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Chapter 1. Introduction 
 
1.1 Genome structure 

Genome is the complete set of genetic information in an organism. The instructions 

for the genome consist of deoxyribonucleic acid (DNA), and DNA is found in the cell 

nucleus and mitochondria. DNA molecules consist of four basic units: adenine (A), 

cytosine (C), guanine (G), and thymine (T). DNA is responsible for inheriting genetic 

information, which is a blueprint for animals, including humans. Genomic DNA 

contains protein-coding regions and non-coding regions that do not encode protein 

sequences. Proteins are produced through transcription (from DNA to messenger 

ribonucleic acid (mRNA)) and translation (from mRNA to protein). This process is 

called central dogma [1]. In transcription, firstly, a precursor mRNA (pre-mRNA) is 

synthesized from DNA. To form a mature mRNA from pre-mRNA, it is necessary to 

go through RNA processing, such as 5′-end capping, an intron removal mechanism 

called splicing, and 3′-end polyadenylation called tailing (Fig. 1-1). In RNA, uracil (U) 

replaces thymine. Processed mRNA is then transported from the nucleus to the 

cytoplasm, and the information in mRNA is finally converted into protein. In this study, 

I will focus on splicing, which is one of the RNA processing steps. 

 

Fig. 1-1 Schematics of RNA processing. 

Schematics of RNA processing to form mature mRNA from pre-mRNA are shown. 

Blue and green boxes indicate exons, and blue lines indicate introns. Pre-mRNA 

becomes mRNA after RNA processing, such as capping, splicing, and tailing. 
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1.2 RNA splicing mechanism 
RNA splicing is a mechanism for generating mature mRNA from pre-mRNA by 

removing intron sequences that do not carry the information for amino acids that 

make up proteins [2]. After splicing, the remaining exons are joined together to form 

mature mRNA. Splicing involves RNA splice sites and branch point (BP) sequences 

(Fig. 1-2). There are two types of splice sites: a 5′ splice site (5′ss) and a 3′ splice 

site (3′ss). The 5′ss and 3′ss have consensus sequences with different lengths of 9-

bp and 21-bp, respectively. Particularly, canonical splice sites, dinucleotide GU at 

the 5′-end of the intron for 5′ss and dinucleotide AG at the 3′-end of the intron for 

3′ss [3], are highly conserved among species. Additionally, the 3′ss has a C or U 

repeat sequence called polypyrimidine tract (PPT) [4], which is longer than the 5′ss. 

The BP sequence is located further upstream from PPT and includes an adenine 

nucleotide, which is involved in the lariat formation of cleaved introns [5]. Splicing 

occurs when components of the spliceosome recognize and bind to RNA splice sites 

and BP sequence, respectively. Splicing is classified into two types, U2-type (major) 

and U12-type (minor), depending on the type of spliceosome involved [6]. In this 

thesis, I focused on the splicing mechanism of the U2-type, which accounts for 99% 

of all splicing [7]. 
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Fig. 1-2 Consensus sequences involved in RNA splicing. 

Conserved sequences involved in splicing are shown. Blue and green boxes indicate 

exons, and a blue line indicates an intron. In 5′ss, dinucleotide GU at the 5′-end of the 

intron and, in 3′ss, dinucleotide AG at the 3′-end of the intron, are known as canonical 

splice sites. The 5'ss consensus sequence length is 9-bp (six bases in the intronic 

regions and three bases in the exonic regions), and 3'ss is 21-bp (18 bases in the 

intronic regions and three bases in the exonic regions) containing polypyrimidine tract 

(PPT). The height of the alphabetic characters represents the frequency of base 

occurrence at each splice site. The data are generated using WebLogo 3 [8]. Branch 

point (BP) was 18–40 nucleotides upstream of the 3'ss. 

 

The splicing reaction is catalyzed by the spliceosome, which consists of five 

small nuclear ribonucleoproteins (snRNPs) (U1, U2, U4, U5, and U6 snRNPs in 

major splicing) and approximately 200 proteins, including splicing factor 1 (SF1) and 

U2 snRNP auxiliary factor (U2AF) [9,10](Fig. 1-3). Firstly, U1 snRNP recognizes the 

consensus sequence at 5′ss, SF1 recognizes BP sequence, and U2AF recognizes 

PPT at 3′ss. The U2AF helps the SF1 bind to the BP sequence. These spliceosomes 

bind to the pre-mRNA sequence, forming a first complex, complex E. Next, with the 

aid of the U2AF, SF1 bound to BP sequence is replaced by U2 snRNP, forming a 

pre-spliceosome (complex A). The U5 and the U4/U6 snRNPs are then assembled 

into a complex and bound to complex A to form complex B. The U5 snRNP binds 

exons at the 5′ss, and the U6 snRNP binds to the U2 snRNP. At this point, U1 and 

U2 snRNPs move closer to each other by interaction, and the end positions of each 

exon are closer to each other. The U1 snRNP and the U4 snRNP are released and 

the U6 snRNP binds at the 5′ss, forming a complex C. The U5 snRNP binds exon at 
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3′ss, then, the 5'-end of the intron is cleaved. In the intron, the floating GU sequence 

binds to the BP, forming a lariat structure. Finally, the 3'-end of the intron is cleaved, 

the intron is removed, and the exons are combined to form mature mRNA [11,12]. 

The introns are converted to linear forms by RNA lariat debranching enzyme Dbr1, 

and the linear introns are further degraded by exoribonucleases [13,14]. 
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Fig. 1-3 Schematics of splicing reaction. 

Assembly state of small nuclear ribonucleoproteins (snRNPs) at each complex. Blue 

and green boxes indicate exons, and blue lines indicate introns. Other colored boxes 

are snRNPs or other proteins. Five snRNPs and approximately 200 proteins recognize 

the consensus sequences and proceed with splicing while forming various complexes. 

 
1.3 Alternative splicing 
There are two types of splicing: constitutive splicing and alternative splicing. 

Constitutive splicing uses all exons in a gene to produce a single mRNA isoform. In 

contrast, alternative splicing can produce various mRNA isoforms by altering 

combinations of multiple exons. It was estimated that 95% of the 20,000–30,000 

human genes are alternatively spliced, and the total number of mRNA produced is 

approximately 120,000 [15,16]. Furthermore, a high proportion of alternatively 

spliced genes are also found in eukaryotes other than humans. Thus, alternative 

splicing contributes to the diversity of proteins in various eukaryotes and is an 

essential process for gaining advantageous proteins for survival and adaptation to 

the environment. 

Alternative splicing is commonly regulated by changes in the binding 

efficiency of the spliceosome to the splice site or by binding of one or more trans-

acting factors to the cis-acting elements, namely, splicing regulatory elements 

(SREs) [12,17–19]. The SREs are located in exons or introns close to the splice sites, 

and they enhance or silence splicing (Fig. 1-4). Splicing enhancers, including exonic 

splicing enhancer (ESE) [20] and intronic splicing enhancer (ISE) [21], activates 

splicing. The ESEs promotes exon inclusion by binding serine/arginine-rich (SR) 

proteins and facilitating the binding of U2AFs and U1 snRNPs to the splice sites [22–

24]. Whereas splicing silencers, including exonic splicing silencer (ESS) [25] and 

intronic splicing silencer (ISS), inhibit splicing. The ESSs promote exon skipping by 

binding heterogeneous nuclear ribonucleoproteins (hnRNPs) and inhibiting the 

binding of U2AFs and U1 snRNPs to the splice sites [26]. In addition to the above 

factors, recent studies have shown that many other factors are involved in the 
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splicing regulation, including RNA secondary structure [27–29], three-dimensional 

(3D) organization of chromatin [30], DNA methylation [31], and transcription rate [32]. 

 

Fig. 1-4 Schematic of regulated splicing by trans-acting factors and cis-acting 

elements. 

Splicing is regulated by the binding of trans-acting factors to cis-acting elements. Gray 

box indicates exon, and the blue line indicates intron. Binding of serine/arginine-rich 

(SR) protein to the exonic splicing enhancer (ESE) promotes 3′ss recognition by U2AF 

or 5′ss recognition by U1 snRNP. The binding of heterogeneous nuclear 

ribonucleoprotein (hnRNP) to exonic splicing silencer (ESS) inhibits 3′ss recognition 

by U2AF or 5′ss recognition by U1 snRNP. Gray ovals show other proteins that 

regulate splicing. 

 

Following the state of the exons, alternative splicing can be classified into 

five categories: cassette exon, alternative 5′ss, alternative 3′ss, intron retention, and 

mutually exclusive exon [33] (Fig. 1-5). Cassette exon is a form of exon skipping or 

insertion in a transcript. Alternative 5′ splice site and alternative 3′ splice site are 

forms of shifting exon–intron boundaries. Intron retention is a state where the full 

length of an intron is included in transcripts. Mutually exclusive exons are forms in 

which only one of the two exons is retained, but not both at the same time. The 

abundance ratio of each splicing event to all alternative splicing events is reported 

to be approximately 38% for cassette exons, 26% for alternative 5′ ss and alternative 
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3′ ss, 3% for intron retention [34]. In this thesis, I focused on cassette exon form and 

alternative 3′ or 5′ ss forms, which account for most of the alternative splicing events. 

 

Fig. 1-5 Five main categories of alternative splicing. 

According to the state of exons, alternative splicing is classified into five categories. 

Blue boxes indicate constitutive exons, and green boxes indicate alternative exons. 

Blue lines indicate introns. From top to bottom, schemes of a cassette exon, alternative 

5' splice site, alternative 3' splice site, intron retention, and mutually exclusive exons 

are shown. 
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1.3.1 Alternative splicing and evolution 
The human genome contains about 200,000 exons [35], close to the number found 

in mice and other mammals [36]. The number of exons is constantly fluctuating 

during the evolution process, and in metazoan, generally, the organism complexity 

increases with an increase in the number of exons [37,38]. Splicing pattern, which is 

the combination of exons that make up a gene, varies between species even for a 

given orthologous gene, and even if the splicing pattern is identical between species, 

the inclusion ratio of the alternative exons may vary. Therefore, alternative splicing 

is thought to result from the genetic diversity of species. For example, a human-

specific exon loss event was found in the SLC7A6 gene, which encodes an amino 

acid transporter [39]. Splicing regulates the combination of exons to produce a 

suitable protein for the survival of species. 

Recently, comparative genomic analysis has revealed several cases in which 

species-specific exons were acquired in orthologous intronic regions. For example, 

Singer and coauthors [40] found a novel alternative 5′ exon generated in the human 

tumor necrosis factor receptor (p75TNFR) gene by comparative genomic analysis of 

13 species. The alternative exon is activated in humans, apes, and cercopithecoids, 

but not in New World monkeys because they lack the 5′ss sequence [40]. 

Exonization, the biological process of the generation of new exons, is most likely due 

to gene duplication, exon duplication, and insertion of Alu elements, which are 

transposable elements [41–44]. Alternative splicing is an essential regulatory 

mechanism for species diversity, but newly acquired exons do not necessarily serve 

a positive function in species. Newly inserted exons into transcripts often shift the 

original reading frames, introducing premature termination codons (PTCs) at a 

position upstream of the normal termination codons. Translated mRNA with PTC is 

often harmful to the cell because it produces a shorter protein than normal protein 

and it may not function properly; hence, newly created exons are skipped much more 

frequently than older exons [45]. In other words, the number of harmful transcripts is 

reduced by alternative splicing, and the survival of the species is maintained by 

keeping the normal transcripts at a certain level. During evolution, novel exons with 
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positive functions for survival are fixed in the species, and their content in transcripts 

gradually increases [45]. 

 
1.3.2 Alternative splicing and disease 

Splicing is intimately involved in diseases. It has been reported that approximately 

60% of human diseases are associated with splicing abnormalities [46,47]. 

Particularly, mutations that disrupt splice sites inhibit their recognition by the 

spliceosome, resulting in splicing abnormalities that can lead to disease [48]. It is 

known that when splice sites are disrupted, splicing abnormalities are likely to occur 

in the order of exon skipping, activation of cryptic splice site, and intron retention [49]. 

The highest prevalence of exon skipping can be attributed to the exon definition 

model which is common in organisms with short exons and long introns (for example, 

vertebrates) [50]. In the exon definition model, it is reported that the interaction 

between 5′ss and 3′ss spliceosomes is involved in splicing. If the spliceosome does 

not recognize splice site, the spliceosome interaction may be disrupted and exon 

skipping may occur. Additionally, mutations in the spliceosome components or in 

SREs can also cause splicing abnormalities [51,52]. Further, acquiring a new exon 

may be the cause of human diseases [53]. In patients with X-linked ocular albinism, 

a deficiency of melanin pigment in the eye, a novel 5′ss is formed within the deep 

intronic region of GPR143, inserting an aberrant exon into the coding sequence and 

causing the disease [54]. This new formation of the 5′ss is due to a mutation. This 

phenomenon, in which a part of the intron region is activated and used as an exon, 

is called pseudo-exon activation. In the next section, I will discuss two main reasons 

why splicing abnormalities may be responsible for genetic disorders. 

 

1.3.2.1 Nonsense-mediated mRNA decay 
A reason why splicing abnormalities may be responsible for genetic disorders is 

decrease in the amount of proteins due to nonsense-mediated mRNA decay (NMD) 

[55]. NMD is one of the mRNA quality control mechanisms in eukaryotes. Usually, 

the genetic information in mRNA is transcribed by an enzyme protein known as RNA 
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polymerase II (RNA Pol II) then, translated into an amino acid sequence from the 

start (initiation) codon to the stop (termination) codon. However, if a splicing error 

occurs, the reading frame of the codon sequence may shift, creating PTC before the 

position of an original termination codon. In this case, the protein becomes shorter 

and incomplete compared to the normal protein. Incomplete protein may not be able 

to conduct the original protein function and may cause diseases. Additionally, the 

NMD machinery recognizes PTCs and degrades the abnormal mRNA before they 

are translated to reduce the amount of these abnormal protein. As a result, the 

amount of a required protein is insufficient and causes diseases. However, NMD 

cannot completely degrade abnormal mRNAs, and their degradation rates vary for 

each gene and transcript. For example, PTC-containing transcript expression of 

Desmoglein 2 (DSG2) is reduced by NMD to approximately ~30%–40% in blood, 

whereas PTC-containing transcript expression of Pejvakin (PJVK) is reduced to less 

than 10% in the same tissue [56]. Additionally, according to the NMDetective [57], a 

tool for predicting the impact of PTCs in mRNA, only 51% of PTCs that may occur in 

humans undergo complete degradation by NMD, and the remaining 49% undergo 

partial or no degradation. Therefore, even if abnormal transcripts including PTCs are 

produced, they can still be detected by RNA-seq if these are not completely 

degraded by NMD [58,59]. 

How does NMD machinery distinguish between PTCs and normal 

termination codons? In mammals, PTC recognition involves the existence of an exon 

junction complex (EJC) [60,61] (Fig. 1-6). EJC is normally composed of four core 

proteins: eukaryotic translation initiation factor 4A3 (eIF4A3), cancer susceptibility 

candidate 3 (CASC3), RNA-binding motif protein 8A (RBM8A or Y14), and mago-

nashi homolog (MAGOH). It is outfitted with up-frameshift suppressor 3 homolog B 

(UPF3B or UPF3X) and up-frameshift suppressor 2 homolog (UPF2) proteins. When 

two exons are connected by splicing, the EJC is bound to their exon-exon junction. 

EJC is then removed from the mRNA by the ribosome during translation. If PTC 

presents in a transcript, up-frameshift suppressor 1 homolog (UPF1) and its 

associated kinase, serine/threonine protein kinase SMG1, bind to the eukaryotic 
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release factor 1 (eRF1) and eukaryotic release factor 3 (eRF3) to form a SMG1-

UPF1-eRF1/3 (SURF) complex. The SURF complex binds to the ribosome via eRF1 

and eRF3, and interacts with EJC to form a complex called a decay-inducing 

complex (DECID). This inhibits the movement of the ribosome and terminates 

translation. In other words, the EJC serves as a signal to initiate NMD [62]. If PTC 

exists in the last exon where EJC does not bind, DECID cannot be formed, and NMD 

is escaped. Additionally, if PTC presents within 50–55-nt upstream of the last exon-

exon junction, the DECID cannot be formed owing to the close distance between 

PTC and EJC, and NMD is escaped [61]. Therefore, NMD is controlled based on the 

positional relationship between PTC and EJC. 
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Fig. 1-6 Formation of decay-inducing complex. 

A schematic of premature termination codon (PTC) containing transcript leads to 

nonsense-mediated mRNA decay (NMD). Blue box indicates exons, and vertical lines 

indicate exon-exon junction. A EJC (shown as orange circle) is outfitted UPF3X (yellow 

oval) and UPF2 (green oval). A SURF complex consists of eRF1-eRF3 (light green 

ovals), UPF1 (blue oval), and SMG1 (light blue oval). A ribosome is shown as a 

combination of gray ovals. 
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1.3.2.2 Disruption of protein domain structure 
The second reason why splicing abnormalities may be responsible for genetic 

disorders is the disruption of protein domain structure. In the human growth hormone 

1 (GH1) gene, the causative gene of isolated growth hormone deficiency type II 

(IGHD II), splicing variants within exon 3 are involved in the pathogenesis of the 

disease [63–65]. Particularly, mutations in the 5'ss of exon 3 causes exon skipping, 

which results in the generation of aberrant GH1 isoforms that causes the disease 

[66–68]. These mutations do not change the downstream reading frame and do not 

generate PTC. Therefore, the aberrant GH1 isoform is not a target of NMD, but the 

40 amino acids coded by exon 3 are deleted from the protein (Fig. 1-7a). The deleted 

fragment is located in the central part of the Hormone_1 domain (Fig. 1-7b), where 

it affects the domain structure and alters its protein function. Thus, splicing 

abnormalities may cause disease by disrupting the structure of protein domains, 

even if PTC does not generate. 

 

Fig. 1-7 Example of disrupted protein domain by splicing abnormality. 

Disruption of domain structure in GH1 gene. (a) Amino acid sequence of GH1 gene. 

Deleted sequence of 40 amino acids is shown in blue. (b) Effect of splicing abnormality 

on the Hormone_1 domain structure. The protein domain architecture is taken from 

Simple Modular Architecture Research Tool (SMART) [69]. The blue rectangle 

indicates the 40-amino-acid-long fragment coded by the exon 3. The vertical line 

indicates the position of the intron. 
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1.4 Current status in the identification of mutations that cause genetic 
disorders 
There are two types of human diseases: multifactorial diseases, caused by a 

complex combination of several genetic and environmental factors, and monogenic 

diseases, caused by an abnormality in one specific gene. Particularly, in monogenic 

diseases, splicing abnormalities may be critically involved in the pathogenesis of the 

disease [70]. Therefore, in this thesis, I mainly focused on monogenic diseases. 

There are many varieties of monogenic diseases, and the total number of patients 

with all monogenic diseases is estimated to be approximately 350 million worldwide 

[71]. Many monogenic diseases and their causative genes have been identified, but 

many rare and intractable diseases remain unidentified. Rare and intractable 

diseases are often difficult to properly diagnose because their pathogenesis is 

unknown. It has also been reported that there are no therapeutic drugs for more than 

95% of the rare diseases [72]. 

It is necessary to identify causative mutations of genetic disorders for the 

correct diagnosis and development of therapeutic drugs. Whole exome sequencing 

(WES) has served mainly as an effective method to search for causative mutations 

[73]. WES can be used to detect missense mutations, nonsense mutations, 

frameshift mutations, and mutations around splice site regions; it has contributed to 

the identification of many disease-associated mutations. However, it has been 

reported that the probability of successfully identifying the causative mutation using 

WES is only about 50% of all patients [74]. The reason is that WES can usually only 

detect mutations in exonic regions or in intronic regions within approximately 50-bp 

exon–intron boundaries [75]. If a causative mutation is located in a deep intronic 

region more than 50-bp from an exon–intron boundary, it cannot be detected by 

WES. Furthermore, although it is possible to detect mutations in deep intronic 

regions using whole genome sequencing (WGS), the sheer number of mutations 

detected makes it difficult to identify the actual causative mutations if the pathogenic 

mechanism is unknown. Therefore, it is necessary to clarify how mutations contribute 

to disease pathogenicity. Since the discovery of new causative mutations possibly 

leads to the diagnosis of patients and the development of therapeutic drugs based 
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on the pathogenic mechanism, it is essential to improve the identification rate of 

disease-causing mutations. 
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1.5 Thesis goals and outline 
In this thesis, I aimed to identify novel mutations noteworthy in identifying causative 

mutations of genetic disorders to improve the identification rate. I focused on splice-

site-creating mutations (SCMs), which have been sporadically reported to cause 

various genetic disorders and cancers in recent years [53,76,77]. To achieve this 

goal, I had to resolve the two issues as shown below. 

