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Abstract

Heterozygous carriers of loss-of-function (pathogenic) variants in BRCA1 or
BRCAZ2 have an estimated absolute risk of 13 to 58% for ovarian cancer, especially of
high grade serous ovarian carcinoma, the most common subtype of ovarian cancer. As
not all familial cases of ovarian cancer are attributed to germline pathogenic variants in
the known predisposing genes, we performed whole exome sequencing analysis of an
unusual BRCA1 and BRCAZ2 pathogenic variant negative French Canadian ovarian
cancer family to identify new candidate alleles. A rare missense variant FANCI
c.1813C>T; p.L605F was identified in the heterozygous state. The aim of this study was
to investigate FANCI/ as a candidate ovarian cancer predisposing gene using a
molecular genetic approach involving genetic analyses of: the frequency of FANCI
¢.1813C>T in ovarian cancer cases and controls; the germline and somatic exomic
landscape of FANCI ¢.1813C>T ovarian cancer carriers; and germline and somatic
FANCI variants across different cancer types. | identified FANC/ ¢.1813C>T more
commonly in French Canadian ovarian cancer families compared to cancer-free
controls, suggesting its role in risk. This, with in cellulo data, genetic analyses in ovarian
cancer cases from other populations, and protein expression analyses, supports the
role FANCI may play in ovarian cancer risk. Further investigation of the discovery
FANCI c.1813C>T ovarian cancer family of French Canadian ancestry revealed 66
candidate variants most likely to affect protein function. None of these variants were
identified in other FANC/ c.1813C>T OC cases of French Canadian ancestry. Loss or
allelic imbalance of wild type FANC/ c.1813C>T allele detected in some tumours

suggests that abrogation of FANCI/ protein function occurs at the cellular level in ovarian
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tumourigenesis. The somatic variant profile of tumour cells from FANC/ c.1813C>T
ovarian cancer carrier cases exhibited features consistent with the known molecular
genetic characteristics shared among ovarian cancer tumours. Germline FANCI
¢.1813C>T and other somatic variants were identified in diverse cancer cases,
suggesting a possible role in tumourigenesis in other cancer types. This study is the first
to propose and provide evidence in support of FANC/ as a new candidate ovarian
cancer predisposing gene, which may account for some of the hereditary ovarian
cancer cases that are not due to BRCA1, BRCAZ2, and other ovarian cancer

predisposing genes.



Résumé

Les porteuses hétérozygotes de variants induisant une perte de fonction
(pathogéniques) de BRCA1 ou BRCAZ2 ont un risque absolu de cancer de l'ovaire
estimé entre 13 et 58 %, particulierement pour le carcinome séreux de l'ovaire de haut
grade, le sous-type le plus courant. Puisque tous les cas familiaux de cancer de I'ovaire
ne sont pas attribuables a des variants germinaux pathogéniques de génes de
prédisposition connus, nous avons effectué une analyse par séquencgage de I'exome
entier d'une famille de cancers de I'ovaire d’ascendance canadienne-frangaise, négative
pour les variants pathogéniques communs de BRCA1 et BRCAZ2 afin d'identifier de
nouveaux candidats alléliques. Un variant rare de type faux-sens FANC/ c.1813C>T;
p.L605F a été identifié a I'état hétérozygote. Le but de cette étude était d'étudier FANCI
en tant que géne candidat de prédisposition au cancer de l'ovaire a I'aide d'une
approche de génétique moléculaire impliquant des analyses génétiques de : la
fréquence de FANCI c.1813C>T dans les cas de cancer de l'ovaire et les controles ; le
portrait exomique germinal et somatique des patientes atteintes de cancer de I'ovaire
porteuses de FANCI/ c.1813C>T; la présence de variants germinaux et somatiques de
FANCI dans différents types de cancer. J'ai identifie FANC/ c.1813C>T plus
freiquemment dans les cas de cancer de l'ovaire chez les familles d’ascendance
canadienne-frangaise par rapport au groupe témoin sans cancer, ce qui suggere un rble
de FANCI dans 'augmentation du risque. Ceci, ainsi que des données in cellulo, des
analyses génétiques de cas de cancer de 'ovaire dans d'autres populations et des
analyses d'expression protéique, soutiennent le role que FANCI peut jouer dans le

risque de développer un cancer de I'ovaire. Une enquéte plus approfondie de la famille



de cancer de l'ovaire d’'ascendance canadienne-francaise FANCI ¢.1813C>T a révélé
66 candidats variants susceptibles d'affecter la fonction de la protéine. Aucun de ces
variants n'a été identifié dans d'autres cas de cancer de I'ovaire FANC/ c.1813C>T
d'ascendance canadienne-francgaise. La perte ou le déséquilibre allélique de l'allele
FANCI c.1813C>T de type sauvage détectée dans certaines tumeurs suggére que
I'abrogation de la fonction protéique de FANCI se produit au niveau cellulaire dans la
tumorigenése ovarienne. Le profil de variant somatique des cellules tumorales dérivées
des cas de cancer de 'ovaire porteurs de FANC/ c.1813C>T présentait des
caractéristiques compatibles avec les caractéristiques génétiques moléculaires connues
partagées par les tumeurs du cancer de l'ovaire. Le variant germinal FANC/ ¢c.1813C>T
et d'autres variants somatiques ont été identifiés dans divers cancers, suggérant un réle
tumorigénique possible dans d'autres types de cancer. Cette étude est la premiére a
proposer et a fournir des évidences supportant le réle de FANCI en tant que nouveau
gene de prédisposition au cancer de I'ovaire, ce qui pourrait expliquer certains cas de
cancer de l'ovaire héréditaires qui ne sont pas dus a BRCA1, BRCAZ2 ou a d'autres

genes de prédisposition au cancer de l'ovaire.
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Contribution to original knowledge

Since the reports of the first cancer predisposing genes (CPGs) in the 1980s'-°
considerable effort has been made to determine predisposition genes underlying
cancers. Over 100 CPGs have since been identified®, with many more being reported
each year’, though they have not all been validated. My strategy, using highly selective
inclusion criteria for the discovery of a CPG in a genetically unique population exhibiting
genetic drift, allowed me to identify a candidate variant that is uncommon in the general
population. | initially used a candidate gene approach to identify the most plausible
candidate for further investigation, which was supported by my investigation of the
germline landscape of my discovery family F1528. We used a multidisciplinary
approach to provide biological evidence of my candidate variant’s effect on protein
function to complement genetic data suggesting an involvement in ovarian cancer risk.
Collectively, this approach provided evidence for the identification of a likely pathogenic
variant FANCI, a previously unknown CPG.

This project provides evidence in support of FANC/ as a new candidate ovarian
CPG, which may account for some of the hereditary ovarian cancer cases that are not
due to BRCA1, BRCAZ2, and other ovarian CPGs. In the future, my research findings,
once validated, may be used to develop a genetic biomarker for identifying those at risk
for ovarian cancer due to FANCI, and thus help in management of their risk as has been
established for carriers of pathogenic variants in known ovarian cancer risk genes in

medical genetic settings.
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1.0 Chapter 1: Introduction
1.1 Ovarian cancer genetics

Ovarian cancer (OC) is the most lethal gynecologic malignancy and has a
lifetime risk of 1.3% in the North American population8. OC is the tenth most common
cancer diagnosed in females in Canada® with an estimated 3,000 new cases diagnosed
in 2022'°, OC has been estimated, from twin studies, to have a heritable component
between 22 and 39%'"'2 and individuals with a first-degree relative diagnosed with OC
have a 3- to 7-fold increase in risk'3. Though the heritability of OC is estimated to be
high, the search for inherited cancer predisposition genes (CPGs) began with more
prevalent cancers, such as colorectal and breast. By 1990, a region of chromosome 17
was associated with breast cancer (BC) families and suspected of harbouring a major
gene that predisposes to BC'4. The observation that many of these BC families also had
relatives diagnosed with OC suggested that a risk gene may not be specific to only one
tissue. Further studies of these families eventually led to the identification of the breast
and ovarian cancer risk gene, BRCA1, in 1994516 There was still a large proportion of
families unaccounted for by BRCA1, which prompted investigation into other possible
risk loci, which led to the identification of BRCA2 on chromosome 13 in 1995"7:18, Other
OC predisposing genes have now been identified and are discussed below and high

and moderate penetrance genes (Figure 1.1).
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1.1.1 High penetrance genes

Both BRCA1 and BRCAZ2 are high penetrance OC predisposing genes.
Pathogenic variants in these genes are associated with an autosomal dominant pattern
of inheritance and are identified in 50-85% of hereditary breast and ovarian cancer
(HBOC) syndrome families and in 10-15% of all epithelial OC cases?°-22. As pathogenic
variants in BRCA1 and BRCAZ2 are identified in a large proportion of OC cases, they are
referred to as the major OC risk genes. Pathogenic variants in BRCA1 and BRCA2
confer absolute risks for OC of 39-58% and 13-29% (Figure 1.1), respectively, reported
by the National Comprehensive Cancer Network® (NCCN®) Clinical Practice
Guidelines in Oncology — Genetic/Familial High Risk Assessment: Breast, Ovarian, and
Pancreatic Version 1.2023 — September 7, 2022"°.

Other high penetrance OC genes include those associated with Lynch syndrome,
also known as hereditary non-polyposis colorectal cancer, which predominantly features
colorectal and endometrial cancers?3. Lynch syndrome is characterized by autosomal
dominant inheritance of germline pathogenic variants in the mismatch DNA repair
pathway genes, MLH1?425 MSH22%6, MSH6%’, and PMS228. Most Lynch syndrome
families are accounted for by MLH1 (15-40%) and MSH2 (20-40%), and have an
absolute risk for OC of 4-20% and 8-38%, respectively'®?° (Figure 1.1). Pathogenic
variants are less commonly identified in Lynch syndrome families in MSH6 (12-35%)
and PMS2 (5-25%) and confer absolute risks for OC of <1-13% and 1.3-3%,
respectively'® (Figure 1.1). The frequency of all pathogenic variants in these four

mismatch DNA repair genes is <1% in sporadic OC cases?°.



1.1.2 Moderate penetrance genes

As germline pathogenic variants in the high penetrance OC predisposing genes
only account for approximately 55% of multi-case OC families3’, a candidate gene
approach, focusing on genes in the same DNA repair pathway as BRCA1 and BRCA2
which will be discussed below, was employed to identify other OC risk genes. Three
genes, BRIP1, RAD51C, and RAD51D, which function as members of the same DNA
repair pathway that intersects the function of BRCA1 and BRCAZ2, were identified in OC
families and are now established OC predisposing genes®>-3’. The absolute risk for
carriers of pathogenic variants in BRIP1, RAD51C, and RAD51D is 5-15%, 10-15%, and
10-20%, respectively'® (Figure 1.1), and therefore these genes are classified as
moderate penetrance genes for OC.

PALB2 (partner and localizer of BRCA2), which interacts with BRCA2 in DNA
repair, was first identified as a BC predisposing gene3®3° in 2007 and was thought to
exhibit little-to-no risk to OC. In the largest study to date of 524 PALBZ2 pathogenic
variant carrier families, the relative risk for OC was estimated to be 2.91 (95%
confidence interval (Cl) 2.84-9.65)*° and the absolute risk is estimated at 3-5% for OC
by NCCN® Guidelines'® (Figure 1.1).

Individuals harbouring heterozygous pathogenic variants in ATM were initially
associated with increased BC risk*!, though results were conflicting across other
studies*?>44. More recent studies have shown an association of variants in ATM with
OC4*-48 though the absolute risk is estimated to be 2-3%"° (Figure 1.1). The initial

identification of variants in PALB2 and ATM associated with BC led to the inclusion of



these genes on multi-gene panels for the testing of BC and OC cases. This likely aided
in the subsequent establishment of an association with OC.

All identified moderate penetrance OC predisposing genes have been associated
with an autosomal dominant pattern of inheritance. Pathogenic variants in moderate
penetrance genes account for approximately another 5% of multi-case OC families®'.

1.1.3 Associated markers

Genome Wide Association Studies (GWAS) have identified more than 30
markers that are associated with OC risk*>%. These markers have odds ratios (OR)
ranging from 1.09 to 2.194°, which would be considered as low risk for disease and
none have been validated as OC risk variants. As the main goal of GWAS is to identify
associations across the genome, these variants have been correlated with individuals
with disease, though they may not be causal. In addition, the markers identified may not
be the drivers of the association as many are in intergenic or intronic regions of the
genome and may be in linkage disequilibrium with a causal variant.

Polygenic risk scores have been developed for other cancers such as breast and
colorectal, and more recently this has been applied to OC®%':%2_ It is currently unclear
how useful these scores will be in the clinic as even individuals in the top fifth percentile
of scores only had an absolute risk for epithelial OC by age 80 of 2.9%5", which is
similar to other emerging OC risk genes which have not been applied clinically due to
lack of information®. Thus, for this thesis | have chosen to focus on rare, protein coding

variants in the genome that could be directly associated with epithelial OC risk.



1.1.4 Cancer phenotypes associated with OC predisposing genes

The pathological subtypes of OC have distinct etiological, genetic, and clinical
attributes. Epithelial OC accounts for over 90% of all malignant OC tumours with the
remainder being evenly distributed between tumours arising from stromal and germ
cells®3. Nearly all benign and malignant OC tumours arise from these three cell origins.
Most often, pathogenic variants in OC risk genes are identified in epithelial ovarian
cancers, rather than those of stromal or germ cell origin. Pathogenic variants in BRCAT1,
BRCAZ2, BRIP1, RAD51C, and RAD51D are mainly identified in high-grade serous
ovarian carcinoma (HGSC), the most common epithelial OC histopathological subtype
that accounts for 70% of epithelial OCs%4-6. Pathogenic variants in the mismatch repair
genes (MLH1, MSH2, MSH6, and PMSZ2) are identified mostly in endometrioid (1.65%)
and clear cell (1.87%) subtypes of epithelial OC, compared to HGSC (0.35%)3%57.
Pathogenic variants in any of these genes may also be identified in other epithelial OC
subtypes, such as mucinous, though it is much less common (0-0.58% depending on
the gene mutated)°. Due to the prevalence of HGSC and the fact that known CPGs
have been identified in only 60% of multi-case OC families3', | will mainly focus on this
histopathological subtype of OC.

The median age at OC diagnosis in North America is 63 years®. This age at
diagnosis has been estimated to vary if an individual harbours a pathogenic variant in a
high risk OC predisposing gene, for example the median age at diagnosis for BRCA1
pathogenic variant carriers is 53 years and 65 years for BRIP1 pathogenic variant
carriers®8. As there is currently no effective screening method for OC>®, individuals

harbouring pathogenic variants in BRCA1, BRCAZ2, BRIP1, RAD51C, or RAD51D are



offered risk reducing salpingo-oophorectomy'®, removal of the fallopian tubes and
ovaries, which decreases risk significantly (up to 80%)%°6'. For PALB2 and ATM, there
is insufficient evidence to recommend risk reducing surgery and carriers should be
counseled based on family history’®.

Following a diagnosis of OC, the first line of treatment is primary debulking
surgery followed by platinum-based chemotherapy, a clinical course which has been the
standard of care since the 1980s%2. There has been some evidence for use of
neoadjuvant chemotherapy followed by interval debulking surgery, though the choice
between this method and the standard of care is still debated®?. First-line treatment with
carboplatin or cisplatin and paclitaxel is the standard chemotherapy used following
primary debulking surgery. These guidelines for first-line care in OC are largely based
on HGSC cases as they encompass the largest subgroup of cases.

The two major OC predisposing genes, BRCA1 and BRCAZ2, have been
associated with an increased risk of other cancers such as the aforementioned BC
(>60% absolute risk), pancreatic cancer (5% and 5-10%, respectively), prostate cancer
(7-26% and 19-81%, respectively), and melanoma (elevated but unknown risk for
BRCAZ2 carriers only)'®. This tissue tropism is also exhibited by other CPGs associated
with cancer syndromes, such as the mismatch repair genes (hereditary non-polyposis
colorectal cancer syndrome) that increase risk for cancers including colorectal,
endometrioid, stomach, hepatobiliary, upper urologic tract, and ovarian?. It is not well
understood why this tissue specificity exists but it has been posited that cell of origin
and differentiation, tumour suppressor barriers that initiate cell death or senescence,

chromatin organization and regulatory elements, single catastrophic genetic events, or



tolerance of DNA damage could influence this tissue specificity®3. It is therefore possible
that newly identified CPGs may also exhibit tissue tropism with an increased risk for
more than one cancer type.

1.1.5 Somatic genetics of HGSC tumours

Approximately 40% of known CPGs have been shown to be mutated in tumours
and play a role as drivers of tumourigenesis®*. One such example is TP53, the most
commonly mutated gene in human tumours, suggesting an integral role of aberration of
this pathway in tumourigenesis®. Common alterations in cancer genomes may glean
insight to molecular mechanisms driving cancer phenotypes and possible therapeutic
targets®6.67,

The most common somatic alteration in HGSC tumours is pathogenic variants

identified in TP53, which is observed in >95% of patients®®. Other less prevalent
variants have been identified in CSMD3 (6%), NF1 (4%), BRCA1 (3%), BRCA2 (3%),
CDK12 (3%), and RB1 (2%) in HGSC tumours®®. There is a characteristic ‘long tail’ of
other variants that are found at very low frequencies and can be specific to each
individual tumour®89, Pathway analysis has shown that the FA-HR pathway is altered in
over 50% of HGSC tumours®. HGSC is characterized by genome-wide copy number
alterations (CNAs) with one of the most common focal amplifications observed in
CCNE1%8, Overall survival has been reported to be lower for patients with CCNE1
amplification compared to patients without CCNE1 amplification’®. However, when
stratifying patients based on BRCA1 or BRCAZ2 pathogenic variant status (germline or
somatic) no survival disadvantage was identified for patients with CCNE1 amplified

tumours®8,



1.2 Why search for new OC predisposing genes?

Since the discovery of BRCA1 and BRCAZ2 in the mid-90’s, it has been evident
that not all OC families are accounted for by pathogenic variants in these two genes”. It
was reported that 27% of families with two cases of OC and 54% of families with three
or more cases of OC had an identifiable pathogenic variantin BRCA7 or BRCA2™. In
the largest study of OC families with two or more cases in first- or second-degree
relatives the authors identified a pathogenic variant in BRCA1 or BRCAZ2 in 51% of
cases?!. Other established high and moderate penetrance OC predisposing genes
(mismatch repair genes, ATM, BRIP1, PALB2, RAD51C, and RAD51D) accounted for
another 9% of these OC families®! (Figure 1.2). Other genes have been associated with
OC risk (including variants identified from GWAS), though this risk has yet to be
established, and each new gene is expected to account for a small proportion of OC
cases. Thus, there remains a proportion of OC families not attributed to genetic factors
that have been previously established, suggesting other OC predisposing genes are yet

to be discovered.
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Figure 1.2. Frequency of pathogenic variants in moderate and high penetrance OC
predisposing genes identified in OC families with 22 epithelial OC cases within first- or
second-degree relatives (n=229 families).

Adapted from data presented in Flaum et al."
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1.2.1 Strateqies to identify new OC predisposing genes

Several factors pose challenges to finding new OC predisposing genes including
the low incidence of OC, rarity of pathogenic variants in each OC predisposing gene,
and genetic and allelic heterogeneity of OC. Epidemiological factors, such as oral
contraceptive pill use and reproduction, may also affect the prevalence of OC. It has
been suggested that the projected 27% lower incidence of OC in Canada in 2021
compared to 1984 could be partially due to the increased use of oral contraceptive pills
and changes in reproduction (first births at later age)?®.

Classical linkage analysis using informative genetic markers in large families with
affected members was used to identify CPGs such as RB1, TP53, BRCA1, and
BRCAZ25%4, Logarithm of odds scores were used to identify candidate regions followed by
meiotic recombination mapping to refine the location including the putative CPG"2.
Additional polymorphic markers up and downstream of the putative gene could then be
used to map alleles in linkage until one was found that no longer segregated with
disease’3. Once a CPG was identified through this method, they were assessed by
germline DNA sequencing from linked families and segregation of the same pathogenic
variant with affected members within the same family”3. This method was used at a time
when the Human Genome Project was underway but not yet complete’4, and the
biological function of many genes was unknown. Linkage analysis therefore allowed for
the identification of associated markers with little knowledge of the human genome and
function of the encoding proteins. Caveats to this approach include the need for large
families with multiple affected members with available genetic material and informative

genetic markers within the region of interest. Although, when large families with multiple
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affected members are identified this approach becomes advantageous allowing for
segregation analysis of variant alleles with disease to vet candidates’®. These
discoveries of early CPGs, such as BRCA1 and RB1, led to investigations of the
biological pathways in which these genes function, informing future studies aiming to
identify new CPGs®%4.

With the advent of massively parallel sequencing approaches, such as whole
exome and whole genome sequencing (WGS), and with increasing biochemical
information about protein pathways, candidate gene approaches have been used in the
identification of new CPGs®4. A candidate gene approach relies on understanding the
mechanisms underlying the disease’®, such as a specific protein pathway suspected to
be involved in tumourigenesis. This approach can also be useful in more common or
complex diseases where the risk associated with each candidate is expected to be
small’®. A candidate gene approach led to the identification of the moderate penetrance
OC predisposing genes RAD51C3* and RAD51D%". The genes were investigated as
candidates as they’re part of the same molecular pathway as BRCA1 and BRCA2'7, as
will be detailed later in this chapter.

Whole exome sequencing (WES) involves the capture of regions that cover the
human exome followed by high-throughput DNA sequencing of these target-enriched
genomic regions’®. Enriching for the coding regions of the human genome has been
desirable as the regions are more interpretable compared to WGS78, and had allowed
for the identification of causal genes for Mendelian diseases’®. Single nucleotide
variants (SNVs) and small insertions and deletions can be determined from the DNA

sequencing data from WES and further interpreted following variant annotation with
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bioinformatic tools™. These bioinformatic tools include those using in silico analyses of
variants to determine conservation of the locus or likelihood of affecting the encoded
protein function. The tools used widely when | began my PhD project were Genomic
Evolutionary Rate Profiling (GERP++)8 for conservation of a locus and Sorting
Intolerant from Tolerant (SIFT)®! and Polymorphism Phenotyping v2 (PolyPhen2)82.
Since then, many more tools have been developed to interpret SNVs, particularly
missense variants. These tools have been evaluated for those with the ability to best
predict pathogenic variants®3-8¢ and can be applied to assist in the interpretation of
variants. These tools in combination with functional analyses to test the biological
impact of candidate variants have become important in interpreting missense variants
identified in the germline of cancer cases.

The study of families with multiple cases of cancer has been integral in the
discovery of many CPGs as the clustering of cancers within families suggests a
heritable component to the disease. As the heritable component of common cancers is
estimated at 33% from twin studies but only 3% of cancers can be attributed to CPGs,
there appears to be a large number of genetic factors yet to be determined’?%4. Variants
in the above-mentioned high and moderate penetrance OC predisposing genes account
for approximately 60% of OC families defined as families with two or more OC cases
within first- or second-degree relatives?®'. It is thus plausible that additional new risk
genes may be identified in families that do not harbour pathogenic variants in any of the
known or proposed OC predisposing genes. An obstacle to these discoveries is the
rarity of such families, as it has been estimated that in the general population only 5% of

individuals report a family history of two first-degree relatives with OC8”. A combination
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of strategies can therefore be applied to increase the possibility of identifying new OC
predisposing genes.

1.2.2 French Canadian population of Quebec, Canada

Worldwide, there are populations that have undergone genetic drift after a
population bottleneck, such as the Ashkenazi Jewish®, Finnish®, Icelandic®, and
French Canadian (FC) of Quebec®! populations. The unique genetic demography of
each of these populations can be attributed to endogamy or isolation by distance:92-95

The FC population of Quebec has been referred to as a founder population due
to shared ancestry from an estimated 8,483 founders who contributed to the
contemporary population®-%7, though there is no evidence of loss of genetic diversity®".
Approximately 10,000 settlers arrived from France to colonize Quebec (originally called
Nouvelle France) over 400 years ago in 160073. Over many generations there has been
a propagation of rare alleles in this population due to large family size and geographic
isolation. Examples of genetic diseases that are more prevalent in the FC population
due to its complex genetic demography include a type of Leigh syndrome (MIM
220111), Tay-Sachs disease (MIM 272800), oculopharyngeal muscular dystrophy (MIM
164300), and B-thalassemia (MIM 141900)%’. For BRCA1 and BRCAZ2, a limited number
of variants have been identified in FC OC cases and few frequently occur in the FC
population”® (Figure 1.3), in comparison to the over 7,000 variants that have been
identified worldwide in these genes®. Similarly, five RAD51C and RAD51D variants
have been identified in OC cases of FC ancestry®®, compared to over 200 variants
worldwide®®. The unique genetic demography of the FC population of Quebec thus

provides an opportunity to identify rare disease-causing variants that may be more
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Helical domain; OB = Oligonucleotide binding; Tower = Domain essential for DNA
binding'%3. BRCA1 GenBank: AAC37594.1% BRCA2 GenBank: AAB07223.1'°°, DNA
binding domain08,

Adapted from Fierheller et al.”®
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prevalent in this population. The above-mentioned strategies employing a candidate
gene approach in highly selected families from the FC population of Quebec has been
successful in facilitating the characterization of OC predisposing genes such as BRCA1,
BRCA2, RAD51C, and RAD51D"3°,

1.3 Biology of OC predisposing genes

BRCA1 and BRCAZ2 proteins function in the homologous recombination (HR)
DNA repair pathway that repairs double-stranded DNA breaks'®”. This pathway is
largely active during S and G2 phases of the cell cycle'® and relies on the sister
chromatid for high fidelity repair'®. The moderate penetrance OC predisposing genes,
BRIP1, PALB2, RAD51C, and RAD51D, also function in this HR DNA repair pathway.
The mismatch DNA repair genes (MLH1, MSH2, MSH6, and PMSZ2) function in the
repair of spontaneously mispaired bases and small insertion-deletion loops generated
during replication via the mismatch DNA repair pathway''°. Similarly, other genes
implicated in OC risk, such as ATM discussed above, are involved in DNA repair
pathways and/or genome integrity/stability. It has also been shown that approximately
20% of HGSC cases have identifiable germline variants in genes that encode proteins
involved in the HR pathway and in the associated upstream pathway, the Fanconi
anemia (FA) pathway®°.

Abrogation of the FA-HR pathway exhibits synthetic lethality with poly(ADP)-
ribose polymerases (PARP) which function in the choice between HR and the non-
homologous end-joining pathway, the other main pathway in the repair of DNA double-
stranded breaks'%°. PARP inhibitors (PARPI) are now clinically used to treat individuals

diagnosed with HGSC who harbour BRCA1 or BRCAZ2 pathogenic germline or somatic
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variants. This targeted therapy has been a breakthrough for the treatment of HGSC for
which first-line chemotherapy, platinum and taxol, has not changed in over 20 years. It
has been shown that some individuals who do not have identifiable BRCA1 or BRCA2
pathogenic germline or somatic variants also respond to PARPi'!''. There has been
considerable effort in the research community to determine why, and it is suggested that
any abrogation of the FA-HR pathway could lead to synthetic lethality upon treatment
with PARPi'"". Combinations of therapies targeting multiple pathways, such as PARPi
with immunomodulators or anti-angiogenesis therapies, may help elucidate
mechanisms underlying response to PARPI in individuals with and without pathogenic
variants in BRCA1 or BRCA2'2,
1.4 Fanconi anemia pathway

Interstrand crosslinks (ICLs), which are highly toxic DNA lesions that prevent
transcription and replication, are repaired by the FA pathway''3114_ |CLs may be caused
by endogenous (e.g., aldehydes) or exogenous (e.g., mitomycin C) agents, and occur in
each cell approximately 10 times a day''>-""%, There are three key groups that make up
the FA pathway: (1) the FA core complex; (2) the ID2 complex; and (3) downstream
proteins involved in HR (Table 1.1). The FA core complex consists of FANCA, -B, -C, -
E, -F, -G, -L, -M, and -T and the FA associated genes FAAP20, FAAP24, and
FAAP100. The ID2 complex is a heterodimer of FANCI and FANCD2, which are both
monoubiquitinated by the FA core complex. Downstream proteins, including those
encoding OC risk genes (FANCS [BRCA1], -D1 [BRCAZ2], -J [BRIP1], -N [PALBZ2], and -
O [RAD51C]), are involved in the resolution of the double-stranded DNA break that

occurs after excision of the ICL.
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1.5 Fanconi anemia

In 1927, the Swiss physician-scientist Guido Fanconi first described FA in a
family with severe bone marrow failure''®. FA is a rare (approximately 1 in 100,000)
heterogenous disease associated with bone marrow failure, congenital abnormalities,
and cancer risk''”. There have been 22 genes associated with FA with approximately
5% of FA patients remaining unexplained by pathogenic variants in these genes (Table
1.1). This gene family is characterized by participation in the same pathway, the FA-HR
DNA repair pathway''”. In contrast, other gene families are grouped based on the
amino acid similarity of the encoding proteins, homologous genes with similar
function'®. Complementation of patient-derived cells were used to determine if FA
patients had the same or different gene involved. These genes are designated as
Fanconi anemia Complementation Group A-W and given the gene symbol FANCA-W,
with the exclusion of H (as it was later determined to be the same as complementation
group A) and K (as FANCA and FANCK were deemed to sound too similar). Of the 22
genes associated with FA, 20 are associated with an autosomal recessive mode of
inheritance'!’. FANCB is located on the X-chromosome and is therefore associated with
X-linked inheritance; a dominant-negative de novo pathogenic variant was identified in
the only reported FANCR (RAD51) patient''®. Most (approximately 80%) of FA patients
have a pathogenic variant in FANCA, -C, and -G; there is clinical heterogeneity
depending on the gene involved''”. Approximately one third of FA patients do not
present with any visible phenotype and therefore it is recommended that all individuals
with persistent pancytopenia be tested for FA'7.120_In clinic, a diagnosis of FA is

confirmed by using a chromosome breakage test or identification of causal variant(s) in
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Table 1.1 Genes associated with Fanconi anemia and molecular function in the FA-HR
pathway.

