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 Abstract 2.

 

 

Tandem repeat polymorphisms are major contributors to genomic variation and 

pathogenic phenotypes. Colorectal cancer is an outcome of the accumulation of various 

molecular alterations in the genome. Repeat instability in cancer is an important factor in 

the process of tumorigenesis but it needs to be better studied. In this analysis, I 

investigate tandem repeat instability in 62 genomes of colorectal tumors and their 

matched normal tissues for the exonic regions of 18,439 genes. I find an increased de 

novo formation and loss of repeats in the tumor genomes compared to their matched-

normal pair. Furthermore, I observe an absence of repeat variability in the copy number 

of matched repeats in the genome pairs. Additionally, repeats with higher copy numbers 

and shorter unit lengths show increased variability. Finally, I observe that cancer genes 

are more enriched with tandem repeats than other genes. Overall, although this study 

proves that there is some increased repeat instability in exonic regions of colorectal 

cancer, however it shows that more investigation is needed to provide a more precice 

picture of a genomic signature of carcinogenesis. 
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 Introduction 3.

 

 Tandem Repeats 3.1.

 

In biology, studying the relationship between the genotype and the phenotype of an 

organism is crucial for a complete understanding of functions of biological elements and 

how their malfunctioning associates with disease (Durbin et al., 2010). In order to 

understand this relationship, many studies investigate variation of DNA sequences and 

its contribution to distinct phenotypes. Of the variations most studied are single 

nucleotide polymorphisms (SNPs) (Wang et al., 1998; Sachidanandam et al., 2001) and 

structural variation caused by copy number variation of bigger or smaller parts of the 

genome (Pinkel et al., 1998; Stranger et al., 2007). The former refers to variation at a 

single position in a DNA sequence that occurs in more than 1% of the population (Durbin 

et al., 2010). The latter corresponds to structural variation of the genome, where the 

number of copies of the whole or a part of the genome is changed. Copy number 

variation could account for as much as 13% of the human genome (Stankiewicz and 

Lupski, 2010). On the last two decades, a genomic element that was previously 

perceived as “junk DNA” (Ohno, 1972) received the spotlight of the scientific community 

and found to contribute considerably to genotypic variation (Payseur et al., 2011; 

O’Dushlaine et al., 2005; O’Dushlaine and Shields, 2008; Willems et al., 2014).  This 

genomic element is tandem repeats (TRs). They are DNA sequences where one repeat 

unit is repeated in tandem. TRs are highly abundant in the human genome.It has been 

shown that more than 30 percent of coding regions contain a tandem repeat (Legendre 

et al., 2007), and 17 percent of the tandem repeats in the human genome are 

polymorphic (Gemayel et al., 2010). According to the size of their repeat units, TRs are 

divided in two main categories; microsatellites that consist of repeats with less than 9 

nucleotides (nt) and minisatellites with unit length from 10 nt to 100 nt (Denoeud et al., 

2003; Näslund et al., 2005). The name “satellite” has a historical origin and refers to the 

process of “density-gradient centrifugal separation of genomic DNA” where TRs were 

originally identified as ”satellite bands” (Kit, 1961). 

 

It is challenging to find out whether a sequence is a tandem repeat or a biologically 

irrelevant structure that occurred by chance. Various algorithms (TRF, Mreps, Sputnik, 
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ATRHunter, iMEx, T-reks etc) have been developed for the identification of repeats. 

These algorithms use specified thresholds based on some repeat characteristics, such 

as the unit length of the repeat pattern, the repeat unit number, that is, how many times 

a unit is repeated, and the purity of the repeats (i.e. exact matching between repeat 

units). In projects studying TRs and their effects on phenotype, the most widely used tool 

is the Tandem Repeat Finder (TRF), (O’Dushlaine et al., 2005; Legendre et al., 2007; 

Payseur et al., 2011; Willems et al., 2014) which performs much better than other 

algorithms by detecting more perfect repeats with a consistency of performance due to 

its flexibility in the parameter settings and probabilistic modeling approach (Lim et al., 

2013). 

 

 Tandem Repeat Variations  3.1.1.

 

TRs are highly unstable elements with mutation rates varying from 10-3 to 10-7 per cell 

division and around 10-2 to 10-5 per generation, significantly higher than that of other 

parts of the genome and especially point mutations (Gemayel et al., 2010). The main 

source of polymorphisms in TRs is a structural variation that stems from repeat unit 

number alterations, more specifically the addition or deletion of one or more repeat 

unitscauses an expansion or a contraction in the repeat sequence, respectively. Several 

models have been proposed to describe the molecular mechanism that causes this 

variation and how it is affected by repeat characteristics (Gemayel et al., 2010). The two 

most accepted models so far are strand-slippage replication and recombination 

(Gemayel et al., 2010; Ellegren, 2004). Strand slippage basically takes place during 

DNA replication when there is a mispairing event or when a double-strand breaks in 

arepeat tract (Fan and Chu, 2007). In the former case, the DNA strand that is 

synthesized anew misaligns with the template strand, causing formation of a loop 

(Lovett, 2004). This can result in a repeat contraction, if the template strand loops out, or 

in an expansion, if the nascent strand loops out (Gemayel et al., 2010; Lovett, 2004). 

The other major model for repeat unit number variation involves the meiotic 

recombination process (Gemayel et al., 2010; Richard and Pâques, 2000). Meiotic 

recombination is the crossing over between chromosomes, and although this model can 

explain repeat instability found in the germline, it cannot account for the majority of 

tandem repeat polymorphisms during somatic mutations (Richard and Pâques, 2000). 
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 Repeat characteristics of variable repeats  3.1.2.

 

Mutation rates differ among repeats (Weber and Wong, 1993; Brinkmann et al., 1998). 

There have been efforts to determine which repeat characteristics contribute most to 

their variability (O’Dushlaine et al., 2005; Legendre et al., 2007; O’Dushlaine and 

Shields, 2008; Payseur et al., 2011; Willems et al., 2014). The most significant 

contributor is repeat unit number, which seems to increase repeat variability 

exponentially (Legendre et al., 2007, O’Dushlaine et al., 2005; O’Dushlaine and Shields, 

2008; Payseur et al., 2011, Willems et al., 2014). Moreover, several studies indicate 

higher repeat variability for repeats with greater TRF score (O’Dushlaine and Shields, 

2008, Legendre et al., 2007) and purity (O’Dushlaine and Shields, 2008, Willems et al., 

2014). Repeat unit length is also a significant contributor to repeat variability, although 

there is no consensus on the direction of the effect. Some studies revealed higher repeat 

variability for shorter repeat units (O’Dushlaine and Shields, 2008; Ellegren, 2004; 

Willems et al., 2014), which can be explained by their high mutation rates (Chakraborty 

et al. 1997; Kelkar et al., 2008). However other studies found signs of the opposite effect 

(Payseur et al., 2011, O’Dushlaine et al., 2005). In coding regions, the most polymorphic 

repeats are trimeric and hexameric repeats (i.e. with unit length of 3 nt and 6 nt, 

respectively) (Willems et al., 2014, refs), probably due to higher selection pressure in 

exons to avoid frameshift mutations (Ellegren, 2004), which are more destructive than 

point mutations (Duval and Hamelin, 2002). Coding TRs are, indeed much less variable 

than noncoding TRS (Willems et al., 2014, Payseur et al., 2011) TRs in introns, and TRs 

in untranslated regions (Payseur et al., 2011). In a genomic survey of repeat variation 

between two human genomes, Payseur and colleagues (Payseur et al., 2011), 

documented a negative effect of the repeat sequence GC content in the variability of the 

repeat.  

 

 Tandem Repeats Confer Functional Variability and Cause Disease 3.1.3.

 

A large amount of research exists on the consequences of repeat unit number variation. 

