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Abstract 

The emergence of exons and introns in eukaryotes has increased the potential of gene 

products and their functional diversity to a greater extent than in prokaryotes. In humans, the 

transcriptome has the highest percentage of multi-exon genes that contain at least one 

alternatively spliced exon. At the exon level, however, it is the constitutive exons that have been 

observed more often in gene transcripts. This trend has been shifting with the increasing 

numbers of alternative exons per gene. Here, we estimate the differentially used exons (DEXs) of 

human RNA transcripts at a saturation level among 1,540 pairs of 56 nominally normal tissues 

with DEXs comprising at least 72% of the human exome. Our result has shifted the paradigm of 

exon usage from mainly constitutive to differentially used exons in the human transcriptome, 

suggesting a more diverse and dynamic transcript repertoire of the human transcriptome than 

previously reported. We used this comprehensive catalogue of DEXs of the normal transcriptome 

as background for further analysis against the cancer transcriptomes. We demonstrated that 99% 

of the aberrantly processed exons of adenocarcinoma also exist in the normal transcriptome 

blueprint of DEXs showing similar processing pattern as normal in other non-cancerous tissues. 

A small group of authentic ‘cancer-specific’ exons that were found only in cancer patients 

harboring specific gene mutations, were not found in any of the normal tissues. Thus, our results 

also reveal the ectopic expression of nearly all ‘cancer-specific’ exons of adenocarcinoma 

compared to the corresponding normal tissue of origin. This will help selection for authentic 

‘cancer-specific’ target exons for diagnostic or therapeutic purposes. 
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Chapter 1 : Literature Review 

1.1. Human Transcriptome Diversity and Dynamics 

 A transcriptome is a complete set of RNA transcripts expressed in a cell, tissue, organ or 

organism in a specific physiological state or developmental stages. The extraordinary diversity of 

the human transcriptome is markedly enhanced by alternative pre-mRNA splicing and other 

events including alternative transcription initiation and termination, RNA modifications and RNA-

editing, single nucleotide polymorphisms (SNPs) and non-SNP variants, and epigenetic factors 

like histone modification and DNA methylation (Figure 1.1). Thus, the RNA transcript complexity 

is extensive and highly dynamic. Here, the diversity and dynamics of human transcriptomes and 

their biological relevance are briefly discussed.  

Figure 1.1. A Diagram of Transcriptome Diversity by Different Biological Factors. 
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1.1.1. Alternative Transcription Initiation 

Alternative transcription initiation is a frequently occurring phenomenon among the 

eukaryotes, particularly mammals. More than 50% of the mammalian protein-coding genes 

containing multiple promoters use alternative transcription start sites (ATSSs) 1. As transcription 

initiation could involve the use of both coding and untranslated regions; therefore, transcript 

variants with ATSSs differ in their first exons and the length of 5ʹ-untranslated regions (UTRs)  

resulting in protein isoforms with different N-termini. Thus, ATSSs generate multiple transcript 

isoforms from a single gene, increasing the repertoire of gene products that further influence a 

wide range of post-transcriptional regulatory processes such as mRNA stability, translation, 

nuclear export and subcellular localization 2. 

Transcription initiation in mammals often occurs in two types of promoters by the genes 

across tissues: 1) well-defined, conserved TATA-box promoters and 2) less conserved CpG-rich 

promoters 1, 3-6. The sequence-constrained TATA-box promoters are mainly associated with the 

tissue-specific gene expression whereas the CpG-rich promoters are associated with ubiquitous 

gene expression. Therefore, genes carrying promoters of different features would differentially 

select the transcription start site (TSS) across various cells or tissues. In addition, other aspects 

including enhancer regions, chromatin states and cell- or tissue-specific transcription factors 

could also modulate the choice of transcription initiation sites 7-9.  

The occurrence of ATSS usage among genes in human has been studied well by the 

FANTOM consortium 10,11. The TSSs surveys by FANTOM, comprising 573 human primary cell 

types, 152 human tissues and 250 human cancer cell lines, found that there are four TSSs per 
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gene on average which are used in a cell- or tissue-specific manner. For example, the UGT gene 

(UDP-Glucuronyl Transferase) containing seven promoters, could transcribe from multiple sites 

across tissues 1. The BDNF gene (codes for Brain-Derived Neurotrophic Factor) could transcribe 

from at least six distinct promoters, allowing the expression of multiple tissue-specific BDNF 

isoforms 12. The gelsolin gene transcribing from two different promoters, produce two 

functionally distinct proteins for macrophages, liver, heart and cerebellum 1,13. 

While alternative transcription greatly promotes the transcriptome and proteome 

diversity, the ATSS-cryptic usages could also potentially lead to diseases. For example, the shorter 

mRNA transcript of the MAPT (Microtubule Associated Protein Tau) gene mediated by alternative 

promoter usage, results in a truncated protein with altered function and cellular localization; and 

has been implicated in neurodegeneration in Alzheimer’s disease and in progressive supranuclear 

palsy brains 14. Moreover, the BRCA1 (Breast Cancer 1) gene transcripts mediated by ATSS differ 

in 5ʹ UTRs with distinct translation efficiency 15. While the transcripts with shorter 5ʹ UTRs 

(expressed in both cancerous and non-cancerous breast tissues) are translationally active, the 

transcripts with longer 5ʹ UTRs (expressed in cancerous tissues) remain translationally inactive 

due to the cap-dependent translation inhibition via secondary structures and upstream AUG 

codons located in the lengthier UTR, resulting in reduced BRCA1 protein abundance detected in 

sporadic breast and ovarian cancers 15. 

1.1.2. Alternative Polyadenylation 

Similarly as alternative transcription initiation, alternative polyadenylation (APA) is also a 

common occurrence among the eukaryotes and an important step of gene expression regulation 
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16-18. At least 79% of mammalian genes contain more than one polyadenylation sites 19. By using 

different polyadenylation sites in a pre-mRNA, multiple transcript isoforms could be produced 

with distinct 3ʹ ends. Since polyadenylation could also occur in the coding region as well as in the 

untranslated region 20,21, the resulting transcript isoforms differ in their last exons and in 3ʹ UTR 

lengths promoting protein isoforms with different C-termini. Moreover, the mRNAs contain 

numerous cis-elements at the 3ʹ ends including binding sites of RNA binding proteins (RBPs) and 

microRNAs (miRNAs); therefore, the choice of APA site would also consequently affect the 

nuclear export, stability, localization or translation efficiency of their cognate transcripts 22.  

In humans, 69.1 % genes have multiple poly (A) sites with 49.3% having three or more 17 

where the APA usages within genes are differentially regulated at different states of cell 

proliferation and differentiation 23 as well as across tissues 24,25 and developmental stages 26. For 

example, the proximal poly (A) sites are preferred by the mRNAs in proliferating cells in response 

to inflammation 23, the distal poly (A) sites by the mRNAs in brain & nervous tissues and proximal 

poly (A) sites in retina & placenta 27. In addition, different poly (A) site selection that changes the 

3ʹ UTR lengths could also consequently affect the level expression of the corresponding mRNA 

isoforms 28. For instance, the highly abundant transcripts with short 3ʹ UTRs were enriched in 

brain, testis, lung and breast tissues while the low-abundance transcripts with long 3ʹ UTRs were 

enriched in heart and skeletal muscle tissues 29.  

The higher expression level of the shorter transcripts could be explained by: 1) the mRNA 

evasion of microRNA-directed repression as the mammalian genes harbor more than 50% of the 

conserved miRNA target sites downstream of their proximal poly (A) sites 23,30,31, 2) the loss of 
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UPF1-binding sites leading to RNA decay, 3) the loss of AU-rich elements (AREs) and escape from 

the consequential ARE-directed mRNA degradation. In addition to regulating the cognate 

transcripts in cis, the shortened 3ʹ UTRs could also participate in trans regulation where evasion 

of one transcript target could direct the free miRNAs to repress other targets sharing similar 

miRNA response elements 32. 

Differential usage of 3ʹ UTRs mediated by APA, also leads to differential mRNA localization 

and transport. The cis-elements mediating mRNA localization often reside in 3ʹ UTRs and are 

critical for directing transcripts to a specific subcellular compartment for local translation 33,34. 

The first localization element, required for delivering β-actin mRNAs to the dendrites and leading 

lamellae of fibroblasts, was identified within the 3ʹ UTR 35,36. The transcripts of many other genes, 

by APA-induced 3ʹ UTR variations, localize differentially to promote distinct protein isoform 

expression in various subcellular compartments of brain regions. For example, the BDNF 

transcripts with different 3ʹ UTRs lengths from APA, localize differentially. In hippocampal 

neurons, the BDNF transcripts with short 3ʹ UTRs were restricted to cell soma, whereas the 

transcripts with long 3ʹ UTRs were targeted to dendrites 37,38. Mutation truncating the long 3ʹ UTR 

led to impaired dendritic targeting of BDNF transcripts in transgenic mouse model indicating 3ʹ 

UTR - mediated gene regulation in cell soma and dendrites 39. Like BDNF, the long 3ʹ UTR directs 

the axonal targeting of importin-β1 transcripts, and axon-specific depletion of importin-β1 

weakened the cell body responses to nerve injury and delayed functional recovery in vivo 40.  

The non-canonical cytoplasmic polyadenylation of the 3ʹ UTR is another way of regulating 

gene expression during early embryogenesis, synaptic plasticity and mitosis. A recent study 
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showed that mRNAs encoding collagen proteins for bone formation were polyadenylated in the 

cytoplasm to further increase their expression 41. The polyadenylation was carried out by the 

non-canonical poly (A) polymerase TENT5A (Terminal Nucleotidyl Transferase 5A) 41, a paralog of 

TENT5C, an onco-suppressor in multiple myeloma 42. The Tent5a KO mice exhibited bone fragility 

and skeletal hypo-mineralization phenotype 41. Patients of congenital bone disease osteogenesis 

imperfecta were also found with TENT5A mutations 43. Another example is gene TP53 (Tumor 

Protein P53), whose mRNAs are co-regulated by the cytoplasmic polyadenylation element-

binding protein (CPEB) and poly (A) polymerase GLD2 (PAPD4, also known as TENT2) during the 

senescence of human fibroblasts 44-46. The CPEB knockdown cells had abnormally short poly (A) 

tailed TP53 mRNAs. On the other hand, knockdown of PAPD4 which regulates the maturation of 

microRNAs targeting CPEB1 45, enhanced the CPEB mRNA stability and TP53 translation 46. 

Nevertheless, since both CPEB and PAPD5 are present in the nucleus and cytoplasm of somatic 

cells 47,48, the observations could also be affected by the nuclear polyadenylations. 

Overall, differential usage of APA sites across diverse conditions significantly contributes 

to the transcriptome diversity and fine-tune the cellular physiological properties. However, the 

dysregulation of APA has also been found to be associated with human diseases 49. Global 

shortening of 3ʹ UTRs is a major cancer hallmark 30,50-52 and more than 90% of the APA events 

identified across several tumor types tend to be 3ʹ UTR shortening 52.  

1.1.3. Alternative Splicing 

Alternative pre-mRNA splicing is a highly regulated step of gene expression and a key 

mechanism to transcriptome and proteome diversity 53. In addition to the basal splicing 
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machinery spliceosome 54 and conserved splice-site consensus, the interplay between diverse 

trans-acting factors and numerous auxiliary cis-acting elements, known as exonic splicing 

enhancers and silencers (ESEs and ESSs), and intronic splicing enhancers and silencers (ISEs and 

ISSs), further expands the array of dynamic splicing regulation 55. While the same cis-acting 

element can be recognized by different trans-acting factors, the same trans-acting factor can also 

mediate different effects depending on the cis-element it binds to, and these features provide a 

great deal of opportunities to produce diverse gene products. 

The pre-mRNA splicing in nucleus can occur simultaneously with transcription or 

polyadenylation; and functionally affect each other 56,57. The transcriptionally coupled splicing 

events are proposed to be regulated by two models 58: 1) the recruitment model, where 

promoters and RNA polymerase II position influence the recruitment of splicing factors or factors 

regulating both transcription and splicing to the transcribing gene, 2) the kinetic model, where 

the transcription elongation rate of RNA pol II determines the length of ‘Window of Opportunity’ 

for certain splicing events to occur.  

The splicing coupling with polyadenylation occurs mostly at the terminal exons affecting 

the upstream exon splicing and is regulated differentially across tissues. For example, the CALCA 

(calcitonin-related polypeptide‑α) gene transcripts using the proximal poly (A) site contain a 

skipped terminal exon and encode the calcitonin protein highly expressed in thyroid, whereas 

transcripts using the distal poly (A) site in the 3ʹ‑most exon encode calcitonin gene-related 

peptide 1 (CGRP) predominantly expressed in hypothalamus 59. The CDC42 (cell division cycle 42) 

transcript isoforms from two alternative last exons with different APA sites are differentially 
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distributed in mouse neurites and soma 38. Many RBPs are involved in the regulation of both 

splicing and polyadenylation a position-dependent manner 60-62. For instance, TDP-43 (TAR DNA-

binding protein 43) regulates splicing by binding to intronic UG-rich motifs which could also bind 

to the 3ʹUTRs of its own mRNA to regulate APA usage to induce autoregulation 63,64.  

The prevalence of alternative splicing varies among the species with higher abundance 

among the higher eukaryotes 65. Comparative analysis of different organ transcriptomes from 

vertebrate species spanning ~350 million years of evolution, showed that most of the species-

specific splicing events are cis-directed, including some affecting the interactions with trans-

regulators, further diversifying the splicing regulation and therefore the transcriptomes 65. 

Moreover, the exon splicing profiles of physiologically equivalent organs showed marked 

divergences over the last 6 million years of evolution, with more similarities between organs 

within a species than they are to organ types of different species. Furthermore, thousands of 

lineage-specific and conserved alternative exons were identified across mammals, often with 

signatures to be recognized by the trans-regulators of ancestral origins 66.  

Alternative splicing is critical for human genomic complexity 53,67,68. In humans, about 95% 

of all multiexon genes are alternatively spliced 25,69. Therefore, despite having a limited number 

of protein coding genes 70,71, with alternative splicing the gene products could expand to more 

than ten times that number 10. For example, neurexins, a gene family of highly diversified synaptic 

adhesion molecules, undergo highly differential alternative splicing producing thousands of 

protein isoforms 72-76. The translated proteins and peptides from different splice variants can 

have similar as well as distinct biological functions. For example, the splice variants of Slo1 gene 
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that include the STREX (Stress Axis-Regulated Exon) exon encode potassium channels with higher 

Ca2+ sensitivity compared to the ones without it (Fig. 1.2) 77,78.  

 

The spatiotemporal regulation of alternative splicing across diverse tissues and 

developmental stages will be discussed in section 1.2.1.  

Comparative transcriptome analysis showed that the splicing landscapes of individuals 

from different ethnic groups exhibit variations in alternative splicing. Differential transcript 

abundances from alternative splicing variations were observed in the transcriptomes of 20 

lymphoblastic cell lines from Chinese and Caucasian population 79. These splicing variations 

The BK Channel from STREX-containing transcripts is more sensitive to Ca2+ than the ones 

without STREX. 

Figure 1.2. Control of the Alternative Splicing of STREX Exon of Slo1 Gene by hnRNP L and LL. 
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among ethnic groups are also found to be associated with individual genetic variations which will 

be further discussed in the following section. 

1.1.4. Single Nucleotide Polymorphism and DNA Mutation 

The genetic variations from Single Nucleotide Polymorphisms (SNPs) and DNA mutations 

are often reflected on the transcriptomes of an organism. Single-nucleotide variants are the most 

common, both among individuals 80-82 and between different somatic cells within an individual 

83,84. Moreover, population-scaled transcriptome studies showed distinct gene expression 

patterns associated with human genome variations across individuals and different group of 

populations 85.   

The non-synonymous SNPs within exons could alter the exon recognition features 

including splice-site signals and influence the interactions between trans-acting regulators and 

their cis-elements 86-88. Consequently, the transcription and alternative splicing regulation of the 

corresponding genes are also modified promoting phenotypic variabilities and disease 

susceptibilities 89,90. For example, a promoter SNP rs12364283 was associated with enhanced 

expression of DRD2 (dopamine D2 receptor gene), whereas two intronic SNPs rs2283265 and 

rs1076560, were associated with reduced expression of a short DRD2 splice variant relative to 

the long one in minigene reporter assay 91.  

More than 1000 variants affecting RNA-protein interactions were identified across GTEx 

(The Genotype-Tissue Expression project) samples based on the genotype-phenotype models 92. 

Numerous variants identified in the dendritic cells of different populations modify the binding of 
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stimulus-activated transcription factors and mediate the inter-individual differences in response 

to pathogens 93. For example, SNPs found in gene CLEC4F (C-Type Lectin Domain Family 4 

Member F) and ARL5B (ADP Ribosylation Factor Like GTPase 5B) alter the binding of interferon-

activated transcription factors including Interferon Regulatory Factor 1 (IRF1), Interferon 

Regulatory Factor 9 (IRF9) and Signal transducer and activator of transcription 2 (STAT2) 93. 

