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Abstract 

We anecdotally observed a novel exon skipping event, which was due to the disruption of an exon 

splicing enhancer far from the exon intron boundary, when doing CRISPR/Cas9 editing. That made us be 

interested in the investigation of exon skipping events systematically in large cancer cohorts’ datasets 

from TCGA project and three other published studies. We identified this kind of events in 191 genes with 

the false positive rate estimated to be around 6%. Among these genes, we recaptured the well-known 

skipping event of exon 14 in the hepatocyte growth factor receptor (MET) in lung cancer patients. We 

also observed the same skipping events in both DNA mismatch repair gene MLH1 and renin receptor 

ATP6AP2 in lung and head and neck cancers although they were previously reported to be causative in 

inherited colorectal cancer and Parkinson disorder, respectively. In addition, we identified three kinds of 

novel skipping events of the same exon in the tumor suppressor PTEN in breast cancer. One of them 

might be able to produce an in frame protein with internal deletion of 128 amino acids affecting the 

phosphatase and catalytic domain. Most importantly, we discovered the gene fusion between cyclin 

dependent kinase inhibitor CDKN1A and RAS oncogene related protein RAB44. This gene fusion, 

accompanied by the exon skipping events within CDKN1A, was merely caused by a single nucleotide 

variation of a splice site of CDKN1A, contrary to the common knowledge that the gene fusions occur 

mainly as the result of large scale structural variations. Furthermore, the protein sequence of RAB44 was 

intact but the expression was activated clearly. Considering the high specificity that RAB44 is not 

expressed in all types of normal tissues and the relatively high prevalence of this kind of gene fusion in 

bladder cancer (1%), skin melanoma (1%) and stomach cancer (1/400), diagnosis of subgroups and 

targeted therapy must be worth further study.  

 

Introduction 

Exon skipping is the most common model of alternative splicing in mammalian cells1. However, it is 

rather rare to see a skipping of a constitutive exon, which consistently presents in all the known isoforms. 

We observed this kind of events when trying to knock out NGLY1 gene in a disease study about NGLY1 

deficiency2 through inducing a small deletion in its third exon using CRISPR/Cas9 technology. We 

expected this frame shift deletion would generate a premature termination codon (PTC) and cause the 

transcripts to be degraded by nonsense-mediated mRNA decay (NMD) pathway. But there was clear 
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evidence that the second and fourth exon was joined directly, which means the third exon was skipped in 

the mature mRNAs. How a small deletion that is far from the exon intron boundary causes the skipping 

event? The first case about the observation of exon skipping due to the mutation without changing the 

splice site was in Dystrophin in a Duchenne Muscular Dystrophy (DMD) patient in 19913. After that, 

several other cases were anecdotally reported, including FBN1 in Marfan syndrome (MFS)4, ADA in 

severe combined immunodeficiency disease (SCID)5 and HMBS in acute intermittent porphyria (AIP)6, 

etc. Valentine7 summarized that those exon skipping events could either be explained by the disruption 

of exon splicing enhancer (ESE) or by the nuclear scanning mechanism accompanied by 

nonsense-mediated mRNA decay (NMD). Although the latter one was denied by both Liu et al. through 

generating nonsense and missense mutations in BRCA1 gene with the conclusion that nonsense 

mutations was neither necessary nor sufficient for the exon skipping8 and Wang et al. who observed that 

the exon skipping wasn’t affected when depleting UPF2, a key component of NMD pathway9. Actually, in 

addition to the conventional realization that the isoforms generated by exon skipping events, either 

through disruption of ESEs or the splice sites, might be able to have the effect of gain or loss of function, 

there are at least four additional benefits for comprehensive investigation of this kind of events. First, as 

illustrated in our NGLY1 example and in the study by Uddin et al.10, we need to be more careful when 

designing gRNAs in the CRISPR/Cas9 experiments. Even there are not off targets effect of these gRNAs, 

the final RNAs or proteins may still not be our intendeds. Second, some hidden exon skipping causable 

mutations might be able to provide explanations for those severe mutations with ameliorated or no 

disease phenotype11,12. Third, the exon skipped proteins might be oncogenic drivers and attractive 

therapeutic targets, such as the skipping of exon 14 in hepatocyte growth factor receptor (MET) in 

non-small cell lung cancers13,14 and the corresponding small molecular tyrosine kinase inhibitors 

including Crizotinib, Capmatinib and so on15,16. Forth, as a well-known example in the treatment of DMD, 

many more targetable sites might be explored when designing antisense oligonucleotide 

(AON)-mediated exon skipping therapy17,18.  