TRs have been associated with various traits related to organismal evolvability (Kashi 

and King, 2006; Gemayel et al., 2010). They can cause phase variation in prokaryotes. 
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For example in the bacterium Neisseria gonorrhoeae, in some members of the P.II gene 

family that encode for a membrane signal peptide, the variation of the CTCTT repeat in 

the 5' region of the gene confers an ON/OFF switching mechanism that allows the 

bacteria to survive in the host during an infection (Stern et al., 1986). TRs can also 

generate functional variability in eukaryotic microbes. The best studied case is that of the 

FLO1 gene in Saccharomyces cerevisiae, which encodes for a cell-surface adhesion 

protein. Repeat unit number variations in the intergenic regions of this gene allow the 

organism to rapidly adapt to environmental changes and adjust its flocculation (i.e. the 

adherence to each other) (Verstrepen et al., 2005). Other examples of repeat-related 

phenotypic variation can be found in the control mechanisms of the circadian rhythm of 

Drosophila (Sawyer et al., 1997), and also in major skull morphology changes in canine 

species (Fondon and Garner, 2004). Irrefutable examples of experimental data suggest 

that TRs play an integral role in mammalian morphological evolution (Fondon and 

Garner, 2004). Additionally, TRs are used in population genetic studies to create genetic 

fingerprints (Kayser and de Knijff, 2011) and lineage databases (Khan and Mittelman, 

2013).   

 

One of the main discoveries that drew the attention of researchers to TRs is their role in 

disease formation. There is strong evidence that tandem repeats are the cause behind 

some monogenic disorders, including several neurodegenerative diseases, the most 

common of those being Huntington disease, Fragile X Syndrome, and myotonic 

dystrophy (López Castel et al., 2010; Gemayel et al., 2010). Huntington disease is 

caused by a CAG repeat unit number expansion in exon 1 of the IT15 gene, and it alters 

the expression of a protein named huntingtin (The Huntington’s Disease Collaborative 

Research Group, 1993). Fragile X syndrome is caused by a CGG repeat unit number 

expansion in the 5’ untranslated region of the FMRI gene which results in its 

transcriptional silencing (Verkerk et al., 1991). Finally, both types of myotonic dystrophy, 

type 1 and type 2, are caused by repeat unit number expansions (Gemayel et al., 2010). 

Type 1 myotonic dystrophy is caused by an expansion of a CTG repeat in the 3’ 

untranslated region of the protein serine-threonine kinase (Brook et al., 1992) and type 2 

is caused by the expansion of a CCTG repeat in intron 1 of the zinc finder protein 

encoding gene ZNF9 (Liquori et al., 2001).  
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Repeat unit number variation is not only associated with monogenic disorders, but it has 

also been associated with the manifestation of different types of cancer, including breast 

(Wood et al., 2007; McIver et al., 2014), colorectal (Wood et al., 2007; Boland and Goel, 

2010; Vilar and Gruber, 2010), endometrial and gastric adenomas (Woerner et al., 

2003). For example, a smaller number of CAG repeat units in the first exon of the 

androgen receptor gene has been associated with higher risk of prostate cancer, and 

specifically with higher risk of "distant metastatic and fatal prostate cancer" (Giovannucci 

et al., 1997). Also, a tetra-nucleotide (TTTA) repeat unt number expansion in the forth 

intron of the CYP19 gene has been associated with breast cancer risk (Haiman et al., 

2000). 

 

 Cancer  3.2.

 

Cancer is at its basis a genetic disease (Vogelstein and Kinzler, 2004; Futreal et al., 

2004; Kan et al., 2010; Cancer & Atlas, 2012) and a lot of progress has been made to 

identify which are the mechanisms and mutations that initiate and drive cancer 

(Giovannucci et al., 1997; Haiman et al., 2000; Woerner et al., 2003; Fresno Vara et al., 

2004; Vogelstein and Kinzler, 2004; Harris and Levine, 2005; Wood et al., 2007; Cancer 

& Atlas, 2012). In contrast to other genetic disorders, though, cancer is not caused by a 

single gene defect. Instead, a combination or rather an accumulation of mutations leads 

to carcinogenesis. These mutations occur in three main classes of genes: oncogenes, 

tumor suppressor genes, and genes associated with genomic instability, which, when 

mutated, increase the genomic mutation rate and can promote tumorigenesis in this 

way(Vogelstein and Kinzler, 2004, Davies et al., 2002). The progression from a normal 

cell to a malignant tumor is a multistep and variant process, but six hallmarks have been 

proposed to describe it: (i) self-sufficiency in growth signalling, (ii) insensitivity to anti-

growth signals, (iii) evasion of apoptosis, (iv) enabling of a limitless replicative potential, 

(v) induction and sustainment of angiogenesis, (vi) activation of metastasis and  invasion 

of tissue (Hanahan and Weinberg, 2000).  

 

In the race to detect, prevent or cure cancer, there is a growing interest in identifying 

those mutations that are responsible for tumorigenesis. The mutations that occur in 

oncogenes lead to their activation and result in cell proliferation and survival of tumorous 
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cells. The types of mutations that activate oncogenes are usually chromosomal 

translocations, gene amplifications, or point mutations that can increase the expression 

of a gene product (Vogelstein and Kinzler, 2004). One such example is the mutation of 

BRAF, where the substitution of only one amino acid residue by another leads to 

overactive gene product and aberrant growth (Davies et al., 2002). Tumor suppressor 

genes regulate cell birth, differentiation, and death, whose inactivation through various 

mutations can allow tumor formation (Knudson, 2002; Vogelstein and Kinzler, 2004). 

Such mutations can occur through deletions or insertions, epigenetic silencing or other 

changes in gene regulation (Vogelstein and Kinzler, 2004). Both these classes of genes 

operate in a similar fashion, driving tumor progression by increasing cell proliferation, 

inhibiting apoptosis and enhancing angiogenesis (Nowell, 2002). Mutations in genes 

affecting genomic stability promote tumorigenesis in a different way. This class of genes 

is responsible for correcting any alteration that can occur in the genome, from single 

base substitutions to chromosomal recombination events (Vogelstein and Kinzler, 2004; 

Nowell, 2002). Therefore, when these genes are inactivated, the genomic mutation rate 

increases.  

 

Although most current cancer research is focused on identifying mutations in genes that 

can lead to cancer (Davies et al., 2002; Woerner et al., 2003; Wood et al., 2007; Madsen 

et al., 2008; Vilar and Gruber, 2010; McIver et al., 2014), some other studies focus on 

the level of pathways that are central in cancer manifestation, instead (Vogelstein and 

Kinzler, 2004; Kan et al., 2010; Fearon, 2011). There are five pathwaysthat appear to be 

dysregulated in all cancers; the p53, Wnt, MARK, mTOR and TGF beta (Knudson, 2002; 

Vogelstein and Kinzler, 2004; Fresno Vara et al., 2004; Logan and Nusse, 2004; Kan et 

al., 2010; Cancer & Atlas, 2012). Some of these pathways play a role in cell proliferation, 

gene transcription and cell migration, such as the Wnt, MAPK and mTOR pathways, 

while others become active in cell death and apoptosis, such as the p53 and TGF beta 

pathways (Fresno Vara et al., 2004; Logan and Nusse, 2004; Harris and Levine, 2005; 

Kan et al., 2010; Cancer & Atlas, 2012). These pathways are not always altered in the 

same way between different cancer types, but it has been suggested that all cancers will 

eventually be shown to contain some mutations that affects them (Knudson, 2002). 
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All the mutations mentioned above can happen both in the germline (hereditary 

predisposition to cancer) or in somatic cells (sporadic tumors). Hereditary mutations can 

occur in every type of cancer but they are characterized by an overall increased 

probability of forming tumors and may not be causing cancer themselves (Knudson, 

2002). Additional somatic mutations are still necessary for carcinogenesis and it is 

usually a non-affected parental allele that needs to be mutated (Vogelstein and Kinzler, 

2004). In case of somatic mutations, some mutations are needed to initiate 

tumorigenesis process, whereas others are usually required for tumor progression 

(Vogelstein and Kinzler, 2004). 

 

 Colorectal Cancer 3.3.

