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List of abbreviations 

A, C, G, T Adenine, Cytosine, Guanine and Thymine 

CCLE Cancer Cell Line Encyclopedia 

cDNA Complementary DNA 

CML Chronic myelogenous leukemia 

CRC Colorectal cancer 

CSC Cancer stem cell 

ddPCR Droplet digital PCR 

EC Embryonal carcinoma 

ENCODE Encyclopedia of DNA Elements 

ES cell Embryonic stem cell 

EST Expressed sequence tag 

FAP Familial adenomatous polyposis 

FDA Food and Drug Administration 

FISH Fluorescence in situ hybridization 

IGCN Intratubular germ cell neoplasia 

MMR Mismatch repair 

MSI Microsatellite instable 

MSS Microsatellite stable 

NCGC Norwegian Cancer Genomics Consortium 

PCR Polymerase chain reaction 

PGC Primordial germ cell 

PSA Prostate specific antigen 

RA all-trans retinoic acid 

RACE Rapid amplification of cDNA ends 

SBS Sequencing by synthesis 

SNP Single nucleotide polymorphism 

TAC Transit amplifying cell 

TCGA The Cancer Genome Atlas 

TGCT Testicular germ cell tumor 

TNM Tumor node metastasis 

UTR Untranslated region 

YST Yolk sac tumor 
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Gene nomenclature 

ABHD12B Abhydrolase domain containing 12B 

ABL1 ABL proto-oncogene 1, non-receptor tyrosine kinase 

AMER1 APC membrane recruitment protein 1 

APC Adenomatous polyposis coli 

AXIN2 Axin 2 

BCR Breakpoint cluster region 

BPIFA2 BPI fold containing family A, member 2 

CASZ1 Castor zinc finger 1 

CCND2 Cyclin D2 

CIC Capicua transcriptional repressor 

CLEC4D C-type lectin domain family 4, member D 

CLEC6A C-type lectin domain family 6, member A 

CTNNB1 Catenin (Cadherin-Associated Protein), Beta 1, 88kDa 

DCC DCC netrin 1 receptor 

DHX35 DEAH (Asp-Glu-Ala-His) box polypeptide 35 

DKK1-4 Dickkopf WNT signaling pathway inhibitor (1-4) 

DNAJB1 DnaJ (Hsp40) homolog, subfamily B, member 1 

DPP3 Dipeptidyl-peptidase 3 

DPPA3 Developmental pluripotency associated 3 

DUX4 Double homeobox 4 

ELK4 ELK4, ETS-domain protein (SRF accessory protein 1) 

EPT1 Ethanolaminephosphotransferase 1 

ETV6 Ets variant 6 

FZD10 Frizzled class receptor 10 

GUCY1A3 Guanylate cyclase 1, soluble, alpha 3 

HENMT1 HEN1 methyltransferase homolog 1 (Arabidopsis) 

JAZF1 JAZF zinc finger 1 

JJAZ1(SUZ12) SUZ12 polycomb repressive complex 2 subunit 

KIT v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 

KITLG KIT ligand 

KLK7 Kallikrein-related peptidase 7 

KLK8 Kallikrein-related peptidase 8 

KRAS Kirsten rat sarcoma viral oncogene homolog 

LRP5 Low density lipoprotein receptor-related protein 5 

MASP2 Mannan-binding lectin serine peptidase 2 
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MT-CO1 Mitochondrially Encoded Cytochrome C 

MT-RNR2 Mitochondrially Encoded 16S RNA 

NANOG Nanog homeobox 

PPP6R3 Protein phosphatase 6, regulatory subunit 3 

PRKACA Protein kinase, cAMP-dependent, catalytic, alpha 

RCC1 Regulator of chromosome condensation 1 

RCC2 Regulator of chromosome condensation 2 

RP11-57H14.3 RP11-57H14.3 

S100A2 S100 calcium binding protein A2 

SLC45A3 Solute carrier family 45, member 3 

SOX9 SRY (sex determining region Y)-box 9 

TCF7L2 Transcription factor 7-like 2 (T-cell specific, HMG-box) 

TMPRSS2 Transmembrane protease, serine 2 

TP53 Tumor protein P53 

VTI1A Vesicle transport through interaction with t-SNAREs 1A 

VWA2 Von Willebrand factor A domain containing 2 
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Summary 

Cancer cells grow and multiply without normal control of cell growth. They have the 

ability to invade surrounding tissues, disrupt normal organ functions, metastasize, and if 

not treated effectively lead to a poor outcome for the patient. These features of the cancer 

cells reflect dysregulation of extremely complex and balanced cellular machinery encoded 

by the genome, the blueprint of our cells. The tremendous increase in knowledge of the 

underlying genetics of cancer development has resulted in better understanding of the 

biologic processes leading to cancer. On the other hand, the many large data sets also 

provide a vast amount of false positives and negatives. Furthermore, we are just starting to 

really investigate in detail the total transcriptome, coding and non-coding molecules. 

Genetic changes which are shown to be expressed in cancer cells have a clinical potential 

as biomarkers in cancer detection, diagnostics, prognostics and in targeted therapy. 

Structural changes of the genome are one type of genetic change found in various 

malignancies, and these include “fusion genes” which may be expressed as fusion 

transcripts. Transcript variants specific to cancer may also be produced by other 

mechanisms such as aberrant splicing. 

 

This thesis includes three papers where applications of high-throughput sequencing of 

DNA and RNA have been applied to detect novel fusion transcripts and transcript variants 

relevant to development of colorectal cancer (CRC; papers I and II) or testicular germ cell 

tumors (TGCTs; paper III).  

 

In paper I, we performed RNA- and whole-genome sequencing of CRC cell lines. We 

confirmed the presence of VTI1A-TCF7L2, the first recurrent fusion gene recently 

described in CRC and identified RP11-57H14.3 as a novel fusion gene partner of TCF7L2, 

a transcription factor of the canonical WNT signaling pathway. The original and newly 

identified fusion transcripts involving TCF7L2 were found to be expressed in 42 % and 45 

% of primary carcinomas from CRC patients (n = 106). Importantly, both fusion transcripts 

were found to be expressed in several normal colonic mucosa samples. In contrast to cell 

lines that harbor genomic rearrangements and high level of fusion transcripts, our data 

suggest that a large fraction of CRC and normal samples express these fusion transcripts at 

low levels, which is important in regards to using fusion genes as biomarkers. 
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In paper II, we analyzed exon-level microarray data from 202 CRCs and nominated 25 

genes that showed overexpression of their 3’ end in one or more CRC. Such deviating 3’ 

expression indicate that these parts of the gene are under the control of an alternative 

promoter, either within the same gene or from another upstream partner gene as part of a 

fusion gene. To enable effective characterization of the underlying transcript structures of 

these 25 genes, we developed a new protocol, RACE-seq, combining 5’ rapid 

amplification of cDNA ends (RACE) of multiple genes, followed by high-level 

multiplexing and pooling of RACE fragments and samples. We analyzed the combined 

pool, consisting of 25 candidate genes in 23 CRCs in one single sequencing reaction. From 

subsequent data analysis, we identified three private fusion transcripts: VWA2-TCF7L2, 

DHX35-BPIFA2, and CASZ1-MASP2. We also identified novel transcript junctions 

supporting a read-through between KLK8 and KLK7 and a new 3’ splice site in S100A2. 

Both of these were overrepresented in a high number of CRCs as compared to normal 

colonic mucosa. In addition to the current identified overrepresentation of the novel 

variants in CRC, both KLK7 and S100A2 have previously been implicated in this disease, 

strengthening their potential role as cancer biomarkers. 

 

In the final study of this thesis, we also used RNA-sequencing to search for driver fusion 

genes, but this time in TGCTs, a malignancy with few gene (point-) mutations and no 

previously detected fusion genes. In total, we discovered nine novel transcript breakpoints 

supporting eight fusion transcripts and one alternative promoter usage. RCC1-ABHD12B, 

RCC1-HENMT1, CLEC6A-CLEC4D and a transcript using an alternative promoter for 

ETV6 were recurrently expressed in an extended series of TGCT samples. Additionally, the 

RCC1 involving fusions and the alternative promoter usage of ETV6 was found to be 

favorably expressed in undifferentiated subtypes of TGCT, and expression was reduced 

upon induction of in vitro differentiation by treating cells with all-trans retinoic acid (RA). 

None of the four recurrent transcripts were detected in normal parenchyma of the testis, 

and RCC1-ABHD12B and ETV6 were not expressed in any of 20 tested miscellaneous 

normal tissues. The fusion genes discovered in this study are the first to be described in 

TGCT. 

 

  



 Summary 

15 
 

In conclusion, by state of the art genomics in combination with an efficient experimental 

protocol we have identified and validated the presence of novel transcript variants in two 

types of malignancies. We have also through several control experiments shown that care 

should be taken to suggest transcript variants as biomarkers since low level presence can 

be found in normal tissues. 
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Introduction 

Cancer – a common enemy 
Cancer affects us all in some way, either directly with a personal cancer diagnosis or as 

bystanders to people we love struck by the disease. With an estimated total of 14.1 million 

people diagnosed with cancer and 8.2 million deaths from cancer in 2012, cancer is a 

leading cause of death worldwide [1]. In 2008 it was estimated that 170 million years of 

healthy life were lost globally due to cancer, making a huge impact on worldwide health 

and economy [2]. With a steady increase in life expectancy of the worldwide population, it 

is predicted that there will be a marked increase in worldwide cancer incidence, with an 

estimation of 22.2 million cases in 2030 [3]. The ever growing impact of cancer on health 

and economy demands the development of efficient tools, both molecular and others, for 

improved diagnosis, prognosis, treatment, and follow up of cancer patients. However, 

cancer is not one disease, but a collection of related diseases with more than 100 types 

occurring in humans. The four most common cancer types are lung, breast, CRC and 

prostate cancers, which together account for 4 in 10 of all cancers diagnosed worldwide 

(Figure 1).  

Figure 1: Global cancer incidence (outer ring) 
and mortality (inner ring) in 2012. Figure adapted 

from cruk.org/cancerstats [accessed may 2015] 
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Hallmarks of cancer 

The various cancer types are most commonly defined by the cell and tissue type in which 

they arise. In addition, nearly all cancer types have several subgroups based on histological 

appearance, and increasingly by their molecular alterations. The latter makes the cancer 

sub-grouping quite complex, where individual cancers from the same tissue type and 

histological subgroups exhibit different molecular traits, thus demanding different clinical 

handling. Finding a single “cure” for cancer is inevitably unlikely. Nevertheless, some 

common integral components of cancer have been suggested; functional capabilities 

believed to be necessary for the multistep establishment and maintenance of malignant 

cancer. Known as the hallmarks of cancer, these include self-sufficiency of growth signals, 

insensitivity to growth suppressors, resistance to programmed cell death (apoptosis), 

immortality by limitless replicative potential, sustained angiogenesis, and activation of 

tissue invasion and metastasis [4]. In 2011, Hanahan and Weinberg reviewed the validity 

of these original hallmarks in light of recent advances in cancer research. In addition to 

underlining the continued importance and validity of the original hallmarks, they suggested 

that reprogramming of energy metabolism and evasion of immune destruction are 

additional hallmarks of cancer [5]. Although being common hallmarks of cancer, these 

common traits are often acquired by different underlying molecular mechanisms. The 

genomes of cancers are often highly unstable, with a higher mutation frequency than 

normal cells. Genomic instability has been suggested to be an enabling characteristic that 

facilitates rapid acquisition of hallmark capabilities [5]. An additional enabling 

characteristic is the interplay of cancer cells with the tumor microenvironment and 

invading immune cells. Immune cell inflammation can contribute to multiple hallmark 

capabilities; e.g. by supplying growth factors that sustain proliferative signaling, survival 

factors that limit cell death, and proangiogenic factors [5]. 
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Cancer – a genetic disease 
“We have not slain our enemy, the cancer cell. We have only seen our monster more 

clearly”. – Harold Varmus, Nobel Banquet, December 10, 1989 

These are the words of Harold Varmus upon receiving the Nobel Prize in Physiology or 

Medicine, for the discovery of human oncogenes. To be able to treat cancer and kill cancer 

cells, it is of uttermost importance to understand the molecular processes of carcinogenesis. 

The earliest study of cell division in malignant cells was made in 1890 by David von 

Hansemann who drew attention to aberrant mitosis in cancer cells [6]. This was followed 

by the somatic mutation theory of Theodor Boveri, the first who proposed that aberrant 

chromosomes might be the cause of cancer [7]. Since then, it has been established that 

cancer is a disease of the molecular machinery encoded in the genome. The central dogma 

of molecular biology, first stated by Francis Crick in 1958 and re-stated in 1970 [8], 

describes the flow of information in molecular biology. In essence, although 

oversimplified, DNA makes RNA, and RNA makes proteins. This flow of information is 

tightly and complexly regulated at multiple levels and controls the cellular phenotype. 

Deregulation of this machinery in normal cells may lead to the acquisition of the 

phenotypic traits considered as the hallmarks of cancer and consequently to malignant 

transformation [5]. Understanding the genome, transcriptome, proteome, and how it all 

works together and is deregulated in cancer is essential if we are to understand and “slay 

our enemy”, the cancer cell. 

The cancer genome 

The genome of an individual is identical across all different cell types, and consists of 23 

pairs of chromosomes which are built up of long DNA helix molecules. In 1953, Watson 

and Crick discovered that the structure of DNA consists of two strands in a double helix 

with a phosphate-deoxyribose backbone and the nucleobases; Adenine (A), Cytosine (C), 

Guanine (G) and Thymine (T) [9]. The nucleobases form hydrogen bonds and have 

specific binding affinities, where the pyrimidines, C and T, binds to the purines, G and A, 

respectively. In the early 1990s, researchers set out to characterize the entire sequence of 

our genome in the human genome project. The first draft of the genome was published in 

2001 by the human genome project and by a private effort led by Celera genomics and 

Craig J. Venter, in parallel issues of Science and Nature [10,11]. A more finished genome 

with previously missing euchromatin parts was published in 2004 [12]. In total our genome 

contains 3.3 billion base pairs or “letters of code”. The genome and the chromosomes are 
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further divided into regions of functional or coding DNA; the genes. Upon the completion 

of the human genome project, the number of genes in the human genome was found to be 

between 20,000 and 25,000 [12]. This number was substantially lower than the previously 

estimated number of genes, thought to be closer to 120,000 [13]. In fact, only 2 % of the 

sequences in our genome are protein-coding. 

 

Mutations in the nucleotide sequences of our genes are a common cause of cancer, and can 

be accelerated by environmental factors, mutagens, such as tobacco smoke, asbestos and 

UV-radiation. Some genes are found to be recurrently mutated in cancer and are thought to 

be drivers of tumorigenesis. These so-called cancer genes are divided into proto-oncogenes 

and tumor suppressor genes. Mutations of proto-oncogenes are often dominant, activating 

mutations leading to gain of function and oncogene activation. Mutations of tumor-

suppressor genes reduce the activity of the gene and are normally recessive, meaning that 

loss of both copies of the tumor suppressor genes is usually necessary [14]. In practice, this 

often occurs as a result of an inactivating truncating mutation followed by loss of 

heterozygosity [15,16]. Activating or truncating point-mutations, or small nucleotide 

insertions/deletions, are not the only ways proto-oncogenes and tumor suppressor genes are 

activated or deactivated. Cancer genomes are frequently aneuploid and have extensive 

copy number changes [17]. These may cause gain or loss of chromosome material, and 

consequently more or less copies of proto-oncogenes and tumor suppressor genes. As a 

result, expression of these genes may be altered.  

 

Epigenetic changes also cause deregulation of cancer genes. These are somatically 

heritable variations that are not caused by direct changes to the DNA sequence itself, but 

rather through different modifications [18]. There are three main types of epigenetic 

inheritance, i.e. DNA methylation, genomic imprinting and histone modification. The 

cancer genomes are generally hypomethylated, but with frequent aberrant promoter 

hypermethylation and consequent genetic silencing of tumor suppressor genes [19]. Also, 

hypomethylation has been shown to activate the expression of cancer proto-oncogenes 

[18]. 
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Fusion genes and chromosomal rearrangements 

In addition to large scale genomic copy number changes resulting in numerical aberrations, 

chromosomal rearrangements causing structural changes are frequent in cancer cells. These 

include intrachromosomal rearrangements; duplications, deletions or inversions of parts of 

single chromosomes, and interchromosomal rearrangements; insertions or translocations 

involving two chromosomes (Figure 2). 

 

Common for such chromosomal rearrangements is the alteration of genomic context, or the 

“environment” of genes. Whole genes may be positioned closer or further away from 

regulatory elements, including promoters, enhancers and silencers, leading to altered 

regulation and expression of affected genes. Such chromosomal rearrangements can also 

lead to the coupling of two previously separate genes into a fusion gene. Consequently, 

fusion transcripts (chimeric RNA from both gene sequences) can be expressed (Figure 3). 

Fusion genes may put a downstream gene under the regulation of a promoter of an 

upstream partner gene, resulting in altered expression of the downstream partner gene. 

Another potential consequence of fusion genes is the expression of fusion transcripts 

containing coding sequence from both partner genes, potentially encoding a fusion protein. 

Additionally, a partial in-frame coding sequence of one of the partner genes can be fused to 

the untranslated region (UTR) or promoter regions of the other partner gene; leading to N- 

or C-terminally truncated protein products and consequently loss of or altered function 

(Figure 3). Fusion genes are often highly cancer specific, and some are pathognomonic for 

subtypes of cancer. The first described recurrent chromosomal rearrangement was the 

Figure 2: Common types of chromosomal rearrangements. As an example, the interchromosomal rearrangements here 

depict chromosomes 9 and 22. A translocation t(9;22)(q34;q11) generates the Philadelphia chromosome and the consequent 

formation of the BCR-ABL1 fusion gene.  
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translocation between chromosomes 9 

and 22, known as the Philadelphia 

chromosome, in patients with chronic 

myelogenous leukemia (CML; Figure 2) 

[20,21]. Later, a fusion of BCR and 

ABL1 was found to be the consequence 

of the Philadelphia chromosome, 

encoding a hybrid protein with 

abnormal, oncogenic tyrosine kinase 

activity [22,23]. By molecular 

cytogenetic techniques, especially 

chromosome banding and fluorescence 

in situ hybridization (FISH), several 

recurrent fusion genes were discovered 

and characterized in the 1980s and early 

90s [24,25]. However, cytogenetic 

techniques used to detect fusion genes in 

a guided fashion were biased towards 

detecting interchromosomal fusion 

genes in hematological cancers [24]. 

With the development of high-

throughput methods for analyzing gene 

expression, such as array based 

technologies in the 1990s and 2000s, 

recurrent fusion genes were also 

discovered in common carcinomas, 

exemplified by the discovery of 

recurrent fusion genes involving TMPRSS2 and ETS family genes in more than half of 

prostate cancers [26]. More recently, deep-sequencing technologies have enabled unbiased 

detection of fusion genes caused by everything from subtle intrachromosomal 

rearrangements to clear interchromosomal rearrangements. This has resulted in a plethora 

of new fusion genes being described during the past 5 years. The number of fusion genes 

described is now close to 10,000, with more than 9,000 of them discovered by deep-

sequencing approaches [24]. In one study by The Cancer Genome Atlas (TCGA), close to 

Figure 3 Fusion gene consequences. 
Arrows in gene A and B represent breakpoints causing fusion 

genes with different consequences. Fusion breakpoints 

commonly occur in intronic regions. Intronic regions are not 

presented in the figure, but the promoter or 5’ UTR is separated 

from the coding sequences by a line representing a intronic 

segment. 
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8,000 fusion transcripts were discovered from transcriptomic data from 4,366 tumors 

representing 13 different cancer types [27]. Although many of the fusion genes discovered 

are important drivers in cancer, most of the nearly 10,000 fusion genes are probably 

passenger mutations. In fact, only 3 % of fusion genes have been recurrently identified, i.e. 

reported in at least two separate publications [24]. The increased genomic instability in 

cancer, seen especially in solid carcinomas, is probably contributing heavily to the 

generation of chromosomal rearrangements and passenger fusion genes detected by deep 

sequencing [28,29]. Filtering steps to enrich for recurrent and functionally important fusion 

genes are therefore of importance. Lately, fusion transcripts have also been shown to be 

expressed without corresponding genomic rearrangement but probably as a result of 

transcription coupled mechanisms [30]. 

The transcriptome 

The complexity of living organisms and 

of humans is not reflected in the number 

of genes. This became evident upon the 

completion of the human genome project 

and the discovery of relatively few 

coding genes. However, at the level of 

transcription, additional information and 

complexity is introduced. Although 98 % 

of the genome is non-protein coding 

sequences [31], studies have shown that 

up to three-quarters of the genome is 

transcribed and involved in gene 

regulation [32,33]. Most of the 

transcribed genomic sequences are non-

coding RNA, RNA molecules that are 

not translated into protein sequences 

[34]. Many of these still have important 

functional and regulatory roles, such as 

structural RNAs; including transfer 

RNAs (tRNAs) and ribosomal RNAs 

(rRNAs) important in protein translation, and small nuclear RNAs (snRNAs) that are 

Figure 4: Common mechanisms of alternative mRNA 
transcript variant generation. 
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involved in the splicing of pre-mRNA. Regulatory RNAs, including micro RNAs 

(miRNAs) and long non-coding RNAs (lncRNAs) have several important roles in 

regulation of gene expression and protein translation. An additional level of complexity is 

added by alternative splicing of protein-coding pre-mRNAs. In higher eukaryotes, the 

sequences of genes are composed of coding parts (exons) that are interrupted with long 

non-coding sequences (introns). Upon transcription, pre-mRNAs are made in the cell 

nucleus. These are further processed by the spliceosome to excise non-coding intronic 

sequences and splice together the coding exons into mature mRNAs. It is estimated that 95 

% of multi-exon genes in mammalian genomes undergo alternative splicing and can 

produce several alternative splice variants by combining the exon cassettes in different 

arrangements [35,36]. Several different splicing and non-splicing mechanisms create 

different transcript variants as illustrated in Figure 4. The diverse transcript variants may 

further be translated into protein variants with alternative functions. The process of 

alternative splicing is important in development and determining cellular phenotype. 

Analogous to alternative splicing observed in various normal cell types, alternative 

transcript expression as a result of aberrant splicing has been linked to cancer [37–40]. 

Alternative transcripts can impact tumorigenesis by having altered functions compared to 

normal transcript variants of the genes. Fusion transcripts have also been shown to be 

expressed as a result of splicing events between two or more genes [41]. Genes located in 

close proximity frequently express chimeric transcripts or fusion transcripts resulting from 

read-through transcription and subsequent cis-splicing [30,42]. Fusion transcripts of two 

genes that are distant to each other, or on different chromosomes, have also been found to 

be expressed without evidence of corresponding chromosomal rearrangements, these are 

likely products of trans-splicing [43]. It has been proposed that such fusion transcripts can 

increase the complexity of the genome by translating into distinct proteins [44,45]. In 

addition to being expressed in normal cells, fusion transcripts without corresponding 

genomic rearrangements have been shown to be overexpressed in cancer, and have an 

impact on cancer biology by regulating both replication and cellular growth [46–48]. One 

such fusion transcript, SLC45A3-ELK4 is expressed in both normal prostate tissue and 

prostate cancer, with high levels of expression in a subset of prostate cancer samples. Only 

some prostate cancers expressing these fusion transcripts harbor chromosomal 

rearrangements at the corresponding genomic loci [49,50]. Another fusion transcript 

between JAZF1 and JJAZ1(SUZ12) is expressed in normal endometrial stromal cells and is 

translated into JAZF1-JJAZ1, a protein with anti-apoptotic activity. Interestingly, the 
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chimeric RNA and protein is identical to those produced from a t(7;17)(p15;q21) 

chromosomal rearrangement found only in endometrial stromal tumors [51]. These 

findings led to the hypothesis that somehow the mechanism of trans-splicing, generating 

such fusion transcripts, guide the chromosomal rearrangements seen in cancer [43]. 

Colorectal cancer 
Cancer of the colon or rectum, CRC, is the third most common cancer worldwide in men 

and the second in women, with an estimated total of 1.4 million new cases and 694,000 

CRC related deaths worldwide in 2012 [1]. Norway is one of the countries in the world 

with the highest incidence of CRC, with almost 4,000 men and women diagnosed in 2013. 

The five-year relative survival across all stages is about 60 % in Norway [52]. CRC is 

associated with a so-called western lifestyle, and the incidence is substantially higher in 

more developed countries of the world (Figure 5) [1,53]. Countries that have recently 

adopted the western lifestyle, such as eastern European countries with a booming 

economical status, also show increasing incidence of CRC [54]. 

Figure 5: Worldwide age-standardized incidence of colorectal cancer for both sexes. Age-standardized rate is a 

summary of the rate that a population would have if it had a standard age structure. Source: GLOBOCAN 2012 

(IARC) [55] 
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The strongest risk factor for CRC is age, with over 90 % of patients being older than 50 

years, and the average age is about 70 years [56]. Environmental risk factors associated 

with CRC include intake of alcohol, smoking, intake of processed red meat, obesity and 

diabetes; all risk factors linked to a western lifestyle [57]. Prognosis of CRC is largely 

dependent on the cancer stage at the time of diagnosis, which is classified according to the 

Tumor node metastasis (TNM) system [58]. In the TNM system, CRC is graded according 

to depth of infiltration of the primary tumor (T1-T4), the extent of involved regional lymph 

nodes (N0-N2) and the presence of distant metastasis (M0-M1). Stage I and II is 

considered localized disease with N0 and M0, however with a deeper infiltration of the 

primary tumor into surrounding tissue in stage II (T3-T4). Stage III is classified as regional 

disease with detectable cancer cells in lymph nodes (any T stage, N1-N2), whereas in stage 

IV metastases are found in other organs (any T, any N, M1). Increasing TNM-stage is 

associated with increasingly poor prognosis, and survival with metastatic disease is low 

[52]. Treatment of CRC is largely determined according to the TNM system. Main 

treatment regimes include surgery, and for stage III and IV, adjuvant chemotherapy. Also, 

for rectal cancer, radiation treatment is common. The TNM criteria for determining 

treatment regimes are not optimal, exemplified by the paradox that stage IIB/C (T4N0) 

patients have a worse prognosis than stage IIIA patients (T1-2N1) [59,60]. Additionally, 

patients within the individual stages are a heterogeneous group, with different clinical 

outcomes. For instance some stage II patients could benefit from adjuvant chemotherapy 

since ~25 % of this patients group experience relapse. Most stage III patients receive 

adjuvant chemotherapy but some of them are over-treated and would have been cured with 

surgery alone. Biomarkers that could better predict patient prognosis and treatment 

response are warranted for improved adjusted individualized treatment regime. 

 

About 20-30 % of patients with CRC are believed to have increased hereditary 

susceptibility to the disease, but only 5 % of the patients have known heritable CRC-

associated syndromes caused by single gene defects [61]. Known hereditary CRC-

associated syndromes include Lynch syndrome (also known as hereditary nonpolyposis 

colorectal cancer) and familial adenomatous polyposis (FAP), estimated to account for 3-4 

% and 1 % of CRC cases, respectively [61]. Individuals with autosomal dominant Lynch 

syndrome have an 80 % lifetime risk of developing CRC and often have early onset of the 

disease. These individuals carry germline mutations in DNA mismatch repair (MMR) 

genes. As a result, DNA replication errors occur in repeat sequences, causing microsatellite 
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instable (MSI) tumors [61,62]. FAP has been found to be caused by germline mutation in 

the APC gene. Individuals with FAP acquire hundreds to thousands of small adenomatous 

polyps in the colon, each of which has a small chance of developing into malignant CRC. 

However, due to the large number of such polyps, development into malignant CRC is 

nearly inevitable [61,62]. The germ line mutations predisposing for heritable CRC are also 

seen as somatic mutations in the development of sporadic tumors. However, patients with 

heritable CRC are often diagnosed at a younger age and often with synchronous or 

metachronous multiple primary tumors. The development of most sporadic CRCs is 

thought to be a lengthy process, taking years if not decades. Starting from normal cells 

located in the crypts of the colon, to dysplastic or hyperplastic aberrant crypt foci 

developing into benign adenomas and ending up in full blown carcinomas that permeates 

the basal membrane and infiltrates healthy organs. In 1990, the adenoma to carcinoma 

sequence was proposed by Fearon and Vogelstein to be a succession of acquired genetic 

changes priming the cells with hallmark cancer abilities, necessary for malignant growth 

[63]. The initiating step is activation of the WNT signaling pathway, most commonly 

through genetic disruption of the APC gene [64]. The second event is often activation of 

the RAS signaling pathway. Inactivation of the tumor suppressor gene TP53 is associated 

with later malignant transformation and observed in about half of CRCs [65–67]. 

Additionally, malignant transformation from adenoma to carcinoma is associated with 

other genetic and epigenetic changes, the latter leading to aberrant methylation of tumor 

suppressor genes and consequently gene inactivation. In addition to point mutations, gene 

rearrangements and gene overexpression also contribute to acquiring hallmarks necessary 

for malignant transformation. 
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WNT signaling in colorectal cancer 

The colon epithelial lining has narrow invaginations called crypts. Normal crypts of the 

colon are arranged with a stem cell compartment at the bottom. The concept of stem cells 

is briefly summarized in Box 1. In the colon crypts each stem cell divides asymmetrically 

and forms a new stem cell and a daughter transit amplifying cell (TAC). The TACs then 

divide more rapidly and give rise to more differentiated cell types that migrate out of the 

epithelial crypts as they differentiate. Eventually, the differentiated cells die by apoptosis 

and are sloughed off and lost in the lumen of the colon. The WNT signaling pathway 

controls the cell fate along the crypt – lumen axis, with a high gradient of WNT signal 

molecules in the lower parts of the crypts that activate the WNT signaling cascade. 

Mesenchymal cells that surround the bottom of the intestinal crypts are thought to produce 

the WNT signaling ligands that activate the WNT signaling cascade (Figure 6). Briefly, 

activated cell surface receptors activate an intracellular signaling cascade that hinders 

phosphorylation and subsequent degradation of β-catenin. As a consequence, levels of 

cytoplasmic β-catenin increase and migrate into the cell nucleus where it binds to 

transcription factors TCF4/LEF and activates expression of downstream target genes, 

important for proliferation and maintaining an undifferentiated cell state. Towards the 

lumen of the colon, the WNT signal molecule concentration subsides, turning WNT 

signaling off. Consequently, the progenitor cells stop dividing and differentiate. The plastic 

organization of the colon’s crypt epithelial tissue, suggests that genetic alterations 

occurring in more differentiated cell types towards the lumen will be lost due to the short 

Box 1 | Stem cells 

Stem cells are undifferentiated cells capable of self-renewal by mitosis and able to differentiate 
and generate other specialized cell types. Stem cells can be divided into embryonic stem cells 
and adult stem cells. Embryonic stem cells are derived from the inner cell mass of the 
blastocyst stage embryo and are pluripotent, meaning they can give rise to all cell types of the 
body derived from the three germ layers. Adult stem cells are found in stem cell niches of 
tissues throughout the body, and are responsible for replenishing dying cells and regeneration 
of damaged tissue. These are generally multipotent, i.e. able to differentiate into any cell type 
of a specific lineage. Examples are the hematopoietic stem cells that reside in the bone marrow, 
which can give rise to all types of blood cells, but not other types of cells. Another type of stem 
cells is induced pluripotent stem cells. These are created from differentiated somatic cells by 
inducing them to express genes that are normally expresed in embryonic stem cells. Induced 
pluripotent stem cells exhibit similar phenotypes as embryonic stem cells and are able to 
differentiate into cells of all three cell lineages [68]. 
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life-span of these cells. However, mutations in the APC gene in the stem cell compartment, 

or relatively undifferentiated TACs or progenitor cells, will activate the WNT signaling 

cascade even in absence of WNT signal molecules. Consequently, the undifferentiated 

compartment will expand, priming for further genetic and epigenetic changes that could 

turn the benign dysplastic or hyperplastic growth into a malignant carcinoma.  

