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ABSTRACT
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THE IMPACT OF GERMLINE GENOTYPE ON BREAST CANCER TUMOUR PHENOTYPE AND
OUTCOME

Stephanie Leanne Greville-Heygate

Breast cancer susceptibility gene panels are increasingly utilised in mainstream oncology diagnostic
practice. This work describes the influence of commonly reported high and moderate penetrance
genes on tumour histopathological phenotype, somatic mutational profile and clinical outcome for
symptomatic, early onset breast cancer patients. It considers how genetic testing can be utilised to
identify actionable risk and interpret Variants of Uncertain Clinical Significance (VUS).

Participants from the Prospective Outcomes in Sporadic Versus Hereditary Breast Cancer (POSH)
Study (n=2744) were included. Tumour histopathological characteristics including grade, size,
focality, hormone receptor status, nodal involvement and lymphovascular invasion were compared
between gene carriers (BRCA1+, BRCA2+, PALB2+, CHEK2+, ATM+ and TP53+) and non-carriers.
Kaplan Meier analysis was used to estimate differences between carriers and no-carriers for Overall
Survival (OS) and Distant Disease-Free Survival (DDFS). A further sample with tumour sequence
data and a greater range of onset ages was included for comparison from The 100,000 Genomes
Project (100KGP) (Rare Disease, Familial Breast Cancer (n=826) and Cancer, Breast Cancer
(n=2464)). Tumour Mutational Burden (TMB) and the presence of Single Base Substitution (SBS)
Mutational Signatures were compared between gene carriers and non-carriers.

In the POSH study, 16.7% (453/2744) had a moderate or high penetrance variant. Hormone
receptor status and tumour focality were significant independent predictors of BRCAI+ and
BRCA2+. BRCA1+ were significantly more likely to present with a Triple Negative Tumour (TNT)
(123/201 (61.2%) versus 417/2291 (18.2%)) (p<0.0001) and be localised (156/180 (86.7%) versus
1461/2085 (70.1%)) (p<0.0001)). BRCA2+ were significantly more likely to be ER-positive (115/136
(84.6%) versus 1557/2279 (68.3%)) and multifocal at presentation (57/121 (47.1%) versus 624/2085
(29.9%) (p<0.0001)). Within 100KGP, BRCA+ and PALB2+ had a significantly higher TMB compared
to non-carriers (BRCA+, 4.39 Mut/Mb and PALB2+, 6.39 Mut/Mb versus 2.51 Mut/Mb) (p=0.0433
and p=0.0066 respectively). BRCA+and PALB2+ also had a significantly increased expression of SBS3
compared to non-carriers (31.14% and 32.14% versus 10.59%) (p<0.0001 and p=0.0047
respectively). CHEK2+ presented with breast cancer that was significantly more likely to be ER-
positive compared to non-carriers (p=0.0016). Survival analysis revealed that OS and DDFS was
significantly worse in CHEK2+ versus CHEK2- (OS HR, 1.58 (95%Cl, 1.01-2.48 (p=0.043))).

Tumour phenotypic characteristics including focality, hormone receptor status, TMB and SBS
mutational signature contribute to estimating the likelihood of a BRCA1, BRCA2 or PALB2 germline
variant and could be used to assist with the interpretation of a VUS. The utility of tumour phenotype
in moderate risk gene carriers for likelihood prediction and variant interpretation is less clear.
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Chapter 1

Chapter 1  Literature Review

1.1 Background

Breast Cancer is the second most common cancer diagnosis in the developed world, affecting
approximately 1 in 8 women over their lifetime.(1, 2) In 2015 there were 54,800 new cases of
breast cancer and 11,500 directly attributable cancer related deaths in the UK.(1, 2) In the era of
“Genomics” it is important to not only use germline genetic testing to identify heritable breast
cancer risk but to understand the utility of this testing. We need to understand how breast cancer
susceptibility genes influence tumour biology and how this can be exploited for the purposes of
identifying actionable risk, variant interpretation and precision therapy. This review details the
current landscape of genetic testing for heritable breast cancer susceptibility and how this

translates into the aims and objectives of this thesis.

1.2 The Aetiology of Breast Cancer

A combination of both genetic and environmental factors are recognised as important aetiological
risk factors in the evolution of disease.(3) Constitutional and environmental risk factors can be
broadly described as reproductive factors, modifiable lifestyle factors and exogenous hormonal
exposure (Table 1).(1, 4, 5) At a population level, exposure to these epidemiological risk factors
may be implicated in up to 27% of female breast cancer cases within a Western population.(1, 6,
7) A combination of alcohol, obesity, physical exercise and post-menopausal hormone exposure
represent some of the most important associations linked to 6.4%, 8.7%, 3.4% and 3.2% of

cancers respectively.(1, 6, 7)

Recognised Environmental Factors which Modify Breast Cancer Risk

Factor Risk Increase Risk Decrease
Reproductive Early menarche Increasing parity.
Late menopause Breast feeding post-partum.