 

Colorectal cancer is the third most common cancer worldwide and the second most 

common cause of cancer-related deaths in the US (Siegel et al., 2014; UK, 2014). Like 

in any cancer, the two most common gene expression changes that occur in colorectal 

tumorigenesis are the activation of oncogenes that contribute to the proliferation of tumor 

cells and the inactivation of tumor suppressor genes that lead to uncontrollable growth of 

the tumor (Hanahan and Weinberg, 2000). There are some key driver oncogenes and 

tumor-suppressor genes that have been identified in a considerable fraction of colorectal 

cancers - such as APC, KRAS and p53 (Vogelstein et al., 1988) - but in the last two 

decades a lot more genes that show alterations in smaller subsets of colorectal cancers 

other than alterations in oncogenes and tumor-suppressor genes have been found 

(Ionov et al., 1993; Futreal et al., 2004; Jass, 2007; Imai and Yamamoto, 2008).  

 

In general, two distinct kinds of mutations have been associated with colorectal cancers, 

although it has been proposed that they are not necessarily mutually exclusive (Imai and 

Yamamoto, 2008): Chromosomal instability, which is found in 85% of colorectal cancers 

and microsatellite instability (MSI) which is detected in 15% of colorectal cancers. Three 

percent of colorectal cancers are hereditary and the rest are sporadic (Boland and Goel, 

2010). MSI causes a large number of microsatellite mutations, i.e. copy number changes 

throughout the genome (Boland et al., 1998; Boland and Goel, 2010; Fearon, 2011). It 

arises from defects in genes that affect genome instability and more specifically from 

alterations in the DNA mismatch repair system (Duval and Hamelin, 2002; Vilar and 
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Gruber, 2010). The mismatch repair system is evolutionarily highly conserved and 

responsible for recognizing and correcting mismatches and deletions or insertion loops 

during DNA replication (Vilar and Gruber, 2010). A genetic or epigenetic inactivation of 

the mismatch repair function and specifically mutations in proteins MLH1, MSH2, MSH3, 

MSH6, and PMS2 render the system defective, with severe consequences in the 

accumulation of errors in DNA, which in turn leads to MSI (Vilar and Gruber, 2010; 

Fearon, 2011). Both hereditary and sporadic cases of colorectal cancers that are 

associated with mismatch repair deficiency are characterized by MSI (Di Pietro et al., 

2005). Specifically, the MSI phenotype in hereditary non-polyposis colorectal cancer is a 

result of a mutated gene from the mismatch repair family (hMLH1, hMSH2, hMSH6, 

hPMS2), whereas in sporadic colorectal cancers the mismatch repair deficiency in most 

cases arises from silencing of the hMLH1 gene (Duval and Hamelin, 2002). 

 

 Microsatellite Instability in Colorectal Cancer 3.4.

 

MSI has been associated also with other types of cancer, such as gastric and 

endometrial cancers, but it has been mostly studied for colorectal cancers (Duval and 

Hamelin, 2002). The mutations that are actually responsible for the formation of tumors 

usually occur in some specific genes (Woerner et al., 2003), but the overall increased 

mutated incident confers a signature of tumors with the MSI phenotype. MSI was first 

identified independently from more than one group in 1993 (Thibodeau et al., 1993; 

Peltomäki et al., 1993; Aaltonen et al., 1993; Ionov et al., 1993) and since then there has 

been a lot of effort to measure and identify it (Boland et al., 1998; Brinkmann et al., 

1998; Denoeud et al., 2003; Perucho, 2003; Legendre et al., 2007; Imai and Yamamoto, 

2008; Boland and Goel, 2010; Payseur et al., 2011; Willems et al., 2014). In the National 

Cancer Institute workshop in 1997 (Boland et al., 1998), a panel of mononucleotide and 

dinucleotide markers was established to identify MSI subtypes. Specifically, MSI-H (i.e. 

high) is diagnosed through instability in more than one marker-locus of the initial 5-

marker panel or in more than 30 percent of an extended panel. The MSI-L (i.e. low) 

subtype is characterized by only one unstable marker of the 5-marker panel or <30% in 

the extended one. Finally, if there is no identified instability a tumor is characterized as 

MSS (i.e. stable). Although the occurrence of high instability (MSI-H) has been 

correlated with many clinical and pathological parameters (Boland et al., 1998; Fearon, 
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2011), the distinction between the MSI-L and MSS may remain in controversion until 

further investigation provides more evidence on the matter (Boland and Goel, 2010). 

 

In order to investigate repeats as suitable genetic markers, one has to take into 

consideration the different mutational and selective forces that act on different genomic 

locations (Ellegren, 2004). Overall, the genomic location of mutations is crucial in the 

manifestation of cancer (Duval and Hamelin, 2002; Perucho, 2003; Woerner et al., 2003; 

Wood et al., 2007; Fearon, 2011; Payseur et al., 2011). There are many genes, for 

example, where mutations in the coding region lead to cancer (Duval and Hamelin, 

2002). An early example of a coding repeat that was associated with instability in human 

colorectal cancer was located in the TGFβRII gene and found to cause inactivating 

frameshift alterations (Markowitz et al., 1995). Other more common cases include the 

silencing of the adenomatous polyposis coli gene's expression, or the inactivation of p53 

tumor-suppressor gene (Fearon and Vogelstein, 1990). The search for target genes 

containing coding repeats has increased considerably, because mutations in coding 

regions are more likely to disrupt the function of a gene (Duval and Hamelin, 2002). In 

line with that observation, it has been shown that coding regions contain less variable 

repeats than other locations in the genome (Payseur et al., 2011; Willems et al., 2014). 

Repeats in exons appear to be even less abundant (Tóth et al., 2000). This could be 

explained by selection against frameshift mutations in the coding regions that inhibit the 

expansion or contraction of any repeat tracts other than trinucleotide repeats (Ellegren, 

2004). However, it has been suggested that MSI associated mutations are more likely to 

promote the growth of MMR-deficient cells and lead to MSI carcinogenesis if they occur 

in coding microsatellites of MMR related genes (Woerner et al., 2003) In my Master 

dissertation, I therefore studied tandem repeats and their variation in the exons of 62 

colorectal tumors and their matched normal genomes from the same patient. I identified 

significantly more genes with tandem repeat gains and losses in tumors. I also 

determined repeat characteristics of stable and unstable repeats.  
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 Methods 4.

 

 Genome Sequence Analysis 4.1.

 

I downloaded the whole genome sequences of patients with colorectal cancer from both 

the tumor and the matched normal genome (from blood samples) of the same individual 

through authorized access to the Cancer Genome Atlas Data Portal (Cancer & Atlas, 

2012) using the CGHub browser (Wilks et al., 2014) The data was chosen based on a 

recent study (Cancer Genome Atlas Network, 2012) analysing a subset of 97 colorectal 

carcinomas with low-pass (3-5X coverage) whole-genome sequences (Illumina HiSeq 

2000). From these 97 tumor and matched-normal genome pairs I considered only those 

62 pairs that had more than 90 percent of their exons aligned(see Supplementary Table 

S1). 

 

Then I generated the consensus sequences for the exonic regions of all genomes using 

SAMtools (Release 0.1.19, 15 March 2013, (Li et al., 2009), based on the reference 

human genome build hg18 (March 2006 human reference sequence, NCBI Build 36.1, 

Lander et al., 2001). In order to specify the exonic regions, I considered all transcript 

variants for each gene in hg18. Moreover, I excluded those exons that contained 

transcript variants on more than one chromosome (i.e. transposons), which left me with 

198,142 exons in a total of 18,439 genes. Whenever a gene had multiple transcripts, I 

included all exonic regions from all transcripts into one super-transcript (Madsen et al., 

2008). 

 

 Tandem Repeat Identification 4.2.

 

In order to identify genomic tandem repeat tracts I used the program Tandem Repeat 

Finder (TRF Version 4.07b) (Benson, 1999).  I applied TRF using the following 

parameters: match=2, mismatch=5, indel=5, and default matching and indel probabilities 

of 0.80 and 0.10, respectively. I set the minimum alignment score to 40, since a recent 

large scale study on the variation of short human TRs based on the data from the first 

phase of the 1000 Genome Project (Siva, 2008) proved that genome-wide thresholds for 

TRF scores above 28-34 are sufficient to ensure that false positive repeats are limited to 
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be less than 1% of all identified repeats (Willems et al., 2014). Later, I further filtered the 

TRF results so that the matching frequency of the repeat units in the sequence is above 

90 percent (e.g., at least 18 nucleotides of a repeat unit of 20 nucleotides must match 

the most common repeat unit in the whole repeat sequence). I also excluded any 

repeats with unit length longer than 100 nucleotides, because repeat units longer than 

that are not polymorphic (O’Dushlaine and Shields, 2008; Willems et al., 2014). 

