRSF1 transcript levels by real time PCR. (B) Real time PCR 

analysis showing the ratio of endogenous E3 to E4 transcripts (C) Relative expression of 

endogenous exon 2A-containing BIM transcripts. This represents the total level of BIM 

transcripts, as exon 2A is constitutive in all BIM isoforms. All relative expressions are 

determined by normalizing to K562 cells that were not subjected to knockdown and 

rescue. Experiments were performed in triplicate and data is shown as mean ± standard 

error of the mean. Statistical significance is indicated using Student′s t-test as follows: *, 

P<0.05.   
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3.5.2.2 SRSF3 is likely a repressor of BIM E3 inclusion 

Knockdown of SRSF3 using siRNA caused a 6-fold increase in endogenous BIM E3-

containing transcripts (Figure 3.19C). This suggests that SRSF3 may act as a repressor in 

regulating BIM E3 inclusion, contradicting with the general role of SRSF3 as a splicing 

activator. However when subsequent rescue by plasmids containing siRNA resistant 

SRSF3 cDNAs was carried out, the knockdown splicing phenotype was not reversed upon 

rescue with increasing levels of SRSF3 (Figure 3.20C). Overall, our initial results 

suggested that SRSF3 repress BIM E3 inclusion, but subsequent experiments did not 

support the finding (see discussion, section 4.5.3).  
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Figure 3.19 SRSF3 knockdown promotes endogenous BIM E3 inclusion 

(A) Relative expression of SRSF3 transcript levels by real time PCR. (B) Expression of 

SRSF3 protein level by western blot. (C) Real time PCR analysis showing the ratio of 

endogenous BIM E3 to E4 transcripts (D) Relative expression of endogenous exon 2A-

containing BIM transcripts by real-time PCR. This represents the total level of BIM 

transcripts, as exon 2A is constitutive in all BIM isoforms. All relative expressions are 

determined by normalizing to K562 cells that were untreated (“U”). Results are 

represented as an average of three replicates and data are shown as mean ± standard 

deviation. **, P-value ≤0.01.  
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Figure 3.20 SRSF3 rescue does not reverse the knockdown effects of SRSF3  

(A) Relative expression of SRSF3 transcript levels by real time PCR. (B) Expression of 

SRSF3 protein level by western blot. The red arrow indicates SRSF3 overexpression (C) 

Real time PCR analysis showing the ratio of endogenous E3 to E4 transcripts (D) Relative 

expression of endogenous exon 2A-containing BIM transcripts. This represents the total 

level of BIM transcripts, as exon 2A is constitutive in all BIM isoforms. All relative 

expressions are determined by normalizing to K562 cells that were untreated (“U”). 

Experiments were performed in triplicate and data is shown as mean ± standard error of 

the mean. Statistical significance is indicated using Student′s t-test as follows: *, P<0.05. 
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3.5.2.3 SRSF5 mildly promotes endogenous BIM E3 inclusion 

Although, overexpression of SRSF5 using cDNA plasmid caused a 2-fold increase in 

endogenous BIM E3-containing transcripts (Figure 3.21), this effect was not recapitulated 

in the context of the BIM splicing minigenes (Δ10 and Δ11) (Figure 3.22). With 

inefficient knockdown of SRSF5 (only 15% decrease in SRSF5 mRNA level), the results 

were inconclusive to support the role of SRSF5 as an activator of BIM E3 inclusion (data 

not shown).  

 
Figure 3.21 SRSF5 overexpression mildly promotes endogenous BIM E3 inclusion. 

(A) Relative expression of SRSF5 transcript levels by real time PCR. (B) Real time PCR 

analysis showing the ratio of endogenous E3 to E4 transcripts (C) Relative expression of 

endogenous exon 2A-containing BIM transcripts. This represents the total level of BIM 

transcripts, as exon 2A is constitutive in all BIM isoforms. All relative expressions are 

determined by normalizing to K562 cells that were untreated (“U”). Experiments were 

performed in triplicate and data is shown as mean ± standard error of the mean. Statistical 

significance is indicated using Student′s t-test as follows: *, P<0.01, **P<0.05. 
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Figure 3.22 SRSF5 overexpression does not change BIM E3 splicing in minigenes 

 (A) Relative expression of SRSF5 transcript levels. (B) Real time PCR showing ratio of 

E3 to E4 transcripts from BIM minigenes. All relative expressions are determined by 

normalizing to K562 cells that were transfected with BIM splicing minigenes (Δ10 and 

Δ11) (“control”). Experiments were performed in triplicate and data is shown as mean ± 

standard error of the mean. Statistical significance is indicated using Student′s t-test as 

follows: *, P<0.01, **P<0.05. 

 
To summarize this section, amongst the trans-acting factors regulating BIM E3 splicing, 

SRSF1was confirmed to promote inclusion of E3, while SRSF3 was found to repress E3 

splicing by knockdown. Further studies are required to establish the roles of hnRNP A1, 

hnRNP A2/B1 and SRSF5 on E3 splicing. 
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3.6 SNPs affect BIM E3 splicing in context of minigenes 

The BIM deletion polymorphism can contribute to TKI resistance in many patients, 

however it does not account for all cases of inferior TKI responses. The multitude of BIM 

E3 regulating splicing enhancers and silencers revealed by the deletion scan analysis 

suggested that small sequence variations could affect the splicing of E3. Hence we were 

interested in studying the effect of SNPs on BIM E3 splicing. We searched the dbSNP 

database for SNPs throughout E3 and the upstream intronic region immediately 

downstream of the 2.9 kb polymorphic region. In our search, we found seven SNPs in the 

region of interest (Figure 3.23A) in May 2014. I replaced the major alleles with the minor 

alleles one at a time in both the Δ10 and Δ11 minigenes to observe the effects of each 

mutant on E3 splicing. K562 cells were transfected with the wild type (Δ10 and Δ11) or 

mutant minigenes. Changes in E3 to E4 splicing of mutant minigenes was then compared 

to the wild type minigene by qRT-PCR 48 h post transfection. Surprisingly, the minor 

alleles for four SNPs (SNP 3c, 4a, 5u, 6g) out of seven individually caused significant 

change in E3 splicing. The other three (SNP 1g, 2g, 7u) of seven SNPs did not cause 

significant change in splicing in either Δ10 or Δ11 minigenes (Figure 3.23B). The minor 

alleles for two SNPs, SNP 3c and SNP 6g, enhanced E3 to E4 ratio indicating that these 

alleles could be potentially associated with TKI resistance. The minor alleles for two other 

SNPs, SNP 4a and 5u, decreased the E3 to E4 ratio indicating that these SNPs could give 

additional sensitivity to TKIs (Figure 3.23B).  
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Figure 3.23 SNPs affect BIM E3 splicing 

 (A) Schematic of the seven SNPs in BIM E3 and upstream intronic region from dbSNP. 

Major alleles are highlighted in E3 and upstream intronic sequence in upper case and the 

alternative or minor alleles have been depicted below the major alleles in lower case. (B) 

E3/E4 ratios by real-time RT-PCR for Δ10 and Δ11 with different SNPs. Red and blue 

bars respectively highlight significant increases or decreases in E3/E4 ratios. Experiments 

were performed in triplicate and data is shown as mean ± standard error of the mean. 