First pregnancy after age 35 years

Modifiable lifestyle Post-menopausal obesity Increased physical activity
Alcohol
Exogenous hormone exposure Combined oral contraceptive pill

Hormone replacement therapy

Table 1: Environmental Risk Factors for Breast Cancer Development
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1.3 Genetics of Breast Cancer

In addition to the aforementioned constitutional and environmental factors, germline genetic
factors have an important influence on the overall stratosphere of breast cancer risk for any one
individual. Genetic risk factors for breast cancer development include a combination of high and

moderate risk genotypes along with lower penetrance single nucleotide polymorphisms (SNPs).

1.3.1 High and Moderate Penetrance Genes

Approximately 5-10% of breast cancer predisposition is attributable to a higher penetrance single
gene.(2, 3) These breast cancer susceptibility genes exhibit variable penetrance which are
conveyed as estimations of absolute and relative risk derived from cohort or case control studies
(Figure 1).(8, 9) Moderate risk genotypes are associated with an average relative breast cancer
risk which is 2-4 times higher than the basal population risk.(10, 11) This equates to an
approximate cumulative lifetime risk of between 17% and 30%.(10) High risk genotypes confer a
relative risk of breast cancer which is on average 4 times higher than the population risk and a

cumulative lifetime risk greater than 30%.(10)

Mutations in either the Breast Cancer 1 Gene (BRCA1) or Breast Cancer 2 Gene (BRCA2) are the
main causal variants responsible for approximately 70% of heritable breast cancer attributable to
a highly penetrant single gene alteration.(4, 12-14). The most frequently identified other
intermediate and high risk genes are Partner and Localizer of Breast Cancer 2 (PALB2), Checkpoint
Kinase 2 (CHEK2), Ataxia-Telangiectasia Mutated (ATM) and The Tumour Protein p53 (TP53)
gene.(15) A study by Buys et al. which tested 35,409 women with a 25 gene cancer susceptibility
panel found a strong genetic factor in 9.3% of women.(15) The most frequently identified non-
BRCA genes included CHEK2, ATM and PALB2 which represented 11.7%, 9.7% and 9.3% of all gene

carriers respectively.(15)

1.3.2 Polygenic Risk

It is estimated that 10-30% of breast cancers demonstrate familial aggregation. It is well
recognised that a family history of breast cancer increases risk with higher levels of risk
correlating with the number of affected relatives.(16) This effect is often mediated through
complex inheritance involving a combination of polygenic risk factors known as Single Nucleotide
Polymorphisms (SNPs), and exposure to recognised environmental and constitutional risk

factors.(17)
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Genome Wide Association Studies (GWAS) have identified numerous lower penetrance SNPs that
associate with breast cancer risk.(5) When utilised in isolation, these SNPs provide only a small,
clinically uninformative increment in the basal cancer risk.(18) However, when considered
collectively, they can produce a more pronounced effect which is expressed as a Polygenic Risk
Score (PRS).(18) Polygenic risk scores are determined through the combined contribution of
multiple SNP deemed to have a significant effect on disease (Genome Wide Significance p<5x107%)
following SNP array.(19, 20) The number of SNPs including in any PRS can vary. Adding more SNPs
into a PRS does not necessarily increase the accuracy. This is because larger GWAS are required to
identify high numbers of contributory SNPs which can produce a consummate reduction in their

overall influence on risk.(20)

Currently, polygenic factors explain approximately 18% of the familial aggregation of breast
cancer susceptibility and a combination of PRS and environmental risk factor exposure has been
shown to enhance breast cancer risk prediction with a greater magnitude of effect in ER-positive
breast cancer (Table 2).(5, 21, 22) In 2018, Rudolph et al. observed the effect of PRS derived from
77 SNPs and environmental risk factors exposure including exogenous hormonal treatment, body
mass index, lifetime alcohol intake and reproductive history on breast cancer risk. The sample
population was ascertained from 28,239 female breast cancer cases and 30,445 controls of
European descent within the BCAC consortium.(5) They identified that a combination of PRS and
environmental risk factor exposure enhanced breast cancer risk prediction in a multiplicative

manner.(5)

