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Abstract

Colorectal cancer (CRC) is the third most common malignancy worldwide, with over 1
million new cases annually. Around 30% of cases are believed to be familial with causal
genetic alterations. However, fewer than 10% of cases are so far genetically explained. Lynch
syndrome (LS) is the most common hereditary CRC syndrome, explaining around 5% of all
cases. LS is caused by pathogenic germline mutations in one of four DNA mismatch repair
(MMR) genes: MLHI, MSH2, MSH6, and PMS2. Extensive research is currently attempting
to decipher the complete underlying genetic patterns of CRC, with the hope of improving

cancer diagnosis and treatment.

In this project, a gene-panel consisting of 124 genes across 95 CRC patients was sequenced
using NGS. The patients included in this study have a family history of CRC, but previous
genetic testing has not identified causal mutations. The aim of the present Master of Science
project was to search for potentially disease-causing pathogenic germline mutations within 22
MMR system-associated genes. Using in silico prediction tools, the deleterious potential of
the detected variants was assessed. 20 candidate predisposition mutations were identified
across 12 MMR-associated genes in 22 patients. Based on available information about the
gene, mutation position, patient phenotype, findings in previous studies, and prediction tools,
the identified variants are suggested to be involved in the development of cancer. To confirm
these indications, further studies of the variants are needed. Segregation analysis will reveal
familial inheritance and penetrance status of the mutations, and functional studies are required

to elucidate the consequences on protein function.

This project has demonstrated the successful sequencing of a multipatient gene panel. The
NGS approach is rapidly making an entrance in diagnostics, and this study has shown an
efficient and reliable method of sequencing numerous genes and samples in parallel. To
facilitate unambiguous data interpretation and standardized analysis further advances are

needed before widespread routine application will be advantageous in the clinic.
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1. Introduction

1.1 Colorectal cancer

Colorectal cancer (CRC) is a heterogeneous disease that has become one of the most common
malignancies worldwide. CRC is the third most diagnosed cancer in men, the second most
diagnosed cancer in women, and globally there are over 1 million new cases each year.
Taking both sexes into account, CRC has the fourth highest cancer mortality rate, following
lung, liver, and stomach cancer, with an estimated 694,000 deaths annually. The highest rates
of cases are found in Australia/New Zealand and Western Europe. The incidence of CRC is
significantly higher in men than in women, with 746,000 and 614,000 cases respectively (1,
2). In Norway, CRC is the third most common malignancy with approximately 3,500 new

cases each year (3).

The most important risk factor for developing CRC is family history. With no affected family
members, the lifetime risk of an individual is 5-6%. If a first-degree relative is affected, the
lifetime risk increases to 10-15%, and with a hereditary genetic syndrome, the risk ranges
from 30-100% (4). CRC is classified into three groups, based on increasing cancer risk and
hereditary influence: sporadic, familial, and hereditary CRC. The majority of CRC cases are
categorised as sporadic (ca. 70%). Patients with sporadic cancer do not have a family history
of cancer and no inherited pre-disposing mutations. Around 30% of cases are believed to be
familial. Familial CRC is associated with genetic changes in high-, moderate-, and low-risk
susceptibility genes, and the patients have two or more affected first-degree relatives.
Characteristic of familial CRC is early age of onset, which indicates an inherited genetic
component. However, in a large proportion of cases the specific causal germline mutations
fail to be detected. Hereditary CRC is caused by inherited high-penetrant single-gene
mutations in cancer susceptibility genes. The high-risk genetic mutations identified so far
account for less than 10% of all CRC cases (5-7). An overview of the relative proportions and

heterogeneity of identified hereditary CRC syndromes is shown in figure 1.1.

There are several genetically characterized inherited CRC syndromes. The most frequent
syndromes today are Lynch Syndrome (LS), familial adenomatous polyposis (FAP), and
MUTYH-associated polyposis (MAP) (4). MAP is a form of adenomatous polyposis, which
results from bi-allelic mutations in the MUTYH gene. It is the first known polyposis syndrome

with a recessive inheritance pattern, and it is characterised by a slight increase in the risk of



developing polyps/adenomas and CRC. The MUTYH protein is a base excision repair
glycosylase, which repairs oxidative DNA damage. When the protein is non-functional,
mutations in the DNA will accumulate and eventually lead to the development of cancer (6,
8). FAP is an autosomal dominant inherited disorder, characterised by the development of
hundreds to thousands of colorectal adenomatous polyps during the second decade of life. It is
the second most common inherited CRC syndrome, but accounts for less than 1% of all CRCs
(6). If left untreated it results in almost complete penetrance of CRC by the age of 50. Classic
FAP is caused by a high-penetrance germline mutation in the adenomatous polyposis coli
(APC) gene, which is a tumour suppressor gene (6, 8, 9). Attenuated FAP (AFAP) is a less
aggressive form of classic FAP, caused by mutations in other parts of the APC gene, with
fewer polyps, later age of onset, and decreased cancer risk (8). The most frequent CRC

syndrome is LS, accounting for up to 5% of all CRC cases (10).

Hereditary

AC-1 without MMR
(Familial CRC of
syndrome “X”)

TACSTD1 (EPCAM)

Constitutional mosaic
Epimutation (MLHT)

| FAP; AFAP

Mixed Polyposis Syndrome
Ashkenazi 11307K

CHEK2 (HBCC)

MUTYH (MAP)

TGFBR1

PJS

FJP .
® = as yet undiscovered cD Polyposis

hereditary cancer variants BRRS Syndromes

Hamartomatous

“—

Figure 1.1. Figure adapted from Lynch, 2013. Pie chart depicting the heterogeneity of hereditary
colorectal cancer syndromes. Abbreviations: AC-I, Amsterdam Criteria I; MMR, mismatch repair; FAP,
familial adenomatous polyposis; AFAP, attenuated familial adenomatous polyposis; HBCC, hereditary
breast and colorectal cancer; PJS, Peutz-Jeghers syndrome; FJP, familial juvenile polyposis; CD,
Cowden’s disease; BRRS, Bannayan-Ruvalcaba-Riley syndrome (11).



1.2 Lynch syndrome

Lynch Syndrome is an autosomal dominant disorder, named after Dr. Henry T. Lynch, who
first described the syndrome in two large families in 1966 (12). The syndrome is also known
as Hereditary Non-Polyposis Colorectal Cancer (HNPCC) (13). LS is the most common
CRC-predisposing syndrome, with a significantly increased risk of colon cancer and other
cancers, as well as an accelerated carcinogenesis. LS patients are subjected to an earlier age of
cancer onset than the general population, especially CRC and endometrial cancers, with an

average of 45 years, compared to 69 years in the general population (12).

Disease in patients with LS is caused by germline mutations or epimutations in one of four
DNA mismatch repair (MMR) genes, MLHI, MSH2, MSH6, or PMS2. Mutations in the two
former genes account for up to 90% of cases. In addition, germline deletions in the 3’ end of
the EPCAM gene, which inactivates the downstream MSH2 gene through promoter
methylation, occur in 1% of cases (5, 6). An inherited mutation in one of the four MMR
genes, together with consecutive inactivation of the remaining wild-type allele by somatic
events, leads to complete inactivation of the gene. This results in the inability to correct
insertions/deletions and mismatches that occur during DNA replication, causing an
accumulation of errors in the DNA (5). In addition to high-penetrance mutations in the MMR
genes causing the disease, modifier mutations in other genes have been shown to affect the

cancer risk in LS (14).

1.2.1. Microsatellite instability and immunohistochemistry

Inactivation of MMR often results in a strong mutator phenotype known as microsatellite
instability (MSI). MSI is defined as a change, due to either insertions or deletions of any
length, in repeating units within a microsatellite in a tumour (15). Microsatellites are simple
repeated sequences that occur ubiquitously across the genome. Alterations in microsatellites
within coding genes can increase tumour development and the risk of cancer. MSI is the
hallmark of MMR deficiency, seen in most LS tumours and in a proportion of sporadic
colorectal tumours. MSI tumours can be divided into groups based on whether certain genetic
markers exhibit MSI. In MSI-high (MSI-H) tumours, over 30% of markers exhibit MSI, and
in MSI-low (MSI-L) tumours, only a few markers exhibit MSI. In microsatellite stable (MSS)
tumours, none of the markers exhibit MSI, and 60-70% of tumours overall fall into this

category. Tumour phenotyping for MSI is a useful tool for identifying LS patients, because it



is associated with certain unique clinical and pathological characteristics. However, MSI
tumours are not necessarily caused by heritable mutations (15, 16). Only 20-25% of MSI-H
tumours are associated with germline mutations in the MMR genes, as MSI is sensitive, but
not specific for LS (12). In sporadic CRCs there is a strong association between MSI-H
tumours and loss of MLH1 protein expression. The explanation is generally silencing of the
MLHI gene, due to somatic hypermethylation (17). Recently, CRC patients with MSI-H
phenotype, but without detectable germline mutations or hypermethylation of the MMR genes
have been diagnosed with the newly described Lynch-like syndrome (LLS) (18). The etiology
of this disease is unknown and the clinical significance is uncertain. Immunohistochemistry
(IHC) is a valuable supplement to MSI testing. IHC is a way of visualizing the presence of
specific markers, such as proteins, through binding of antibodies to antigens in tissue. If the
staining is interpreted correctly, IHC is extremely sensitive to MMR deficiency. This provides

a certain way of knowing if a MMR gene is expressed in the tumour cells (12).

1.2.2 The Amsterdam Criteria and Bethesda Guidelines

In 1989, a set of criteria was proposed to provide uniform and standardized diagnostic
principles for multicentre studies. These criteria were agreed upon by an international
collaborative group of researchers in 1991, and became known as the Amsterdam Criteria
(AC) for diagnosis of LS. The criteria were established before the identification of the MMR
genes, and were later broadened to recognize the genetic component, and diagnostic role of
extracolonic tumours. These became the AC-II in 1999. An additional set of guidelines was
established in Bethesda in 1996, for the identification of colorectal tumours that should be
tested for MSI, called the Bethesda Guidelines (BG) for identifying patients with HNPCC.
These were revised in 2002, and are now known as the revised BG. Today, both the AC-II
and the revised BG are used to identify families that are likely to have LS, before genetic
testing is performed (12, 19). Each of the criteria must be fulfilled for the patient to be
diagnosed with LS. Nonetheless, only about half of the patients that satisfy the AC are in fact
diagnosed with LS. The AC-I and AC-II are shown in table 1.1, and the revised BG are

shown in table 1.2.



Table 1.1. The Amsterdam Criteria. The Amsterdam Criteria (AC) | from 1991 to the left, and
the revised AC-Il from 1999 to the right (19, 20).

AC-l AC-I

Three or more relatives have CRC Three or more relatives have CRC or
HNPCC associated cancer

At least one affected patient should be a At least one affected patient should be a

first-degree relative first-degree relative

Two or more successive generations should Two or more successive generations should

be affected be affected
Cancer in one or more cases is diagnosed Cancer in one or more cases is diagnosed
before the age of 50 years before the age of 50 years

FAP should be excluded

Tumours should be confirmed with histology

Table 1.2. Revised Bethesda guidelines for testing colorectal tumours of microsatellite

1 CRC is diagnosed in a patient before the age of 50 years

2 Synchronous, metachronous colorectal, or other HNPCC-associated tumours are
present, regardless of age

3 CRC with high-frequency MSI (MSI-H) histology is diagnosed before the age of 60
years

4 CRC is diagnosed in one or more first-degree relatives with an HNPCC-related tumour,
with one of the cancers diagnosed before the age of 50 years

5 CRC is diagnosed in two or more first- or second-degree relatives with HNPCC-related

tumours, regardless of age



1.3 Familial CRC type X

Approximately 50% of all families with CRC that fulfil the AC are found to carry an inherited
mutation in the MMR genes by genetic testing, and are consequently diagnosed with LS.
However, around half of families that meet the AC do not have detectable genetic MMR
mutations, and thus cannot be diagnosed with LS. These families are termed MMR-proficient
HNPCC families with familial CRC type X (fCRC-X) (10, 21). Patients with fCRC-X have
no identified mutations in the MMR genes, no tumour MSI, and no loss of IHC staining of the
MMR proteins (6). The genetics underlying the cancer risk in these Lynch-like families
remains elusive, but the symptoms point to the existence of unidentified CRC high- or
moderate-risk loci. The AC indicate a strong familial aggregation, which makes it likely that
certain fCRC-X cases are caused by high-penetrance mutations. Some of the familial risk
may, however, be explained by co-inheritance of several low-risk loci, serving as
predisposing factors that can interact with environmental factors. Such variants could mediate
a risk too low to be detected in linkage analyses, and the low minor allele frequency (MAF)

prevents them from being captured by genome-wide association studies (GWAS) (6, 10).

1.4 The mismatch repair system

DNA mismatch repair is a highly conserved biological pathway that maintains genomic
stability. The primary objective of the MMR system is to eliminate and correct nucleotides
that are incorrectly inserted or deleted during DNA synthesis. The system is additionally
responsible for suppression of homologous recombination. The MMR genes code for proteins

with various functions that aid in stabilization of the genome (22, 23).

The four MMR genes, MLHI, MSH2, MSH6 or PMS2, were first identified in E. coli, where
the protein complexes MutS and MutL are responsible for initiating mismatch repair. MutS
recognizes the mismatch and MutL. mediates downstream activities. Homologs of MutS and
MutLL were later identified in mammalian cells, existing as heterodimers. The human MutSa
(hMutSa) complex consists of human MutS Homolog (MSH) 2 and 6. The complex
recognizes base-base mismatches and insertions and deletions (indels), in addition to some
larger indels. 80-90% of cellular MSH2 is bound in this heterodimer. The hMutSp complex
consists of MSH2 and MSH3, and recognizes mismatch indel loops of 2-10 nucleotides. The
hMutLo complex consists of human Mutl. Homolog (MLH) 1 and human Postmeiotic

Segregation Increased homolog (PMS) 2. This complex supports repair initiated by hMutSa



or hMutSP. Approximately 90% of cellular MLHI1 is bound in this heterodimer. An hMutLf3
heterodimer, comprised of MLH1 and PMSI, has been isolated in humans, but its
involvement in mismatch repair has not been confirmed. An hMutLy heterodimer, comprised

of MLH1 and MLH3, has been reported to confer some mismatch repair activity in vitro (22,

24).