WNT signaling is altered in nearly all CRCs, most commonly through inactivating 

mutations of the APC gene, but also by genetic changes observed in other components of 

the pathway (Figure 7). Activating point mutations in the CTNNB1 gene (coding for β-

catenin) are seen in some CRCs with intact APC genes [69]. These mutations inhibit the 

binding of β-catenin to the destruction complex and consequently activate WNT signaling. 

Mutations in TCF7L2, the gene coding for the transcription factor TCF4, is also seen in 

CRCs, with highest frequency in MSI tumors [70]. A fusion gene connecting VTI1A to 

parts of TCF7L2 has been described, and was the first publication of a recurrent fusion 

gene in CRC [71]. Although it’s not sure if this fusion activates WNT signaling, 

knockdown of the expressed fusion transcript leads to loss of anchorage independent 

growth, a trait necessary for the cancer hallmark invasion and metastasis [5,71]. Fusion 

genes involving TCF7L2 are further investigated in this thesis (paper I). 

Figure 6: The colon crypt organization
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Figure 7: Genetic changes in the WNT signaling pathway. The genetic changes include somatic mutations, 

homozygous deletions, focal amplifications or deletions, and for the FZD10 gene significant differential 

expression. Frequencies are percent of cases altered in the TCGA series of CRCs. Figure adapted from [70]. 
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Cancer stem cells – a model for tumor heterogeneity 
Normal tissues of the human body, such as the colonic crypts, are arranged with a stem cell 

compartment, with stem cells responsible for renewal and maintenance of the tissue’s 

multiple cell types. Similar to normal tissue hierarchies, tumors are frequently 

heterogeneous; composed of cancer cells displaying different genetic and phenotypic traits 

[72,73]. These traits include cell morphology, expression of cell surface markers, genetic 

lesions, cell cycle entry, proliferation and response to therapy. Further reflecting aberrant 

tissue organization, only a small proportion of the tumor cells are believed to be able to 

renew and propagate the tumor, while the bulk of the tumor is composed of cells with a 

more limited growth potential. The small proportion of renewable cancer cells have been 

proposed to be cancer stem cells (CSCs)[74]. This explanation for tumor heterogeneity 

contrasts the original stochastic model of tumor formation, where a succession of genetic 

changes confers a selective advantage for cancer cells, and tumor formation is a process of 

clonal expansion [75]. In the CSC model, only cells with the capability of self-renewal and 

ability to differentiate into tumor propagating cells can be the cell components undergoing 

selective growth. However, subpopulations of cancer cells with CSC properties may arise 

from any cell type that gains self-renewal and differentiation capabilities, and not 

necessary develop from normal stem cells. If correct, the CSC hierarchical model for 

tumor development has broad implications for how cancer is treated. Most standard 

therapeutic regimes treat tumors as a homogenous mass of cells and targets rapidly 

dividing cancer cells. This approach has had beneficial advances in several cancer types, 

but suffers from high relapse rates, treatment resistance and ultimately the deaths of several 

cancer patients. Some of the CSC attributes help explain these shortcomings. CSCs have in 

accordance to normal stem cells been observed to have increased activity of multi-drug 

resistance transporters. Additionally, it has been hypothesized that CSCs divide more 

slowly than the bulk tumor cells and therefore do not die by treatment targeting rapidly 

dividing cells. Anti-apoptotic proteins are also found at increased levels in CSCs, making it 

harder to induce treatment-related apoptosis [76]. Therefore, in traditional treatment, even 

though the bulk of the tumor consisting of more specialized cancer cells are killed and the 

patient enters remission, the CSCs may survive and recapitulate the tumor at a later time. 

One intriguing example is CML, where a translocation resulting in the Philadelphia 

chromosome and consequent constitutively expression of the fusion kinase BCR-ABL1 

occurs in about 95 % of cases [77]. A therapeutic drug, imatinib, has been developed that 
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effectively block the constitutively active kinase [78]. As a result, what seems to be 

complete remission is almost always observed. However, if the patients are taken off the 

imatinib, the CML relapses in many of the cases [79,80]. This phenomenon has been 

attributed to the fact that the CSCs survive and recapitulates the tumor once the treatment 

is removed [81]. Development of therapies that specifically targets the CSCs is promising 

if the theory holds true. However, it is of importance that such agents directed against 

CSCs discriminate between CSCs and normal tissue stem cells [76].  

 

Still, the CSC model remains controversial. Traditional characterization of CSCs from 

tumors has been cell sorting followed by xenotransplantation into immunodeficient mice. 

Based on cell surface markers, subpopulations of cancer cells have been identified that are 

able to repopulate a tumor and its heterogeneous cancer cell populations. This 

characterization of CSCs has been argued to isolate cancer cells with stemness properties 

in very specific model systems and only provide a snapshot of the tumor at the time of 

isolation. It is questionable if the isolated cancer cells with stemness properties are stable 

CSCs, or if it is possible that cancer cells fluctuate between CSC and non-CSC states. Only 

if the CSCs are a fixed subpopulation of the cancer cells will therapeutic strategies that 

target them prove valuable [82,83]. 

 

Identification of new markers that specifically distinguish CSCs from normal stem cells is 

needed to develop new therapeutic strategies that target the CSCs. Isolating and purifying 

the CSCs and the normal somatic stem cells and subsequently performing comparative 

studies between the two cell types may identify such markers. However, total purification 

of CSCs is difficult, as most of current strategies only enrich cells with stemness 

properties. Consequently, new markers that can be used to isolate and enrich CSCs 

specifically are also needed. This becomes a chicken and the egg paradox, as new markers 

are needed for isolation of CSCs to be able to compare them to normal stem cells to 

subsequently identify CSC specific markers in a stem cell setting. An alternative approach 

may be the use of model systems for CSC to normal stem cell comparison. Here, 

utilization of germ cell tumors is promising. Embryonal carcinoma (EC) cells of the germ 

cell tumors are capable of self-renewal as well as differentiation into the more 

differentiated subclasses of TGCT non-seminomas. They are remarkably similar, both on 

the level of gene expression and pluripotency to embryonic stem (ES) cells. The latter are 

derived from the inner cell mass of the blastocyst stage embryo and are capable of 
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differentiating into any cell type in the body. When cultured in vitro through extended 

passages, ES cells have been shown to acquire genetic changes that are similar to changes 

found in malignant EC cells, including gain of material from chromosomes 12, 17, and X 

[84]. Considering this, EC cells are commonly considered a malignant caricature of ES 

cells, where the progressive adaption of ES cells in vitro reflects malignant TGCT 

transformation in vivo [85]. The EC-ES pair thus allows unique comparison of a normal, or 

at least non-malignancy-derived, stem cell to its malignant counterpart. Genetic markers 

that specifically segregate EC cells from ES cells may have promise for the understanding 

of the CSC concept, and also be of value for further therapeutic intervention [86]. 

  



Introduction 

34 
 

Testicular Germ Cell Tumors 
Cancer of the male germ cells, located in the testes of men, is the most common cancer 

type among young males aged 15-44 years (Figure 8A) [87]. TGCT accounts for 95 % of 

all occurring malignancies of the testes. The other 5 % includes tumors arising from 

epithelial supporting cells, such as Leydig and Sertoli cells. TGCT is most common 

amongst Caucasian men, and TGCT incidence has drastically increased in the western 

developed world in the last 50 years [88–90]. Especially, Scandinavia has a high incidence 

of TGCT and in Norway the incidence has tripled during the last 50 years (Figure 8B). 

 

Treatment of TGCT is looked upon as one of the success stories of cancer treatment. 

Mortality rates were high back in 1970, with 95 % of men with metastatic TGCT dying of 

their disease [92]. With the introduction of combinatory cisplatin chemotherapy the 

relative 5-year survival rate sky-rocketed, evident in the total survival of 97 % in Norway 

during 2009-2013 [52]. Still, TGCT affects men in their prime, and can substantially 

increase treatment related morbidity later in life, including cardiovascular disease, reduced 

fertility and secondary cancers [93]. All TGCTs are believed to arise from a pre-invasive 

stage termed intratubular germ cell neoplasia (IGCN), also known as carcinoma in situ 

[94]. IGCN is frequently observed adjacent to invasive TGCTs and further support the 

development of invasive TGCTs [95]. These pre-invasive lesions are thought to arise 

during fetal development and involve changes to primordial germ cells (PGC) either during 

migration to the embryonic genital ridges, or after they have arrived at the gonads. 

Malignant transformation is then thought to occur later in life, post-puberty [96]. TGCT 

Figure 8: Incidence rates of testicular cancer. (A) Age-specific incidences of testicular cancer compared with other 

cancer types, 2009-2013. The raw data were obtained from the Norwegian Cancer Registry [52]. (B) Age-standardized 

testicular cancer incidence rates in Nordic countries, 1960-2012. The raw data were obtained from Nordcan [91]. 
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can further be divided into several subgroups. Seminomas are tumors with cancer cells that 

have similar features as the PGC. Non-seminomas are further divided into pluripotent ECs 

and more differentiated subtypes, with either somatic (teratoma) or extra-embryonic 

differentiation (yolk sac tumors; YST, and choriocarcinomas) [97]. Both seminomas and 

non-seminomas are thought to arise by the same pathway, as up to 50 % of TGCTs harbor 

mixed histological subtypes [97].  

Genetics of testicular germ cell tumors 

The mutation rates (point mutations and small insertions and deletions) of TGCTs are low 

and similar to those of pediatric cancers [98–100]. Even so, the genomes of TGCTs are 

generally aneuploid with extensive chromosome instability and have erased paternal 

imprinting. Non-seminomas are typically hypotriploid, while seminomas are hypertriploid 

[101]. Gain of the chromosome arm 12p is seen in virtually all cases of TGCT, with 80 % 

harboring an isochromosome (i12p), while the remaining cases have gain of parts of 12p 

material and/or extra copies of the whole of chromosome 12 [102,103]. Gain of 12p 

material is observed in some IGCNs, but only in IGCNs that are adjacent to a germ cell 

tumor [104]. This suggests that gain of 12p is not a requirement for IGCN development, 

but that it is associated with malignant transformation [105]. Other chromosome copy 

number alterations also occur with high frequencies, and genes located within these 

regions of recurrent chromosomal changes are thought to be important in initiation and 

development of TGCTs [106]. No clear genetic driver located on 12p has been identified, 

but some candidates have been presented [105]. Several genes that are located on 12p are 

overexpressed in TGCTs compared to normal testicular tissue. CCND2 (encoding cyclin 

D2) has been shown to be expressed in the G1 phase of the cell cycle in IGCN and most 

invasive TGCTs. Cells lacking cyclin D has been shown to be less prone to undergo 

malignant transformation [107]. Other candidate genes located on 12p include KRAS, one 

of the most frequently activated oncogenes, with 17-25 % of all human tumors harboring 

activating mutations in the gene [108]. Also stem cell specific genes, including NANOG 

and DPPA3 are located on 12p and are considered as candidate genetic drivers to the 

cancer development. Even though point mutations are infrequent in TGCTs, some 

recurrent mutations are observed. These include mutations in the KIT gene encoding a 

receptor tyrosine kinase, observed in about 25 % of seminomas, but not in non-seminomas 

[109,110] and KRAS [100,111]. Genome wide association studies (GWAS) have also 

identified several loci where particular alleles of single nucleotide polymorphisms (SNPs) 
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are associated with increased risk of developing TGCT. The locus with the strongest odds 

ratio is located within chromosome band 12q22, close to the KITLG gene. KITLG encodes 

the ligand binding to the KIT receptor [112,113]. KIT-KITLG signaling is important for 

PGC proliferation, migration to the gonadal ridge during embryogenesis and survival of 

these cells. The predisposing KITLG genotypes and activating mutations of the KIT 

receptor gene may be responsible for alterations in KIT-KITLG signaling, leading to 

disruption of normal PGC development and subsequent onset of TGCT initiation and 

development [114]. Mutations in KIT have also been indicated to have a higher incidence 

in bilateral TGCTs, being a potential marker for bilateral disease. Identification of identical 

KIT mutations has also suggested that transformation of PGCs to IGCN occur during or 

before migration of PGC and separation of cell populations to the genital ridges [96]. 

However, recent exome-sequencing of bilateral TGCTs did not identify any overlapping 

mutations between the bilateral TGCTs, suggesting independent development lineages of 

bilateral TGCT [98]. 
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Cancer biomarker discovery with high-throughput RNA-analyses 
A biomarker can be defined as any characteristic that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention [115]. Tumor biomarkers that can be 

used for early detection, diagnosis, prognosis, treatment targets and also predict treatment 

response are in demand across the field of oncology. Several biomarkers are already 

implemented in clinical use, however many of these are measurements of characteristics 

that are present in normal condition but overrepresented in types or subsets of cancer. 

Often overexpression of these characteristics are also not specific to the cancer subtype but 

may be observed in other benign and malignant conditions. Therefore many implemented 

biomarkers suffer from poor sensitivity and specificity. An example of a marker for 

screening purposes and early detection is the prostate specific antigen (PSA) used to 

indicate prostate cancer in men. However, an elevated PSA level does not necessarily 

indicate aggressive prostate cancer, and PSA testing can lead to overtreatment with 

questionable effects on mortality rates [116]. Fusion genes and also transcript variants can 

be highly specific cancer molecules and represent a potent class of biomarkers. One of the 

best cancer biomarkers in clinical use is the Philadelphia chromosome and the consequent 

expression of a BCR-ABL1 fusion transcript which in turn is translated into a BCR-ABL1 

fusion kinase. Detection of the chromosomal rearrangement t(9;22)(q34;q11) is used as a 

diagnostic biomarker for CML. Further, expression of the BCR-ABL1 fusion transcript is 

used as a biomarker to monitor disease and treatment response [117,118]. Additionally, in 

2001 the US Food and Drug Administration (FDA) approved imatinib (Gleevec), a drug 

blocking the fusion kinase BCR-ABL1 that was shown to be highly effective in treating 

CML patients [78,119]. Later, several additional new compounds have been developed that 

block BCR-ABL1 and also other fusion kinases in a similar manner. Examples include the 

use of ALK-inhibitors crizotinib and ceritinib in treatment of non-small cell lung cancers 

with rearrangements in ALK and the use of imatinib for cancers with PDGFRA/B 

rearrangements [24]. Drugs targeting non-kinase fusions have also been found to be 

effective, e.g. with the use of Tretinonin (all-trans retinoic acid) in treatment of acute 

promyelocytic leukemia with the PML-RARA fusion gene [120]. Recently, a study also 

found that a small-molecule inhibitor could inhibit a transcription factor fusion in acute 

myeloid leukemia, providing proof of concept for transcription factor targeted therapy 

[121]. The splicing process of primary transcripts is frequently altered in cancer compared 
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to normal tissue due to differential expression of known splicing-regulatory genes. Such 

aberrant splicing can produce cancer specific transcript variants that have biomarker 

potential [39]. 

 

Before high-throughput methodologies, gene detection, SNP characterization, and 

investigation of structural transcript variation have been carried out by narrow poking of 

the transcriptome. Specifically, analyses of expressed sequence tags (ESTs) have mostly 

been used. ESTs are generated by the conversion of mRNA copies into complementary 

DNAs (cDNAs), which are then cloned to make libraries of transcribed genes from the 

original cell, tissue or organism. These clones are subsequently sequenced randomly from 

both directions in a single-pass run. The ESTs usually range in size from 100 to 800 bp. 

The ESTs are sequenced only once and are prone to sequencing errors, especially at the 

ends. The amount of ESTs is not directly quantitative and the sensitivity is poor with 

frequent sampling bias resulting in under-representation of rare transcripts [122]. 

Comparative hybridization techniques and microarrays have been revolutionary in the field 

of transcriptomics. The ability to simultaneously interrogate and measure the expression of 

hundreds of thousands of exons and transcripts has brought about extensive knowledge of 

the cancer transcriptome. However, microarray technologies are limited by the fact that 

they are based upon previous knowledge of the transcriptome, and can therefore be 

considered a guided technology. Still, microarrays are efficient tools for analyzing gene 

expression and alternative splicing of known transcript variants in cancer. By investigating 

gene expression in CRC using microarrays, prognostic gene expression signatures have 

been discovered that promise better risk assessment for stage II and III CRC patients [123]. 

Also, by using exon microarrays, a novel characteristic of transcriptome instability, 

characterized by extensive aberrant genome-wide splicing, has been described in CRC and 

other carcinomas [124,125]. Outlier expression analysis with microarray data has identified 

recurrent fusion genes in solid epithelial carcinomas, such as the TMPRSS2-ERG fusion 

gene and other ETS rearrangements in prostate cancer [26]. The feasibility to detect known 

fusion genes has further been demonstrated by development of custom fusion microarrays, 

with probes spanning potential fusion transcript breakpoints [126–128]. In contrast to 

microarray technologies, high-throughput, or deep sequencing of cDNA libraries (also 

termed RNA-sequencing or transcriptome sequencing) determines the cDNA sequence 

directly and enables complete characterization and quantification of the transcriptome 

[129]. Here, cDNA is sequenced by deep-sequencing protocols and machines, generating 
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millions of sequencing reads with lengths depending on the applied sequencing 

technology. Each base of an expressed transcript is covered hundreds or thousands of 

times, and differences in read densities allow for robust quantification of gene- or 

transcript-level expression. Sequencing reads can also be mapped across exon-exon 

junctions, enabling identification and characterization of known as well as novel transcript 

variants. By sequencing from both ends of cDNA fragments, in paired-end sequencing, 

mapping information of the two paired sequencing reads can be used for additional 

information of transcript structures. Fusion gene detection algorithms often rely on the 

discordant mapping of sequencing reads in a read-pair, followed by detecting reads that 

cover the fusion breakpoint in itself. This approach enables the unbiased identification of 

fusion transcripts, involving the fusion of known or previously unknown transcript 

elements. Additionally, semi-guided RNA-sequencing can uncover the transcriptional 

complexity of targeted genes, as is explored in paper II of this thesis with the coupling of 

5’ RACE and deep sequencing of full length transcripts. The era of deep-sequencing and 

especially RNA-sequencing have already uncovered that the transcriptome is extensively 

more complex than originally anticipated, exemplified by the explosive increase in 

identified fusion transcripts [24], which are common in both healthy and diseased cells and 

tissues. Careful experimental designs and post-sequencing filtering strategies are required 

to remove technical artifacts and enrich for functionally relevant transcript variants. The 

technology will continue to provide insights and discoveries of the transcriptome, which 

will help uncover mechanisms of human complexity and pathologic disease such as cancer.
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Aim 

The overall aim of the PhD-project was to reveal novel RNA variants expressed 

specifically in cancer, which have potential as biomarkers or therapeutic targets and 

illuminate aspects of the transcriptome in cancer biology. Specifically, we aimed to 

identify and characterize novel fusion transcripts and other transcript variants expressed in 

CRCs and TGCTs. 
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Results in brief 

Paper I 
‘High frequency of fusion transcripts involving TCF7L2 in colorectal cancer: Novel 

fusion partner and splice variants’ 

In 2011, VTI1A-TCF7L2 was described as the first recurrent fusion gene in CRC, 

expressed in a total of 3 out of 97 primary tumor samples, and in the NCI-H508 CRC cell 

line [71]. In Paper I, we investigated if VTI1A-TCF7L2, or other fusion genes involving 

either of the original partner genes, were detected in RNA-sequencing data from seven 

CRC cell lines. In addition, we had overlapping whole-genome sequencing data from four 

of these, namely HCT15, HCT116, HT29 and SW480. By using the fusion finder 

algorithms deFuse and nFuse we only detected the VTI1A-TCF7L2 fusion breakpoint in 

downloaded RNA-sequencing data from the NCI-H508 CRC cell line, as already reported 

by Bass et al. [71]. However, we detected a genomic breakpoint in the HCT116 cell line 

that spanned from the intronic region of TCF7L2 to upstream of RP11-57H14.3 with a 

corresponding expressed fusion transcript. Further, we investigated the prevalence of both 

the original VTI1A-TCF7L2 fusion transcript and the TCF7L2-RP11-57H14.3 fusion in a 

series of 106 CRC primary tumors and a panel of CRC cell lines and normal colonic 

mucosa samples. By nested RT-PCR, we detected expression of these fusion transcripts in 

42 % and 45 % of the CRCs respectively. Additionally, both fusion transcripts were seen 

in 29 % of the normal colonic mucosa samples and in several of the different normal tissue 

samples from miscellaneous human organs (n = 20). The two fusion transcripts were not 

expressed in a mutually exclusive manner, and importantly, not exclusively in cancer cells. 

Paper II 
‘Novel RNA variants in colorectal cancers’ 

To further characterize fusion genes and transcript variants in CRC, we analyzed exon-

level microarray data from 202 CRCs and searched for genes with overexpression of the 3’ 

end in individual tumors. In total, 25 genes showed overexpression of the 3’ end in at least 

one cancer sample. To effectively characterize the underlying transcript structures of these 

candidates, we developed a new sequencing approach, RACE-seq. Here, we combined 

traditional 5’ RACE of the target genes and additional positive control genes with high-

throughput sequencing of pooled RACE products. We identified VWA2-TCF7L2, DHX35-
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BPIFA2 and CASZ1-MASP2 as private fusion events in individual tumor samples. In 

addition, we characterized novel transcript structures for 17 of the 23 other targeted 

candidate genes, where 13 of these had sequence reads extending upstream from the 

annotated gene boundary, and 12 had sequence reads supporting new intragenic transcript 

structures. Eight of the 23 genes had both; reads extending upstream and reads supporting 

new intragenic transcript structures. Additionally, we found transcript junctions supporting 

a recurrent read-through fusion transcript between KLK8 and KLK7, and also a novel 3’ 

splice site in S100A2. Both were found to be overrepresented in CRC tissue and cell lines 

from external RNA-seq datasets from TCGA and the Cancer Cell Line Encyclopedia 

(CCLE). 

Paper III 
‘RNA sequencing reveals fusion genes in testicular germ cell tumors’ 

To investigate the possibility of driver fusion genes in TGCTs, we performed RNA-

sequencing of 3 EC and 2 ES cell lines. We identified and validated 8 fusion transcripts in 

addition to alternative promoter usage in transcription of the ETV6 gene. Five of these nine 

breakpoints had both partner genes located on chromosome arm 12p. By using droplet 

digital PCR (ddPCR) to assess gene linkage, we found that the private fusion genes; EPT1-

GUCY1A3 and PPP6R3-DPP3, are linked on the genetic level in the 833KE and NTERA2 

EC cell lines, respectively. RCC1-ABHD12B, RCC1-HENMT1, CLEC6A-CLEC4D and the 

alternative promoter of ETV6 were found to be recurrently expressed in an extended 

sample panel, including all subtypes of primary TGCTs and additional EC cell lines. 

RCC1-ABHD12B and the alternative promoter of ETV6 were found to be expressed more 

frequently in the less differentiated subtypes of TGCTs. In vitro treatment with all-trans 

retinoic acid (RA) induced differentiation of NTERA2 EC cell line which resulted in 

significant reduced expression of both fusion transcripts involving RCC1 and the 

alternative promoter usage in ETV6. All 4 recurrent transcripts were undetectable in 

normal parenchyma of the testis. In addition, expression of RCC1-ABHD12B and the 

alternative ETV6 promoter were not detected in any of the included normal tissues from 

organs of the human body (n = 20). 
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Discussion 

The concept of the gene – in need of refinement 
In all three papers presented in this thesis we discovered transcripts that have not 

previously been annotated and that have transcribed elements extending outside of 

currently annotated gene boundaries. Our findings are in line with reports from the 

Encyclopedia of DNA Elements (ENCODE) consortium, whose goal is to build a 

comprehensive parts list of functional elements in the human genome. They have 

previously reported that up to three-quarters of the genome are transcribed, and that the 

reduced lengths of intergenic regions lead to a significant overlap of neighboring gene 

regions [32]. In the pilot project of ENCODE, more than 80 % of 399 protein coding genes 

had unannotated transcribed fragments upstream or internal to previously annotated gene 

boundaries [130]. Later, they discovered that 85 % of transcriptional termini, both 5’ and 

3’ ends, of 492 protein coding genes extended beyond the annotated gene boundaries [41]. 

These findings clearly contradict the notion that a gene is constricted to a defined set of 

genomic coordinates. ENCODE have suggested a redefinition of a gene as being ‘a union 

of genomic sequences encoding a coherent set of potentially overlapping functional 

products’ [131]. This definition weighs the functional product as the defining factor. 

However, the extensive complexity of the transcriptome and the increasing overlap 

between annotated genes are difficult to fit into the definition. Djebali et al. have proposed 

that the transcript should be considered as the unit of inheritance, and that the gene could 

be considered a higher-order concept intended to capture all transcripts that contribute to a 

given phenotypic trait [32]. In conclusion, the extensive complexity of the transcriptome 

revealed by high-throughput techniques in the past decade complicates the concept of a 

gene. Further understanding of splicing mechanisms and cross-talk in transcription 

between genetic loci is necessary to understand developmental biology as well as 

pathological processes which are linked to our genes, such as cancer.  

 

The generation of transcripts containing exons spliced in a non-linear order, as is the case 

for TCF7L2-RP1157-H14.3 (paper I) has been described previously by Nigro et al. as a 

process of exon-scrambling [132]. The process was first described when investigating the 

tumor suppressor gene DCC, where scrambled transcripts were found to be expressed in 

both normal and neoplastic cells. With RNA-sequencing such scrambled transcripts from 
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hundreds of genes have recently been described [133]. These scrambled transcripts were 

suggested to be results of expressed circular RNAs, many of them expressed at a level 

comparable to their canonical linear counterpart. 

 

Both VTI1A-TCF7L2 and TCF7L2-RP11-57H14.3 fusion transcripts investigated in paper I 

were found to be expressed, although often at low levels, in a high frequency of normal 

and malignant samples without corresponding genomic rearrangements. The observation 

that fusion transcripts expressed in normal cells without genomic aberrations are 

overexpressed with genomic aberrations in cancer cells is intriguing. The chance of 

recurrent genomic aberrations in cancer resulting in the expression of fusion transcripts 

that are identical to those that are also expressed at low levels in normal cells without 

corresponding chromosomal aberrations is miniscule. This suggests that the generation of 

fusion transcripts and introduction of corresponding genomic breaks is somehow a linked 

mechanism [43]. Probably, the spatial organization of the genome in the nucleus plays an 

important role in this process, as elements far apart in linear sequence may not necessarily 

be far apart in the three-dimensional nucleus space. The organization of the genome in the 

nucleus has been shown to be nonrandom, and follow patterns for different tissue types 

[134–136]. This may explain the observations of tissue-specific and cancer-specific 

recurrent chromosomal rearrangements, e.g. the expression of the fusion transcript JJAZ1-

JAZF1 in endometrial cells and the consequent chromosomal rearrangement seen in 

endometrial stromal tumors [51]. Investigating the spatial orientation of the genome may 

uncover more secrets about the long-distance interactions of the genome, trans-splicing 

and corresponding genomic rearrangements. Techniques for investigating the genomic 

spatial arrangement have been rapidly developing in recent years. Genomic chromosome 

confirmation capture followed by sequencing (HI-C sequencing) allows investigation of 

chromosomal interaction patterns across the whole-genome. This approach has been used 

to show that translocation breakpoints have higher contact frequencies than random parts 

of the genome [137,138]. 
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Fusion transcripts and transcript variants as cancer biomarkers 
To identify new cancer biomarkers, it is possible to look at all levels of biological 

molecules; from metabolites found in serum, proteins, DNA mutations, epigenetic 

alterations, non-coding RNAs, coding mRNAs, etc. However, mRNAs represent an 

especially potent source for biomarker discovery. In contrast to proteins and metabolites, 

all mRNA can be characterized and quantified simultaneously using high-throughput 

RNA-sequencing. In contrast to alterations at the DNA level, changes in mRNAs are 

alterations that are actually expressed and can have a direct impact on the cell. 

Additionally, mRNA molecules that are overexpressed or specific in cancer often have 

thousands of copies, enabling high sensitivity detection of such markers compared to 

cancer specific mutations at the DNA level that are present in one or two of the DNA 

alleles per cancer cell. In addition, sequencing analyses of the entire genome requires 

considerably more power and sequencing-reads, as the mRNA, or protein coding part of 

the transcriptome only covers about 2 % of the genome. 

 

No matter how fusion transcripts or transcript variants are generated, or if and how they 

have functional consequences for cancer, as long as they are accurate in their task with 

high specificity and sensitivity, these molecules may be potent cancer biomarkers. With the 

advent of high-throughput RNA analyses methods, we can rapidly and efficiently screen 

the transcriptome for cancer-specific transcript variants and fusion genes. However, 

detection of fusion transcripts and transcript variants that are specific and highly recurrent 

in cancer is challenging due to the high degree of instability seen both in the genome and 

transcriptome of solid cancers. These phenomena generate a myriad of fusion genes and 

transcript variants that are private to individual cancers. Still, findings of highly recurrent 

fusion genes occur, exemplified by the finding of a 400 kb deletion on chromosome 19 in 

fibrolamellar hepatocellular carcinoma resulting in a fusion transcript, DNAJB1-PRKACA, 

that is expressed in all investigated cases of the disease [139,140]. The fusion transcript is 

also not expressed in normal samples or other hepatocellular carcinomas making it a highly 

potent diagnostic biomarker [140]. 
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Fusion transcripts and transcript variants in CRC and TGCT 

By utilizing high-throughput RNA analyses approaches we discovered several novel 

transcript variants and fusion transcripts expressed in CRC and TGCT. In paper I, we 

discovered that both VTI1A-TCF7L2 and TCF7L2-RP11-57H14.3 are expressed in normal 

samples both from the colon and other miscellaneous tissue types, diminishing their 

potential as cancer detection biomarkers. However, genomic rearrangements involving 

TCF7L2 found in a small subset of CRCs and CRC cell lines can have functional 

consequences as demonstrated by Bass et al. for the original VTI1A-TCF7L2 fusion [71]. 

Furthermore, we identified a read-through between KLK8 and KLK7 and also alternative 3’ 

splice site usage in S100A2 that were both found to be overrepresented in CRC vs. normal 

(paper II). This is of interest since both these genes have previously been implicated in 

CRC [141–145]. However, although our results point to potential biomarker value, 

validation studies in a larger series and correlation with clinical data is needed to establish 

if these transcripts can be used as biomarkers, either in aiding diagnostics, or stratification 

and prognostics. Several fusion transcripts in addition to alternative promoter usage of 

ETV6 were identified in TGCT (paper III). The read-through CLEC6A-CLEC4D was seen 

to be expressed in a TGCT specific manner, with the exception of normal placenta. 

Additionally, the fusion transcript RCC1-ABHD12B and the alternative promoter usage in 

ETV6 transcription were TGCT specific, but mostly expressed in the undifferentiated 

seminoma and EC subtypes. These identified recurrent transcripts could have functional 

roles in TGCTs and among them are the first fusion genes to be described in this 

malignancy. The specificity of these transcripts could prove to be important as clinical 

biomarkers for TGCT, as also novel biomarkers are warranted in TGCT [146].  
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Methodological considerations 
Several RNA characterization methods have been used in this thesis. For genome-scale 

analyses, high-throughput RNA-sequencing (Papers I, II, and III) and exon microarrays 

(Paper II) have been used. These methods and associated wet-lab protocols used in the 

present thesis have been developed by commercial vendors, and are not discussed further 

here. Two wet-lab methods were developed more specifically for our projects, 

pooled/multiplexed RACE-sequencing for upstream fusion partner identification and 

digital PCR for establishment of RNA-transcripts which are associated with DNA-level 

linkage. Additionally, computational considerations and challenges of the applied 

bioinformatic pipelines, aspects of different sequencing technologies and machines, and 

validation of findings in external sequencing data will be discussed in the following 

chapters. 