SNPs have also been shown to modify breast cancer risk amongst BRCA1 and BRCA2 gene
carriers.(18) In 2017, Kuchenbaecker et al. observed the effect of PRS on breast cancer risk
amongst 7797 BRCA1 gene carriers and 4330 BRCAZ2 gene carriers with breast cancer.(18) They
identified that PRS modified breast cancer risk but with a lower magnitude of effect than that

observed in the absence of a highly penetrant monogenetic risk factor.(18)
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Population Cases Controls | SNPs | Breast Cancer AUC* HR Study
Subtype (95% C1)
European 94,075 75,017 313 ER+ 0.651 1.74 (1.66-1.82) Mavaddat et al. 2019.(23)
Ancestry ER 0.611 1.47 (1.37-1.58
(BCAC) ) : 47 (1.37-1.58)
European 28,239 30,445 77 ER+ 2.25(2.04-2.47) Rudolph et al. 2018.(5)
Ancestry (90-95 percentile)
(BCAC)
ER- 1.74 (1.50-2.03)
(90-95 percentile)
Australiaand | 1496 2,869 24 0.59 1.38(1.22-1.56) Li et al. 2017.(24)
North America
(BCFR and
kConFab)
Global 7797 BRCA1 88 ER- (53 SNPs) 1.27 (1.23to 1.31) | Kuchenbaecker et al.
2017(18)
(CIMBA) 4330 BRCA2 88 ER+ (87 SNPs) 1.22 (1.16 t0 1.27)
UK 466 8897 18 0.67* 1.56 (1.38-1.77) Van Veen et al. 2018. (19)
(PROCAS)

Table 2: Polygenic Risk Score and Breast Cancer Risk

Table detailing the influence of Polygenic Risk Score on Breast Cancer Risk Area

Under the Receiver Operated Curve (AUC) calculations are used to determine

whether the predicted risk is greater for cases than controls. An AUC greater than 0.5

indicates a discriminatory effect.(20) Breast Cancer Association Consortium (BCAC).

Breast Cancer Family Registry (BCFR) and Kathleen Cunningham Consortium into

Research on Familial Breast Cancer (kConFab). Consortium of Investigators of

Modifiers of BRCA1/2 (CIMBA). Predicting Risk of Cancer at Screening (PROCAS)

study.*incorporating both mammographic density and SNP.

Overall, this demonstrates that the arbitrary division of the breast cancer susceptibility genes into

high, moderate and low risk genotypes is not necessarily representative of the true complement

of risk factors which an individual may possesses. Polygenic factors and recognised environmental

aetiological exposures are also important modifiers of this risk. For example, an individual with a

germline CHEK2 mutation and a strong family history of cancer or a high polygenic risk score may

have a higher relative risk of breast cancer than a CHEK2 variant carrier in the absence of these

factors. It demonstrates the importance of utilising monogenic, polygenic and environmental risk

factors to determine a more comprehensive cancer risk stratification (Figure 1).
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High Risk

Lower Penetrance SNPs Constitutional Factors
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Moderate Risk
Genes

Population Risk

Environmental Factors

Figure 1: Genetics of Hereditary Breast Cancer

The combination of single gene and complex genetic factors alongside environmental
exposures provides a more comprehensive stratification of personalised cancer risk

than the utilisation of these factors in isolation.

1.4 Hereditary Breast Cancer

Hereditary Breast Cancer arises due to the presence of an inherited high or moderate penetrance
gene which contributes significantly to overall breast cancer risk. The genes most frequently
associated with non-syndromic, hereditary breast cancer include BRCA1, BRCA2, PALB2, CHEK2
and TP53. They are described with reference to their structure, function, epidemiology and

associated cancer risks.

14.1 Breast Cancer 1 and Breast Cancer 2 Genes

The Breast Cancer 1 (BRCA1) gene is composed of 24 exons and the Breast Cancer 2 (BRCA2) gene
is composed of 27 exons.(25) The BRCA1 protein combines with other tumour suppressers, DNA
damage sensors and signal transducers to form the BRCA-associated Genome Surveillance
Complex.(4) BRCA2 interacts with RAD51, PALB2 and BRCA1.(26) They are specifically involved in
the homologous recombination repair pathway which repairs DNA double strand breaks. In the
absence of functional BRCA1 and BRCA2, cells use other more error prone mechanisms of DNA
repair including non-homologous end joining. (25, 26) This can result in the progressive somatic

accumulation of DNA damage and cancer evolution (Figure 2).(25, 26)
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G2/M Phase