The MMR system not only consists of the four proteins mentioned above, rather a number of
different proteins help mediate the repair. Another 18 protein-coding genes are considered to
be included in the MMR pathway, namely MLH3, MSH3, PMS1, POLDI1-4, PCNA, RFC1-5,
EXOI1, RPAI-3, and LIGI (23). These proteins make up the different steps in the MMR
process, and are of utmost importance for maintenance of genomic stability. DNA polymerase
delta (Pol 0) plays a major role in maintaining the genome, with many DNA-synthesis repair
mechanisms. The primary function of the polymerase is replication of the lagging strand. It
exhibits 5’3’ polymerase activity, in addition to 3’5’ proofreading exonuclease activity,
which repair incorrectly inserted nucleotides (25). Mammalian Pol & is composed of four
subunits: the catalytic subunit p125 (encoded by POLDI), and the accessory subunits p50
(POLD?2), p68 (POLD3), and p12 (POLD4). Pol d cooperates closely with the processivity
factor Proliferating Cell Nuclear Antigen (PCNA). PCNA is a cofactor of Pol 6 during DNA
synthesis and plays an important role in MMR. It binds to the DNA strand and acts as a
scaffold, recruiting other proteins involved in MMR. It is called a eukaryotic replication
sliding-clamp, and it strongly interacts with hMutSa and hMutSf (25, 26). Replication Factor
C (RFC) is a clamp loader enzyme, which loads PCNA onto the DNA helix, and is therefore
crucial for assembly of the MMR apparatus. RFC and PCNA function together to regulate the
directionality of excision and repair. RFC uses ATP hydrolysis to open and close PCNA onto
primed sites used by DNA polymerases and repair factors. RFC is a heteropentamer,
composed of five essential subunits: RFC1, RFC2, RFC3, RFC4, and RFCS5 (26, 27).
Exonuclease 1 (EXO1) belongs to the RAD2/XPG family of endo- and exonucleases, and is
involved in repair, recombination, and replication of DNA. EXOI1 plays a functional role in
MMR by retaining a 5’3’ double stranded DNA exonuclease activity, and a 5’ flap
endonuclease activity. The exonuclease function is required for repair of base-base
mismatches and single nucleotide indels. EXO1 interacts with, and stabilizes higher order
components of the MMR system: MSH2, MLH1, and MSH3. The enzyme has also been
shown to possess a cryptic 3’25’ double stranded DNA exonuclease activity, stimulated by

PCNA (26, 28, 29). The single-stranded DNA-binding protein Replication Protein A (RPA) is
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involved in mismatch repair by stimulating excision, stabilizing the DNA gap against
endonuclease attack, and promoting repair synthesis of DNA. The protein consists of three
subunits: RPA1, RPA2, and RPA3, each containing one or more DNA-binding domains (24,
30). For completion of excision repair, DNA joining events are required. DNA Ligase 1
(LIG1) is responsible for joining nicks in the DNA strand while cooperating with PCNA (31).

A schematic overview of the MMR pathway components’ functions is shown in figure 1.2.
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Figure 1.2. Components of the MMR pathway. Figure provided by Bak, 2014. After replication, the
MSH2/MSH6 heterodimer, MutSa, recognizes a G/T mismatch on the leading strand and binds to it (i).
MutSa recruits the MLH1/PMS2 heterodimer, MutLa, which can translocate in either direction. When it
encounters a nick in the DNA strand, binding and loading of EXO1 by PCNA initiate degradation of the
nicked strand (ii). The single-stranded gap is stabilized by RPA, filled by DNA polymerase, and sealed
by LIG1 (iii). Small indels are corrected in the same way, initiated by the MSH2/MSH3 heterodimer
MutSg (32).



1.4.1 Pathogenicity of MMR pathway proteins

The four genes MLHI, MSH2, MSH6 and PMS2 are well-recognised CRC predisposition
genes that are tested for mutations in diagnosis of LS. Inactivation of MLH]I results in a broad
spectrum of mismatches in the DNA, and LS is commonly caused by nonsense or missense
mutations. The majority of identified germline mutations in MLH1 do not inactivate the gene
completely, rather result in reduced MMR efficiency of the protein, causing an elevated risk
of CRC (33, 34). At least two mechanisms have been found to inactivate MLH1 function
through amino acid substitution: lower expression levels of MLHI, caused by protein
instability, and functional inactivation by structural alteration (35). The majority of MLHI
variants that infer a functional defect on the protein have been located to one of two
functional domains of the protein, the N-terminal ATPase domain and the C-terminal domain,
responsible for interaction with PMS2 and other MMR components. Variants located between
the two domains have been shown to alter or destabilize protein folding (34, 35). Mutations in
MLHI and MSH2 make up the majority of CRC cases. Mutations in MSH2 are usually
associated with impaired repair capability and decreased stability of the mutated protein.
Mutations responsible for destabilization of the protein are generally located in the N-terminal
region, while defects in ATP binding/hydrolysis are mostly observed in the C-terminal (36,
37). In 1997 it was demonstrated that mutations in MSH6 could cause LS (38). Mutations in
MSH6 have been described in patients with MSI-L phenotypes, but more frequently it will
exhibit a MSI-H phenotype. Mutations in MSH6 cause cancer with high penetrance; however,
the penetrance is reduced compared to mutations in MLHI and MSH?2. Endometrial cancer is
the most frequent manifestation among female MSH6 mutation carriers (39, 40). A study that
identified over 30 MSH6 mutations in LS patients in 2002, concluded that MSH6 analysis
should be included for all patients suspected of LS, and that neither MSI nor IHC should be a
selection criterion for MSH6 analysis because of varying phenotypes (41). A study of 33
families with MSH6 mutation from 2010 suggested that MSH6 mutations are more common
than previously assumed, and that the AC and BG are inadequate for identification of
potential MSH6 mutation carriers (42). According to MMR Genes Variant Database, up to
10% of LS cases can be explained by mutations in MSH6 (43). The PMS?2 protein was first
associated with cancer in 1994, when a germline deletion in the PMS2 gene was shown to be
causative of LS (44). Subsequent studies identified several LS families with loss-of-function
mutations in PMS2, and it was observed that the mean age of diagnosis in these families was
higher than that of families with mutations in the other three MMR genes. A proposed

explanation for this is that a functional MLH1-MLH3 protein can be formed in the absence of
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PMS2, which exhibit a redundant MMR function (45-47). In recent studies, the risk of CRC
from PMS2 mutations has been shown to be similar to that reported of MSH6 (48).

The role of MSH3 in association with CRC is controversial. In its heterodimer form with
MSH2, the MSH3 protein is required in MMR of insertion-deletion loops, however, the
MSH3 and MSHG6 heterodimer have partly redundant functions (49). Mutations in MSH3 have
been observed in connection with different cancers. A genetic screening of endometrial
cancer cases in 1996 revealed a MSH3 mutation that caused deficient MMR and MSI. After a
wild-type chromosome encoding the MSH3 protein was introduced into the tumour cell line,
the stability of some of the microsatellites was increased (50). It has been proposed that
mutations in MSH3 might enhance genomic instability and accelerate the accumulation of
mutations in combination with mutations in other MMR genes. This was demonstrated in
mouse models, by knocking out MSH6 and MSH3 (51-53). Mouse models have also shown
that cells lacking MSH3 are defective in repair of indels, yet repair of base-base mismatches
is functional and disease has a later age of onset. If the cells are depraved of both MSH3 and
MSHS6, the tumour development phenotype is identical to that of cells lacking MSH?2 or
MLHI1, suggesting that MSH3 and MSH6 cooperate in tumour suppression (54).

Mutations in MLH3 have been proposed to be involved in development of CRC because of
the protein’s close interaction with MLHI1. Several studies have searched for germline
mutations in the gene and the results have been ambiguous. While some studies claim to have
discovered a strong association between MLH3 mutations and cancer, others proclaim that the
evidence is circumstantial at best (55, 56). A large screening of Dutch families with CRC in
2001 revealed germline mutations that were not prevalent among normal controls. They also
reported that tumours from these cases could be both MSI positive and negative (56). A
mouse study from 2002 presented that MLH3-deficient mice are MSS (57). A study of CRC
patients from 2013 identified germline mutations in MLH3. The authors considered mutations

in the gene to be modifying, contributing to disease in combination with other mutations (58).

Mutations in the POLD1 gene have also been identified in cancer cases. The gene encodes the
catalytic proofreading subunit of DNA polymerase 0, required for DNA synthesis repair. The
proofreading exonuclease domain ensures the low mutation rate during DNA replication (59).
A study from 2013 of two large families with predisposition to a variety of cancers identified

a causal germline mutation in the exonuclease domain of POLD]. A third affected family was
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later found to carry the same mutation. Tumours from all affected individuals were MSS. The
findings suggested that decreased functionality of polymerase proofreading during replication
could lead to an increased mutation rate, and consequently tumour development. Another
POLDI missense mutation was found in a different CRC case in 2014, where no MMR defect
was observed. The mutations are described as inherited in an autosomal dominant manner
(60). Germline mutations in POLDI and POLE (the catalytic subunit of polymerase ¢,
responsible for leading strand synthesis) cause the CRC syndrome polymerase proofreading-
associated polyposis (PPAP) (61). Segregation analysis has confirmed a dominant, high-
penetrance predisposition to CRC, and the disease has a MSS phenotype. CRC-associated
mutations in the other three POLD subunits have yet to be identified. POLD2 is an accessory
subunit of the DNA polymerase 0 complex, involved in interaction and stabilization of the
other Pol 0 subunits, PCNA, and RFC. The polypeptide shows high degree of conservation
across species, suggesting an essential function (62). A study from 2010 found that the gene
expression level of POLD2 was upregulated in two subgroups of ovarian cancer, and
proposed it as a potential biomarker for disease (63). POLD4 was described in 2000, and was
the last subunit of the DNA polymerase & complex to be identified (64). POLD4 is the
smallest subunit of Pol 9, still, it is necessary for polymerase function and maintenance of
genomic stability. The short transcript consists of 107 amino acids and is quite conserved

across species (65).

The structure of the 5-protein clamp loader complex RFC, and its interaction with PCNA and
DNA, was first reported in 2004 (66). The pentamer serves as a cofactor of DNA polymerase,
and plays an essential role in DNA replication and repair. The subunits of RFC share
structurally conserved domains, including an ATP-binding domain. Recently, the expression
of the RFC3 gene was shown to be upregulated in ovarian cancer. The study demonstrated
that knock-out of RFC3 inhibits cell proliferation and tumour cell growth, while
overexpression increases cell growth and proliferation. The study established that RFC3 has
an oncogenic role, and the authors suggested the gene as a prognostic biomarker (67). A
recent study also found expression of the subunit RFC4 to be significantly increased in CRC
tissues compared to normal tissues. The high levels of RFC4 were associated with
differentiation, tumour progression, and poor prognosis, compared to low levels of
expression. The study found that loss of RFC4 suppressed CRC cell proliferation and induced
cell cycle arrest (68). RFC4 has also been implicated in other cancers, and proposed as a

possible target for development of cancer therapeutics (69).
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The role of EXOI in CRC has been widely disputed. The gene has long been a suggested
candidate for susceptibility to CRC, due to its function in the MMR pathway, yet its role in
cancer predisposition has remained unclear. The human homologue to yeast EXOI was
cloned in 1998 and the gene was proposed to be involved in the pathogenesis of LS, because
of the protein’s interaction with MSH2 (70). In 2001, 33 families with LS and 225 index
patients suspected of LS were screened for germline mutations in EXO/. The results indicated
an association of germline EXO/ variants with LS, and encouraged further studies (71). A
subsequent study revealed some of the identified mutations to be polymorphisms, present in
healthy individuals, thereby undermining the relevance to LS (72). The gene has been
extensively studied in Saccharomyces cerevisiae where mutations cause a weak mutator
phenotype. This suggested that mutations in human EXO/ could be less frequent or of a lower
penetrance than that of the higher order MMR complexes. A study of mouse models from
2003 with inactivated EXO/I revealed that silencing of the gene causes defective DNA MMR,
much similar to the repair defects observed in MSH6 mutant mice, which increase the risk of
cancer (72, 73). A mouse model study from 2013 reported that EXO1’s catalytic role is
essential for DNA damage response and repair, chromosomal stability, and tumour
suppression. It was also found that the structural role of EXO1 alone is critical for MMR (74).
Another functional study from the same year determined that EXO1 preferentially repaired
mismatches generated by DNA polymerase a. This study also reported that most replication
errors made by Pol a could be repaired in the absence of EXO1 by other nucleases. Repair in
absence of EXO1 was found to be dependent on the presence of MSH2 (75). Several studies
have focused on determining the role of single amino acid changes in EXOI1, and some
variants have been shown to increase cancer risk, while others have not. The ambiguous
results from these studies indicate that EXOI could be a moderate-risk gene predisposing to
CRC. It would seem that the EXO1 protein has some overlapping functions with other
nucleases. The effect of mutations in this gene alone may therefore not be very serious, but in
combination with mutations in other genes, it could have a greater effect. The gene may also

confer different risk in different populations (76, 77).
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1.5 Next-generation sequencing

Next-generation sequencing (NGS) is one of the most significant advances in technology
within biological science of the last 30 years. The term next-generation sequencing is used to
describe the high throughput sequencing technology, able to sequence millions of different
DNA templates in parallel. NGS has emerged as a practical method of obtaining patient-
specific genetic data for targeted therapy in cancer medicine, and has replaced much of the
popular Sanger sequencing method over the course of a few years. Due to the genetic aspect
of the disease, medical researchers within the cancer field have been eager to utilize the

technology (78,79).

The Sanger sequencing method was in practice the only DNA sequencing method used for 30
years, since Fred Sanger and Alan R. Coulson published their paper on methodical rapid
determination of DNA sequence in 1977. The Sanger technology is considered the gold
standard in genetic sequencing and is widely adopted in laboratories around the world.
Nevertheless, the semi-automatic technology has its limitations, both in throughput,
scalability, speed, and resolution, making multigene panels laborious and expensive. The
first-generation sequencing technology is too limited to meet the demands of today’s complex
genomic research. The Human Genome Project was sequenced using Sanger sequencing and
the project took over 10 years, costing nearly three billion dollars. To overcome these
barriers, new technology has been developed over the last ten years. In 2005, the sequencing-
by-synthesis technology developed by 454 Life Sciences was launched, which caused rapid
advancement of sequencing platforms into the second-generation. The following years the
method was developed further, and over 100 research articles were published in less than two
years. This lead to a revolution in sequencing technology: from the first-generation Sanger
sequencing of a few DNA fragments, through second-generation platforms employing clonal
amplification of DNA templates on a solid matrix and cycle sequencing, followed by third-
generation platforms with single molecule polymerase chain reaction (PCR) free protocols

and cycle-free chemistry, to the achievement of massive parallel sequencing (79-81).

