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ABSTRACT

Colorectal cancer (CRC) remains a heavy burden for all national health systems. It is the third most
frequently diagnosed cancer and the second leading cause of death in Australia and worldwide.
Around 80% of CRC diagnosed each year are sporadic and somewhere between 7% and 8% have a
clearly identified genetic predisposition (inherited CRC cancer; 5% for Lynch Syndrome (LS), 1% for
Familial Adenomatous Polyposis (FAP) and 1-2% inclusive for various syndromes with very low
incidences), with the remaining ~ 12%-13% being described as “familial”. For many patients with a
clinical diagnosis of LS and FAP, no causative mutation has been identified in MSH6, MLH1, MSH2 or
PMS2 (for LS patients) and in APC or MUTYH (for FAP patients) as a result of genetic testing.

For those patients and their families, it is critical to identify the genetic cause underlying their
increased CRC risk to offer early detection, tightened monitoring and, if required, suitable surgical

management.

Establishing an exhaustive list of known genetic risk factors for inherited CRC is essential for families
burdened with a high incidence of CRC. Patients with a strong family history of CRC will usually
undergo a tighten monitoring. Removing this psychological burden in individuals proven to be non-

carriers of pathogenic germline variants is critical.

Initial investigations focused on the Mismatch Repair (MMR) pathway in patients with LS and those
with Lynch-Like Syndromes (LLS). 274 DNA samples from LLS patients were sequenced for the 22 genes
involved in the MMR pathway to determine the presence of pathogenic variants. The results
confirmed that LLS patients harbour pathogenic variants in genes that are not part of routine clinical
screening: POLD1, EXO1, MLH3, RFC1 and RPA1. The results indicate that additional MMR genes are

involved in the increased risk of CRC in LLS patients.

As the technology evolved and became more cost-effective, whole exome sequencing (WES) was
employed. Forty-eight patients with a clinical diagnosis of FAP were recruited based on their family
history of CRC, their polyp status and their negative mutational status of APC and/or MUTYH. WES was
used to interrogate all coding regions of the genome. Analysis of pathogenic variants showed that
genes involved in DNA repair were frequently associated with a pathogenic variant. In addition, CNV
analysis revealed the deletion of large portions of CFHR3, known to cause Atypical Haemolytic Uremic
Syndrome, leading to ulcerative colitis, a known risk factor in CRC. Analysing the Polygenic Risk Score

(PRS) for CRC risk-factors show an enrichment in inflammatory bowel syndrome-related markers.

During the WES analysis of FAP-like patients, an absence of a precise and automated method to

predict pathogenicity in cohorts sharing the same phenotype was apparent. To overcome this, we

Vi



developed TAPES, a bioinformatics tool that can predict pathogenicity more precisely that can also
calculate variant enrichment using only publicly available control sequences. TAPES also integrate
powerful variant filtering and can generate useful reports (such as pathway analysis or calculating the

total gene burden in a cohort).

In conclusion, the research presented herein helps strengthen the knowledge of familial CRC. The
involvement of novel MMR genes in LLS was also revealed thereby expanding the known number of
genes associated with this disorder. DNA-repair related genes as well as those involved in
inflammation were shown to play an important role in FPS. Finally, a refined analytical pipeline for
WES sequencing interpretation was developed providing new bioinformatics tools for the rapid

delivery of results.
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CHAPTER 1

Colorectal cancer —

General Background



1.1)General Colorectal Cancer Background

Worldwide cancer incidence
Cancer (malignant neoplasms) is the second leading cause of non-communicable death worldwide

(after cardiovascular diseases) with over 8,966,000 deaths each year (1). Both incidence and mortality
of cancer are increasing worldwide. This is due to a combination of an aging population and both
lifestyle and environmental factors. Recently, cancer was found to be the leading cause of death in

high-income countries (2).

Colorectal cancer (CRC) is a worldwide burden on the health systems. CRC is the third most frequently
diagnosed cancer (1) with more than 1.8 million newly diagnosed cases each year. It is also the second

leading cause of death from cancer with more than 794,000 deaths each year (1).

Most CRCs (around 80% (3)) are sporadic, which suggests that they are caused by lifestyle or

environmental factors.

Risk factors
CRC risk factors include, inflammatory bowel disease, smoking, exercise, alcohol, obesity (4), diet and

diabetes to mention but a few (see Table 1). The most significant risk remains age with a cumulative
risk of developing CRC of 0.35% under 49 to 3.15% above 70 (5). However, there is no single individual

risk factor that can explain CRC risk.

Diet is a very important risk factor with recent research showing high levels of ultra-processed food
and high consumption of red meat increased CRC risk (6, 7). This has now been coupled with

metagenomics data that indicates a new potential causal relationship (8).



Table 1 List of risk factors for CRC. HR = Hazard Ratio, Cl = Confidence Interval from “A Comprehensive Model of Colorectal Cancer by Risk Factor Status and

Subsite Using Data From the Nurses' Health Study” (9)

Risk Factor Colorectal Cancer (n = 1,759)

HR 95% ClI P Value
Age (years; 60 vs. 50) 1.81 1.70-1.92 <0.0001
Family history of colon or rectal cancer (yes vs. no) 1.45 1.29-1.63 <0.0001
Folate intake (ug/day per year; 600 vs. 200) 0.83 0.74-0.95 0.004
Smoking history (total pack-years; 40 vs. 0) 1.2 1.10-1.31 <0.0001
BMI (units per year; 30 vs. 20) 1.37 1.19-1.57 <0.0001
Physical activity level (MET-hours/week per year; 21 vs. 2) 0.61 0.48-0.76 <0.0001
Height (inches per year; 67 vs. 61) 1.24 1.09-1.41 0.001
Aspirin use (tablets per week per year; 7 vs. 0) 0.78 0.70-0.86 <0.0001
Endoscopic screening (yes vs. no; 20 years vs. 0) 0.74 0.67-0.83 <0.0001
Calcium intake (mg/day per year; 1,000 vs. 500) 0.82 0.73-0.91 0.0002



Evolution of colorectal cancer incidence
The number of CRC cases tends to decrease each year in developed countries. However, with a rapidly changing

lifestyle in developing countries, some countries have seen the incidence of CRC increasing recently (10).

Colorectal cancer management in Australia
In Australia, there have been campaigns for the early detection of CRC. Due to the increased risk of disease after

the age of 50 years, a detection kit is provided to all citizens over 50 years of age within 6 months of their

birthday. Thereafter, a screening kit is sent every 2 years, until the age of 74 years.

The kits detect trace quantities of blood contained in faeces. Because of the nature of this test, acceptance rates
of the test remain rather low (reaching 40.9% of the eligible population during the 2015-2016 campaign), but is
improving (from 36.1% during the 2012-2013 campaign) (11).

Systematic screening has proven to be effective in reducing mortality: individuals with CRC detected as part of
the screening program had a significantly lower mortality rate than those with CRC detected outside of the

screening program (Hazard Ratio = 0.39, Cl = 0.35-0.43) (11).

Colon and rectum anatomy
The human gastrointestinal tract starts from the mouth followed by the oesophagus. The stomach is the first

organ processing food intake, which is then driven to the small intestine and then the colon (or large intestine).
The colon then leads to the rectum. On a more functional level, the stomach is responsible for pre-processing
food. The liver, gallbladder and pancreas secrete enzymes and chemicals that help breaking down fat, proteins
and carbohydrates. The small intestine is where most of the nutrients are absorbed while water and electrolytes
are mostly absorbed through the colon. The rectum and anus are then responsible for the excretion (see Figure

1).

The combination of the descending and the sigmoid colon is referred to as distal colon (or left side) while the

combination of the ascending colon and the transverse colon is referred to as proximal colon (or right side).

There is evidence showing that CRC originating from distal colon and proximal colon exhibit differences in protein
expression and overall molecular profile (12). Similarly, different CRC syndromes will result in more distal or

proximal tumours (13).
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Figure 1. Anatomy of the gastrointestinal tract, colon and rectum Left: Anatomy of the gastrointestinal tract.
Right: Anatomy of the colon and rectum (lllustrations credit: Wikimedia, Wikibooks)

1.2) Hereditary Colorectal Cancer syndromes

Approximately 20% of all CRCs can be explained by genetic factors. Two different cases need to be distinguished.
First, hereditary CRC syndromes can be defined as all the predisposition syndromes causing CRC with a known
genetic cause. They need to be differentiated from the so-called familial CRC, where cancers can be theoretically

linked to genetic causes, but no known causative gene has been identified.

Lynch Syndrome/Hereditary Non-Polyposis Colorectal Cancer
Disambiguation

Lynch Syndrome (LS) and Hereditary Non-Polyposis Colorectal Cancer (HNPCC) can be confusing terms when

going through the literature (14). They are often used as synonyms, but their respective definition is not identical.

“HNPCC is defined clinically, usually as families satisfying Amsterdam | or |l criteria. Lynch syndrome is
defined genetically, by the presence of a germline mutation in DNA mismatch repair (MMR) or EPCAM
genes.” Quote From Kravochuck et al. 2014 (14)

An individual is diagnosed with LS if they have an identified pathogenic variant in MLH1, MSH2, MISH6, PMS2 or
a deletion of the 3’ end of EPCAM. The first four genes are involved in the DNA Mismatch Repair (MMR) pathway,



while EPCAM deletions leads to epigenetic silencing of MSH2 as a result of EPCAM transcriptional start site read
through (15). Individuals diagnosed with LS are not required to have cancer to be considered LS as they have a
molecular diagnosis of the disease. Indeed, LS individuals have a higher risk of cancer but not every LS individual

develops cancer (see Cancer Institute NSW guidelines (16)).

HNPCC is, by definition, referring to all CRC inherited genetically without polyps (as opposed to FAP which
exhibits a polyp phenotype). While Henry T. Lynch referred to the initial cases as “Cancer Family Syndrome” in
1966 (17), he used HNPCC in 1985 (18) to distinguish between families affected only by CRC and those with
increased risk of other cancers. The Amsterdam Criteria (AC) (19) and the refined Amsterdam criteria Il (ACII)
(20) (see Table 2) were tools used to identify HNPCC. HNPCC was the term generally used before the molecular
background of LS was well established. As such, HNPCC also encompasses Familial Colorectal Cancer Type X

(FCCTX, discussed later in this thesis), not presenting pathogenic MMR variants.

Table 2. The Amsterdam Criteria | and Il

The Amsterdam Criteria (AC I)

e At least 3 relatives have been diagnosed with CRC, with at least one being a first degree
relative to the other, polyposis are excluded.
e At least 2 successive generations should be involved

e At least 1 CRC patient should be diagnosed before the age of 50 years

The Amsterdam Criteria Il (AC II)

e At least 3 relatives have been diagnosed with HNPCC-related cancers, with at least one
being a first degree relative to the other, polyposis are excluded.
e At least 2 successive generations should be involved

o Atleast 1 CRC patient should be diagnosed before the age of 50 years

The ACl and ACIl are empirical criteria that pinpoints the hereditary basis of cancers (using early age of onset as

well as several affected individuals).

In addition to the AC, the Bethesda Guidelines (BG) (21) and the Revised Bethesda Guidelines (RBG) (22), are

guidelines to follow to decide whether to test patients for Microsatellite instability (MSI).



Table 3. The Revised Bethesda Guidelines

Tumours from individuals should be tested for MSl in the following situations:

1. Colorectal cancer diagnosed in a patient who is less than 50 years of age.

2. Presence of synchronous, metachronous colorectal, or other HNPCC-associated tumors,”
regardless of age.

3. Colorectal cancer with the MSI-H" histology* diagnosed in a patient who is less than 60 years
of age.’

4. Colorectal cancer diagnosed in one or more first-degree relatives with an HNPCC-related
tumor, with one of the cancers being diagnosed under age 50 years.

5. Colorectal cancer diagnosed in two or more first- or second-degree relatives with HNPCC-
related tumors, regardless of age.

"Hereditary nonpolyposis colorectal cancer (HNPCC)-related tumors include colorectal, endometrial, stomach, ovarian,
pancreas, ureter and renal pelvis, biliary tract, and brain (usually glioblastoma as seen in Turcot syndrome) tumors,
sebaceous gland adenomas and keratoacanthomas in Muir-Torre syndrome, and carcinoma of the small bowel

*MSI-H = microsatellite instability—high in tumors refers to changes in two or more of the five National Cancer Institute-
recommended panels of microsatellite markers.

*Presence of tumor infiltrating lymphocytes, Crohn’s-like lymphocytic reaction, mucinous/signet-ring differentiation, or
medullary growth pattern.

$There was no consensus among the Workshop participants on whether to include the age criteria in guideline 3 above;
participants voted to keep less than 60 years of age in the guidelines.

The BG were kept much less restrictive than the AC to identify most of the LS cases. But, when screening for
MLH1 and MSH2 pathogenic variants, the AC reached a sensitivity of 61% and a specificity of 67% while the BG
achieved a sensitivity of 94% and a specificity of only 25% (23).

In practice, LS and HNPCC are often used interchangeably but in this thesis the term Lynch Syndrome will be

used.

LS Description
Each year, 5% of all diagnosed CRC are caused by LS, making it the most diagnosed hereditary type of CRC. As

described above, LS is diagnosed by screening MMR genes for pathogenic variants. These genes are all involved

in the DNA MMR pathway and pathogenic variants will affect the capacity to recognise DNA mismatches.
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Figure 2. Genes involved in the DNA MMR pathway by step (from Xavier et al. (24))
The DNA MMR process corrects both mismatched bases and small insertions/deletions (indels) that occurred
during DNA replication. An observable phenotype of the alteration of the MMR efficiency as a result of inherited

pathogenic variants is MicroSatellite Instability (MSI).
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Microsatellites are repetitive regions of the genome where one or more (usually 1 to 6) nucleotides will be
repeated n-times (typically from 5-50 times (26)). They represent roughly 3% of the whole human genome (27).
MSI is mainly due to slippage of polymerase during DNA replication, happening both in prokaryotes and
eukaryotes (28) . High MSI is a recognised marker of LS derived tumours and testing for MSI can be guided using

the Revised Bethesda Guidelines.

A portion of sporadic cancer are, however, also characterised as MMR-deficient (MMR-D) and can exhibit high

MSI, underlining the importance of both germline and tumour testing for CRC (29).

Penetrance and risks of cancer are different between the genes causing LS. While pathogenic variant carriers in
MLH1, MSH2 and MSH6 have a respective risk of any LS-related cancer of 77.1%, 81% and 52% by the age of 75
(30), carriers of PMS2 mutations have a risk of any LS cancer of 34% (with a risk of CRC of 10.4%). Recently, there
is growing evidence for PMS2 being a recessive disease rather than dominant (31) with a low risk of CRC in

heterozygous pathogenic variant carriers.

These findings (see Table 4) were obtained through the Prospective Lynch Syndrome Database (PLSD) which
monitors pathogenic variant carriers over time to evaluate cancer risks associated with each MMR gene, gender

and age.



In addition to heterogeneity of penetrance between MMR genes, there is also significant heterogeneity of
penetrance between individuals. As illustrated in figure 4, the curve representing cumulative risk of CRC has a
distinctive U shape (32). For example, while around, 25% of MLH1 carriers have under 10% cumulative risk of
CRC, only 7% have a 50-60% risk. At the other end of the spectrum, around 10% or MLH1 carriers have more
than 90% of CRC risk at 70 years. This highlights the need to investigate modifier genes and cofactors modulating

the risk of CRC in MMR mutation carriers.
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Figure 4. Estimated distribution of CRC cumulative risk at the age of 70 years for each combination of gene and
sex (adapted from Moller et al 2017)

LS-associated cancer
Being caused by DNA repair deficiency, LS does not only confer a higher risk of colorectal cancer. All tissues with
epithelial cells have an increased risk of high MSI (see Table 4).

LS has been proven to increase the risk of several other cancer, especially endometrial cancer in women with a

lifetime cumulative risk of 48.9% for MMR pathogenic variant carriers (30).

In addition to non-colorectal LS-related cancers, there has been reports of MMR mutations being linked to a

polyp phenotype (33).
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Table 4. Cumulative incidence at 75 for various LS-associated cancers by gene

Organ

Any cancer

Colorectal

Endometrium

Ovaries

small
duct,
and

Stomach,
bowel, bile
gallbladder
pancreas

Ureter and kidney

Prostate

Breast

Brain

Cumulative incidence at 75 (% [95% Cl]) from Dominguez-Valentin et al. (30)

MLH1
Females

81.0 [74.1-88.4]

48.3 [40.9-57.4]

37.0 [30.1-46.5]

11.0 [7.4-19.7]

11.0 [7.4-16.9]

3.8 [1.9-8.4]

12.3 [8.6-17.9]

1.6 [0.6-5.3]

Males

71.4 [62.8-81.3]

57.1 [48.7-67.9]

21.8 [16.0-29.9]

4.9 [2.5-10.6]

13.8 [8.8-21.7]

0.7 [0.1-5.2]

MSH2
Females

84.3 [77.1-91.0]

46.6 [39.1-55.4]

48.9 [40.2-60.7]

17.4[11.8-31.2]

12.8 [8.8-19.3]

18.7 [13.5-26.5]

14.6 [10.3- 21.1]

2.9 [1.2-7.9]

Males

75.2 [65.6-85.7]

51.4 [41.0-65.0]

19.5 [14.0-27.6]

17.6 [12.6-25.3]

23.8[17.2—-33.2]

7.7 [4.1-15.2]
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MSH6
Females

61.8 [47.3—-78.3]

20.3 [11.8-40.5]

41.1 [28.6-61.5]

10.8 [3.7-38.6]

4.2 [1.2-26.0]

5.5 [2.2-26.9]

13.7 [7.4-33.8]

1.2 [0.2-23.4]

Males

41.7 [25.4-67.1]

18.2 [7.9-43.2]

7.9 [2.7-30.0]

1.7 [0.3-24.3]

8.9 [3.1-31.0]

1.8 [0.3-24.4]

PMS2
Both

34.1 [19.0-59.6]

10.4 [2.9-40.8]

12.8 [5.2—-49.5]

3.0 [0.5-43.3]

3.6 [1.0-33.5]

3.7 [0.7-33.8]

4.6 [0.8-67.5]

15.2 [5.9- 51.5]

0[0-30.9]



Clinical Management and diagnosis

Diagnosis of colorectal cancer
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Figure 5. Algorithm for Lynch Syndrome testing in patients with a new diagnosis of CRC. From Sinicrope et al.

(34)

The diagnosis of LS is often performed after a new diagnosis of CRC (see Figure 5). The recommended

management of LS patients is surveillance through regular colonoscopy. The frequency of the colonoscopies

depends on the patient’s geographical location, different countries have different practices.

Several different recommendations for risk management exists. In Australia, New South Wales recommends the
eviQ guidelines (35), which recommends regular (every 1 to 2 years) colonoscopy, with a starting age depending
on the MMR gene affected. There are currently no recommendation for systematic screenings for cancers other
than CRC in patients diagnosed with LS (36), mostly due to poor sensitivity, especially for transvaginal ultrasound

(endometrial cancer) and CA125 screening (ovarian cancer). Hysterectomy and bilateral salpingo-oophorectomy

are recommended for select individuals.
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The US preventative taskforce guidelines (37) also recommend regular colonoscopy. But practitioners also offer
to the patients the possibility to be screened for endometrial, ovarian, gastric and urinary tracts cancers. The
European guidelines, similarly, do not recommend systematic screening for extra-colonic cancers but encourage
doctors to act on a case-by-case basis based on patients risks (38), also referencing poor sensitivity of current

screening methods.

However, the general recommendation is to test at least every second year after the age of 20 or 10 years
younger than the age of first diagnosis in the family (39). There is no known preventative treatment for LS-related
CRC although aspirin and other non-steroidal anti-inflammatory drugs (NSAID) have been shown to reduce the

risk of CRC in general (9, 40) but in LS in particular (41)

Familial Adenomatous Polyposis and polyposis syndromes

FAP and APC

Familial Adenomatous polyposis (FAP), is the second most commonly diagnosed hereditary CRC syndrome and

accounts for around 1% of all diagnosed CRC worldwide.

Individuals are diagnosed with FAP if genetic screening detects pathogenic variants in the gene APC. APC is a
gene involved in the Wnt-B catenin pathway and produces the APC protein. APC and Axin act as scaffolds (42),
binding to CK1a and GSKp, allowing B-catenin to be phosphorylated (and thus creating a B-catenin destruction

complex). Phosphorylated B-catenin will then lead to its own degradation through ubiquitination (see Figure 5).

Most of the disease-causing mutations in the APC gene are truncating. A truncated APC protein will not allow
the CK1a-GSKB-Axin-APC-B-catenin complex to form, leading to the accumulation of B-catenin in the cell and B-
catenin translocation to the nucleus, where it will act as a transcription co-factor to TCF/LEF transcription factors.

This leads to the constitutive expression of several oncogenes including cyclin D1 and Axin.
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Figure 6. Wnt pathway associated with FAP. Left, Inactive Wnt pathway leading to the ubiquitination of B-
Catenin and its processing by the proteasome. Right, active Wnt pathway leading to the accumulation of B-
Catenin and the expression of various oncogenes. From Chiurillo et al. (43)

In addition to its role in the B-catenin destruction complex, APC also acts as a scaffold protein for microtubule
end-binding proteins (EB) through its c-terminal domain. The APC-EB interactions regulate the dynamics of
microtubules during mitosis (spindle formation and chromosome segregation). In the context of CRC, haplo-

insufficiency APC results in mis-segregation of chromosome and chromosome instabilities (44).
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Pathogenic variants in APC will result in a distinct polyp phenotype. Polyps will start as adenomas and then
progress along the adenoma-carcinoma sequence, ultimately evolving into a malignant carcinoma (45). Most of
the individuals with FAP will accumulate polyps over time, usually presenting with 1000s of polyps at the time of
diagnosis. However, an attenuated version of FAP, attenuated FAP (aFAP) exists, where the numbers of polyps
remain lower (under 100). Over 60% of cases of aFAP are thought to be caused by APC mutations. Patients with
a pathogenic variant in the 3’ end (46) , 5’ end (47) or the alternatively spliced site of exon 9 (48) of APC are often
associated with an aFAP phenotype. This is often associated with the degradation at either mRNA or APC, leading

to haplo-insufficiency of wild-type APC protein.

FAP and aFAP are both caused by pathogenic APC variants, which for FAP approaches 100% penetrance and for
aFAP less than 100% penetrance (49).

Other Polyposis syndromes
Several other polyposis syndromes have a clearly defined genetic background (50). Two main different families

of syndromes can be differentiated, adenomatous and hamartomatous polyposis (see table 5 for classification).

Table 5. Polyp classification and associated causes Adapted from Colucci PM et al. (51)

Histological
Classification Polyp Type Malignant Potential Cause
Non-neoplastic Hyperplastic polyps Sporadic
Hamartomas PJS, JPS, PHTS,
No Sporadic
Inflammatory bolvos Ulcerative colitis,
¥ POlyp Crohn’s disease
Neoplastic Tubular adenomas (0—
(adenomas) 25% villous tissue)

Tubulovillous
adenomas  (25-75% | Yes
villous tissue)

FAP, NAP, MAP, PPAP,
LS, Sporadic

Villous adenoma (75—
100% villous tissue)

MUTYH (or MYH) Associated Polyposis (MAP) is a well described polyposis syndrome (52). Patients with bi-allelic
pathogenic variants in MUTYH, which is part of the Base Excision Repair (BER) pathway, have a 28-fold increased

risk of CRC and adenomatous polyps (53).
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NTHL1-associated polyposis (NAP) is an autosomal recessive syndrome associated with bi-allelic variants in
NTHL1 (54). NTHL1 is, like MUTYH, a gene involved in BER. As a result, phenotypes are similar, with a reduced

polyp count (less than 100) adenomatous polyps.