Frequency Genomic

Gene Alias Molecular function

in FA location
FANCA - FA core complex 60-70% 16924.3
FANCB! - FA core complex 2% Xp22.2
FANCC - FA core complex 14% 9q22.23
FANCD1 BRCA2 Sf’;'eActfrprz'éri‘I’t?:eor: ta”d 2% 13q13.1
FANCD2 - ID2 complex 3% 3p25.3
FANCE - FA core complex 3% 6p21.31
FANCF - FA core complex 2% 11p14.3
FANCG XRCC9 FA core complex 10% 9p13.3
FANCI - ID2 complex 1% 159261
FANCJ BRIP1 DNA helicase 2% 17923.2
FANCL - E3 ubiquitin ligase <1% 2p16.1
FANCM - FA core complex <1% 14p21.2
FANCN  PALB2 Regulates BRCA1 <1% 16p12.2
FANCO RAD51C DNA repair via HR <1% 17922
FANCP  SLX4 nieracts with several <1% 16p13.3
FANCQ ERCC4/XPF DNA repair nuclease <1% 16p13.12
FANCR? RAD51 DNA repair via HR 2reported 15q15.1
FANCS BRCA1 DNA repair via HR <1% 17921.31
FANCT  UBE2T Er?z‘;m“”i”'conjugaﬁng <1% 1932.1
FANCU XRCC2 DNA repair via HR 1reported 7q36.1
FANCV REV7/MAD2L2 Translesion DNA synthesis 1 reported 1p36.22
FANCW  RFWD3 E3 ubiquitin ligase 1 reported 16q23.1
Unknown - - <5% -

'Associated with X-linked pattern of inheritance
2Dominant-negative
FA: Fanconi anemia; HR: homologous recombination; ID2: FANCI and FANCD2

heterodimeric complex
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the known FA genes by DNA sequencing'!”. Some of the FA genes are associated with
VACTERL-H (Vertebral abnormalities, Anal atresia, Cardiac defects,
Tracheoesophageal fistula, Esophageal atreasia, Renal and radial abnormalities, Limb
abnormalities with Hydrocephalus)'?', a rare genetic disorder characterized by evidence
of at least three of the eight anatomical components (MIM 276950).

In the context of FA, OC predisposition genes FANCD1 (BRCA2) and FANCN
(PALB?2) are associated with specific cancer phenotypes’??. FA patients with pathogenic
variants in these two genes were reported to have acute leukemia as is common in FA,
however, these patients were almost exclusively diagnosed with Wilms tumour, brain
tumour, or neuroblastoma'?2,

1.6 Preliminary analyses suggesting FANCI as an OC risk candidate

In 2007, three families of FC ancestry with three or more cases of OC in first-,
second-, or third-degree relatives were reported by Dr. Patricia Tonin’s group'23. One
family had a pathogenic BRCA1 variant, one family had a pathogenic BRCAZ2 variant,
and the third family was negative for pathogenic variants in both BRCA1 and BRCAZ2
(Figure 1.4). When WES became available, this family (F1528) was sequenced to
determine whether a hereditary factor increasing OC risk could be identified in the
exons of the genome.

WES and bioinformatic analyses of family F1528 identified 276 rare (minor allele
frequency [MAF]<1%) variants shared between the two sisters diagnosed with OC.
Under the assumption that OC is a dominantly inherited trait, variants shared in a
homozygous state were excluded as candidate risk variants. At the time of analyses a

candidate gene approach was employed, investigating variants in DNA repair pathway
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Figure 1.4. Pedigrees of French Canadian hereditary ovarian cancer families. Cancer
type [ovarian (Ov), fallopian tube (Ft), prostate (Pro), bladder (Bla), melanoma (Mel),
and lung (Lu)] and age of diagnosis or age of death are shown along with BRCA1 and
BRCAZ2 pathogenic variant carrier status; ¢ next to a symbol denotes a confirmed
cancer case.

Adapted from Tonin et al.1>® and Fierheller et al.124.
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genes, especially those involved in the FA-HR pathway, as approximately 20% of
sporadic OC cases were identified to have a germline potentially pathogenic variant in
one of these genes® and BRCA71 and BRCA2 are involved in this pathway. The only
candidate variant identified in FA-HR pathway genes based on this candidate gene
approach was FANC/ c.1813C>T; p.L605F in family F1528.

Preliminary in silico analyses of this variant suggested FANC/ c.1813C>T is
located at a highly conserved locus (GERP++) and the amino acid change of leucine to
phenylalanine was predicted to affect protein function (SIFT and PolyPhen2). Loci that
are highly conserved across species are considered to be important residues as
conservation across divergent species implies functional constraint'?®. This is
exemplified by the conservation of FANCI, FANCD2, and FANCL proteins across
eukaryotes'?®, though the core complex members are found only in vertebrates'?’.
Additionally, variants that are predicted to affect protein function where a loss of protein
function occurs could be encoded by tumour suppressor genes’?8.

Initial data showed that FANC/ ¢.1813C>T was more common in familial (1/7,
14.3%) compared to sporadic OC cases (7/273, 2.5%). If a variant is more common in
familial cancer cases compared to sporadic cancer cases or cancer-free controls, this
supports a role in conferring increased risk to cancer’s.

Population genetic databases indicated that the allele frequency of FANCI
¢.1813C>T was higher than expected (0.2-0.76%) compared to individual pathogenic
variants in OC predisposing genes such as BRCA1 and BRCA2 (0.001%)'2%130, The
rare variant hypothesis suggests that rare (MAF<1% in the population) variants are

more likely to be risk alleles in diseases'®!. Additionally, the precedence for variants that
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are more common than expected in the general population and that are nonetheless
involved in cancer disease risk is exemplified by CHEK2 c.1100del;
p.Thr367MetfsTer15 in BC. This CHEKZ2 variant has an allele frequency of 0.2% (range
0-0.9%) in population database Genome Aggregation Database (gnomAD) non-cancer
controls, an allele frequency that is similar to the FANC/ c.1813C>T allele (0.7%, range
0-1.8%)'32. A case-control analyses of this CHEK2 variant did not initially identify an
association with BC risk'33. However, stratification of cases into those with or without a
family history of cancer found that the prevalence of CHEKZ2 ¢.1100del in individuals
with a strong family history of BC was significantly higher compared to controls'33. This
example illustrates that variants more common than expected in the general population
may be involved in disease risk.

Preliminary functional analysis of the protein was therefore performed to
determine the effect that p.L605F may have on FANCI protein function, which revealed
that FANCI ¢c.1813C>T encodes a protein that does not function properly. Similar to the
above in silico prediction, the consequence of loss of protein function for a tumour
suppressor gene could promote tumourigenesis.

1.7 FANCI

Fanconi anemia complementation group | was established by somatic cell
hybridization analysis'3*; KIAA1794 was identified as the FANC/ gene in 2007 by three
different groups3%-1%7 in the pursuit of the gene associated with the FA
complementation group |. FANCI/ was identified using a FANCD?2 protein sequence-
based homology approach’>'3” and genome-wide linkage analyses'®. FANCI is

located in chromosome region 15926.1. These initial reports showed that FANCI:
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homozygous or compound heterozygous variants were identified in FA
complementation group | patients; is ubiquitinated, likely by the FA core complex;
protein formed a complex with FANCD2; protein participates in DNA repair pathways
and localized to sites of DNA damage; and patient cells are deficient in ubiquitinated
FANCD2. Though there are four known and 47 proposed transcripts for FANCI in Homo
sapiens, the canonical transcript (NM_001113378.2 genome assembly GRCh37/hg19)
contains 38 exons and encodes a protein that has 1,328 amino acids (Figure 1.5).

FANCI has five protein domains: leucine zipper'3®, SUMO-like domain-interacting
motif (SLIM)"3°, Armadillo repeat (ARM)'37:140 EDGE (consists of Glutamic acid [E] -
Aspartic acid [D] - Glycine [G] - Glutamic acid [E] amino acids)'', and nuclear
localization signal (NLS)'#! (Figure 1.5). FANCI is an integral member of the FA-HR
pathway and acts as the molecular switch to turn on this pathway'#2, such that FANCI is
required for the activation of the FA core complex when an endogenous or exogenous
agent creates a DNA interstrand crosslink'#3.14 (Figure 1.6). The FA core complex is
responsible for the ubiquitination of FANCI and its heterodimeric binding partner
FANCDZ2, which form the ID2 complex and are the only known ubiquitination targets of
the FA core complex'4%. The ubiquitination of this ID2 complex is necessary for
downstream pathway function and the phosphorylation of FANCI, by ATR, is required
for this process'42146-149. The monoubiquitination of the ID2 complex is integral to the
FA pathway as most FA patients have lost the ability to carry out this biochemical
process. Interestingly, MSH2, a known OC predisposing gene, is required for

ubiquitination and chromatin loading of FANCI and FANCD2"50. Stability and protection

25



1328 aa

Leucine  Ubiquitin SLIM ARM 538
Zipper binding 2 z
I Solenoid domain
I Helical domain
I S/TQ cluster
| Ubiquitination site
| Phosphorylation site

26



Figure 1.5. Structure of FANCI protein.

FANCI domains were adapted from pfam (https://pfam.xfam.org). FANCI exon locations
adapted from University of California Santa Cruz Genome Browser
(https://genome.ucsc.edu). Solenoid domain: antiparallel pairs of a-helices that form a-a
superhelix segments; Helical domain: a-helices; Ubiquitination site: site of
monoubiquitination by the FA core complex to allow downstream FA pathway function,
located at K5231'52153; S/TQ cluster: location of conserved phosphorylation sites'®4.
Phosphorylation sites (556, 559, and 565aa): sites of phosphorylation that stabilize the
association of FANCI with DNA and FANCD2'8. Leucine zipper (130-151aa): may be
related to protein-protein interactions, DNA binding, or RNA binding, but the leucine
zipper found at the N-terminus of FANCI has been shown not to bind to DNA™3,
Ubiquitin binding (175-377aa): this region binds to the ubiquitin on FANCD2"%. SUMO-
like domain-interacting motif (SLIM; 682-696aa): binds to the SUMO-like domain 2
(SLD2) of UAF1 promoting FANCD2 deubiqutination which is required for FA pathway
function®. Armadillo repeat (ARM; 985-1207aa): forms a super helix of helices, which
can also be found in FANCD21'53, EDGE motif (1300-1303aa): this motif consists of
Glutamic acid (E) - Aspartic acid (D) - Glycine (G) - Glutamic acid (E) and is required for
DNA crosslink repair function'1152153 Nuclear localization site (NLS; 1323-1328aa):
required for localization to the nucleus where subsequent function in the FA pathway

can occur'1,
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Figure 1.6. Function of FANCI protein in the Fanconi anemia pathway upstream of the
homologous recombination DNA repair pathway. After an interstrand crosslink is
created by an endogenous or exogenous DNA damaging agent FANCI activates the
Fanconi anemia core complex. This complex then ubiquitinates both FANCI and its
heterodimeric binding partner FANCD2. Other DNA repair proteins are recruited through
a largely unknown process and a double stranded DNA break is created and repaired
by downstream homologous recombination pathway proteins.

FA: Fanconi anemia; Ub: ubiquitin; P: phosphorylation
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from degradation of the ID2 complex is also dependent on another OC predisposing
gene, BRIP1 (FANCJ)'S1,

The ubiquitinated ID2 complex localized to the DNA interstrand crosslink site was
initially thought to lead to the recruitment of other proteins involved in HR, translesion
synthesis, and nucleotide excision repair’®. It has since been shown that ubiquitination
of the ID2 complex leads to a conformational change that clamps the complex onto
double-stranded DNA'%5157 This ubiquitinated ID2 complex clamped to DNA does not
exhibit any direct protein-protein interactions, but leads to filamentous array formation
on double-stranded DNA'S”. FANCI is also SUMOylated during this process'?® and
dosage of the ID2 complex at sites of DNA damage is related to the SUMOylation that
occurs on the proteins'8. SUMOylated FANCI binds to the SUMO-like domain 2 (SLD2)
of UAF1 promoting FANCD2 de-ubiquitination which is required for FA pathway
function'®. The ID2 complex interacts throughout the cell cycle and in the absence of
ATR or the core complex, suggesting that this interaction is between the non-
ubiquitinated forms of FANCI| and FANCD2'%°. FANCI is able to bind DNA in both the
ubiquitinated and non-ubiquitinated form'6%, which occurs early in S-phase and remains
bound for the duration of this phase of the cell cycle'®'. FANCI is also able to
homodimerize leading to stabilization of the protein through a process mediated by
UBL5"%2, which may account for the increased levels of FANCI protein compared to that
of FANCD2 observed in cells. The ID2 complex exhibits roles outside the FA pathway
such as regulation of splicing factors'®3, histone chaperone binding at Holliday

junctions'®4, binding to R-loops'®®, and protection of stalled replication forks'¢. FANCI
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also has functions independent of the ID2 complex such as dormant origin firing'67,
regulation of Akt signaling'®8, and ribosome biogenesis'6°.

FA associated with pathogenic variants in FANCI is rare and comprises
approximately 1% of FA cases''” (Table 1.1). There are relatively few cases described
in the literature (n=29 cases from 27 families)'3+-136.170-177 gand those with clinical
phenotype information available present with young age of onset bone marrow failure
(average age = 6.1 years, range 0.5-15) and VACTERL-H association (7/12, 58%)
(Table 1.2). No cases of FA complementation group | have been reported to be
diagnosed with any cancer. The spectrum of variants identified in this group is broad,
where biallelic missense variants may also be disease causing, which is exemplified by
four different cases (Table 1.3). Missense variants were also identified in the context of
canonical (n=1) or non-canonical (n=3) splice site variants. A canonical splice site
variant was identified in a case with a secondary synonymous variant predicted to affect
skipping of exon 4 (n=1)""1. Loss-of-function variants were identified but the second
identified variant was either missense (n=7), non-canonical splice site (n=4), loss-of-
function variant within the last 100 amino acids of the encoded protein (n=5), or both
loss-of-function variants were within the last 100 amino acids of the encoded protein
(n=3). Finally, one case was identified with a homozygous start loss variant. Since it has
been documented that missense variants may exhibit residual protein function; splice
variants may be leaky, leading to production of both wild type and altered mRNAs; and
variants within the last 100 amino acids of a protein, especially those within the last
exon, can exhibit hypomorphic effects with some protein function maintained?”3.178-180 jt

is plausible that FA complementation group | cases exhibit some residual function of
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FANCI. Complete gene knockout of FANC/ may not be viable, accounting for the

breadth of clinical phenotypes observed and rarity of cases. All variants are inferred to

be in trans, and they have been confirmed in nine (Table 1.3).

This FANCI ¢.1813C>T; p.L605F variant is a plausible candidate to pursue

because of:

1.

The initial observation of an increased carrier frequency in OC families
compared to sporadic OC cases;

Its known function as an integral member of the FA-HR pathway;
Preliminary data suggesting abrogated protein function;

Conservation of the protein and loci across organisms; and

In silico data predicting this variant would affect protein function.
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Table 1.2 Clinical features of FANC/ associated Fanconi anemia cases.

. I VACTERL-H association Bone marrow failure Age .

Patient ID Sex Origin (at least 3 features) onset (years) (yegrs) Vital status
EUFA592 F Turkey Yes 2.5 6.5 Deceased
BD952! F India NR 7.3 23 Deceased
1428 M NR NR 7.3 15 Deceased
EUFA8162 M Hungary NR 6 12 Deceased
EUFA480 M NR NR 4.8 24 Alive
EUFA961 M Austria Yes 8 21 Deceased
EUFA1399 M Germany Yes 1 30.5 Alive
F010095 NR NR No 6 21 Deceased
F010191 NR NR No NR 31 Alive
IFAR6G63 NR NR Yes 6 10 Alive
NCI-82-1 F NR Yes 10.5 11.5 Deceased
NCI-253-| F NR Yes 5 6 Alive
NCI-309-I F NR Yes NR 9 Alive
FA-1201 NR Finland No No 6 Alive
Case 96 M Japan Yes 0.5 4 Deceased
Case 97 M Japan No 15 17 Alive
INO663 M Indian NR NR 8 Alive
IN1383 M Indian NR NR 7 Alive
FA14 F Europe NR NR NR NR
EUFAG95 M USA NR NR 12 Deceased
20074 M NR NR NR NR NR
2480 F NR NR NR NR NR

6 F NR NR NR 15 Alive
Unc3 NR NR NR NR NR NR
Sam11 NR NR NR NR NR NR
20070 NR NR NR NR NR NR
20071 NR NR NR NR NR NR
20071 NR NR NR NR NR NR
20072 NR NR NR NR NR NR

1Sibling of 1428; 2Sibling of EUFA480; *One of these cases is reported to exhibit VACTERL-H association though it is
unknown which; F: female; M: male; NR: not reported
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Table 1.3 Variants identified in FANCI associated Fanconi anemia cases.

Patient ID Variant 1 Variant 2 Source
EUFA592 ¢.2T>C; p.?’ c.2T>C; p.?? 134-136,170
BD952 c.3854G>A; p.R1285Q" c.3854G>A; p.R1285Q? 134,136,170
1428 c.3854G>A; p.R1285Q" c.3854G>A; p.R1285Q? 136,170
EUFA816 ¢.3853C>T; p.R1285X" c.3437_3455del; H1146LfsX122 134,136,170
EUFA480 ¢.3853C>T; p.R1285X" €.3437_3455del; H1146LfsX122 136,170
EUFA961 ¢.3437_3455del; H1146LfsX12" ¢.2572C>T; p.H858Y? 134,136,170
EUFA1399 ¢.3895C>T; p.R1299X €.3895C>T; p.R1299X 136,170
F010095 c.2572C>T; p.H858Y c.3437_3455del; H1146LfsX12 135170
F010191 c.1840C>T; p.R614X €.3895C>T; p.R1299X 135,170
IFAR663 c.2509G>T; p.E837X ¢.3901dup; D1301GfsX3 135,170
NCI-82-1 c.3801_3804del; p.S1268RfsX5 ¢.3901dup; D1301GfsX3 170
NCI-253-1 ¢.1461T>A; p.Y487X c.3041G>A; p.C1014Y 170
NCI-309-1 ¢.1039T>C; p.S347P c.1202del; p.G401EfsX35 170
FA-1201 c.3041G>A; p.C1014Y €.2957_2969del; V986AfsX39 173
Case 96 c.158-2A>G c.288G>A (skip exon 4) 171
Case 97 c.3346dup; S1116FfsX16 c.3006+3A>G 171
INO66 c.1813C>T; p.L605F c.1813C>T; p.L605F 172
IN138 c.295del; H99IfsX10 c.3907G>T; p.E1303X 172
FA14 c.1264G>A; p.G422R" c.1583+142C>T? 170,174
EUFAG695 ¢.3006+3A>G c.1264G>C; p.G422R 136,170
20074 c.1461T>A; p.Y487X c.3058+4A>G 181
2480 c.157+78G>A" c.3493del; p.D1165TfsX342 175

6 c.3853C>G; p.R1285X" ¢.3853C>G; p.R1285X 2 170,176
Unc3 c.3041G>A; p.C1014Y c.3041G>A; p.C1014Y 177
Sam11 €.2509G>T; p.E837X Deletion exon 38 177
20070 ¢.3604G>C; p.G1202R! c.3508+1G>A 181
20071 c.756-25_756-19del’ c.3521C>T; p.T117412 181
20071 c.3622_3623del; L1208VfsX11' ¢.866T>C; p.L289P 181
20072 €.2248T>C; p.C750G c.2509G>T; p.E837X 181

'Confirmed maternal variant
2Confirmed paternal variant
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1.8 Rationale, hypothesis, and objectives

The major OC predisposing genes, BRCA1, and BRCAZ2, were discovered
almost 30 years ago and newer OC predisposing genes discovered since then have
only accounted for a small proportion of the remaining OC families (approximately
9%)3'. This lack of success in discovering new OC predisposing genes can be attributed
to a combination of very rare variants with high penetrance, uncommon variants with
low to moderate penetrance, and common variants with low penetrance. Many studies
have focused on very rare variants (MAF<0.1%) or common variants (MAF>2%),
though these have still accounted for only a small proportion (approximately 1% for
each new gene identified) of the remaining families. Studies of rare variants have mostly
restricted analyses to loss-of-function variants, excluding missense variants as their
potential to affect risk is more difficult to interpret. This is exemplified by the fact that
over 80% of variants of unknown significance in BRCA1 and BRCAZ2 are missense
variants in contrast to the less than 5% of pathogenic variants being missense
variants'82.183 However, it is known that missense variants can increase risk to OC,
such as with BRCA2 ¢.9004G>A,; p.E3002K"8* and RAD51D ¢.620C>T; p.S207L85.

Using the strategy of investigating families with multiple cases of OC from a
genetically unique population combined with a candidate gene approach, we identified
FANCI c.1813C>T; p.L605F. Based on the preliminary analysis and function of FANCI
upstream in the FA-HR DNA repair pathway, | hypothesized that FANC/ c.1813C>T is
likely a pathogenic variant that modifies risk to OC. To test this hypothesis, | proposed

three main objectives.
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The objectives were to:

1. Investigate the candidacy of FANC/ as a new OC predisposing gene by:

a. Comparing the carrier frequency of FANC/ ¢.1813C>T in defined study
groups comprised of FC familial and sporadic OC cases and cancer-free
controls;

b. Determining the effect FANCI p.L605F had on protein function;

c. Surveying the frequency of FANCI ¢c.1813C>T and other potentially
pathogenic FANCI variants in non-FC populations; and

d. Examining the protein expression of FANCI in normal fallopian tube
epithelium and HGSC tissue.

2. Investigate the exomic landscape of FANC/ c.1813C>T OC carriers:

a. On the germline level to identify other variants that co-occur globally; and

b. On the somatic level to determine if commonly mutated genes, CNAs, and
somatic mutational signatures, are akin to those observed in HGSC
tumours.

3. Characterize FANCI as a cancer predisposing gene by identifying carriers of
germline FANCI/ ¢c.1813C>T diagnosed with different cancer types and identifying
somatic FANCI/ variants across different cancer types.

Chapter 2.0 addresses objective 1 where | identified FANC/ ¢c.1813C>T; p.L605F in OC
cases of FC ancestry as a new candidate OC predisposing gene. Chapter 3.0
addresses objectives 2 and 3 where | characterized aspects of FANC/ as a new

candidate CPG.
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2.1 Abstract

Background: Familial ovarian cancer (OC) cases not harbouring pathogenic variants in
either of the BRCA1 and BRCAZ2 OC-predisposing genes, which function in homologous
recombination (HR) of DNA, could involve pathogenic variants in other DNA repair
pathway genes.

Methods: Whole exome sequencing was used to identify rare variants in HR genes in a
BRCA1 and BRCAZ2 pathogenic variant negative OC family of French Canadian (FC)
ancestry, a population exhibiting genetic drift. OC cases and cancer-free individuals
from FC and non-FC populations were investigated for carrier frequency of FANCI/
c.1813C>T; p.L605F, the top-ranking candidate. Gene and protein expression were
investigated in cancer cell lines and tissue microarrays, respectively.

Results: In FC subjects, ¢.1813C>T was more common in familial (7.1%, 3/42) than
sporadic (1.6%, 7/439) OC cases (P = 0.048). Carriers were detected in 2.5% (74/2950)
of cancer-free females though female/male carriers were more likely to have a first-
degree relative with OC (121/5249, 2.3%; Spearman correlation = 0.037; P=0.011),
suggesting a role in risk. Many of the cancer-free females had host factors known to
reduce risk to OC which could influence cancer risk in this population. There was an
increased carrier frequency of FANC/ ¢c.1813C>T in BRCA1 and BRCAZ2 pathogenic
variant negative OC families, when including the discovery family, compared to cancer-
free females (3/ 23, 13%; OR = 5.8; 95%CIl = 1.7-19; P = 0.005). In non-FC subjects,
10 candidate FANCI/ variants were identified in 4.1% (21/516) of Australian OC cases
negative for pathogenic variants in BRCA1 and BRCAZ2, including 10 carriers of FANC/

c.1813C>T. Candidate variants were significantly more common in familial OC than in
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sporadic OC (P = 0.04). Localization of FANCD?2, part of the FANCI-FANCD2 (ID2)
binding complex in the Fanconi anaemia (FA) pathway, to sites of induced DNA
damage was severely impeded in cells expressing the p.L605F isoform. This isoform
was expressed at a reduced level, destabilized by DNA damaging agent treatment in
both HeLa and OC cell lines, and exhibited sensitivity to cisplatin but not to a poly (ADP-
ribose) polymerase inhibitor. By tissue microarray analyses, FANCI protein was
consistently expressed in fallopian tube epithelial cells and only expressed at low-to-
moderate levels in 88% (83/94) of OC samples.
Conclusions: This is the first study to describe candidate OC variants in FANCI, a
member of the ID2 complex of the FA DNA repair pathway. Our data suggest that
pathogenic FANCI/ variants may modify OC risk in cancer families.
Keywords: FANCI, Ovarian cancer, Cancer-predisposing gene, Whole exome
sequencing, Tissue microarray, Protein expression, DNA repair, Fanconi anaemia
pathway, Familial aggregation of cancer, Hereditary cancer
2.2 Background

Ovarian cancer (OC), with an overall 5-year survival rate of 40%, is the leading
cause of death in women with gynecologic cancer [1]. The overall lifetime risk for OC in
the North American population is 1.3% [1]. However, twin studies suggest that 22% of
OC risk can be attributed to heritable factors [2] and having an affected first- degree
relative confers a 3—7-fold increase in risk to this disease [3, 4]. Carriers that are
heterozygous for pathogenic variants in BRCA1 (FANCS) or BRCA2 (FANCD1) have an
estimated lifetime risk for OC of 17-44% (by age 80 years), depending on the gene

mutated [5]. Pathogenic BRCA71 and BRCAZ variants have been reported in 65-85% of
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cancer syndromes featuring high-grade serous ovarian carcinoma (HGSC) [6], the most
common histopathological subtype of epithelial OC [7], and in 10-20% of HGSC cases
regardless of age at diagnosis [8]. Identifying carriers of BRCA1 and BRCAZ2 pathogenic
variants for cancer prevention (prophylactic surgery [9, 10]) and management of OC
using new therapies (e.g. poly (ADP-ribose) polymerase inhibitors (PARPi) [11-16]) is
being offered in medical genetic and gynecologic oncology settings.

New cancer-predisposing gene (CPG) candidates have been investigated with a
focus on members of the Fanconi anaemia (FA) DNA repair pathway involving BRCA1
and BRCAZ2 function. The most promising new OC-predisposing genes are from reports
of heterozygous carriers of candidate variants in BRIP1 (FANCJ) [17, 18], RAD51C
(FANCO) [19-22], and RAD51D [23]. In cancer families, carriers of pathogenic RAD51C
and RAD51D variants have been estimated to have cumulative risks to age 80 of 11%
(95% confidence interval (Cl) = 6-21) and 13% (95%CI = 7-23), respectively, for OC
[24]. Collectively, carriers of pathogenic variants in these genes do not account for a
large proportion of familial OC and breast cancer (BC) cases that have not been
attributed to the known CPGs. Therefore, it is possible that new CPGs conferring risk to
OC have yet to be discovered.

The low incidence of OC, rarity of pathogenic variants in each proposed CPG,
and genetic heterogeneity of the general population pose major challenges in finding
new OC-predisposing genes. An attractive strategy for finding additional CPGs focuses
on the investigation of demographically (ethnically or geographically) defined
populations that have a history of founder effects. Due to a relatively few number of

ancestors, rapid expansion and geographic isolation during 1608~1760 of the small
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founding immigrant French population of Quebec from Europe (EUR), a loss of genetic
variation has occurred resulting in subsequent waves of expansion of carriers of specific
variants [25-29]. As French Canadians (FC) are more likely to harbour frequently
occurring germline pathogenic variants, candidate variants for OC may be readily
identified by sequencing familial cases and/or by comparing allele frequencies in cancer
cases versus cancer-free controls in contrast to studies involving the general population
due to allelic heterogeneity [25, 26]. Though 42 different pathogenic BRCA1 or BRCA2
variants have been identified in FC cancer families of Quebec, five recurrent pathogenic
variants account for 84% of all mutation-positive BC and/or OC families [30]. This is in
contrast to the over 2000 different pathogenic BRCA1 and BRCAZ2 variants reported for
undefined populations [31]. Specific pathogenic variants in PALB2 (FANCN—
€.2323C>T; p.Q775X) [32] and RAD51D (¢.620C>T; p.S207L) [33] have also been
identified in FC BC and HGSC cases, respectively.