The NGS technology enables researchers to study biological systems at a level that was not
previously possible, making large-scale sequencing both accessible and practical (82). NGS
has provided great benefits, with a method 50 times more throughput than Sanger sequencing

and the costs reduced to 1/6". Many laboratories are now considering it for routine diagnostic
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uses and at is gradually being implemented in clinics worldwide. Sanger sequencing is still
very useful, as it is a robust and reliable method of detecting DNA variations on a smaller
scale. The NGS reaction enables deep sequencing of specifically targeted regions, exome
sequencing and rapid whole genome sequencing (WGS). Exome sequencing is used to limit
the sequencing to only include the coding regions of the genome. Targeted enrichment
sequencing, where specific genes are selected for sequencing, allows the reaction to focus on
particularly relevant areas, thereby increasing sensitivity and specificity of the test. NGS
provides the ability to barcode and pool numerous samples together to find rare variants that
are missed by other approaches, and still obtain high sequence coverage during a single run
(78, 82, 83). For CRC patients with an unknown genetic cause of disease, NGS can be used to
search for pathogenic mutations within a panel of candidate genes, instead of laborious testing
of each gene, one-by-one. NGS has the potential of expanding the genetic repertoire used for
detection and treatment of CRC. This will decrease genetic investigation time of the patients,
leading to sooner diagnosis. Better understanding of CRC pathogenesis will also bridge a new

era of personalized medicine for cancer patients (79).

14



1.6 Aim of project

LS is the most common predisposing colorectal cancer syndrome. Current diagnosis of LS is
based on detection of mutations in one of four mismatch repair genes, MLHI, MSH2, MSH6,
or PMS2. Many patients meet the AC and/or BG for diagnosis with LS, but do not have
mutations identified in any of these four genes. Up to 30% of all CRC cases is caused by a
hereditary genetic susceptibility, yet no more than 10% of cases have identified germline
mutations. This means that around 20% of familial CRC cases are genetically unexplained.
The genetic background of disease in these patients remains elusive, because further genetic
testing is unavailable in the clinic. The specific segregation pattern shown in many of the
affected families demonstrates that there are undiscovered high-risk mutations causing CRC.
In other cases, there is a belief that risk can be explained by co-inheritance of multiple
moderate- or low-penetrant variants (84). These variants can confer an increased risk of
cancer in combination with more high-penetrant variants, or cause an additive risk along with
other low-penetrant variants. Low-risk variants could also be contributing to disease together

with environmental factors.

In this study, samples from 95 patients with CRC have been screened for causal mutations
using NGS technology. Each patient fulfils the AC and/or BG, but clinical genetic screening
of MLHI, MSH2, MSH6, and PMS?2 has failed to reveal the cause of disease. Our hypothesis
is that pathogenic mutations exist somewhere within the 22 genes involved in the MMR
pathway in these patients. MMR is crucial for genomic stability and defects in these proteins
could quickly lead to an accumulation of mutations. The MMR system has a documented role
in development of CRC, and it may be that predisposing variants in genes other than MLH],
MSH2, MSH6, and PMS2 in the MMR pathway can be causative of CRC. By NGS of a gene
panel the aim is to uncover candidate variants for the cause of disease in these patients.
Identification of the underlying genetic mechanism for disease will contribute to the
elucidation of fCRC-X. Disclosure of more susceptibility alleles to CRC is of tremendous
importance for diagnosis and treatment of patients with hereditary syndromes. Knowledge of
pathogenic variants will provide the patient and kindred the option of genetic testing and
surveillance to detect CRC at an early stage. Elucidation of causative agents is also a step in

the right direction towards cancer therapeutics and personalized medicine.
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2. Materials and methods

2.1 Chosen genes and DNA samples

The patients in this study are selected males and females with a family history of CRC, and/or
diagnosis with CRC at an early age. Each patient fulfils the AC and/or the BG. They have
received genetic counselling and testing, yet no mutations have been detected through normal
diagnostic screening. DNA samples from 95 patients have been used to sequence a gene panel
consisting of 124 genes. Included in the sequencing reaction were the gene’s exons, to get the
protein-coding sequences, as well as ten base pairs of the upstream and downstream intronic
flanking regions of each gene, to examine splice sites. The gene panel was sequenced in a
single reaction on the Illumina HiSeq2500 Next-generation sequencing platform. Of the 124
genes, 22 MMR-related genes, EXOI, LIGI, MLHI, MLH3, MSH2, MSH3, MSH6, PCNA,
PMSI1, PMS2, POLDI, POLD2, POLD3, POLD4, RFCI, RFC2, RFC3, RFC4, RFCS5, RPAI,
RPA2 and RPA3, have been studied in this master project. The further 102 genes included in
the gene panel have been studied by co MSc student Ann-Therese Ali. A flow scheme of the

complete process of this master’s project is shown in figure 2.1.
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Figure 2.1. Flow scheme illustrating the methodical process of this master project.
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2.2 Sample preparation

The biological material used in this project is gDNA isolated from ethylenediamine tetraacetic
acid (EDTA) blood samples from the clinical laboratory at St. Olavs Hospital in Trondheim
and the colorectal cancer research biobank in Mid-Norway. A total of 95 patient DNA
samples were prepared for this project. The DNA was isolated using the iPrep™ PureLink™
gDNA Blood Kit from Invitrogen, in accordance with the Invitrogen user manual (85). The
kit utilizes magnetic Dynabeads® MyOne™ SILANE to isolate gDNA from whole blood.
The DNA concentration of the samples was measured using Nanodrop® ND-1000
spectrophotometer from Thermo Scientific, in accordance with the user manual (86). To
confirm the Nanodrop measurements, the samples were measured again with Qubit 2.0

Fluorometer from Life Technologies, in accordance with the user manual (87).

2.3 DNA library preparation

A DNA library of 95 patient samples was prepared by target enrichment. Target enrichment
can be performed using amplicon or capturing methods to amplify the DNA samples in a
library for sequencing. In this experiment, the HaloPlex Target Enrichment System protocol
for Illumina sequencing by Agilent Technologies was utilized, and the basic workflow is
shown in figure 2.2. This is a selective circularisation-based, amplicon sequencing method.
The technology is a further development of the selector probe principle, where genomic DNA
is digested by specific restriction enzymes, generating short fragments. Restriction sites flank
each target region, and eight restriction enzyme digests are performed in parallel, which
capture all amplicons of interest in templates of 100-500 base pairs. Biotinylated
oligonucleotide adaptors, specific to the Illumina NGS platform, hybridize to each end of a
fragment, circularizing it. The fragment is immobilized and retrieved using magnetic
streptavidin beads. The unbound DNA is washed away and the library is recovered by an
elution step. The targeted DNA fragments are amplified by PCR and the PCR products are
pooled to form a DNA library, which can be sequenced on the NGS platform. The amplicon
method is popular within the clinic because of the simple workflow and short preparation
time (83, 88, 89). The DNA enrichment was done according to the HaloPlex Target

Enrichment System Protocol from Life Technologies (88).
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Step 1.

Step 2.

Step 3.

Step 4.

Figure 2.2. Schematic workflow of HaloPlex target enrichment.
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Technologies. Step 1: Digestion and denaturation of input gDNA containing target regions. Step 2:
Hybridization of probe library, resulting in circularized gDNA fragments with incorporated indexes.
Step 3: Capturing of biotinylated target DNA-probe hybrids using streptavidin-coated magnetic beads.
Step 4: PCR amplification of targeted fragments, producing a target-enriched sample ready for

sequencing (88).
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2.3.1 Deviations from the HaloPlex Target Enrichment System Protocol

Step 1. Evaluation of DNA quality

The protocol suggests that the DNA size distribution is verified for all samples using gel
electrophoresis, to ensure their quality and confirm that they are not degraded. The DNA size
distribution of samples 1-10, and sample 86 was validated with gel electrophoresis. Samples
1-10 are the oldest DNA samples used in this study, collected from 2002 to 2004, and sample
86 is the newest, collected from 2014. The older the sample is, the more likely it becomes that
the DNA will be degraded. It was therefore judged to be sufficient to test the oldest samples,

and the newest for control.

Step 9. Validation of DNA enrichment

The DNA library was validated with the 2100 Bioanalyzer. Because of high DNA
concentration, the samples were diluted 1:3 with Elution Buffer, containing Tris-HCI, and
measured again. The result from the second measurement was used to pool all samples into

one DNA library to a concentration of 3,62 ng/uL, validated on the bioanalyzer.

2.4 Sequencing

After pooling of the DNA library, the concentration of parallel dilutions of the library was
measured using quantitative real-time PCR (qPCR). The concentration was used to dilute the
DNA library to an optimal DNA concentration for the sequencing reaction. The DNA library
was sequenced on the Illumina HiSeq2500 NGS platform in accordance with Illumina

sequencing user manual (90).

2.4.1 Sequencing on the lllumina platform

The input material for NGS on the Illumina platform is double stranded (ds) DNA, converted
into a sequencing library. Adaptors, consisting of synthetic DNA, which serve as primers for
amplification and sequencing are ligated to the ends of the DNA fragments. The templates are
immobilized by random binding to a flow cell for solid-phase amplification. Unlabelled
nucleotides and enzyme are added to the reaction to initiate bridge PCR amplification. During
bridge PCR, nucleotides are incorporated to build dsDNA bridges on the solid surface and
then denatured to leave single stranded (ss) DNA templates anchored to the surface. Millions

of micro sequencing reactions are carried out in parallel, creating up to 1000 identical copies
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of each template molecule. Densities of ten million single-molecule clusters are achieved per

square centimetre (78, 91).

Illumina utilizes the sequencing by synthesis (SBS) technology, in which four
deoxynucleotides (dNTPs) labelled with fluorescent tags are used to sequence the DNA
clusters in parallel. Fluorescently labelled nucleotides, primers, and polymerase are added to
the reaction. A laser makes each cluster emit fluorescence and the first base is identified. For
each cycle, a single dNTP is added and detected before the tags and reagents are removed
again. The sequence content is read stepwise, nucleotide-by-nucleotide, and over multiple
cycles the bases are recorded to build the linear sequence (78, 91). The Illumina sequencing

process is shown in figures 2.3-2.5.
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Figure 2.3. lllustrations provided by lllumina. Adaptors are ligated to the DNA templates (1), and
single-stranded fragments are immobilized on a flow cell (2). Bridge PCR is initiated by adding
enzyme and unlabelled nucleotides to the reaction. The adaptors bind to primers on the surface of the
flow cell, and complimentary nucleotides hybridize to the template (3) (91).
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Figure 2.4. lllustrations provided by lllumina. The enzyme builds double-stranded bridges during
bridge PCR (4). Denaturation leaves single-stranded templates anchored to the substrate (5). Millions
of dense clusters of dsDNA are generated in each channel of the flow cell (6) (91).
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Figure 2.5. lllustrations provided by lllumina. The sequencing reaction is initiated by adding four
fluorescently labelled deoxynucleotides (dNTPs), primers and DNA polymerase. A laser causes each
cluster to emit fluorescence, and the first base is detected (7). In the next cycle the process is
repeated with incorporation of four labelled dNTS, and the second base is identified (8). Continued
cycle sequencing determines the base sequence in the DNA fragments, one base at a time (9) (91).
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2.5 Data analysis

The initial analysis of the raw data from the sequencing reaction was performed by the
Bioinformatics core facility at Norwegian University of Science and Technology (NTNU),
where a data processing pipeline for the output was established. After variant annotation, the
variants were filtrated on the basis of frequency in the population, effect on amino acid, and
sequence reaction quality. The variants remaining after filtration were subjected to further
analysis with protein prediction tools and literature research, to examine the pathogenic

likelihood of the mutations.

2.5.1 Data analysis pipeline

NGS data analysis involves four principal steps: base calling, read alignment, variant calling,
and variant annotation. The identification of the specific nucleotide in each sequencing read,
base calling, is integrated into the Illumina platform software. The raw data output from the
sequencing reaction is a large collection of sequence reads. For the reads to be aligned
accurately, reference sequences are assigned to the data. Read alignment is done by correctly
positioning the sequencing reads along the reference sequences. The human genome hgl9
(UCSC assembly, February 2009) was used as reference in this project, and the alignment
was done using the Burrows-Wheeler-Aligner (92). Comparison of the analysed sequences to
the reference sequences enables detection of variations within the analysed genome.
Identification of these variations is referred to as variant calling. In this project the Gene
Analysis ToolKit (GATK) Best Practices Recommendations was used to call variants (93).
The recommendations are a series of steps taking the aligned data sets to variants. The
intermediate steps include local realignment around indels, recalibration of quality scores, and
quality control of called variants. To analyse regions targeted in the sequencing experiment, a
list of these regions was used as additional information when running GATK, to reduce
running time of the pipeline. To define the limitations of the test, regions of low coverage
were located. By tracking positions with absent data or an ambiguous call, areas of poor
sequencing quality can be identified. After the variations have been identified, information of
each detected variant is added for variant annotation (81). Variants were annotated using the

annotation software ANNOVAR (94).

23



2.5.2 Filtration of variants and prediction tools

The variants were filtrated using the variant filtration tool Filtus version 0.99-91 (95). Filtus
offers a statistical evaluation of shared variants across individuals and is well suited for
Mendelian disease mapping. The genetic variants that were detected in the MMR-associated
genes of the 95 patients were initially filtrated against 1000 Genomes Project with minor
allele frequency (MAF) <0.01, to avoid common, benign variations. All synonymous variants
were discarded, as these are considered to be harmless polymorphisms in the majority of
incidences. Variants that did not pass the quality control filters established in the pipeline
were removed, as these are likely to be false positives. The minimum sequencing coverage
was set to 20X, because variant calls are more reliable as coverage increases, and low

coverage increases the risk of both false negatives and false positives (81).