Statistical significance is indicated as follows: *, P<0.05; **, P<0.01 compared to cells 

transfected with the WT minigene using Student′s t-test (C) Table showing all reference 

SNP ID numbers. 
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Since individual patients may harbor different combination of SNPs between the two BIM 

alleles, we then explored combinations of the various alleles to determine their summative 

effect on BIM E3 splicing. All the possible combinations of alleles were introduced in 

both Δ10 and Δ11 minigenes to obtain the 16 different haplotypes. The wildtype Δ10 and 

Δ11 minigenes contain the major allele for all four SNPs and are representative of the 

most common haplotype. From qRT-PCR analysis, it is evident that the E3 to E4 ratio 

correlates well with the distribution of alleles i.e. for each combination or haplotype, the 

E3 to E4 splicing ratio depends on the ratio of splicing enhancing (blue bars) or splicing 

silencing (red bars) alleles (Figure 3.24). 

For example, in the haplotypes that comprise two enhancing alleles and two silencing 

alleles i.e. SNP 3c+4a+5u+6g, SNP 3c+4a and SNP 5u+6g, the E3 to E4 ratio is near 1, 

with one exception (Δ10 SNP 3c+4a+5u+6g) (Figure 3.24). When a haplotype contained 

all the four enhancing alleles (SNP 3c+6g), the E3 to E4 ratio further increased in 

comparison to SNP 3c or SNP 6g alone (Figure 3.24). Thus by just changing two 

nucleotides, the E3 to E4 ratio could be boosted further not only in Δ10, but also in Δ11, 

in which the E3 to E4 ratio is already high due to the lack of the essential polymorphic 

silencer region. When the same haplotype had a major allele replaced by a minor silencing 

allele (SNP 3c+4a+6g and SNP 3c+5u+6g) the E3/E4 ratio dropped down proportionately 

to the silencing effect of the individual minor alleles (SNP 4a and SNP 5u) (Figure 3.24). 

When a haplotype contained all the four splicing silencing alleles (SNP 4a+5u), the E3 to 

E4 ratio was further decreased in comparison to SNP 4a or SNP 5u alone in both Δ10 and 

Δ11. When the same haplotype had a major allele replaced by a minor splicing enhancing 

allele (SNP 3c+4a+5u and SNP 4a+5u+6g) the E3 to E4 ratio surged proportionately to 

the splicing enhancing effect of the individual minor alleles (SNP 3c and SNP 6g) (Figure 

3.24). To summarize, all the alleles showed an additive effect on E3 splicing and the 

change in splicing effects of all the allele combinations is consistent across Δ10 and Δ11.  
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Figure 3.24 Combinations of major and minor alleles of the four SNPs show additive 

effect  

E3/E4 ratios by real-time RT-PCR for Δ10 and Δ11 with different 

combinations/haplotypes. For each combination, the E3/E4 splicing ratio depends on the 

ratio of enhancing (blue bars and font) or silencing (red bars and font) alleles. 2:2 results 

in a near 1 ratio (with one exception i.e. Δ10 SNP 3c+4a+5u+6g), 3:1 or 4:0 results in 

higher E3/E4 ratio, and 1:3 or 0:4 in lower E3/E4 ratio. The first bar for each graph 
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includes the major allele for all four SNPs representing the WT Δ10 and Δ11 minigenes 

normalized to 1. The major alleles are indicated in uppercase and the minor alleles are 

indicated in lowercase. Experiments were performed in triplicate and data is shown as 

mean ± standard error of the mean. Statistical significance is indicated as follows: *, 

P<0.05; **, P<0.01 compared to cells transfected with the WT minigene using Student′s t-

test. 

 

Next, using the same set of data, we normalized the E3 to E4 ratio of all the Δ11 SNP 

haplotypes to Δ10. One of the haplotypes i.e. Δ11 SNP 4a+5u showed almost similar E3/ 

E4 ratio as Δ10 (Figure 3.25). This indicates that a patient having this haplotype would 

most likely be sensitive to TKI, despite bearing the deletion polymorphism. On the 

contrary, a patient having the Δ11 SNP 3c+6g would be extremely resistant to TKI as 

seen by the dramatic increase (~150-fold) in E3/E4 ratio (Figure 3.25). We also observed 

the result of normalizing E3/E4 ratio of Δ10 SNP haplotypes to Δ11. It was found that one 

of the haplotypes i.e. Δ10 SNP 3c+6g showed increased E3 to E4 ratio in comparison to 

Δ11 (~3-fold) (Figure 3.25). This indicates that a patient having this combination of 

alleles would be definitely resistant to TKI.  

Altogether, this analysis shows that other single-nucleotide variations change the BIM 

splicing patterns dictated by the deletion polymorphism, and thus they might modify the 

TKI responses in CML and EGFR-mutated NSCLC patients. 
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Figure 3.25 Comparison of 16 SNP haplotypes to reciprocal deletion or nondeletion 

alleles 

E3/E4 ratios for all Δ11 SNP haplotypes are normalized to Δ10. E3/E4 ratios for all Δ10 

SNP haplotypes are normalized to Δ11. E3/E4 ratios have been calculated based on the 

same set of data used in Figure 3.21. 
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3.7 Testing the effects of BIM E3 SNPs in K562 cell line 

The discovery of four novel BIM splice-switching annotated SNPs suggested the 

intriguing possibility that SNPs in the E3 region could result in important differences in 

the generation of functional BIM protein, and thereby contribute to response 

heterogeneity in patients treated with TKIs. Hence, next we wanted to test the ability of 

these SNPs to affect splicing and TKI responses in K562 using the approaches shown in 

Figure 3.26 and described in the subsections below. 

 

Figure 3.26 Approaches for testing effect of BIM SNPS in K562 cell line 

Left, CRISPR/Cas9 design for introducing different allelic variants (vertical line in E3) in 

the genome by using two guide RNAs (above and below E3). Right, alternative approach 

by which all endogenous BIM alleles are removed by CRISPR/Cas9, and BIM with 

different allelic variants is reconstituted by transfection with plasmids (circular construct).  

 

3.7.1 Introduction of SNP minor alleles in endogenous BIM by CRISPR editing  

Firstly, we attempted to introduce SNP 3c and SNP 4a individually in K562 cells by 

homology-directed repair (HDR) via the Clustered Regularly Interspaced Short 

Palindromic Repeats/CRISPR associated protein 9 (CRISPR/Cas9) system. The wild-type 

Cas9 nuclease can induce DSB at the genomic target when guided by a gRNA. In contrast, 

the Cas9n can simultaneously create single-stranded nicks on both strands of the target 

DNA when guided by a pair of appropriately spaced and oriented gRNAs. This results in 
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DSB resulting from the double nicking (Ran et al., 2013b). We used the D10A nickase 

mutant of Cas9 (Cas9n) enzyme along with a pair of guide RNAs (gRNAs) offset by 5 bp 

to target the human BIM E3 (Figure 3.23A). Single-stranded nicks introduced by Cas9n 

on both strands of the BIM E3 would result in double-stranded breaks (DSBs). Cas9n 

increases the specificity of genome editing because DSBs would only occur if both 

gRNAs are able to bind the target regions within a defined space and any single-stranded 

nicks created are repaired without small insersions or deletions (indels) formation (Ran et 

al., 2013b). 

The individual guide sequences, one targeting the sense strand while the other targeting 

the antisense strand of BIM E3, were cloned into the pSpCas9 (BB)-2A-GFP vector which 

expresses the mutated “nickase” version of the Cas9 enzyme. The plasmids obtained after 

cloning the respective guide sequences are referred as Cas9n/gRNA1 and Cas9n/gRNA2 

plasmids respectively. The DSBs from double nicking would then be repaired via 

homology directed repair (HDR) in presence of a repair template (Ran et al., 2013b). 