Polymerase Proofreading-Associated Polyposis (PPAP), is a polyposis syndrome resulting in adenomatous polyps.
It is primarily caused by missense variants in the proofreading domain of the polymerase POLD1 and POLE and
not by nonsense or truncating mutations (55, 56). The proofreading domain loses efficiency and promotes the

accumulation of genetic aberrations.

LS have also been shown to be associated with a polyp phenotype. However, LS-associated polyps do not
constitute a full polyposis phenotype. While most of the individuals with LS will have a relatively low number of
polyps (83% under 10 polyps), some individuals can have up to 50 polyps (4%) (57), making the distinction
between LS and aFAP difficult. It remains to be determine if these lesions are in fact precursors to disease in LS

since the LSDB suggests that this may not be the case (Seppaler et al. 2018)

Peutz—Jeghers syndrome (PJS) is an autosomal dominant syndrome caused by pathogenic variants in STK11. It is
characterised by pigmented lesions around the mouth, anus, nostrils and fingers arising at an early age. In
addition, individuals with PJS develop polyps which are described as hamartomatous. Sporadic hamartomas are
generally benign. PJS-related hamartomatous polyps (and all Hamartomatous polyps caused by genetic
syndromes) will not evolve into carcinomas but rather are the result of altered stem cell lineage turnover rates

that will lead to an acceleration of the progression of cancer (58).

Juvenile Polyposis syndrome (JPS) is an autosomal dominant syndrome caused by pathogenic variants in either
SMAD4 or BMPR1A (59). Like PJS, JPS results in a hamartomatous polyp phenotype. JPS is often diagnosed during
early life (around 16 to 18) and patients exhibit colorectal polyps 80% of the time. The number of polyps is much

lower than FAP, with around 3 to 10 polyps.

PTEN hamartoma tumour syndrome (PHTS) and Cowden syndrome (CS) are autosomal dominant syndromes
caused by pathogenic variants in the PTEN gene. The PTEN protein is part of the PI3K/AKT pathway, a well
described mechanism of tumorigenesis when deregulated. PHTS and CS both result in colorectal hamartomatous
polyposis. In addition, individuals affected have an elevated risk of breast, thyroid, endometrial and renal cancers

(60) and other non-malignant features.

Serrated polyposis syndromes (SPS), is a syndrome with an unclear genetic origin. However, it is known to have
been associated with pathogenic variants in RNF43 along with pathogenic variants in BRAF (61). SPS has a specific

phenotype of hyperplastic polyps, sessile or otherwise known as, serrated adenomas).
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Clinical management
FAP associated with APC pathogenic variants has a nearly 100% penetrance. Recommended guidelines include

regular colonoscopy, starting between the age of 15 and 20, every 2 years. If an adenoma is detected, removal
should be performed every year until the number of adenomas is too many and then prophylactic colectomy is
recommended. For families with a clinical diagnosis of FAP but no APC mutation identified, colonoscopy every 2

years is recommended after 20, every 3 to 5 years after 40 and can cease after 50 years of age (62).

Prophylactic colectomy for FAP patients remains the most common intervention and is the most efficient
approach to reduce mortality. While there is no recommended age, most patients undergo this procedure

between the age of 15 and 25 (63).

The use of aspirin (64) and other NSAID (especially sulindac (65)) have been considered for chemo-prevention of
FAP. However, contrary to LS, results were divergent (see review (66)). Aspirin treatment showed a non-
significant trend in polyp prevention. Sulindac treatment yielded better results but exhibited side effects such as

rectal mucosal erosions. Currently, use of aspirin and other NSAID is not recommended for FAP patients.

1.3)Familial Colorectal Cancer syndromes

Familial Colorectal Cancer syndromes describe cases where there is strong evidence to support a genetic cause,

but no clear causative gene or pathogenic variant has been identified.

Risk factor inheritance
While environmental and lifestyle-related risk factors increase the risk for a single individual to develop cancer,

it is also important to remember that family members also share (to a certain extent) the same environment and
lifestyle and those can also be inherited. Children of smokers will have a higher risk of smoking (67). In a similar
manner, children with at least one obese parent will have a higher risk of being obese themselves (68). It is
important to keep in mind that all inherited risk-factors are not genetically transmitted. While this thesis will
focus only on genomic aberrations (analysis of variants and copy number variations), inherited risk factors for
CRC could be epigenetic variations (DNA methylation or histone modification) or inherited mitochondrial
diseases (69). Lifestyle or environmental-related factors can also be transmitted from parents to children and

could play a role in increased incidence of CRC in particular families.
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Figure 7. Proportion of the different types of CRC diagnosed each year from Half et al. (70)

Non-Polyposis syndromes
While around 5% of all colorectal cancers diagnosed each year are linked to LS with patients showing impaired

MMR, there are still a large proportion (up to 40% (71)) of individuals fulfilling the ACI who come back as MMR
mutation-negative after clinical screening. The syndrome affecting these individuals is referred to as Lynch-Like

Syndrome (LLS) or Familial Colorectal Cancer Type X (FCCTX).

LLS-derived tumours have a quite heterogeneous molecular profile, but studies suggest that they do share some

commonalities.

Patients usually have a later age of cancer onset (> 50 years) and a much lower rate of MSI-high tumours (72)
(MSI-high being a marker of MMR deficiency). There has been no identified genetic cause for LLS but there has
been research pointing toward other MMR genes (24), BRCA2 (73) and even telomere length (73). However it is
most likely that LLS is an heterogeneous disease with numerous low-risk variants associated with disease

presentation (74).

Polyposis Syndromes
Most cases of polyposis are caused by inherited pathogenic variants in APC. However around 25% of FAP cases

are caused by de-novo mutations in APC. In additions, several other polyposis syndromes with an obvious genetic

18



background have been identified lately (MAP, PPAP, NTHL1-associated polyposis, AXIN1-associated polyposis

(75) etc.), explaining an additional percentage of inherited polyposis.

But there is still, like LLS, a portion of CRCs associated with a polyp phenotype that can be described as “familial”,
with no known genetic cause. Those syndromes will be referred to as Familial Polyposis Syndrome (FPS) or FAP-

like.

Familial CRC
Both FPS and LLS represent around 10% of all diagnosed CRCs each year (including both sporadic and inherited

CRCs) (70). Identifying the cause of these familial CRCs is extremely important. It allows individuals with a higher
risk of CRC to be better identified and monitored. Although they will be offered colonoscopy due to their family
history of cancer, disease management might not be as efficient compared to patients with a genetic

predisposition.

Furthermore, a significant proportion of patients with a clinical diagnosis of LS or FAP do not show any pathogenic
variant in the usual causative genes. 30-40% (76) of patients diagnosed with LS are mutation-negative in MMR
genes and 20-30% (77) of patients clinically diagnosed with FAP lack a pathogenic variant in APC (77) respectively.
For polyposis syndromes, some of the remaining cases can in part be explained by recently-discovered polyposis

syndromes (mentioned above), but their very low incidence only explains a fraction of all cases of FPS.

For these patients, it is important to identify causative genes and pathogenic variants to both explain the cause
of CRCs and better treat them. This allows clinicians to distinguish between inherited and sporadic entities,

leading to a better management of the disease.

1.4) Next-Generation sequencing and Tools for analysis

Next-Generation Sequencing (NGS) revolutionised how clinicians and researchers approach genomic data.
Sanger sequencing allowed to interrogate one locus (up to 600-1000bp) at a time whereas NGS can sequence
multiple patients at a time for whole genes, panels of whole genes, full human exomes and even full human
genomes with the most recent sequencing platform allowing up to 3000Gbp (around 48 whole genomes) to be
sequenced in the same run. This allows researchers to examine the individual genomic status of a patient to
better understand the underlying genetic cause of their disease. NGS is qualified as targeted if it only covers a

specific panel of genes.

Current advances in next-generation sequencing, both in terms of quality and price, allows researchers to
sequence ever more patient samples. The sheer amount of data generated by whole exome (WES) or whole
genome sequencing (WGS) requires an extensive downstream analysis. Regardless of the technology used for

sequencing (Illumina, lonTorrent, PacBio, Solid, etc.), read sequences will be generated containing hundreds if
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not thousands of DNA sequence fragment reads, usually in the form of FASTQ files. In the context of
resequencing (sequencing an organism with a known genome, as opposed to de-novo sequencing) the read
sequences will be aligned to a reference genome and a call made as to whether a variant has been identified or

not.

Standard alignment pipeline
The standard pipeline for resequencing involves:

- Quality control (using FastQC (78))

- Alignment to the reference genome (using BWA (79), bowtie2 (80), etc.)

- Removing/Flagging duplicates reads (especially if PRC is used during library preparation)

- Optional Base Quality Score Recalibration (BQSR using GATK)

The above pipeline generates a Sequence Alignment Map (SAM) file, its binary counterpart BAM file, or its

compressed counterpart CRAM file. These represent the standard sequence files used in NGS analysis.

Using those alignment files, researchers can do an array of different analysis. The most obvious and widespread
use is to compare the alignment file generated to a reference genome to detect single nucleotide variant/

polymorphism (SNV or SNP) and short insertions and deletions (Indels).

Variant calling
The detection of SNVs and indels is usually performed by variant calling software (HaplotypeCaller (81),

Freebayes (82), etc.). These software packages can use a reference genome and compare it to the alignment file
to detect SNV insertions and deletions. Most of the popular variant-calling software have measures to minimise
false positives and will generate a standardised file called a Variant Calling Format (VCF) file, which contains all
the necessary information, allowing the storage of information for multiple samples. VCF files will always contain
the following information; chromosome number, the start and end location of the variant, the reference and
alternative alleles as well as extra information such as genotype (heterozygous or homozygous for this allele) per

sample.

Variant annotation
Variant calling allows researchers to identify variants, but the consequence or pathogenicity of those variants

are not always obvious. Variant annotation software such as ANNOVAR (83), VEP (84) or snpEff (85), can annotate
VCF files to associate a variant allele and location to several key pieces of information such as: exonic/coding

region location, in-silico prediction or frequency in the general population.

These annotations are useful so that a prediction of the impact of the identified variant can be made.
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Variant pathogenicity prediction and prioritisation

Even with the proper annotation, it is still a delicate exercise to predict the effect of a given variant on an
individual. To further help in the classification of genetic variants, the American College of Medical Genetics and
the Association for Molecular Pathology (ACMG/AMP) released in 2015 a set of criteria to classify variants into 5
categories (Pathogenic, Probably Pathogenic, Unknown Significance, Probably Benign and Benign, often referred
to as “classes” 5 to 1) (86). These criteria are divided in categories, Pathogenic Very Strong, Pathogenic Strong,
Pathogenic Moderate and Pathogenic Supporting (PVS, PS, PM and PP) as well as Benign Strong and Benign
Supporting (BS, BP) (see Table 6). If a variant fulfils enough pathogenic criteria, it will be classified as pathogenic.
In a similar manner, a variant fulfilling enough benign criteria will be classified as benign (see tables 7). The
ACMG/AMP criteria gained in popularity as they are relatively simple to compute and are relatively reliable.

Software to assign the ACMG/AMP criteria have rapidly been developed (such as CharGer (87) or InterVar (88)).

Table 6. Criteria for pathogenicity prediction developed by the ACMG/AMP

Category Short Name Requirement

Pathogenic Very Strong PVS1

Null variant (nonsense, frameshift, canonical +/-1 or
2 splice sites, initiation codon, single or multi-exon
deletion) in a gene where loss of function (LOF) is a
known mechanism of disease

Pathogenic Strong PS1

PS2

PS3

PS4

Pathogenic Moderate PM1

PM2

PM3

Same amino acid change as a previously established
pathogenic variant regardless of nucleotide change

De novo (both maternity and paternity confirmed) in
a patient with the disease and no family history

Well-established in vitro or in vivo functional studies
supportive of a damaging effect on the gene or gene
product

The prevalence of the variant in affected individuals
is significantly
increased compared to the prevalence in controls

Located in a mutational hot spot and/or critical and
well-established functional domain (e.g. active site
of an enzyme) without benign variation

Absent from controls (or at extremely low frequency
if recessive)
in Exome Sequencing Project, 1000 Genomes or
ExAC

For recessive disorders, detected in trans with a
pathogenic variant
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PM4

PM5

PM6

Protein length changes due to in-frame
deletions/insertions in a non-repeat region or stop-
loss variants

Novel missense change at an amino acid residue
where a different
missense change determined to be pathogenic has
been seen before

Assumed de novo, but without confirmation of
paternity and maternity

Pathogenic Supporting

PP1

PP2

PP3

PP4

PP5

Co-segregation with disease in multiple affected
family members in a gene definitively known to
cause the disease

Missense variant in a gene that has a low rate of
benign missense variation and where missense
variants are a common mechanism of disease

Multiple lines of computational evidence support a
deleterious effect on
the gene or gene product

Patient’s phenotype or family history is highly
specific for a disease with a single genetic aetiology

Reputable source recently reports variant as
pathogenic but the evidence is not available to the
laboratory to perform an independent evaluation

Category

Short Name

Requirement

Benign Stand-Alone

BA1l

Allele frequency is above 5% in Exome Sequencing
Project, 1000 Genomes,or ExAC

Benign Strong

BS1

BS2

BS3

BS4

Allele frequency is greater than expected for disorder

Observed in a healthy adult individual for a recessive
(homozygous),

dominant (heterozygous), or X-linked (hemizygous)
disorder with full
penetrance expected at an early age

Well-established in vitro or in vivo functional studies
shows no damaging
effect on protein function or splicing

Lack of segregation in affected members of a family

Benign Moderate

BP1

Missense variant in a gene for which primarily
truncating variants are
known to cause disease
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BP2 Observed in trans with a pathogenic variant for a fully
penetrant dominant gene/disorder; or observed
in cis with a pathogenic variant in any inheritance

pattern

BP3 In-frame deletions/insertions in a repetitive region
without a known
function

BP4 Multiple lines of computational evidence suggest no

impact on gene or gene product

BP5 Variant found in a case with an alternate molecular
basis for disease

BP6 Reputable source recently reports variant as benign
but the evidence is not available to the laboratory to
perform an independent evaluation

BP7 A synonymous (silent) variant for which splicing
prediction algorithms predict no impact to the splice
consensus sequence nor the creation of a new splice
site AND the nucleotide is not highly conserved

Table 7. Pathogenicity assignment for the ACMG/AMP criteria

Pathogenic (Class 5)

e 1 Very Strong (PVS1) AND
e 21 Strong (PS1-PS4) OR
e >2 Moderate (PM1-PM6) OR
e 1 Moderate (PM1-PM6) and 1 Supporting (PP1-PP5) OR
e >2 Supporting (PP1-PP5)
e >2 Strong (PS1-PS4) OR
e 1 Strong (PS1-PS4) AND
e >3 Moderate (PM1-PM6) OR
e 2 Moderate (PM1-PM6) AND >2 Supporting (PP1-PP5) OR
e 1 Moderate (PM1-PM6) AND 24 Supporting (PP1-PP5)

Likely Pathogenic (Class 4)

1 Very Strong (PVS1) AND 1 Moderate (PM1-PM6) OR

1 Strong (PS1-PS4) AND 1-2 Moderate (PM1-PM6) OR

1 Strong (PS1-PS4) AND 22 Supporting (PP1-PP5) OR

>3 Moderate (PM1-PM6) OR

2 Moderate (PM1-PM6) AND 22 Supporting (PP1-PP5) OR
1 Moderate (PM1-PM6) AND >4 Supporting (PP1-PP5)
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Likely Benign (Class 2)

e 1 Strong (BS1-BS4) and 1 Supporting (BP1-BP7) OR
e >2 Supporting (BP1-BP7)

Benign (Class 1)

e 1 Stand-Alone (BA1) OR
e >2 Strong (BS1-BS4)

It is important to keep in mind that the ACMG/AMP criteria are designed to determine the probability of
a variant being pathogenic (or benign). This means that a class 5 variant (Pathogenic) is not more pathogenic
than a class 4 variant (Probably Pathogenic) but has a higher probability to be pathogenic, due to the presence

of more evidence of pathogenicity.

However, when studying the genetic basis of cancer (or other Mendelian disorders) and working with large
datasets such as WGS or WES, a large portion of variants remain classified as class 3 variants (i.e. variants of
unknown significance (VUS)) even if they nearly fulfil the requirements to be classified as Likely Pathogenic or
Pathogenic. This is one of the limitations of current pathogenicity prediction software using the ACMG/AMP
criteria: if there is no knowledge about the identified variant (like its frequency in the general population, clinical
data, frequency in a diseased cohort), it will most likely be classified as a VUS (the ACMG/AMP criteria PS1, PS3,
PMS5, PP3 and PP5 require prior knowledge about the variant). Another limitation of this software is that it only
analyses variants individually and does not take into account the fact that they might belong to a particular
cohort sharing the same haplotype (frequently used to study the underlying genetic cause of Mendelian disease).
They will, for example, not notice if a particular gene is frequently mutated or that a variant is greatly enriched

in a specific cohort compared to a control population.

1.5) Rationale and hypothesis

As mentioned above, familial CRC syndromes (with no known genetic cause but with strong family history)
remain highly prevalent among all CRC diagnoses (around 10-13%). Like most inherited diseases, DNA defects

are often the cause of an elevated risk of disease.
| therefore hypothesise that there is a set of yet unidentified genes that increase the risk of inherited CRC.

By identifying a set of genes and variants that could increase the risk of CRC, individuals with a strong family
history of CRC could be enrolled into screening programs that have proven benefit to reduce mortality and

morbidity of these cancer syndromes (89).
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Early detection is important for improved survival (90). In the case of colorectal cancer, individuals have 97.7%
one-year survival if detection of disease occurs at stage 1 versus only a 43.9% if detection occurs at stage 4

disease.

In the case of familial CRC, it is important to identify genes and pathogenic variants giving an increased risk of
cancer. Individuals with an elevated risk of CRC can then be offered more frequent monitoring, leading to the
early detection of potential malignant lesions and an appropriate surgical response, increasing the chances of

survival.

1.6) Aims and approach

To identify a set of genes increasing the risk of CRC in familial CRC syndrome patients, we first need to select

appropriate individuals. We first distinguished non-polyposis and polyposis familial syndromes as two different

entities that need to be studied separately.

In this thesis | will focus both on non-polyposis and polyposis CRC syndromes. For both, we selected a cohort

made of individuals that were diagnosed with CRC, but that did not carry a pathogenic variant in a known

causative gene for the disease. All individuals also had a strong family history of CRC, suggesting an underlying

genetic cause.

Using NGS, we can identify potentially pathogenic variants that were overlooked in these patients. The precise

identification of genetic pathogenic variations is key to discover novel genes involved in CRC development. In

addition to pathogenic variants and their genes, we can study the copy number variations occurring in these

patients, the pathways involved to better understand the underlying mechanisms of the disease and also the

genetic predisposition to known CRC risk factors. Furthermore, | aimed to develop new and innovative ways to

analyse exome sequencing data in cohorts.

The current research aims to:

) Investigate the presence of pathogenic variants in all MMR genes associated with Lynch-Like Syndromes
using a targeted NGS approach

) Propose a new and more refined pipeline for pathogenicity prediction in Whole-Exome Sequencing

1) Using the findings from Aim I, evaluate the genetic basis of familial polyposis syndromes
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CHAPTER 2: The MMR pathway in Lynch-Like Syndrome

2.0) Introduction

Lynch-Like Syndromes (LLS) is an umbrella term used to describe all familial non-polyposis CRC emerging
from individuals which fulfil the ACII (suggestive of a genetic cause for the disease) but with the confirmed
absence of a pathogenic variant in the routinely screened MMR genes.
Aims

The aim of this study was to investigate the presence of potentially pathogenic variants in the currently
clinically unscreened MMR genes. LS molecular diagnosis is performed by identifying pathogenic variants in
four MMR genes: MLH1, MSH2, MSH6 and PMS2 (with the addition of EPCAM deletions that result in MSH2
epigenetic silencing). These genes all express proteins that are involved in post-replication mismatch
detection. However, more than 22 genes are involved in the MMR pathway. The presence of pathogenic
variants in any of these genes could reduce the efficiency of the MMR pathway. Deficiencies in the MMR

pathway, as described in Chapter 1, is observed as MSI and an increased risk of cancer in LS patients.

Identifying pathogenic variants in the remaining key 18 unscreened MMR genes (MSH3, PMS1, MLH3, EXO1,
POLD1, POLD3, RFC1, RFC2, RFC3, RFC4, RFC5, PCNA, LIG1, RPA1, RPA2, RPA3, POLD2 and POLD4) and re-
sequencing the 4 key genes (MLH1, MSH2, MSH6 and PMS2) using new technology, could reveal novel

genes/variants involved in LLS.

There is Increasing evidence to show that the LS definition could be extended to other MMR genes. MLH3

(91) and MSH3 (92) are prime examples of new MMR genes linked to CRC.

Approach
The 22 genes involved in the MMR pathway, code for either full proteins or the subunits of larger complexes.

To assess the involvement of the 18 unscreened genes in cancer development and the re-sequencing of the
4 Sanger screened genes with a new technology, we selected a cohort of 274 patients (of Norwegian and
Australian origin) diagnosed with CRC or other LS-related cancers, all of whom fulfilled the AC | or Il criteria
and on screening by Sanger sequencing were deemed to be mutation-negative in at least one of the four

known MMR genes as indicate by immunohistochemical assessment.

DNA samples from the 274-constituting cohort were subsequently sequenced using a custom Haloplex
design and all variants identified, confirmed using Sanger sequencing. Each variant was annotated to assess

its predicted pathogenicity.
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This cohort was first analysed for 112 genes known to be involved in CRC (93) (see appendix 1). Even though
many cases could be explained by pathogenic variants in key CRC genes, many individuals (75%), did not have

any identifiable pathogenic variant that could explain their elevated risk of CRC.

The 22 genes involved in MMR (included in the panel mentioned above but not all analysed as part of that
study) were then analysed to identify pathogenic variants. The following study will help better understand

the role and the extent of the involvement of the currently unscreened MMR genes in LLS.
2.1)Publication
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INTRODUCTION

Abstract

Background: Lynch-like syndrome (LLS) represents around 50% of the patients
fulfilling the Amsterdam Criteria II/revised Bethesda Guidelines, characterized by a
strong family history of Lynch Syndrome (LS) associated cancer, where a causative
variant was not identified during genetic testing for LS.

Methods: Using data extracted from a larger gene panel, we have analyzed next-
generation sequencing data from 22 mismatch repair (MMR) genes (MSH3, PMS1,
MLH3, EXOI, POLDI, POLD3 RFCI, RFC2, RFC3, RFC4, RFC5, PCNA, LIGI,
RPAI, RPA2, RPA3, POLD2, POLD4, MLHI, MSH2, MSH6, and PMS2) in 274
LLS patients. Detected variants were annotated and filtered using ANNOVAR and
FILTUS software.

Results: Thirteen variants were revealed in MLHI, MSH2, and MSH®6, all genes
previously linked to LS. Five additional genes (EXOI, POLDI, RFCI, RPAI, and
MLH3) were found to harbor 11 variants of unknown significance in our sample
cohort, two of them being frameshift variants.

Conclusion: We have shown that other genes associated with the process of DNA
MMR have a high probability of being associated with LLS families. These findings
indicate that the spectrum of genes that should be tested when considering an entity
like Lynch-like syndrome should be expanded so that a more inclusive definition of
this entity can be developed.