RACE-sequencing 

RACE is a modified PCR technique used to specifically amplify and characterize the 

sequence of the full length ends of a transcript of interest [147]. Traditionally, 

characterization of RACE fragments has been carried out by cloning, plasmid isolation and 

subsequent sequencing of a few clones by classic Sanger sequencing. This approach is 

time-consuming, has a high cost, suffers from low sensitivity and is often not very 

successful. Presented in this thesis, we developed a protocol for high-throughput 

characterization of RACE fragments, where pools from several samples with RACE-

fragments from multiple assays are sequenced in a single high-throughput sequencing run. 

In the approach of paper II, we used RACE-sequencing to characterize the underlying 5’ 

parts of transcripts of genes with overexpressed 3’ parts in CRC, as nominated by exon 

microarray data. However, the RACE-sequencing approach also has other potential 

applications, such as testing for known fusion breakpoints within a clinical cohort or across 

tumor types. The method enables ultra-deep read coverage of the targeted sequences and 

should be sensitive in detecting any transcript breakpoints. In hindsight, some 

improvements to the pipeline used in paper II can be suggested. First, when designing 

primers for the RACE assays, they should be located at sufficient distance downstream (or 

upstream if using 3’ RACE) of the suspected transcript breakpoint. In our setup the primers 

were designed too close to expected breakpoints for several of the assays, resulting in no 

read coverage of the downstream part of suspected breakpoints. For the identified novel 

fusion CASZ1-MASP2, the target assay for MASP2 was designed only 25 bp downstream 
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of the identified fusion breakpoint. Consequently, no full-length read (150 bp) aligned to 

the MASP2 part of the fusion. The fusion was therefore not nominated by the fusion 

detection algorithm deFuse, but was found by using the Unix command-line utility grep for 

the primer sequence. Although we discovered the CASZ1-MASP2 fusion despite of this 

shortcoming, we may still have missed other underlying transcript breakpoints. Second, 

isolation or enrichment of mRNA should be performed prior to RACE cDNA synthesis. 

Several of the genes with the highest number of reads in paper II were clearly untargeted 

genes, including several mitochondrial RNA genes such as MT-RNR2 and MT-CO1 (see 

supplementary figure 2 in paper II). Probably these genes are highly expressed in the cells 

and are sequenced even if they are not enriched for. 

 

During development of the RACE-sequencing protocol, a few other commercial solutions 

have entered the market that uses some similar principles to combining RACE and 

sequencing. However, both the Ovation® fusion panel and the FusionPlex™ provided by 

NuGEN technologies (San Carlos, CA, USA) and ArcherDX (Boulder, CO, USA), 

respectively, target already fragmented cDNA targets and amplify and sequence short 

stretches around suspected breakpoints. Therefore, multiple assays are needed if there are 

several potential breakpoints in a target gene. However, this approach may be better suited 

for detecting known breakpoints of fusion gene partners, but will not be able to 

characterize full-length transcripts and transcript-variants. 

Droplet digital PCR for establishing gene linkage 

To establish if a fusion transcript is caused by a corresponding genomic rearrangement, 

investigation at the DNA level is necessary. Since the genomic breakpoints creating fusion 

genes most often occur in intronic or intergenic segments, predicting the exact location of 

the genomic breakpoint is difficult. The use of cytogenetic methods or FISH is a long 

lasting standard for detecting chromosomal rearrangement that causes a suspected fusion 

gene. In FISH, fluorescent probes that bind DNA can be designed to the two partner genes 

that participate in a fusion transcript. The co-localization of the two fluorescent signals is 

an indication of a chromosomal rearrangement. Long-range PCR is also a possibility with 

high-fidelity DNA polymerases that are able to amplify up to 15 kb or longer genomic 

DNA. However, getting long-range PCR to amplify such long stretches requires tedious 

optimization of reaction conditions and primers. In paper III, we utilized ddPCR linkage 

analysis to investigate if the two partners of a fusion gene are linked on the same DNA 
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molecules. This approach takes advantage of the oil/water emulsion of PCR reagents and 

DNA template into thousands of nano-liter sized droplets. By designing duplex PCR 

assays with different fluorescent probes (FAM and VIC/HEX), it is possible to interrogate 

the genomic loci upstream and downstream of the fusion transcript breakpoint 

simultaneously. Since template molecules distribute randomly into droplets, droplets can 

be expected to contain one or the other, both or none of the target molecules by chance in a 

multiplexed assay. However, if the two template targets are located in close proximity, and 

located on the same DNA molecule as a result of a chromosomal rearrangement, these 

would distribute together in a non-random fashion with a higher number of double positive 

droplets (Figure 9).  

 
Figure 9: ddPCR linkage analysis. By interrogating two genes or genomic loci with duplex ddPCR assays with different 

fluorescent probes it is possible to establish if the two genes are linked at the DNA level. If the two genes are unlinked their 

template distribute randomly into droplets resulting in a high fraction of single-template positive droplets (green and blue) 

and few double-positive droplets (orange). However, if the two genes are linked and located on the same template they 

distribute together non-randomly into droplets, resulting in a higher fraction of double-positive droplets. The fraction of 

double-positive droplets will depend on the distance between the genes on the templates and the amount of DNA 

degradation. 

To our knowledge, this approach has not been used previously to detect rearrangements of 

genes resulting in fusion genes. However, linkage analysis with ddPCR has been proven 

successful in showing the arrangement of the Killer-cell immunoglobulin-like receptor 

gene complex and in chromosomal phasing [148,149]. In paper III, we used the technique 

to identify genetic linkage between the partner genes of EPT1-GUCY1A3 and PPP6R3-

DPP3 indicating genomic rearrangements causing the fusion genes in their respective EC 
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cell lines, 833KE and NTERA2. However, we found no indication of genetic linkage for 

the partner genes of the highly recurrent RCC1 fusions. These may therefore be expressed 

as a result of trans-splicing or some other splicing related mechanism. However, if large 

introns (e.g. introns larger than 50 kb) are involved at the fusion breakpoint, we cannot rule 

out chromosomal rearrangements as an underlying cause of the RCC1 fusion transcripts. 

This is because the input DNA in our study contains only a low fraction of DNA fragments 

longer than 50 kb and none detected with 100 kb length (as shown by the “milepost” 

ddPCR control assay in paper III – supplementary figure 2). A chromosomal 

rearrangement resulting in a fusion gene may include intronic regions that are longer than 

these DNA fragments. Such rearrangements will therefore be missed by ddPCR linkage 

analysis. As an improvement to the ddPCR linkage approach, separate DNA analysis 

protocols should be established that enable the isolation of intact long DNA molecules. 

Regan et al. investigated chromosomal phasing using a protocol for gentle DNA isolation 

with a polysaccharide precipitation-based chemistry (PrepFiler Forensic DNA Extraction 

Kit, Life technologies; Carlsbad, CA, USA) [149]. This approach enabled detection of 

gene linkage of assays up to 210 kb apart, which should be satisfactory for detection of 

chromosomal rearrangements causing fusion genes. In conclusion the ddPCR linkage 

method is a technique requiring little optimization and represents a fast alternative to 

establish if two originally distant genomic loci are linked on the chromosome level. Still, 

whole-genome sequencing is the gold-standard for investigating if a fusion transcript is 

caused by a genomic rearrangement as it is used not only for detecting the genomic 

rearrangement, but also for characterizing the exact location and sequence of the 

breakpoint. This was demonstrated by detecting TCF7L2-RP11-57H14.3 in paper I by a 

combination of RNA-sequencing and whole-genome sequencing data. However, whole-

genome sequencing requires extensive library prep and subsequent data analysis, and is an 

expensive way to investigate the presence of a single chromosomal rearrangement for a 

candidate fusion transcript, in particular when many samples are to be investigated. 

Bioinformatics and sequence analysis pipelines 

Sample preparation and sequencing of DNA or RNA libraries on deep sequencing 

machines have become routine processes and are rarely the most time-consuming parts of 

the project. However, the bottle-neck for such high-throughput experiments is often to 

establish a pipeline for analyzing the resulting millions of sequencing reads. This is 

especially true for fusion transcript and transcript variant detection as there is no point-and-
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click way of getting out the data you are interested in. In general, analysis pipelines of 

sequencing reads starts with quality control followed by trimming or removal of bad-

quality reads if necessary. In our studies we used the FastQC software for quality control 

[150]. In paper II, we discovered that several of the sequencing reads generated by the 

RACE-sequencing approach contained the SMARTer II adapter oligos that were adhered 

during RACE cDNA synthesis. These adapters were removed using the cutadapt software 

that also removed low quality reads [151]. Following quality control, sequencing reads are 

aligned to the reference human genome. Since the transcriptome is incompletely 

characterized, RNA sequences are aligned to the genome but allowing for spliced 

alignments since the reference genome includes intronic and intergenic sequences. This is 

a challenging task and there are several algorithms that map sequencing reads in such 

fashion. In these studies we mostly utilized the TopHat2 algorithm that uses the short-read 

mapper Bowtie to initially map reads to the genome [152,153]. Based on initial mapping, 

splice junctions and exon boundaries are nominated and guide the final alignment. 

TopHat2 was shown to perform reasonably well when benchmarked together with 10 other 

alignment programs and outperformed the others on detecting true positive splice junctions 

[154]. In paper II, we used the TopHat2 nominated splice junctions from the RACE-

sequencing data and filtered them against already annotated junctions and junctions found 

in normal tissue samples to identify novel junctions and novel transcript variants in CRC. 

These junctions were further used as input to generate a gene annotation for alignment of 

the validation series using the STAR aligner, which is one of the fastest and most accurate 

aligners when using a guiding gene annotation [154,155]. 

 

Detection of fusion genes using RNA-sequencing was first described to be feasible by 

Maher et al. in 2009 [50]. Since then a plethora of computational algorithms that use 

mapping information to nominate candidate fusion transcripts have been developed. 

Currently, the OMICtools database lists 25 programs under gene fusion detection with 

RNA-sequencing analysis [156,157]. In the projects included in this thesis we mainly used 

the deFuse fusion detection algorithm which uses the TopHat and Bowtie mapping 

information to nominate fusion transcript breakpoints [158]. However, in paper I, we used 

nFuse which utilize a combination of both RNA and whole-genome sequencing data to 

detect fusion transcripts with matched genomic rearrangements [159]. In paper III, we also 

applied SOAPfuse, in addition to deFuse, to identify high-confidence fusion transcripts 

which are detected by two unrelated softwares [160]. Fusion breakpoint discovery suffers 
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from a high false positive rate. Reasons for this include the ambiguous mapping of several 

sequencing reads to multiple locations of the genome due to a high amount of repetitive 

sequences and homologues sequences from conserved domains and pseudogenes. 

Additionally, cancer may have such a degree of genomic and transcriptional chaos that 

correct alignment of reads is rendered difficult. Several of the fusion detection programs 

have been developed using specific data sets and their algorithms for fusion detection 

exhibit striking differences in sensitivity and specificity. Since RNA-seq data sets are 

different, both technically and biologically from different tissue types and disease types, 

it’s hard to foresee a one-size-fits-all approach. Thus, most original papers publishing 

fusion finder programs describe their algorithm as superior to its competitors [160–165]. 

No matter which program is used, careful functional and technical filtering is necessary for 

detecting true positive fusion genes. In general, data sets with more reads and longer reads 

favor the sensitivity and specificity for detecting true fusion transcripts. With the 

development of techniques and sequencing chemistry that supports longer-read 

sequencing, fusion gene detection is anticipated to provide increasingly more trustworthy 

results. 

DNA sequencing machines and deep sequencing technology 

With the release of the HiSeq X Ten system, Illumina (San Diego, CA, USA) recently 

claimed that they have reached the much awaited US $1,000 genome mark. Yet, this price 

tag is based on the purchase of the HiSeq X Ten system and the sequencing of 18,000 

genomes per year [166]. Few laboratories have the volume of samples justifying such 

capacity. More importantly, however, the price of genome and transcriptome sequencing 

has plummeted with the explosive technological development and competitive commercial 

market in next generation sequencing seen over the last decade. In comparison to the now 

reasonably priced sequencing approaching $1,000, the price-tag of the original human 

genome was closer to $3-billion. With the advent of cheaper sequencing of the genomes of 

individuals, the promise of personalized medicine comes ever closer. In addition to 

sequencing costs, another expensive factor is the computational analysis and interpretation 

of the sequencing results, requiring extensive computational power, large amounts of data 

storage and the involvement of an interdisciplinary team of professionals. Illumina is 

currently the leading provider of high-throughput DNA sequencing machines. The 

company provides easy to use benchtop sequencers; MiSeq and also recently the NextSeq 

500 which are ideal for small sequencing experiments. On the other side of the scale they 
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also provide the big work-horses of producing high-throughput sequences of whole-

genomes, namely the HiSeq 2500, 3000, 4000 and the aforementioned HiSeq X ten bundle 

system. Illumina sequencing technologies are all based on sequencing by synthesis (SBS) 

where DNA or cDNA molecules are attached to a glass slide, called the flow cell, and 

amplified to form clusters. Reversible terminator nucleotides that are fluorescently labeled 

are then added and pictures are taken per cycle of added nucleotide/wash. The SBS 

technology generally produces short reads, however recent development in sequencing 

chemistry have enabled at least semi-long reads (2 x 300 bp on the MiSeq). 

 

Other companies are also trying to compete for a share of the market, and several 

competing systems have been developed and released. Pacific Biosciences’ (Menlo Park, 

CA, USA) RS II enables single molecule real-time sequencing with read lengths longer 

than 10 kb. The single molecule sequencing avoids the need for amplification which 

improves coverage uniformity and avoids PCR artifacts. The long reads are ideal for de 

novo assembly of small genomes or for sequencing difficult parts of larger genomes. 

Additionally, as previously mentioned, long reads are favored when doing full length 

cDNA characterization and fusion gene detection. However, the RS II’s advantages come 

at a cost of low sequencing output, generating a maximum of 1 Gb per run distributed on 

approximately 50,000 reads. In comparison, the Illumina HiSeq X ten generates 1.8 Tb of 

sequencing data per run.  

 

BGI is one of the leading genome sequencing centers in the world with its headquarters in 

Shenzhen, China. Currently, the sequencing facility in Shenzhen harbors over one hundred 

HiSeq 2000 machines and also several other sequencing platforms. In 2013, BGI acquired 

Complete Genomics, a company with their own genome sequencing technology based on 

combinatorial probe-anchor ligation technology [167,168]. Recently, in June 2015, they 

announced the Revolocity sequencing system based on the Complete Genomics 

sequencing technology [169]. The Revolocity currently enables sequencing and semi-

automated sample preparation of 10,000 genomes per year at 50x coverage and will 

expand to 30,000, making it comparable to the HiSeq X Ten system from Illumina. 

However, with a price tag of US $12,000,000 and short sequencing reads, this system is 

also aimed at large sequencing factories such as BGI itself. 
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One of the most interesting developments in sequencing technologies announced in recent 

years is nanopore sequencing developed by Oxford Nanopore Technologies (Oxford, UK). 

This technology also enables sequencing of single molecules, DNA or RNA, without the 

need for amplification or conversion to cDNA. Nanopore sequencing is based on a protein 

nanopore embedded in an electrical resistant membrane. A voltage is applied across the 

membrane and the ionic current passing through the nanopore is measured. When a DNA 

or RNA molecule passes through the membrane, there is a distinct fluctuation in the 

current, enabling identification of the particular base, and even modifications such as 

methylation. In 2012 Oxford nanopore announced the development of the MinIon, a US 

$1,000 device on the size of a large USB-stick that plugs into the USB-port of a computer 

and does direct sequencing of DNA or RNA with limited sample preparation and 

generating longer than ever before read lengths (Figure 10A) [171]. After a 2-year long 

silence, Oxford nanopore started an early access programme in the spring of 2014, 

shipping MinIon devices to laboratories with suitable research questions. Although 

hampered by sequencing errors, the first MinIon sequencing read was shared on twitter by 

Nick Loman (twitter handle @pathogenomenick) the 11th of June 2014. It is an 8,476 bp 

long sequence with parts aligning with 68 % identity to Pseudomonas aeruginosa, proving 

its usefulness in diagnostics [170](Figure 10B). Later, application of the MinIon to rapidly 

provide information on bacterial and viral outbreaks has been demonstrated [172,173]. 

Although the MinIon presents an exciting development of single molecule sequencing, a 

drastic decrease in error rates is required to improve its range of use. 

Figure 10: The MinIon nanopore sequencer. (A) The MinIon is about the size of a large USB stick and plugs into the USB 

port for direct real-time sequencing. (B) The first publicly available “raw” read from the MinIon in the form of a wiggle-plot 

showing the change in current as DNA passes through the nanopore. Distinct current changes are correlated with 

nucleotide compositions for base calling [170]. 
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Validation of own discoveries in external sequencing data sets 

To validate the fusion genes and splice 

junctions found in Paper II, we utilized 

external RNA-sequencing data from the 

TCGA and the CCLE from primary CRC 

samples and CRC cell lines, respectively. 

However, the three fusion genes that we 

identified from RACE-sequencing of 

CRC samples were not found to be 

recurrent in these data sets. Additionally, 

the novel splice junctions detected in 

CRC were mostly supported by few reads 

compared to that of the RACE-sequencing 

data. The TCGA data generally have 

fewer and shorter read sequences (2 x 48 bp) compared with data from the CCLE (2 x 101 

bp; Figure 11). This was reflected in a greater number of reads covering the exon junctions 

investigated in paper II in CCLE compared to TCGA samples. Recently, the TCGA also 

have deposited RNA sequencing data from 150 TGCT samples, although yet without an 

associated scientific article. The data can be accessed by approved researchers, and we 

downloaded these data to validate our findings of the PCR-validated recurrent fusion 

transcripts in TGCT (paper III). By using deFuse on these RNA sequences we were only 

able to validate RCC1-ABHD12B in 1/102 samples. However, when specifically searching 

for the fusion breakpoint sequence in the raw read files using grep with a query seed of 30 

bp, we detected the breakpoint sequence in 14/102 samples. Still grep is bound to have 

limited sensitivity as it allows no flexibility from alternate SNP alleles or sequencing errors 

and requires 100 % match of the 30 bp queried seed to a 48 bp read. Indeed, of the 14 

samples with the detected RCC1-ABHD12B breakpoint sequence, most had only one read 

matching the grep query sequence. We therefore realize that using deFuse or grep in 

combination with RNA sequencing data from TCGA to validate confirmed fusion 

breakpoints have a low sensitivity, and we have thus not included these results in the 

manuscript. Compared to real-time PCR analyses of the recurrent fusion transcripts in our 

cohort of samples one could hypothesize a certain threshold level of detection for deFuse 

and grep in the TCGA data set (Figure 12). In a similar approach, Panagopoulos et al. 

could not discover the already known CIC-DUX4 fusion transcript using FusionMap, 

Figure 11: Distribution of the numbers of pairs of sequencing 

reads from the external RNA-sequencing data used from the 

CCLE and TCGA in paper II. 
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FusionFinder or ChimeraScan, but were able to detect the fusion transcript by using the 

grep utility [174]. One can argue that deFuse and other fusion detection programs are 

useful tools for nomination of the most significant fusion breakpoints and not so much for 

targeted detection of a single fusion candidate. Higher sensitivity comes at a cost of lower 

specificity and more false positive fusions. However, better bioinformatic tools to validate 

known breakpoints, be it fusion transcripts or transcript variants, should improve the 

validation strategies using external data from large consortiums. 

 
Figure 12: qRT-PCR results for RCC1-ABHD12B from paper III with compared detection rate of RCC1-ABHD12B 

breakpoint sequences in external TCGA data using deFuse or grep. The ratio of detected RCC1-ABHD12B breakpoint 

sequence in 102 TCGA samples varied from deFuse to grep. However, grep in RNA-seq data probably still have sub-

optimal sensitivity when compared to the frequency of samples expressing RCC1-ABHD12B established by qRT-PCR in our 

series of TGCT samples and EC cell lines. 
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Open access DNA and RNA sequencing data  
Sharing of the rapidly increasing amounts of DNA and RNA sequencing data is paramount 

to the progress of genomics. Lack of sharing prohibits other scientists from reproducing the 

results and to use the data for additional projects. Further, it may contribute to over-

sequencing and redundant research projects. Several big consortiums have in the recent 

years set out to characterize and sequence thousands of individuals and cancer samples to 

help contribute enough power to understand the complexities in the human genome in 

health and disease. In this thesis we have implemented data from the TCGA and the CCLE 

which have become invaluable resources in cancer research. The TCGA has set out to 

comprehensively characterize the molecular basis of cancer through application of genome 

analysis techniques on thousands of samples. Currently, data for 33 cancer types are 

available, amounting to over 1.1 petabytes of data stored at the Cancer Genomics Hub 

(CGHub) [175]. Also housed at the CGHub is the data from the CCLE (26 terabytes) 

which provides genomic data, analysis and visualization for about 1000 cell lines [176]. 

The genomic data on cancer cell lines is especially useful, as cancer cell lines are 

frequently used as model systems for cancer and can be used for functional in vitro studies. 

Several countries have also established programs dedicated to prospectively characterize 

the genetics of disease and that of cancer patients. The Norwegian Cancer Genomics 

Consortium (NCGC; www.cancergenomics.no) is a collaborative effort in Norway for 

sequencing of cancer patients and to establish a protocol and infrastructure for using this 

information in future personalized medicine. In the UK, Genomics England together with 

the department of health launched a similar project with a goal to sequence 100,000 

genomes, mainly from patients with rare diseases and cancer.  

 

Even though sharing of sequencing data is essential, there are several ethical 

considerations and logistics that need to be addressed. First, sequencing data are not mere 

intensity values; the million of sequencing reads are all unique identifier sequences of the 

very personal genome. The sequence of the genome is much more of a personal fingerprint 

than any other biological trait. Therefore it should be considered that genetic information 

deposited online can be used to retrospectively identify individuals. The genetic 

information of the genome is not only a unique personal identifier, it is also a source for 

discovering future genetic diseases or increased disease risks for the individual in question 

and his or her family. If this information falls into the wrong hands, one can imagine the 
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severe violations of privacy. In combination with large amounts of social information 

available through the internet, researchers have shown that the identity of research subjects 

can be inferred retroactively from sequencing data sets [177]. In 2013, the genome and the 

transcriptome of the HeLa cell line was sequenced and published by a German group 

[178]. The HeLa cancer cell line is the most used cell line in cancer research history, and 

information on the genome and transcriptome is invaluable for researchers world-wide that 

do work on the cell line. However, when the cell line was established from Henrietta 

Lacks, who was treated for cervical cancer at John Hopkins hospital more than 60 years 

ago, little or no information was given to herself or her next of kin. The lack of consent and 

information has been the topic of debate about the HeLa cell line for a long time. However, 

the release of the genome and transcriptome of HeLa added new fuel to the debate. The 

DNA sequencing data was retracted, but after a meeting between professionals and 

Henrietta Lacks’ family, an agreement was made to re-publish the data under control of an 

approved access-system [179]. Here scientists can apply to access the data for use in 

biomedical research. The applications are evaluated by a committee involving amongst 

others members of Henrietta Lacks’ family. Sufficient information to the patients and 

informed consent is required for ensuring privacy when doing sequencing. Additionally, 

controlled access systems should be continued for restricting use of the data to biomedical 

research and conserving the identity of persons involved. In Norway, there are strict 

legislations regarding person sensitive information, including DNA sequencing data. Any 

genetic testing is under regulation of the biotechnology law and any research project 

involving genetic testing has to be approved by a regional ethics committee. Storage and 

analysis of DNA sequencing data from patients have to follow strict guidelines for 

handling sensitive personal information on secure computer servers and networks. 

However, with the increasing amount of DNA sequencing data generated from cancer 

patients in Norway, from establishments such as the NCGC, efforts to enable controlled 

access data sharing should also be pursued. World-wide collaborative research and sharing 

of genomic data and clinical parameters will undoubtedly advance the field of cancer 

research in the decades to come. 
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Conclusions 

The present thesis contributes with novel information on the identification of transcript 

variants and fusion genes in colorectal and testicular cancers. The development of 

experimental and bioinformatics approaches presented within this thesis facilitates the 

identification of novel cancer specific transcript variants. The fusion transcript and 

transcript variants identified in this manner may play a role in cancer and have potential as 

cancer biomarkers.  

 

By using a combination of RNA sequencing and whole-genome sequencing, we were able 

to confirm the first fusion gene recently described in CRC by others [71]. In addition, we 

discovered a new fusion gene, where both fusion products involved TCF7L2 and have 

corresponding genomic breakpoints in individual CRC cell lines. Importantly, we show 

that both the original and new fusions are expressed in a high number of CRC samples as 

well as in normal samples, suggesting that these fusion transcripts are not cancer specific. 

 

We established a RACE-seq protocol that represents a powerful tool to discover either 

known or unknown transcript variants or fusion transcripts in malignancy. We used it and 

detected three non-recurrent fusion transcripts in CRC. Also, we used the approach to 

characterize new exon-exon junctions for a high fraction of genes we interrogated. Of 

these, the read-through KLK8-KLK7 and alternative 3’ splice site usage in S100A2 were 

overrepresented in CRC compared to normal samples, but the value of their overexpression 

is not determined. 

 

With RNA-sequencing followed by a defined bioinformatics pipeline to detect fusion 

transcripts, we were able to identify and validate the first fusion genes described in TGCT. 

Some of these were shown to be malignancy specific and recurrently expressed. 

Furthermore, three of the recurrent transcript variants were repressed in vitro upon 

differentiation induced with RA, indicating that these novel transcripts are related to the 

pluripotent state of TGCTs. We also demonstrated the power of ddPCR to establish 

whether fusion partner genes are linked at the DNA level. 
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Future perspectives 

Methodological implementations 
We are planning to implement the new RACE-seq protocol from Paper II in an effort to 

characterize the fusion genes status in 52 prostate cancer samples. By designing RACE-

assays for each known downstream partner gene, such as ETS transcription factors, we 

plan to characterize all known fusion breakpoints and potentially discover new fusion 

partner genes in a single experimental set up. This set of prostate cancer samples contains 

multiple samples from different tumor foci in 13 prostate cancer patients. By establishing 

fusion gene status, we aim to elucidate aspects of heterogeneity within prostate tumors and 

the involvement of fusion genes in clonal development. 

 

Further, we plan to establish a DNA isolation protocol for gentle isolation of intact long 

DNA molecules for use with ddPCR linkage analysis and validation of gene fusions at the 

DNA level. Although it is not feasible to apply this DNA isolation protocol for all samples 

of the large biobanks housed at the department, it can be used for evaluating DNA 

rearrangements underlying identified transcript variants in particularly interesting samples. 

 

To detect and validate fusion transcripts in external RNA-sequencing data sets, such as 

those from TCGA, we have uncovered the need for a tool that can detect a given fusion 

transcript with high sensitivity. Application of traditional fusion detection tools, such as 

deFuse to detect a specific validated fusion gene probably suffers from a high amount of 

false negatives due to the different purpose of these algorithms. Fusion detection software 

are in general designed to nominate fusion genes with a high specificity out of thousands 

of potential candidates, naturally affecting the sensitivity of such approaches. 

Clinical and functional aspects of discovered cancer specific variants   
The relevance of the transcript variants discovered in paper II to be overrepresented in 

CRC, including the read-through KLK8-KLK7 and the alternative 3’ splice site usage in 

S100A2 should be further explored. By designing specific real-time PCR assays for these 

transcript variants, we plan to investigate the expression of these in our clinical biobank of 

CRC samples. This approach would establish if these variants are expressed specifically or 

at a higher level in CRC compared to normal tissue and whether they are associated with 
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particular clinical data or relevant other molecular data, and as such should be further 

pursued as potentially useful CRC biomarkers. 

 

Some of the fusion transcripts discovered in TGCT were found to be frequently expressed 

in cancer samples and not in normal testis or other normal tissue samples from other 

anatomical sites. Also, the RCC1 involving fusion transcripts and the alternative promoter 

of ETV6 were found to be associated with the pluripotent state of the malignancies. Their 

potential roles in TGCT should be further explored both functionally and clinically. 

Sensitive detection of these transcripts in excreted body fluids or in blood of patients with 

TGCT could fill the need for biomarkers enabling better clinical management of TGCT 

patients [146]. Of interest to the role of RCC1 in cancer, another member of the RCC 

family, RCC2, was recently published by us as a clinically interesting biomarker in CRC 

[180]. 

Biological questions – fusion transcripts and fusion genes 
In paper I, we discovered that the TCF7L2 involving fusion genes are expressed in a large 

fraction of CRCs and also in normal tissues, although often at low levels. Corresponding 

genomic rearrangements of these fusion genes are present in individual CRC cell lines, 

which in return have high expression of the fusion transcripts. This phenomenon has also 

been observed by others in prostate and endometrial cancers [49–51]. It is an intriguing 

fact that fusion transcripts are expressed normally, with corresponding genomic 

rearrangements seen in cancer, resulting in stronger and stable expression of these fusion 

transcripts. This suggests a coupled mechanism between the expression of fusion 

transcripts and generation of corresponding chromosomal rearrangements [43]. If we are 

able to reveal this mechanism and the dynamic regulation of the transcriptome, this will for 

sure be of important value for understanding malignancy and cancer. We plan to pursue 

this biological question in collaboration with others. With the aid of continuous 

improvement of techniques for investigating the three-dimensional folding of the genome 

and association with fusion transcript expression, long-read sequencing techniques and 

sensitive detection of fusion transcripts with ddPCR, we aim to uncover secrets of the 

cancer transcriptome. 
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Abstract

VTI1A-TCF7L2 was reported as a recurrent fusion gene in colorectal cancer (CRC), found to be expressed in three out of 97
primary cancers, and one cell line, NCI-H508, where a genomic deletion joins the two genes [1]. To investigate this fusion
further, we analyzed high-throughput DNA and RNA sequencing data from seven CRC cell lines, and identified the gene
RP11-57H14.3 (ENSG00000225292) as a novel fusion partner for TCF7L2. The fusion was discovered from both genome and
transcriptome data in the HCT116 cell line. By triplicate nested RT-PCR, we tested both the novel fusion transcript and VTI1A-
TCF7L2 for expression in a series of 106 CRC tissues, 21 CRC cell lines, 14 normal colonic mucosa, and 20 normal tissues from
miscellaneous anatomical sites. Altogether, 42% and 45% of the CRC samples expressed VTI1A-TCF7L2 and TCF7L2-RP11-
57H14.3 fusion transcripts, respectively. The fusion transcripts were both seen in 29% of the normal colonic mucosa samples,
and in 25% and 75% of the tested normal tissues from other organs, revealing that the TCF7L2 fusion transcripts are neither
specific to cancer nor to the colon and rectum. Seven different splice variants were detected for the VTI1A-TCF7L2 fusion, of
which three are novel. Four different splice variants were detected for the TCF7L2-RP11-57H14.3 fusion. In conclusion, we
have identified novel variants of VTI1A-TCF7L2 fusion transcripts, including a novel fusion partner gene, RP11-57H14.3, and
demonstrated detectable levels in a large fraction of CRC samples, as well as in normal colonic mucosa and other tissue
types. We suggest that the fusion transcripts observed in a high frequency of samples are transcription induced chimeras
that are expressed at low levels in most samples. The similar fusion transcripts induced by genomic rearrangements
observed in individual cancer cell lines may yet have oncogenic potential as suggested in the original study by Bass et al.
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Introduction

Colorectal cancer (CRC) is the second most common and

deadly cancer disease world-wide [2], and there is high demand of

good biomarkers for both early detection and to stratify patients

according to prognosis and predicted treatment responses.

However, CRC is a heterogeneous disease, and few biomarkers

have yet made it to routine clinical use.

Fusion genes represent one class of cancer genes with promising

biomarker potential, and when caused by chromosomal rear-

rangements such as translocations, deletions or duplications, they

are commonly highly cancer specific. So far, few highly recurrent

fusion genes have been identified in CRC. Examples from other

cancer types includes the well-known BCR-ABL1 fusion (Philadel-

phia chromosome), present in 95% of chronic myelogenous

leukemias [3], and TMPRSS2-ERG which is present in around

50% of prostate cancers [4]. In some cases, the fusion gene can be

a therapeutic target, demonstrated by Imatinib binding to and

blocking the kinase domain of the BCR-ABL1 fusion protein.