Using whole exome sequencing (WES), we identified carriers of the FANCI/
c.1813C>T; p.L605F missense variant in a BRCA1 and BRCAZ2 pathogenic variant
negative FC OC family. We investigated this variant based on a candidate gene
approach as FANCI is the FA Complementation Group | gene, which is an essential
member of the FA-homologous recombination (HR) pathway that repairs interstrand
crosslink (ICL) DNA damage and acts as the molecular switch to activate this pathway
[34-38].

To evaluate the potential pathogenicity of FANC/ ¢.1813C>T; p.L605F, we
applied a strategy that took advantage of the observed genetic drift in the FC population

by investigating its allele frequency in FC OC and cancer-free subjects. We performed
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in cellulo (HeLa and OC cell lines) and in vitro experiments to investigate the functional
effects of the encoded p.L605F isoform and its response to therapies used in the
treatment of OC. We also investigated FANCI expression in HGSC and normal tissues.
Lastly, we investigated Canadian non-FC (CDN) and Australian (AUS) cancer cases for
rare candidate FANCI variants.

2.3 Methods

2.3.1 Study subjects

Information about all study subjects obtained from various biobanking resources
can be found in Additional file 1: Table S1.

The FC cancer samples were obtained from Réseau de recherche sur le cancer
(RRCancer) Tumour and Data biobank. The OC samples from this biobank derived its
collection from patients attending a major gynecologic oncology hospital centre in the
province of Quebec. This centre largely services FCs, where it is estimated that 85% of
samples come from participants who self-identify as FC [39]. Samples within this
collection with a familial history of OC and/or BC have been extensively studied, where
the maijority self-report grandparental FC ancestry of index cancer affected cases [30,
40, 41]. The allele frequency of FANC/ c.1813C>T was determined by investigating
selected index OC or BC cases, defined based on family history of OC and/or BC or
sporadic disease where cases were not selected based on family history of cancer,
where all were self-reported FC ancestry as previously described [30, 40, 41] (see
Additional file 1: Table S1). These cases were mostly ascertained over a 20-year period
from the early 1990s to 2004. OC families had at least two epithelial OC cases within

first-, second-, or third-degree relatives and the average age of diagnosis was 50 years
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(range 24-77). Hereditary breast and ovarian cancer (HBOC) families had at least two
invasive BC cases diagnosed under the age of 65 and one epithelial OC case in first-,
second-, or third-degree relatives and the average age of diagnosis was 43.7 years
(range 18-65). Hereditary breast cancer (HBC) families had at least three invasive BC
cases diagnosed under the age 65 in first-, second-, or third-degree relatives and the
average age of diagnosis was 44.6 years (range 22— 65). All first-, second-, and third-
degree relations needed to be within the same branch of the family. The FANCI locus
was investigated in available WES data from a subset of 157 OC or BC cases of FC
ancestry (see Additional file 1: Table S1). Sporadic BC cases were diagnosed with
invasive BC before the age of 70 (average = 52.7, range 25-69) [42]. We cannot
exclude the possibility that some cases occurred in more than one study group: based
on RRCancer biobanking sample number, OC cases from at least 13 families were also
found in pedigrees from BC cases that were genotyped from the familial HBOC study
group.

Carrier frequencies of candidate variants were investigated in cancer-free FC
study subjects using genotyping data obtained from CARTaGENE [43], a resource
containing biological samples, genetic and health data for up to 43,000 adult residents
in Quebec. The subjects investigated were recruited between 2009 and 2014, and had
an overall average age of 54.7 years (range 39-71) [43] and included 2950 females
(average age = 54.3 years; range 39—71) and 2299 males (average age = 55.3 years;
range 39-70). Selection criteria for individuals with genotyping data are biased towards
individuals with higher quantity of health data (see Additional file 1: Table S2).

Individuals were defined as FC if they were born in the province of Quebec, their
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parents and all four grandparents were born in Canada, and French was the first
language learned.

Variants in the FANCI locus were investigated in available OC Association
Consortium (OCAC) and BC Association Consortium (BCAC) data. These study groups
and accompanying genotyping data have been described elsewhere [44—46]. Data from
25,509 epithelial OC cases (22,406 invasive cancer) and 40,491 controls of EUR
ancestry [44] were available from OCAC, including those for histopathological subtypes
for the entire cohort as have been previously reported [44]. Data from 46,785 BC cases
and 42,892 controls of EUR ancestry [45, 46] were available from BCAC.

The FANCI locus was investigated in the AUS population from available germline
sequencing data derived from WES analysis of HGSC cases as previously de- scribed
[47]. Briefly, all AUS cases had ovarian, fallopian tube, or peritoneal cancer (n = 516)
and did not carry pathogenic variants in BRCA1 and/or BRCAZ2 (see Additional file 1:
Table S1). Genetic data from AUS controls (n = 4878) were available from the lifepool
project as previously described [48].

The FANCI locus was investigated in germline sequencing data available from
other non-FC CDN study groups comprised of female subjects with OC, BC, or
pancreatic cancer (n = 63) who were recruited from health care research centres in the
province of Quebec (Additional file 1: Table S1). All recruited individuals had a strong
family history of BC. A BRCAPro score [49], which is based on studies of Ashkenazi
Jewish and EUR ancestry individuals, was generated to predict the likelihood of families

carrying pathogenic variants in BRCA1 or BRCAZ2. Individuals with a BRCAPro score of
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>10%, but with no pathogenic variants in these genes were selected. Of this set, 14
individuals were of Ashkenazi Jewish ancestry.

Kaplan-Meier curves for overall survival analysis was performed using available
gene expression data from 35 cancer types (n = 12,373, including n = 425 OC cases),
from The Cancer Genome Atlas (TCGA) Pan-Cancer data set of the TGCA Project and
was obtained from (Additional file 1: Table S1) University of California Santa Cruz Xena
Browser [50]. The FANCI locus was investigated in germline sequencing data available
for 412 Pan-Cancer OC cases downloaded from TCGA. Characteristics for TCGA
samples are available via the National Cancer Institute Genomic Data Commons and
cBioPortal for Cancer Genomics.

To further protect the anonymity of study subjects, all samples were assigned a
unique identifier and pedigrees were modified. This project has received approval from
The McGill University Health Centre (MUHC) REB (MP-37-2019-4783 and 2017-2722).
All participants provided informed consent and the research conformed to the principles
of the Helsinki Declaration.

2.3.2 Identification of candidate FANC/ ¢.1813C>T variant

The FANCI c.1813C>T variant was initially discovered in family F1528 and has
since been updated to include new information, including histopathology of OC and a
reported case of ear, nose, and throat cancer (Fig. 1). Peripheral blood lymphocyte
(PBL) DNA (~ 500 ng) from two sisters from this family was captured with the Agilent
SureSelect 50 Mb exome capture oligonucleotide library, and then sequenced with
paired-end 100 bp reads on lllumina HiSeq 2000. After removing putative PCR-

generated duplicate reads using Picard (V.1.48), sequencing reads were aligned to
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human genome assembly hg19 using a Burroughs—Wheeler algorithm (BWA V.0.5.9).
Sequence variants were called using Samtools (V.0.1.17) mpileup and varFilter meeting
the following criteria: at least three variant reads, 2 20% variant reads for each called
position, and Phred-like quality scores of = 20 for SNPs and = 50 for small insertions or
deletions. Annovar [51] and custom scripts were used to annotate variants according to
the type of variant, Single Nucleotide Polymorphism database designation (dbSNP),
Sorting Intolerant from Tolerant (SIFT) score [52], and allele frequency data from the
1000 Genomes Project [53] and National Heart, Lung and Blood Institute (NHLBI)
Exome Sequencing Project (ESP) v.2014 [54]. Then, the variant list was organized to
select top candidate variants that were shared in common among the two sisters by de-
prioritizing the following: (1) synonymous or intronic variants other than those affecting
the consensus splice sites; (2) variants seen in more than 5 of 416 exomes from
patients with rare, monogenic diseases unrelated to cancer that were independently
sequenced and available at the McGill Genome Centre (MGC); and (3) variants with a
frequency = 1% in either the 1000 Genomes Project or NHLBI exome datasets. Using a
candidate gene approach, we then further prioritized the list of candidates based on
their role in FA-HR pathways. Using this strategy, FANC/ c.1813C>T was the only
candidate remaining on the list of prioritized variants (n = 276) shared in common
between the two sisters in family F1528. The presence of the FANCI/ variant was
verified using Integrative Genomics Viewer (IGV) [55]. The FANC/ c.1813C>T variant
was validated by targeted PCR analysis and bidirectional Sanger sequencing at the

MGC using standard methods (see Additional file 1: Table S3).
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Since the initial discovery of the FANCI/ variant in family F1528, newer WES
capture kit technology and bioinformatic tools became available, and thus we repeated
our analysis with DNA from the same sisters from this family. WES and bioinformatic
analyses were again performed at the MGC using Roche NimbleGen SeqCap® EZ
Exome Kit v3.0 (Roche Sequencing) followed by HiSeq 100bp paired-end sequencing
(Mlumina) applying the manufacturer’s protocols. Sequencing reads were aligned to
human genome assembly hg19 using BWA-MEM v0.7.17, then deduplicated using Pic-
ard v2.9.0 (Broad Institute). Bases were recalibrated using the GATK best practices.
Variants were called using HaplotypeCaller available from GATK v3.5 (Broad Institute)
and recalibrated according to GATK best practices. The filtered variants were then
annotated and loaded into a GEMINI v0.19.1 database as per the recommended
workflow. Data was filtered for non-synonymous rare variants (variant allele frequency
[VAF] < 1%) deduced from a publicly available database Genome Aggregation
Database (gnomAD) v2.1.1 [56] identified in genes with reported function in DNA repair
pathways (n = 276 [57]). FANCI c.1813C>T was once again the only variant directly
involved in the FA-HR DNA repair pathway identified in both sisters. The presence of
the FANCI variant was again confirmed by IGV [55] and validated by PCR analysis and
Sanger sequencing at the MGC using standard methods (see Additional file 1: Table
S3).

2.3.3 Genetic analyses of candidate FANCI variants in FC cancer cases and cancer-

free controls
In FC cancer cases, carriers of FANC/ ¢.1813C>T were identified by targeted

genotyping of PBL DNA samples or from surveying available WES data (subjected to
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the same latest WES technology and data analysis pipeline as described above) from
affected cases in our study groups (see Additional file 1: Table S1). PBL DNA from OC
or BC cases were genotyped using a custom TagMan® genotyping assay [58] based on
established methods (see Additional file 1: Table S4). Where PBL DNA was no longer
available from the study case, genomic DNA extracted from the tumour (if available)
was provided by the RRCancer biobank for genotyping. PBL DNA from sporadic BC
cases were genotyped using Sequenom® iPLEX® Gold Technology at the MGC [42].
Samples that were removed from the analysis were due to poor DNA quality (n = 30),
duplication (n = 1), or were from cases exceeding age limit criteria (70 years or older
when diagnosed with first invasive BC; n = 2). Results from a total of 558 cases were
evaluated for FANC/ c.1813C>T carrier status. The FANCI/ locus (NC_ 000015.9:
g.89828441C>T) was reviewed in WES data, validated by IGV analysis, and FANCI
¢.1813C>T variant carriers verified by Sanger sequencing as described (see Additional
file 1: Table S3).

To identify carriers of FANC/ ¢.1813C>T in CARTaGENE FC cancer-free
controls, data was extracted from available genotyping sets derived from germline DNA
of subjects that were genotyped in three different batches using two different genotyping
platforms (lllumina and Affymetrix; see Additional file 1: Table S2). Data was imputed
when there was no representative probe for a locus on the genotyping array using the
Sanger Imputation Service with Haplotype Reference Consortium (release 1.1) as the
reference panel [59]. Pre-phasing and imputation was performed using Eagle2 [60] and
the positional Burrows-Wheeler transform (PBWT) [61]. Samples were removed as part

of quality control to improve imputation of the array (see Additional file 1: Table S2).

48



Two-sided Fisher’s exact test was used to compare frequencies of FANC/
c.1813C>T carriers in the cases and controls or between different study subjects, where
a p value = 0.05 was considered significant. Odds ratios (ORs) and 95% Cls were
estimated for all study subjects for this allele.

2.3.4 Identification of candidate FANCI/ in various populations

Candidate FANCI/ variants were identified by investigating genotyping data
available from OCAC, BCAC, and TCGA biobank resources or derived from the genetic
analysis of AUS and CDN study groups (see Additional file 1: Table S1). Rare (VAF <
1%) FANCI variants were subjected to bioinformatic analyses using 13 in silico tools, to
predict the effect of the nucleotide change(s), which includes four tools for conservation
and three tools to predict splice site variants. These tools were selected for the best
predictive performance [62]. Conservation tools included the following: Genomic
Evolutionary Rate Profiling (GERP++) [63], Phylogenetic P values (PhyloP) 100 way in
vertebrates [64], Phylogenetic Analysis with Space/Time models Conservation
(PhastCons) 100 way in vertebrates [65], and Site-specific Phylogenetic analysis
(SiPhy) 29 way in mammals [66], where variants were conserved if 2 2 in GERP++ and
= 0.4 in all other tools. In silico tools for missense variants included the following:
Combined Annotation Dependent Depletion (CADD) [67] v1.6, Consensus
Deleteriousness (Condel) [68], Eigen [69] v1.1, Meta-analytic Logistic Regression
(MetaLR) [70], Meta-analytic Support Vector Machine (MetaSVM) [70], Variant Effect
Scoring Test (VEST) [71] v4.0, and Rare Exome Variant Ensemble Learner (REVEL)
[72], where variants were candidates if = 15 in CADD and = 0.4 in all other tools. Splice

site variants were analysed with Maximum Entropy Modeling of Short Sequence Motifs
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(MaxEntScan) [73] (splicing change if difference = |2| and Database Splicing Consensus
Single Nucleotide Variant v4.0 (dbscSNV) tools, AdaBoost (ADA) and Random Forest
(RF) [74] (splicing change if score = 0.4). Variants were considered candidates if they
were predicted to be pathogenic/deleterious in = five out of seven tools and = two out of
four conservation tools for missense variants or all three tools for splice site variants (+
5 nucleotides from the exon-intron junction). Nonsense and frameshift variants were
considered candidates, but in-frame deletions were not. Variants were annotated using
the Ensembl Variant Effect Predictor [75].

2.3.5 Genetic analysis of FANCI locus in OC and BC cases and controls from consortia

databases

The FANCI locus was investigated in available OCAC and BCAC data. The
log20R, standard error (SE), x2, and p value for 25,509 epithelial OC cases (22,406
invasive cancer) and 40,491 controls of EUR ancestry [44] were derived from OCAC
resource. The 10g20R, SE, x2, and p value for 46,785 cases and 42,892 controls of
EUR ancestry [45, 46] were derived from BCAC resource. Data was also available for
carriers of BRCA1 ¢.4327C>T and rs8037137 loci, which were used as comparators
(see Additional file 1: Table S5). All rare (VAF < 1%) FANCI/ variants identified in the
OCAC and BCAC resource were subjected to the same bioinformatic analyses using in
silico tools as described.

2.3.6 Genetic analysis of FANC/ locus in AUS HGSC cases and controls

The FANCI locus was investigated in germline sequencing data available from
WES analysis of 516 AUS HGSC cases as previously described [47] (see Additional file

1: Table S1) and 4878 AUS controls from the lifepool study [48]. The identified rare
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(VAF < 1%) variants found in FANC/ were subjected to the same bioinformatic analyses
using in silico tools as described.

2.3.7 Genetic analysis of FANC/ locus in CDN BC cases

The FANCI locus was investigated in germline sequencing data available from
other non-FC CDN study groups subjected to WES analysis of PBL DNA from subjects
with OC, BC, or pancreatic cancer (n = 63) (Additional file 1: Table S1). FANCI variants
were selected from PE125 WES data that was generated using the Nextera Rapid
Capture Exome enrichment kit (lllumina) followed by HiSeq-4000 sequencing performed
by the CRUK CI genomics core facility in the UK. Variant Call Format files were
generated with a standard pipeline following GATK Best Practices recommendations for
WES data. The identified rare (VAF < 1%) variants found in FANC/ were subjected to
the same bioinformatic analyses using in silico tools as described.

2.3.8 Genetic analysis of FANCI locus in TCGA Pan-Cancer cases

Processed FANCI/ mRNA expression and clinical data from TCGA Pan-Cancer
data set were downloaded from University of California Santa Cruz Xena Browser [50].
Kaplan-Meier curves for overall survival were performed for all 35 cancer types from the
Pan-Cancer TCGA [76]. Samples were dichotomized into high and low FANC/
expression groups based on the median. For OC cases, data was parsed based on
BRCA1 and BRCAZ2 pathogenic variant status (germline and somatic) according to
TCGA reporting of variants. WES data from 412 OC cases of the Pan-Cancer TCGA set
was downloaded and annotated using WANNOVAR [51]. The identified rare (VAF < 1%)
variants found in FANC/ were subjected to the same bioinformatic analyses using in

silico tools as described.
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2.3.9 Genetic analysis of variants in known OC-predisposing genes and DNA repair

genes in FC FANCI c.1813C>T carriers

Rare (VAF < 1%) variants that were identified in known high-risk epithelial OC-
predisposing genes in the analysis of WES data from FANC/ c.1813C>T carriers was
investigated using various bioinformatic tools. BRCA1 and BRCAZ2 variants were
classified for their pathogenicity using BRCA Exchange [31] and ClinVar [77]. Rare
(VAF < 1%) variants in DNA repair pathway genes (n = 276 [57]) were evaluated in
FANCI c.1813C>T carriers. The only variant identified that was shared in all cases was
POLG ¢.2492A>G (see Additional file 2) and it was pursued further as described below.

The allele frequency of POLG c¢.2492A>G was determined by investigating
selected index OC or BC FC cases as above. Carriers of POLG ¢.2492A>G were
identified by targeted genotyping of PBL DNA samples or from surveying available WES
data from affected cases from our study groups as described. PBL DNA from OC or BC
cases were genotyped using a custom TagMan® genotyping assay [58] based on
established methods (see Additional file 1: Table S4). POLG c.2492A>G was reviewed
in available WES data as above. Genotyping data from CARTaGENE for cancer-free
FC controls was investigated as above, including imputation (see Additional file 1: Table
S2). POLG ¢.2492A>G was subjected to the same bioinformatic analyses using in silico
tools as described.

2.3.10 Cell lines, cell culture, and reagents

HeLa cells and OVCAR-4 cells were grown in Dulbecco’s modified Eagle’s
medium (CorningTM cellgroTM) and Dulbecco’s modified Eagle’s medium/Nutrient

Mixture F-12 (GibcoTM) respectively, both supplemented with 10% foetal bovine serum
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(GibcoTM), at 37°C, 5% COz2, and 20% O2. OVCAR-3 cells were grown in RPMI
supplemented with 0.01 mg/ml bovine insulin and 20% foetal bovine serum (GibcoTM),
at 37°C, 5% COz2. HelLa cells knockout (KO) for FANC/ were obtained using the ALT-R
CRISPR-Cas9 system from Integrated DNA Technologies™. Cells were transfected
with crRNA: tracrRNA:Cas9 RNP-complexes (crRNA sequence:
AATCCCCCGATTCCACCAAC), according to the manufacturer’s guidelines for
RiboNucleoProtein transfection using RNAimax. After transfection, genomic DNA from
the pool of transfected cells was extracted using QlAamp DNA Mini Kit (Qiagen, ref
51306). A 500-bp DNA region containing the sgRNA complementing sequence was
amplified by PCR from 400 ng of genomic DNA with the Thermo Scientific™ Phusion™
High-Fidelity DNA Polymerase and verified by sequencing using the following primers:
Forward: 5-GTTACTGG ACTTCTCAAAAGCTGTAAG-3' and Reverse: 5'-
CTAGGTTGGGCACTTAAGTTTTCCT-3'. Sequencing results from non-transfected cells
and genetically altered cells were compared using TIDE software to estimate the
percentage of genetically altered cells. Clones were then generated and selected based
on FANCI protein depletion using western blot analysis. Two clones, clones 1 and 2,
were used in this study.

When specified, cells were treated with mitomycin C (MMC) from Streptomyces
caespitosus (Millipore-Sigma, ref M0440) or formaldehyde (BAKER ANALYZED® ACS,
J.T. Baker®, ref CAJT2106). For protein stability as- says, cycloheximide (CHX)
(Millipore-Sigma, ref C4859) was used at a final concentration of 100 pg/ml.

2.3.11 siRNA transfection and complementation assays
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Approximately 2.5 x 10° HelLa cells were transfected with 50 nM of siCTL
(UUCGAACGUGUCACGUCAA) or siFANCI (UGGCUAAUCACCAAGCUUAA) with
RNAimax (Invitrogen) according to the manufacturer’s protocol. Then, after 24 h, cells
were transfected again with the same siRNAs. After 6 h, cells were complemented with
the indicated pcDNA3-Flag-FANCI constructs of Flag-FANCI or pcDNA3 empty vector
(EV) using Lipofectamine 2000 according to the manufacturer’s protocol, using the
following quantities of plasmids: 1 pg of wild type (WT) and EV, 3 ug of p.L605F, and
1.5 ug of p.P55L. In the case of HeLa FANCI™~ cells, 3.5 x 105 cells were seeded and
directly transfected with pcDNA3 or pEYFP-C1 constructs after 24 h. For
immunofluorescence, peGFP and piRFP670-N1 plasmids, respectively, were co-
transfected at a volume corresponding to 10% of the quantity of transfected pcDNA
plasmid construct. Approximately 3 x 10° OVCAR-3 or OVCAR-4 cells were transfected
with 50 nM of siCTL or siFANCI with RNAimax (Invitrogen) according to the
manufacturer’'s protocol. After 24 h, cells were complemented with the indicated
constructs of pcDNA3-Flag-FANCI constructs or pcDNA3 EV using Lipofectamine 3000
according to the manufacturer’s protocol, using the following quantities of plasmids: 2
pug of WT FANCI or EV, 3 ug of p.L605F.

2.3.12 Protein extraction and immunoblotting

Cells were collected by trypsinization and rinsed once in cold PBS. Cell pellets
were then incubated in lysis buffer (10 mM HEPES pH 7.4, 10 mM KCI, 1% Triton, 150
mM NaCl, 30 mM Naz2P207.10H20, 1 mM EDTA and 1 ug/ ml Leupeptin, 3.4 pg/mi
Aprotinin, 1% PMSF, 5 mM NaF, 1 mM Na3zVO4, Complete™ EDTA-free Protease

Inhibitor Cocktail (Roche)) for 30 min on ice. Cell lysates were then sonicated for 5 min
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(30 s on, 30 s off, high, Bioruptor) and centrifuged for 30 min, 13,000 rpm, 4°C.
Supernatant was then processed for immunoblotting analysis using the indicated
antibodies.

2.3.13 Antibodies for western blotting and immunofluorescence assays

The antibodies used were anti-FANCI (A7) (Santa Cruz Biotechnology, ref sc-
271316, 1:100 for western blot), anti-FANCD2 (Novus, ref NB100-182D1, 1:5000 for
western blot, 1:1000 for immunofluorescence), anti-Flag (Cell signaling Technologies,
ref 8146, 1:1600 for immunofluorescence), and anti-vinculin (Sigma, ref V9131,
1:100,000 for western blot). Horseradish peroxidase- conjugated anti-rabbit IgG or anti-
mouse (1:10,000; Jackson ImmunoResearch) were used as secondary antibodies for
western blot. For immunofluorescence, Alexa Fluor secondary antibodies from Life
Technologies (Goat anti-mouse Alexa fluor 568 A-11004, Goat anti-rabbit Alexa fluor
568 A-11011, Goat anti-rabbit Alexa fluor 488 A-11008) were used at a 1:1000 dilution.

2.3.14 Cisplatin and olaparib cell survival assays

Approximately 3 x 10° HeLa FANCI™~ cells were seeded into one well of a six-
well plate. After 24 h, cells were complemented with the indicated Flag-FANCI con-
struct using Lipofectamine 2000 (Invitrogen), and then after another 24h seeded in
triplicate into a Corning 3603 black-sided clear bottom 96-well microplate at a density of
3500 cells per well. The remaining cells were stored at — 80°C until processing for
protein extraction and immunoblotting as described above. Once attached to the plate,
the cells were exposed to different concentrations of either 0-300 nM cisplatin (Tocris,
#2251) or 0-2.5 pM olaparib. After 3 days of treatment, nuclei were stained with

Hoechst 33342 (Invitrogen) at 10 pg/ ml in media for 45 min at 37°C. Images of entire
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wells were captured at x 4 magnification using a Cytation™ 5 Cell Imaging Multi-Mode
Reader and Hoechst-stained nuclei were quantified with the Gen5 Data Analysis Soft-
ware v3.03 (BioTek Instruments). Cell viability was expressed as percentage of cell
survival in cisplatin or olaparib-treated cells relative to vehicle (DMSO)-treated cells.
Results represent the mean + standard error of the mean (SEM) of at least three
independent biological replicates, each performed in technical triplicate.

2.3.15 Protein stability assays

To test the stability of Flag-FANCI variants, HeLa FANCI** cells were first
transfected with siRNA targeting FANCI and then complemented with Flag-FANCI
constructs as described above. For HeLa FANCI™~ clones, and OVCAR-3 or OVCAR-4,
cells were directly transfected with Flag-FANCI constructs. Twenty-four hours after DNA
transfection, cells were seeded in 6-well plates at 5 x 10° cells/well for HeLa and 3.5 x
105 cells/well for OVCAR-3 or OVCAR-4 and grown overnight. Cells were then treated
with CHX (100pg/ml) and MMC (50 ng/ml) or formaldehyde (300 uM) or no genotoxic
treatment for the indicated times. At each time point (t0, t1.5h, t3h, t4h, t5h, t6h, and
t8h), cells were collected by trypsinization and snap-frozen after a wash in cold PBS.
Samples were prepared for immunoblotting as described above. A first western blot was
performed with all tO timepoints to adjust quantity of samples to load for the whole
kinetic in order to have comparable amounts of Flag-FANCI constructs at t0. Flag-
FANCI WT and Flag-FANCI p.L605F were run on the same gel.

2.3.16 Immunofluorescence analyses

HeLa FANCI™~ cells were complemented with either FLAG-FANCI variants (1 ug

of WT, 3 ug of p.L605F, and 1.5 ug of p.P55L) and 0.1 ug of transfection control peGFP
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to identify transfected cells, or pEYFP-C1-FANCI (1 ug of WT, 3 pg of p.L605F) and 0.1
pg of transfection control piRFP670-N1 to identify transfected cells. One microgram of
pcDNAS or pEYFP-C1 was used as EV. After 18 h, cells were seeded on a glass
coverslip for 8 h and then treated with 50 ng/ml MMC for 18 h and processed for
immunofluorescence with anti-FANCD2 (Novus, ref NB100-182D1, 1:1000) antibody
according to the protocol provided by Cell Signaling Technologies for Flag antibody (ref
8146). Briefly, cells were fixed in PBS-PFA 4% for 15min at room temperature and
blocked and permeabilized in Blocking Buffer (1x PBS / 5% normal serum / 0.3%
TritonTM X-100) for 30 min at room temperature. Incubation with anti-FANCD2 anti-
body, diluted in Antibody Dilution Buffer: (1X PBS / 1% BSA / 0.3% TritonTM X-100),
was performed for 2 h, room temperature. After three washes of 5 min in PBS, Alexa
Fluor secondary antibody from Life Technologies (Goat anti-rabbit Alexa fluor 568 A-
11011) was used at 1:1000 in antibody dilution buffer and incubated for 1 h at room
temperature. Finally, slides were incubated in DAPI for 15 min and washed two more
times in PBS for 5 min, and ProLong® Gold Antifade Mountant (Invitro- gen™) was
used as mounting medium. FANCD2 and YFP-FANCI foci were counted in transfected
cells ac- cording to the transfection control used (peGFP- or iRFP-positive cells). HeLa
FANCI** cells were transfected with siRNA and complemented with siRNA-resistant
FANCI variants or EV as described above. After 18 h, cells were seeded on a glass
coverslip for 8 h and then treated with 50 ng/ml MMC for 18 h and processed for
immunofluorescence with anti-Flag (Cell signaling Technologies, ref 8146, 1:1600) and
anti-FANCD2 (Novus, ref NB100-182D1, 1:1000) as described before except that

incubation with primary antibody was performed at 4°C, overnight in a humid chamber.
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Alexa Fluor secondary antibodies from Life Technologies (ref A-11008, A-11004) were
used at 1:1000. In HeLa FANCI™~ cells, FANCD2 foci were counted in GFP-positive
cells. In that case, only Flag-positive cells were taken into consideration for the
quantification of FANCD2 foci. Each dot represents a nucleus and the red line
corresponds to the mean of FANCD2 or FANCI foci per nucleus and error bars the
SEM. Statistical analysis was performed using GraphPad Prism 8 (Kruskal-Wallis test).