Homologous Checkpoint Regulation

Recombination Repair

| G1/S Phase

Figure 2: BRCA and the Cellular Response to DNA Damage

BRCA1 and BRCA2 genes have a central role within the Homologous Recombination
Repair Pathway. The presence of DNA damage results in activation of ATM and ATR.
ATM and ATR phosphorylate BRCA1 to block cell cycle progression.(4, 27-33) They
also phosphorylate PALB2 which promotes the localization of RAD51 for DNA repair
through interaction with BRCA2. Genes are represented in yellow, pathways in blue
and the cell cycle in green. G1 represents the phase between mitosis and DNA

replication. G2/S refers to the synthesis phase when DNA replication occurs.
1411 Epidemiology

Pathogenic variants in BRCA1 and BRCA2 are recognised at a global level (Table 2). The prevalence
of BRCA1 and BRCA2 mutations varies depending on the tested cohort from 1.8% in sporadic
breast cancer to 19% in unilateral triple negative breast cancer diagnosed under the age of 50
years (Table 3). (34, 35) This variation in prevalence reflects sample ascertainment. Higher
prevalence is recognised in the context of a tumour phenotype associated with BRCA1 such as

TNT or in the context of Hereditary Breast and Ovarian Cancer.
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Population (year) | Cohort Prevalence Sample Population | Authors
(mutation carriers)

Swedish (2018) Unselected under 80yrs 1.8% 5099 (92) Li et al.(34)
LIBRO1 Study
UK (2000-2008) Early onset breast cancer <40 | 12% 2733 (338) Copson et al.(36)
POSH Study yrs
German (2018) Unilateral TNT (age 19-76) 15.8% (14.7% BRCA1 & 1.1% BRCA2) | 802 (127) Engel et al. (35)
GC-HBOC* Unilateral TNT (age 20-29) 32.9% (32.9% BRCA1 & 0% BRCA2) |85 (28)

Unilateral TNT (age 30-39) 20.4% (19.4% BRCA1 & 1.0% BRCA2) | 309 (63)

Unilateral TNT (age 40-49) 11.6% (10.2% BRCA1 & 1.4% BRCA2) | 216 (25)

Unilateral TNT (age 50-49) 5.7% (4.9% BRCA1 & 0.8% BRCA2) 122 (7)

Unilateral TNT (age 60-69) | 6.9% (3.4% BRCA1 & 3.4% BRCA2) |58 (4)
German (2017) Familial 12.4% 581 (72) Kraus et al. (37)
South African TNT or pre-menopausal 12.1% 108 (13) Francies et al.(38)
(2015)
UK (2000) Unselected 2% 1220 (24) Anglian Breast

Cancer Study
Group (39)

American (2007) Unselected White** 4.0% 549 (22) John et al.(40)
SEER study Unselected Asian American 0.7% 444 (3)

Unselected Hispanic 0.5% 393 (21)

Unselected African American | 2.3% 341 (8)

Table 3: Epidemiology of BRCA Mutations

Summary table demonstrating BRCA1 and BRCA2 pathogenic variant prevalence with

a comparison across cohorts based upon selection criteria. *German Consortium for

Hereditary Breast and Ovarian Cancer (GC-HBOC). **Sample including Ashkenazi

Jewish descent.

14.1.2

BRCA1 and BRCAZ2 Associated Breast Cancer Risk

Pathogenic variants in BRCA1 and BRCA2 are associated with cumulative lifetime risks of breast

cancer between 45-87%. (4, 25) In 2017, Kuchenbaecker et al. calculated the absolute cumulative

lifetime risks of breast and ovarian cancer based upon prospective data obtained from 9856 BRCA

mutation carriers derived from 3 consortia (The International BRCA1/2 Carrier Cohort Study

(IBCCS), the Breast Cancer Family Registry (BCFR) and the Kathleen Cunningham Foundation

(kConFab).(41)

They identified that the cumulative lifetime breast cancer risk was 72% (95% Cl, 65%-79%) for

BRCA1 carriers and 69% (95% Cl, 61%-77%) for BRCA2 carriers to age 80 years.(41) The peak

breast cancer incidence amongst BRCAI mutation carriers occurred between the ages of 41-50

years (28.3/1000 person years (95%Cl, 23.1-34.7)). Conversely, the peak breast cancer incidence

amongst BRCA2 mutation carriers occurred between the ages of 51-60 years (30.6/1000 person
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years (95% Cl, 22.8-41.1)).(41) The ovarian cancer risks were 44% (95%Cl, 36%-53%) and 17%
(95% Cl, 11%-25%) for BRCA1 and BRCA2 mutation carriers respectively.(41) The cumulative risk
of contralateral breast cancer 20 years after the first diagnosis was 40% (95% Cl, 35%-45%) for
BRCA1 mutation carriers and significantly lower in BRCA2 mutation carriers 26% (95% Cl, 20%-
33%) (p=0.001).(41)