Basically, there are two ways to investigate the effect of mutations on exon skipping systematically. The 

first one is QTL mapping in large population. The individuals with the causative mutations may have 

significantly higher percentage spliced in (PSI) score19-21 as mentioned by Monlong et al. in their splicing 

QTL package sQTLseekeR22. However, the majority of genetic mutations are rare and novel23 that make 

QTL mapping, which usually requires at least 5 percent of the frequency, unable to detect most of the 

signals. The second is the one we proposed in this study through utilizing the somatic mutations in large 

cohorts of cancers. It is pretty straightforward that the only difference between tumor and tumor adjacent 

sample on the DNA level for a specific region is the somatic mutation itself. If we observed the skipping of 

an exon, which contains the somatic mutation, in the tumor sample but not in the tumor adjacent, it is 

most likely that this somatic mutation is responsible for the skipping as illustrated in Figure 1. In order to 

perform this type of analysis, there have to be both whole genome sequencing or whole exome 

sequencing (for the identification of somatic mutations) and RNA-Seq (for the identification of exon 

skipping events) for the matched tumor and tumor adjacent samples from the same patient. As shown in 

Supplementary Figure 1, in the TCGA project, there are 684 individuals among 23 different types of 

cancers meeting the above requirements. In addition, we also included 122 other patients of three 

cancers from published studies. With strict and conserved parameters, we finally identified exon skipping 

events in 191 unique genes. Permutation through random switching of the samples estimated that the 

false positive rate of our identification was between 3% and 11%, with the medium value as 6%. It is as 

expected that the majority of the skipping events were caused by mutations around the splice sites, but 
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other types of mutations (nonsense, missense, synonymous, etc.) might also have the effect most likely 

due the disruption of ESEs. 

Among the 191 identified genes, we recaptured the skipping of exon 14 of MET. We also identified 

missense mutations and the corresponding skipping events in MLH1 and ATP6AP2, which were 

previously reported to be causative in inherited colon cancer24 and Parkinson disorder25,26, respectively. 

In addition, in a breast cancer patient, we observed three different kinds of novel skipping of exon 5 in the 

tumor suppressor PTEN. Two of them have frame shift effect while the third one might be able to produce 

an in frame protein with internal deletion of 128 amino acids. The most surprising finding in this study was 

about the gene fusion between CDKN1A and RAB44, accompanying with the skipping of the second 

exon of CDKN1A, due to the disruption of the splice site. This kind of fusion didn’t change the protein 

sequence of RAB44 but activated it, which, as a RAS oncogene gene related protein, was not expressed 

in normal cells except in blood cells. It is well known that gene fusion is an important mechanism to 

activate oncogene and most of the fusion events are due to large structural variations (SVs), including 

translocation27, deletion28, etc., occurring on the DNA level. There are also several other cases talking 

about gene fusions on the RNA level caused by trans-splicing29,30 or read through31-33 events. However, 

to our knowledge, it is the first case reporting the gene fusion that was caused by SNVs or small INDELs 

around the splice site of the upstream fusion partner. Considering the high specificity that RAB44 is only 

expressed in the patients with this kind of fusion events and its relatively high prevalence in cancer 

cohorts (4 in 408 bladder cancer, 1 in 103 skin melanoma and 1 in 373 stomach cancer), diagnosis of 

subgroups and targeted therapy are worth further study.  