2.3.17 Anti-Flag pulldown assays

After siRNA transfection and complementation with Flag-FANCI WT or p.L605F,
HeLa FANCI** cells were lysed in lysis buffer (50 mM Tris—HCI, pH 7.5, 150 mM NacCl,
0.5% NP-40) containing protease and phosphatase inhibitors (1 mM PMSF, 0.019TI
U/ml aprotinin, 1 mg/ ml leupeptin, 5 mM NaF, and 1 mM Na3zVOs) incubated for 30 min
on ice, and lysed by sonication. Insoluble material was removed by high-speed
centrifugation (13,000 rpm at 4°C) and each immunoprecipitation was carried out using
soluble protein extract in 1 ml of lysis buffer. Fifty millilitres of anti-Flag M2 affinity gel
(Sigma) and 70 U of DNase | were added and incubated at 4°C for 2.5 h. Beads were
washed three times with washing buffer (50 mM Tris—HCI, pH 7.5, 250 mM NacCl, 0.5%
NP-40), and proteins were eluted with 60 pl of Laemmli buffer. Proteins were visualized
by western blotting using the appropriate antibodies. Flag-FANCI p.L605F variant
immunoprecipitation was overloaded in order to have the same amount of protein
immunoprecipitated as in the Flag-FANCI WT lane and be able to compare co-

immunoprecipitated FANCD2. Experiment has been performed twice.

58



2.3.18 FANCI protein expression by immunohistochemistry (IHC) analysis of HGSC

tumours and normal tissues

Slides containing 4 micron slices of tissue microarrays (TMAs) containing 0.6 mm
formalin-fixed paraffin-embedded (FFPE) tissue cores (spaced 0.2 mm apart) of HGSC
(n=101) [78] and normal fallopian tube (n = 15) tissues, and FANC/ c.1813C>T carrier
tumour tissues (n = 8) were stained using the BenchMark XT automated stainer
(Ventana Medical System Inc., Roche). Antigen retrieval was carried out with Cell
Conditioning 1 solution for 1 h. The FANCI polyclonal antibody (Sigma HPA039972
dilution 1/200) was automatically dispensed and the TMAs were incubated at 37°C for 1
h. The Ultra View DAB detection kit was used, and the slide was counterstained with
haematoxylin. The TMAs were scanned with a 20 x 0.75 NA objective by VS-110
Olympus.

Staining patterns were evaluated by two independent observers. Intensity of
staining was scored for all cores using a 4-point system; zero referring to no detectable
staining to three referring to the highest staining intensity. As each sample was present
in the TMA in duplicate, each case received four scores (two for the first core and two
for the second core). The mode score was used for analysis where possible; otherwise,
the average score was used. The interobserver correlation for IHC analysis of the TMA
of HGSC samples was 89%. Staining patterns and analyses from the TMA containing
HGSC samples and normal fallopian tube samples were evaluated without prior
knowledge of carrier status for FANC/ ¢.1813C>T. All HGSC and normal fallopian tube
samples were genotyped for FANC/ ¢.1813C>T variant as described, and one

previously known carrier was identified (PT0004). Samples that could not be scored
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were removed from further analysis (n = 7 HGSC samples, n = 2 fallopian tube
epithelium [FTE] samples). A second TMA that contained 10 samples from eight FANCI
¢.1813C>T carriers (in duplicate) were also scored separately: the results from one
sample from this TMA was removed from analysis due to poor tissue quality.
Spearman correlation was used to measure the strength of the correlation of
staining intensity and survival data with clinical data as continuous variables. Survival
curve was calculated according to Kaplan-Meier method coupled with a log rank test.
Univariable Cox hazard models were used to estimate the hazard ratio as categorical
data. All statistical analysis was done using Statistical Package for the Social Sciences
software version 24 (SPSS, Inc) and results deemed statistically significance at p <
0.05.
2.4 Results

2.4.1 Discovery of FANC/ c.1813C>T as a candidate

We previously reported a rare BRCA1 and BRCAZ2 pathogenic variant negative
OC family (F1528) in a study of the histopathology of OC and BRCA1 and BRCA2
pathogenic variant carrier status of FC cancer families [79]. To clarify, BRCA1 and
BRCAZ2 pathogenic variants were not identified in either sibling using two different WES
platforms, which is consistent with independent clinical genetic testing results. To
investigate if other candidate variants could be contributing to cancer risk in this family,
WES and bioinformatic analyses were performed on PBL DNA available from two
affected siblings both of whom had HGSC [79]. We selected rare (VAF < 1%) variants
(n = 276) as candidates that were inherited in the heterozygous state and shared in

common with the affected sisters. The only DNA repair pathway gene identified with a
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variant was FANCI/ (c.1813C>T; p.L605F). This was an intriguing candidate to
investigate given that family F1528 is predicted to harbour a pathogenic variant in
BRCA1 or BRCAZ2 (Manchester score [80, 81]: BRCA1 =29, BRCA2 = 20). As FANCI
plays a role in FA-HR pathway it may be associated with phenotypically similar cancer
families that have implicated BRCA1 and BRCAZ2 [79, 82] (Fig. 1). Preliminary in silico
tools predicted this variant, located within the S/TQ phosphorylation cluster [34] of the
encoded protein, to be highly conserved and probably damaging. However, at the time
of discovery, the overall allele frequency of FANC/ ¢.1813C>T from available databases
was 0.76% in the NHLBI ESP v.2014 [54] and 0.2% in the 1000 Genomes Project [53].
These allele frequencies were notably higher than expected for individual pathogenic
variants found in known OC-predisposing genes, such as BRCA1 and BRCA2
(0.001%). Therefore, we performed a molecular investigation before pursuing extensive
genetic analyses of our study groups.

2.4.2 In cellulo and in vitro analysis revealed FANCI p.L605F isoform behaves

differently than WT protein

FANCI belongs to the FA-HR DNA repair pathway that has been mainly
described to be involved in ICL repair induced by DNA cross-linking agents, such as
MMC. Briefly, when DNA replication forks are blocked by the presence of an ICL,
FANCM recognizes the lesion, recruits the FA core complex which will ubiquitinate the
heterodimer FANCI-FANCD2. Essential to downstream FA pathway function is this
interdependent ubiquitination of both FANCI and FANCD2 [36—-38], leading to DNA
repair through DNA lesion excision of the DNA crosslink, DNA translesion synthesis,

and HR. The functionality of this pathway can be assessed in cellulo by monitoring the
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ubiquitination of FANCI and FANCD2 after MMC treatment. To investigate the functional
impact of FANCI p.L605F isoform, both HeLa CRISPR FANCI KO (Fig. 2a—g, Additional
file 3: Fig. S1, Additional file 4) or HeLa FANCI siRNA knockdown (KD) cells (Additional
file 3: Fig. S1, Additional file 4) were complemented with the FANCI p.L605F isoform
and treated with MMC. Western blot analysis first showed decreased levels of FANCI
p.L605F isoform, unlike the FANCI p.P55L isoform encoded by variant c.164C>T which
has been reported to exhibit WT function [37] (Fig. 2a, Additional file 3: Fig. S1,
Additional file 4). Increasing the quantity of transfected FANC/ c.1813C>T DNA by
threefold did not overtly increase the level of protein expression comparable to that
seen in the WT FANCI or p.P55L isoform (Additional file 3: Fig. S1, Additional file 4).
We then looked at the impact of MMC treatment on FANCI and FANCD2 ubiquitination
depending on FANCI status (Fig. 2a and Additional file 3: Fig. S1, Additional file 4). In
WT or siCTL cells, both proteins are modified, as shown by the presence of the upper
band (H). As expected, in the absence of FANCI, FANCD2 ubiquitination is lost.
Complementation with WT FANCI or FANCI p.P55L isoform partially rescued the
phenotype, though rescue was less evident in cells complemented with FANCI p.L605F.
To confirm this, we then looked at FANCD2 ubiquitination after immunoprecipitation of
FANCI WT or FANCI p.L605F isoform in presence of MMC. Given that the level of
FANCI p.L605F isoform is lower than the WT in the input (Fig. 2b, left panel, Additional
file 4), we overloaded the immunoprecipitated fraction of the variant in order to have the
same signal in both lanes to be able to compare the two conditions. Though FANCI
p.L605F isoform co-immunoprecipitates with FANCD2, ubiquitination levels of FANCD2

were severely diminished as compared to those in FANCI WT expressing cells (Fig. 2b,
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right panel, Additional file 4) confirming our results (Fig. 2a, Additional file 4). These
observations suggest that while physical interactions between FANCI p.L605F isoform
and FANCD?2 proteins are maintained the altered FANCI isoform may affect
ubiquitination of FANCD2. As ubiquitination of FANCD2 is required to form MMC-
induced foci, we then looked at FANCD2 foci formation in both KO and KD cells.
Consistent with this role, the expression of FANCI p.L605F led to a significant reduction
in the number of FANCD2 foci in transfected cells, while both WT and FANCI p.P55L
isoforms were able to rescue the loss of FANCD?2 foci observed in absence of FANCI
(Fig. 2c, Additional file 3: Fig. S1, Additional file 4). Moreover, a concomitant reduction
of GFP-FANCI p.L605F was also observed (Additional file 3: Fig. S2, Additional file 4).
As the expression of FANCI p.L605F appeared to be lower than the WT or
p.P55L isoforms, even when increasing the quantity of plasmid (Fig. 2a, Additional file
3: Fig. S1, Additional file 4), we suspected that this protein isoform was unstable. Upon
MMC or formaldehyde treatment, both known to induce DNA damage repaired by the
FA-HR pathway, cells expressing FANCI WT protein, or either of the p.L605F and
p.P55L isoforms, were treated with CHX to inhibit protein synthesis. FANCI protein
levels decreased over time in response to both DNA damaging agents (Fig. 2d—f,
Additional file 3: Fig. S1, Additional file 4). We recapitulated our findings in OVCAR-3
and OVCAR-4 cell lines to determine if FANCI is also unstable in an OC cell line
background (Additional file 3: Fig. S2, Additional file 4). The effect was more prominent
in FANCI p.L605F expressing cells as compared to WT FANCI or p.P55L expressing
cells. These observations suggest that treatment with genotoxic agents exacerbates

FANCI p.L605SF protein instability, as it has been previously described for BRCA2
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protein [83]. This is in agreement with the observation that FANCI p.L605F failed to
complement survival of the HeLa FANCI™~ cells that were challenged with the platinum
compound cisplatin (Fig. 2g, Additional file 3: Fig. S1, Additional file 4), a drug known to
induce DNA crosslinks. In contrast, albeit in accordance with the literature [84],
FANCI- cells were not sensitive to olaparib, a PARPI (Fig. 2g, Additional file 3: Fig. S1,
Additional file 4).

2.4.3 FANCI c.1813C>T carriers are enriched in familial OC cases of FC ancestry

With these promising results in hand, we assessed FANC/ c.1813C>T carrier
frequency in available PBL DNA from index OC or BC cases of FC ancestry to
determine if this variant plays a role in conferring risk in phenotypically defined cancer
families [17-20, 22, 23, 30, 32, 33, 40, 41, 79, 85-90]. These OC or BC cases were
selected based on their family history of OC or BC, or regardless of cancer family
history (sporadic cases), where BRCA1 and BRCAZ2 pathogenic variant carrier status
was known [30, 32, 33, 39—-41, 85, 86, 91-95]. Index OC cases from OC families (3/42,
7%) had a higher carrier frequency of FANC/ ¢.1813C>T than sporadic OC cases
(7/439, 1.6%, P = 0.048, Fisher’s exact) and sporadic BC cases (8/558, 1.4%, P =
0.035, Fisher’s exact). Index OC cases from OC families (3/42, 7%) and index BC
cases from HBOC families (3/82, 3.7%) had a higher carrier frequency than BC cases
from HBC families (3/ 158, 1.9%), though these differences were not statistically
significant (P = 0.11 and P = 41, respectively, Fisher’'s exact) (Table 1, Additional file 3:
Fig. S3). When including the discovery OC family, there was an increased carrier

frequency of ¢.1813C>T in BRCA1 and BRCAZ2 pathogenic variant negative OC families
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versus sporadic OC cases (P = 0.01, Fisher’s exact) and cancer-free females (3/23,
13%; OR = 5.8; 95%CIl = 1.7-19; P = 0.005).

2.4.4 Cancer-free FC FANCI ¢c.1813C>T carriers are significantly correlated with having

a first-degree relative with OC

Recently, new data has become available from the CARTaGENE biobank
enabling the evaluation of allele frequencies in study subjects from a cancer-free female
FC population, and thus providing a more comparable reference group to our FC cancer
subjects [43]. Using data from three different genotyping platforms, we estimated a
1.3% VAF in cancer-free FC females (Additional file 1: Table S6). This is not
significantly different from the 1% estimated VAF in non-Finnish EURSs, a population
most likely to share common ancestry with FCs (France) [25, 26], as reported in the
gnomAD [96] (Additional file 1: Table S6). In this database, the estimated VAF was
0.67% for the total of all study populations and varied across populations: highest in
Estonians (2.1%) to none in East Asians. Rare homozygous carriers (17/134,154,
0.013%) were also identified in gnomAD. This finding did not dissuade us from pursuing
this candidate variant as the in cellulo findings suggest that it may behave as a
hypomorph.

The estimated carrier frequency at 2.5% in cancer-free FC females was lower
than that observed in index cancer cases from OC (7.1%) and HBOC (3.7%) families,
but higher than observed in sporadic OC cases (1.6%) and index BC cases from HBC
families (1.9%), though these differences were not statistically significant (Table 1).
Additional information was available from the CARTaGENE subijects to investigate

FANCI c.1813C>T carrier frequency in the context of cancer family history (first-degree

65



only), reproductive history, oral contraceptive pill use, oophorectomy, and fallopian tube
ligation; all of which are host factors that are known to significantly impact lifetime risk of
OC [97, 98]. We observed that cancer-free carriers (female/male) were significantly
correlated with having a first-degree relative with OC (Spearman correlation = 0.037; P
= 0.011) compared to non-carriers, when analysing data from subjects genotyped with
arrays that included probes for the variant allele (n = 4645) (Additional file 1: Table S7).
The correlation is still significant, though slightly weaker, when adding data from cancer-
free subjects where genotypes were imputed (n = 604; Spearman correlation = 0.027; P
= 0.047) (Additional file 1: Table S2 and S7). No other cancer type was significantly
correlated with carrier status. The majority of cancer-free FC females were parous
(78%, 2315/2950) and had experienced oral contraceptive pill use, oophorectomy,
and/or tubal ligation (91.8%, 2710/2950) (Additional file 1: Table S8). Only 8.1% (6/74)
of ¢.1813C>T carriers reported no risk-reducing host factors.

2.4.5 Other candidate FANCI variants are rare in OC cases of FC ancestry

To determine if there are other FANCI/ variants (VAF < 1%) in FCs, we
investigated available WES data from 80 familial and/or young age of onset OC cases,
regardless of BRCA1 or BRCAZ2 pathogenic variant carrier status (Additional file 1:
Table S1). We identified seven rare variants among 32 index OC familial cases, where
one carrier was heterozygous for FANCI c.1573A>G; p.M525V (Additional file 1: Table
S9). Although this missense variant is predicted to be highly conserved (all four
conservation tools used) and damaging by in silico tools, in cellulo analyses suggested

that it does not encode an aberrantly functioning protein (data not shown). Thus, FANC/
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c.1813C>T is the only plausible candidate variant identified in FANC/ in FC OC cases
(Fig. 3a).

2.4.6 Co-occurrence of other candidate variants in OC-predisposing genes in FANC/

c.1813C>T carriers

We analysed WES data from FANC/ c.1813C>T OC (n = 12) carriers for the co-
occurrence of pathogenic variants in known high-risk OC-predisposing genes [99]. No
additional carriers of BRCA1, BRCA2, BRIP1, RAD51C, and RAD51D pathogenic
variants were found in our familial cases. None of the sporadic OC cases (n = 7) carried
pathogenic variants in BRCA1, BRCAZ2, BRIP1, RAD51C, and RAD51D. Moreover, the
FANCI ¢.1813C>T variant did not co-occur in carriers of recurrent BRCA1 [39], BRCAZ2
[39], and RAD51D [33] in the FC population.

2.4.7 OC and BC cases of non-FC ancestry also carry candidate FANCI/ variants

We identified 99 unique FANCI variants (VAF < 1%) in 516 AUS HGSC BRCA1
and BRCAZ2 pathogenic variant negative cases [47] and 4878 AUS cancer-free controls
from available WES data (Additional file 1: Table S1). Based on in silico tools, there
were 10 candidate missense variants in 516 HGSC cases (4.1%), where 10 (1.9%)
cases carried FANC/ c.1813C>T and 11 (2.1%) cases carried other variants (Table 2,
Fig. 3b, Additional file 1: Table S9). We identified 42 different candidate missense
variants in 190/4878 (3.9%) AUS controls, where 95 (1.9%) carried FANC/ c.1813C>T
(Fig. 3d). The number of carriers of candidate variants in FANC/ was not significantly
different between AUS cases and controls (P = 0.48), including for FANCI ¢c.1813C>T
alone (P = 0.81). There was no significant difference in allele frequencies of FANCI

variants in AUS cases compared to AUS controls (Additional file 1: Table S10), though
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for five of eight rarest candidate FANCI/ variants (VAF < 0.1%) odds ratios were > 12
when compared to gnomAD cancer-free controls (Table 3). In contrast, FANCI
¢.1813C>T was the only variant identified in 1/63 (1.6%) familial CON BRCA1 and
BRCAZ2 pathogenic variant negative BC cases (Fig. 3c, Additional file 1: Table S9) and
the carrier was known to be of Greek Canadian origin.

With respect to family history of cancer in AUS cases, five of the ¢c.1813C>T
carriers had a family history of OC within third-degree relatives (5/98, 5.1%), which was
significantly higher than the carrier frequency of this variant in combined isolated cases
of HGSC cases (5/418, 1.2%; P = 0.025) (Table 2). In contrast, there was no significant
difference in the carrier frequency of FANCI ¢c.1813C>T in combined cases with a
reported family history of OC and/or BC (6/262, 2.3%) than those without (4/254, 1.6%;
P =0.75). FANCI c.1813C>T co-occurred with another candidate missense variant,
FANCI ¢c.2366C>T; p.A789V, in a HGSC case diagnosed at 75 years with a family
history of OC. Three carriers of other candidate variants in FANCI/ (c.1573A>G;
p.M525V, c.1264G>A; p.G422R, and ¢.1412C>G; p.P471R), with an average age of
diagnosis of 52 years, also had a family history of OC (Table 2), where the carrier of
p.M525V had no family history of BC. The number of carriers of candidate FANC/
variants with a family history of OC (8/98, 8.2%) was significantly higher than isolated
cases of HGSC (P = 0.04), but there was no significant difference when accounting for
family history of OC and/or BC (P = 0.66).

We investigated rare variants (VAF < 1%) from imputed SNP array data that was
available from two case-control studies: OCAC [44] and BCAC [45, 46]. In all, nine mis-

sense and one splice site variant were identified in OCAC and BCAC databases. FANC/

68



c.1813C>T and ¢.824T>C were the only candidate missense variants, but the splicing
variant ¢.3007-1G>A may be a candidate (Additional file 1: Table S11). The data
imputed from the OCAC database [44] revealed that the OR for FANC/ ¢c.1813C>T and
¢.824T>C was highest in HGSC and endometrioid subtypes compared to all
histopathological subtypes combined, though there was no significant difference in
allele frequency in OC cases compared to controls (Additional file 1: Table S5). To
compare to a known OC pathogenic variant, OCAC data was investigated for the most
common pathogenic BRCA1 variant reported in FCs, ¢.4327C>T; p.R1443X, and also
found repeatedly in populations of EUR ancestry [39]. As similarly observed with FANC/
c.1813C>T, the OR was highest in HGSC cases, though there was no significant
difference in allele frequency when all OC subtype cases were compared to controls
(Additional file 1: Table S5). There was no significant difference in allele frequency
between BC cases and controls for FANC/ ¢.1813C>T in a similar analysis of BCAC
case-control data [45, 46] (BRCA1 ¢c.4327C>T, p.R1443X and FANC/ c.824T>C data
was not available in the BCAC database) (Additional file 1: Table S5).

2.4.8 Clinical features of OC from FANCI ¢c.1813C>T carriers are similar to those of

HGSC cases

We reviewed available clinical characteristics of OC in FANC/ ¢c.1813C>T
carriers. Given the paucity of FANCI/ variants, we focused on 13 FC OC carriers of
FANCI c.1813C>T from familial and sporadic FC OC study groups. The seven carriers
found in the context of sporadic OC cases (Additional file 1: Table S12) were reported
as HGSC subtype. The remaining six carriers were identified in OC cases with a known

family history of cancer (Additional file 1: Table S12), where five had serous subtype OC
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and one had a mucinous subtype OC. There appeared to be no striking differences in
the ages of the diagnosis for OC in carriers where age ranged from 40 to 81 years
(average = 59.2 years) as compared with non-carriers in the sporadic OC group
(average = 61years, range 36—81years) (Additional file 1: Table S12). Similarly, AUS
HGSC FANCI carriers were diagnosed with OC between the ages of 31-82 years
(average = 60 years) (Additional file 1: Table S12). Although sample size was limited,
age range of carriers in FC cases was consistent and aligned with average age of
diagnosis of OC in the North American population [1].

Available survival data showed that all seven FANC/ c.1813C>T carriers from the
sporadic OC group were deceased by the time of our investigation. They had an
average survival of 61.1 months (range 9-163). Due to sample size, we were unable to
perform survival analysis using Kaplan-Meier estimation as 57% (4/7) OC cases did not
survive past five years (Additional file 1: Table S12). The two carriers with survival past
61 months (2/7; 28%) is comparable to survival of non-carrier sporadic HGSC cases
(100/334; 30%).

2.4.9 FANCI protein is expressed at low-to-moderate levels in HGSC tumour samples

We performed IHC analysis of an available TMA containing cores from FFPE
HGSC tumour tissues and FTE cells, a proposed tissue of origin for the HGSC subtype
[100- 106], staining for FANCI protein. Though a dualistic origin has been proposed for
HGSC [107-109], we were only able to study FTE tissue. IHC analysis revealed strong
nuclear and low-to-moderate cytoplasmic staining in FTE cells, in contrast to stromal
cell components where staining was low or undetectable (Fig. 4a, Additional file 3: Fig.

S4). In contrast, IHC analysis of tumour cells in HGSC tissue cores exhibited variable

70



staining (Fig. 4b, Additional file 3: Fig. S4), where the majority (83/94, 88.3%) exhibited
low-to-moderate nuclear and cytoplasmic staining in epithelial components, compared
to the stromal cell components where staining intensity was low or undetectable. Using
Kaplan-Meier survival analysis, we found no correlation of staining intensity in epithelial
tumour cell components of the HGSC tissue cores with overall or disease-free survival
(Additional file 3: Fig. S4). Age at diagnosis, disease stage, residual disease,
chemotherapy type, and survival (disease-free and 5-year) were not correlated with the
intensity of protein staining.

A separate IHC analysis of tumour tissues available from eight FANCI/
c.1813C>T carriers revealed a range of staining intensity (Additional file 3: Fig. S4),
consistent with the expectation that the variant encoded protein could be expressed in
tumours (Fig. 2a). We were not able to similarly investigate by correlative or Kaplan-
Meier analyses FANCI variant c.1813C>T carriers due to the small number of cases.

2.4.10 FANCI mRNA expression is associated with survival in TCGA OC cases

Using Kaplan-Meier analysis of TCGA Pan-Cancer cases, we found that
adrenocortical cancer, kidney chromophobe, lower-grade glioma, lower-grade glioma
and glioblastoma, lung adenocarcinoma, melanoma, mesothelioma, pancreatic cancer,
and sarcoma along with OC were showed significant association with survival for FANCI
MRNA expression (Additional file 1: Table S13). OC cases with high FANC/ mRNA
expression had significantly better overall survival compared to cases with low FANCI/
mMRNA expression (Fig. 5a). We found that BRCA1 and BRCAZ2 pathogenic variant
carriers did not show this survival benefit (Fig. 5b) and non-carriers had a stronger

survival signal (Fig. 5c).
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Ten rare FANCI variants were identified in 18/412 (4.4%) TCGA OC cases from
germline WES data, where four variants are candidates based on in silico tools,
including c.1813C>T (Additional file 1: Table S14). Six carriers of c.1813C>T were
identified (1.5%), which is comparable to the frequency of carriers identified in the FC
sporadic OC study group (1.6%). Of the 10 carriers of the 4 candidate FANCI/ variants, 3
cases had co-occurring pathogenic variants in BRCA7 (n=1) or BRCAZ2 (n = 2). No
FANCI carriers had co-occurring candidate variants in BRIP1, RAD51C, or RAD51D.
Age of diagnosis was similar to FC OC cases ranging from 38 to 81 (average = 58.9; n
= 0 cases).

2.5 Discussion

FANCI c.1813C>T was the only candidate FANC/ variant identified in our study
of FC OC cases. Our strategy for the discovery of new CPGs in OC was predicated
upon the genetic drift observed in FCs of Quebec and thus the expectation that
candidate risk alleles frequently occur and can readily be identified due to common
ancestors in this population [25, 26]. Our findings are reminiscent of the identification of
specific variants in familial FC cancer populations of Quebec, such as RAD51D
€.620C>T; p.S207L in familial and sporadic OC cases [33], PALB2 ¢c.2323C>T,;
p.Q775X in BC cases and HBC families [32, 110], and MSH6 c.10C>T; p.Q4X in
colorectal cancer (Lynch Syndrome) families [111]. Given the unique genetic
architecture of the FC population of Quebec, it is likely that carriers of FANCI
¢.1813C>T have common ancestors as has been shown with carriers of frequently
occurring pathogenic variants in BRCA1 [40, 112], BRCAZ2 [40, 92, 113], and MSH6

[111] in cancer families. As expected, given the genetic heterogeneity observed with the
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above examples of CPGs in non-FC populations, we identified 10 candidate FANCI/
variants in AUS HGSC cases and 4 in TCGA OC cases, which included our FANCI
variant. Although a recent genome-wide discovery study of AUS HGSC cases did not
report FANC/I among the list of potential new CPGs for OC [47], missense variants were
not investigated [47].

FANCI c.1813C>T might exert its deleterious effect as a hypomorphic variant, as
suggested by the instability of the encoded isoform in our cell line models, which include
OC cell lines. Though tumour DNA was not available for all of our variant carriers,
Sanger sequencing of DNA from FFPE tumour cells suggest loss of the WT allele and
retention of the variant allele had occurred in two FC HGSC FANC/ c.1813C>T carriers,
as shown in Additional file 3: Fig. S5. Interestingly, tumour samples from a bilateral OC
case predominantly exhibited the FANC/ variant allele suggesting that loss of the WT
allele could have been an early event in tumour progression in this case. Also, HGSC
samples from both cases had acquired somatic pathogenic variants in TP53, a known
major driver of tumourigenicity in the majority of HGSCs [114, 115]. Our IHC analyses
showed differential FANCI protein expression, with a high proportion of HGSC tumour
cells exhibiting low-to-moderate levels of protein expression. This is in contrast to
consistent FANCI protein expression observed in FTE cells. These findings suggest
loss of FANCI may play a role in OC akin to that suggested by other CPGs in the HR
pathway, such as BRCA1 and BRCAZ2 [116]. In light of the dualistic origin of epithelial
OC [107-109], future studies involving ovarian surface epithelial cells could also define
the role of FANCI in OC. Results from analyses of TCGA data also suggest the role of

FANCI in OC where OC cases with higher FANCI mRNA expression had a better

73



overall survival outcome. In keeping with this hypothesis is that loss of the chromosome
15g arm, which contains the FANCI locus (15926.1), has been reported in 55% of 978
HGSC samples by TCGA project [115]. Though the curves of the TCGA Kaplan-Meier
plots are separated at the 5-year mark, future analyses of a large sample group,
focusing on 5-year survival, could potentially have more clinical relevance as the
majority of HGSC patients (>75%) are deceased in this time period.

The highest frequency of carriers was in BRCA1 and BRCAZ2 pathogenic variant
negative OC index cases from OC families (13%), when also including the multi-case
discovery family in this group, which is significantly higher compared to sporadic OC
cases (P = 0.01, Fisher’s exact). Variant carriers in BRCA1 and BRCAZ2 pathogenic
variant negative OC families were also more frequent when compared to cancer-free
FC females by including the OC discovery family in our analysis (P = 0.02, Fisher’s
exact).

Based on available genetic data from non-Finnish EURs, the allele frequency of
FANCI c.1813C>T at 1% is higher than expected as compared to many pathogenic
variants in established CPGs. Similarly, the carrier frequency of c.1813C>T in AUS
cancer-free controls at 1.9% was more common than anticipated. The carrier frequency
of ¢.1813C>T in the general population is reminiscent of the pathogenic CHEK2
c.1100delC, a moderate-risk BC-predisposing variant, which also has a similarly high
carrier frequency of 1.4% in population controls as compared with other pathogenic
variants in known CPGs for BC and OC [117]. This CHEKZ2 variant was also found more
frequently in BC cases from HBC families than sporadic BC cases, relative to healthy

controls [117]. Although our estimates of overall risk to OC using OCAC data was
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inconclusive, carriers of FANC/ ¢c.1813C>T in FC BRCA1 and BRCAZ2 pathogenic
variant negative OC families have an increased risk based on the OR of 5.8 (95%CI =
1.7-20; P = 0.005). Though the confidence interval is wide, due to the small sample
size, our findings are supported by the observation that cancer-free FANC/ c.1813C>T
carriers (female/male) were more likely to have a first-degree relative with OC in the FC
population.