 Comparative transcriptome analysis of populations from different ethnic groups showed 

differential gene expression resulting from distinct mRNA isoforms. For instance, the splice 

junctions expressed in genes NASP (Nuclear Autoantigenic Sperm Protein), MTIF3 (Mitochondrial 

Translational Initiation Factor 3), CCDC47 (Coiled-Coil Domain Containing 47) and TBCA (Tubulin 

Folding Cofactor A) were specific to Han Chinese population whereas the junctions expressed in 

ITGB7 (Integrin Subunit Beta 7), CRTAP (Cartilage Associated Protein), ERO1LB (Endoplasmic 

Reticulum Oxidoreductase 1 Beta) and NSUN2 (NOP2/Sun RNA Methyl Transferase 2) were 

specific to Utah individuals of European ancestry 79. Thus, distinct mRNA expression could be 

used to identify the populations originating from different ethnic groups. For instance, UTS2 

(Urotensin 2) and UGT2B17 (UDP-Glucuronosyl Transferase Family 2 Member B17) transcripts in 

both B cell lines and peripheral blood showed different expression levels in different population, 

where the expression differences differentiate the Caucasian and Chinese cohorts with higher 

specificity and sensitivity 94. Interestingly, both genes UGT2B17 and UTS2 lie in the genomic 

regions rich in CNVs (Copy Number Variations/CNVs: Variations in the number of copies of a 

particular gene between individuals) occurrences. Thus, CNVs may play a role in mediating 

differential expression of these genes but needs to be confirmed by further experiments.  
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Overall, a comprehensive catalogue of genomic variants with impacts on transcriptome 

variation within individuals and across populations would provide insights on our understanding 

of individual genomic complexity, phenotypic variability, inter-populations differences, and more 

importantly, a great tool for identifying the underlying causes of inter-individual differences in 

disease susceptibilities and therapeutic vulnerabilities.  

1.1.5. Non-Protein Coding RNA 

The non-protein coding RNAs (ncRNAs) comprise about 98% of human transcriptome with 

remaining 2% composed by the protein-coding transcripts 95. The functional importance of 

ncRNAs via genetic and epigenetic regulation of gene expression have emerged only recently 96-

99. The epigenetic regulation by ncRNAs involves regulation of chromatin conformation and DNA 

methylation 100-102. For example, silencing of inactive X-chromosome by ncRNA XIST (X-inactive 

specific transcript) where XIST mediates the recruitment of members of Polycomb Repressive 

Complex PRC2 to H3K27me3 (Histone H3 tri-methylated at Lysine 27), leading to altered 

chromatin conformations and transcriptional repression 103. Another example is transcriptional 

repression by ncRNA HOTAIR (HOX antisense intergenic RNA) where HOTAIR interacts with PRC2 

and CoREST/REST (Repressor Element 1-Silencing Transcription Factor)/LSD1 (Lysine-Specific 

Demethylase 1) repressor complex, leading to H3K4me2 (Histone H3 dimethylated at Lysine 4) 

de-methylation and suppression of gene expression 104. 

In addition to epigenetics, the ncRNAs also act as regulators of alternative splicing. Many 

short miRNAs regulate the expression of splicing factors to promote splicing required for cellular 

differentiation and development. For instance, the neuron-specific miR-124 regulates PTB 
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expression promoting neuron-specific splicing for neuronal differentiation105, whereas the 

muscle-restricted miR-133 regulates nPTB expression promoting muscle-specific splicing 106. 

Further, the miR23a/b-regulates expression of CUGBP and CELF to promote splicing transitions 

during heart development 107. 

The long ncRNAs regulate alternative splicing in a different way from miRNAs. For 

example, the lncRNA MALAT1 (Metastasis-Associated Lung Adenocarcinoma Transcript 1) binds 

to the splicing factors in nucleoplasm forming nuclear speckles and restricts their availability for 

splicing regulation. Depletion of MALAT1 led to enhanced exon inclusion 108.  

While MALAT1 has been one of the first disease-associated lncRNAs identified (in non-

small cell lung cancer), many other ncRNAs have also been implicated in cancer 109,110. For 

example, the lncRNA CCAT (Colon Cancer-Associated Transcript) regulates MYC expression 

promoting cell growth and CCAT overexpression is frequently observed in various cancer types 

including lung, breast and colon cancer111-113. 

1.1.6. RNA Modification 

RNA modifications are the changes of chemical compositions of ribonucleic acids after 

they are synthesized. It is another mechanism that can further expand the transcriptome 

diversity. Nearly all RNAs, including protein coding and non-protein coding RNAs, undergo 

various types of modifications which could potentially change their structure, function or 

stability. As a consequence, their subcellular localization and interaction with other molecules 
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are also modified leading to gene expression modulation114. More than 180 types of RNA 

modifications have been identified that are enriched at the 3ʹ UTRs of mRNA 115. 

The frequently occurring modifications include N1-methyladenosine (m1A), N6-

methyladenosine (m6A), 5‑methylcytosine (m5C) and 5-ribosyluracil (pseudouridine). While m6A 

is the most abundant internal modification on mRNA; pseudouridine, the C-glycoside isomer of 

uridine, is the most universal modification of RNAs in general 116,117. About 20%-40% of 

transcripts in mammalian cells are m6A methylated, with majority residing at the start of terminal 

exons or at 3ʹ UTR and likely regulate the alternative polyadenylation choices 118. The most 

abundant tRNAs are the most extensively modified carrying 13 modifications per molecule on 

average, where the cytoplasmic and mitochondrial tRNAs in particular, carry more than 100 

different modifications 119. In addition, a recent identification includes the N-glycan modification 

of small RNAs where the RNA-glycan conjugates are enriched in fucose and sialic acid 120. Further 

analysis in the living cells showed the presence of these glycosylated RNAs mostly on the cell 

surface where they can bind to Siglec receptors involved in immune response. 

A special form of RNA modification is RNA-editing that changes the RNA sequence without 

changing the genomic DNA sequence. It is a widespread post-transcriptional mechanism 

promoting ‘epitranscriptome’ diversity121.  The frequent types of RNA-editing include Cytosine 

(C) deaminated to Uracil (U) in mammals, Adenosine (A) to Inosine (I) in metazoans, frequent 

insertion and/or deletion of U in mitochondrial transcripts of Trypanosoma brucei, and C-to-U in 

the transcripts of plant chloroplasts and mitochondria.  
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As the splicing machinery as well as the ribosomes read the edited nucleoside - I as G 

instead of A, such non-synonymous substitutions could alter the RNA regulatory elements and 

consequently alter the splicing outcomes. Studies showed that RNA editing promotes Alu-

exonization via creation of functional splice sites and modification of exon splicing enhancer 

elements in a tissue-specific manner 122. For example, RNA-editing in NARF (Nuclear Prelamin A 

Recognition Factor) transcripts led to the creation of a novel 3ʹ SS for an Alu-exon -flanking AA, 

resulting in Alu-exon inclusion, which led to an in-frame insertion of additional 46 amino acids 

into the coding sequence of NARF 122. 

Investigation of A-to-I RNA-editing in human populations provided 1,054 RNA-editing 

sites transcriptome-wide, demonstrating population and allele-specific cis-variations in RNA-

editing 123. In addition to its impact on transcriptome diversity and plasticity, RNA-editing has also 

been linked to diseases including cancer 124,125. The ‘epitranscriptome’ diversity caused by RNA-

editing were identified in many cancer types 126,127.  

1.1.7. DNA Methylation and Histone Modification 

DNA methylation and histone modifications are two highly conserved epigenetic 

mechanisms involved in the diversification of the transcriptome. Histone methylation can 

mediate DNA methylation patterns while the methylated DNA can also serve as ‘template’ for 

histone modifications following DNA replication 128. Both DNA methylation and histone 

modification regulate alternative splicing via modulations of transcription elongation and splicing 

factor recruitment.  
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DNA methylation, where a methyl group is added to the 5ʹ of a cytosine by DNA Methyl 

Transferase (DNMT) to generate 5-methylcytosine (m5C), is commonly associated with 

transcriptional repression. Given that intragenic DNA methylation alters the chromatin structure, 

and consequently affects transcription rate, it is likely that DNA methylation at exons or introns 

would modulate the exon- or intron-definition and the splicing outcomes, based on the proposed 

kinetic model discussed in section 1.1.3. 

Studies have shown that DNA methylation preferentially occurs on the exonic DNA 

regions compared to that of introns, with enrichment in the included exonic regions over the 

skipped ones, and reduced DNA methylation within introns spanning the splice sites promotes 

intron retention129. While DNA methylation can promote exon inclusion by recruiting MeCP2 

(Methyl CpG binding Protein 2) to the exonic DNA regions and subsequent HDACs (Histone 

deacetylase) activities, it can also promote exon skipping by preventing the binding of CTCF 

(CCCTC-Binding Factor, a transcriptional repressor) and therefore, preventing the CTCF-mediated 

RNA pol II pausing 130. Specifically, the binding of CTCF to the exonic DNA regions of CD45 (also 

known as PTPRC, Protein Tyrosine Phosphatase Receptor Type C) led to RNA pol II pausing leading 

to increased exon inclusion. 

In addition to the kinetic model, DNA methylation also regulates alternative splicing by 

recruiting splicing factors via chromatin binding proteins such as heterochromatin protein 1 (HP1) 

131. DNA methylation induces H3K4 trimethylation which is recognized by HP1 leading to 

subsequent recruitments of splicing factors including SR proteins to the transcript modulating 

splicing 132. 



   
 

30 
 

Intragenic DNA methylation also prevents cryptic transcription initiations involving the 

epigenetic crosstalk with SetD2 (SET Domain Containing 2, also known as Histone Lysine 

Methyltransferase), H3K36me3 and Dnmt3b133. Furthermore, DNA methylation also regulates 

alternative polyadenylation. In the absence of DNA methylation, the DNA-binding protein CTCF 

together with the cohesion complex caused chromatin modification leading to RNA pol II pausing 

and increased proximal poly (A) site usage 134.  

Similarly as DNA methylation, histone modification regulates alternative splicing by 

modulating the chromatin landscape. Among the post-translational histone modifications, 

acetylation and methylation involved in transcriptional activation or repression are the most 

common. Histones with certain modification could recruit splicing factors via adaptor proteins to 

mediate splicing. For example, H3K4 trimethylation by interacting with chromatin remodeler 

CHD1 (Chromodomain-Helicase DNA-binding 1), recruits U2 snRNP to promote splicing 135, while 

H3K36 trimethylation through MRG15 (MORF-Related Gene 15 Protein) recruits PTB to promote 

exon skipping136. Thus, histone modifications marking regions of exons or introns could regulate 

alternative splicing and further diversify the transcriptome. 

1.2. Alternative Splicing Expands Transcriptome Diversity 

Transcriptome diversity is critical for the precise regulation of gene products shaping the 

biological processes in an organism’s lifetime. Alternative pre-mRNA splicing plays a major role 

in diversifying the transcriptome. Spatiotemporal interplay between the trans-acting factors and 

the cis-acting elements of pre-mRNAs mediate splicing events contributing to cell differentiation, 

tissue identity acquisition, organ development and overall maintenance of physiological 
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homeostasis. To briefly accommodate the expanded landscape of alternative splicing, a few 

instances are discussed in each of the following subsections. 

1.2.1. Spatiotemporal Regulation of Alternative Splicing 

It is the dynamic regulatory network that modulates the splicing events specific to cell-

type, tissue, developmental stage, sex, or any particular condition. The RBPs often vary in their 

level of expression and subcellular distribution across various conditions; and the regulatory 

sequences embedded in the nascent pre-mRNA transcripts are recognized by the timely 

expressed distinct sets of RBPs resulting in specific splicing events. For instance, the neuron-

specific splicing factors induce splicing outcomes contributing to every step of nervous system 

development including axon guidance, cell migration and synapse formation 137,138. 

 Diversion in splicing events which govern the transitions at various stages of cell 

differentiation were studied by many 139-147. For instance, the transition from neural progenitor 

cells (NPCs) to fully differentiated neurons involve splicing regulation by PTBP1 (polypyrimidine 

tract-binding protein-1), PTBP2, and SRRM4 (serine/arginine repetitive matrix protein-4) 139,147. 

PTBP1 is expressed exclusively in NPCs and embryonic stem cells where it negatively regulates 

neuronal differentiation by suppressing a group of splicing events. PTBP2, on the other hand, is 

expressed mainly in neurons where the high level of PTBP2 expression in the differentiating 

neurons mediates a subset of splicing events to promote differentiation. PTBP1 also regulates 

PTBP2 by suppressing the inclusion of exon 10 of PTBP2 leading to exon 10 skipped transcripts 

subjected to nonsense-mediated decay. Thus, PTBP1 restricts the expression of PTBP2 in the non-

neuronal cells. In contrast to PTBP1, SRRM4 promotes the inclusion of exon 10 of PTBP2 and 
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thereby maintains PTBP2 level in neurons 148. In addition, in differentiating neurons PTBP1 level 

is reduced by miR-124 and therefore, correctly spliced PTBP2 transcripts lead to increased 

protein level of PTBP2105. Reduced PTBP1 level also enhances the miR-124-mediated repression 

of REST, a transcriptional repressor of genes essential for neurogenesis 149,150. SRRM4 negatively 

regulates REST by promoting the inclusion of a neural-specific exon resulting in REST4 isoform 

with reduced activity and increased expression of REST targets in the neural cells 151.  

These occurrences just show the tip of an iceberg of how extensively dynamic and 

complex are the splicing regulatory networks. Several other examples include - coordinated 

splicing regulation by quaking (QK), PTB and RBFOX2 (RNA Binding Fox-1 Homolog 2) during 

muscle cell differentiation 152, by SRSF3 during hepatocyte differentiation where SRSF3 loss 

causes aberrant splicing of genes essential for glucose and lipid metabolism including Hnfα, Ern1, 

Hmgcs1, Dhcr7 and Scap 153. Neural-enriched splicing factors including NOVA 1 and 2 (Neuro-

oncological ventral antigen 1 and 2), RBFOX1, RBFOX2, and ELAVL4 (ELAV Like RNA Binding 

Protein 4) were also found in beta cells and involved in beta cell function and survival 154,155. 

Similarly as the RBPs, diverse transcript isoforms also induce a wide range of functional 

impacts through spatiotemporal regulation. Neurexins (Nrxn) represent a well-diversified family 

of synaptic adhesion molecules encoded by Nrxn1, Nrxn2 and Nrxn3 genes that undergo highly 

differential, cell type-specific alternative splicing to produce thousands of protein isoforms 73-76. 

Spatiotemporal splicing regulation of Nrxn1 has been observed in the mouse brain 156. The 

alternatively spliced segment 4, hereafter AS4, is a highly conserved region of Nrxn pre-mRNAs 
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and splicing regulation of this segment is critical for neurexin-mediated trans-synaptic 

interactions (Fig. 1.3) 156-159.  

 

The inclusion of a cassette exon 20 at AS4 leads to a 30 amino acid insertion in the protein 

isoform AS4 (+) mediating structural and conformational changes of the isoform. It has been 

reported that the protein isoforms AS4 (+) and (-) exhibit differential binding affinity towards 

Figure 1.3. Spatially Regulated Alternative Splicing of Neurexins in Different Cell-types. 

Alternative splicing of Nrxn at AS4 is regulated by splicing factor SAM68, SLM1 and SLM2 expressed 

differentially in different cell-types mediating AS4 (+)/(-) transcripts. The resulting protein isoforms vary 

in binding affinities towards the post-synaptic receptor neuroligin-1B. 
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their postsynaptic partners, critical mediators of synaptogenesis160. For instance, the relative 

binding strength of Nrxn1 protein isoform AS4 (+) to neuroligin-1B postsynaptic receptor NL1B is 

weaker than that of AS4 (-) 161,162.  

Studies showed that the KHDRBS family members: SAM68 (SRC associated in mitosis of 

68 kDa), SLM1 and SLM2 (SAM-like molecule 1 and 2), negatively regulate the splicing of exon 10 

at AS4 73,156,157. However, individual KHDRBS protein levels specific to cell-types and their 

combination deliver differential AS4 (+)/(-) splicing outcomes 163. Different regions of the mouse 

brain showed differential inclusion of exon 20 at AS4. Furthermore, the AS4 (−) transcripts 

successively decreased from postnatal day 0 to postnatal day 21 in the mouse developing 

cerebellar cortex 156. Found in many cell types SAM68 is almost ubiquitously expressed 

throughout the cerebellum. SLM1 and SLM2, on the other hand, are restricted to the nervous 

system and have cell type-specific mutually exclusive expression patterns due to their cross-

regulation by alternative splicing coupled NMD (Nonsense Mediated Decay) 164. A significant 

reduction in Nrxn1 AS4(−) transcripts was observed in the neurons of conditional SLM1 or both 

SAM68 and SLM1 knockout mice models 163. Therefore, differential or synergistic interplay 

among the splicing regulators would determine how certain splicing events are to be controlled 

across diverse conditions.  

Another example includes the full-length protein of neuronal differentiation factor TRF2 

(Telomeric repeat-binding factor 2) that binds to REST to prevent proteasomal degradation, 

which in turn cause neuronal gene repression leading to neuronal differentiation inhibition 165,166. 

The protein from the shorter isoform TRF2-S, which arises from an alternative 5ʹ SS usage of exon 
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7 167, lacks the DNA-binding domain as well as the nuclear localization signal, and therefore, stays 

in the cytoplasm. Splicing factor HNRNP H could bind to exon 7 and inhibit the alternative 5ʹ SS 

usage promoting exon inclusion, thereby, promoting the full length TRF2 protein levels 168. One 

interesting example is muscle-specific splicing of MEF2D (myocyte-specific enhancer factor-2D) 

where the splice variants MEF2Da1 and MEF2Da2 act antagonistically during muscle cell 

differentiation 169. Splicing factor RBFOX2 controls the splicing of MEF2D and ROCK2 (rho-

associated protein kinase-2) required for myoblast fusion during myogenesis 141.  