1. Estimating the general frequency of splice-site-creating mutations 

2. Comprehensive identification for splice-site-creating mutations capable of causing 

genetic disorders 

Based on the above, I have conducted two studies. In the study described in 

Chapter 2, I analyzed the frequency and characteristics of pseudo-exon activation 

events that occur when SCMs exist in deep intronic regions. From the obtained 

results, pseudo-exon activation is estimated to occur at least 10 loci per normal 

individual. This suggests that SCM is not a rare mutation. Based on the study 

described in Chapter 2, I thought that if I actively searched for SCMs, I could identify 

causative mutations even in patients in whom they had not been identified. Therefore, 

in the study described in Chapter 3, I conducted a cross-disease analysis for SCMs 

that may be involved in the pathogenesis of genetic disorders. From the analysis, I 

identified 5,656 SCMs in 4,054 genes that may cause genetic disorders, and 3,942 

SCMs of these were expected to be involved in the pathogenesis by triggering NMD 

or by disrupting protein domain structures. Additionally, the number of potentially 

pathogenic SCMs identified in this study was compared to the number of pathogenic 

mutations that disrupt protein-coding regions or splice sites, which are commonly 

focused on in the search for causative mutations. It was estimated that the 

identification rate of causative mutations could be improved by approximately 5.9%–

8.5% by considering the possibility that SCM is attributable to genetic disorders. This 

suggests that SCMs are mutations noteworthy of attention in the search for causative 

mutations of genetic disorders. 
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Chapter 2. Estimating the general frequency of splice-site-
creating mutations 

 
2.1 Introduction 

Causative mutations for genetic disorders have mainly been identified in exons, 

especially in the coding sequences, and in RNA splice sites at both ends of the 

introns. This is because these regions are functionally important and, hence, 

conserved throughout evolution. If a mutation occurs in these regions, the transcript 

or its protein product may be disrupted, often leading to a disease phenotype. Whole 

exome sequencing (WES) is a method that efficiently detects mutations in exonic 

regions and their flanking RNA splice sites [78]. WES has been successfully applied 

to identify causative mutations in various genetic disorders (for a review, see [79]). 

Compared with mutations in coding regions and splice sites, mutations in 

deep intronic regions have not been a target for a thorough analysis of disease-

causing mutations, mainly for two reasons. Firstly, such regions are usually not 

conserved among species and, hence, not thought to be functionally important. 

Secondly, conventional WES can only identify mutations in exons and flanking 

intronic sequences, which contain splice sites. Thus, it is impossible to identify 

mutations that occur in deep intronic regions. However, growing evidence has shown 

that mutations in deep intronic regions often create novel RNA splice sites capable 

of triggering pseudo-exon activation, which in turn leads to aberrant transcripts 

containing an extra exon (e.g. [54,80–82],). Such mutations may disrupt reading 

frames, often introducing premature termination codons (PTCs) and, therefore, can 

be causative of a disease phenotype (for a review, see [53]). 

As described above, since pseudo-exon activation events are only 

sporadically reported as causative mutations in genetic disorders, the genome-wide 

frequency and characteristics of such events in the human genome is yet to be 

analyzed. With the advancement of personal genome sequencing [83] and 

transcriptome analysis for the corresponding individuals [59], it is now possible to 

identify pseudo-exon activation events on a genome-wide scale in individuals. In this 
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study, to determine how frequently pseudo-exon activation events occur in normal 

individuals, I conducted an in silico identification of such events in normal individuals 

using publicly available personal genome and transcriptome data for the 

corresponding individuals, especially focusing on those single-nucleotide variants 

(SNVs) that create novel splice sites. 

 
2.2 Materials and methods 
2.2.1 Dataset 
I downloaded the variant data for 462 individuals as determined by the 1000 

Genomes Project [81] in the Variant Call Format (VCF) and their corresponding 

RNA-seq data registered in the Geuvadis project [59] in the fastq format. The RNA-

seq data are derived from lymphoblastoid cell lines for the corresponding individuals. 

The 1000 Genomes Project is an international project that creates a huge public 

catalog of human variation and genotype data ran from 2008 to 2015. These data 

were used because they are a large dataset with both the human genome and the 

corresponding RNA-seq data. The reference genome sequence (GENCODE V19) 

in the FASTA format and the gene annotation data in the General Transfer Format 

(GTF) were downloaded from the University of California, Santa Cruz (UCSC) 

Genome Browser [84]. The public data used in this study are listed (Table 2-1). 

 

 

 

Table 2-1. List of data used in the study of Chapter 2.

Data
Number of

samples
Format Database URL

Variant data 462 VCF 1000 Genomes Project
https://www.internationalgenome.
org/home

RNA-seq 462 fastq Geuvadis
https://www.ebi.ac.uk/arrayexpres
s/experiments/E-GEUV-3/

Reference genome data
(GRCh37.p13)

1 FASTA GENCODE
https://genome.ucsc.edu/cgi-
bin/hgTables

Gene annotation data
(V19)

1 GTF GENCODE
https://genome.ucsc.edu/cgi-
bin/hgTables

Gene annotation data 1 GTF RefSeq
https://genome.ucsc.edu/cgi-
bin/hgTables
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2.2.2 Quality check of RNA-seq data 
To evaluate the quality of the sequencing reads obtained from the Geuvadis project, 

I performed a quality check using the FastQC program 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) [85]. In this study, only 

high quality RNA-seq data with a sequencing quality score greater than 30 were 

used. After this quality filtering, the RNA-seq data for 235 individuals remained. The 

individual IDs used in this analysis and the number of SNVs are shown separately 

for the exonic and intronic regions (Supplementary Table 2-1). 

 

2.2.3 Personal genome sequence construction and RNA-seq read 
mapping 
BCFtools (version 1.9) [86] was applied to the reference genome sequence 

(GENCODE V19) and to the variant information for each individual in the VCF to 

construct individual-specific reference genome sequences. The hierarchical 

indexing for spliced alignment of transcripts (HISAT) 2 program (version 2.1.0) [87] 

was used to map the RNA-seq data onto the genomic sequences that reflect the 

variant information for the individual. Default parameters were used for mapping. 

Gene expression levels were quantified using the StringTie program (version 1.3.5) 

[88]. The gene structures registered in the RefSeq data [89] in the GTF were used 

as reference transcriptome data. RefSeq data were downloaded from the UCSC 

Genome Browser. The total number of reference transcripts and genes were 50,643 

and 26,242, respectively. 

 

2.2.4 Splice site scoring 
The strength of splice sites was evaluated using the MaxEntScan program [90]. The 

MaxEntScan is a bioinformatics tool for scoring how submitted genome sequence 

segments resemble the sequence of splice site. A Perl script of the tool was 

downloaded from http://hollywood.mit.edu/burgelab/maxent/download/ and used. 

For 5′ss, genome sequence segments corresponding to the three bases at the end 
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of pseudo-exons and the six bases at the start of introns were subjected to 

MaxEntScan (Fig. 2-1). For 3′ss, genome sequence segments corresponding to the 

20 bases at the end of introns and the three bases at the start of pseudo-exons were 

also subjected to MaxEntScan (Fig. 2-1). 

Fig. 2-1 A schematic of genome sequence segments targeted for MaxEntScan. 

The red box indicates an exon, while blue lines indicate introns. The vertical lines 

indicate exon–intron boundaries, while the bold black line indicates the range of each 

splice site used for MaxEntScan. 

 
2.2.5 Analysis of protein domain architecture 
For cases where the inclusion of a pseudo-exon introduces neither a frameshift nor 

an in-frame stop codon, the protein sequences of the wild-type gene were examined 

to determine whether pseudo-exon inclusion can disrupt any existing protein 

domains. For this, I used the Simple Modular Architecture Research Tool (SMART) 

database [69]. The SMART is a tool that enables the identification and annotation of 

domains for more than 500 domain families. For the input data, I used the protein 

sequence, which was created using gffread (https://github.com/gpertea/gffread) 

based on gene annotation data (GENCODE V19). 

  



 24 

2.2.6 Calculation of exon inclusion ratio 
Exon inclusion ratio, or “percent spliced in” (PSI), can be calculated using the 

following equation [91] (Fig. 2-2): 

PSI = (Ji / 2) / (Ji / 2 + Js) 

where Ji is the number of inclusion junction reads consisting of reads mapped to 

upstream and downstream splice junctions of the pseudo-exon, and Js is the number 

of skipping junction reads mapped to the junction that skips the pseudo-exon. The 

reason why Ji is divided by two is because there are two junctions for an exon 

inclusion. PSI values can range from zero (completely skipped) to one (complete 

inclusion). 

Fig.2-2 Calculation of PSI by mapped junction reads around pseudo-exons. 

Junction reads that span exon (Blue boxes) and pseudo-exon (Red box) are denoted 

as Ji, and junction reads that span between exons by skipping pseudo-exon is denoted 

as Js. 

 

2.2.7 Analysis of splicing regulatory elements in the flanking regions of 
the identified pseudo-exons 

The pseudo-exons with identified SCMs that did not increase in the MaxEntScan 

scores, which is a measure of splice site strength, may have other SNVs that affect 

splicing within or flanking the pseudo-exons. The Human Splicing Finder [92] was 

used to examine whether there are other SNVs affecting the SREs within 1000 bp 

of identified pseudo-exons with lower MaxEntScan scores. For the input, the 

reference genome sequence (GRCh37.p13) downloaded from the UCSC Genome 

Browser was used as the “reference sequence” and the personal genome data as 

the “mutant sequence.” 
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2.2.8 Enrichment analysis of functional categories of genes 
Enrichment analysis of functional categories of genes that included pseudo-exons 

was conducted using Metascape [93]. The following settings were used: “Input as 

species” was set to “H. sapiens,” and “Analysis as species” was set to “H. sapiens.” 

 

2.2.9 Evaluation of identified SCMs by SpliceAI 
To evaluate the SCMs that induce pseudo-exons, SpliceAI was used [94]. The 

SpliceAI is a tool for predicting genetic variants that affect splicing. As input data, I 

used SCMs that induced pseudo-exon activation and gene annotation data 

(GENCODE V19) obtained from the UCSC Genome Browser. 

 

2.2.10 Data visualization and manipulation 

The mapping data, with the data on genomic variants, were visualized using the 

Integrative Genomics Viewer (IGV) software (version 2.4.16) [95]. SAMtools (version 

1.5) [96] and BEDTools (version 2.26.0) [97] were used for data manipulation. All 

existing tools used in my analysis were listed (Table 2-2). All analyses in this paper 

were conducted using Python (version 2.7.16), Java (10.0.2), Perl (v5.32.0), and 

GNU Bash (version 4.2.26) environments. 

 

  

Table 2-2. List of tools used in the study of Chapter 2.
Tools Version

FastQC 0.11.9

BCFtools 1.9

HISAT2 2.1.0

StringTie 1.3.5

IGV 2.4.16

SAMtools 1.5

BEDTools 2.26.0

MaxEntScan -

SMART -

Human Splicing Finder 3.1

Matascape -

SpliceAI 1.3.1
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2.3 Results 
2.3.1 Identification of pseudo-exon activation events 
For this study, genomic variant data and high quality RNA-seq data were used for 

235 individuals. Before mapping the RNA-seq data of each individual onto the 

genome sequence, a reference genome that reflected the variant information for the 

corresponding individual using BCFtools (version 1.9) was prepared (Fig. 2-3). By 

creating such a personal reference genome, variants affecting splicing can be 

identified [98]. This process is necessary because pseudo-exons are thought to be 

activated by SNVs at splice sites, which is not observed in the commonly used 

reference genome. If the reference genome does not contain SNVs at splice sites, 

the mapping program for RNA-seq data might fail to correctly map junction reads. 

Next, the best mapping program for pseudo-exon detection was selected. This 

analysis requires a mapping program that does not depend on gene annotation data. 

TopHat2 [99] and STAR [100] are mapping programs that are generally used with 

the input of gene annotation data. If the annotation data are not given, the mapping 

will take longer, and the accuracy of the mapping will be reduced. Therefore, I 

thought that these mapping programs were not suitable for pseudo-exon detection. 

I used HISAT2 (version 2.1.0) [87] because it can accurately and rapidly map RNA-

seq data without using gene annotation data. 

 

 

 

 

 

 

 

 

 

 



 27 

Fig. 2-3 Construction of a personal genome. 

Schematic of the construction of personal genome and RNA-seq mapping. The RNA-

seq data for an individual are mapped against the reference genome reflecting variant 

information for the corresponding individual. 

Pseudo-exon activation events were identified through the following steps 

(Fig. 2-4). Firstly, I collected junction reads that were mapped onto annotated exons 

in RefSeq transcripts on one side, and the remainder side were mapped directly onto 

the region in the reference genome that were not covered by any annotated exons. 

For each junction identified in the above step, only those junctions that were covered 

by two or more junction reads were further selected as pseudo-exon junction 

candidates. Among these pseudo-exon junction candidates, those pairs of junction 

candidates that matched their order to the direction of transcription and with pseudo-

exon lengths of ≤ 1,000 bp were retained as pseudo-exon candidates, having novel 

splice sites at both 5′- and 3′-ends. Next, only those pseudo-exon candidates that 

had an SNV either at the flanking region of the 5′ splice site (5′ss) or at the flanking 

region of the 3′ splice site (3′ss) as pseudo-exon activation events were selected. 

Here, I considered three bases at the end of the pseudo-exon and six bases at the 

start of the intron as the flanking region of 5′ss, and 18 bases at the end of the intron 

and three bases at the start of the pseudo-exon as the flanking region of 3′ss. For 

3′ss, I accepted longer intronic segments than those of 5′ss because 3′ss has a 

characteristic polypyrimidine tract at the end of the intron. Finally, I examined the 

correspondence between the presence of SNVs and pseudo-exons for all the 
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individuals analyzed in this study. I conducted this analysis because cases can occur 

in which individuals harbor the same candidate SNV without pseudo-exon activation 

and vice versa. This happens because, for some pseudo-exons, the expression 

levels are around the borderline of the aforementioned detection criteria, and I was 

not able to detect pseudo-exons for some individuals with low or no expression. To 

deal with this possibility, I introduced a condition that, in the final set, a candidate 

pseudo-exon was kept only if the number of individuals having both the SNV and the 

pseudo-exon was larger than the number of those having the same SNV but not 

having the pseudo-exon. On the other hand, a candidate pseudo-exon was rejected 

from the final set if there was an individual without the SNV having the candidate. 

This is because, in such cases, the pseudo-exon activation is not caused by that 

SNV but may be due to splicing noise or pre-mRNA contamination. After these 

filtering, the remaining mutations were defined as splice-site-creating mutations 

(SCMs) because they are probably involved in pseudo-exon activation. 

 

 

 

 

 

Fig. 2-4 A schematic of the identification of pseudo-exon activation events. 

Identification of pseudo-exon activation events based on junction reads that are not 

mapped to annotated exons (see main text for further details).  

 

From the 235 individuals analyzed in this study, 116 distinct pseudo-exons 

(Supplementary Table 2-2), which were created by 111 unique SCMs were identified. 

On average, there were 2.6 pseudo-exons per individual. 
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2.3.2 Examples of pseudo-exon activation events 
As an example, here, I showed a pseudo-exon identified in the first intron of 

cornichon family AMPA receptor auxiliary protein 1 (CNIH1) (Fig. 2-5). The length of 

the wild-type intron was measured as 4,807 bases, and the pseudo-exon was found 

537 bases from the 3′ terminal of the upstream exon. The suspected causative SCM 

is a C-to-T transition at the second base of the canonical dinucleotide at the 5′ss. In 

the mutated sequence with the canonical dinucleotide, the MaxEntScan score, which 

calculates the strength of a potential splice site based on the sequence, was 

determined to be 6.52 at the 5′ss, while the score for the reference genome 

sequence at the corresponding regions was −1.23, suggesting that the mutated 

sequence has a much higher potential to be a 5′ss than the reference sequence at 

the corresponding region. At the 3′ss of the pseudo-exon, the MaxEntScan value 

was relatively high, 12.02, indicating that the sequence pattern can be taken as a 

cryptic splice site even without SCMs. The flanking exons of the pseudo-exon are 

coding exons; therefore, the newly incorporated exonic sequence might be 

translated. The length of the pseudo-exon is 107 bases, which is not a multiple of 

three, indicating that the inclusion of the pseudo-exon disrupts the coding potential 

of the downstream exons. Moreover, the pseudo-exon itself introduces a premature 

termination codon (PTC). The PSI value, which represents the exon inclusion ratio 

(see Materials and Methods), for the pseudo-exon was calculated to be 0.24. Since 

the maximum PSI value for the heterozygous SCM is assumed to be 0.5, the 

deviation from that value can be attributed either to the strength of the splice sites of 

the pseudo-exon or to nonsense-mediated mRNA decay (NMD), which selectively 

degrades transcripts having a PTC [55], or both. Additionally, although the pseudo-

exon contains ATG, it is out-of-frame and is unlikely to be a start codon for alternative 

translation initiation. I also used the SpliceAI program [94] to evaluate whether the 

identified SCM has a potential to create the splice site. The calculated SpliceAI score 

was 0.80, suggesting a very strong possibility of creating a splice site by the SCM. 
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Fig. 2-5 An example of a pseudo-exon activation event identified in the first 

intron of the cornichon family AMPA receptor auxiliary protein 1 (CNIH1) by an 

SCM that creates a novel 5′ss. 

The upper panel illustrates a Sashimi plot [101] of the activated pseudo-exon and 

neighboring exons. Each number represents the number of exon-exon junction reads. 

The bottom half shows an individual (HG00238) with SCM and activated pseudo-exon. 

The top half shows an individual (HG00116) without SCM for comparison. The lower 

panel shows a close-up view of the activated pseudo-exon. 
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Another example is a pseudo-exon identified in the seventh intron of 

cysteinyl-tRNA synthetase 2 (CARS2) (Fig. 2-6). In this case, the suspected 

causative SCM was a C-to-T transition in the polypyrimidine tract at position −13 of 

the 3′ss. The length of the wild-type intron is 9,500 bases, and the pseudo-exon was 

found 8,775 bases from the upstream exon. The MaxEntScan scores for the mutated 

sequence and the reference sequence at the corresponding regions were 9.13 and 

8.34, respectively. The length of the pseudo-exon is 78, which is a multiple of three, 

and it does not disrupt the original reading frame. Moreover, the sequence of the 

pseudo-exon itself does not contain any PTCs, suggesting that this would not trigger 

NMD. The analysis of protein domain architecture using the SMART database [69] 

shows that the pseudo-exon is inserted between the annotated protein domains. The 

PSI value for the pseudo-exon was calculated to be 0.14. In this case, the deviation 

from the maximum PSI value for the heterozygous SCM can be attributed to the 

strength of the splice sites of the pseudo-exon. Out of the 235 individuals analyzed, 

there were two individuals who shared the same SNV and activation of the pseudo-

exon. The calculated SpliceAI score was 0.13, which is lower than the commonly 

used SpliceAI score cutoff of 0.20. 
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Fig. 2-6 An example of a pseudo-exon activation event identified in the seventh 

intron of cysteinyl-tRNA synthetase 2 (CARS2) by an SCM that creates a novel 

3′ss. 

The upper panel illustrates a Sashimi plot [101] of the activated pseudo-exon and 

neighboring exons. Each number represents the number of exon-exon junction reads. 

The bottom half shows an individual (HG00336) with SCM and activated pseudo-exon. 

The top half shows an individual (HG00178) without the SCM for comparison. The 

lower panel shows a close-up view of the activated pseudo-exon. 
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2.3.3 Systematic analysis of the identified pseudo-exon activation 
events 
Of the 235 individuals analyzed in this study, the maximum number of events found 

in an individual was seven, and this was observed in two individuals (Fig. 2-7a). 

Pseudo-exon activation event was not identified in 18 individuals. There were 

pseudo-exons shared among multiple individuals. In such cases, they also shared 

the same variations that are thought to be causative ones. The maximum number of 

individuals that shared the same pseudo-exon was 92 as determined although most 

of the pseudo-exons were observed in only a single individual (Fig. 2-7b). By 

counting these pseudo-exons that are shared by multiple individuals as a single case, 

the number of distinct pseudo-exons in terms of genomic loci was 116 

(Supplementary Table 2-2). For each of these pseudo-exons, I calculated the PSI 

value and counted the number of individuals in terms of whether they had 

homozygous or heterozygous SCMs. Although the PSI value can be a quantitative 

index to evaluate the degree of the inclusion of the pseudo-exon, it may also deviate 

markedly from the true expression ratio of the transcript isoforms, if the read depth, 

that is, the expression level, is rather low. 