The variants that passed filtration in Filtus were subjected to further investigations with the
mutation analysis software Alamut Visual (interactive Biosoftware, Rouen, France). The
software enables the user to navigate at nucleotide level within the gene, and explore the
predicted consequences of possible mutations. Alamut provides protein prediction via built in
prediction tools, which enable evaluation of variant consequences at protein level. The protein
prediction tools utilized through Alamut were Align-GVGD, SIFT, MutationTaster, and
PolyPhen-2. Align-GVGD combines protein multiple sequence alignment with the
biophysical properties of amino acids, to predict if a genetic missense substitution is neutral
or deleterious. Input sequence data is subjected to graded classification, based on risk
assessment estimates. The output is one of seven classes; CO, C15, C25, C35, C45, C55, and
C65, with increasing pathogenicity risk. The risk estimate ranges from less than 0.90 in class
CO0, to 4.00 or higher in class C65 (96). Sorts Intolerant From Tolerant (SIFT) is a sequence
homology-based tool that predicts whether an amino acid substitution will have a phenotypic
effect. The program is based on conservation of positions in alignment of a protein family.
The SIFT output is a score ranging from O to 1. The variant is predicted to be deleterious if
the score is less than or equal to 0.05 (97). MutationTaster is a web application for evaluation
of the deleterious potential of DNA sequence alterations. Information from biomedical
databases is used to analyse evolutionary conservation, splice-site changes, protein features,
and mRNA features, and to predict disease potential. The prediction is given as disease
causing or polymorphism, with a p-value from O to 1, indicating the confidence of the
prediction (98). Polymorphism Phenotyping version 2 (PolyPhen-2) predicts the functional

effects of human nonsynonymous single nucleotide polymorphisms (SNPs). Physical
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properties of amino acids and comparative analysis of sequences is used to predict the impact
on human proteins. The prediction tool calculates the probability of a mutation being
damaging, and scores it from O to 1, 0 being benign, 1 being probably damaging. The scoring
system is based on pairs of false positive rate thresholds (99). The Grantham’s distance is
used to show how similar the properties of two amino acids are, to predict how well they can
substitute each other. The distance between amino acid residues is calculated using a formula
for combining properties that correlate best with residue substitution frequencies.
Composition, polarity, and molecular volume are taken into account, and the score ranges
from O to 215. A low score signifies that the physiochemical distance between the residues is
small, and a high score signifies a great distance (100). The variants were researched within
the Leiden Open Variation Database (LOVD) v.3.0, to identify previous observations of the
variants (101). LOVD uses the five-tired International Society for Gastrointestinal Hereditary
Tumours (InSiGHT) classification system for CRC. Identified variants are classified in one of
five classes:

Class 1: not pathogenic

Class 2: likely not pathogenic

Class 3: uncertain pathogenicity

Class 4: likely pathogenic

Class 5: pathogenic.

Variants of class 3 have a pathogenic likelihood of 5-95% (102). Universal Protein Resource
(UniProt), Prosite, and Conserved Domains Database (CDD) was used to assess the affected
protein domains (103-105). dbSNP, a SNP database provided by National Center for
Biotechnology Information (NCBI), was used to examine variants with a reference sequence

(rs) number (106).
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2.6 Result validation

The DNA variants that were predicted to be pathogenic by two or more prediction tools were
selected for verification. These are the variants that continue to be the most likely candidates
of predisposition to CRC. DNA from patient blood samples was isolated, and the variants
were validated using Sanger sequencing PCR and the ABI 3130xl Genetic Analyzer from
Applied Biosystems. Primers were designed using the Primer Designer™ tool from Life
Technologies (107) and Primer-BLAST, an online primer designing tool from NCBI for
finding specific primers (108). The primers used for each variant are shown in Appendix 1.
For each variant, a DNA fragment of 200-600 nt containing the variant was sequenced.
SeqScape software v3.0 from Applied Biosystems was used to analyse the data from the
sequencing and interpret the results. The identified variants were confirmed to be true
positives. Two additional variants, in LIGI and RPAI, which were excluded from the results

because of low coverage, were confirmed to be false positives.

2.7 Materials
The Equipment, kits, and reagents used in this study are listed in table 2.1 and 2.2.
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Table 2.1 Equipment (name, vendor, and ID) used in this study.

Description Vendor ID

Benchtop microcentrifuge, VMR™ International Cat: 93000-196
Galaxy Mini

Benchtop plate centrifuge Eppendorf

5810R

Benchtop rotator FSR20 Grant Boekel

2100 Bioanalyzer Agilent Technologies Cat: G2940CA

Buffer, 1x and 10x with EDTA

Buffer 5x

Capillary Array for 3730 DNA
Analyzer

Life Technologies

ABI DNA Analyser 3730

Applied Biosystems, Hitachi

Part.no. 625-0010

PCR 96 tube holder

GeneFlash Bio Imaging SynGene

system

iPrep™ purification instrument | Invitrogen Cat: 10000

iPrep™ tubes Invitrogen

DynaMag-2 magnetic bead Life Technologies Cat: 12321D

separator

Dynal MPC® Magnetic Particle | Life Technologies Cat: 120.27

Concentrator

MicroAmp™ optical adhesive Applied Biosystems®, Life Cat: 4311971

film Technologies

MICROLAB STARLET Pre HAMILTON

PCR robot

Multichannel pipettes (10 uL Biohit

and 100 pL volume)

MS1 Minishaker vortexer IKA®

Finnpipette® Multichannel ThermoScientific

pipettes

Nanodrop® ND-1000 ThermoScientific

spectrophotometer

Pipetboy Comfort IBS Integra Biosciences

Plastic pipette, sterile, Sterilin

disposable

Qubit 2.0 Fluorometer Invitrogen™, Cat: Q32866
Life Technologies

Qubit assay tubes Invitrogen™, Cat: Q32856
Life Technologies

Thermal cycler 2720 Applied Biosystems®, Cat: 4359659
Life Technologies

MixMate® vortex mixer with Eppendorf Cat: 5353000.014
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Table 2.2 Kits and reagents (name, vendor, and ID) used in this study.

Description Vendor ID

Acetic acid solution 2 M Lot: SLBH6779V

Agencourt AMPure® XP Kit Beckman Coulter Genomics Lot: 14060800

AmpliTaq Gold® 360 MasterMix | Applied Biosystems®, Life Lot: 1405038
Technologies

A’SAP PCR Cleanup ArcticZymes Lot: 1422

Exonuclease 1

A’SAP PCR Cleanup Alkaline ArcticZymes Lot: 1422

Phosphatase

BigDye® Terminator v3.1 Cycle | Applied Biosystems®, Life Lot: 1405242

sequencing kit Technologies

DNA Molecular weight Marker Lot: 11799634

IV, 0.07 - 19.3 Kb

E-Gel iBase™" 2% agarose Invitrogen Lot: B16074

Elution Buffer (EB) Qiagen Gmblt Lot: 145046057

Cat: 19086

Ethanol 100%, molecular

biology grade

Eurogentec universal M13 NIMAGEN Sense Lot: 5457061

primers

Antisense Lot: 5457062

HaloPlex Target Enrichment
System Kit

Agilent Technologies

Lot:

0006246792

Cat: 5190-5534

HCI, 0,3 M, for Nanodrop

Herculase Il Fusion Enzyme
DNA Polymerase

Agilent Technologies

Lot:

0006212697

Cat: 600677-51

High Sensitivity DNA Chips Agilent Technologies Lot: SFO4BK50

High Sensitivity DNA Kit Agilent Technologies Lot: 1420

iPrep™ PureLink™ gDNA Blood | Invitrogen Lot: 1603453

Kit

NaOH, molecular biology grade, Lot: 1168043

10M

Nuclease-free Water

POP-7™ Polymer for 3730 DNA | Life Technologies

Analyzer

Qubit® dsDNA high sensitivity Invitrogen

Assay Kit

SAM™ Solution Applied Biosystems®, Life Lot: 1412051
Technologies

Tris-HCI, 10 mM, pH 8.0

Tris, 10 mM, pH 7.5, for

Nanodrop

XTerminator™ Solution Applied Biosystems®, Life Lot: 1412057

Technologies
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3. Results

3.1 Sample preparation
The DNA concentration of 95 patient samples was measured using Nanodrop and Qubit, and
the measurements from both instruments are listed in Appendix 2. A graphical illustration of

how the measurements coincide is shown in figure 3.1.
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Patient samples

Figure 3.1. Graphical illustration of the DNA concentration measurements from 95 patient DNA
samples, measured with Nanodrop (blue graph) and Qubit (red graph).
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The concentration measurements show some degree of inconsistency between the two
instruments, as is evident from the graph. The instruments are also somewhat inconsequent to
their respective results, as the test was performed in parallel for each sample and the reported
concentration is an average of this. To a large extent, the graphs show conformity; still, some
of the measurements are quite divergent. This could indicate that the DNA was not equivalent
in the sample solution, perhaps due to insufficient vortexing. The dilution of the samples was
calculated based on an average of three parallel measurements on both instruments, and the
average between them. Because of the questionable concentration results, it is not certain that
all samples were diluted to the correct concentration. This should, however, have little effect
on the sequencing results, as the DNA concentration of the samples in the library was

calibrated again before pooling and sequencing.

3.2 DNA library preparation

The DNA concentration of each sample in the DNA library is listed in Appendix 3. The DNA
concentration of the pooled library was measured to an average of 3.4 ng/uL.. The DNA
concentration was measured again before sequencing, using quantitative qPCR, to ensure the
right conditions in the sequencing reaction. The DNA concentration of the pooled library and

the Ct-value is shown in Appendix 3.

3.3 Sequencing

The average number of detected variants across the 22 MMR-associated genes, in each of the
95 patient samples, was 33. The number of detected variants in each sample can be found in
Appendix 4. The number of variants is fairly even for all patients, the highest number of
variants detected in a sample was 42, and the lowest number of variants detected in a sample
was 26. The majority of these variants are synonymous single nucleotide substitutions. For
each sample, an average of 11 genes were found to contain mutations. The mean coverage of
the sequencing reaction was 258X, 13 times higher than 20X, which was set as the minimum
acceptable coverage. On average, 86,72% of the target regions in all samples was successfully
sequenced with coverage above 20X. All genes and exons were reported as covered, except
for the first 250bp of POLD4, making up two and a half exons, which was poorly covered in
the majority of the samples. This region is especially GC-rich, which could have made the
probe enrichment of this region difficult. This is not unusual for promoter regions. Average

coverage and % of target regions covered in each sample are shown in Appendix 4.
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3.4 Data analysis

After sequencing, a total of 177 unique variants were identified in 21 of the 22 genes tested,
across the 95 patients. No variants were detected in RPA2. The variants were subjected to
filtration in Filtus, excluding variants with MAF >0.01 in 1000 Genomes Project and all
synonymous variants, thus reducing the number of unique variants to 83, across 17 genes. For
all variants, the quality of the sequencing reaction was inspected and variants of poor quality
and low coverage were discarded, as these variants are likely to be false positives. The
variants that passed these filters were inspected in Alamut software and subjected to protein
prediction. At this stage, 39 variants across 13 genes were evaluated, and a complete table of
variants with predictions is shown in Appendix 5. Variants classified as class one or two in
LOVD were excluded because they are considered benign. Variants predicted to be
pathogenic by two or more prediction tools were subjected to further evaluation. The result
was 20 unique variants distributed across 12 genes among 22 of the 95 patients. For each step
of filtration, the number of unique variants present in each gene amongst the 95 patients is

shown in Table 3.1.
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Table 3.1. The number of unique variants in each gene are shown before filtration and after each step
of additive filtration. The variants are filtrated against synonymous variants, minor allele frequency
(MAF) >0.01 in the 1000 Genomes project, poor sequencing quality and coverage <20X, and after
protein prediction tools assessed the variants pathogenicity.

Filter
Gene None Synonyms MAF >0.01 Quality / Protein
coverage prediction
EXO1 22 19 10 8 4
MSH3 15 12 7 2 1
MLH3 17 15 8 2 1
RPA1 14 9 8 0 0
PMS2 17 14 7 4 2
MSH6 20 13 11 5 1
RFC1 6 3 3 2 0
LIG1 8 3 1 0 0
RFC4 4 2 2 2 2
POLD1 13 7 5 4 2
POLD3 3 1 1 0 0
RPA3 3 2 2 0 0
POLD2 11 6 6 2 2
RFC2 2 0 0 0 0
RFC5 1 0 0 0 0
MSH2 8 4 3 3 2
MLH1 6 4 4 3 1
POLD4 4 4 4 1 1
PCNA 1 0 0 0 0
PMS1 1 1 0 0 0
RFC3 1 1 1 1 1
RPA2 0 0 0 0 0
Total variants 177 120 83 39 20

The 20 variants that were predicted by protein prediction tools to have deleterious
consequences on their respective proteins were confirmed with Sanger sequencing, and are

presented in Table 3.2, with nomenclature and predictions.
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Table 3.2. Candidate risk-variants found in this project. The table lists affected gene with reference
sequence, nomenclature of variants, patient number, and the predicted consequences of the
mutations based on scores from the protein prediction tools, PolyPhen-2, Align-GVGD, SIFT, and
MutationTaster, as well as the Grantham’s distance between the residues.

Gene

EXO1
NM_003686
EXO1
NM_003686
EXO1
NM_003686
EXO1
NM_003686
MLH1
NM_000249.3
MLH3
NM_001040108.1
MSH2
NM_000251.2
MSH2
NM_000251.2
MSH3
NM_002439.4
MSH6
NM_000179.2
PMS2
NM_000535.5
PMS2
NM_000535.5
POLD1
NM_001256849.1
POLD1
NM_001256849.1
POLD2
NM_001127218.1
POLD2
NM_001127218.1
POLD4
NM_001256870
RFC3
NM_002915
RFC4
NM_002916.3
RFC4
NM_002916.3

Variant

c.745G>A
p.Asp249Asn
c.1828A>G
p.Ser610Gly
c.458C>T
p.Ala153Val
c.82G>A
p.Ala28Thr
c.739T>G
p.Ser247Ala
c.885delG

p.His296Thrfs*12

c.138C>G
p.His46GIn
c.815C>T
p.Ala272Val
c.2336G>A
p.Arg779His
c.2511C>G
p.His837GIn
c.1004A>G
p.Asn335Ser
c.137G>A
p.Ser46Asn
c.2861C>T
p.Thr954Met
c.3221G>A
p.Arg1074GIn
€.322C>A
p.Leu108Met
c.892G>A
p.Glu298Lys
c.79G>A
p.Glu27Lys
c.179A>G
p.Tyr60Cys
c.181G>A
p.Val61Met
c.365A>G
p.Lys122Arg

Ref. seq. nr

rs61750993

rs12122770

N/A

N/A

rs63750948

N/A

rs33946261

rs34136999

rs199791286

N/A

rs200513014

rs121434629

rs374016016

N/A

N/A

N/A

rs200868910

rs377157774

rs151335809

N/A

Sample

6, 25, 43

28

30

14, 20

14

13

36

80

24

76

16

33

ol

38

74

73

43

Protein prediction score

PolyP’
0.946

0.004
1.000
1.000
0.948
N/A
0.994
0.869
1.000
0.999
1.000
0.996
0.999
1.000
1.000
1.000
0.001
1.000
0.999

0.967

GVGD?

co

Cco

co

Cco

co

N/A

C15

Cco

co

C15

C45

C45

co

Cco

co

Cco

C55

C55

co

C25

SIFT®
0.02

0.04
0.02
0.00
0.02
N/A
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.03
0.00
0.74
0.00
0.00
0.20

0.00

MutT*
1

0.739

0.986

0.763
benign

G.dist’
11

29
64
31
49
N/A
24

64

24
46
46

59

14
34
56

192

26

1PonPhen—2 variant scores ranges from 0 to 1, with increasing pathogenicity risk.