Single-stranded DNA oligonucleotides (ssODNs) were used as repair templates to 

mediated HDR. ssODNs for SNP 3c and 4a were designed with the respective SNP minor 

allele positioned in the middle flanked by 60 nt homology arms on each side (Figure 

3.27A).  

To introduce SNP 3c and SNP 4a individually, K562 cells were then nucleofected with 

the pair of Cas9n/gRNA1 and Cas9n/gRNA2 plasmids and the respective ssODNs. After 

nucleofection, cells were sorted by GFP-FACS and single cells were isolated and 

expanded till confluent. Genotyping of the single-cell clones was done by PCR of 

extracted genomic DNA (of confluent cells) followed by RFLP analysis. To avoid 

unwanted detection of residual repair template, the PCR primers used were designed to 

anneal outside the region spanned by the homology arms. After restriction enzyme 

digestion of the PCR product, it was observed that several clones had the intended SNP 

minor alleles introduced as seen by the cleaved PCR product in agarose gel 

electrophoresis (see representative images in Figure 3.27B: SNP 3c, upper panel and SNP 

4a, lower panel). None of the clones showed complete digestion of PCR product which 

means that not all alleles of a single cell had the substitution. Since K562 is a triploid cell 
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line, the higher percentage of uncleaved PCR product indicates that only one out of the 

three alleles had the SNP minor alleles introduced. After sequencing of the PCR product, 

we observed that all the SNP edited clones indeed had successful monoallelic substitution. 

However these clones also received additional random mutations due to non-homologous 

end joining (NHEJ) at the 3′ss of BIM E3 (see representative electropherogram Figure 

3.27C: SNP 3c, upper panel and SNP 4a, lower panel). Hence, these clones could not be 

used for further study.  

One of the clones, clone 11 for SNP 3c editing, had a biallelic substitution (see 

electropherogram Figure 3.27C upper panel). By plasmid cloning and sequencing, we 

observed a 14 nt deletion in this particular clone at the 3′ss. In order to correct this 

deletion, a 20 nt guide sequence targeting the sequence flanking the deletion in BIM E3 

was designed and cloned into pSpCas9 (BB)-2A-GFP vector to a get a plasmid named, 

Cas9n/gRNA1-modified. Another 20 nt guide sequence was designed targeting E3 and 

cloned into pSpCas9 (BB)-2A-GFP vector to get a plasmid named, Cas9n/gRNA3. The 

clone 11 for SNP 3c editing was then nucleofected with the Cas9n/modified gRNA1 and 

Cas9n/gRNA3 plasmids and the SNP 3c ssODN (see Figure 3.27D). Genotyping was then 

done after GFP single cell sorting and expansion. Using this strategy, it was possible to 

obtain clones (two of four screened clones) that showed successful elimination of the 14 

nt deletion introduced in the clone and no further indels were observed in the gRNA target 

region (see electropherogram Figure 3.27E). Hence these clones had successful biallelic 

but not triallelic substitution for SNP 3c.  

Given the inefficiency and difficulty encountered in introducing nucleotide substitutions 

by HDR mediated CRISPR genome editing, it would not be the best approach for testing 

the effect of the BIM SNPs in K562. Hence we switched to using another strategy to test 

the effect of SNPs in K562 (see section 3.7.2) which is currently in progress.   
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Figure 3.27 Introduction of SNP 3c and SNP 4a in endogenous K562 BIM by 

CRISPR  

 (A) Schematic of gRNAs targeting BIM E3 and ssODNs used as repair template to 

introduce SNP 3c and SNP 4a. Blue letters indicate the 20 nt guide sequence and orange 

letters highlight the PAM sequences in BIM E3. SNP 3 and SNP 4 major alleles have been 

indicated in red in BIM E3 and corresponding minor alleles have been indicated in red in 

the ssODNs. (B) Agarose electrophoresis of PCR products after RFLP analysis using 

restriction enzymes Hpy1881 and APO1 for SNP 3c (upper panel) and SNP 4a (lower 

panel) respectively. K562 and Δ10 are used as negative controls for restriction enzyme 

digestion. Δ10 SNP 3c and Δ10 SNP 4a are used as positive controls for restriction 

enzyme digestion for SNP 3c and SNP 4a editing respectively. (C) Representative 

electropherograms of the direct sequencing results of the PCR amplified BIM E3 region 

for a single cell clone for SNP 3c (upper panel) and SNP 4a (lower panel). The red arrow 

indicates the overlapping peaks due to the substitution. Additional mutations at 3′ss 

gRNA1 target site can be seen as continuous overlapping peaks. (D) Schematic of gRNAs 

targeting BIM E3 to eliminate the 14 nt deletion and SNP 3c ssODN. Blue letters indicate 

the 20 nt guide sequence and orange letters highlight the PAM sequences in BIM E3. (E) 

Electropherograms of the direct sequencing results of the PCR amplified BIM E3 region 

for a single cell clone for SNP 3c (left panel) after repair with the modified gRNA1. The 
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red arrow indicates the overlapping peaks caused by the substitution. Additional 

mutations at 3′ss were eliminated. 

 

3.7.2 BIM knockout by CRISPR/Cas9 and rescue by BIM expression plasmid 

Since the CRISPR/Cas9 genome editing approach was not efficient in introducing minor 

alleles of the SNPs into endogenous BIM gene, we used another experimental strategy to 

study the effect of SNPs on splicing and TKI resistance. In this second approach, we 

firstly wanted to knockout all endogenous BIM genes in K562. This would then be 

followed by transfecting cells with a BIM expression plasmid that would harbor different 

allelic variants of the SNPs. 

To knockout endogenous BIM genes in K562, a pair of BIM CRISPR gRNAs targeting 

two different regions in human BIM gene was introduced in K562 cells. This would 

induce Cas9 mediated DSBs at the two sites. This strategy has been previously used 

whereby the DSBs at the two locations either led to deletion of the intervening DNA 

segment by precise end joining (Zheng et al., 2014) or indels at the deletion junctions 

(Canver et al., 2014). 

I used different pairs of gRNAs targeting different regions of BIM gene to introduce 

deletions. Firstly, a pair of gRNA targeting two different locations in BIM exon 2A (E2A) 

was tested. Genotyping of the K562 single cell clones by PCR showed deletion in many 

clones. Sequencing of the PCR product revealed that the deletion of the intervening 

sequence resulted in precise end joining and this resulted in a 90 bp deletion in BIM E2A. 

Thus there was no frameshift of the resultant mRNA and hence the functional BIM 

protein was still produced (data not shown).  

A second pair of gRNA, one targeting BIM E3 and another targeting BIM E4 was tested. 

However none of the single cell clones showed the deletion of the intervening sequence 

(data not shown). This is possibly because the intended deletion size was large and 

previously it has been demonstrated that the frequency of deletion is inversely 
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proportional to the size of deletion (Canver et al., 2014). Hence screening a large number 

of clones might be required to find a successful knockout clone.  

A third pair of gRNA targeting two different locations in BIM E2A was tested. Since the 

first pair of gRNA resulted in deletion of intervening sequence and precise end joining, 

we designed the gRNA such that the distance between the Cas9 cut sites was 52 bp. 