KEYWORDS

Genetics, germline mutation, high-throughput sequencing, Lynch syndrome, MMR gene panel

nonpolyposis colorectal cancer (HNPCC), is defined by the
presence of germline mutations in one of four genes involved

Lynch Syndrome (L.S) is an autosomal dominantly inherited
predisposition to colorectal cancer (CRC) and other epithe-
lial malignancies and accounts for approximately 2%-3%
of all CRC patients diagnosed annually (de la Chapelle,
2004; Hampel et al., 2005). LS, also known as hereditary

in DNA mismatch repair (MMR); MLHI (OMIM: 120436),
MSH2 (OMIM: 609309), MSH6 (OMIM: 600678), and PMS2
(OMIM: 600259) (Lynch & de la Chapelle, 1999). Deletions
in EPCAM are also implicated in LS that are associated with
epigenetic silencing of MSH2 (Kuiper et al., 2011). It is

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited and is not used for commercial purposes.
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important to identify LS mutation carriers, in order to offer
them regular surveillance programs like colonoscopy to im-
prove early detection of cancer.

LS tumor spectrum is quite wide, involving in most cases
CRC and, for women, a high risk of endometrial cancer (Lek
etal., 2016). In addition, MMR mutations in LS causes an in-
creased risk of ovarian, gastric, urologic tract, kidney, ureter,
small bowel, and hepatobiliary tract tumors (Samadder et al.,
2017; Watson & Riley, 2005).

LS is an entity that has been diagnosed using the
Amsterdam criteria (AC) and Bethesda guidelines (BG), or
variants of it (the AC II or revised BG) using the patient's
pedigree and family history of cancer (Rodriguez-Bigas et
al., 1997; Umar et al., 2004; Vasen, Mecklin, Khan, & Lynch,
1991; Vasen, Watson, Mecklin, & Lynch, 1999). Genetic
screening by Sanger sequencing to identify causative variants
in MMR genes has been the gold standard to diagnose pa-
tients at risk of LS. Individuals fulfilling the AC II or revised
BG without a molecular diagnosis are now termed Lynch-
like syndrome (LLS) families (Carethers, 2014; Giardiello et
al., 2014).

Families that fulfill the AC, where probands have tumors
displaying microsatellite instability (MSI) or a loss of MMR
genes expression (as judged by immunohistochemistry), are
offered screening for pathogenic variants in MMR genes
(usually by DNA sequencing) to identify a causative genetic
variant. Using this approach, approximately 50% of LS pa-
tients remain without a molecular diagnosis after screening
the common MMR genes (Bonis et al., 2007; Lindor et al.,
2005; Steinke et al., 2014). Early detection and management
provide the best likelihood of survival, thus identifying high-
risk individuals who could benefit from early detection is a
priority. The 50% of patients where pathogenic variants can-
not be detected are commonly termed LLS families or familial
colorectal cancer type X (FCCTX) as disease segregation is
suggestive of an inherited disease but in the absence of any
identifiable causative variant. This group appears to have a
later age of disease onset compared to LS, suggesting that
these families have lower levels of disease penetrance (Lipkin
& Afrasiabi, 2007). While the definitions of LLS and FCCTX
mostly overlap, LLS is defined by patients with MSI-High tu-
mors but no loss of MMR immunohistochemistry staining (for
the four main MMR genes) (Carethers, 2014). On the other
hand, FCCTX describes patients fulfilling the AC I but no
causative pathogenic variants has been found, and are mostly
microsatellite-stable (MSS) (Lipkin & Afrasiabi, 2007).

DNA MMR involves the coordinated response of at least
22 proteins (KEGG pathways (Kanehisa, Furumichi, Tanabe,
Sato, & Morishima, 2017), Figure 1) that are involved in
mismatch recognition, protein recruitment to the lesion,
removal of the mismatch and replacement of the incorrect
base with the correct one (Fishel, 2015). Thus, the possibil-
ity exists that other defects in the DNA MMR pathway may

be associated with cancer risk, which manifests as an entity
similar to LS. Evidence to support this comes from studies
that have examined MLH3 where it has been proposed to be
a candidate gene implicated in LS (Liu et al.,, 2003). This
is supported by evidence that demonstrates MSH3 variants
appear to confer a low risk of disease (associated with var-
ious phenotypes (Carethers, Koi, & Tseng-Rogenski, 2015)
including a phenotype of polyposis (Adam et al., 2016))
and have a synergistic effect when accompanied by MSH2
variants (Duraturo et al., 2011). Previously, POLD/ vari-
ants have shown to be associated with an increased risk of
CRC that results in a phenotypic disease spectrum, which
includes phenotypes, observed in both LS and a polyposis
(Buchanan et al., 2017).

To assess the involvement of other MMR genes in LS,
we investigated the presence of potentially pathogenic
variants in 22 MMR genes (MSH3, PMS1, MLH3 (OMIM:
604395), EXO! (OMIM: 606063), POLDI (OMIM:
174761), POLD3, RFCI (OMIM: 102579), RFC2, RFC3,
RFC4,RFC5, PCNA, LIG1, RPAT (OMIM: 179835), RPA2,
RPA3, POLD2, POLD4, MLHI, MSH2, MSH6, and PMS2),
using next-generation sequencing (NGS) in patients with a
clinical diagnosis of LS. All of whom fulfilled the ACII or
the revised BG but lacked a causative variant for the stan-
dard MMR gene(s) after genetic testing.

2 | METHODS

2.1 | Ethics approval

Ethics approval was obtained from the Hunter New England
Human Research Ethics Committee (04/03/10/3.11) and the
University of Newcastle Human Research Ethics Committee
(H-2008-0337).

22 |

This study used DNA obtained from 82 Norwegian and 192
Australian LLS patients (n = 274, see Table 1) previously
described (Hansen et al., 2017). In brief, all patients fulfilled
the AC II criteria or revised BG and had no pathogenic vari-
ant detected during routine genetic screening for the MMR
gene(s) tested (MLH I, MSH2, MSH6, and/or PMS2). All pa-
tients were previously screened for one or more MMR genes
as per their practician recommendations.

The sample cohort consisted of unrelated (Australian)
and unrelated/related (Norwegian) individuals; eight families
with two to three individuals per family were present in the
Norwegian cohort (Hansen et al., 2017).

DNA samples from all patients were sequenced as part
of the health-care system and all patients have given written
informed consent for their samples to be used for research.
Ethics approval was obtained from relevant committees.

Samples
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TABLE 1  Cohort characteristics and screening results for the
274 samples included in the current study
Total Cohort
(N=274)
Nationality
Norwegian 82
Australian 192
Female 183
Male 91
Median age at first cancer® 51.5 [21-86]
Cancer history”
CRC 229
Other cancers 28
Only adenomas 14
Multiple primary cancers 64
Amsterdam Criteria I1
Positive 262
Negative® 12
Microsatellite instability status”
MSS 38
MSI-L 6
MSI-H 27
IHC®
Loss of MMR protein staining 83
Normal staining 56

“Data missing for six patients.

"Data missing for three patients.

“Revised Bethesda Guidelines (BG) positive.

“Only available for the Norwegian patients. Data missing for 203 patients.
“Data available for 68 Norwegian and 71 Australian samples. Data missing for
135 patients.

2.3 | Gene panel sequencing

Sequencing data were generated (See Figure S1) from a 124
multigene panel study described in (Hansen et al., 2017),
which contained 22 MMR genes (MLHI, MSH2, MSH6,
PMS2, MSH3, PMS1, MLH3, EXOI, POLDI, POLD3,
RFCI, RFC2, RFC3, RFC4, FRCS5, PCNA, LIGI, RPAI,
RPA2, RPA3, POLD2, and POLDA).

A custom Haloplex design (Agilent Technologies, Santa
Clara, CA) was used for library preparation. Description
of both the Haloplex design and the sequencing protocols
(HiSeq 2500 and NextSeq, [llumina) have been reported pre-
viously (Hansen et al., 2017).

2.4 | Data analysis

The previous (Hansen et al., 2017) study analyzed only 10
MMR genes, (MLHI, MSH2, MSH6, PMS2, MSH3, PMS1,

MLH3, EXO1, POLDI, and POLD3). In this current study,
we included data from those genes as well as data from the re-
maining 12 MMR genes (RFCI, RFC2, RFC3, RFC4, FRCS,
PCNA, LIGI, RPAI, RPA2, RPA3, POLD2, and POLD4) to
create a complete MMR gene panel (See Figure S1 for a full
flowchart of the study's design).

Burrows-Wheeler Aligner (BWA) (Li & Durbin, 2009)
was utilized to align the paired end reads to the human ge-
nome (hgl9, UCSC assembly, February 2009). BAM files
were converted with SAMtools (Li et al., 2009). Variant
calling was performed according to GATK Best Practice
recommendations using GATK version 3.1 (McKenna et
al., 2010) including local realignment around insertion/dele-
tions (indels) and recalibration of quality scores. The variant
caller HaplotypeCaller was utilized. Quality control of the
called variants was performed using GATK variant filtration
with parameter settings according to the recommendations
in SEQanswers exome sequencing analysis guide (Van der
Auwera et al., 2013). In short, variant quality score recali-
bration (VQSR) was applied using the recommended set of
known variants for both indels and SNP. The tranche thresh-
old of 99.0 was used to select variants. ANNOVAR (Wang,
Li, & Hakonarson, 2010) was used to annotate detected vari-
ants and filtering of variants was done using the filtering tool
FILTUS version 1.0.4 (Vigeland, Gjotterud, & Selmer, 2016).

2.5 | Filtering of variants

FILTUS, a desktop software for fast and efficient detection
of disease-causing variants was used on the annotated files
(Vigeland et al., 2016). The 10 MMR genes belonging to the
gene panel previously analyzed by Hansen et al. (2017 were
also included in the current study due to different filtering
strategies and for comparative purposes.

Variants were filtered in the 22 MMR genes individually
(gene lookup in FILTUS), with function collapse = lists all
samples that have same variant together and saved as indi-
vidual files on gene name, before being combined into one
file. Variants with a frequency of more than 0.05 in public
databases (ExaC or gNomad (Lek et al., 2016)) were first ex-
cluded. Then variants were excluded if detected in more than
five unrelated individuals in our cohort (not likely to be patho-
genic due to their high frequency) and intronic variants were
ignored if they had no variant prediction. Nonsynonymous
single-nucleotide variants (SNVs) and indel variants were in-
cluded in further filtering.

Afterinsilico filtering, using FILTUS, we performed some
manual filtering and variant interpretation to remove artifacts
and only selecting variants most likely to be causative. We
checked detected variants against results reported by Hansen
et al. (2017. Further, variant interpretation was performed
utilizing Alamut software (Interactive Biosoftware, Rouen,
France) and evaluating available literature.
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TABLE 1  Cohort characteristics and screening results for the
274 samples included in the current study
Total Cohort
(N=274)
Nationality
Norwegian 82
Australian 192
Female 183
Male 91
Median age at first cancer® 51.5 [21-86]
Cancer history”
CRC 229
Other cancers 28
Only adenomas 14
Multiple primary cancers 64
Amsterdam Criteria I1
Positive 262
Negative® 12
Microsatellite instability status”
MSS 38
MSI-L 6
MSI-H 27
IHC®
Loss of MMR protein staining 83
Normal staining 56

“Data missing for six patients.

"Data missing for three patients.

“Revised Bethesda Guidelines (BG) positive.

“Only available for the Norwegian patients. Data missing for 203 patients.
“Data available for 68 Norwegian and 71 Australian samples. Data missing for
135 patients.

2.3 | Gene panel sequencing

Sequencing data were generated (See Figure S1) from a 124
multigene panel study described in (Hansen et al., 2017),
which contained 22 MMR genes (MLHI, MSH2, MSH6,
PMS2, MSH3, PMS1, MLH3, EXOI, POLDI, POLD3,
RFCI, RFC2, RFC3, RFC4, FRCS5, PCNA, LIGI, RPAI,
RPA2, RPA3, POLD2, and POLDA).

A custom Haloplex design (Agilent Technologies, Santa
Clara, CA) was used for library preparation. Description
of both the Haloplex design and the sequencing protocols
(HiSeq 2500 and NextSeq, [llumina) have been reported pre-
viously (Hansen et al., 2017).

2.4 | Data analysis

The previous (Hansen et al., 2017) study analyzed only 10
MMR genes, (MLHI, MSH2, MSH6, PMS2, MSH3, PMS1,

MLH3, EXO1, POLDI, and POLD3). In this current study,
we included data from those genes as well as data from the re-
maining 12 MMR genes (RFCI, RFC2, RFC3, RFC4, FRCS,
PCNA, LIGI, RPAI, RPA2, RPA3, POLD2, and POLD4) to
create a complete MMR gene panel (See Figure S1 for a full
flowchart of the study's design).

Burrows-Wheeler Aligner (BWA) (Li & Durbin, 2009)
was utilized to align the paired end reads to the human ge-
nome (hgl9, UCSC assembly, February 2009). BAM files
were converted with SAMtools (Li et al., 2009). Variant
calling was performed according to GATK Best Practice
recommendations using GATK version 3.1 (McKenna et
al., 2010) including local realignment around insertion/dele-
tions (indels) and recalibration of quality scores. The variant
caller HaplotypeCaller was utilized. Quality control of the
called variants was performed using GATK variant filtration
with parameter settings according to the recommendations
in SEQanswers exome sequencing analysis guide (Van der
Auwera et al., 2013). In short, variant quality score recali-
bration (VQSR) was applied using the recommended set of
known variants for both indels and SNP. The tranche thresh-
old of 99.0 was used to select variants. ANNOVAR (Wang,
Li, & Hakonarson, 2010) was used to annotate detected vari-
ants and filtering of variants was done using the filtering tool
FILTUS version 1.0.4 (Vigeland, Gjotterud, & Selmer, 2016).

2.5 | Filtering of variants

FILTUS, a desktop software for fast and efficient detection
of disease-causing variants was used on the annotated files
(Vigeland et al., 2016). The 10 MMR genes belonging to the
gene panel previously analyzed by Hansen et al. (2017 were
also included in the current study due to different filtering
strategies and for comparative purposes.

Variants were filtered in the 22 MMR genes individually
(gene lookup in FILTUS), with function collapse = lists all
samples that have same variant together and saved as indi-
vidual files on gene name, before being combined into one
file. Variants with a frequency of more than 0.05 in public
databases (ExaC or gNomad (Lek et al., 2016)) were first ex-
cluded. Then variants were excluded if detected in more than
five unrelated individuals in our cohort (not likely to be patho-
genic due to their high frequency) and intronic variants were
ignored if they had no variant prediction. Nonsynonymous
single-nucleotide variants (SNVs) and indel variants were in-
cluded in further filtering.

Afterinsilico filtering, using FILTUS, we performed some
manual filtering and variant interpretation to remove artifacts
and only selecting variants most likely to be causative. We
checked detected variants against results reported by Hansen
et al. (2017. Further, variant interpretation was performed
utilizing Alamut software (Interactive Biosoftware, Rouen,
France) and evaluating available literature.
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oligosaccharide-binding domain (OB) domain. The OB

E E’ domain allows RPAI protein to bind ssDNA in a nonse-
E TNz 25 . é” quence-specific manner and to stabilize the single strand
7 . E after the damaged strand is excised (Bochkareva, Korolev,
o 6 b ou o = E Lees-Miller, & Bochkarev, 2002). The remaining variant
- HEH H O EE ¢.856G > T did not appear to alter the functional domain
E ‘22 é é é § E -% of the protein.
z
== k=]
g 2 4 | DISCUSSION
433835833 The presence of potentially pathogenic variants in patients di-
8 55555 5|8 presence of potentially pathogenic variants in patients di
e agnosed with LLS shows that there is a clear need to create an
E -« - E exhaustive list of pathogenic or potentially pathogenic genes
E % § § é for inherited CRC in order to identify individuals with a high
E § < § < § < E" risk of developing CRC and genes/variants appropriate for
- E é’ functional analysis. MMR genes are good candidates given
- é that they are predicted to be causative in 8% of patients in the
é E ) :E current study, a yield comparable to similar studies (Dong et
= § § § § al., 2018; Paulo et al., 2018). In addition, our results suggest
E % % 52“ g % & § that re-screening the four known LS genes in previously vari-
= ant-negative LS patients with the more sensitive approach of
5 NGS should be undertaken to ensure no pathogenic variants
‘ have been missed using less sensitive screening methods.
g = E From the 274 patients enrolled in this study and not pre-
% % e = g viously described we revealed 22 potentially causative vari-
A g g z ants in nine different MMR genes. Included in the study
% E‘.‘ § E i E’ were the four known LS MMR genes (MSH2, MLH1, MSH6,
8 < < c o ; and PMS2) as it is well accepted that older variant detection
o g methods were not as sensitive as approaches that are more
X é contemporary. The number of variants identified in MLH]
% g é’ % é‘ z é % and MSHo rlcflcclts the s?nsitivityl of older fc%'eel‘ling meih-
C EEEEL S B odologies that may not have revealed the presence of these
: ; 3* E CT ;,? é E causative variants. We detected additional variants in MLH
| 2 PE 2iE B g and MSH6 compared to Hansen et al. (2017 due to less strin-
= gent filtering strategies in FILTUS.
E” f i = f : % The identification of Il potentially pathogenic variants
g ° 3z ;’; Q2 3 % through in silico analysis in the extended MMR gene panel
z = 5 5 = = 2 3’ does reveal the extent to which the DNA MMR pathway
= I SR o might be associated with the risk of cancer development in
§ _ . _ g families classified as LLS. We show here that families cat-
z g l_‘;E v - Z g egorized as LLS harbor potentially pathogenic variants in
z g 2 ‘g g § g 3 = 5 other MMR genes than those already associated with LS. The
; é = g g § = 3 = %: genes EXOI, POLDI, RFCI, and RPAI harbor that variants
g < ;‘ = ;‘ = ;‘ §§ z that were predicted to be pathogenic. None of the variants
2 Mz Z2 2z 2z Z 2z i HEE identified in this study have previously been associated with
%’ . EE 2 ';'E £ a cancer phenotype, which is probably due to their extremely
5 g g § gz : i:» low frequency in the general population. However, disrupting
- E84 52 2% the MMR pathway could be a possible cause of cancer de-
. EES = 3 .;" g velopment. It is known that RFCI, RPAI, and POLD/ are in-
ﬁ N g e % % volved in DNA damage repair mechanisms other than MMR
2 E g tz—'i Tz g | ”f €25 and DNA synthesis during replication (see KEGG orthology:
~ e 0~ e = S227 K10754, K02999 and K02327). EXOI is involved with other
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DNA repair and maintenance mechanisms (Keijzers, Liu, &
Rasmussen, 2016). Interestingly, the two nonsense EXO/ vari-
ants identified in our study are predicted to affect the binding
to MSH2/MLHI, suggesting that the loss of function would
specifically affect EXO] MMR-related functions. Moreover,
RPAI and POLD] have been previously described as delete-
rious when mutated in cancer (Nicolas, Golemis, & Arora,
2016; Wang et al., 2005). Variants in POLD/ are described
in patients presenting a polyposis phenotype termed poly-
merase-proofreading associated polyposis (PPAP) (Palles et
al., 2013). The pathogenic variants identified in POLD/ in
the current study support the notion that the phenotypes of LS
and PPAP might overlap, both with a multitumor phenotype.

RPA] variants have previously been implicated in can-
cers that are associated with chromosome instability (Hass,
Gakhar, & Wold, 2010; Wang et al., 2005). However, a com-
prehensive genetic study did not show a clear association
with CRC (Jokic et al., 2011).

A meta-analysis supports a significant association be-
tween RFC1 p.G80A and plasma cell malignancies (Huang
et al., 2016). Moreover, the Cancer Genome Atlas (TCGA
data) (Cancer Genome Atlas Research et al., 2013) shows
that somatic RFC/ variants occur in 10.2% of uterine can-
cers and 5.5% of CRCs, which is consistent with tumors
identified in LS. RFC1 has been previously described as a
member of the BRCA1-associated genome surveillance com-
plex (BASC) (Wang et al., 2000). This complex is involved

Recognition Nicking

Genes associated: MLH1, PMS2, MSH2, MSH6, MLH3,
MSH3, PMS1 RFC1,RFC2, RFC3, RFC4, RFCS5, PCNA,

Resynthesis Ligation

Genes associated: POLD1, POLD2, POLD3, POLD4

FIGURE 1

T T TITI

in DNA damage and abnormal structure detection and more
generally in the maintenance of genomic integrity making it
a good candidate gene for LLS.

Pathogenic variants in EXO/ were also found in the cur-
rent study but its exact role remains to be determined. A pre-
vious study suggests that the gene is either associated with
low-disease penetrance or influencing a polygenic risk score
(Talseth-Palmer et al., 2016). Other reports indicate that even
in healthy patients, EXQO/ variants are present, including those
that result in a truncated protein (Jagmohan-Changur et al.,
2003) and consequently loss of function. Notwithstanding, in
our study, both EXO/ ¢.1928T > A and ¢.2485G > T leads to a
truncated protein, The variant ¢, 1928T > A has lost the MLH2
and MLH1 interaction domain, whereas the ¢.2485G > T
variant truncates only the MLH]1 interaction domain. Lack of
either of these domains could affect EXO1 recruitment at the
site of the mismatch or DNA damage, impairing the MMR
process (Goellner, Putnam, & Kolodner, 2015).

To assess the link between the variants identified in the
current study and the development of CRC in LLS families,
larger sample cohorts are needed with detailed analysis of the
tumor phenotypes to establish if indeed many of the down-
stream MMR functions are associated with MSI tumors.
Furthermore, detailed segregation analysis is required to de-
termine if the variant segregates with disease. Finally, func-
tional analysis would significantly aid in characterizing their
respective pathogenic effects.

Excision

Genes associated: MLH1, PMS2, MSH2, MSH6, MLH3,Genes associated: EXO1, RPA1, RPAZ, RPA3
MSH3, PMS1 RFC1,RFC2, RFC3, RFC4, RFC5, PCNA

| Ligase

Genes associated: LIGT

Mismatch repair pathway major steps with genes associated. Genes in red are the one usually screened for mutations in a

clinical setting. MLHI, PMS2, MSH2, and MSH6 are all involved in the recognition of DNA damage. PMS2 has an endonuclease function in
nicking around the damaged region. EXO1 will then remove the DNA strand containing the error and RPA (Replication Protein A) will protect the

remaining single strand of DNA. The DNA polymerase Pold resynthesises the new DNA strand which is then ligated with a ligase (based on Hsiech

& Yamane, 2008)
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Limitations of the current study include the relatively
small number of patients tested. A larger sample cohort and
functional studies of the identified variants are required to
confirm the results of this study. Segregation analysis would
provide insights into the pathogenicity of these variants but
could not be performed as part of this study.

In conclusion, we have shown that other genes associated
with the process of DNA MMR have a high probability of
being associated with LLS families. In addition, approxi-
mately 8% of families that fulfill the ACII or RB criteria in our
sample cohort appear to be accounted for by genes involved in
the MMR pathway. These findings indicate that these variants
are important as they will guide future research focused on the
functional impact of newly discovered variants.
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RPA1 harbor that variants that were predicted to be pathogenic.”

Additional Discussion
The variants identified in this study were analysed only based on their pathogenicity predicted by in-silico tools

(notably SIFT (94), PhyloP (95), Polyphen2 (96), MutationTaster2 (97) and GERP++ (98)). While adding a
moderate level of evidence for pathogenicity, in-silico predictions do not guarantee that the variant studied
will be pathogenic. This is reflected in the “CLASSIFICATION” column of Table 2 in the publication. Even with
the deleterious in-silico predictions, some variants are still classified as variants of unknown significance using

the ACMG criteria.