Similar findings were noted by Mavaddat et al. in 2013. They performed a large prospective
cohort study of 988 BRCA1 and BRCA2 mutation carriers derived from the UK EMBRACE study.
They identified that the cumulative lifetime risk of breast cancer by age 70 years was 60% (95% ClI,
44% - 75%) for BRCA1 mutation carriers and 55% (95% Cl, 41% - 70%) for BRCA2 mutation
carriers.(42) The average cumulative risk of ovarian cancer by age 70 years was also similar to that
observed by Kuchenbaecker et al. (59% (95% Cl, 43%-76%) for BRCA1 carriers and 16.5% (95% ClI,
7.5%-34%) for BRCAZ2 carriers.(42)

1.4.1.3 Modifiers of BRCA1 and BRCA2 Associated Breast Cancer Risk

The penetrance of pathogenic variants in BRCA1 and BRCAZ2 is dependent upon many of the
aforementioned exogenous and endogenous factors along with the interaction with more
common, lower penetrance breast cancer susceptibility alleles.(25) Kuchenbaecker et al.
demonstrated that the BRCA-associated cancer risks were modified by the family history of
malignancy. They demonstrated that the cumulative breast cancer risks significantly increased
with the number of affected first and second degree relatives with breast cancer.(41) They also
noted a variant position effect in relation to overall cancer risks that was independent of the

family history of cancer.(41)

This observation may be attributable to the modifying effect of polygenic factors or SNPs that
aggregate within a family. In 2020 Gallagher et al. observed the influence of an 86 SNP polygenic
risk score on BRCA-associated cancer risk in a large cohort of European women.(43) They found
that the highest percentiles of polygenic risks were associated with a significant increase in cancer

risk beyond that conferred by the BRCA gene alteration in isolation.(43)

1.4.1.4 Other Associated Cancer Risks

Pathogenic variants in BRCA2 have been seen in association with prostate cancer, pancreatic
cancer and malignant melanoma.(44) In 2015, Mersch et al. described the observed number of
cases in 1072 BRCA1 and BRCA2 mutation carriers. Significantly higher rates of pancreatic and
prostate cancer were observed in BRCA2 mutation carriers. Pancreatic cancer (SIR, 21.7 (95%ClI,

13.1-34.0 (p<0.001)) and prostate cancer (SIR, 4.9 (95% Cl, 2.0-10.1 (p=0.002)).(45)
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1.4.2 Partner and Localizer of Breast Cancer 2 (PALB2)

Partner and Localizer of Breast Cancer 2 (PALB2) is a tumour suppressor gene composed of 13
exons which is integral to the BRCA mediated DNA Homologous Recombination Repair (HRR)
pathway.(46) In 2019, Li et al. found that 16/24 breast tumours occurring in the context of a
pathogenic germline mutation in PALB2 demonstrated biallelic loss of PALB2 either through Loss

of Heterozygosity (LOH) or a somatic inactivating mutation.(47)

The PALB2 protein has several functional domains which exhibit differential protein binding
(Figure 3).(46, 48) The N terminus holds a Coiled Coil (CC) domain which can bind to BRCA1,
RAD51 recombinase.(46, 48) This domain can also self-associate with PALB2.(49) There are two
DNA binding domains, and a small Chromatin Associated Motif. (46, 48) The C terminus contains a

WDA40 repeat domain which can bind with RAD51 and BRCAZ2.(46, 48)

[ DNA Binding { DNA Binding J P
J . : ] WD40 J
[ Coiled Coil Chromatin =
S R
((BrCA1 | ("BRCA2 |
(RAD51 ) (Rapbst

Figure 3: Structure of PALB2

The BRCA1 binding domain is located between amino acids 1 - 319 and the BRCA2
binding domain occurs in the WD40 motif located between amino acids 853 and

1186.(30)

PALB?2 is activated by BRCA1 mediated phosphorylation following the activation of ATM in
response to DNA double strand breaks (Figure 4).(46) This interaction occurs through the N
terminus CC domain.(49) Activated PALB2 recruits BRCA2 through interaction with the WD40
domain. As such, BRCA1 and BRCA2 can exist in a protein complex linked by PALB2.(46, 50) PALB2
facilitates the nuclear localisation of BRCA2 and recruitment of RAD51 recombinase for HRR
within the S and G2 phases of the cell cycle.(33, 48, 49, 51, 52) The DNA repair function of PALB2
is also facilitated through binding of single stranded DNA and chromatin to the DNA binding
regions and chromatin motif.(46, 49) Heterozygous, pathogenic variants in PALB2 are associated
with an increased predisposition to breast cancer whilst biallelic mutations are associated with

Fanconi Anaemia. (30, 50)
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Homalogous
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=

Figure 4: Mechanism of Action PALB2

The PALB2 gene is involved within the Homologous Recombination Repair Pathway.

