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ABSTRACT 
 

Colorectal cancer (CRC) is the third most common cancer type and a major cause 
for cancer deaths. Retrotransposons are transposable elements (TE) able to 
mobilize and insert via an RNA intermediate. Although germline retrotransposition 
can contribute to genetic diversity, uncontrolled retrotransposition can lead to 
genomic instability. Retrotransposons are normally repressed by promoter 
methylation however, they become highly active in many cancers, such as CRC. 
Since retrotransposons are difficult to detect, their role in tumorigenesis has 
remained considerably unexplored.  

The main goal of this thesis project was to further understand the impact of 
retrotransposition in colorectal tumorigenesis utilizing whole genome sequencing 
(WGS) and Nanopore sequencing. In study I, we detected an active reference 
long interspersed element-1 (LINE-1) located in the first intron of TTC28. This 
active LINE-1 led to the most frequent somatic structural rearrangement in our 
dataset, with a total of 83 somatic retrotranspositions in 92 CRCs. In study II, we 
applied long-distance inverse-PCR (LDI-PCR) with Nanopore sequencing to 
detect retrotranspositions arising from the active LINE-1 identified in study I. We 
identified 25 subclonal insertions in addition to 14 insertions previously detected 
by WGS, indicating active retrotransposition during the tumorigenic process. In 
study III, we characterized somatic retrotransposon insertions in 202 colorectal 
tumor whole genomes. Among recurrent insertions in fragile sites and cancer 
genes, we identified two insertions in exon 16 of APC, suggesting that 
retrotransposon insertions can contribute to tumor initiation. Furthermore, the 
number of somatic insertions correlated with the CpG island methylator phenotype 
(CIMP), the genomic fraction of allelic imbalance (AI), and poor CRC survival.  

These findings suggest that the clinical impact of retrotransposition in CRC might 
be more important than previously acknowledged, although several questions 
remain unanswered. Future work should shed light on the timing and novel 
mechanisms by which retrotransposition could influence tumorigenesis. The 
better understanding of the role of both somatic and germline retrotransposition 
could provide tools for patient stratification and cancer prevention.  
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REVIEW OF THE LITERATURE 
 

1. Cancer 

Cancer can be defined as a group of heterogeneous diseases characterized by 
genetic changes that lead to uncontrolled cell proliferation. Genetic changes, or 
mutations, occur frequently in human cells. However, intrinsic mutational 
processes and environmental or lifestyle exposures can increase mutation rate 
(Stratton et al. 2009; Tomasetti and Vogelstein 2015). Although DNA repair can 
fix such changes, some are not repaired, and can be incorporated in the DNA of 
subsequent cell generations.  

Germline mutations are genetic changes that occur in the reproductive cells and 
are transmitted to all cells of the offspring. On the other hand, somatic mutations 
are genetic changes that occur after conception, they are present in a subset of 
cells, and therefore, cannot be inherited.  

The tumorigenic process starts with a mutation in a normal cell that confers a 
selective growth advantage. Subsequently, additional somatic mutations occur 
enabling uncontrolled cell proliferation leading to tumor progression (Nowell 
1976). Tumors undergo a purification process, similar to natural selection, where 
changes that provide a growth advantage are selected further in a process known 
as clonal expansion (Nowell 1976). Clonal expansion is characterized by the 
outgrowth of cells with a growth advantage over other cells. Mutations that confer 
a growth advantage are called driver mutations, whereas mutations that do not 
confer any growth advantage are known as passenger mutations (Figure 1).  
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Figure 1. Evolution from a normal cell to a cancer cell over a lifetime. A normal cell 
(fertilized egg) starts accumulating passenger and driver mutations over time, eventually 
leading to cancer transformation. Intrinsical mutational processes and environmental and 
lifestyle exposures, such as DNA repair defects and tobacco smoke, contribute to the 
acquisition of more mutations. Figure adapted from Stratton et al. (Stratton et al. 2009). 

In 2011, Hanahan and Weinberg defined cancer hallmarks as the abilities shared 
by the majority of cancer cells that are acquired throughout the tumorigenic 
process and allow cancer transformation. Cancer hallmarks include; sustained 
proliferation signal, evasion of growth suppressors, resistance to cell death, 
replicative immortality, angiogenesis, and invasion and metastasis. Two emerging 
hallmarks were proposed, reprogramming of metabolism and evasion of the 
immune response. In addition, Hanahan and Weinberg defined the two enabling 
characteristics as the processes that facilitate cancers to acquire the above 
mentioned cancer hallmarks. The enabling characteristics include, tumor-
promoting inflammation and genomic instability (Hanahan and Weinberg 2011) . 

1.1. Genomic instability 

Genomic instability is characterized by a high rate of genetic changes within the 
genome of a cell. Genetic changes range from small changes in the DNA 
sequence to larger changes involving chromosomes. Small DNA changes include 
single nucleotide variants (SNVs) which can involve the 
deletion/addition/substitution of one base pair (bp), and insertion/deletion of a few 
base pairs (indels). Among DNA changes in protein-coding regions, changes can 
be synonymous when they do not result in an amino acid change, and 
nonsynonymous when they result in an amino acid change. Large genetic 
changes include aneuploidies and chromosomal rearrangements. Aneuploidies 
can involve the amplification or loss of one or more chromosomes. Chromosomal 
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rearrangements involve fragments of chromosomes that are in the wrong 
orientation (inversion) or in the wrong location (translocations and insertions). 
Other chromosomal rearrangements lead to loss or gain of fragments of 
chromosomes resulting in deletions and duplications or amplifications (Figure 2). 
Another type of chromosomal rearrangements are insertions arising from active 
retrotransposons (Figure 2). Retrotransposons are DNA sequences that become 
active in many cancers, and they can contribute to genomic instability by copying 
and inserting into different genomic locations. 

 

Figure 2. Chromosomal rearrangements. Common types of intra and interchromosomal 
rearrangements. Intrachromosomal rearrangements are changes that involve one 
chromosome such as deletions, duplications, insertions and inversions. Interchromosomal 
rearrangements are changes that can involve two different chromosomes such as 
translocations and retrotranspositions.  

As mentioned before, mutations in cancer genomes can be classified based on 
their impact on tumor development. Driver mutations are changes that have 
conferred growth advantage at any time during tumor development and therefore 
are selected further. Passenger mutations, on the other hand, are genetic 
changes that do not confer any selective advantage. The majority of SNVs, indels 
and chromosomal rearrangements are passengers of the tumorigenic process, 
and breakpoints of chromosomal rearrangements often fall in regions of the 
genome where there are no genes (gene desserts) or adjacent to fragile sites 
(Vogelstein et al. 2013). Fragile sites are genomic sites prone to DNA breakage 
under stress conditions, such as replicative stress (Glover et al. 1984; Sutherland 
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et al. 1998; Schwartz et al. 2006). On the other hand, genes with recurrent driver 
mutations are known as driver genes. Driver genes can be classified into 
oncogenes and tumor suppressor genes based on the effect on tumor 
development.  

1.2. Oncogenes 

Proto-oncogenes are genes that accumulate gain-of-function mutations that lead 
to oncogene transformation and promote tumor growth. Proto-oncogenes usually 
encode transcription factors, growth factors and their receptors, signal 
transducers, chromatin remodelers and apoptotic regulators that are involved in 
cell proliferation and apoptosis (Croce 2008).  

The most common oncogenic changes include SNVs at specific hotspots, gene 
amplifications and translocations that result in their overexpression or activation 
(Vogelstein et al. 2013; Zehir et al. 2017). These changes are usually dominant, 
meaning that only one hit is enough to promote tumorigenesis (Vogelstein et al. 
2013). 

Examples of proto-oncogenes include KRAS, MYC and RET. KRAS activation 
mostly occurs by the accumulation of SNVs at specific hotspots, whereas MYC 
overexpression and activation results from gene amplifications and translocations 
(Croce 2008; Zehir et al. 2017). Although germline gain-of-function mutations in 
proto-oncogenes are rarely observed, germline mutations in RET oncogene have 
been reported to cause hereditary multiple endocrine neoplasia type 2  (Mulligan 
et al. 1993; Hofstra et al. 1994). 

1.3. Tumor suppressor genes 

Tumor suppressor genes (TSGs) promote tumorigenesis by the accumulation of 
loss-of-function mutations that lead to reduced activity or complete loss-of-
function. Based on their function, TSGs can be classified as gatekeepers, 
caretakers or landscapers. Gatekeepers, such as APC, are involved in processes 
that limit cell growth or promote cell death preventing tumor initiation. Caretakers, 
such as MLH1, are involved in processes that maintain genome integrity such as 
DNA repair (Kinzler and Vogelstein 1997; Negrini et al. 2010). Landscapers, such 
as PTEN, are involved in processes that, when inactivated, lead to an abnormal 
tumor microenvironment (Giri and Ittmann 1999; Michor et al. 2004).  

TSG mutations are often spread throughout the coding regions of the gene and 
they typically involve a combination of SNVs, indels, large deletions, promoter 
hypermethylation and mitotic recombination that results in loss of heterozygosity. 
These mutations are often recessive, meaning that two hits are required to 
promote tumor growth (Knudson 1971). However, in genes with haploinsufficiency 
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or a dominant negative effect, only one mutated allele is enough to promote 
tumorigenesis (Berger et al. 2011). In haploinsufficient genes, such as CDKN1B, 
the wildtype allele is not enough to maintain sufficient normal function (Le Toriellec 
et al. 2008) and in genes with dominant negative effect such as TP53 (Herskowitz 
1987; Kraiss et al. 1988), the mutated protein interferes with the function of the 
normal protein. 

Germline mutations in tumor suppressor genes, such as MLH1, increase cancer 
risk since only one additional somatic change is needed for biallelic inactivation 
(Peltomaki et al. 1993).  

1.4. Epigenetics 

In addition to genetic changes, cancer cells accumulate epigenetic modifications. 
Epigenetic modifications are changes that affect the chemical structure of DNA 
but do not alter the DNA sequence. They can involve DNA methylation, histone 
modifications, changes in nucleosome position and micro-ribonucleic acid 
(miRNA) expression changes (Sharma et al. 2010).  