 

Fig. 2-7 Frequencies of the identified pseudo-exon activation events. 

(a) Histogram of the number of pseudo-exon activation events per individual. (b) 

Histogram of the number of pseudo-exons shared among multiple individuals. 
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I then analyzed the length distribution of the pseudo-exons and compared 

this with that of exons (Fig. 2-8). The modal value was the same between pseudo-

exons and exons (81–120 bases). However, the median length was found to be 

longer for exons, that is, 105.0 bases (pseudo-exons) vs. 130.0 bases (exons), 

mainly because a certain fraction of exons are much longer than the other exons, 

and because I set the cutoff for pseudo-exon length at ≤ 1,000 bp. This trend is 

consistent with a previous report, which compiled approximately 81 cases of 

disease-causing pseudo-exon activation events from the literature [53]. 

 

Fig. 2-8 Length distribution of the pseudo-exons. 

Length distribution of exons (blue) and pseudo-exons (red). 

 

To evaluate the effects of the SCMs that are thought to be a cause of pseudo-

exon activation on the strength of the splice site, I used the MaxEntScan program 

[90], which quantitatively assesses whether a local sequence segment has the 

potential to be a splice site, to the wild-type sequence segment and the mutated one. 

Among the 116 distinct pseudo-exon activation events, 110 (94.8%) showed gains 
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in scores of more than 1.0 in the sequences with SCMs (Fig. 2-9). However, six 

instances showed little or no gains in scores in the sequences with SCMs. I found 

that these cases already have relatively high MaxEntScan scores, even in wild-type 

sequences. For these six instances, the Human Splicing Finder [92] was further 

applied to identify other possible SNVs that might affect the splicing regulatory 

element within the pseudo-exons or in the regions flanking them. However, there 

were no significant SNVs in those regions, indicating that the SCMs identified at the 

splice sites of the pseudo-exons would be a cause of the pseudo-exon activation 

events even though there were little or no gains in the MaxEntScan scores. 

 

Fig. 2-9 Scatter plot of the strength of the splice site before and after the SCM 

for each of the 116 pseudo-exons. 

The x- and y-axes indicate the MaxEntScan scores for the wild-type and mutated 

sequences, respectively. The diagonal line shows equal scores between the wild-type 

and mutated sequences. 

To evaluate the effect of the pseudo-exons inclusion on the coding potential, 

whether each identified pseudo-exon might disrupt the original reading frame and 

introduce PTC that seem to trigger NMD was analyzed. Among the 116 identified 

pseudo-exons, 83 were located in the coding regions. Of these, 65 pseudo-exons 



 36 

were expected to introduce PTCs either in the pseudo-exons themselves (58 cases) 

or in their downstream region by frameshifts (7 cases). The remaining 18 pseudo-

exon activation events may maintain the open reading frame and did not seem to 

trigger the NMD (Fig. 2-10 and Supplementary Table 2-2). For these 18 pseudo-

exon activation events, their protein sequences were analyzed using the SMART 

database [69] to check the insert positions of the pseudo-exons in their protein 

domain architecture. I discovered that, in three instances, the insertions of the 

pseudo-exons occur within protein domains, indicating severe disruption of the 

domains (Supplementary Table 2-2 and Supplementary Figure 2-1). 

Fig. 2-10 Effect of pseudo-exons on the transcripts and proteins. 

The left pie chart shows the functional consequences of the 116 pseudo-exons 

identified. “PTC” indicates those that seem to induce NMD by creating PTC. These 

were further divided into those that create PTCs by frameshifts and those that 

introduce in-frame PTC in the pseudo-exon. “Protein domain” indicates that the 

insertion of the pseudo-exon disrupts the protein domain structure. “Not in CDS” 

indicates that the pseudo-exons are located outside the protein-coding regions. 

“Others” indicates pseudo-exons that do not seem to trigger NMD or those that reside 

outside the protein domain structures. 
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Additionally, for the 116 identified pseudo-exon activation events, Gene 

Ontology analysis was conducted using Metascape [93]. According to the results, 

there were no specifically enriched functional categories for the genes with pseudo-

exons. I also individually examined the function of genes with pseudo-exons that 

occurred in more than 10 people. For example, the pseudo-exon found in the FANCA 

gene occurred in 87 of 235 individuals. FANCA genes belong to the Fanconi anemia 

complementation group (FANC) gene family and are thought to function as a post-

replication repair or a cell cycle checkpoint [102]. FANCA proteins repair interstrand 

DNA crosslinks and regulate the differentiation of hematopoietic stem cells into 

mature blood cells. The SCM found in the FANCA gene have some advantageous 

function for human and may be starting to be fixed. 

The distribution of allele frequencies of the SCMs was further examined. The 

allele frequencies were referred to the gnomAD database of human mutation 

information [103]. There were 88 SCMs with allele frequencies on this database, of 

which 69 SCMs were allele frequencies ≤ 0.01 (Fig. 2-11 and Supplementary Table 

2-2). In contrast, the maximum allele frequency among the 88 SCMs was 0.415. 

 

Fig. 2-11 Distribution of allele frequencies of SCMs. 

Distribution of allele frequencies for the 88 SCMs obtained from gnomAD. 
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Additionally, I used SpliceAI [94] to see if I could assess the impact of 

identified SCMs on splicing. The SpliceAI score (Δscore) ranges from 0 to 1 and the 

closer the score is to 1, the higher the probability that the SNV will alter splicing. The 

SpliceAI was applied to the 111 SCMs I identified and to 500 randomly selected 

SNVs (Fig. 2-12). Of the 111 SCMs, 36 SCMs had Δscore ≥ 0.50, which is a 

recommended cutoff of SpliceAI, and only 10 SCMs had Δscore ≥ 0.80, which is a 

high precision cutoff. The median Δscore was 0.335, which was significantly higher 

than the score for randomly selected SNVs (Mann-Whitney U-test, p = 4.068e-101). 

Next, I examined the distance between the pseudo-exon and an annotated exon. The 

SpliceAI is known to be difficult to predict the effect of SNVs against splicing in the 

introns more than 50-bp away from the exon–intron boundaries [94]. Of the 116 

pseudo-exons identified in this study, the minimum distance from the annotated exon 

was 84-bp, the maximum distance was 132,342 bp, and the median distance was 1,792 

bp. In my laboratory analysis, the median Δscore for SCMs occurring relatively close 

to the exon was 0.700, which was higher than the score for deep intronic SCMs 

identified in this study (manuscript in preparation). Therefore, this result, and the 

result of a previous study [94], indicate that spliceAI is not suitable for predicting the 

effects of splicing by deep intronic variants. 

Fig. 2-12 Evaluation of SCMs that induce pseudo-exon using SpliceAI. 

The SpliceAI scores (Δ score) for SCMs and randomly selected SNVs. The box plot 

on the left is the Δscore for the identified SCMs, and the box plot on the right is the 

Δscore for random SNVs. 
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2.3.4 Frequency and spectrum of SCMs for each site 
For the 116 distinct pseudo-exon activation events, I summarized the type and 

frequency of SCMs (Fig. 2-13). The total number of SCMs that I identified was 

approximately 2.7 times higher in 5′ss (85 SCMs) than in 3′ss (31 SCMs), even 

though the lengths that I analyzed were longer in 3′ss because of the existence of 

polypyrimidine tracts. As expected, most of the SCMs were observed in the 

canonical dinucleotides in both 5′ss (Fig. 2-13a) and 3′ss (Fig. 2-13b). More 

specifically, in 5′ss, 62.4% of the SCMs were observed in the canonical GU 

dinucleotides, and all of these SCMs created the dinucleotide. In 3′ss, 41.9% of the 

SCMs were observed in the canonical AG dinucleotides, and all of these SCMs 

created the dinucleotide. Most of the SCMs were substitutions toward splice site 

motifs. For example, in dinucleotides at both 5′ss and 3′ss, all the SCMs were 

changed toward the bases in the canonical dinucleotides. Even when SCMs formed 

splice sites other than canonical splice sites, the dinucleotides in the canonical splice 

sites were originally GU or AG dinucleotides. 

 

Fig. 2-13 Frequency and spectrum of SCMs involved in pseudo-exon activation 

events. 

(a) 5′ss. (b) 3′ss. The dotted vertical line represents the exon–intron boundary. The 

color codes for alternative bases are shown on the right side of each panel. The base 

frequency data for splice sites, which is represented as a sequence logo, was taken 

from WebLog 3 [8]. 
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2.4 Discussion 
Pseudo-exon activation events have been mainly reported disease-causing 

mutations [53]. In this study, by using personal genome data [83] together with the 

RNA-seq data for the peripheral blood samples of the corresponding individuals [59], 

I successfully identified pseudo-exon activation events in normal individuals. Such 

events often introduce PTCs in the downstream region of the mRNA, which trigger 

NMD [104]. Even if such a surveillance mechanism of irregular mRNA exists, I could 

detect transcripts with pseudo-exons because NMD does not usually degrade all 

transcripts with a PTC. Indeed, it has been demonstrated that a substantial number 

of transcripts supposed to trigger NMD could still be detected in transcriptome data 

[58,59]. 

Although the involvement of the identified SNVs in pseudo-exon activation 

events is yet to be directly demonstrated, they seem to be causative SCMs because 

the mutation spectrum correlated well with the sequence motifs of splice sites (Fig. 

2-13). Interestingly, the number of SCMs at 5′ss was found to be about 2.7 times 

higher than those at the 3′ss. This trend corresponds well with the known cases of 

pseudo-exon activation events reported so far [53], which also shows that more 

pseudo-exons were created by SCMs at the 5′ss than at the 3′ss; this further 

confirms that most pseudo-exon activation events that I identified in this study are 

authentic. Two possible explanations for the excess of SCMs at 5′ss can be provided. 

Firstly, the canonical AG dinucleotides at the 3′ss can be created by SNV of CG 

dinucleotides, which are under-represented in vertebrate genomes [105]. Indeed, I 

did not observe any SNVs of CG to AG to create 3′ss (Fig. 2-13). Secondly, it was 

indicated that the recognition of 5′ss is a key step in RNA splicing [106], and the 

number of SNVs that disrupt splicing is also high at 5′ss compared with that at 3′ss 

[106,107]. 

If the causative SCMs for pseudo-exon activation reside in exonic regions, 

the events and the associated SCMs can possibly be identified solely by 

transcriptome analysis, namely, RNA-seq, without conducted WGS. The proportion 

of such SCMs, however, is rather low (10.3% of the total events identified in this 
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study), mainly because the canonical dinucleotides at both ends of the splice sites 

are not in exonic regions but at the termini of introns. Moreover, without WGS, it is 

difficult to map RNA-seq reads onto the reference genome; this is because the 

reference genome might not have the splice site for the pseudo-exon, hence the 

mapping program of the RNA-seq reads would fail to align the junction reads of the 

pseudo-exon. One possible solution for this difficulty might be to use de novo 

assembly of RNA-seq reads to identify pseudo-exon activation solely from RNA-seq 

data. Once the candidates of pseudo-exon activation are obtained, the causative 

SCM can be identified by PCR experiments at both sides of the exon–intron junctions 

of the pseudo-exon candidates. 

Pseudo-exon activation caused by somatic variants in deep intronic regions 

was recently reported in cancer [108]. From 1,188 individuals, with an average 

number of somatic SNVs was 22,144, analyzed in their study, they identified 46 

distinct pseudo-exons. This corresponds to one pseudo-exon activation event in 

approximately 0.6 million SNVs. This frequency is similar to what I found in my study, 

that is one pseudo-exon activation event in approximately 1.4 million SNVs (average 

numbers of SNVs and pseudo-exons per individual are 3.7 million and 2.6, 

respectively). Additionally, the fact that the SNVs that cause pseudo-exon activation 

in cancer were enriched in the canonical splice sites is well consistent with my results. 

The actual number of pseudo-exon activation events might be higher than 

the number that I identified in this study for the following four reasons. Firstly, I 

adopted rather stringent criteria for the identification of pseudo-exon activation 

events. For example, I considered only those cases where both sides of the pseudo-

exon were covered by at least two junction reads. The correspondence between the 

presence of SCMs and pseudo-exons for all of the individuals was examined. 

Secondly, I only considered SNVs but not insertions/deletions (indels). Thirdly, I did 

not take the SNVs creating splicing regulatory elements (SREs), such as exonic 

splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing 

enhancers (ISEs) and intronic splicing silencers (ISSs), into account. Although 

several papers have reported that pseudo-exons are activated by mutations in SREs 
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[109–111], I did not consider them in this study because those elements are not 

always located close to the pseudo-exons, also, it is difficult to determine the 

correspondence between an SNV at a regulatory element and a pseudo-exon. 

Additionally, I focused only on pseudo-exon activation events caused by SCMs in 

intronic regions, although SCMs in exonic regions can also cause pseudo-exon 

activation by creating not only an ESE and ESS but also a novel splice site, as has 

been reported in cancer [76]. The fourth reason is that I only used transcriptome data 

for peripheral blood samples. Because of this, what I identified as pseudo-exon 

activation events is limited to those genes actively transcribed in peripheral blood, 

and those genes unexpressed in the peripheral blood were not covered in the 

present study. The lowest expression level of the gene for which I identified a 

pseudo-exon activation event was fragments per kilobase of exon per million reads 

mapped (FPKM) value of 0.53. This value corresponds to approximately the 43rd 

percentile from the top of all genes in the genome following their expression levels. 

For the remaining genes (57% of all genes in the genome), I could not identify 

pseudo-exon activation events because of the low expression levels in peripheral 

blood cells. From this proportion, I can estimate that at least two times more pseudo-

exon activation events (i.e., on average 5.2 = 2.6 × 2 instances) might exist in normal 

individuals. Moreover, given that there are on average five SREs per exon [112], the 

number of pseudo-exon activation events can further be estimated as at least twice 

as much, that is, more than 10 per individual. Because I have adopted rather 

stringent criteria in identifying pseudo-exon activation events, the actual number of 

pseudo-exon activation events in an individual is probably more than the above 

estimate. 

Pseudo-exon activation events are thought to occur from variants in deep 

intronic regions. Such regions are often considered as usually under weak or no 

selective pressure because there may be no functional constraints. Variants in these 

regions are often overlooked as causative ones because they are thought to be 

benign and because their number is relatively high compared with those under 

selective pressure. Moreover, variants in deep intronic regions cannot be detected 
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by exome sequencing, which is often employed to identify causative mutations for 

genetic disorders because such regions are outside the capture target for exome 

sequencing. It has been reported that the success rate of exome sequencing is 

approximately 25%–40% [74,113,114]. For the remaining cases, in which causative 

mutations have not yet been identified, some might be caused by deep intronic 

mutations that trigger pseudo-exon activation. In fact, of the 116 pseudo-exons 

identified in the study, 25 occurred within the gene responsible for genetic disorders. 

These 25 pseudo-exons were caused by heterozygous mutations and did not exhibit 

a disease phenotype, but if these SCMs are homozygous or compound 

heterozygous due to another harmful mutation, they are probably disease-causing 

mutations. My results suggest that it is worth considering the possible involvement 

of pseudo-exon activation events in identifying causative mutations of genetic 

disorders for which the responsible mutations have not yet been identified. 
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Chapter 3. Comprehensive identification for splice-site-
creating mutations capable of causing genetic disorders 

 
3.1 Introduction 

Whole exome sequencing (WES) has been widely used to detect mutations causing 

genetic disorders in humans. However, WES identifies causative mutations in less 

than 50% of patients with genetic disorders [74,113,114], and many causative 

mutations remain unidentified. Causative mutations are detected at low rates 

because research to date has focused mainly on mutations that disrupt either 

protein-coding regions or canonical splice sites. Identifying novel causative 

mutations in genetic disorders will lead to better diagnosis and treatment of patients. 

Based on the results of Chapter 2, I thought that it would be possible to 

identify mutations that may be responsible for genetic disorders by actively searching 

for splice-site-creating mutations (SCMs). However, as mentioned above, in the 

search for causative mutations of genetic disorders, WES does not identify 

potentially causative SCMs that occur in deep intronic regions. Therefore, in this 

study, I focused on SCMs occurring around exonic regions that can be detected by 

WES. 

Recently, it was reported that mutations in intronic or exonic regions can 

create novel splice sites, resulting in the inclusion of abnormal exons in transcripts 

[53,76,77,115]. This modification often generates premature termination codons 

(PTCs), giving rise to truncated protein products and often leading to nonsense-

mediated mRNA decay (NMD) [55]. Even without the generation of PTCs, the 

inclusion of abnormal exons may disrupt protein domain structures, producing 

diseases. However, such SCMs have only been sporadically reported as being 

involved in genetic disorders to date. Hence, the overall picture of the extent to which 

SCMs are involved as a cause of genetic disorders is still unclear. 

In this study, to address the above question, I sought to identify SCMs that 

could be involved in various genetic disorders. I used SpliceAI, a recently developed 

highly accurate tool for evaluating the effect of mutations on splice site function [94]. 
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The input data were variants registered in the gnomAD database [103]. A total of 

3,942 candidate causative SCMs were identified in 4,054 genes listed in the Online 

Mendelian Inheritance in Man (OMIM) database [116] (https://www.omim.org/) as 

being responsible for genetic disorders. I also analyzed existing WES data from 

ciliopathy patients and identified 38 novel candidate causative SCMs. I further 

confirmed that one of the SCMs is exclusively homozygotic in multiple patients. 

These results indicate that it is worth considering the possibility that SCMs may be 

involved in genetic disorders when causative mutations, such as the disruption of 

coding regions or splice sites, were not found. 

 
3.2 Materials and methods 
3.2.1 Genomic variants 
The genomic variant data for 71,702 individuals from the Genome Aggregation 

Database (gnomAD release 3.0) [103] in Variant Call Format (VCF) was downloaded. 

The gnomAD aggregates and harmonizes exome and genome sequencing data 

from various large-scale sequencing projects and makes the data widely available 

to the scientific community. The genomic variant data from the gnomAD were used 

for my analysis because it is one of the datasets that contains genomic variants, and 

I thought it would be serve as an adaptable data for searching for many causative 

mutations. A total of 564 million rare SNVs (allele frequency ≤ 0.01) were used in 

identifying splice-site-creating mutations (SCMs) caused by genetic disorders. 

 

3.2.2 Creation of a list of causative genes for genetic disorders 
I downloaded the Online Mendelian Inheritance in Man (OMIM) 

(https://www.omim.org/) data [116], including names of genes causing human 

genetic disorders. OMIM is an organization that compiles a comprehensive set of 

human genes and genetic phenotypes, and the data was freely available. I used 

gene structures registered in GENCODE [117] (V 29) in GTF. From the GTF file, I 

extracted transcripts corresponding to the 4,054 causative genes for genetic 

disorders in OMIM. If there were two or more transcript isoforms for a gene, I 

selected the longest transcript isoform as the representative gene structure. 
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3.2.3 Splice site scoring 

The strength of the splice site was calculated using the MaxEntScan program [90] 

(see Materials and Methods of Chapter 2 for further details). I used the genome 

sequence segments around the SNV that might form a canonical splice site. 

 

3.2.4 Sequence-based prediction of SCMs 

SpliceAI [94] was used to detect SCMs. Each SNV in the exonic regions or in introns 

within 50 bp of an exon–intron boundary was evaluated. The SNVs in VCF, reference 

genome data (GRCh38.p12), and the gene annotation data from GENCODE (V 29) 

(https://www.gencodegenes.org/human/release_29.html) were used for the input of 

SpliceAI. The SNVs with SpliceAI scores (Δscore) ≥ 0.80 were considered SCMs. 

 

3.2.5 Validation using RNA-seq data 

To validate whether a candidate SCM indeed functioned as a novel splice site, the 

RNA-seq data obtained from individuals who carried the candidate SCM were used. 

For this validation, variant data of 670 individuals in the VCF format and RNA-seq 

data in the Binary Alignment Map (BAM) format from the Genotype-Tissue 

Expression (GTEx) project were downloaded [118]. These are all whole blood RNA-

seq data. The GTEx project, launched by the National Institutes of Health (NIH) in 

September 2010, aims to create a resource for studying how inherited changes in 

genes lead to common diseases. As of December 2021, the GTEx project provides 

RNA-seq data from 54 non-diseased tissues and approximately 1000 individuals. 