Genes are represented in yellow and pathways in blue.

14.2.1 Epidemiology

An inherited pathogenic variant in PALB2 is identifiable in approximately 0.66%-0.86% of breast
cancer cases based upon unselected series worldwide (Table 4 and Appendix A).(50) The
prevalence is recognised to be higher in familial breast cancer.(46, 50, 53) Several pathogenic
variants are more frequently identifiable amongst specific ancestral groups and may represent
founder mutations. This includes PALB2 c.509 510delGA, p.(Arg170fs*14) amongst the Polish
population; PALB2 c.1592delT, p.(531fs*30) in Northern Europeans and ¢c.3113G>A, p.(Trp1038)*

amongst those of British descent including the UK, America, Australia and Canada.(54-57)

Population (year) Cohort Prevalence (%) Authors
(ref)
China (2017) Familial 4/305 (1.31%) Zhang et al.(58)

Sporadic 11/1967 (0.56%)

Malaysia (2017) Unselected |4/467 (0.86%) Yang et al.(59)
UK (2017) Unselected | 89/13087 (0.68%) | Decker et al.(56)
Finland (2017) Familial 19/947 (2.0) Wesola et al.(53)

Unselected |8/1274 (0.6)

Poland (2017) Familial 7/460 (1.5) Kluska et al. (60)
Poland and Ukraine (2017) | Mixed 4/427 (0.94%) Myszka et al. (61)
Jamaica (2017) Unselected |4/179 (2.23%) Lerner-Ellis et al.(62)

Table 4: Global Prevalence of PALB2 Pathogenic Variants
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1.4.2.2 PALB2 Associated Breast Cancer Risk

Protein truncating variants in PALB2 are generally considered pathogenic or likely pathogenic.(63)
This is because the Coiled Coil and WD40 domains located at the N and C Terminus are
functionally important for BRCA1 and BRCAZ2 binding and downstream effect. Disruption of the
terminal part of the WD40 repeat domain has been associated with breast cancer risk in the

context of PALB2, c.3459 C>G, p.(Tyr1183%*).(50)

The relative risk of breast cancer associated with rare truncating variants in PALB2 has been
determined by several large population based cohorts including both familial and unselected
cases. Overall the relative risk of breast cancer is considered to be high-moderate, with an
increase in risk that is at least 4 fold higher than the basal population level (Table 5).(30, 56, 57,
64) It is recognised that complex familial factors including genetic and environmental exposure
are important modifiers of inherent genomic risk associated with PALB2 carrier status. In 2014
Antoniou et al. determined the absolute lifetime risks of breast cancer to be 33% (95% Cl, 25%-
44%) in the absence of a family history and 58% (95% Cl, 50%-66%) for a woman with two first
degree relatives diagnosed under the age of 50 years.(30) More recently, in 2020, Yang et al.
observed the relative and absolute cancer risks of PALB2 pathogenic protein truncating variant
carriers derived from 524 families.(20) The cohort was mixed and included both familial and
unselected cases of breast and ovarian cancer.(20) The absolute breast cancer risk was 52.8%
(95% Cl 43.7%-62.7%) to age 80 years.(20) Birth cohort and family history were recognised

modifiers of relative and absolute breast cancer risk.

Interpretation of missense variants and their association with PALB2 related cancer risk is more
challenging and potentially variant specific (Table 5).(61, 63) It has been shown that PALB2,
€.2816T>G, p.(Leu939Trp) located in the WD40 BRCAZ2 binding domain is not associated with a
markedly elevated breast cancer risk.(57, 65) Decker et al. also found that rare missense variants
may have no effect or only modestly increase breast cancer risk above the basal population level
with PALB2 missense variants located within the BRCA1 binding domain having the strongest
association with breast cancer risk.(56) An Australian based case control study of familial breast
cancer published by Thompson et al. found no excess of PALB2 missense variants overall in cases
compared to controls.(64) One specific variant, ¢.1676A>G p.(GIn559Arg) was significantly
enriched in cases and considered to represent a lower penetrance SNP (OR 1.24 (95 %Cl, 1.09—