 

Results 

An anecdotal example of exon skipping in NGLY1 gene 

In an attempt to knock out NGLY1 gene in a NGLY1 deficiency study, we designed a guide RNA 

targeting the internal region (62bp from the exon intron boundary) of the third exon (ENSE00003589640) 

in K562 cell line with the expectation that this frame shift small deletion created by the CRISPR/Ca9 

system would generate a premature termination codon (PTC) and cause the transcripts to be degraded 

by the nonsense-mediated mRNA decay (NMD) pathway. Whole genome sequencing of the wild type 

and mutated cell lines confirmed the precise anchor of the target, without any obvious off target effects. 

However, a skipping event of the exon 3 was unexpectedly observed (Part A of Figure 2) in the RNA-Seq 

of the single clone cells (both clone 15 and clone 20). In order to quantify a skipping event, we introduced 

two variables which were defined by Wang et al.21 and illustrated in Figure 1, including inclusive reads (IR) 

which indicates the number of reads supporting the inclusion of an exon and exclusive reads (ER) which 

measures the supporting reads of exclusion. As shown in Part B of Figure 2, it is pretty significant (p 

value < 2e-11) that the skipping event occurred in the mutated cells rather than wild type cells. We 

verified this event using RT-PCR (Part C of Figure 2) and Sanger sequencing. The third exon is a 

constitutive exon which presents in all the annotated isoforms in both ENSEMBL34 and UCSC35 database 

and it has never been observed to be skipped before (Part A of Figure 2). The skipping happens to be a 

kind of in frame translation, producing a 572aa protein which is 82aa shorter than the wild type one. It 

merits further study whether this shorter version of protein has any loss or gain of function or even 

dominant negative effects. However, it seems the PUB domain, a putative protein-protein interaction 

domain, has been partially deleted. Our NGLY1 example together with the findings from Uddin et al.10 

and many other anecdotally reported exon skipping cases remind us that we need to be very careful with 

the design of the guide RNAs in the CRISPR/Cas9 system. 
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Extensive identification of exon skipping events caused by somatic mutations in cancers 

There were 684 individuals across 23 different types of cancers in the TCGA project sequenced on both 

DNA (whole exome) and RNA (RNA-Seq) level in the tumor tissue together with the matched tumor 

adjacent. In addition, 122 individuals from three other published studies, including 68 colon cancer36, 32 

gastric cancer37 and 22 small cell lung cancer38, with similar scenario were also included. First, somatic 

mutations were identified using the whole exome sequencing data with the comparison between tumor 

and the matched tumor adjacent samples. As shown in Supplementary Figure 1, though the number 

varies widely in different individuals and cancer types, one individual could generally carry hundreds of 

somatic mutations within the exon regions39,40. Second, as the basis of this study was the argument that 

a skipping event of a somatic mutation containing exon is most likely caused by the somatic mutation 

itself if this skipping only occurred in the tumor sample rather than the matched tumor adjacent, we 

performed the identification of exon skipping events using RNA-Seq data from the same individual (both 

tumor and tumor adjacent) focusing on those exons with somatic mutations discovered in the previous 

step. The quantification of a skipping event here mimics the in vitro case of NGLY1. The tumor samples 

are like the mutated cells generated by CRISPR/Cas9 system and the tumor adjacent samples could be 

regarded as wild type cells. Basically, we required the number of exclusive reads (ER) was large enough 

in the tumor but zero or almost zero in the tumor adjacent samples. In practice, as described in more 

details in the Methods section bellow, with strict filtering parameters, we finally identified exon skipping 

events in 191 unique genes (Supplementary Table 1). In order to estimate the false positive rate of our 

identification, we randomly switched the samples hundreds of times and found from 5 to 21 skipping 

events in each round, supporting the false positive rate should be between 3% and 11% with the medium 

value as 6% (Supplementary Figure 2). These false positive hits are not necessary meaning that they are 

all artificial, instead, it suggests we could observe the skipping event of an exon but couldn’t find any 

somatic mutations there. Potential explanations include the missing identification of somatic mutations 

due to the low coverage of some specific exome regions or the complicated mixture of tumor and tumor 

adjacent cells, the unknown somatic mutations in the nearby intron regions and even the trans-regulation 

effects by other genes such as the deregulation from a RNA binding protein19. It is as expected that 

various kinds of mutations, including nonsense, missense and synonymous and so on, might be 

responsible for the exon skipping events, however, only the mutations disrupting splice sites are 

significantly enriched (Supplementary Figure 3). 