2AIign—GVGD classes ranges from CO to C65, with increasing pathogenicity risk of the variant.
*SIFT scores ranges from 0 to 1. Variants with scores of 0 to 0.05 are predicted to be pathogenic.

*MutationTaster scores represent the p-value of the prediction. All variants are predicted to be

Eathogenic, unless when stated otherwise.

Grantham’s distance ranges from 0 to 215. The residues have higher similarity with decreasing

scores.
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3.4.1 Effect on protein and patient phenotypes

One frameshift mutation and 19 missense mutations have been identified and subjected to

closer interrogation. The possible deleterious effects of the variants have been assessed, and

their suggested pathogenicity has been proposed. An overview of the variants found in the

four recognised CRC predisposition genes, describing how they might affect protein function

and elicit pathogenicity, is shown in Table 3.3. An overview of the variants found in possibly

new CRC predisposition genes, describing how they might affect protein function and elicit

pathogenicity, is shown in Table 3 4.

Table 3.3. Variants identified in the four CRC predisposition genes, MLH1, MSH2, MSH6, and PMS2,
which have been predicted to be pathogenic, with respective effects on protein and possible
pathogenic consequences.

Protein variant Gene Effect on protein Possible consequence

p.Ser247Ala MLH1 Amino acid change within Impaired MMR capability and
conserved interaction domain reduced efficiency

p.His46GIn MSH2 Change of conserved amino Protein unable to correctly
acid in DNA mismatch-binding | bind mismatches, impairing
domain MMR capability

p.Ala272Val MSH2 Amino acid change in Reduced mismatch binding
conserved helix motif of affinity and partial skipping of
connector domain exon 5

p.His837GIn MSH6 Amino acid change within a Reduced MMR efficiency by
signal-transducing lever disrupted signalling between
domain protein domains

p.Ser46Asn PMS2 Change of conserved amino Impairment of ATP hydrolysis
acid within ATP-binding and MMR activity
domain

p-Asn335Ser PMS2 Amino acid change in Altered protein function
conserved position
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Table 3.4. Variants identified in possibly novel CRC predisposition genes, which have been predicted
to be pathogenic, with respective effects on protein and possible pathogenic consequences.

conserved position

Protein variant Gene Effect on protein Possible consequence
p.Arg779His MSH3 Amino acid change in Altered protein function
conserved position
p.His296Thrfs*12 MLH3 Premature stop codon Degraded mRNA resulting in
lost protein
p-Arg1074Gin POLD1 Amino acid change in Obstruction of correct
conserved motif of zinc finger | formation of the polymerase
domain complex
p.Thr954Met POLD1 Amino acid change in Reduced function of the DNA
conserved position polymerase complex
p.Leu108Met POLD2 Amino acid change within Impaired formation and/or
conserved area function of the polymerase
complex
p.Glu298Lys POLD2 Amino acid change in partly Reduced function of the DNA
conserved position polymerase complex
p.Glu27Lys POLD4 Amino acid change in Reduced function of the DNA
conserved position polymerase complex
p-Asp249Asn EXO1 Amino acid change within
conserved MSH3 interaction Reduced MMR capability
domain
p.Ser610Gly EXO1 Amino acid change within
conserved MSH2 interaction Reduced MMR capability
domain
p.Ala153Val EXO1 Amino acid change within Obstruction of a-helix and
conserved pentapeptide impairment of DNA mismatch
involved in a XPG-domain and | excision, reduced MMR
MSH3 interaction capability
p.Ala28Thr EXO1 Amino acid change in Affected mismatch excision
conserved position within XPG | and reduced MMR capability
domain
p.Tyr60Cys RFC3 Substitution of a conserved Obstruction of Tyrosine kinase
and phosphorylated residue signalling and impaired protein
function
p.Val61Met RFC4 Amino acid change in Impaired DNA excision and
conserved position repair
p.Lys122Arg RFC4 Amino acid change in Impaired DNA excision and

repair

Additional mutations in other genes have also been detected in the patients in this study,

which have been identified in the clinic or found in the same gene panel by co MSc student

Ann-Therese Ali. All mutations found in each patient that are likely to be pathogenic are

shown in table 3.5. The patient tumours have been tested for MSI and loss of IHC staining of

the four MMR proteins, MLH1, MSH2, MSH6, and PMS?2, in the clinic. The IHC and MSI

status of each sample is shown in Table 3.5
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Table 3.5. All possible pathogenic variants that have been identified in this study, in the same gene
panel, and in the clinic is shown for each patient. The IHC and MSI tumour status of each patient is

listed.
Sample Variants Gene IHC staining MSI status

2 p.Arg1074GIn POLD1 Normal MSS
p.Leu251Valfs*2 FAM166A

6 p.Asp249Asn EXO1 Normal MSI-L

8 p.Ser610Gly EXO1 MLH1/PMS2 MSI-H
p.Pro431Leu TGFBR2

9 p-His46GIn MSH2 MSH2/MSH6 MSI-H
p.Pro751_Lys752insAsp BUB1B

13 p.Ala272Val MSH2 MSH2/MSH6 MSI-H
p.Ser247Ala MLH1

14 p.-His296Thrfs*12 MLH3 Normal MSS
p.Leu251Valfs*2 FAM166A

16 p.Thr954Met POLD1 MSH2/MSH6 MSS
p.GIn502Hisfs*20 MAMLS3

20 p.Ser247Ala MLH1 Normal MSS
p.Asn335Ser PMS2 MSS

24 p.lle138Val OGG1 Normal
p-Asp249Asn EXO1

25 p.Ala257Ser AXIN2 N/A N/A
c.-7C>T and c.-28C>T MLH1
p.Ala153Val EXO1

28 p.Thr66llefs*35 GREM1 Normal MSS
p.Tyr458Phe POLE
p.Val4d27Phe FANCD2
p.Ala28Thr EXO1

30 p.Val262Ala BAMPR1A MLH1/PMS2 MSI-H
p.Arg69Pro AKT1
p.Leu108Met POLD2

33 p.Ala126Val PTEN Normal MSS
p.280_281del RAI1
p.Arg779His MSH3

36 p.T973M LAMAS Normal MSS
p.Cys36fs* PIK3CA
p.Glu27Lys POLD4

38 p.Pro2178Ser NOTCH3 Normal MSS
p-Asp249Asn EXO1

43 p.Lys122Arg RFC4 Normal MSS
p.Pro751_Lys752insAsp BUB1B

57 p.Glu298Lys POLD2 Normal MSS
c.-93G>C PMS2

73 p.Val61Met RFC4 N/A N/A
p-Cys503Ser FLCN

74 p.Tyr60Cys RFC3 MSH2/MSH6 MSI-H

76 p.Ser46Asn PMS2 MSH2/MSH6 MSI-H
p-GIn502Hisfs*20 MAML3

80 p.His837GIn MSH6 Normal + MSI-H

MLH1/PMS2
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4. Discussion

4.1 Overview

In this project, possibly pathogenic DNA variants have been identified in 22 of the 95 patients
participating in the study. Within 12 MMR associated genes, 20 unique variants have been
detected. Some of the variants are localized within genes that are known to predispose to
CRC, some are found within genes of which connection to CRC is widely disputed, while
other variants are found in genes that are of unknown clinical significance to CRC. The genes
in which mutations have been detected were researched to enlighten the potential
consequences of each variant. The pathogenic probability of the variants has been
contemplated based on the likely effects on protein function. In the following discussion, it
will be argued that mutations predisposing to CRC have been identified in these genes. As of
yet, none of the variants present evidence of being disease-causing agents in the CRC-
patients, and remain variants of uncertain significance (VUS) until further elucidation can be
done. These variants are predicted to cause disease by at least two in silico methods and
pathogenic variants have not previously been detected in the patients. Consequently, their
pathogenic status needs to be elaborated. The patients have varying phenotypes, and the
majority of patients (18) are carrying more than one identified variant. This suggests that
among the 20 variants there are mutations of various penetrance and risk, that could exhibit

pathogenicity alone, or in combination with other variants.

4.2 Identified variants in established CRC predisposition genes

4.2.1 p.Ser247Ala, MLH1

The missense variant p.Ser247Ala was identified in MLHI of patients 14 and 20, who are
siblings with CRC. The mutation changes a Serine to Alanine within a beta strand motif, in a
domain involved in interaction with the MutS complexes. Serine is a small, polar residue,
common in protein functional centres, which contains a reactive hydroxyl group, enabling it
to form hydrogen bonds with polar substrates. Alanine is small, non-polar, and non-reactive
(109). The Grantham’s distance between the two residues is 49. The variant is novel, but a
variant in the same position has been classified as class 5 with InSiGHT classification (102).
This variant changes Serine to Proline, which like Alanine is small, non-polar, and non-
reactive, rarely involved in functional sites (109). The change from Serine to Proline has been
found to alter the quantity, subcellular localization, and MMR capability of MLHI, and

reduce the repair efficiency to 17% (34). Other missense variants in close proximity have
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been shown to alter protein folding and reduce MMR efficiency (33, 35). Two protein
prediction tools have predicted this variant to be pathogenic. MLHI is a known high-
penetrance CRC predisposition gene, which makes it likely that the mutation could be
pathogenic. Especially considering the large physiochemical difference of the residues and the
high conservation of the area. The pathogenicity of the similar p.Ser247Pro variant further
supports the indication that this change should be pathogenic as well. However, the patient’s
tumours are MSS and show no loss of the four MMR proteins. This indicates that MMR is
functioning normally, and that MLH1 is expressed. In a study analysing the functional effects
of mutations in MLH]1 in vitro, MMR activities were impaired without reduced MLH1 levels
in some missense mutations (35). This suggests that it is possible to positively detect MLH1
by IHC even if pathogenic variants are present. Nonetheless, if this were the case, the tumour
phenotype would likely be MSI. The fact that two siblings affected with CRC both share the
same variant indicates that it could be involved in disease development. However, the MSS
tumours advocate against an MMR defect. Functional studies of the protein and segregation
analysis of this family will be useful to determine how the protein is affected and whether the
mutation is inherited in other affected family members. Until further studies can elucidate its

role, the pathogenicity of the variant remains unknown.

4.2.2 p.His46GIn, MSH2

The missense variant p.His46Gln was identified in MSH2 of patient 9. The variant changes a
conserved Histidine to Glutamine in the end of a beta strand motif in the N-terminal DNA
mismatch-binding domain of the protein. Histidine is considered a polar residue, but its
unique chemical properties make any other residue a poor substitute. Histidine is ideal for
protein active or binding sites because of the ease with which it transfers protons. Glutamine
is polar and prefers to reside on the protein surface (109). Three studies report that the variant
has been found in patients with CRC (110-112), and it is classified as class 3, based on
InSiGHT classification. The amino acid position is conserved and part of a critical domain,
indicating that it plays an important role in protein function. The variant could therefore
impair MMR activity by e.g. alteration of MSH2 binding to DNA mismatches. Three
prediction tools predict the change to be pathogenic. The patient’s tumours are MSI-H and
IHC staining shows loss of MSH2/MSH6. This suggests that either MSH2 or MSH6 has
mutations that lead to loss of protein, which causes the other protein to disintegrate, when
unable to form the MutSa heterodimer. The fact that mutations in MSH2 are known to be

high-penetrant indicates that the identified MSH2 variant could be the explanation for disease
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in this patient. A nonframeshift insertion in the BUB1B gene of this patient was also
identified in the same gene panel. The BUBIB gene is responsible for mitotic checkpoints,
and mutations in this gene have been detected in CRC cell lines (113). It is possible that this
variant could be causing or contributing to disease. However, because of the gene’s
documented role in predisposition to CRC, the biggest risk of CRC is more likely inferred by
the MSH2 variant.

4.2.3 p.Ala272Val, MSH2

The missense variant p.Ala272Val was identified in MSH?2 of patient 13. The variant changes
an Alanine to Valine in a 14-residue helix motif, located in the connector domain of the
protein. The domain connects the DNA-binding N-terminal domain to the rest of the
heterodimer, and is responsible for interactions and signalling between different protein
elements (114). Both residues are small and non-reactive, with hydrophobic side chains, and
are rarely involved in catalytic function. Valine is, however, branched at the Cf3 carbon,
giving it more bulkiness around the protein backbone. It therefore has a lot of difficulties
adopting an o-helical conformation, which in this case could disrupt the helix (109). The
Grantham’s distance between the residues is 64. The mutation has been associated with CRC
in several studies, and it is categorised as a class 3, based on InSiGHT classification. The
studies report that the mutant protein shows slightly reduced mismatch binding affinity, and
both functional and in silico analyses demonstrate that the mutation has an effect on splicing,
resulting in partial skipping of exon five, with a 12% exon exclusion (37, 115, 116). This
suggests that the mutation could be predisposing to CRC. Two prediction tools predict the
change to be pathogenic. The patient has MSI-H tumours and IHC staining shows loss of
MSH2/MSH6, indicating that the present mutation could be deleterious. As no other germline
mutations have been found in this patient it is quite possible that p.Ala272Val is causal, and it

should therefore be considered a high-risk candidate and subjected to further studies.

4.2.4 p.His837GIn, MSH6

The missense variant p.His837GIn was identified in MSH6 of patient 80, which changes a
Histidine to Glutamine in a single residue position connecting two helix motifs. Both residues
are polar and frequently found in active or binding sites. Histidine has unique chemical
properties that make it ideal for catalytic domains, while Glutamine prefers to reside on the
protein surface (109). The position is part of a long a-helical lever domain, which is believed

to acts as a signal transducer between the ATPase domain and DNA-binding domain (114). A
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study investigating the functional effects of MSH6 missense mutations, found that mutations
within the lever domain affect the proper coordination of DNA binding and nucleotide
processing, indicating that signalling between domains is disrupted (117). This suggests that
the mutation could impair MMR activity. Four protein prediction tools predict the change to
be pathogenic. The patient is a female with endometrial cancer, which is frequently observed
in cases with MSH6 mutations (40). The patient had two tumours; one was MSI-H with loss
of MLH1 and PMS2, while the other was MSH-H with normal IHC staining. The tumour with
loss of MLH1/PMS2 showed somatic hypermethylation of the MLHI promoter, which is the
most common cause of sporadic loss of MLH1 (118). This phenotype suggests that the patient
could have germline mutations increasing the risk of CRC, as well as somatic mutations in the
tumour lacking MLH1/PMS2. The MSI-H phenotype, the established role of MSH6 in
predisposition to CRC, the presence of cancer in the endometrium, and the lack of other

mutations makes this variant a CRC predisposition candidate, possibly conferring a high risk.