1.47 (p = 0.002)).(64)
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Population (year) Cohort PALB2 Variants Relative Cancer Risk Sample Population | Authors
(95% CI) (mutation carriers)
Cases Controls
International (2020) | Mixed Protein truncating 7.18 (5.82-8.85 (976) Yang et al. (20)
(p=6.5x107°)
UK (2017) Unselected | Protein truncating 4.69 13,087 | 5488 Decker et al.
SEARCH Database (2.27-9.68 (p=6.9x10"%)) | (89) (8) (56)
Rare Missense 1.28
(0.95-1.73 (p=0.12))
Rare Missense** 1.76
(1.03-2.98 (p=0.047)
International (2016) | Mixed c.1592delT, p.Leu531fs 3.44 42,671 | 42,164 | COGS study
BCAC (1.39-8.52 (p=0.003)) (229) (159) (57)
c.3113G>A, p.Trp1038*  |4.21
(1.84-9.60 (p=1.2x10"%))
¢.2816T>G, p.Leu939Trp |1.03
(0.80—1.32 (p=0.82))
Australian (2015) Familial Protein truncating 6.58 1996 1998 Thompson et al.
(2.3-18.9 (p=0.0001)) (64)
Missense 1.15
(1.02-1.32 (p=0.025))
International (2014) | Familial Protein truncating 9.47 362 Antoniou et al.
PALB2 Mutation (7.16-12.57) (30)

Table 5: PALB2 Associated Breast Cancer Risk

Evaluation of the published literature regarding PALB2-associated breast cancer risks.
Mixed cohorts included both familial and unselected patient groups.**Rare missense

variants located within the BRCA1 binding domain (Amino acids 1-319).

1.4.2.3 Modifiers of PALB2 Associated Breast Cancer Risk

Historically, there has been no observed difference in the associated risk of PALB2 related breast
cancer with age. Statistical modelling by Antoniou et al. found that age specific relative risk
models were not significantly better than models that assumed a constant relative risk with age (p
= 0.07). Cybulski et al. and Decker et al. also found no significant difference in the age of onset
between PALB2 mutation carriers and non-carriers.(56, 66) Cybulski et al. identified the relative
risk of breast cancer in women to be 3.68 (95%Cl 1.84-7.15) under the age of 50 years and 4.90
(2.53-9.49) for those diagnosed after the age of 50 years.(66). This is in contrast to high risk genes
such as BRCA1, BRCA2 and TP53 where much of the elevation in breast cancer risk is most
pronounced in the premenopausal years.(41) More recently, Yang et al report that under a linear
trend model, the relative risk of breast cancer reduces with age from RR 13.10 at age 25 years to

RR 4.69 at age 75 years.(20)
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14.24 Other Associated Cancer Risks

The relatively low frequency of pathogenic PALB2 mutations in combination with the rarity of the
likely associated cancer types makes the estimation of other cancer risks challenging. (55)
Potential associations have been observed with male breast cancer, ovarian, pancreatic,
melanoma and prostate cancer but current evidence is insufficient to determine a definitive

association.(30, 44, 57, 67-70)

Recent work by Yang et al. including 17906 individuals derived from 524 families with a known
pathogenic truncating variant in PALB2 observed significant associations with ovarian cancer,
pancreatic cancer and male breast cancer risk.(20) The absolute ovarian cancer risk to age of 80
years was 4.8% (95% Cl, 2.4%-9.7%).(20) The absolute pancreatic cancer risk to age of 80 years
was 2.2% (95% Cl, 1.2%-4.2%) for female gene carriers and 2.8% (95% Cl, 1.5%-5.3%) for male
gene carriers.(20) The absolute male breast cancer risk to age of 80 years was 0.9% (95% Cl, 0.2%-

4.9%).(20) There was no significant association with prostate or colorectal cancer risk. (20)

1.4.3 Checkpoint Kinase 2 (CHEK2)

Checkpoint Kinase 2 (CHEK?2) is a serine/threonine kinase which functions as a tumour suppressor
gene necessary for cell cycle checkpoint regulation, the inhibition of cellular proliferation and
activation of DNA repair pathways.(71-73) The CHEK2 protein consists of multiple functional
domains (Figure 5).(74) This includes an N-Terminal SQ/TQ rich domain, a Fork Head Associated
domain (FHA) and Serine/Threonine protein kinase domain.(74, 75) It becomes activated by ATM
mediated phosphorylation in response to DNA double strand breaks.(71, 76, 77) Activated CHEK2
phosphorylates p53, BRCA1, Cdc25A and Cdc25C facilitating cell cycle arrest during the G1 phase
of mitosis, apoptosis and homologous recombination repair (figure 6).(71, 78) Pathogenic variants

in CHEK2 have been associated with an increased risk of breast cancer.(56, 57, 73, 79, 80)

[ sa/ta —{ A  |— «KinaseDomain |

Figure 5: Structure of CHEK2
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Figure 6: Mechanism of Action of CHEK2

CHEK2 becomes activated by ATM mediated phosphorylation in response to DNA

double strand breaks.