Given the allele frequencies observed among OC cases and controls, it is clear
that penetrance is low for FANCI/ variant carriers. Although we cannot obtain a precise
estimate given the numbers of carriers available, penetrance for FANC/ will evidently be
much lower than penetrance for pathogenic variants in BRCA1 and BRCAZ2. Assuming
that FANCI is a risk variant for OC, it is possible that other variants modify this risk. Al-
though we did not identify other strong candidates in our WES analyses, it may be
possible in the future to estimate a polygenic risk for OC based on a set of common
variants, and then to explore the FANC/-associated risk of OC after controlling for the
polygenic background, as has been done for BC and other diseases [118]. Similarly, the
effect of risk modifiers in the CARTaGENE cancer-free controls in the context of FANCI/
variant carriers is unknown. We are mindful of the fact that FC cancer cases were
recruited during a different time period than FC cancer-free controls, and it is possible
that risk modifiers could be different across these groups, though this information is not
available for FC cancer cases.

It is interesting that rs8037137, which is located 1.68 mega-base pairs
downstream of FANC/ ¢.1813C>T, was among the polymorphic genetic markers found

significantly associated with risk to either invasive epithelial or HGSC subtype OC in a
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large genome-wide association analysis of OCAC data [44]. Consistent with these
findings is our observation that the OR for FANC/ ¢.1813C>T and ¢.824T>C in the
OCAC study groups are highest in endometrioid and HGSC subtype OC cases. A
similar analysis of other candidate FANCI/ variants identified in our study was not
possible as corresponding genetic data was not available in the OCAC database. The
possibility that FANC/ c.1813C>T is a moderate-risk allele with variable penetrance is
consistent with our observations, though we are mindful of the limitations of our study
due to sample size. Based on the allele frequency, we would require an estimated
sample size of approximately 100 OC families and 7000 female cancer-free controls or
13,000 HGSC cases and 115,000 female cancer-free controls to achieve 80% power,
numbers that are currently unattainable in FCs.

During the course of this investigation, FANCI/ loss-of- function and missense
variants in a targeted analysis of selected DNA repair genes in OCAC cases (n = 6385)
and controls (n = 6115) were reported, where only PALB2 showed significant
differences [119]. Based on sample size, the study was not sufficiently powered to
identify moderate-risk alleles. Interestingly, 49 candidate FANCI/ variants, including loss-
of-function variants (frameshift, nonsense, and splicing), and missense variants were
reported (see Additional file 1: Table S15 and Additional file 3: Fig. S6). Although we
were able to analyse FANC/ c.1813C>T in OCAC, this variant was not listed among the
candidates, as only variants with VAF < 1% were investigated in this study.

Although FANCI ¢.1813C>T variant carriers were found in FC familial BC cases,
there were proportionally more carriers in BC cases from HBOC families than in HBC

families. We also identified a variant carrier in a BC family of Greek Canadian origin, a
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family from the same catchment area as our FC cancer families. These findings are in
part reminiscent of the variable penetrance for BC and OC for known high-risk CPGs,
where carriers are more likely to harbour pathogenic variants in BRCA1 or BRCAZ2 (or
PALBZ2) based on family history of BC and OC [40]. There have been independent re-
ports of BC cases carrying other FANC/ variants with VAF 1073 to 107° in cancer-free
individuals. At least 19 different variants have been described in familial and/or sporadic
BC cases: four nonsense, three frameshift, two splicing, and 10 missense (see
Additional file 1: Table S16 and Additional file 3: Fig. S7) [120—-127]. These FANCI
variants were reported in Finnish [125] (4/1524, 0.3%), Chinese [124] (1/99, 1%), and
two Spanish [122, 126] (1/154, 0.6% and 1/94, 1.1%) studies. The role of FANCI/ in
other cancer types remains to be determined, though there have been reports of FANC/
variant carriers in a variety of cancer types such as prostate cancer [125, 128, 129],
sarcoma [130], malignant pleural mesothelioma [131], acute myeloid leukaemia [132],
head and neck carcinoma [133], and colorectal cancer [134] (see Additional file 1: Table
S17 and Additional file 3: Fig. S7).

FANCI regulates the recruitment of the FA core complex to sites of interstrand
crosslinks, and thus plays an important function upstream in the FA-HR DNA repair
pathway [135]. FANCI encodes one of only two proteins that comprise the ID2 complex,
the other being FANCD?2. In cellulo modeling using cell lines, pathogenic variants or
gene knockouts of BRCA1, PALB2, or RAD51D have exhibited sensitivity to cisplatin
and PARPI's, providing some insight into their role in DNA repair [33, 136-138]. We
observed sensitivity to cisplatin but not to the PARPI olaparib in cell lines expressing the

FANCI p.L605SF isoform. Although the mechanism is unknown, these findings are
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consistent with a report showing lack of sensitivity to a PARPi (KU0058948) in a
fibroblast cell line transduced with HPV E6/E7 from a FANCI FA patient, as well as in
cell lines generated from FANCA, FANCL, FANCD2, and FANCJ (BRIP1) patients [84].
The indirect role of FANCI in HR DNA repair and recent evidence suggesting that
FANCI also has functions independent from the FA DNA repair pathway [139-143] may
be consistent with our in cellulo studies. Further investigation of FANCI p.L605F in
additional cell lines, including normal cell lines which are more karyotypically normal
such as those that are representative of the various origins of epithelial OCs, could lend
support to the influence of this variant on protein function in this cancer context.

Biallelic inactivation of FANCI has been associated with FA, a rare autosomal
recessive disease that is characterized by congenital defects and developmental dis-
abilities [36—38]. FA is a heterogenous genetic disease with 22 known causal genes,
where FANCI/ implicated cases comprise approximately 1% of all FA diagnoses [144].
No clear genotype/phenotype association has been identified for FANCI-associated FA,
though 7/16 (44%) patients show at least three features of the VACTERL-H association
[145], which is a disease characterized by a non-random association of birth defects
(typically at least three) affecting multiple parts of the body. FANC/ c.1813C>T; p.L605F
has been reported in ClinVar as benign or likely benign (n = 6 submissions) in the
context of FANCA associated FA (n = 1), FANCl-associated FA (n = 2), or unspecified
conditions (n = 3) with only in silico (no in cellulo or in vitro) evidence provided to
classify this variant and no information on zygosity in carriers nor cancer context. Mild or
no FA phenotypes have been observed for other homozygous hypomorphic variants in

FA genes (BRCA1 (FANCS), BRCA2 (FANCD1), FANCA, and PALB2 (FANCN)) [146—
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149]. Hypomorphic variants in RB1, the causative gene of retinoblastoma have been
found to confer significantly lower penetrance (< 25%) as compared to more common
loss-of-function variants which are highly penetrant (> 95%) for the disease [150]. As
FANCI-associated FA cases are rare, the incidence of cancer in biallelic carriers has not
been reported. Heterozygous carriers of FANCI ¢.1264G>A; p.G422R, a pathogenic
variant that has been reported in two FANCI-associated FA cases [38, 151], were
identified in AUS cases and controls in our study. Although there was no information
about cancer incidence, a Fanci KO mouse model was recently reported describing
phenotypes consistent with developmental defects, though they also reported a low
Mendelian ratio [152].
2.6 Conclusions

This is the first study to describe candidate variants in FANC/ in the context of
familial OC and in a member of the ID2 complex of the FA DNA repair pathway. Our
strategy of investigating a limited number of familial and sporadic cancer cases from a
population showing genetic drift found an increased frequency of carriers in OC cases.
In cellulo and in vitro analysis of a missense variant found to recur in cancer cases
implicates FANCI/ as a new candidate OC-predisposing gene. This study emphasizes
the importance of pursuing missense variants during the gene discovery phase,
especially when plausible candidates are revealed by analyses of defined cancer
families. Indeed, a large number of pathogenic variants in known CPGs, such as
BRCA1 and BRCA2, are missense variants where they have been vetted using in
cellulo and/or in vitro functional studies [31]. Although some of the identified FANC/

variants are predicted to affect gene function as shown by in cellulo analyses of FANCI
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p.L605F isoform, further studies are warranted to evaluate their role in OC risk. Our
study suggests the possibility that FANCI/ variants might confer moderate risk to OC
akin to CHEK?Z variants to BC risk and question the classification of FANC/ c.1813C>T
as benign or likely benign but support that it is likely pathogenic [77]. We were not able
to estimate penetrance due to sample size and inability to perform extensive familial
studies associating carrier status with affected cases as has recently been performed
with PALB?2 risk [153]. Establishing risk is important in the context of familial
aggregations of OC and host behaviours known to affect risk, such as has been shown
with oral contraceptive pill use in carriers of pathogenic BRCA1 and BRCAZ2 variants.
Risk-reducing surgery may not be necessary for FANC/ variant carriers having
significantly reduced risk due to oral contraceptive pill usage [154]. An investigation of
carriers of candidate FANCI/ variants is also warranted given the intriguing observation
of sensitivity to cisplatin but not to olaparib in the in cellulo studies of FANC/ c.1813C>T,

as this might impact the efficacy of PARPi’s in the treatment of HGSC in these cases.
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Figure 2.1. Study design for discovery and investigation of FANCI/ variants. a Pedigree
F1528, a rare FC family with four cases of OC, in which FANC/ c.1813C>T; p.L605F
was discovered. WES was performed on the sisters, Ov 52 and FtOv 57 in generation
lll, who are BRCA1 and BRCAZ2 pathogenic variant negative. Cancer type (Ov: ovarian,
Ft: fallopian tube, Lg: lung, and ENT: ear, nose, throat) and age of diagnosis are shown;
¢ next to a symbol denotes a confirmed cancer case. The location of p.L605F is shown
(bottom). Solenoid domain: antiparallel pairs of a-helices that form a-a superhelix
segments; Helical domain: a-helices; Ubiquitination site, K523: site of
monoubiquitination by the FA core complex to allow downstream FA pathway function
[36, 37]; S/TQ cluster: location of conserved phosphorylation sites [34]. b Functional
analyses of FANCI isoforms using HelLa cells. c—e Estimation of FANC/ c.1813C>T;
p.L605F carrier frequency in cases and controls. FANCI domains were adapted from
pfam (https://pfam.xfam.org). FANCI exon locations adapted from University of

California Santa Cruz Genome Browser (https://genome.ucsc.edu)
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Figure 2.2. The isoform with the p.L605F variant impairs FANCI stability and function. a
Western blots of HelLa cells with the FANCI gene (FANCI**) or with the FANC/ gene
knocked out (FANCI™"). HeLa FANCI™ cells from clone 1 were complemented with
constructs of Flag-FANCI wild type (WT), p.L605F or p.P55L, or an empty vector (EV)
and treated with 50 ng/ml MMC for 18 h. The upper band, H, shows the ubiquitination of
FANCI and FANCD2 after treatment. The lower band, L, corresponds to non-
ubiquitinated FANCI or FANCD2. VINCULIN was used as a loading control. Experiment
was repeated three times. b HeLa FANCI** cells were transfected with siRNA targeting
FANCI and then complemented with Flag-FANCI siRNA-resistant constructs or an EV.
Cells were treated with 50 ng/ml MMC for 18 h followed by FLAG immunoprecipitation.
The left panel shows FANCI constructs expression and the right panel the
immunoprecipitated fractions. The p.L605F immunoprecipitation fraction sample was
super-loaded to have the same signal after FANCI WT complementation. The ratio
between the upper band (H) and lower band (L) for the immunoprecipitated FANCD?2 is
shown. ¢ Immunofluorescence of HeLa FANCI™~ cells from clone 1 that were
complemented with constructs of Flag-FANCI and 0.1 ug of empty GFP vector was
used as a transfection control. The adjacent scatter plot shows the number of FANCD2
foci in GFP-positive cells after treatment with MMC (50 ng/ ml, 18 h). Mean with SEM is
represented. The Kruskal-Wallis test was used to compare groups and the P value is
shown for each test. Experiment has been performed in triplicate. d—f Western blot
analysis of HeLa FANCI™~ cells from clone 1 that were complemented with constructs of
Flag-FANCI and treated with cycloheximide (CHX) and either mock-treated (d) or

treated with damaging agents formaldehyde (e) or MMC (f) for different lengths of time
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at the indicated concentrations. At each time point, whole cell extracts were analysed by
western blot to assess protein levels. Experiment has been done in triplicate. g Survival
curves of HeLa FANCI™~ cells from clone 1 that were transfected with the different
constructs of Flag-FANCI. Cell viability was monitored following cisplatin or olaparib
treatments for 72 h and was assessed by counting remaining nuclei. Curves represent
mean with SEM of three biological replicates. Western blots were used to monitor
expression and shown here as an example. Alpha-tubulin was used as a loading

control. Full blots are shown in Additional file 4
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Table 2.1 Comparison of FANC/ c.1813C>T carrier frequencies in cancer cases with French Canadian cancer-free
women. All odds ratios are calculated comparing to cancer-free females.

Number of
Study group' BRCA1and BRCA2  Case ~ Numberof —  jai50. 7 OR 95% CI P
mutation status tested subjects . o
carriers (%)
OC families? All OoC 42 3 (7.1) 3 09 - 99 0.073
Negative 22 23 (9.1) 3.9 0.89 -17 0.071
BRCAT1 positive 14 1 (7.1) 3 0.39 -23 0.29
BRCA2 positive 6 0 NA NA NA
Sporadic OC cases All oC 439 7 (1.6) 0.63 0.29- 14 0.25
Negative 400 7 (1.8) 0.69 0.32- 1.5 0.36
BRCA1 positive 18 0 NA NA NA
BRCA2 positive 21 0 NA NA NA
HGSC cases All oC 341 7 (2.1) 0.81 037- 1.8 0.61
Negative 310 7 (2.3) 0.9 041- 2 0.79
BRCAT1 positive 15 0 NA NA NA
BRCAZ2 positive 16 0 NA NA NA
HBOC? All BC 82 3  (3.7) 1.5 0.46—- 4.8 0.52
Negative 34 2 (5.9 24 0.57 -10 0.23
BRCA1 positive 29 0 NA NA NA
BRCAZ2 positive 21 1 (4.8) 1.9 0.26 -15 0.52
HBC All BC 158 3 (1.9) 0.75 0.23- 24 0.63
Negative 93 2 (2.2 0.85 0.21- 3.5 0.83
BRCAT1 positive 20 1 (5) 2.1 0.27-15 0.49
BRCA2 positive 45 0 NA NA NA
Sporadic BC cases All BC 558 8 (1.4) 0.57 0.27- 12 0.13
Negative 538 8 (1.5) 0.59 0.28—- 1.2 0.16
BRCA1 positive 4 0 NA NA NA
BRCAZ2 positive 17 0 NA NA NA
Cancer-free NA NA 2,950 74 (2.5) 1

females

'See Additional file 1: Table S1 for details of study groups

°There is overlap of some families but individuals were counted only once

3Inclusion of the discovery family (F1528) leads to 3 FANC/ ¢.1813C>T carrier families out of 23 BRCA1 and BRCA2
pathogenic variant negative (13%; OR=5.8; 95%CI|=1.7-20.; P=0.005)

NA — not available
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Number of carriers of candidate
FANCI variants per study group

g 123
p.L605F z 2 2
(72}
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o o o
4/32 0/48 NA
1328 aa NA 21/516 NA
NA NA 1/63

Number of carriers of candidate
FANCI variants in AUS controls

190/4878

Domain Sample
I Solenoid domain I Ovarian cancer
I Helical domain Breast cancer

| Ubiquitination site, K523 I Control
B S/TQ cluster

Figure 2.3. Schemata of the FANCI gene showing the location of candidate rare
variants (< 1%) found in OC and/or BC in a French Canadian cases, b Australian cases,
¢ Canadian non-French Canadian cases, and in d Australian controls. Refer to
Supplementary Table 1 for study group descriptions. FANCI domains were adapted
from pfam (https://pfam.xfam.org). FANCI exon locations adapted from University of

California Santa Cruz Genome Browser (https://genome.ucsc.edu)
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Table 2.2 Frequencies of carriers of candidate FANC/ variants identified in Australian HGSC cases and controls.

Number of variant carriers? (%)

Number of (/'?> 6% ,ﬁ'n?; tl.'\)g Gg Q“N" S b3 £ g 6: numc;):rof
Study group? subjects S e SN o< N« Rw 28 ar @ N oo 4
(%) ‘;9- Ng ® g gtg- 3%‘_ 220- e?:.l a<g oL ® 0 car:}ers
¢ © é G é S e S e (%)
516 2 3 10 21
HGSC (100) 1(0.2) 1(0.2) 1(0.2) (0.4) 1(0.2) (0.6) (1.9) 1(0.2) 1(0.2) 1 (0.2 (4.1)
7 43 95 1 156
Controls 4878 (100) 0 5(0.1) 5(0.1) (0.1) 0 (0.88) (1.9) 0 0 (0.02) (3.2)
Family history of HGSC
cases?
22 OC cases 7 1
(no BC) ) 0 0 0 0 0 1 (14) 0 0 0 0 (14)
1 OC case 49
(no BC) (10) 0 0 0 0 0 0 0 0 0 0 0
22 OC case and 42 1 7
BC cases 8) 0 0 0 (2.4) 1(2.4) 0 5(12) 1 (2.4) 0 0 (17)
Total with OC family 98 0 0 0 1 1 1 5 1 0 0 8
history (19) (1) (1) 1) (5.1) (1) (8.2)
22 BC cases 45 1 1
(no OC) (9) 0 0 0 0 0 (2.2) 0 0 0 0 (2.2)
1 BC case 125 3
(no OC) (24) 0 1(0.8) 1(0.8) 0 0 0 1(0.8) 0 0 0 (2.4)
248 1 1 1 9
No OC or BC (48) 1(0.4) 0 0 (0.4) 0 (0.4) 4 (1.6) 0 (0.4) 1 (0.4) (3.6)
. 418 1 2 5 1 13
Total isolated HGSC (81) 1(0.2) 1(0.2) 1(0.2) (0.2) 0 (0.5) (1.2) (0.2) 1(0.2) (3.1)

'See Additional file 1: Table S1 for description of study groups; 95% of the participants were of Western European
descent

2First-, second-, or third-degree relatives reported for OC; first- and second-degree relatives only reported for BC
3See Supplementary Table 6 for more information on FANCI/ variants found in these study groups

40One HGSC case carried two FANCI/ variants: ¢.1813C>T; p.L605F and c.2366C>T; p.A789V (see Additional file 1:
Table S9)
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Table 2.3 Summary statistics for candidate FANCI/ variants in the AUS population as compared to cancer-free samples
from gnomAD.

Non-Finnish Europeans All populations

Coding DNA . .
reference  ~mineacid . dbSNP oo g5 P OR 95% Cl P
change designation

sequence’

c.13A>G p.15V rs200186938 NA NA NA 26.05 3.3- 204 1.9x103
c.286G>A p.E96K rs149243307 3.7 05- 271 0.2 0.57 0.08- 41 0.58
c.824T>C p.1275T rs142906652 1.77 03- 127 0.57 0.92 0.1- 6.6 0.93
c.1264G>A p.G422R rs146040966 851 2 - 359 3.5x10°3 17.39 42—- 73 1x10
c.1412C>G p.P471R rs139072231 819 11- 624 0.04 17.36 23- 132 5.8 x103
c.1573A>G p.M525V rs144908351 075 02- 23 0.62 1.31 04 - 41 0.64
c.1813C>T p.L605SF rs117125761 098 05- 18 094 1.47 0.8 — 2.8 0.23
c.2366C>T p.A789V rs925359228 NA NA NA NA NA NA

c.3635T>C p.F1212S rs775483853 57.4 5.2 -634 1x103 130.26  11.8— 1439 1x104
c.3812C>T p.S1271F  rs202066338 19.9 23 -171 6.3x103 12.77 1.7—- 959 0.013

"Human GRCh37/hg19
NA — data not available for the controls
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a. Normal fallopian tube

(n=94)

High
10/94 (11%)

Moderate
55/94 (58%)

Low
28/94 (30%)

Negative
1/94 (1.1%)

Figure 2.4. FANCI protein expression in HGSC by immunohistochemical analysis (IHC)
of tissue microarrays. a An example of IHC analysis of FANCI protein of a paraffin-
embedded normal fallopian tube tissue core. b Examples of different patterns of
intensity of IHC analysis of FANCI protein of HGSC tissue cores in which the epithelial

component is scored. E: epithelial component; S: stromal component
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Figure 2.5. Kaplan-Meier overall survival curves of OC cases from TCGA Pan-Cancer
for FANCI mRNA expression. All cases (a), BRCA1 or BRCAZ2 pathogenic variant
carriers (b), and BRCA1 and BRCAZ2 pathogenic variant carrier negative cases (c) are
shown. Samples were dichotomized into high and low FANCI/ expression groups based

on the median.
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2.9 Supplementary note

To further characterize the germline genomic landscape of FANC/ c.1813C>T
carriers, we performed WES analysis of all seven carriers identified in the sporadic FC
OC cases and compared it with WES data from five carriers identified in OC families
(Table 1). We investigated DNA repair pathways genes (n=276 (1)) rationalizing that
aberrant DNA repair is a hallmark of cancer and other variants in these genes may
contribute to risk if shared among FANC/ ¢.1813C>T carriers. Bioinformatic analyses of
WES data identified a rare DNA polymerase y (POLG) ¢.2492A>G; p.Y831C variant in
the heterozygous state in all FANC/ c.1813C>T carriers. POLG encodes the catalytic
subunit for polymerase y, the only known mitochondrial DNA polymerase, and has not
been reported in association with cancer (2). POLG c¢.2492A>G has not been reported
in association with a disease. Interestingly, POLG ¢.2492A>G is predicted to be
damaging in 10/13 in silico tools (data not shown). Unlike FANCI, POLG is transcribed
on the negative strand immediately downstream of FANC/ where its 3° UTR is encoded
in part by a genetic region shared in common with FANCI. As the estimated distance
between FANC/ c.1813C>T and POLG c.2492A>G is 36.6 kilobase pairs, it is possible
that these alleles are in linkage disequilibrium in the FC population due to common
ancestry (3,4). To investigate this possibility, all FC cancer cases were genotyped for
POLG ¢.2492A>G carrier status. Only one case was found not to carry co-occurring
FANCI-POLG variants: a FANCI/ variant carrying mucinous OC case. We also
investigated available genotyping data from CARTaGENE for cancer-free FCs and
found that FANC/ c.1813C>T tended to co-occur with POLG ¢.2492A>G (Log2 Odds

Ratio=15.2) suggesting that these rare alleles are likely in linkage disequilibrium in FCs.
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2.10 Supplementary figures
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Fig. 2.S1. The isoform with the p.L605F variant impairs FANCI stability and function. a)
Western blots of HeLa FANCI** cells transfected with siRNA control (siCTL) or targeting
FANCI (siFANCI) and then complemented with Flag-FANCI constructs or empty vector
(EV) and treated with 50 ng/ml MMC for 18 hours. The upper band, H, shows the
ubiquitination of FANCI and FANCD?2 after treatment. The lower band, L, corresponds
to non-ubiquitinated FANCI or FANCD2. VINCULIN was used as a control. b) Western
blot of HeLa FANCI cells from clones 1 and 2 were complemented with increasing
amounts of FANCI p.L605F plasmid. ¢) Immunofluorescence of HeLa FANCI** cells
transfected with siRNA targeting FANCI and complemented with EV or Flag-FANCI
siRNA resistant constructs. The number of FANCD?2 foci in Flag positive cells after
treatment with MMC (50 ng/ml, 18 hours) is shown. The upper and lower edge of the
solid bars represents the SEM. The Kruskal-Wallis test was used to compare groups
and the P-value is shown for each test. d) Western blots of HeLa FANCI** cells
transfected with siRNA targeting FANCI and complemented with Flag-FANCI siRNA
resistant constructs and treated with CHX and either mock-treated or treated with
damaging agents formaldehyde or MMC for different lengths of time. At each time point,
whole cell extracts were analyzed by Western blot to assess protein levels. Experiment
has been performed twice. e) Survival curves of HeLa FANCI-- cells from clone 2 that
were complemented with constructs of Flag-FANCI variants or empty vector (EV) and
plated in triplicate in a 96 well plate. Cell viability was monitored following cisplatin or
olaparib treatments for 72 hours and was assessed by counting remaining nuclei.

Experiments were performed in three biological replicates.
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Fig. 2.S2. The isoform with the p.L605F variant impairs FANCI stability in OC cell lines
and FANCI localization to DNA damage in HelLa cells. a) Western blots of OVCAR-4
cells expressing Flag-FANCI wild type (WT) or p.L605F. Cells were treated with CHX
and either mock-treated (NT) or treated with formaldehyde (300 uM for the indicated
times) or MMC (50 ng/ml for the indicated times). Alpha-tubulin was used as a loading
control. b) Western blots of OVCAR-3 cells expressing Flag-FANCI wild type (WT) or
p.L605F, treated with cycloheximide and either mock-treated or treated with
formaldehyde (300 uM for the indicated times). Alpha- tubulin was used as a loading
control. ¢) Immunofluorescence analysis of wild-type HelLa or HeLa FANCI-/- cells
complemented with either YFP alone (EV), YFP-FANCI, or YFP-FANCI p.L605F
constructs. iRFP was used as a transfection marker. The adjacent scatter plot shows
the number of YFP-FANCI foci per nucleus or FANCD2 foci in iRFP-positive cells after
treatment with MMC (50 ng/ml, 18 hours). Mean with SEM is represented. The Kruskal-

Wallis test was used to compare groups and the P-value is shown for each test.
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Fig. 2.S3. Pedigrees of OC and BC families with FANC/ c.1813C>T; p.L605F. Cancer
type (Ov: ovarian, Leu: leukemia, Br: breast, Cx: cervical, Co: colon, Rec: rectal, St:
stomach, Kdn: kidney, Pro: prostate, Lg: lung, Perit: peritoneum, Ut: uterine, Lar: larynx,
Hod: Hodgkin’s lymphoma, Lym: lymphoma, and PSU: primary site unknown), risk
reducing surgery (TAH/BSO: total abdominal hysterectomy/bilateral salpingo-
oophorectomy), and age at diagnosis is indicated. BRCA1 and BRCAZ carrier status is
shown for pathogenic variant positive families, F762, F1055, F1520; all other families
are BRCA1 and BRCAZ2 pathogenic variant negative. ¢ next to a symbol denotes a

confirmed cancer case. Pedigrees may have been truncated to protect anonymity.
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Fig. 2.S4. Imnmunohistochemical analyses of FANCI protein expression of tissue
microarrays (TMAs) from (a) HGSC cases and normal fallopian tube (a, black box) and
(b) FANCI ¢.1813C>T OC carriers tissue cores. TMAs were stained with anti-FANCI
antibody on the same slide. Kaplan-Meier survival curve of HGSC cases for overall (c)
and disease-free (d) survival (in months) as measured in the epithelial cell component.
Cases included in the analyses had received only adjuvant taxol and carboplatin

chemotherapy.
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Fig. 2.S5. |dentification of FANC/ ¢.1813C>T and TP53 variants in French Canadian
HGSC cases. a) DNA sequencing chromatogram showing the region containing
¢.1813C>T corresponding to DNA obtained from (top to bottom): PT0O003 blood showing
the heterozygous variant, PT0O003 FFPE right tumor showing loss of the WT allele,
PTO0003 FFPE left tumor showing loss of the WT allele, PT0002 blood showing the
heterozygous variant, and PT0002 FFPE left tumor showing loss of the WT allele. The
forward sequence is shown. B) DNA sequencing chromatogram showing the region
containing identified TP53 variants corresponding to (top to bottom): PTO003 FF left
tumor showing TP53 variant ¢.559+1C>T and PT0002 FF right tumor showing TP53
variant c.659A>G. The reverse sequence is shown. FFPE: formalin-fixed paraffin-

embedded tumor tissue; FF: fresh frozen tumor tissue.
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Fig. 2.S6. Schemata of FANC/ gene showing rare variants (VAF<1%) reported in (a)
OC (b) and controls from the literature. FANCI domains were adapted from pfam
(https://pfam.xfam.org). FANCI exon locations adapted from University of California

Santa Cruz Genome Browser (https://genome.ucsc.edu).