4.2.5 p.Ser46Asn, PMS2s

The missense variant p.Ser46Asn was identified in PMS2 of patient 76. The variant changes a
conserved Serine to Asparagine within a helix motif in the N-terminal ATP-binding domain
of the protein. Serine is small and often resides within tight turns on the protein surface,
where it forms hydrogen bonds with the protein backbone (109). Asparagine’s larger side
chain could in this case distort the helix motif. The mutation has not previously been reported,
but a substitution in the same position, which changes Serine to Isoleucine, has been
identified in a study of patients with CRC (119). This mutation is classified as class 4 with
InSiGHT classification. As the residue is conserved and part of a specific motif, it is likely to
be important for correct function of the ATPase domain. If so, the change could impair ATP
hydrolysis. Four protein prediction tools predict the change to be pathogenic. The patient has
MSI-H tumours and IHC shows loss of MSH2/MSH6, which indicates that disease is
associated with mutations in one of these genes. However, no germline variants in MSH2 or
MSH6 have been identified. This could indicate that the patient has somatic mutations in
MSH2/MSH6, causing tumour development, or that the tumour is caused by heritable
mutations and happen to have two somatic hits in MSH2/MSH6. The tumour should therefore
be analysed for such mutations. Because of the familial history of cancer, the patient could
also be a candidate of the recently reported LLS, found in patients with MSI-H phenotypes
and familial cancer, but without identified mutations in the MMR genes. The presence of

PMS?2 in the tumours confirms that the gene is expressed; yet it does not prove that the
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protein is functional. As the mutation is in a conserved position of a high-penetrant gene, it is
likely that it could be involved in development of disease. A frameshift deletion of the
MAML3 gene was identified in the same patient, which functions as a transcriptional
activator. It is possible that this mutation could be causing disease or contribute to the cancer
risk. The p.Ser46Asn variant could also be causal of cancer, or increase the risk in

combination with other variants.

4.2.6. p.Asn335Ser, PMS2

The missense variant p.Asn335Ser was identified in PMS2 of patient 24. The variant changes
an Asparagine to Serine in a conserved position located between the ATPase and nuclease
domains of the protein. The function of this protein area is uncertain. Knowing that
pathogenic mutations have been found distributed all across the protein, and that the residue is
conserved, it is possible that the variant affects protein function, and consequently MMR
function. Four prediction tools predict the change to be pathogenic. The tumours are MSS and
IHC staining of MMR proteins is normal in the patient, indicating that MMR activity is
normal. A missense mutation in the OGGI gene of the same patient was also identified in the
gene panel. It is also possible that disease could be caused by this mutation, or that it
contribute to a polygenic explanation for disease. As PMS2 is a high-penetrant gene, well
known to predispose to CRC, it is possible that p.Asn335Ser could cause a risk in itself,
especially since all protein prediction tools predict it to be pathogenic. However, the MSS
tumour and normal MMR protein staining contradicts this theory, making the clinical

significance of the mutation uncertain.
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4.3 Identified variants in potentially new predisposition genes

4.3.1 p.Arg779His, MSH3

The missense variant p.Arg779His was identified in MSH3 of patient 36. The variant changes
an Arginine to Histidine within a beta strand motif. Both residues are large, polar, often
positively charged, and found in protein active or binding sites. However, Arginine will in
most cases only substitute well with Lysine, and Histidine does not really substitute well with
any other amino acid, due to its unique chemical properties (109). The position is highly
conserved across species, and three prediction tools predict the change to be pathogenic. The
tumours from this patient are MSS and IHC staining shows no loss of the four MMR proteins,
indicating functional MMR. Two additional variants were also identified in this patient from
the gene panel, a missense mutation in LAMAS, and a stop codon gain in the oncogene
PIK3CA. These mutations alone could be causing the disease, or the p.Arg779His in MSH3
could be the cause of disease. p.Arg779His could also be a modifying variant, segregating

with mutations in other genes and contributing to the cancer risk.

4.3.2 p.His296Thrfs*12, MLH3

The frameshift deletion p.His296Thrfs*12 was identified in MLH3 of patient 14. The deletion
causes the formation of a premature stop codon twelve amino acids downstream, and the
original 1453 residue polypeptide is reduced to 316 residues. With a stop codon inserted in
the beginning of the gene, it is likely that the mRNA will be degraded, resulting in loss of
MLH3. The same mutation was reported in a Swedish study from Karolinska Hospital in
2003, where the variant was found in a patient with colorectal cancer, a family member with
colorectal cancer, a family member with endometrial cancer, and one of three unaffected
relatives. The study did not find the mutation in any of the 96 controls or sporadic CRC
patients. The authors proposed that the mutation could be associated with disease with
reduced penetrance (120). A nonsynonymous substitution in MLH and a frameshift insertion
in FAM166A have also been identified in the same patient. There is a possibility that these
mutations could contribute to disease together, especially as MLH1 and MLH3 interact with
each other in formation of the MutLy heterodimer. The patient has a sibling with CRC,
patient 20, who only has the MLHI mutation. This could indicate that the mutation is a
modifying mutation, contributing to the disease. However, IHC shows normal staining of
MMR proteins, including MLH1. Both siblings have MSS tumours, suggesting that the cause
of disease is not MMR related. Studies have shown that tumours from patients with MLH3
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mutations could be both MSI and MSS, and that MLH3-deficient mice have shown to be MSS
(56, 57). Consequently, it is possible for colorectal tumours associated with defects in MLH3

to be MSS and still cause disease, making this variant a candidate of CRC predisposition.

4.3.3 p.Thr954Met, POLD1

The missense variant p.Thr954Met was identified in POLDI of patient 16. The variant
changes a conserved Threonine to Methionine. Threonine can be substituted with other polar
amino acids, and resides both within the protein and on the protein surface. It forms hydrogen
bonds with polar substrates and is quite common in functional centres. Methionine is non-
polar, preferring to be buried in hydrophobic cores, and is rarely directly involved in protein
function (109). As the position is conserved, the difference in structure and properties of the
residues could distort protein folding or function. Three prediction tools predict the change to
be pathogenic. Other studies have found POLDI mutations to be causal of CRC, but these
mutations have been detected in the exonuclease domain of the protein. The present variant is
not located within this catalytic domain, and the consequences are therefore uncertain. A
frameshift deletion in the transcriptional activator MAML3 was also identified in the patient,
indicating that this variant also could be involved in cancer development. The tumours are
MSS, which is consistent with the phenotype reported in other POLD1 mutation patients. IHC
staining show loss of MSH2/MSH6, but no germline MSH2/MSH6 mutations have been
identified. This could indicate somatic mutations leading to inactivation of these genes,
although this should have inferred MSI. The tumour could therefore be caused by germline

mutations and happen to have two somatic MSH2/MSHS6 hits.

4.3.4 p.Arg1074GIn, POLD1

The missense variant p.Argl074GIn was identified in POLDI of patient 2. The variant
changes an Arginine to Glutamine in a highly conserved CysB protein motif, within the C-
terminal zinc finger domain of POLDI1 (121). Arginine is positively charged and prefers to
reside on the protein surface. It is often involved in stabilizing salt-bridges and participates in
active or binding sites, where it binds negatively charged substrates. Glutamine is smaller and
uncharged, and therefore unable to mimic the role of Arginine (109). The CysB motif is a
sequence of 19 residues that bind an iron-sulphur cluster, which is the cofactor required for
formation of the polymerase complex. The variant is located between two metal-binding
residues (122). This suggests that the mutation could obstruct correct formation of the

polymerase complex. Three prediction tools predict the change to be pathogenic. The
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patient’s tumours are MSS, and IHC staining of MMR proteins is normal. This is consistent
with the phenotype for disease-causing POLDI mutations, although these variants have all
been detected in the exonuclease domain (59, 123). A frameshift insertion was identified in
the FAMI166A gene in the same patient, indicating that this mutation could be causative of
disease as well. Seeing that the POLD] variant is conserved within a critical motif of a gene
whose involvement in CRC has been documented, p.Argl074Gln should be considered a
candidate of disease-cause in this patient. However, little is known about mutations in the

polymerase-part of the protein.

4.3.5 p.Leu108Met, POLD2

The missense variant p.Leul08Met was identified in POLD2 of patient 33. The variant
changes a Leucine to Methionine in a conserved protein position. Both residues are nonpolar,
and prefer to be buried within hydrophobic cores. They are fairly non-reactive and seldom
directly involved in protein function. Aliphatic residues tend to substitute each other well,
however, unlike proper aliphatic residues, Methionine contains a sulphur atom in its side
chain (109). The area is highly conserved, indicating a specific function, perhaps in
scaffolding and interaction with other proteins, which is the subunit’s primary function. It is
therefore possible that the change could obstruct the correct formation and function of the
polymerase complex. Three prediction tools predict the change to be pathogenic. The tumours
of the patient are MSS and IHC staining is normal, suggesting that the cause of disease should
be found outside of the four MMR genes. The patient was diagnosed with CRC at a young
age, and no other mutations have been identified in this patient. These features points to

p-Leul08Met as a possible candidate of CRC risk.

4.3.6 p.Glu298Lys, POLD2

The missense variant p.Glu298Lys was identified in POLD2 of patient 57. The variant
changes a Glutamate to Lysine within a short coil, between two beta strands. Glutamate is
negatively charged and therefore prefers to reside on the protein surface. It is frequently
involved in salt-bridges and protein active or binding sites. Lysine is positively charged and
amphipathic, often involved in salt-bridges and active sites, performing the opposite role of
Glutamate (109). Being only partly conserved, and not part of any known specific motif, it is
possible that substitutions in this position are tolerated. However, the role of the protein area
is not well understood, and the change in charge could affect the immediate protein

surroundings. The protein is involved in both interaction with PCNA and the other POLD
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subunits, as a scaffold. Two prediction tools predict the change to be pathogenic. The
patient’s tumours are MSS and IHC staining of the four MMR proteins is normal. A missense
mutation in the untranslated N-terminal region of PMS2 has been detected in the same patient
by the clinic. This could have a deleterious effect on PMS2, however, IHC show no loss of
PMS2 and the MSS phenotype suggests that MMR is functional. It is possible that the
POLD? variant is contributing to the risk of cancer in the patient, through impairment of
correct polymerase function. As of now, there is little evidence to claim that the variant is

pathogenic; still it cannot be ruled out as a risk candidate.

4.3.7 p.Glu27Lys, POLD4

The missense variant p.Glu27Lys was identified in POLD4 of patient 38. The variant changes
a conserved Glutamate to Lysine in the N-terminal region of the protein. The two residues
serve similar functions, but are of opposite charge. The short, conserved sequence indicates
that the subunit is vulnerable to changes. Two protein prediction tools predict the variant to be
pathogenic. The tumours of the patient are MSS and IHC staining of MMR proteins is
normal. This is consistent with other pathogenic POLD mutations. The patient also carries a
missense mutation in the NOTCH3 gene from the gene panel. The NOTCH3 protein functions
as a tumour suppressor and could be involved in disease development (124). This could also
suggest a polygenetic cause of disease, where p.Glu27Lys is implicated. There is too little
evidence to claim that the variant is a risk candidate of CRC. However, given the possible
obstruction of correct formation of the polymerase complex, the variant may cause increased

risk of CRC in combination with other mutations.

4.3.8 p.Asp249Asn, EXO1

The missense variant p.Asp249Asn was identified in EXO/ of patient 6, 25 and 43. The
variant changes an Aspartate to Asparagine within a protein domain responsible for
interaction with MSH3. The residues are quite similar in structure, and substitute each other
well. They prefer to reside on the protein surface and are frequently involved in protein active
or binding sites (109). However, the negative charge of Aspartate could alter interaction with
MSH3 e.g. through binding affinity. Two protein prediction tools predict the change to be
pathogenic. Patient 6 has MSI-L tumours and normal IHC staining of MMR proteins,
indicating a weak mutator MMR phenotype. No other mutation was found in this patient. MSI
and IHC analyses were not performed on tumours from patient 25. This patient carried two

additional class 3 missense mutations in the untranslated C-terminal region of MLHI,
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detected by the clinic, and a missense mutation in AXIN2, identified in the same gene panel.
Mutations in AXIN2 have been reported in several CRC cases (125). Patient 43 has MSS
tumours and normal IHC staining of MMR proteins. This patient has an additional missense
mutation in RFC4, and a nonframeshift insertion in the BUBIB from the same gene panel.
The BUBIB gene is responsible for mitotic checkpoints, and has been associated with
sporadic CRC (113). The normal IHC staining of the four MMR proteins suggests that disease
is caused by defects in other genes, but this only rules out mutations that prohibit protein
expression of the four MMR genes. The presence of other mutations in addition to
p-Asp249Asn in two of the patients could indicate a polygenetic susceptibility to CRC. A co-
inheritance of several moderate- or low-risk genes could be a possibility for the explanation
of disease in these cases. The involvement of EXOI in cancer is widely disputed, however, it

could seem that mutations in EXO! are low-penetrant or modifying of CRC development.