In two lung cancer patients, we recaptured a skipping event of exon 14 in the hepatocyte growth factor 

receptor gene MET, which was caused by either a single nucleotide variation or a 6bp deletion nearby 

the splice site (Figure 3). This kind of skipping was first discovered by Ma et al. in a small cell lung cancer 

patient in 200341 and it has been supposed to disrupt ubiquitin-mediated degradation, leading to a 

relative increase of MET protein level, and contribute to the oncogenic activation42. It is an attractive 

target for the cancer therapy giving the prevalence of around 3% in lung cancers and at least five small 

molecular tyrosine kinase inhibitors (TKIs), including crizotinib, are being investigated clinically with 

promising preliminary results15. 

We identified a missense mutation (chr3: 37000961) and the corresponding skipping event of exon 3 in a 

DNA mismatch repair gene MLH1 in a small cell lung cancer (SCLC) patient. The exact same mutation 

and skipping event have already been reported in a patient with Lynch syndrome or hereditary 

non-polyposis colorectal cancer (HNPCC)24. There was evidence that this kind of defect of MLH1 was 

responsible for inherited colorectal cancer41, although whether it is also able to contribute to SCLC merits 
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further study. 

There was a missense mutation (chrX:	  40597303) in a renin receptor gene ATP6AP2 on chromosome X 

that was 41bp away from the splice site but the skipping event of the mutation containing exon 4 was still 

detected. Studies of patient derived cells from the parkinsonism disorder has already showed that 

another missense mutation (chrX: 40597293, rs397518480) markedly increased the skipping of exon 4, 

resulting in significant overexpression of the exon skipping isoform that produces in frame protein with 

internal deletion of 32 amino acids and concomitant reduction of the normal isoforms containing this 

exon25,26. ATP6AP2 is an essential component of the vacuolar ATPase required for lysosomal 

degradation and autophagy, and the reduction of normal isoforms containing exon 4 may compromise 

the vacuolar ATPase function and ultimately be responsible for the pathology. It was a little bit surprising 

that both these two missense mutations, although 10bp away, could cause the skipping of the mutation 

containing exon because the usually defined exon skipping enhancer motif was only around 7bp. 

We also identified a 38bp deletion near a splice site of a tumor suppressor gene PTEN, which is 

responsible for the skipping of exon 5 observed in a breast cancer patient. This skipping event was 

verified independently in a human leukemia T-cell line (PF-382) carrying a 4bp insertion around the same 

splice site. As illustrated in Figure 3, it is interesting that there are at least three kind of events observed 

about the skipping of exon 5, including the direct joint between exon 4 and exon 6 (ES-46), exon 3 and 

exon 6 (ES-36), and exon 4 and exon 7 (ES-47). It seems the skipping would more likely to choose to 

include the nearest exons although the nearby adjacent exons might also be utilized (Supplementary 

Figure 4). It is not clear whether one single cell could make up all these different kind of skipping events 

or different cell clones generate them separately. All these three events have neither been annotated by 

ENSEBL or UCSC database. ES-46 and ES-36 might have frame shift effect and make much short 

proteins when predicted based on the canonical sequence defined by Uniprot43 database (P60484-1), 

while ES-47 has in-frame effect, which might produce a 276aa protein, leading to the deletion of amino 

acids from 85th to 212nd. It seems the first two isoforms are more likely to be degraded by pathways such 

as NMD, however, if the third isoform could really be translated and be able to exist stable, it probably 

has special effect due to the disruption of phosphatase and catalytic domain. 