DNA methylation consists of the covalent addition of a methyl group, mostly at 
cytosine residues that are clustered in CpG islands. CpG islands are regions of 
the genome with high content of cytosine residues followed by guanine residues. 
DNA methylation is associated with the repression of gene transcription, 
inactivation of X-chromosome, repression of transposable elements, genomic 
imprinting, aging and carcinogenesis (Lyon 1961; Li et al. 1993; Beard et al. 1995; 
Yoder et al. 1997; Daura-Oller et al. 2009; Zemach et al. 2010; Gonzalo 2010; 
Wang and Lei 2018).  

Histone modifications involve the addition of acetyl and methyl groups to histones, 
leading to chromatin changes, and therefore gene regulation (Sharma et al. 2010).  

Nucleosomes are the main structural unit of DNA packaging. A nucleosome 
consists of a DNA fragment wrapped around eight histones. Changes in 
nucleosome position can alter DNA accessibility and interfere with transcription 
factor binding (Shivaswamy et al. 2008). 

MiRNAs are short RNAs (~21-23 nucleotides) that target messenger RNAs 
(mRNAs) and lead to RNA degradation or block gene translation (Ambros 2004; 
Zeng and Cullen).  

Epigenetic modifications can promote tumorigenesis by, for example, acting as 
the second hit in tumor suppressor gene inactivation.  
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2. Colorectal cancer 

Colorectal cancer (CRC) is the third most common cancer in both women and 
men worldwide (https://www.who.int/news-room/fact-sheets/detail/cancer). 
Approximately 5% of CRC cases arise from known high-penetrance germline 
mutations (Rustgi 2007). However, approximately 20% of CRC cases occur in a 
family setting where a moderate risk of CRC is observed but with no clear pattern 
of genetic inheritance. These cases may arise from a combination of rare and low-
penetrance mutations as well as environmental factors (Nagy et al. 2004; Rustgi 
2007; Fletcher and Houlston 2010). On the other hand, the majority of CRC cases 
occur in a sporadic setting where a combination of genetic, environmental, lifestyle 
and clinical factors are likely to contribute to CRC development (Rawla et al. 
2019). CRC is defined as the malignant growth of cells arising from the epithelium 
of the colon or rectum and have the ability to invade neighbouring tissues. The 
majority of sporadic colorectal cancers develop via the adenoma-to-carcinoma 
sequence. 

2.1. Adenoma-to-carcinoma sequence 

Adenomas are gastrointestinal lesions characterized by excessive cell 
proliferation. However, a fraction of adenomas can progress to malignant tumors 
by the sequential acquisition of key somatic changes and successive waves of 
clonal expansion (Fearon and Vogelstein 1990). Fearon and Vogelstein were the 
first to propose a model for CRC, in which they associated each mutation to a 
tumorigenic step. The most commonly mutated driver genes in CRC include APC, 
KRAS, and TP53.  

APC is a tumor suppressor gene mutated in ~67% of colorectal adenocarcinomas 
(Ellrott et al. 2018; Gao et al. 2018; Hoadley et al. 2018; Liu et al. 2018; Sanchez-
Vega et al. 2018; Taylor et al. 2018; Bhandari et al. 2019) and in ~77% of 
metastatic CRCs (Cerami et al. 2012; Gao et al. 2013; Yaeger et al. 2018). Most 
mutations in APC occur in the mutation cluster region and result in a truncated 
protein product (Mori et al. 1992; Polakis 1995; Fearon 2011). APC acts as an 
antagonist of the Wnt signalling pathway and its inactivation promotes cell fate 
determination, proliferation and migration. Mutations in APC have been reported 
in both adenomas and carcinomas, indicating that APC inactivation is implicated 
in the adenoma formation from normal epithelia (Figure 3) (Fearon 2011).  

KRAS is an oncogene mutated in ~37% of colorectal adenocarcinomas (Ellrott et 
al. 2018; Gao et al. 2018; Hoadley et al. 2018; Liu et al. 2018; Sanchez-Vega et 
al. 2018; Taylor et al. 2018; Bhandari et al. 2019) and in ~45% of metastatic CRCs 
(Cerami et al. 2012; Gao et al. 2013; Yaeger et al. 2018). Most mutations in KRAS 
occur in hotspot regions located in codons 12, 13, 61, 117, and 146. KRAS 
mutation activates the RAS/MAPK pathway and promotes cell proliferation and 
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growth. KRAS mutations are associated with adenoma growth and tumors with 
both APC and KRAS mutations are more likely to progress to malignant lesions 
(Figure 3) (Fearon 2011).

TP53 is a tumor suppressor gene mutated in ~53% of colorectal adenocarcinomas 
(Ellrott et al. 2018; Gao et al. 2018; Hoadley et al. 2018; Liu et al. 2018; Sanchez-
Vega et al. 2018; Taylor et al. 2018; Bhandari et al. 2019) and in ~74% of 
metastatic CRCs (Cerami et al. 2012; Gao et al. 2013; Yaeger et al. 2018). 
Mutations in TP53 are spread throughout the coding region. TP53 plays an im-
portant role in the regulation and progression of the cell cycle upon the detection 
of sustained DNA damage. Biallelic inactivation of TP53 is associated with the 
transition from benign lesions to malignant lesions (Figure 3) (Fearon 2011).

 

 

Figure 3. Progression from normal epithelia to carcinoma in CRC. The most common 
mutated genes and their associated tumorigenic step are shown. Figure adapted from 
Vogelstein et al. (Vogelstein et al. 2013). 

 

2.2. Molecular subtypes 

CRCs can arise via two different molecular pathways, the chromosomal instability 
(CIN) pathway and the microsatellite instability (MSI) pathway. 

Eighty-five percent of sporadic CRCs follow the CIN pathway (Boland et al. 2010). 
The CIN pathway is characterized by an increased rate of chromosomal 
rearrangements. The majority of CIN tumors follow the adenoma-to-carcinoma 
sequence proposed by Fearon and Vogelstein (Fearon and Vogelstein 1990). It 
has been proposed that CIN may arise from defective genes involved in several 
steps of cell division, however other genes may also contribute such as  APC or 
TP53 (Fodde et al. 2001; Pino and Chung 2010). 

On the other hand, 15% of sporadic CRCs arise from a defective mismatch repair 
machinery (MMR). The MMR deficient machinery leads to an increased number 



 

 17 

of mutations, especially indels in repetitive areas such as microsatellites. Sporadic 
MSI CRCs are characterized by biallelic methylation of MLH1 promoter and BRAF 
mutations (Boland et al. 2010). MLH1 is a tumor suppressor gene involved in DNA 
mismatch repair. BRAF is an oncogene that activates the RAS/MAPK pathway 
promoting cell proliferation and growth (Fearon 2011). The majority of mutations 
in BRAF are V600E and they are usually mutually exclusive with KRAS mutations 
(Rajagopalan et al. 2002).

MSI tumors are associated with proximal tumor location, mucinous histology, poor 
differentiation, immune cell infiltration and lower risk of metastasis (Kim et al. 
1994; Kakar et al. 2003; Malesci et al. 2007). In addition, seventy-five percent of 
MSI-positive sporadic CRCs are also characterized by a CpG island methylator 
phenotype (CIMP), which refers to genome-wide gene promoter 
hypermethylation (Toyota et al. 1999).

 

3. Transposable elements

Transposable elements (TEs) are DNA sequences able to mobilize within 
genomes by a mechanism known as transposition. They were discovered by 
Barbara McClintock while she was studying the color patterns of maize 
(Mcclintock 1956).

At present, they can be found in a wide range of living organisms. They com-
prise almost half of the human genome however, several elements are no longer 
transposition competent (Jurka 2000; Consortium and International Human 
Genome Sequencing Consortium 2001). Based on their mobilization intermedi-
ate, they are classified into two classes; DNA transposons and 
Retrotransposons (Figure 4).
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Figure 4. Transposable elements in the human genome. Classification of transposable 
elements based on their mobilization intermediate and sequence similarities. TE class and 
the example structure and the percentage of the human genome are shown (Consortium 
and International Human Genome Sequencing Consortium 2001). Figure modified from 
Kazazian et al. (Kazazian and Moran 2017). 

 

3.1. DNA transposons 

DNA transposons utilize DNA as an intermediate for mobilization. They comprise 
3% of the human genome however, there is no current activity in humans 
(Consortium and International Human Genome Sequencing Consortium 2001). 
They can be grouped into three subclasses based on their mobilization 
mechanism; “Cut-and-paste”, “Rolling-circle” and “Self-replicating” (Nancy L 
Craig, Robert Craigie, Martin Gellert, Alan M Lambowitz 2002; Feschotte and 
Pritham 2007). 

“Cut-and-paste” transposons are the largest subclass and it includes ten different 
subfamilies. They are all characterized by a transposase enzyme, which excises 
the double-strand DNA transposon sequence and inserts it elsewhere (Pierre 
Capy, Claude Bazin, Dominique Higuet, Thierry Langin 1996). 

Both “rolling-circle” Helitrons and “self-replicating” Mavericks, mobilize via a 
single-strand DNA molecule using a replication-based mechanism. Helitrons 
utilize a helicase for mobilization, and Mavericks resemble DNA viruses and they 
likely use a B-type DNA polymerase for mobilization (Kapitonov and Jurka 2001; 
Kapitonov and Jurka 2006; Pritham et al. 2007). 
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3.2. Retrotransposons 

Retrotransposons utilize an RNA intermediate for mobilization and are 
characterized by a “copy-and-paste” mechanism (Boeke et al. 1985). 
Retrotransposons can be autonomous or non-autonomous. Autonomous 
elements encode for all proteins necessary for retrotransposition, whereas non-
autonomous elements depend on the machinery of autonomous elements to 
retrotranspose. Retrotransposons are classified into two major classes depending 
on the presence of long terminal repeats (LTR) at both ends of the element (Nancy 
L Craig, Robert Craigie, Martin Gellert, Alan M Lambowitz 2002; Feschotte and 
Pritham 2007). 