 

 Investigating Tandem Repeat Polymorphism  4.3.

 

 Repeat sets 4.3.1.

 

Once I had identified repeats in the tumor and the matched-normal genomes of each 

individual, I identified matched repeats, i.e. repeats that exist in both members of a 

genome pair, whose repeat unit consensus sequence is identical. For this purpose, I 

allowed a positional variation of the repeats up to 50 nucleotides within a gene between 

pairs of genomes because of the substantial shifting that can be caused by indels in a 

population (Durbin et al., 2010). In a few cases of conflicts, when a repeat in the normal 

genome matched more than one non-tandem repeat in the tumor within the 50 

nucleotide window, I kept only one matched pair, either the closest one or the longest 

one. I then separated matched repeats into two groups: non-variable repeats, which 

have the exact same repeat unit number in the tumor and normal genome, and variable 

repeats, which differ in their repeat unit number between the pairs of genomes. I also 

identified repeats that are found only in one member of a genome pair, that is, either 

only in the tumor or in the normal genome. I called these repeats unique repeats. Gains 

and losses characterize the de novo formation and loss of repeats, respectively, in the 

tumor genome compared to the matched-normal one. 

 

 Repeat unit number variation 4.3.2.

 

As repeat unit number variation I considered the repeat unit number differences between 

matched repeats. Moreover, I only considered repeat unit number differences greater 

than or equal to one. This clarification is necessary because Tandem Repeat Finder 

gives decimal numbers for repeat unit number values and it is possible to get a repeat 
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unit number difference less than one (e.g. the difference between a repeat unit number 

of 3.1 and 2.6 is 0.5).  For each matched repeat I computed repeat unit number variation 

as the difference in repeat unit number between the tumor genome and its matched-

normal genome. 

 

 Genomic Variation 4.3.3.

 

Once I obtained unit number variation data for each repeat, I calculated an overall repeat 

unit number variation score for each genome pair. 

 

For each genome pair I computed its (genomic) repeat unit number variation score in 

three different ways: 

(1) as the mean of the repeat unit number differences of all repeats identified in a pair of 

genomes 

(2) as the number of genes with at least one repeat with repeat unit number variation 

(3) and as the number of tandem repeats with unit number variation 

All the above values were calculated only for the set of variable repeats (i.e. repeat unit 

number variation greater than or equal to one). However, I was also interested in 

restricting my analysis to two additional sets; (i) expanded repeats (i.e. higher unit 

number in the tumor genome), and (ii) contracted repeats (i.e. lower unit number in the 

tumor genome). I therefore generated three genomic variation scores for each set of 

repeats (variable repeats, expansions, contractions).Thus, in total I calculated nine 

values for each of the 62 genome pairs, resulting in nine arrays of size 62 for the tumor-

normal genome pairs. 

 

 Control sample of normal/normal genome pairs 4.3.4.

 

I was also interested in having a control sample of genome pairs that would correspond 

to random variability between pairs of normal human genomes. For this purpose, I 

matched 62 normal genomes with each other once, and thus created a sample of 1891 

normal-normal pairs. That is, I took all unordered pairs from 62 samples. I repeated all 

the computations described above for this set of genome pairs with the exception that I 

could not distinguish between expanded and contracted repeats, as well as between 
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repeat gains and losses. This was the case because in the control group I am 

considering unordered pairs of normal/normal genomes. Therefore, for the control group 

of normal pairs I repeated the repeat variation analysis only for the set of variable 

repeats. Additionally, for the de novo repeat gain and loss analysis I considered only the 

set of unique repeats. 
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 Results 5.

 

5.1. Tumor/normal pairs have significantly more genes with tandem repeats than 

the control sample of normal/normal pairs 

 

First, I asked how many repeats a tumor genome has on average and whether this 

number is different than the number of repeats in its matched normal genome . To this 

end, I identified the repeats in every tumor and normal genome in my data set. On 

average, I found 7533 (±433, i.e., with a standard deviation of 433) repeats in a tumor 

genome and 7585 (±416) repeats in a normal genome. These numbers were statistically 

indistinguishable (Wilcoxon Rank Sum (WRS) test (Mann and Whitney, 1947), P=0.547). 

Because some genes contain more than one repeat, I further asked, how many genes 

contain tandem repeats in a tumor genome and in its matched normal genome. Again I 

found these numbers statistically indistinguishable (WRS test, P=0.5175). More 

specifically, among all 18,439 genes that I was investigating, I found repeats on average 

in 5278 (±240) or 28.6% of the genes in the tumor, and 5309 (±230) or 28.8% of the 

genes in the normal genome. From this initial investigation I observed that all analysed 

genomes, tumor and normal, did had a similar distribution of identified repeats, and a 

similar distribution of genes with repeats.  

 

My analysis is based on investigating repeat instability, which includes both repeat unit 

number variations, and repeat gains and losses between the tumor and matched normal 

genomes. In order to conduct this analysis, I had to compare the sample with 

tumor/normal pairs with the control sample of normal/normal pairs. Therefore, I identified 

sets of repeats found within each genome pair. These sets consist of both matched 

repeats and repeats (see Methods for the definitions) unique to one of the two genomes 

of the pair. Considering all identified repeats within a genome pair, matched and unique, 

I found a significant difference between the number of genes with repeats in 

tumor/normal pairs compared to the number of genes with repeats in normal/normal 

pairs (WRS test, P<10-16, see Figure 1). More specifically, on average 6248 (±158) or 

33.9 (±0.9) percent of genes contained repeats in tumor/normal pairs and 5194 (±174) or 

28.2 (±0.9) percent genes contained tandem repeats in the normal/normal pairs. 

However, this significant difference did not persist, when I considered the total number of 
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repeats instead of the number of genes with repeats (WRS test, P = 0.09609). More 

specifically, I identified 9842 (±318) repeats in tumor/normal genome pairs and 9807 

(±480) repeats in normal/normal genome pairs. I will discuss possible reasons for this 

change in section six.  

 

Figure 1. Tumor/normal pairs have significantly more genes with tandem repeats. Box plot 

of mean number of genes with identified tandem repeats in the tumor/normal pairs (mean=6248, 

n=62, left box) and in the normal/normal genome pairs (mean=5194, n=1891, right box). 

Horizontal lines in the middle of each box mark the median, edges of boxes correspond to the 

25th and 75th percentiles, and whiskers cover 99.3 percent of the data's range. 

 

5.2. Tumor genomes underwent significantly more repeat gain and losses 

 

To understand why I observed a difference between the number of genes with repeats in 

tumor/normal pairs and normal/normal genome pairs, I investigated cases of de novo 

repeat gain and repeat loss between genome pairs. To this end, I first identified matched 

repeats between all genome pairs (i.e. with the exact same repeat pattern, see Methods 

for details). I found that on average a tumor/normal genome pair contains 5275 (±544) 

matched repeats in 3992 (±332) genes and a normal/normal genome pair has on 

average 5188 (±438) matched repeats in 3946 (±270) genes. Hence, 53.5 (±4.8) percent 

of the repeats identified in the tumor/normal pairs and 52.9 (±3.4) percent of the repeats 
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identified in the normal/normal pairs could be matched to each other. The rest 

corresponded to either de novo repeat gains or losses. On average, there were 2258 

(±302) gains in 1947 (±239) genes, and 2310 (±272) losses in 1981 (±210) genes, that 

is, a tumor/normal genome pair contained on average 4567 (±449) unique repeats, a 

number statistically indistinguishable (WRS test, P = 0.3458) from the number of unique 

repeats (4619±378) found in normal/normal genomes. When I asked, however how 

many genes contain unique repeats, I found a slight but significant enrichment (WRS 

test, P=0.046, see Figure 2) in tumor/normal pairs (3358±290 genes) compared to 

normal/normal pairs (3295±211). 

