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Abstract 

Alternative splicing is a process by which multiple protein isoforms are generated 

from a single coding region by altering the ways in which exons are joined together. This 

pathway is used by cellular systems to both increase proteomic diversity from a limited 

number of genes and to precisely control gene expression. Bioinformatics and 

comparative genomics approaches have provided significant sequence and functional 

insight into the regulatory sequences that occur within exonic regions of a transcript. In 

vitro and in vivo strategies have also been developed to screen for exonic splicing 

enhancers and silencers (ESEs and ESSs) from small, randomized libraries. Much less is 

known about intronic splicing enhancers and silencers (ISEs and ISSs), although recent 

bioinformatics approaches are beginning to shed some light on these regulatory 

sequences. A thorough understanding of both exonic and intronic regulators is necessary 

to enable the programming of alternative splicing patterns, which will provide a powerful 

tool for interrogating and manipulating cellular function. 

We developed a generalizable in vivo screening strategy for generating intronic 

splicing regulatory elements (ISREs). Our high-throughput approach employed a 

systematic screening strategy with extensive genome-wide bioinformatic analyses and 

experimental characterization which included a small-scale RNAi screen. Using this 

approach, we identified ISRE consensus motifs, characterized the splicing regulatory 

networks (SRNs) associated with these regulatory elements and generated a model for 

ISRE regulatory function. Highlighting the complexity of SRNs, we found that cis-acting 

intronic regulatory sequences function through combinatorial effects from multiple 

elements and trans-acting factors, and that the immediate transcript context has a 
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dominant effect on ISRE function. Overall, this screening strategy provides a general 

method for generating regulatory sequences of alternative splicing events, which provide 

powerful tools for gene expression control. 

We next extended from our studies on cellular screening strategies for generating 

splicing regulatory elements, to build novel platforms that support the construction of 

protein-responsive alternative splicing control elements. Protein-binding RNA aptamers 

were inserted into key intronic locations of an alternatively spliced transcript to enable 

the detection of intracellular protein concentrations and to translate detection events to 

the regulation of alternative splicing patterns and thus gene expression. We demonstrate 

that these RNA elements can serve as autonomous control devices by linking endogenous 

nuclear protein levels to gene expression events and external stimuli to complex cellular 

phenotypes. These synthetic alternative splicing regulators can be implemented 

combinatorially to regulate alternative splicing patterns in response to multiple inputs. In 

addition, we applied these synthetic regulators to the rewiring of endogenous signal 

transduction pathways and building of novel regulatory networks for user-defined 

phenotypes. Our work provides an early example of a novel class of RNA-based 

“intelligent” therapeutics by directing increased signaling through pathways associated 

with disease to the triggering of apoptosis. These programmable sensing-actuation 

molecules will be broadly applied in health and medicine towards the early diagnosis and 

treatment of disease.  

 

 



ix 
 

Table of Contents 

Acknowledgements         iv 

Abstract          vii 

Table of Contents         ix  

List of Figures         xiii 

List of Tables          xv 

    

Chapter I. Introduction        1  

1.1. Post-transcriptional processing plays a significant role in                      

regulating gene expression       1 

1.2. Pre-mRNA splicing        1 

1.3. Basic principles of alternative splicing      3 

1.4. Elements of a “splicing code”       5 

       

1.5. Nonsense-mediated decay is a surveillance pathway in eukaryotes  8 

 

1.6. Alternative splicing and human disease     10 

  

1.7. Trans-acting technologies that alter pre-mRNA splicing   11 

 

1.8. Cis-acting regulators of alternative splicing     12  

 

1.9. Engineering cis-acting intronic regulators of alternative splicing   13 

References           15 

 

Chapter II. Functional selection of intronic splicing elements provides 

insight into their regulatory mechanism     23 

Abstract          23 

2.1. Introduction         24 

 

2.2. Results          26 

2.2.1. SPLICE: a Screening PLatform for Intronic Control Elements 26 



x 
 

2.2.2. Recovered ISRE sequence composition correlates with sorted   

sections         29 

2.2.3. GCCS clustering of recovered ISREs identifies motifs similar to          

known splicing factor binding sites      31 

2.2.4. Enriched ISRE n-mers resemble known splicing regulatory elements 35 

2.2.5. Genome-wide analysis demonstrates that enriched ISREs associate          

with spliced exons        36 

2.2.6. Recovered ISRE sequences enable tuning of alternative splicing 39 

2.2.7. ISRE sequences function in a different cell type    41 

2.2.8.  Analysis of recovered ISRE sequences in a different  transcript         

supports context dependent function      42 

2.2.9. Analysis of enriched hexamers confirms independent and combinatorial 

function         45 

2.2.10. Splicing factor depletion influences ISRE regulated splicing in vivo 49 

2.2.11. Splicing factor depletion alters splicing of endogenous genes containing 

ISREs          52 

2.2.12. Models of ISRE mediated regulation of alternative splicing   55 

2.3. Discussion         57 

 