The first fusion gene reported to be recurrent in CRC, fusing

sequences of VTI1A and TCF7L2, was reported in 2011 [1].

VTI1A-TCF7L2 fusion transcripts were detected in three out of 97

(3%) CRCs, as well as the colon cancer cell line NCI-H508. In

NCI-H508, the fusion is caused by a ,540 kb deletion between

the genes VTI1A and TCF7L2. TCF7L2 encodes the TCF4

transcription factor, which dimerizes with b-catenin. b-catenin is

involved in regulation of the WNT-signaling pathway, which is

commonly altered in the majority, if not all, CRCs [5]. Depletion

of the VTI1A-TCF7L2 fusion transcript resulted in significant loss

of anchorage independent growth in the fusion positive CRC cell

line NCI-H508 [1].

Frequent mutations in a polyadenine tract within the TCF7L2

gene have previously been reported for CRC, especially in

microsatellite instable tumors [6]. Microsatellite stable tumors
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have, however, also recently been shown to harbor frequent

mutations in the TCF7L2 gene, indicating a possible important

function in CRC biology [7].

In this study, we aimed to investigate further the presence and

variants of VTI1A-TCF7L2 fusions in CRC. We have analyzed

deep sequencing whole-genome and transcriptome data from

CRC for related fusions involving one of the fusion partners, and

for novel fusion breakpoints. The recurrence of the VTI1A-

TCF7L2 fusion, and a new fusion transcript between TCF7L2 and

the novel partner gene RP11-57H14.3, was analyzed in a series of

CRCs and normal samples.

Materials and Methods

Material
A total of 106 CRC tissue samples and 14 paired normal

samples from two independent patient series, Series 1 and Series 2,

were screened for presence of the fusion transcripts. All CRCs are

from patients treated surgically at hospitals in the Oslo region,

Norway. The two patient series included both microsatellite stable

(n = 85) and instable (n = 20) CRCs (one sample not scored), as

assessed by previous studies [8–10]. The series were enriched for

clinical stages II and III CRC (52 stage II, 53 stage III, and 1 stage

IV). Staging was in accordance to the American Joint Cancer

Committee/Union for International Cancer Control (AJCC/

UICC). The 14 paired normal samples from Series 1 were

collected from visually disease free areas of colonic mucosa. The

research biobanks have been registered according to national

legislation, and the study has been approved by the Regional

Committee for Medical Research Ethics (numbers 2781 and 236-

2005-16141).

A total of 21 colorectal cell lines were included [11]. The cell

lines HCT116, HCT15, LoVo, NCI-H508, RKO, SW48, and

SW620 were purchased from the American Type Culture

Collection (ATCC, Manassas, VA, USA). The cell lines Co115,

Colo320, EB, FRI, HT29, IS1, IS2, IS3, LS1034, LS174T,

SW480, TC7, TC71, and V9P were kindly provided by Dr.

Richard Hamelin, Inserm, France. Identities of the cell lines were

verified by the AmpFLSTR Identifiler PCR Amplification Kit

(Applied Biosystems by Life Technologies, Carlsbad, CA, USA).

Additionally, we screened twenty normal tissues from miscella-

neous sites of the body for the TCF7L2 involving fusion transcripts

(adipose, bladder, brain, cervix, colon, esophagus, heart, kidney,

liver, lung, ovary, placenta, prostate, skeletal muscle, spleen,

stomach, testes, thymus, thyroid and trachea; FirstChoice Human

Normal Tissue Total RNA, each a pool of RNA from at least three

individuals, with the exception of an individual sample from the

stomach; Ambion, Applied Biosystems by Life Technologies,

Carlsbad, CA, USA).

Identification of Fusions from Whole-transcriptome and
Whole-genome Sequencing Data

Paired-end RNA-sequencing data from seven colorectal

cancer cell lines (HCT15, HCT116, HT29, LS1034, RKO,

SW48, and SW480) and from 16 normal tissues of miscella-

neous origins were included in the study. These were all

sequenced using the Illumina GAIIx (cell lines) or HiSeq 2000

(normal tissues; both sequencers from Illumina Inc., San Diego,

CA, USA). The colon cancer RNA-seq data included 220

million 76 bp sequence reads (European Nucleotide Archive

study accession ID ERP002049) [12] and the normal samples

included between 73 and 80 million 50 bp sequence reads

per sample (ArrayExpress accession id [E-MTAB-513] and

European Nucleotide Archive study [EMBL:ERP000546]).

Additionally, we obtained paired-end whole-genome sequences

of the cell lines HCT15, HCT116, HT29 and SW480 to an

average coverage of about 306[12] (Data may be made

available upon request to researchers).

A list of potential fusion transcripts was produced by deFuse

version 0.6.0 [13] on the seven previously mentioned RNA-

sequenced cell lines in addition to the CRC cell line NCI-H508

(analysis id 0c7a79cc-bbaf-4c6d-93e1-866f5f5f3d0d) downloaded

from Cancer Genomics Hub (hosted by the University of

California Santa Cruz, CA, USA), data provided by the Cancer

Cell Line Encyclopedia [14] and 16 tissues from the Illumina

Human Body Map v2. For the cell lines with paired whole-

genome sequence (HCT116, HCT15, HT29 and SW480), RNA

fusion transcripts and DNA breakpoints were identified by nFuse

version 0.2.0 [15]. A fusion nomination required three spanning

read pairs and two split reads from the RNA-seq data.

Detection of Fusion Transcripts by Reverse-transcriptase
PCR

For the VTI1A-TCF7L2 fusion, the same RT-PCR primers

and nested primers were used as in the original publication [1].

For the TCF7L2-RP11-57H14.3 fusion, primers and nested

primers were designed to the fusion transcript breakpoint

sequence, as identified by deFuse, by utilizing the Primer3

web software [16]. The optimal primer sequences (Table S1)

were further ordered from BioNordika Norway AS (Oslo,

Norway) and synthesized by Eurogentec (Liège, Belgium). We

performed sensitive nested RT-PCR with 20+30 cycles for both

assays using 50 ng of cDNA from each sample as input into

first round PCR. The products of the first PCR were diluted to

a final concentration of 1/200 in the nested PCR. The

following cycling protocol was used for all PCR reactions: 15

minutes of HotStarTaq DNA polymerase activation at 95uC, a

three-step cycle of denaturation for 30 seconds at 95uC, primer

annealing for one minute and 15 seconds at optimal primer

melting temperatures (Table S1), and extension for one minute

at 72uC. After the last cycle, a final extension step was

performed at 72uC for 6 minutes. The nested-PCR products

were separated by electrophoresis at 200 V for 30 minutes on a

2% agarose gel and visualized using ethidium bromide and UV

light. Triplicate RT-PCR runs were performed for both assays,

using identical parameters, for all samples. No template negative

controls were included from each cDNA synthesis, first-round

PCR and nested-PCR reactions.

Sanger Sequencing of Fusion Transcript Breakpoints
Samples that were positive for the second replicate RT-PCR

assays, and showed a single nucleotide band on the agarose gel,

were sequenced directly from both sides using both forward and

reverse nested primers. Prior to sequencing, the nested PCR

products were purified using Illustra ExoStar 1-step cleanup (GE

Healthcare, Little Chalfront, UK). The cycle sequencing reactions

were performed using the BigDye Terminator v.3.1 cycle

sequencing kit (Applied Biosystems, Foster City, CA, USA)

following supplier’s recommendation. Further, the sequencing

products were cleaned and purified using BigDye Xterminator

(Applied Biosystems), before they were analyzed by capillary

electrophoresis using the ABI 3730 DNA Analyzer (Applied

Biosystems). The sequences were analyzed using the Sequencing

Analysis v.5.3.1 software.
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Assessment of the Identified Genomic Breakpoint
TCF7L2-RP11-57H14.3 by PCR

The genomic breakpoint identified from whole-genome se-

quencing data, connecting TCF7L2 to RP11-57H14.3 in the colon

cancer cell line HCT116, was validated using PCR.

Primers for genomic PCR (Table S1) were designed to the

genomic breakpoint sequence, as identified by nFuse, using the

same approach as described above for the RT-PCR assays.

Twenty-one CRC cell lines, including HCT116, were tested for

the identified genomic breakpoint using 100 ng of DNA as input

for each reaction. The following cycling protocol was used for the

genomic PCR: 15 minutes of HotStarTaq DNA polymerase

activation at 95uC, a three-step cycle (repeated 35 times) of

denaturation for 30 seconds at 95uC, primer annealing for one

minute and 15 seconds at 60uC and extension for one minute at

72uC. After the last cycle, a final extension step was performed at

72uC for 6 minutes. The PCR products were separated by

electrophoresis at 200 V for 30 minutes on a 2% agarose gel, and

visualized using ethidium bromide and UV light.

Results

RP11-57H14.3 is a Novel Fusion Partner in TCF7L2
Containing Fusion Transcripts

To search for the VTI1A-TCF7L2 fusion and novel fusion

partners, we analyzed paired-end RNA-sequencing data from

eight colon cancer cell lines and sixteen normal tissue samples

from miscellaneous anatomical sites. By applying the software

deFuse, we identified between 16 and 1050 potential fusion

transcripts per sample. From whole genome sequencing data of

four colon cancer cell lines, the nFuse software identified between

70 and 126 potential genomic breakpoints. Of all fusions

identified, only NCI-H508 harbored the VTI1A-TCF7L2 fusion

transcript, with a single breakpoint spanning from exon two in

VTI1A to exon six in TCF7L2, as already reported for this cell line

by Bass et al. [1]. However, we identified a genomic breakpoint

(chr10:114,850,371-114,640,318 (GRCh37)) in the CRC cell line

HCT116 that spanned from the intronic region of TCF7L2 to

upstream of RP11-57H14.3 (ENSG00000225292) with a corre-

sponding RNA fusion (Table 1). RP11-57H14.3 is located in the

intergenic region between VTI1A and TCF7L2 approximately

44 kb upstream of TCF7L2. The predicted genomic breakpoints

correlate with increased genomic coverage in the region between

them, suggesting a genomic duplication causing the fusion

(Figure 1). Both the genomic breakpoint and fusion transcript

between TCF7L2 and RP11-57H14.3 were verified by PCR and

RT-PCR. The identified genomic breakpoint was verified in the

HCT116 cell line, but not detected in any of the 20 other cell lines

tested, thereby reducing the likelihood that the genomic break-

point reflects a common DNA copy number polymorphism.

High Prevalence of TCF7L2-involving Fusion Transcripts,
Both Involving VTI1A and the RP11-57H14.3 Genes

Using the same primers as described by Bass et al. [1] (Figure 2),

we detected VTI1A-TCF7L2 fusion transcripts with different exon-

exon combinations in 45 out of 106 CRC samples (42%) (Table 2).

Fusion transcripts were as well detected from 4 of 14 normal

colonic mucosa samples. Out of the 14 paired tumor-normal

samples, eight pairs were positive exclusively in tumor, three pairs

were positive in both tumor and normal, and one pair positive

exclusively in normal (Table 3). Prevalence of fusion transcripts

was similar in microsatellite stable and instable tumors. Ten out of

21 cell lines, including the NCI-H508, harbored fusion transcripts

of different sizes. Finally, five normal tissue samples from different

anatomical sites of the body expressed the fusion transcripts (Table

S2). Because the RT-PCR results revealed inconsistent results

(Figure S1 and Figure S2), we performed all RT-PCRs in

triplicate, with identical parameters, to investigate recurrence of

fusion transcripts (Table S3). Fusion transcripts were only detected

consistently in all three runs in four samples; three tumor samples

and the NCI-H508 cell line (3.1% of all CRC samples and cell

lines). This frequency is similar to the originally identified

frequency of VTI1A-TCF7L2 transcripts (3%) by Bass et al. [1].

We detected TCF7L2-RP11-57H14.3 fusion transcripts with

different exon-exon combinations in 48 out of 106 CRC samples

(45%; Table 2). Out of the 14 paired tumor-normal samples, five

pairs were positive exclusively in tumor, and four pairs were

positive in both tumor and normal (Table 3). 19 out of 21 cell lines,

harbored fusion transcripts of different sizes. Also, 15 out of 20

normal tissue samples were positive for fusion transcripts (Table

S2). As with the VTI1A-TCF7L2 fusion, we performed all RT-

PCRs in triplicate to investigate the recurrence of fusion

transcripts (Table S3). In total there were 20 samples that

repeatedly tested positive for fusion transcripts; six tumor samples,

five samples from normal tissues and nine cell lines (including the

HCT116 cell line). Interestingly, the NCI-H508 cell line was

negative for TCF7L2-RP11-57H14.3 fusion transcripts in all three

replicates.

We found no correlation between CRCs positive for TCF7L2

containing fusion transcripts involving VTI1A and RP11-57H14.3

(p = 0.33; Fisher’s Exact test). Further, the frequencies of fusion

transcripts were not significantly different between microsatellite

instable vs. stable tumors, nor between clinical stages (data not

shown).

All nested-PCR replicates for both assays contained negative no

template controls. These negative control reactions never

produced detectable PCR-products (Figure S1 and S2).

Chimeric Sequences Generally Covered Intact Exonic
Splice Sites from the Partner Genes

From one of the RT-PCR runs, all samples that were positive

for the fusions and had a single PCR product were selected for

Sanger-sequencing of the chimeric RNA-sequences to identify the

exact breakpoints. For VTI1A-TCF7L2 (n = 25), we obtained

sequences from all 25 such isolated fusion transcript RT-PCR

products, where 24 out of 25 had sequences connecting upstream

sequences of the exons 1, 2, 3, 5 or 7 of VTI1A to downstream

sequences of the exons 4 or 6 of TCF7L2, with preservation of the

same exon-exon boundaries as in the already annotated gene

structures (ENST00000393077 in VTI1A and ENST00000369395

in TCF7L2). One sequenced product did not contain clear exon-

exon boundaries, but connected the two transcripts in middle of

exon 7 in VTI1A and 6 in TCF7L2. In total, seven different fusion

breakpoints were identified (Table S3) including the original

breakpoint between exon 2 of VTI1A and exon 6 of TCF7L2 in

NCI-H508 (Figure 3) [1]. This exact breakpoint was not found in

any of the other samples, but most of the intact fusion transcripts

consisted of the same part of TCF7L2 (n = 17) with some having

exon 4 of TCF7L2 spliced to exon 6 (n = 7). The VTI1A upstream

contribution varied more, having five different combinations

connecting to downstream TCF7L2 parts.

For TCF7L2-RP11-57H14.3 (n = 27), we obtained sequences

from all 27 isolated fusion transcript RT-PCR products, where 26

out of 27 had sequences connecting sequences of exon 4 of

TCF7L2 to sequences of exons 1, 2, or 3 of RP11-57H14.3, also

with preservation of the same exon-exon boundaries as in the

already annotated gene structures (exon numbering is the same as

TCF7L2 Fusion Transcripts in Colorectal Cancer
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Figure 1. The TCF7L2-RP11-57H14.3 fusion transcript, identified in the HCT116 cell line, harbors a rearranged genomic locus. Three
chimeric RNA sequence-reads spanned the fusion transcript breakpoint, passing from exon 4 of TCF7L2 (ENST00000369395) to exon 3 of RP11-
57H14.3 (ENST00000428766), on chromosome 10. Dark colors indicate exons not part of the fusion transcript. RNA-seq expression and DNA-seq
coverage levels are based on sequencing data of the HCT116 cell line. The two gene loci are marked in blue and red boxes. The genomic breakpoint
sequence as identified by nFUSE in the CRC cell line HCT116 is given; spanning from the intronic region of TCF7L2 to upstream of RP11-57H14.3. The
coordinates of the breakpoint (chr10:114,850,371-114,640,318 (GRCh37)) are marked on the chromosome position axis. The location of the
breakpoint correlates well with the increased genomic coverage seen from the genome sequencing data.
doi:10.1371/journal.pone.0091264.g001

Table 1. nFuse and defuse: Verification of the original VTI1A-TCF7L2 fusion transcript and identification of a fusion transcript and
genomic breakpoint involving TCF7L2 and RP11-57H14.3.

Cell line GeneA GeneB Software Split{ Spanning{ Score

HCT116 RP11-57H14.3 TCF7L2 deFuse 3 4 0,84a

nFuse NA 27 5,5b

NCI-H508 VTI1A TCF7L2 deFuse 64 27 0,93a

RP11-57H14.3 is located 44 kb upstream of TCF7L2 on chromosome 10.
a)deFuse probability score,
b)nFuse path score. {) Split reads contain the fusion boundary in the read itself, while spanning reads are paired ends that harbor the fusion boundary within the insert
sequence.
doi:10.1371/journal.pone.0091264.t001
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above for TCF7L2 and according to ENST00000428766 for

RP11-57H14.3). One curious case of chimeric sequence, identified

in the CRC cell line FRI, was a fusion transcript spanning three

genes in a non-canonical genomic order, joining TCF7L2 exon 4

with VTI1A exons 5, 6, and 7, and further extending into RP11-

57H14.3 exons 1, 2, and 3. Also in this unique case the same exon-

exon boundaries were used as in the already annotated gene

structures described above. In total, four different fusion

transcripts were identified involving TCF7L2-RP11-57H14.3, all

occurring in several samples each.

Discussion

We have in the present report identified the gene RP11-

57H14.3 as a novel fusion partner for TCF7L2 in CRC. By

sensitive nested RT-PCR, we have revealed that both the

previously reported VTI1A-TCF7L2 fusion transcripts, and the

herein identified TCF7L2-RP11-57H14.3, are highly frequent

among CRCs, although expressed at low levels. We also detected

expression of the fusion transcripts in normal colonic mucosa, as

well as in normal tissues from other anatomical sites. Triplicate

nested-PCRs to investigate the presence of TCF7L2 involving

fusion transcripts showed variable results, with some samples

initially testing positive for a fusion transcript, but negative when

performing a consecutive run, or vice-versa. However, Sanger

sequencing resulted in confirmation of clean exon to exon

breakpoint junctions, reducing the likelihood that PCR artifacts,

such as polymerase template switching [17], as a cause for the

inconsistency. Negative controls were also performed at all RT-

PCR steps, including cDNA synthesis, first-round PCR and

nested-PCR. None of the negative controls resulted in detectable

products, supporting that the high frequency of fusion transcripts

observed is not a result of PCR contamination (Figure S1 and

Figure S2). Although the fusion transcripts were found at high

frequency within the tested biobank materials, the identification of

TCF7L2-containing fusions from whole-transcriptome sequencing

data was only successful from the two cell lines with matching

genomic breakpoints. These two cell lines did as well have

consistently strong expression of the fusion transcripts, as they

produced consistent and clear RT-PCR results in all replicates.

Based on these results, we suggest that the fusion transcripts

produced between TCF7L2 and either VTI1A or RP11-57H14.3

are expressed at low levels in tumor samples, and some normal

samples. The presence of fusion transcripts expressed at low levels

are consistent with three fusion transcripts we recently identified in

CRC, where AKAP13-PDE8A, COMMD10-AP3S1, and CTB-

35F21.1-PSD2 were identified in 17–58% of 106 primary cancer

tissues [12].

All three partner genes are located on the long arm of

chromosome 10, within 721 kbp, and are all read from the same

strand in the order VTI1A, RP11-57H14.3, TCF7L2 (Figure 2).

This suggests RNA polymerase read-through as a potential

Figure 2. Schematic presentation of the genomic location of VTI1A, RP11-57H14.3 and TCF7L2. All three genes are located within 720 kb on
the same strand on the long arm of chromosome 10. The exon numbering refers to exons annotated in transcripts ENST00000393077 in VTI1A,
ENST00000428766 in RP11-57H14.3 and ENST00000369395 in TCF7L2. Also, the nested PCR assays used for detection of both fusion transcripts are
shown. The red and black arrows represent the first round and second round primers used, respectively.
doi:10.1371/journal.pone.0091264.g002

Table 2. The number of positive fusion transcript PCRs for the samples, run in triplicates.

n =
Strong Positivesa:
VTI1A-TCF7L2

Positivesb:
VTI1A-TCF7L2

Strong Positivesa:
TCF7L2-RP11-57H14.3

Positivesb:
TCF7L2-RP11-57H14.3

Series 1-tumor 14 1 (7.1%) 11 (79%) 4 (29%) 9 (64%)

Series 1-normal 14 0 4 (29%) 0 4 (29%)

Series 2 92 2 (2.2%) 34 (37%) 2 (2.2%) 39 (42%)

Cell lines 21 1 (4.8%) 11 (52%) 9 (43%) 19 (90%)

Normals 20 0 5 (25%) 5 (25%) 15 (75%)

a)Strong positives are defined as testing positive in all RT-PCR replicates.
b)Samples noted as positives have tested positive for the fusion transcript(s) in one or more of the three RT-PCR replicates.
doi:10.1371/journal.pone.0091264.t002
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mechanism for generating the VTI1A-TCF7L2 transcripts in the

absence of a corresponding genomic breakpoint. Several reports

have shown that genes in close proximity in the human genome

are expressed as conjoined genes, also called tandem chimeras,

transcripts that are combined of at least part of one exon from two

or more distinct genes that lie on the same chromosome [18–20].

It has been suggested that the expression of conjoined genes

increase the complexity of the human genome by translating into

distinct proteins, or that these transcripts play a role in regulation

of canonical transcript levels. One suggested mechanism for their

generation is that the transcription machinery avoids the

termination signal of the upstream gene and continues transcribing

the downstream gene before terminating at the downstream

termination signal [19,21]. The majority of the conjoined genes

are believed to be expressed at low levels, as they are often

supported by only a single expressed sequence tag or mRNA

sequence in genome databases, which is in line with our

observations of weakly expressed TCF7L2-containing fusion

transcripts in CRC.

The generation of VTI1A-TCF7L2 transcripts may well be

explained as a product of polymerase read-through, but this

cannot be the mechanism of operation for the TCF7L2-RP11-

57H14.3 fusion transcripts. In this case, the exons of TCF7L2 and

RP11-57H14.3 are spliced together in a non-canonical genomic

order using consensus splice-sites. This transcriptional mechanism

has previously been described by Nigro et al. as exon scrambling;

a process where exons are joined accurately at consensus splice

sites, but in an order different from that present in the primary

transcript [22]. They discovered this phenomenon when investi-

gating a candidate tumor suppressor gene (DCC), and identified

that the resulting scrambled transcripts are expressed and found at

relatively low levels in both normal and neoplastic cells. Recently,

Table 3. Matched tumor and normal colonic mucosa from series 1.

VTI1A-TCF7L2 TCF7L2-RP11-57H14.3

Pair # Tumor Normal Tumor Normal

1 Y Y N N

2 Y N N N

3 Y N Y Y

4 Y N Y N

5 Y N Y Y

6 Y N Y N

7 N N N N

8 N N Y N

9 Y Y Y Y

10 N Y Y Y

11 Y N N N

12 Y N N N

13 Y N Y N

14 Y Y Y N

For both fusion transcripts the tumor, or both the tumor and normal samples were frequently positive. In one pair the VTI1A-TCF7L2 fusion transcript was positive only
in the normal sample and not the matched tumor.
doi:10.1371/journal.pone.0091264.t003

Figure 3. Confirmation of the original VTI1A-TCF7L2 fusion transcript breakpoint in the cell line NCI-H508. Sanger sequencing
confirmed the original fusion transcript discovered in NCI-H508, showing the breakpoint sequence spanning exon-exon junctions between exon 2 in
VTI1A and exon 6 in TCF7L2. Bass et al. also discovered three other fusion transcripts by nested-PCR. However, as transcript annotation was not
sufficiently described, we are not able to say if these fusions are identical to some of the transcripts we have identified.
doi:10.1371/journal.pone.0091264.g003
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based on deep sequencing of RNA, such scrambled transcripts

from hundreds of genes were identified [23]. This group also

suggested that a substantial fraction of the scrambled transcripts

are circular RNAs, which explain the joining of exons in a non-

canonical linear order. They also found that many of the circular

isoforms were present at levels comparable to their canonical

linear counterparts.

Altogether, these added levels of transcriptional and genomic

complexity is in line with the recent report of the ENCODE

project, reporting substantial reduction in the lengths of intergenic

regions, and increasingly overlapping of genes previously assumed

to be distinct genetic loci, altogether prompting a redefinition of

the concept of a gene [24].

The identification of genomic breakpoints in individual cell lines

for TCF7L2 fusions both involving VTI1A and RP11-57H14.3, is

intriguing. The genomic breakpoints identified coincide well with

the frequently observed fusion transcripts discovered in other

samples which do not have such genomic rearrangements. For the

cell lines with identified genomic breakpoints, the fusion

transcripts were detected at strong levels in all RT-PCR replicates,

suggesting that these cells express the fusion transcripts at higher

levels. Furthermore, the cell line with VTI1A-TCF7L2 genomic

fusion (NCI-H508) was negative for the TCF7L2-RP11-57H14.3

fusion transcripts in all replicates, supporting the ,540 kb

genomic deletion of the intergenic region between VTI1A and

TCF7L2 originally identified by Bass et al.

The presence of the fusion transcripts in both normal cells and

CRC samples together with identification of genomic breakpoints

from individual cancer cell lines, joining the same two genes on the

genome level, are in line with the report of the fusion transcript

JAZF1-JJAZ1 identified in both normal endometrial stromal cells

and endometrial stromal tumors [25]. JAZF1-JJAZ1 is detectable

at the transcript level in normal endometrial stromal cells but

genomic rearrangements are found only in the neoplastic cells. Li

et al. hypothesize that trans-splicing generating these fusion

transcripts, as well as other fusion transcripts, may occur regularly

in normal cells and tissues. Further, they suggest that there may be

a link between trans-splicing generating these fusion transcripts

and the generation of the genomic rearrangements [26]. The

genomic rearrangements or other mechanisms may lead to

overexpression of these fusion transcripts, which may have

oncogenic potential.

The importance of the gene TCF7L2 in CRC development is

favored by its function. TCF7L2 encodes the TCF4 transcription

factor, which is a key down-stream transcription factor in the

WNT/b-catenin-signaling pathway, altered in the majority of

CRCs [5]. The original report of VTI1A-TCF7L2 found that

depletion of the fusion transcript resulted in significant loss of

anchorage independent growth in the fusion positive CRC cell line

NCI-H508 [1]. Frequent mutations in a polyadenine tract within

the TCF7L2 gene have previously been reported for CRC,

especially in microsatellite instable tumors [6]. Furthermore,

microsatellite stable tumors have recently been shown to harbor

frequent mutations in TCF7L2 [7]. The observation that TCF7L2

involving fusion transcripts are detectable in such a large fraction

of CRC samples, but also normal colonic mucosa and other

normal tissue types, reveals that the TCF7L2 fusion transcripts are

neither specific to cancer nor to the colon and rectum. Hence, they

do not have the potential as cancer detection biomarkers as

originally expected. When that is said, the similar fusion transcripts

induced by genomic rearrangements observed in individual cancer

cell lines may yet have oncogenic potential as suggested in the

original study by Bass et al. The phenomenon of genomic

rearrangements observed in cancer cells that correlate with

transcription induced chimeras observed in most normal cells is

in itself intriguing and needs to be explored further.

In conclusion, we have identified the gene RP11-57H14.3 as a

novel fusion partner of TCF7L2. Both this fusion transcript and the

previously reported VTI1A-TCF7L2 are processed into several

different splice variants, and TCF7L2 involving fusion transcripts

are expressed at detectable levels, in a high proportion of CRCs,

and also in normal tissues from both colonic mucosa and from

other anatomical sites. We suggest that these fusion transcripts are

transcription induced chimeras, but that individual cancer cells

have genomic rearrangements that lead to expression of highly

similar fusion transcripts that potentially have a role in cancer

development or progression.

Supporting Information

Figure S1 VTI1A-TCF7L2: Nested-PCR products in tu-
mor samples, matched normals and CRC cell lines run
in triplicate and analyzed on 2% agarose gels. The results

show a much higher degree of fusion-transcript positives than what

has previously been reported for VTI1A-TCF7L2. However, the

results diverge somewhat from run to run. A) Nested-PCR results

from patient series 1 and 2. B) Nested-PCR results from the 21

CRC cell lines and some negative controls. The nested-PCR

product of NCI-H508 seems more abundant compared to the

other products based on the band luminescence. C) Additional

negative controls, including no template controls from cDNA

synthesis, first-round and second-round PCR.

(TIF)

Figure S2 TCF7L2-RP11-57H14.3: Nested-PCR products
in tumor samples, matched normals and CRC cell lines
run in triplicate and analyzed on 2% agarose gels. The

results diverge somewhat for each replicate. A) Nested-PCR results

from patient series 1 and 2. B) Nested-PCR results from the 21

CRC cell lines and some negative controls. There are at least three

PCR-products from the cell line HCT116, which are present and

identical in all replicates. C) Additional negative controls,

including no template controls from cDNA synthesis, first-round

and second-round PCR.

(TIF)

Table S1 Primers used in this study.

(DOCX)

Table S2 Both fusion transcripts involving TCF7L2 were
detected, by RT-PCR, in several human tissues.

(DOCX)

Table S3 Total overview of nested RT-PCR and Sanger
sequencing confirmation of fusion transcripts.

(DOCX)
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Supporting Tables 

Table S1: Primers used in this study. Primer name: 5’-3’ primer sequence: Melting temperature (Tma)VTI1A_5’UTR_F (first round) TTTCCCTGACCTAGGCTTTG 62°C TCF7L2_Ex6_R (first round) GGATGGGGGATTTGTCCTAC 62°C VTI1A_Ex1_F (second round) CCGACTTCGAAGGTTACGAG 62°C TCF7L2_ex5_R (second round) TACGTCGGCTGGTAAGTGTG 62°C RP11-57H14.3_F1 (first round) TCCTGGAGATGCCTCTGAGT 58°C TCF7L2_R1 (first round) CTACCTCCCCAACGGATCG 58°C RP11-57H14.3_F2 (second round) CAAAGCGTGGTCTCATTCCT 57°C TCF7L2_R2 (second round) CAGGGAGCCTCCAGAGTAGA 57°C TCF7L2_DNA_F (genomic breakpoint) TGGGTGCTGTGCTATGTGTT 60°C RP11_DNA_R (genomic breakpoint) GGTAGAGGTTGGCTGCAGTT 60°C 
a) Melting temperature (Tm) used for optimal primer annealing step during PCR. Annealing temperature was 

set to the average Tm of the participating primer pair. 

  



Table S2: Both fusion transcripts involving TCF7L2 were detected, by RT-PCR, in several human 
tissues. Tissue VTI1A-TCF7L2 TCF7L2-RP11-57H14.3 Adipose N Y Bladder N Y Brain Y Y Cervix N Y Colon Y Y Esophagus N Y Heart N Y Kidney Y Y Liver N N Lung Y Y Ovary N Y Placenta Y Y Prostate N N Skeletal muscle N N Spleen N N Stomach N N Testes N Y Thymus N Y Thyroid N Y Trachea N Y 
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Abstract 

Background: With an annual worldwide incidence close to 1.4 million, and a five-year 

survival rate of about 60 %, colorectal cancer (CRC) is a major clinical burden. The patient 

group is heterogeneous, and biomarkers for patient stratification are in high demand. 

Genome-scale RNA data represents a rich source of genetic information that can be used to 

study aberrant gene expression and transcript variants, which may be exclusive in 

particular cancer subpopulations. To identify novel RNA variants in CRC, we analyzed 

exon-level microarray expression data from 202 CRCs and searched for genes with 

overexpression of the 3’ end in individual tumors. Results: We nominated 25 genes in 

which at least one cancer sample had increased one-sided expression. To efficiently 

investigate underlying transcript structures, we used a novel approach of rapid 

amplification of cDNA ends followed by high throughput sequencing (RACE-seq). RACE 

products from the targeted genes in a total of 23 CRC samples were pooled together and 

sequenced. We identified VWA2-TCF7L2, DHX35-BPIFA2 and CASZ1-MASP2 as private 

fusion events, and novel transcript structures for 17 of the 23 other candidate genes. 