The GTEx data were used because I needed a larger number of RNA-seq data to 

validate candidate SCMs. I mapped the RNA-seq data onto the personal genome 

reflecting mutation data as with Chapter 2 (see Materials and Methods in Chapter 2 

for details). The RNA-seq data in the BAM format for the corresponding individual 

were converted to FASTQ format using Picard tools 

(http://broadinstitute.github.io/picard/). 
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3.2.6 Calculation of junction allele fraction 
Junction allele fraction (JAF), a measure of the relative usage of the novel exon–

intron junction created by an SCM compared to the annotated junction, was 

calculated using the following equation [76]: 

JAF = Jn / (Jn + Ja) 

where Jn is the number of junction reads supporting the novel splice site and Ja is the 

number of junction reads supporting the annotated splice site. JAF values range 

from 0 to 1, and the closer the value is to 1, the higher the usage of the novel junction 

(Figure 3-1). 

 

Fig.3-1 Calculation of JAF using mapped junction reads. 

Junction reads that span annotated exon (Blue box) and novel exon (Red box) are 

denoted as Jn, and junction reads that span between annotated exons are denoted as 

Ja. 

 

3.2.7 Identification of SCMs in WES data of ciliopathy patients 

To analyze ciliopathies, I obtained whole exome sequencing (WES) data of 2,569 

patients from the Database of Genotypes and Phenotypes (dbGaP) [119] (dbGaP 

Study Accession: phs000288.v2.p2). These data were obtained from inbred families 

where the parents were the first- or second-degree cousins, and there were two or 

more affected family members. The data included 1,773 affected individuals and 796 

individuals who were not affected but had two or more affected individuals in their 

family members. Of the variants obtained from these patients, 1,401,863 SNVs 

located on autosomes and the X chromosome were used in this study. A list of 434 

ciliopathy-related genes [120–134] was generated to identify causative SCMs in 
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these genes (Supplementary Table 3-1). According to a previous study [120], these 

genes are classified into two groups: the genes labeled as “established” are those 

for which the causative mutations have been identified, and the genes labeled as 

“candidate” are those for which the causative mutations have not been identified but 

which have been implicated in ciliopathies in other species or at the cellular level. I 

evaluated all SNVs identified by WES for their potential to be SCMs using SpliceAI 

with a Δscore cutoff of 0.80. The SCMs with allele frequencies greater than 0.01 or 

those homozygous in normal individuals in gnomAD were excluded. To analyze the 

ciliopathies, GRCh37.p13 was used as the reference genome and GENCODE (V24) 

as the gene annotation data 

(https://www.gencodegenes.org/human/release_24lift37.html). For each gene, all 

transcript isoforms were analyzed for possible pathogenicity of the SCMs. 

 

3.2.8 Analysis of protein domain architecture 

For the 2,167 novel exons that do not seem to be the target of NMD—those that do 

not disrupt the amino acid sequences either by PTCs or by frameshifts—I examined 

whether the extension or shrinkage of the sequence by SCMs should affect the 

protein domains using the hmmscan program [135]. The hmmscan program is a tool 

for searching protein sequences against a protein profile database and can be run 

from the command line. An E-value cutoff of 0.001 was adopted. Protein domain 

architecture was visualized using the SMART database [69]. 

 

3.2.9 Modeling a three-dimensional protein structure 

To investigate the effect of shrinkage of the exon, which codes a part of the 

differentially expressed in normal and neoplastic cells (DENN) domain of DENN 

domain containing 4A (DENND4A), on a three-dimensional (3D) protein structure, a 

3D model structure of the DENN domain was constructed using SWISS-MODEL 

[136] and AlphaFold2 [137]. The domain sequence obtained from the SMART 

database was used as the input data. The 3D model structure was visualized using 

PyMOL [138] (version 2.1). 
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3.2.10 Data visualization and manipulation 

The IGV [95] was used to visualize the RNA-seq read mapping and the variant data. 

The UCSC Genome Browser [84] was used to visualize the gene annotation data. 

Gene expression levels were quantified using the StringTie program (version 1.3.5) 

[88]. SAMtools (version 1.5) [96] and BEDTools (version 2.26.0) [97] were used for 

data manipulation. All used public data and tools in my analysis were listed (Table 

3-1 and Table 3-2). All analyses were conducted under Python (version 3.7.8), Java 

(10.0.2), Perl (v5.32.0), and GNU Bash (version 4.2.26) environments. 

 
  

Table 3-1. List of data used in the study of Chapter 3.

Data
Number of

samples
Format Database URL

Variant data 71,102 VCF gnomAD https://gnomad.broadinstitute.org/

OMIM data 1 txt OMIM https://www.omim.org/

Gene annotation data

(V29)
1 GTF GENCODE

https://www.gencodegenes.org/human/release_

29.html

Reference genome data

(GRCh38.p12)
1 FASTA GENCODE

https://www.gencodegenes.org/human/release_

29.html

RNA-seq 670 BAM GTEx project (via dbGaP) 
https://www.ncbi.nlm.nih.gov/projects/gap/cgi

-bin/study.cgi?study_id=phs000424.v8.p2

Variant data

(Ciliopathy)
2,569 VCF dbGaP

https://www.ncbi.nlm.nih.gov/projects/gap/cgi

-bin/study.cgi?study_id=phs000288.v2.p2

Gene annotation data

(V24)
1 GTF GENCODE

https://www.gencodegenes.org/human/release_

24lift37.html

Reference genome data

(GRCh37.p13)
1 FASTA GENCODE

https://www.gencodegenes.org/human/release_

19.html

Table 3-2. List of tools used in the study of Chapter 3.
Tools Version

MaxEntScan -
SpliceAI 1.3.1
BCFtools 1.9

Picard
HISAT2 2.1.0

IGV 2.4.16
UCSC Genome Browser -

hmmscan 3.3
SWISS-MODEL -

SMART -
PyMOL 2.1

StringTie 1.3.5
SAMtools 1.5
BEDTools 2.26.0
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3.3 Results 
3.3.1 Identification of splice-site-creating mutations in the causative 
genes of genetic disorders 
To understand the extent to which splice-site-creating mutations (SCMs) affect the 

pathogenesis of genetic disorders, I sought to identify mutations that might shrink or 

extend an exon in 4,054 genes known to be responsible for genetic disorders (Fig. 

3-2a). SCMs were identified using the following steps (Fig. 3-2b). Firstly, a list of 

genes involved in genetic disorders was created. From the single-nucleotide variants 

(SNVs) registered in the gnomAD database (v3.0), only those located in the 4,054 

genes were selected. The gnomAD database contains more than 800 million SNVs 

with various allele frequencies and is one of the most comprehensive databases of 

genetic variation in humans. This step yielded 72,567,596 SNVs. I further selected 

the SNVs located in intronic regions within 50 bp of an annotated exon–intron 

boundary or in exonic regions. I introduced this positional cutoff for the intronic SNVs 

because these genomic intervals are the limits using conventional WES procedures 

for identifying mutations [75]. This filtering produced 4,215,150 SNVs. Next, I 

selected those SNVs that create canonical splice sites, namely, GT or AG, followed 

by further selection based on the MaxEntScan scores [90]. The MaxEntScan is a 

computational method for evaluating the strength of a splice site. Then, I selected 

those SNVs that had a MaxEntScan score ≥ 0, which is a rather relaxed threshold. 

This cutoff was adopted to reduce the number of false negatives. Although the cutoff 

also increases the number of false positives, such cases can be filtered out in the 

following steps. I then selected only those SNVs with allele frequencies ≤ 0.01 in the 

gnomAD database. I set this condition to obtain SNVs that could serve as causative 

variants for genetic disorders. After filtering, the number of SNVs was reduced to 

268,836. These SNVs were further evaluated for their potential to be SCMs using 

the SpliceAI program, which is a highly accurate splice site prediction method. From 

the distribution of SpliceAI score (Δscore) for the 268,836 SNVs, I found that the 

recommended cutoff of 0.80 for accurate prediction of splice sites [94] was located 

almost at the minimum count of SNVs (Fig. 3-2c). From this observation, I adopted 
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this cutoff and obtained 5,656 SNVs that were potential SCMs (see paper published 

in npj Genomic Medicine). 

 

Fig. 3-2 Identification of splice-site-creating mutations in 4,054 genes 

responsible for genetic disorders. 

(a) Schematic of novel exons by splice-site-creating mutations (SCMs). An exon 

extension by an SCM in the intronic region (left) and an exon shrinkage by an SCM in 

the exonic region (right). (b) Workflow for the identification of SCMs. Each number 

represents the number of SNVs at each step. (c) Distribution of SpliceAI scores 

(Δscores) for the 268,836 SNVs. The dotted line indicates the cutoff score (0.80) that 

I adopted for the potential SCMs. 
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3.3.2 Estimation of sensitivity, specificity, and positive predictive value 
in identifying SCMs 
To evaluate the quality of the potential SCMs identified as described above, the 

potential SCMs were compared to those already identified. To create a set of known 

SCMs, the ClinVar database was used [139]. Focus was placed on intronic and 

synonymous exonic SNVs that do not disrupt an annotated splice site and those that 

create canonical splice sites because these SNVs are more likely to be SCMs if they 

are pathogenic. Precisely, I selected those SNVs that (1) were classified as 

“pathogenic” or “likely pathogenic” in ClinVar, (2) and were located in intronic regions 

within 50 bp of annotated exon–intron boundaries or synonymous sites of exonic 

regions, and (3) created either GT or AG and did not disrupt the annotated splice 

sites. There were 775 potential SCMs in ClinVar that met these criteria. Among them, 

72 SNVs were within the gene bodies of the 4,054 genes responsible for genetic 

disorders and overlapped with the variants registered in gnomAD. Hence, these 72 

SNVs should be known SCMs that my pipeline should detect. Of these 72 SNVs, my 

pipeline was capable of identifying 49 SNVs as SCMs. This means that the sensitivity 

of my pipeline is 68.1% (49 / 72). 

To calculate the specificity, firstly, I artificially introduced the 5,656 potential 

SCMs to the reference genome sequences. Then, RNA-seq data from individuals 

without these SCMs were mapped onto the artificially mutated reference genome. 

For this, I used data of 10 individuals that have relatively high expression of the 

genes containing the potential SCMs. This analysis found only three false positives 

out of the 5,656 potential SCMs, indicating the specificity to be 99.9% (5,653 / 5,656). 

I also measured the positive predictive value (PPV), which is, in this case, 

the value representing how many of the identified potential SCMs forms novel splice 

sites. I used whole blood RNA-seq data of 670 individuals obtained from Genotype-

Tissue Expression (GTEx) [118] (https://gtexportal.org/home/). Although mRNAs are 

thought to be degraded by NMD if an alteration of an exon by an SCM generates 

premature termination codons (PTCs), it was reported that a substantial number of 

transcripts supposed to trigger NMD could be detected in RNA-seq data [58,59]. 
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Among the 5,656 potential SCMs, one or more individuals had the mutant allele for 

114 SCMs. Of these SCMs, gene expression was confirmed for 53 genes in the 

RNA-seq data from individuals with the mutant allele. I considered a locus to be 

expressed if there were at least five junction reads that covered either the novel 

junction created by the SCM or the annotated junction at that locus. The cutoff was 

adopted from previous studies [140,141]. Of these 53 loci, 40 had junction reads that 

supported the novel junctions created by the SCMs. For these 40 loci, I further 

confirmed that these are true positives using the RNA-seq data of all individuals 

without the SCMs as the negative control. Accordingly, the PPV was calculated to 

be 75.4% (40 / 53). I also compared the strength of the annotated and newly created 

splice sites in these 40 loci and the newly splice sites had a higher MaxEntScan 

score than the annotated splice sites in 21 loci. The remaining 19 loci were confirmed 

to be used as splice sites, although the MES scores of the newly splice sites were 

not higher than the annotated splice sites. 

 

3.3.3 Examples of novel exons induced by SCMs 

One of the potential SCMs was found in the intronic region of the pericentrin (PCNT) 

gene, which causes microcephalic osteodysplastic primordial dwarfism type II 

(MOPD2) [142]. MOPD2 is a rare disease and is characterized by small head size, 

short stature, and skeletal abnormalities. No cure has been established. There was 

one individual who was heterozygous for this variant in GTEx (GTEX-14BMV). From 

the RNA-seq data from this individual, it was confirmed that the variant was indeed 

an SCM that induces an exon extension (Fig. 3-3). As described in the previous 

section, such an exon extension was not observed in all the individuals without the 

SCM. The SCM is an A-to-G transition, which forms the first base of the canonical 

dinucleotide at the 5′ splice site (5′ss). The novel 5′ss is formed 41 bp downstream 

of the annotated original 5′ss. Although this locus contains two annotated isoforms, 

the SCM does not seem to affect the splicing of the shorter isoform because its 

exon–intron boundary is located 278 bases apart from the SCM. Additionally, only a 

few junction reads that support this isoform in both individuals with and without the 
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SCM exists. According to gnomAD, the allele frequency of this SNV is 1.39505e−05. 

The JAF value, which measures the relative usage of the novel splice site based on 

RNA-seq reads [76], was calculated to be 0.53. The extended exonic region 

introduces an in-frame PTC, hence, it may trigger NMD. To check if the gene 

expression decreased as a result of degradation of the transcripts by NMD, the 

normalized expression levels were compared between the individual with the SCM 

and 100 randomly selected individuals without the SCM and found that the 

expression level did not reduce from those without the SCM. Therefore, the SCM, 

which introduce a PTC in the transcript, might be detrimental due to the production 

of truncated proteins by the PTC rather than the reduction of the expression by NMD. 

The SNV has not been reported as a causative factor for MOPD2 so far. My results 

suggest that the SNV might be a novel causative variant for MOPD2, an autosomal 

recessive monogenic disorder, through exon extension by the SCM, creating a novel 

5′ss. 
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Fig. 3-3 Exon extension by an SCM in intron 38 of pericentrin (PCNT). 

The upper panel illustrates Sashimi plots [101] of the extended exon and the 

downstream exon. The individuals without and with the SCM are shown in red and 

blue, respectively. Each number represents the number of the junction reads. The 

lower part of this panel is a close-up view of the genomic region around the SCM. The 

SCM is indicated at the top of the individual in a blue rectangle. 

 

The next example is an SCM found in the exonic region of the acid alpha-

glucosidase (GAA) gene, which was reported to be a causative gene of Pompe 

disease, an autosomal recessive disorder caused by an abnormal accumulation of 

glycogen in the lysosomes [143]. Symptoms of the disease include muscle 

weakness, cardiac dysfunction, and developmental delays. In GTEx, one individual 

(GTEX-1QCLY) who was heterozygous for this variant was found. From the RNA-

seq data for this individual, it was also confirmed that the variant works as an SCM 

that induces exon shrinkage (Fig. 3-4). As described in the previous section, such 

an exon shrinkage was not observed in all the individuals without the SCM. The SCM 

is a G-to-A transition, which forms the first base of the canonical dinucleotide at the 

3′ splice site (3′ss). The novel 3′ss is formed 35 bp downstream of the annotated 

original 3′ss, leading to a frameshift in the downstream exons. The allele frequency 

reported in gnomAD was 0.00099162. The JAF value was calculated as 0.25. 

Although the variant was annotated as synonymous using Annotate Variation 

(ANNOVAR) [144] and was reported to be “benign/likely benign” or “uncertain 

significance” in ClinVar, it might be highly damaging because of the frameshift due 

to the SCM-induced exon shrinkage, which introduce a PTC. In this example, there 

was also no reduction of the expression in the individual with the SCM, suggesting 

that the transcript with the PTC will lead to the production of truncated proteins. A 

pathogenic variant has been reported in ClinVar within the region of the exon 

shrinkage (Supplementary Figure 3-1), and there are also other pathogenic 

mutations in its downstream exons, further supporting the possible involvement of 

the SCM in the pathogenesis of Pompe disease. The earlier the onset of the disease, 
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the more severe the symptoms and the more rapidly the disease progresses. 

However, there is a treatment for Pompe disease called enzyme replacement 

therapy, which replenishes the missing enzyme by administering the enzyme 

preparation through intravenous infusion, and this improves symptoms. This therapy 

must be initiated before or immediately after onset. Thus, requiring prompt diagnosis 

and identification of the causative mutation. 

 

Fig. 3-4 Exon shrinkage by an SCM in exon 5 of acid alpha-glucosidase (GAA). 

The upper panel illustrates Sashimi plots [101] of the shrunken exon and the upstream 

exon. The individuals without and with the SCM are shown in red and blue, respectively. 

Each number represents the number of junction reads. The lower part of this panel is 

a close-up view of the genomic region around the SCM. The SCM is indicated at the 

top of the individual in a blue rectangle and indicated in the sequencing reads as 

mismatched residues. 
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3.3.4 Structural characteristics of the identified SCMs 
The structural characteristics of the potential SCMs identified in this study, such as 

how they were distributed in terms of gene structures were analyzed. Of the 5,656 

SCMs, 2,218 (39.2%) created 5′ss and 3,438 (60.8%) created 3′ss. In intronic 

regions, 2,937 (51.9%) potential SCMs were found, and 2,719 (48.1%) were found 

in exonic regions. For each of the 5′ss and 3′ss, the positional frequencies of the 

SCMs relative to the annotated splice junctions and the mutational spectrum (Fig. 3-

5) were further analyzed. In the 5′ss, SCMs were concentrated in the exonic regions 

at -3 and -2 (Fig. 3-5a). The dominant alternate bases were G and T at these sites, 

respectively, indicating that these substitutions created GYNGYN motifs [145], often 

observed in 5′ss. A comparatively smaller number of SCMs were observed in the 

intronic region next to the annotated exon–intron boundaries, in which the sequence 

motif for the 5′ss is located. In the rest of the regions, SCMs are fairly and uniformly 

distributed without positional preferences. In the 3′ss, the most frequent position for 

SCMs was position -1 in the intronic region, where the second base of the canonical 

dinucleotide is located (Fig. 3-5b). Some degree of concentration of SCMs were also 

observed at positions -5 and -4, with the dominant alternate base being A and G, 

respectively, creating NAGNAG motifs [146]. In contrast to the 5′ss, SCMs were 

rarely observed in exonic regions in 3′ss except for the positions closer to exon–

intron boundaries. This might be because both a canonical dinucleotide and a 

polypyrimidine tract are required to function as a novel 3′ss. In the case of SCMs in 

the intronic regions of 3′ss, an already existing polypyrimidine tract can be utilized to 

function as a novel 3′ss. This requirement for polypyrimidine tract in 3′ss might 

explain why the number of SCMs gradually decreased with distance from the original 

3′ss. 
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Fig. 3-5 Positional frequency and spectrum of SCMs. 

(a) 5′ss. (b) 3′ss. The positions of SCMs within 20-bp upstream and downstream of 

annotated splice sites, respectively, are shown in each panel. The dotted vertical line 

indicates the annotated original exon–intron boundary. The color codes for alternative 

bases are shown on the right side of each panel. Note that in each panel, there are 

only two alternative bases because only variants that create GT (for 5′ss) or AG (for 

3′ss) were considered. The SCMs that are more than 20-bp distant from the annotated 

original exon–intron boundary are not shown. The data for the information content at 

each splice site were taken from WebLogo 3 [8]. 
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3.3.5 Functional consequences of the identified SCMs and their 
possible contribution to pathogenesis 
The possible involvement in the pathogenesis of the potential SCMs identified in the 

4,054 genes known to be responsible for genetic disorders was systematically 

analyzed. Firstly, the identified SCMs were annotated in terms of genic regions, such 

as intronic and nonsynonymous, using ANNOVAR [144] (Table 3-3). Then, they 

were further divided into seven subcategories based on the classification in ClinVar, 

which reports the associated phenotypes for the variants [139], to see whether the 

SNVs identified as SCMs are already classified as pathogenic (Table 3-3). Only 149 

SNVs (2.6%) identified as SCMs are classified as either “pathogenic” (104 SNVs) or 

“likely pathogenic” (45 SNVs) in ClinVar, and for the rest of the SNVs, most (4,986 

SNVs) are even unregistered in ClinVar and have not yet been reported as 

pathogenic. 