 

Figure 2. Tumor genomes underwent significantly more repeat gain and losses. Box plot of 

mean number of genes with unique tandem repeats in the tumor/normal pairs (mean=4567, n=62, 

left box) and in the normal/normal genome pairs (mean=4619, n=1891, right box). Horizontal lines 

in the middle of each box mark the median, edges of boxes correspond to the 25th and 75th 

percentiles, and whiskers cover 99.3 percent of the data's range. 

 

5.3. Most of the repeats have the same copy number between tumor and normal 

genomes 

 

For the matched repeats I investigated their repeat unit number differences between 

tumor and matched normal genomes. I observed that variable repeats were significantly 
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less frequent than non-variable ones (WRS test, P<10-16). Of the 5275 (±544) matched 

repeats, 185 (±23) that is, 3.6 (±0.8) percent were variable, whereas 5089 (±557) 

repeats were non-variable (see Figure 3). Furthermore, the percentage of repeat 

expansions (49.6±5.1) and contractions (50.4±5.1) within the variable repeats showed 

no statistical difference (WRS test, P = 0.2134).  

 

 

Figure 3. Most repeats have the same copy number between tumor and normal genomes. 

Box plot of mean number of repeats that have a different copy number between tumor and 

normal genomes (mean=185, n=5275, left box) and repeats that have the same copy number 

(mean=5089, n=5275, right box). Horizontal lines in the middle of each box mark the median, 

edges of boxes correspond to the 25th and 75th percentiles, and whiskers cover 99.3 percent of 

the data's range. 

 

Next, I wanted to estimate whether variable repeats were differentially represented 

between tumor/normal and the normal/normal pairs. For this purpose, I compared repeat 

unit number variation within the genome pairs but found no significant difference: both in 

tumor/normal the normal/normal pairs variable repeats varied by approximately 4.5 

(±4.4) repeat units in their repat unit number.  
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5.4. Repeats are more frequent in cancer genes than in the total of 18,439 genes  

 

So far, I had focused on tandem repeat instabilities in all genes. However, only a small 

minority of these unstable repeats may play a role in carcinogenesis. Many studies 

(Futreal et al., 2004; Vogelstein and Kinzler, 2004; Jass, 2007; Kan et al., 2010) 

identified genes that are likely to be relevant for cancer formation, such as genes that 

function in cell survival and cell death. In a next analysis, I therefore decided to study 

from my list of genes only a subset that is known to be cancer-related, amassed by 

Bilgin Sonay and colleagues (Bilgin Sonay et al., 2015). This set of genes consists of 

371 genes (see Supplementary Table S2).  Initially, all analysis between tumor/normal 

genomes and the normal/normal pairs produced similar results  for the subset of cancer 

genesas it did for the total set of 18,439 genes. However, when I compared the number 

of genes with tandem repeats, both matched and unique, in the tumor/normal pairs, I 

found a significant enrichment in the cancer gene set, compared to the total set of genes 

(WRS test, P<10-10). More specifically, on average 162 (±5) genes, that is, 43.6 (±1.5) 

percent of the cancer genes contained tandem repeats, whereas only 33.9 (±0.9) 

percent of all genes contained tandem repeats (see Figure 4a). Moreover, on average 6 

(±2) genes, that is, 1.6 (±0.1) percent of cancer genes contained variable repeats, 

whereas only 1.0 (±0.1) percent of all genes contained variable repeats (see Figure 4b). 

Finally, on average 93 (±10) genes, that is 25.1 (±2.7) percent of the cancer genes 

contained unique repeats, whereas only 18.2 (±1.6) percent of all genes contained 

unique repeats (see Figure 4c). 
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Figure 4. Repeats are more frequent in cancer genes than in the total of 18,439 genes. 

Each panel of box plots shows a statistical difference between the percentage of genes with 

repeats among the set of all 18,439 genes (left box in each panel) and the subset of 371 genes 

(right box in each panel); (a) genes with identified repeats (mean=33.9% in left box, mean=43.6% 

in right box), (b) genes with variable repeats (mean=1.0% in left box, mean=1.6% in right box) 

and (c) genes with unique repeats (mean=18.2% in left box, mean=25.1% in right box). Horizontal 

lines in the middle of each box mark the median, edges of boxes correspond to the 25th and 75th 

percentiles, and whiskers cover 99.3 percent of the data's range. 

 

5.5. Repeat Characteristics  

 

From all 610,217 repeats identified in all genomes, I analysed the distributions of some 

important repeat characteristics and searched for any significant trends. The 

characteristics I considered were the repeat unit length, the repeat unit number, the TRF 

score, and the GC content of the repeat. Over all the identified repeats, I observed a 

wide variation of values for all these characteristics. Repeat unit length varied from 1 to 

100 (which was an upper threshold I imposed, see Methods) with a mean of 11 (±10) 

nucleotides. The repeat unit number of repeats was between 2 and 55, with a mean of 6 

(±7) units. The TRF score varied from 40, which was also a threshold I imposed (see 

Methods), to 1800 with mean of 61 (±59). Finally, the GC content ranged from 0 to 100 
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with a mean of 43 (±28) percent. Due to the significant differences I had observed in the 

sets of variant, non-variant, matched and unique repeats before, I decided to check the 

distribution of the characteristics in those sets separately. 

 

 Variable repeats have significantly higher repeat unit number 5.5.1.

Repeat unit number is the most important contributor to repeat unit number variation 

(Legendre et al., 2007, O’Dushlaine et al., 2005; O’Dushlaine and Shields, 2008; 

Payseur et al., 2011, Willems et al., 2014). I computed the repeat unit number of variable 

(17.8±8.2), non-variable (6.6±7.9), matched (7.0±8.2), and unique repeats (5.2±6.1). The 

only significant difference I found was in the variable repeats. Their repeat unit number 

was significantly greater than the repeat unit number of all three other sets of repeats 

(WRS test, P<10-16 for each of the comparisons between the set of variable repeats and 

each of the other sets, see Figure 5).  

 

Figure 5. Variable repeats have significantly higher repeat unit number. Box plot of repeat 

unit number (from left to right boxes) for matched (mean=7.0, n=327,044), unique (mean=5.2, 

n=283,173), non-variable (mean=6.6, n=315,547) and variable repeats (mean=17.8, n=11,497). 

Horizontal lines in the middle of each box mark the median, edges of boxes correspond to the 

25th and 75th percentiles, and whiskers cover 99.3 percent of the data's range. 

 

 Variable repeats have significantly greater TRF scores 5.5.2.
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Many studies show that TRF scores can explain a great proportion of repeat unit number 

variation (O’Dushlaine and Shields, 2008, Legendre et al., 2007). As a further analysis, I 

therefore computed the TRF scores of the variable (67.1 ±53.7), non-variable 

(55.6±39.8), matched (55.1±39.1) and unique repeats (67.7±75.0). Variable repeats 

were the only set of repeats that had significantly greater TRF scores (WRS test, P<10-16 

for each of the comparisons between the set of variable repeats and each of the other 

sets, see Figure 6).  

 

Figure 6. Variable repeats have significantly greater TRF scores. Box plot of repeat TRF 

score (from left to right) for matched (mean=55.1, n=327,044), unique (mean=67.7, n=283,173), 

non-variable (mean=55.6, n=315,547) and variable repeats (mean=67.1, n=11,497). Horizontal 

lines in the middle of each box mark the median, edges of boxes correspond to the 25th and 75th 

percentiles, and whiskers cover 99.3 percent of the data's range. 

 

 Unique repeats are significantly enriched for GC content 5.5.3.

Next, I compared the GC content between the variable (33.4±27.7), non-variable 

(35.9±26.5), matched (35.8±26.5) and unique repeats (50.5±28.8). Interestingly, I found 

that in all cases it was significantly higher for unique repeats (WRS test, P<10-16 for each 

of the comparisons between the set of unique repeats and each of the other sets, see 

Figure 7).  
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Figure 7. Unique repeats are significantly enriched for GC content. Box plot of repeat GC 

content (from left to right) for matched (mean=35.8, n=327,044), unique (mean=50.5, n=283,173), 

non-variable (mean=35.9, n=315,547) and variable repeats (mean=33.4, n=11,497). Horizontal 

lines in the middle of each box mark the median, edges of boxes correspond to the 25th and 75th 

percentiles, and whiskers cover 99.3 percent of the data's range. 