Additionally, we found junctions supporting a recurrent read-through fusion transcript 

between KLK8 and KLK7, and a novel 3’ splice site in S100A2, both of which were 

overrepresented in CRC tissue and cell lines from external RNA-seq datasets. Conclusion: 

Novel and recurrent cancer-specific RNA variants in CRC are identified using a high-

throughput method for characterization of multiple gene transcripts in several samples in 

the same experimental setup. 

 

Keywords 

Colorectal cancer, fusion genes, transcript variants, RACE-seq  
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Background 

Colorectal cancer (CRC) alone accounts for close to 10 % of all cancer cases worldwide, 

and is a heavy burden on human health and economy. It has been estimated that in total 

694,000 people died from CRC in 2012 [1]. Developing through several molecular 

mechanisms, CRC is a heterogeneous disease with an urgent need for biomarkers carrying 

diagnostic, prognostic and predictive information. The cancer transcriptome represents a 

complex collection of RNA molecules which reflect the expression program of cancer cells 

at a given time. Aberrant gene expression signatures have been successfully identified for 

subclasses of cancer [2,3] and for prognostication [4]. However, few gene expression 

signatures have yet been implemented in the clinic, and there is a high demand for 

additional tools to stratify the heterogeneous patient population. 

 

Alternative pre-mRNA splicing and core promoter usage may create cancer-specific 

transcripts [5,6]. In addition, fusion transcripts, chimeric RNA joined together from two 

individual genes as a consequence of chromosomal rearrangements or complex post-

transcriptional processes can be highly cancer-specific. Fusion genes which result from 

chromosomal rearrangements have been shown to be pathognomonic for certain cancer 

types and are used routinely as diagnostic markers in hematological cancers and childhood 

sarcomas [7,8]. More recently, with the advent of genome-scale technologies, fusion genes 

have been identified also in adult epithelial cancers. Although most of them are present 

only in small subsets of carcinomas, some are found to be highly recurrent, such as 

rearrangement of TMPRSS2 and ETS transcription factor genes in more than half of all 

prostate cancers [9]. Fusion transcripts may also be expressed as a result of transcriptional 

mechanisms like trans-splicing and read-through events for adjacent genes [10]. Proof of 

non-random expression of such fusion transcripts in normal tissue types with translation 

into chimeric proteins have also been described [11]. Several reports have shown that such 

fusion transcripts have an impact on cancer biology, by regulating both replication and cell 

growth in cancer [12–15]. Chimeric mRNAs expressed in normal cells are sometimes 

overexpressed in cancer cells. This is the case for SLC45A3-ELK4, found to be expressed 

in both normal prostate tissue and prostate cancer, with high levels of expression in a 

subset of prostate cancer samples. Only some prostate cancers expressing these fusion 

transcripts harbor chromosomal rearrangements at the corresponding genomic loci [16,17]. 

The first recurrent fusion gene identified in CRC, VTI1A-TCF7L2, was originally detected 
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in three of 97 CRCs, and found to be caused by a genomic deletion in the NCI-H508 CRC 

cell line [18]. However, when probed for with sensitive PCR, expression of VTI1A-

TCF7L2 fusion transcript was seen in a higher frequency of both normal and malignant 

tissue, probably as a result of read-through splicing [19]. The presence of splicing-

generated fusion transcripts in normal cells and corresponding chromosome 

rearrangements followed by overexpression in cancer has been proposed to be a linked 

mechanism [20]. Intragenic deviating expression patterns can be caused by different 

promoter strengths of two fusion partner genes, usage of alternative core promoters or 

differential splicing. Exon-level microarrays, with probe sets in each annotated exon, as 

well as RNA sequencing technologies, enable investigation of complicated structural 

transcription events in cancer. 

 

In this study, we have used exon-level expression data from a series of CRC as a screening 

tool to identify genes with differential internal expression, which can be indicative of their 

involvement as partner genes in fusion transcripts or being transcribed from different 

promoters. The transcript structures of nominated candidate genes were investigated by a 

combination of traditional rapid amplification of cDNA ends (RACE) and high-throughput 

RNA sequencing. This combination of methods facilitated the identification of fusion 

transcripts and transcript variants overrepresented in CRC. 

  



5 
 

Results 

From exon-level genome-wide microarray data of 202 CRCs, we selected 25 genes with 

differential expression levels between the 5’ and 3’ parts in at least one cancer sample 

(Table 1). These abnormal expression profiles typically reflect that the gene is transcribed 

by an alternative and stronger promoter, either within the gene itself, or from a separate 

gene. Twenty-four of the top-scoring genes were targeted by more than one probe set at 

both sides of the respective breakpoints, while one candidate (FABP7) obtained a very high 

expression break score (EBS) and was included even if it was targeted only by a single 

probe set 5’ to the putative breakpoint. Exon-level expression profiles for all candidate 

genes can be found in supplementary figures S1A-S1Y (Additional file 1). One candidate 

gene (S100A2), has previously been nominated from RNA sequencing data as downstream 

partner of three fusion transcripts in the CRC cell line RKO, with ZNF833, RP1-28O10.1, 

and AMPD3 as 5' fusion partners [21]. An overview of the pipeline used to identify and 

characterize novel RNA variants in CRC is provided in Figure 1. 
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Figure 1: Pipeline to identify and characterize novel RNA variants in CRC

Analysis of genome-scale exon level microarray data revealed 25 candidate genes with overexpression of

their 3’ end, here exemplified with the BPIFA2 gene. The candidate genes were characterized with RACE-seq,

a combination of 5’ RACE and deep sequencing. For the 25 candidate genes and also 3 positive control

genes, nested RACE-primers were designed downstream of the suspected breakpoints (orange arrows). The

resulting pools of RACE fragments (28 assays per sample) were prepared for sequencing with the Nextera XT

protocol (Illumina), using tagmentation to simultaneously fragment and tag RACE-amplicons with adapters for

sequencing. The fusion transcripts VWA2-TCF7L2, DHX35-BPIFA2 and CASZ1-MASP2, and also 55

transcript junctions were identified by two separate computational approaches from the RACE-seq data.

These were probed for in an external data series from the TCGA, CCLE and the Illumina body map.  
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Novel fusion transcripts in CRC 

The 25 nominated candidate genes and three positive control genes were tested by 5’ 

RACE in all samples with highest EBS (n = 23; i.e. a total of 644 RACE reactions). The 

RACE-products from all gene assays for each sample were then pooled and sequenced, 

generating 15.5 million pairs of sequencing reads. After demultiplexing, trimming away 5’ 

RACE adapter sequences, and quality assurance, 12.6 million pairs remained (Table S1 in 

additional file 2). Trimming 5’ RACE adapter sequences increased the number of paired-

end reads aligned by up to 79 % for each individual sample (Table S1 in additional file 2). 

 

As positive controls for fusion gene detection by RACE-seq, we included TCF7L2 and 

RP11-57H14.3 as 5’ RACE targets in the NCI-H508 and HCT-116 cell lines, respectively. 

Both previously described fusions with these two genes as downstream partners were 

among the top nominated fusion breakpoints [18,19] (Table 2). In addition to the two 

positive control fusions involving TCF7L2, another TCF7L2 fusion with VWA2 as a novel 

upstream fusion partner was identified in one tumor sample (Figure 2; Table 2). This 

sample also had a high number of reads covering the first four exons of VWA2. Several 

other genes, not directly targeted by 5’ RACE, showed similarly high coverage in 

individual tumor samples, indicating that they are indirectly amplified by the 5’ RACE 

assays (Figure S2 in additional file 3). By evaluating sequence alignments for these genes, 

we identified two genes, CASZ1 and DHX35, with high sequence coverage of the first two 

and 11 exons in individual samples, respectively. DHX35 was identified as an upstream 

fusion partner of BPIFA2 in the same sample that had high sequence coverage of the first 

11 exons of DHX35 (Table 2; Figure 3). This sample was selected due to an elevated 3’ 

expression profile of BPIFA2, which matched the identified fusion breakpoint. Similarly, 

the sample with elevated 3’ expression of the MASP2 gene had high sample-specific 

coverage of the two first exons of CASZ1 in the RACE-seq data (Figure 4). No fusion 

candidate with CASZ1 as an upstream partner gene was nominated by the fusion detection 

software. However, the RACE assay for MASP2 was designed to be in close proximity to 

the expression breakpoint observed in the exon microarray data. Thus, we used the Unix 

command-line utility grep to search for parts of the nested gene-specific primer (NGSP) 

sequence targeting MASP2. Using grep, several reads containing sequence from the 

MASP2 NGSP mapping to both exon 9 of this gene and exon 2 of CASZ1 were retrieved, 

indicating a fusion between these genes. After realigning raw reads to a fusion scaffold, we 
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identified 107 split reads crossing the junction between CASZ1 exon 2 

(ENST00000344008) and MASP2 exon 9 (ENST00000400897). 

Fusion transcript validation 

The three novel fusion transcripts were successfully validated using RT-PCR assays 

spanning the respective fusion boundaries followed by Sanger sequencing (Figure S3 in 

additional file 4). All three fusion transcripts were generated by using intact splicing sites 

from their respective partner genes. The reading frames of the parental genes were retained 

for VWA2-TCF7L2 and DHX35-BPIFA2. Both fusion transcripts potentially encode fusion 

proteins, as all four fusion partners have breakpoints within their coding sequences. The 5’ 

UTR of CASZ1 is joined together with the 3’ part of the coding sequence of MASP2. Here, 

a start codon located 119 bp downstream of the fusion breakpoint encodes an open reading 

frame (ORF) that is in-frame with the reference MASP2 ORF. As a consequence, the 

CASZ1-MASP2 fusion transcript may encode an N-terminal truncated MASP2 protein 

under the control of the CASZ1 promoter and 5’ UTR. None of the fusion transcripts were 

detected in external data sets from The Cancer Genome Atlas (TCGA) and the Cancer Cell 

Line Encyclopedia (CCLE), indicating that the fusions are private events. 
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Figure 2 The novel fusion transcript VWA2-TCF7L2. 
A. As indicated by red arrows, a RACE assay with first and second round primers targeting exon 7 and 6 of 

TCF7L2 respectively was included in the sequencing setup as a positive control. In addition to enabling 

identification of previously known fusions involving TCF7L2, a new fusion was discovered that connects exon 

4 of VWA2 to exon 6 of TCF7L2. The exon numbers refer to transcript structures ENST00000392982 for 

VWA2 and ENST00000369395 for TCF7L2. The 5’ partner gene, VWA2, is located 1.1 Mbp downstream of 

TCF7L2. The four exons upstream of the fusion breakpoint in VWA2 show high read coverage, measured in 

reads per kilobase exon sequence (RPK). On the contrary, the exons after the breakpoint in VWA2 were not 

picked up by the assay, indicating that the RACE assay targeting TCF7L2 specifically amplified the upstream 

VWA2 part in the tumor sample harboring the VWA2-TCF7L2 fusion. B. Normalized read counts mapping to 

the VWA2 gene for all samples included in the RACE-seq experimental set up. Only the sample with the 

identified VWA2-TCF7L2 fusion transcript had sequencing reads covering the VWA2 genes. 
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Figure 3: Novel fusion between DHX35 and BPIFA2 is in concordance with 3’ overexpression of 
BPIFA2.  
A. The exon expression profile of BPIFA2 shows that one CRC sample has a 3-fold increase in expression 

levels in the 3’ part of the gene compared to the median of the cohort. The last four probe sets showed 

increased intensity levels and target exon 7, 8 and 9 of BPIFA2. B. Normalized read counts mapping to 

DHX35 were high only in sample16_T, the same sample which exhibits increased 3’ expression of BPIFA2. C. 

From RACE-seq we identified a fusion between exon 11 of DHX35 and exon 7 of BPIFA2. Exons 1-11 of 

DHX35 show high read coverage, measured in RPK. Exons 12-22, located downstream of the breakpoint in 

DHX35, were not covered by any reads, indicating that the RACE assay that targets BPIFA2 specifically 

amplifies the upstream DHX35 part of the fusion. By realigning sequencing reads from the sample in question 

to a fusion scaffold, we found that 207 unique split reads align across the fusion boundary. 
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Figure 4 Novel fusion between CASZ1 and MASP2 is in concordance with 3’ overexpression of 
MASP2. 

A. The exon expression profile of MASP2 shows that one CRC sample has a 3- to 5-fold increase in 

expression of the 3’ part of the gene compared to the median of the cohort. The last six probe sets showed 

increased intensity and targeted exon 9, 10 and 11 of MASP2. B. Normalized read counts mapping to CASZ1 

were high only in sample 4_T, the same sample which exhibit increased 3’ expression of MASP2. C. From 

RACE-seq we identified that the gene CASZ1 had high read coverage of its first two exons in the same 

sample that exhibited the deviating exon expression profile for MASP2. No fusions involving MASP2 were 

nominated by deFuse, but when using the grep command for parts of the MASP2 NGSP sequence (Red 

arrow), we identified several reads containing a fusion boundary between CASZ1 exon 2 and MASP2 exon 9. 

Upon realigning sequencing reads, we found that 107 unique reads split aligns across the fusion boundary. 
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Novel transcript splice junctions in CRC 

From the RACE-seq data we identified 147 novel splice junctions that had read coverage 

greater than 100 in at least one sample each (Table S2 in additional file 2). From this list 

and by visual inspection of splicing junctions in the Integrated Genome Viewer (IGV), 55 

junctions were selected that could potentially explain the deviating gene expression 

profiles in 20 of the genes (Table S3 in additional file 2). In total, the RACE-seq data 

supported new transcript structures for 17 of the 23 targeted genes, not including the genes 

with validated fusion transcripts. Thirteen of the genes had sequence reads extending 

upstream from the annotated gene boundary, whereas 12 had sequence reads supporting 

new intragenic transcript structures including internal promoters and eight of the 23 genes 

had both. 

 

We included the gene VNN1 as a positive control for junction detection. We recently 

reported a novel transcript variant of this gene as being expressed in a large proportion of 

CRCs, including the HT29 cell line [22]. In addition to expression in HT29 , 15 of the 20 

primary carcinoma samples included in the RACE-seq expressed this transcript variant 

(Figure S4 in additional file 5; Table S4 in additional file 2), confirming previous results 

[22].  

New transcript variants of S100A2 and KLK7 are overrepresented in CRC 

RACE-seq data from the candidate genes S100A2, KLK7, FGF12 and BAAT had reads 

supporting junctions of read-through fusion transcripts from upstream adjacent genes 

S100A16, KLK8, MB21D2 and MRPL50 respectively. The read-through KLK8-KLK7 joins 

two members of the Kallikrein-related peptidase gene family that are 12 kb apart on 

chromosome 19. The exon microarray profile for KLK7 showed elevated expression levels 

at the 3’ end of the gene in several samples (Figure 5). The two samples with the highest 

EBS score were selected for RACE-seq. RACE-seq reads from both samples aligned to a 

junction between exon 2 of KLK8 (ENST00000291726) and exon 3 of KLK7 

(ENST00000595820). The resulting read-through fusion transcript has an in-frame ORF, 

potentially encoding a fusion protein with coding sequences from both KLK8 and KLK7. In 

total, eight of 19 CRC tumor samples and two of three CRC cell lines expressed this 

junction (Table 3 and Table S4 in additional file 2). In the external datasets, six of 24 

CRCs from the TCGA had at least one sequence read covering the KLK8-KLK7 junction 

and 15 of 56 CRC cell lines had multiple sequence reads covering the junction. In contrast, 
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the junction was not detected by sequence reads from any of the matching normal colonic 

mucosa samples, although a single read covered the junction in normal breast tissue in the 

Illumina human body map (Table S4 in additional file 2). 

S100A2 was included based on elevated expression levels at the 3’ end for two samples 

(Figure 6). Our approach to identify new junctions revealed alternative splicing between 

exon 1 and 2, with a new 3’ splice site only six bp downstream of the canonical splice site 

(ENST00000368708). Although this junction alone could not explain the deviating exon 

expression profiles, it was found to be overrepresented in CRC. In total, the splice site was 

covered by sequencing reads in 13 of 19 CRCs and in all three CRC cell lines (Table 3). 

Furthermore, 14 of 24 (58 %) of the TCGA tumor samples had at least one read covering 

the junction, while 33 of 56 (59 %) CRC cell lines had multiple reads covering the splice 

junction. Importantly, none of the matched normal samples from the TCGA had any reads 

covering the junction. In the Illumina human body map dataset, only one sample from 

normal lung tissue was found to have 12 reads covering the same splice junction. 
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Figure 5: Read-through from upstream KLK8 to KLK7 in samples with deviating 3’ expression of KLK7.

A. The exon expression profile of KLK7 shows that several samples have increased expression of probe sets

targeting exon 3 to 6. The top two samples (2_T & 5_T) were selected for RACE-seq to identify underlying

transcript structural changes. B. A sashimi plot from IGV shows the alignment of sequencing reads from the

two nominated samples for KLK7. The height of the bars represents the number of aligned reads, while arcs

represent junctions connected to exon 3 of KLK7 and the coverage of these junctions, as determined by

Tophat2 alignment and the sashimi plot package, are shown as numbers on the arcs. 
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Figure 6: A novel 3’ splice-site in S100A2 is found to be overrepresented in CRC. 
A. Two samples had increased expression levels of probe sets targeting exons 2 and 3 of S100A2 (UCSC

annotation). Ensembl release 75 has annotated additional transcript variants (in red; ENST00000368710,

ENST00000368709) and upstream 5’ UTR exons that are not targeted by exon microarray probe sets. B. We

identified the use of a novel 3’ splice-site when splicing exon 1 to exon 2. The splice-site is located 6 bp

downstream of the canonical splice-site. Use of this alternative splice-site was found to be overrepresented in

CRC samples (see Table 3). The splice-site occurs in the 5’UTR (coding sequence in red), and according to

our analysis does not affect the annotated ORF. 
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Discussion 

We have identified a set of novel transcript variants in CRC by a novel RACE-seq 

approach following an exon-level transcriptomics screen enabling simultaneous detection 

of variants from multiple genes and samples. Proof-of-concept was demonstrated by 

detection of known fusion transcripts involving TCF7L2, and alternative promoter usage in 

the VNN1 gene.  

 

Among the three novel private fusions transcripts, VWA2 was detected as a new and 

previously unknown fusion partner of TCF7L2, strengthening the hypothesis that this 

WNT-effector transcription factor is involved in CRC. Interestingly, the VWA2-TCF7L2 

fusion transcript shares the same breakpoint of TCF7L2 as the known VTI1A-TCF7L2 

fusion. Knock-down of VTI1A-TCF7L2 in the NCI-H508 CRC cell line was previously 

shown to inhibit anchorage-independent growth [18]. The DHX35 gene has previously 

been identified as a 5’ fusion partner to the ITCH gene in the SK-BR-3 breast cancer cell 

line [23], indicating that it may be a 5’ partner in multiple fusion genes. All three fusions 

were predicted to encode intact ORFs, implying a potential functional role. 

 

In a similar approach to ours, the Encyclopedia of DNA elements (ENCODE) performed 

5’ RACE combined with high-density resolution tiling microarrays to annotate transcript 

products from 399 known protein-coding loci. The results revealed that >80 % of the tested 

genes had unannotated transcribed fragments both upstream and internal to previously 

known gene boundaries [24]. The ENCODE project has suggested that up to three-quarters 

of the human genome is capable of being transcribed, and that the current concept of a 

gene is in need of refinement [25]. Our data are in line with this, inasmuch as 17 of 23 

candidate genes have reads supporting new transcript structures, and 13 have reads 

extending upstream of the currently annotated gene boundaries. 

 

Among the identified transcript variants, we found a recurrent read-through fusion 

transcript between KLK8 and KLK7 and a novel 3’ splice site in S100A2. These were both 

found to be overrepresented in CRC tumor samples and cell lines when investigated in 

external RNA-seq datasets from TCGA, CCLE and the Illumina Human body map. KLK7 

encodes a serine protease of the kallikrein-related peptidases, and has previously been 

shown to be overexpressed in CRC. KLK7 overexpression has also been found to be 
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associated with increased cell proliferation in vitro and increased tumor growth in nude 

mice [26]. Furthermore, overexpression of KLK7 mRNA and protein product have been 

related to poor clinical prognosis of CRC patients [27,28], and the use of alternative 

promoters has been indicated in tissue or disease-specific KLK regulation [29]. The KLK8-

KLK7 read-through, with an intact ORF and overrepresentation in CRC, has biomarker 

potential and may have functional consequences for the disease which warrant further 

studies. The observed increase in expression levels of 3’ exons of S100A2 is likely 

explained by the additional transcript variants annotated by Ensembl (Figure 6). However, 

the identification of a new 3’ splice site, detected in more than 50 % of both primary CRC 

tumors and CRC cell lines but none of the matched normal samples makes it a potential 

cancer-specific splice variant. S100A2 is a member of the S100 gene family, where S100 

proteins are Ca2+ binding proteins with broad implications in cancer [30]. Moreover, 

S100A2 expression has been proposed as a prognostic biomarker for tumor recurrence in 

CRC patients treated with adjuvant chemotherapy after surgery [31]. Although 

theoretically not affecting the ORF and the subsequent translated protein, the alternative 3’ 

splice usage in S100A2 identified here may have other regulatory or functional roles in 

CRC. 

 

In terms of methodology, the idea of combining 5’ RACE with transcript variant 

characterization using paired-end sequencing shows potential for the identification of 

tissue- or disease-specific transcriptional structural changes. High-throughput sequencing 

characterization of RACE amplicons is highly time-efficient, more sensitive and 

technically feasible compared to traditional characterization of RACE fragments with 

cloning, plasmid isolation and Sanger sequencing. In our setup, we computationally 

nominated candidate genes with differential 3’ expression levels in CRC samples from 

exon microarray data to identify novel cancer-specific markers. However, the combination 

of 5’ RACE with paired-end sequencing also has other potential applications, such as 

testing for known fusion genes across tumor types or within different clinical cohorts. A 

future improvement would be to design RACE assays sufficiently downstream of 

suspected breakpoints to ensure sequencing reads on both ends, giving traditional fusion 

detection algorithms enough power to detect all fusions. 

  



22 
 

Conclusions 

Using a novel high-throughput approach, we identified three previously unknown private 

fusion transcripts, and new transcript structures in 17 of the 23 other candidate genes. The 

novel transcripts included a recurrent read-through transcript between KLK8 and KLK7 and 

use of an alternative 3’ splice site in S100A2 that are overrepresented in CRC. Both KLK7 

and S100A2 have previously been implicated in CRC, making these transcript variants 

interesting as candidate markers in CRC.  
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Methods 

Patient samples and cell lines 

A consecutive series of 202 primary colorectal carcinomas (stage I-IV) and normal colonic 

mucosa samples from 21 of the patients were included in the analysis. The CRC series was 

collected between 2005 and 2009 at Aker University Hospital, Oslo, Norway. Three CRC 

cell lines HT29, HCT116 and NCI-H508, were used in the study. They were obtained from 

American Type Culture Collection (Manassas, VA, USA), and were authenticated by in-

lab STR analysis [32]. 

Research on the biomaterial, including with use of deep sequencing technology, was 

approved by the Regional Ethics Committee of South-Eastern Norway (2010/1805/REK 

south-east C). 

Exon level gene expression analysis 

We previously performed genome-scale exon-level analyses of gene expression for 125 

CRC and 21 normal mucosa samples [33–35] that have been deposited in the NCBI’s Gene 

Expression Omnibus [GEO; accession numbers GSE24550, GSE29638, GSE42690]. Here 

an additional 77 CRC from the same series are analyzed using the Affymetrix HuEx-1_0-

st-v2 arrays. The samples were prepared and hybridized onto the arrays according to the 

manufacturer’s instructions, as previously described [33]. From scanned images of the 

microarrays, cell intensity (CEL) files were generated by the Affymetrix GeneChip 

Command Console software (version 1.0). Using the Affymetrix Expression Console 

software (version 1.1), raw data was preprocessed by background correction of individual 

probes based on GC-content, inter-chip quantile normalization, and eventually summarized 

on the exon (core probe set) level by the robust multi-array average approach [36]. Raw 

and processed data are deposited in GEO under accession number GSE69182. For each 

probe set, the log2 expression signal of each sample relative to the median of that probe set 

across all samples was calculated. For the RACE analyses of candidate genes, we included 

19 of the 202 CRCs with significant deviating exon-level expression profiles for at least 

one of the candidate genes each, and one normal colonic mucosa sample, as well as the 

three CRC cell lines (HT29, HCT116 and NCI-H508). 
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Computational selection of fusion transcript candidates 

An algorithm was developed to detect samples that possess abnormal expression profiles 

from the exon microarray data. The microarray data consists of intensities measured by a 

total number of 287,329 probe sets with an average of four probes per exon annotated by 

RefSeq [37] and full-length mRNA GenBank records [38]. To detect samples that diverge 

from the rest of the set, normalization by subtraction of the median signal intensity was 

applied for each individual probe set. Normalization was followed by division of the 

standard deviation at each probe set. Sample i is assigned a normalized relative expression 

value at probe set j that equals ݏ, ൌ , െ ߪߤ  

where pi,j is the log signal intensity, and µj and σj are the median value and the standard 

deviation across all samples at probe set j, respectively. The EBS for sample i in 

combination with a particular gene g that is targeted by k probe sets equals the maximum 

magnitude of the difference of means from 5’ to 3’ along the gene: 

 EBS  ൌ  maxୀଵ,…,ିଵหmean൫ݏ,ାଵ, … , ,൯ݏ െ  mean൫ݏ,ଵ, … ,     ,,൯หݏ
where k is the position of the putative breakpoint along the 5’ to 3’ axis of the gene. Large 

EBSig is therefore indicative of candidates where the expression level of sample i deviates 

from the rest of the set in either end of gene g. In most cases, fusion transcripts are 

regulated by the promoter of the 5’ fusion partner [39]. Thus, the 3’ fusion partners often 

show increased signal intensities downstream of the breakpoint, due to the influence of a 

more active promoter. Only candidates with increased expression at the 3’ end, and thus 

being potential 3’ fusion partners, were nominated for further analysis. Genes with 

elevated EBS in any of the normal samples were discarded from further analyses. Top-

scoring gene candidates were manually curated by inspecting the probe sets underlying the 

deviating exon expression profiles in the Annmap database [40]. Gene candidates with 

deviating exon expression profiles caused by probe sets mapping to several paralogous 

gene copies in the genome were filtered out, as well as profiles that were likely to be 

caused by alternative transcription of already annotated transcript variants. For robustness, 

the algorithm selected only fusion partner candidates where more than one probe set had 

different intensity levels.  
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5’ Rapid Amplification of cDNA ends (RACE) 

We designed nested RACE-PCR assays for each of the candidate genes and three genes 

used as positive controls (TCF7L2, RP11-57H14.3, and VNN1). Based on the exon-level 

expression profiles, a reverse gene-specific primer (GSP) and a reverse NGSP were 

designed against sequences downstream of the expected breakpoints. A forward internal 

control primer (ICP) was designed against sequences upstream of the same gene, to be 

used as a positive control and for primer optimization. To enable touchdown PCR, all 

primers were designed using primer 3 software [41] with theoretical Tm > 70°C, GC 

content 50-70% and length 23-28 nucleotides. Primer sequences for all gene assays are 

listed in Table S5 (in additional file 2). To obtain the full-length 5’ end sequence of the 

mRNA transcripts, 5’ RACE-ready cDNA was synthesized from 1 µg total RNA for each 

of the 24 samples using the SMARTer™ RACE cDNA Amplification kit according to 

protocol (Clontech, Mountain View, CA, USA). This technology incorporates the use of an 

oligo (dT) primer in combination with a SMARTer II A oligonucleotide adapter and the 

SMARTScribe Reverse Transcriptase, which in effect generates modified cDNAs 

containing 5’ adapter sequences from all transcribed mRNAs. Products were diluted in 100 

µl milli-Q water. Synthesis of 5’ RACE-ready cDNA was confirmed by a control PCR 

assay detecting the housekeeping gene GUSB. Additionally, negative no-template controls 

were included in each set-up to control for contamination. 

First-round RACE-PCR was performed for all candidate genes in a 10 µl reaction volume. 

5’ RACE-ready cDNA from the 24 samples was diluted 4x before 2 µl of this dilution was 

used as input. In total, 672 first round RACE-PCR reactions were performed separately. 

Touchdown PCR was used, which started with 5 cycles of denaturation at 94°C for 30 

seconds, annealing and extension at 72°C for 3 minutes, followed by 5 cycles of 

denaturation at 94°C for 30 seconds, annealing at 70°C for 30 seconds and extension at 

72°C for 3 minutes, and finally, 25 cycles with denaturation at 94°C for 30 seconds, 

annealing at 68°C for 30 seconds and extension at 72°C for 3 minutes. The first-round 

PCR products were diluted 50x and 2.5 µl of each was used as template input into the 

nested RACE-PCR. The nested RACE-PCR reactions were carried out in a 25 µl reaction 

volume for each assay in each of the samples. To normalize the amounts of nested RACE 

products from each reaction we used a quantitative DNA binding approach (SequalPrep™ 

Normalization Plate Kit, 96-well; Applied Biosystems® by Life Technologies, Carlsbad, 

CA, USA). We added 20 µl nested RACE products to each well in the normalization plates 

and continued according to the manufacturer’s protocol. For each sample, equal volumes 



26 
 

of normalized amplicons from the 28 different assays were pooled together. The pools 

were further quantified using the Qubit® 2.0 Fluorometer and Qubit® dsDNA HS Assay 

Kit. One sample was found to have insufficient amount of pooled amplicons, leaving 23 

samples for sequencing. For each sample, 1 ng of the nested RACE product pools was used 

as input to the Nextera XT sample preparation protocol. 

Sample preparation for MiSeq sequencing 

The Nextera XT sample preparation kit from Illumina (San Diego, CA, USA) was used. 

We performed tagmentation of the input nested RACE products, before performing 12 

cycles amplification of the fragments, both according to the manufacturer’s protocol. 

During amplification, dual indexes were added to enable multiplexing of the nested RACE 

product pools. The amplicon pools were further cleaned and size selected using 0.6x 

Ampure XP beads. A subset of cleaned libraries was quality controlled using Bioanalyzer 

HS DNA chips. After clean up, we normalized the pools using the provided library 

normalization beads. To pool the samples, 5 µl of each library was combined in an 

Eppendorf tube and 24 µl of the pool was mixed with 576 µl of hybridization buffer. The 

library pool was then loaded onto a thawed MiSeq reagent cartridge version v2 before 2 x 

150 nucleotides sequencing in the MiSeq instrument. 
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Identification of upstream fusion partners 

After demultiplexing the paired-end reads, fastq files from the individual samples were 

subjected to quality control and inspection by using the FastQC software [42]. The 

sequencing reads were further trimmed to remove bad quality ends, and also to remove 

SMARTer II adapter oligos that were adhered during RACE cDNA synthesis. Trimming 

and filtering was done using the cutadapt software [43]. Trimmed reads from each sample 

were aligned to the Ensembl GRCh37 (iGenomes May 14 2014) reference using Tophat2 

v.2.0.11 [44], Bowtie2 v.2.1.0 [45] and Samtools v.0.1.19 [46]. Normalized read counts 

were generated for the top 100 expressed genes using HTseq-count [47] and the R package 

DESeq2 [48]. 