Additionally, the result of tumour immunohistochemistry (IHC) staining for MMR proteins can give us insight

about the pathways affected by the variants we are studying. (See Table 8)

For example, the variant in POLD1, c.1558insG, was associated with the presence of MLH1 MSH2 and MSH6
staining. In another individual, the variant POLD1 c. 2510G>C was associated with a loss of MLH1 and PMS2
staining. This might indicate that POLD1 variants modulate the risk of CRC independently from the MMR
pathway (for example a seen in PPAP (55)). Similarly, the two variants identified in RFC1 were associated with
both a loss and a presence of MLH1 and MSH2 staining, indicating an independent role from the MMR

pathway.
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Reference DNA change AA change Rs ID gnomad AF Classification Type LabID Tumour MMR
sequence Immunohistoc
hemistry
MLH1 NM_00116761 c.1130A>C Lys377Thr rs63750449 0.004564 VUS MISSENSE 02-0836 N/A
9.2
NM_000249.3 c.1039- N/A rs778381149 0.0003969 VUS INTRONIC 10-2139 -ve MSH2,
31_1039- MSH6
29delATA
MSH6 NM_000179.2 c.431G>T p.Serl44lle rs3211299 0.001187 Benign MISSENSE 03-0491 N/A
NM_00128149 c.892A>G p.Lys298Glu rs761822293 3.979E-06 VUS MISSENSE 01-0597 N/A
2.1
NM_00128149 c.1054C>T p.Arg352X rs63750909 0.00003186 Pathogenic NONSENSE 00-0167 N/A
2.1
NM_00128149 c.1118C>G p.Ser373Cys rs63750897 0.001165 Likely Benign MISSENSE 04-0768 N/A
2.1
EXO1 NM_003686.4 c.1928T>A p.Leu643X NR N/A VUS NONSENSE 01-0512 N/A
NM_003686.4 ¢.2009A>G p.Glu670Gly rs1776148 0.78 Benign MISSENSE 01-0543 -ve MLH1,
PMS2, +ve
MSH2, MSH6
NM_006027 .4 €.2485G>T p.Glu829X rs757677420 0.00000292 VUS NONSENSE 01-0079 N/A
POLD1 NM_00125684 c.1249A>G p.Thr417Ala NR N/A VUS MISSENSE 04-0773 N/A
9.1
NM_00125684 ¢.1558insG p. NR N/A VUS FRAMESHIFT 98-1929 +ve MLH1,
9.1 MSH2, MSH6
NM_00125684 c. 2510G>C p.Gly811Ala NR N/A VUS MISSENSE 08-1209 -ve MLH1,
9.1 PMS2
RFC1 NM_00120474 c.2017G>A p.Val673Met rs28903096 0.0006994 VUS MISSENSE 02-0125 -ve MLH1,
7.1 MSH2
NM_00120474 C.2276A>G p.Lys759Arg NR N/A VUS MISSENSE 04-0822 +ve MLH1,
7.1 MSH2
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RPA1l NM_002945.4 c.856G>T p.Val286Phe rs55800538 0.002942 VUS MISSENSE 01-0252 N/A

NM_002945.4 c.1160G>A p.Gly387Asp NR N/A VUS MISSENSE 05-1220 +ve MLH1,
MSH2, MSH6,
PMS2

NM_002945.4 c.1165C>T p.Arg389W rs202068855 0.0005468 VUS MISSENSE 04-0670 N/A

Table 8. Variants identified in Comprehensive mismatch repair gene panel identifies variants in patients with Lynch-like syndrome published in. Mol
Genet Genomic Med Tumours MMR Immunohistochemistry reflect the presence (+ve) or absence (-ve) of staining for a particular MMR protein in the
tumour

41



42



CHAPTER 3:

APES: a

ool for

Assessment and
Prioritisation in Exome
Studies



CHAPTER 3: TAPES: a Tool for Assessment and Prioritisation in Exome Studies

3.0) Introduction

With the evolution of NGS, the amount of data to analyse grew exponentially. Multiple full genomes can be
sequenced and analysed in parallel. This highlights the strong need for automated pathogenicity prediction.

Researchers need to be able to focus solely on relevant impactful variants and safely discard benign variants.

Automatic annotation of NGS data have been perfected throughout the years with software’s like VEP (84),
ANNOVAR (83) or SNPeff (85). They allow researcher to associate a variation (characterised by its chromosome
location, areference and an alternative allele, eg. chr5:80873118 G>A) to several characteristics (such as variation
type, protein consequence, in-silico predictions, splice variants affected, etc). This helps researchers to make a

more informed decision about the variant considered.

In addition to the variant annotation, the ACMG/AMP (American College of Medical Genetics/Association of
Molecular Pathology) proposed a set of criteria to predict the overall pathogenicity of variants (see introduction,
1.4-Variant pathogenicity prediction and prioritisation). These criteria are used to classify genetic variants into 5
classes; Benign, Likely Benign, Unknown Significance, Likely Pathogenic and Pathogenic (or respectively class 1,

2,3,4and5).

Software were released to automate the assignment of the ACMG/AMP classification such as CharGer (87) or
InterVar (88). However, those software’s had limitation, such as not being able to properly handle multi-sample
variants or not being able to handle trio-data. In addition, the ACMG/AMP prediction is categorical and leaves a
lot of variants with the status of Unknown Significance (VUS), even when they are approaching the criteria for

inclusion in the “Likely Pathogenic” class.

Aims

Throughout my PhD project, | aimed to refine the pipeline for pathogenicity prediction and WES analysis. The
limitations of currently available software were restricting the analysis of our FAP-like cohort WES data. To
overcome them, | aimed to develop a system to transform the categorical predictions of the ACMG\AMP into a
linear prediction of pathogenicity prediction (see Figure 7). In addition, | wanted to develop a method to assess
the enrichment of variants in a cohort without the need of control samples. Finally, the last aim was to create a

tool that provides researchers with a powerful reporting and filtering system.
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Approach

We first aimed to modify the categorical predictions of the ACMG\AMP. We tested custom scores based on
additions (similar to CharGer (87) custom score) or weighted multiplications. They were sub-optimal but were a
good approximation that allowed us to rank variants and prioritize the variants researchers have to consider (we

later adopted a model developed by Tavtigian et al. 2018 (99)).

ACMG CRITERIA ACMG
P1_P2 P3 B1 B2 B3 _ PREDICTION
Variant 1 X X
Variant 2 X X
Variant 3 X
Variant 4 X
Variant 5
Variant 6 X
Variant 7
Variant 8
Variant 9 X
Variant 10
Variant 11
Variant 12 X X
Variant 13 X X
Variant 14 X X
Variant 15 X X
Variant 16 X X
Variant 17 X X
Variant 18 X X
Variant 19 X X X
Variant 20 X X
Variant 21 X X
Variant 22 X X
Variant 23 X X
Variant 24 X X X
Variant 25 X
Variant 26 X
Variant 27 X X
Variant 28
Variant 29 X
Variant 30
Variant 31 X X
Variant 32
Variant 33 X
Variant 34 X
Variant 35 X

VARIANT

PROBABILITY

E

>

> x

Pathogenic threshold

XX X X X

Benign threshold

> x
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Figure 8. Transformation of the ACMG\AMP categorical prediction into a linear probability of pathogenicity.

We then addressed the issue of variant enrichment in cohorts compared to normal healthy individuals. The idea
behind it was that public databases are a very useful resource and have sequenced so many healthy individuals
from so many different backgrounds that no other study can compare to them (the gnomad initiative (100)
provides 125,748 exomes and 15,708 genome sequenced) and can be utilised by researchers.

In addition to the better pathogenicity prediction, a lacking feature in available software’s were the lack of
filtering and reporting options. We wanted to provide useful filtering (excluding/including variants based on
pathogenicity, disease or gene-lists) and reporting (Polygenic Risk Score for a specific trait, pathway enrichment,
or gene burden for the entire cohort). TAPES was the result of a year of work trying to refine the WES analysis

pipeline and is the tool | wish had existed when | started my PhD project.
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Abstract

Next-generation sequencing continues to grow in importance for researchers. Exome
sequencing became a widespread tool to further study the genomic basis of Mendelian dis-
eases. In an effort to identify pathogenic variants, reject benign variants and better predict
variant effects in downstream analysis, the American College of Medical Genetics (ACMG)
published a set of criteria in 2015. While there are multiple publicly available software’s
available to assign the ACMG criteria, most of them do not take into account multi-sample
variant calling formats. Here we present a tool for assessment and prioritisation in exome
studies (TAPES, https:/github.com/a-xavier/tapes), an open-source tool designed for
small-scale exome studies. TAPES can quickly assign ACMG criteria using ANNOVAR or
VEP annotated files and implements a model to transform the categorical ACMG criteria
into a continuous probability, allowing for a more accurate classification of pathogenicity or
benignity of variants. In addition, TAPES can work with cohorts sharing a common pheno-
type by utilising a simple enrichment analysis, requiring no controls as an input as well as
providing powerful filtering and reporting options. Finally, benchmarks showed that TAPES
outperforms available tools to detect both pathogenic and benign variants, while also inte-
grating the identification of enriched variants in study cohorts compared to the general popu-
lation, making it an ideal tool to evaluate a smaller cohort before using bigger scale studies.

Author summary

New sequencing techniques allow researchers to study the genetic basis of diseases. Pre-
dicting the effect of genetic variants is critical to understand the mechanisms underlying
disease. Available software can predict how pathogenic a variant is, but do not take into
account the abundance of a variants in a cohort. TAPES is a simple open-source tool that
can both more accurately predict pathogenicity (using probability over categories) and
provide insight on variants enrichment in a cohort sharing the same disease.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007453  October 15, 2019 1/9
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Introduction

With the advances in Next-Generation Sequencing (NGS) technologies and the decline in
price over the last few years, exome sequencing has become a standard tool to explore the
genetic basis of inherited diseases [1]. It has become easy to annotate the ever-increasing
amount of variants identified by such methods, using tools such as VEP [2], snpEff [3] or
ANNOVAR [4]. These tools help researchers to better predict the downstream effect of a vari-
ant and give insight, for example, on the frequency of the mutation in the general population,
the impact on proteins or in-silico predictions of pathogenicity.

In 2015, the American College of Medical Genetics (ACMG) published a set of criteria to
assess the probability of a variant pathogenicity, classifying them into five categories [5], from
benign to pathogenic, facilitating downstream analysis.

Since then, tools have been developed to assess individual variant pathogenicity using the
ACMG criteria (such as CharGer [6] and Intervar [7]) but they do not have the ability to take
into account the frequency of variants in a cohort. The categorical nature of the ACMG criteria
also leaves a lot of variants classified as “a variant of unknown significance”.

Here, we present TAPES, an open-source tool to both assess and prioritise variants by path-
ogenicity. TAPES can assign the ACMG criteria and by using one of the first implementations
of the model described in Tavtigian et al. [8], providing a more nuanced and easy to under-
stand estimated probability for a variant to be either pathogenic or benign, thus transforming
categorical classification into a more linear prediction. Our goal during development was first
to create a simple tool that can better predict pathogenicity and reject benign variants, and
then to assess a cohort sharing a phenotype by detecting enriched variants compared to the
general population without the need of control samples. In addition, we focused on providing
simple yet powerful reporting and filtering systems, while allowing pathway analysis of patho-
genic mutations, gene-burden calculations and per-sample reporting.

Design and implementation
ANNOVAR interface and annotated variant file

TAPES sorting option can be used with both ANNOVAR and VEP annotated variant calling
files (VCF). However we also provide users with simple wrapping tools for a local installation
of ANNOV AR to simplify the workflow (this requires users to download ANNOVAR). Users
can annotate VCF, gzipped VCF and binary VCF (BCF) using two simple commands without
having to specify the databases and annotations to use.

While there are a set of annotation needed to assign all ACMG criteria (see https:/github.
com/a-xavier/tapes/wiki/Necessary-Annotations for the full list), TAPES will use as many

available annotations as possible to assign the relevant ACMG criteria.

Variant classification

TAPES requires annotated ANNOVAR (VCF or tab/comma-separated values) or VEP (VCF)
files to use the sorting module.

Regular ACMG criteria assignment. For most of the ACMG criteria assignment (PVS1,
PS1, PS3, PM1, PM2, PM4, PMS5, PP2, PP3, PP5, BSI, BS2, BS3, BP1, BP3, BP4, BP6, BP7 and
BA1), we tried to stay as true to the original ACMG definition as possible when implementing

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007453  October 15, 2019 2/9
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the criteria assignment. Please see Richards et al. [5] and S1 Table for more information on the
ACMG Criteria definition.

Enrichment analysis / PS4 criteria. One of TAPES unique features is the ability to calcu-
late variant enrichment from public frequency data (ExAC or gNomad [9]), without having to
sequence control samples. In cohort studies, TAPES require a multi-sample vcf file to extract
genotyping data and get frequencies from the cohort studied. It uses a simple one-sided Fish-
er’s exact test to calculate both the Odds Ratio (OR) and the p-value of the enrichment. Only
the variant enrichment in the cohort is tested against the general population.

Since OR calculation requires integer numbers and frequency in the general population is
given as a 0-1 fraction, TAPES approximates the number of individuals affected using the fol-
lowing formula.

If MAF, is the Minor Allele Frequency (MAF) in a control population, n, is the number of
individuals affected by the variant in the control population and N, is the number of individu-
als without the variant then:

10*

MAF. =y x 107", n, = [y—‘ and N, = - - n,.

For example if:

10°
— 4

MAF. = 3.23 x 107" then n, =4 and N, =

This approximation is only valid if the following assumptions are made; MAF in the control
population is under 0.05 and that very rare variants are mostly heterozygous.

The PS4 criteria assignment was designed to be more stringent than a normal study with
controls (choosing to overestimate the frequency in the general population) and will only be
assigned if OR > 20, p-value < 0.001 and at least 2 individuals in the cohort share the variant.

Trio analysis / PS2 assignment. TAPES allow researchers to work with trio studies. In
trio studies, the user provides information such as sample name, trio ID and pedigree informa-
tion in a tab-delimited file. Then PS2 will be assigned if a variant is identified as de-novo and
healthy parents are removed from downstream analysis. PS2 is assigned to a variant if it was
found as de-novo in any trio but details from each trio will still be provided.

Probability of pathogenicity calculation. TAPES includes the model developed by Tavti-
gian et al. [8] to transform ACMG categorical classification into linear probability of pathoge-
nicity and the method uses the default parameters from (Prior P = 0.10, Opyg, = 350 and
X =2). This allows for a finer pathogenicity prediction and adjustable thresholds to decide var-
iant pathogenicity. It is important to keep in mind that this measure is a probability and not a
measure of how pathogenic a variant is.

Cohort reporting

TAPES provides an array of different useful reports.

Filtering. TAPES can easily perform advance filtering. Three different options are avail-
able. First, users can provide a custom list of gene symbols (either as a text file or directly on
the command line) to only output variants present in those genes. Then users can also do a
reverse pathway search by providing the name of a pathway (extracted from KEGG pathways
[10]) and output a report with variants in genes involved in that pathway. Finally, users can
run searches based on terms contained in the description for each gene, i.e. if the user looks
for ‘autosomal dominant’ genes or ‘colorectal cancer’ genes. These filtered reports keep the
same format as the main report, making it possible to use them with other reporting tools.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007453 October 15, 2019 3/9
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By-sample report. For each individual in the cohort, a report containing the variant pre-
dicted to be pathogenic with the highest level of confidence will be available. This allows the
study of individual samples and their specificity.

By-gene report. TAPES can also calculate, for each gene, a gene burden score. This score
helps determining which genes harbour the most potentially pathogenic variants in a cohort.
This can be useful when searching for variants in diseases caused by single genes and that can-
not be discovered using pathway analysis. The gene burden score is calculated by summing the
probability of pathogenicity of a specific variant multiplied by the number of individuals with
that genotype in the cohort.

n
Gene burden score = E P, x N,
1

Calculated for each gene, where P; = the probability of pathogenicity of the variant and N; =
Number of samples affected by the variant. If P; < 0.80 then the variant is excluded.

This measure is useful to detect which genes in the cohort are particularly enriched in path-
ogenic and probably pathogenic variants (it is important to remember that this measure is a
sum of probabilities). However, there are a few caveats. This measure might be affected by very
long genes or genes frequently mutated in exomes (FLAGS [11]). In some cases, poorly
mapped reads (for example due to pseudo-autosomal regions in the X or Y chromosome),
might impact the result with an excessive number of samples affected by a variant. TAPES pro-
vides an appropriate warning for all of those cases.

Pathway analysis. TAPES can also perform a pathway analysis using the EnrichR [12]
APL Only genes containing variants that are predicted to be pathogenic are kept as a gene list.
The user can then use any library to analyse the gene list but the default is GO_Biological_Pro-
cess_2018. Pathway analysis is important to understand the possibly disrupted mechanism
and the commonalities between variants found in a cohort.

Results
Variant classification

TAPES variant classification was benchmarked against similar tools, CharGer [6] and Intervar
[7] using the prediction on the pathogenicity of variants of the expert panel of Zhang et al.,
2015 as reference [13] (see S2 Table for the full table). This dataset was also used to benchmark
CharGer in their original publication. The ‘probably pathogenic’ and ‘pathogenic’ predictions
were pooled into one ‘pathogenic’ group. Similarly the ‘probably benign’ and ‘benign’ were
pooled into one ‘benign’ group.

To assess the predictive power of each software, we used Receiver Operating Characteristics
(ROC) curves and calculated the area under the curve (AUC) as well as the precision-recall
curves and average precision (AP). We compared TAPES ACMG and probability of pathoge-
nicity prediction with CharGer score and InterVar ACMG prediction (see Fig 1).

TAPES probability of pathogenicity, using Tavtigian et al [8] modelling, outperformed both
software’s tested using AUC and AP for prediction of both pathogenic and benign variants.

AUC and AP show that using TAPES ACMG criteria assignment remains less precise than
using CharGer custom score (due to the additional information CharGer need to function
properly) and closer to InterVar. Using the probability of pathogenicity should be the pre-
ferred way to identify pathogenic variants and reject benign variants. Based on ROC curves, a
threshold of 0.80-0.85 for probability of pathogenicity seemed to keep high true positive rate
(TPR) while low false positive rate (FPR) for predicting pathogenic variants. Similarly, a
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Fig 1. ROC curves and precision recall curves. a) ROC curve of various softwares for pathogenicity prediction AUC b) ROC curve of various
softwares for benignity prediction AUC ¢) Precision-recall curve of various softwares for pathogenicity prediction d) Precision-recall curve of various
softwares for benignity prediction (Metrics used; TAPES proba; TAPES probability of pathogenicity prediction, TAPES ACMG: TAPES ACMG
prediction, CharGer score: CharGer prediction of pathogenicity based of a custom score, InterVar ACMG: InterVar ACMG prediction).

https://doi.org/10.1371/journal.pcbi.1007453.g001

threshold of 0.20-0.35 for probability of pathogenicity had high TPR and low FPR for predict-
ing benignity.

To validate these findings and choose the best probability thresholds for pathogenicity and
benignity, we used TAPES, InterVar and CharGer on a different dataset (see S3 Table). Using
530 hand curated variants from ClinGen evidence repository (https://erepo.clinicalgenome.

org/evrepo/) as ground truth. TAPES outperformed both InterVar and CharGer (see Fig 2). In
addition to the precision of the prediction, TAPES also outperformed other software in terms
of absolute number of variants correctly identified.

We recommend to use TAPES probability of pathogenicity prediction with either lenient
thresholds of 0.8 and 0.35 (respectively for pathogenicity and benignity) or stricter thresholds
of 0.85 and 0.20.

Variant enrichment / PS4 benchmark

We compared our method of calculation of ORs compared to the normal method (see Fig 3).

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007453 October 15,2019 5/9
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Fig 2. Validation dataset software comparisons. a) Percentage of identical calls between the ClinGen expert panel decisions and software
prediction. Lenient thresholds are 0.80 for pathogenicity and 0.35 for benignity. Strict thresholds are 0.85 for pathogenicity and 0.20 for benignity.

b) Absolute number of variants predictions. Pathogenic and benign variants correctly and incorrectly identified between the panel of expert and
various software. (Metrics used; TAPES probability lenient; TAPES probability of pathogenicity prediction 0.35-0.80, TAPES probability strict; TAPES
probability of pathogenicity prediction 0.20-0.85 TAPES ACMG: TAPES ACMG prediction, CharGer: CharGer prediction of pathogenicity based of a
custom score, InterVar ACMG: InterVar ACMG prediction).

https://doi.org/10.1371/journal.pcbi.1007453.9002

The OR using TAPES extrapolation is always smaller than the normal calculation, making
it more stringent. Similarly, the p-value of the Fisher’s exact test rises faster with frequency
than the normal method. This way, only the most significantly enriched variant are assigned
with PS4 to ensure very few false positives.

Reporting options. TAPES reporting options are powerful and easy to use. Using a mock
input file with variants from Zhang et al. [13] as well as simulated samples to form a cohort,
the pathway analysis correctly identified DNA repair as the pathway with the most probable
pathogenic variants.

The by-gene report also identified BRCA2 as the gene with the highest gene burden.

See S1 File to see all reports templates.

Availability and future directions

TAPES is available on github at: https://github.com/a-xavier/tapes, under the MIT licence,
which allows anyone to both freely download and modify the source code. Help can be
found both in the manual (located in the main repository) or on the wiki (https://github.
com/a-xavier/tapes/wiki). Examples of inputs can also be found in the main repository.
Dependencies can be easily installed using PyPi repositories (pip). All builds are verified
through Travis continuous integration on Linux, Windows and macOS. All benchmarks and
examples showed in this manuscript were generated using TAPES release 0.1.

All benchmarks and examples were generated using the initial release 0.1 of TAPES

(https://github.com/a-xavier/tapes/releases).

TAPES will continue to evolve with the advances in various databases such as ExAC,
dnSNP or dbNSFP. As they constantly update their data and the format, TAPES will evolve to
be more precise and accurate. In addition, future directions include more statistical measures
to detect significant variants in different cohort studies.

PLOS Computational Biology | hitps://doi.org/10.1371/journal.pcbi. 1007453 October 15,2019 6/9
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Fig 3. PS4 calculation with Fisher’s exact test one sided. Comparison of TAPES extrapolation of odds rations compared to the normal method (top
graph). Comparison of the p-value of both methods (bottom graph). The vertical dotted line represents the known frequency of the variant in the
studied cohort (0.025). The horizontal green dotted line represents the thresholds used to assign PS4 (OR =20 or In(OR) = 2.9957 (top) and p-
value < 0.01(bottom)).

https://doi.org/10.1371/journal.pchi.1007453.9003

We aim to keep TAPES as simple and useful as possible to make it a perfect endpoint tool

to analyse variants from small-scale cohorts.

Supporting information

S1 Table. ACMG criteria assignment in TAPES and definitions from the original Richards

et al 2015 article.
(XLSX)

S2 Table. Comparison of Prediction between different pathogenicity assessment software
and the expert panel from ZhangJ et al. 2015. Comparison between TAPES ACMG and
pathogenicity probability prediction, CharGer Prediction Score and InterVar AMCG Predic-

tion.
(XLSX)
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S3 Table. Comparison of Prediction between different pathogenicity assessment software
and the expert panel from ClinGen evidence repository variants. Comparison between
TAPES ACMG and pathogenicity probability prediction, CharGer Prediction Score and Inter-
Var AMCG Prediction.