2.4. Materials and Methods        59 

2.4.1. Base SPLICE constructs      59 

2.4.2. Cell culture, transfections, stable cell lines and FACS   61 

2.4.3. qRT-PCR analysis       63 

2.4.4. siRNA mediated silencing of trans-acting splicing factors  63 

2.4.5. Western blot analysis       63 



xi 
 

2.4.6. Discovery of sequence motifs enriched in ISRE sequences   64 

2.4.7. Overlap of ISRE sequences with known splicing regulatory elements 65 

2.4.8. Statistical Analysis        66 

2.4.9. ISRE library and ISS controls construction    66 

2.4.10. Quantitative RT-PCR analysis     67 

2.4.11. Discovery of sequence motifs enriched in ISRE sequences  67 

2.4.12. Hierarchical clustering       68 

2.4.13. RNA structural analysis      68 

Acknowledgements         69 

 

References          69 

 

Supplementary Information       75 

  

 Supplementary Figures       76 

 

 Supplementary Tables        94 

 

 

Chapter III. Engineering complex phenotypes by reprogramming 

alternative splicing        119 

Abstract          120 

3.1. Introduction         121 

 

3.2. Results          121 

 

3.3. Discussion         137 

 

3.4. Materials and Methods        137 

3.4.1. Base RNA device constructs      137 

3.4.2. Cell culture, transfections, stable cell lines and flow cytometry  141 

3.4.3. Apoptosis assays       143 



xii 
 

3.4.4. qRT-PCR analysis       144 

3.4.5. Statistical analysis        144 

Acknowledgements         145 

 

References          145 

 

Supplementary Information       148 

  

 Supplementary Tables        149 

 

 

 

Chapter IV. Conclusions and future prospects    159 

4.1. Applications of SPLICE and further experimental characterizations 159 

4.2. Applications of engineered ligand control of alternative splicing   162 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

LIST OF FIGURES 

 

Figure 1.1. Mechanism of splicing       3 

Figure 1.2. Major forms of alternative splicing     5 

Figure 1.3. Elements of a „splicing code‟      6 

Figure 1.4. NMD and the position of the exon-exon junction   10 

Figure 2.1. A Screening PLatform for Intronic Control Elements (SPLICE)  

provides a generalizable in vivo screening strategy for ISREs   28 

Figure 2.2. Hierarchical clustering of recovered ISREs indicates sequence              

composition correlates with sorted sections      30 

Figure 2.3. Enriched motifs and GCCS clusters derived from recovered ISRE  

sequences map to known and unknown splicing factors            34 

Figure 2.4. Enriched n-mers overlap with both experimentally and computationally  

derived SREs and associate with constitutive and alternative splicing  38 

Figure 2.5. Functional analysis of recovered ISRE sequences   44 

Figure 2.6. Enriched ISRE hexamers demonstrate silencer activity    48 

Figure 2.7. The effects of in vivo depletion of splicing factors on ISRE regulated  

splicing patterns of synthetic and endogenous genes     53 

Figure 2.8. Three models for ISRE regulation     56 

Figure S2.1. Fluorescence expression/analysis of SPLICE control constructs and  

library sequence bias         76 

Figure S2.2. FACS analysis and ISRE library sorting scheme   76 

Figure S2.3. SPLICE-generated ISREs contain elements similar to sequences   

within SMN1          78 

Figure S2.4. Overall compositional features of recovered ISRE sequences  82 



xiv 
 

Figure S2.5. ISRE hierarchical clusters and sequence alignment   83 

Figure S2.6. The activity of additional recovered ISRE sequences is validated by  

stable cell line assays         84 

Figure S2.7. Additional qRT-PCR isoform analysis of recovered ISREs and control  

constructs          86 

Figure S2.8. Assessment of splicing regulatory activity through stable and transient  

transfection assays         89 

Figure S2.9. Predicted secondary structure for ISREs in the SMN1 and BRCA1  

mini-genes          90 

Figure S2.10. The effects of in vivo depletion of splicing factors on ISRE regulated  

splicing patterns         92 

Figure 3.1. RNA device framework and analysis     123 

Figure 3.2. RNA device component modularity and reprogramming of endogenous  

signaling pathways         128 

Figure 3.3. Multi-input processing platform and analysis    131 

Figure 3.4. Platform mediated regulation of apoptosis    135 

 

 

 

 

 

 

 

 

 



xv 
 

LIST OF TABLES 

 

Table S2.1. Identified ISRE regulatory sequences     94 

Table S2.2. Significantly enriched ISRE n-mers     97 

Table S2.3. GCCS clusters derived from the ISRE enriched n-mers   101 

Table S2.4. Summary of the enriched ISRE n-mers and GCCS clustering   

performance          105 

Table S2.5. Detailed comparison of GCCS clusters consensus motifs to known  

trans-acting factor binding sites.       106 

Table S2.6. Overlap of enriched hexamers with extended recovered ISRE  

sequences          108 

Table S2.7. Primer and oligonucleotide sequences     113 

Table S2.8. Plasmid constructs used in this work     114 

Table S2.9. Primer sequences for SMN1 transcript isoform analysis through  

qRT-PCR          115 

Table S2.10. Primer sequences for endogenous transcript isoform analysis  

through qRT-PCR         116 

Table S2.11. siRNA duplex sequences      118 

Table S3.1. Primer sequences       149 

Table S3.2. Plasmid constructs used in this work     151 

Table S3.3.  Aptamer cassette sequences used in the construction of the RNA 

Devices          153 

Table S3.4. Primer sequences for transcript isoform analysis through qRT-PCR 158 

 

 

 

 

 