3.2.1. LTR retrotransposons 

LTR retrotransposons are autonomous elements which contain direct repeat 
sequences flanking the element and internal promoters. Although there are 
different subclasses of LTR retrotransposons, only human endogenous 
retroviruses (HERVs) have been recently active in humans (Cordaux and Batzer 
2009). They resemble retroviruses and their cycle is characterized by reverse 
transcription and integration into the genome in the nucleus (Garfinkel et al. 1985). 
HERVs account for 8% of the human genome however, there is no evidence of 
current activity (Figure 4) (Consortium and International Human Genome 
Sequencing Consortium 2001; Mills et al. 2007). 

3.2.2. Non-LTR retrotransposons  

Non-LTR retrotransposons do not contain LTR sequences, and they are 
characterized by a stretch of adenines at the end of the element (polyA tail). They 
can be classified based on their length into Long Interspersed Elements (LINE-
1s) and Short Interspersed Elements (SINEs) (Figure 4) (Nancy L Craig, Robert 
Craigie, Martin Gellert, Alan M Lambowitz 2002; Feschotte and Pritham 2007). 

3.2.2.1. LINE-1  

LINE-1s are autonomous elements and therefore, they are also responsible for 
the mobilization of SINEs (Dewannieux et al. 2003; Hancks et al. 2011; Raiz et al. 
2012). There are ~500000 LINE-1 copies in the human genome however, only 
around 100 elements of the subfamily Homo sapiens-specific (LINE-1HS) remain 
intact and are still active (Consortium and International Human Genome 
Sequencing Consortium 2001; Beck et al. 2010; Huang et al. 2010; Iskow et al. 
2010; Ewing and Kazazian 2010; Ewing and Kazazian 2011). Among full-length 
LINE-1s, retrotransposon activity can vary considerably and the most active are 
termed “hot” (Brouha et al. 2003; Scott et al. 2016).  



 

 20 

The canonical length of an active LINE-1 is 6kb. It contains a 5’ untranslated 
region (UTR) which contains an RNA polymerase II promoter (Swergold 1990), 
two open reading frames (ORF1 and ORF2), and a 3’ UTR containing a RNA 
polymerase polyadenylation signal ending in a polyA tail (Figure 4) (Babushok 
and Kazazian 2007). ORF1p encodes an RNA binding protein and ORF2p 
encodes for an endonuclease (EN) and reverse transcriptase (RT) (Hohjoh and 
Singer 1997a; Hohjoh and Singer 1997b; Martin et al. 2003; Khazina et al. 2011).  

3.2.2.2. SINE 

SINEs are non-autonomous elements and therefore, utilize LINE-1 proteins to 
mobilize. Depending on their sequence similarities, they have been classified into 
Alu elements and SINE-VNTR-Alus (SVAs). 

Alu 

There are over one million Alu elements in the human genome and the typical 
length of a full-length Alu is 300 bp (Kriegs et al. 2007). Their sequence contains 
an RNA polymerase III promoter, two monomer sequences separated by an A-
rich linker region, and a polyA tail (Figure 4) (Batzer and Deininger 2002). Since 
Alu elements do not contain a RNA polymerase III termination signal, they often 
retrotranspose 3’ flanking sequences downstream the element in a process 
termed 3’ transduction (Shaikh et al. 1997; Comeaux et al. 2009). 

SVA 

There are ~2700 SVA copies in the human genome and they are typically 2kb 
long. They contain an hexamer repeat region, an alu-like region, a variable 
number of tandem repeats, a HERV-K10_like region, and a polyadenylation signal 
ending with a polyA tail (Figure 4). Transcription of SVA elements often depends 
on nearby promoters, since they do not have their own promoter (Ostertag et al. 
2003; Wang et al. 2005; Cordaux and Batzer 2009).  

3.2.3. LINE-1 cycle 

The life cycle of a human LINE-1 element starts with transcription by RNA 
polymerase II in the nucleus of the cell. Transcription starts at the LINE-1 internal 
promoter and ends at the 3’ polyA tail or, if the polyadenylation signal is weak, it 
can lead to 3’ transductions (Goodier et al. 2000; Pickeral et al. 2000). 

After transcription, the LINE-1 RNA is exported to the cytoplasm and both ORFs 
are translated (Leibold et al. 1990). The LINE-1 RNA, ORF1p and ORF2p form a 
ribonucleoprotein (RNP) particle in a phenomenon known as cis-preference and 
enters the nucleus (Esnault et al. 2000; Wei et al. 2001). 
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In the nucleus, the integration occurs in a process termed Target Primed Reverse 
Transcription (TPRT) (Luan et al. 1993; Christensen et al. 2005). TPRT starts with 
the EN nicking the DNA, often at the consensus recognition site (5’ TTTT-AA 3’) 
(Feng et al. 1996; Hohjoh and Singer 1997b; Morrish et al. 2002). The EN 
cleavage exposes a free 3’ OH group which will be used by the RT to reverse 
transcribe the LINE-1 mRNA starting from the 3’ polyA tail (Doucet et al. 2015; Ahl 
et al. 2015). Finally, the complementary strand is synthesized, and the junctions 
are repaired by a mechanism not well understood, although host factors are likely 
to be involved. During the retrotransposition process, the source element remains 
intact and functional. 

This process leaves various signatures of the retrotransposition process, 
including; LINE-1 sequence corresponding to the currently active LINE-1 families 
(Wei et al. 2001; Hancks and Kazazian 2016), frequent 5’ truncations and 
inversions of the LINE-1 sequence (Ostertag and Kazazian 2001), insertion site 
preference for the EN recognition site (5’ TTTT-AA 3’)  (Feng et al. 1996), target 
site duplications (TSDs) of different lengths flanking the insertion (Jurka 1997), 
and a polyA tail reflecting the RNA precursor (Dombroski et al. 1991; Doucet et 
al. 2015). The LINE-1 retrotransposon machinery can be hijacked by Alus 
(Dewannieux et al. 2003), SVAs (Hancks et al. 2011; Raiz et al. 2012) and even 
other cellular mRNAs (Figure 5) (Esnault et al. 2000).  
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 Figure 5. LINE.1 life cycle. The LINE-1 cycle starts with transcription by RNA polymerase 
II in the nucleus of the cell (1). The LINE-1 mRNA leaves the nucleus (2) for translation of 
both ORF1 and ORF2 (3) and formation of the ribonucleoprotein in the cytoplasm of the 
cell (4). The RNP complex re-enters the nucleus (5) where the LINE-1 cDNA integrates 
into a new genomic location (6). 

 

4. Retrotransposition in humans 

LINE-1 elements were first recognized in the human genome in the 1980s (Adams 
et al. 1980; Singer 1982; Hattori et al. 1986). However, evidence of their mobility 
was found later, when ORF2p was identified to have RT functions (Hattori et al. 
1986) and full-length LINE-1 transcripts were detected in human teratocarcinoma 
cell lines (Skowronski and Singer 1985; Skowronski et al. 1988). The first 
evidence of insertional mutagenesis in humans was reported in 1988, when two 
de novo LINE-1 insertions in exon 14 of the F8 gene were reported as the cause 
of Haemophilia A (Kazazian et al. 1988). These findings indicated that in these 
two patients, a retrotransposon had been active in either the parental germ cells 
or very early during embryonic development. In fact, active retrotransposition 
occurs in both the germ cells and during early embryonic development, thus 
leading to polymorphic insertions and somatic mosaicism (Prak and Kazazian 
2000; Bourc’his and Bestor 2004; Molaro et al. 2011).  
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In addition, somatic retrotransposon activity has also been detected during brain 
development, adult neurogenesis (Coufal et al. 2009; Bodea et al. 2018) and in 
several cancer types. However, in most healthy adult tissues retrotransposons 
become strongly repressed by epigenetic and post transcriptional mechanisms.  

In the repression by epigenetic marks, Krüppel-associated box proteins play an 
important role in the establishment of de novo methylation during embryogenesis 
(Thayer et al. 1993; Hata and Sakaki 1997). Whereas DNA methyltransferase I 
and ubiquitin-like with PHD and RING finger domains I play an important role in 
maintaining LINE-1 promoter methylation after DNA replication (Hata and Sakaki 
1997). In addition, PIWI-interacting RNAs, short interfering RNAs, and the 
Apolipoprotein B mRNA Editing Catalytic Polypeptide protein complex play an 
important role in the post transcriptional regulation of retrotransposons by 
recognizing and cleaving LINE-1 RNAs (Chambeyron et al. 2008). 

 

5. Retrotransposition in cancer 

The first example of somatic insertional mutagenesis from a retrotransposon was 
reported in 1992 (Miki et al. 1992). In this study, they found a LINE-1 insertion in 
exon 16 of APC in a CRC patient. The insertion was not present in the 
corresponding normal tissue, indicating that the insertion was a somatic event 
(Miki et al. 1992). In 2010, Iskow et al. reported frequent somatic 
retrotranspositions in lung tumors, a methylation signature associated with LINE-
1-permissive tumors, and suggested that retrotransposition may play a driving role 
in tumorigenesis (Iskow et al. 2010; Lee et al. 2012; Achanta et al. 2016). 

Subsequently, several studies reported high retrotransposon activity in colorectal 
cancer (Lee et al. 2012; Solyom et al. 2012; Pitkänen et al. 2014; Cajuso et al.), 
esophageal squamous carcinomas and adenocarcinomas (Doucet-O’Hare et al. 
2015; Doucet-O’Hare et al. 2016), gastric and small bowel tumors, hepatocellular 
carcinomas, and pancreatic ductal adenocarcinomas (Shukla et al. 2013; Rodić 
et al. 2015; Ewing et al. 2015). In addition to tumors from the gastrointestinal tract, 
frequent somatic retrotranspositions have been reported in head and neck 
(Helman et al. 2014; Tubio et al. 2014), prostate and ovarian cancers (Lee et al. 
2012; Tubio et al. 2014; Tang et al. 2017). On the other hand, almost no insertions 
are detected in gliomas (Iskow et al. 2010; Lee et al. 2012; Achanta et al. 2016) 
or blood cancers (Lee et al. 2012). 

In addition, retrotransposon insertions have been recently characterized in the 
Pan-Cancer Analysis of Whole Genomes (PCAWG) dataset which includes 2954 
tumors across 38 tumor types (Rodriguez-Martin et al. 2020). In this dataset, the 
top five tumor types with the highest mean number of insertions were esophageal, 
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head and neck, colorectal, uterus, stomach, and ovarian cancers (Figure 6). On 
the other hand, almost no insertions were detected in thyroid, kidney, cervix, bone, 
myeloid or nervous system cancers (Rodriguez-Martin et al. 2020). 