Genotyping of the K562 single cell clones revealed that many clones had the deletion 

(Figure 3.28). Sequencing of the PCR product revealed that the deletion of the intervening 

sequence resulted in precise end joining which caused a 52 bp deletion in BIM E2A. From 

western blot analysis, most clones showed reduction in BIM protein levels, however none 

of the clones showed complete absence of BIM protein (data not shown). This was 

surprising given that the deletion was predicted to cause a frameshift and thus possibly 

NMD of the mRNA due to presence of a premature stop codon. Currently new gRNAs 

have been designed to delete exon 4 (E4). Deleting E4 should knockout functional BIM 

protein as E4 encodes for the proapoptotic BH3 domain.  

 

Figure 3.28 Agarose electrophoresis of PCRs after targeting E2A with two CRISPR 

gRNAs 

Most single cell clones show deletion of the targeted BIM E2A region as seen by the 

truncated PCR fragment in comparison to K562 cells. 

 

The BIM expression plasmid has been constructed as described in Section 2.18. In the 

near future, it will be determined if the BIM plasmid recapitulates endogenous BIM 

splicing and reconstitutes all BIM protein isoforms. The plasmid will then be mutated to 

harbor the minor alleles for the SNPs to test their effects on BIM E3 splicing and TKI 

resistance. However, the clinical relevance of these SNPs recently became questionable 

(see Discussion).  
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4 DISCUSSION 

A 2.9 kb deletion polymorphism in BIM intron 2 (present in 12.3 % of East Asians) leads 

to the production of BIM isoforms lacking the proapoptotic BH3 domain due to the 

preferential splicing of E3 over E4 encoding BH3 domain. This causes intrinsic TKI 

resistance in CML and EGFR NSCLC patients (Ng et al., 2012). In this project, we have 

mapped the cis-acting splicing elements within BIM E3 and upstream intronic region by 

deletion analysis in BIM splicing minigenes. The ESEs have been validated by point 

mutation analysis and in the context of a heterologous exon. The identified ESEs could 

further serve as targets for splice-switching ASOs repressing E3 inclusion. One trans-

acting splicing factor, SRSF1 was confirmed to promote BIM E3 inclusion, while the 

effects of other splicing factors require further verification. In addition, regulation of BIM 

E3 splicing by varying lengths of polypyrimidine tract at the 3′ss has been determined. 

Lastly, using BIM splicing minigenes, we discovered the ability of four annotated SNPs 

located in BIM E3 to effectively alter the E3/E4 ratios. Moreover the combination of these 

alleles had an additive effect on E3 splicing. Accordingly, like the 2.9 kb BIM deletion, 

these four SNPs are predicted to modify the TKI responses in patients with CML and 

EGFR NSCLC. 

4.1 BIM E3 is regulated by multiple regulatory cis-acting splicing elements  

Deletion analysis revealed several cis-acting splicing elements in BIM E3 and upstream 

intronic region (Figure 3.8). The ESEs or ESSs are not concentrated at a particular region 

of the exon, rather they are distributed throughout the exon (Figure 3.4). The ESEs 

probably execute their effects by recruiting splicing activators. The splicing activators 

most likely antagonize the binding of splicing repressors or cooperate with other positive 

regulatory factors to facilitate the recognition of 3′ss. On the other hand, the ESSs 

possibly suppress splicing by recruiting splicing repressors (Chen and Manley, 2009). 

These repressors perhaps sterically block binding of splicing activators to the enhancer 

sequences. Splicing inhibition could also be due to the multimerization of repressors 

along pre-mRNA which prevent the 3′ss recognition by the U2AF35/65. Alternatively, 

some repressors could engage in protein-protein interactions causing ‘looping out′ of a 
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region of E3. This loop formation most likely causes steric hindrance to the recruitment of 

U2AF35/65 at the 3′ss (Chen and Manley, 2009). 

Indeed, the splicing pattern change caused by the deletions and the respective staggered 

deletions were consistent, except for a few cases. For instance, SD10 and SD11 sequences 

contain enhancers while D11 does not (Figure 3.4). This discrepancy could be attributed 

to the junction effect, i.e. removal of D11 sequence probably created a new splicing 

regulatory site that compensated for the deletion. Another possibility could be that the 

first half of the SD10 sequence and the second half of the SD11 sequence contained major 

binding sites for different activators, while D11 contained minor binding site for the 

corresponding activators. Hence deletion of SD10 and SD11 sequences disrupted binding 

of the activators and reduced E3 splicing. On the other hand, deletion of D11 sequence 

caused negligible disruption in the activator binding, thus preventing decrease in E3 

splicing. 

Our finding that splicing of BIM E3 is regulated by multiple ESEs and ESSs is not 

surprising. In general, alternative exons contain weaker splice sites than constitutive ones. 

Also alternative exons are shorter, and flanked by longer introns when compared to 

constitutive exons. These factors limit the recognition of these exons by the spliceosome, 

thus necessitating splicing regulation by numerous ESEs and ESSs (Kim et al., 2008). In 

the case of the alternative BIM E3, the 3′ss is very strong as predicted by in silico tools. 

This is unusual for alternative exons. Since the E3 containing transcripts are non-apoptotic, 

numerous ESSs might have evolved to reduce the levels of these transcripts. Yet, the 

ESEs in E3 probably evolved to modulate the levels of functional proapoptotic E4 

containing transcripts. Several ISEs/ISSs were also identified, yet their effects on splicing 

were not as strong when compared to that of ESEs/ESSs (Figure 3.6). The ISSs are 

concentrated near the polymorphic region which contains the splicing silencer region. On 

the other hand, the ISEs are concentrated near the 3′ss and the BPS (-SD1 region) as a 

positive splicing element which, as expected, showed a very strong enhancer-like effects 

(Figure 3.6).  
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The ESEs found in this study could serve as targets for ASOs that can bind to the ESEs 

and switch splicing from E3 to E4 to increase the production of proapototic BIM isoforms. 

Indeed, based on the cis-acting elements revealed by deletion analysis, 18-mer ASOs have 

been tiled throughout the region downstream of the deletion to the end of E3 by Dr Liu 

Jun (postdoc). This work has been done in partnership with Ionis Pharmaceuticals 

(Carlsbad, CA, USA). Some of these ASOs have shown promising effects in restoring 

TKI sensitivity which have not been discussed in this thesis because of confidentiality 

clauses. These ASOs could be potentially used as adjuvant therapy to resensitize the 

polymorphism containing CML cells to TKIs. 

The consistency in identification of cis-acting elements in the context of both deletion and 

non-deletion minigenes (Figure 3.7) suggests that the regulatory sequences exert their 

effects on splicing independently of the 2.9 kb intronic deletion region. This also implies 

that ASOs targeting the enhancers should not only aid in restoring sensitivity in TKI 

resistant patients (containing the BIM deletion polymorphism), but also could boost 

response to TKIs in TKI sensitive patients (lacking the BIM deletion polymorphism). 

Given that BIM is an important proapoptotic protein, the cis-acting elements in BIM E3 

elucidated by the deletion analysis could provide useful information in treatment of other 

diseases. For example, BIM upregulation has been shown to contribute to increased 

cardiomyocyte and neuronal cell death following ischemia (Ness et al., 2006; Qian et al., 

2011). Thus ASOs targeting silencers in E3 could promote splicing of E3 thereby causing 

reduced expression of exon 4-containing BIM transcripts, preventing cell death.  