129



Domain Sample Variant effect
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Fig. 2.S7. Schemata of FANCI gene showing rare variants (VAF<1%) reported in the
literature in (a) BC (b) and other cancers. FANCI domains were adapted from pfam
(https://pfam.xfam.org). FANCI exon locations adapted from University of California

Santa Cruz Genome Browser (https://genome.ucsc.edu).
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Bridging text

In Chapter 2.0, we investigated the possibility that FANC/ ¢c.1813C>T may be
associated with OC risk and our results suggest this is a likely pathogenic variant. Our
study was prompted by the discovery of this FANCI/ variant in the context of our
discovery family (F1528) that was negative for pathogenic variants in known OC
predisposing genes. Though FANC/ c.1813C>T; p.L605F was the most plausible
candidate to investigate, as it was the only gene involved in a DNA repair pathway, it
was proposed that there could be a different variant exhibiting moderate to high risk that
is not involved in a DNA repair pathway in this family. To address this question, |
performed a global analysis to identify variants across the genetic landscape of the two
sisters from family F1528. This analysis was restricted to family F1528 as it was the
only family with two affected OC cases that both harboured FANC/ c.1813C>T;
p.L605F. After confirming that there were no other strong candidate OC risk variants
identified in family F1528, | investigated FANCI to determine if it displayed
characteristics exhibited by known OC predisposing genes and CPGs. This analyses
compliments and expands on analyses performed in Chapter 2.0. | investigated somatic
loss of heterozygosity and somatic genetic alterations in OC carriers of FANCI
c.1813C>T. |l investigated the possibility of tissue tropism for FANC/ c.1813C>T by
determining the carrier frequency across cancer types. The somatic genetic landscape
of FANCI variants was investigated across cancer types to determine the type of
variants and context in which they can be identified. Finally, as all data pointed back to
FANCI as a candidate OC predisposing gene, | investigated other missense variants in

FANCI with characteristics similar to c.1813C>T; p.L605F that would benefit from further
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biological investigation. | also used a candidate gene approach to determine if other
genes in the FANCI protein interactome may be involved in risk to OC by investigating
variants in the interactome genes in OC cases negative for variants in BRCA1, BRCAZ2,
BRIP1, RAD51C, RAD51D, and FANCI. This data presented in Chapter 3.0 has
furthered our understanding of FANC/ OC carriers and FANCI in the context of other

cancers.
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3.1 Abstract

FANCI was recently identified as a new candidate ovarian cancer (OC)
predisposing gene from the genetic analysis of carriers of FANC/ ¢.1813C>T; p.L605F
in OC families. Here, we aimed to investigate the molecular genetic characteristics of
FANCI as they have not been described in the context of cancer. We first investigated
the germline genetic landscape of two sisters with OC from the discovery FANC/
c.1813C>T; p.L605F family (F1528) to re-affirm plausibility of this candidate. As we did
not find other conclusive candidates, we then performed a candidate gene approach to
identify other candidate variants in genes involved in the FANCI protein interactome in
OC families negative for pathogenic variants in BRCA1, BRCA2, BRIP1, RAD51C,
RADS51D, and FANCI, which identified four candidate variants. We then investigated
FANCI in high grade serous ovarian carcinoma (HGSC) from FANCI/ c.1813C>T carriers
and found evidence of loss of the wild type allele in tumour DNA from some of these
cases. The somatic genetic landscape of OC tumours from FANC/ c.1813C>T carriers
was investigated for mutations in selected genes, copy number alterations, and
mutational signatures, which determined that the profile of tumours from carriers were
characteristic of features exhibited by HGSC cases. As other OC predisposing genes,
such as BRCA1 and BRCAZ2, are known to increase risk to other cancers, including
breast cancer, we investigated the carrier frequency of germline FANC/ ¢c.1813C>T in
various cancer types and found overall more carriers among cancer cases compared to
cancer-free controls (p=0.007). In these different tumour types, we also identified a
spectrum of somatic variants in FANCI/ that were not restricted to any specific region

within the gene. Collectively, these findings expand on the characteristics described for
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OC cases carrying FANC/I c.1813C>T; p.L605F and suggest the possible involvement of
FANCI in other cancer types at the germline and/or somatic level.
3.2 Background

Since the first reports of pathogenic variants in BRCA1 and BRCAZ2, the breast
and ovarian cancer predisposing genes (CPGs), almost 30 years ago'?, it is
increasingly evident that there are unlikely to be other major high risk genes contributing
to these cancers. For ovarian cancer (OC), pathogenic variants in BRIP134, RAD51C57,
RAD51D8, and PALBZ2° have been identified but each account for less than 2% of
sporadic OC cases'?. Other genes, such as the mismatch DNA repair genes MLH 11112,
MSH2'3, MSH6'4, and PMS2'5 featured in colorectal cancer (Lynch syndrome) families,
have been associated with OC risk as well, though carriers are also rare, cumulatively
less than 1% of sporadic OC cases'?. Other genes have been proposed for OC risk
such as ATM'6-1°. BARD 12°21 and FANCM?223, though penetrance is not yet
established. Our strategy for identifying new risk genes has focused on individuals from
an ancestrally defined population exhibiting genetic drift, which allowed us to identify
frequently occurring variants as potential candidates?*. In contrast to the general
population, a few pathogenic variants in BRCA 12526, BRCA22526 PALB2?728,
RAD51C?°, and RAD51D?%%0 are found to frequently occur in French Canadians (FCs)
of Quebec, Canada?*. Using this approach and applying biological assays, our group
reported the candidacy of FANC/ c.1813C>T; p.L605F as a new OC predisposing
gene?'. Heterozygous carriers of FANC/ ¢.1813C>T were identified more commonly in
OC families negative for BRCA1 and BRCAZ2 pathogenic variants compared to FC

cancer-free controls. FANC/ c.1813C>T cancer-free control carriers were more likely to
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have a first degree relative with OC, suggesting a role in risk for OC. In addition, this
variant and other candidate variants in FANC/ were more common in familial OC
compared to sporadic OC cases from another (Australian) population. FANCI, a
member of the Fanconi anemia (FA) DNA repair pathway involved in the repair of
interstrand crosslinks, was shown to have abrogated function in cells expressing
p.L605F. FANCI p.L605F showed reduced protein expression, was destabilized upon
treatment with DNA damaging agents (mitomycin C and formaldehyde) and exhibited
sensitivity to cisplatin. Though the expression of FANCI protein was variable in OC
tumours, it was shown to be highly expressed in normal fallopian tube epithelium, a
purported tissue of origin for high grade serous ovarian carcinoma (HGSC)32>-%7, the
most common histopathological subtype of OC. Although its role in conferring risk to OC
remains to be determined, the number of FANC/ ¢c.1813C>T; p.L605F carriers identified
in OC cases affords an opportunity to investigate the molecular genetic features of
carriers.

This study applies a bioinformatic approach to assess the genetic background in
which FANCI carriers were identified in the context of familial OC and investigates the
molecular genomic landscape of ovarian tumours from carriers using available whole
exome sequencing (WES) data. We also investigate FANCI/ variant carriers in the
context of other cancer types by taking advantage of The Cancer Genome Atlas
(TCGA) molecular genetic data sets. We relate our findings to current knowledge
concerning moderate-to-high risk OC predisposing genes and other established CPGs

and the biological role of FANCI.
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3.3 Methods

3.3.1 Study subjects

Study groups are described in Supplementary Table 1. Family F1528 was
previously reported in a study on the histopathology of FC hereditary BC and OC
families®® and was updated with clinical data in the identification of FANC/ as a new
candidate OC predisposing gene?'. WES analyses were previously described?'. Briefly,
DNA extracted from peripheral blood lymphocytes was exome captured followed by
100bp paired-end sequencing. Variants were aligned to human genome assembly hg19
for germline variant calling.

WES data available from familial OC cases negative for pathogenic variants in
BRCA1, BRCA2, BRIP1, RAD51C, and RAD51D (n=13 cases [12 families]) and OC
cases harbouring FANCI ¢.1813C>T; p.L605F (n=10) have been previously
described?°26:2931.39 Four additional HGSC cases of FANC/ ¢.1813C>T were also
included, which were obtained from the Réseau de recherche sur le cancer (RRCancer)
Tumour and Data biobank. All cases were self-reported FC ancestry. FANC/ ¢.1813C>T
harbouring cases are also included in familial OC cases with (n=1) or without (n=2)
BRCA1, BRCA2, BRIP1, RAD51C, or RAD51D pathogenic variants. There are no other
cases known to be ascertained to more than one FC study group. For cancer-free FC
controls, we used WES data available from CARTaGENE (n=171)40-42
(cartagene.qc.ca) and whole genome sequencing (WGS) data from Genetics of
Glucose regulation in Gestation and Growth project (Gen3G) (n=422)*3 to survey the

germline genetic landscape variants.
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WES data available from Australian HGSC cases (n=516)3"44 was surveyed for
genetic landscape variants.

TCGA PanCancer Atlas cancer cases from the general population were
investigated for germline FANC/ ¢.1813C>T carriers (n=10,389)*° and somatic FANCI/
variants (n=10,434)*647_ Age at diagnosis and sex for cancer cases is available on
cbioportal.org. Cancer-free cases from the general population Genome Aggregation
Database (gnomAD; gnomad.broadinstitute.org)*® were used as a comparator for
FANCI c.1813C>T carrier frequency.

All biological samples and associated clinical information were obtained from
biobanks where participants were recruited in accordance with ethical guidelines and
approved Institutional Research Ethics Boards (Supplementary Table 1). FC OC
samples were anonymized at source by providers and were assigned unique PT
identifiers to further protect anonymity. This project received approval from and was
conducted in accordance with The McGill University Health Centre Research Ethics
Board (MP-37-2019-4783 and 2017-2722).

3.3.2 WES filtering and prioritization of variants identified in family F1528

Sequencing data from FANC/ c.1813C>T carrier sisters from family F1528 was
sequentially filtered (Figure 1a) for: (a) rare (minor allele frequency [MAF]<1%) variants
in the general population database gnomAD#*8; (b) variants within autosomes and the X
chromosome only; (c) variant allele frequency (=20% in at least one sister); (d) variant
depth (=10 reads in at least one sister); and (e) protein coding variants. The remaining
variants were visually inspected and confirmed by Integrative Genomics Viewer (IGV)*9

and filtered as shown in Figure 1a, where variants in both sisters had variant depth =10
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reads, variant allele frequency >20% for variants called heterozygous, and variant allele
frequency >80% for variants called homozygous. The final filter applied included a
survey for rare (MAF<1%) variants in the general population from 1000 Genomes
Project®®, National Heart, Lung and Blood Institute (NHLBI) Exome Sequencing Project
(ESP) ESP6500SI-V2 (https://evs.gs.washington.edu/EVS/), and Exome Aggregation
Consortium®' (EXAC). These filtering steps led to a list of variants for further annotation
and prioritization. The genetic landscape variants were annotated for type of variant
effect (nonsense, frameshift, splice site, or missense) and results from applying in silico
tools that predict: if the variant is located at a conserved locus; whether the variant is
deleterious to the protein; or if the variant has the potential to affect splicing. These in
silico tools were selected based on their best predictive performance®?. The tools used
to determine the predicted conservation of variants were Genomic Evolutionary Rate
Profiling (GERP++)3, Site-specific Phylogenetic analysis (SiPhy)%*, Phylogenetic P-
values (PhyloP) 100 way in vertebrates®®, and Phylogenetic Analysis with Space/Time
Models Conservation (PhastCons) v1.5%. Tools used to predict the ability of the amino
acid change to affect protein function (deleterious or not) were Combined Annotation
Dependent Depletion (CADD) v1.4% Eigen v1.1%8, Protein Variant Effect Analyzer
(PROVEAN) v1.1%°, Meta Logistic Regression (MetaLR)®, Meta Support Vector
Machine (MetaSVM)®°, Rare Exome Variant Ensemble Learner (REVEL)®', and Variant
Effect Scoring Tool (VEST) v4.082. Tools used to predict the potential of variants to
affect splicing were database of splicing consensus regions (dbscSNV) adaptive
boosting (ADA) and random forest (RF)®3, Maximum Entropy Modeling of Short

Sequence Motifs (MaxEntScan)®4, and SpliceAl®>. These tools have been applied in our
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previous studies where biological function of proteins aligned with in silico tool
prediction?%31,

Variants were then prioritized if they were identified in both sisters and predicted
to be inherited as an autosomal dominant (heterozygous) or autosomal recessive
(homozygous or compound heterozygous) trait. Variants were then prioritized if they
were (a) nonsense, frameshift, or canonical splice site variants (£1-2 nucleotides away
from the exon), (b) missense variants predicted to affect protein function by 25/7 in silico
tools and highly conserved by 23/4 in silico tools, or (c) non-canonical splice site
variants (>+2 nucleotides away from the exon) predicted to affect splicing by =3/4 in
silico tools as these variants either will not encode a protein product (nonsense
mediated decay) or could affect protein function. Variants were further prioritized if they
had a MAF<1% in cancer-free controls of FC ancestry (n=1,208 alleles) because
pathogenic variants are more likely to be rare based on the rare allele hypothesis®. The
resulting variants are henceforth referred to as genetic landscape variants. FANC/
c.1813C>T; p.L60SF met all filtering and prioritization criteria and is included in tables
as a reference but is not included in total variant counts.

3.3.3 Investigation of genetic landscape variants

Genes associated with genetic landscape variants that were identified in the
FANCI c.1813C>T; p.L605F carriers were annotated for biological function, cellular
location, encoded protein function, associated disease(s), and RNA expression in the
ovaries and fallopian tubes using the Human Protein Atlas®” (proteinatlas.org). These
genes were annotated using the Cancer Hallmarks Analytics Tool®® and a list of

previously identified genes associated with hallmarks of cancer®®, which are defined as
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various abilities or characteristics acquired by cells in the development of cancer”-72.
Genes were also characterized based on being catalogued as having any somatic
variants regardless of location in the same gene in TCGA PanCancer OC cases*5"3
(cbioportal.org) and for their association with disease in ClinGen’.

Genetic landscape variants were annotated for carrier or allele frequency from
available WES data of familial OC cases of FC ancestry negative for pathogenic
variants in BRCA1, BRCA2, BRIP1, RAD51C, and RAD51D (n=13). We also
investigated this OC study group for other variants in genes where genetic landscape
variants had been identified as there may be allelic as well as genetic heterogeneity
among CPGs. The same filtering and prioritization criteria were applied to OC cases of
FC ancestry.

Genetic landscape variants were annotated for carrier frequency from available
WES data of Australian HGSC cases. Other variants in genes where genetic landscape
variants were identified were not investigated in this study group as these samples have
been previously reported using a landscape approach?4.

3.3.4 Loss of heterozygosity analyses of FANC/ ¢.1813C>T in OC tumour DNA from

candidate variant carriers

Loss of heterozygosity analysis of FANC/ ¢c.1813C>T was analyzed by Sanger
sequencing of OC tumour DNA from carriers. Extracted DNA from fresh frozen tumours
was provided by the RRCancer biobank. Previously reported primers were used3'.
Sequencing chromatograms were inspected using 4peaks

(nucleobytes.com/4peaks/index.html) visualization software.
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3.3.5 Somatic genetic landscape of FANCI ¢c.1813C>T carriers

Extracted DNA from fresh frozen HGSC tumours from FANC/ c.1813C>T carriers
(n=7) was provided by the RRCancer biobank. WES was performed at the McGill
Genome Centre as previously described3'. Annotated Variant Call Format files were
inspected for variants in genes most commonly altered somatically in HGSC: TP53;
BRCA1; BRCA2; RB1; NF1; FAT3; CSMD3; GABRAG6; and CDK127°.

Somatic copy number alteration (CNA) profiles were generated from WES data
from tumour samples and corresponding matched-normal samples using Fraction and
Allele specific Copy number Estimate from Tumour-normal Sequencing (FACETS)
version 0.6176. Total and allele-specific read counts were extracted from tumour and
normal samples based on common, polymorphic SNV loci from dbSNP version 15077.
The following parameters were used for copy number segmentation: minimum total
sample depth of 20, critical value for segmentation of 350, and minimum number of
heterozygous single nucleotide variants (SNVs) to cluster segments of 100. Focal
amplification of CCNE1 was assessed as it is identified in over 20% of HGSC cases’
and may be a therapeutic target for cyclin dependent kinase (CDK) inhibitors’8.

DeconstructSigs version 1.8.07° was used to determine the contribution of known
mutational signatures associated with OC in each tumour sample. Catalog of Somatic
Mutations in Cancer (COSMIC) Single Base Substitution (SBS) version 3.2 signatures
were used as reference
(cancer.sanger.ac.uk/signatures/documents/452/COSMIC_v3.2_SBS_GRCh37.txt:
accessed May 16, 2022). Mutational signatures were compared to those associated

with OC8%, Synonymous and non-synonymous SNVs with at least three alternate reads
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were used for mutational signature analysis. The number of SNVs per sample ranged
from 65 to 2560.

The somatic genetic landscape of FANC/ ¢.1813C>T carrier tumours from TCGA
(n=6) was assessed for genes most commonly altered somatically in HGSC and focal
amplification of CCNE1 using cBioPortal*®4” (cbioportal.org).

3.3.6 FANCI c.1813C>T germline carrier frequency across different cancer types from

TCGA PanCancer Atlas

Data from the analysis of germline pathogenic variants in TCGA PanCancer
Atlas cancer cases was downloaded*. A Variant Call Format file was generated with alll
FANCI c.1813C>T events identified at the germline level.

Clinical and genetic characteristics, including age at diagnosis and sex, of cancer
cases harbouring germline FANC/ c.1813C>T were retrieved from cBioPortal*¢#’. These
characteristics were compared to the entire TCGA PanCancer Atlas study group?.

3.3.7 ldentification of somatic FANCI variants in different cancer types from TCGA

PanCancer Atlas

All somatic FANCI variants were retrieved from cBioPortal*64” TCGA PanCancer
Atlas Studies. Clinical and genetic characteristics of cancer cases where somatic
FANCI variants had been identified were also retrieved. These included total variant
count, microsatellite instability (MSI) score from microsatellite analysis for normal
tumour instability (MANTIS)®', age at cancer diagnosis, and sex. These characteristics

were compared to the entire TCGA PanCancer Atlas study group.

144



3.3.8 Investigation of missense variants in FANCI/ reported in public databases

All missense variants in FANC/ were retrieved from ClinVar®? in March 2022.
Variants were investigated using bioinformatic criteria established for FANC/ c.1813C>T
including those uncommon in gnomAD non-cancer controls (MAF 0.1-1%), highly
conserved by 23/4 in silico tools, and predicted to affect protein function by =5/7 in silico
tools. In silico tools used are the same as mentioned above.

3.3.9 Identification of variants in the FANCI protein interactome

Familial OC cases of FC ancestry negative for pathogenic variants in BRCAT,
BRCA2, BRIP1, RAD51C, RAD51D, and FANCI (n=11) were investigated for variants in
genes involved in the FANCI protein interactome. To construct a list of FANCI protein
interactome genes in Homo sapiens we searched STRING?3, BioGRID?*, Protein
Interaction Network Online Tool (PINOT)®, Signalling Network Open Resource
(SIGNOR)®, Molecular Interaction Database (MINT)®, Protein Interaction
Knowledgebase (PICKLE)®, Database of Interacting Proteins (DIP)3, and IntAct®°
(Supplementary table 2). The literature was also searched for proteins shown to directly
interact with FANCI protein experimentally by using “FANCI” as the search term
(Supplementary table 2). As germline variants in DNA repair pathway genes have
already been investigated in this study group (P.N. Tonin unpublished data) we focused
on genes that were part of the FANCI interactome but not involved in DNA repair
pathways (n=115). Variants were filtered and prioritized using the same criteria as

described above (Figure 1a, b).
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3.4 Results

3.4.1 Candidate variants identified in family F1528

We reported the discovery of FANC/ ¢.1813C>T; p.L60SF in two siblings in family
F1528 as the most plausible OC predisposing candidate based on the association of
FANCI in the Fanconi anemia homologous recombination (FA-HR) DNA repair
pathway3'. The only other variant shared between these siblings and other OC carriers
of FANCI c.1813C>T (n=14), is POLG c.2492A>G; p.Y831C, a marker found in linkage
disequilibrium with carriers of FANC/ ¢.1813C>T in all the populations that we studied,
and which remains an unlikely candidate OC predisposing allele based on purported
function as reported previously3'. Using bioinformatic tools and the most recent
annotation of genetic databases, we re-evaluated the WES germline data of these
siblings to further investigate the genetic landscape of carrier siblings reasoning that
there may be other co-occurring potentially pathogenic variants of interest that could
also be investigated in other OC families of the same FC ancestry. We only applied this
strategy to this OC family (F1528), as we do not have any other examples of familial
cases, especially sibling pairs affected with OC where both siblings harboured the same
FANCI variant, which would facilitate the identification of candidate variants associated
with disease.

Using the same generated WES data used in the discovery of FANCI
c.1813C>T, we performed a new bioinformatic analysis and applied best performing
predictive tools to identify germline genetic landscape variants that were shared among
the siblings in family F1528 (Figure 1a). From a master list of 86,061 variants identified

in both sisters, we used a filtering strategy to identify rare (MAF<1%), high quality

146



variants that were most likely to affect protein coding regions, which generated a list of
222 variants that were shared among these siblings. These variants were identified in
214 different genes and included POLG c¢.2492A>G, as expected (Supplementary table
3). The variants were present in the same genetic state in both siblings: heterozygous
(n=196 variants), compound heterozygous (n=14 variants in 7 genes) or homozygous
(n=1 variant), and heterozygous X chromosome linked (n=11). The MAF of these
variants varied from 4x10 to 9.7x10-3 in gnomAD except for 14 variants that were not
found in this database. These variants were comprised of 186 missense, 14 non-
canonical splice site, 9 frameshift, 6 nonsense, 3 inframe, 3 canonical splice site, and 1
stop loss.

To further refine the list of plausible candidates, we applied criteria to the list of
222 variants to select those of interest for further investigation focusing on in silico tools,
type of variant, and allele frequency in FC cancer-free controls (Figure 1b). Using these
criteria, we identified 18 variants with nonsense, frameshift, or canonical splice site
effects. We selected 57 missense candidates predicted to be damaging based on >5 of
7 of our best performing in silico tools, in keeping with the rationale that the most likely
biologically relevant would be predicted by the majority of in silico tools®'. We also
selected an additional two non-canonical splice site variants that were predicted to
affect splicing. As expected, this excluded POLG ¢.2492A>G as a variant of interest but
not FANC/ c.1813C>T. From this list of 76 variants, we selected 66 variants for further
investigation based on their allele frequency (MAF<1%) in population matched FC
controls. Excluding the FANCI variant, the 66 variants of interest were identified in 66

different genes (Supplementary table 4).
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A large proportion of the 66 variants were identified at least once in various
cancer contexts such as hallmarks of cancer®®8° (83%) or somatically mutated in OC
cases from the TCGA*:73 (83%) as summarized in Figure 1c. Although some (9/66
,14%) variants have been reported in other clinical contexts, none of the variants were
found associated with a cancer context in ClinGen’* (Supplementary Table 4). As
shown in Supplementary Table 4, some of these genes were found in more than one
group as defined in Figure 1c. None of the 66 variants were identified in genes
associated with DNA repair pathways.

3.4.2 Genetic analyses of variants identified in FANCI carrier siblings in FC study

groups

To further characterize our 66 variants, we reviewed available WES data from 13
familial OC cases negative for pathogenic variants in BRCA1, BRCAZ2, BRIP1,
RAD51C, and RAD51D for carrier status. These cases have been well characterized
and are of FC ancestry?°26:28-31,3892-99 \We identified a total of four carriers from three
families of variants in PTPN22, GPD1, and SEC14L4 (Table 1). Notable is that none of
three FANCI c.1813C>T carriers from independently ascertained cases harboured any
of the 66 variants. Thus, though there may be shared FC ancestry among the carriers,
none of the five independently ascertained familial OC cases in our FC study group of
FANCI carriers harbour other potentially deleterious alleles initially identified in the index
FANCI c.1813C>T OC cases.

Given the possibility of allelic heterogeneity even within the FC population as we
have previously demonstrated with established OC predisposing genes?*, we screened

the same 13 familial OC cases for other plausible deleterious variants in the 66
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candidate genes. Applying our bioinformatic filtering and prioritization criteria we
identified 10 different variants that were not present in our index family F1528. There
were six carriers of variants in PIWIL3, SCN10A, PCDH15, TEX2, DNAH3, DNAH1,
IQCA1, CACNA1S, and MYO7A (Table 2). Four cases were found to carry variants in
two different genes: F1085-PT0134 (CACNA1S and MYO7A); F845-PT0196 (PCDH15
and TEX2); F1506-PT0136 (PIWIL3 and DNAH1); and F1543-PT0137 (DNAH1 and
IQCAT1). Both variants in F1085-PT0134 were not carried by their sibling F1085-PT0135
and thus did not segregate with the disease. Each variant was harboured by only one
case; two different variants were identified in the same gene, DNAH1.

3.4.3 Genetic analyses of variants identified in FANCI carrier siblings in non-FC study

groups

We screened our 66 variants in available WES data from the Australian HGSC
study group regardless of FANCI variant carrier status. We identified 70 carriers of 21
variants among 516 HGSC cases, where the majority harboured only one variant (Table
3). None of these variants were identified in any of the previously identified 10
Australian carriers of FANC/ ¢.1813C>T3'. Two carriers of other likely pathogenic
FANCI/ variants (c.1264G>A; p.G422R and ¢.3635T>C; p.F1212S) were found to
harbour variants in ALDH16A1 and NBAS, respectively. Though different variants were
identified in OC cases of FC ancestry in DNAH3, IQCA1, and PCDH15, the same
variants as those found in family F1528 sisters were identified in these genes in five

Australian HGSC cases.
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3.4.4 Genetic analyses of germline FANCI interactome variants identified in FC OC

cases

Based on our previous analyses, FANC/ c.1813C>T is the strongest candidate
OC predisposing variant identified in family F1528. Therefore, we used a candidate
gene approach to investigate germline variants in genes that encode proteins that are
part of the FANCI interactome. We reviewed available WES data from 11 familial OC
cases negative for pathogenic variants in BRCA1, BRCA2, BRIP1, RAD51C, RAD51D,
and FANCI to search for other candidate predisposition variants. Variants in DNA repair
pathway genes were excluded as this has been previously reported by our lab (P.N.
Tonin unpublished data). We identified a total of three carriers from three families of
missense variants in EZH2, ANKRD55, MOV10, and LRRKZ2 (Table 4). Variants in
ANKRDS55 and MOV10 were identified in the same case F1506-PT0136.

3.4.5 Identification of other germline potentially deleterious variants in FANCI

To identify additional germline potentially pathogenic variants in FANCI, we used
ClinVar®2 which aggregates information about genomic variation and its relationship to
human health. We focused our analyses on missense variants as loss of function
variants (i.e., frameshift, nonsense, and canonical splice site) have been previously
reported by our group?®'. We investigated 319 missense variants using bioinformatic
criteria established for selecting variants of interest: uncommon (0.1-1% MAF) in non-
cancer controls from gnomAD, highly conserved, and predicted to affect protein function
by in silico tools. Three missense variants met these criteria (Figure 2): FANCI
€.286G>A; p.E96K, c.1573A>G; p.M525V, and our candidate variant c.1813C>T;

p.L605F. FANCI c.1573A>G; p.M525V was previously reported by our group, however,
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based on in cellulo assays we concluded that this variant did not affect protein
function3'. Thus, the only FANCI/ variant to investigate further was ¢.286G>A; p.E96K.
We investigated available genetic data or genotyped FC, Australian, and TCGA study
groups for carriers of FANCI c.286G>A; p.E96K. FANC/ c.286G>A was not identified in
OC (n=527) or BC (n=220) cases or controls (n=171) of FC ancestry, but was previously
reported by our group in an Australian OC case (1/516, 0.2%) and controls (5/4878,
0.1%) and TCGA OC cases (1/412, 0.2%)3".

3.4.6 Loss of heterozygosity analyses of FANC/ ¢.1813C>T in OC tumour DNA from

carriers

We previously reported loss of the wild type allele in bilateral OC tumours from
FANCI c.1813C>T carriers, suggesting that loss of FANCI function was an early event
in tumourigenesis®'. We have extended our analysis to investigate tumour samples from
other carriers though only DNA from FC cases was available for these analyses.
Inspection of Sanger sequencing chromatograms from OC tumour DNA from nine
carriers revealed three cases exhibiting loss of the wild type allele and retention of the
FANCI c.1813C>T allele. One case showed loss of the variant allele and retention of the
wild type allele, and the remaining cases retained heterozygosity with little evidence of
allelic imbalance.

3.4.7 Somatic genetic analyses of OC tumours from FANCI ¢c.1813C>T carriers

The somatic genetic landscape of HGSC cases has been well characterized,
where there is a long-tail of uncommon somatic variants and extensive genome wide
CNAs, with the exception of TP53 (which harbours driver mutations that cause cells to

become cancerous) being the most altered gene (>95% of cases)’®. To determine if
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HGSC cases carrying FANC/ ¢.1813C>T exhibit similar somatic genetic characteristics
to HGSC cases we performed WES analyses or surveyed available genetic data from
seven FC cases and six TCGA cases, respectively. We focused our analyses on the
most altered genes reported for HGSCs: TP53 (96%), BRCA1 (3.5%), CSMD3 (6%),
NF1 (4%), CDK12 (3%), FAT3 (6%), GABRAG6 (2%), BRCA2 (3%), and RB1 (2%)"°.
Somatic variants were identified in CDK12 (1/13, 8%), FAT3 (3/13, 23%), BRCA2 (3/13,
23%), and TP53 (11/13, 85%) (Table 5), at frequencies comparable to those HGSC
cases’®. As expected, most deleterious variants identified in our HGSC cases carrying
FANCI c.1813C>T in TP53 were missense’>100.101 (n=7) with the remainder being
frameshift (n=2), splice (n=1), or inframe indel (n=1). Extensive and unremarkable
genome-wide CNAs were evident across tumours from FANC/ c.1813C>T carriers
consistent with that seen for HGSC tumours (Supplementary Figure 1). Amplification of
CCNET1, reported to occur in approximately 20% of HGSC cases’®, was exhibited in two
FANCI carrier cases (2/11, 18%), PT0006 from our FC study group and sample TCGA-
25-2393 from TGCA project.