 

Figure 6. Retrotransposon insertions in PCAWG data.  Number of insertions per tumor 
in the ten PCAWG cancers with the highest mean number of insertions. Insertion count is 
represented on the Y-axis, and tumor locations on the X-axis. Tumor locations are sorted 
in a descending order based on the mean number of insertions. 

As shown by the studies cited above, retrotransposon activity varies substantially 
among different tumor types, but also between individuals. Although it is not well 
understood why some tumor types are more prone to retrotransposition than 
others, a correlation between insertion count and ORF1p expression has been 
reported (Rodić et al. 2014). 

Recurrent insertions have been identified in several protein-coding genes which 
are frequently mutated in cancer (Lee et al. 2012; Solyom et al. 2012; Helman et 
al. 2014). Although the majority of insertions are intronic, intronic insertions can 
also disrupt gene expression (Lee et al. 2012; Helman et al. 2014). 
Retrotransposon insertions in the exons of driver cancer genes have also been 
identified, including two insertions in APC (Miki et al. 1992; Scott et al. 2016), one 
insertion in PTEN (Helman et al. 2014), and one oncogenic insertion in ST18 by 
blocking its repression enhancer (Shukla et al. 2013).  

In contrast to germline insertions, most somatic insertions are 5’ truncated 
(Solyom et al. 2012; Burns 2017) and somatic insertions are biased towards 
cancer-specific hypomethylated areas (Lee et al. 2012). Somatic retrotransposon 
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insertions can already be found in early stages of tumor evolution and several 
insertions are present in different tumor sections, suggesting that some insertions 
are selected further (Doucet-O’Hare et al. 2015; Ewing et al. 2015). Although 
retrotransposition is an ongoing process, insertions are acquired in a 
discontinuous manner where different LINE-1s might be activated in different 
stages of the tumorigenic process (Tubio et al. 2014; Rodić et al. 2015; Pradhan 
et al. 2017) (Figure 7). 

 

 

Figure 7. Fluctuating activity of different LINE-1s during the tumorigenic process. In 
the upper side, a model of the progression from normal epithelia to invasive colon cancer. 
In the lower side, a representation of the transient activity of different source LINE-1s 
throughout tumor evolution, each clone is color coded to match the group of clones they 
belong to in the upper figure. LINE-1 activity is depicted as lines that are color coded to 
match the active source element.  

Several associations to clinical and molecular characteristics have been identified. 
For example, insertion count is associated with patient age (Solyom et al. 2012) 
and higher insertion count is found in tumors with higher rates of chromosomal 
rearrangements and other somatic mutations (Helman et al. 2014). ORF1p 
expression is associated with TP53 mutation in lung cancers (Rodić et al. 2014) 
and gastrointestinal tumors with high immune activity are associated with lower 
insertion count (Jung et al. 2018). LINE-1 promoter hypomethylation is associated 
with decreased survival in breast, ovarian, non-small cell lung and colorectal 
cancers, as well as esophageal squamous cell carcinoma (Pattamadilok et al. 
2008; Ogino et al. 2008b; Saito et al. 2010; van Hoesel et al. 2012; Iwagami et al. 
2013; Harada et al. 2015). In addition, LINE-1 hypomethylation is associated with 
the CpG island methylator phenotype in CRC (Ogino et al. 2008a). 
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All these studies suggest that while some retrotransposon insertions may play a 
driving role in tumorigenesis, others are likely passengers of the tumorigenic 
process. Furthermore, it is not clear whether the association between LINE-1 
hypomethylation and clinical characteristics is a direct consequence of 
retrotransposon activation, or retrotransposon activation is a consequence of 
cancer-related global hypomethylation. Thus, the role of retrotransposon 
insertions in tumorigenesis needs further investigation.  

  



 

 27 

AIMS OF THE STUDY 
 

The aim of this thesis project was to provide a deeper understanding on the role 
of retrotransposition in colorectal cancer. The specific aims relevant to each study 
(I-III) are: 

 

I. To identify frequent insertions from a LINE-1 in TTC28.

II. To detect transductions from the LINE-1 in TTC28 by LDI-PCR and
Nanopore sequencing.

III.      To characterize somatic retrotransposition and investigate associations 
with clinical characteristics in 202 colorectal tumors.
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MATERIALS AND METHODS 
 

1. Sample collection (Study I - Study III) 

Fresh frozen tumor and normal tissue material (either adjacent normal colon or 
blood) was obtained from two large CRC sample collections (C and S series). The 
first sample collection involved nine Finnish hospitals between May 1994 and April 
1998 (C-series) (Aaltonen et al. 1998; Salovaara et al. 2000). A second collection 
(S-series) started in 1998 from two out of the nine Finnish hospitals and it is 
currently ongoing (unpublished).  

All tumors were screened for MSI as described previously (C-series) (Aaltonen et 
al. 1998; Salovaara et al. 2000) or by using the Bethesda microsatellite panel (S-
series). Family history including first degree relatives, cancer diagnoses, cause of 
death and other clinical characteristics were collected from National population 
registries, parishes, the Finnish Cancer Registry, Statistics Finland and 
pathological reports.  

A signed informed consent or authorization from the National Supervisory 
Authority for Welfare and Health was obtained for all participants (Dnro 
421/04/044/06, Dnro 8048/06.01.03.01/2014, Dnro 358/32/300/05, Dnro 
1476/06.01.03.01/2012). The study has been reviewed and approved by the 
Ethics Committee of the Hospital District of Helsinki and Uusimaa (Dnro 
133/E8/03, 408/13/03/03/2009). Permission to use patient information was 
obtained from the National Institute for Health and Welfare (Dnro 53/07/2000, 
Dnro THL/1071/5.05.00/2011, Dnro THL/151/5.05.00/2017).  

 

2. DNA extraction (Study I - Study III) 

DNA was extracted from fresh frozen tumor tissue and the corresponding normal 
(either adjacent colon or blood) using DNA isolation standard methods (Lahiri and 
Nurnberger 1991). Only tumors with tumor percentage above 50 based on 
Hematoxylin and Eosin staining were selected for DNA extraction.  

 

3. RNA extraction (Study III) 

Total RNA was extracted from fresh frozen tumor tissue and the corresponding 
adjacent normal colon tissue using the RNeasy Mini Kit (Qiagen). Only tumor 



 

 29 

samples with tumor percentage above 50 based on Hematoxylin and Eosin 
staining were used for RNA extraction. 

 

4. Whole genome sequencing (Study I - Study III) 

WGS was performed on the Illumina HiSeq 2000 to at least 40x median coverage 
and with 100 bp paired-end reads. Paired-end reads were aligned with Burrows-
Wheeler Aligner (BWA) (v.0.6.2) (Li and Durbin 2009). The aligned paired-end 
reads were mapped against the 1000 Genomes Project Phase 2 reference 
assembly hs37d5 as described in previous studies (Katainen et al. 2015; Palin et 
al. 2018). 

4.1. Structural variation calls (Study I - Study III) 

To detect structural rearrangements (deletions, tandem duplications, inversions 
and translocations) from paired-end WGS data we utilized DELLY (Rausch et al. 
2012). In study I, we utilized DELLY calls from 92 familial CRC cases (Pitkänen 
et al. 2014). In study II and III, we utilized a new set of DELLY calls from 213 CRC 
cases including the 92 familial cases (Katainen et al. 2015). 

4.2. Retrotransposon insertion calls (Study III) 

4.2.1. Detection of solo retrotransposon insertions  

We utilized Transposon Finder in Cancer (TraFiC) (Tubio et al. 2014) to detect 
Alu, SINE, ERV and solo-LINE-1 insertions from 201 CRCs including the 92 
familial cases. TraFiC was applied with default parameters with the exception of; 
a=1 (RepeatMasker accuracy), s=3 (minimum of 3 reads in a tumor cluster), and 
gm=3 (minimum of 3 reads in normal cluster) and including paired-end reads with 
equal mapping quality only if it was above 0 (where the anchor read was defined 
as the first end). Somatic filtering was applied when a tumor call was present in 
any normal (234 normal samples) with a 200 bp window. 

4.2.2. Detection of LINE-1 transductions  

To detect 3’ transductions from full-length reference LINE-1s we utilized DELLY 
(Rausch et al. 2012) (section 4.1). 3’ transductions are retrotransposon insertions 
including downstream sequence which allows the unique mapping of paired-end 
reads. We extracted DELLY calls with mapping quality above 37, at least 3 
supporting reads, and longer than 1000 bp. We selected DELLY calls with one 
end located within 1000 bp from the 3’end of any of the reference LINE-1s. Tumor 
calls present in any of the pooled normal samples (± 200 bp) were filtered away.  
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5. Nanopore sequencing (Study II) 

Nanopore sequencing is a long-read sequencing technique based on the current 
generated by a DNA molecule when it passes through a nanopore. Nanopore 
sequencing was utilized in conjunction with LDI-PCR to detect 3’ transductions 
and to elucidate insertion characteristics. Nanopore libraries were prepared 
according to manufacturer’s instructions (SQK-LSK108 and EXP-NBD103). 
MinION flow cell (FLO-MIN106) was run for 6 hours (MinION Mk1B). Basecalling 
was performed with ONT albacore Sequencing Pipeline Software (version 1.0.2) 
and basecalled reads were aligned to the 1000 Genomes Project Phase 2 
reference assembly hs37d5 as described in previous studies (Katainen et al. 
2015; Palin et al. 2018). To identify transductions from nanopore data we applied 
the LDI-PCR.py software. Briefly, LDI-PCR.py identifies reads that display the 
following hallmarks: at least one alignment to the LINE-1 in TTC28 
(chr22:29060420-29067335), at least one alignment to a single target locus 
elsewhere in the genome (maximum distance 100 kb) and mapping quality above 
20. Further filtering criteria were applied to define the candidate insertion calls, 
and the reads were polished to increase the accuracy of the consensus 
sequences. 