4.2 Polyadenylation regulatory sequences favor splicing of BIM E3 

Our finding that the PAS and flanking sequences showed splicing enhancer-like effects 

(Figure 3.5) are in concordance with previous findings, which have shown that splicing 

and polyadenylation mutually influence each other (Figure 4.1) (Kyburz et al., 2006; 

Millevoi et al., 2006; Niwa and Berget, 1991). For example, mutation of the highly 

conserved polyadenylation signal, AAUAAA, has been found to repress in vitro splicing 

of the terminal intron (Niwa and Berget, 1991). The synergistic stimulation of splicing of 

last exon and polyadenylation is believed to be achieved by the cooperation between the 
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splicing and the cleavage/polyadenylation machineries (Kyburz et al., 2006; Millevoi et 

al., 2006). Interactions between U2 snRNP and the cleavage and polyadenylation 

specificity factor (CPSF) subunits have been shown to contribute to the coupling of 

splicing and 3′-end processing (Kyburz et al., 2006). In another study, coordination of in 

vitro splicing and polyadenylation was attributed to the direct interaction between 

U2AF65 and cleavage factor Im (CFIm 59) (Millevoi et al., 2006). In BIM E3, the 

conserved PAS, AAUAAA is embedded in D20 sequence while the downstream flanking 

regions are part of other polyadenylation regulatory elements. Therefore decrease in BIM 

E3 splicing was observed when the polyadenylation regulatory elements (SD19 to SD23) 

were removed (Figure 3.5).  

 

Figure 4.1 Schematic of mutual stimulation between splicing and polyadenylation. 

Boxes represent exons; Lines represent introns. Abbreviations: U2AF, U 2 auxiliary factor; 

CPSF, cleavage and polyadenylation specificity factor ; CstF, cleavage stimulation factor ; 

PAS, polyadenylation signal; DSE, downstream element. 

 

4.3 Validation of ESEs in a heterologous context 

The three ESEs identified in deletion and mutational assays were also tested in a 

heterologous context (Figure 3.12A). These ESEs, by themselves, can enhance inclusion 

of the exon in which they were inserted. Consistent with the deletion and point mutation 
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analyses, ESE2 and ESE3 showed strong effects on exon inclusion while ESE1 weakly 

enhanced exon inclusion (Figure 3.12B). This suggests that these regions exert their 

enhancer effects individually without the need of nearby splicing regulatory sequences. 

Yet, it is possible that these ESEs may have a combinatorial effect on BIM E3 inclusion so 

further study is needed.  

The weak enhancer effects of ESE1 region in the heterologous context could be attributed 

to the junction effect, i.e. insertion of the ESE1 sequence in the heterologous alternative 

exon probably created a novel silencer region or resulted in formation of secondary 

structure, thereby restricting splicing (Figure 4.2A and B). Another possibility is that 

insertion of the ESE1 in the heterologous exon created a steric block for binding of U1 

snRNP to the 5′ss. In the context of BIM E3, this effect was not observed as BIM E3 is a 

terminal exon and is much longer (Figure 4.2A and B).  

Since ESE1 region is located near the 3′ss in BIM E3, it could also be likely that it directly 

or indirectly supports binding of U2AF to the 3′ss, while in the heterologous exon it is not 

part of the 3′ss (Figure 4.2C and D). Another reason could be that binding of splicing 

factor (s) to the ESE1 in the context of BIM E3, instead of recruiting the spliceosome, 

abrogated the binding of a splicing repressor at a nearby silencer region, thereby 

improving exon inclusion. Thus, in this heterologous context (in the absence of those 

silencers), ESE1 had less impact on splicing (Figure 4.2E and F).  
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Figure 4.2 Hypotheses for ESE1 as a mild enhancer in heterologous context 

See text for details. 
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4.4 Length of PolyU tract at 3′ss regulates BIM E3 splicing 

The polypyrimidine tract of the 3′ss is one of the most essential splicing regulatory 

elements of a mammalian pre-mRNA (Coolidge et al., 1997). The recognition of the 3′ss 

in introns is achieved by the U2 snRNP auxiliary factor (U2AF) heterodimer, whereby the 

U2AF65 subunit binds to the polypyrimidine tract and the U2AF35 subunit recognizes the 

AG dinucleotide at the intron-exon boundary (Graveley et al., 2001). U2AF65 promotes 

U2 snRNP binding to the BPS of pre-mRNA by interacting with SAP155, a component of 

U2 snRNP. Therefore binding of U2AF65 at the 3′ss polypyrimidine tract is essential for 

the first trans-esterification reaction of splicing (Gozani et al., 1998). In introns containing 

long polypyrimidine tracts, U2AF35 is not required for the binding of U2 snRNP, known 

as the “AG-independent 3′ss” (Figure 4.3) (Pacheco et al., 2006). However, U2AF35 is 

essential for stabilizing U2AF65 binding in introns that contain short or degenerate 

polypyrimidine tracts. This is known as “AG-dependent 3′ss” (Figure 4.3) (Guth et al., 

1999). 

In a prior study, analyses of artificial mutations in polypyrimidine tract in minigenes 

suggested that a stretch of 10-15 pyrimidines was sufficient to ensure normal splicing 

when splicing is AG-independent (Fu et al., 2011). However, in our study, we observed 

that a stretch of at least 16 uridines was required for maximal BIM E3 splicing in the 

context of both the deletion and non-deletion minigenes (Figure 3.13). Our result is 

surprising because a previous study done in the context of a cis-competition splicing 

construct reported that in polypyrimidine tracts, uridines are preferred over cytidines, and 

a stretch of 11 continuous uridines were highly competent in ensuring splicing. Also 

restricting the number of uridines to six was sufficient to fully support splicing if located 

in proximity to the 3′ss AG (Coolidge et al., 1997). Surprisingly, in the context of BIM, 

less than 10Us resulted in almost undetectable E3 inclusion (Figure 3.13). Moreover, even 

a stretch of 12-14 continuous uridines in BIM E3 3′ss polypyrimidine tract did not ensure 

maximal splicing (Figure 3.13), despite the polypyrimidine tract being located close to 

3′ss AG. This implies that BIM E3 splicing is AG independent, yet for some reason this 

exon needs an unusually long polyU tract. 
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A recent study demonstrated that hnRNP C can repress exonization of Alu elements and 

even exon inclusion by competing with U2AF65 for binding at the polyuridine tracts with 

a length of 9Us or more (Zarnack et al., 2013). The repression of Alu inclusion mediated 

by hnRNP C maintains the integrity of transcripts and so loss of hnRNP C could cause 

disease (Zarnack et al., 2013). Since BIM E3 originates from a long interspersed nuclear 

element (LINE) repeat and has been found to be repressed by hnRNP C (Juan et al., 2014), 

perhaps hnRNP C might be a competitor for U2AF65 binding at the polyU tract of E3. 

The increased length of polyU tract required for maximal E3 inclusion might be due to 

this interaction, granting enough space for U2AF65 to bind to the E3 polyU tract in spite 

of hnRNP C binding further upstream. 

The polymorphic alleles of human BIM E3 PolyU tract are annotated as 17Us, 18Us, 

19Us, 20Us or 21Us (dbSNP rs748523945 and rs200489083) which are within the 

optimal splicing range. Targeting ASOs at the polypyrimidine tract is not preferable due 

to unspecific binding to other polypyrimidine rich sequences in the genome. Yet, 

specificity could be increased by designing ASOs that bind a few (5-6) uridines of 

polypyrimidine tract and the flanking upstream or downstream region. Given the long 

stretch of uridines required for optimal E3 inclusion, these ASOs could potentially block 

U2AF65 binding and reduce E3 splicing. 
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Figure 4.3 Schematic showing AG-dependent 3′ss and AG independent 3′ss 

Boxes represent exons; Lines represent introns. Abbreviations: U2AF, U 2 auxiliary factor; 

BPS, branch point sequence; ss; splice site; Y, Pyrimidine; R, Purine.  