(TXT)

S1 File. Example reports from TAPES sort option. Generated using the data from:
Zhang, J., et al. Germline Mutations in Predisposition Genes in Pediatric Cancer. N Engl ]
Med 2015;373(24):2336-2346. Using the command: python tapes.py sort -i ./input.csv

-0 ./Report/ --tab - -by_gene - -by_sample - -enrichr - -disease "autosomal dominant” - -kegg
"Pathways in cancer”. This file gives examples for the main report, the by-gene report, the
by-sample report, the enrichr report, the disease report and the kegg report.

(XLSX)

S2 File. Files used for TAPES benchmark and validation. The Initial Benchmark folder
contains all files used for the original benchmark, CharGer_and_Panel_Benchmark.xlsx:
CharGer pathogenicity prediction and expert panel decision from from: Zhang, J., et al. 2015,
extracted from CharGer original publication, Synthetic_ VCF_for_Benchmark.vcf.vcf: Syn-
thetic VCF file created from the CharGer_and_Panel Benchmark.xlsx variants information,
InterVar_Benchmark.txt: InterVar predictions of pathogenicity after analysis of the synthetic
VCEF, TAPES_Benchmark.xlsx: TAPES prediction of pathogenicity after analysis of the syn-
thetic VCF. The results of all 3 software are compiled in S2 Table. The Validation folder con-
tains all filed used for the validation of the pathogenicity thresholds and comparison with
other software. TAPES_validation_synthetic.vcf: Synthetic VCF created with data extracted
from the ClinGen evidence repository (https://erepo.clinicalgenome.org/evrepo/), TAPES va-
lidation.charger.txt: the CharGer predictions of pathogenicity after analysis of the Synthetic
VCEF, TAPES_Validation.intervar.txt: InterVar prediction of pathogenicity after analysis of
the synthetic VCF, TAPES_Validation.tapes.txt: TAPES prediction of pathogenicity after
analysis of the Synthetic VCE. The results of all 3 software are compiled in §3 Table.

(Z1P)
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CHAPTER 4: Familial Polyposis Syndromes

4.0) Introduction
Familial Polyposis Syndromes (FPS) are inherited CRC syndromes causing a specific phenotype of polyps.
The early stage of polyps is called adenomas. These adenomas are benign but, if left untreated, will
evolve into malignant carcinomas (45). While polyposis is mostly sporadic, a significant proportion of
polyposis is caused by genetic variation. Pathogenic variants in APC are the most common cause of
inherited polyposis and represent around 1% of all CRCs diagnosed annually. APC variants are associated

with FAP, aFAP, Gardner syndrome (101) and Turcot syndrome (102, 103).

As described in the general introduction, there are numerous other well-known polyposis syndromes,

with a clearly identified genetic background: MAP, NAP, PPAP, PJS, JPS, etc.

However, despite the number of identified syndromes, the majority of familial colorectal polyposis
patients still do not have a precise genetic origin associated with their disease. This suggests that there
is a large population of individuals with a higher risk of developing polyps and presumably colorectal
cancer that remains unidentified.

Aims

The aim of the current study is to identify the genetic aberration present in FAP-like individuals. FAP-like
individuals are defined by their strong family history of polyposis or CRC, a clinical diagnosis of FAP but

no identified pathogenic variant in APC or MUTYH.

The goal is to establish a comprehensive list of genetic factors contributing to the increased risk of
polyposis in individuals with such symptoms. With sufficient evidence, genetic screening for polyposis
can be extended to include more genes. This would allow more individuals to be identified as at-risk,
monitored and offered appropriate disease management to mitigate their risk of presenting with later

stages of disease.

Approach

In order to identify the genetic factors contributing to familial polyposis syndromes, whole exome
sequencing (WES) was used. WES is a good trade-off between the high throughput of whole-genome

sequencing (WGS) and targeted sequencing (using a known gene panel).
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WES only focuses on the coding regions of the genome and can include regulatory regions (upstream
and downstream of the genes) as well as non-coding RNA sequences, including both miRNA and

IncRNA).

Beyond the identification of pathogenic variants, WES also allows the interrogation of the copy number

status of genes (using read counts as the main metrics).

A cohort of 48 FAP-like individuals was recruited based on their clinical diagnosis of polyposis, their

family history (or CRC) and mutation-negative APC/MUTYH screening.
Individuals were selected if they had confirmed polyps and any one of the following:

e At least one first degree relative diagnosed with any type of cancer
e At least two second degree relatives diagnosed with any type of cancer

e At least three third degree relatives diagnosed with any type of cancer

Exceptions were made to these rules. For the samples BS, BP and BT because of their early age of
diagnosis (35, 39 and 41). Sample W was selected because of its high number of polyps (more than 40).
Sample AQ was selected with 1 confirmed second degree relative and 1 non-confirmed first-degree
relative case. Finally, sample BQ was included with only 1 third-degree relative due to confirmed CRC at
an early-age (52) followed by a relapse despite being test for both FAP genes and HNPCC genes. The

final cohort had an average 3.22 relatives diagnosed with cancer.

Using WES, we identified pathogenic variants, which were analyzed using TAPES and Varsome (104) for
pathogenicity prediction, pathway analysis and calculated polygenic risk score for various CRC risk

factors. In addition, copy number status was analysed using both XHMM (105) and EXCAVATOR2 (106).

4.1) Publication — Short Report

STATEMENT I

This is a co-author statement attesting to the candidate’s contribution to the publication listed below:

| attest that Research Higher Degree candidate Alexandre Xavier contributed to the publication listed

below by performing the whole-exome sequencing, the analysis of the data and the manuscript writing.
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Short report: Exome sequencing of unexplained familial polyposis identifies both known and novel causative

genes
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2 New South Wales Pathology, Molecular Genetics, John Hunter Hospital, Newcastle, NSW, AUS

Abstract

Inherited polyposis syndromes are predominantly caused by pathogenic variants in APC and are linked to Familial
Adenomatous Polyposis (FAP). However, after clinical screening, 20% to 30% of individuals diagnosed with FAP
do not carry a pathogenic variant in APC. Other known inherited polyposis syndromes such as MUTYH, STK11,

POLD1/E, or NTHL1-associated polyposis only account for a fraction of the remaining cases.

This leaves a large percentage of clinically diagnosed FAP patients without a clear genetic cause. These cases can
be categorised as “Familial Polyposis Syndromes (FPS)” who present with colonic polyposis but do not carry any

deleterious change in a gene associated with this condition.

A cohort of 48 individuals clinically diagnosed with familial polyposis was selected based on a strong family
history of colorectal cancer (CRC) and no pathogenic variant found in APC and/or MUTYH as a result of genetic

screening.

Using whole exome sequencing, FPS patients were found to carry pathogenic variants in MUTYH, APC, RAD50,
POLE, NTHL1 and TP53, as well as DNA-repair genes and inflammation related genes. Additionally, a
comprehensive assessment of copy number variation (CNV) revealed two loci of interest that were associated

with polyposis risk.

Introduction

Familial Adenomatous Polyposis (FAP) is the second most frequently diagnosed inherited colorectal cancer

syndrome, representing slightly less than 1% of all colorectal cancers (CRC) diagnosed annually (107). FAP is
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primarily caused by the presence of pathogenic variants in APC (108), which commonly results in colorectal polyp
counts of over a thousand and CRC by forty years of age, if preventative measures are not taken. However,
approximately 20% of all clinically diagnosed FAP patients do not exhibit any pathogenic variant in APC (109,
110).

Many other inherited polyposis syndromes (both adenomatous and hamartomatous) exist that include MUTYH
associated polyposis (MAP) (111), Peutz-Jeghers syndrome (PJS) (112), NTHL1 associated polyposis (54),
Polymerase-Proofreading associated polyposis (PPAP) (55) and many others. Collectively they only account for a

relatively small proportion of the remaining clinically diagnosed FAP population.

A significant portion of individuals with suspected FAP (with a family history of cancer and confirmed polyposis),
do not carry any pathogenic variant in the genes commonly screened for genetic risk. Including non-polyposis
CRC, it is estimated that somewhere between 13% and 15 % of CRC are “familial”, which suggests there are

hereditary components that remains to be identified (107).

After accounting for all the patients that have a genetic diagnosis there remains a large population of individuals
with a higher risk of polyposis that have no obvious molecular diagnosis. We will herein refer to these patients
with familial polyposis of unknown origin as FAP-like patients and to the polyposis syndromes with no known

aetiology as Familial Polyposis Syndrome (FPS).

Identification of the causative genes in FPS is crucial for the accurate diagnosis of FAP-like patients so that their
risk of disease is reduced by offering them regular monitoring and/or prophylactic measures to minimise the risk

of presenting with late stage (or incurable) disease.

To study the genetic background of FAP-like patients, we recruited a cohort of 48 patients with either a strong
history of colorectal cancer or young age of disease onset, a clinical diagnosis of FAP and no pathogenic variants
identified in APC and/or MUTYH. We performed whole exome sequencing on this cohort to identify the presence

of pathogenic variants and their copy-number status.

Methods

Cohort selection and inclusion criteria

The 48 samples from the cohort were selected based on their family history of cancer (colorectal and other
cancers), their confirmed polyp status, and the absence of a causative variant in APC or both APC and MUTYH,

after genetic screening.
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Inclusion criteria were as follow: Firstly, confirmed polyposis from histology/colonoscopy reports. The number
of polyp’s present was not considered; second the absence of a pathogenic variant in APC. Additionally, some
patients were also screened for pathogenic MUTYH variants; third, they included patients with known history of

cancer (not restricted to CRC) in their family

Three samples did not have clear pedigree information (BP, BS and BT) but were included in the cohort due to
an unusually early age of diagnosis (39, 35, and 41 respectively), suggestive of a genetic basis to their disease.
One sample (W) also had no family history available but was kept in the study due to a diagnosis of polyposis

(over 40 adenomas).

De-identified DNA was obtained from NSW Health Pathology after genetic screening as part of the standard
recommendation for their care. All individuals in this cohort were probands who were not related to one

another. See supplementary Table 1 for details on the cohort.

DNA extraction

DNA was extracted from whole blood using the salt-extraction method (113). DNA was quantified using the Qubit
Fluorometric Quantification (Invitrogen, USA) with the DNA high-sensitivity kit. DNA quality was assessed using
either the 4200 TapeStation System (Agilent, USA) with high-sensitivity D1000 tapes or using the Bioanalyzer

System.

Whole exome sequencing protocol

Paired-end library preparation was performed using the Illlumina Truseq exome. DNA was sheared to ~150bp
using the Bioruptor Pico followed by the recommended protocol using a single index. The final libraries were

sequenced using an Illumina Nextseq 500 using 75 bp per read.

Libraries were quantified using Qbit High Sensitivity and were checked using either TapeStation on Bioanalyzer

(Agilent, USA) for quality and size.

Whole exome sequencing analysis

FastQ files were generated using the Illumina platform Basespace which also demultiplexed and trimmed the

adapters from the reads. Quality control was performed using FastQC. GATK best pratice workflow were followed
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for analysis. In short, bam files were generated using BWA-MEM, and then duplicates were marked using Picard.

The GATK germline pipeline was followed to generate an analysis-ready vcf file.

Any indels with a mean read-depth of less than 10 and SNP with a mean read depth of less than 20 were filtered

out.

Variants were then annotated using both VEP (84) and ANNOVAR (114). TAPES (115) and Varsome (104) were
utilised for pathogenicity assessment. Variants were selected and filtered based on their predicted pathogenicity

and known biological function.

Variants predicted to be pathogenic or likely pathogenic using the ACMG\AMP criteria are reported in this
manuscript. In addition, relevant variants of unknown significance that were detected in at least 2 individuals

were also reported. See supplementary Table 2 for a full list of variants considered for analysis.

Copy Number Analysis

Copy number variations were predicted using bam files generated from sequencing. Two different software were
used: XHMM (105) and EXCAVATOR2 (106). Regardless of the software used, each individual sample is compared

to a normalised panel generated from all 48 samples.

XHMM CNV calls were selected using a phred quality score of at least 30 for the exact CNV, the start point and
the end point. For EXCAVATOR2, CNV calls with a probability of more than 0.98 were kept.
CNV calls chromosome number, start and end points were extracted to create a bed file for each sample.
Intersection between the two bed files for each sample were calculated using Bedtools. Overlaps between the

two software calls were considered to be true CNV calls.

Results

Pathogenic variants

Several variants predicted to be pathogenic were identified in genes considered to be associated with polyposis
or colorectal cancer: MUTYH (116), APC (108), POLE (55), TP53 (117) and BRCA1 (118), see Table 1. In addition,
numerous pathogenic variants in genes previously linked to cancer or CRC risk-factors were present in the FAP-

like patients (CTSE (119), RAD50 (120), ERCC6 (121), MAP3K9 (122), 0GG1 (123), ERCC2 (124) and AXL (125)).
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While CDH23, expressing a cadherin-related protein, is an interesting and recently identified causative gene in
cancer (126), it is still classified as a FLAGS genes (127) (frequently mutated in exome studies). Variants identified
in it must be treated with caution. However, in our cohort, CDH23 was one of the genes with the highest

mutational burden.

Interestingly, most genes harbouring pathogenic variants were related to DNA repair, especially from either Base
Excision Repair (BER) or Nucleotide Excision Repair (NER). MUTYH, OGG1 and NTHL1 belong to BER whereas
ERCC6, ERCC2 and POLE belong to NER. Both BRCA1 (with a variant found in two unrelated individuals) and

RADS5O0 are involved in double strand breaks, through Non-Homologous End Joining.

Additionally, the analysis of reference and alternative allele read depth revealed that most variants had a ratio

of ref/alt close to 1:1, suggesting no influence from mosaicism as a mechanism of disease in this cohort.
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Table 1. List of variants predicted to be pathogenic identified in FAP-like cohort. Ref=Reference allele, Alt=Alternative allele, * = Homozygous variant
for this patient (heterozygous otherwise), Gene oe score = observed/expected loss of function variants. The oe score is a metrics computed by gNomad,
the lower the oe score, the more a gene is predicted to be haploinsufficient. Sample: ref/alt indicate the sample affected by the variants with the

associated sequencing read depth for the reference and alternative alleles

Variation Protein Conseque Site Gene Protein Domain (InterPro) Varsome Prediction Gene Sample: ref/alt
nce Symbol oe
score
NM_001128425.1:c. N/A N/A intronic MUTYH N/A Uncertain Significance 0.88 BE: BF:
1477-28G>A 64/19 59/42
NM_001128425.1:c.  p.Glu480del Non- exonic MUTYH  N/A Likely Pathogenic 0.88 BF:
1437_1439delGGA Frameshift 78/78
NM_001128425.1:c. p.Gly396Asp Missense exonic MUTYH MutY, C-terminal|[NUDIX hydrolase Uncertain Significance 0.88 BR: T:
1187G>A domain|NUDIX hydrolase domain-like 45/35 24/26
NM_001128425.1:c.  p.Tyr179Cys Missense exonic MUTYH  DNA glycosylase|HhH-GPD domain Uncertain Significance 0.88 BR: T: BT:
536A>G 92/109  66/62 0/242
NM_001128425.1:c. p.Trp156Ter Stop-gain exonic MUTYH DNA glycosylase|HhH-GPD domain Pathogenic 0.88 BE:
467G>A 95/48
NM_001910.4:c.103  p.Val345Met Start-gain exonic CTSE Aspartic peptidase domain|Peptidase Uncertain Significance 1.12 AM: BE: BK: R:
3G>A family A1 domain 7/8 37/10 31/27 11/10
NM_002542.5:¢.923 p.Gly308Glu Missense exonic OGG1 N/A Uncertain Significance 0.89 P: AM:
G>A 30/27 19/13
NM_000038.6:c.637 p.Arg213Ter Stop-gain exonic APC Adenomatous polyposis coli protein Pathogenic 0.1 AB:
C>T 72/71
NM_005732.4:¢c.278 p.11e930Thrfs Stop-gain exonic RAD50 N/A Pathogenic 0.7 BT:
9_2792delTCAA Ter9 75169
NM_000124.4:c.422 N/A N/A intronic ERCC6 N/A Uncertain Significance 0.63 BG: BP:
+51G>A 28/36  26/24
NM_022124.6:c.329 p.Asn1098Ser Missense exonic CDH23 Cadherin|Cadherin conserved Uncertain Significance 0.38 AE:18/ AQ:
3A>G site|Cadherin-like;Cadherin|Cadherin- 12 44/33
like
NM_006231.3:c.127 p.Leud24Val Missense exonic POLE DNA-directed DNA polymerase, family ~ Uncertain Significance 0.52 BE: BK:
0C>G B, exonuclease domain|Ribonuclease 57/15 40/26

H-like domain
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NM_033141.4:¢.169 N/A Splicing splicing MAP3K9 N/A Pathogenic 0.25 P:
1-1G>A 11/9
NM_000546.5:c.695  p.lle232Asn Missense exonic TP53 p53, DNA-binding domain|p53-like Likely Pathogenic 0.2 W:
T>A transcription factor, DNA- 5117
binding|p53/RUNT-type transcription
factor, DNA-binding domain
NM_007300.4:¢.397 p.GIn1327Ter  Stop-gain exonic BRCA1 N/A Pathogenic 0.73 BE: BK:
9C>T 31/10 33/22
NM_021913.5:¢c.171 N/A N/A intronic AXL N/A Uncertain Significance 0.27 BE: BK:
1+8A>G 14/5 17/9
NM_000400.3:¢c.189 p.Arg631Cys Missense exonic ERCC2 ATP-dependent helicase, C- Likely Pathogenic 0.59 W:
1C>T terminal|P-loop containing nucleoside 23/31
triphosphate hydrolase
NM_000400.3:c.184  p.Arg616Pro Missense exonic ERCC2 ATP-dependent helicase, C- Likely Pathogenic 0.59 V:
7G>C terminal|P-loop containing nucleoside 18/8

triphosphate hydrolase
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Copy-Number analysis

CNV analysis unveiled two loci with aberrant copy numbers, see Table 2. Two of them were
pseudogenes and are likely to have little to no effect on phenotype. They were not reported in this
manuscript. CFHR3 harboured a 1.6 kb deletion of exon 4 in two different individuals. Another CNV
affected a larger (148kb) section of the HLA locus in two individuals. Both CNVs were predicted to

delete only one allele.

CFHR3 harboured CNV deletions in 8% of colonic and rectal cancers in the TCGA cases
(https://www.cancer.gov/tcga). Interestingly, in the TCGA colonic and rectal cancers, HLA-DRB5, HLA-
DRB1, HLA-DRB6, HLA-DQA1 and HLA-DQB1 were all found to be deleted together.

Table 2. Copy Number Variations detected in FAP-like cohort. DEL=deletion, DUP=duplication
KB=size of the CNV in kilobase. TCGA Data, COAD = Colon Adenocarcinoma, READ = Rectum
Adenocarcinoma

SAMPLE CNV INTERVAL hgl9 KB DISEASE/Role GENE TCGA
SYMBOL COAD/READ
CNV %
BJ, AR DEL chr1:196757813- 1.6 Atypical Hemolytic CFHR3 8
196759408 Uremic Syndrome
BP, BD DEL chr6:32485473- 148.96 Histocompatibility HLA-DRBS5, 12.5
32634433 HLA-DRB1,
HLA-
DRB6,HLA-
DQA1, HLA-
DQB1
AV DEL chr3:75475601- 2.78 NA / Pseudogene FAM86DP 0
75478380
BJ DUP chr8:7153152- 2.4 NA / Pseudogene FAM90A20P N/A
7155552

Discussion

Pathogenic variants
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Several individuals carried pathogenic variants in genes known to cause polyps (MUTYH, APC, POLE,
TP53 and BRCA1). The presence of an APC variant is most likely due to a lack of sensitivity of older
genetic screening methods (performed in 1998 for the sample AB) such as denaturing gradient gel

electrophoresis (DGGE) or denaturing high performance liquid chromatography (DHPLC).

The identification of pathogenic variants in POLE and OGG1 may explain the presence of polyps in
these samples as these genes have previously been reported to be associated with polyposis. Variants

in OGG1 appear to be rare and there are not many reports of variants associated with this gene.

Of interest was the identification of variants in TP53 and BRCAI1. In the context of Li-Fraumeni
syndrome colorectal cancer with the presence of polyps has rarely been observed and it remains to
be determined if indeed TP53 is unequivocally associated with polyposis. Certainly, however, TP53 is
linked with the development of colorectal cancer and is considered to be essential for disease
progression, suggesting that this germline change may result in CRC if other mutations are acquired
that are integral to CRC development. There remains some debate about the role of BRCA1 and
colorectal cancer risk. Recent studies confirm the role of BRCA1 germline variants for heightened CRC
risk, however overall risk does not exceed 1% at 50 years of age (versus 0.2% for non-carriers)

suggesting it is unlikely to account for many individuals (118) .

ERCC2, ERCC6, RAD50 and OGG1 are all involved in DNA-repair related pathways. ERCC6 and ERCC2
are both involved in Nucleotide Excision Repair (NER). OGG1 is part of the Base Excision Repair (BER).
RAD5O0, as part of the MRN complex, plays a central role in DNA double-strand break repair. Impaired
DNA repair is a well-recognised mechanism associated with cancer development and the

accumulation of mutations.

Additional pathogenic variants have been identified in CTSE, CDH23, MAP3K9 and AXL. Interestingly,
both AXL and CTSE have been involved in elevated inflammation. CTSE modulates inflammation and
disrupts autophagy and elevates Reactive Oxygen Species (ROS) most likely requiring increased BER.
AXL inhibition has been shown to suppress the DNA damage response and sensitize cells to PARP
inhibition in multiple cancers (128, 129) . AXL activation has been shown to be involved in immune
evasion via BCL-1 and Twist (130) whereas loss of AXL function has also been shown to be associated
with chronic inflammation and autoimmunity(131) .This outlines the importance of inflammation in

cancer development.
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MAP3K9 was found to be frequently mutated in melanoma metastasis (132). It was also found that
germline SNPs in MAP3K9 modulate its expression and are important for the development of
pancreatic cancer (133). MAP3K9 regulates the JNK pathway, which is involved in the regulation of

inflammation in IBD (134).

Finally, CDH23, coding for Cadherin 23, a structural protein, was found to be associated with both
familial and sporadic pituitary adenomas (126). The functional description of those variants (using

directed mutagenesis in cells/organoids) could further our understanding of polyps’ formation.

Copy-Number analysis

The most interesting CNV revealed in this study is the 1.6kb CFHR3 deletion encompassing exon 4.
CHFR3 encodes complement factor H and has been linked to Atypical Hemolytic Uremic Syndrome
(aHUS) (135), which affects platelets and lowers erythrocyte counts. One of the main symptoms of
aHUS is enterocolitis, an inflammatory disorder of the intestinal tract, often misdiagnosed as
ulcerative colitis, resulting in bloody diarrhoea. This underscores the importance of inflammation in

the initiation of malignancy and particularly in the pre-malignant state of polyposis.

The second CNV of interest, a large deletion (148.6kb) affecting mainly HLA class ll-related genes (HLA-
DRB5, HLA-DRB1, HLA-DRB6, AK293020, HLA-DQA1 and HLA-DQB1) was found in two samples.
Previous studies have shown that genetic aberrations (SNPs and CNV) located on the HLA class Il locus
can be involved in hepatocellular carcinoma development (136). This may be the first example of this

type of genomic loss to be associated with CRC.