 

6. SNP arrays (Study I and Study III) 

To identify regions of AI, we utilized Single nucleotide polymorphism (SNP) chip 
data from 1699 normal and tumor pairs including the whole genome sequenced 
samples (Palin et al. 2018). DNA was genotyped with Infinium Omni2.5 (Illumina 
inc.) array. Regions with allelic imbalance were calculated utilizing 
BAFsegmentation with default parameters (Staaf et al. 2008).  

 

7. Methylation assay (Study III) 

To evaluate CIMP status of the WGSed tumor samples, we utilized the MS-MLPA 
assay (Nygren et al. 2005) and SALSA MLPA ME042 CIMP probemix (MRC-
Holland, Amsterdam, The Netherlands). This assay allows the detection of 
methylation at CpG islands located at the promoter of eight different genes. MS-
MLPA assay was performed according to manufacturer’s instructions (Nygren et 
al. 2005) and Coffalyser software (MRC-Holland, Amsterdam, The Netherlands) 
was used to detect the levels of methylation for each probe. If ≥25% of the probes 
of one gene were methylated, the gene was scored as methylated. CIMP status 
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of the tumors was defined as CIMP-high if 5-8 genes were scored as methylated, 
and CIMP-low was defined if 0-4 genes were scored as methylated. 

 

8. RNA sequencing (Study III) 

To investigate the effect of  retrotransposon insertions on gene expression 
we utilized RNA sequencing (RNA-seq) data from 34 CRCs with WGS 
data. RNA sequencing was performed on the Illumina Hiseq 2000 with 49 
and 75 bp paired-end reads (Ongen et al. 2014). RNA-seq data was further 
processed and quantified utilizing Kallisto software (Bray et al. 2016).  

 

9. Long-distance inverse-PCR (LDI-PCR) (Study II) 

LDI-PCR was utilized in conjunction with Nanopore sequencing to identify 3’ 
transductions arising for the L1 element located in TTC28. LDI-PCR comprises 
three different steps. First, digestion of genomic DNA by using a combination of 
different restriction enzymes. Second, DNA ligation of the resulting fragments, and 
third, amplification of ligated DNA fragments by circular PCR. DNA was digested 
with three restriction enzymes: SacI, PstI and NstI. Digested DNA was self-ligated 
utilizing T4 DNA ligase (ThermoFisher Scientific, Waltham, Massachusetts, US) 
to produce circular templates. Eight PCR replicates were used to ensure enough 
DNA concentration. PCR products were run on a 1% agarose gel and purified with 
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany). PCR 
replicates that showed a consistent amplicon pattern were pooled together. 
Fragment distribution and molarity were evaluated from the 18 different reactions 
in TapeStation 2200 (Agilent Technologies, California, US). Subsequently, the 
LDI-PCR products were pooled into nine different barcodes in equal molarity for 
Nanopore library preparation. 

 

10. Sanger validation (Study I and Study II) 

Sanger sequencing was utilized for the validation of 3’ transductions. Primers 
were designed using Primer3Plus software (Untergasser et al. 2012). PCRs were 
conducted with AmpliTaqGoldVR (Applied Biosystems, Foster City, CA) or 
Expand Long Template PCR system (Roche, Basel, Switzerland). PCR 
purification was conducted with ExoSAP-IT PCR purification kit (USB, Cleveland, 
OH) or by using QIAquick Gel extraction kit (qiagen, Hilden, Germany). Purified 
reactions were sequenced with Big Dye Terminator v.3.1 kit (Applied Biosystems, 
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Foster City, CA) at the Institute for Molecular Medicine Finland. The sequence 
graphs were manually analyzed using FinchTV v.1.4.0 (Geospiza, Seattle, WA).  
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RESULTS 

 

1. Identification of frequent insertions from a LINE-1 in TTC28 

We utilized DELLY to characterize somatic structural rearrangements from 92 
CRC whole genomes. We identified a recurrent event originating from the first 
intron of TTC28 in 19 out of 92 CRC cases. A very similar signal was reported in 
another study where it was identified as translocations likely to inactivate TTC28 
(Network and The Cancer Genome Atlas Network 2012). After thorough visual 
inspection of the paired-end read data, we were able to identify additional 
rearrangements resulting in a total of 83 rearrangements in 52 cases (Figure 8). 

 

Figure 8. Active LINE-1 in TTC28. Aberrant signal originating from TTC28 in 92 CRC 
familial cases. Circos plot showing the 83 rearrangements arising from the same LINE-1 in 
chromosome 22. 

We observed that all breakpoints clustered downstream of a reference LINE-1 
(LINE-1base id 129, dbRIP id 2000144). The close proximity of the breakpoints to 
a full-length LINE-1 suggested that these events were likely to be 
retrotranspositions instead of translocations. 
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Subsequently, we compared the mean read coverage in the 3’ end of the LINE-1 
(chr22:29065455-29066124) to the mean coverage of chromosome 22 for each 
sample. We identified that the relative mean coverage was higher in samples with 
at least one event than samples with no detected events (t-test, p-value < 2.2x10-

16). These findings were compatible with an amplification of the 3’ end of the LINE-
1 that was recurrently involved in the rearrangements. 

In addition, we validated by Sanger sequencing three somatic events located in 
the introns of SGIP1, NOVA1 and ARHGEF4. In each case, we observed two 
amplicons of different length. One shorter amplicon corresponding to the wild type 
allele and a longer amplicon likely to be the allele with the inserted sequence. The 
LINE-1 or flanking sequence was identified in all cases and a polyA tail at the 3’ 
end of the insertion was identified in SGIP1 and ARHGEF4. 

Altogether these findings - a cluster of breakpoints downstream an active LINE-1, 
the amplification of the LINE-1 sequence compatible with the “copy-and-paste” 
mechanism, and the presence of a polyA tail- indicated that these events were 
LINE-1 retrotranspositions rather than translocations (Network and The Cancer 
Genome Atlas Network 2012). Furthermore, we found that insertions in genes 
showed intronic preference (χ2=54.2, df=1, p=1.81 e-13), and only one recurrent 
hit was identified in NOVA1. 

1.2. Germline insertions in the Finnish population 

In addition to the somatic events, two insertions in GABRA4 and RP11-136012 
were found to be in the germline. We validated the insertions in GABRA4 by 
Sanger sequencing, and found the insertion to be present in 4.3% (4/92) of the 
corresponding normals of the WGSed CRCs, in 3.3% (3/90) of additional CRC 
normals, and in 10% (9/90) of anonymous blood donors.  

Furthermore, patients with the germline insertion in GABRA4 shared significantly 
longer haplotypes (t-test, p-value =0.046) than patients without the insertion, 
however no difference was found in patients with the RP11-136012 insertions. 
These results suggest a shared founder haplotype in the patients with germline 
insertions in GABRA4, and an independent origin or a more ancient haplotype in 
patients with a germline insertion in RP11-136012. 
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2. Detection of clonal and subclonal transductions from the 
LINE-1 in TTC28 

In this study we applied LDI-PCR to detect 3’ transductions, arising from the 
previously characterized LINE-1, from two samples with whole genome data. By 
using this method, we were able to identify 3’ transductions without knowing the 
target locations. 

Primer pairs and restriction enzymes were selected based on the rationale that 
LINE-1 insertions are often 5’ truncated, and that the 3’ transduced sequence is 
usually shorter than 1000 bp (Tubio et al. 2014). SacI and PstI restriction enzymes 
were selected because one cut site was located within the ORF1p of the LINE-1 
and the other cut site was within the sequence involved in 3’ transductions. NstI 
was selected because the restriction fragment included the full sequence of the 
LINE-1 as well as the 3’ transduction sequence, which allowed us to detect 
possible full-length insertions. Primer design was based on the location and the 
score of different polyadenylation signals downstream the LINE-1 (Figure 9) 
(Tabaska and Zhang 1999) . 

After PCR of the circular templates, the PCR products were pooled into nine 
different barcodes in equal molarity for Nanopore library preparation and 
sequencing. After Nanopore sequencing, we applied a software (LDI-PCR.py) to 
identify amplicons with hallmarks of the 3’ transductions arising from the LINE-1 
in TTC28. We identified 14 out of the 15 3’ transductions that were previously 
identified from WGS data. In addition, we detected 25 novel transductions that 
exhibit all the hallmarks of LDI-PCR but were not detectable by 40x WGS, even 
after manual inspection of the read data (Table 1). Almost all 25 insertions were 
supported by fewer nanopore reads than the ones detected by WGS (Wilcoxon 
rank-sum test, p-value= 2.43 x 10 -6) (Table 1) thus suggesting that the novel 
insertions were likely to be subclonal events. 

Additionally, we were able to validate two insertions by conventional PCR and 
nanopore sequencing (Y:15633117 and 14:79638932), and six out of ten 
insertions by allele-specific PCR and sanger sequencing. The presence of both 
clonal and subclonal insertions indicates active retrotransposition during the 
tumorigenic process. 

 



 

 36 

 

Figure 9. Schematic of the LDI-PCR method and rationale used to detect 3’ 
transductions. The reference full-length element is depicted in a blue rectangle, and the 
3’ transduced region in a blue line. Polyadenylation signals are marked as red lollipops. 
Representation of a 3’ transduction in a new location is depicted in blue, and the novel 
location in brown. After DNA digestion and ligation, target circular templates are produced 
which will be amplified by LDI-PCR. L1: LINE-1.
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2.1. Analysis of the insertion sequence 

Long-read sequencing allowed the elucidation of the insertion sequence. A 
consensus of the inserted sequence was obtained for each insertion, and the 
complete sequence was recreated in 35 out of 39 insertions. From the 35 
insertions, eight consensus sequences contained short alignment gaps (3-10 bp). 
These gaps were likely to be the result of mismatches from Nanopore sequencing. 
Target side modifications (TSMs) were observed in all the consensus sequences, 
from which 29 were duplications and six were deletions. The mean insertion length 
was 493 bp, and it ranged from 142 to 1124 bp. All the consensus sequences 
showed 5’ truncation and ~77% of them did not include the LINE-1 sequence, also 
defined as orphan transductions. 

We also explored the use of 9 polyadenylation signals located within the unique 
sequence, and we observed that 90% of the insertions did not terminate in the 
canonical signal, but instead used two alternative polyadenylation signals (6th and 
9th). We examined the strength of the signals utilizing polyadq and found that the 
preference for the 9th was consistent with the predictions. However, the 6th 
polyadenylation signal was predicted to be false by polyadq. 