In addition to cell differentiation, alternative splicing also plays a vital role during 

development. Transcriptome-wide studies at different postnatal stages of mouse cardiac 

ventricles, cardiomyocytes, and cardiac fibroblasts revealed that alternative splicing is more 

abundant during the first four postnatal weeks particularly in cardiomyocytes, however not 

restricted to first four weeks but the entire postnatal period in cardiac fibroblasts 170. Differential 

splicing between embryonic and adult mouse cerebral cortex showed 31% splicing change of 

genes that did not change in their expression level 145. 

Heart, being the first organ to form and function during embryogenesis, needs to adjust 

to different level of oxygen and metabolic condition during transition from intrauterine to 

extrauterine life. The RBPs including CELF1 (CUGBP Elav-like family member-1), MBNL1, RBFOX1, 

RBFOX2, and RBM24 undergo dramatic changes in their expression level, and hence the changes 

in their splicing targets during this physiological remodeling period171. For instance, the TTN splice 

variants (Titin, also known as Connectin) result in differential expression of protein isoforms to 

mediate cell morphogenesis during fetal to adult heart development (Fig. 1.4)172-174. 
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Splicing of TTN exons 50-219 is developmentally regulated to produce protein isoforms 

N2BA (containing both N2A & N2B features: N2A consists of 4 Ig domains & 106-residue unique 

sequence, N2B consists of 3 Ig domains & 572-residue unique sequence) and N2B (contains N2B 

feature only), expressed primarily in the neonates and adults, respectively.  

Interestingly, the expression of splicing factors RBM20 and PTBP1 is found to be inversely 

correlated during heart development where their temporal switch of expression mediates the 

heart-specific TTN splicing 175. Loss or function mutation in RBM20 resulted in extra exons 

inclusion in the TTN mRNAs, leading to protein isoforms with modified spring regions (I-band 

Figure 1.4. Temporal Regulation of TTN Splicing during Fetal to Adult Heart Development 

Heart-specific TTN-splicing is regulated by the temporal expression of PTBP1 and RBM20 mediating 

N2BA and N2B isoform expression. PTBP1 promotes N2BA expression whereas RBM20 promotes the 

expression of N2B isoforms. Imbalanced ratio of N2BA:N2B from loss or mutation of RBM20 is 

associated with heart disease. 
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region responsible for passive muscle elasticity), larger and more elastic than the usual in rat or 

human hearts 176. However, RBM20 mutations did not completely interfere with heart 

development; hence, the determining factors involved in fetal-to-adult heart transition are yet 

to be revealed. 

One of the postnatally induced RBPs is ESRP2 (epithelial splicing regulatory protein 2) that 

regulates a conserved set of neonatal-to-adult splicing transitions in mouse and human 

hepatocytes. The RBPs specifically expressed and enriched in brain include Rbfox and Mbnl2 

promoting adult-specific splicing pattern 177,178 whereas Ptbp2 represses adult-specific splicing 

147,179. Among different tissues, alternative splicing occurs most extensively in brain, and the 

tissues from brain, heart and skeletal muscle show highly predominant tissue-specific splicing 

patterns. In summary, alternative splicing plays an essential role defining the physiological 

characteristics of many cell-types, tissues in adult and during development. However, accurate 

prediction of splicing dynamics across tissues could be challenging as they are comprised of 

combinations of cell types.  

1.2.2. Alternative Splicing in Sex Differences 

A diverse transcriptome shapes the evolution of phenotypic sexual dimorphism. There 

exists an impressive amount of divergence in gene expression between the sexes across many 

species, which in part contributes to the phenotypic divergence and sexually dimorphic traits 180-

186. Alternative splicing, along with alternative transcription initiation and polyadenylation, 

creates distinct sex-specific sequences, hence sex-specific protein isoforms in males and females 
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187,188. Studies focusing on primates and drosophila identified numerous splicing events regulated 

differentially between the sexes in both somatic and gonadal tissues 189-196. 

The multilevel splicing cascade regulating sex determination and sex-specific 

development could be best characterized by the somatic sex-determination pathway in 

Drosophila. Three key components of the pathway- Sex-lethal (SXL), Transformer (TRA), and 

Transformer 2 (TRA2) develop a chain of events which then mediates the sex-specific splicing of 

the downstream targets. In females, due to having of two X chromosomes, the early zygotic 

expression of Sxl creates a feedback loop where SXL proteins induce female-specific splicing of 

its own transcripts to yield functional SXL proteins 197,198. SXL, the master regulator, also 

modulates the tra splicing to produce functional TRA proteins that work together with TRA2 to 

promote female-specific splicing of genes dsx and fru, essential for the female-specific somatic 

tissue development 197,199. In males, the Sxl splicing yields non-functional SXL proteins, thereby 

the male-specific splicing of genes tra, dsx and fru led to DSX and FRU protein isoforms expression 

essential for male-specific differentiation 200. Thus, differential splicing of the essential 

components of sex determination pathway regulates the sexually dimorphic cell differentiation 

and sex-specific developments. 

Transcriptome-wide differences in alternative splicing between males and females were 

observed in human brains from different ethnic groups. In adult human brains, sex differences in 

splicing comprise 2.5% of all expressed genes 189. Numerous genes including several collagen 

family members, C3, KCNH2, NOTCH3, ELN and NLGN4X showed sex-biased exon usage in various 

neocortical areas of developing and adult brains 201. In addition, developmentally and spatially 
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regulated differential exon usage were also observed between male and female brains. For 

instance, NLGN4X, in addition to its sex-biased gene expression, also showed male-biased 

expression of exon 7 and a few others including exon 1, 5 and 6 regulated during development 

201. Moreover, a number of androgen-responsive genes were enriched amongst the genes of sex-

biased splicing, suggesting that sex-biased splicing may offer a means of regulation in response 

to sex hormones 189. Furthermore, the genes with sex-biased expression and splicing also 

contained numerous disease-related genes including NLGN4X, PRKX and TMSB4X, indicating sex-

specific splicing as a potential mechanism underlying the differences noticed in different sex 

groups in terms of disease incidences, severities and prevalence. 

While one may argue that sex-biased splicing is mainly tissue-specific, some aspects of 

dimorphism also results from the genes restricted to sex chromosomes. Several factors including 

escape from X-chromosome inactivation, presence of Alu-rich elements and binding sites of 

oestrogen receptors could also affect the splicing outcomes. A recent study identified a number 

of genes with sex-biased intron retentions (IRs) in Drosophila where premature termination 

codons (PTCs)  were introduced by majority of the sex-biased IR events 202. The sex-biased IRs 

genes include tra2, a key member of drosophila sex-determination pathway, group of genes 

(Piwi, Medea and Tho2) important for oogenesis, and gene Boule and Ana1- important for 

spermatogenesis. It was suggested that the Y chromosome, in addition to modulating gene 

expression across the genome, played an unanticipated role in regulating intron retentions. 

Introgression of Y chromosome into females recapitulated the natural IR differences between 

the Drosophila wild-type testis and ovary 202. 

http://flybase.org/reports/FBgn0262167.html
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Overall, further research needs to be done to better understand about how certain gene 

expression are different between males and females, the correlation of sex-biased cis- or trans-

regulatory changes with sex-specific splicing, sex-specific splicing mediating transcriptome 

differences, to navigate sex-specific adaptation between males and females across species.  

1.2.3. Alternative Splicing in Response to Stimuli  

Among all the external stimuli, cellular stressor-induced stress response has been well-

studied. The cellular stress response is an evolutionarily conserved phenomenon among living 

organisms203. Cells in response to numerous extracellular stimuli including oxidative stress, light, 

temperature, ion balance, heavy metals and pathogenic conditions, induce alternative splicing 

modulation 204-207.  

The splicing modulation by stress often involves stress-mediated changes of splicing 

factors including loss or gain of function as a result of post-translational modifications and/or 

subcellular re-distributions. For instance, splicing factor SRp38, when dephosphorylated in 

response to heat by serine/threonine phosphatase PP1 and PP2A, acts as a potent splicing 

repressor208. Phosphorylation of PTB at Ser-16 by protein kinase A (PKA activation mediates many 

extracellular factors including hormones and neurotransmitters) shows altered nucleo-

cytoplasmic distribution which affects its cytoplasmic functions 209. Arsenite exposure induces 

RBM4 phosphorylation at Ser-309 leading to cytoplasmic accumulation and targeting to stress 

granules, and affects the RBM4 function in translation control 210. Ultraviolet-C radiation and heat 

shock changes the hSlu7 subcellular distribution via JNK (Jun N-terminal kinase)-dependent 

signaling pathway and weakens its splicing regulatory function by decreasing hSlu7 nuclear 
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concentration211. Splicing factor hnRNP A1 accumulates in the cytoplasm by osmotic shock or 

ultraviolet-C irradiation, where stress-induced hnRNP A1 phosphorylation interrupts its 

interaction with transportin 212-214. In addition, the cytoplasmic accumulation of hnRNP A1 alters 

the default ratio of hnRNP A1 and the antagonistic splicing factors SF2 in the nucleus, leading to 

splicing changes 215-217. 

Ischemia induced in brain leads to hyperphosphorylation and cytoplasmic accumulation 

of splicing factor tra2-β1 resulting in changes in the splice-site selection in gene ICH-1. A few 

proteins that tra2-β1 interacts with, including SAM68 and SR proteins, also translocated to the 

cytosol. The altered splice-site choice led to enhanced inclusion of the cognate exon which was 

previously reported to be repressed by the increased concentration of SC35 and SF2/ASF 218.  

Inclusion of the stress axis-regulated exon ‘STREX’ in BK channel is regulated by stress 

hormones 77. The splicing factor hnRNP L binds to the cis-acting CaMKIV-responsive RNA 

elements (CaRRE1 and CaRRE2) embedded in 3ʹ SS upstream of ‘STREX’ to repress its inclusion 

219. Phosphorylation of hnRNP L at Ser-513 enhances its interaction with CaRRE1 of ‘STREX’ and 

is essential for the Ca2+/CaMKIV -mediated regulation of ‘STREX’ 78,220. The splicing of N-methyl-

D-aspartic acid receptors are also regulated by the Ca2+/CaMKIV pathway 221.  

Thermal stresses change alternative splicing as well. For example, in response to heat 

shock, the HSP47 pre-mRNA is spliced at an alternative 5ʹ SS in the 5ʹ non-coding region, resulting 

in a splice variant with higher translation efficiency 222. In response to cold shock, but not heat 

shock or hyper-osmolarity, a cryptic exon is included in the pre-mRNA transcripts of 

neurofibromatosis type 1 (NF1) 223.  
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Stress by genotoxicity also changes splicing. For example, UV irradiation altered the 

splicing of MDM2 (Murine Double Mutant 2), leading to p53 activation and triggering of p53 

damage response 224. Stress-induced MDM isoform 2 and 4 have been linked to Pediatric 

rhabdomyosarcoma (RMS) 225. 

Nevertheless, the stress-mediated splicing changes are not limited to mammals but also 

crucial to plants for stress-adaptation 226. These changes further fine-tune the condition-specific 

gene regulation in animals and plants. 

1.3. Aberrant Splicing in Cancer 

Despite all the advantages alternative splicing has to offer to expand transcriptome 

diversities and dynamics, its dysregulation also heavily burdens the cells with deleterious effects 

associated with many diseases including cancer 227-230. With the recent advancements of 

transcriptomic sequencing, together with large patient databases, it has become more evident 

that the impacts of aberrant splicing in cancer is vast 231-233.  

Genes involved in key cellular processes including apoptosis, metabolism and cell 

signaling, are often aberrantly spliced in cancer promoting cancer phenotypes 228,229. Splicing 

aberrations could occur in many ways including cis-acting mutations (disrupting or modifying the 

canonical splice sites and regulatory elements or creating cryptic splice sites), mutations of the 

core components of spliceosome complex, trans-acting mutations and aberrant expression of the 

trans-acting factors (leading to the loss or gain of function of the splicing regulatory proteins). 
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1.3.1. Effects of Cis-Acting Elements 

The mutations that disrupt or modulate the canonical splice sites and other cis-acting 

elements (enhancer, silencer), or induce new splice sites, leading to subsequent splicing 

alteration, hereafter will be referred as cis-splicing mutations. It has been estimated that the cis-

splicing mutations account for about 15%-60% of the human disease mutations 234. A vast 

number of previous studies demonstrated the functional relevance of genomic mutations in 

cancer pathogenesis by focusing mostly on the missense, nonsense or frame shift mutations 235-

237. Nonetheless, frequent detection of transcriptome-wide splicing dysregulation across cancer 

has steered the attention towards cis-splicing mutations and their impact on cancer. A substantial 

number of cancer-mutations are found to be splicing disruptors 238. About 10%-14% of the exonic 

cancer-mutations disrupt splicing 239. Moreover, intron retention, a major cancer hallmark 201 

often results as a consequence of somatic mutations in genes 240.  

Mutations in exons or introns change the efficiency at which the spliceosome would 

assemble on them to promote splicing. A recent study, integrating DNA and RNA-Seq data of 

8,656 tumor samples across 33 cancer types, identified 1,964 somatic mutations which not only 

impair the canonical splice sites, but also generate new splice sites 238. A large fraction of these 

cis-splicing mutations, 26% and 11% corresponded to the previously mis-annotated missense and 

silent mutations, respectively. In addition, the WGS (Whole Genome Sequencing) data of cancer 

patients identified numerous splice site creating mutations in deep introns, positioned further 

away from the conventional splice sites, in 16% tumor samples across various cancers 241.  
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Of the most frequently mutated genes in cancer, 63.3% accounts for the tumor 

suppressor genes (TSGs) ) 242. Recent pan-cancer studies showed that the cis-splicing mutations 

of cancer are also enriched in TSGs 236,241,242. About 14.7% tumor samples across various cancers 

show cis-splicing mutation enrichment in TSGs 242 and about 5%-20% of known TSGs cancer 

mutations affects intronic splice sites, modifying the exon-intron boundaries 243.  

The tumor suppressor gene TP53 alone contains 26 cis-splicing mutations across different 

cancers 238, however, different mutations deliver different outcomes depending on the cancer 

type. In colorectal cancer, 5% of the loss-of-function mutations in TP53 that altered splicing did 

not directly alter the coding sequence 244.  

As the average number and frequency of cis-splicing mutations substantially vary among 

genes, patients and cancer types, so do their consequent splicing outcomes 242. In TP53, the most 

frequently mutated gene across cancers, the last bases of exons 4, 6, and 9 are prone to frequent 

mutations 233,245. A germline variant at the 3ʹ terminal nucleotide of exon 4 induces intron 

retention which is a known cause of Li-Fraumeni syndrome 246, whereas the mutation at the 3ʹ 

terminal nucleotide of exon 6 results in a frameshifted mRNA 212. In PIK3, often ranked as the 

second most mutated gene, majority of the cis-splicing mutations lead to the in-frame deletion 

of inter-SH2 region often affected by small deletions as well 242,247.  

 Mutational landscapes of cancer driver genes in different cancer types cluster in different 

pathways or biological processes depending on the associated consensus driver genes 236. Based 

on the present findings, it is likely that the number of cis-splicing cancer-mutations will expand 

further with the addition of more patient data from various types and subtypes of cancer. 



   
 

45 
 

However, as the splicing outcomes are the combined effects of both cis- elements and trans-

regulatory factors, cis-splicing mutations only cover part of the tale of splicing aberrations in 

cancer.  

1.3.2. Mutations of Splicing Factors 

A mutant splicing factor could modulate the splicing of a cluster of genes than a single 

event, and hence, mutations of trans-acting factors would likely have a larger impact than the 

cis-acting ones. Evidence of splicing factor mutations in various types of cancer has accumulated 

over the recent years along with their role in cancer development and progression 232,248-250. 

Somatic mutational landscape across 33 cancer types identified a total of 116 splicing factor 

genes harboring known driver mutations where the most common mutations appeared in a 

mutually exclusive manner and were associated with lineage-independent splicing events 251. 

The spliceosome core component mutations that affect specific residues or domains of 

the splicing factors could potentially alter the RNA-RNA and RNA-protein interactions during 

spliceosome assembly of the splicing reactions 252. For instance, mutation of SF3B1 in yeast 

modified the interaction with Prp5p, important to stabilize U2 snRNP & pre-mRNA interaction 

253,254. The spliceosome components with recurrent somatic mutations were identified in 

numerous hematological malignancies such as chronic lymphocytic leukemia (CLL), acute myeloid 

leukemia (AML), myelodysplastic syndromes (MDS) and other myeloid neoplasms 255-258.  

The most commonly mutated spliceosome components include SF3B1 (Splicing Factor 3b 

Subunit 1), SRSF2 (Serine/Arginine Rich Splicing Factor 2), U2AF1 (U2 Small Nuclear RNA Auxiliary 
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Factor 1) and ZRSR2 (Zinc Finger RNA Binding Motif & Serine/Arginine Rich 2)259,260, together with 

the recently identified recurrently mutated SNRNP35 (Small Nuclear Ribonucleoprotein U11/U12 

Subunit 35), SNRNP48 (Small Nuclear Ribonucleoprotein U11/U12 Subunit 48) and ZCRB1 (Zinc 

Finger CCHC-Type & RNA Binding Motif Containing 1) which are also part of the U12 spliceosome 

251,257. In the following paragraphs some of these splicing factor mutations will be discussed. 