Conclusion

Our findings show that patients clinically diagnosed with FAP carry pathogenic variants in known CRC-
related genes. There is increasing evidence implicating MUTYH, NTHL1, POLE, and TP53 in the genetic
predisposition to CRC such that these genes should be routinely screened for FAP-like patients who

do not carry any pathogenic variants in APC.

Several individuals remained with no identifiable cause for their polyposis. For these patients, several
hypotheses can explain the inherited component of their disease. First, this could be due do
methylation profiles associated with CRC risk. Second, it could be due to inherited mitochondrial

diseases, leading to modified gastrointestinal manifestations (137). Since only exomes were
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interrogated in this study, it cannot be ruled out that other variants residing in the genome could be
associated with disease risk. Lastly, it could be an inherited lifestyle and environment that increases
the risk of CRC, shared between the parents and their children. Studying these factors or a

combination of these factors could explain the remaining unexplained familial polyposis syndromes.

4.2) Publication — Letter to the Editor

STATEMENT I

This is a co-author statement attesting to the candidate’s contribution to the publication

listed below:

| attest that Research Higher Degree candidate Alexandre Xavier contributed to the
publication listed below by performing the whole-exome sequencing, the analysis of the data
and the manuscript writing.

Xavier A, Scott RJ, Talseth-Palmer BA. IBD-related markers associate with the age of onset for
unexplained familial polyposis patients
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This statement explains the contribution of all authors in the article listed above:

Table illustrating author contribution percentage and description of contribution to the
article listed above.

Contribution Descrigyon of
Author (%) contribution to Signature Date
- article
Performed whole
exome sequencing,
Al d
ot 65% Performed analysis 15/20/2019
Xavier
and wrote
manuscript.
REHAS] Critical revision of
Scot::f : 10% the manuscript and 17/10/2019
study supervision
St i '
l.de deSIgr?’ Bente
B By obtained funding, Talset Custes
- by Bente Talseth-
25% critical revision of || Pairer 18/11/19
Talseth-Palmer b R BT h- O Znas
BE: Palmer
study supervision
Alexandre Xavier
Date: 15/10/2019 Dr Lesley MacDonald-Wicks

Assistant Dean (Research Training)

' 20/11/19
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IBD-related markers associate with the age of onset for unexplained familial polyposis patients

Alexandre Xavier?, Rodney J. Scott? and Bente Talseth-PalmerY

! University of Newcastle Hunter Medical Research Institute, Lot 1, Kookaburra Circuit
New Lambton Heights, NSW, AUS

2 NSW Health Pathology, Molecular Genetics, John Hunter Hospital, , Newcastle, NSW, AUS

To the Editor:

Knowledge about inherited polyposis syndromes has expanded significantly over the past 20 years.
In addition to the most common polyposis syndrome, Familial Adenomatous Polyposis (FAP), several
other polyposis syndromes have been thoroughly described with aetiologies linked to MUTYH,
NTHL1, POLD1/E, PTEN, SKT11 or even the mismatch repair (MMR) genes (138). However, a
significant proportion of familial polyposis cases remained unexplained after screening for known

genes.

Here, we performed whole exome sequencing on 48 unrelated individuals diagnosed with colorectal
cancer (CRC) associated with adenomatous polyps and having a family history of cancer. Using the

public database GWAScatalog (https://www.ebi.ac.uk/gwas/api/search/downloads/studies

alternative), we explored the possible association between Inflammatory Bowel Disease (IBD)
markers and the risk of CRC with associated adenomatous polyps. IBD is a well-known risk factor for
CRC and none of the patients enrolled in our study were diagnosed with IBD. Given the significantly
increased risk of CRC in patients with IBD a series of IBD related markers were assessed to determine

if they were linked to disease.

We extracted the B-values of 31 SNPs known to confer an elevated risk for Inflammatory Bowel
Disease (IBD) to establish a Polygenic Risk Score (PRS) (RSID: rs1042058, rs10781499, rs11209026,
rs11465804, rs11548656, rs12103, rs1260326, rs12720356, rs1292053, rs2024092, rs2066847,
rs2227564, rs2241880, rs2305480, rs2476601, rs2641348, rs3194051, rs34687326, rs34856868,
rs3742130, rs3764147, rs3792109, rs3810936, rs4077515, rs4246905, rs501916, rs516246, rs6025,
rs6596, rs7076156, rs9868809). We used PRS = ) T' B; X SNP; where B represent the beta values
for SNP i and SNP is the genotype for SNP i to construct the IBD-related PRS. PRS can help determine
the cumulative effect of several alleles conferring a small risk and has been proved to have a strong

predictive power in several diseases (139).
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We first compared the IBD-related PRS of our diseased cohort with the PRS of “healthy” publicly
genotyped individuals (n= 200) using ENSEMBL REST API. We then examined the relation between

PRS and age of diagnosis in our cohort.

Polygenic Risk Score for IBD (Using 31 variants
Means Case = 4.734; Mean controls = 3.27881; p-non-parametric = 2.75e-10)
B
a)
7
6
5
4
3
2
1
0
b)
*
| |
ns
| 1
80 4 . Disease
T £ us
[ FAP-LIKE
L
70 A L .
60 - z
: [
%]
&£
m
E -
S 50
[
[=]
s |
[=2]
=L
40 1 J_
L
‘ 1
¢ —L .
30 S— ¢
L
¢
20 T ‘ T = T
LOW MID HIGH

FIGURE 1. a) Ranked IBD-related PRS. Blue: healthy individuals, Red: patient with CRC associated
with polyps b) Relationship between IBD-related PRS and age of onset in patient with either
polyposis or non-polyposis familial CRC. Low PRS: individuals in the lowest quartile, High PRS:
individuals in the highest quartile
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First, this study revealed that this polyposis cohort had, on average, a significantly higher PRS
compared to healthy population controls (p = 2.75e%). Suggesting an influence of chronic

gastrointestinal inflammation in the overall risk of CRC associated with polyps.

We then showed that there is a relation between IBD-related PRS and age of CRC diagnosis. The
quartile with the lowest PRS (< 4) had an average age of onset at 56.25 of age. The quartile with the

highest PRS (> 5.8) had an average age of onset at 48.08 of age (p = 0.048).

These results suggest that the IBD-related PRS could be used, in association with other tools, to
predict the trajectory of the disease with at-risk individuals. The association between IBD-related
PRS and CRC could also shed a light on the mixed results of Non-steroidal anti-inflammatory drugs
(NSAIDs) for the chemo-prevention of polyposis (140), suggesting that some individuals might be

more likely to respond to NSAID than others.

Interestingly, performing the same analysis on 48 lynch-like syndrome (LLS) patients (patients
diagnosed with hereditary CRC, no polyps and no pathogenic MMR variant) yielded different results.
While still showing an elevated IBD-related PRS compared to a healthy population, there was no
association between PRS and age of onset (low-PRS age of onset: 55.92, high-PRS age of onset:

52.34, p = 0.29). This suggests that LLS has a different aetiology compared to polyposis syndromes.
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CHAPTER 5: General discussion

5.1) Overview
Familial CRC remain a significant burden on national health systems since only a fraction of this type
of clustering has an unequivocal genetic background. LS/HNPCC is the most frequently diagnosed
syndrome accounting for approximately 5% of all CRC. Thereafter it is followed by FAP, representing
around 1% of all CRC. Several other genetic syndromes predisposing to CRC have been thoroughly
described but they have a very low incidence and do not account for many of the remaining familial
CRC syndromes. Currently, “familial CRC” is associated with more than 10% of all CRCs diagnosed

annually.

Identifying individuals with an increased risk of CRC due to a genetic predisposition is critical for a
number of reasons that include; early detection, monitoring and prophylactic surgery that are

necessary to reduce the risk of presenting with incurable disease.

The identification of these at-risk individuals requires knowledge of the genetic and or environmental
susceptibility associated with the disease: Environmental factors (i.e. inherited lifestyle choices or
environmental exposures) that increase the risk of cancer can include pathogenic changes that disrupt
an important pathway; other genomic abnormalities such as an inversion of a large locus; or one or
more copy number variants; the accumulation of low risk alleles resulting in an increased risk of CRC;
or even an increased risk for a CRC risk-factor (such as IBD, type 1 diabetes, obesity, etc.), or a change

in a locus specific methylation pattern that can be inherited from parents.

Throughout this thesis, an examination of only genetic causes such as pathogenic variants (SNPs and
indels) and copy number variations in patients with a likely inherited CRC but where no known genetic

cause had been identified.
The aims of this thesis were to:

I.  Screen for the presence of pathogenic variants in the untested MMR genes in Lynch-like
syndrome.

Il. Propose a new and more refined pipeline for pathogenicity prediction using whole-exome
sequencing.

M. Using the findings from Aim I, evaluate the genetic basis of familial polyposis syndromes
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Detection of pathogenic variants in inherited syndromes is one of several key factors to better
understand the underlying mechanisms of the disease. A study into the role of the whole MMR
pathway in LLS was undertaken to assess whether genes in this pathway outside of the ones well
described could be linked to LLS. An attempt was made to refine the prediction, analysis and reporting
of pathogenic variants from exome sequencing studies. This allowed for a better understanding of the

variants and pathways involved in the development of FAP-like syndromes.

5.2)The untested MMR genes in Lynch-Like Syndromes
This manuscript was the second part of a study examining the possible genetic causes of LLS. The first
manuscript (see Appendix 7.1) focused on pathogenic variants in known or possible CRC predisposition

genes.

LLS is an umbrella term grouping all patients fulfilling the ACIl but where no pathogenic variant has

been found in one of the key LS genes after clinical screening: MLH1, MSH2, MSH6, PMS2 and EPCAM.

All of these key genes are related to the MMR pathway and any defect in them results in a high MSI

phenotype (typical of a defective MMR), that leads to a higher probability of cancer development.

The MMR pathway is composed of 22 proteins or subunits expressed from 22 different genes; that
include MLH1, MSH2, MSH, PMS2 (all associated with LS) and MSH3, PMS1, MLH3, EXO1, POLD1,
POLD3, RFC1, RFC2, RFC3, RFC4, RFC5, PCNA, LIG1, RPA1, RPA2, RPA3, POLD2 and POLDA4. Little is
known about the role of the other 18 genes and their respective roles in LLS and their contribution to

cancer risk.

The first finding of importance was that the older screening methods may not have been as sensitive
as NGS with several LLS patients being re-classified as LS patients (24, 93) and having pathogenic
variants in MLH1, MSH2 and MSH6 that were undetected during routine clinical screening. The results
of this study suggest that older screening methodologies were not as sensitive as previously thought
and that the errors may be more common than previously thought. These findings highlight the need
to re-sequence patients with family history of CRC using newer methods. False negative diagnosis put

individuals with LS and their descendants at risk, with higher risk of CRC due to the lack of monitoring.

It has also been shown that patients with LLS harboured pathogenic mutation in unscreened MMR
genes: EXO1, POLD1, RFC1, RPA1 and MLH3. Any defect in these genes that creates a null allele might
lead to MMR malfunction, high-MSI and therefor a higher risk of cancer development. In addition,

with the exception of MLH3, all of these genes and associated proteins are also involved in DNA-
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related pathways other than MMR, suggesting that the resulting phenotype is likely to be broader

than that described for LS.

The involvement of POLD1 (141), EXO1 (142) and MLH3 (143) in LSS was previously described. Our
results adds to the body of knowledge on LLS pathogenic variants and provides more evidence for the
role of these genes in cancer predisposition screening. RFC1 and RPA1 pathogenic variants are novel

findings that needs confirmations before it can be categorically stated that they are involved in LLS.

The role of EXO1 in CRC predisposition has been largely debated for the past 15 to 20 years. There is
molecular evidence that EXO1 variants occur in healthy individuals without any adverse effects (144).
It also has been shown that deletion of EXO1 in eukaryotes will not stop the MMR pathways, but rather
lead to a small increase in mutation rates (from 2 to 4 fold increase) (145, 146). However, many
statistical studies show that a few key EXO1 variants are significantly associated with CRC (147, 148)
and even breast cancer (149) . These findings indicate that EXO1 can act as a modifier of CRC risk
rather than a highly penetrant causative gene. Deletion or null variants do not seem to be the

mechanisms involved in modulating the risk of CRC.

While all variants identified in these studies are predicted to be pathogenic, functional analysis needs
to be undertaken to fully characterise their functional pathogenicity. The outcome of these type of
findings (using site directed mutagenesis in cell lines and/or organoids) could provide valuable

information on the functional changes conferred by these variants.

5.3)FAP-like cohort analysis

Manuscript findings
After the examination of non-polyposis inherited CRC, we then investigated the genetic background

of polyposis entities.

Using TAPES, 48 samples from a FAP-like cohort were analysed. Several pathogenic variants were
identified in genes known to be involved in polyposis (MUTYH (116), APC (108), POLE (55), NTHL1 (54),
TP53 (117) and BRCA1 (118)).

All the samples in this study were diagnosed and screened between 1998 and 2009. Between 2009
and 2019, clinical genetic screening has evolved. Sanger sequencing or Multiplex Ligation-dependent
Probe Amplification (MLPA, used to detect copy number variation) have been replaced by either NGS
or microarrays for a much higher sample throughput. This allows for the rapid screening of more genes

for lower costs.
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Several new causative genes have been identified in CRC especially in the polyposis syndrome
spectrum with the acknowledgement of new polyposis syndromes (PPAP, NAP, JPS, etc.). At present ,
most commercial CRC gene-panels contain more than 30 genes (typically APC, AXIN2, BMPR1A, CDH1,
CHEK2, EPCAM, GREM1, MLH1, MSH2, MSH3, MSH6, MUTYH, NTHL1, PMS2, POLD1, POLE, PTEN,
SMAD4, STK11, TP53, ATM, BLM, BUBI1B, CEP57, ENG, FLCN, GALNT12, MLH3, RNF43, RPS20

https://www.invitae.com, https.//www.fulgentgenetics.com), all of which can be screened in a single

assay. Moreover, studies have shown that screening can be scaled up for inherited diseases to include
all expressed genes in a single assay (i.e. whole exome sequencing), which now can provide more

positive results (150).

This means that the samples in the cohort that harbour pathogenic variants in well characterised

genes (MUTYH, POLE, NTHL1, TP53 and BRCA1) would have been diagnosed correctly in 2019.

However, several pathogenic variants were identified in genes known to be involved in other cancers
(CTSE (119), RAD50 (120), GALNT12 (151), ERCC6 (121), MAP3K9 (122), ERCC2 (124) and AXL (125)).
The presence of pathogenic variants in these genes suggests the patients carrying these changes are
likely to be susceptible to an increased risk of cancers compared to the general population who do not
carry pathogenic variants in these genes and that the actual cancer risk is likely to encompass more

than just CRC.

The presence of DNA-repair related pathogenic variants is a well-recognised mechanism of
carcinogenesis. DNA replication malfunction will lead to the accumulation of mutations and
chromosomal rearrangements, especially in cells with a high turnover rate such as in gastrointestinal
tract. In a similar manner, pathogenic variants affecting the BER pathway will result in the
accumulation of small indels and SNPs that cannot be appropriately corrected. Over time, pathogenic
variants will affect either oncogenes or tumours suppressor genes thereby changing the probability of

carcinogenesis.

CNVs were also revealed in FAP-like individuals with interesting results. The most intriguing CNV was
the deletion encompassing CFHR3 that was identified in two individuals. This gene is known to be
involved in Atypical Haemolytic Uremic Syndrome, which leads to symptoms similar to ulcerative
colitis, a known risk factor for CRC. The second CNV involved the deletion of a large locus in the HLA

class Il regions, spanning HLA-DRB5, HLA-DRB1, HLA-DRB6, HLA-DQA1 and HLA-DQBI.

Taken together, these results seemed to indicate an important role for both DNA repair and

inflammation pathways in the context of familial polyposis. To further investigate the role of
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inflammation, we studied the inflammation status of FAP-like individuals using their Inflammatory

Bowel Diseases (IBD) PRS as a proxy.

FAP-like individuals had an elevated PRS for IBD compared to the general population. Comparison of
IBD-related PRS inside our cohort showed that a high PRS was correlated with an earlier age of cancer
onset (regardless of other pathogenic variants). This suggests a strong role of inflammation as a
modifier of polyposis. Using PRS on only 31 common SNPs is a powerful tool to predict the trajectory

of an individual regarding polyposis.

Chronic inflammation as a risk factor for cancer is not a new concept (152). There have been reports
of patients presenting with polyposis mimicking FAP as a result of IBD (153). Our results confirm this
finding but also demonstrate that patients with unexplained polyposis do not need to be diagnosed
with IBD. These findings are likely to be of great interest to the clinical community if they can be
replicated. PRS is a simple test and combined with pathogenic variant assessment can help modulate

the diagnosis as well as predict disease trajectory of patients with a strong family of cancer (154).

While interesting, these results would need larger cohorts to determine an IBD-related PRS threshold
above which individuals would have a higher risk of CRC or below which they would have a lower risk.
A confirmation of this trend would add to the corpus of evidence that anti-inflammatory drug could

be effective in the prevention of familial polyposis on select individuals.

Our findings also suggest a possible interaction between inflammation and DNA repair mechanisms
as revealed by the presence of genetic variants in RAD50, ERCC6, ERCC2 and OGG1 (with the addition
of the variants not reported in the manuscript, discussed in the next section). This has been previously
highlighted by different studies (for review see (155)) but never in inherited polyposis syndromes.
Additionally, given the particularity of the gastrointestinal tract, other interactions should be
considered. The most important being the gut microbiota and the immune system. Gut microbiota
has been highlighted recently for its role in health and especially in cancer. It has been shown to have
a role in: tumour suppression, an inflammation enhancer, an immune system modulator, and many
others (for review see (156)). Immune response is also implicated in carcinogenesis. Normal appearing
pre-cancerous cells appear to be eliminated by the immune system (157, 158), delaying the
appearance of neoplasms, in patients with highly penetrant variants (159). Studying the synergy
between chronic inflammation, DNA repair impairment and disturbed gut microbiota together could
better define the events that precede and give rise to CRC with respect to the familial polyposis

syndromes.
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Additional Findings
Variants predicted to be pathogenic with TAPES only (with a probability of pathogenicity over 80% but

not confirmed by other Software) were uncovered in additional DNA repair-related genes (see Table
8 in Appendix 7.2). Four genes, WRN, LIG1 (which is also an MMR gene), POLL and LIG3, involved in
the Base Excision Repair pathway (BER) were uncovered. Disruption of BER is a well-known mechanism
of polyposis development. NTHL1 and MUTYH both belong to the BER and are responsible for NTHL1-
associated polyposis and MUTYH-associated polyposis, making pathogenic variants in these four genes

candidates for tumour development.

Additionally, multiple genes involved in DNA-replication were found to harbor potentially pathogenic
variants. GINS1, RFC4, LIG1, PARP2, LIG4 and LIG3 all had variants predicted to be pathogenic. Defects
in DNA replications genes will introduce more pathogenic variants, with the risk of not being corrected
by DNA-repair pathways. We also showed in Chapter 2 that LLS patients also have LIGI germline

variants.

It is then not surprising to see that the pathway analysis (see Table 9 in appendix 7.2), showed that
both “base-excision repair’ (GO:0006284) and “DNA strand elongation involved in DNA replication”

(G0O:0006271) were among the most disrupted pathways using TAPES pathway analysis.

In addition to DNA-related pathways, pathway analysis showed that two of the most disrupted
pathways were cilia-related, namely “intraciliary retrograde transport” (GO:0035721) and “protein
localization to cilium” (GO:0061512). This finding is interesting because cilia have been shown to be
related to the Wnt-B-catenin-APC pathway (160, 161). Cilia also has prognosis power in CRC, with the
loss of primary cilia expression in cancer (161). Recent work uncovered rare disruptive variants in
ciliary genes that contributes to testicular cancer susceptibility (162). This makes cilia related
pathogenic germline variants a credible marker for polyposis development. However, little is known

about the mechanisms underlying polyposis development with a disrupted cilium metabolism.
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Figure 8. Cilium structure and protein transports from Higgins et al. (161)

Cilia are microtubule-related structures present on the gastrointestinal epithelium. They are known
to be involved in the regulation of the Wnt signalling pathway (160). Perturbations of the Wnt pathway
is also associated with FAP, where reduced levels of functional APC protein lead to the accumulation
of B-catenin and the activation of several oncogenes. Several components of the Wnt signalling
pathway have been shown to localise in the primary cilium, such as Frizzled3, Dishevelled2, B-catenin
and glycogen synthase kinase-3B. The retrograde cilium transport pathway (see figure 8), if non-
functional, will promote the accumulation of vesicles and proteins at the apex of the cilium. The
interest in cilia and their involvement in tumorigenesis as well as cancer development has significantly
grown lately. These findings could indicate that germline pathogenic variants in cilia-related genes

increase the risk of polyposis.

The last pathway that was shown to be enriched in pathogenic variants was the “carbohydrate

catabolic process” (G0:0016052). While it is well known that cancerous cells have a modified
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metabolism, not much is known about carbohydrate metabolism as a cause of cancer. However, PKLR,
PKFM and PGM1 (OMIM: 609712, 610681 and 171900) are known to cause inborn errors of
carbohydrate metabolism in an autosomal recessive manner. Heterozygous individuals would need a
second hit (somatic variant) to develop a pathology, putting them at a higher risk than homozygous
wild-type individuals. Inborn errors of metabolism have also been shown to be determinant in cancer

risks, especially breast and liver (163, 164).

Our additional findings suggest that DNA replication impairment and the disruption of cilia could play

a role as modifier in CRC risk.
5.4) TAPES: Refining the WES analysis pipeline

During the evaluation of both LLS and FPS cohorts, assessing the pathogenicity of variants remained a

major hurdle. The evaluation of variants of unknown significance was one of the main obstacle.

The automated prediction of variants’ pathogenicity identified through NGS has always been a
challenge. It is reflected by the number of in-silico prediction algorithms each with their own
prediction score (the most popular database, doNSFP, groups 38 different predictors: 29 prediction

algorithms and 9 conservation scores).

In 2015, the publication of the ACMG/AMP criteria, proposed a set of criteria to predict the probability
of pathogenicity of variants. In 2017, the company Invitae proposed Sherloc (165), a refinement on
the ACMG criteria, defining even more rules to predict pathogenicity. However, currently, no free
open-source tool has been published using this framework. One of the caveats of the ACMG/AMP
criteria is that it is a categorical classification. It will classify variants into categories ranging from
benign to pathogenic. This means that a lot of variants have been classified as “Variants of Unknown
Significance” (VUS), even if they were only one criteria short of being classified as Likely Pathogenic.
A second limitation resides in the tools available for ACMG\AMP criteria assignment. Most of them
could not make use of multi-sample variation files (VCF). The primary evidence for a high likelihood of
pathogenicity is the fact that a variant is enriched in a diseased population versus the general
population (criteria PS4). Very few tools can assign these criteria (some used data from previous GWAS
to assign it), implying that the study of 48 individuals with FAP-like syndromes could not be compared

to the general population without adding a series of control samples.

When designing TAPES, a conversion from a categorical classification to a more organic prediction was
undertaken. Multiple scoring systems were tried with a different weight for each criteria using simple
addition and subtraction for pathogenic and benign criteria, respectively. This approach fell short in

terms of precision. The model created by Tavtigian et al. (99) was implemented that uses a Bayesian
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classification framework and this turned out to be very precise. This allows a researcher to get a very
accurate prediction of pathogenicity ranging from 0 to 1 (from 0% to 100% risk to be pathogenic).
Using this prediction program researchers can use their own lenient or strict pathogenicity thresholds
to determine which variant to further study. This probability model is also very powerful to reject
benign variants otherwise classified as VUS, allowing researchers to only focus on more significant

variants.