 

 

As the pathogenicity of most of the SCMs is unclear, to investigate the 

functional consequences of the mutations, I examined whether the length alteration 

of exons induced by the SCMs might introduce PTCs that seem to trigger NMD or 

disrupt protein domain structures (Fig. 3-6). Among the 5,656 exons, whose lengths 

were altered by the SCMs, 466 had altered portions outside the protein-coding 

regions. In total, there were 3,023 SCMs (53.4%) that introduce PTCs either by 

frameshift (1,385 cases) or in the extended exon (1,638 cases). Using hmmscan, a 

tool for assigning annotated protein domains in amino acid sequences [135], also, 

919 exons (16.2%) in which the altered portions were located within annotated 

protein domains were identified. Therefore, 3,942 SCMs (69.7%) seemed to be 

associated with disorders, i.e., potentially pathogenic, either by introducing PTC or 

disrupting protein domains. 

ClinVar In intronic Nonsynonymous Synonymous Stopgain ncRNA 5'UTR 3'UTR Total
Not in ClinVar 2,640 1,207 709 160 1 222 47 4,986

Benign 12 5 18 0 0 0 0 35
Likely Benign 26 9 17 0 0 0 1 53

Uncertain Significance 142 141 56 1 0 3 1 344
Pathogenic 58 23 5 18 0 0 0 104

Likely Pathogenic 31 6 2 6 0 0 0 45
Others 35 27 26 1 0 0 0 89
Total 2,944 1,418 833 186 1 225 49 5,656

Table 3-3. Classification of the 5,656 SCMs using ANNOVAR and ClinVar.
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Fig. 3-6 Effect of SCM-induced length alterations on the transcripts and the 

proteins. 

The left pie chart shows the functional consequences of the 5,656 SCMs identified. 

“PTC” indicates those that seem to induce NMD by creating PTC. These are further 

divided into those that create PTCs by frameshifts and those that introduce in-frame 

PTC in the extended part of the affected exon. “Protein domain” indicates that the 

coding alteration by the SCM disrupts the protein domain structure. “Not in CDS” 

indicates that the SCMs are located outside of the protein-coding regions. “Others” 

indicates SCMs that do not seem to trigger NMD or those that reside outside the 

protein domain structures. 

 

I also conducted an analysis of the effect of SCMs on the transcripts using 

RNA-seq data that were obtained from the SCM containing samples in GTEx. For 

this, I focused on the 53 loci that I used to calculate PPV in the earlier section. Of 

these 53 loci, 29 seem to trigger NMD. For each of the 29 loci, I compared the 

normalized gene expression levels between the individual with the SCM and 100 

randomly selected individuals without the SCM to see if the gene expression is 

reduced as a result of NMD. The result shows that 13 (44.8%) of them have lower 

expression levels compared to the median values of the individuals without the 
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SCMs, although I could not assess their statistical significance because of the limited 

number of individuals for each SCM. Even if NMD is not efficiently working on the 

transcript with a PTC, it will lead to the production of truncated proteins by the PTC, 

which could have functional consequences. 

To further evaluate the contribution of SCMs to the pathogenesis of genetic 

disorders, the number of potentially pathogenic SCMs was compared with the 

number of known pathogenic mutations, most of which were identified as nonsense 

or missense mutations, or those that disrupt existing splice sites. There are 45,505 

mutations in ClinVar labeled as “pathogenic” in the 4,054 genes responsible for 

genetic disorders. Among the 3,942 potentially pathogenic SCMs, 60 overlapped 

with pathogenic mutations registered in ClinVar. Although these overlapping 

mutations are annotated as “pathogenic” in ClinVar because they either are 

nonsynonymous or disrupt existing splice sites, they might be pathogenic because 

of their splice-site-creating capability. The rest of the SCMs are not registered in 

ClinVar, indicating that 3,882 more mutations can be added, corresponding to 8.5% 

(3,882/45,505) of the known pathogenic mutations, as novel potential causes of 

genetic disorders. Even if the “likely pathogenic” mutations were included in this 

calculation, the total number will be 65,570 together with “pathogenic” mutations, the 

number of SCMs corresponds to 5.9% of these mutations. 
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3.3.6 Identification of SCMs possibly involved in the pathogenesis of 
ciliopathies from WES data 
The above analyses demonstrate the importance of SCMs as a cause of genetic 

disorders. Although WES analysis has been widely applied to identify causative 

mutations in genetic disorders, it is often difficult to identify mutations. In some cases, 

SCMs, which have not been actively considered causes of disorders, can be 

involved in pathogenesis. Therefore, I searched for SCMs in WES data in which 

causative mutations are yet to be identified. I focused on ciliopathies because WES 

data from a large cohort of patients and their unaffected family members are 

available in dbGaP [119] (dbGaP Study Accession: phs000288.v2.p2). Ciliopathies 

are human disorders in which genes related to primary cilia or motile cilia are 

mutated. Various phenotypes associated with ciliopathies have been reported 

throughout the body [120]. 

I identified potential SCMs by applying SpliceAI with a cutoff of 0.80 to the 

variant data obtained from the WES analysis of patients with ciliopathies and their 

unaffected family members downloaded from dbGaP. I restricted my search space 

for the SCMs to 434 genes for which involvement in ciliopathies was already 

suggested [120–134] (Supplementary Table 3-1). From these potential SCMs, I 

selected only those that introduced PTC or disrupted domain structures and then 

excluded those mutations with AF ≥ 0.01 or homozygous in normal individuals. I 

finally obtained 38 potential causative SCMs (Table 3-4). 
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Table 3-4. List of 38 potential causative SCMs that may be responsible for ciliopathies.
Homozygous Heterozygous

No.
individuals

No. individuals

(Affected) (Affected)
ENST00000378888.9:c.408C>T ENSP00000368166.5:p.Gly136Gly - 5ʹss No PTC Dishevelled 0 (0) 1 (1) - DVL1 AD Establishedb

ENST00000366637.7:c.1269-2A>G - - 3ʹss PTC in novel exon - 0 (0) 1 (0) - DISC1 Unknown Candidate
ENST00000272321.11:c.2079-20A>G - - 3ʹss PTC in novel exon - 0 (0) 1 (0) - WDPCP AR Established
ENST00000331683.9:c.1527+36A>G - 0.0007296 5ʹss PTC by frameshift - 0 (0) 8 (6) - SPAG16 AD Establishedb

ENST00000295709.7:c.3058-16C>G - - 3ʹss No PTC HEAT,HEAT_2,HEAT_EZ,Cnd1 0 (0) 1 (1) - STK36 AR Establishedb

ENST00000440121.1:c.2197-2A>G - 0.000006569 3ʹss PTC in novel exon - 0 (0) 1 (1) - TTC21A Unknown Candidate
ENST00000301831.8:c.1349-20T>G - 0.000486 3ʹss PTC in novel exon - 0 (0) 3 (1) - ULK4 Unknown Candidate
ENST00000420323.6:c.4086+27G>T - 0.00001314 5ʹss PTC by frameshift - 0 (0) 1 (1) - DNAH1 AR Established

ENST00000420323.6:c.9585G>T ENSP00000401514.2:p.Gly3195Gly - 5ʹss PTC by frameshift - 0 (0) 1 (1) - DNAH1 AR Established
ENST00000330852.9:c.76-9A>G - 0.00001977 3ʹss PTC in novel exon - 0 (0) 2 (1) - RAB28 AR Established
ENST00000274192.6:c.654C>T ENSP00000274192.5:p.Gly218Gly 0.00007229 5ʹss Do not trigger NMD Steroid_dh, DUF1295 0 (0) 2 (1) - SRD5A1 Unknown Candidate

ENST00000265104.4:c.10593T>A ENSP00000265104.4:p.Ser3531Ser 0.00007882 3ʹss No PTC AAA_9 0 (0) 1 (1) - DNAH5 AR Established
ENST00000356031.7:c.3621-3A>G - 0.0000657 3ʹss PTC in novel exon - 0 (0) 2 (2) - SPEF2 AR Establishedb

ENST00000356971.3:c.473A>G ENSP00000349458.3:p.Asp158Gly - 5ʹss PTC by frameshift - 0 (0) 1 (0) - ICK AR Established
ENST00000440747.5:c.1336-8G>A - - 3ʹss PTC by frameshift - 0 (0) 2 (1) - DNAAF5 AR Established
ENST00000404984.5:c.1591-16T>A - - 3ʹss No PTC IQ 1 (1) 0 (0) - IQCE AR Establishedb

ENST00000409508.7:c.4255-5A>G - 0.00001315 3ʹss PTC in novel exon - 0 (0) 1 (0) - DNAH11 AR Established
ENST00000262210.9:c.3206-13G>A - - 3ʹss PTC in novel exon - 3 (3) 1 (0) - CSPP1 AR Established

ENST00000242317.8:c.1309C>T ENSP00000242317.4:p.Gln437Ter - 5ʹss PTC by frameshift - 0 (0) 1 (1) - DNAI1 AR Established
ENST00000297814.6:c.2240-7G>A - 0.000711 3ʹss PTC in novel exon - 0 (0) 3 (2) - KIF27 Unknown Candidate
ENST00000305242.9:c.820-1G>A - 0.0000987 3ʹss PTC in novel exon - 0 (0) 2 (1) - ARMC4 AR Established
ENST00000534099.5:c.1407G>A ENSP00000434400.1:p.Pro469Pro 0.00009203 3ʹss No PTC Tub 0 (0) 2 (1) - TUB AR Established
ENST00000546141.5:c.101-9G>A - 0.00001316 3ʹss PTC by frameshift - 0 (0) 1 (1) - GLI1 Unknown Candidate

ENST00000411698.6:c.1504+9C>T - - 5ʹss PTC by frameshift - 0 (0) 1 (1) - MDM1 Unknown Candidate
ENST00000553106.5:c.1066-11G>A - 0.0003024 3ʹss No PTC Biopterin_H 0 (0) 4 (2) - PAH Unknown Candidate
ENST00000409039.7:c.10213A>G ENSP00000386770.3:p.Ile3405Val - 5ʹss PTC by frameshift - 0 (0) 1 (1) - DNAH10 Unknown Candidate

ENST00000319980.10:c.1710-4T>G - - 3ʹss No PTC TPR_8,TPR_1 0 (0) 2 (2) - IFT88 AR Establishedb

c.192G>Ca

(p.Glu64Asp)
ENST00000559838.5:c.438G>A ENSP00000453449.1:p.Val146Val - 3ʹss PTC in novel exon - 0 (0) 1 (1) - MOK Unknown Candidate
ENST00000443035.7:c.1361T>A ENSP00000391167.3:p.Leu454Gln - 3ʹss No PTC DENN 1 (1) 0 (0) - DENND4A Unknown Candidate
ENST00000379925.7:c.1877A>G ENSP00000369257.3:p.Asp626Gly - 5ʹss No PTC C2-C2_1 0 (0) 1 (1) - RPGRIP1L AR Established
ENST00000338694.6:c.357-1G>A - 0.0006964 3ʹss PTC in novel exon - 0 (0) 2 (2) - TEKT1 AR Establishedb

ENST00000570817.5:c.617C>T ENSP00000461374.1:p.Ala206Val 0.00003942 5ʹss PTC by frameshift - 0 (0) 3 (1) - CEP131 Unknown Candidate
ENST00000269392.8:c.516-10G>A - - 3ʹss PTC by frameshift - 0 (0) 2 (2) - CEP131 Unknown Candidate
ENST00000315396.7:c.1391+7C>T - 0.00001974 5ʹss PTC in novel exon - 0 (0) 2 (1) - CCDC114 AR Established
ENST00000278886.10:c.2125A>G ENSP00000278886.6:p.Met709Val 0.00001971 5ʹss PTC by frameshift - 0 (0) 1 (1) - NINL AR Candidate
ENST00000359568.9:c.1872C>G ENSP00000352572.5:p.Cys624Trp - 5ʹss PTC by frameshift - 0 (0) 1 (1) - PCNT AR Candidate

ENST00000357137.8:c.590-16G>A - - 3ʹss PTC in novel exon - 0 (0) 1 (1) - XPNPEP3 AR Established

AF: allele frequency; ss: splice site; CH: compound heterozygous.

0 (0) 3 (3) TTC8 AR Established

b: In a previous study [120], these genes were labeled as “candidate,” but I changed them to “established” because causative mutations have been identified in these genes in recent  reports  [123–125,127,129–131,133].

a: All affected individuals have this mutation. This mutation and the SCM seem to be in trans because, for one patient, there is a sibling who has this mutation but not the SCM. The other two patients are siblings in another family.

CH variants Gene Inheretance
Ciliopathy

gene

ENST00000536576.5:c.656A>G ENSP00000445067.2:p.Asp219Gly - 5ʹss PTC by frameshift -

Nucleotide change Amino acid change AF in gnomAD ss PTC Protein domain disruption
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One of the potential causative SCMs was found in the intronic region of the 

centrosome and spindle pole-associated protein 1 (CSPP1) (Fig. 3-7). The SCM is 

a G-to-A transition, which forms the first base of the canonical dinucleotide at the 

3′ss. The novel 3′ss is formed 11-bp upstream of the annotated original 3′ss (Fig. 3-

7). Due to the SCM, exon 27 (E27) is extended by 11-bp, generating an in-frame 

stop codon (Fig. 3-7). This mutation seems to be a rare variant as it is not registered 

in gnomAD. However, three ciliopathy patients were homozygous for the variant, 

one unaffected family member was heterozygous, and none of these patients had 

any known causative mutations, strongly suggesting that the SCM is a causative 

mutation. Although the SCM was found close to the 3′-end of the gene, exon 27, 

located downstream of the SCM, has a known pathogenic nonsense mutation 

(c.3212dup [p.Tyr1071Ter]) in Joubert syndrome, one of the disorders classified as 

ciliopathies, providing further evidence that the SCM may be involved in 

pathogenesis. 

Fig. 3-7 Schematics of exon extension by SCM found in CSPP1. 

The upper panel shows the gene structure of CSPP1 obtained from the gene 

annotation data of GENCODE [117] V24. The lower panel is a close-up view of the 

SCM and exon 27 (E27). The ClinVar track shows a known pathogenic variant, 

c.3212dup, for ciliopathy. The gene structure for a control individual is followed by that 

for an affected individual with the SCM (c.3206-13G>A) which induces an exon 

extension. The extended exon contains an in-frame stop codon, shown as an asterisk 

with a black background. 
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Another example of an SCM was found in the exonic region of the DENN 

domain containing 4A (DENND4A) gene (Fig. 3-8). The potential causative SCM is 

a T-to-A transversion, which forms the first base of the canonical dinucleotide at the 

3′ss. This mutation is a nonsynonymous substitution that replaces leucine with 

glutamine and is reported to be “probably damaging” by PolyPhen2 [147]. The novel 

3′ss is formed 51-bp downstream of the annotated original 3′ss, which results in a 

17 amino acid deletion without changing the downstream reading frame (Fig. 3-8a). 

Because the deleted segment is located within the DENN domain (Fig. 3-8b) and 

spans the three-dimensional protein structure (Fig. 3-8c and Supplementary Figure 

3-2), the deletion may affect the domain structure, hence, its function. The variant is 

not registered in gnomAD. One ciliopathy patient who does not have any known 

causative mutations for ciliopathy was homozygous for this variant. No pathogenic 

mutations have been reported for DENND4A in ClinVar. Although the involvement 

of this gene in ciliogenesis has been predicted by high-throughput genome-wide 

RNAi screens [134], direct evidence of its involvement in ciliopathy is yet to be 

reported. My finding that the ciliopathy patient has a homozygous potential SCM in 

this gene provides further evidence supporting its possible involvement in the 

pathogenesis of ciliopathy. 
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Fig. 3-8 Schematics of exon shrinkage by SCM found in DENND4A. 

(a) The upper panel shows the gene structure of DENND4A obtained from gene 

annotation data of the GENCODE [117] V24. The genomic coordinate is reversed so 

that the direction of transcription is from left to right. The lower panel is a close-up view 

of the SCM and exon 11 (E11). The gene structure for a control individual is followed 

by that for an affected individual with the SCM (c.1361T>A), which induces exon 

shrinkage. The dotted box indicates the region of the shrinkage. (b) Effect of the SCM 

on the protein domain structure. The protein domain architecture is taken from SMART 

[69]. The red rectangle indicates the 17-amino-acid-long fragment that is coded by the 

shrunken part of the exon. The vertical line indicates the position of the intron. The 

pink box indicates the low-complexity region. (c) A three-dimensional protein structural 

model of the DENN domain constructed by SWISS-MODEL [136]. The 17-amino-acid-

long fragment supposed to be deleted by the SCM is shown in red. 
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3.4 Discussion 
In this Chapter, to clarify the extent to which SCMs serve as a cause of genetic 

disorders, a systematic search for SCMs in genes known to be responsible for 

genetic disorders was conducted. By applying SpliceAI to variant data from gnomAD 

and evaluating their ability to form novel splice sites, I comprehensively searched for 

potentially disease-causing SCMs in various genetic diseases without using patient 

samples. I identified 3,942 potentially pathogenic SCMs in the 4,054 genes known 

to be responsible for genetic disorders. Because I adopted relatively simple criteria 

to assess their functional consequences, some of them may not have functional 

effects, hence, the number of potentially pathogenic SCMs may have been 

overestimated. For example, some cases in which the small insertion of peptides by 

SCMs are located on the surface loop region without any functions of the proteins 

might exist. Conversely, even among the remaining 1,248 SCMs, there can be some 

damaging mutations caused by other mechanisms than by introducing PTCs or 

disrupting protein domains, such as those altering disordered regions with a certain 

function like protein–protein interaction [148,149]. Using the publicly available RNA-

seq data obtained from individuals with the potential SCMs, I confirmed that the 

SCMs function as novel splice sites, as shown in the examples of the PCNT (Fig. 3-

3) and GAA loci (Fig. 3-4). By reanalyzing WES data of ciliopathies, with a focus on 

SCMs, I identified 38 novel candidate causative mutations. 

SCMs have been largely overlooked because they usually occur in non-

conserved regions, where it is difficult to evaluate their functional importance. With 

the advent of the highly accurate splice site prediction tool SpliceAI, it has become 

possible to evaluate the mutations occurring in such regions in terms of their 

potential as splice sites. Additionally, by combining large-scale RNA-seq data with 

corresponding individual genotype data [118], I confirmed the functional impact of 

some potential SCMs without conducting in vitro molecular biological experiments. 

However, for most SCMs, their function has not been proven yet because of the lack 

of RNA-seq data with those mutations. Nevertheless, I believe that my data could be 

a valuable resource in identifying causative mutations of genetic disorders even in 
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such a situation. For example, suppose a mutation corresponds to one of the 

potential SCMs, but no other obvious damaging mutations are identified in a disease 

sample. In that case, the potential SCM is a plausible candidate for a causative 

mutation. As the possible involvement of such mutations in abnormal splicing can be 

confirmed by analyzing the structure of transcripts, conducting RNA-seq along with 

genotyping can help improve diagnostic rate [74,150–152]. 

The number of SCMs associated with the genetic disorders would be a lower 

limit for two main reasons. The first reason is that I focused only on single-nucleotide 

substitutions that create either GT or AG dinucleotides in the canonical splice sites. 

There must be other mutations that strengthen existing cryptic splice sites 

[76,77,115] or create novel splicing regulatory elements (SREs), such as exonic 

splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing 

enhancers (ISEs), and intronic splicing silencers (ISSs) [53]. I also excluded 

mutations that occur in deep intronic regions more than 50 bp from an annotated 

exon–intron boundary from my analysis. I did not take these mutations into account 

because either the computational methods currently available to assess potential 

splice sites [90,94] were not designed to handle these sites or the accuracy of the 

predictions is known to be rather low. For example, if I apply SpliceAI to 111 deep 

intronic SCMs that I identified in Chapter 2 (Fig.2-12), only 10 had SpliceAI scores ≥ 

0.80, indicating that SpliceAI is not so suitable in detecting deep intronic SCMs. I 

adopted this rather stringent cutoff in this study to identify potential SCMs to exclude 

as many false positives as possible. However, this can be a bias in our list of potential 

SCMs. The second reason is that, in the search for SCMs in the genes involved in 

genetic disorders, I focused only on the variants registered in the gnomAD database. 