Furthermore, we observed inversion of the inserted sequence in 16 out of 35 
insertions likely to involve twin priming. Twin priming is a phenomenon that 
involves an inversion of the inserted sequence due to an internal region of 
homology between the LINE-1 sequence and the target site. We were able to 
observe the exact point of the inversion in all the cases, and identified the region 
of microhomology in 10 out of 16 insertions. 

  



Table 1. Clonal and subclonal insertions detected by LDI-PCR/Nanopore sequencing. The insertions are sorted by 
sample and insertions also detected by WGS are squared. TSM: target side modifications (dup: duplications, del: dele-
tion); TP: twin priming; Ins.length (bp): insertion length in base pairs; * : internal duplication; **: sequence missing.

Target  TSM Size of TSM TP Ins. length (bp) Reads 

1:195769724-195769709 dup. 16 yes 29 3984 

4:93280482-93280454 dup. 28 no 243 4658 

4:155900401-155900387 dup. 14 yes 1015 1705 

4:183051382-183051401 del. 18 no 142 10103 

7:146783241-146783223 dup. 18 yes 536 19889 

7:152661949-152661940 dup. 9 yes 455 20107 

12:33708291-33708277 dup. 14 yes 377 16909 

2:78612537-78612530 dup. 8 yes 665 5 

3:99147126-99147111 dup. 16 yes 984 47 

4:90987152-90987149 dup. 4 no 834 99 

6:74978206-74978187 dup. 20 no 597 9 

8:111856478-111856457 dup. 22 yes 857 6 

14:99070525-99070523 dup. 3 no 354 55 

16:26220799-26220798 dup. 2 no 142 182 

16:5902138-5902158 del. 19 no 165 72 

1:115147190-115147187 dup. 4 no 246 12753 

2:182004540-182004515 dup. 26 yes 783* 20217 

2:229159082-229159075 dup. 8 no 330 704 

6:70787202-70787188 dup. 15 yes >223 17007 

6:133527459-133527443 dup. 17 no 204 98 

8:88681299-88681304 del. 4 no 416 1095 

12:128116403-128116405 del. 1 no 391 15099 

2:50947578-50947612 del. 33 NA >183 98 

2:129889238-129889240 del. 1 no 176 193 

4:44621421-44621515 del. 93 no 607 33 

5:8665955-8665942 dup. 14 no 242 451 

5:83347372-83347360 dup. 13 yes 340 78 

5:119565858-119565843 dup. 16 yes 455 14 

6:112763097-112763084 dup. 14 yes 671 38 

7:152870668-152870685 del. 16 yes 306 457 

8:114925191-114925178 dup. 14 no 1124 1020 

8:107979180-107979169 dup. 12 yes 1055 28 

10:101386670-101386662 dup. 9 NA >161 36 

10:107557372-107557435** NA NA NA >120 86 

12:33100097-33100084 dup. 14 yes 670 248 

14:79638932-79638931 dup. 2 no 147 172 

18:1233989-1233975 dup. 15 yes 735 117 

X:108351909-108351907 dup. 3 no 456 119 

Y:15633117-15633103 dup. 15 no 244 1084
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2.2. Comparison of Nanopore and WGS local assembly  

We utilized insertions detected by both methods (WGS and nanopore) in one of 
the samples (n=7), to compare long-read sequencing to short-read local 
assembly.  

Local assembly was successfully accomplished in one contig in four out of seven 
cases with defined parameters. However, the remaining three insertions were 
assembled in two contigs and thus, the sequence in between was lost. The length 
of the lost sequence varied from 88-614 bp based on the genomic coordinates of 
both insertion junctions. However, we were not able to estimate the length of the 
lost sequence in one case involving twin priming where the point of inversion was 
within the lost sequence. All insertions with lost sequence were longer than 400 
bp based on the LDI-PCR/Nanopore consensus sequence.  

Both methods predicted insertion length accurately (deviance 0-7 bp) and, in 10 
out of 14 insertions the breakpoints were predicted consistently. In cases with an 
inconsistent breakpoint, we observed that the inconsistent breakpoint was located 
after a stretch of Ns which corresponded to the location of the consensus polyA 
tail, which was likely to compromise the local assembly.  

The comparison of local assembly of short-read WGS and the consensus 
sequences generated by LDI-PCR and Nanopore sequencing indicates that local 
assembly was of limited value in the reconstruction of the complete insertions and 
in the accurate identification of polyA tails.  

 

3. Characterization of somatic retrotransposition in 202 
colorectal tumors 

To characterize somatic retrotranspositions we utilized TRaFiC and DELLY in 202 
colorectal tumors including 12 MSI, 187 microsatellite stable (MSS) and 3 POLE 
mutant tumors. After somatic filtering, we were able to identify 5072 somatic 
insertions. The median number of insertions was 17, minimum number of 
insertions was 0 and maximum number of insertions was 197. Insertion density 
was higher in closed chromatin (1.78 insertions per Mbp) than in open chromatin 
(0.96 insertions per Mbp), and in late replicating regions (replication time >0.8, 
3.06 insertions per Mbp) compared to early replicating regions (replication time < 
0.2, 0.73 insertions per Mbp). 
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3.1. Insertions in protein-coding genes 

Out of 5072 somatic insertions, 1680 insertions (33%) were in protein-coding 
genes and as expected, the majority of the insertions were located in the introns 
and only 72 insertions were found in the exons. We also observed higher insertion 
count in genes with lower expression and lower insertion count in genes with 
higher expression (Figure 10). 

 

 

Figure 10. Insertions in protein-coding genes. Number of somatic insertions in protein-
coding genes, and in 21 fragile sites. In the left panel, logarithm of the gene expression 
values (median TPM values in 34 tumors) is represented on the Y-axis, and number of 
insertions per gene classified in groups are represented on the X-axis. Right panel shows 
the insertion fraction over the fraction of allelic imbalance in 21 fragile sites genes.  

  

In addition, we observed recurrent insertions (at least two insertions) in 333 
protein-coding genes. Genes with the highest number of insertions were LRP1B 
(19 insertions), DLG2 (10 insertions), and PTPRD (9 insertions). Both LRP1B and 
DLG2 are common fragile site genes and recurrent hotspots for HPV viral 
integration. Although recurrent insertions in certain genes could be the result of 
tumor selection, no clear clusters of insertions in either of the genes were 
observed. The high number of insertions in these genes could still be the result of 
conferring a tumor growth advantage, but also due to other characteristics, such 
as low gene expression, gene length, sequence composition, replication timing 
and chromatin structure, or a combination of all. In addition, the top three genes 
with the highest recurrent insertion density were COL25A1, ARAP2, and ZNF251. 
All the insertions were located in the introns, no clear hotspots of insertions were 
apparent, and none of them were classified as known cancer genes.  
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We also evaluated whether insertions could affect the expression of the nearest 
genes by using RNA-seq data from a subset of 34 tumors (detailed explanation in 
Cajuso et al. (Cajuso et al.)). However, we could not find a significant global effect 
in the expression of the closest genes to the insertions detected in the 34 tumors. 
Therefore, based on these findings, it is difficult to conclude whether these 
insertions were driver events or passengers of the tumorigenic process. 

 

3.1.1. Insertions in common fragile site genes

Among protein-coding genes with recurrent insertions, 12 were common fragile 
sites. Since fragile sites are prone to genomic instability, we investigated whether 
the fraction of copy number gains and losses - here defined as AI - and the frac-
tion of insertions in fragile site genes correlated. Although no correlation was 
found, we observed two groups; fragile site genes with high insertion fraction dis-
played low AI fraction and vice versa  (Figure 10).

Since insertion count is higher in genes with lower expression, we decided to 
investigate whether gene expression could explain the negative correlation 
between insertion fraction and AI fraction. In fact, genes with high insertion fraction 
(insertion fraction / AI fraction >1) had lower expression than genes with high AI 
fraction (0 < insertion fraction / AI fraction < 1) (Exact Two-Sample Fisher-Pitman 
Permutation Test for log transformed gene expression, p=0.04).

Thus, our findings indicate that while AIs are a recurrent characteristic of fragile 
sites, less expressed fragile sites are more prone to retrotranspositions.

 

3.1.2. Insertions in known cancer genes 

We identified recurrent insertions in 15 known cancer genes, although no clear 
bias towards TSGs or oncogenes was observed. All recurrent insertions in cancer 
genes were intronic except for one gene (Table 2). 
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Table 2. List of known cancer genes with two or more somatic insertions. TSG: tumor 
suppressor gene. 
 

Gene ID Gene name Num. of ins) Cancer census role 
ENSG00000168702 LRP1B 19 TSG 

ENSG00000178568 ERBB4 7 Oncogene, TSG 

ENSG00000171094 ALK 5 Oncogene, fusion 

ENSG00000196090 PTPRT 3 TSG 

ENSG00000046889 PREX2 3 Oncogene 

ENSG00000185811 IKZF1 3 TSG, fusion 

ENSG00000183454 GRIN2A 2 TSG 

ENSG00000144218 AFF3 2 Oncogene, fusion 

ENSG00000157168 NRG1 2 TSG, fusion 

ENSG00000079102 RUNX1T1 2 Oncogene, TSG, fusion 

ENSG00000151702 FLI1 2 Oncogene, fusion 

ENSG00000134982 APC 2 TSG 

ENSG00000189283 FHIT 2 TSG, fusion 

ENSG00000085276 MECOM 2 Oncogene, fusion 

ENSG00000196159 FAT4 2 TSG 

 

The only gene with recurrent exonic insertions was APC. Both insertions were in 
the exon 16 and consistent with the distribution of nonsynonymous changes. 
Both insertions were located in close proximity to the two insertions previously 
identified (Figure 11). Both tumors with APC insertions displayed copy number 
loss and loss of heterozygosity encompassing APC but no other sequence varia-
tions were found. Therefore, our findings together with the two previous reports, 
suggest that LINE-1 insertions can serve as tumor initiating events in a small 
proportion of CRC cases (Miki et al. 1992; Scott et al. 2016).
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Figure 11. Representation of the linear protein of APC. Distribution of nonsynony-
mous changes in 187 MSS CRCs are represented as red lollipops. Retrotransposon in-
sertions identified in this study are shown as dark blue lollipops and two insertions that 
were previously identified are shown as green lollipops. MCR: mutation cluster region.