 

Gene fusion between CDKN1A and RAB44 activated the expression of RAB44 

In addition to the exon skipping events within single gene mentioned above, we observed unexpectedly 

the fusion between cyclin dependent kinase inhibitor CDKN1A and RAS oncogene related protein 

RAB44, which was accompanied by the skipping of the second exon of CDKN1A (Figure 4, 

Supplementary Figure 4). As the start codons of both these two genes located in their second exon, this 

kind of gene fusion, which joined the coding region of RAB44 directly to the downstream of the UTR 

region of CDKN1A, didn’t change the protein sequence of RAB44 at all. However, RAB44 was activated. 

As shown in Figure 5, RAB44 expressed highly in all the 6 cancer samples (4 bladder cancers, 1 

stomach cancer, and 1 skin melanoma) with this kind of gene fusion, but not in either the tumor adjacent 

or 30 other randomly chosen cancer samples without the fusion events. Actually, RAB44 didn’t express 

or expressed extremely low in all the human tissues except for blood cells (Supplementary Figure 5). 

After checking about the genotype of all these 6 patients with this gene fusion, we found 5 of them had 

the splice site of the second exon of CDKN1A mutated either by SNVs or small INDELs (Supplementary 

Figure 6). In addition, we couldn’t detect any large scale structure variations or other recurrent somatic 

mutations in either the whole exome sequencing (WES) or RNA-Seq data of these samples. Thus we 

proposed a model to explain the activation of RAB44 in Figure 6. The disruption of the splice site of 
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CDKN1A induced the exon skipping events; in the meanwhile, the fusion between CDKN1A and the 

downstream RAB44 also occurred and the fusion activated the expression of RAB44.  

However, there exists an alternative model because in our data, the exon skipping of CDKN1A and the 

gene fusion between CDKN1A and RAB44 always present simultaneously. The activation of RAB44 

might also be caused by the down regulation of CDKN1A (due to the skipping of exon 2, Supplementary 

Figure 7), rather than the gene fusion between these two genes. We illustrated the alternative mode in 

Supplementary Figure 8. With the following two aspects carefully checked, we believe the alternative 

model is less likely. First, if the activation of RAB44 was really caused by the down regulation of CDKN1A, 

we should somehow be able to observe negative correlation between CDKN1A and RAB44 in large 

cohorts. As shown in Part A of Figure 7, we couldn’t observe this kind of trend. Second, when we zoomed 

in our alignments of the RNA-Seq reads to the exon level, we couldn’t see the first exon of RAB44 in all 

the six samples, supporting the expression of RAB44 came from the gene fusion events (Part B of Figure 

7). Although we couldn’t totally exclude the possibility that the first exon, especially when it is short, might 

not be easy to be detected itself in the RNA-Seq data. It is worth mentioning that, besides of the absent of 

the first exon, we noticed in our TCGA-BT-A42C (T2) sample, the second and third exon also couldn’t be 

detected (Part B of Figure 7). Actually, this sample had extremely higher expression compared to the 

other 5 samples (Figure 5). As shown in Supplementary Figure 9, this sample carries different kind of 

fusion as before. It joins the forth exon of RAB44 directly to the first exon of CDKN1A and it is surprising 

that this kind of fusion, skipping of the first three exons, could still be able to have intact protein sequence, 

because RAB44 has another isoform really beginning from the forth exon (Figure 4). The 1bp insertion, 

which is 11bp away from the splice site, might be responsible for this kind of different fusion event, but we 

are not sure whether this mutation site still belongs to the scope of the splice site or there is a hidden 

exon splicing enhancer there. 

We have already known all the samples with the splice site mutated have the fusion and skipping events. 

Furthermore, in all these samples RAB44 has been activated. However, we are also curious about how 

many of the RAB44 activated samples could be explained by the mutation or fusion and skipping events. 