As I show in the reanalysis of the exome data for ciliopathies, in which I used all the 

variants identified for each sample, 52.6% (20/38) of the potential SCMs are not 

registered in gnomAD (Table 3-4). This suggests that the list of 5,656 potential SCMs 

has another bias relying on the gnomAD database. There could be approximately 

the same number of potential SCMs that are not registered in the current version of 

gnomAD. 
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The SCMs identified in this study can be applied in several ways. One such 

application is the diagnosis of genetic disorders. Diagnoses of genetic disorders may 

often be delayed because of their rarity in populations and of sometimes weak or no 

symptoms in early life. If, however, patients with genetic disorders, especially some 

metabolic disorders, are correctly diagnosed and properly treated in their early life, 

symptoms may be diminished or almost completely suppressed, leading to improved 

quality of life in the future [153]. For this purpose, neonatal screening has been 

developed and is being applied clinically. Although the actual involvement of the 

potentially pathogenic SCMs has yet to be experimentally proven, adding those 

SCMs that are confirmed to be pathogenic ones as part of neonatal screening will 

directly contribute to the improvement of the diagnostic rate of genetic disorders. 

Another application of the identified SCMs might be as therapeutic targets. Unlike 

mutations in coding regions and those that disrupt existing splice sites, SCMs can 

be direct therapeutic targets and treated, for example, by applying antisense 

oligonucleotides [154]. In the case of disorders caused by SCMs, the underlying 

pathogenic mechanism is the formation of novel splice sites by mutation. Thus, a 

well-designed antisense oligonucleotide that could bind and suppress the activity of 

the novel splice site created by the SCM could be used as a therapeutic agent. 

In conclusion, I showed that SCMs might be a common type of mutations 

causing genetic disorders as the number of SCMs is approximately 5.9%–8.5% of 

all currently known pathogenic mutations. I demonstrated that, by focusing on SCMs, 

the reanalysis of existing WES data for which the causative mutations have not yet 

been identified, can lead to the successful identification of candidate novel causative 

mutations, suggesting that SCMs should be considered a cause of genetic disorders. 
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Chapter 4. Conclusion 
4.1 Summary 
The purpose of this thesis is to identify novel mutations that are noteworthy in 

identifying causative mutations of genetic disorders and to improve the current low 

identification rate of causative mutations. I focused on splice-site-creating mutations 

(SCMs), which have been overlooked because they usually occur in non-conserved 

regions, and succeeded in identifying 3,942 novel candidate causative mutations. 

This number is equivalent to 5.9%–8.5% of all currently known causative mutations. 

Using whole exome sequencing (WES) data from ciliopathy patients available in 

public databases, I also successfully identified 38 novel candidate causative 

mutations. The results of this thesis demonstrate that by focusing on SCM, it is 

possible to identify novel causative mutations even in patients in whom causative 

mutations had not been identified. Therefore, I also strongly hope that researchers, 

doctors, and genetic counselors worldwide will consider the possibility that SCMs 

may be involved in genetic disorders and search for causative mutations in the future. 

 
4.2 Future tasks 

In Chapter 2, whole genome sequencing (WGS) and RNA-seq data was used to 

clarify the general frequency of SCMs in normal individuals. However, Chapter 2 

focused on pseudo-exons caused by SCMs in deep intronic regions and not on exon 

extension or exon shrinkage caused by SCMs around exonic regions. Therefore, I 

will analyze exon extension and exon shrinkage in normal individuals and aim to 

clarify the frequency and characteristics of their occurrence. 

The analysis pipeline for identifying candidate causative SCMs constructed 

in Chapter 3 targets mutations around exonic regions that can be detected by WES. 

This means that candidate causative SCMs in deep intronic regions cannot be 

analyzed with the pipeline. This is because it is difficult to identify SCMs in deep 

intronic regions by SpliceAI [94] used in Chapter 3. However, as of 2021, SpliceAI is 

the most accurate and powerful tool for predicting genetic variants that affect splicing 

[94,155,156], and there is no tool that can accurately assess variants in deep intronic 
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regions. Therefore, as soon as a tool that can accurately predict mutations in deep 

intronic regions is developed, I would like to identify candidate causative SCMs in 

those regions comprehensively. 

Additionally, insertions/deletions (indels) were excluded from the analysis in 

this study. Indels are known to occur at a frequency of 20% of single-nucleotide 

variants (SNVs) [157] and are essential mutations that should be considered for 

possible involvement in genetic disorders. Indeed, indels have been reported as 

causative SCMs [158]. However, SpliceAI cannot be used to analyze indels. 

Therefore, I would like to identify the SCMs of indels that are responsible for genetic 

disorders using WES and RNA-seq data obtained from patients. Recently, these 

data have become available from public databases. For example, there are data on 

patients with rare diseases that have not been diagnosed yet in Database of 

Genotypes and Phenotypes (dbGaP) [119] (for example, dbGaP Study Accession: 

phs001232.v4.p2), and I am planning to use these data to identify cases where 

SCMs of indels are involved in genetic disorders. I aim to further improve the 

identification rate of causative mutations by conducting these analyses. 
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Abbreviations used in this thesis 
 

3D three-dimensional 

3′ ss  3′ splice site 

5′ ss 5′ splice site 

ANNOVAR Annotate Variation 

BAM Binary Alignment Map 

BP branch point 

CARS2 cysteinyl-tRNA synthetase 2 

CASC3 cancer susceptibility candidate 3 

CNIH1 cornichon family AMPA receptor auxiliary protein 1 

CSPP1 centrosome and spindle pole-associated protein 1 

dbGaP  Database of Genotypes and Phenotypes 

DECID decay-inducing complex 

DENN differentially expressed in normal and neoplastic cells 

DENND4A DENN domain containing 4A 

DNA deoxyribonucleic acid 

eIF4A3 eukaryotic translation initiation factor 4A3 

EJC exon junction complex 

eRF1 eukaryotic release factor 1 

eRF3 eukaryotic release factor 3 

ESE exonic splicing enhancer 

ESS exonic splicing silencer 

FPKM  fragments per kilobase of exon per million reads mapped 

GAA acid alpha-glucosidase 

GH1 growth hormone 1 

gnomAD Genome Aggregation Database 

GTEx Genotype-Tissue Expression 

GTF General Transfer Format 

HISAT hierarchical indexing for spliced alignment of transcripts 

hnRNP heterogeneous nuclear ribonucleoprotein 
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IGHD II isolated growth hormone deficiency type II 

IGV Integrative Genomics Viewer 

Indel insertion/deletion 

ISE intronic splicing enhancer 

ISS intronic splicing silencer 

JAF junction allele fraction 

MAGOH mago-nashi homolog 

MOPD2 microcephalic osteodysplastic primordial dwarfism type II 

NIH National Institutes of Health 

NMD nonsense-mediated mRNA decay 

OMIM Online Mendelian Inheritance in Man 

p75TNFR human tumor necrosis factor receptor 

PCNT pericentrin 

RNA Pol II RNA polymerase II 

PPT polypyrimidine tract 

PPV positive predictive value 

pre-mRNA precursor mRNA 

PSI percent spliced in 

PTC  premature termination codon 

RBM8A RNA-binding motif protein 8A 

RNA ribonucleic acid 

RNA Pol II RNA polymerase II 

SCM splice-site-creating mutation 

SF1 splicing factor 1 

SMART Simple Modular Architecture Research Tool 

snRNP small nuclear ribonucleoprotein 

SNV single-nucleotide variant 

SR protein serine/arginine-rich protein 

SRE splicing regulatory element 

SURF SMG1-UPF1-eRF1/3 

U2AF U2 snRNP auxiliary factor 
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UCSC University of California, Santa Cruz 

UPF1 up-frameshift suppressor 1 homolog 

UPF2 up-frameshift suppressor 2 homolog 

UPF3B up-frameshift suppressor 3 homolog B 

VCF Variant Call Format 

WES whole exome sequencing 

WGS whole genome sequencing 
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Supplementary Figure 2-1. Pseudo-exon activation events that disrupt known protein domains. These pseudo-exons do 
not disrupt the reading frame of the original genes neither by frameshifts nor by introducing premature termination codons. 
For each panel, the gene structure on the genome is shown at the top, followed by the protein domain architecture. In the 
gene structure, the position of the pseudo-exon is indicated by a star in orange. Vertical lines in the protein domain 
architecture indicate the positions of introns. The star in orange in the protein domain architecture indicates the position 
where the pseudo-exon is inserted. (A) PRPF4, (B) RAB38, and (C) IL16.  
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Supplementary Figure 3-1. Schematics of exon shrinkage by SCM found in GAA.
The upper panel shows the gene structure of GAA obtained from the gene annotation data of GENCODE V29. 
The lower panel is a close-up view of the SCM and exon 5 (E5). The ClinVar track shows a known pathogenic 
variant, c.710C>T, for Pompe disease. The gene structure for a control individual is followed by that for an 
affected individual with the SCM (c.726G>A) which induces an exon shrinkage. The dotted box indicates the 
region of the shrinkage. The shrunken region changes the downstream reading frame.
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a b

Supplementary Figure 3-2. A three-dimensional protein structural model of the DENN domain.
(a) The three-dimensional structure of the DENN domain was predicted using AlfaFold2. The 17-amino-acid-
long fragment supposed to be deleted by the SCM is shown in red. The 3-amino-acids around deleted 17-
amino-acid-long fragment is shown in yellow. (b) The three-dimensional structure of the DENN domain upon 
deletion of 17-amino-acid-long fragment was predicted using AlfaFold2. The 3-amino-acids around deleted 17-
amino-acid-long fragment is shown in yellow.
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Number of SNVs Number of SNVs

(In exonic) (In intronic)

HG00096 84,807 1,654,349

HG00097 84,437 1,661,294

HG00099 84,678 1,650,875

HG00100 85,903 1,654,194

HG00102 83,860 1,640,779

HG00105 84,447 1,651,108

HG00106 85,123 1,666,431

HG00109 85,123 1,649,263

HG00110 84,878 1,645,359

HG00111 84,722 1,639,194

HG00112 84,392 1,645,480

HG00114 83,752 1,641,813

HG00116 84,165 1,646,082

HG00119 85,382 1,657,672

HG00120 84,513 1,652,054

HG00129 84,044 1,636,635

HG00132 83,911 1,645,430

HG00133 84,994 1,664,582

HG00137 84,446 1,646,310

HG00138 84,751 1,652,593

HG00146 84,553 1,643,219

HG00148 84,421 1,656,367

HG00151 84,240 1,638,560

HG00177 83,998 1,634,551

HG00178 84,318 1,648,009

HG00181 85,701 1,666,234

HG00183 85,470 1,650,441

HG00187 84,012 1,650,898

HG00189 83,977 1,647,036

HG00231 84,454 1,642,625

HG00233 84,494 1,649,325

HG00234 84,988 1,652,023

HG00236 85,257 1,659,568

Individual IDs

Supplementary Table 2-1. Number of SNVs per sample used in this study.
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HG00238 85,286 1,653,450

HG00239 84,899 1,654,820

HG00245 85,531 1,657,607

HG00251 84,973 1,651,470

HG00255 85,220 1,655,835

HG00261 83,871 1,649,893

HG00262 84,430 1,649,749

HG00265 84,210 1,644,372

HG00267 84,971 1,645,628

HG00269 83,551 1,642,857

HG00271 85,226 1,655,200

HG00272 83,814 1,642,051

HG00275 84,035 1,646,184

HG00276 85,176 1,652,691

HG00277 83,659 1,633,271

HG00278 85,257 1,651,722

HG00282 84,562 1,653,239

HG00309 84,955 1,653,546

HG00311 84,102 1,635,234

HG00313 84,738 1,644,691

HG00315 85,015 1,644,300

HG00321 83,841 1,640,221

HG00325 84,780 1,644,358

HG00326 84,871 1,649,595

HG00327 84,520 1,637,534

HG00328 84,583 1,644,102

HG00330 85,173 1,649,774

HG00332 85,015 1,654,933

HG00334 84,962 1,658,633

HG00335 84,932 1,658,977

HG00336 84,624 1,652,399

HG00337 84,740 1,654,394

HG00338 85,132 1,648,289

HG00341 85,810 1,663,706

HG00345 84,864 1,656,748

HG00346 84,300 1,639,322
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HG00349 84,051 1,644,513

HG00355 84,750 1,645,026

HG00356 84,921 1,651,451

HG00358 84,746 1,646,726

HG00364 84,094 1,664,035

HG00367 85,284 1,654,794

HG00369 84,686 1,648,685

HG00373 84,904 1,640,369

HG00376 84,404 1,645,551

HG00378 84,381 1,648,745

HG00382 83,803 1,646,513

HG00384 85,098 1,649,038

HG01791 84,907 1,647,637

NA06985 83,899 1,658,904

NA06986 84,674 1,651,490

NA07037 85,385 1,665,455

NA07048 84,592 1,656,373

NA07051 83,805 1,635,812

NA07357 85,494 1,643,686

NA10847 85,085 1,647,934

NA10851 84,282 1,651,771

NA11829 85,081 1,650,702

NA11830 83,840 1,641,578

NA11832 84,611 1,663,987

NA11843 85,047 1,658,739

NA11894 84,889 1,660,717

NA11920 85,805 1,657,866

NA11931 84,386 1,651,019

NA11994 84,717 1,654,256

NA12005 83,641 1,641,624

NA12006 85,023 1,659,045

NA12043 84,123 1,640,826

NA12044 83,533 1,653,770

NA12154 84,506 1,657,581

NA12155 85,152 1,654,953

NA12156 85,125 1,655,001

95



NA12249 84,316 1,635,872

NA12283 84,727 1,657,547

NA12286 84,667 1,660,565

NA12341 84,790 1,662,946

NA12342 84,277 1,643,610

NA12347 84,747 1,653,636

NA12348 85,436 1,664,076

NA12399 85,579 1,651,855

NA12400 84,749 1,647,595

NA12413 83,406 1,645,350

NA12546 85,006 1,662,261

NA12718 84,963 1,641,939

NA12750 84,580 1,652,698

NA12751 84,616 1,647,875

NA12761 83,693 1,647,275

NA12763 84,858 1,656,396

NA12776 84,505 1,655,702

NA12777 84,852 1,650,948

NA12812 84,279 1,651,412

NA12813 84,893 1,648,142

NA12829 84,248 1,646,868

NA12842 85,377 1,655,304

NA12843 84,358 1,659,486

NA12872 84,710 1,661,904

NA12889 84,843 1,648,241

NA18858 104,734 2,033,794

NA18861 105,423 2,041,043

NA18868 105,025 2,036,500

NA18870 105,690 2,041,623

NA18907 104,469 2,036,812

NA18908 104,399 2,032,602

NA18909 104,508 2,020,617

NA18916 105,201 2,037,634

NA18923 104,933 2,029,081

NA18934 104,264 2,023,067

NA19093 104,700 2,016,628
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NA19095 104,808 2,031,059

NA19096 104,941 2,036,754

NA19098 105,186 2,034,196

NA19107 104,258 2,029,643

NA19108 104,666 2,032,627

NA19114 105,398 2,033,407

NA19116 104,948 2,027,086

NA19117 103,589 2,023,405

NA19119 104,826 2,023,214

NA19121 103,322 2,014,147

NA19129 104,535 2,029,605

NA19130 104,963 2,035,639

NA19131 105,019 2,036,398

NA19137 103,871 2,015,373

NA19138 103,622 2,022,352

NA19141 103,872 2,024,076

NA19143 104,454 2,027,288

NA19144 105,564 2,038,903

NA19146 104,688 2,035,345

NA19147 105,466 2,035,562

NA19152 104,266 2,030,778

NA19153 104,371 2,024,412

NA19171 104,437 2,024,050

NA19175 103,599 2,027,835

NA19189 104,172 2,019,442

NA19197 104,896 2,033,364

NA19198 104,703 2,023,341

NA19200 104,018 2,024,070

NA19201 104,390 2,018,551

NA19206 103,964 2,019,439

NA19209 104,154 2,021,124

NA19210 104,924 2,032,632

NA19213 104,777 2,030,351

NA19214 104,412 2,037,254

NA19222 104,799 2,023,795

NA19225 104,774 2,032,245
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NA19247 103,953 2,018,218

NA19248 104,160 2,030,504

NA19256 104,605 2,025,495

NA19257 104,582 2,030,927

NA20502 83,959 1,639,744

NA20503 85,427 1,665,891

NA20504 84,988 1,663,401

NA20506 85,594 1,666,787

NA20509 86,322 1,670,333

NA20512 85,212 1,661,825

NA20513 85,630 1,663,639

NA20514 84,632 1,646,703

NA20515 84,561 1,659,903

NA20516 85,403 1,651,224

NA20517 85,823 1,668,090

NA20521 85,975 1,660,738

NA20524 85,106 1,657,620

NA20527 85,068 1,670,587

NA20528 85,302 1,662,176

NA20529 85,451 1,652,799

NA20530 84,976 1,657,024

NA20531 85,507 1,660,933

NA20535 84,818 1,658,575

NA20538 85,635 1,664,724

NA20541 85,372 1,658,896

NA20543 85,777 1,673,619

NA20581 85,480 1,665,255

NA20585 83,271 1,635,781

NA20586 84,770 1,653,462

NA20588 85,322 1,659,632

NA20760 85,871 1,661,855

NA20761 84,811 1,662,765

NA20765 85,935 1,665,110

NA20766 85,909 1,665,766

NA20768 85,364 1,662,049

NA20771 85,563 1,657,664
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NA20772 85,836 1,660,727

NA20778 84,196 1,660,549

NA20783 85,239 1,663,446

NA20786 86,281 1,669,706

NA20787 85,855 1,661,808

NA20790 85,965 1,669,821

NA20792 85,210 1,655,634

NA20796 84,325 1,645,297

NA20797 85,217 1,663,356

NA20798 85,307 1,654,331

NA20800 84,973 1,653,449

NA20802 86,381 1,662,610

NA20806 85,154 1,668,485

NA20807 84,744 1,660,134

NA20808 85,073 1,665,899

NA20809 85,690 1,659,032

NA20810 85,397 1,669,856

NA20811 85,494 1,669,742

NA20812 85,558 1,661,593

NA20813 85,250 1,665,392

NA20814 84,997 1,667,814

NA20828 84,998 1,665,969
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Supplementary Table 2-2. List of pseudo-exons identified in this study.