3.2. Hot reference LINE-1s

We utilized the 3’ transduced region from 346 transductions to identify the 
reference source elements and investigate their activity. We first identified that, 
out of 315 reference full-length elements 56 were responsible for at least one 
transduction. Fifty percent of these elements (28/56) had been previously re-
ported to be active in human cancers (Rodriguez-Martin et al. 2020) and, as we 
previously reported (Study I), the most active element was the LINE-1 located in 
TTC28, which accounted for 46% of all transductions.

Therefore, the majority of the detected 3’ transductions originated from a very few 
active reference LINE-1s.

 

3.3. Retrotransposition and molecular characteristics 

To evaluate whether retrotransposon insertion count was associated with clinical 
and molecular characteristics, we applied a multiple linear regression model. We 
hypothesized that insertion count was associated with tumor location, TP53 
mutation, MSI, the genomic fraction of AI and CIMP. We also included mean 
coverage, Dukes tumor stage, sex and age at diagnosis to adjust the model for 
possible confounders (Table 3). After adjusting the model, we identified that 
insertion count was significantly associated with CIMP and the genomic fraction 
of AI (Figure 12, Table 3). Both associations remained significant after adding 
BRAF mutation (V600E) in the model (Multiple linear regression model CIMP p-
value=0.004, genomic fraction of AI p-value=0.004) and when the model was 
applied with only MSS samples (Multiple linear regression model CIMP p-
value=0.001, genomic fraction of AI p-value= 0.006). 
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Figure 12. Log-transformed insertion count versus the genomic fraction of AI and 
CIMP. Scatter plots of log-transformed insertion count over the genomic fraction of AI left 
panel) and CIMP (right panel).  

 

Table 3. Output of the multiple linear regression model of the log-transformed 
insertion count. CIMP-H: CpG island methylator phenotype high; AI: Allelic imbalance; 
MSI: Microsatellite instability; Mean cov.: Mean coverage; Age: age at diagnosis.   
 

 Coeff. Std. err. z p Signif. 
Intercept 0.408 0.647 0.63 5.29E-01  
CIMP-H 0.607 0.169 3.6 3.22E-04 *** 

AI (/10% of reference) 0.0826 0.0284 2.91 3.64E-03 ** 
TP53 mutation −0.0684 0.134 −0.509 6.10E-01  

MSI 0.15 0.285 0.527 5.98E-01  
Mean cov.(/10 reads) 0.309 0.0862 3.59 3.33E-04 *** 

Age (/10 years) 0.0331 0.0603 0.549 5.83E-01  
Male 0.057 0.123 0.464 6.42E-01  

Dukes B −0.0578 0.168 −0.344 7.31E-01  
Dukes C −0.0483 0.186 −0.259 7.96E-01  
Dukes D 0.0049 0.211 0.0232 9.81E-01  

Proximal location 0.206 0.144 1.43 1.52E-01  

 

3.4. Retrotransposition and disease-specific survival 

To investigate whether the number of retrotransposon insertions correlated with 
CRC survival, we applied a Proportional Hazards model. We adjusted the model 
with variables known to affect CRC survival, including Dukes tumor stage, sex, 
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MSI, age at diagnosis and BRAF mutation. Since insertion count was associated 
with CIMP and the genomic fraction of AI, we also included both variables in the 
model. We identified that insertion count was significantly associated with poor 
CRC survival independently of other prognostic factors (Figure 13, Table 4). 

 

Figure 13.  Insertion count is associated with poor CRC survival. Kaplan-Meyer curves 
from patients with 0-20 insertions and patients with more than 20 insertions.  

 
Table 4. Output of the Cox proportional Hazards model. MSI: Microsatellite instability; 
CIMP-H: CpG island methylator phenotype high; Age: age at diagnosis; AI: Allelic 
imbalance. 
 

 Coeff. Std. err. z p HR [95% CI] Signif. 
Insertion count (/10) 0.108 0.0362 2.98 2.93E-03 1.11 [1.04, 1.20] ** 

MSI −0.258 0.642 −0.402 6.88E-01 0.773 [0.219, 2.72]  
CIMP-H 0.174 0.341 0.51 6.10E-01 1.19 [0.610, 2.32]  

BRAF mutation 0.79 0.447 1.77 7.68E-02 2.20 [0.918, 5.29] . 
Age [55, 75) years −0.147 0.408 −0.360 7.19E-01 0.863 [0.388, 1.92]  

Age ≥ 75 years 0.188 0.427 0.439 6.60E-01 1.21 [0.523, 2.78]  
Male 0.311 0.232 1.34 1.80E-01 1.37 [0.866, 2.15]  

Dukes B 0.452 0.449 1.01 3.13E-01 1.57 [0.652, 3.79]  
Dukes C 1.77 0.431 4.12 3.82E-05 5.89 [2.53, 13.7] *** 
Dukes D 2.78 0.454 6.12 9.07E-10 16.2 [6.64, 39.4] *** 

AI (/10% of reference) −0.0583 0.0539 −1.08 2.80E-01 0.943 [0.849, 1.05]  
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DISCUSSION 
 

Cancer is a group of heterogeneous diseases that results from the accumulation 
of driver events in a multi-step manner. Over the last decade, next generation 
sequencing has allowed the characterization of cancer genomes, which has led 
to the identification of several driver events. Retrotransposons are repetitive 
sequences that become active in many cancers and lead to insertional 
mutagenesis. However, retrotransposons remain difficult to detect, mostly due to 
their repetitive nature, which has resulted in few comprehensive studies. 
Therefore, the impact of retrotransposons in tumorigenesis remains considerably 
unknown. In this thesis work, we aimed at investigating retrotransposition in 
colorectal tumorigenesis by utilizing whole genome and long-read sequencing.  

In study I, we identified recurrent somatic retrotranspositions arising from a full-
length LINE-1 located in the first intron of TTC28. In study II, we utilized LDI-PCR 
and Nanopore sequencing and detected 39 transductions, including 25 novel 
events, from the same LINE-1. Moreover, high coverage long-read sequencing 
allowed us to build the inserted sequence in 90% of the cases. In study III, we 
identified 5072 somatic insertions including 346 transductions in 202 colorectal 
tumors. We found recurrent insertions in fragile sites and cancer genes, and a 
recurrent hit in exon 16 of APC. In addition, high insertion count was associated 
with the CpG island methylator phenotype, the genomic fraction of allelic 
imbalance and CRC poor survival.  

 

1. LINE-1 in TTC28

1.1. Accurate interpretation of WGS data

The LINE-1 identified to be active in study I is a reference full-length element which 
was previously identified to be active (Beck et al. 2010; Brouha et al. 2003). The 
same LINE-1 has been identified as the most active element in 290 samples from 
12 different tumor types (Tubio et al. 2014), in 202 colorectal tumors (Cajuso et 
al. 2019), and in 2954 tumors across 38 tumor types (Rodriguez-Martin et al. 
2020). In addition, it has been identified to be active in esophageal 
adenocarcinomas (Paterson et al. 2015) and endometriosis associated ovarian 
cancer (Xia et al. 2017). On the other hand, a previous study had identified re-
current chromosomal rearrangements involving TTC28 and interpreted them as 
translocations (Network and The Cancer Genome Atlas Network 2012). They 
predicted that the translocations inactivated TTC28 and, since TTC28 is a target 
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of TP53 (Brady et al. 2011), its inactivation was suggested to enhance tumor 
progression. 
However, we and others (Pitkänen et al. 2014; Tubio et al. 2014; Paterson et al. 
2015) have indicated that these events are more likely to be LINE-1 
retrotransponsitions rather than inactivating translocations. The misinterpretation 
of LINE-1 transductions, in particular orphan transductions, could arise from the 
mobilization of the unique downstream sequence which can resemble a translo-
cation event. However, an accurate interpretation is possible when hallmarks of 
retrotransposition such as the LINE-1 sequence, polyA tail and TSD are identi-
fied at the target sites.

The correct identification of structural rearrangements is key for the accurate 
interpretation of cancer data. In this case, translocations were predicted to 
inactivate TTC28. However, we did not predict any effect on TTC28 due to 
retrotransposition, since the LINE-1 “copy-and-paste” mechanism leaves the 
source element intact.

1.2. Detection of subclonal insertions

We were able to identify 25 subclonal insertions, not detected by 40x WGS, by 
using LDI-PCR and Nanopore sequencing. These findings indicate that the 
number of insertions detected in study I, study III and probably several other 
studies, is underestimated since they probably missed subclonal insertions. This 
is expected because of low sequencing coverage, tumor heterogeneity and 
normal tissue contamination. The presence of clonal and subclonal insertions 
indicates that retrotransposition is an ongoing tumorigenic process, although 
somatic insertions are acquired discontinuously as previously reported (Rodić et 
al. 2015).

In study III, we investigated the activity of other reference LINE-1s in addition to 
the LINE-1 in TTC28. As mentioned above, this LINE-1 was the most active in our 
CRC dataset as well as in other tumor types (Tubio et al. 2014; Rodriguez-Martin 
et al. 2020). It is important to note that in these studies, the identification of active 
LINE-1s relied on the transduction rate and different LINE-1s are active in different 
stages of the tumorigenic process (Tubio et al. 2014). Therefore, additional LINE-
1s might be active in later stages of tumorigenesis or might have lower 
transduction rates and therefore, their activity might be underestimated. Additional 
studies utilizing high coverage long-read sequencing will likely shed light on the 
clonality and timing of retrotransposition, as well as, the identification of which 
LINE-1s are most active in different stages of the tumorigenic process.