DNA from HGSC tumours has been shown to exhibit global DNA mutational
signatures reflecting disruptions in specific DNA repair pathways, aging, and other
processes that have accumulated during tumourigenesis®. We performed a somatic
mutational signature analysis using WES data derived from FC OC tumour DNA from
FANCI c.1813C>T carriers using COSMIC SBS signatures as a reference. The
signatures identified in tumours from FANC/ c.1813C>T carriers were compared to
those exhibited by HGSC tumours as there have been no reports attributing mutational

signatures to cancers harbouring deleterious FANCI/ variants. We were able to profile
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seven OC tumour samples from FC carriers due to availability of WES data for these
samples (Supplementary Figure 2). The mutational profiles were indicative of the
presence of extensive and complex mutational patterns typified by HGSC tumours
(https://signal.mutationalsignatures.com/explore/tissueType/15). The homologous
recombination deficiency signature (referred to as SBS3) was identified in 6/7 (86%)
cases. The sample that did not exhibit this SBS3 signature, PT0003, exhibited signature
pattern SBS8, a signature whose etiology is unknown, but it has been proposed to be
associated with homologous recombination deficiency
(cancer.sanger.ac.uk/signatures/sbs/sbs8/). PT0003 also exhibited the largest
contribution of signature SBS6, which has been attributed to defective mismatch repair
and MSI. The aging signature (SBS1) was identified in 5/7 (71%) tumours and the
contribution was consistent to age at diagnosis®'. All tumours exhibited varying
proportions of SBS18, a signature indicative of damage due to reactive oxygen species.
A signature with a proposed etiology associated with prior treatment with platinum
chemotherapy drugs (SBS35) was evident in 5/7 (71%) tumours, though not in sample
PTO0007, which was from a patient who received neoadjuvant chemotherapy with the
platinum compound carboplatin.

3.4.8 Germline FANCI ¢.1813C>T carriers identified in other cancer types

We previously reported carriers of FANC/ ¢.1813C>T and other potentially
pathogenic FANCI variants in BC cases, a disease associated with OC risk genes'%?,
and a review of the literature also indicated that there were FANCI carriers in other
cancer types®'. To further investigate the role of FANCI in other cancer types we

investigated the germline carrier frequency of FANC/ ¢.1813C>T in 10,389 cancer
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cases from TCGA PanCancer data set*®. We focused on this variant to further
investigate its association with familial OC and our in cellulo assays demonstrating
abrogated protein function®'. The highest carrier frequency was observed in
adrenocortical carcinoma cases (3.3%, 3/92); there were no carriers identified in cases
with diffuse large B-cell carcinoma (n=41), kidney renal papillary cell carcinoma
(n=289), thymoma (n=123), or uterine carcinosarcoma (n=57) (Table 6). The median
age of diagnosis (59 + 14.7 years) and number of females (48.5%) of FANC/ c.1813C>T
carriers were comparable to the total study group (59.2 + 14.4%5 and 52%*,
respectively). Interestingly, the overall carrier frequency of FANC/ ¢.1813C>T at 1.6%
(171/10389) was significantly higher in TCGA PanCancer cases than in that of non-
cancer individuals in gnomAD (1.3%, 1787/134,164; Pearson’s y?= 7.3, p = 0.007).

3.4.9 A wide spectrum of somatic FANCI variants identified in a variety of cancer types

Approximately 40% of germline CPGs have been found with somatic variants in
tumours as drivers and some of these genes have been shown to play a role in
tumourigenesis, with RB7 being the classical example'?3. From the above analysis of
the germline FANCI variant there were four FANC/I ¢.1813C>T germline carriers with
different somatic FANCI variants, two bladder urothelial carcinomas and two lung
squamous cell carcinomas. These observations prompted us to investigate the
spectrum and frequency of somatic variants in FANC/ in TCGA PanCancer tumours
(n=10,434) from cBioPortal*¢4’. We identified 198 different variants in 172 tumours
(1.65%, 172/10434) in 28 different cancer types comprised of a variety of genetic
abnormalities: 168 missense, 11 nonsense, 10 splice, 6 frameshift, 2 stop loss, and 1

inframe deletion (Table 7 and Supplementary table 5). There appears to be no
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mutational hotspot identified and variants were distributed across the gene (Figure 3).
The highest total number of variants was identified in uterine corpus endometrial
carcinoma tumours (8.32%, 43/517); no variants were identified in tumours from cases
with cholangiocarcinoma (n=36), diffuse large B-cell carcinoma (n=41), kidney
chromophobe (n=65), pancreatic adenocarcinoma (n=179), or uveal melanoma (n=80).
The median age at diagnosis and sex of cases with somatic FANC/ variants were
comparable to those without somatic FANCI/ variants (60 £ 13.5 vs. 60 £ 14.4 and 58%
vs. 52%, respectively). Tumours with somatic FANC/ variants had higher mutational
load (p = 2.2x107'%) and MSI score (p = 6.8x10-'%) compared to tumours without somatic
FANCI variants.
3.5 Discussion

Genetic analyses of the germline of two sisters with OC from family F1528 that
are heterozygous for FANC/ c.1813C>T; p.L605F revealed 222 variants of interest, of
which 66 were most likely to exert a function on the encoded protein (genetic landscape
variants). Of note is the number of loss-of-function (frameshift, nonsense, and canonical
splice site) variants identified in both sisters after filtering and prioritization (n=15).
Increasing evidence suggests that all individuals carry more potentially deleterious
variants than previously suspected (approximately 24-100 heterozygous variants per
individual'94.19%) although some may not impact gene function'6.1%7 As adequate in
silico tools with high predictive performance, such as those for missense and splice site
variants, have not yet been developed for loss-of-function variants, it is difficult to further
interpret these variants in the absence of laboratory experiments examining their

biological effect. The investigation of the genetic landscape variants in OC cases of FC
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ancestry revealed four carriers of variants in PTPN22, GPD1, and SEC14L4 in three
different families, though two of these families were previously identified by our group to
harbour likely pathogenic variants in known or putative DNA repair pathway genes (P.N.
Tonin unpublished data). When we assessed the same study group for carrier status,
we identified six carriers of variants in nine different genes, where all but two families
were previously identified to harbour likely pathogenic variants in DNA repair genes
(P.N. Tonin unpublished data). Families F845 and F1543 were the only cases not found
to harbour likely pathogenic variants in DNA repair genes. Although the previously
identified DNA repair pathway variants are plausible OC predisposing variants they
have yet to be verified independently. Though it is possible that genetic variants
identified in this study may independently affect risk in OC, FANC/ c.1813C>T; p.L605F
remains the most likely candidate OC predisposing gene in family F1528.

We also investigated the 66 genetic landscape variants for carrier frequency in
Australian OC cases (regardless of FANCI/ variant carrier status) and identified several
carriers of variants in these genes, mainly of missense variants. These variants had not
been reported in a previous independent analysis of WES data from these cases as the
study was focused primarily on loss of function variants*4. Thus, it is possible that these
missense variants are relevant in these cases, which are notably negative for
pathogenic variants in BRCA1 and BRCAZ2. Also notable is that we did not identify any
carriers of any of our genetic landscape variants among the 10 previously identified
FANCI c.1813C>T; p.L605F carriers from this study group.

The role of these 66 genetic variants identified in FANCI carriers in modifying risk

to OC in family F1528 which harbours FANC/ c.1813C>T; p.L605F remains to be
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determined. Interestingly, additional potentially pathogenic variants were identified in
FANCI using the criteria established for c.1813C>T and it would be of interest to further
assess their effect on gene function. The most interesting variant, FANC/ c.286G>A,
p.E96K, was identified in a BC case (diagnosed at 44 and 50 years) who had OC at age
53 years, was of Ukrainian ancestry, who reported a grandmother with OC
(Supplementary figure 3). This individual did not harbour any pathogenic variants in
BRCA1, BRCA2, BRIP1, RAD51C, or RAD51D by WES analyses. FANCI c.286G>A;
p.E96K was reported in BC cases (2/133, 1.5%)'°¢ and OC cases (1/6385, 0.02%
[0/6115 controls])'® in the literature. FANCI p.E96K may affect the ubiquitination of
FANCD2, the heterodimeric binding partner of FANCI, and/or the Van der Waals forces
between FANCI and FANCD2'86,

HGSC tumours from cases harbouring germline FANC/ ¢c.1813C>T exhibited
features consistent with tumours from HGSC cases. The majority (85%) of tumours had
identifiable pathogenic variants in TP53 and two cases were identified with CCNE1
amplification (18%). The somatic mutational signatures characteristic of HGSC tumour
cells were also present in HGSC samples harbouring FANC/ ¢c.1813C>T. We also
identified signatures SBS35 (platinum associated) and SBS6 (mismatch repair
deficiency) in 5/7 and 6/7 cases respectively, which are less commonly observed in
HGSC cases (<10%). This may be a result of small sample size, though they could also
be a result of harbouring FANC/ c.1813C>T in the germline. Interestingly, the two cases
with the highest contribution of SBS6 signature, samples PT0004 and PT0005, have
germline or somatic variants in mismatch repair genes, which may contribute to the

presence of this signature. It has recently been reported in a study involving C. elegans,
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that genotoxic agents tended to have a stronger influence on the mutational signature
than a DNA repair deficient background''°. Moreover, the signature attributed to defects
in HR DNA repair may be identified in the absence of an identifiable DNA repair
pathway gene pathogenic variant'!'. This could be because the signature is more
attributed to global defects, which is distinct from other signatures that have
characteristic nucleotide changes, such as the aging signature’'. Although the sample
size is small, there appeared to be no identifiable FANCI/ specific signature from
analyses of tumours from FANC/ ¢.1813C>T carriers.

The contribution of cancer cases attributed to CPGs is approximately 3%, though
this varies based on cancer type'%3, Some CPGs predispose to multiple primary cancer
types, such as BRCA1 with OC and BC, though there is often preferential predisposition
to certain histological subtypes, such as the association of BRCA1 with HGSC.
Germline FANC/ ¢.1813C>T was initially identified in HGSC cases®!, but as shown in
our study can be observed across many cancer types in TGCA PanCancer Atlas. It is
unknown if FANCI ¢.1813C>T is contributing to risk in these cancers as the variant is
more common in the general population compared to other high risk CPGs (0.6% vs.
0.0001%)*. The moderately increased carrier frequency of FANCI ¢.1813C>T in TCGA
cancer cases (1.6%) compared to gnomAD cancer-free controls (1.3%) is intriguing
suggesting a role for this variant in risk (p = 0.007). Additionally, TCGA cancer cases
were identified with somatic variants in FANC/ across cancer types. As variants were
identified in cases with significantly higher mutational load and/or MSI scores, it is
possible that these somatic FANCI/ variants arose as a consequence of either of these

processes, though they could be drivers of these processes through mechanisms that
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remain to be elucidated. FANCI/ is not currently included among the 733 cancer-driving
genes in the Cancer Gene Census''? (cancer.sanger.ac.uk/census#cl_sub_tables), but
a number of other genes involved in the FA pathway, such as BRCA1 (FANCS), BRCA2
(FANCD1), BRIP1 (FANCJ), FANCA, FANCC, FANCD2, PALB2 (FANCN), and
RAD51C (FANCO), are implicated as cancer-drivers in this census. Further assessment
of cancers in individuals harbouring germline FANC/ ¢.1813C>T or somatic FANC/
variants may elucidate a genetic signature associated with FANCI, as has been
reported for FA associated squamous cell carcinomas™3.

Many CPGs are also associated with non-cancer phenotypes, the spectrum of
which is broad. Homozygous or compound heterozygous variants in FANC/ were
associated with FA group | in 20074116, FA is a rare disease characterized by
congenital defects, progressive bone marrow failure, and increased risk of cancers
(mainly acute myeloid leukemia and squamous cell carcinomas)''’. FA-I cases
comprise approximately 1% of all FA cases and have been associated with at least
three features of VACTERL-H''8, a rare disease that affects multiple body systems.
Recently, an eight-year-old male with aplasia referred for a diagnosis of FA was
reported to harbour germline homozygous FANC/ ¢.1813C>T"1°. FANCD2 ubiquitination
was not detected in peripheral blood cells from this patient and increased chromosomal
breakage was observed, suggesting abrogation of the FA pathway. These data are
consistent with our previous observations that FANC/ ¢.1813C>T abrogates FANCI
protein function3'. FANCI is an integral member of the FA pathway and acts as the

molecular switch to activate the pathway'?. FANCI also functions outside the FA
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pathway such as in dormant origin firing'?!, negative regulation of Akt signaling'??, and
ribosome biogenesis'?3,

Risk of cancer has been assessed in heterozygous relatives of individuals with
FA, and though no association with cancer risk was found, few FANCI families (n=4)
have been investigated due to the paucity of FANCI carriers'®-'26, FANC/ c.1813C>T;
p.L605F was previously identified by our group in the germline and was associated with
a suspected autosomal dominant mode of inheritance of OC3'. This is consistent with
more than half of CPGs which are associated with an autosomal dominant mode of
inheritance'?3. The majority of CPGs also act as tumour suppressors, where many are
classical tumour suppressors that require biallelic inactivation for tumour development
and/or progression, though some CPGs may exert their effect through
haploinsufficiency or a dominant-negative manner'®. Here, we have shown that biallelic
inactivation of FANC/ ¢.1813C>T may occur through loss of the wild type allele. As we
showed that not all carriers exhibited this loss, it is possible that loss of the wild type
allele may not be required for OC tumourigenesis. This is consistent with the OC
predisposing genes BRCA1 and BRCAZ2, where loss of the wild type allele is not always
observed in tumour cells from carriers of pathogenic variants in these CPGs8%187,
Beyond assessing the biological effect of a variant using cell line models as we have
shown with FANC/ c.1813C>T?', there are no suitable animal models to evaluate OC
risk alleles.

Identification of CPGs has had a large clinical impact on diagnosis and
management, targeted therapies, and screening and prevention. The clinical utility of

FANCI for diagnosis and management cannot be determined until penetrance for
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cancer risk is established. Currently there are no effective cancer screening methods for
OC or prevention strategies to reduce OC risk in the general population, though
prophylactic salpingo-oophorectomy has been proven to reduce risk in carriers of
pathogenic BRCA1 or BRCA2 variants'?. Though there are no targeted therapies for
FANCI, 73 chemicals interact with this gene, including cisplatin and mitomycin C, which
is concordant with our previous findings that loss of FANCI/ sensitizes cells to these
drugs'?*. There are 12 cancer related drugs that interact with FANCI, 7 of which are
chemotherapies and 5 of which are targeted therapies'°. These chemicals present
opportunities for future investigation for the treatment of cancer cases with FANC/
variants.
3.6 Conclusion

This study has expanded on the molecular genetic characteristics of FANCI
c.1813C>T; p.L605F in OC first reported in OC families of FC ancestry®!. These data
suggest FANC/ ¢c.1813C>T carrier HGSC tumours show characteristics known to be
exhibited by HGSC cases. The identification of germline FANC/ ¢.1813C>T carriers and
various somatic FANC/ variants across cancer types suggests a possible involvement of

FANCI in other cancers and an avenue for future research.
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3.8 Main figures and tables

A.

Total variants = 86,061 |

>1% in gnomAD
Y chromosome variants

| 27,240 variants remaining

\ VAF<20%
A Depth <10 reads in 21 sister

| 22,274 variants remaining

N\ Low impact severity
A

| 1,420 variants remaining |

\ Non-protein coding variants
A

| 1,188 variants remaining |

Depth 210 in both sisters

y

679 variants remaining

\-V >1% in 1000 Genomes, ESP, and ExAC
A

| 598 variants remaining |

k' Found in only one sister or the other
A

Not validated by manual review using Integrative Genomics V iewer

to investigate

222 variants remaining as a masterlist of candidates

222 candidates

No. of variants
B. Prioritization criteria

1.a) Nonsense, frameshift, or canonical splice site variants (<2 nucleotides 18
from the exon)
b) Missense variants predicted damaging by 25/7 tools and conserved 56
by 23/4 conservation tools
c) Non-canonical splice site variants (>+2 nucleotides from the exon) 2
predicted to affect splicing by 23/4 tools
TOTAL: 76
2. Allele frequency <1% in FC cancer-free controls (n=1,208) 66

C. Characterization of 66 candidates most likely to exert an effect on the encoded protein

ClinGen cancer
associated disease

Somatic variants
in TCGA HGSC

50 50 3 0

Hallmark of cancer Found in FC OC

VAF <20% for all heterozygous calls and <80% for all homozygous calls

Figure 3.1. Criteria used for filtering and prioritizing variants identified across the

genetic landscape of sisters from family F1528. (A) Filtering strategy to identify genetic

landscape variants; (B) prioritization of variants to identify those most likely to exert an

effect on the encoded protein; and (C) characterization of variants most likely to affect

protein function using various characteristics of cancer associated genes.

gnomAD: Genome Aggregation Database; VAF: variant allele frequency; ESP: Exome

Sequencing Project; EXAC: Exome Aggregation Consortium; FC: French Canadian;

TCGA: The Cancer Genome Atlas; HGSC: high grade serous ovarian carcinoma; OC:

ovarian cancer
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1 Table 3.1. Genetic landscape variants identified in OC cases of FC ancestry negative for pathogenic variants in BRCAT,

2 BRCA2, BRIP1, RAD51C, and RAD51D, including FANCI c.1813C>T carrier status.

©W N & I @ o N O © N ©® O o g N
B EisIEiEiis
SSceepeEeepeEeee

Gene Coding change Proteinchange o o o o & o & & & & 8 Q 5 p &
© QL L s v g 8 33t 3 2 B
B 8 8 8 0o F ¢« © v w & © 3 Q ©
R S N SO S VO S I N R R TS

FANCI c.1813C>T p.L605SF X X X X

PTPN22 c.993-1G>A NA X X X X

GPD1 c.431T>C p.M144T X X X

SEC14L4  c.364C>T p.R122W X X X

3  x: heterozygous; NA: not applicable
4  'From the same family F1528
5 2From the same family F1085
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Table 3.2. Other variants identified in genes where genetic landscape variants were identified in OC cases of FC ancestry
negative for pathogenic variants in BRCA1, BRCA2, BRIP1, RAD51C, and RAD51D.

. o o o

Gene g::.:;% Protein change E E E E E E. E E E E E E E. 'nT. E
§ d z2 3323883853238
R S I R S S S I VI R T S

PIWIL3 c.2023T>G p.C675R X X

PIWIL3 c.1932+1G>A NA X

CACNA1S c.4340G>A p.R1447Q X X

CACNA1S c.773G>A p.G258D X

MYO7A c.5866G>A p.V1956lI X X

MYO7A c.1078G>T p.E360* X

SCN10A  c.3776G>A p.R1259Q X X

SCN10A  c.2972C>T p.P991L X

PCDH15  ¢.3127C>T p.P1043S X X

PCDH15 ¢.2581G>A p.V861M X

TEX2 c.73G>T p.V25L X X

TEX2 c.3040G>A p.E1014K X

DNAH3 c.10382C>G p.P3461R X X

DNAH3 c.5368A>T p.11790F X

DNAH1 c.1941_1944del p.N648Afs*36 X X

DNAH1 c.2717A>G p.D906G X

DNAH1 c.10216G>A p.V3406I X

IQCA1 c.29G>A p.W10* X X

IQCA1 c.979G>C p.A327P X

x: heterozygous; NA: not applicable

"From the same family F1528
2From the same family F1085
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Table 3.3. Genetic landscape variants identified in Australian HGSC cases (n=516).

Gene Coding change Protein change No. of carriers
(%)

CACNA1S c.4340G>A p.R1447Q 1(0.2)
NBAS c.3217C>T p.R1073C 6 (1.2)
ANKAR c.3815G>A p.R1272H 2(0.4)
PARD3B c.365T>C p.1122T 1(0.2)
TNS1 c.1333G>C p.G445R 4 (0.8)
IQCA1 c.29G>A p.W10* 3(0.6)
CXCL6 c.239dup p.V81Gfs*44 9(1.7)
CEP120 c.2134C>T p.L712F 8 (1.6)
KCNU1 c.2731G>A p. AT 1(0.2)
NUP188 c.3974G>A p.R1325H 4 (0.8)
CREM c.677C>T p.S226L 5(1)
PCDH15 c.3127C>T p.P1043S 1(0.2)
NPFFR1 c.8-2A>G NA 6 (1.2)
MYO7A c.5866G>A p.V1956I 3(0.6)
PWP1 c.1402G>A p.E468K 7(1.4)
PAQRS c.20C>G p.P7R 3 (0.6)
DNAH3 c.10382C>G p.P3461R 1(0.2)
PLIN4 ¢.3260_3263dup p.F1089Pfs*32 3 (0.6)
CYP2A6 c.289G>A p.E97K 1(0.2)
ALDH16A1 c.1376A>T p.D459V 5(1)
MYH9 c.4396C>T p.R1466W 2(04)
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Table 3.4. FANCI interactome candidate variants identified in FC OC cases negative for

pathogenic variants in BRCA1, BRCA2, BRIP1, RAD51C, RAD51D, and FANCI.

g3 Eggiss
. . o © o o o
Gene ~ Coding  Protein 5 5 b & & & F &b bog
8 B ¥ 3 8 5 g 8B Q3
A
EZH2 c.1786G>A  p.Ala596Thr X
ANKRD55 ¢.1126T>C p.Ser376Pro X
MOV10 c.2501G>A  p.Arg834GIn X
LRRK2 c.356T>C p.Leu119Pro X

"From the same family F1085
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E96K M525V  L605F

1328 aa

Leucine  FANCD2 SLIM ARM 83
zipper binding B =z
I Solenoid domain @ Unlikely to affect protein function
I Helical domain () Likely pathogenic
I S/TQ cluster @ May affect protein function

| Ubiquitination site

| Phosphorylation sites
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Figure 3.2. Schema showing location of variants in FANC/ gene and protein identified
from ClinVar using the established criteria for c.1813C>T; p.L605F.

FANCI domains were adapted from pfam (https://pfam.xfam.org). FANC/ exon locations
were adapted from University of California Santa Cruz Genome Browser
(https://lgenome.ucsc.edu). Solenoid domain: antiparallel pairs of a-helices that form a-a
superhelix segments; Helical domain: a-helices; Ubiquitination site: site of
monoubiquitination by the FA core complex to allow downstream FA pathway function,
located at K523139.131; S/TQ cluster: location of conserved phosphorylation sites32.
Phosphorylation sites (556, 559, and 565aa): sites of phosphorylation that stabilize the
association of FANCI with DNA and FANCD2"33, Leucine zipper (130-151aa): may be
related to protein-protein interactions, DNA binding, or RNA binding, but the leucine
zipper found at the N-terminus of FANCI has been shown not to bind to DNA™34.
Ubiquitin binding (175-377aa): this region binds to the ubiquitin on FANCD2'35, SUMO-
like domain-interacting motif (SLIM; 682-696aa): binds to the SUMO-like domain 2
(SLD2) of UAF1 promoting FANCD2 deubiqutination which is required for FA pathway
function'3. Armadillo repeat (ARM; 985-1207aa): forms a super helix of helices, which
can also be found in FANCD2"3'. EDGE motif (1300-1303aa): this motif consists of
Glutamic acid (E) - Aspartic acid (D) - Glycine (G) - Glutamic acid (E) and is required for
DNA crosslink repair function'3.131.137 Nuclear localization site (NLS; 1323-1238aa):
required for localization to the nucleus where subsequent function in the FA pathway

can occur'?¥,
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Table 3.5. Somatic variants in the nine most frequently altered genes in HGSC

identified in cases harbouring FANC/ ¢c.1813C>T (n=13).

Sample ID TP53 BRCA1 CSMD3 NF1 CDK12 FAT3 GABRA6 BRCA2 RB1
PTO001

PT0002
PTO003
PT0004
PT0O006
PTO005
PTO007
TCGA-04-1336
TCGA-24-1603
TCGA-25-2393
TCGA-29-2431
TCGA-61-1903

TCGA-61-2009 -

Total (%) 11(85%) O 0 0 1(8%)3(23%) 0  3(23%) 0

Missense

Splice

Frameshift

In-frame
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1 Table 3.6. Carrier frequency of FANC/ c.1813C>T in TCGA PanCancer cases
2 (n=10,389).

Cancer Type (TCGA acronym) Tchses  cABI3GST carriers _FANGIeA813CT ()
Adrenocortical carcinoma (ACC) 92 3 3.3
Kidney chromophobe (KICH) 66 2 3
Lung squamous cell carcinoma (LUSC) 499 14 2.8
Skin cutaneous melanoma (SKCM) 470 13 2.8
Kidney renal clear cell carcinoma (KIRC) 387 10 26
Colon adenocarcinoma (COAD) 419 10 24
Cholangiocarcinoma (CHOL) 45 1 2.2
Esophageal carcinoma (ESCA) 184 4 2.2
Brain lower grade glioma (LGG) 515 11 21
Liver hepatocellular carcinoma (LIHC) 375 8 2.1
Head & neck squamous cell carcinoma (HNSC) 526 9 1.7
Uterine corpus endometrial carcinoma (UCEC) 543 9 1.7
Breast invasive carcinoma (BRCA)' 1076 17 1.6
Cervical squamous cell carcinoma (CESC) 305 5 1.6
Sarcoma (SARC) 255 4 1.6
Stomach adenocarcinoma (STAD) 443 7 1.6
Ovarian serous cystadenocarcinoma (OV) 412 6 15
Testicular germ cell tumours (TGCT) 134 2 1.5
Lung adenocarcinoma (LUAD) 518 7 1.4
Rectum adenocarcinoma (READ) 145 2 14
Uveal melanoma (UVM) 80 1 1.3
Bladder urothelial carcinoma (BLCA) 412 5 1.2
Mesothelioma (MESO) 82 1 1.2
Thyroid carcinoma (THCA) 499 6 1.2
Pancreatic adenocarcinoma (PAAD) 185 2 1.1
Pheochromocytoma & paraganglioma (PCPG) 179 2 1.1
Glioblastoma multiforme (GBM) 393 4 1
Prostate adenocarcinoma (PRAD) 498 5 1
Acute myeloid leukemia (LAML) 142 1 0.7
Diffuse large B-cell carcinoma (DLBC) 41 0 0
Kidney renal papillary cell carcinoma (KIRP) 289 0 0
Thymoma (THYM) 123 0 0
Uterine carcinosarcoma (UCS) 57 0 0
Total 10389 171 1.6
gnomAD non-cancer overall? 134164 1787 1.3

3 " homozygous carrier
4 217 homozygous carriers
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Table 3.7. Frequency of somatic FANC/ variants identified in TCGA PanCancer tumours.

Total no. of No. of tumours Frequency of tumours

Cancer type (TCGA acronym) cas-es harbouring harbouring FANCI
FANCI variants variants (%)

Uterine corpus endometrial carcinoma (UCEC) 517 43 8.32
Skin cutaneous melanoma (SKCM) 438 20 4.57
Bladder urothelial carcinoma (BLCA) 410 13 3.17
Colon adenocarcinoma (COAD)/ Rectum adenocarcinoma 534 14 262
(READ)
Stomach adenocarcinoma (STAD) 436 9 2.06
Cervical squamous cell carcinoma (CESC) 291 6 2.06
Uterine carcinosarcoma (UCS) 57 1 1.75
Lung squamous cell carcinoma (LUSC) 484 8 1.65
Lung adenocarcinoma (LUAD) 566 9 1.59
Head & neck squamous cell carcinoma (HNSC) 515 8 1.55
Acute myeloid leukemia (LAML) 200 3 1.50
Mesothelioma (MESO) 86 1 1.16
Adrenocortical carcinoma (ACC) 91 1 1.10
Esophageal carcinoma (ESCA) 182 2 1.10
Glioblastoma multiforme (GBM) 391 4 1.02
Breast invasive carcinoma (BRCA) 1066 10 0.94
Thymoma (THYM) 123 1 0.81
Sarcoma (SARC) 255 2 0.78
Ovarian serous cystadenocarcinoma (OV) 523 4 0.76
Kidney renal clear cell carcinoma (KIRC) 402 3 0.75
Testicular germ cell tumours (TGCT) 149 1 0.67
Pheochromocytoma & paraganglioma (PCPG) 178 1 0.56
Liver hepatocellular carcinoma (LIHC) 366 2 0.55
Prostate adenocarcinoma (PRAD) 494 2 0.40
Brain lower grade glioma (LGG) 514 2 0.39
Kidney renal papillary cell carcinoma (KIRP) 276 1 0.36
Thyroid carcinoma (THCA) 489 1 0.20
Cholangiocarcinoma (CHOL) 36 0 0
Diffuse large B-cell carcinoma (DLBC) 41 0 0
Kidney chromophobe (KICH) 65 0 0
Pancreatic adenocarcinoma (PAAD) 179 0 0
Uveal melanoma (UVM) 80 0 0
Total 10,434 172 1.65
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I Solenoid domain @® Missense @ Stop loss
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Figure 3.3. Schema showing the location of all somatic variants in FANCI gene and

protein identified in tumours from TCGA PanCancer Atlas.
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3.9 Supplementary figures
PT0001

copy rumeer ()
Hl

- — 4 TH
1 — - =t =

T T T T T l‘l Bk = !'l!'ll

T i 3 IR EIEEEEEEREE

§
A
|

!
5 %

LA IR -

=
2 s —
LT — == 1 get P o by T
T T — T T T T T T — T T T T T T T r
1 2 HIREIEEEEEEEEEEEEEEEEEXE

189

PTO006




Fig 3.S1. Copy number alterations per chromosome across the genome of tumours
from French Canadian cases harbouring germline FANC/ ¢.1813C>T. The top panel
shows total copy number log-ratio, the middle panel shows allele-specific copy number
log-ratio, and the bottom panel shows the corresponding integer copy number calls (red

is the minor allele).
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Fig 3.S2. Proportional representation of defined somatic mutational signatures
observed in each ovarian tumour from French Canadian cases harbouring germline
FANCI c.1813C>T.