 

 Variable repeats have significantly smaller repeat units  5.5.4.

The direction in which the length of repeat units affects repeat unit number variation is 

still debated. Although multiple papers demonstrated greater variability for repeats with 

smaller repeat units (O’Dushlaine and Shields, 2008; Ellegren, 2004; Willems et al., 

2014), a minority showed the opposite trend (Payseur et al., 2011, O’Dushlaine et al., 

2005). I therefore decided to study repeat unit lengths in even greater detail. I 

discovered that repeats with units shorter than 7 nucleotides account for 94.7 percent of 

variable repeats, whereas the percentage of them is only 32 percent in the total number 

of identified repeats.  To further illustrate that variable repeat have relatively shorter unit 

lenghts that the rest of the repeat set, I computed the unit length of the variable (mean: 

3.1±5.4), non-variable (10.1±8.4), matched (9.9±8.4) and unique repeats (12.8±12.2). 

Variable repeats were significantly shorter than all three other sets of repeats (WRS test, 

P<10-16 for each of the comparisons between the set of unique repeats and each of the 

other sets, see Figure 8) as I was expecting.  
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Figure 8. Variable repeats have significantly smaller repeat units. Box plot of the repeat unit 

length of the (from left to right) matched (mean=9.9, n=327,044), unique (mean=12.8, 

n=283,173), non-variable (mean=10.1, n=315,547) and variable repeats (mean=3.1, n=11,497). 

Horizontal lines in the middle of each box mark the median, edges of boxes correspond to the 

25th and 75th percentiles, and whiskers cover 99.3 percent of the data's range. 

 

Multiple studies indicate biases for specific repeat unit lengths, i.e. repeat units 

comprising multiples of three nucleotides are found more frequently in exonic regions 

(Duval and Hamelin, 2002; Perucho, 2003; Woerner et al., 2003; Wood et al., 2007; 

Fearon, 2011; Payseur et al., 2011). Since I was investigating exonic regions, I wanted 

to check if I observe these biases in my data set as well. For this purpose I calculated 

the frequencies of all repeats for different repeat unit lengths and found that repeats that 

were multiples of three nucleotides account for 42.6 percent of all the repeats. 
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 Discussion 6.

 

I identified tandem repeats in genomes of colorectal tumor and healthy tissues of 62 

patients in exonic regions of 18,439 human genes. In every genome, repeats identified 

were similar in frequency and the same observation occured for the frequency of genes 

with identified repeats in all genomes. Between a tumor/normal genome pair, I found on 

average 5275 matched and 4567 unique repeats. Genes with repeats, matched or 

unique, within a genome pair were significantly more abundant between tumor and 

matched normal genomes than between normal genome pairs. This was supported by 

the observation that genes with unique repeats were significantly abundant in the 

tumor/normal pairs. However I found no evidence for enrichment in the level of number 

of repeats in those genome pairs. This observation suggests that repeat gain and loss 

incidences might not vary within the genes that already contain repeats in the normal 

genomes but that they are acting on a larger set of genes in the tumor genomes. This 

might be due to the increased positive selection in tumor genomes compared to normal 

genomes. Hypermutability observed in the tumor genomes (Boland and Goel, 2010) 

supports this argument. 

 

Although I observed some repeat unit number variation between the tumor and matched 

normal genomes, these cases were relatively fewer in the total number of identified 

repeats. Also, this variation occured without any preference for repeat expansions or 

contractions. In their study of variable repeats in human disease genes, Madsen and 

colleagues (Madsen et al., 2008) also do not report any preference for repeat 

expansions or contractions, although some other studies suggest a preference for 

expansions in genetic diseases (Tóth et al., 2000; López Castel et al., 2010; Gemayel et 

al., 2010). When I compared the incidences of repeat unit number variations between 

the tumor/normal genome pairs and the control sample, I found no enrichment in tumor 

genomes, which is surprising considering the increased number of repeat gain and loss 

events, along with the high mutability in most of these tumors. One possible explanation 

for this could be due to my conservative approach (see Methods) I underestimated 

cases of matched repeats and put them into the unique repeat category, which could 

decrease the sample size of variable repeats. Also, I was aligning genomes in my data 

set to the reference human genome to generate consensus sequences, which could 
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underestimate repat unit number variation of the identified repeats. This is a likely 

scenario if there are indels inside repeat sequence that lead to ambiguities in the 

consensus pattern of short repeat units (Madsen et al., 2007; Madsen et al., 2008). Also, 

an important limitation of this study comes from using low coverage genomes, which 

probably increases the false negative rate in the repeat detection.  

 

Thanks to the recent technological advances in whole-genome sequencing (Zhao and 

Grant, 2011), searches for mutations in all genomic regions have become possible. A 

study about the genomic landscape of human breast and colorectal cancers by Wood 

and colleagues (Wood et al., 2007) suggests that most cancer related mutations, and 

especially the ones that are likely to be drivers, are not found in protein-coding genes but 

in non-coding regions. They support this argument on another paper by Beerenwinkel 

and colleagues claiming that tumor progression is promoted by a large number of 

mutations with small fitness advantage (Beerenwinkel et al., 2007). Eventually, studies 

like this end up with a large number of potential driver mutations but all these mutations 

may lie in only a few modified pathways (Vogelstein and Kinzler, 2004; Wood et al., 

2007).  

 

Besides searching for alterations in repeat tracts of coding regions in all known genes of 

the human genome, one can focus only on genes that are known to contribute to 

carcinogenesis. However, there is not a common consensus on what these genes are  

and evidence in the literature can be quite heterogeneous depending on tumor type 

(Vogelstein and Kinzler, 2004; Jass, 2007; Kan et al., 2010). For this reason, I used a 

set of cancer genes proposed by Bilgin Sonay and colleagues (Bilgin Sonay et al., 2015) 

that included genes associated with common pathway dysregulations appearing in most 

cancer types. I examined this collection of the cancer genes for repeat instabilities. I did 

not find any contradicting results to the previous analysis when I included all 18,439 

genes. However, I observed an overall enrichment in genes with tandem repeats in 

general, and specifically in genes with variable and unique repeats, both in tumor and 

normal genomes. This enrichment may be due to the low coverage of the available 

genome sequences. Genes with poorly aligned sequences can lower the actual number 

of genes with repeats for the whole gene set and this could bias our analysis towards 

possibly better sequenced cancer genes which may appear to have more identified 
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repeats. However, it would require almost 2000 genes to be poorly aligned for this 

difference to be biased, which is highly unlikely considering the data I was analysing. 

Therefore, if this enrivhment in cancer genes is indeed an existing trend, it would be in 

agreement with another study conducted by Madsen et al. (Madsen et al., 2008). In that 

study, they showed for some diseases, including cancer, that disease-related genes 

have a significantly higher content of short tandem repeats. They suggested that this 

incidence could be indicative of a pathogenic phenotype and it be used for screening to 

detect rare mutations. 

 

There has been a lot of research on repeat characteristics, centering on the question 

what makes a repeat more variable (O’Dushlaine et al., 2005; Legendre et al., 2007; 

O’Dushlaine and Shields, 2008; Payseur et al., 2011; Willems et al., 2014). Many 

patterns have been revealed, some of them contradictory. However what is common to 

these efforts is that they were all conducted on genomes from healthy tissues. 