 

For all samples, the gene fusion discovery software deFuse v.0.6.0 [49] was used to 

identify fusion transcripts that included one of the nominated candidate genes. In addition, 

normalized read counts were used to identify sample-specific expressed genes which were 

amplified using the 5’ RACE, but not among the original candidate genes. To determine 

which of these genes had high 5’ read coverage, visual inspection of aligned reads was 

done using the Integrative Genomics Viewer (IGV) [50,51]. Genes identified in this 

manner were specifically searched for in the deFuse candidate lists. If not nominated by 

deFuse, the Unix command grep was used to find reads containing parts of the NGSP 

primer for the candidate gene in the specific sample. These reads were further aligned with 

BLAT [52] to identify if parts of the reads connected to the sample-specific expressed gene 

that was not targeted by the RACE gene-specific primers.  
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In silico validation of fusion transcripts in external datasets 

For in silico validation of fusion transcripts, raw RNA sequencing data (paired-end fastq 

files; 48 nucleotides read-length) from 126 CRCs and 24 matched normal colonic mucosa 

from TCGA (Table S6 in additional file 2) was downloaded from The Cancer Genomics 

Hub (CGHub; https://browser.cghub.ucsc.edu/). As additional normal control samples, 

paired-end RNA sequencing data from the Illumina Human Body Map v2 dataset 

consisting of 16 non-malignant miscellaneous tissue types was downloaded (ArrayExpress 

accession ID E-MTAB-513 and European Nucleotide Archive study accession ID 

ERP000546; paired-end fastq files; 50 nucleotides read-length). Moreover, aligned BAM 

files were obtained for 56 colon adenocarcinoma cell lines from CCLE and converted back 

to paired end fastq files (101 nucleotides read-length; Table S7 in additional file 2). The 

deFuse software was applied to detect genome-wide fusion candidates in the TCGA tumor 

and normal colonic mucosa samples, as well as in the CRC cell lines. Potential fusions 

were filtered against the Illumina Human Body Map v2 dataset. To specifically examine 

candidate fusion genes DHX35-BPIFA2, CASZ1-MASP2, VWA2-TCF7L2, and VTI1A-

TCF7L2, the Unix command grep was used to search for scaffold sequences spanning 8, 

10, 15, 20, and 24 bases at each side of the putative breakpoints. 

Identification of novel and cancer-specific transcript variants 

Transcript splice junctions (i.e. possible cancer specific alternative splicing variants) were 

first identified from the junctions.bed files generated at the alignment step with Tophat2. 

The junctions.bed files from 19 CRC tumor samples and three CRC cell lines were 

merged. To keep only novel junctions, those previously annotated in Ensembl release 75 

were removed. To select for cancer specificity, junctions that also were detected from the 

normal sample included in the RACE-seq as well as junctions from any of the 16 Illumina 

human body map tissues were filtered out. Finally, only junctions supported by a minimum 

of 100 split reads were kept for downstream analysis. 

 

Transcript junctions that corresponded to intragenic differential exon-level expression for a 

candidate gene were selected from this list for in silico validation. Additional junctions 

were added for validation based on manual inspection of the corresponding sample’s read 

alignment in IGV. Selected transcript junctions were used as input when generating 

genome index files (using the --sjdbFileChrStartEnd flag) from Ensembl release 75 with 

the STAR aligner v.2.4.0d [53]. Fastq files from the downloaded validation series were 
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aligned to the generated genome index. In total, paired-end data from 24 matched tumor 

and normal pairs from the TCGA colon adenocarcinoma series, 56 colon adenocarcinoma 

cell lines from the CCLE and 16 miscellaneous tissues from the Illumina human body map 

were aligned to determine the presence of the selected transcript junctions.  
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Additional file 1: Contains supplementary figures S1A to S1Y 
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Figure S1: Exon-level expression profiles for all 25 selected candidate genes. Each line represents an

individual tumor sample, with the expression values median-centered and the most significantly deviating

sample(s) marked in red. X-axis numbering refers to probe sets on the Affymetrix HuEx-1_0-st-v2 microarray.



39
 

 A
dd

iti
on

al
 fi

le
 2

: C
on

ta
in

s s
up

pl
em

en
ta

ry
 T

ab
le

s S
1 

to
 S

7 

Ta
bl

e 
S1

: S
eq

ue
nc

e 
re

ad
s 

pr
od

uc
ed

 b
y 

hi
gh

-th
ro

ug
hp

ut
 s

eq
ue

nc
in

g 
of

 R
A

C
E

 p
ro

du
ct

s,
 a

nd
 a

lig
nm

en
t n

um
be

rs
 b

ef
or

e 
an

d 
af

te
r t

rim
m

in
g.

 

 
W

IT
H

O
U

T 
TR

IM
M

IN
G

 
A

FT
ER

 T
R

IM
M

IN
G

 

Sa
m

pl
es

 
Le

ft 
re

ad
s 

in
pu

t 
Le

ft 
re

ad
s 

m
ap

pe
d 

R
ig

ht
 re

ad
s 

in
pu

t 
R

ig
ht

 re
ad

s 
m

ap
pe

d 
A

lig
ne

d 
pa

irs
 

O
ve

ra
ll 

re
ad

 m
ap

pi
ng

 
ra

te
 

Le
ft 

re
ad

s 
in

pu
t 

Le
ft 

re
ad

s 
m

ap
pe

d 
R

ig
ht

 re
ad

s 
in

pu
t 

R
ig

ht
 re

ad
s 

m
ap

pe
d 

A
lig

ne
d 

pa
irs

 
O

ve
ra

ll 
re

ad
 m

ap
pi

ng
 

ra
te

 

S
am

pl
e1

_T
 

33
74

90
 

13
44

95
 (3

9.
9%

) 
33

74
90

 
18

58
11

 (5
5.

1%
) 

11
14

44
 

47
.5

%
 

29
07

33
 

21
89

85
 (7

5.
3%

) 
29

07
33

 
22

00
21

 (7
5.

7%
) 

18
43

02
 

75
.5

%
 

S
am

pl
e2

_T
 

40
51

83
 

12
60

71
 (3

1.
1%

) 
40

51
83

 
14

71
52

 (3
6.

3%
) 

10
69

69
 

33
.7

%
 

28
64

07
 

17
02

32
 (5

9.
4%

) 
28

64
07

 
16

62
11

 (5
8.

0%
) 

14
34

93
 

58
.7

%
 

S
am

pl
e3

_T
 

49
01

51
 

24
04

23
 (4

9.
1%

) 
49

01
51

 
22

79
80

 (4
6.

5%
) 

18
47

32
 

47
.8

%
 

42
97

20
 

34
12

14
 (7

9.
4%

) 
42

97
20

 
33

36
29

 (7
7.

6%
) 

29
67

55
 

78
.5

%
 

S
am

pl
e4

_T
 

92
55

8 
30

18
6 

(3
2.

6%
) 

92
55

8 
50

89
7 

(5
5.

0%
) 

26
16

8 
43

.8
%

 
69

06
1 

53
98

4 
(7

8.
2%

) 
69

06
1 

56
10

1 
(8

1.
2%

) 
46

89
4 

79
.7

%
 

S
am

pl
e5

_T
 

25
92

54
 

91
04

5 
(3

5.
1%

) 
25

92
54

 
11

26
86

 (4
3.

5%
) 

82
25

0 
39

.3
%

 
17

27
09

 
13

34
14

 (7
7.

2%
) 

17
27

09
 

13
12

92
 (7

6.
0%

) 
11

55
64

 
76

.6
%

 

S
am

pl
e6

_T
 

22
15

12
 

93
81

2 
(4

2.
4%

) 
22

15
12

 
12

18
30

 (5
5.

0%
) 

81
13

2 
48

.7
%

 
17

25
86

 
13

46
83

 (7
8.

0%
) 

17
25

86
 

13
59

63
 (7

8.
8%

) 
11

67
17

 
78

.4
%

 

S
am

pl
e7

_N
 

94
93

70
 

64
18

62
 (6

7.
6%

) 
94

93
70

 
61

58
50

 (6
4.

9%
) 

54
73

77
 

66
.2

%
 

83
24

70
 

70
99

83
 (8

5.
3%

) 
83

24
70

 
69

58
80

 (8
3.

6%
) 

64
63

94
 

84
.4

%
 

S
am

pl
e7

_T
 

93
72

97
 

47
44

58
 (5

0.
6%

) 
93

72
97

 
45

89
15

 (4
9.

0%
) 

39
41

24
 

49
.8

%
 

73
77

17
 

57
30

80
 (7

7.
7%

) 
73

77
17

 
55

86
46

 (7
5.

7%
) 

49
88

66
 

76
.7

%
 

S
am

pl
e8

_T
 

53
77

16
 

28
19

07
 (5

2.
4%

) 
53

77
16

 
25

10
30

 (4
6.

7%
) 

22
32

29
 

49
.6

%
 

43
87

03
 

37
42

65
 (8

5.
3%

) 
43

87
03

 
36

13
23

 (8
2.

4%
) 

33
28

97
 

83
.8

%
 

S
am

pl
e9

_T
 

72
13

47
 

34
83

66
 (4

8.
3%

) 
72

13
47

 
34

83
16

 (4
8.

3%
) 

29
63

11
 

48
.3

%
 

55
43

54
 

42
64

17
 (7

6.
9%

) 
55

43
54

 
41

50
51

 (7
4.

9%
) 

36
79

84
 

75
.9

%
 

S
am

pl
e1

0_
T 

93
82

79
 

60
72

20
 (6

4.
7%

) 
93

82
79

 
61

18
92

 (6
5.

2%
) 

54
72

82
 

65
.0

%
 

82
01

10
 

70
02

96
 (8

5.
4%

) 
82

01
10

 
68

72
35

 (8
3.

8%
) 

63
91

60
 

84
.6

%
 

S
am

pl
e1

1_
T 

82
81

08
 

53
42

22
 (6

4.
5%

) 
82

81
08

 
53

22
12

 (6
4.

3%
) 

47
36

42
 

64
.4

%
 

71
31

73
 

60
34

05
 (8

4.
6%

) 
71

31
73

 
59

49
64

 (8
3.

4%
) 

54
88

78
 

84
.0

%
 

S
am

pl
e1

2_
T 

89
16

42
 

48
47

25
 (5

4.
4%

) 
89

16
42

 
46

93
90

 (5
2.

6%
) 

39
58

53
 

53
.5

%
 

72
18

34
 

58
13

93
 (8

0.
5%

) 
72

18
34

 
57

00
57

 (7
9.

0%
) 

50
96

79
 

79
.8

%
 

S
am

pl
e1

3_
T 

95
42

85
 

54
42

82
 (5

7.
0%

) 
95

42
85

 
51

85
40

 (5
4.

3%
) 

45
28

76
 

55
.7

%
 

79
71

04
 

66
26

55
 (8

3.
1%

) 
79

71
04

 
64

32
36

 (8
0.

7%
) 

59
04

62
 

81
.9

%
 

S
am

pl
e1

4_
T 

91
39

31
 

42
23

75
 (4

6.
2%

) 
91

39
31

 
37

16
84

 (4
0.

7%
) 

32
94

06
 

43
.4

%
 

69
43

42
 

55
96

43
 (8

0.
6%

) 
69

43
42

 
53

80
48

 (7
7.

5%
) 

48
83

09
 

79
.0

%
 

S
am

pl
e1

5_
T 

10
03

26
2 

55
76

86
 (5

5.
6%

) 
10

03
26

2 
56

25
27

 (5
6.

1%
) 

48
36

18
 

55
.8

%
 

81
80

00
 

68
95

81
 (8

4.
3%

) 
81

80
00

 
67

95
39

 (8
3.

1%
) 

62
56

29
 

83
.7

%
 

S
am

pl
e1

6_
T 

95
50

03
 

57
41

08
 (6

0.
1%

) 
95

50
03

 
59

12
86

 (6
1.

9%
) 

51
45

75
 

61
.0

%
 

82
41

91
 

70
05

53
 (8

5.
0%

) 
82

41
91

 
69

51
46

 (8
4.

3%
) 

65
14

50
 

84
.7

%
 

S
am

pl
e1

7_
T 

10
42

16
5 

58
92

95
 (5

6.
5%

) 
10

42
16

5 
58

67
22

 (5
6.

3%
) 

50
72

43
 

56
.4

%
 

82
18

46
 

68
83

97
 (8

3.
8%

) 
82

18
46

 
67

83
53

 (8
2.

5%
) 

62
90

75
 

83
.2

%
 

S
am

pl
e1

8_
T 

12
46

39
9 

67
26

11
 (5

4.
0%

) 
12

46
39

9 
57

52
91

 (4
6.

2%
) 

49
86

52
 

50
.1

%
 

99
34

65
 

79
53

91
 (8

0.
1%

) 
99

34
65

 
76

69
17

 (7
7.

2%
) 

68
78

78
 

78
.6

%
 

S
am

pl
e1

9_
T 

46
00

95
 

24
63

39
 (5

3.
5%

) 
46

00
95

 
20

79
88

 (4
5.

2%
) 

17
94

28
 

49
.4

%
 

34
85

81
 

27
29

72
 (7

8.
3%

) 
34

85
81

 
26

24
08

 (7
5.

3%
) 

23
17

36
 

76
.8

%
 

H
C

T-
11

6 
28

76
85

 
19

05
61

 (6
6.

2%
) 

28
76

85
 

17
87

17
 (6

2.
1%

) 
15

60
36

 
64

.2
%

 
24

01
68

 
20

46
53

 (8
5.

2%
) 

24
01

68
 

20
03

54
 (8

3.
4%

) 
18

57
91

 
84

.3
%

 

H
T2

9 
78

21
88

 
55

37
26

 (7
0.

8%
) 

78
21

88
 

40
86

93
 (5

2.
2%

) 
37

06
33

 
61

.5
%

 
61

48
65

 
54

14
31

 (8
8.

1%
) 

61
48

65
 

51
15

67
 (8

3.
2%

) 
47

99
49

 
85

.6
%

 

N
C

I-H
50

8 
20

96
24

 
13

92
09

 (6
6.

4%
) 

20
96

24
 

12
90

23
 (6

1.
5%

) 
11

31
57

 
64

.0
%

 
17

39
14

 
14

90
68

 (8
5.

7%
) 

17
39

14
 

14
51

04
 (8

3.
4%

) 
13

40
19

 
84

.6
%

 

 



40
 

 Ta
bl

e 
S2

: N
ov

el
 tr

an
sc

rip
t s

pl
ic

e 
ju

nc
tio

ns
 c

ov
er

ed
 b

y 
a 

m
in

im
um

 o
f 1

00
 re

ad
s 

fro
m

 th
e 

R
A

C
E

-s
eq

 d
at

a.
 

Ju
nc

tio
ns

 
Sa

m
pl

es
 

 
C

hr
om

os
om

e 
Po

s1
 

Po
s2

 
D

is
ta

nc
e 

1_
T

 
2_

T
 

3_
T

 
4_

T
 

5_
T

 
6_

T
 

7_
T

 
8_

T
 

9_
T

 
10

_T
 

11
_T

 
12

_T
 

13
_T

 
14

_T
 

15
_T

 
16

_T
 

17
_T

 
18

_T
 

19
_T

 
H

C
T

-1
16

 
H

T
29

 
N

C
I-

H
50

8 
T

ot
al

 

ch
r1

 
11

09
13

04
 

11
09

53
05

 
40

01
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
11

09
13

20
 

11
09

53
21

 
40

01
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
15

35
36

28
1 

15
35

38
12

9 
18

48
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
15

35
36

30
6 

15
35

39
20

4 
28

98
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
15

35
36

32
9 

15
35

40
99

2 
46

63
 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
1 

1 
1 

0 
0 

0 
0 

0 
0 

0 
0 

4 

ch
r1

 
15

35
36

32
9 

15
35

38
64

1 
23

12
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
1 

0 
0 

0 
0 

1 
0 

0 
0 

3 

ch
r1

 
15

35
36

32
9 

15
35

38
85

0 
25

21
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
15

35
36

32
9 

15
35

39
86

4 
35

35
 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
15

35
36

34
2 

15
35

40
99

2 
46

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
15

35
36

35
7 

15
35

37
98

2 
16

25
 

0 
1 

0 
1 

1 
1 

1 
0 

1 
0 

1 
1 

1 
1 

1 
1 

0 
0 

1 
1 

1 
0 

15
 

ch
r1

 
15

35
36

35
7 

15
35

40
99

2 
46

35
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
1 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

3 

ch
r1

 
15

35
36

36
3 

15
35

38
64

1 
22

78
 

0 
0 

1 
0 

0 
0 

0 
1 

0 
1 

0 
1 

1 
1 

0 
0 

1 
1 

0 
0 

0 
0 

8 

ch
r1

 
15

35
36

36
3 

15
35

40
24

4 
38

81
 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r1

 
15

35
36

36
3 

15
35

37
10

0 
73

7 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r1

 
15

35
36

36
3 

15
35

39
86

4 
35

01
 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
15

35
36

36
3 

15
35

40
86

1 
44

98
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
15

35
36

37
8 

15
35

37
99

0 
16

12
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

1 

ch
r1

 
15

35
39

33
9 

15
35

40
99

2 
16

53
 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r1

 
15

35
39

33
9 

15
35

40
86

1 
15

22
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

 
18

39
47

65
4 

18
40

21
55

5 
73

90
1 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 
0 

1 
0 

0 
0 

3 

ch
r1

 
18

39
47

65
4 

18
40

06
71

5 
59

06
1 

0 
0 

0 
0 

0 
0 

1 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r1

 
18

39
47

65
4 

18
40

20
72

9 
73

07
5 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

1 

ch
r1

 
18

39
66

63
6 

18
40

20
72

9 
54

09
3 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

1 

ch
r2

 
70

18
88

31
 

70
19

04
97

 
16

66
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r2

 
70

18
88

31
 

70
19

16
36

 
28

05
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r2

 
70

19
06

32
 

70
21

55
78

 
24

94
6 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

 
70

21
56

37
 

70
22

38
18

 
81

81
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

 
70

22
40

20
 

70
24

25
80

 
18

56
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

 
16

58
11

25
5 

16
58

12
72

9 
14

74
 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

 
16

58
11

25
5 

16
58

12
16

8 
91

3 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
1 

ch
r2

 
22

35
21

23
0 

22
35

53
06

3 
31

83
3 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

1 

ch
r2

 
22

35
53

24
1 

22
35

58
20

4 
49

63
 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

2 

ch
r3

 
17

13
62

81
3 

17
13

71
70

0 
88

87
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r3

 
19

20
78

32
7 

19
23

62
05

5 
28

37
28

 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r3

 
19

21
20

48
5 

19
23

62
05

5 
24

15
70

 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r6

 
12

30
68

28
4 

12
31

01
43

6 
33

15
2 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r6

 
12

30
70

47
9 

12
31

01
43

6 
30

95
7 

1 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

3 

ch
r6

 
12

30
73

43
6 

12
31

01
43

6 
28

00
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r6

 
13

30
13

67
6 

13
30

14
13

0 
45

4 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r6

 
13

30
15

32
1 

13
30

24
02

5 
87

04
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

1 



41
 

 

Ju
nc

tio
ns

 
Sa

m
pl

es
 

 
C

hr
om

os
om

e 
Po

s1
 

Po
s2

 
D

is
ta

nc
e 

1_
T

 
2_

T
 

3_
T

 
4_

T
 

5_
T

 
6_

T
 

7_
T

 
8_

T
 

9_
T

 
10

_T
 

11
_T

 
12

_T
 

13
_T

 
14

_T
 

15
_T

 
16

_T
 

17
_T

 
18

_T
 

19
_T

 
H

C
T

-1
16

 
H

T
29

 
N

C
I-

H
50

8 
T

ot
al

 

ch
r6

 
13

30
32

92
2 

13
30

34
96

5 
20

43
 

0 
0 

0 
0 

0 
0 

0 
0 

1 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r7

 
10

06
36

02
6 

10
06

39
27

6 
32

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
36

92
0 

10
06

41
59

2 
46

72
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
36

92
0 

10
06

40
17

0 
32

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
37

69
7 

10
06

42
36

9 
46

72
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r7

 
10

06
37

69
7 

10
06

45
61

8 
79

21
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r7

 
10

06
37

69
7 

10
06

40
94

7 
32

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r7

 
10

06
38

40
2 

10
06

46
32

3 
79

21
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
38

65
4 

10
06

42
57

3 
39

19
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
38

98
8 

10
06

43
66

0 
46

72
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
38

98
8 

10
06

46
90

9 
79

21
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
39

30
8 

10
06

43
98

0 
46

72
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
39

48
3 

10
06

47
40

4 
79

21
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
40

15
2 

10
06

44
82

4 
46

72
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
40

64
9 

10
06

42
07

2 
14

23
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
40

64
9 

10
06

45
32

1 
46

72
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
40

91
2 

10
06

42
33

5 
14

23
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
40

91
2 

10
06

45
58

4 
46

72
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
41

57
4 

10
06

44
82

4 
32

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
42

33
4 

10
06

45
58

4 
32

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
43

57
8 

10
06

46
82

8 
32

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
43

95
9 

10
06

47
78

8 
38

29
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r7

 
10

06
43

95
9 

10
06

47
20

9 
32

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r8

 
14

38
67

10
3 

14
38

70
81

6 
37

13
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

1 

ch
r9

 
10

41
30

59
9 

10
41

33
59

6 
29

97
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r9

 
10

41
30

59
9 

10
41

30
83

0 
23

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r9

 
10

41
30

60
4 

10
41

33
59

6 
29

92
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r9

 
10

41
33

45
9 

10
41

33
59

6 
13

7 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r9

 
10

41
33

74
5 

10
41

46
02

5 
12

28
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r9

 
10

41
47

20
0 

10
41

52
85

9 
56

59
 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r1

0 
11

44
28

76
8 

11
46

48
49

4 
21

97
26

 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
2 

ch
r1

0 
11

47
08

15
7 

11
47

10
52

5 
23

68
 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

0 
11

47
11

03
2 

11
47

11
25

0 
21

8 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
1 

1 
0 

1 
1 

0 
0 

0 
5 

ch
r1

0 
11

47
11

64
5 

11
47

99
78

4 
88

13
9 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

0 
11

47
11

88
5 

11
47

99
78

4 
87

89
9 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

0 
11

47
24

38
3 

11
47

81
57

5 
57

19
2 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

1 

ch
r1

0 
11

47
24

42
4 

11
47

99
78

4 
75

36
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

2 

ch
r1

0 
11

47
28

15
3 

11
47

99
78

4 
71

63
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r1

0 
11

47
99

88
5 

11
48

49
21

7 
49

33
2 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

0 
11

48
16

75
7 

11
49

00
94

3 
84

18
6 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

0 
11

48
18

19
9 

11
49

00
94

3 
82

74
4 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 



42
 

 

Ju
nc

tio
ns

 
Sa

m
pl

es
 

 
C

hr
om

os
om

e 
Po

s1
 

Po
s2

 
D

is
ta

nc
e 

1_
T

 
2_

T
 

3_
T

 
4_

T
 

5_
T

 
6_

T
 

7_
T

 
8_

T
 

9_
T

 
10

_T
 

11
_T

 
12

_T
 

13
_T

 
14

_T
 

15
_T

 
16

_T
 

17
_T

 
18

_T
 

19
_T

 
H

C
T

-1
16

 
H

T
29

 
N

C
I-

H
50

8 
T

ot
al

 

ch
r1

0 
11

48
33

70
0 

11
49

00
94

3 
67

24
3 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

2 

ch
r1

0 
11

48
33

78
7 

11
49

00
94

3 
67

15
6 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

0 
11

48
45

99
2 

11
49

00
94

3 
54

95
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
1 

0 
1 

0 
0 

1 
0 

0 
0 

0 
0 

4 

ch
r1

0 
11

48
45

99
2 

11
48

49
15

9 
31

67
 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

2 

ch
r1

0 
11

48
47

22
5 

11
48

49
15

9 
19

34
 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

2 

ch
r1

0 
11

48
52

04
6 

11
49

00
94

3 
48

89
7 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

0 
11

48
86

64
0 

11
49

00
94

3 
14

30
3 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

0 
11

48
86

81
2 

11
49

00
94

3 
14

13
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

1 

ch
r1

1 
26

58
74

43
 

26
61

86
66

 
31

22
3 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r1

1 
26

58
86

86
 

26
61

86
66

 
29

98
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

1 
26

58
86

86
 

26
60

46
73

 
15

98
7 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

1 
26

59
36

53
 

26
60

46
73

 
11

02
0 

0 
0 

1 
0 

0 
0 

1 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

3 

ch
r1

1 
26

59
36

53
 

26
61

86
66

 
25

01
3 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

1 
26

59
36

53
 

26
61

28
18

 
19

16
5 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

1 
67

41
25

90
 

67
41

43
67

 
17

77
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

1 

ch
r1

1 
67

41
26

23
 

67
41

39
12

 
12

89
 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

1 
67

41
28

45
 

67
41

31
63

 
31

8 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

1 
0 

1 
0 

0 
0 

0 
4 

ch
r1

1 
67

41
33

52
 

67
41

50
06

 
16

54
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

1 
67

41
33

52
 

67
41

50
61

 
17

09
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r1

1 
67

41
40

09
 

67
41

81
12

 
41

03
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r1

1 
67

41
43

88
 

67
41

49
87

 
59

9 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
1 

ch
r1

1 
10

68
56

85
7 

10
70

47
77

2 
19

09
15

 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
1 

ch
r1

1 
10

68
56

85
7 

10
69

62
90

5 
10

60
48

 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r1

2 
67

52
91

 
71

95
33

 
44

24
2 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
67

53
44

 
75

31
40

 
77

79
6 

0 
0 

0 
0 

1 
0 

1 
1 

1 
0 

0 
1 

0 
0 

0 
0 

1 
0 

1 
0 

1 
0 

8 

ch
r1

2 
67

53
44

 
75

05
26

 
75

18
2 

1 
0 

0 
0 

0 
0 

1 
1 

1 
0 

0 
1 

0 
0 

0 
1 

0 
1 

1 
0 

0 
0 

8 

ch
r1

2 
67

53
44

 
70

76
05

 
32

26
1 

0 
0 

0 
0 

0 
0 

1 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r1

2 
67

53
44

 
72

77
30

 
52

38
6 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
67

57
28

 
75

26
77

 
76

94
9 

1 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

2 

ch
r1

2 
69

89
75

 
75

26
77

 
53

70
2 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

2 

ch
r1

2 
71

96
25

 
75

26
77

 
33

05
2 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
73

02
96

 
75

05
26

 
20

23
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
75

06
56

 
75

26
77

 
20

21
 

1 
0 

0 
0 

0 
0 

1 
1 

1 
0 

0 
1 

1 
0 

0 
1 

0 
1 

1 
0 

0 
0 

9 

ch
r1

2 
52

82
44

54
 

53
29

38
15

 
46

93
61

 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r1

2 
52

84
54

15
 

52
91

36
19

 
68

20
4 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
52

84
54

51
 

52
86

71
11

 
21

66
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
52

86
70

74
 

52
91

36
19

 
46

54
5 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
52

88
44

82
 

53
29

38
15

 
40

93
33

 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
2 

ch
r1

2 
52

88
44

93
 

53
29

38
26

 
40

93
33

 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
2 

ch
r1

2 
53

04
43

37
 

53
04

86
89

 
43

52
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
53

18
61

52
 

53
29

38
15

 
10

76
63

 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
2 



43
 

 

Ju
nc

tio
ns

 
Sa

m
pl

es
 

 
C

hr
om

os
om

e 
Po

s1
 

Po
s2

 
D

is
ta

nc
e 

1_
T

 
2_

T
 

3_
T

 
4_

T
 

5_
T

 
6_

T
 

7_
T

 
8_

T
 

9_
T

 
10

_T
 

11
_T

 
12

_T
 

13
_T

 
14

_T
 

15
_T

 
16

_T
 

17
_T

 
18

_T
 

19
_T

 
H

C
T

-1
16

 
H

T
29

 
N

C
I-

H
50

8 
T

ot
al

 

ch
r1

2 
53

29
44

28
 

53
29

56
95

 
12

67
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

1 

ch
r1

2 
53

29
44

40
 

53
29

84
42

 
40

02
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
53

29
44

40
 

53
29

87
33

 
42

93
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

1 

ch
r1

2 
53

29
58

01
 

53
29

87
73

 
29

72
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

1 

ch
r1

2 
53

29
85

92
 

53
29

86
78

 
86

 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r1

2 
54

34
39

20
 

54
35

01
12

 
61

92
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

2 
54

34
88

62
 

54
35

01
12

 
12

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

3 
36

76
78

50
 

36
76

79
43

 
93

 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r1

7 
38

85
81

85
 

38
85

98
46

 
16

61
 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

7 
38

85
94

90
 

38
85

98
44

 
35

4 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r1

7 
38

85
94

90
 

38
87

80
83

 
18

59
3 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

7 
38

85
95

93
 

38
97

84
50

 
11

88
57

 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

ch
r1

7 
38

85
99

05
 

38
87

81
45

 
18

24
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

9 
51

45
19

74
 

51
50

10
86

 
49

11
2 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r1

9 
51

48
56

80
 

51
50

43
54

 
18

67
4 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

1 

ch
r1

9 
51

48
57

04
 

51
48

71
07

 
14

03
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

9 
51

48
71

55
 

51
50

43
58

 
17

20
3 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r1

9 
51

50
10

60
 

51
50

43
54

 
32

94
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
1 

0 
0 

0 
0 

1 

ch
r1

9 
55

88
02

98
 

55
88

46
48

 
43

50
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 
0 

1 

ch
r2

0 
10

19
96

25
 

10
20

47
34

 
51

09
 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

0 
10

19
96

25
 

10
21

86
21

 
18

99
6 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

0 
10

19
96

25
 

10
20

73
26

 
77

01
 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

0 
10

19
96

25
 

10
20

80
26

 
84

01
 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

0 
10

20
47

58
 

10
21

48
59

 
10

10
1 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

ch
r2

0 
10

20
80

86
 

10
25

60
77

 
47

99
1 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1 

 



44 
 

Table S3: Transcript splice junctions used as input to the STAR aligner 

Gene Ensembl_ID Chromosome strand Pos1 Pos2 Distance Note 

CA6 ENSG00000131686 1 + 9006024 9009322 3298 alt_splice 
CA6 ENSG00000131686 1 + 9006024 9017196 11172 alt_splice 
CA6 ENSG00000131686 1 + 9006024 9018969 12945 alt_splice 
CA6 ENSG00000131686 1 + 9009501 9017196 7695 alt_splice 
CA6 ENSG00000131686 1 + 9017344 9018969 1625 alt_splice 

S100A2 ENSG00000196754 1 - 153536357 153537982 1625 alt_splice 
S100A2 ENSG00000196754 1 - 153536363 153539178 2815 alt_promo 
S100A2 ENSG00000196754 1 - 153536363 153540320 3957 alt_promo 
S100A2 ENSG00000196754 1 - 153536363 153580475 44112 Read-through 

COLGALT2 ENSG00000198756 1 - 183947654 184020729 73075 alt_promo 
COLGALT2 ENSG00000198756 1 - 183947654 184021555 73901 alt_promo 
SLC38A11 ENSG00000169507 2 - 165811255 165812168 913 alt_promo 
SLC38A11 ENSG00000169507 2 - 165811255 165812729 1474 alt_promo 
MOGAT1 ENSG00000124003 2 + 223521230 223553063 31833 alt_promo 
MOGAT1 ENSG00000124003 2 + 223553241 223558204 4963 alt_splice 
MOGAT1 ENSG00000124003 2 + 223558520 223559081 561 alt_splice 

FGF12 ENSG00000114279 3 - 192078327 192232456 154129 alt_promo 
FGF12 ENSG00000114279 3 - 192078327 192362055 283728 alt_promo 
FGF12 ENSG00000114279 3 - 192078327 192635419 557092 Fusion 
FABP7 ENSG00000164434 6 + 123068284 123101436 33152 alt_promo 
FABP7 ENSG00000164434 6 + 123070479 123101436 30957 alt_promo 
FABP7 ENSG00000164434 6 + 123073436 123101436 28000 alt_promo 
FABP7 ENSG00000164434 6 + 123100864 123101436 572 alt_promo 
VNN1 ENSG00000112299 6 - 133005644 133006394 750 alt_splice 
VNN1 ENSG00000112299 6 - 133006542 133007738 1196 alt_splice 