Benchmarks showed that using the probability of pathogenicity outperformed similar tools (CharGer

(87) and InterVar (88)) in pathogenicity prediction.

In addition to the scoring system, a simple calculation a simple calculation that can extrapolate the
number of individuals affected and unaffected by a variant using only the minor allele frequency from
public databases was developed. This allowed the use the PS4 criteria without any need for control
samples. Using PS4, it is now possible to detect variants enriched in the FAP-like population studied
herein, which was not possible before. This revealed numerous intronic variants, which have been
growing in importance for some time (166-168). Most were not included in the final manuscript
submitted to the European Journal of Human Genetics because interpreting the consequence of

intronic variants is a difficult exercise without further functional studies.

One feature that was added to TAPES after publication is the ability to calculate a Polygenic Risk Score
(PRS) for a specific trait or disease using public samples as controls. Using public samples from
1000genome phase 3 (169) as healthy controls, beta values are extracted from GWAS Catalog (170)
for each specific trait. Using the cumulative PRS for a trait we can get the average PRS of cases vs

controls. This feature was used to estimate the PRS for several CRC risk factors in our FAP-like cohort.

One of the advantages of TAPES is its reporting system, which allows some basic analysis to be done
using the predicted pathogenic variants. Using the by-gene report MUTYH was one of the most
frequently mutated genes in the cohort of samples studied. This means that MUTYH was mutated in
multiple samples initially tested for only for APC. This evidence underpins the important of

comprehensive gene-panel screening for FAP-like patients.

5.5) Conclusion

Taken all together, the findings from the studies comprised in this thesis indicates that there are still
numerous unknown factors contributing to an increased risk of CRC. We have showed that the MMR
pathway and the MMR genes not currently clinically screened can have a role in CRC development

(especially EXO1, POLD1, RFC1, RPA1 and MLH3).
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Furthermore, we added to the knowledge of familial polyposis syndromes by showing both the
importance of the DNA-replication and Base excision repair pathways as well as cilium related
pathways in tumour development. Numerous pathogenic variants in genes known to be involved in
cancer were also identified in FAP-like individuals (CTSE, RAD50, GALNT12, ERCC6, MAP3K9, ERCC2
and AXL). Copy number analysis and polygenic risk score calculations also appeared to explain the

elevated risk of polyposis in individuals with no other known genetic cause.

Throughout my PhD, | refined the analysis NGS bioinformatics pipeline to identify pathogenic variants
and get more information out of whole exome sequencing data. TAPES is the result of this process.
The program is more precise at detecting pathogenic variants but also at rejecting benign variants,
which is important when working with big data. In addition, it can perform analysis without the need
for control samples, reducing the cost of sequencing studies. The value of TAPES is in its ability to
rapidly and accurately be used for the curation of variants of unknown significance in genetic

predispositions to CRC. It can be rapidly applied to other genetic disorders.
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1 | INTRODUCTION

Background: Many families with a high burden of colorectal cancer fulfil the clinical criteria for
Lynch Syndrome. However, in about half of these families, no germline mutation in the mis-
match repair genes known to be associated with this disease can be identified. The aim of this
study was to find the genetic cause for the increased colorectal cancer risk in these unsolved
cases.

Materials and methods: To reach the aim, we designed a gene panel targeting 112 previously
known or candidate colorectal cancer susceptibility genes to screen 274 patient samples for
mutations. Mutations were validated by Sanger sequencing and, where possible, segregation
analysis was performed.

Results: We identified 73 interesting variants, of whom 17 were pathogenic and 19 were var-
jants of unknown dinical significance in well-established cancer susceptibility genes. In addi-
tion, 37 potentially pathogenic variants in candidate colorectal cancer susceptibility genes were
detected.

Condusion: In conclusion, we found a promising DNA wvariant in more than 25 % of the
patients, which shows that gene panel testing is a more effective method to identify germline
variants in CRC patients compared to a single gene approach.

KEYWORDS

colorectal cancer, diagnostics, gene panel testing, inherited cancer, Lynch syndrome, next
generation sequencing (NGS)

epimutations in well-known cancer susceptibility genes that include

MLH1, PMS2, MSH2, M5SHG, EPCAM, APC, SMAD4, BMPR1A, 5TK11,

Colorectal cancer (CRC) is one of the most common cancers in the
world with approximately 1.3 million new cases diagnosed each year,
and is a significant cause of cancer mortality.) Inherited factors are
estimated to be involved in the development of one third of CRC
cases. However, Mendelian CRC syndromes only explain about 5%

of these cases? These syndromes are caused by mutations or

MUTYH, PTEN, KLLN, PIK3CA, AKT1, POLE, POLD1, AXIN2, BUB1 and
BUB3. Mutations in high penetrance genes such as TP53 and CDH1
resulting in other cancer aggregations reveals ambiguous results in
terms of their association with colorectal cancer risk®* Four other
genes, ATM, CHEKZ2, MLH3, and EXO1 (all associated with some
aspect of DNA repair), have been implicated in CRC susceptibility.”®

This ks anopen access artice under the temmns of the Creative Commaons Attribution-NonC ommerdal License, which pemmits use, distribution and reproduction in any mediom, provided the

original work is property dted and s not wsed for commerdal purposes.
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ATM and CHEK 2 are increasingly being recognised as moderate pene-
trance genes primarily associated with an increased risk of breast
cancer, but they have also been assodated with CRC57 The involve-
ment of MLH3 and EXO1 in CRC is still disputed and if any effect at
all, they are more likely to modify the risk of other high penetrant
genes.m Previous low-throughput sequencing studies aimed at inves-
tigating genes potertially involved in CRC susceptibility have identi-
fied candidates like GAINT12 and PTPRJ.™*® However, these studies
have not been replicated in additional independent cohorts and these
genes require further validation before being induded in the clinical
management of CRC patients.

CRC is also considered as a complex disease, and low penetrant
variants together with environmental factors are likely to be asso-
ciated with the missing heritability apparent for the disease. Genome-
wide assodation studies (GWASs) have identified at least 31 common
low-penetrant genetic variants associated with CRC susceptibility
(reviewed in'Y). One GWAS has revealed that common variants in
BMP4 influence CRC risk'® which has been supported by a study that
has potentially identified pathogenic germline mutations in BMP4 in
early onset CRC patients with a family history of cancer.'” It is there-
fore possible that rare coding variants in genes identified by GWAS
can cause hereditary CRC.

Recent advances in sequencing technology have aided a high-
throughput approach in the search for new genes involved in hereditary
CRC. Four recent exome sequencing studies have identified
several potential predispasition alleles.*** However, these studies only
implicate potential candidates and reguire verification before these genes
can be considered bone fide hereditary colorectal cancer genes.

In some families there is a dustering of CRC, which is suggestive
of a hereditary predisposition. These families typically fulfil the Amster-
dam /1l ariteria (AM 1/1]) and/or the revised Bethesda guidelines (RBG),
which were devised to help identify patients with Lynch Syndrome
(LS) (MIM #609310, #120435, #614350, #614337)'%% In this study,
we induded 274 patients who fulfiled the AM /1l criteria and/or the
RBG. The patients had previously been referred for clinical genetic
testing of 1 or more of the MMR genes (MLH1, PMS2, MSH2, MSHE),
but no germline mutations were identified. The aim of this study was
to find the genetic cause for the increased CRC risk in these unsolved
cases, by using a gene-panel targeting 112 previously known or candi-
date CRC susceptibility genes.

2 | MATERIALS AND METHODS

2.1 | Samples

This study induded DNA samples from 274 (82 Morwegian and 192 -
Australian) familial CRC patients. Some of the individuals were related
and altogether there were 8 families with 2 to 3 family members each
(19 individuals). All patients fulfilled AMI/1l and/or RBG and had pre-
viously been screened for mutations in 1 or more of the MMR genes
(MLH1, PMS52, MSH2 and MSHE) without any pathogenic findings
(80 of the Morwegian samples were also screened by MLPA). Some
patients were also tested for other CRC-susceptibility genes, again
without any pathogenic germline mutations being identified. Table 1

shows the clinical characteristics of the patients included in the study.
The Morwegian samples were screened for mutations as part of their
standard patient healthcare, and all genetic testing was performed
only after written informed consent from the participants. The
MAustralian patients induded in the study had previously given
informed consent for their de-identified DMA and clinical records to
be used in research related to their condition. Ethics approval was
obtained from the Hunter Mew Englind Human Research Ethics
Committee and the University of Newcastle's Human Research Ethics
Committee. DMNA was isolated from EDTA-preserved whole blood
using iPrep Purelink gDMA Blood kit (Thermo Fisher Scientific, Wal-
tham, Massachusetis) ([Norwegian samples) or the salt precipitation
method™ (Australian samples).

22 | Gene panel sequencing

We designed a custom HaloPlex (Agilent Technologies, Santa Clara,
California) gene panel targeting 112 genes (Table S1, Supporting
information) including both well-known CRC genes and candidate
CRC susceptibility genes. The design was generated using the webt-
ool SureDesign (Agilent Technologies). Target enrichment was per-
formed according to manufacturer's protocol. Briefly, the samples
were guantified on Qubit 20 Fluorometer (Life Technologies, Carls-
bad, California) using dsDMNA BR Assay Kit [Life Technologies). DNA
was fragmented by restriction digestion, hybridized to HaloPlex
probes containing indexes and purified using magnetic beads. Frag-
ments were then ligated and amplified through 18 PCR cydes. Each
library was guantified on Agilent 2100 Bioanalyzer (Agilent Technolo-
gies) using the High Sensitivity DMNA kit (Agilent Technologies) and
finally equimolarly pooled into sequencing ready libraries. The Mor-
wegian samples were sequenced using an lllumina HiSeq 2500 using
HiSeq Rapid SBS kit w2 (200 cycles) (llumina, San Diego, CA). The
Australian samples were sequenced on a NextSeg (lllumina) using
MextSeq 500 High Output Kit (300 cydes).

2.3 | Data analysis

Analysis of sequencing data was performed as previously described
1 with only minor variation. PCR duplicates were not removed from
these datasets due to the use of restriction enzymes in the HaloPlex
library preparation, leading to non-random fragmentation. Removing
PCR duplicates at this step can lead to removal of -90% of reads.”
The variant caller used was HaplotypeCaller. For filtering variants we
used the filtering tool FILTUS version 0.99-91.2%

24 | Filtering of variants

Cur aim was to detect potentially pathogenic variants and therefore
our filtering strategy aimed at removing neutral variants and sequen-
cing errors. First, we selected variants tagged as 'PASS' after quality
control, present in 1000 Genomes Project with MAF <0.01 and with
a sequencng depth =10. To remove systematic sequencing errors
and wariants common in the patients included in this study, we
excluded all variants detected in 210 individuals in these datasets
(if over 10 individuals carry a spedfic variant it can be regarded as
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TABLE1 Clinical characteristics of the patients included in this

study
Total
Mationality cohort (N = 274)
Morwegian 82
Australian 192
Female 183
Male 91
Median age at first 51.5 (21-86)
cancer”
Cancer history®
CRC 229
Other cancers” 28
Only adenomas 14
Multiple primary 64
cancers®
Amsterdam criteria
Positive 262
Negative® 12
Microsatellite instability
status’
MSS 38
MSI-L &
MSI-H 27
IHC®
Loss of MMR protein 83
staining
Mormal staining 56

Abbreviations: CRC, colorectal cancer; RBG, revised Bethesda guidelines;
M55, Microsatdlite stable; MSI-L, Microsatellite instability low; MSI-H,
Microsatellite instability high; MMR, mismatch repair.

* Data missing for & patients.
® Data missing for 3 patients.

€ Cancer in locations other than colon and rectum.
@ patients with more than 1 case of cancer, regardless of location.
# AM negative patients were RBG positive.

fOnly available for the Morwegian patients. Data missing for
203 patients.

# Data available for 68 Norwegian and 71 Australian samples. Data miss-
ing for 135 patients

common and therefore not likely to be pathogenic). Further, we
included non-synonymous, splice-site and frameshift variants. The
selected non-synonymous variants were located in conserved regions
based on phastCons score, predicted to be at conserved sites by Phy-
loP and to be deleterious by SIFT, PolyphenZ, LET and MutationTa-
ster. We albo included all frameshift and splice-site wvariants.
Following is a brief explanation of the thresholds used to define what
is conserved: Annovar uses UCSC phastCons 46 species alignment to
annotate variants that fall within conserved regions. It assigns a score
ranging from O to 1000. The higher score, the more conserved. We
selected all variants with any score. In addition, we used PhyloP for
base level conservation scores where a score =0.95 is conserved.

The next steps in the filtering process was to review bam files to
discover and remove artifacts and variant interpretation to only select
variants most likely to be pathogenic. Variant interpretation was per-
formed utilizing Alamut software (Interactive Biosoft-ware, Rouen,

France) and evaluating the available literature. Detected variants
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were classified into 5 classes according to the American College of
Medical Genetics and Genomics (ACMG) and the Assocation for
Molecular Pathology (AMP) guidelines?*

2.5 | Validation and segregation analysis by Sanger
sequencing

Sanger sequencing was used to confirm detected variants remaining
after applying filtering steps described above and to test for detected
variants in additional family members. Sanger sequencing was done
as previously described?* The variants confirmed were submitted to
Leiden Open WVaration Database 3.0 (http://databaseslovdnl/
shared/genes).

3 | RESULTS

31 | Filtering results

The 25 Morwegian samples had a mean coverage of: 25603, The
192 Australian samples had a mean coverage of: 32026. This is per
base coverage in the targeted sequenced regions. Prior to filtering we
identified 13 783 unique variants in the 274 samples, and after in
silico filtering 148 unigue variants remained. Manual filtering and
interpretation to remove artefacts and to select variants most likely
to be causal left 92 unique variants. Validation by Sanger sequencing
confirmed 73 variants. Of these, 37 were found in known CRC sus-
ceptibility genes (Tables 2 and 3). The other 36 variants were found
in candidate genes, where the association to CRC is yet to be darified
(Table 4). The 1% variants not confirmed by Sanger sequencing were
maostly false positive frameshift variants, due to the remaining adapter
sequences. All but 1 of the patients with Sanger validated variants
fulfilled the Amsterdam criteria.

3.2 | Pathogenic variants in known CRC
susceptibility genes

We found 17 pathogenic variants in 21 samples (Table 2). Of thess,
there were 4 mono-allelic MUTYH mutation carriers and 1 mono-allelic
BLM mutation carrier. The monc-allelic BLM mutation carrier did not
fulfil the Amsterdam criteria. One patient (no. 203) was bi-alelic for
MUTYH mutation (NM_001128425; c1187G>A and ¢.1227_1228dup).
When excluding the mono-allelic MUTYH and BLM mutation carriers,
we found a most probable genetic explanation for the increased cancer
risk in 16 (6%) of the patients’ families using this multigene panel

We identified 3 pathogenic (class 5) variants in the MMR genes
MLH1 and MSHé in 3 patient samples. The MSH& (NM_000179.2)
variant, ¢.3261dup (pPhel088Leufs*5) had previously been identi-
fied in a diagnostic setting and was included as a positive control.
The 2 other samples were originally classed as mutation negative for
the MMR genes.

Two patients had pathogenic mutations in ATM, which is known
to be a moderate penetrance gene that confers an increased risk of
breast cancer. Both patients had a personal and family history of
CRC, and 1 of the patients (no. 154) had breast cancer in the family.
The ATM variant c.8584+2T>C (NM_000051.3) was also tested, but

100



HANSEM £7 aL.

AIUES BWES ALY 01 FuD|aq 87 PUE £ 7 ' IUAIEY

BUBE HALNW 3 Ul suopEInW Juadoyied 7 SEY 07 WDEd
A|ILUE) HUES DY WO SENPIAIPUI PA1IAJJEUN PUE PAI02JJE [EUODIPRE Ul PUNDY JUELEN,
‘patJadas 300 "y wadouped Aay) g Dwadouied g suonesagoy

101

@ | WILEY ICLINICAL

1T '9Z 4 t B N [EAQZTEN"D L<DiLED FETE000 N Nald ot
LY Tio0 1401 g N N [EAS 25y d L<yzaa E'TETI00 N 3nod b 4
1T 4 = B N wdgs il d LWELETD ETETP00 WHN 310d BT UTY
d1:994TF g 156420070 01000 DETZFSLLS) od D<YZFEET  TSZPEZITO0 WN - HALNW 941
dTEBLTT = TO00D  BL008L/855 SELSAD0TFNDd  dNpZZT LZTTY T'SZEEZITO0 WM HALNKW 4E0Z
SFZ '0ET
d $6ZS LT94EZO00 82000 E66ES0RES) dsyogehind WeDLBTT?  TSZPEZITO0 WN - HALNKW LEOT ‘SET
d oEsg 9400 glog gT000  A4TTSFBRLSI S.5na7ag0Taydd dnp 19Z£72 TELTO00 N FHSI T
d 9/ TOTZ000ADY 4N £80809.975 FaSPANFEP5AD dnp&soga TELTO00 WK FHSI £at1
d7:TE55.0000A3Y dN 888L09.975 od L<DT+E0TZ2 £6FZ000 N THIW 91T
d 1S9ZETTO00ADY 3640000 81000 ST=S1aL eIy L d [2POOTT2 EFSTL00 WN - Z¥IHD 162
d 7TEs G0-359°7 TSEASE0ES TZ«90IdgEsEN'd  |9PTTEZ 08T 650000 WN - ZvDud 91
d Z06LE N P09 TSRS S ITFTATD  |IPRTEY STHPD £650000 WN  ZvIua IST
d7 :ZFFaF0000ATY HM 510858085 id S<YE+IE0FD EFAZLO0 WKW TvDHE I
d71: 129148 SO-359T  EHEBESSE/S id 1<YZ-+Z8ED ££50000 WN wa z8
HN HN HN Fr=Snagegdi)d dnp/ga12 £'559F00 N ENIXY z1t
d1/d 668181 HN  9ZETBR0E/S id J=1Z+H85872 £T50000 N WY ¥E
d/d 657LTT 0B  TLBELLLBSS sADzeazand 1<DF6¥a2 £T50000 N W1Y ST
uopEladiauy panayy  sse|D sawouad (nv) BETANSIP uRi0d VNG bas Joy LD al apdues
PUE JI EAWID 0001 o3

sauad Apqndacsns JSIUED MO -||BMm Ul SIUELEA JUsFoyled T 31EVL



WILEYICLINICAL |_a09

“Ajley awes ayl o) Suoiaq gz pue (7 v uaned |
"AJILIEY SUIES 3U) WO Y SIENPIAIPU P2J33)JEUN PUE PA103)JE [ELOIIPPE Ul PUNGY JUBLIEA |
udaq ARy ‘g7 panodal 10U YN JEIUEIYILEIS UIELIE0UN 'S SSUONEnS g0y

HANSEM £1 AL

PPeet
Bl E ] BT &d -gar-2 FHTE000 WM Nald LA
(ks ~
N L N od -2 FHTE000 WM Nild 62
S0
SN 6TEIFE -859'T  TZTH0SBILS sADDGETEIY d 10897+ £1EZ900 WN I1od TLT
SN 04 £ 6ZE000ADY 1986620000 TEZ000D  TODOD  OT9£0Z8ETS laszgzoidd 1=DtbaD £ 1EZ900 WN 310d I¥T
T
ELY Jonot LY B sADEngd 1226272 £ 122900 WM 310d LETTE
H -
SN TSELLZT jonog £000°0  +TOSTSD0ES Jaggegusyd D<YF00T D S'SESD00 WM ZSkhd +Z
UM E ] HN AL gangd DETLT D 912900 WM WIEAId re
%0
N B8 E4TTTITILS nogzysATd D<YZEIT2 T'ELT000 N HSI 697
=]
SN 71506 £/00000 -390°6  4CAL094925 B4t oidd D<IGH0T D Z'1SZ000 WN ZHSW 182
£
SN #5906 4Jomnog jonog £000°0  T9Z9TAEES UDGpsIHd 9<28ETD Z' 152000 WN ZHSW 6
SN 100454000040 UM ELY sATZsTned Y<aHrTs £ 642000 WN THIW 0sz
SN /879591t g0E0000  ZODOD  HESEL96ATS ArggogsiTd O<NETSTD S LE6EFLTINN NJT4 £8
=]
N -A59°T  4Z0P0&BLLS) BseossAyd 2<080512 S LEETEL NN NIT4 £f
M UM M |EADSOTE Y d 1<D49ZE3  TSTTETOT00 WN  ZADNVY4 L2
ELY LY EL Aoozgdngd DBESEFTY  TOTPELITO0 WN 1ang &¥Z
SN :ZTOTIZT E ] OFP656085)  Biysuigezaas geznoyd  dnpory ¢TI0 £'450000 WM Zvoud SLT
HN ££00000 HN  TIFEZLZHIS SIHGA6A L D<1E86T2 £7/50000 WN wa St
S0
SN/E7 H00EFT -B4L'G  998Z8LL 855 uo0asingd W<DAETT2 5820000 WM adv 95
=]
SN '6805BT 59T TTLP0P0LLS A 19¥0ZEyd WDRETYD 5820000 WM adv £1z
uopElRdiaul  pAdaygeun PaRayy sawouad ds3 Jwx3 SETANSIP uI0.4d YNNG "basyay auag ai adwesg
PUE qj EAUND 000t

sauad AN|IQRdaasns JS0UED Usmou-|[Be Ul SN £ 3TEVL

102



m (sanunuo)
i
m L TYLLPTLLLS)  LEDODO ET+SIEIVT sirAIDd [BPS LT D TLFSTTOTO00 WN 6%5315 (1134
] LN LN N t1s541aGZ a4 d [2PS80T D EEFST00 WN rddLd SLT
L un N 1350/ 0T 8uyd W<D80ZE2 EEFST00 WN rddLd 562
LN 896610000 895ZE90555!  GO-HUHT 1BSeZTIEAd W<OE6LED £EFBZ00 WN rddid Wi
N L N 8Z-SINANEEZTUIDD  |3p6LBE BLBED £EFBZ00 WN rddid £z1
e 6900000  OFSLLOLETS! 4800000 JagagADd Y<DS5TT3 ELLSEO0 N HdSd  £9T 26
L dh N usY{rpaA L d W<l0ET2 T099800T.00 WN WV 2Id 94T
LN SSPITEE9ss!  ZT00D0 U sy d W<DZTLTI T'E99S0T 100 WN £1anN S8l
N 896610000 9LE0000  L9E09L66TS)  TZ0000 di 1 p98Enyd 10872 TE99S0TT00 WN LLANN 292 '6FT
SN ETHTLE T8966T0000  LL00000 BFRZOFERTS)  ZT0000 di 155 TENyd 1<JE09¥2 THLET00 WN TTHAN Lé
N 896610000 FBE0000  TBS/5969Es)  +Z0000 EAGITAID 199052 £'B0ZL00 WN £3dHn S6T
¥
d €955 Zowmet Jone | N M TT=SHUYL96Z5Hd [aps883 T80T0F0T00 KN EHIW 1
T
L Tjowmog  JonoQ 894610000 +ZL0000  THIZ0Z00ZTSS £0000 aydogeagd 1<DEETT?  E'6/460500000L5N3 1Y &
N Un N AnyeoesiHd 9<Y¥88072 E'E6ZT00 WN T 652
N ELY ELY Aogogdsyd DYIZFID EEAZTO0 WM plli| 94
HN N N SIHE0S dsyd J<95g5172 TISEL00 WN FEIYT &2
N HM M noczeAnd V=089 TISEL00 WN FEINY 9€T
L 68E000°0  OTBTFLOSTS  SE0000 lasgzeTApd W<OF96ED £0955007 WN SYINY €22
L 80000 ZLHTPETGLS) £0000 PPLH+ELTT 9Z+ELTTD T6Z186T WN eV 94T
N £40ZE9BE /S 10000 E«SINaNREZTIAL dnpzise THZTIBET WN £ £12
S0
e £488886L45) ALY L 135868z usyd D<YEE9E D T6Z186T WN EYINg &
N /00000 FAZOLSHLES)  90-267°8 wdzysshod 1<95gZZ2 TIEFEET WM D13H 9T
L {00000 BOLLELOVTS)  SO-390°G nafyroidd 1<2T+2 TOTLT00T00 WM W99 TINYS 99
N £L00000 ZSLEDZTLES!  SD-9899 SIHG Z8nyd ¥OtZga FPEETO0 N tdsna €11
4 e Zowmet o u:w 0 1996467000 FIEZO00  HESZETTHS 92000 «8ETENd L<DZTH2 ETEBFTIO WN  ¥I3¥12a  TET 09
m LN 80E000°0  89T8TI6FTS  ZT00000 SIHEFETENyd W<D8Z0t2 £'6T25007 WN 220 61
m N 896610000 ZAT0Z6L PSS 910000 sADpZ1 TN d 1=2048€2 £512500 WN 200 91
— S0
- LN EO/BBSELLS]  -AH9T Anyopg0idd 9<J/ 18172 £'61Z5007 WN 200 12
o N £958921945) N EZSMDTZZTINATd  |apE9RE 299ED t'98890Z WN  BIDQID vLT
m HN N HN i) pgdayd 1<205Z2 ETOZT00 WN rdiNg 061
W N L N allg9tsasd 1<9L6t32 £TOSE00 WN TNIXY 02T
vopejaidigul pIPIYEUN  PIVIYY sawouad ds3 BETJNSIP X3 uPlod WNa 'bas 49y ausn al
Pue gl JeAuID 0001 apdwes
m_ sauad AJiqndadsns DyD S1EPIPUED Ul sjuBlUeA Juadoyied [BIUS10d ¢ 3TEVL

103



HANSEN £7 AL WILEY ICLINICAL | 411

not found, in a maternal cousin with 3 synchronous cancers and mul-
tiple polyps. The unaffected mother of the index patient has now
been tested, and did not harbour the ATM variant. Therefore, the
cousin might have another predisposing genetic variant leading to his
high cancer burden.