 

4.5 Identification of trans-acting factors regulating BIM E3 splicing 

Our study on trans-acting factors binding to the ESEs could be of potential clinical 

relevance as small inhibitory molecules blocking the activity of trans-acting factors have 

been used (Douglas and Wood, 2011; Havens et al., 2013). Inhibiting an activator of BIM 

E3 splicing could promote the expression of E4-containing BIM isoforms that have the 

proapoptotic BH3 domain. Therefore, reduced expression of these activators could restore 

sensitivity to TKIs in patients with the deletion polymorphism.  

4.5.1 Effects of hnRNP A1, hnRNP A2/B1 and PTBP1 on BIM E3 inclusion 

RNA pull-down revealed binding of the common repressors, hnRNP A1, hnRNP A2/B1 

and PTBP1 to BIM ESEs by mass-spectrometry and western blotting analysis (Figure 3.14, 

Figure 3.15). This is not surprising because although typically hnRNPs are repressors, in 

certain instances they have been found to activate exon inclusion (Huelga et al., 2012). 

Yet, knockdown assay suggested that hnRNP A2/B1 is likely not a regulator of BIM E3 
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splicing. It is possible that additional activator binding to the ESEs can compensate for the 

depletion of hnRNP A2/B1. Hence, knocking down hnRNP A2/B1 alone is not sufficient 

to see any change in E3 inclusion. The knockdown of hnRNP A1 was not effective to 

draw any conclusion. It is possible that hnRNP A1 is a true activator for BIM E3 inclusion. 

Hence, further studies are required to validate the role of hnRNP A1 on BIM E3 splicing 

by designing siRNAs to achieve efficient knockdowns.  

Alternatively, there could be a possibility that these splicing repressors indeed bound to 

BIM ESEs in vitro and their interaction was disrupted by mutations. However in cells, 

these proteins preferentially interact with other RNA sequences which have higher 

binding affinity and so less amount of proteins are available to bind to BIM E3 and 

regulate splicing. Hence they may not be the major splicing regulators of E3 splicing.  

Although PTBP1, another common splicing repressor was found to bind ESE3 WT by 

RNA-pull down assay, depletion of PTBP1 enhanced E3 inclusion in a prior study 

suggesting that PTBP1 is a repressor of BIM E3 inclusion (Juan et al., 2014). Thus in vitro, 

binding of PTBP1 to ESE3 could be a weak interaction, while in cells this interaction 

could be disrupted due to binding of other competitor activators to ESE3. 

4.5.2  SRSF1 might protect cancer cells from apoptosis by promoting E3 inclusion  

SRSF1 has been demonstrated to potentiate splicing of oncogenic mRNA isoforms. 

(Anczukow et al., 2012; Anczuków et al., 2015; Ghigna et al., 2005; Karni et al., 2007). In 

a previous study, SRSF1 overexpression led to the generation of non-apoptotic E3 

containing BIMγ1 and BIMγ2 isoforms in breast cancers. This caused a reduction in the 

production of proapoptotic BIMEL, BIML and BIMS isoforms (Anczukow et al., 2012). 

In our study, SRSF1 overexpression in K562 cells increased endogenous BIM E3-

containing transcripts (Figure 3.16C) which is in concordance with the previous findings 

(Anczukow et al., 2012). We also found SRSF1 to increase inclusion of BIM E3 in the 

context of the Δ10 and Δ11 minigenes (Figure 3.17C). The increase in E3 containing 

transcripts in Δ11 was much lower in comparison to Δ10 (Figure 3.17C). This is expected 

because Δ11 lacking the polymorphic fragment already has a high level of E3 containing 

transcripts. Although overexpression assay suggested that SRSF1 enhanced BIM E3 
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inclusion, no binding was detected with ESE 2/3 in the RNA pull-down assay. One 

possibility is that SRSF1 interacts with ISE upstream of E3 to promote its inclusion. 

Alternatively, SRSF1 may enhance E3 inclusion by cross-regulating the expression of 

other master splicing regulators that control BIM E3 splicing. 

SRSF1 was able to increase the E3/E4 ratio in the Δ10 minigene (containing the 

polymorphic silencer region) to a similar level as seen in Δ11 minigene (lacking the 

polymorphic region). Additionally, SRSF1 overexpression further enhanced the usage of 

E3 in the absence of polymorphic region (Δ11 minigene) (Figure 3.17C). These results 

imply that SRSF1 can neutralize the silencing effect of the polymorphic region and has a 

very strong enhancing effect on E3 inclusion. Therefore, inhibiting SRSF1 expression, 

which reduces E3-containing isoforms thereby increasing production of E4-containing 

transcripts, could be applied to sensitize the primary TKI resistant patients to the 

treatment. Concurrently, SRSF1 inhibition would also cause a reduction in production of 

oncogenic isoforms of RON (Ghigna et al., 2005), MNK2 and S6K1 (Karni et al., 2007). 
SRSF1, however is not only an essential splicing factor but is also involved in other 

cellular processes such as NMD, translation regulation and miRNA biogenesis (Das and 

Krainer, 2014), hence depleting SRSF1 might have detrimental effects. Alternatively, 

blocking the binding of SRSF1 to BIM using ASOs could be a better way to repress the 

E3 inclusion and redirect splicing to E4. And so, identifying the SRSF1 interacting region 

is needed and will be studied in the future. 

4.5.3 SRSF3 may enhance apoptosis via BIM splicing changes 

SRSF3, the smallest member of the SR family (Zahler et al., 1992) is a well-known proto-

oncogene important for tumor initiation, proliferation and maintenance. Upregulation of 

SRSF3 is found in many cancers (Jia et al., 2010) such as epithelial ovarian cancer (Iborra 

et al., 2013). In our study, we found that knockdown of SRSF3 led to an increase in 

endogenous BIM E3-containing transcripts (Figure 3.19). This is surprising because in a 

previous study, it was demonstrated that substantial knockdown of SRSF3 promoted 

apoptosis of ovarian cancer cells (He et al., 2011). Therefore, our finding of SRSF3 as a 

likely repressor of BIM E3 inclusion, decreasing the non-apoptotic BIM isoforms was 

initially counter-intuitive. To add on, endogenous BIM E3 containing transcript levels 
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remained high despite rescue of SRSF3 in SRSF3-depleted K562 cells (Figure 3.20). 

These findings could be explained by two possibilities. Firstly, the SRSF3 dsiRNA used 

in our study could have had unspecific effects thereby causing reduction in the levels of a 

different splicing repressor of BIM E3. Another possibility is that SRSF3 showed its 

repressor effects on E3 indirectly by regulating the expression of another splicing factor, 

as mutual cross-regulation of expression is a known phenomenon amongst several trans-

acting factors (Jangi and Sharp, 2014; Spellman et al., 2007). In a recent study, SRSF3 

was shown to regulate the expression of another splicing factor, polypyrimidine tract 

binding protein 1 (PTBP1). siRNA mediated depletion of SRSF3 suppressed the 

expression of PTBP1 in Human Embryonic Kidney 293T and an oral adenosquamous 

carcinoma cell line, CAL-27. However, overexpression of SRSF3 did not promote the 

expression of PTBP1 (Guo et al., 2015). PTBP1 is a well-known splicing repressor that 

was previously demonstrated to reduce the inclusion of BIM E3 (Juan et al., 2014). Thus, 

knockdown of SRSF3 in our study could have increased the inclusion of BIM E3-

containing transcripts by inhibiting the expression of PTBP1. Yet, endogenous BIM E3-

containing transcripts remained high after rescue with exogenous SRSF3 most likely due 

to inability of SRSF3 to enhance expression of PTBP1. 