SLC22A2 ENSG00000112499 6 - 160645836 160655093 9257 alt_promo 
SLC22A2 ENSG00000112499 6 - 160645836 160655314 9478 alt_promo 

LY6D ENSG00000167656 8 - 143867103 143870816 3713 alt_promo 
BAAT ENSG00000136881 9 - 104130599 104130830 231 alt_promo 
BAAT ENSG00000136881 9 - 104130604 104130837 233 alt_promo 
BAAT ENSG00000136881 9 - 104130604 104133600 2996 alt_splice 
BAAT ENSG00000136881 9 - 104147200 104152859 5659 Read-through 

MUC15 ENSG00000169550 11 - 26587443 26618666 31223 New_exon 
MUC15 ENSG00000169550 11 - 26588686 26604673 15987 New_exon 
MUC15 ENSG00000169550 11 - 26593653 26604673 11020 New_exon 
MUC15 ENSG00000169550 11 - 26593653 26612818 19165 New_exon 
ACY3 ENSG00000132744 11 - 67412623 67413912 1289 alt_promo 

GUCY1A2 ENSG00000152402 11 - 106856857 106962905 106048 alt_promo 
GUCY1A2 ENSG00000152402 11 - 106856857 107047772 190915 alt_promo 

NINJ2 ENSG00000171840 12 - 675344 707605 32261 New_exon 
NINJ2 ENSG00000171840 12 - 675344 750526 75182 New_exon 
NINJ2 ENSG00000171840 12 - 675344 753140 77796 New_exon 
NINJ2 ENSG00000171840 12 - 750656 752677 2021 New_exon 

HOXC12 ENSG00000123407 12 + 54343920 54350112 6192 alt_promo 
HOXC12 ENSG00000123407 12 + 54348862 54350112 1250 alt_promo 
SOHLH2 ENSG00000120669 13 - 36767850 36767943 93 alt_splice 

KLK7 ENSG00000169035 19 - 51485170 51504354 19184 Read-through 
IL11 ENSG00000095752 19 - 55880298 55884648 4350 alt_promo 

SNAP25 ENSG00000132639 20 + 10199625 10204734 5109 alt_splice 
SNAP25 ENSG00000132639 20 + 10199625 10207326 7701 alt_splice 
SNAP25 ENSG00000132639 20 + 10199625 10208026 8401 alt_splice 
SNAP25 ENSG00000132639 20 + 10199625 10218621 18996 alt_splice 
SNAP25 ENSG00000132639 20 + 10204758 10214859 10101 alt_splice 
SNAP25 ENSG00000132639 20 + 10208086 10256077 47991 alt_splice 
BPIFA2 ENSG00000131050 20 + 37632550 31767410 -5865140 Fusion 

 



45 
 

Table S4: Number of aligned reads from CCLE, TCGA and RACE-seq samples to input junctions, as 

determined by the STAR aligner. Due to the size of Table S4 it is not included here, but will be made available 

online with the future publication. Interested readers can request a digital copy of the table from the 

corresponding author.  
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Table S6: RNA-seq data from The Cancer Genome Atlas, used for validation of fusion transcripts and splice 

junctions. 
Barcode Tumor Analysis Id Pairs of sequencing reads Normal Analysis Id Pairs of sequencing reads 

TCGA-AZ-6605 00fb8fe0-38e4-492f-aa94-2e121e1f2e91 55486229 47143116-4037-47f6-98a3-a0e55f922afd 58063148 

TCGA-AZ-6603 0c62b6c5-1db7-49f9-9828-76dc103a3065 70729980 19e6bfe6-2f95-41c1-8b09-ae43f2a835dd 52846099 

TCGA-AA-3655 1258626b-b0e5-466c-8197-c778cbc482c4 51719615 29c3c123-6520-4393-9035-dc4be3e0dfa4 55633014 

TCGA-AZ-6598 156b0548-74d6-4bad-9bed-de16f471575e 48902613 747a946f-b12d-4076-9bb0-d9c84435e49f 67432558 

TCGA-A6-2684 33f581db-84dc-40a9-a895-452c97cef7aa 99717188 71d55417-894f-4110-863a-e7426bd9ddbd 64873328 

TCGA-A6-5667 38005f35-d336-4672-96db-87afca996ed4 56642649 c181130f-d3d8-453e-b160-0d723e51e54f 58639709 

TCGA-AA-3662 383ff035-5d93-4a32-8ffa-49d5e5380181 57716339 b3e00f7a-fcd1-4413-941e-698181ebebfb 48553863 

TCGA-AA-3697 3b26b219-772f-416a-8b86-a89c4ec35107 42161491 9df1484d-53b6-4818-8a65-d5e96b21939f 65781655 

TCGA-A6-5662 3bd039ee-e395-42b1-9daf-6bea630453db 58797213 cebe69b0-8cd8-41f1-b6b9-c400ff24931b 51831724 

TCGA-AA-3713 53c7b323-91f6-4407-b526-eb99e0b7ce44 65100348 ea9b0a79-f224-4c19-bfda-b7326185873c 50238563 

TCGA-AA-3663 54f21772-c706-4c4e-af67-9f50a98e0482 47675488 81d38d2f-4450-43c9-abf3-5828469a16fd 48915108 

TCGA-AA-3712 587773ba-a79a-4f00-afd3-b5368d0801c1 61135422 98c7246c-1c1e-42c7-b46a-5b4309f0417a 58387107 

TCGA-A6-2675 62ad4eb1-df30-4c54-9c4c-770178ddfcf2 46976625 b99adacb-4869-4365-bced-03a956895832 52034724 

TCGA-F4-6704 93270b30-7984-49f9-8f11-0847e36c00e9 105993154 10473b13-0bb1-46b9-90c6-4c48dd85f185 71228880 

TCGA-AA-3489 955a9415-95a0-4456-9c46-87a57d84cef3 74644442 15b36e3b-6f6e-4c14-add2-9342cd7b040f 51087384 

TCGA-A6-5659 97119d3c-54c3-42fa-b02e-77debda6db6a 58728680 49221035-c3cc-4164-b801-2e9da549c003 32477709 

TCGA-AA-3511 990cfee2-e76d-41c7-a2de-60e6e4d861e4 65542491 dc84d72c-4555-48ec-9e42-747957182193 60962272 

TCGA-A6-5665 9d175977-68a6-47a0-a907-e645744e4616 54894682 b65e0223-684f-43b4-9db5-8cc91d88f6a6 54269419 

TCGA-AA-3496 a2ab3b6b-f8f0-48ec-8017-67cf4483edd9 66057024 31b1146e-3afa-4256-b4f4-fee5310de10e 37158143 

TCGA-AA-3660 a6760a77-cb86-4213-8821-21a6a72f9d46 52884618 e80fce59-b1b3-4c32-bea0-a4e0df6c0a6b 45505737 

TCGA-AZ-6600 af07eb30-0f05-4e58-80cf-ddc1d3ed0664 65093175 3125a583-c2de-4206-bb01-1542c38379e3 52183233 

TCGA-AZ-6599 ce858bcb-6a50-4138-8e8a-41981cb4a421 53804797 bee9eed1-7449-4889-b3dc-98e68783b577 64579051 

TCGA-AZ-6601 e97d0b3a-d101-44eb-b157-64b6d63c7e3f 58468332 15bdbacd-bf63-41be-9784-f2fa6392df91 58346263 

TCGA-A6-2686 f1eaed0e-809f-4b0b-abc7-bce20facea24 62394237 88aea277-2c70-4ea8-9b98-9e308071a8f9 78991595 

TCGA-A6-3810 01450db8-8b81-45c8-90a7-a571cff67922 87999234 
 

TCGA-G4-6320 01852cd7-f3f6-49c8-a9ce-59f16378db41 48909286 
 

TCGA-D5-6533 0712ef8b-cb13-461b-b5b9-e754ca821b22 52081176 
 

TCGA-AA-3526 07b48edc-8f77-42d0-a876-b742f1acedc5 58599278 
 

TCGA-G4-6302 0a2be50d-003f-4194-be56-ee3efd63ac71 50345345 
 

TCGA-CM-6167 0eb69c65-9839-4d47-90a5-90a887b1ef68 49027312 
 

TCGA-NH-A6GA 139a9ce5-fd10-4d22-9186-d6d4cce25af3 74258259 
 

TCGA-D5-5538 13d31511-789c-4bf6-9527-c05ccc59128b 53367485 
 

TCGA-NH-A50T 1562f565-a000-437c-a9c8-f058639023b4 63656977 
 

TCGA-CA-5255 15f1af0d-f1fe-4049-b1ab-9595050c0faa 52204337 
 

TCGA-DM-A1DA 17a14091-a6cd-4bfc-aefd-451813d0adc0 84145812 
 

TCGA-AZ-6606 1a751365-2fc5-4388-868e-380c43c4c6cf 61895177 
 

TCGA-A6-6137 1dc6366b-24d1-4aa1-af1d-43d5c0050762 56864749 
 

TCGA-A6-3809 1e7486af-f1dd-42e2-a9cc-6283714f2fce 81721978 
 

TCGA-AY-5543 1f5970e9-e134-45d7-b1de-c098b806a9ef 70877135 
 

TCGA-D5-6539 20de162c-d261-4e27-8ce8-6e90ffe01c54 54365134 
 

TCGA-CM-5863 259394bc-1129-40e7-865b-e1aaade37a58 59990303 
 

TCGA-G4-6625 25a0f263-40fa-4027-8389-cdb03e4ded57 56697130 
 

TCGA-F4-6463 2a9ba30f-1564-457d-b4a1-c85923a1c858 51784556 
 

TCGA-F4-6808 30f2ef1a-0dbc-4e48-a341-2ee82ee20bf7 44451025 
 

TCGA-CK-5913 325f837c-58a6-4e61-8df5-90767d5747ae 62378561 
 

TCGA-AD-6965 393db15f-9f5f-4ddf-a035-d63d993b3106 45988934 
 

TCGA-DM-A28C 3c65aeda-3597-4cad-8ab7-b8b66534a6c8 67816052 
 

TCGA-CK-4947 3c91fc88-e835-41c8-b210-04dfdcbeaf28 59492848 
 

TCGA-CM-6168 41a92221-81b3-414b-aa2e-63c2070d1401 59309838 
 

TCGA-F4-6856 42b408ac-0aea-45db-ae3f-033f3d3448a3 34509686 
 

TCGA-RU-A8FL 43aa202c-004f-4292-9c98-8a2e87e05dc4 60139908 
 

TCGA-A6-6781 453ed81e-2f7c-41d1-b0a0-e6b2e3d6735b 150674345 
 

TCGA-CM-6676 48a058cb-5520-4bd2-a588-ac71301646b7 58055247 
 

TCGA-A6-6141 49dcf9dd-a058-47de-bf9e-9e90f4cff877 46529119 
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Barcode Tumor Analysis Id Pairs of sequencing reads Normal Analysis Id Pairs of sequencing reads 

TCGA-G4-6310 49f20084-c3f5-40a3-a2a7-71a527608606 35059072 
 

TCGA-DM-A1D6 4cfe69b5-0e9e-4b45-8ac1-0f481e6f4c6c 103556678 
 

TCGA-A6-6651 53b37cdd-358f-450c-8293-309c2c9cb56a 68082194 
 

TCGA-CM-5349 543b938f-e8a8-4972-968c-ddcd3f3151c6 48356111 
 

TCGA-D5-6922 55b73313-fd5b-4a1a-8b64-6be4446bf457 66350024 
 

TCGA-G4-6315 591cd1bb-772b-4595-97c7-0dd4d5749dd2 47519287 
 

TCGA-A6-5656 60defced-1166-460c-8e8c-b6653e51715a 101987746 
 

TCGA-AD-6899 6438a93a-8807-4bd4-82fc-badaec9f36c0 72843788 
 

TCGA-A6-6138 64a194fe-03d6-4eba-a44a-97b779640645 55452132 
 

TCGA-AD-6889 687e691d-0545-4408-a267-412357506a51 56648348 
 

TCGA-AY-A54L 68a0aeca-6541-40cb-8777-159658573e65 64160497 
 

TCGA-CK-6747 6a040134-0ae6-458b-be76-655bc0a62114 71828759 
 

TCGA-CM-5864 6dc3e8b2-26e5-4757-9d80-53a13976245d 41687528 
 

TCGA-NH-A50U 7218bddc-c3a6-48bf-8875-28476e5e2451 84592874 
 

TCGA-D5-5539 727527dd-a98e-4953-bd2a-436127479796 61666427 
 

TCGA-F4-6569 7607bfb5-e253-42ab-a857-3f342b217d13 65347476 
 

TCGA-A6-A566 76775244-8b7e-4ad8-b02a-831d24df2928 43890062 
 

TCGA-F4-6570 772e5153-a09d-4dcd-a2c7-a50ef03fa936 59121343 
 

TCGA-G4-6299 7b2c8113-8006-4fc7-a3e3-8065d9f4854b 54741505 
 

TCGA-AZ-4682 7c3c572e-e822-455a-9c57-eed7d8f6eceb 71094823 
 

TCGA-CA-6716 807da051-49ab-4307-9d41-5ec2104af9cb 60628668 
 

TCGA-CK-4950 81cb39c2-5ba4-478a-bfbd-4e026a4d657b 84151814 
 

TCGA-AM-5820 86d78b6b-710b-4804-970e-672b761d93f4 57071530 
 

TCGA-CA-5796 87014eff-96d3-4c69-ae51-7cb0159117e6 39122904 
 

TCGA-NH-A50V 88c66027-f9bb-43f3-af2a-37acff4c3c03 65410005 
 

TCGA-DM-A288 8a930fdc-b6bc-4cd0-a3c6-e77f0ea44946 48990434 
 

TCGA-F4-6855 8bdac7ae-da03-4533-a277-8d9b3f19e245 42174910 
 

TCGA-D5-5540 8cd19b31-de1f-44d1-b361-f2d9452b6e2e 49056195 
 

TCGA-T9-A92H 8cee552d-6908-478e-ba62-93187e71003c 63196329 
 

TCGA-A6-A565 8ebd29b8-06ae-451a-a5e3-6a764c9e55f4 81477212 
 

TCGA-D5-6541 8ecfcb26-89b1-4ef8-85e6-710dfe6835da 81713291 
 

TCGA-G4-6307 967ac7cd-a4f1-4426-a49b-1d29a621e62b 90957923 
 

TCGA-G4-6306 9a64ad22-2466-4042-b539-15d194f14446 37606423 
 

TCGA-AD-6890 9b736c02-0193-48fb-aab0-d1c6f2bf4f90 44415017 
 

TCGA-A6-2677 9c630191-e339-41ff-8b74-d8102d433f02 109602293 
 

TCGA-DM-A0XD a0361fa0-dade-4885-8647-71f4c3397a4e 73542403 
 

TCGA-A6-6780 a248a7c8-353a-4890-8453-0398dae660e1 72542996 
 

TCGA-AD-5900 a7617ecb-2d15-4a68-b5b3-48b6b69aa563 50348627 
 

TCGA-DM-A28H a7780211-a135-4d23-b81f-5beb8fabe234 68519169 
 

TCGA-AZ-5407 ab796e6a-b246-427f-8a43-76e8b6784c4e 45425942 
 

TCGA-D5-6926 abd0fc1d-48b4-4fb6-aeaa-1277bc6f72d0 57746537 
 

TCGA-CK-5915 ac0d5d31-ba19-44d7-821b-dc2b84ac1a51 51700463 
 

TCGA-AZ-4616 aca1afda-ffa3-4d98-82a8-88c7d59c7ab9 59252537 
 

TCGA-AA-A02K ade9cb51-d46c-47cc-8992-2f282ca9fbc2 69205871 
 

TCGA-CM-6679 ae0f3660-d820-435d-b030-3cdd70433709 67109244 
 

TCGA-D5-5537 b2cd3c40-ca79-4939-bcb2-803a88a37d20 52334890 
 

TCGA-QG-A5YV b3e63ab6-760c-4e1b-9f14-71b31e73530c 63090685 
 

TCGA-D5-6924 b7550578-77eb-4329-8bd6-fa6e66d3b836 38453173 
 

TCGA-DM-A28K b7b22f88-9dee-4fc9-a547-873ed286bd9a 56852825 
 

TCGA-F4-6461 bac248f6-35cf-4105-8cf1-ecd312dce2e7 50886538 
 

TCGA-DM-A28M bb8568b4-f52f-4979-9be1-66be301d3ddd 78422255 
 

TCGA-D5-6536 c9bc8c42-c0c8-44ce-a3a6-65c36d0ca071 51480916 
 

TCGA-CM-4744 d0608c54-f725-41b7-9f40-2213e1d761d7 78962811 
 

TCGA-A6-3809 d18f1c43-d818-48af-9389-1afbcf43356e 74146836 
 

TCGA-G4-6311 d247d359-5aa0-46ae-b0ba-a17f7ce06fd6 47629841 
 

TCGA-G4-6627 d504efae-2105-4e13-8a62-12cc1d204aae 54189450 
 

TCGA-G4-6295 d70fad4c-8f6f-4a07-ade8-982cf4e489c8 48773554 
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Barcode Tumor Analysis Id Pairs of sequencing reads Normal Analysis Id Pairs of sequencing reads 

TCGA-D5-6530 d71ce075-aa5e-4a59-b77c-96a9b5f472a3 53730637 
 

TCGA-AY-A71X d7a74f28-cff5-4285-9381-017e91430950 76435054 
 

TCGA-F4-6854 d7ab1cc2-6582-40da-a845-92c074f0ae2e 71010710 
 

TCGA-CM-6674 dceaf1f2-d773-45a2-b23d-8ebf55ceb369 45860603 
 

TCGA-A6-6653 de9341f3-c957-405d-9b36-a9cf0e901096 51684966 
 

TCGA-DM-A28E e32fd179-5ca2-4801-b123-80d75455a9a4 62666313 
 

TCGA-A6-6650 e7241925-40af-4aec-8afc-6405eb435671 63488443 
 

TCGA-NH-A5IV ec6b3979-de3c-4047-ad54-f5b5a7c2c67c 68030709 
 

TCGA-AZ-6607 ef6ae243-ed5d-4e44-95ad-387504275524 46346736 
 

TCGA-D5-6529 efe76f19-a282-41ac-ac73-23499ec2f88b 65660651 
 

TCGA-4N-A93T efed4ca9-32ee-49fa-9373-f7a91601a841 65163355 
 

TCGA-D5-6535 f0118de9-5679-47dc-a5f8-794bd5544472 53080259 
 

TCGA-AU-3779 f352289e-f836-4f61-aa45-dc9b9ab8cf96 52481791 
 

TCGA-CM-6172 f42ad7bf-a199-4419-a2c4-2d0d97a3eeda 53690814 
 

TCGA-CK-4948 f7c407c3-f840-4c5d-acea-efc8c6d99c21 78181183 
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Table S7: RNA-seq data from the Cancer Cell Line Encyclopedia used for validation of fusion transcripts and 

splice junctions. 

Cell line Barcode Analysis Id Pairs of sequencing reads 
NCI-H508 CCLE-NCI-H508-RNA-08 0c7a79cc-bbaf-4c6d-93e1-866f5f5f3d0d 81974061 
SNU-81 CCLE-SNU-81-RNA-08 0e30aa7c-8411-4108-8dd0-226288b32327 40670713 
HCT-15 CCLE-HCT-15-RNA-08 127d1510-a54b-4a55-b62d-741fd11fa781 79236767 
HT-29 CCLE-HT-29-RNA-08 13442d3a-26b1-41b0-b45a-94b2576b2aab 51321817 

SNU-61 CCLE-SNU-61-RNA-08 187c4576-27cf-46ab-8d8a-e882d547df3e 90231671 
LoVo CCLE-LoVo-RNA-08 188d620d-1838-43d1-a278-3b5d7decf91d 94792165 
RKO CCLE-RKO-RNA-08 19f57bd9-e629-4ca6-970e-a34ab31001c0 65043608 

HCC-56 CCLE-HCC-56-RNA-08 1d95e7cc-a3e0-4770-9e8a-163e154a051f 83139954 
SW837 CCLE-SW837-RNA-08 230c98ac-9f16-4a52-8311-a7434bfda57f 43521953 

Hs 698.T CCLE-Hs 698.T-RNA-08 27835524-c72a-48e6-8121-6448bb11219e 69093386 
SK-CO-1 CCLE-SK-CO-1-RNA-08 29280869-87f6-408a-af86-94375a36d7aa 73747960 
SNU-C5 CCLE-SNU-C5-RNA-08 2dd2783e-29e7-46fd-9d13-3fd0e8ff15d6 42230353 
RCM-1 CCLE-RCM-1-RNA-08 315a776d-aee2-4960-b6ed-bda8e4395eb1 87974359 

SNU-1033 CCLE-SNU-1033-RNA-08 376d30aa-1739-4932-b552-5172aa89b785 89278008 
LS123 CCLE-LS123-RNA-08 3ab53c52-8a97-4600-913c-99b15f5d71fa 62275140 
SW948 CCLE-SW948-RNA-08 495f6fed-34fb-4e8a-8b4c-abd9653790a6 67146059 

SNU-1040 CCLE-SNU-1040-RNA-08 4e188ecc-db0b-4fdf-a19d-1ee952fffcf6 94960459 
MDST8 CCLE-MDST8-RNA-08 55bfe3c2-ca8f-4173-b379-20afec0525df 66633712 
SW1116 CCLE-SW1116-RNA-08 57e8df2b-7ba5-4395-b21d-6723abfb802f 47208882 
CL-34 CCLE-CL-34-RNA-08 5ad6322b-51bb-434c-a1d5-2e52d5c27bbf 92964046 

NCI-H747 CCLE-NCI-H747-RNA-08 66825466-fc65-4847-89b6-9a4f0e1f875d 68328206 
COLO-678 CCLE-COLO-678-RNA-08 6ca39c8b-95e1-4603-bb03-b3ad33c542e8 90101894 
SNU-175 CCLE-SNU-175-RNA-08 6d4c972d-f702-4193-9251-93cceb6a22bf 78392082 

LS513 CCLE-LS513-RNA-08 71abf291-ae60-4668-8786-bf1327df0616 83382388 
OUMS-23 CCLE-OUMS-23-RNA-08 75b57b0c-df5b-429b-a024-3777b6291bf0 93938459 
SNU-C2A CCLE-SNU-C2A-RNA-08 7c1f331a-a9fd-4d84-a41d-b87179f8bd06 76807492 
Hs 255.T CCLE-Hs 255.T-RNA-08 7dd73e3d-e30a-49d7-8137-4569cd2dfb9f 85354793 
SW620 CCLE-SW620-RNA-08 7fd7ebc4-473e-420f-accd-8b2732c6a2ca 81665453 
SNU-C4 CCLE-SNU-C4-RNA-08 8752a43c-6320-497e-80ae-1a3e482aabc2 74960644 

SW48 CCLE-SW48-RNA-08 88089c91-2054-4fb9-9bdd-624443d141bf 37642250 
COLO 741 CCLE-COLO 741-RNA-08 8b2a3d47-9518-43dd-9074-1d48f51a40ad 79950665 
HCT 116 CCLE-HCT 116-RNA-08 8f17979c-77dd-4743-bafa-a436fce0d2fd 78820314 

T84 CCLE-T84-RNA-08 925b98c1-40ab-4050-a17d-cf56200818a6 127827846 
NCI-H716 CCLE-NCI-H716-RNA-08 95e1c652-a7f2-41f6-9a30-503b8c7c37a5 76694776 

CL-14 CCLE-CL-14-RNA-08 984cd7e5-5e8b-4498-9899-22310069d7d1 66660769 
SW1463 CCLE-SW1463-RNA-08 9a98973b-40f4-4fca-960d-f2d1878a4601 32724967 

GP2d CCLE-GP2d-RNA-08 afa83f66-1b9e-440f-8a18-7c1f34a1411a 83640184 
SNU-503 CCLE-SNU-503-RNA-08 b0d39203-22f1-4f20-8748-54439652d876 77379971 
C2BBe1 CCLE-C2BBe1-RNA-08 b39b60cd-ed66-4824-9548-6e1396da753c 81888642 
SW480 CCLE-SW480-RNA-08 b944955c-0c3c-41a9-8f17-e4c484fe24cf 74971267 
LS1034 CCLE-LS1034-RNA-08 bac80f8b-66ce-436a-bc37-2a6bb05884aa 70748555 
SW1417 CCLE-SW1417-RNA-08 bbd3b9f5-7e8f-41eb-a3fe-135b7acd35bd 57064664 

SNU-1197 CCLE-SNU-1197-RNA-08 bbdfc980-47fe-4b4c-892f-6daddac199a6 90611970 
KM12 CCLE-KM12-RNA-08 bde66db2-40f5-4a47-92b4-151050895755 87680166 

Hs 675.T CCLE-Hs 675.T-RNA-08 c602930d-a4bf-4acb-8c64-db73f99bd26d 90492603 
LS 180 CCLE-LS 180-RNA-08 ca646e08-060f-402c-aaa0-abfdcdf3b4a4 71419500 
HT115 CCLE-HT115-RNA-08 cbfd3584-ca62-49cd-ac0c-421773331ce7 154416450 

COLO 201 CCLE-COLO 201-RNA-08 cff7ddf1-d404-45e2-9bac-ed18b9638a56 81798161 
LS411N CCLE-LS411N-RNA-08 d0cb3f54-1fcf-4ca6-8119-3b0737c8a69c 77680067 
SNU-C1 CCLE-SNU-C1-RNA-08 d62c141e-ffb9-494a-81d8-dd601412bcc2 76858944 

CW-2 CCLE-CW-2-RNA-08 dfc229b0-a48d-48e4-8d16-420cfa02580f 81363514 
SW403 CCLE-SW403-RNA-08 dfcd7b32-4b80-456b-b20c-98761581d73e 42857669 

SNU-407 CCLE-SNU-407-RNA-08 e67c993c-c98f-4089-8d36-b5c37ad727eb 82230291 
CL-40 CCLE-CL-40-RNA-08 e6b5d8f8-76ac-4598-954a-aadbf4306afa 88499234 
CL-11 CCLE-CL-11-RNA-08 e8659530-7b1d-43fd-a080-6a87ff015aa6 80908345 

COLO-320 CCLE-COLO-320-RNA-08 ecfd1349-f493-4f96-b3a1-7b27cc434640 84061201 
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Additional file 3: Figure S2 

Figure S2: Heat map showing log2 values of normalized read counts of the top 100 covered genes
from the RACE-seq experiment. *Heat colors represents log2 values of normalized read counts.

Corresponding read count values are also indicated. 1Sample4_T was the index sample with elevated

expression at the 3’ end of MASP2, as seen from the exon microarray data. 2Sample16_T was the index

sample with elevated expression at the 3’ end of BPIFA2, as seen from the exon microarray data. 3A fusion

between VWA2 and TCF7L2 was identified by defuse in sample17_T. The heat map is divided into A:
Candidate genes targeted by RACE amplification, and B: top non-target genes. Upstream partner genes of

the identified fusion transcripts VWA2-TCF7L2, DHX35-BPIFA2 and CASZ1-MASP2 are indicated with red

font. Black boxes indicate the normalized read counts values in the samples expressing the identified fusion

transcripts. For DHX35 and CASZ1, the samples expressing the fusion transcripts were also the samples

identified to have elevated 3’ expression as seen from the exon microarray data. 
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Additional file 4: Figure S3  

Figure S3: Electropherograms from Sanger sequencing showing sequences covering intact exon to exon

breakpoint boundaries for A: VWA2-TCF7L2, B: DHX35-BPIFA2 and C: CASZ1-MASP2. 
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Additional file 5: Figure S4 

Figure S4: Sashimi plot that shows the RACE-seq read coverage of the VNN1 gene in the HT29 CRC cell line

and the tumor/normal pair included in the experimental set up. Canonical UCSC gene annotation is shown on

the top track, with red arrows indicating the location of the VNN1 RACE assay. The alternative start exons α

and β of the recently described transcript [22] are shown in green. Bars show coverage values at genomic

locations, while arcs depict splicing junctions. The numbers of reads crossing the splicing junctions are

annotated on the arcs, here determined by Tophat2 alignment and the sashimi plot package in IGV. 
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Abstract 

To elucidate the existence of malignancy specific fusion genes and aberrant fusion 

transcript expression in testicular germ cell tumors (TGCT), we performed RNA 

sequencing of embryonal carcinoma (EC) and embryonic stem cell lines, and used the 

latter as a non-malignant pluripotent comparison. By applying the fusion detection 

algorithms deFuse and SOAPfuse and a filtering pipeline, we identified eight novel fusion 

transcripts and one gene with alternative promoter usage, ETV6. Four of these nine 

transcripts were found recurrently expressed in an extended panel of primary TGCTs and 

additional EC cell lines. RCC1 was found to form fusion transcripts with HENMT1 and 

ABHD12B, located 80 Mbp downstream on chromosome 1 and on chromosome 14, 

respectively. RCC1-ABHD12B and the transcript variant of ETV6 using an alternative 

promoter were found to be preferentially expressed in the more undifferentiated TGCT 

subtypes. In vitro-induced differentiation of the NTERA2 cell line resulted in significantly 

reduced expression of both fusion transcripts involving RCC1 and the ETV6 transcript 

variant, indicating that they are markers for pluripotency in a malignant setting. None of 

the four recurrent transcripts were expressed in normal parenchyma of the testis, implying 

malignancy specific expression. By droplet digital PCR linkage analysis we found that the 

private fusion genes EPT1-GUCY1A3 and PPP6R3-DPP3 were fused on the DNA-level in 

the 833KE and NTERA2 EC cell lines respectively. In conclusion, we combined RNA 

sequencing with a defined filtering strategy to identify eight novel fusion transcripts, to our 

knowledge the first fusion genes described in TGCT. 
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Introduction 

Testicular germ cell tumors (TGCTs) are the most common cancer in young males aged 

15-44 years [1]. Although it is a highly treatable cancer type, exemplified by a 10-year net 

survival rate of 98 % in England and Wales [2], the disease affects men in their prime and 

treatment can lead to substantially increased morbidity, including cardiovascular disease, 

reduced fertility and secondary cancers [3]. Histologically, there are two main subtypes of 

TGCTs, seminomas and non-seminomas. Both are thought to develop from the pre-

invasive stage termed intratubular germ cell neoplasia (IGCN; also known as carcinoma in 

situ). Non-seminomas are further divided into the pluripotent embryonal carcinomas (EC) 

and more differentiated subtypes, with either somatic (teratoma) or extra-embryonic 

differentiation (yolk sac tumors, YST, and choriocarcinomas)[4].  

 

EC cells are highly similar to embryonic stem (ES) cells, derived from the inner cell mass 

of the blastocyst stage embryo [5]. Both cell types exhibit pluripotent characteristics 

phenotypically and in gene expression profiles [6,7]. Upon extended passaging in vitro, ES 

cells have been shown to acquire genetic changes similar to those seen in malignant 

transformation in vivo of TGCTs and EC, including gain of genetic material from 

chromosomes 12, 17, and X [8]. Gain of chromosome arm 12p, often as an 

isochromosome, i(12p), is found in virtually all cases of TGCT [9,10]. Crucially, despite 

these similarities, EC cells are malignant in character, whereas ES cells are not. 

Comparative studies between the two cell types may therefore be useful for 

characterization of cancer-specific differences in a pluripotent context [5,11]. One such 

study revealed that several transcription factors located on 12p are overexpressed in EC 

cells as compared to ES cells [6]. Although 12p material is gained in virtually all cases of 

TGCT, no clear genetic driver for TGCT malignant transformation has been pinpointed 

[12,13]. 