4.3.9 p.Ser610Gly, EXO1

The missense variant p.Ser610Gly was identified in EXO! of patient 8. The variant changes a
Serine to Glycine within a protein domain responsible for interaction with MSH2. Serine is
small, polar, and quite common in protein functional centres. Glycine is nonpolar and
miniscule; the side chain only consists of a hydrogen atom, providing a lot of conformational
flexibility. The two amino acids generally substitute each other well (109). The variant is
located within a conserved interaction domain, indicating that a change in this position could
alter binding affinity. Two protein prediction tools predict the change to be pathogenic. The
patient has MSI-H tumours and IHC staining shows loss of MLH1. This suggests that the
cause of CRC should be found within the high-penetrant MLH1 gene. However, the patient
has no likely pathogenic germline mutations in MLHI, and no somatic methylation of the
promoter. The patient has a missense mutation in 7TGFBR?2, identified in the same gene panel,
which could be contributing to disease. The pathogenic effect of the p.Ser610Gly variant is
not obvious, but it is possible that it causes, or contribute to, an elevated cancer risk, possibly

in addition to the TGFBR?2 variant and other unidentified variants.
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4.3.10 p.Ala153Val, EXO1

The missense variant p.Alal53Val was identified in EXO/ of patient 28. The variant changes
an Alanine to Valine within a conserved helix motif in a domain responsible for interaction
with MSH3. Both residues are small, non-polar, and fairly non-reactive, yet Alanine will
often play a role in substrate recognition and specificity. Valine is branched at the Cf3 carbon,
giving it a lot more bulkiness around the protein backbone than Alanine. The most
pronounced effect of this is that Valine has difficulties with adopting a o-helical
conformation, and could therefore disrupt the helix motif (109). The protein position is highly
conserved, indicating that the protein tolerates changes in this position poorly, and that it
could be an active component of the interaction domain. The change is also located within a
Xeroderma Pigmentosum complementation Group G (XPG) domain, which is characteristic
of the RAD2 protein family, including various nucleases. The XPG domain has two highly
conserved regions: the first is located near the N-terminal, and the other is an internal region,
an I-domain, spanning about 140 residues. The I-domain contains a highly conserved core of
27 amino acids, including a conserved pentapeptide: E-A-[DE]-A-[QS]. The identified variant
is the second Alanine in this structure, and therefore likely involved in the catalytic
mechanism of DNA excision repair in XPG (126). This suggests that the change could be
obstructing this function. Three prediction tools predict the change to be pathogenic. The
patient has MSS tumours and IHC staining of the MMR proteins is normal. The patient was
young at diagnosis, indicating high penetrance. Three additional variants were detected in the
patient from the same gene panel, a frameshift insertion in GREM1, a missense mutation in
FANCD2, and a missense mutation in POLE. Mutations in GREM1 and FANCD?2 have been
linked to cancer development in previous studies, and mutations in POLE are associated with
disrupted proofreading activity of the DNA polymerase, resulting in CRC (123, 127, 128). It
would seem that p.Alal53Val disrupts a critical function of the EXOI1 protein, and the
presence of several mutations in this patient suggests that disease could have a polygenic
explanation. The POLE variant has been shown to be the primary disease-causing agent in
this family, with several members affected by CRC (129). This patient has the most severe
phenotype in the family, and is the only patient who carries the EXOI variant. This suggests
that the POLE variant and the EXO]1 variant could have a combined effect on development of

disease, with p.Alal53Val worsening the condition.
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4.3.11 p.Ala28Thr, EXO1

The missense variant p.Ala28Thr was identified in EXO1 of patient 30. The variant changes a
conserved Alanine to Threonine within a beta strand of six residues. Alanine is small, non-
polar, and non-reactive, while Threonine is polar, branched at the Cf3 carbon, and quite
reactive (109). The different properties of the two amino acids make them poor substitutes of
each other. The amino acid motif is part of the highly conserved N-terminal XPG domain,
which together with the XPG-I domain makes up the characteristic regions of RAD2
nucleases (126). As the domain is important for function, the variant could affect the excision
of mismatches. Three protein prediction tools predict the change to be pathogenic. The patient
has a MSI-H tumour and IHC staining shows loss of MLH1/PMS2, indicating that these
genes should be involved in the pathogenicity. No germline MLHI or PMS2 mutations have
been identified, which means that somatic mutations could be causing the loss of protein
expression. A missense mutation in the BMPRIA gene and a missense mutation in the AKT/
gene from the same gene panel were also identified in this patient. Both genes have been
associated with CRC (130, 131). These findings indicate that several variants could be
candidates of causal mutations, or there could be a polygenetic explanation for disease. As the
p-Ala28Thr variant is located within a domain important for protein function, it is likely that it

could be a possible risk-variant.

4.3.12 p.Tyr60Cys, RFC3

The missense variant p.Tyr60Cys was identified in RFC3 of patient 74. The variant changes a
Tyrosine to Cysteine in a conserved position close to the N-terminus. Tyrosine is large,
aromatic, and partially hydrophobic, preferring to reside in hydrophobic cores. It contains a
reactive hydroxyl group that interacts with non-carbon atoms. Cysteine is small, polar, and
highly dependent on cellular localization. According to PhosphoSitePlus® the Tyrosine
residue in this position is phosphorylated. This is a common condition of Tyrosines within
intracellular proteins, where Tyrosine kinases attach a phosphate to their side chains as part of
a signal transduction process. The enzymes that catalyse this reaction are highly specific, and
do not work on other phosphorylated residues (109). This means that the phosphorylated
residue could be important for signalling, and that the change to Cytosine could disrupt this
signalling, thereby altering protein function. Four prediction tools predict the change to be
pathogenic, and the Grantham’s distance between the residues is 192. This is a significantly
high score, indicating a deleterious change. The tumours are MSI-H and IHC staining shows

loss of MSH?2 and MSH6. This could indicate that the cause of disease should be found within
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these MMR genes, yet no such mutations were detected. It is possible that the loss of these
proteins is caused by somatic mutations. These mutations could be the cause of tumour
development, but the tumour could also be caused by germline mutations and happen to
contain somatic mutations as well. There is also a possibility that the mutation in RFC could
make other genes more prone to mutate. No other germline mutations than p.Tyr60Cys have
been found in this patient, making it the most likely risk-candidate yet. However, the MSI-H

phenotype indicates a MMR defect that has not been located.

4.3.13 p.Val61Met, RFC4

The missense variant p.Val61Met was identified in RFC4 of patient 73. The variant changes a
Valine to Methionine in a conserved protein position. Both residues are hydrophobic and non-
reactive, but Valine is branched at the Cf3 carbon, creating bulkiness around the protein
backbone. Because the residues are known to substitute each other, the change could very
well be tolerated. Still, the position is highly conserved across species, indicating that correct
residue is important. Two prediction tools predict the change to be pathogenic. MSI and IHC
have not been performed for the patient. A missense mutation in the FLCN gene from the
gene panel was also detected in the patient. FLCN is a tumour suppressor that has been linked
to familial CRC (132). There is little evidence to claim that the RFC4 variant is a pathogenic
mutation, but it could be a modifying or low-risk variant, contributing to disease in

combination with other risk variants.

4.3.14 p.Lys122Arg, RFC4

The missense variant p.Lys122Arg was identified in RFC4 of patient 43. The variant changes
a highly conserved Lysine to Arginine. The residues are both large, positively charged, and
substitute each other well. They play important roles in structure and active sites, and prefer
to reside on the protein surface. However, the change between Lysine and Arginine is not
always neutral, as Arginine is able to form multiple hydrogen bonds (109). Although the
residue similarity indicates that the change is tolerated, the high conservation of the area
suggests that the correct residue could be necessary. Four prediction tools predict the change
to be pathogenic. The patient has MSS tumours, normal IHC staining of the fourMMR
proteins, and was young at the age of diagnosis, indicating a high-penetrant cause. The patient
also has the p.Asp249Asn mutation in EXOI, and a nonframeshift insertion in the BUBIB

gene, from the same gene panel. This suggests that several moderate- or low-risk variants,
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outside of the four high-penetrant MMR genes, i.e. p.Lys122Arg, could be the explanation for

disease in this case.

4.4 Result review

The identified variants in MLHI, MSH2, MSH6, and PMS2 have been found in genes of
which predisposition to CRC is well established. Most of the variants identified in these genes
could be potential high-risk variants for disease in the patients who carries them. The
p-Asn335Ser variant in PMS2 are more uncertain, seeing that the phenotype does not coincide
with a causal MMR defect. The identified mutations in MSH3, MLH3, POLDI, POLD?2,
POLD4, EXOI, RFC3 and RFC4 have been found in genes whose role in CRC is to a large
extent unknown or disputed. Some of these variants could be candidates of high-risk
mutations, causing tumour development and CRC in the patients. However, the majority of
these variants are more likely to be candidates of modifying mutations that contribute to the
pathogenic effect of more penetrant mutations, or low-risk variants, possibly co-inherited with
other variants, creating an additive, pathogenic effect. Some of these variants could also be
harmless, not contributing to disease at all. A large proportion of the variants have been found
in addition to mutations in other genes, some of which could be more penetrant. Especially
variants in the EXOI gene seem to be present in combination with mutations in other genes
linked to cancer. This suggests that defective EXO1 could have a modifying effect on
pathogenicity when other proteins important for genomic stability are affected. To elucidate
the consequences of mutations in EXO/, functional studies and further studies of the families
will be very useful. Variants such as p.Val61Met in RFC4 and p.Glu298Lys in POLD?2 are
predicted to be pathogenic, yet show no obvious sign of pathogenicity, other than that no
other disease-explanatory mutations have been identified. These variants need to be
elucidated further before any reasonable speculation of their pathogenicity can be done. The
propositions made here, of the variants’ pathogenicity, are not definite conclusions, rather

suggestions based on circumstantial evidence.
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4.5 Further work

Even though the predictions are not proof of pathogenicity of the variants, they are candidates
of disease-risk in the 22 patients they are detected in. Still, the majority of patients in this
study do not yet have any genetic explanation for their disease. Many of the patients have
MSI tumours, which suggests that there could exist differences in MMR capability between
individuals in the population, due to common polymorphisms. Such variants could exhibit
weak penetrance and still predispose to cancer. If this is the case, then elucidation of such
variants will facilitate development of new preventive strategies (33). It is also possible that
disease-causing variants in MMR associated genes have gone undetected in this study. For
instance, all synonymous variants were filtrated out because they are likely to be functionally
neutral. However, synonymous variants have been shown to affect splicing, thereby altering
protein structure and function (133). These would be variants of low frequency in the

population.

To determine if the variants detected in this study are causative of CRC, further investigations
are needed. There is a possibility that some of the tumours could host somatic mutations,
resulting from Knudsons two-hit hypothesis, in which case there is a chance that the tumour
could be sporadic. However, the tumour could still be caused by germline mutations, and
happen to contain two somatic mutations as well (134). It is also possible that some germline
mutations could make other genes more prone to mutate. Somatic mutations in MLHI and
MSH?2 have been shown to be a frequent cause of MMR deficiency in MSI-H tumours (135).
Additionally, it is possible for such tumours to arise from LLS. In the cases where tumours
show loss of MMR proteins and no germline MMR mutations can be identified, the tumour
genes should be examined for two-hit somatic mutations and loss of heterozygosity. The
patients in this study have a family history of cancer, so if somatic mutations were confirmed,

it should be investigated if this really is the cause of cancer.

Segregation analysis of the families should be performed to see if any of the observed
mutations segregate with disease, which will be a good indication that the mutation is
pathogenic. Frequent surveillance of families with a high burden of CRCs has been proven to
significantly reduce mortality. However, it can be challenging to correlate a variant with
pathogenic effect, due to small family size, unavailable clinical samples, or ethical issues.

Determination of the relation between sick and healthy individuals who share the variant in
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question, will also aid in the elucidation of penetrance. Additionally, segregation analysis is

important to determine co-inheritance of variants where this is suspected.

The pathogenic significance of novel variants, especially missense mutations, is not easily
evaluated without functional studies. It is not always obvious from in silico analyses if a
mutation will alter or impair protein activity. Even if it is clear that the variant will have a
deleterious effect on protein, there is a possibility that other proteins with redundant functions
can replace its cellular role. Examination of the operative effect of specific variants on protein
and cellular function is needed for evidence. Knock-out studies with introduced mutagenesis
in animal models are used as an efficient mode of determining functionality in vivo. Novel
variants that are detected through gene sequencing should be interpreted with caution until
more complete analyses, including segregation analysis and functional studies, are available.
It is important that researchers who do conduct such studies on de novo genomic variations,
publish the results, to facilitate international information sharing, enabling sooner

breakthroughs in medicine.

4.6 Next-generation sequencing with gene panels

NGS technology is rapidly being introduced in hospital clinics, and gradually replacing
traditional diagnostic technology for genetic disorders. The technology enables examination
of a large amount of genes and patients in a single test, superseding time- and cost-consuming
gene-by-gene approaches. The possible impact and various applications of NGS in clinical
laboratories have received excellent reviews, and the technology is successfully used today in
many areas of clinical genetic testing (136, 137). The technology is gaining increasing
acceptance as a diagnostic tool, as it is capable of replacing most other molecular diagnostic
technologies, and pioneer laboratories have already implemented NGS-based gene panels in a
diagnostic setting (138, 139). The latest NGS technology shows great promise in enabling
advantageous cost efficiency, and strategies that provide low-cost solutions for NGS-based
testing in clinical laboratories have been developed (139, 140). Therefore, the biggest
challenge for diagnostic implementation of NGS is not the technology in itself, rather the
aspects that follow sequencing, in particular correct gene and variant annotation,
bioinformatic and statistical analyses, and unambiguous interpretation of the data. Ethical
issues such as informed consent, genetic counselling of patients, and processing of personal

data need also be addressed. Reliable interpretations of the many novel variants that are
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detected through NGS require experience and expertise, and it is crucial that this is
established before the technology reaches the clinic on a large scale. In silico functional
prediction tools are widely available, yet the validity of computational prediction algorithms
must be improved to the point at which their implementation in the clinical setting can be
executed with confidence (140, 141). This project has demonstrated a successful NGS
experiment in which a gene panel consisting of 124 genes across 95 patients have been
sequenced. Assessment and interpretation of variants from 22 MMR-associated genes in this
panel have revealed 20 novel, possibly pathogenic variants, which could provide intelligence
to the cause of disease in the patients. Implementation of this process in a clinical setting will
provide the patients with better, more suitable diagnosis, possibly influencing the individual

therapeutic strategy.
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5. Conclusion

Next-generation sequencing of a gene panel, including 22 genes involved in the human
mismatch repair (MMR) system, has revealed 20 novel variants that could be associated with
risk of cancer in 12 patients suffering from familial colorectal cancer (CRC). Six of the
identified variants have been found within the high-penetrant predisposition genes: MLH],
MSH?2, MSH6, and PMS2, well known to cause CRC. An additional 14 variants have been
identified within genes whose involvement in CRC is disputed or unknown: MSH3, MLH3,
POLDI, POLD2, POLD4, EXOI, RFC3, and RFC4. These variants have been suggested to
confer a predisposition to CRC, possibly in combination with other risk-variants. Several
methods of pathogenic prediction indicate that many of these variants could be involved in
disease development, and they should therefore be examined further to elucidate the
involvement in CRC. The patients in this study have previously been tested for recognized
hereditary cancer syndromes, without positive results. To determine the true pathogenic role

of the detected variants, both segregation analysis and functional studies are needed.