Therefore, I was interested to investigate some of the most basic characteristics of 

repeats, in the cancer genomes analysed to check if they are in concordance with 

existing literature. This would be one of the rare analyses conducted on cancerous 

genomes (Woerner et al., 2003; Legendre et al., 2007; Madsen et al., 2008). As a final 

analysis, I therefore examined repeat characteristics for repeats with different instability 

status. The most irrefutable finding exiisting literature is that repeat unit number is 

significantly higher for variable repeats (O’Dushlaine et al., 2005; Legendre et al., 2007; 

O’Dushlaine and Shields, 2008; Payseur et al., 2011; Willems et al., 2014). This 

observation can be explained by the replication slippage mechanism that is more likely 

to add or remove a repeat unit in microsatellites with higher number of repeat units 

(Ellegren, 2004). In my analysis, it was also evident that the variable repeats had much 

higher repeat unit numbers than the rest. Another observation I made was that shorter 

repeat units were more frequent in variable repeats. Almost 95% of variable repeats had 

repeat units shorter than 7 nucleotides. The fact that shorter repeat units are more 

variable is also supported by most literature (O’Dushlaine and Shields, 2008; Kelkar et 

al., 2008; Willems et al., 2014). This could be because they are usually less stable and 

they have higher mutation rates (Chakraborty et al. 1997; Kelkar et al., 2008). I also 

showed that unique repeats had a significantly different GC content than other repeats, 

which could be the case because new sequence tracks introduced in the genome may 
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not have been affected by selection forces yet in order to adjust their GC content in a 

more favorable equilibrium as in the rest of the genome. 

Furthermore, I found that almost half of the repeat unit lengths I identified were multiples 

of three nucleotides, as many earlier studies have documented (Duval and Hamelin, 

2002; Perucho, 2003; Woerner et al., 2003; Wood et al., 2007; Fearon, 2011; Payseur et 

al., 2011). The likely reason is that repeats with unit lengths that are multiples of three 

are favored in exons because they do not introduce frameshift mutations, and therefore 

there are weak selective pressures against them (Duval and Hamelin, 2002; Ellegren, 

2004). 

 

My  study is likely to be affected by the following limitations. First of all, the mutation 

mechanism of tandem repeats can be described by different models regarding whether it 

is causing somatic or germline mutations (Richard and Pâques, 2000; Lovett, 2004; 

Gemayel et al., 2010). Given the available data, it is not possible to distinguish between 

those types of mutations. Also, germline mutations in mismatch repair genes can cause 

colorectal cancer and increase the instance of subsequent somatic mutations that cause 

tumorigenesis progress (Vilar and Gruber, 2010; Fearon, 2011). Although, this is a 

distinction that I am not accounting for, somatic mutations are overall more frequent than 

the germline ones (Futreal et al., 2004). Therefore, I do not expect this to be a serious 

limitation. Moreover, the number of genomes I am analysing is limited to only 62, and in 

addition to that, genome alignment coverage could lead to underestimates of repeat unit 

numbers. This bias could decrease the incindence of repeat unit number variation in the 

genomes I was analysing. To detect repeat instability better, it is essential to analyse 

more genomes with higher sequence coverage. 

 

Repeat unit number variation can be a major contributor to pathogenic phenotypes, but it 

is still not fully understood. Many studies attempt to identify target genes and genetic 

instability characteristics that could be associated with carcinogenesis. In this analysis, I 

showed that when focusing only on the exonic regions of a genome mutational 

differences among tumor and healthy genomes need not differ in dramatic ways. Further 

investigation is needed to develop more precise and effective molecular diagnostic and 

therapeutic approaches. 
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AG-3892 Rectum 

AA-3502 Colon 
 

AA-A01V Colon 
 

AG-3894 Rectum 

AA-3514 Colon 
 

AA-A02K Colon 
 

AG-3902 Rectum 

AA-3516 Colon 
 

AA-A02R Colon 
 

AG-3909 Rectum 

AA-3529 Colon 
 

AZ-4315 Colon 
 

AG-4001 Rectum 

AA-3548 Colon 
 

AZ-4681 Colon 
 

AG-4005 Rectum 

AA-3549 Colon 
 

AZ-4682 Colon 
 

AG-4007 Rectum 

AA-3555 Colon 
 

AZ-4684 Colon 
 

AG-4008 Rectum 

AA-3558 Colon 
 

CA-5256 Colon 
 

AG-4015 Rectum 

AA-3664 Colon 
 

CK-4951 Colon 
 

AG-A002 Rectum 

AA-3666 Colon 
 

CM-4746 Colon 
 

AG-A00Y Rectum 

AA-3675 Colon 
 

CM-4747 Colon 
 

AG-A011 Rectum 

AA-3685 Colon 
 

CM-4748 Colon 
 

AG-A01W Rectum 

AA-3861 Colon 
 

CM-4750 Colon 
 

AG-A01Y Rectum 

AA-3947 Colon 
 

CM-4752 Colon 
 

AG-A020 Rectum 

AA-3956 Colon 
    

AG-A032 Rectum 

Supplementary Table S1. List of genomes considered in the study (n=62). The left column 

indicates TCGA (Cancer Genome Atlas Network, 2012) sequence IDs, the right column cancer 

type (colon or rectal) 

 

 