Splicing factor SF3B1, involved in the recognition of 3’ SS branch point, is the most 

frequently mutated spliceosome-component in cancer. About 48%-57% of the extremely high 

recurrent SF3B1 mutations were detected in MDS subtypes with increased ring sideroblasts and 

6%-26% in CLLs 248,259,261-265. Frequent mutations observed in solid tumors include adenoid cystic 

carcinoma 266, breast cancer 267,268, pancreatic cancer 269, and melanomas 270-272. The SF3B1 

mutants carry hotspot mutations K700, R625 or K666 in the HEAT repeat domain (exon 12 to 

exon 15) -important for protein-protein interactions. They show aberrant branch point usage and 

preference for the intron-proximal cryptic 3ʹ SSs with comparatively shorter and weaker 

polypyrimidine tracts rather than using the canonical 3ʹ SS 273-275. Mutation K700 and K666 were 

found in different types of breast tumors (1.8%-4%) 268 and pancreatic adenocarcinomas (3%) 269, 

while R625 and K666 were found in uveal (15%-29%) 276,277 and cutaneous melanomas (1%) 278. 

Splicing factor SRSF2 that helps recruit U2AF and U1 snRNP to the upstream of 3ʹ SS and 

downstream of 5ʹ SS, respectively, is the second most mutated of the splicing factors with higher 

frequencies particularly in chronic myelomonocytic leukemia (CMML) (50%) and MDS (20%-30%) 

279. Insertions, deletions or substitutions in SRSF2 often concentrate on P95 residue, within the 

region joining N-terminal RRM (RNA Recognition Motif) domain and C-terminal RS 
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(Arginine/Serine-Rich) domain and consequently shows RNA-binding preference towards C-rich 

CCNG motifs mostly present within the alternatively spliced exons, eventually leading to splicing 

aberrations of hundreds of mRNAs 280,281 .  

The EZH2 (Enhancer of Zeste Homolog 2) pre-mRNAs are aberrantly spliced upon SRSF2 

mutations resulting in splice variants targeted by NMD. Mutation in SRSF2 and EZH2 are mutually 

exclusive in MDS 279. Though the pattern of mutual exclusivity was assumed as an indication of 

the redundant mutation-effects such as in TET2 (Tet Methylcytosine Dioxygenase 2) and IDH2 

(Isocitrate Dehydrogenase (NADP(+)) 2) both associated with disordered DNA 

hydroxymethylation; however, this does not explain the mutual exclusivity of SRSF2 and EZH2 

each operating in different pathways. As the regulation process of a gene largely depends on its 

genomic contexts, mutual exclusivity can always not be explained by functional redundancy. For 

instance, SRSF2 and SF3B1 mutations are mutually exclusive in MDS where SF3B1 and IDH2 

mutations are also mutually exclusive. Interestingly, IDH2 shows higher affinity towards SRSF2, 

and mutations in both IDH2 and SRSF2 are frequently co-expressed 282 implying the connection 

of genomic contexts in the splicing network of IDH2, SRSF2 and SF3B1. 

U2AF1, crucial for the AG-dependent 3ʹ SS recognition by the spliceosome, is mutated 

mostly at two hotspots: S34 and Q157 residues within the two conserved zinc-finger domains 

248,259,261-265. U2AF1 mutations are found in 5%-15% of MDS, 5%-17% of CMML, and other 

hematological malignancies, and its mutation-induced splicing aberrations contribute to 

abnormal hematopoiesis in MDS 283-287. About 3% of the lung tumors also harbors U2AF1 

mutations 288. 
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U2AF1 mutations show mutual exclusivity to both SF3B1 and SRSF2 mutations in myeloid 

neoplasms. Cells bearing U2AF1 289 and SRSF2 290 mutations have augmented R-loops (three-

stranded DNA-RNA hybrids) that have been linked with enhanced DNA damage and ATR (ATM 

and rad3-related) pathway activation. Though increased transcriptional pausing by mutant SRSF2 

appears to increase the R-loop formation, the involvement of mutant U2AF1 is unclear and would 

be interesting to see if mutant SF3B1, too, had the similar effects on R-loop formation.  

ZRSR2 in association with the U2AF heterodimer, is also involved in the 3ʹ SS recognition 

of spliceosomes. Mutations in ZRSR2 are spread across the entire gene as opposed to SF3B1, 

SRSF2 and U2AF1 harboring certain mutational hotspots. The splicing events mediated by 

mutated ZRSR2 modulate the expression of E2F transcription factors and members of MAPK 

pathway. The mutant ZRSR2 leads to the disruption of translational reading frame of its target 

genes, and shRNA-mediated ZRSR2 knockdown resulted in U12-type intron retentions 291. 

Frequent ZRSR2 mutations are found in MDS, T cell acute lymphoblastic leukemias and in thyroid 

cancers. 

The splicing factor RBM10, involved exclusively in splicing repression, is often affected by 

the loss-of-function mutations found in adenocarcinomas of lung 292 and bladder 251 as well as in 

non-anaplastic thyroid carcinomas 293. Mutant RBM10 promotes exon inclusion, similar to the 

effect where loss of RBM10 promoted the mouse and human immortalized cell proliferations 

294,295. RBM10 represses exon 9 inclusion of NUMB (an inhibitor of NOTCH signaling) required for 

NOTCH activity 296. Besides RBM10, FUBP1 (Far Upstream Element Binding Protein 1) is also 

frequently mutated with loss of function mutation in low-grade glioma 251. 
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Together, these examples highlight the prevalence of splicing factor mutations and their 

impact in cancer. 

1.3.3. Aberrant Expression of Splicing Regulatory Proteins 

Loss or gain of function of splicing factors does not always occur by mutation, but also 

with their aberrantly altered expression. Alternative splicing is executed through a balance of 

competing regulatory factors in a concentration-dependent manner and the balance is 

frequently impaired by the oncogenic signals leading to splicing aberrations. The resulting 

aberrant splicing, in turn, could drive the downstream signaling pathways. For instance, the 

commonly overexpressed transcription factor across cancers, MYC, upregulates the expression 

of hnRNP A1, A2 and PTB leading to the subsequent upregulation of cancer-associated embryonic 

isoform PKM2 that promotes aerobic glycolysis in glioma 297,298. MYC also controls the expression 

of hnRNP H to induce long ARAF kinase isoform expression promoting RAS-induced 

transformation 299. Moreover, the MYC-regulated hnRNP A1 mediates the splicing of MYC-

associated factor X (MAX) producing delta-MAX to further promote MYC-dependent 

transformation and glycolytic gene expression 300. 

Overexpression of numerous hnRNP (Heterogeneous nuclear ribonucleoproteins) family 

proteins were found in tumors including breast, lung, colon, skin, glioblastoma, pancreatic and 

oral squamous cell carcinoma 301. HnRNP A2 promotes the expression of oncogenic isoforms of 

BIN1 (Myc box-dependent-interacting protein 1) and WWOX (WW Domain Containing 

Oxidoreductase) 302 whereas hnRNP H, often upregulated in gliomas, promotes the antagonistic 

antiapoptotic isoform of MADD (MAP Kinase Activating Death Domain) 303. While the proto-
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oncogene MST1R (Macrophage Stimulating 1 Receptor) could be regulated by both hnRNP H and 

A2, hnRNP H modulates the MST1R splicing to a constitutively active kinase variant promoting 

migration and invasion302-304. Alternative splicing of FGFR-1 (Fibroblast Growth Factor Receptor-

1)305 and MRP1 (Multidrug Resistance Protein 1)306 are regulated by PTB, also known as hnRNP I. 

Overexpression of both hnRNP M and K promotes cancer malignancy and metastasis and reduced 

hnRNP K expression results in aberrant expression of p21 (Cyclin-Dependent Kinase Inhibitor 1) 

and C/EBP (CCAAT Enhancer Binding Protein Beta) and Stat3 (Signal Transducer and Activator of 

Transcription 3) activation, acting as a tumor suppressor in hematologic malignancies307. 

Many SR (Serine and Arginine-rich) proteins including SRSF1, SRSF3 and SRSF6 are 

overexpressed in tumors of  breast, colon, lung, liver, thyroid, small intestine, kidney, cervix, 

bladder and ovary 301. Their elevated expression level alters the splicing of numerous oncogenes 

and tumor suppressor genes in ways promoting tumorigenesis. SRSF1 overexpression results in 

increased expression of proto-oncogenic isoform of MST1R, MKNK2, and S6K1. It also promotes 

the isoforms lacking pro-antiapoptotic activity of the tumor suppressor gene BIN1 and apoptotic 

factor BCL2L11 and SRSF1 knockdown induces G2 cell-cycle arrest and apoptosis. RNA-seq 

profiling of SRSF1-overexpressed human breast tumors and a three-dimensional cell culture 

model mimicking a breast cancer context, showed transcriptome-wide splicing deregulation. 

While the SRSF1 overexpression could transform mouse and human mammary epithelial cells, 

interestingly, the SRSF1 overexpression also reduces the cell proliferation and mediates 

oncogene-induced senescence in primary human fibroblasts.  
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SRSF3 overexpression promoted the transformation of immortal rodent fibroblasts where 

its knockdown reduced the tumor growth of HeLa cells. Paradoxically, low expression of SRSF3 

has also been observed in hepatocellular carcinoma where its deletion caused fibrosis in 

hepatocytes and development of metastatic hepatocellular carcinoma308. Reduced expression of 

SRSF3 leads to the upregulation of p53β isoform which in part enforces p53-mediated cellular 

senescence. 

SRSF6 overexpression was found in 50% of lung and colon tumors as well as in 42% 

pancreatic tumors 309. While its knockdown did not inhibit cell proliferation in mouse lung 

epithelial cells, the enhanced proliferation may have occurred by SRSF6 gain of function via 

overexpression 309. The INSR (Insulin Receptor) gene is aberrantly spliced by SRSF6 leading to 

increased production of INSR mitogenic isoform in lung and colon cancer309 where it reduced the 

tumor suppressive isoform of Mnk2a (MAP Kinase-interacting serine/threonine-protein kinase 

2a) in human fibroblasts 310.  

The SR-like protein- TRA2β is overexpressed in lung, ovary, cervix, colon and breast 

tumors 311,312. Its upregulation is associated with invasive breast cancer and poor prognosis of 

cervical cancer. When upregulated, TRA2β promotes the splicing switches of CD44, NASP and 

ERa, promoting tumor progression, metastasis and cancer cell survival 313-315. 

Overall, these examples suggest that the expression of splicing factors is frequently 

deregulated in cancer causing splicing aberrations globally across cancers. 
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1.3.4. Transcriptome Protection by the Expanded Family of HnRNPs 

The evolutionarily extended introns in human harbor numerous cryptic splice sites not 

used under normal conditions, imposing a constant threat of aberrant splicing to the 

transcriptome integrity. While splicing aberration-mediated deleterious effects on cells are 

implicated in cancer and many other diseases, very little is known about the underlying 

mechanisms of transcriptome-wide inhibition of cryptic splicing. We have thus reviewed the work 

by our lab and others on the ‘Transcriptome Protection by the Expanded Family of HnRNPs’ in a 

minireview (published) 316. 

This minireview highlights the loss or low expression of these trans-regulators causing 

cryptic splice site usage of endogenous pre-mRNA transcripts and their evolutionary evolvement 

in transcriptome protection, unlike the examples in section 1.3.3. which emphasized the 

overexpression of splicing factors in cancer. The point from this essay suggests that the loss or 

abnormally reduced expression of splicing factors contributes to cryptic splicing of intronic 

sequences besides the dysregulated known exons/introns in cancer. 
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Abstract 

The family of heterogeneous ribonucleoproteins (hnRNPs) have multiple functions in RNA 

metabolism. In recent years, several hnRNPs have also been shown essential for the maintenance 

of transcriptome integrity, by preventing intronic cryptic splicing signals from mis-splicing of 

many endogeneous pre-mRNA transcripts. Here, we discuss the possibility for a general role of 

this family of proteins and their expansion in transcriptome protection. 
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Precursor-messenger RNA (pre-mRNA) transcripts are packaged into heterogeneous 

ribonucleoprotein (hnRNP) complexes upon transcription 317,318. Although much has been 

learned about the multiple functions of hnRNPs in RNA metabolism, particularly pre-mRNA 

processing; little has been known about their protection of the whole transcriptome from 

processing errors, particularly cryptic splicing, an effect that has been observed for a number of 

hnRNPs by different groups. 

Aberrant splicing could result from an estimated 15%-60% of the mutations that cause 

human genetic diseases 319,320, leading to mRNA and/or protein changes and consequently 

protein and cell malfunctions. Even under normal conditions, cells face challenges to avoid the 

numerous cryptic splice sites, particularly in the introns 321.  

Studies on the effects of genetic mutations have revealed an essential role of hnRNPs in 

preventing aberrant splicing of specific endogenous transcripts 322-326. For instance, a mutation 

(G>A) in the alternative exon P3A of the CHRNA1 gene disrupts hnRNP L binding but enhances 

hnRNP LL binding to aberrantly increase usage of the exon in Congenital Myasthenic Syndrome 

323. In another case, hnRNP A1/A2 knockdown led to the inclusion (up to 95%) of a cryptic exon 

in the mutant ATM gene, while hnRNP A1 overexpression reduced the inclusion from 80% to 10% 

324,325. HnRNP mutations are known to cause aberrant splicing as well. For instance, in Drosophila, 

mutations in the hrp48 gene, a homologue of human hnRNP A/B, activates the third-intron 

splicing of the P-element in somatic tissues 327. These and many other studies of specific 

transcripts of disease-related genes support that a group of hnRNPs repress aberrant splicing of 

endogenous transcripts.   
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Beyond the above observations, the total number of hnRNPs and hnRNP-like proteins 

(containing domains homologous to known hnRNPs) correlates better with the total length of 

genes or genomes than with the total number of genes in 269 species (Fig. 1.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Correlation of the total number of hnRNP or hnRNP-like proteins with the total length of 

genes (A), genome length (B) and the number of genes (C) in 269 species. 

The coefficients R2 show that the differentially expanded number of hnRNPs correlates better with 

the evolving total lengths of genes and genome sizes than the total number of genes among 

different species. The total number of hnRNPs of these Ensembl genomes/species were obtained 

from the NCBI Gene database by searching for the term ‘hnRNP’ in the ‘gene name’, ‘other 

designations’ or the ‘conserved domain’ sections of the records. (Continued on next page) 
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The number of hnRNP family members increased from several in many fungi and protists 

to more than 40 in some metazoas (e.g. 42 in humans and 44 in chimpanzees). They share 

structural features such as RNA recognition motifs (RRM) or K Homology (KH) type RNA binding 

domains (RBD), and glycine- or proline-rich regions (GRR or PRR) for interaction with RNA or other 

proteins 328. The RBDs are the most conserved and others more divergent. Homologues such as 

PTBP1 and hnRNP L share substantial amino acid sequence identity (27%-29% overall in humans, 

depending on the isoforms, same as the following) and even more so for paralogs such as hnRNP 

L and LL (54%-58% identity). Besides the common features, the homologues have also diverged 

sufficiently to bind different RNA sequences with flexible but fairly constrained consensus motifs 

329. For example, hnRNP C, hnRNP L/LL, hnRNP F/H, PTBP1/P2 and TDP43 (with two RRM regions 

sharing 34%-38% amino acid sequence identity with those of hnRNP D) prefer to bind U-rich, 

CA/AC-rich, GGG, CU-rich and UG-rich motifs, respectively 330-335. Although the paralogs bind 

similar RNA motifs, those examined in detail still show different preferred sequences or different 

affinity to the same motifs 332,336,337; so are the individual RRM domains or secondary structures 

within an hnRNP 334,338. 

(Previous page.) The data are from 76 fungal, 120 metazoa, 30 plant and 43 protist species. The species 

with the highest number of hnRNPs in this search is the chimpanzee (44), followed by humans (42); the 

species with at least 1 hnRNP found are mostly fungi or protists. The presented trendline in each panel 

has the highest R2 among fitting curves using linear, exponential, and logarithmic or power functions. In 

C, the gene numbers also positively correlate with the hnRNP numbers overall but in a more scattered 

way than in A and B. Even after the outlier species with total numbers of genes >50K were excluded, 

the R2 was 0.5587, still much lower than those in A and B. Search within the “Domain name” of NCBI 

Genes has resulted in similar correlations. A separate, manual verification of such hnRNPs of 21 species 

obtained a similar result as well, particularly with the correlation with gene lengths mainly in the total 

lengths of introns. 
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The expanded hnRNP family members could be non-redundant in not only RNA binding but 

also their effects on target exons or genes. For examples, PTBP1 and PTBP2 paralogs could have 

different target exons in neuronal differentiation though redundant ones also exist 339,340; 

similarly, hnRNP L regulates gene expression and alternative splicing involved in hormone 

production distinctively from its paralog hnRNP LL though shares some overlapping targets as 

well 341; hnRNP E1 but not its paralog E2 suppresses HIV-1 gene expression 342. Thus, even the 

paralogs could have distinct target differences in the regulation of gene expression, let alone the 

differences among homologues. Therefore, the expanded hnRNPs are diverse in both RNA 

binding and functions, and even the paralogs cannot always functionally substitute each other.  

Based on the different target RNA motifs and effects on exons/genes by different hnRNPs, 

their expansion in metazoans probably matches the sequence complexity of pre-mRNA 

transcripts in different species. Although systematic assessments remain to be carried out, as an 

example for individual hnRNPs and corresponding RNA motifs, the hnRNP LL emergence in 

vertebrates accompanies the increased CA/AC content of the CaRRE1 element of the Slo1 gene 

(from one copy in the 3ʹ SS of a fish Slo1 to as many as five copies in mammals) 343,344. Similar co-

appearance of hnRNP and RNA motifs are also observed in other cases 344.  