 

Recently, whole-exome sequencing studies have revealed that the number of non-

synonymous mutations in coding regions of the TGCT genome are few, on a scale similar 

to that of pediatric cancers [14–16]. A number of pediatric cancers with a low mutational 

load are frequently found to harbor fusion genes with oncogenic properties. Examples are 

MLL rearrangements in acute lymphoblastic leukemia [17], and subtypes of sarcomas 

classified by distinct chromosomal translocations [18]. In Ewing sarcoma, fusions 
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involving EWSR1 are pathognomonic, while the mutation rate is low, estimated at 0.15/Mb 

of coding sequence [19]. In this study, we have performed RNA sequencing of EC cell 

lines and their non-malignant counterpart, ES cell lines. Application of a fusion gene 

analysis pipeline led to the identification of nine novel fusion genes and transcripts, to our 

knowledge the first described in TGCT.  
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Material and Methods 

Cell lines and patient samples  

Three EC cell lines (2102Ep, 833KE, and NTERA2) and 2 ES cell lines (H9 and Shef3) 

were subjected to RNA sequencing. All EC and ES cell lines were sorted for expression of 

the pluripotency marker SSEA3 as previously described [11]. The extended experimental 

validation panel consisted of four categories of samples: 1) 2 additional EC (Tera 1 and 

NCCIT) and 2 additional ES (Shef6 and Shef7) cell lines (n=4), 2) NTERA2 and 2102Ep 

cells treated with all-trans retinoic acid (RA) for 0, 3 and 7 days to induce differentiation, 

as previously described (n=6) [20,21]. 3) Thirty-five testicular tissue samples including 5 

normal testicular parenchyma, 6 premalignant IGCN and 24 primary TGCTs, all with only 

one histological subtype each; EC (n=8), seminoma (n=7), choriocarcinoma (n=1), YST 

(n=4), and teratoma (n=4). 4) Twenty normal tissues from miscellaneous sites of the body 

were used for exploration of cancer-specificity of the novel transcripts (adipose, bladder, 

brain, cervix, colon, esophagus, heart, kidney, liver, lung, ovary, placenta, prostate, skeletal 

muscle, spleen, stomach, testes, thymus, thyroid and trachea; FirstChoice Human Normal 

Tissue Total RNA). These were each a pool of RNA from at least three individuals, with 

the exception of one individual sample from the stomach (Ambion, Applied Biosystems by 

Life Technologies, Carlsbad, CA, USA). 

 

DNA isolated from cell pellets was STR fingerprinted using the AmpFLSTR Identifiler 

PCR Amplification Kit (Applied Biosystems). Profiles positively matched with those 

reported in the literature for 2102Ep [7], and obtained from EACC/HPACC (for 833KE), 

ATCC (for NTERA2, NCCIT, and TERA1), the Wisconsin International Stem Cell Bank 

(H9), and the UK Stem Cell Bank (Shef3, Shef6, and Shef7). The biobank is registered 

according to Norwegian legislation (no. 953; Biobank Registry of Norway) and the project 

has been approved by the National Committee for Medical and Health Research Ethics (S-

05368 and S-07453b). 
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External data for in silico validation 

Paired-end RNA sequencing data from the Illumina Human Body Map v2 dataset, 

consisting of 16 non-malignant miscellaneous tissue types, was analyzed as an additional 

source of normal controls (ArrayExpress accession ID E-MTAB-513 and European 

Nucleotide Archive study accession ID ERP000546). 

Paired end RNA-sequencing of EC and ES cell lines 

Library construction was performed using the standard Illumina mRNA library preparation 

protocol (Illumina Inc, San Diego, CA, USA), including poly-A mRNA isolation, 

fragmentation, and gel-based size selection. Shearing to about 250 bp fragments was 

achieved using the Covaris S2 focused ultrasonicator (Covaris Inc, Woburn, MA, USA). 

Paired-end sequencing, 76 bp from each end, was performed according to protocol on a 

Genome Analyzer IIx (Illumina Inc.). 

Fusion transcript identification 

To identify fusion transcripts specific for EC, we used the fusion detection algorithm 

deFuse v. 0.6.1 [22] with hg19 sequence reference from UCSC and Ensembl release 69 

annotation. To enrich for true positive fusion transcripts specifically expressed in EC cells, 

several heuristic filtering steps of the initial fusion breakpoint candidates were performed, 

some adapted from the recommended procedures of the original publication of deFuse 

[22], namely: 1) Only the nominated fusion breakpoint candidates with a probability score 

greater than 0.5 were considered. 2) Breakpoints nominated in EC that were also found in 

ES cell lines or tissues of the Human Body Map v2 were removed to enrich for 

malignancy-specific candidates and remove systematic technical artifacts. 3) We removed 

candidates that had more than 5 multi-mapping spanning reads, or a ratio of multi-mapping 

spanning reads greater than 25 %. 4) To filter out candidates nominated due to homologous 

or repeat sequences, we removed candidates that had a deFuse homology score greater than 

10 and candidates having either of the following three criteria: cDNA adjusted-, genome 

adjusted- or EST adjusted percent identity greater than 0.1. In an effort to enrich for 

functionally interesting fusion candidates, we applied 4 functional filters of which 

candidates needed to pass 3 in order to proceed. 1) Both gene partners are annotated as 

protein-coding genes. 2) The number of split reads and spanning reads supporting the 

fusion breakpoint sequence is greater than or equal to 3 or 5, respectively. 3) The fusion 

breakpoint includes 5’ UTR or coding parts of at least one of the partner genes. 4) The 
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distance between the two partner genes is greater than 30 kb. We also used an additional 

fusion finder algorithm, SOAPfuse v.1.26 [23], and included all fusion breakpoints that 

were picked up by both deFuse and SOAPfuse independently. For the remaining fusion 

transcripts, breakpoint alignments were evaluated in the UCSC genome browser and the 

Integrative Genomic Viewer (IGV). In general, we removed chimeric breakpoint 

sequences likely to derive from read-through transcripts, and those not aligning to 

conserved exon to exon boundaries. 

Validation of fusion transcript breakpoints by reverse-transcriptase PCR and Sanger 

sequencing 

Selected fusion transcript candidates were validated with reverse transcription PCR (RT-

PCR) in the RNA-sequenced cell lines and in an extended validation panel. Primers were 

designed to the fusion transcript breakpoint sequences as detected by deFuse by using the 

Primer3 web application [24]. All primer sequences used in this study are listed in 

Additional file 1, Table S1. Briefly, reverse transcription was performed using the high-

capacity reverse transcription kit according to protocol (Applied Biosystems by Life 

Technologies, CA, USA). From 50 ng of starting cDNA template, a PCR protocol was 

initiated with 15 minutes of HotStarTaq DNA polymerase activation at 95°C, followed by 

30 thermal cycles of denaturation for 30 seconds at 95°C, primer annealing for 1 minute at 

optimal primer melting temperatures (Additional file 1, Table S1), and extension for one 

minute at 72°C. After the last cycle, a final extension step was performed at 72°C for 10 

minutes. The PCR products were separated by electrophoresis at 200 V for 30 minutes on a 

2 % agarose gel and visualized using ethidium bromide and UV light. 

 

To ensure specific amplification of the breakpoint sequences, PCR products from the cell 

lines that were nominated by RNA-seq to harbor the individual fusion transcripts were 

sequenced by Sanger sequencing. PCR products that showed a single nucleotide band on 

the agarose gel were sequenced directly from both sides using forward and reverse primers. 

Prior to sequencing, the PCR products were purified using Illustra ExoStar 1-step cleanup 

(GE Healthcare, Little Chalfront, UK). The cycle sequencing reactions were performed 

using the BigDye Terminator v.1.1 cycle sequencing kit (Applied Biosystems, Foster City, 

CA, USA) following manufacturer’s recommendations. The sequencing products were 

purified using BigDye Xterminator (Applied Biosystems) before being analyzed by 
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capillary electrophoresis using the ABI 3730 DNA Analyzer (Applied Biosystems). The 

resulting sequences were analyzed using the Sequencing Analysis v.5.3.1 software. 

The quantity of fusion transcripts assessed by TaqMan real-time PCR 

Several fusion transcripts confirmed by regular RT-PCR were recurrent, however with 

varying nucleotide band intensities between samples, as observed by agarose gel 

electrophoresis. We performed TaqMan quantitative RT-PCR (qRT-PCR) to quantify the 

relative expression of these fusion transcripts. Primers and MGB-probes were designed 

with the Primer Express v.3.0 software (Applied Biosystems) to cross the fusion transcript 

boundaries (Additional file 1, Table S1). Two endogenous control assays targeting ACTB 

and GUSB were analyzed in all samples to normalize for input template amounts. The 

qRT-PCR reactions were performed in reaction volumes of 10 µl, with 15 ng of template 

cDNA, TaqMan universal mastermix II with uracil-N-glycosylase (Applied Biosystems) 

and final primer and probe concentrations of 0.9 µM and 0.2 µM, respectively. The PCR 

reactions were run in triplicate on an ABI 7900HT fast real-time PCR system (Applied 

Biosystems). Expression levels were reported as the median cycle threshold (CT) of the 

triplicates and normalized to median CT values of the endogenous controls. A threshold 

value at CT = 35 was set for all assays as positive expression. 

Assessment of DNA-level fusions with multiplexed droplet digital PCR 

Droplet digital PCR (ddPCR) takes advantage of oil/water emulsion, separating PCR 

reagents and template into thousands of nano-liter sized droplets. Subsequent thermal 

cycling by traditional fluorescent PCR specifically amplifies target templates in the 

droplets. The number of target molecules in a reaction mixture is inferred by counting the 

number of droplets with and without amplified fluorescent signal. It is also possible to 

measure two target molecules simultaneously, by multiplexing 2 PCR assays with different 

fluorescent dyes (FAM and VIC/HEX). Since template molecules distribute randomly into 

droplets, droplets can be expected to contain one, the other, both or none of the target 

molecules by chance in a multiplexed assay. However, if two template targets are located 

in close proximity on the same DNA molecule and thereby linked, these would distribute 

together in a non-random fashion with a higher number of double positive droplets than 

expected by chance. 
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Here, we performed ddPCR to investigate DNA-level linkage of the partner genes of 2 

recurrent fusion transcripts, as well as 2 fusion transcripts that each were expressed only in 

one EC cell line. As proof of concept, we included duplex linkage assays for the known 

fusion VTI1A-TCF7L2, which in the NCI-H508 cell line is known to be formed by a 

genomic deletion [25]. To evaluate the integrity of DNA fragments, and as an additional 

positive control of the ddPCR linkage approach, we used a custom milepost experiment 

which measures linkage with assays 1 kb, 10 kb, 50 kb and 100 kb apart. In all 

experiments, a reference assay with FAM fluorescence was multiplexed with one of the 

milepost assays with VIC fluorescence. FAM and VIC assays were also designed for the 

two partner genes of the fusion transcripts. All assays used in the ddPCR linkage 

experiments are listed in Additional file 1, Table S2. As control experiments for the 

linkage assays we performed fragmentation of genomic DNA with the NspI restriction 

endonuclease. We ensured that none of the assay’s target sequences overlapped with the 

restriction enzyme target sequence. Each ddPCR experiment was carried out in 22 µl 

reaction volumes, with final concentrations of 0.9 µM of each primer and 0.25 µM probe, 

1x ddPCR supermix (Bio-Rad) and 25 to 50 ng genomic DNA. Droplet generation was 

performed with 20 µL of the reaction mix, according to the manufacturer’s protocol. 

Droplets were then transferred to a 96-well plate and PCR performed with the following 

thermal cycling profile: initial enzyme activation at 95°C for 10 minutes, followed by 40 

cycles of denaturation at 94°C for 30 seconds and annealing/extension at 60°C for 1 

minute. As a final step, the enzyme was deactivated at 98°C for 10 min. The droplets were 

read using the QX200 droplet reader according to manufacturer’s protocol. The data was 

analyzed using the QuantaSoft software (1.7.4.0917; Bio-Rad). Crosshair gating was used 

to set a threshold for the four quadrants of droplet populations: double-negative, FAM-

positive, VIC-positive and double-positive. QuantaSoft outputs the concentration in 

molecules/µl for each of the assays. Additionally, a linkage concentration is calculated 

based on the ratio of double-positive droplets, given in linked molecules/µl. We calculated 

percent linkage as the concentration of linked molecules divided by the mean concentration 

of the individual assays transformed to percentage. 
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Results 

Identification of fusion transcripts in EC cell lines from paired-end RNA-seq data 

RNA sequencing of the three EC (2102Ep, 833KE, and NTERA2) and two ES (H9 and 

Shef3) cell lines generated a total of 199 pairs of 76 bp sequencing reads that passed 

filtering (Additional file 1, Table S3). 

 

Fusion transcript analyses of the RNA-seq data resulted in an initial list of 1210 unique 

fusion breakpoints with a probability score above 0.5. Subsequent heuristic filtering 

nominated nine fusion transcripts which were considered strong enough for further 

experimental validation (Figure 1). Briefly, 283 candidate fusions were first removed as 

they were also detected in ES cell lines or normal human tissues (i.e. external data from the 

Illumina Human Body Map v2 data set). Further technical filtering of fusion breakpoints 

with a high ratio of multi-mapping spanning reads and breakpoints with a high degree of 

homology or breakpoint sequence identity, removed 621 and 130 candidates respectively. 

To enrich for functionally important breakpoints, we removed breakpoints that did not pass 

at least three out of four functional filters. As an additional step, we used the SOAPfuse 

fusion finder to identify a list of 85 potential EC fusion breakpoint candidates. Of these, 

only 11 overlapped with the initial list of EC specific breakpoints generated by deFuse, 

where five of these were already kept through the filtering process. The remaining six 

overlapping candidates were retrieved for evaluation in the final candidate list. After 

filtering steps, a list of 65 unique candidate fusion breakpoints remained, and was 

manually curated by viewing alignments in IGV and the UCSC genome browser. Fusion 

transcripts likely to be generated by polymerase read-through were filtered out, except for 

a read-through between CLEC6A and CLEC4D located on chromosome arm 12p found to 

be recurrent in all three EC cell lines. Fusion candidates where the breakpoint did not 

match intact conserved exon – exon boundaries were filtered out, except for a breakpoint, 

ETV6- RP11-434C1.1, also located on chromosome arm 12p, which was not strictly a 

fusion transcript but a transcript produced from an unannotated alternative promoter. This 

alternative promoter of ETV6 was specially considered based on the known oncogenic 

relevance of the ETS family of transcription factors [26]. The final list of transcripts 

selected for experimental validation consisted of two inter-chromosomal and seven intra-

chromosomal fusion transcript candidates (Figure 2, Table 1). Of the seven intra-
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chromosomal fusions, five included breakpoints with both partner genes located on 

chromosome arm 12p. 

  

Figure 1: Filtering pipeline of nominated fusion transcripts. 

The identified fusion transcripts were filtered in a successive manner, resulting in nine final fusion transcripts 

that were experimentally validated. 
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Figure 2: TGCT fusion transcripts identified by RNA-sequencing. 

All the nine novel transcripts have fusion breakpoints at intact exon-exon boundaries, except for the ETV6 

gene, where a new alternative promoter (exon 1A) was connected to exon 2. The breakpoint boundaries are 

indicated between upstream partner gene (blue) and downstream partner gene (orange). Full height of boxes 

of solid color represent predicted coding regions of original partner genes. Arrows mark the start codons of 

fusion transcript ORFs identified by the ORF finder at the National Centre for Biotechnology Information. Red 

lines mark the stop codons of upstream partner gene ORFs. The genomic coordinates indicate the exact 

coordinate of the fusion breakpoint in the specific partner gene. 
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Technical and clinical validation of the fusion transcripts 

We performed RT-PCR to validate the presence of the nine nominated fusion transcript 

breakpoints in the EC and ES cell lines investigated, and for further clinical evaluation in a 

series of IGCN and TGCTs. All nine nominated fusion transcripts were confirmed by RT-

PCR spanning the breakpoint. Successful Sanger sequences were produced from eight of 

these, confirming breakpoint sequences between the two gene pairs, and all found to use 

intact exon – exon boundaries (Additional file 2, Figure S1). The eight fusion transcripts as 

well as the alternative promoter usage of ETV6 all had intact open reading frames (ORFs), 

theoretically encoding functional proteins. The ORFs of five out of nine encode N-

terminally truncated proteins of the downstream partner gene, while three out of nine 

encode the full length coding sequence of the downstream partner. None of the fusion 

transcripts encode potential hybrid proteins with in-frame coding sequence from both 

intact partner proteins. However, one of the fusion transcripts, PPP6R3-DPP3, encodes an 

out-of-frame ORF encoding 198 amino acids. 

 

Five of the fusion transcripts were only expressed in the originally nominated EC cell 

lines, and were thus considered private fusion events. The remaining four candidates were 

however found to be recurrently expressed in TGCT (Additional file 1, Table S4), and 

crucially, not in normal testicular parenchyma. The four recurrent candidates included the 

read-through between CLEC6A and CLEC4D, alternative promoter usage of ETV6, and 

two fusion transcripts both involving the first two exons of RCC1 as an upstream partner 

gene connected to HENMT1 and ABHD12B, located 80 Mbp apart on chromosome 1 and 

on chromosome 14 respectively. Expression of these recurrent transcripts was variable, 

with both strongly positive and weaker bands detected by agarose gel electrophoresis. For 

more accurate assessment of expression, we used qRT-PCR to quantify the expression 

level of each fusion transcript. All custom TaqMan assays were found to have efficiencies 

between 80-90 %. Here, a total of 73 tissue samples and cell lines were tested. None of the 

recurrent transcripts were expressed in normal testicular parenchyma (n = 6). The read-

through between CLEC6A and CLEC4D was found to be expressed in all subtypes of 

TGCT, as well as pre-malignant IGCN (6/6) and ES cell lines (3/3). However, only two of 

the four teratoma tissue samples showed expression of the read-through. The read-through 

was only detected in one (the placenta) of 20 normal tissues from the human body (Figure 

3A). Alternative promoter usage of the ETV6 gene was predominantly detected in EC 
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tissue samples and cell lines (75 % and 92 %, respectively; 6/8 and 12/13). Alternative 

promoter usage was also observed in ES cell lines (100 %; 3/3), seminoma (14 %; 1/7), Cc 

(100 %; 1/1) and YST (50 %; 2/4). None of the 20 included normal tissues expressed the 

alternative promoter of ETV6 (Figure 3B). The intrachromosomal fusion transcript RCC1-

HENMT1 was widely expressed in all subtypes of TGCT, IGCN, ES cell lines, and in 6/20 

normal tissue types (spleen, esophagus, trachea, thyroid, thymus and skeletal muscle; 

Figure 3C). By contrast, the interchromosomal fusion transcript RCC1-ABHD12B was 

found expressed predominantly in EC tissue samples and cell lines (100 %) and in 

seminomas (86 %; 6/7). RCC1-ABHD12B was further detected in 67 % (4/6) IGCN, in one 

of four teratomas and in one of three ES cell lines. None of the tested tissue samples from 

sites of the human body showed expression of this fusion transcript (Figure 3D).
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Figure 3: Quantitative RT-PCR of recurrent fusion transcripts. Expression values are reported in CT 

values normalized to median CT values of endogenous controls, with higher expression corresponding to 

lower CT values. Transcripts were considered absent for CT > 35. Samples are grouped together according to 

histological subtype and ordered with increasing expression. A. The read-through CLEC6A-CLEC4D was 

expressed in all subtypes of TGCTs and also in the pre-malignant IGCN samples, but not in tissue from 

normal testis. From normal tissue samples from 20 different human organs only placenta expressed CLEC6A-

CLEC4D. B. The ETV6 transcript with an alternative exon 1 was expressed mainly in undifferentiated EC 

tumor samples and cell lines. It was also found to be expressed in the ES cell lines, in 1/6 seminomas, 1 

choriocarcinoma and 2/3 YSTs. None of the samples from normal testis or normal human organs expressed 

this novel transcript. 
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Figure 3: Quantitative RT-PCR of recurrent fusion transcripts, continued. C. The intrachromosomal 

fusion transcript RCC1-HENMT1 was expressed in all IGCN and TGCT samples, except for 1 YST. Also, the 

fusion transcript was detected in 3/3 ES cell lines and in 5/20 samples from normal human tissue. D. The 

interchromosomal fusion transcript RCC1-ABHD12B was expressed in 4/6 IGCN samples, undifferentiated 

subtypes of TGCTs including 5/6 seminomas, and all EC cell lines and samples. Also, 1/3 ES cell lines and 

1/4 teratomas expressed the fusion transcript. None of the normal testis samples or normal human tissues 

expressed the fusion transcript. 
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RCC1 involving fusion transcripts and alternative promoter usage in ETV6 are 

associated with undifferentiated subtypes of TGCT 

Total RNA isolated from NTERA2 and 2102Ep cell lines treated with RA for 0, 3 and 7 

days were included in the validation panel. The NTERA2 cell line has previously been 

shown to differentiate in culture when treated with morphogens such as RA [21]. 2102Ep, 

on the other hand, does not differentiate upon in vitro treatment with RA and remains 

pluripotent [27]. Intriguingly, qRT-PCR analyses of both fusion transcripts involving 

RCC1 revealed that expression decreased upon treatment with RA in NTERA2, but not in 

2102Ep (Figure 4). The measured ΔΔCT was -3.9 and -3.0 between 0 and 7 days of RA 

treatment for RCC1-ABHD12B and RCC1-HENMT1 respectively. Additionally, expression 

of the ETV6 transcript involving the alternative promoter was silenced after 7 days of RA 

treatment (CT > 35; ΔΔCT of -6.8). Expression of the CLEC6A-CLEC4D read-through did 

not change significantly upon RA treatment in NTERA2. The expression of all fusion 

transcripts remained unchanged in the 2102Ep cell line upon treatment with RA (Figure 4), 

in line with this cell line’s previously reported nonresponsiveness to RA treatment. 

Linkage assays by ddPCR to identify coupling of fusion genes on the DNA-level 

Because the two fusion transcripts involving RCC1 were recurrently expressed, and the 

two partner genes were not located close to RCC1, the possibility of genome-level 

rearrangements as a mechanism resulting in gene fusion was tested by ddPCR linkage 

analysis. For another two fusion genes EPT1-GUCY1A3 and PPP6R3-DPP3, expressed in 

the 833KE and NTERA2 cell lines respectively, DNA copy number data indicated a shift 

in the vicinity of all four genetic loci (data not shown). 

 

To establish the integrity of DNA to be included in the linkage analyses, and as proof of 

concept, we performed a ddPCR milepost experiment. Here, multiplexed fluorescent 

TaqMan assays measured linkage 1 kb, 10 kb, 50 kb and 100 kb apart. DNA isolated by 

the AllPrep method from the NTERA2 cell line showed highest integrity, with 90 % 

linkage at 1 kb, 52 % at 10 kb and 11 % at 50 kb (Additional file 3, Figure S2). No 

evidence of linkage was seen at 100 kb. DNA from the 833KE cell line and DNA isolated 

by phenol-chloroform from NTERA2 showed slightly lower linkage scores, indicating 

more highly degraded DNA (Additional file 3, Figure S2). After DNA fragmentation with 

the NspI restriction endonuclease, all linkage was substantially reduced, but some 

background levels remained (0 – 3.5 %; Additional file 3 - Figure S2). Fusion gene linkage 
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analysis of VTI1A-TCF7L2, previously reported to be caused by a deletion in the NCI-

H508 cell line, showed that 18.5 % of molecules are linked and contain both fusion partner 

targets (Figure 5). The interchromosomal fusion EPT1-GUCY1A3 and the 

intrachromosomal fusion PPP6R3-DPP3 showed evidence of DNA-level linkage, with 15 

and 18 % linkage rates respectively (Figure 5). However, we found no evidence for DNA-

level linkage for the recurrently expressed fusions RCC1-ABHD12B and RCC1-HENMT 

(Figure 5). As a control experiment, we found that the DNA-level linkage in all tested 

samples was lost upon digesting the DNA with the restriction enzyme NspI.  

  

Figure 4: Fusions involving RCC1 and the ETV6 alternative promoter transcripts are down-regulated 
upon treatment with RA. 

Quantitative RT-PCR results for the fusion transcripts involving RCC1, the ETV6 alternative promoter and 

CLEC6A-CLEC4D, in 2102Ep and NTERA2 cells treated with RA for 0, 3 and 7 days. Expression is reported 

as CT values normalized to median CT values of endogenous controls. The lighter to darker color gradient 

represents an in vitro undifferentiated to differentiated state. No clear patterns of expression are seen in the 

2102Ep cell line, except for a general lower level of expression at 3 days of RA treatment. NTERA2 has 

reduced expression of RCC1-HENMT1, RCC1-ABHD12B and ETV6 alternative promoter after 3 and 7 days.  
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Figure 5: EPT1-GUCY1A3 and PPP6R3-DPP3 are chromosomally rearranged. 

DNA-level linkage of fusion partner genes, reported in percent linkage from ddPCR analysis, confirmed a 

genomic rearrangement underlying the known VTI1A-TCF7L2 fusion. The fusions EPT1-GUCY1A3 and 

PPP6R3-DPP3 were shown to be linked on the DNA-level in 833KE and NTERA2, respectively. No DNA-level 

linkage was detected for the partner genes involved in the RCC1 fusion transcripts. Linkage was undetected 

after fragmentation of DNA with the NspI endonuclease. 
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Discussion 

In this study, we have identified the presence of fusion genes and transcripts in TGCT. 

Nine novel fusion genes and transcripts are reported, of which RCC1-HENMT1, RCC1-

ABHD12B, CLEC6A-CLEC4D and alternative promoter usage of ETV6 are recurrently 

expressed in a significant number of clinical TGCT samples. Whereas these were detected 

only on the transcript level, two DNA-level fusions were identified, EPT1-GUCY1A3 and 

PPP6R3-DPP3, although these were privately expressed by individual EC cell lines. 

 

The non-synonymous mutation rate in TGCTs has recently been found to be low, on a 

scale similar to pediatric cancers [14–16]. The fact that few genes are recurrently mutated 

indicates that other molecular mechanisms are responsible for the development of TGCT. 

The genomes of TGCTs are generally aneuploid, with several recurrent gains and losses of 

chromosomal material [10,28]. Structural rearrangements in these aneuploid tumors are 

known from cytogenetic banding analyses, and i(12p) is found in the majority of TGCT 

[9,29,30]. Cases without i(12p) often have gain of parts of 12p material , and/or extra 

copies of the whole of chromosome 12 [31]. Gain or loss of chromosomal material not 

only leads to increase or loss of gene copies and subsequent expression changes, but can 

also introduce genomic rearrangements that form fusion genes. The nine novel fusion 

genes and transcripts found in this study, all consisting of intact ORFs which potentially 

encode full-length or N-terminally truncated proteins, suggest that fusion genes play an 

important role, and may be drivers for the malignant development of TGCTs. CLEC6A and 

CLEC4D, found to be involved in a read-through expressed in a high number of clinical 

TGCT samples, and ETV6 with a novel alternative promoter, are all located on 

chromosome arm 12p. In addition, all genes involved in the CD9-ANO2, TSPAN9-FOXJ2 

and TSPAN9-GUCY2C fusion transcripts, expressed in the 2102Ep EC cell line, are located 

on 12p. These findings indicate that 12p is a dynamic region in TGCTs, and that gain of 

12p material may be associated with expression of recurrent fusion transcripts and 

transcript variants. 

 

Both fusion transcripts that involved RCC1 and the alternative promoter usage of ETV6 are 

overrepresented in undifferentiated histological subtypes of TGCT, and show substantially 

reduced expression in the NTERA2 EC cell line upon RA-induced differentiation in vitro. 

This indicates that they are all associated with the pluripotent phenotype. The fusion 
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transcripts involving RCC1 both consisted of the two first exons in the 5’ UTR of RCC1 

connected to either HENMT1 or ABHD12B located 80 Mb downstream on chromosome 1 

and on chromosome 14, respectively. The long genomic distance between the partner 

genes suggests that these fusion transcripts are not expressed as a result of a read-through 

mechanism [32]. To investigate if the fusion transcripts involving RCC1 were caused by 

genomic rearrangements, we applied linkage analysis using multiplexed fluorescent PCR 

assays with ddPCR. To our knowledge, this approach has not been used previously to 

detect rearrangements of genes resulting in fusion genes. However, linkage analysis with 

ddPCR has been proven successful in showing the arrangement of the Killer-cell 

immunoglobulin-like receptor gene complex and in chromosomal phasing [33,34]. We 

found no indication of DNA-level linkage for the partner genes of the RCC1 fusion 

transcripts. However, the partner genes of EPT1-GUCY1A3 and PPP6R3-DPP3, which 

also had indications of chromosomal breakpoints from DNA copy number data, were 

found to be linked at the DNA-level, indicating bona-fide genomic rearrangements in their 

respective cell lines, 833KE and NTERA2. The absence of linked partner genes of the 

RCC1 fusions, implies that these fusion transcripts are expressed as the result of post-

transcriptional mechanisms, such as trans-splicing [35]. However, we cannot rule out 

chromosomal rearrangements as an underlying cause of the RCC1 fusion transcripts, since 

only a proportion of the input DNA in our assay consisted of DNA fragments longer than 

50 kb, and none more than 100 kb in length. A chromosomal rearrangement resulting in a 

fusion gene may include intronic regions that are longer than these DNA fragments. Such 

rearrangements will be missed by ddPCR linkage analysis. For optimal sensitivity, linkage 

analysis should be carried out on DNA samples isolated by protocols that maintain long 

DNA molecules intact. 

 

Expression of the interchromosomal RCC1-ABHD12B fusion transcript and transcripts 

involving the alternative promoter of ETV6 was not detected in normal testis or other 

normal tissue samples from 20 different human organs. Also, expression of CLEC6A-

CLEC4D was only observed in normal tissue from the placenta, indicating that it may be 

specifically expressed in adult male TGCT. These molecules are therefore highly specific 

for TGCTs in a stemness setting, and could prove to have important roles for TGCT 

malignant transformation, as well as biomarkers for TGCT disease. Diagnosis of TGCT 

through sensitive detection of these molecules in excreted body fluids such as seminal fluid 

or serum could have clinical potential [36]. 
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In conclusion, to our knowledge, we present here the first fusion genes to be described in 

TGCT, including recurrent expression of RCC1 involving fusions and alternative promoter 

usage of the ETV6 gene, both associated with the pluripotency phenotype. These transcript 

variants may be important drivers of malignancy, and could potentially serve as diagnostic 

markers in the clinic. 
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Additional file 2: Supplementary Figure S1 

 

 

  

Figure S1: Sanger sequencing electropherograms validating fusion transcript breakpoints. 

Electropherograms from Sanger sequencing confirming breakpoint sequences of the nominated novel 

transcript breakpoints from RNA sequencing. A. CLEC6A-CLEC4D, 2102Ep B. TSPAN9-FOXJ2, 2102Ep C. 
TSPAN9-GUCY2C, 2102Ep D. RCC1-HENMT1, 833KE E. EPT1-GUCY1A3, 833KE. *For EPT1-GUCY1A3, 

two fusion transcript variants detected by gel electrophoresis, the Sanger sequencing electropherogram 

shows the longest product spanning EPT1 exon 8 to GUCY1A3 exon 2. F. ETV6 alternative promoter, 

NTERA2 G. PPP6R3-DPP3, NTERA2 H. RCC1-ABHD12B, NTERA2.  
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Additional file 3: Supplementary Figure S2 

Figure S2: Milepost ddPCR linkage results of DNA from the NCI-H508, NTERA2 and 833KE cell lines. 

From the NTERA2 cell line, we included two different DNA samples, isolated with different protocols. Results 

are reported as percent linked DNA molecules, calculated with concentration of linked molecules divided by 

the mean concentration of the individual target sequences. A reference assay with FAM fluorescence was 

multiplexed with VIC assays located 1 kb, 10 kb, 50 kb and 100 kb upstream. DNA from the NTERA2 cell 

line, isolated with the AllPrep protocol, has longer/more intact DNA fragments. Linkage is depleted in all DNA 

samples upon treatment with the NspI restriction endonuclease. No linkage was detected at 100 kb for any of 

the DNA samples. 
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