chr1 882,137 882,244 - 882,254 G A 0.000732764 3ʹss NOC2L No PTC Inter domain region 0.03±0.01 5 0

chr1 6,251,934 6,251,981 - 6,251,932 G A - 5ʹss RPL22 No PTC Inter domain region <0.01 1 0

chr1 6,251,934 6,252,049 - 6,251,932 G A - 5ʹss RPL22 PTC by frameshift - <0.01 1 0

chr1 32,610,948 32,611,068 + 32,611,070 C T 0.000160803 5ʹss KPNA6 PTC in pseudo-exon - 0.04 1 0

chr1 33,313,272 33,313,323 + 33,313,271 A G 0.000191083 3ʹss S100PBP PTC in pseudo-exon - 0.92 1 0

chr1 95,405,349 95,405,481 + 95,405,348 T G 0.000637186 3ʹss LOC729970 Not in CDS - 0.83 1 0

chr1 95,702,899 95,703,016 + 95,702,898 A G 0.0521736 3ʹss RWDD3 PTC in pseudo-exon - 0.63±0.10 19 1

chr1 110,946,107 110,946,227 - 110,946,104 C T - 5ʹss LAMTOR5 PTC in pseudo-exon - 0.01 1 0

chr1 173,694,857 173,694,997 + 173,694,842 G T 0.00321574 3ʹss KLHL20 PTC in pseudo-exon - 0.22 1 0

chr1 181,549,278 181,549,460 + 181,549,466 G A 3.18573E-05 5ʹss CACNA1E PTC in pseudo-exon - 0.15 1 0

chr1 200,553,866 200,554,015 - 200,554,015 A C 0.00165584 3ʹss KIF14 No PTC Inter domain region 0.18 1 0

chr2 27,011,589 27,011,686 + 27,011,688 C T - 5ʹss CENPA PTC in pseudo-exon - 0.69 1 0

chr2 47,225,808 47,226,796 + 47,226,801 A G - 5ʹss TTC7A PTC in pseudo-exon - 0.1 1 0

chr2 47,226,626 47,226,796 + 47,226,801 A G - 5ʹss TTC7A PTC in pseudo-exon - 0.1 1 0

chr2 74,190,779 74,190,843 - 74,190,779 G C 0.00272418 5ʹss DGUOK-AS1 Not in CDS - 0.7 2 0

chr2 127,438,330 127,438,380 + 127,438,329 T G 0.00433038 3ʹss GYPC Not in CDS - 0.06 1 0

chr2 176,020,248 176,020,299 - 176,020,301 C T 3.18674E-05 3ʹss ATF2 Not in CDS - 0.15 1 0

chr3 16,488,265 16,488,355 - 16,488,266 C T - 5ʹss RFTN1 PTC in pseudo-exon - 0.08 1 0

chr3 123,649,509 123,649,726 - 123,649,732 C G - 3ʹss CCDC14 PTC in pseudo-exon - 0.13 1 0

chr4 17,580,691 17,580,803 + 17,580,681 G T 0.00340764 3ʹss LAP3 PTC in pseudo-exon - 0.01 1 0

chr4 17,600,401 17,600,502 + 17,600,399 G A 0.000300581 3ʹss LAP3 No PTC Inter domain region <0.01 1 0

chr4 100,009,173 100,009,286 - 100,009,170 G T 0.00191083 5ʹss ADH5 No PTC Inter domain region 0.03 1 0

chr4 113,483,924 113,484,034 - 113,483,926 A C 0.000031839 5ʹss ZGRF1 PTC in pseudo-exon - 0.19 1 0

chr4 186,276,303 186,276,363 + 186,276,364 A G - 5ʹss SNX25 PTC in pseudo-exon - 0.88 1 0

chr5 72,850,950 72,851,088 - 72,851,090 C T 0.00124228 3ʹss ANKRA2 PTC in pseudo-exon - 0.19 1 0

chr5 77,026,223 77,026,280 - 77,026,221 C A 0.0717929 5ʹss TBCA PTC in pseudo-exon - 0.01±0.00 30 0

chr5 81,572,895 81,572,990 - 81,572,890 G C 0.00202271 5ʹss RPS23 No PTC Inter domain region 0.06 1 0

chr5 134,042,392 134,042,543 + 134,042,544 C G 9.55536E-05 5ʹss SEC24A PTC in pseudo-exon - 0.03 1 0

chr5 139,932,741 139,932,889 - 139,932,740 T C 0.0163203 5ʹss SRA1 PTC in pseudo-exon - 0.03±0.01 4 0

chr6 5,325,369 5,325,539 + 5,325,357 G T 0.0023893 3ʹss FARS2 Not in CDS - 0.37 1 0

chr6 30,623,468 30,623,633 - 30,623,466 T A - 5ʹss DHX16 PTC by frameshift - 0.08 1 0

chr6 43,015,325 43,015,513 - 43,015,321 C T 0.000127453 5ʹss CUL7 No PTC Inter domain region 0.5 1 0

chr6 43,022,414 43,022,508 - 43,022,408 G A - 5ʹss MRPL2 PTC in pseudo-exon - 0.06 1 0

chr6 53,194,275 53,194,735 - 53,194,274 T C 0.00359964 5ʹss ELOVL5 Not in CDS - 0.04 2 0

chr6 88,294,961 88,295,044 - 88,294,960 T C 9.55171E-05 5ʹss RARS2 PTC in pseudo-exon - 0.52 1 0

chr6 111,214,505 111,214,549 + 111,214,550 A G 0.00464909 5ʹss AMD1 No PTC Inter domain region 0.13 1 0

chr6 139,354,886 139,354,992 + 139,354,992 A G 0.0609304 5ʹss ABRACL Not in CDS - 0.04±0.01 29 0

chr6 143,507,663 143,507,763 + 143,507,763 C G 0.00101898 5ʹss AIG1 PTC by frameshift - 0.57 1 0

chr7 5,266,632 5,266,732 + 5,266,629 G C 0.00624761 3ʹss WIPI2 PTC in pseudo-exon - 0.03 1 0

chr7 29,964,230 29,964,314 - 29,964,316 A T 0.000159571 3ʹss SCRN1 PTC by frameshift - 0.06 2 0

chr7 43,695,632 43,695,752 - 43,695,628 C T 0.0984259 5ʹss COA1 Not in CDS - 0.83±0.08 41 6

chr7 76,634,115 76,634,264 + 76,634,267 G A 0.0155617 5ʹss DTX2P1-UPK3BP1-PMS2P11 Not in CDS - 0.34±0.12 5 0

chr7 94,265,107 94,265,389 - 94,265,102 T C 0.00375724 5ʹss SGCE PTC in pseudo-exon - 0.08 1 0

chr7 99,955,063 99,955,158 + 99,955,060 G C 6.37308E-05 3ʹss STAG3L5P-PVRIG2P-PILRB Not in CDS - 0.49 1 0

chr7 99,964,625 99,964,749 + 99,964,750 C G 0.0017226 5ʹss PILRB PTC in pseudo-exon - 0.26 1 0

chr7 99,964,721 99,964,749 + 99,964,750 C G 0.0017226 5ʹss PILRB PTC in pseudo-exon - 0.26 1 0

chr7 135,351,122 135,351,259 + 135,351,260 C G 0.00535339 5ʹss C7orf73 No PTC Inter domain region 0.06±0.01 5 0

chr8 99,227,961 99,228,061 - 99,227,960 G C 0.000127364 5ʹss NIPAL2 PTC in pseudo-exon - 0.12 1 0

chr9 86,255,902 86,255,974 + 86,255,979 A G 0.0150637 5ʹss IDNK PTC in pseudo-exon - 0.28±0.03 3 0

chr9 92,035,276 92,035,336 - 92,035,275 T C 0.00563515 5ʹss SEMA4D Not in CDS - 0.28±0.06 4 0

chr9 111,637,915 111,638,015 - 111,637,912 C T 0.00168768 5ʹss IKBKAP PTC in pseudo-exon - 0.08 1 0

chr9 116,051,691 116,051,795 + 116,051,798 G A - 5ʹss PRPF4 No PTC Within domain 0.02 1 0

chr9 135,519,082 135,519,210 - 135,519,076 G A 0.00095645 5ʹss DDX31 PTC in pseudo-exon - 0.21 1 0

chr9 136,239,462 136,239,529 - 136,239,462 T C 0.000063678 5ʹss SURF4 PTC in pseudo-exon - 0.04 1 0

chr10 7,837,521 7,837,579 + 7,837,584 A G 0.000987198 5ʹss ATP5C1 PTC in pseudo-exon - 0.03 1 0

chr10 7,839,772 7,839,839 + 7,839,840 A G 0.000318471 5ʹss ATP5C1 PTC in pseudo-exon - <0.01 1 0

chr10 32,635,026 32,635,076 - 32,635,025 T C 0.00101911 5ʹss EPC1 PTC in pseudo-exon - 0.93 1 0

chr10 38,654,838 38,654,939 + 38,654,940 T G 0.216145 5ʹss HSD17B7P2 Not in CDS - 0.49±0.15 92 11

chr10 127,485,385 127,485,430 - 127,485,384 T C 6.36902E-05 5ʹss UROS PTC in pseudo-exon - 0.15 1 0

chr10 127,502,483 127,502,635 - 127,502,635 T C 0.00146515 3ʹss UROS PTC in pseudo-exon - 0.02 1 0

chr11 4,414,142 4,414,337 - 4,414,137 T C - 5ʹss TRIM21 Not in CDS - 0.33 1 0

chr11 69,487,151 69,487,271 - 69,487,150 T C - 5ʹss ORAOV1 PTC in pseudo-exon - 0.31 1 0

chr11 71,157,568 71,157,656 - 71,157,567 G C 0.0271355 5ʹss DHCR7 Not in CDS - 0.02±0.01 9 0

chr11 72,610,673 72,610,777 - 72,610,668 G C 0.00180111 5ʹss FCHSD2 No PTC Inter domain region 0.05 2 0

chr11 74,663,547 74,663,624 + 74,663,544 T C 0.000732484 3ʹss SPCS2 No PTC Inter domain region 0.03 2 0

chr11 87,884,977 87,885,042 - 87,884,976 G C 9.55231E-05 5ʹss RAB38 No PTC Within domain 0.14 1 0

chr12 4,646,529 4,646,680 - 4,646,528 T C - 5ʹss C12orf4 Not in CDS - 0.64 1 0

chr12 16,503,692 16,503,788 + 16,503,789 T G 0.00915821 5ʹss MGST1 Not in CDS - 0.31±0.12 6 0

chr12 32,835,808 32,835,889 + 32,835,891 C T 0.00168811 5ʹss DNM1L PTC in pseudo-exon - 0.05 2 0

chr12 113,348,549 113,348,652 + 113,348,654 C T 0.0295243 5ʹss OAS1 PTC by frameshift - 0.12±0.25 8 1

chr12 120,883,446 120,883,539 - 120,883,445 T C 6.36983E-05 5ʹss TRIAP1 PTC in pseudo-exon - 0.94 1 0

chr12 123,038,820 123,038,906 + 123,038,909 G A 0.00324196 5ʹss KNTC1 PTC in pseudo-exon - 0.19 1 0

chr12 133,312,785 133,312,935 - 133,312,783 G A 0.00442647 5ʹss ANKLE2 PTC in pseudo-exon - 0.14±0.02 4 0

chr13 42,349,639 42,350,609 - 42,349,637 G A 0.000573431 5ʹss VWA8 PTC in pseudo-exon - 0.12 1 0

chr13 50,007,912 50,007,982 - 50,007,910 T A - 5ʹss CAB39L Not in CDS - 0.45 1 0

chr13 111,320,468 111,320,545 - 111,320,558 G A 0.0030249 3ʹss CARS2 No PTC Inter domain region 0.14 2 0

chr14 23,251,147 23,251,268 - 23,251,146 G C 0.00506402 5ʹss SLC7A7 PTC in pseudo-exon - 0.11 1 0

chr14 54,907,321 54,907,427 - 54,907,319 G A - 5ʹss CNIH1 PTC in pseudo-exon - 0.24 1 0

chr14 105,954,227 105,954,364 + 105,954,368 G A 0.00885689 5ʹss CRIP1 PTC in pseudo-exon - 0.43±0.41 5 0

chr14 106,327,524 106,327,578 - 106,327,581 C G - 3ʹss IGHE Not in CDS - 0.03 1 0

chr15 23,311,070 23,311,188 - 23,311,201 C T 0.014111 3ʹss HERC2P2 Not in CDS - 0.32±0.13 5 1

chr15 28,900,641 28,900,819 + 28,900,821 G T 0.00169912 5ʹss HERC2P9 Not in CDS - N/Ac 1 1

PSI valueb
No.

individuals
No. individuals with

homozygous mutationsAlt Alternate allele
frequency ss Gene PTC

Protein domain
disruptiona

Chromosome Start End Direction SNV position Ref
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chr15 31,516,048 31,516,188 - 31,516,046 C A 6.36983E-05 5ʹss LOC283710 PTC in pseudo-exon - 0.67 1 0

chr15 77,542,038 77,542,165 - 77,542,037 T C 0.00200675 5ʹss PEAK1 Not in CDS - 0.43 1 0

chr15 81,600,452 81,600,478 + 81,600,451 T G 0.0594889 3ʹss IL16 No PTC Within domain 0.10±0.03 23 0

chr16 4,457,198 4,457,255 - 4,457,256 T C 3.22269E-05 3ʹss CORO7 PTC in pseudo-exon - 0.08 1 0

chr16 57,199,458 57,199,564 - 57,199,456 G A 0.000382312 5ʹss FAM192A PTC in pseudo-exon - 0.03 1 0

chr16 58,662,843 58,663,002 - 58,662,841 G A 0.0459236 5ʹss CNOT1 Not in CDS - 0.09±0.04 10 3

chr16 70,318,544 70,318,636 - 70,318,544 G C 0.00114694 5ʹss AARS Not in CDS - 0.35±0.04 5 0

chr16 88,739,004 88,739,579 + 88,738,999 C T 0.000350162 3ʹss SNAI3-AS1 Not in CDS - 0.38 1 0

chr16 89,829,046 89,829,201 - 89,829,201 G C 0.414918 3ʹss FANCA PTC in pseudo-exon - 0.12±0.04 83 37

chr16 90,020,442 90,020,517 + 90,020,523 G T - 5ʹss DEF8 PTC by frameshift - 0.39 1 0

chr17 4,211,715 4,211,816 - 4,211,714 G C - 5ʹss UBE2G1 PTC in pseudo-exon - 0.08 1 0

chr17 28,253,297 28,253,389 - 28,253,295 G A - 5ʹss SSH2 No PTC Inter domain region 0.34 1 0

chr17 40,440,948 40,441,015 + 40,441,014 G A 0.0230534 5ʹss STAT5A Not in CDS - 0.55±0.05 6 0

chr17 43,712,667 43,712,764 + 43,712,766 C T 0.00404613 5ʹss MGC57346 Not in CDS - 0.62 2 0

chr18 2,608,230 2,608,347 + 2,608,350 G A 0.00227652 5ʹss NDC80 PTC in pseudo-exon - 0.04 1 0

chr18 23,641,965 23,642,060 - 23,641,963 G A 0.00499936 5ʹss SS18 No PTC Inter domain region 0.37±0.30 4 0

chr19 8,312,329 8,312,446 + 8,312,447 A G 0.033161 5ʹss CERS4 Not in CDS - 0.74±0.10 18 2

chr19 13,886,291 13,886,376 + 13,886,283 A C 0.00322087 3ʹss C19orf53 PTC in pseudo-exon - 0.01 2 0

chr19 13,886,291 13,886,427 + 13,886,283 A C 0.00322087 3ʹss C19orf53 PTC in pseudo-exon - 0.03±0.02 3 0

chr19 19,151,482 19,151,601 + 19,151,481 A G 3.36225E-05 3ʹss ARMC6 PTC in pseudo-exon - 0.54 1 0

chr19 19,151,482 19,151,640 + 19,151,481 A G 3.36225E-05 3ʹss ARMC6 PTC in pseudo-exon - 0.33 1 0

chr19 58,776,501 58,776,589 - 58,776,500 T C - 5ʹss ZNF544 Not in CDS - 0.31 1 0

chr20 252,598 252,655 - 252,596 T A 0.00197503 5ʹss C20orf96 PTC in pseudo-exon - 0.3 2 0

chr20 13,604,563 13,604,608 - 13,604,561 T A - 5ʹss TASP1 PTC in pseudo-exon - 0.43 1 0

chr20 35,236,988 35,237,109 + 35,237,112 G A 0.007424 5ʹss C20orf24 PTC by frameshift - 0.03 2 0

chr21 17,240,254 17,240,381 + 17,240,253 A G 0.00194391 3ʹss USP25 Not in CDS - 0.06 1 0

chr21 26,758,995 26,759,072 - 26,758,994 T C 0.0993755 5ʹss LINC00158 Not in CDS - 0.17±0.06 37 2

chr21 33,980,707 33,980,799 - 33,980,705 G A 0.0394239 5ʹss C21orf59 No PTC Inter domain region 0.04±0.01 10 0

chr21 34,789,253 34,789,394 + 34,789,395 A G - 5ʹss IFNGR2 Not in CDS - 0.4 1 0

chr21 44,326,950 44,327,012 + 44,327,013 A G 0.0610665 5ʹss NDUFV3 PTC in pseudo-exon - 0.29±0.26 34 1

chr21 45,759,596 45,759,682 + 45,759,683 A G 0.00226086 5ʹss AP001062.9 Not in CDS - 0.83 2 0

chr22 39,419,690 39,419,852 + 39,419,677 C T 0.00188498 3ʹss APOBEC3D PTC in pseudo-exon - 0.16 1 0

chr22 45,717,923 45,718,049 + 45,718,050 A G - 5ʹss FAM118A Not in CDS - 0.82 1 0

chr22 50,695,706 50,696,089 - 50,695,707 C T 0.0025834 5ʹss MAPK12 PTC in pseudo-exon - 0.14 1 0

a: For pseudo-exons that do not disrupt the reading frame of the original genes, I determined the position of the pseudo-exon insertion in the protein domain architecture.
b: PSI values were calculated only for the samples heterozygous for the causative SCM. A standard deviation value is provided for the pseudo-exons identified in more than two individuals.
c: PSI value was not calculated because the sample was homozygous for the causative SCM.
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Supplementary Table 3-1. List of the 434 ciliopathy-related genes.
Gene ENSEMBL ID Ciliopathy gene References

ADCY3 ENSG00000138031.14 Candidate [120]

ADCY6 ENSG00000174233.11 Established [120]

AHI1 ENSG00000135541.20 Established [120]

AK7 ENSG00000140057.8 Established [120]

AKAP9 ENSG00000127914.16 Candidate [120]

ALMS1 ENSG00000116127.17 Established [120]

ANKRD26 ENSG00000107890.16 Candidate [120]

ANKS3 ENSG00000168096.14 Established [120]

ANKS6 ENSG00000165138.17 Established [120]

ANO2 ENSG00000047617.14 Candidate [120]

ARF4 ENSG00000168374.10 Candidate [120]

ARL13B ENSG00000169379.15 Established [120]

ARL2 ENSG00000213465.7 Candidate [120]

ARL2BP ENSG00000102931.7 Established [120]

ARL3 ENSG00000138175.8 Established [120]

ARL6 ENSG00000113966.9 Established [120]

ARMC4 ENSG00000169126.15 Established [120]

ASAP1 ENSG00000153317.14 Candidate [120]

ATXN10 ENSG00000130638.15 Established [120]

AURKA ENSG00000087586.17 Candidate [120]

B9D1 ENSG00000108641.14 Established [120]

B9D2 ENSG00000123810.7 Established [120]

BBIP1 ENSG00000214413.7 Established [120]

BBS1 ENSG00000174483.19 Established [120]

BBS2 ENSG00000125124.11 Established [120]

BBS4 ENSG00000140463.13 Established [120]

BBS5 ENSG00000163093.11 Established [120]

BBS7 ENSG00000138686.9 Established [120]

BBS9 ENSG00000122507.20 Established [120]

BBS10 ENSG00000179941.6 Established [120]

BBS12 ENSG00000181004.9 Established [120]

C2CD3 ENSG00000168014.16 Established [120]

CACNA1I ENSG00000100346.17 Candidate [122]

CATIP ENSG00000158428.3 Candidate [120]
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CBY1 ENSG00000100211.10 Candidate [120]

CC2D2A ENSG00000048342.15 Established [120]

CCDC13 ENSG00000244607.5 Candidate [120]

CCDC14 ENSG00000175455.14 Candidate [120]

CCDC18 ENSG00000122483.17 Candidate [120]

CCDC22 ENSG00000101997.12 Candidate [120]

CCDC39 ENSG00000145075.11 Established [120]

CCDC40 ENSG00000141519.14 Established [120]

CCDC63 ENSG00000173093.12 Candidate [120]

CCDC65 ENSG00000139537.10 Established [120]

CCDC66 ENSG00000180376.16 Candidate [120]

CCDC103 ENSG00000167131.16 Established [120]

CCDC112 ENSG00000164221.12 Candidate [120]

CCDC114 ENSG00000105479.15 Established [120]

CCDC151 ENSG00000198003.11 Established [120]

CCDC28B ENSG00000160050.14 Established [120]

CCDC88A ENSG00000115355.15 Candidate [120]

CCNO ENSG00000152669.8 Established [120]

CDK5RAP2 ENSG00000136861.17 Candidate [120]

CDKL5 ENSG00000008086.10 Candidate [120]

CELSR2 ENSG00000143126.7 Established [126]

CENPF ENSG00000117724.12 Established [120]

CENPJ ENSG00000151849.14 Candidate [120]

CEP19 ENSG00000174007.7 Established [120]

CEP41 ENSG00000106477.18 Established [120]

CEP63 ENSG00000182923.16 Candidate [120]

CEP72 ENSG00000112877.7 Candidate [120]

CEP76 ENSG00000101624.10 Candidate [120]

CEP78 ENSG00000148019.12 Established [120]

CEP83 ENSG00000173588.14 Established [120]

CEP89 ENSG00000121289.17 Candidate [120]

CEP97 ENSG00000182504.10 Candidate [120]

CEP104 ENSG00000116198.12 Established [120]

CEP120 ENSG00000168944.15 Established [120]

CEP128 ENSG00000100629.16 Candidate [120]

CEP131 ENSG00000141577.13 Candidate [120]
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CEP135 ENSG00000174799.10 Candidate [120]

CEP152 ENSG00000103995.13 Candidate [120]

CEP162 ENSG00000135315.11 Candidate [120]

CEP164 ENSG00000110274.14 Established [120]

CEP170 ENSG00000143702.15 Candidate [120]

CEP192 ENSG00000101639.18 Candidate [120]

CEP250 ENSG00000126001.15 Candidate [120]

CEP290 ENSG00000198707.14 Established [120]

CEP350 ENSG00000135837.15 Candidate [120]

CETN1 ENSG00000177143.4 Candidate [120]

CETN2 ENSG00000147400.8 Candidate [120]

CETN3 ENSG00000153140.8 Candidate [120]