Direct evidence has been obtained for the expanded hnRNPs to inhibit transcriptome-wide 

cryptic exons of endogenous transcripts in recent years, with large-scale sequencing of cell 

samples with loss-of-function of hnRNPs and analysis of reads mapped to the annotated introns 

330,341,345-348. For example, hnRNP C1 knockdown led to global increase of cryptic Alu exon 

formation and disease-associated deletion in Alu elements disrupted the ability of hnRNP C1 to 
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inhibit the exon formation 330. The effect is specific to hnRNP C1 since knockdown of PTB did not 

have the same effect. Transcriptome-wide cryptic exons are also detected in TDP43 knockout 

mouse cells, as well as in the post-mortem brain tissues of ALS-FTD with TDP43 proteinopathy 

346, and the effect was rescuable for some of the cryptic exons by expressing a TDP43 fusion 

protein in knockout cells. PTBP1 or PTBP2 knockdown also caused usage of non-conserved cryptic 

exons and PTBP1 expression in PTBP1/2 knockdown cells restored the repression of cryptic exons 

supporting “a family of cryptic exon repressors”345. Moreover, PTBP1 also interacts with Matrin-

3 (with two RRMs sharing 38% identity with PTB RRM1) to inhibit the cryptic exons from LINE 

repeats 348, where the exon usage was increased upon knockdown of both proteins or upon LINE 

deletion. Similar repression of cryptic exons has also been reported recently for the hnRNP L by 

two labs independently 341,347.  

Interestingly, in the case of hnRNP L/LL, there is little overlap of their target cryptic exons 

between the paralogs 341. It is mainly hnRNP L that prevents cryptic exon usage. HnRNP LL, similar 

to that on the P3A exon 323, instead promotes inclusion of the hnRNP L-target cryptic exons when 

hnRNP L is knocked down. Moreover, the vertebrate hnRNP L-specific PRR domain mediates the 

inhibition of a group of cryptic exons in knockdown/rescue assays. These observations 

demonstrate an essential role of the evolutionarily evolved, paralog-specific domain in protecting 

transcriptome integrity, strongly supporting the importance of hnRNP expansion in this function. 

Besides their repression of cryptic exons, the loss or weakening of hnRNP binding sites have 

been proposed to allow the emergence of novel exons from repeat sequences during 

evolution330,348-350. For some of the Alu exon inclusion of >50% in human cerebellum, most are 



   
 

60 
 

within the 5ʹ UTR to regulate translation and about 4% of them have evidence of coded peptides 

351,352. There are also Alu exons whose usage causes genetic diseases353-357. These indicate that 

some of them have been exonized into the normal transcriptome with biological effects though 

some others are cryptic exons only in disease tissues. Thus, while hnRNPs inhibit cryptic exons in 

the vast landscape of introns to maintain a stable transcriptome, this role could be disrupted in 

diseases, or in evolution to allow the emergence of novel exons.  

Despite the progresses, there remain unanswered questions. For example, what are the 

effects of the many other hnRNPs on the cryptic splicing of endogenous pre-mRNA transcripts in 

the transcriptome? How could this relatively small number of proteins protect the tens of 

thousands of pre-mRNA transcripts with highly complex sequences? How do the multi-domain 

proteins interact with the introns of pre-mRNA transcripts to protect them from cryptic splicing? 

To these questions, the following points perhaps could be considered. For relatively simple 

repetitive sequences in the introns, such as Alu, LINE, UG, CU and CA repeats, a specific set of 

hnRNPs appear to be sufficient to inhibit cryptic splicing of related intron sequences 330,341,345-348. 

For more complex sequences, more versatile RNA binding or other properties would be helpful. 

For example, the four RRMs of PTBP1 have different sequence preferences. They are in an 

elongated molecule in solution and have been proposed to bind sequentially along the transcript 

334,358,359. Another interesting report shows that a single RRM domain could have two RNA binding 

sites in the Glorund, an hnRNP F/H homologue in drosophila 338, one in the loop for GGG and the 

other in the beta-sheets for an AU-rich structured motif, adding to the versatility of hnRNP 

recognition of different RNA motifs. Moreover, hnRNP genes can also be alternatively spliced to 
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have splice variants with differential properties such as the PTBP1 isoforms 360. Furthermore, 

posttranslational modifications could also affect their properties and consequently, the pre-

mRNA-RNP complexes 343,361-363. Lastly, many hnRNPs could interact with other hnRNPs or RBPs 

thereby bringing far-apart RNA motifs and/or exons to close proximity for splicing regulation 

364,365. Together, these multi-domains, splice variants, protein modifications and protein-protein 

interactions and their interplay could greatly add to the diverse properties of the expanded family 

of hnRNP proteins for them to match the complexity of pre-mRNA sequences, particularly in 

mammals. 

 

 

 

 

 

 

 

 

Figure 1.6. Transcriptome Protection by different hnRNPs. 

HnRNP L binds to CA/AC-rich motifs to inhibit cryptic exon/splice sites requiring PRR domain. 

hnRNPA1/A2B1 (unpublished), PTBP1/P2, hnRNP C and TDP43 bind to GGG, CU-, U- and UG-rich 

motifs, respectively, to prevent cryptic exon (red box) inclusion. PRR: Proline-rich region, RRM: RNA 

recognition motif. SR: arginine/serine-rich proteins that are generally splicing activators and interact 

with the exons. The ovals represent the different domains/regions of the hnRNP proteins. For 

simplicity, the pre-mRNA and hnRNP are ‘stretched’ linearly. The splicing pathways in the presence 

(+) or absence (-) of hnRNPs are indicated with lines above or below the transcript. There are likely 

more hnRNPs to be identified to protect the endogenous pre-mRNA transcripts of the transcriptome. 
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Besides aberrant splicing, hnRNPs also inhibit cryptic polyadenylation sites and ensuing 

nonsense-mediated mRNA decay 341,366. The prevention of aberrant splicing by the hnRNPs is thus 

likely part of their multiple roles to safeguard the transcriptome for proper functions, together 

with other RNA binding proteins (e.g. U2AF35, SF3B1 and SRSF3) or ribonucleoprotein complexes 

(e.g. U1 snRNP) 273,274,345,367-372. 

In summary, accumulating evidence suggest that the hnRNP family of proteins inhibit 

cryptic exons of endogenous transcripts in general to help protect transcriptome integrity (Fig. 

1.6). They have expanded likely to match the length/complexity of genes or genomes for this and 

many other roles in the life of RNA transcripts. More transcriptome-wide studies of hnRNPs, in 

particular their effects on the introns, will provide further insights into the protective role in 

biology and diseases.  

Based on the evidence in this minireview, we anticipate that cancers with the loss or 

reduced expression/function of hnRNP proteins or more widely other splicing factors should 

contain numerous cryptically used intronic sequences. The role of these aberrantly expressed 

sequences in tumorigenesis or potential diagnostic/therapeutic applications is an interesting 

area worth of exploration. 
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1.4. Strategies to Target RNA for Cancer Therapy 

RNA dysregulations are widespread across the transcriptomes of various types of cancer. 

Recent studies have shown that cancer mutations induce novel splice sites not used by the 

normal cells making them highly specific to cancer 238,373. Therefore, RNA-targeted therapies 

would offer superiority in tumor therapeutics with higher specificity. RNA therapeutics mainly 

include three approaches: (1) expressing RNAs and/or targeting their encoded peptides or 

proteins, (2) switching RNA expression/processing by single-stranded antisense oligonucleotides, 

CRISPR-mediated gene editing or via RNA interference (RNAi) and (3) targeting proteins by RNA 

aptamers (RNA oligonucleotides that bind to specific targets with high affinity and selectivity) 374. 

While all these approaches have been used to manipulate splicing changes, a highly specific and 

successful one for cancer therapy has not been developed. Here I will illustrate more on one of 

the most promising ones: immunotherapy against potentially specific peptides from aberrant 

splicing in cancer. 

The heterogeneity of tumors implies the necessity of more than a ‘general’ therapeutic 

approach. If the aberrantly spliced transcripts from an individual could translate into unique 

proteins or peptides, they would present an attractive source of cancer-specific neoepitopes for 

targeted immunotherapy375. Indeed, transcripts resulted from aberrant splicing or frameshifting 

mutations produce antigenic peptides. For example, the peptides derived from aberrant splice 

variants of non-small cell lung cancer were validated by liquid chromatography coupled with 

tandem mass spectrometry (LC/MS/MS) 376. In addition, when the HLA-A24 transgenic mice were 

immunized with the peptides, the spleen lymphocytes from the immunized mice showed 
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significantly higher level of IFN-γ production compared to the PBS and adjuvant-alone groups 376. 

This indicates that the peptide could activate the T cell response by interacting with HLAs. In 

another study, the insertion- or deletion-derived transcripts of renal cell carcinoma also showed 

enrichment for tumor-specific neoantigens 377.  

Overall, these findings suggest that the aberrant transcripts found in cancer are translated 

into peptides or proteins and they have the potential to induce immune response expanding the 

cancer immunotherapy targets.   
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1.5. Challenges and Questions 

Studies involving high-throughput transcriptome sequencing have significantly expanded 

the knowledge on the dynamics and complexity of human transcriptomes over the years. Now 

we know that the majority of protein-coding genes undergo extensive alternative splicing, 

particularly in vertebrates. Emerging evidence also shows that RNA dysregulation by alternative 

splicing is associated with cancer development and progression. While efforts have been made 

with both short- and long-read sequencing technologies focusing on specialized cell types or 

individual cells from different tissues and developmental stages across human populations, the 

extent of spatial and temporal diversity of the normal transcriptomes is yet to be fully uncovered. 

When it comes to splicing dysregulations in cancer, it is still very challenging to accurately predict 

the splice-variants specific to cancer for therapeutic or diagnostic purposes. There are many 

important questions remaining to be answered, particularly the followings that led to my thesis 

project- 

o How diverse is our normal transcriptome at the exon level? 

o Constitutive or the differentially used exons dominate the human exome? 

o How specific are the splicing aberrations of cancer transcriptomes to cancer-tissue compared 

to the healthy tissues of the patient? 

o Do the splicing aberrations of specific cancer-tissue also exist as ‘normal’ in the other healthy 

tissues? If they do, to what extent? 
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Chapter 2 : Thesis Rationale and Hypothesis 

Dysregulation of transcriptomes by aberrant alternative splicing, ATS or APA is frequent 

across different types of cancer. The cancer-mutations or dysregulated splicing factors often 

cause cryptic splice site usages mediating cancer specific mis-splicing. Therefore, we 

hypothesized that ‘There are specific regions of transcripts expressed only under diseased 

conditions (such as cancer) which are not present in most of the normal tissues under normal 

conditions.’ 

However, given the complexity of the cancer transcriptome, it is still challenging to 

identify cancer-specific events. When a splicing event is found altered in cancer-tissue compared 

to the corresponding normal or adjacent normal tissue, it is commonly assumed to be cancer-

specific. Such approaches disregard the consideration of how many of these aberrantly spliced 

variants are already normally expressed in other non-cancerous healthy tissues since a single 

‘control’ does not contain the transcriptome repertoire of all cell types. Moreover, taking normal 

tumor-adjacent tissue as a negative control could cause the dismissal of genuine cancer-specific 

events since that adjacent tissue may not even be normal but pre-neoplastic and could share 

splicing similarities with tumor tissues.  

Although seemingly unconventional, to obtain cancer-specific aberrant transcripts as 

therapeutic targets, in addition to the corresponding healthy tissues, attention should also be 

given to the whole body and important organs as the regulation of gene expression including 

splicing is unique for different cell- or tissue-types. This is particularly important for precision and 
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personalized medicine for the characterization of the patients for therapeutic sensitivities and 

vulnerabilities and to eliminate the potential off-target effects in cancer therapy such as 

immunotherapy. 

 

General Approaches 

My Strategy 

Figure 2.1 Research Strategy for the Identification of Cancer-Specific Transcript Regions 
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As it is not practical to be able to obtain a wide range of healthy tissues from the same 

patients, our strategy of identification of cancer-specific transcript regions addresses this issue 

that involves the generation of a comprehensive catalogue of differentially used regions of the 

normal transcriptome and use this catalogue blueprint as the database of healthy tissues against 

the adenocarcinomas (Fig. 2.1). This would allow us to understand the susceptibility or 

vulnerability the target (aberrant transcript) may bring to non-cancerous tissues of the body. The 

association of genetic variants and splicing dysregulation would provide further insights on 

cancer specificity and has been integrated in the investigation as well. 
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Chapter 3 : Cancer-Specificity of Aberrant Exons are Highly Limited 

against the Background of Diverse Transcriptomes of 56 Human Tissues 

 

To explore the questions asked in section 1.5 and based on the thesis hypothesis in chapter 2, 

we decided to first characterize the ‘normal’ human transcriptome diversity at the exon level that 

was not known. We then analyzed the cancer transcriptome against the ‘blueprint’ of the normal 

transcriptome to accurately identify the aberrant transcript regions specific to cancer.  

In this chapter, the findings are presented in a manuscript format with the following major points: 

 The human transcriptome is highly diverse, with 72% of the transcriptome regions 

differentially used across various tissues and developmental stages. 

 The majority of the aberrant transcript regions (exons and introns) of adenocarcinomas 

are ectopically processed regions of the normal transcriptome and can be found in other 

normal tissues. 

 Aberrant transcript regions mediated by the genetic nucleotide variants are specific to 

cancer patients carrying the mutations and can not be found in any of the normal tissues. 
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3.1. Abstract 

We analyzed 8.8 billion of high-quality RNA-Seq reads among 1,540 pairs of 56 nominally ‘normal’ 

human tissues to identify the differentially used exons (DEXs) resulting from alternative usage of 

transcription initiation, polyadenylation sites and/or alternative splicing. Contrary to the 

common sense that constitutive exons predominate, our result indicates that DEXs comprise at 

least 72% of the human exome. Against this normal transcriptome DEX blueprint, cross-checking 

of the aberrant exons of adenocarcinomas (obtained by comparing with the corresponding 

normal tissues of cancer origin only) reveals that 99% of those aberrant exons are also expressed 

in at least one of the normal tissues. A small group of authentic cancer-specific exons that were 

found only in certain cancer patients but not in any of the normal tissues, were specific to 

mutated genes. Thus, our results reveal a DEX-dominated human transcriptome and nearly all 

aberrant exons of adenocarcinomas are in fact ectopically regulated exons of the normal human 

transcriptome. This suggests a much higher complexity of the human transcriptome than 

previously reported and limits the authentic cancer-specific exons to a small group(s) when 

considering for variant-targeting diagnostic or therapeutic purposes. 

 

 

 

Keywords: alternative splicing, constitutive exon, normal transcriptome, diversity, 

adenocarcinoma, specificity. 
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3.2. Introduction 

Differential usage of exons contributes to the proteomic diversity in eukaryotes, 

particularly metazoans53 378-380. This could result from alternative splicing (AS), alternative usage 

of transcription start (ATS) or polyadenylation (APA) sites 6,381. Together, we call all these 

differentially used exons as DEXs. The percentage of genes with DEXs are well studied 69, 

however, the percentage of DEXs in the human exome, assembly of all unique exons in the 

genome/transcriptome, is unclear. Also unknown is the percentage of exons that are bona fide 

‘constitutive’ in all transcriptomes of human tissues. Uncovering the abundance of DEXs will not 

only provide a more refined map of the diverse of human transcriptomes but also offer a wider 

background for the specificity of cancer or other disease marker exons. 

The conventional approaches to identify ‘cancer-specific’ aberrant exons or splicing events 

often include corresponding normal or tumor-adjacent normal tissues as control groups. This 

disregards the question of how many of the aberrantly spliced exons or introns are already 

expressed normally in tissues within the body. This ‘cancer-specificity’ does not guarantee their 

absence in non-cancerous tissues of cancer patients.  

Moreover, the tumor-adjacent normal tissues could be pre-neoplastic and potentially lead 

to the dismissal of genuine ‘cancer-specific’ exons or splice variants when used as controls. 

Distinct response to treatments by individual patients also indicates that exploiting the 

differences between cancer and all noncancerous cells and tissues is crucially important, 

particularly in case of precision medicine or personalized treatments.  
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In this study, we generate a comprehensive catalogue of DEXs of the ‘normal’ human 

transcriptome from 56 types tissues which would not only help clarify these questions, but also 

advance our understanding of the diversity, dynamics and dysregulation of transcriptomes 

associated with diseases and help improve the diagnostic or therapeutic approaches.  

Here, we show that DEXs are the majority in the human exome from the RNA-Seq data 

analysis of 56 different types of nominally normal tissues. By using the comprehensive catalogue 

of DEXs of normal transcriptomes, we show that the pattern of aberrant splicing of exons and 

intron regions observed in adenocarcinoma compared to the corresponding normal, also exists 

in most cases in other types of normal tissues as normal. We also show that the splicing 

dysregulation in cancer exhibits resemblance to the pattern observed in fetal tissues. 