As RAB44 doesn’t express or expresses extremely low in human tissues except for blood cells (the 

expression of RAB44 in blood cells are not due to gene fusion events), we checked all the 10945 

samples with RNA-Seq data from TCGA, excluding acute myeloid leukemia. As shown in Supplementary 

Figure 10, the majority of them (10930 samples, 99.86%) have less than 500 reads mapped and only 15 

samples have over 500 reads each. All our 6 samples are among these 15 samples, including the 

highest sample as mentioned before (TCGA-BT-A42C). We could neither see any mutations around the 

splice site nor see any exon skipping or gene fusion events in the remaining 9 samples. It is not clear 

whether there is additional trans-regulation effect or it is just because we sequenced the mixer of blood 

cells with the tissue cells. 

How the pathway perturbated and finally contributed to the carcinogenesis? Although in the lack of 

replicates, we identified a very potential target, MDMD2, when comparing the 6 samples with over 50 

random chosen samples without any fusion or skipping events. Actually, there were 110 genes 

significantly deregulated after controlling the effect by different tissues using DESeq244. MDM2 became 

our top one candidate not only because it was the second highest significant gene following RAB44, but 

also because it was the only one expressing extremely highest in the sample TCGA-BT-A42C, 

presenting the same pattern as RAB44 which also expressed highest in this sample (Supplementary 

Figure 11). MDM2 encodes an E3 ubiquitin-protein ligase, which can promote tumor formation by 

targeting TP53 for proteasomal degradation. However, whether the up regulation of MDM2 is due to the 
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activation of RAB44 or it is caused by the down regulation of CDKN1A is not clear, giving that there was 

evidence supporting at least MDM2 could be able to interact with CDKN1A45. Thus, it merits further study 

whether the carcinogenesis is mainly contributed by the activation of RAS related oncogene or by the 

inactivation of tumor suppressor TP53 or both.  

 

Verification of exon skipping events in human cancer cell lines 

Rather than inducing mutations artificially, cancer cell lines provide an easier and quicker way to check 

whether any of the exon skipping events identified in tissues could be verified independently. As shown in 

Supplementary Table 2, the mutations of 34 genes among the 191 genes above could be found in one or 

more human cancer cell lines (within the ±2 bp window), but only 20 of them have been sequenced with 

RNA-Seq in cancer cell line encyclopedia project (CCLE)46. Although these cell lines might be originated 

from different tissues where we observed the skipping events, there were still 11 genes could be verified. 

In addition to PTEN and MET mentioned before, we would like to highlight the most frequently mutated 

example in TP53 bellowing.  

We identified a single nucleotide mutation (chr17:	  7675237) in a colon cancer patient and a 11bp deletion 

(chr17:	  7675231-7675241) in a breast cancer patient. Both of these two mutations have changed the 

splice site (chr17: 7675236) and might be responsible for the exon skipping event we observed on the 

RNA level. There are 12 cell lines carrying mutations nearby this splice site (±2 bp) but the RNA-Seq 

data of only 6 of them are available. As shown in Supplementary Figure 12, we also randomly included 

24 other cell lines without any mutations nearby the splice site as the control samples. It is significant (p 

value = 0.001) that we could detect exon skipping events in 5 of the 6 mutated cell lines while there 

wasn’t any skipping detected in all the 24 control cell lines. In addition, there might be explanation for the 

glioblastoma cell line (SF126), with mutations but without skipping events observed, that TP53 was not 

expressed in brain. These cancer cell lines not only verified the exist of the skipping event independently 

but further more provided very strong evidence that the exon skipping event occurred most likely only 

when the splice site was disrupted.  

It is worth mentioning that what we observed here in TP53 is not a typical exon skipping event. Instead of 

joining two nonadjacent exons from the same isoform, this event seems to be formed by switching from 

one isoform to another and continuing to utilize the 5’ UTR of the latter as illustrated in Supplementary 

Figure 13. This skipping event is not reported in UCSC database, but it has already been annotated by 

ENSEMBL database as TP53-020 (ENST00000604348), which might be able to produce a much short 

protein (143aa). Whether this short protein has specific function merits further study, especially when 

considering that there are 2 patients and 12 cell lines carrying mutations near the splice site, while there 

isn’t any mutations nearby reported in normal population in the ExAC database23. 