The project has demonstrated the successful sequencing of a gene panel consisting of 124
genes across 95 samples with NGS. The technology shows great potential for application of
gene panel NGS in diagnostic use. Correct variant annotation, unambiguous data

interpretation, and safe ethical standards are needed for this to be routine practice in hospitals.
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Appendices

Appendix 1: Primers used for variant validation

The designed primers used for verification of each variant with Sanger sequencing are shown.

Variant Forward Primer with universal tail Reverse Primer with universal tail
EXO1 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.745G>A CTAGGAATGTGCAGACAGCTTGG TGCCTCAGTCATTTGCTCCTT

EXO1 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.1828A>G ATTTTGAATCTTGACACCCCTTGAGAA TGCTGCAATGCTGTGCTTG

EXO1 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-

c.82G>A ACTCCAAGCTTTCTCTTCATTTGTC AATAGTCTTTGTCCATCAGTGTCTTG
POLD1 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.2861C>T GACCTGAGAGCCCTACAGACT GTGGGTGTCTAGGATCTGGG
POLD1 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.3221G>A ACAGGTGATATACGGCCAGC CCAGAGACCACAAAGCACCA
POLD2 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.322C>A  AGTCCATTGTCTCTGAACCTGCTT CCACACCCAGAGTCCCTGGTC
POLD2 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.892G>A AGATGCTAGGTGGGCCTCTGC AATACCTCACCAAGAAAACCCAGGC
POLD4 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-

Cc.79G>A GGGAGGACAGGCCACCTTTC CCCCTCACCCTACACTGCCTA
MLH3 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.885delG  TGGCTCCATGCACACATCAT CCTATTTTACCAGCTTCCTGTAAGG
MSH3 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.2336G>A CACCAATGTATCTACCTCCCAGCTTTG TGGTGGGTCATGAGCTGTAATCTCT
RFC3 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.179A>G  AAATTGGGTGTATCTACTCATGAACTG CAGGGCCTCAAAGTGAAATGC
RFC4 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.181G>A  GGAATCTCTGGCTCTTCTTTATAGCAC AACCTCTTTCCTCCTTCTCACCC
RFC4 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.365A>G ATGGAGGAGGGAGGGCAAAT GTCTGCAAAGTGTGCAAATGT

LIG1 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.2447T>G CCAAGGTCCCCTCCCTACTCTG TTCATTTCTTTCCATCTCCCATTCCT
RPA1 CACGACGTTGTAAAACGAC- CAGGAAACAGCTATGACC-
c.1083G>T TCAGTGCTTGCCGTTCATCA CCCCATCCCAGCACTTACAT
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Appendix 2: DNA concentration of DNA samples

The DNA concentration for all patient samples, measured with Nanodrop and Qubit is shown.

Sample number Nanodrop (ng/pL) (Qubit ng/pL)
1 21,54 28,9
2 31,59 43,4
3 13,92 27,0
4 51,48 51,0
5 30,43 32,9
6 76,41 49,3
7 28,07 37,0
8 20,10 28,4
9 8,89 8,2
10 22,46 27,2
11 24,44 22,7
12 83,29 54,0
13 46,70 50,0
14 31,67 36,2
15 22,37 19,6
16 31,16 32,3
17 36,01 50,0
18 41,41 41,8
19 52,78 45,2
20 27,03 30,8
21 31,30 28,8
22 29,10 38,7
23 29,49 26,6
24 33,99 36,2
25 33,02 36,3
26 23,58 22,2
27 39,30 44 1
28 29,73 28,3
29 23,19 22,8
30 29,66 26,2
31 31,22 29,7




32 43,44 43,2
33 22,73 25,5
34 37,22 41,1
35 28,28 15,3
36 31,79 43,1
37 48,29 30,0
38 43,29 14,2
39 59,52 37,8
40 29,63 19,8
41 23,53 20,8
42 26,12 22,8
43 39,51 17,3
44 71,92 27,9
45 27,06 47,3
46 53,19 30,2
47 19,40 25,7
48 25,59 31,4
49 32,73 45,2
50 28,12 27,8
51 98,33 23,1
52 52,57 27,6
53 32,06 29,2
54 39,64 21,8
55 54,57 43,3
56 46,12 46,2
57 22,72 11,6
58 N/A N/A
59 74,04 48,6
60 31,16 35,0
61 55,81 56,0
62 36,77 51,0
63 28,35 32,3
64 55,30 38,7
65 31,53 38,7
66 49,70 35,5

72




67 48,63 46,1
68 38,00 36,4
69 62,23 42,3
70 43,86 39,7
71 51,78 40,3
72 21,75 22,6
73 13,54 17,1
74 24,29 33,1
75 83,05 55,0
76 55,39 51,0
77 67,96 56,0
78 64,76 59,0
79 27,42 21,1
80 58,20 54,0
81 110,08 58,0
82 74,62 53,0
83 75,64 46,4
84 42,41 40,0
85 110,38 112,0
86 32,51 29,4
87 56,91 51,0
88 99,49 40,9
89 35,64 32,0
90 74,65 42,8
91 57,37 40,2
92 84,39 65,4
93 62,71 49,5
94 40,19 39,7
95 46,75 32,6
96 56,14 27,2
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Appendix 3: DNA concentration of DNA library

The DNA concentration of all samples in the DNA library, measured with Bioanalyzer is shown.

Sample DNA concentration (ng/pL)
1 4,53
2 5,56
3 3,18
4 4,28
5 4,45
6 9,42
7 4,55
8 1,08
9 5,06
10 2,55
11 3,70
12 7,66
13 3,40
14 3,42
15 2,58
16 3,34
17 5,32
18 5,93
19 3,17
20 4,03
21 2,24
22 4,11
23 5,55
24 3,89
25 3,17
26 2,54
27 2,23
28 3,24
29 3,16
30 3,62
31 5,19




32 5,76
33 1,61
34 4,31
35 4,30
36 2,44
37 4,67
38 5,16
39 2,84
40 3,90
41 3,31
42 4,22
43 7,30
44 4,26
45 2,76
46 3,94
47 4,09
48 4,99
49 3,29
50 4,09
51 4,72
52 4,84
53 4,44
54 3,53
55 5,02
56 6,40
57 4,01
58 3,69
59 6,63
60 3,17
61 3,95
62 2,74
63 3,26
64 5,27
65 4,68
66 5,94
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67 1,30
68 3,99
69 4,60
70 5,02
71 4,22
72 2,98
73 24
74 3,23
75 3,64
76 5,96
77 3,28
78 3,97
79 3,67
80 4,40
81 6,86
82 3,43
83 5,45
84 3,48
85 2,77
86 2,30
87 3,55
88 3,78
89 4,02
90 4,29
91 6,81
92 2,78
93 3,85
94 4,26
95 3,55
96 3,01
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Appendix 3 continues

The DNA concentration of parallel dilutions of the pooled DNA library, measured with Bioanalyzer is

shown.
Dilution Parallel 1 Parallel 2 Parallel 3 Average
(ng/nL) (ng/nL) (ng/nL) (ng/nL)
1:1 3,07 3,50 3,76 344
1:10 047 0,32 047 042
1:20 0,09 0,10 0,18 0,12

The cycle threshold (Ct) values and final DNA concentration DNA library, measured with qPCR are

shown.
Dilution Mean Ct value nM
1:2000 10,60 20,06
1:4000 11,50 2381
1:8000 12,59 24,57
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Appendix 4: Number of detected variants and coverage

The average number of variants, average coverage, and % of target region covered for each sample

are shown.

Sample Detected variants Average coverage Target covered (%)
1 26 218 86
2 40 155 83
3 32 284 86
4 36 316 87
5 29 226 85
6 36 223 87
7 31 248 86
8 32 239 87
9 38 219 87
10 28 378 89
11 34 263 86
12 33 238 87
13 33 272 87
14 30 303 87
15 30 294 85
16 36 255 87
17 33 213 86
18 37 202 85
19 39 280 87
20 37 282 88
21 32 322 88
22 35 270 89
23 31 245 87
24 39 270 87
25 32 203 84
26 30 335 89
27 29 267 84
28 32 245 86
29 37 295 86
30 32 291 87
31 30 226 85
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32 37 119 81
33 25 453 90
34 30 248 87
35 29 260 87
36 38 234 86
37 36 230 86
38 29 482 91
39 32 261 88
40 28 302 89
41 39 273 88
42 31 313 90
43 35 168 85
44 36 272 89
45 28 242 86
46 34 260 87
47 30 227 87
48 34 158 84
49 27 226 86
50 30 210 86
51 33 184 83
52 32 241 86
53 32 186 83
54 32 223 85
55 34 238 87
56 35 206 86
57 38 207 85
58 (control) N/A N/A N/A
59 36 278 88
60 32 250 86
61 30 283 87
62 29 332 90
63 34 248 88
64 36 199 86
65 36 195 86
66 34 231 87
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67 27 430 91
68 34 238 87
69 34 259 89
70 34 214 87
71 37 242 86
72 28 308 88
73 26 289 88
74 31 281 87
75 33 362 88
76 39 168 84
77 37 21 86
78 42 235 86
79 31 234 86
80 38 192 84
81 29 285 87
82 35 316 89
83 41 238 86
84 35 274 87
85 35 272 88
86 25 258 87
87 30 317 88
88 30 291 88
89 28 218 87
90 29 244 87
91 31 226 86
92 35 243 87
93 33 303 89
94 45 235 87
95 30 299 89
96 36 329 88

81



82



Appendix 5: Detected variants with predictions

All detected variants that were analysed with prediction tools are shown with respective predictions.

Variant Sample  Polyphen-  Align Mutation
Gene nomenclature Ref. seq. nr nr 2 GVGD SIFT Taster
EXO1 c.1265G>A rs148510810 88, 86 Benign Class Tolerated Polymorphism
NM_003686 p.Ser422Asn (0.003) Co (1.00)
Exon 11
EXO1 c.745G>A rs61750993 6, 25, 43 Possibly Class Deleterious Disease
NM_003686 p.Asp249Asn damaging Co (0.02) causing
Exon 8 (0.946)
EXO1 c.1828A>G rs12122770 8 Benign Class Deleterious Disease
NM_003686 p.Ser610Gly (0.004) Co (0.04) causing
Exon 13
EXO1 c.1670G>A rs143800705 33, 46 Benign Class Tolerated Polymorphism
NM_003686 p.Arg557His (0.000) co (0.18)
Exon 13
EXO1 c.1918C>G rs61736331 42 Benign Class Tolerated Polymorphism
NM_003686 p.Pro640Ala (0.001) Co (0.88)
Exon 13
EXO1 c.1378G>C rs4149966 63, 67 Benign Class Tolerated Polymorphism
NM_003686 p.Val460Leu (0.000) co (0.65)
Exon 12
EXO1 c.458C>T N/A 28 Probably Class Deleterious Disease
NM_003686 p.Ala153Val damaging COo (0.02) causing
Exon 7 (1.000)
EXO1 c.82G>A N/A 30 Probably Class Deleterious Disease
NM_003686 p.Ala28Thr damaging Co (0.00) causing
Exon 4 (1.000)
MLH1 c.2066A>G rs63750702 8,10 Benign Class Tolerated Disease
NM_000249.3 p.GIn689Arg (0.000) Cco (0.44) causing
Exon 18
MLH1 c.739T>G rs63750948 14, 20 Possibly Class Deleterious Disease
NM_000249.3 p.Ser247Ala damaging Co (0.02) causing
Exon 9 (0.948)
MLH1 c.1379A>C rs202038499 42 Benign Class Tolerated Polymorphism
NM_000249.3 p.Glu460Ala (0.000) Co (0.46)
Exon 12
MLH3 C.2425A>G rs61752722 2 Benign Class Tolerated Polymorphism
NM_001040108 p.Met809Val (0.000) co (0.30)
Exon 2
MLH3 c.885delG N/A 14 N/A N/A N/A N/A
NM_001040108 p.His296Thrfs*12
Exon 2
MSH2 c.1321A>C N/A 53 Benign Class Tolerated Polymorphism
NM_000251 p.T441P (0.011) co (0.35)
Exon 8
MSH2 c.138C>G rs33946261 9 Probably Class Deleterious Disease
NM_000251 p.His46GIn damaging C15 (0.00) causing
Exon 1b (0.994)
MSH2 c.815C>T rs34136999 13 Possibly Class Deleterious Disease
NM_000251 p.Ala272Val damaging co (0.01) causing
Exon 5 (0.869)
MSH3 c.2336G>A rs199791286 36 Probably Class Deleterious Disease
NM_002439 p.Arg779His damaging Co (0.00) causing
Exon 17 (1.000)
MSH3 c.2228A>G N/A 55 Benign Class Tolerated Polymorphism
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NM_002439

MSH6
NM_000179.2

MSH6
NM_000179.2

MSH6
NM_000179.2

MSH6
NM_000179.2

MSH6
NM_000179.2

PMS2
NM_000535

PMS2
NM_000535

PMS2
NM_000535

PMS2
NM_000535

POLD1
NM_001256849

POLD1
NM_001256849

POLD1
NM_001256849

POLD1
NM_001256849

POLD2
NM_001127218

POLD2
NM_001127218

POLD4
NM_001256870

RFC1
NM_001204747

RFC1
NM_001204747

RFC3
NM_002915

p.GIn743Arg
Exon 15
€.3986C>T
p.Ser1329Leu
Exon 9
c.1186C>G
p.Leu396Val
Exon 4
c.1720T>A
p.Ser574Thr
Exon 4
c.2511C>G
p.His837GIn
Exon 4
c.3261dup
Exon 5

c.52A>G
p.lle18Val
Exon 2
c.1789A>T
p.Thr597Ser
Exon 11
c.1004A>G
p.Asn335Ser
Exon 10
c.137G>A
p.Ser46Asn
Exon 2
c.433G>A
p.Ala145Thr
Exon 4
c.2861C>T
p.Thr954Met
Exon 23
c.80A>T
p.Asp27Val
Exon 2
c.3221G>A
p.Arg1074GIn
Exon 27
c.322C>A
p.Leu108Met
Exon 3
c.892G>A
p.Glu298Lys
Exon 8
c.79G>A
p.Glu27Lys
Exon 1
c.1909G>A
p.Gly637Ser
Exon 14
c.53G>A
p.Ser18Asn
Exon 1
c.179A>G
p.Tyr60Cys
Exon 2

rs199594809

rs2020908

N/A

N/A

rs267608087

rs63750123

rs1805318

rs200513014

rs121434629

rs137953986

rs374016016
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N/A

N/A

N/A
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13

80

41
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33
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NM_002916

RFC4
NM_002916

c.181G>A
p.Val61Met
Exon 3
c.365A>G
p.Lys122Arg
Exon 5
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