1.3. Elucidation of insertion characteristics

The utilization of long-read sequencing allowed the resolution of both insertion 
junctions and the elucidation of insertion characteristics in study II. Seventy-seven
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percent of the insertions were orphan transductions, where no LINE-1 sequence 
was identified. The frequency of orphan transductions is higher than the rate 
reported by Tubio et al. (Tubio et al. 2014), which is probably caused by higher 
sensitivity of the LDI-PCR and Nanopore sequencing approach. Target site 
duplications were found in 82% of the insertions which is consistent with the 
retrotransposon insertion mechanism as previously reported in CRC (Solyom et 
al. 2012) and in transgenic mouse models (Babushok 2005). Twin-priming was 
observed in 45% of the insertions. We suggested that the high rate of twin priming 
could be due to the presence of several stretches of Ts at the 3’ end of the LINE-
1, which could be used as a second primer during RT. However, a higher rate of 
twin-priming could also be due to a higher resolution of the complete sequence. 
Furthermore, we found that nanopore sequencing was better at reconstructing the 
consensus sequences than local assembly of short-read data. However, LDI-PCR 
failed to amplify one insertion, which could be due to the formation of a secondary 
structure between the insertion polyT tail and a nearby reference stretch of As. 

 

2. Genomic characterization of retrotransposition 

In study III, we characterized somatic retrotranspositions in 202 colorectal tumors. 
The majority of somatic insertions (99%) originated from LINE-1s, but we also 
detected a few insertions from Alus, SVAs, and HERVs. Since there is no 
evidence of HERV activity in humans, the detected somatic HERV insertions could 
be false positive calls or the result of microhomology-mediated break-induced 
repair (Hastings et al. 2009) as suggested previously (Lee et al. 2012). Regarding 
the genomic distribution of somatic insertions, we found higher insertion count in 
closed chromatin and in late replicating regions as previously reported (Helman 
et al. 2014; Tubio et al. 2014). However, higher insertion density was found in 
open chromatin after adjusting for L1 motif content and replication time in a recent 
report (Rodriguez-Martin et al. 2020). Among insertions in genes, higher insertion 
count was identified in genes with lower expression than in genes with higher 
expression, also consistent with recent studies (Helman et al. 2014; Rodriguez-
Martin et al. 2020).   

2.1. Recurrent insertions in protein-coding genes 

We identified recurrent insertions in 333 protein-coding genes from which 12 were 
in fragile sites and 15 were in Cancer Census genes. The majority of these 
insertions are located in the introns, which is consistent with the intronic 
preference estimated in study I. Although insertions have been shown to affect 
gene expression (Lee et al. 2012; Helman et al. 2014), no effect was found in our 
study nor in Tubio et al. (Tubio et al. 2014). However, in our case this result could 
be due to the approach we utilized, since we could only assess the overall effect 
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of insertions on nearby genes due to a small sample size. Therefore, the impact 
of somatic retrotransposition on gene expression should be investigated further.  

The highest number of insertions was detected in LRP1B. LRP1B is a common 
fragile site gene, a hotspot for HPV integration and a cancer census gene 
(Rajaram et al. 2013; Hu et al. 2015). Recurrent insertions in genes frequently 
mutated in cancer have been previously identified (Lee et al. 2012; Solyom et al. 
2012; Helman et al. 2014). In fact, we identified 15 known cancer genes with 
recurrent insertions. Recurrent insertions in cancer genes can be the result of 
several characteristics such as sequence composition, chromatin state, 
replication timing, gene length and somatic selection. However, evidence of 
insertions inactivating TSGs or activating oncogenes remains scarce. Further 
studies investigating disruption of cancer genes by other means than insertion, 
such as LINE-1 mediated chromosomal rearrangements (Rodriguez-Martin et al. 
2020), should provide additional evidence of how often retrotransposition 
inactivates tumor suppressor genes and activates oncogenes.  

 
2.2. Retrotransposition as a source of fragility

We identified recurrent insertions in 12 out of 21 known common fragile site 
genes. We observed that less expressed fragile site genes were targeted by 
retrotranspositions rather than AIs. Helman et al. already observed an enrichment 
of insertions in large common fragile sites located in late replicating regions and 
closed chromatin (Helman et al. 2014). Thus, retrotransposition seems to 
contribute to genomic fragility in genes with lower expression which may be less 
prone to allelic imbalances.

2.3. Retrotransposition as early tumor initiating events

We identified 72 insertions in the exons of genes from which two were in APC. 
Insertions in the exon 16 of APC have been reported twice by two independent 
studies. In 1992, Miki et al. found the first LINE-1 insertion that could act as a tu-
mor initiating event, which was later supported by the identification of the second 
insertion in 2016 (Miki et al. 1992; Scott et al. 2016). Our findings also indicate 
that LINE-1 insertions may serve as tumor initiating events, although in a very 
small proportion of CRCs. In these patients, the source LINE-1 that led to the in-
sertions probably evaded somatic repression in the corresponding normal tissue 
as it was reported in 2016 (Scott et al. 2016).
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3. Retrotransposition and molecular and clinical 
characteristics 

The availability of clinical data allowed the investigation of the relation between 
somatic insertion count and molecular and clinical characteristics. 

3.1. Retrotransposition correlates with CIMP and AI 

We applied a multiple linear regression model to investigate whether insertion 
count was associated with tumor location, TP53 mutation, MSI, the genomic 
fraction of AI, CIMP, tumor stage, sex and age at diagnosis. After model fit 
assessment, we found that high insertion count was positively correlated with 
CIMP and the genomic fraction of AI. We did not find an association with age at 
diagnosis, although it had been reported (Solyom et al. 2012). This could be due 
to a larger sample size and the addition of more covariates in our study. We did 
not find a significant association with TP53 mutation either, despite its association 
with ORF1p expression (Rodić et al. 2014) and insertion count (Rodriguez-Martin 
et al. 2020). Again, this could be due to differences in the datasets or insertion 
count is associated with TP53 mutation in the absence of the AI covariate. 

Furthermore, the association between insertion count and CIMP is slightly 
unexpected since LINE-1 promoter hypomethylation is a characteristic of active 
LINE-1s (Tubio et al. 2014). However, gene promoter hypermethylation and LINE-
1 promoter hypomethylation are not necessarily exclusive. In fact, LINE-1 
promoter hypomethylation was inversely associated with CIMP and MSI in CRC 
(Ogino et al. 2008a). Despite an association with CIMP we did not find an 
association with MSI. This could be due to a small number of MSI samples, or 
because insertion count is associated with CIMP independently of MSI. In fact, 
the association with CIMP remained significant independently of BRAF mutation 
and, after applying the same model with only MSS samples. Therefore, further 
research is needed to further explore and validate these associations in additional 
datasets. In addition, long-read sequencing of the epigenome of tumors with high 
insertion count could elucidate whether high insertion count arises from only a few 
hot LINE-1s or from global LINE-1 promoter hypomethylation. Additionally, it could 
elucidate whether insertion count, LINE-1 hypomethylation or hot LINE-1 
hypomethylation are associated, and in turn associated with CIMP.  
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3.2. Retrotransposition correlates with poor CRC survival 

We applied a Proportional Hazard Cox model and identified that insertion count 
was associated with poor CRC survival, independently of known prognostic 
factors. These findings are in concordance with the association between LINE-1 
hypomethylation and poorer prognosis in several cancers (Pattamadilok et al. 
2008; Ogino et al. 2008b; Saito et al. 2010; van Hoesel et al. 2012; Iwagami et al. 
2013; Harada et al. 2015). However, our study shows that retrotransposon 
activity- not only LINE-1 hypomethylation- is associated with poor survival in a 
multivariate model. Future studies should validate this association including 
covariates known to affect survival in a more extended dataset, but also in other 
tumor types. In addition, the association between insertion count and other 
covariates, such as tumor immune cell infiltration, should be explored.   
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CONCLUSIONS AND FUTURE PROSPECTS 
 

Retrotransposition is a hallmark of several cancers with high activity reported in 
CRC. However, the somatic landscape of retrotransposition in CRC has remained 
considerably unexplored. The studies in this thesis work highlight the importance 
of accurate interpretation of whole genome data and provide evidence of active 
and ongoing retrotransposon activity in CRC. Furthermore, the association with 
CIMP and the genomic fraction of AI- both separate characteristics of the two 
distinct molecular pathways- suggests the presence of more molecular subtypes 
with respect to retrotransposon activity and CRC prognosis.  

Although our findings indicate that retrotransposition may play a more important 
role in tumorigenesis, it remains unclear how often they affect gene expression 
and how often retrotransposition can indirectly target cancer genes. LINE-1-
mediated rearrangements result from aberrant LINE-1 integrations that can lead 
to large deletions, duplications and translocations. These rearrangements could 
involve deletions and duplications of several megabases, thus involving numerous 
TSGs and oncogenes but also enhancer and repressor regions. The combination 
of whole genome and transcriptome long-read sequencing should elucidate how 
often retrotransposition affects gene expression and the role of LINE-1-mediated 
rearrangements in promoting tumorigenesis.  

In addition, retrotransposon sequences often contain several transcription factor 
binding sites. These sites might be functional and therefore modify the regulatory 
cancer genome. However, the elucidation of the inserted sequences remains 
challenging by short-read sequencing. Long-read sequencing can sequence in 
one read the whole insertion and therefore, elucidate how often retrotransposition 
might bring regulatory elements to new locations.  

Furthermore, several studies suggest that retrotransposons are already active in 
the precancerous lesions. However, comprehensive characterizations of somatic 
retrotransposition in precancerous lesions and the corresponding normal tissue 
are scarce. Future studies characterizing the somatic landscape of 
retrotransposition in tumors versus the corresponding normals could provide 
insights into predicting which cells are more likely to become cancerous. In 
addition, the catalog of germline insertions in human populations remains largely 
unexplored. However, the implementation of whole genome long-read sequencing 
in large populations will provide tools for the characterization of the complement 
of human polymorphic insertions, and for the identification of novel insertions that 
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are present in only a few individuals. Several of these insertions could be 
responsible for disease phenotypes or an increase in disease risk. Furthermore, 
a catalog of full-length insertions could contribute to understanding what makes 
some cancer genomes more prone to retrotransposition than others.  

To conclude, this is an exciting time for the field of retrotransposition. With the 
development of molecular techniques, such as long-read sequencing and single 
cell sequencing, several questions will be resolved in the upcoming years. The 
better understanding of the effects and timing of retrotransposition, as well as what 
makes some genomes more permissive than others, can provide novel insights 
into patient stratification and cancer prevention.  
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“Go to the limits of your longing”: “Let everything happen to you: beauty and 

terror. / Just keep going. No feeling is final.” 

- Rainer Maria Rilke 
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