 

Verification of exon skipping events using CRISPR/Cas9 in human cell line 

We are trying to use CRISPR/Cas9 to disrupt both the splice site and the site 11bp away in bladder 

cancer cell line (and normal bladder tissue cells), expecting to observe gene fusion and exon skipping 

events there. About the mechanism, we are also curious how this gene fusion occurred. As we imagining, 

the fusion or exon skipping should occur during the processing of mRNAs from pre-mature to mature. 

Gene should be independent unit at that moment. How two genes could be joined then? In the 

pre-mature state, the two genes have already been transcribed together? Hope the following 

experiments would answer our questions. 
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Methods 

Samples and somatic mutations 

Although more than 10 thousand (11, 607) samples were sequenced with RNA-Seq in TCGA project, 

there were only 1396 samples (698 pairs) sequenced in a tumor and tumor adjacent matched manner. 

And 684 of the 698 pairs of samples were also sequenced with whole exome capture to identify somatic 

mutations. According to the quality control requirements of TCGA project, the average coverage of bases 

within the targeted exome is 150X or greater and for RNA-Seq at least 150 million reads generated per 

sample. All the somatic mutations of these 684 pairs of samples were extracted from the mutation 

annotation format (MAF) files based on MuTect47 pipeline. In addition, 122 pairs of samples from three 

other cancers (colon cancer, small cell lung cancer and gastric cancer) were also included and the 

somatic mutations were collected from the supplementary tables of each publication36-38. The mutation 

coordinates of these three studies were converted from GRCh37 to GRCh38 using liftOver35.   

 

Identification of exon skipping events from RNA-Seq data 

Upon the approval from the data access committee from dbGaP48 and Genetech, we downloaded the 

bam files of the 684 pairs of samples of TCGA project from Genomic Data Commons (GDC) database 

and the fastq files of the 122 pairs of samples from European Genome-phenome Archive (EGA)49 

database, respectively. The bam files from the TCGA samples have already been mapped to GRCh38 

using STAR50 by GDC, thus we also mapped the fastq files from EGA to GRCh38 using STAR ourselves 

with default parameters. The number of inclusive reads (IR) and exclusive reads (ER) were calculated 

with different anchor (10bp and 20bp) length for the splitting of the reads, for each somatic mutation 

containing exon in each sample based on only uniquely mapped reads. Fisher’s exact test was employed 

to calculate the significance of skipping capability (measured by IR and ER) between tumor and tumor 

adjacent sample for each exon. Those skipping events with p value smaller than 0.01 were nominated 

but the following filtering criteria were also included. First, for the tumor adjacent sample, IR must be at 

least 20 and ER mustn’t be larger than 1 (the gene was expressed in the tumor adjacent, but no exon 

skipping was observed). But for the matched tumor sample, ER must be at least 20 (exon skipping was 

observed in the tumor sample). Second, in order to reduce false positive hits, we required the skipping 

events must be supported by the reads with the breaking points as known exon intron boundaries. Third, 

we further filtered the skipping events that have already been annotated as known isoforms in the UCSC 

database35. We didn’t filter our events using ENSEMBL34 database, because there were lots of predicted 

and poorly annotated isoforms which were also very interesting and should be given attention further, 

such as the short protein in TP53 as we motioned before. 

 

Discussion 

We presented a systematical investigation of exon skipping events utilizing the somatic mutations in 

large cohorts of cancers. Although we identified exon skipping events in 191 unique genes in total, we 

were only able to show case by case for a few of them, including MET, MLH1, ATPA62, PTEN, TP53, 

CDKN1A and RAB44. The remaining is not necessary less important, and we expected some of them 

might also be able to have essential effect in some conditions, such as in rare diseases.  