Furthermore, we demonstrate that the aberrantly expressed regions of transcripts mediated by 

genetic nucleotide variants are specific to cancer rather than those ectopically expressed exons 

or introns of the normal transcriptome. Overall, our findings provide insights on the level of 

cancer-specificity of aberrant splicing events and propose to change the ‘general’ approach of 

using one control (the tissue of tumor origin only) to the whole body tissues as controls for the 

assessment of cancer diagnosis or treatment efficiency.  
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3.3. Materials and Methods 

3.3.1 Data Pre-processing  

RNA-Seq data of 56 types (53 adult and 3 fetal) of nominally normal human tissues were 

obtained from the NCBI SRA and dbGaP databases, originally contributed by three sources: 32 

adult tissues from a project (PRJEB6971) of the Science for Life Laboratory, Royal Institute of 

Technology, Stockholm (adipose tissue, adrenal gland, appendix, bone marrow, cerebral cortex, 

colon, duodenum, endometrium, esophagus, fallopian tube, gallbladder, heart, kidney, liver, 

lung, lymph node, ovary, pancreas, placenta, prostate, rectum, salivary gland, skeletal muscle, 

skin, small intestine, smooth muscle, spleen, stomach, testis, thyroid, tonsil, urinary bladder) 382; 

21 from the Genotype-Tissue Expression (GTEx) (Accession number: phs000424.v7.p2) project of 

the National Institutes of Health (NIH) (amygdala, anterior cingulate cortex, aorta, breast, 

caudate, cerebellar hemisphere, cerebellum, cervix, coronary artery, frontal cortex, 

hippocampus, hypothalamus, nucleus accumbens, pituitary gland, putamen, spinal cord, 

substantia nigra, tibial artery, tibial nerve, vagina, whole blood) 383, and three types of fetal 

tissues from a project (PRJNA268504) of the Peking University (whole brain, heart and liver) 384.  

In total, we obtained 12.7 billion of paired-end raw reads (70-100bp) from 433 samples 

of 56 normal tissues. The quality control measurements were performed by FastQC and 

Trimmomatic 385 and we aligned the processed, high-quality reads (35-90bp) to the human 

transcriptome (Ensembl GRCh38.78) allowing maximum 2 mismatches by TopHat 2.1.1 386 

resulting in 8.8 billion of uniquely mapped reads as concordant pairs for subsequent analyses. 
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3.3.2 Annotation Preparation 

For the differential exon usage analysis, the reference transcriptome (Ensembl 

GRCh38.78) was divided into 611,556 bins (hereafter exons) based on the exon boundaries in 

different transcripts. As the RNA-Seq data used in this study comprised of unstranded reads, 

hence, the exonic regions overlapped between genes were excluded from the reference to 

minimize the false positive outcomes. Next, we also excluded the exons shorter than 9bp and 

included the exons with exon base mean (average exon read counts across samples) minimum 

20 in any one of the 56 tissue pairs and obtained the reference transcriptome comprising of 

370,559 unique exons.  

As we know the exon boundaries, using the exon coordinates of Ensembl GRCh38.78 we 

have also divided the introns into bins and obtained a reference transcriptome of the 

unannotated intragenic regions for the intron differential expression analysis. Introns longer than 

200 bp were divided into 100 bp bins and we have excluded the intron regions shared by multiple 

genes similarly as we did for the exons. 

3.3.3. Pairwise Analysis of Differential Exon Usage 

We have used DEXSeq for the differential exon usage analysis where changes in relative 

exon usage across tissues were identified as follows 387: 

 

Relative Exon Usage = 
Number of transcripts from the gene that contain the target exon 

Number of all transcripts from the gene 
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Thus, the concept based on the ratio of number of reads mapped to the target exon to 

the number of reads mapped to other exons of the same gene infers all the differentially used 

exons (DEXs) including both internal and terminal exons. Therefore, DEXSeq-identified exons 

include DEXs mediated by alternative splicing (AS), alternative transcription start (ATS) or 

alternative polyadenylation (APA).  

The DEXSeq analysis was performed pairwise among 56 different types of tissues. In order 

to identify the maximum number of DEXs across tissues, we have compared the tissues in all 

possible combinations comprising 1,540 tissue pairs in total.  

The number of ways tissue-pairs can be obtained from 56 different types of tissues: 

 
 
 

C(56,2) = 1,540 

n = 56 different tissue types (the set/population)  

r = 2 (subset of n) 

 

We have used stringent filtering criteria as reported in our previous study 388 to obtain a 

confident list of DEXs where exons with the following criteria were excluded: 

 Exon Base Mean (EBM) is less than 20 (the mean of read counts across all tissue pairs for that 

exon) 

 Average Base Mean (ABM) is less than 20 (the mean of read counts across all tissue pairs for 

that gene)   

 The ratio of target exon-EBM (normalized to the exon length) to the highest EBM in that gene 

is less than 0.002 

C (n, r) = 
n! 

(r!(n−r)!) 
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 Adjusted p value is more than 0.05 

 Fold change is less than 0.1 

In addition to DEXSeq, for a group of tissues (35) we have also used replicate MATS 

(Multivariate Analysis of Transcript Splicing) 389, which outputs only alternative splicing events by 

measuring the read counts of the splice-junctions. The rMATS analysis provided additional 

splicing events (FDR < 0.05) that do not overlap with DEXSeq outputs.  

3.3.4. Tagging Terminal Exons 

To estimate the relative contribution by each of AS, ATS and APA mediating DEXs, we have 

tagged all DEXs as whether or not used as terminal exons using the coordinates of different 

transcripts for each host gene. Since DEXs co-mediated by AS and ATS/APA could be very complex 

to comprehend, we grouped terminal DEXs considering the comparatively simpler situations as 

follows: 

 DEXs containing different transcription start sites with the same splice donor sites 

 DEXs containing different polyadenylation sites with the same splice acceptor sites 

 DEXs containing alternative splice sites with the same transcription start or polyadenylation 

sites 

3.3.5. Pairwise Analysis of Intron Differential Expression 

Using our transcriptome reference of the unannotated regions, the reads mapped to 

intron bins were counted by FeatureCounts 390. The intron read counts normalized to their gene 

level were compared between tissues by edgeR 391 to identify the differentially expressed intron 
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regions (DEIRs) across tissues. Similarly as exons, the intron analyses were also performed 

pairwise in 1540 tissue-pairs from 56 tissue-types. 

3.3.6. Validation by RT-PCR after DEXSeq Analysis 

We validated 244 out of 269 alternative splicing events from 24 exons in total by semi-

quantitative RT-PCR: 10 in sixteen human tissues (adrenal gland, bone marrow, brain, colon, fetal 

brain, fetal liver, liver, kidney, lung, placenta, prostate, salivary gland, skeletal muscle, spleen, 

small intestine and testis), and 14 in GH3 (a rat pituitary tumor cell line) cells from a separate 

study of the same DEXSeq filtering criteria. 

Human tissue RNA samples (1µg/µl) were purchased from Clontech Laboratories Inc. (Cat 

No. 636643)392. About 500ng of RNA was used for 20 µl of reverse transcription reaction 

employed by MMLV (Moloney Murine Leukemia Virus) Reverse Transcriptase. Polymerase Chain 

Reaction (PCR) for splicing analysis was performed with 30 cycles for different genes. PCR 

products were resolved in 2.5-3.5% agarose gels containing ethidium bromide and visualized with 

a digital camera under ultraviolet light. The percentages of exon inclusion were calculated from 

the band intensities and normalized by their product lengths to molar ratio.  

3.3.7. Functional Annotation Clustering 

Functional annotation and classification of related genes were analysed using DAVID 

(Database for Annotation, Visualization and Integrated Discovery) under ‘high’ stringent 

conditions against the default background 393. 
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3.3.8. Analysis of Adenocarcinoma Data 

The RNA-Seq data of 184 patients from five types of adenocarcinomas: lung (54 patients), 

colon (15), pancreatic (35), prostate (36) and invasive breast carcinoma (44) were downloaded 

from the Cancer Genome Atlas (TCGA) database (Accession number: phs000178.v9.p8) 394 395. 

The raw data (50bp long paired-end reads) were processed similarly as the normal tissues 

described above. The samples of adenocarcinoma for each type were compared with their 

corresponding normal by DEXSeq and edgeR to identify the aberrantly expressed exons and 

introns in adenocarcinoma, respectively. 

3.3.9. Validation of Aberrant Splicing by Semi quantitative RT-PCR 

The tumor samples were purchased from the Ontario Tumor Bank. For RNA extraction, 

the frozen tumor samples were excised to get tissue from the tumor centre and homogenized 

immediately with appropriate volume of lysis buffer (with β-ME) and step-by-step tissue RNA 

purification protocol for GenElute total RNA purification kit was followed. The predicted aberrant 

splicing events from the above TCGA RNA-Seq analysis were validated using the extracted RNAs 

from the tumor samples by semi quantitative RT-PCR similarly as described above for the normal 

tissues.  

3.3.10. Transcript Assembly 

The previously mapped reads of adenocarcinomas were assembled by StringTie 396 using 

Ensembl GRCh38.78 as the reference. Next, the transcripts with minimum 200 base pair length 

and minimum coverage of 5 FPKM (Fragments Per Kilobase of transcript per Million mapped 

https://www.sigmaaldrich.com/CA/en/product/sigma/rnb100
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reads) were merged together to build the new reference. Finally, the transcript assembly step 

was repeated using the new merged reference. We further used GffCompare397 to obtain the 

catalogue of transcripts expressed at various level in both control and the adenocarcinoma 

samples both. 

The transcripts were further short listed based on the following criteria: 

 For genes with minimum 10 exons and transcripts with at least 15 FPKM difference between 

normal and adenocarcinoma were kept. 

 Transcripts were sorted by exon index, where exon index is the ratio of the number of exons 

in a transcript to the maximum number of exons in the gene. 

 For genes, the transcripts with exon index 0.8-1 and the accumulative transcript abundance 

(FPKM%) difference less than or equal to -20 or greater than or equal to 20 between normal 

and adenocarcinoma were included. 
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3.4. Results 

3.4.1. DEXs Comprise at least 72% of the Human Exome  

To estimate the total number of exons used differentially in the human exome, we 

examined the RNA-Seq data of 56 nominally normal human tissues 382-384 (including 53 adult 

tissues and 3 fetal tissues). The RNA-Seq data were obtained from the NCBI SRA and the dbGaP 

database, excluding cell lines or disease samples where aberrantly processed variants are often 

found 398,399. From a total of 12.7 billion of paired-end raw reads, we successfully mapped 8.8 

billion of high-quality concordant pairs to the transcriptome of Ensembl GRCh38.78 (~157 

millions of reads per tissue on average). To analyze differential exon usage by DEXSeq387 between 

a tissue pair, the exons in the transcriptome were divided into unique bins (hereafter called exons 

for simplicity) based on the exon boundaries in different transcripts. We excluded the exons 

overlapped between genes on the same strand to avoid inaccurate predictions. Next, the non-

overlapping exons with a minimum of 9 nucleotides long and an average of exon base mean 

greater than or equal to 20 in at least one of 56 tissues, (details in materials & methods) were 

included in our reference total of the human exome. Finally, a total of 370,559 exons from 27,463 

genes (17,655 protein coding genes) were substantially detected among the tissues for 

subsequent analyses (Fig.3.1A).  

To our surprise, 357,681 exons comprising 96% of the total (357,681/370,559), exhibited 

significant differences in normalized read counts (adjusted p < 0.05) in at least one of the 1,540 

tissue pairs. More stringent filtering of these exons, using an efficient protocol validated by RT-

PCR as we have reported 388, resulted in 327,752 (88%) differentially expressed exons (Fig. 3.1A).  
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Figure 3.1. Estimation of the Total Number of DEXs in the Human Exome. 

A. Flowchart of our filtering pipeline for differential exon usage analyses in 56 types of nominally normal 

human tissues. B. Validation of DEXs by semiquantitative RT-PCR. An example illustrating our validation 

of predicted alternative exons: predicted differential usage of the ABLIM1 (Actin Binding LIM Protein 1) 

exon 15 (ENST00000533213.6), a curated ‘constitutive’ exon among the RefSeq alternate haplotypes in 

the UCSC Genome (Upper panel), between the fetal brain and adult colon tissues in the IGV (Middle 

panel) and an agarose gel of RT-PCR products from 16 different types of human tissues (Lower panel). 

M: marker, NC: PCR negative control, GAPDH: RNA loading control. (Continued on next page) 
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Examining further in the Integrative Genomics Viewer (IGV) 400 from a randomly selected 

exons, we designed primers and successfully amplified 269 alternative splicing events in semi-

quantitative RT-PCR (Fig. 3.1B & C). The Log2 correlation of the exon inclusion ratio from RT-PCR 

with the fold change from DEXSeq analysis gave a Pearson correlation coefficient, R = 0.7 (Fig. 

3.1C). This allowed us to estimate a validation rate of 90% for the alternative exons (Fig. 3.1A), 

despite the different origins of human tissues and RNA samples for the RNA-Seq and for RT-PCR, 

respectively, again supporting the accurate prediction of these exons. Moreover, by correlating 

the normalized read counts with the RT-PCR result of those exons, we estimate that about 80% 

(294,881) of the DEXs with an EBM of at least 20 are included in at least 10% (molar) of their gene 

transcripts, and will be referred as TMTA (Ten Molar Transcript Abundance) hereafter. 

Furthermore, the 294,881 DEXs also comprise about 61% of the total length of the normal 

transcriptome (where total exons 370,559 = ~95 Mbp and DEXS 294,881 =  ~58 Mbp; 1 Mbp = 

106 bp). Considering the validation rate of 90%, the total DEXs comprise about 72% of the total 

370,559 detectable exons (Fig. 3.1A).  

To determine if the TMTA-DEXs have reached a saturation level among these tissues, we 

plotted the accumulating number of unique DEXs against the corresponding tissue pairs (Fig. 

(Previous page.) C. Log2 correlation of predicted fold change (X-axis) with the ratio of % exon inclusion 

of RT-PCR products (Y-axis) between samples (244 validated alternative splicing events, out of 269 

predicted in total). Though the direction of RT-PCR splicing changes are different from the prediction 

for some of the events (in the second and fourth quadrants divided by the crossed ‘0’ lines), overall 

90% of the predictions are confirmed to be alternatively spliced and quantitatively correlated (r = 

0.67). D. Saturation curve of the total number (Left) or percentages (Right) of variable exons with at 

least 10% inclusion after our stringent filter in the exome of 56 types of normal human tissues.  
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3.1D). The number of exons increased exponentially, reaching 99% at 857 pairs, with the 

remaining 1% from the next 588 pairs but none from the last 95 pairs. Therefore, the total 

number of the DEXs has plateaued, without any increase even by including almost 100 more 

tissue pairs.  

To determine the relative contribution by each of AS, ATS and APA mediating differential 

usage, DEXs were tagged as terminal or internal exons following the transcriptome annotation. 

We identified 127,697 internal, 87,521 terminal and 79,663 as both internal & terminal DEXs (Fig. 

3.2). 

 

 

Upon random examination of three subsets of DEXs (3 x 100), we estimated that 43% were 

mediated by AS and 57% by ATS or APA. We noticed that ATS/APA-mediated DEXs fell into two 

groups: 1) DEXs harboring ATS or APA sites locally, i.e. within the DEX (S_Fig. 3.1a), 2) DEXs 

residing between terminal exons (used by different transcripts of the same host gene), but not 

undergoing ATS or APA locally (S_Fig. 3.1b). To our surprise, the second group comprises more 

than half of all ATS/APA-induced DEXs (30/57, 53%), which has not been reported before. We 

Figure 3.2. Diagram of Internal and Terminal Exons.  

The way exons are marked as internal, terminal and overlaps are shown on the left. The van diagram 

shows the number of exons in each group. 
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also noticed that a large proportion of DEXs, in general, corresponded to terminal exons with 

(24/43) for AS, and (27/57) for ATS/APA inferring the complex coupling of AS to ATS/APA (S_Fig. 

3.1c). 

3.4.2. DEXs Enrichment among Genes in Different Tissues 

The DEXs with TMTA 294,881 correspond to 18,419 genes estimating 16 DEXs per gene 

on average, where 86% (15,829) were protein-coding genes. We performed pair-wise symmetric 

correlation among 56 tissues based on the number of DEXs per tissue-pair, to observe DEXs 

distribution across tissues. We noticed that the brain regions, when compared with other tissues 

including duodenum, urinary bladder, appendix, kidney, esophagus and endometrium, showed 

higher variabilities yielding more DEXs, than among the brain regions themselves (Fig. 3.3A). 

Higher variabilities were also observed between the fetal and adult tissues. 

As the number of DEXs also vary substantially among different genes, we examined the 

host genes using DAVID Functional Annotation Clustering Analysis 393, to understand their 

potential functional impacts. Genes with 35 or more DEXs showed enrichment in clusters 

involving cytoskeleton assembly and dynamics (Dyneins, Spectrins, Alpha actinins, FERM family 

proteins; 3.1E-12< p < 2.90E-09) and membrane transporters (P-type ATPase; p<1.30E-11) (Fig. 

3.3B). The extensive DEX usage of genes related to cytoskeletal network is consistent with their 

dynamic roles in shaping cell morphology, movement and physiology.  
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   A 

B 

Figure 3.3. Global Distribution of DEXs Across Tissues. 

A. Symmetrical heatmap of pair-wise correlation 

among 56 tissues based on the number of DEXs. B. 

DAVID Functional Annotation Clustering of genes 

with more than 35 variable exons. (Continued on next 

page) 
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  C 

D 

(Previous page.) C. An example of highly variable exon usage of the SYNE1 gene among four tissues. 

Shown is part (red dotted box) of the SYNE1 gene in IGV where all exons are DEXs among these tissues. 