CFAP20 ENSG00000070761.7 Candidate [120]

CFAP36 ENSG00000163001.11 Candidate [120]

CFAP52 ENSG00000166596.14 Established [120]

CFAP53 ENSG00000172361.5 Established [120]

CFAP54 ENSG00000188596.9 Candidate [120]

CFAP57 ENSG00000243710.7 Candidate [120]

CFAP58 ENSG00000120051.14 Candidate [120]

CFAP61 ENSG00000089101.17 Candidate [120]

CFAP126 ENSG00000188931.3 Candidate [120]

CFAP161 ENSG00000156206.13 Candidate [120]

CLUAP1 ENSG00000103351.12 Established [120]

CNGA1 ENSG00000198515.13 Established [120]

CNGA2 ENSG00000183862.5 Established [120]

CNGA4 ENSG00000132259.12 Candidate [120]

CNGB1 ENSG00000070729.13 Established [120]

CNTRL ENSG00000119397.16 Candidate [120]

CNTROB ENSG00000170037.13 Candidate [120]

CRB3 ENSG00000130545.15 Candidate [120]

CROCC ENSG00000058453.16 Candidate [120]

CRX ENSG00000105392.15 Established [120]

CSNK1D ENSG00000141551.14 Candidate [120]

CSPP1 ENSG00000104218.14 Established [120]

CTTN ENSG00000085733.15 Candidate [120]

CTU2 ENSG00000174177.12 Candidate [126]
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DCDC2 ENSG00000146038.11 Established [120]

DCTN1 ENSG00000204843.12 Candidate [120]

DDX59 ENSG00000118197.13 Established [120]

DENND4A ENSG00000174485.15 Candidate [134]

DISC1 ENSG00000162946.20 Candidate [120]

DNAAF1 ENSG00000154099.17 Established [120]

DNAAF2 ENSG00000165506.14 Established [120]

DNAAF3 ENSG00000167646.13 Established [120]

DNAAF5 ENSG00000164818.15 Established [120]

DNAH1 ENSG00000114841.17 Established [120]

DNAH2 ENSG00000183914.14 Candidate [120]

DNAH5 ENSG00000039139.9 Established [120]

DNAH6 ENSG00000115423.18 Established [120]

DNAH9 ENSG00000007174.17 Candidate [120]

DNAH10 ENSG00000197653.14 Candidate [120]

DNAH11 ENSG00000105877.17 Established [120]

DNAI1 ENSG00000122735.15 Established [120]

DNAI2 ENSG00000171595.13 Established [120]

DNAJB13 ENSG00000187726.8 Established [120]

DNAL1 ENSG00000119661.14 Established [120]

DNAL4 ENSG00000100246.12 Candidate [120]

DNALI1 ENSG00000163879.10 Candidate [120]

DPCD ENSG00000166171.12 Candidate [120]

DRC1 ENSG00000157856.10 Established [120]

DRC3 ENSG00000171962.17 Candidate [120]

DVL1 ENSG00000107404.17 Established* [125]

DYNC2H1 ENSG00000187240.13 Established [120]

DYNC2LI1 ENSG00000138036.18 Established [120]

DYNLT1 ENSG00000146425.10 Candidate [120]

DYX1C1 ENSG00000256061.7 Established [120]

DZIP1 ENSG00000134874.17 Candidate [120]

EFCAB7 ENSG00000203965.12 Candidate [120]

EFHC1 ENSG00000096093.14 Established [120]

EFHC2 ENSG00000183690.12 Candidate [120]

EVC ENSG00000072840.12 Established [120]

EVC2 ENSG00000173040.12 Established [120]
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EXOC3L2 ENSG00000130201.7 Established [126]

EXOC4 ENSG00000131558.14 Candidate [120]

FAM58A ENSG00000262919.7 Established [120]

FAM161A ENSG00000170264.12 Established [120]

FAM98C ENSG00000130244.12 Established [126]

FBF1 ENSG00000188878.17 Candidate [120]

FGFR1OP ENSG00000213066.11 Candidate [120]

FIGNL1 ENSG00000132436.11 Candidate [120]

FLCN ENSG00000154803.12 Established [120]

FOPNL ENSG00000133393.12 Candidate [120]

FOXJ1 ENSG00000129654.7 Candidate [120]

FUZ ENSG00000010361.13 Candidate [120]

GALNT11 ENSG00000178234.12 Established [120]

GAS8 ENSG00000141013.14 Established [120]

GDI2 ENSG00000057608.16 Candidate [120]

GLI1 ENSG00000111087.9 Candidate [120]

GLI2 ENSG00000074047.20 Established [120]

GLI3 ENSG00000106571.12 Established [120]

GLIS2 ENSG00000126603.8 Established [120]

GMPPB ENSG00000173540.12 Candidate [122]

GNAI2 ENSG00000114353.16 Candidate [120]

GNAI3 ENSG00000065135.8 Candidate [120]

GNAS ENSG00000087460.23 Candidate [120]

GPBAR1 ENSG00000179921.14 Candidate [120]

GPR161 ENSG00000143147.14 Established [120]

GSK3A ENSG00000105723.11 Candidate [120]

GSTP1 ENSG00000084207.15 Candidate [122]

HNF1B ENSG00000275410.4 Candidate [120]

HSPB11 ENSG00000081870.11 Candidate [120]

HTR6 ENSG00000158748.3 Candidate [120]

HTT ENSG00000197386.10 Candidate [120]

HYDIN ENSG00000157423.17 Established [120]

HYLS1 ENSG00000198331.10 Established [120]

ICK ENSG00000112144.15 Established [120]

IFT20 ENSG00000109083.13 Candidate [120]

IFT27 ENSG00000100360.14 Established [120]
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IFT43 ENSG00000119650.12 Established [120]

IFT46 ENSG00000118096.7 Candidate [120]

IFT52 ENSG00000101052.12 Established [120]

IFT57 ENSG00000114446.4 Established [120]

IFT74 ENSG00000096872.15 Candidate [120]

IFT80 ENSG00000068885.14 Established [120]

IFT81 ENSG00000122970.15 Established [120]

IFT88 ENSG00000032742.17 Established* [133]

IFT122 ENSG00000163913.11 Established [120]

IFT140 ENSG00000187535.13 Established [120]

IFT172 ENSG00000138002.14 Established [120]

INPP5B ENSG00000204084.12 Candidate [120]

INPP5E ENSG00000148384.11 Established [120]

INTU ENSG00000164066.12 Established [120]

INVS ENSG00000119509.12 Established [120]

IQCB1 ENSG00000173226.16 Established [120]

IQCE ENSG00000106012.17 Established* [126]

IQCG ENSG00000114473.13 Candidate [120]

IQUB ENSG00000164675.10 Candidate [120]

KIAA0556 ENSG00000047578.12 Established [120]

KIAA0586 ENSG00000100578.14 Established [120]

KIAA0753 ENSG00000198920.9 Established [120]

KIAA1217 ENSG00000120549.16 Candidate [120]

KIF7 ENSG00000166813.14 Established [120]

KIF17 ENSG00000117245.12 Candidate [120]

KIF19 ENSG00000196169.14 Candidate [120]

KIF24 ENSG00000186638.15 Candidate [120]

KIF27 ENSG00000165115.14 Candidate [120]

KIF2A ENSG00000068796.16 Candidate [120]

KIF3A ENSG00000131437.15 Candidate [120]

KIF3B ENSG00000101350.7 Candidate [120]

KIF3C ENSG00000084731.13 Candidate [120]

KIFAP3 ENSG00000075945.12 Candidate [120]

KIZ ENSG00000088970.15 Established [120]

LCA5 ENSG00000135338.13 Established [120]

LRRC6 ENSG00000129295.8 Established [120]
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LRRC49 ENSG00000137821.11 Candidate [120]

LRRCC1 ENSG00000133739.15 Established [126]

LUZP1 ENSG00000169641.13 Candidate [120]

LZTFL1 ENSG00000163818.16 Established [120]

MAK ENSG00000111837.11 Established [120]

MAL ENSG00000172005.10 Candidate [120]

MAPRE1 ENSG00000101367.8 Candidate [120]

MARK4 ENSG00000007047.14 Candidate [120]

MCHR1 ENSG00000128285.4 Candidate [120]

MCIDAS ENSG00000234602.7 Established [120]

MCRS1 ENSG00000187778.13 Candidate [120]

MDM1 ENSG00000111554.14 Candidate [120]

MKKS ENSG00000125863.17 Established [120]

MKS1 ENSG00000011143.16 Established [120]

MLF1 ENSG00000178053.17 Candidate [120]

MNS1 ENSG00000138587.5 Candidate [120]

MOK ENSG00000080823.21 Candidate [120]

MORN3 ENSG00000139714.12 Candidate [120]

MST1 ENSG00000173531.15 Candidate [120]

MXI1 ENSG00000119950.20 Candidate [120]

MYB ENSG00000118513.18 Candidate [120]

MYCBP ENSG00000214114.8 Candidate [122]

NASP ENSG00000132780.16 Candidate [122]

NEK1 ENSG00000137601.15 Established [120]

NEK2 ENSG00000117650.12 Established [120]

NEK4 ENSG00000114904.12 Candidate [120]

NEK8 ENSG00000160602.13 Established [120]

NEK9 ENSG00000119638.12 Established [120]

NIN ENSG00000100503.23 Candidate [120]

NINL ENSG00000101004.14 Candidate [120]

NME5 ENSG00000112981.4 Candidate [120]

NME7 ENSG00000143156.13 Established [120]

NME8 ENSG00000086288.11 Established [120]

NOTO ENSG00000214513.3 Candidate [120]

NPHP1 ENSG00000144061.12 Established [120]

NPHP3 ENSG00000113971.18 Established [120]
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NPHP4 ENSG00000131697.17 Established [120]

NUBP1 ENSG00000103274.10 Candidate [120]

NUBP2 ENSG00000095906.16 Candidate [120]

OCRL ENSG00000122126.15 Candidate [120]

ODF2 ENSG00000136811.16 Candidate [120]

OFD1 ENSG00000046651.14 Established [120]

ORC1 ENSG00000085840.12 Candidate [120]

OSR1 ENSG00000143867.6 Candidate [120]

PACRG ENSG00000112530.11 Candidate [120]

PAFAH1B1 ENSG00000007168.12 Candidate [120]

PAH ENSG00000171759.9 Candidate [122]

PARD3 ENSG00000148498.15 Candidate [120]

PCM1 ENSG00000078674.17 Candidate [120]

PCNT ENSG00000160299.16 Candidate [120]

PDE1C ENSG00000154678.16 Candidate [122]

PDE6D ENSG00000156973.13 Established [120]

PEBP1 ENSG00000089220.4 Candidate [120]

PIBF1 ENSG00000083535.15 Established [120]

PIFO ENSG00000173947.13 Candidate [120]

PIH1D3 ENSG00000080572.12 Established [120]

PIK3R4 ENSG00000196455.7 Established [120]

PKD1 ENSG00000008710.17 Established [120]

PKD2 ENSG00000118762.7 Established [120]

PKD1L1 ENSG00000158683.7 Established [120]

PKD2L1 ENSG00000107593.16 Candidate [120]

PKHD1 ENSG00000170927.14 Established [120]

PLK1 ENSG00000166851.14 Candidate [120]

PLK4 ENSG00000142731.10 Candidate [120]

POC1A ENSG00000164087.7 Candidate [120]

POC1B ENSG00000139323.13 Established [120]

POC5 ENSG00000152359.14 Candidate [120]

POMGNT1 ENSG00000085998.13 Established [120]

POMT2 ENSG00000009830.11 Candidate [132]

PPP1R32 ENSG00000162148.10 Candidate [120]

PPP2CA ENSG00000113575.9 Candidate [120]

PPP2R1A ENSG00000105568.17 Candidate [120]
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PRKACA ENSG00000072062.13 Candidate [120]

PRKACB ENSG00000142875.19 Candidate [120]

PRKAR1A ENSG00000108946.14 Candidate [120]

PRKAR2A ENSG00000114302.15 Candidate [120]

PRKAR2B ENSG00000005249.12 Candidate [120]

PROSER3 ENSG00000167595.14 Candidate [120]

PTCH1 ENSG00000185920.15 Established [120]

PTK7 ENSG00000112655.15 Candidate [120]

PTPDC1 ENSG00000158079.14 Candidate [120]

RAB11A ENSG00000103769.9 Candidate [120]

RAB11B ENSG00000185236.11 Candidate [120]

RAB11FIP3 ENSG00000090565.15 Candidate [120]

RAB17 ENSG00000124839.12 Candidate [120]

RAB23 ENSG00000112210.11 Established [120]

RAB28 ENSG00000157869.14 Established [120]

RAB29 ENSG00000117280.12 Candidate [120]

RAB3IP ENSG00000127328.21 Candidate [120]

RAB8A ENSG00000167461.11 Candidate [120]

RFX2 ENSG00000087903.12 Candidate [120]

RFX3 ENSG00000080298.15 Candidate [120]

RILPL1 ENSG00000188026.11 Candidate [120]

RILPL2 ENSG00000150977.10 Candidate [120]

ROPN1 ENSG00000065371.17 Candidate [120]

ROPN1L ENSG00000145491.11 Candidate [120]

RP1 ENSG00000104237.6 Established [120]

RP2 ENSG00000102218.5 Established [120]

RP1L1 ENSG00000183638.5 Established [120]

RPGR ENSG00000156313.12 Established [120]

RPGRIP1 ENSG00000092200.12 Established [120]

RPGRIP1L ENSG00000103494.12 Established [120]

RSG1 ENSG00000132881.11 Candidate [120]

RSPH1 ENSG00000160188.9 Established [120]

RSPH3 ENSG00000130363.11 Established [120]

RSPH9 ENSG00000172426.15 Established [120]

RSPH14 ENSG00000100218.11 Candidate [120]

RSPH4A ENSG00000111834.12 Established [120]
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RTTN ENSG00000176225.12 Candidate [120]

SASS6 ENSG00000156876.9 Candidate [120]

SAV1 ENSG00000151748.14 Candidate [120]

SAXO1 ENSG00000155875.13 Candidate [120]

SCLT1 ENSG00000151466.11 Established [120]

SDCCAG8 ENSG00000054282.15 Established [120]

SEPT2 ENSG00000168385.17 Candidate [120]

SEPT7 ENSG00000122545.18 Candidate [120]

SIL1 ENSG00000120725.12 Established [126]

SLC47A2 ENSG00000180638.17 Candidate [120]

SLC4A1 ENSG00000004939.13 Candidate [120]

SMO ENSG00000128602.9 Established [120]

SNAP25 ENSG00000132639.12 Candidate [120]

SNX10 ENSG00000086300.15 Candidate [120]

SPA17 ENSG00000064199.6 Candidate [120]

SPAG1 ENSG00000104450.12 Established [120]

SPAG6 ENSG00000077327.15 Candidate [120]

SPAG16 ENSG00000144451.18 Established* [123],[127]

SPAG17 ENSG00000155761.13 Candidate [120]

SPATA7 ENSG00000042317.16 Established [120]

SPEF1 ENSG00000101222.12 Candidate [120]

SPEF2 ENSG00000152582.12 Established* [133]

SPICE1 ENSG00000163611.11 Candidate [120]

SRD5A1 ENSG00000145545.11 Candidate [121]

SSNA1 ENSG00000176101.11 Candidate [120]

SSTR3 ENSG00000278195.1 Candidate [120]

SSX2IP ENSG00000117155.16 Candidate [120]

STIL ENSG00000123473.15 Candidate [120]

STK3 ENSG00000104375.15 Candidate [120]

STK36 ENSG00000163482.11 Established* [127]

STK39 ENSG00000198648.10 Candidate [120]

STK38L ENSG00000211455.7 Candidate [120]

STOML3 ENSG00000133115.11 Candidate [120]

STX3 ENSG00000166900.14 Candidate [120]

SUFU ENSG00000107882.11 Established [120]

SYNE2 ENSG00000054654.15 Candidate [120]
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TAPT1 ENSG00000169762.16 Established [120]

TBC1D7 ENSG00000145979.17 Candidate [120]

TBC1D31 ENSG00000156787.16 Candidate [120]

TBC1D32 ENSG00000146350.13 Established [120]

TBX3 ENSG00000135111.14 Candidate [120]

TCTEX1D2 ENSG00000213123.10 Established [120]

TCTN1 ENSG00000204852.15 Established [120]

TCTN2 ENSG00000168778.11 Established [120]

TCTN3 ENSG00000119977.20 Established [120]

TEKT1 ENSG00000167858.12 Established* [131]

TEKT2 ENSG00000092850.11 Candidate [120]

TEKT3 ENSG00000125409.12 Candidate [120]

TEKT4 ENSG00000163060.7 Candidate [120]

TEKT5 ENSG00000153060.7 Candidate [120]

TEX9 ENSG00000151575.14 Candidate [120]

TMEM17 ENSG00000186889.9 Established [120]

TMEM67 ENSG00000164953.15 Established [120]

TMEM80 ENSG00000177042.14 Candidate [120]

TMEM107 ENSG00000179029.14 Established [120]

TMEM138 ENSG00000149483.11 Established [120]

TMEM216 ENSG00000187049.9 Established [120]

TMEM231 ENSG00000205084.10 Established [120]

TMEM237 ENSG00000155755.18 Established [120]

TOPORS ENSG00000197579.7 Established [120]

TPRA1 ENSG00000163870.14 Candidate [120]

TRAF3IP1 ENSG00000204104.11 Established [120]

TRAPPC3 ENSG00000054116.11 Established [126]

TRIM32 ENSG00000119401.10 Established [120]

TRIP11 ENSG00000100815.12 Candidate [120]

TTBK2 ENSG00000128881.16 Established [120]

TTC8 ENSG00000165533.18 Established [120]

TTC17 ENSG00000052841.14 Candidate [120]

TTC25 ENSG00000204815.8 Established [120]

TTC26 ENSG00000105948.13 Candidate [120]

TTC29 ENSG00000137473.17 Candidate [120]

TTC21A ENSG00000168026.16 Candidate [120]
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TTC30A ENSG00000197557.6 Candidate [120]

TTC21B ENSG00000123607.14 Established [120]

TTC30B ENSG00000196659.9 Candidate [120]

TTLL3 ENSG00000214021.15 Candidate [120]

TTLL5 ENSG00000119685.19 Established [120]

TTLL6 ENSG00000170703.15 Candidate [120]

TTLL9 ENSG00000131044.16 Candidate [120]

TUB ENSG00000166402.8 Established [120]

TUBA1A ENSG00000167552.13 Candidate [120]

TUBA4A ENSG00000127824.13 Candidate [120]

TUBA1C ENSG00000167553.14 Candidate [120]

TUBB ENSG00000196230.12 Candidate [120]

TUBB2A ENSG00000137267.5 Candidate [120]

TUBB2B ENSG00000137285.9 Candidate [120]

TUBB3 ENSG00000258947.6 Candidate [120]

TUBE1 ENSG00000074935.13 Candidate [120]

TUBGCP6 ENSG00000128159.11 Candidate [120]

TULP1 ENSG00000112041.12 Established [120]

TULP3 ENSG00000078246.15 Candidate [120]

ULK4 ENSG00000168038.10 Candidate [120]

UNC119 ENSG00000109103.11 Established [120]

USP33 ENSG00000077254.14 Candidate [120]

USP9X ENSG00000124486.12 Established [120]

VHL ENSG00000134086.7 Candidate [120]

WDPCP ENSG00000143951.15 Established [120]

WDR3 ENSG00000065183.15 Candidate [122]

WDR19 ENSG00000157796.17 Established [120]

WDR34 ENSG00000119333.11 Established [120]

WDR35 ENSG00000118965.14 Established [120]

WDR60 ENSG00000126870.15 Established [120]

WDR62 ENSG00000075702.16 Candidate [120]

WDR78 ENSG00000152763.16 Candidate [120]

WNK1 ENSG00000060237.16 Candidate [120]

WNK4 ENSG00000126562.16 Candidate [120]

WRAP73 ENSG00000116213.15 Candidate [120]

XPNPEP3 ENSG00000196236.12 Established [120]
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ZIC2 ENSG00000043355.10 Established [120]

ZMYND10 ENSG00000004838.13 Established [120]

ZMYND12 ENSG00000066185.12 Candidate [122]

ZNF423 ENSG00000102935.11 Established [120]

*: In a previous study [120], these genes were labeled as “candidate,” but I
changed them to “established” because causative mutations have been identified in
these genes in recent reports [123–125,127,129–131,133].
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