4.6 Effect of SNPs on BIM E3 splicing in minigene context 

After the discovery of the BIM deletion polymorphism in 2012 (Ng et al., 2012), several 

other groups from Taiwan, China, and Japan found a correlation between the 

polymorphism and TKI resistance (Isobe et al., 2014; Lee et al., 2015; Ma et al., 2015; 

Nie et al., 2015; Zhao et al., 2014) , except for two South Korean centres (Lee et al., 2013; 

Lee et al., 2015). This suggests that inter-ethnic differences between East Asians could be 

due to the existence of other splice-switching polymorphisms in BIM, conferring 

heterogeneity in TKI responses. This intrigued us to study the effect of SNPs on E3 

splicing. SNPs have been linked to splicing alterations contributing to phenotypic 

heterogeneity in terms of disease susceptibility, disease severity, response to drug 

treatment or drug toxicity effects (Lu et al., 2012).  
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Within the 2.9 kb deletion polymorphic region, at least 13 SNPs were found using the 

dbSNP database. Multiple redundant cis-acting elements have been found to be located in 

the 2.9 kb silencer fragment. Thus, it is very unlikely that the SNPs within the 2.9Kbp 

region would change BIM E3 splicing (Juan et al., 2014). However, the existence of 

numerous cis-acting elements in E3 and upstream intron from our detailed deletion 

analysis suggested that minute deviations in these sequences could potentially affect 

splicing. Hence we studied the effect of 7 SNPs in E3 and upstream intronic region that 

were found in the dbSNP database, in May 2014. From our study, we found that the minor 

alleles for four out of seven SNPs individually and potently altered splicing of E3 versus 

E4 in the context of the BIM splicing minigenes. Minor alleles of two SNPs (SNP 3c and 

SNP 6g) that increased E3 splicing could be associated with TKI resistance (Figure 3.23). 

On the other hand, minor alleles for two SNPs (SNP 4a and SNP 5u) that reduced E3 

levels could augment sensitivity to TKIs (Figure 3.23). When the combination of all 

different splice switching alleles was introduced in both the Δ10 and Δ11 minigenes, it 

was observed that the splicing phenotype of each haplotype was the result of adding up 

the splicing effects of the individual alleles (Figure 3.24). In brief, all the alleles had a 

summative effect on E3 splicing. We found that, for some SNP combinations, the effect 

on the E3/E4 ratio was as influential as that of the BIM deletion polymorphism. For 

example, in the haplotype, SNP 3c+6g, splicing of E3 was drastically increased (Figure 

3.24). Having this allele combination would undeniably confer TKI resistance in a patient 

as when E3/E4 ratio of Δ10 SNP 3c+6g was normalized to Δ11, this haplotype showed a 

3 fold increase in E3/E4 ratio (Figure 3.25) . In contrast, the haplotype SNP 4a+5u 

resulted in a drastic reduction in E3 splicing. Having this haplotype would certainly boost 

sensitivity to TKI and require a lower dose (Figure 3.24). A patient with the deletion 

polymorphism having SNP 4a+5u combination, most probably would be sensitive to TKI 

as seen by the almost similar E3/E4 ratio of this haplotype when compared to Δ10 (Figure 

3.25).  

Our findings from SNP analysis of BIM E3 indicate that small sequence variations in the 

genome could play a major role in changing the splicing patterns and subsequent 

phenotype. Indeed the effect of such nucleotide variations on splicing was recently studied 

by a group whereby the outcome of almost all single and double mutations in the 
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alternatively spliced exon 6 of Fas/CD95 death receptor was analyzed. It was observed 

that single mutations at >90% of exonic bases changed inclusion signifying that almost 

every nucleotide in that exon contains splicing regulatory information (Julien et al., 2016). 
Interestingly it was found that 74% of single nucleotide mutations that had neutral effects 

on splicing, caused an unexpected outcome on splicing when combined with another 

single nucleotide mutation (Julien et al., 2016). However in comparison to this study, we 

did not observe any such unexpected outcomes or epistasis in our study of combination 

alleles of the BIM E3 SNPs. 

Most likely the BIM E3 SNPs showed their effects on splicing by changing the binding 

affinity of a splicing factor. The effect of SNP 6g on E3 splicing was consistent with that 

observed from deletion analysis. Introduction of SNP 6g most probably caused loss of 

binding for a splicing repressor thereby increasing E3 inclusion (Figure 4.4). According to 

the deletion scan analysis, SNP 3 and SNP 4 were located in regions with neutral effects 

on splicing (Figure 4.4). Introduction of SNP 3a most probably created a binding site for a 

splicing activator thereby causing increase in E3 inclusion. On the other hand, 

introduction of SNP 4a, most probably created a binding site for a splicing repressor 

thereby decreasing E3 inclusion. The effect of SNP 5u on E3 splicing was contrary to that 

observed from the deletion analysis (Figure 4.4). This could be due to two possibilities. 

The introduction of SNP 5u, probably instead of disrupting the binding of a splicing 

repressor, further increased binding affinity of the splicing repressor. Another possibility 

is that introduction of SNP 5u eliminated binding of a competitor splicing activator 

thereby reducing E3 splicing.  
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Figure 4.4 Schematic showing SNPs positions in map of enhancers and silencers 

SNP 3 and SNP 4 are located in neutral regions while SNP 5 and SNP 6 are located in 

ESS region. Sequences in blue indicate enhancers, while sequences in red indicate 

silencers in BIM E3 and upstream intronic region. Stop codon is indicated with a traffic 

stop sign. The conserved PAS has been highlighted. Exonic sequence is shown in upper 

case while intron is shown in lower case. 

 

4.7   Testing the effect of BIM E3 SNPs by CRISPR genome editing in K562 cells 

Since each of the four SNPs (minor alleles) in BIM E3 independently caused significant 

change in E3 splicing, we hypothesized that CML or EGFR NSCLC patients having these 

SNPs could show varied responses to TKI treatment. If this hypothesis was correct, these 

BIM sequence variants could function as direct genetic modifiers of the TKI response. 

Consequently, they could be ideal biomarkers for predicting both upfront TKI resistance, 

and sensitivity to ASO-based combination therapies. Hence, as a next step we intended to 

test the effects of these SNPs on splicing and TKI resistance in K562 cell line and we are 
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at the very initial stage. We first attempted to introduce the SNP 3c and SNP 4a in K562 

using CRISPR/Cas9 genome editing.  