It is worth to mention that, through our analysis, we only focused on those exons, which carry somatic 

mutations, with the considering of the limitation of computational resources. Actually, in order to identify 
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skipping events for all the exons, we need to scan at least 30,0000 exons each sample for all the 806 

paired samples, instead of scanning only about 350 exons each sample here. Another consideration is 

even we could manage scanning all the exons and identified many more exon skipping events, we 

couldn’t tell whether they are real and how they occur, because we are lacking the power to explain trans 

effect under current design of our project. A big limitation of the short reads sequencing is we can only 

see the local view of our skipping or fusion events, supporting by the splitting of single reads or improper 

distance of paired end reads. With the development and their application of the third generation long 

reads sequencing, such as Oxford Nanopore or PacBio technologies, in RNA or cDNA, the full length 

isoforms would get much better resolution and understanding. On the other hand, single cell sequencing 

would help a lot, because sometimes we observed different kinds of exon skipping or gene fusion events 

in the same sample, and, with the pooled sequencing, we couldn’t be able to distinguish whether different 

cell clones made these events or one particular cell could produce different kinds of events. In addition, it 

is also very interesting to systematically check whether we can find exon inclusion events in cancers 

caused by somatic mutations due to disruption of splicing silencers.  

Regarding the major finding of this study about the gene fusion between CDKN1A and RAB44, we are 

pretty interested in the drug discovery targeting RAB44, which is very specifically expressed in the 

patients with the fusion events. However, as a preliminary attempt to identify known compounds capable 

to deregulate RAB44 using drug-repositioning strategy based on LINCS and CMap datasets51,52, we 

unfortunately found RAB44 itself was even not included in the array of those experiments. Actually, as 

the low coverage in the whole exome sequencing data suggests, this gene was also not targeted and 

captured by TCGA project. Besides, BioGRID53 database didn’t include any protein interaction 

information for this gene yet and PDB54 database didn’t have its protein structure information.  

Furthermore, when searching it in PubMed, we only got one entry talking about various members of Rab 

GTPase family55. Really lots of work needs to be done for characterizing this gene and deciphering its 

role in carcinogenesis. We are curious about the clinical phenotype of these 6 patients. However, we 

were not able to make a conclusion, giving that only three of them have clinical information collected by 

TCGA project.    

In our analysis, we integrated the data from both DNA and RNA level, but it is also valuable to explore 

protein information. For example, we would like to know whether the isoforms formed by the exon 

skipping or gene fusion events could be able to produce proteins and whether those proteins could be 

existing stable and have loss or gain of function. As the first attempt, we checked the mass spectrometry 

data resources from Clinical Proteomic Tumor Analysis Consortium (CPTAC) database56 and found 

three datasets curated from published studies, including 62 samples from ovarian cancers57, 36 samples 

from breast cancers58 and 93 samples from colorectal cancers59. However, only 4 samples among them 

overlapped with our 806 tumor and tumor adjacent matched samples. Unfortunately, we didn’t see any 

exon skipping events in these 4 samples in our upstream RNA-Seq analysis. We also tried to cancel our 

restriction about the paired samples, and we found suspicious skipping events in 4 additional genes 

(ROCK1, IPO8, TMEM260 and BNIP1). We expected to see junction peptides or frame shift peptides60 in 

the proteomics datasets from the sample patients; however, we didn’t see any signal there. In addition, 

we tried to do similar analysis in the proteomics datasets from cancer cell lines61. Additional exon 

skipping events from four genes, including TP53, were checked in the matched cell lines but without any 

meaningful success. In fact, we expected at least the junction peptide of TP53 should be presented 

because from the annotation of Ensembl database, the exon skipping event was able to produce a short 

protein. Besides of the explanation that the skipped isoforms might not be able to be translated or they 
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were degraded, it might also be due to the low coverage of current proteomics technology, especially 

when considering the skipped protein itself might be lower than normal version, making it harder to be 

detected.  

Finally, we tried to check systematically whether there were more gene fusion events besides of 

CDKN1A-RAB44 in our cancer cohorts. Indeed, we found two more events, including the fusion between 

SUMO2 and HN1 and the fusion between CLTC and VMP1. However, we couldn’t see obvious functions 

of these genes in carcinogenesis and it merits further study whether they have other special effects.  
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