Below is a diagram of the conserved domains of SYNE1 protein isoform 1. Corresponding to the 

marked DEXs, are the spectrin repeats and the nuclear envelope localization domain (KASH), which 

are likely diversified by alternative splicing. D. A diagram of cytoskeletal genes: Nesprin 1, 2 Actin, 

Kinesin with their functional domains. 
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An extreme case is the gene SYNE1 (Synaptic Nuclear Envelope Protein 1, also known as 

Nesprin-1), of which 163 of 204 exons are differentially used across tissues (Fig. 3.3C). Such a high 

variability at the exon level of SYNE1 has not been reported previously though differential isoform 

expression was reported in numerous tissues including cardiac and skeletal muscles as well as in 

cerebellar and cerebral neurons 401,402. The large sum of DEXs have been partially due to its 

number of exons and gene length. However, the dynamic functionalities of this gene also require 

diverse gene products. For instance, the spectrin repeats offer multiprotein structures to 

coordinate for cytoskeleton assembly and interactions with spatial precision of the networks in 

diverse cell types 403, providing overall versatility to the gene functions. The SYNE1 splicing has 

important functions in the brain where extensive splicing occurs. For example, the brain specific 

SYNE1-splice variant CPG2 (Candidate Plasticity Gene 2) regulates glutamate receptors 

internalization at the excitatory postsynaptic sites 404. Moreover, the interaction of nesprin-KASH 

domain with SUN proteins is essential for leaning and memory, and deletion of KASH leads to 

impaired motor neuron innervation and laminar structure malformation in brain 405,406.  

Genes with DEXs among most of the tissue pairs (>800 pairs) showed enrichment for ATP 

binding cassette transporters, cell-cell adherens junctions, ribosomal proteins, HEAT repeats and 

RNA recognition motif domain (7.8E-42< p <5.20E-13, S_Fig. 3.2A). These clusters comprise widely 

expressed genes required for core cellular functions as well as the ones involved in cell signalling 

and protein-protein interactions. Genes with DEXs among a small number of tissue pairs (< 10 

pairs) showed enrichment for homeobox, peptidase, protease inhibitors and others (3.50E-14< p 

<2.50E-08, S_Fig. 3.2B). These genes often require cell, tissue and developmental stage specific 



   
 

89 
 

regulation. Thus, DEXs likely sculpt the transcriptomes of a wide range as well as specific sets of 

tissues in genes in both core and specific cellular functions. 

3.4.3. Differential Expression of Intron Regions across Normal Transcriptome 

Though annotated exons represent only 2% of the genome and many allegedly non-

exonic sequences code for proteins or peptides 407, the functional importance of introns has been 

recognized only recently. A few recent studies have reported intron association with disease 

progression including cancer 408,409. Hence, we wanted to identify and catalogue the differentially 

expressed regions of annotated introns across diverse tissues, which would provide insights on 

the normal transcriptome as well as a valuable tool for cancer study. 

For the analysis, introns longer than 200 bp were divided into 100 bp long fragments 

following the transcriptome of Ensembl GRCh38.78. Therefore, in situations where a long intron 

is retained, multiple intronic regions would correspond to a single intron. The normalized intron 

read counts for each of the 56 tissues were compared pairwise by edgeR 391. We have excluded 

the intron regions shared by multiple genes of the same or opposite strand and further 

shortlisted the DEIRs with FDR ≤ 0.01 and a minimum of Log2 fold changes.  

We obtained a total of 329,109 unique DEIRs corresponding to 12,975 genes (Fig. 3.4A). 

In addition to intron retentions, the DEIRs contain regions of numerous other events including 

cassette exons, alternative splice sites, alternative first or last exons, ATS and APA, both from 

adult and fetal tissues, comprising approximately 32,607,084 bp to be added to the present 

transcriptome (Fig. 3.4B). This further adds to the complexity of the transcriptome. 
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Figure 3.4. Differentially Expressed Intron Regions of the Normal Transcriptome across 56 Different 

Tissues. 

A. Distribution of the total DEIRs by their chromosome locations. B. Individual examples of events 

identified as DEIRs in gene AQP7 (Aquaporin-7), MAP7D2 (MAP7 Domain Containing 2), USP9X 

(Ubiquitin Specific Peptidase 9 X-Linked), RARS2 (Arginyl-TRNA Synthetase 2, Mitochondrial), SYNPO2L 

(Synaptopodin 2 Like), HAO2 (Hydroxyacid Oxidase 2) and GTPBP2 (GTP Binding Protein 2). 

A 

B 
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3.4.4. Most of the ‘Cancer-specific’ Exons are Ectopically Expressed and can be found in the Normal 

Transcriptome 

Taking the exome of 56 human tissues as a background, we analyzed the short-read RNA-

Seq data of 186 patients of five adenocarcinomas: lung, colon, pancreatic, prostate, and invasive 

breast carcinoma from TCGA database 394,395. These five types were selected based on the 

frequencies of incidence and mortality of cancer worldwide 410. Firstly, we compared the samples 

for each adenocarcinoma with their corresponding normal (i.e. breast cancer vs. normal breast) 

by DEXSeq 387 and obtained the aberrantly spliced exons (adjusted p < 0.005). Combining all five 

types, a total of 167,015 non-redundant aberrant exons from 13,638 genes were found with a 

fold change of at least 1.1. Next, we went on to cross-check these aberrant exons against the 

DEXs of the ‘normal’ transcriptome (Fig. 3.5A). To our surprise, 165,871 of 167,015 (99%) 

aberrant exons were found among the DEXs of the normal transcriptome (adult tissues) and 

99.8% (166,796) were found among the exons expressed in the normal transcriptome (370,559 

our reference total) including fetal. For instance, compared to the corresponding normal the 

inclusion of exon 14 (E-14) in EYST2 (Extended synaptotagmin-2) has enhanced by 1.5 and 1.1 

fold in lung and colon adenocarcinoma respectively (Fig. 3.5B).  

Interestingly, E-14 inclusion was also higher by 1.8, 1.7, 1.6 and 1.4 folds in salivary gland, colon, 

kidney and prostate, respectively, compared to the ‘normal’ lung (Fig. 3.5C). We validated the E-

14 inclusion by semi-quantitative RT-PCR in all tumor samples of 13 patients with 6 from lung and 

7 colon adenocarcinomas (Fig. 3.5D).  
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Figure 3.5. Ectopic Exon Splicing in Adenocarcinoma. 

A. DAVID Functional Annotation Clustering of host genes (5,707) from the unique exons with at least 2fold change in 

any of the five types of adenocarcinomas. The enriched clusters were related to genes involved in cell-cell adherens 

junction (1.1E-15), nucleotide-binding (2.0E-10) and WD-repeat domains (1.3E-08) as the top three clusters. B. IGV view 

of ectopic splicing of E-14 in ESYT2 gene in lung and colon adenocarcinoma with fold change by DEXSeq. C. Differential 

E-14 usage in Other normal tissues vs normal lung with DEXSeq fold changes. (Continued on next page) 

Normal Tissues 

A 

B C 
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The exon inclusion has enhanced by an average of 6 folds in lung adenocarcinoma (Exon 

Inclusion: 11%, normal; 68%, adenocarcinoma) and 1.3 fold on average in colon adenocarcinoma 

(EI: 75%, normal, 94%, adenocarcinoma). Examination of the E-14 inclusion by RT-PCR of 18 

different normal tissues (adult-15, fetal-3) showed that its inclusion was higher in kidney, 

prostate, salivary gland, and testis than rest of the adult tissues (Fig. 3.5D).  

Similarly we validated a few other exons in adenocarcinoma and normal tissue samples 

by RT-PCR (S_Fig. 3.3): E-2 of TPM1 (encodes Tropomyosin 1), E-99 of MACF1 (Microtubule Actin 

Crosslinking Factor 1), E-1 of MRPS23 (Mitochondrial Ribosomal Protein S23), E-4 of NPNT 

(Nephronectin), E-5 and 6 of CALD1 (Caldesmon 1), E-4 of NFE2L1 (Nuclear Factor Erythroid 2 Like 

1), E-14 of CAST (Calpastatin) and E-3b of RAC1 (Rac Family Small GTPase 1). The gene RAC1 is an 

important component of RAS-MAPK pathway and critical for tumorigenesis and metastasis411-413. 

In particular, inclusion of E-3b causes in-frame insertion of 19 amino acids leading to the 

production of constitutively active Rac1b 414,415. We found that the inclusion of E-3b has 

enhanced by 1.8 fold in both lung and colon adenocarcinoma compared to the corresponding 

normal as validated by RT-PCR (Fig. 3.6A, B). In other normal tissues the inclusion had enhanced 

(Previous page.) D. Validation by semiquantitative RT-PCR of E-14 ectopic splicing in lung and colon 

adenocarcinoma tumor samples (Upper panel). The differential splicing of this exon is also shown in 

15 different ‘normal’ adult tissues and 2 fetal tissues (Lower panel). * The band is from inclusion of an 

unannotated exon expressed in skeletal muscle. EI%- Exon inclusion percentage, M-Marker, NC-

Negative control, LN- Normal Lung, (L1-L6) 6 Lung adenocarcinoma patients, CN-Normal colon, (C1-C7) 

7 Colon adenocarcinoma patients. 
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by 1.3 in esophagus and vagina compared to normal lung, and 1.6, 1.7, 1.7 and 1.8 fold in urinary 

bladder, fallopian tube, vagina and esophagus compared to normal colon (Fig. 3.6C).  

 

 

 

Overall, these observations support that most of the aberrant splicing events in cancer 

identified against the corresponding normal tissue could also be found in other normal tissues as 

normal. Therefore, therapy targeting these events may induce off-target effects. Thus, most of 

Figure 3.6. Ectopic Exon Splicing of Exon 3b of RAC1 in Adenocarcinoma 

A. IGV view of ‘cancer-specific’ exon E-3b of RAC1 with fold change by DEXSeq. B. E-3b inclusion in 

adenocarcinoma validated by RT-PCR. C. E-3b splicing in other normal tissues compared to normal lung 

and colon with fold change by DEXSeq. 

90 
148 
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the so called ‘cancer-specific’ exons are ectopically spliced exons of the normal human 

transcriptome.  

3.4.5. Aberrantly Expressed Intron Regions (AEIRs) in Adenocarcinoma 

We analyzed the intron regions expressed in adenocarcinomas similarly as the normal 

transcriptome. The normalized read counts for adenocarcinoma and corresponding normal were 

compared by edgeR. In total, we obtained 28,007 non-redundant regions of introns in 4,448 

genes aberrantly expressed with a minimum of Log2 fold changes (FDR ≤ 0.01) in at least one of 

the five adenocarcinomas. Compared to the corresponding normal, the expression has increased 

for 14,523 and decreased for 13,169 intron regions in any one the five adenocarcinomas (Fig. 

3.7A) including 315 regions that have changed in either direction for different types. Since the 

negatively expressed AEIRs infer their expression in normal, hence we focused on the ones with 

enhanced expression in adenocarcinoma.  

To find out whether these regions with enhanced expression (14,523) are normally 

expressed in any of the other normal tissues, we cross-checked the AEIRs against the total DEIRs 

(329,109) of the normal transcriptome. Again, to our surprise, we found that 10,338 AEIRs (70%, 

10338/14523) were present among the DEIRs of the normal transcriptome. Moreover, we 

noticed that 33 genes with aberrant intron expression were common among all of the five 

adenocarcinomas though the AEIRs of the genes were different for different types. The 33 genes 

contain 809 AEIRs changed in either direction in different types of cancer including a few regions 

expressed in four adenocarcinomas (Fig. 3.7B). Thus, our findings indicate that the intron regions 

hold potential for further investigation of cancer-specific targets, however, using the full-length 
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transcript sequencing approach would provide a better understanding and a wider pool of target 

candidates.   

  A 

B 

Figure 3.7. Aberrantly Expressed Intron Regions in Adenocarcinoma 

A. Individual examples of AEIRs identified in gene TNK2 (Tyrosine Kinase Non Receptor 2), DLST 

(Dihydrolipoamide S-Succinyltransferase), GNPAT (Glyceronephosphate O-Acyltransferase), RAB1A 

(Member RAS Oncogene Family) shown in IGV. B. Aberrantly expressed intron regions of 33 common 

genes in lung, colon, prostate, pancreatic and invasive breast adenocarcinoma. The X-axis represents 

Log2fold change of the intron regions compared to their corresponding normal and the Y-axis 

represents the intron locations. 



   
 

97 
 

3.4.6. ‘Cancer-Specific’ Exon and Intron Regions in Fetal Tissues 

The remaining 1% of ‘cancer-specific’ aberrantly spliced exons, not found among the DEXs 

of the transcriptome of 53 normal adult tissues, included a small fraction of exons (9 exons) 

differentially used among developmental stages (when compared the adult tissues with the fetal 

ones). For instance, exon 5 of HSPA8 has comparatively higher inclusion level in normal prostate 

(1.2 fold change) compared to prostate adenocarcinoma (Fig. 3.8). Its usage among the adult 

tissues did not vary much (less than 10%) but enhanced to 20% when compared with the fetal 

tissues. A small fraction of the aberrantly spliced intronic regions (35 aberrant DEIRs) were also 

found to be overlapping with the differential intronic regions comparing normal adult with fetal 

tissues, indicating developmental-stage-specific splicing dysregulation in cancer.  

The ‘cancer-specific’ aberrantly spliced exons and intronic regions showed splicing 

patterns similar to the fetal tissues. Thus, our observation suggests that the developmental stage 

specific splicing dysregulation is a likely source of ‘cancer-specific’ exons. 

 

 

Figure 3.8. Developmental Stage-specific Dysregulation of Gene HSPA8. 

The HSPA8 gene transcript processing in prostate adenocarcinoma exhibits similar patterns as in 

normal fetal but not adult heart tissue samples. 
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3.4.7. ‘Cancer-Specific’ Aberrant Events of Tumor Suppressor Genes or Oncogenes Induced by 

Genetic Variations 

To identify the aberrant splice variants specific to cancer, we examined the ectopically 

spliced exon and intron regions of adenocarcinoma for SNPs or mutations. Firstly, we short-listed 

the genetic nucleotide variants of 11,070 patients from TCGA whole exome sequencing (WES) 

data based on the pathogenicity score in the COSMIC database (Fig. 3.9). A total of 3,638 unique 

variants from 6,482 patients were obtained with FATHMM score > 0.7 (pathogenic) containing 

1,095 intron variants with 378 in the acceptor or donor splice sites. 

 

We expected that if the cis-acting nucleotide variants directly mediated aberrant splicing 

in the host genes via abnormal splice-site usages, one of the common consequences would be 

aberrant inclusion of part of introns or intron retention. These introns are otherwise not 

expressed in the transcripts and could be identified from the RNA-Seq data of the patients 

Figure 3.9. Diagram of Selection of Genetic Nucleotide Variants 
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harboring the variants. Therefore, we further short-listed the pathogenic variants by separating 

the paired WES data of the same 184 adenocarcinoma patients used above for exon & intron 

analysis (using RNA-Seq data). A total of 160 pathogenic variants were found in 109 of 184 

patients containing 87 exon variants (of which premature stop codons inducing are 15) and 73 

intron variants.  

We noticed that not many exons ectopically spliced in adenocarcinoma harbor variants in 

their splice sites. Only about 32% (23/73) of the intron variants were found in the splice sites. 

Next, we counted the RNA-Seq reads mapped across the variants within introns of the 

corresponding patients to identify the aberrantly expressed novel regions. We found 13 variants 

residing in the splice sites of five genes: TP53, VHL, PTEN, ACVR1B, and SMARCA4, where 

aberrantly expressed regions could be verified in IGV from the RNA-Seq data of the 

corresponding patients (Table 3.1) (Fig. 3.10).  

Table 3.1. Genetic Variants across Splice-Sites Inducing 'Cancer-Specific' Events 

Gene Chr Location ID REF ALT Types Splice 
sites 

RNA-Seq 
Verification 

TP53 chr17 7674292 . T C Invasive Breast carcinoma 3ʹ SS Yes 

TP53 chr17 7675216 . C A Lung Adenocarcinoma 3ʹ SS Yes 

TP53 chr17 7675237 . C A Pancreatic Adenocarcinoma 3ʹ SS Yes 

TP53 chr17 7675238 . T C Invasive Breast carcinoma 3ʹ SS Yes 

TP53 chr17 7673534 . C T Pancreatic Adenocarcinoma 5ʹ SS Yes 

TP53 chr17 7675992 . AC A Invasive Breast carcinoma 5ʹ SS Yes 

TP53 chr17 7675993 . C A Lung Adenocarcinoma 5ʹ SS Yes 
VHL chr3 10149785 rs5030816 A G Prostate Adenocarcinoma 3ʹ SS Yes 
STK11 chr19 1220579 . A G Lung Adenocarcinoma 3ʹ SS Yes 
SMARCA4 chr19 11019590 . G A Lung Adenocarcinoma 3ʹ SS Yes 
SMARCA4 chr19 11033438 . G T Lung Adenocarcinoma 3ʹ SS Yes 
PTEN chr10 87965285 . A G Invasive Breast carcinoma 3ʹ SS Yes 
INPP4B chr4 142122127 . C T Lung Adenocarcinoma 5ʹ SS No 
ERBB4 chr2 211750705 . C A Invasive Breast carcinoma 3ʹ SS No 
ACVR1B chr12 51986817 . G T Lung Adenocarcinoma 3ʹ SS Yes 
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Except for ACVR1B where the 3ʹ SS variant led to exon skipping, in the other four genes, 

the splice site mutations led to the shortening of the transcripts by early polyadenylation at the 

mutated sites (Fig. 3.10). For instance, in an invasive breast carcinoma patient, deletion of G in 

5ʹSS of exon 4 in TP53 lead to the transcript shortening at exon 4 and use of alternative 

transcription at exon 5 (Fig. 3.11B). Previously it has been reported that the TP53 transcripts that 

used the downstream alternative transcription at exon 5, gave rise to N-terminally truncated 

protein variant Δ133p53 where translation initiated at codon 133 416. The truncated protein 

variant lacked the transactivation domain and might act as dominant-negative inhibitors of the 

wild type p53, thereby, affect p53 functionality.  