CRISPR-Cas is part of the bacterial adaptive immune system against viral or plasmid 

genetic elements (Bhaya et al., 2011). Three types (I-III) of CRISPR systems are known 

to be present across different bacterial hosts (Makarova et al., 2011). The type II CRISPR 

/Cas system which is derived from Streptococcus pyogenes is so far the simplest and the 

best adapted for genome editing. It uses the CRISPR-associated protein 9 which is an 

RNA-guided endonuclease (RGEN) that can catalyze site-specific cleavage of target DNA 

sequences (Garneau et al., 2010). Cas9 can be targeted to specific genomic sequences by a 

20 nt guide sequence within an associated CRISPR RNA (crRNA). crRNA hybridizes 

with a trans-activating crRNA (tracrRNA) that recruits the crRNA into the Cas9 complex 

(Garneau et al., 2010; Sander and Joung, 2014). The 20 nt guide sequence binds to the 

target DNA via RNA-DNA complementary base-pairing. Cleavage of the target DNA site 

occurs if it is immediately upstream of a protospacer-adjacent motif (PAM), a three 

nucleotide NGG (Jinek et al., 2012; Sander and Joung, 2014).  

The CRISPR/Cas9 system has been reconstituted for site-specific genome editing in 

diverse cell types and organisms whereby the crRNA and tracrRNA are fused together to 

form a single - guide RNA (sgRNA). This sgRNA complexes with Cas9 which can 

introduce DSB at a targeted genomic locus upon base pairing of guide sequence with 

target DNA sequence if it is 5′ of the NGG sequence (Jiang et al., 2013; Jinek et al., 2012; 

Pattanayak et al., 2013). This DSB is then repaired though either (a) NHEJ which results 

in small insertion or deletion (indel) mutations, or (b) HDR process in the presence of a 

homologous repair donor to generate precise modifications (Hsu et al., 2014).  

In our intensive attempt to introduce SNP 3c and SNP 4a minor alleles in BIM E3 in K562 

using HDR, although we succeeded in introducing the minor alleles, there were additional 

mutations observed in the other alleles. This observation is in agreement with previous 

studies that have shown CRISPR/Cas 9 editing by HDR to be less efficient and being 

compromised by additional insersions/deletions in the same gene (Inui et al., 2014; Kang 

et al., 2016). In one of the biallelic SNP 3c clones, it was also possible to eliminate the 
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unwanted deletion due to NHEJ. This was done by designing a 20 nt guide sequence 

targeting the sequence flanking the deletion in BIM E3 followed by HDR. Nevertheless, 

due to experienced unpredictability of this approach we decided to change our strategy. 

Indeed CRISPR/Cas9 has been successfully used for knocking out genes through NHEJ, 

yet its use for knocking-in specific mutations requires further optimization (Cong et al., 

2013; Wang et al., 2013). Thus we sought to switch our approach to knocking out 

endogenous BIM gene by CRISPR, and transfecting K562 cells with BIM expression 

plasmid harboring different allelic variants of the SNPs.  

Our study of the BIM SNPs was initially clinically relevant as four BIM E3 SNPs showed 

significant change in E3 splicing, and the 16 haplotype combinations showed additive 

effects on E3 splicing. However, the SNPs 1-6 have been dropped from the UCSC 

genome browser because they have no population data, probably indicating that these are 

no real SNPs but rare variants or sequencing errors. Also, SNP 3 and SNP 6 are absent in 

1000 genomes while SNP 4 is common in Africans and SNP 5 is found in 1 Asian. Very 

recently, genotyping of > 400 chromosomes from patients and other individuals by our 

clinician collaborators did not detect the presence of any of the SNP minor alleles, except 

for the SNP 7.  Hence, it seems that these are not actual SNPs except SNP 4 and SNP 7. 

Nevertheless, the discovery of the four novel single nucleotide variations is still relevant 

as these nucleotide substitutions could occur as somatic variations leading to acquired 

resistance in BIM dependent TKI-mediated kinase driven cancers. Our study also opens 

the possibility for many other single-nucleotide substitutions within BIM E3 that may 

modify the TKI responses. Also, these may constitute rare variants or be present only in 

other ethnicities. Hence, the study of these initially annotated SNPs sheds light on how 

single nucleotide substitutions can lead to phenotypic variations via influencing splicing.  
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5 CONCLUSION AND FUTURE DIRECTIONS 

The therapeutic limitations of TKIs associated with an aberrant BIM splicing event in 

CML and EGFR NSCLC patients, led us to study the regulation of splicing of BIM E3. In 

my PhD project, a map of ESEs, ESSs, ISEs and ISSs in BIM E3 and upstream intron has 

been elucidated by deletion scan analysis in BIM minigenes. The ESEs which are 

potential targets for splice-switching ASOs were further validated by point mutation and 

heterologous context analysis. Apart from being regulated by the auxiliary cis-acting 

elements, BIM E3 splicing was also affected by variations in lengths of polyU tract. 

Surprisingly, I found that an unusually long polypyrimidine tract of 16Us is required for 

maximal E3 inclusion, which is in contradiction to previous studies. Further, I found that 

the minor alleles for four annotated SNPs in BIM E3 individually and potently affected E3 

splicing in the context of BIM minigenes. And the combination of different alleles of each 

SNP showed additive effects on E3 splicing. Our findings reveal that these SNPs could 

affect splicing and TKI responses.  

Despite the identification of multiple cis-acting elements regulating BIM E3 splicing, a 

more intensive characterization of the trans-acting factors binding to these elements 

would be of potential interest. Our study confirmed that SRSF1 indeed promotes inclusion 

of BIM E3. In future, the actual SRSF1 binding motifs needs to be determined which can 

be done by combination of deletion/point mutation minigenes and SRSF1 

overexpression/knockdown. If there is no change in minigene E3 splicing, it could 

indicate that the deleted or mutated sequence contains the SRSF1 binding as E3 can no 

longer respond to the change in SRSF1 expression level. The actual binding site can be 

further validated by electrophoretic mobility shift assay (EMSA) using full length and 

truncated E3 with upstream intron. In addition, in vitro splicing and spliceosome assembly 

assay could be carried out to examine which stage of splicing is inhibited by SRSF1. 

Based on the preliminary results, the possibility of cross-regulation between SRSF3 and 

PTBP1 (a known repressor of BIM E3 inclusion) was hypothesized. To test this 

hypothesis, the effects of SRSF3 knockdown and overexpression on PTBP1 mRNA and 

protein levels can be determined. Also to ensure that the knockdown effects of the 

dsiRNAs on SRSF3 is direct, multiple SRSF3 dsiRNAs can be designed and tested to 
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prevent off-target effects bias. Ideally three different dsiRNAs against our target of 

interest can confirm the results obtained if they produce the same results. The use of of 

multiple dsiRNAs can also increase the chance of getting a good knockdown of the 

splicing factors, hnRNP A1 and SRSF5. 

Although four different annotated SNPs in BIM E3 have shown to change E3 splicing in 

the context of BIM splicing minigenes, their effect on E3 splicing and TKI response needs 

to be tested in cell lines. This will be done by knocking out all endogenous BIM genes in 

K562 by CRISPR/Cas9, and transfecting cells with BIM expression plasmid that harbour 

different allelic variants. Using RNA pulldowns, overexpression and knockdown 

experiments, the trans-acting factors that regulate splicing via the cis-acting splicing 

elements affected by the SNPs can be identified. 

Overall, this thesis greatly expands our knowledge of cis-acting elements and trans-acting 

factors that regulate BIM E3 splicing, by identifying for the first time the cis-acting 

elements within and around this exon. We also learned that single-nucleotide variants can 

have a significant effect on BIM E3 splicing, and the combinations of alleles have an 

additive effect. Our findings may provide useful insights for potential therapies that 

manipulate BIM E3 splicing in order to attain beneficial outcomes in the context of 

tyrosine kinase-driven cancers and perhaps other pathologies.  
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