One patient diagnosed with CRC at age 65 had a frameshift
mutation in AXIN2. This patient is deceased, but abnormal dentition
was reported, consistent with Oligodontia-colorectal cancer syn-
drome (MIM #608615).

One patient had a mutation in BRCAI (no. 7) and 2 individuals in
BRCAZ [no. 157 and 164). These 3 female patients were affected
with early onset CRC. Two of them (nos 7 and 164) had a family his-
tory of CRC, breast and ovarian cancer, whereas the third (no. 157)

had no family history of breast or ovarian cancer.

ClinVar ID and
interpretation

A663: RF
MR
MR
MR
MR
MR

Affected”  Unaffected®

Two unique pathogenic variants were detected in 4 patients in
POLE (NM_006231.3). In 3 of these patients a pathogenic POLE
mutation ¢1373A>T (pTyrd58Phe) previously reported by Hansen
et al** was observed. These individuals are all related and belong to
the previously reported family.”* Varant c824A>T (p.Asp275Val)
was identified in individual no. 42 affected with bilateral ovarian can-
cer at age 37. She was induded in this study because of lack of blood
sample from her deceased mother. The mother was affected with
endometrial cancer at age 49 and CRC at age 88, and the POLE var-
jiant [c.824A>T) was detected in paraffin-embedded tissue sample

from her surgery. This variant is previously found as a somatic change

000019968

1000
genomes

ESP

in endometrial cancer 2%, but not as a germline variant. Asp275 forms

dbSNP138
rs1219178564
rs199930068%
MR

rs7 77110723
ra749286362
rs749848475

the exonuclease catalytic site of POLE and is involved in binding of
metal ions important for exanuclease activity.

We found 1 PTEN (NM_000314.4) variant ¢377C>T (p.Alal26-
Val) in a patient diagnosed with 4 metachronous tumours (CRC, clear

cell renal carcinoma, thymoma and parathyroid adenoma), some of

ExAC

7 A44e-05
B43e-05
MR
B.25e-06
4.34e-05
0.00016

which overlap with the tumour spectrum of Cowden Syndrome (MIM
#158350). CRC was the first cancer, diagnosed at 46 years of age.
The PTEN missense variant is within a highly conserved catalytic
domain, and it s reported to give rise to completely inactive
pl'DiEil'Lzs'z?

The CHEK2Z (MM_0D071943) wariant (c.1100del, p.
Thr3s7Metfs*15) was found in a patient who was diagnosed with
CRC at age 37. This CHEKZ variant is a well described, lower pene-

trant mutation, mainly associated with breast cancer, but also CRC
28.29

p.Gly5155er

p.Trpl?5Arg
p.Arg834Gin
PArg292Cys
p.Gly336Cys

Protein
pArgs7 Trp

and prostate cancer.

c1543G=A

€583T=C
c2501G=A
cB74C-T

DMNA
c2029C=T
c1006G=T

3.3 | Variants of unknown significance (VUS) in
known CRC susceptibility genes

A total of 19 variants of unknown dinical significance were detected

in 21 samples in known cancer susceptibility genes, and some of

NM_138557.2

MM_0204648.5

MNM_018449.2

NM_001080491.2

NM_020917.2

Ref. seq.
MNM_D03264.3

these may also prove to be pathogenic (Table 3).

MLH1 variant ¢.514G=A (p.Glul172Lys) was found in a patient
diagnosed with CRC at age 51 who has several family members
affected with CRC. Residue Glul72 is highly conserved and located
in the ATPase domain of MLH1, although not at the ATP binding site.
This variant has previously been observed 3 times in the COSMIC

database. Two times as a somatic change in breast and endometrial

UBAP2
USP&NL
ZFP14

(Continued)
Gene
TLR2

R4
TWSG1

ID
189
213
189
53
198

Variants marked in bold are interesting candidates to be looked further into for their potential role in CRC susceptibility.

*Variant found in additional affected and unaffected individuals from the same family.

Abbreviations: CRC, colorectal cancer; MR, not reported; RF, risk factor.

TABLE 4
Sample

cancer and once in a cell culture from the large intestine. A MSH&
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variant c.1282A>G (p.Lys428Glu) was found in a patient diagnosed
with cancer at age 41 with a family history of CRC and uterine can-
cer. Lys428 is highly conserved and located in the MutS | domain.
The variant has not been previously reported.

The POLE wvariant, c.229C>T (pArg77Cys), was identified in
3 affected individuals from the same family and in 1 obligate carrier.
Al 4 family members had early onset CRC and 1 had polyposis. Most
of the previously identified pathogenic mutations in POLE are found
in the DMA binding sites within the exonuclease domain®**31 pOLE
pArg77is conserved (up to 5. cerevisiae), and there is a large physico-
chemical difference between Arg and Cys (Grantham distance 180).
However, it is not located in any exonuclease domain or at an active
site, thus further investigation is needed in order to decide whether it
is a causative variant.

A BUB1 (NM_001278616.1) varant ¢ 24584>G (pArgB20GH)
was found in a patient affected with CRC at age 42 Residue
Arg820 is highly conserved and located in the protein kinase catalytic
domain of BUBL. The mutant residue potentially disturbs the domain
and is predicted to abolish its function. Although, the physiochemical
difference between Arg (positively charged) and Gly (no charge) is
moderate (Grantham distance 125), the difference in size, hydropho-
bicity and charge between the wild-type and mutant residue is pre-
dicted to disturb hydrogen bonds (Cys891 and Asp%32) and ionic
interactions (salt bridges) (Glu819, GluB92 and Asp?32) between resi-
due 820 and these other internal residues. The loss of charge can
also cause loss of interaction with other molecules.® The mutation
is therefore likely to affect the function of the protein.

PIK3CA (NM_006218.2) VUS c1729A>G (p.Arg577Gly) was
found in a patient diagnosed with CRC at age 58 and 3 metachronous
melanomas. Arg577 is highly conserved, it is predicted to be patho-
genic by & prediction programs (PolyPhen, SIFT, MutationTaster,
Align GVD, SMPs3D and UMD Predictor), and it located in the PIK
domain which has been suggested to be involved in substrate presen-
tation. As described above for the BUB1 mutation, the physicochem-
ical difference between Arg and Gly is moderate (Grantham distance
125). However, this change is predicted to disturb ionic interactions
(salt bridges) between PIK3CA residue 577 and Aspartic acid at posi-
tion 395 and 578, indicating an effect on the protein's function®?

Two PTEN variants c-491_-486del and c.-488_-4864del are located
in 5 UTR (or exon 1 in transcript NM_001304717) at a binding site for
RMA Polymerase Il. Detecting mutations in this region in 3 unrelated
Morwegian individuals suggests that these variants are common in the
Morwegian population. However, because these patients are highly
selected the 2 PTEN variants may be pathogenic if they disrupt RNA
Polymerase |l binding, but this needs further investigation.

The wariants in Table 3 with reported minor allele frequencies
are less likely to be pathogenic, except for that identified in BLM,
which is assodated with recessive disease. In addition, segregation
analysis of the MSH2 wvariant c138C=G (p Hisd46GIn) and PMS2
c1004A>G (p.Asn3355er) does not support pathogenicity. How-
ever, PM52 is found to have much lower penetrance for CRC than
the other MMR genes, and therefore mutations may not always be
assocated with disease™ For the remaining varants listed in
Table 3, there is no further information indicating whether they are
pathogenic or benign.

34 | Variants in candidate CRC genes

We identified 37 unique variants in 36 different patients in candidate
genes that have a potential role in CRC susceptibility (Table 4). There
was no evidence of autosomal recessive disease identified in this
dataset. Variants with a reported allele frequency are less likely to
cause a highly penetrant disorder, although moderately penetrant dis-
orders are possible but more difficult to identify. Laminins are essen-
tial components of connective tissue basement membranes and
influence cell differentiation, migration, and adhesion. Laminin is vital
for the maintenance and survival of tissues and defective laminins
can lead to the autosomal recessive disorders such as congenital mus-
cular dystrophy (MIM #607855), junctional epidermolysis bullosa
(MIM - #226700 and #226650) and Pierson Syndrome (MIM
#609049).>" We identified 8 variants in laminin genes; LAMAZ,
LAMAS, LAMB4 and LAMCL. Based on Laminins function, these var-
iants are not the most probable candidates to play a role in CRC
susceptibility.

Segregation analysis was only possible for the variants DCLRE1A
(NM_014881.3) cd412C>T (pArgl387), MAML3
(ENSTO0000509479.3) ¢.1139C>T  (pSer380Phe) and MLH3
(NM_001040108.1) c.885del (p.His296Thrfs*12) due to the availabil-
ity of samples from additional family members. However, none of
these variants seemed to segregate with disease. The MLH3 variant
has previously been found in 2 CRC patients, 1 endometrial cancer
patient and 1 unaffected below the age of 75 in a family *°, suggest-
ing the variant to have reduced penetrance. They further suggested
MIH3 to be a low risk gene for CRC. DCC variant c.1817C=G (p.
Pro&06Arg) identified in patient no. 21 was not found in 2 affected
family members (nos 3 and 37) who also were included in this study.
Instead, these 3 family members all had the POLE VUS c229C=T
described above. Another DCC variant, ¢.3370C>T [pArgl124Cys),
was identified in patient no. 164 who also has a pathogenic BRCA1
mutation. Conseguently, these 2 DCC variants are not likely to be
associated with a predisposition to CRC.

The remaining 14 variants in the genes AXIN1, BMP4, CCDC18,
NUDT7, PICALM, PTPRJ, SLC5A%, TLRZ, TW5G1, UBAPZ, USP&NL
and ZFP14 have a potential role in CRC susceptibility (marked bold
in the table). Of these, the missense variants in AXIN1, BEMP4,
NUDT?, PICALM, PTPRJ, TLR2, TWSG1, USPSNL and ZFP14 are
located in protein functional domains and the residue (Arg®1)
affected in NUDT7 is a putative active site. Four wvariants in
CCDC18, PTPRJ and SLC5A? are frameshift variants. The most inter-
esting candidates are the 2 frameshift and the missense variant
(marked bold) in the PTPRJ gene. Epigenetic silencing of this gene
due to an inberited duplication in a CRC family has previously been
repu'tedm suggesting that this may be a new CRC susceptibility
gene. The 2 frameshift mutations are predicted to disrupt the func-
tion of this gene and the missense variant alters a highly conserved
amino acid involved in 2 functional domains (FTP type protein
phosphatase and protein-tyrosine phosphatase-like). All the patients
with PTPRJ alterations in this study were diagnosed with CRC
above the age of 50 vyears and have several family members
affected with CRC. Unfortunately no samples from additional family

members were available at this stage.
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4 | DISCUSSION

In this study, we found several pathogenic or likely pathogenic (dass
4-5) variants in known cancer susceptibility genes, which validates
our approach for identifying disease causing variants. Some of the
VUS's revealed in this study may also prove to be pathogenic, as
more becomes known about the functional impact of these variants.

Three variants in MLH1 and M5H6 as well as a number of var-
iants of unknown significance (WVUS) were identified in our sample
set. The most likely explanation for this finding is the accuracy of
some of the screening protocols that were used to identify variants
in known MMR genes. Using high-throughput screening approaches
that are significantly more accurate than previous methodologies it is
to be expected some additional mutations in these genes will come
to light. We recommend that samples screened by methodologies
that do not employ direct DMNA sequencing be re-evaluated by better
more cost-effective and accurate assays.

The phenotype of hereditary cancer syndromes often overlap,
because of the pleiotropy of cancer genes. For example in LS a wide
spectrum of cancer types are associated with mutations in MMR
genes, like ovary cancer. Increased risk of ovary cancer is also asso-
ciated with mutations in BRCA1 and BRCAZ The spectra of cancer
types associated with each cancer syndrome are not always totally
determined either. Whether breast cancer is a part of the LS spectrum
have been widely debated. There has also been discussed whether
there is an increased risk for CRC in BRCA mutation carriers, and
recent studies have shown that there is an increased for CRC in female
BRCAL mutation carriers below the age of 50 years (reviewed in*),
This makes it more difficult to choose the appropriate genels) to test
By usdng multigene parels, all relevant genes can be tested simulta-
neously, increasing the probability of finding a causal variant. An exam-
ple in this study is patient no. 7 in which we discovered the pathogenic
BRCAL variant c.20%6+3A>G. This patient and a first degree relative
were both affected with CRC and consequently this patient was, at
that time, only tested for MMR genes. There was also a case of bilat-
eral breast cancer and 2 cases of ovarian cancer in this family, but the
2 CRC cases in the index patient and her parent suggested a CRC pre-
dispasition rather than a breast ovarian cancer family.

Another advantage by using a broader gene panel testing
approach is that it may reveal whether there is more than 1 pathogenic
variant in a high-risk family. Mutations in different genes in 1 family
may explain an untypical spectrum spedcre of cancer types in a family.

For LS there are several aspects that can lead to misguided
genetic testing of MMR genes. Loss of MMR gene expression may be
a result of somatic inactivation mimicking that observed in LS
tumours.”” These patients do not have LS, but a mutation in another
CRC-predisposing gene may be associated with their increased can-
cer risk. This may well be the case for many of the patients induded
in this study because 83 showed a lack of MMR protein staining in
their tumaurs, 27 were MSI-High and & were MSI-Low. The tumours
from 4 of the patients with pathogenic mutations identified in POLE
(nos 4 and 28), BRCA1 [no. 7) and ATM (no. 34), were MSI-High (nos
28 and 34) or MSI-Low (nos 4 and 7), and some had aberrant MMR
expression. Mos 28 and 34 did not express MLH1 and PM52

WILEYI:LINICM | a1

(no promoter methylation), no7 did not express MSHé&, while
no. 4 had normal MMR staining. Tumour immunohistochemical ana-
lyses can fail to indicate LS. In previous studies we have shown that
same pathogenic MMR variants do not affect protein staining or
W51 These patients are at risk for not being tested for LS.

We identified several potentially pathogenic wariants in pre-
viously proposed candidate CRC susceptibility genes thereby increas-
ing the evidence that they are associated with disease risk.
Motwithstanding, additional studies on these genes are required to
unequivocally define them as CRC susceptibility genes. Although we
have narrowed the list down to some interesting candidates (indi-
cated in Table 4), we could not confirm any of the proposed candi-
date CRC susceptibility genes due to the absence of additional family
members participating in this study. The POLE variant c229C>T (p.
Arg77Cys) exemplifies this point, where additional family members
appeared to confirm the association. Owing to the paucity of data on
what it actually means to harbour a potential causative variant in any
of the genes we have identified, we do not recommend the inclusion
of candidate genes in a diagnostic setting, as they would only confuse
an already complex situation.

For many of the patients we did not find any genetic explanation
for their increased CRC risk. The cause for CRC susceptibility in these
patients may be found in non-coding regions of the genes of interest
or could be explained by copy number variations, which were not
addressed in this study. Alernatively, the mutational yield was not
particularly high in this study suggesting that other variants are
located in genes not targeted by our panel design. These unexplained
cases are candidates for exome and whole-genome sequencing.

In conclusion, we have identified a most probably genetic cause
for the increased risk of CRC for 17 (6%) of the patients included in
this study. We have also identified some variants both in known- and
candidate CRC susceptibility genes which should be the subject of
further research to determine their involvement in CRC risk. Owerall,
the results show that gene panel sequencing is a more effective
method by which to identify pathogenic germling variants in CRC

patients compared with a single gene approaches.
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7.2) Additional Tables from the familial polyposis syndrome study

Table 9. List of additional variants predicted to be pathogenic identified in FAP-like cohort (not included in the above manuscript). Ref=Reference

allele, Alt=Alternative allele, VUS=Variant of Unknown Significance

Variation Protein Consequence Site Gene Protein Domain TAPES Sample
Symbol Prediction
NM_015967.7:c.727A>G p.Thr243Ala Missense exonic PTPN22 Protein-tyrosine  phosphatase-like;PTP  type protein VUS AV
phosphatase
NM_021133.4:c.471_474d p.Lys158Argfs  Stop-gain exonic RNASEL N/A Likely AR
elAAAG Ter6 Pathogenic
NM_000179.2:¢c.3260C>A  p.Pro1087His Missense exonic MSH6 DNA mismatch repair protein MutS, clamp|DNA mismatch  Likely BV
repair protein MutS, core;DNA mismatch repair protein Pathogenic
MutS, core;DNA mismatch repair protein MutS, core|P-loop
containing nucleoside triphosphate hydrolase
ENST00000302036.7:c.20 p.Glu70Lys Missense exonic 0OGG1 8-oxoguanine DNA glycosylase, N-terminal VUS BN
8G>A
NM_002916.4:c.866T>C p.Leu289Pro Missense exonic RFC4 DNA  polymerase Ill, clamp loader complex, VUS R
gamma/delta/delta subunit, C-terminal|Replication factor C,
C-terminal
NM_001163213.1:¢c.1321 p.Arg441Cys Missense exonic FGFR3 Immunoglobulin subtype|lmmunoglobulin subtype VUS BF
C>T 2|Immunoglobulin-like domain|iImmunoglobulin-like fold
NM_001166108.2:c.1394 p.Arg465His Missense exonic PALLD Immunoglobulin I-set|Immunoglobulin  Likely BV
G>A subtype|Immunoglobulin  subtype  2|Immunoglobulin-like  Pathogenic
domain|Immunoglobulin-like fold;Immunoglobulin I-
set|Immunoglobulin-like domain|Immunoglobulin-like
fold;Immunoglobulin-like fold
NM_182925.5:c.3214G>A  p.Gly1072Ser =~ Missense exonic FLT4 Protein kinase domain|Protein kinase-like domain|Serine- Likely M
threonine/tyrosine-protein kinase, catalytic  Pathogenic

domain|Tyrosine-protein kinase, catalytic domain
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NM_002944.2:c.4892A>G p.Tyr1631Cys  Missense exonic ROS1 Fibronectin type Ill|Immunoglobulin-like fold Likely R
Pathogenic

NM_000553.5:c.1717A>G  p.Thr573Ala Missense exonic WRN DEAD/DEAH box helicase domain|Helicase superfamily Likely AS
1/2, ATP-binding domain Pathogenic

NM_024642.5:c.796G>A p.Glu266Lys Missense exonic GALNT12 Glycosyltransferase 2-like|Nucleotide-diphospho-sugar  VUS BV
transferases

NM_022124.6:c.5647A>C  p.Asn1883His = Missense exonic CDH23 Cadherin|Cadherin-like VUS BD

NM_022124.6:c.9932C>T  p.Ser3311Leu  Missense exonic CDH23 Cadherin|Cadherin-like VUS AC

NM_001174084.2:¢c.1090 p.Arg364Cys Missense exonic POLL DNA polymerase lambda, fingers domain|DNA-directed VUS BN

C>T DNA polymerase X

NM_206937.2:¢.560T>C p.lle187Thr Missense exonic LIG4 DNA ligase, ATP-dependent, N-terminal VUS BG

NM_005484.3:¢.709C>T p.Arg237Trp Missense exonic PARP2 Poly(ADP-ribose) polymerase, regulatory domain VUS BE

NM_013975.4:c.2078T>A  p.Val693Glu Missense exonic LIG3 DNA ligase, ATP-dependent, central|Nucleic acid-binding, VUS AX
OB-fold

NM_000234.3:¢c.1003C>T p.Leu335Phe Missense exonic LIG1 DNA ligase, ATP-dependent, N-terminal VUSs BX

NM_021067.5:c.247C>T p.Arg83Cys Missense exonic GINS1 GINS subunit, domain A Pathogenic BQ
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Table 10. List of Pathways significantly enriched in pathogenic variants. Using the GO Biological Process library. Ranked by adjusted p-value.

Name P-value Z-score Combined score Genes Adjusted p-value
intraciliary retrograde transport 2.26E-07  -2.68077347 41.01726813 ['ICK', 'DYNC2LII', 'IFT43', 'TTC21B', 'IFT122' 'TTC21A', 'WDR35'] 0.00074313
(G0O:0035721)

DNA strand elongation involvedin  1.02E-05 -2.485462 28.56344354 ['GINSI', 'RFC4', 'LIG1', 'PARP2', 'LIG4', 'LIG3', 'POLE'] 0.01096476
DNA replication (GO:0006271)

base-excision repair  1.34E-05 -1.892174 21.23526286 ['WRN', 'LIGI1', 'NTHLI1', 'OGGI', 'POLL’, 'LIG3', 'ERCC6', 'POLE', 0.01096476
(GO:0006284) 'TP53', 'MUTYH']

protein localization to cilium 1.02E-05 -1.623930 18.66014461 ['TUB', 'ARL6', 'TTC21B', 'IFTI122', 'TULP3' 'TTC21A', 'TULPI', 0.01096476
(GO:0061512) 'WDR35']

carbohydrate catabolic process 5.64E-05 -2.142826 20.96336459 ['HK3', 'PKLR', 'MAN2B2', 'NAGA', 'MAN2C1', 'PGK2', '"ENO2', 'PFKM',  0.0370096

(GO:0016052)

'PGM1']
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