SBS1: Ageing

SBS3: Homologous recombination deficiency

SBS6: Mismatch repair deficiency

SBS8: Unknown (putative homologous recombination deficiency)

SBS13: Activation of APOBEC family

SBS14: Polymerase epsilon mutation and mismatch repair deficiency

SBS18: Damage due to reactive oxygen species

SBS35: Platinum chemotherapy treatment
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Col Leu 33 Pro 75 OC 69
Died 79 Died 69

i

BC DCIS 44
BC IDC 50
OC 53

Fig 3.S3. Pedigree of a Ukrainian breast and ovarian cancer family negative for BRCA1
and BRCAZ2 pathogenic variants where FANCI/ ¢.286G>A; p.E96K was identified by
WES in the proband, indicated by the arrow. Age at diagnosis and death are shown
where known. Cancer type (OC: ovarian, BC: breast, Pro: prostate, Col: colon, and Leu:
leukemia) and age of diagnosis are shown.

DCIS: ductal carcinoma in situ

IDC: infiltrating ductal carcinoma
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4.0 Discussion
4.1 Identification of FANC/ c.1813C>T in familial OC

The identification of FANC/ ¢.1813C>T; p.L605F in a family with multiple cases of
OC and no identifiable BRCA1 or BRCAZ2 pathogenic variant prompted the investigation
of this gene as a new candidate OC predisposing gene. Based on the established
method of estimating the frequency of a candidate variant in different subgroups to find
evidence for a risk allele, | showed that FANC/ ¢.1813C>T was more frequent in FC OC
families negative for pathogenic variants in BRCA1 and BRCAZ2 (3/23, 13%) compared
to sporadic FC OC cases (7/439, 1.6%) and cancer-free controls of FC ancestry
(74/2950, 2.5%), which supports a role for this variant in OC risk. | was unable to
estimate the penetrance of this variant as it would take many more carriers to
determine. Given the relatively high frequency of FANC/ c.1813C>T in my cancer free
controls and that this variant is predicted to encode a missense variant, it is plausible
that it exhibits a low to moderate risk for OC, that is, there is incomplete penetrance of
this variant.

Knowledge of family history of cancer has been integral in the identification of
CPGs, as evidenced in the identification of BRCA1'6 and BRCA2'8, where carriers of
pathogenic variants were more readily identified in families with multiple reported cases
of BC or OC. Similarly, a higher carrier frequency of pathogenic variants RAD51C"88 or
RAD51D%" has been found in families with at least two cases of OC, compared to
controls. As mentioned in Chapter 1.0, the initial report of CHEK?2 c.1100del not only
suggested a higher than expected carrier frequency in population controls (1.4%) but

also showed a significantly higher number of carriers in cases who had a family history
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of BC or BC and OC, but not in those unselected for family history of cancer33. Since
then, CHEKZ2 pathogenic or likely pathogenic variants have been shown to exhibit an
absolute risk of 20-40% for BC, which is moderate compared to the >60% absolute risk
for BC for carriers of pathogenic BRCA1 or BRCA2 variants'®. It is therefore possible
that FANCI c.1813C>T, a likely pathogenic variant, exhibits a moderate risk for OC.
The possibility that FANC/ ¢.1813C>T could affect risk in non-FC populations
was confirmed as | identified carriers of this variant in Australian OC cases'?*. My
identification of other rare FANCI variants predicted to affect protein function by in silico
tools in this Australian OC study group suggest the possibility that these variants could
affect OC risk'?4. Particularly, FANCI c.286G>A; p.E96K would be of interest to
investigate using functional biology experiments as this variant was identified in a
sporadic Australian OC case'?* and an OC family of Ukrainian ancestry (Chapter 3.0).
A major challenge in the identification of FANC/ ¢c.1813C>T as a new OC
predisposing variant included the inability to fully investigate segregation of the variant
with disease, due to a lack of available DNA from family members of carrier index
cases'?*. The identification of a candidate variant in affected individuals but not
unaffected individuals from the same family can suggest a role in risk for this variant,
assuming that the trait being investigated is associated with an autosomal dominant
inheritance pattern, such as for BRCA1 and BRCA2'®. Therefore, the expectation
would be that | would identify FANC/ c.1813C>T carriers in OC, and possibly BC, cases
within a family but not in unaffected relatives. In the OC cases with available family
history of disease (n=4 families; F1528 [discovery family], F1023, F1490, and F1620)

segregation analysis was only able to be partially performed in F1528, where both
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sisters were carriers of FANC/ ¢.1813C>T"24. The only other family member available
from F1490 was the mother of the index case, who was diagnosed with colon cancer at
age 63 years and was found to be a carrier of FANC/ ¢c.1813C>T. There was no
available DNA from family members in families F1023 and F1620. Although segregation
could not be determined for FANC/ ¢.1813C>T in my study of FC OC families, this has
been a challenge in other studies as well, such as those involving RAD57C and
RADS51D, which have required large studies and statistical modeling using complex
segregation analyses to estimate associated risks'®. It is however important to note
that the penetrance for BRCA1, BRCAZ2, and other OC predisposing genes is not 100%,
and few CPGs approach complete penetrance’.

As the possibility of an association between FANCI protein or mRNA expression
with overall survival in HGSC was observed in Chapter 2.0, we investigated the protein
expression of FANCI in a larger study group of HGSC cases (n=1159) from the
Canadian Ovarian Experimental Unified Resource (COEUR) (https://www.tfri.ca/coeur).
There was no association between FANCI protein expression and overall survival in this
study group (P.N. Tonin unpublished data). As DNA samples were available from this
study group, | was able to investigate the carrier frequency of FANC/ ¢c.1813C>T in
Canadian HGSC cases. | identified 18 carriers in 822 available HGSC cases (2.2%;
P.N. Tonin unpublished data), which is comparable to the 7 carriers in 341 HGSC cases
of FC ancestry (2.1%; p=1)'?4, though the carrier frequency of FANC/ ¢.1813C>T across

the Canadian population is unknown.

195



4.2 Role of FANCI in other cancers

| identified carriers of FANC/ ¢.1813C>T in individuals diagnosed with 29 different
types of cancer in TCGA Pan Cancer data at a higher frequency than in population-
based controls (Chapter 3.0). This provides further support for FANC/ as a CPG not
only for OC but also for cancer in general. Further investigation is required to determine
if FANCI increases risk to other cancer types or may alter the progression of cancer. It
is interesting to note the ear, nose, and throat cancer diagnosed in a sister from family
F1528'%* as FA genes are associated with an increased risk of head and neck
carcinomas''”192 though the genotype of this individual was unable to be determined
due to unavailability of genetic material. Other CPGs have been shown to exhibit risk to
various cancers, such as BRCA1 predisposing to OC, BC (female and male),
pancreatic, and prostate'®. The absolute risk for these cancers differs in carriers of
pathogenic variants in BRCA1, the highest for female BC (>60%) and lowest for male
BC (0.2-1.2% by age 70 years)'®. There is therefore precedence for CPGs to
predispose to different cancer types with varying penetrance.

As discussed in our report of FANC/ as a candidate OC predisposing gene'?
heterozygous germline FANCI/ variants were reported in the literature in other cancer
types including BC, prostate cancer, sarcoma, malignant pleural mesothelioma, acute
myeloid leukemia, head and neck carcinoma, and colorectal cancer. There have been
reports of heterozygous germline FANCI variants in individuals diagnosed with OC'%3,
BC'94, advanced melanoma'%®, acute myeloid leukemia'®®, acute lymphoblastic
leukemia'®’, clear cell papillary renal cell carcinoma®®, pediatric brain tumor®°,

pancreatic cancer®?, Kaposi sarcoma®®!, prostate cancer?®?, and synchronous

196



sialoblastoma and hepatoblastoma?®3. This, along with the identification of FANCI/
c.1813C>T; p.L605F variant carriers across different cancer types from TCGA
PanCancer Atlas, suggests that risk to cancers other than OC in carriers of
heterozygous pathogenic or likely pathogenic FANCI variants should be further
investigated.

FANCI has also been identified as a hub gene, that is a gene which is part of
gene network and has many connections with other genes, in multiple myeloma?2%4,
hepatitis B virus related hepatocellular carcinoma?°s, thymoma?°8, colorectal cancer??’-
209 nasopharyngeal carcinoma?'?, prostate cancer?'", lung adenocarcinoma?'?, non-
small cell lung cancer?'3, cutaneous melanoma?'4, hepatoblastoma?'®, Ewing
sarcoma?'®, and retinoblastoma?!”. FANCI has also been implicated as a possible
oncogene in lung adenocarcinoma?'® and non-small cell lung cancer?'® and as a
prognostic biomarker for cervical cancer??°. An integrative analysis of data on
methylation, gene expression, and somatic mutations for 13 different types of cancers in
TGCA showed that FANCI is predictive of both cancer diagnosis and prognosis??'. Hub
genes are often suspected of playing integral roles in a biological system due to the
interconnectedness through the gene network. These gene networks can be
constructed using microarray data measuring mRNA expression, which provides
information about how genes are related to one another???. The information used to
build these gene networks can include: known interactions from curated databases or
experiments; predicted interactions using gene neighbourhoods, gene fusions, or gene
co-occurrence; and other possible interactions from text mining, co-expression, and

protein homology (Figure 4.1). FANCI has also been implicated as a possible oncogene
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Figure 4.1. Representative gene network for FANCI/ constructed from known and other

interactions as indicated by the edges. Nodes represent genes and edges represent

protein-protein interactions.

Adapted from STRING?%.
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in lung adenocarcinoma?'® and non-small cell lung cancer?'® and as a prognostic
biomarker for cervical cancer??°. It is therefore possible that the biological role of FANCI
across cancer types may differ, similar to that of TP53 which can affect tumourigenesis
with either gain-of-function or loss-of-function pathogenic variants??4. It is also possible
that the cell lines used in the studies of lung adenocarcinoma and non-small cell lung
cancer may be reliant on the FA-HR pathway and therefore loss of FANC/ leads to a
phenotype akin to that exhibited by an oncogene.
4.3 Biological perspectives

In collaboration with Dr. Jean-Yves Masson, functional assays were performed to
determine the biological function of FANCI p.L605F (Chapter 2.0)'?4. These assays
have been established for the investigation of proteins in the FA pathway and based on
knowledge of the function of FANCI within this pathway'2%143. Western blot analysis of
FANCI p.L605F complemented cells showed that this protein was expressed at
decreased levels compared to WT complemented cells when treated with MMC, a DNA
damaging agent. This decrease was confirmed in a time-course experiment, where
FANCI p.L605F protein levels decreased over time, thereby suggesting instability of the
protein, which is exacerbated in the presence of DNA damaging agents. As the function
of FANCI is dependent on FANCD2 and ubiquitination of both proteins, investigation of
the interaction between these proteins and ubiquitination can be used to assess the
functionality of the FA pathway??5. Western blot analysis showed decreased
ubiquitination of both FANCI and FANCD?2 in cells complemented with p.L605F after
MMC treatment. Immunoprecipitation of FANCI p.L605F and FANCD2 showed that the

two proteins were still able to interact but the amount of ubiquitinated FANCD2 was
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severely diminished. Ubiquitination of FANCD?2 is also required to form MMC-induced
foci, that is localization of FANCD2 to sites of DNA damage, and we found that
FANCD2 foci were significantly reduced in FANCI p.L605F expressing cells. From these
functional assays, | have gleaned that FANC/ c.1813C>T; p.L605F encodes a protein
that is unlikely to function normally, though it may exhibit hypomorphic function'?*. The
results from our in cellulo and in vitro models have not yet been confirmed in vivo,
though loss of heterozygosity analyses from Chapter 3.0 suggest loss of the wild type
allele in carriers of FANCI p.L605F may be an early event in tumourigenesis. There is
thus far no evidence to suggest FANC/ does not play a role in tumourigenesis.

As mentioned in the introduction of this thesis, platinum chemotherapy is the first-
line treatment option for patients with HGSC, and only recently has a targeted therapy
(PARPi) become available for patients??. For this reason, FANCI p.L605F expressing
cells were treated with cisplatin (a platinum chemotherapy) or olaparib (a PARPI) to
determine if cells were sensitive to these therapies. FANCI p.L605F expressing cells
were sensitive to cisplatin but not to olaparib'#, which is not unexpected as it has been
reported that loss of proteins upstream of the HR pathway, mainly members of the FA
pathway, do not exhibit synthetic lethality with PARPi'75. Results by my collaborators
from the in cellulo analysis of FANCI and FANCI p.L605F presented in Chapter 2.0 are
compatible with these findings, that is, this variant does not exhibit a strong response to
the PARPI olaparib'. This is consistent with the a previous observation that genes
upstream in the FA pathway are not sensitive to PARPi'’5. Another FA gene, FANCJ
(BRIP1), that is a moderate penetrance OC predisposing gene, was also not sensitive

to a PARPI in this study. In collaboration with Dr. Jean-Yves Masson, we have shown
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that BRIP1 deficient cells are sensitive to cisplatin but not to the PARPI olaparib (P.N.
Tonin and J.-Y. Masson unpublished data), similar to what was seen for FANC/ deficient
cells in Chapter 2.0. Currently, no targeted therapies exist for FANCI, though patients
with germline ¢.1813C>T; p.L605F may benefit from treatment with cisplatin, a first line
chemotherapy for OC'?4, Pathway inhibition experiments have shown that treatment of
cells with ouabain or pristimerin lead to a decrease in the mRNA expression of FANCI,
and FANCD?2, and sensitized cells to MMC or cisplatin, respectively??7228. These results
suggest that the FA pathway may be inhibited to serve as a chemosensitizer to ICL-
inducing chemotherapies. Avenues for future research will include the investigation of
drug combinations that may benefit OC patients with variants in FANCI, such as
c.1813C>T; p.L605F, or those with intact FA pathways to sensitize them to
chemotherapeutics. FA complementation group | patient fibroblast cells have been used
to generate induced pluripotent stem cells that were then able to be corrected for FANCI
variation using Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 gene editing, which may be a potential future avenue for treatment of
FA patients??°.

The biological role of the FA pathway and of FANCI have been further elucidated
in recent years including the formation of the FA core complex which exists as a dimeric
catalytic molecule for the monoubiquitination of the ID2 complex?3°. The protein stability
of FANCI and FANCD?2 are highly interdependent; in the absence of one of the
heterodimeric binding partners, approximately 50% of the other partner is lost?®'. The
structure of the ID2 complex in the mouse (Mus musculus) was reported in 2011232, and

recently cryo-electron microscopy has revealed the structures of the FA core and ID2

201



complexes’%233. FANCI has been shown to function as a switch between repair and
apoptosis in response to DNA crosslinks dependent on the ubiquitination state of
FANCI?34, This is the first report of such a direct mechanism enabling cells to choose
between repair and apoptosis. Future investigation of the biochemical role of FANCI
within and outside the FA DNA repair pathway will aid in determining possible
mechanisms of action in tumourigenesis. It would be important to know how FANCI
c.1813C>T; p.L605F could affect the function of FANCI within these pathways.
Further studies aimed at elucidating the role of FANCI in cancer initiation and/or
progression may be conducted using animal models. For example, a recent mouse
(Mus musculus) model for HGSC developed by Dr. Yojiro Yamanaka’s group at McGill
University uses a CRISPR-Cas9 system and electroporation of the oviduct, equivalent
to the fallopian tube in humans, to KO genes specifically in the oviductal cells2%.
Tumour suppressor genes (PTEN, BRCA1, and TP53) with or without LKB71 were
targeted for KO and led to the successful generation of immunocompetent mice with
HGSC?23%. FANCI KO or FANCI ¢.1813C>T; p.L605F could be introduced into this
system to determine if time to tumour initiation differs compared to mice without an
altered FANCI gene. A FANCI/ KO mouse was established by Dr. Jean-Yves Masson’s
group at Laval University and though it was not embryonic lethal the expected
Mendelian ratio from crossing heterozygous mice yielded only 4% KO mice instead of
25%32%, Low Mendelian ratios suggest that the majority of KO mice do not survive
gestation, which makes this model particularly difficult to study due to the low yield of
offspring. Of the 22 FA genes, there are mouse models for 21 (excluding FANCT

[UBEZ2T]): eight have normal Mendelian ratios (FANCA, -B, -C, -E, -F, -G, -J, and -Q),
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six have sub-Mendelian ratios (FANCD2, -1, -M, -P, -V, and -W) and seven are
embryonic lethal or not viable (FANCD1 [BRCAZ2], -L, -N [PALBZ2], -O [RAD51C], -R
[RADS1], -S [BRCAT1], and -U [XRCCZ2]), though this can differ based on the mouse
strain?3”. FANCI KO mice exhibited some phenotypic characteristics shown by FA
patients including hematologic deficiency and limb abnormalities in some animals.
Cancer incidence was not reported in this study and could be an avenue for future
investigation. A different animal model for investigating the role of FANCI is zebrafish
(Danio rerio) which has largely been used to study developmental alterations observed
in FA patients. Zebrafish fanci is the most conserved FA protein sequence with 56%
overall amino acid identity?38, and the motif surrounding the ubiquitination site is
identical to the human residues (residues 519-523). The region surrounding human
FANCI is highly conserved with the downstream genes POLG and RHCG also being
neighbours in the same order in zebrafish on linkage group 25 (Dre25), suggesting
conserved synteny that has remained intact for over 450 million years?®. KO of fanci
and double KO of fanci and fancd2 (ID2 complex), along with all other homozygous or
multi-gene KOs in the FA pathway were viable in zebrafish, suggesting that there is not
a requirement for these genes early in development?3°. There were no gross
developmental abnormalities observed in fanci KO zebrafish, and no female KOs were
born, similar to other FA KOs. This suggests a possible female-to-male sex reversal
phenotype. Further investigation of KO zebrafish to adult stages (4-6 months) revealed
that fanci KO zebrafish are male-biased (<5% females), though these male zebrafish
are fertile?*°. Upon treatment with the DNA damaging agent 1,2:3,4-Diepoxybutane

(DEB), fanci KO zebrafish exhibited strong developmental defects?%.
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Other animal models to study FA have been developed including Caenorhabditis
elegans and Drosophila melanogaster but most invertebrates have a minimal FA
pathway that includes FANCD1 (BRCAZ2), -D2, -1, -M, -O (RAD51C), and -P (SLX4).
FANCI shares over 18% identity with C. elegans fnci-1 surrounding the ubiquitination
site and treatment of germ cells with an ICL agent (photoactivated psoralen) led to a
significant reduction (45%) in the hatching rate of fnci-1 mutant embryos?*'. Fnci-1 was
further demonstrated to be involved in ICL repair in C. elegans, recapitulating what is
known for FANCI in humans?*'. FANCI has not been directly studied in D.
melanogaster but orthologs have been identified in silkworms (Bombyx mori)**? and
Ciona intestinalis®*® (an invertebrate closely related to vertebrates). In silkworms
FANCD2, -1, and -L are the only FA genes conserved and both BmFancl and BmFancL
are required for ubiquitination of BmFancD2 upon treatment with a DNA damaging
agent (MMC), suggesting a similar function of the FA pathway in silkworms?42, Finally, a
large homozygous 3.3kb deletion of FANCI/ in Holstein cattle (Bos taurus) is the cause
of brachyspina syndrome?#4-246, which is a rare congenital defect characterized by
reduced body weight, growth retardation, skeletal abnormalities, and malformation of
the inner organs (kidney, heart, and gonads) (OMIA 000151-9913). This overlap of the
Brachyspina syndrome phenotype with the human FA phenotypes, the only two known
naturally occurring autosomal recessive syndromes caused by loss of FANCI, is
interesting.

4.4 Clinical perspectives
Though there are many biological models available to study the function of

proteins and their ability to promote tumourigenesis as described above, there are no
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suitable models to study risk in humans. Determining the risk associated with genetic
variation in humans relies on integration of genetic and epidemiological data?*’. This
has been difficult even in major genes BRCA1 and BRCAZ2 where absolute risks for OC
are presented as estimates within a range (BRCA1 39-58% and BRCA2 13-29%)"°. As
pointed out early on in the attempt to estimate penetrance for BRCA1 and BRCAZ2,
epidemiological factors need to be integrated with familial aggregation data so as not to
inflate risk estimates?*’. Some of these epidemiological factors for OC could include risk
for other cancers (BC), oral contraceptive pill use, age, and family history of
cancers®248,

There is no effective screening strategy for OC and it is the fifth leading cause of
cancer death in Canada®. The identification of BRCA7 and BRCAZ2 in 1994 and
19958, respectively, as major risk genes for OC was integral in changing the
management and preventing OC in carriers of pathogenic variants as penetrance was
established to be high. Penetrance is the relationship between genotype and
phenotype, where the proportion of individuals in a population have a pathogenic variant
and exhibit the associated phenotypic expression''. FANCI is unlikely to be highly
penetrant (nearing 100% penetrance) similar to RB1'9', and perhaps also not as
penetrant as BRCA1 and BRCA2 (up to 85%)'°".

As penetrance is high enough, asymptomatic carriers of pathogenic variants in
BRCA1 or BRCAZ2 are now offered prophylactic bilateral salpingo-oophorectomy,
removal of the fallopian tubes and ovaries, to significantly decrease the risk of OC8%-61 |t
is not yet clear where FANC/ may be integrated into clinical care, and it is premature to

suggest risk reducing surgery for carriers of FANC/ c.1813C>T; p.L605F or other likely
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pathogenic/pathogenic variants, similar to other genes with unknown risks'®. Though
there is currently no evidence that carriers should be counselled based on an identified
FANCI variant, | believe the inclusion of FANC/ on multi-gene panels for clinical testing
will help elucidate the penetrance for OC and possibly other cancers. This has been
similarly argued for BARD1 (a proposed BC predisposing gene), suggesting that the
continued testing for pathogenic variants in these genes would allow for readily
available translation of risk estimates and recommendations for screening or surgery
once they become available?*°. A barrier to estimating the risk for FANC/ ¢.1813C>T;
p.L605F variant carriers has been the small number of cases identified'?*. Inclusion on
clinical multi-gene panels would allow for the collection of more carriers to estimate
penetrance. Estimating the penetrance of a moderate penetrance gene, PALB2,
required the accumulation of over 500 families to provide estimates for OC and BC*°.
The inclusion of FANCI on research-based multi-gene panels has identified carriers of
FANCI variants in BC cases'®, suggesting the inclusion on clinical multi-gene panel
tests would be useful.

The identification of BRCA1 and BRCAZ2 led to the discovery of the mechanisms
of action of the FA-HR DNA repair pathway, and development of targeted therapies
(PARPI) that are now being implemented clinically?®°-2%2. The PARPI olaparib and
niraparib have been approved for first-line maintenance therapy in Canada?%32%4, with
20 clinical trials for PARPi and ovarian cancer not yet recruiting, recruiting, or active (not
recruiting) in Canada?®%®. Though our in cellulo data suggested FANCI p.L605F
expressing cells are not responsive to olaparib'?, it is possible that the FA-HR pathway

is deficient in HGSC tumours from carriers of FANCI/ variants and responsive to PARPI.
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Therefore, FANCI variant carrier status may not be a biomarker for this targeted
therapy. However, it is possible that FANCI/ variant carrier status may be associated
with response to cisplatin based on the observation that FANCI p.L605F expressing
cells exhibited sensitivity to this platinum chemotherapy'?4. Further clinical investigation
of this observation could determine if FANCI carrier status can predict response to
standard of care chemotherapy (cisplatin).
4.5 FANCI in other diseases

FANCI has been implicated in other non-cancer diseases, suggesting alternative
functions for FANC/ and/or roles of DNA repair pathways. FANC/ has been reported as
a hub gene in thoracic aortic dissection?®® (a tear in the wall of the aorta) and focal
cortical dysplasia type Il (a congenital abnormality affecting the organization of the
layers of the brain) and was overexpressed in focal cortical dysplasia tissue compared
to normal brain tissues?>’. FANCI has been related to BLM deficiency, where FANCI is
differentially expressed in BLM deficient cell lines (from Bloom syndrome patients; a
rare autosomal recessive disorder caused by pathogenic variants in BLM) compared to
WT cell lines?%®. DNA methylation of FANC/ was increased in lymphoblastoid cell lines
from family members affected by bipolar disorder and major depressive disorder
compared to married-in controls?%°. Immune biomarkers in cerebrospinal fluid of patients
with bipolar disorder were associated with intronic SNVs in FANC/ in a GWAS?%. It is
interesting to note that other members of the FA pathway, such as FAN1267-264 gand
FANCL?%5 have been associated with psychiatric disorders. Further investigation of
these reports, which have yet to be validated, will be important to understand the

pleiotropic effects of FANCI in a diverse spectrum of diseases.
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4.6 Proposed models of FANCI as an OC predisposing gene

Based on the data presented in this thesis | propose two alternative models for
FANCI: Model 1: FANCI is an OC risk gene, or Model 2: FANCI affects the development
or progression of OC (Figure 4.2). The first model focuses on risk to an individual with a
pathogenic FANCI/ variant who has an increased risk of OC compared to an individual
with unknown pathogenic variant status having a population level risk of OC. This model
was addressed in Chapter 2.0, though as mentioned the penetrance of FANCI is
currently unknown. Over 100 genes exemplify this model as CPGs®7:84, though as
mentioned throughout this thesis OC predisposing genes include BRCA1, BRCA?2,
MLH1, MSH2, PMS2, MSH6, BRIP1, RAD51C, RAD51D, ATM, and PALB?2.

In Model 2 an individual with a pathogenic FANC/ variant could develop the
disease earlier and/or it may progress more rapidly compared to an individual with
unknown pathogenic variant status who could have a stochastic development of OC
and natural disease progression. An example of this model is the stepwise evolution of
normal epithelium to adenoma to a chromosomally unstable colorectal cancer where
alterations in key genes such as KRAS, CDC4, or TP53 could influence progression to
tumourigenesis?66.

These models could be applied to other cancer types and provides an
opportunity to design future studies to better understand the molecular pathogenesis of

CPGs with the ultimate goal of discovering new therapies to treat or prevent cancer.
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Model 1 Model 2

Impact on cancer risk Impact on development or progression
Non-carrier FANCI pathogenic Non-carrier
variant carrier . ! - q ! - q ! 9
l l Time

p— T FANCI pathogenic
variant carrier

Population level risk Increased risk of
of ovarian cancer ovarian cancer §r Q!ﬁ Qw

Time

Figure 4.2. Models for FANCI involvement in risk (Model 1) or development or

progression (Model 2).
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5.0 Conclusion and future directions
5.1 Conclusions
Identification of new OC predisposing genes and CPGs for other cancer types

has become complicated, as we expect each new predisposing gene identified will
account for a small proportion of cases. | identified FANC/ ¢c.1813C>T; p.L605F in
familial OC cases and my data suggest this is a likely pathogenic variant associated
with familial OC. My strategy focusing on families with multiple cases of OC from a
genetically unique population and including missense variants as candidates allowed
me to identify this FANCI/ variant. In cellulo and in vitro analyses complemented the
genetic analyses and provided evidence that FANCI p.L605F encodes a protein that is
unstable and not fully functional compared to the WT. Investigation of tumours from
FANCI c.1813C>T; p.L605F carriers showed that the somatic genetic characteristics
(commonly mutated genes, CNAs, and mutational signatures) of these cases was
consistent with those known for HGSC cases. Germline FANC/ c.1813C>T; p.L605F
and somatic FANCI variants can be identified in many different cancer types suggesting
a possible role in these diseases. This thesis has provided evidence for FANC/ as a
new candidate OC predisposing gene.
5.2 Future directions

There are many possible avenues for future research pertaining to the role of FANCI
not only in OC, but the possibility that it may play a role in other cancer types. In FCs we
identified only FANCI c.1813C>T; p.L605F as a likely pathogenic variant, but it is
evident in different populations that other candidates are identifiable and permit further

investigation. The identification of other likely pathogenic variant carriers will assist in
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determining the penetrance associated with such variants, though as mentioned this will
require the identification of many more carriers. The possibility of FANC/ c.1813C>T;
p.L605F carriers responding well to some cancer related drugs (cisplatin), but not to
others (PARPI)'?*, suggests that further investigation into the drug response of FANCI
carriers is warranted. We are interested in the role FANC/ may play in OC tumour
progression and/or initiation, which will be investigated by means of a novel mouse
model of HGSC using a CRISPR/Cas9 system and electroporation of the fallopian
tube?3®. Other missense variants identified, especially those found in OC families, such
as FANCI c.286G>A; p.E96K, can be modelled using similar in cellulo and in vitro
analyses as those used to investigate the function of FANCI p.L605F'%4. A FANCI/ KO
mouse model has been developed and viable progeny were reported, though with sub
Mendelian ratios?®®, | suggest the investigation of cancer incidence in these mice as it
was not reported previously. This work has raised many questions and offers a breadth

of opportunities for future work for the new candidate OC predisposing gene, FANCI.
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