pathway gene 
 

pathway gene 
 

pathway gene 

Wnt APC2 
 

mTOR PDK2 
 

p53 BCL2L14 

Wnt APCDD1L 
 

mTOR PDK3 
 

p53 BCL2L15 

Wnt APCDD1 
 

mTOR PDK4 
 

p53 BCL2L1 

Wnt APCS 
 

mTOR AKT1 
 

p53 BCL2L2 

Wnt APC 
 

mTOR AKT2 
 

p53 BCL2 

Wnt WNT10A 
 

mTOR AKT3 
 

p53 CCNE1 

Wnt WNT10B 
 

mTOR STK11 
 

p53 CCNE2 

Wnt WNT11 
 

TGF_beta TGFA 
 

p53 CCND1 

Wnt WNT16 
 

TGF_beta TGFB1I1 
 

p53 CCND2 

Wnt WNT1 
 

TGF_beta TGFB1 
 

p53 CCND3 
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Wnt WNT2B 
 

TGF_beta TGFB2 
 

MAPK JUN 

Wnt WNT2 
 

TGF_beta TGFB3 
 

MAPK PDCD4 

Wnt WNT3A 
 

TGF_beta TGFBI 
 

MAPK MAPK10 

Wnt WNT3 
 

TGF_beta TGFBR1 
 

MAPK MAPK11 

Wnt WNT4 
 

TGF_beta TGFBR2 
 

MAPK MAPK12 

Wnt WNT5A 
 

TGF_beta TGFBR3 
 

MAPK MAPK13 

Wnt WNT5B 
 

TGF_beta TGFBRAP1 MAPK MAPK14 

Wnt WNT6 
 

TGF_beta SMAD1 
 

MAPK MAPK15 

Wnt WNT7A 
 

TGF_beta SMAD2 
 

MAPK MAPK1 

Wnt WNT7B 
 

TGF_beta SMAD3 
 

MAPK MAPK3 

Wnt WNT8A 
 

TGF_beta SMAD4 
 

MAPK MAPK4 

Wnt WNT8B 
 

TGF_beta SMAD5 
 

MAPK MAPK6 

Wnt WNT9A 
 

TGF_beta SMAD6 
 

MAPK MAPK7 

Wnt WNT9B 
 

TGF_beta SMAD7 
 

MAPK MAPK8 

Wnt CTNNB1 
 

TGF_beta SMAD9 
 

MAPK MAPK9 

Wnt CTNNBL1 
 

TGF_beta TNFRSF1A MAPK MAPKAP1 

Wnt AXIN1 
 

TGF_beta TNFRSF1B MAPK MAPKBP1 

Wnt AXIN2 
 

TGF_beta ACVR1B 
 

MAPK MAP2K1 

Wnt GSK3A 
 

TGF_beta ACVR1C 
 

MAPK MAP2K2 

Wnt GSK3B 
 

TGF_beta ACVR1 
 

MAPK MAP2K3 

Wnt BTRC 
 

TGF_beta ACVR2A 
 

MAPK MAP2K4 

Wnt CSNK1A1L 
 

TGF_beta ACVR2B 
 

MAPK MAP2K5 

Wnt CSNK1A1 
 

TGF_beta ACVRL1 
 

MAPK MAP2K6 

Wnt CSNK1D 
 

TGF_beta BMPR1A 
 

MAPK MAP2K7 

Wnt CSNK1E 
 

TGF_beta BMPR1B 
 

MAPK MAP3K10 

Wnt CSNK1G1 
 

TGF_beta HRAS 
 

MAPK MAP3K11 

Wnt CSNK1G2 
 

p53 TP53AIP1 
 

MAPK MAP3K12 

Wnt CSNK1G3 
 

p53 TP53BP1 
 

MAPK MAP3K13 

Wnt DVL1 
 

p53 TP53BP2 
 

MAPK MAP3K14 

Wnt DVL2 
 

p53 TP53I11 
 

MAPK MAP3K15 

Wnt DVL3 
 

p53 TP53I13 
 

MAPK MAP3K1 

Wnt TCF12 
 

p53 TP53I3 
 

MAPK MAP3K2 

Wnt TCF15 
 

p53 TP53INP1 
 

MAPK MAP3K3 

Wnt TCF21 
 

p53 TP53INP2 
 

MAPK MAP3K4 

Wnt TCF23 
 

p53 TP53RK 
 

MAPK MAP3K5 

Wnt TCF25 
 

p53 TP53TG1 
 

MAPK MAP3K6 

Wnt TCF3 
 

p53 TP53TG3B MAPK MAP3K7 

Wnt TCF4 
 

p53 TP53TG5 
 

MAPK MAP3K8 

Wnt TCF7L1 
 

p53 TP53 
 

MAPK MAP3K9 

Wnt TCF7L2 
 

p53 MDM2 
 

MAPK MAP4K1 

Wnt TCF7 
 

p53 ATMIN 
 

MAPK MAP4K2 

Wnt TCFL5 
 

p53 ATM 
 

MAPK MAP4K3 



42 

 
 

Wnt TLE1 
 

p53 CASP10 
 

MAPK MAP4K4 

Wnt TLE2 
 

p53 CASP12 
 

MAPK MAP4K5 

Wnt TLE3 
 

p53 CASP14 
 

MAPK MAP4 

Wnt TLE4 
 

p53 CASP1 
 

MAPK MAP6D1 

Wnt TLE6 
 

p53 CASP2 
 

MAPK MAP6 

Wnt CREBBP 
 

p53 CASP3 
 

MAPK MAP7D1 

Wnt EP300 
 

p53 CASP4 
 

MAPK MAP7D2 

Wnt LRP10 
 

p53 CASP5 
 

MAPK MAP7D3 

Wnt LRP11 
 

p53 CASP6 
 

MAPK MAP7 

Wnt LRP12 
 

p53 CASP7 
 

MAPK MAP9 

Wnt LRP1B 
 

p53 CASP8 
 

MAPK KRAS 

Wnt LRP1 
 

p53 CASP9 
 

MAPK BRAF 

Wnt LRP4 
 

p53 FASLG 
 

MAPK NRAS 

Wnt LRP5L 
 

p53 FASN 
 

MAPK EGFR 

Wnt LRP5 
 

p53 FASTKD1 
 

MAPK ERBB2 

Wnt LRP6 
 

p53 FASTKD2 
 

MAPK ERBB3 

Wnt LEF1 
 

p53 FASTKD3 
 

MAPK ERBB4 

Wnt MT1B 
 

p53 FASTKD5 
 

MAPK FGF10 

Wnt NKD1 
 

p53 FASTK 
 

MAPK FGF11 

Wnt NKD2 
 

p53 FAS 
 

MAPK FGF12 

Wnt DKK1 
 

p53 CDC20B 
 

MAPK FGF13 

Wnt DKK2 
 

p53 CDC20 
 

MAPK FGF14 

Wnt DKK3 
 

p53 CDC23 
 

MAPK FGF16 

Wnt DKK4 
 

p53 CDC25A 
 

MAPK FGF17 

Wnt CTBP1 
 

p53 CDC25B 
 

MAPK FGF18 

Wnt CTBP2 
 

p53 CDC25C 
 

MAPK FGF19 

Wnt SFRP1 
 

p53 CDC26 
 

MAPK FGF1 

Wnt SFRP2 
 

p53 CDC27 
 

MAPK FGF20 

Wnt SFRP4 
 

p53 BAX 
 

MAPK FGF21 

Wnt SFRP5 
 

p53 NOXA1 
 

MAPK FGF22 

Wnt RHOA 
 

p53 BBC3 
 

MAPK FGF23 

Wnt RTKN2 
 

p53 CHEK1 
 

MAPK FGF2 

Wnt RTKN 
 

p53 CHEK2 
 

MAPK FGF3 

Wnt CDX2 
 

p53 SIRT1 
 

MAPK FGF4 

Wnt FBXW2 
 

p53 CDK10 
 

MAPK FGF5 

mTOR PIP4K2A 
 

p53 CDK11A 
 

MAPK FGF6 

mTOR PIP4K2B 
 

p53 CDK11B 
 

MAPK FGF7 

mTOR PIP4K2C 
 

p53 CDK12 
 

MAPK FGF8 

mTOR PIP5K1A 
 

p53 CDK13 
 

MAPK FGF9 

mTOR PIP5K1B 
 

p53 CDK14 
 

MAPK FGFR1 

mTOR PIP5K1C 
 

p53 CDK15 
 

MAPK FGFR2 

mTOR PIP5K1P1 
 

p53 CDK16 
 

MAPK FGFR3 
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mTOR PIP5KL1 
 

p53 CDK17 
 

MAPK FGFRL1 

mTOR PIPOX 
 

p53 CDK18 
 

MAPK MYC 

mTOR PIPSL 
 

p53 CDK19 
 

MAPK RAF1 

mTOR PIP 
 

p53 CDK1 
 

MAPK RASA1 

mTOR PTENP1 
 

p53 CDK20 
 

MAPK RASA2 

mTOR PTEN 
 

p53 CDK2 
 

MAPK RASA3 

mTOR MTOR 
 

p53 CDK3 
 

MAPK RASA4 

mTOR IGF1R 
 

p53 CDK4 
 

MAPK RASD1 

mTOR IGF1 
 

p53 CDK5 
 

MAPK RASD2 

mTOR IGF2R 
 

p53 CDK6 
 

MAPK RASEF 

mTOR IGF2 
 

p53 CDK8 
 

MAPK RASGEF1A 

mTOR IRS1 
 

p53 CDK9 
 

MAPK RASGEF1B 

mTOR IRS2 
 

p53 CDKL1 
 

MAPK RASGEF1C 

mTOR IRS4 
 

p53 CDKL2 
 

MAPK RASGRF1 

mTOR PIK3AP1 
 

p53 CDKL3 
 

MAPK RASGRF2 

mTOR PIK3C2A 
 

p53 CDKL4 
 

MAPK RASGRP1 

mTOR PIK3C2B 
 

p53 CDKL5 
 

MAPK RASGRP2 

mTOR PIK3C2G 
 

p53 CDKN1A 
 

MAPK RASGRP3 

mTOR PIK3C3 
 

p53 CDKN1B 
 

MAPK RASGRP4 

mTOR PIK3CA 
 

p53 CDKN1C 
 

MAPK PRKAA1 

mTOR PIK3CB 
 

p53 CDKN2A 
 

MAPK PRKAA2 

mTOR PIK3CD 
 

p53 CDKN2B 
 

MAPK PRKAB1 

mTOR PIK3CG 
 

p53 CDKN2C 
 

MAPK PRKAB2 

mTOR PIK3R1 
 

p53 CDKN2D 
 

MAPK PRKACA 

mTOR PIK3R2 
 

p53 CDKN3 
 

MAPK PRKACB 

mTOR PIK3R3 
 

p53 BCL2A1 
 

MAPK PRKACG 

mTOR PIK3R4 
 

p53 BCL2L10 
 

MAPK PRKAG1 

mTOR PIK3R5 
 

p53 BCL2L11 
 

MAPK PRKAG2 

mTOR PIK3R6 
 

p53 BCL2L12 
 

MAPK PRKAG3 

mTOR PDK1 
 

p53 BCL2L13 
   

Supplementary Table S2. List of genes involved in cancer pathways (n=371), indicated with 

their HUGO (Eyre et al. 2006) gene IDs and the patways (Bilgin Sonay et al., 2015) they are 

associated with. 
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