 
  

Figure 3.10. Genetic Nucleotide Variants-induced ‘Cancer-Specific’ events 

The figure showes RNA-Seq verification of the expression of intronic regions in genes TP53, VHL, ACVR1B 

and SMARC4 mediated by ‘cis-splicing mutations/SNPs’ in the harboring patients. The mutations or SNPs 

from the patient WES data were paired to their RNA-Seq data where the RNA-Seq read counts of the 

variant-flanking regions identified the intron expression in the corresponding patients. 
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In another invasive breast carcinoma patient, we found an A>G substitution at the 3ʹ SS 

of the last exon (exon 9) of PTEN gene that lead to transcript shortening at the upstream 5ʹ SS of 

exon 8 (Fig. 3.11C). The resulting transcripts lacking the terminal exon would produce proteins 

missing the amino acids 353-403 that contain C-terminal tail important for PTEN regulation and 

stability 417. The proteins lacking the tail, while being more active, would have less stability418.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

Figure 3.11. Genetic nucleotide variants mediating ‘cancer-specific’ splice variants. 

A. The column plot shows top 20 frequently mutated genes obtained from 11,070 patients of TCGA 

database. B. IGV view of TP53 gene in patients of breast carcinoma with (top panel) or without (middle 

panel) delG in the 5ʹ SS. Deletion of G in the 5ʹ SS of exon 4 leads to the use of ATS at exon 5. (Continued 

on next page) 
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The nucleotide variants within exons were observed among the patients in genes 

including proto-oncogenes, receptors, transcription factors and proteoglycans involved in cell 

proliferation, differentiation, and various cancer-related signaling pathways. Moreover, a few 

variants were also observed among genes encoding methylation proteins or chromatin 

remodeling factors, suggesting that the possible primary causes for the splicing change might be 

the trans-acting factors where cis-acting genetic variants is the secondary.  

3.4.8. Transcripts of Higher Exon Index Show Higher Abundance in Adenocarcinoma  

From the exon analysis of adenocarcinomas, we found that 56% of the aberrantly spliced 

exons are terminal exons indicating dysregulation of transcription initiation and polyadenylation 

(Fig.3.12A). Therefore, to get a wider picture of aberrations from exon level to the transcript 

isoform level, we further performed transcript assembly of the RNA-Seq data of 

adenocarcinomas by StringTie 396. Moreover, to characterize the dysregulated transcripts in 

terms of exon usage, we sorted the transcripts by the number of exons they contained. 

Interestingly, we noticed that the transcripts with higher exon index showed higher abundance 

(Fig.3.12B) (see materials & methods).  

(Previous page.) The resulting transcripts when translated, generate N-terminally truncated p53 

proteins lacking the transactivation domain. On the bottom is a diagram of P53 protein domains. 

Protein P53 without the transactivation domain acts as a dominant negative inhibitor of its wildtype. 

C. IGV view of PTEN gene in patient of breast carcinoma with (top panel) or without (middle panel) A-

to-G substitution in the 3ʹ SS of terminal exon 9. The A-to-G substitution leads to transcript shortening 

at the upstream 5ʹ SS of exon 8. The resulting protein lacks the C-tail as it lacks amino acids 353–403. 

On the bottom is a diagram of PTEN protein domains. The C-tail phosphorylation status regulates PTEN 

activity and stability whereas the protein without C-tail is more active but less stable. 
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Figure 3.12. Differential Transcript Abundance in Adenocarcinoma. 

A. The column plot shows the percentage of aberrantly spliced exons of adenocarcinoma as terminal and 

internal exons. B. The correlation of transcript abundance with their exon-index shown in the scattered 

plot. C. Diagram of FUS protein domains on the top and four FUS transcripts with differential abundance 

identified in adenocarcinoma (colon) at the bottom. D. The column plot shows the abundance% of the four 

transcripts in normal colon (green) and colon adenocarcinoma (red). E. The abundance differences of 

transcripts of different exon-index in adenocarcinoma. 
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We have also noticed that the transcript abundance level of some genes were opposite 

in adenocarcinoma compared to the corresponding normal. For example, the abundance of 

transcript isoforms of FUS (Fused-in-Sarcoma) gene changed dramatically in colon 

adenocarcinoma compared to normal colon (Fig. 3.12D, E). The FUS transcripts t1, t2 and t3 

containing 15, 15 and 10 exons, showed 12%, 20% and 34% abundance respectively, comprising 

66% of the total transcript level of the gene in adenocarcinoma (Fig. 3.12 C-E). In normal colon, 

on the other hand, the transcript isoform t4 containing 6 exons showed an abundance of 53% 

with 21% and 4% abundance for t3 and t2, respectively. Since t1 and t2 transcripts contain all the 

exons, therefore the resulting proteins will likely be fully functional containing all the domains. 

The other two transcripts t3 and t4, on the other hand, lack the first 5 exons encoding the N-

terminal region required for ‘FUS-CHOP fusion’ activity419 and t4 also lacks the last 4 exons 

encoding the C-terminal region containing nuclear localization signal 420. Thus the higher 

abundance of the full length transcripts in adenocarcinoma might result in higher level of fully 

functional FUS proteins promoting the ‘FUS-CHOP fusion’ -mediated oncogene transcription 

while in normal colon the abundance of different transcripts remain in check to maintain the 

proteostatic balance 421,422.   
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3.5. Discussion 

Of the 370,559 substantially detectable exons among the 56 tissues examined, our 

conservative estimate is that at least 72% of them are DEXs. This high level of dominance by DEXs 

in the human exome should still be an underestimate because: (1) the tissue pairs that resulted 

in comparatively higher number of DEXs (fetal versus adult) included only 3 fetal tissues in the 

present analysis – at least 50 more corresponding to the adult ones remain to be included; (2) 

using a different algorithm rMATS 389, which measures the reads spanning exon-exon junctions, 

we identified in 595 tissue pairs additional 50,123 alternative splicing events (~14% more) that 

were often not detected using the DEXSeq method, such as the STREX exon 77,423; (3) sex 

differences have not been taken into consideration; (4) of the 349,833 annotated non-

overlapping human exons in the Ensembl release 93, only 15,990 can be strictly considered as 

constitutive exons (4.5%) that have the same paired start-end coordinates present in all of the 

annotated transcripts. Therefore, we conclude that in the human genome exons that are 

‘constitutively’ used (CEX) in the transcriptome are rare. Instead, the majority of them are 

differentially used DEXs among different tissues or developmental stages. Given enough number 

of RNA sources plus additional exons from using the other algorithm as mentioned above, the 

percentage of DEXs is expected to be much higher, dominating the human exome. 

Such a strikingly high percentage of DEXs has shifted the paradigm of human exome from 

mainly constitutive to DEXs. This will greatly increase the complexity of human transcriptome 

and proteome, upon changes of developmental stages, environmental stimuli or sexes424,425. 

Together, billions of combinations of variant transcripts or protein isoforms could be generated 
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efficiently and dynamically for functional diversity and plasticity in human physiology, beyond 

the relatively stable genetic blueprint. Our results also argue that the definition of many so-called 

constitutive exons needs to be revisited with much more extensive coverage of RNA sources from 

normal tissues in a species, and so do the mechanisms of their splicing control. 

The aberrantly spliced exons of adenocarcinomas against the DEXs of normal transcriptome 

showed that 99% of the aberrantly spliced ‘cancer-specific’ exons are ectopically spliced normal 

exons, indicating that the specificity of the ‘cancer-specific’ exons and splicing events in most of 

such studies can not be extended to the whole body. Taking corresponding normal as the control 

also limits our understanding of the cancer biology within our body as a whole. Moreover, the 

tumor-adjacent normal tissues may in fact not be normal but rather pre-neoplastic and could 

lead to the dismissal of genuine cancer-specific exons or splice variants. We showed that the 

pattern of aberrant splicing observed in adenocarcinoma also exists in other types of normal 

tissues. Thus, our results highlight the necessity of taking the whole body against the cancer cells 

or tissues to accurately identify ‘cancer-specific’ exons or splice variants and in addition, expose 

the therapeutic vulnerabilities of the non-cancerous tissues and organs of the body as the 

diagnosis or treatments often include the whole body. 

Exons have long been the sole focus of most studies; however, several recent studies 

showed the impact of intronic regions in cancer progression 408,409,426. Intron retention is one of 

the mechanisms cancer cells use to inactivate the tumor suppressors and is a potential source of 

neoepitopes in cancer 228,404. We also showed that compared to exons, introns possess likely 

more ‘cancer-specific’ regions in terms of the number of AEIRs not found among DEIRs of the 

normal transcriptome. However, accurate prediction would require full-length transcript 
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sequencing with larger library sizes to exclude the artifacts and false positive results. Moreover, 

our data from the three fetal tissues is consistent with the developmental stage-specific splicing 

is present as a dysregulation in cancer, which also holds great value for the identification of 

‘cancer-specific’ exons. It would be interesting to further study the diverse use of DEXs across 

different developmental stages and their dysregulation in cancer by including a wide variety of 

fetal tissues. 

In addition to exons and introns, the genetic associations between the genetic variants and 

dysregulated splicing needs to be an integral part of the investigation for ‘cancer-specific’ splice 

variants. The nucleotide variants in TP53 and PTEN in invasive breast cancer patients showed that 

the intronic regions expressed at the termination site of the shorter transcripts were specific to 

the mutant patients, but not in non-mutant patients or normal breast tissues. Therefore, we 

speculated that the aberrantly spliced exons not found in the normal transcriptome, were 

perhaps the exons possessing higher specificity to cancer as a result of epigenetic as well as 

genetic changes including mutations or SNPs in cis-elements or in trans-acting splicing factors. 

Moreover, compared to the number of aberrantly spliced exons and intronic regions, 

finding only about 32% of the intron variants at the splice sites also suggests that the possible 

primary causes of the aberrant splicing might be the trans-acting factors where the cis-acting 

genetic variants are secondary. Since the genetic variants-mediated mis-splicing events are often 

genuinely cancer-specific, attention should be given to the variants deep in the introns besides, 

the splice-site variants. 
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Chapter 4 : Dissertation Discussion 

4.1. General Discussion 

This thesis work focused on characterizing and understanding the diversity and dynamics 

of the ‘normal’ human transcriptome and its dysregulation in cancer to identify the ‘cancer-

specific’ transcript regions for therapeutic or diagnostic purposes. The overall hypothesis was 

that there are specific transcript regions expressed in the cancer transcriptome that are not 

present in the transcriptomes of most of the normal tissues under regular physiological 

conditions.  

In the present study we report a more diverse human transcriptome repertoire than 

anticipated. Our analysis of the RNA-Seq data of 56 different types of tissues provided a 

comprehensive catalogue of 294,881 DEXs from 18,419 genes with 16 DEXs per gene on average. 

While the human transcriptome diversity at the transcript level were reported 6; however, this is 

the first study investigating transcriptome diversity at the exon level across a wide range of 

normal human tissues. Here, we report that DEX total comprises 72% of the human exome, 

shifting the human exome paradigm from constitutive to differentially used exons being the 

majority. In addition, our intron differential expression analysis provided an additional ~32 Mbp 

transcriptome region to be included in the present human transcriptome.  

Our analysis of the cancer transcriptome provided critical insights on the dysregulation 

characteristics of the transcript regions. Based on the current knowledge, we know that splicing 

aberration is a cancer hallmark 232, and tumors exhibit 30% more alternative splicing events 
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compared to the matching normal tissues 373. However, to what extent those aberrant events 

observed are specific to cancer and how many of those also exist normally in other tissues 

remains unknown. Our study, for the first time, addressed this issue and examined the aberrant 

events of adenocarcinomas (obtained by comparing with the corresponding normal tissues of 

tumor origin only) against the normal transcriptome DEX blueprint obtained from 56 different 

types of normal tissues. We show that 99% of those aberrant events also normally exist in at least 

one of the normal tissues. In addition, integrating the genetic nucleotide variants with intron 

differential expression analysis, we demonstrated that a group of authentic cancer-specific 

transcript regions that were found only in certain adenocarcinoma patients but not in any of the 

normal tissues, were specific to mutated genes.  

Taken together, these data provide a comprehensive understanding of the human 

transcriptome diversity across tissues and developmental stages. Importantly, our cancer 

transcriptome analysis against the normal blueprint catalogue demonstrate that comparison 

with the matching healthy tissue as control is inadequate to confidently select authentic cancer-

specific targets for diagnostic or therapeutic purposes. 
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4.2. Study Limitations 

The limitations of the present study are as follows:  

- The choice of analysis workflow, thresholds of the filtering criteria could affect the 

analysis results.  

- The intron analysis result could be influenced by read lengths and their inaccurate 

mapping to the repetitive intronic sequences. 

- Due to the nature of the research questions, the RNA-Seq data included in this study were 

from the tissue samples only where the available library comprised of unstranded paired-end 

reads, both for normal tissue samples and the adenocarcinomas. Shortcomings of an unstranded 

library is that it might result in false positive outcomes for the genomic regions overlapped by 

multiple genes. Therefore, the present study excluded the overlapped genomic regions to avoid 

ambiguous results. 

- Although the study contained samples from both male and female individuals, sex 

difference has not been considered in the data interpretation. Variations from individual sample 

differences and sexes were averaged and therefore, the outputs are likely to be limited to the 

overall generalized change of exon or intron usage specific to a certain tissue or disease condition 

irrespective of sex differences. 

- The sample sizes of fetal tissues included in the study were rather small due to the limited 

availability of such tissues in general. While inclusion of a variety of other fetal tissues would have 

improved the analysis; however, these were the only samples available to be included in the 

study that had RNA-Seq library with criteria similar to the adult tissues at the start of the study. 
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- The differential transcript abundance of adenocarcinomas could be further improved by 

sequencing the full-length RNA transcripts of the tumour samples for validation. 

4.3. Future Directions 

The findings of this study suggested an extremely diverse and dynamic transcript 

repertoire of the human transcriptome than previously reported. In addition, the cancer 

transcriptome analysis addressed an important question about the level of specificity of aberrant 

transcripts resulting from dysregulation of alternative splicing, transcription initiation or 

polyadenylation and suggested that the genetic nucleotide variants-induced transcripts regions 

are more promising source of therapeutic and diagnostic targets for personalised and precision 

medicines. Therefore, the study could be further expanded in many directions such as expression 

of the aberrant transcripts to understand their functional relevance in cancer biology and if 

translated as peptides targeting them in immunotherapy. 
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Supplementary Data 

 

 

 

 

 
 

Supplementary Figure 3.1. Diagrams of DEX by ATS, APA or AS. The ATS or APA sites could mediate 

differential usage directly of their host exons (a), or indirectly of the exons residing between terminal exons 

of different transcripts of the same host gene but do not undergo ATS or APA locally (b). AS mediates 

differential exon usage in combination with ATS/APA or independently(c). 

Supplementary Figure 3.2. DAVID Functional Annotation Cluster Analysis.  a. Cluster of genes with DEXs in 

more than 800 tissue pairs. b. Clusters of genes with DEXs in less than 10 tissue pairs. 

 

a 

 

b 
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Supplementary Figure 3.3. Validation of ectopic splicing of CALD1 in lung and colon adenocarcinoma 

by RT-PCR. Two events alternative splice sites and exon 4 skipping were validated. EI%: Exon inclusion 

percentage, NC: Negative control, Ln: Normal Lung, (L1-L6): 6 Lung adenocarcinoma patients, Cn: 

Normal colon, (C1-C7): 7 Colon adenocarcinoma patients. The differential splicing are also shown in 15 

different adult tissues and 2 fetal tissues. 
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Supplementary Figure 3.3. Validation of ectopic exon splicing of four genes- TPM1 (Exon 2), MACF1 

(Exon 99), MRPS23 (Exon 1), NPTN (Exon 4) in lung and colon adenocarcinoma patients. EI%: Exon 

inclusion percentage, NC: Negative control, Ln: Normal Lung, (L1-L6): 6 Lung adenocarcinoma 

patients, Cn: Normal colon, (C1-C7): 7 Colon adenocarcinoma patients. The differential splicing are 

also shown in 15 different adult tissues and 2 fetal tissues. 
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Supplementary Figure 3.4. Diagram of Transcript Assembly Analysis Workflow. 

Mapped reads (by TopHat) were assembled into transcript of GRCh38.78 and merged to build the transcript 

reference. Transcript assembly was repeated using the merged transcript reference followed by transcript 

level comparison using GffCompare. 

 

Supplementary Figure 3.3. RT-PCR validation of exons in NFE2L1 (exon 4) and CAST (Exon 11) in lung and 

colon adenocarcinoma patients. EI%: Exon inclusion percentage, NC: Negative control, Ln: Normal Lung, 

(L1-L6): 6 Lung adenocarcinoma patients, Cn: Normal colon, (C1-C7): 7 Colon adenocarcinoma patients.  
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