1.4.3.1 Epidemiology

A number of studies have demonstrated that pathogenic variants in CHEK2 are most prevalent
amongst individuals of European descent.(73, 81) Several founder mutations exist in European
populations including CHEK2 c.444+1G>A, German and Polish; c.470T>C, p.(lle157Thr), Slavic;
c.1100delC, p.(Thr367Metfs), Northern European; del5395 (deletion of exons 9-10), Polish and
€.1283C>T, p.(Ser428Phe), Ashkenazi Jewish.(82) Of these, CHEK2 ¢.1100delC, p.(Thr367fs) is the
most frequently identified and studied.(56, 79) A population based study within the UK involving
13087 breast cancer cases found that ¢.1100delC, p.(Thr367fs) was the prevalent rare truncating
CHEK?2 variant, present in 81% (196/242) of CHEK2-associated breast cancer cases.(56) Schmidt et
al. utilised genotyping data from 33 studies within the Breast Cancer Association Consortium
(BCAC) to determine population frequencies of this specific variant across Europe.(72) The highest
population frequencies were observed amongst individuals of Northern European descent (Table

6).(72)

14



Chapter 1

Country Frequency Rate | 95% CI

The Netherlands | 0.0134 0.0110-0.0162
Finland 0.0124 0.0100-0.0162
Denmark 0.0066 0.0053-0.0081
United Kingdom | 0.0054 0.0047-0.0062
Poland 0.0024 0.0017-0.0036
Russia 0.0020 0.0010-0.0038

Table 6: Population Frequency of CHEK2 c.1100delC in Europe

Schmidt et al. utilised genotyping data from 33 studies within the Breast Cancer
Association Consortium (BCAC) to determine population frequencies of CHEK2
€.1100delC across Europe.(72) Estimations of allele frequency were derived from

42,977 case and 44,777 controls.(72)

Variants in CHEK2 are much less frequently seen amongst other worldwide populations. Studies
have demonstrated that pathogenic variants in CHEK2 are only found in a small proportion of
BRCA negative Malaysian, Korean, Moroccan, Greek and Iranian patients with hereditary breast
cancer.(76, 83-86) A further study observing the frequency of CHEK2 pathogenic and likely
pathogenic variants in 45,879 individuals that presented for gene panel testing regardless of their
personal history of cancer between 2012 and 2015 found that the majority of the CHEK2 variants
were identified in Caucasians (75.9%) and individuals of Ashkenazi Jewish descent (11.1%).(81)
This was in comparison to Asian (0.9%), African American (0.7%), Middle-Eastern (0.6%), Native-

American (0.1%) and Hispanic (1.3%).(81)

1.4.3.2 CHEK2 Associated Breast Cancer Risk

It is currently estimated that pathogenic variants in CHEK2 are identifiable in 1%-2.5% of
unselected female breast cancer cases and up to 4.9% of familial cases depending upon the
population cohort.(56, 87, 88) Rare protein truncating variants can abolish the protein kinase
activity resulting in loss of function and an increased cancer susceptibility.(75, 89) The risk
associated with CHEK2 ¢.1100delC, p.(Thr367Metfs) is generally considered a moderate risk
increase 2-3 fold above baseline population risk (Table 7).(56, 57, 73, 79, 80) These relative and
absolute breast cancer risk estimates derived for CHEK2 ¢.1100delC, p.(Thr367fs) are likely to be
applicable to other protein truncating variants in CHEK2.(72) In 2017 Decker et al. found that the
aggregated risk estimate derived from the other rare protein truncating CHEK2 variants was
comparable to that associated with CHEK2 ¢.1100delC, p.(Thr367fs).(56) Based upon the
population risk of breast cancer, these relative risk figures equate to an estimated cumulative

lifetime risk of 20-25% by the age of 70 years in the absence of a family history.(73, 78, 82)
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Population (year) Cohort CHEK2 Variants Relative Risk Sample Population | Authors
(95% CI) (Mutation Carriers)
Cases Controls
UK (2017) Unselected | All protein truncating 3.11 13,087 | 5488 Decker et al.
SEARCH Database (2.15-4.69 (p=5.6x10")) | (213) (29) (56)
¢.1100delC, p.Thr367Metfs |3.18
(2.01-4.92 (p=6.1x107%))
Protein truncating 2.83
(non c.1100delC) (1.20-6.69, (p=0.020))
Rare Missense 1.36
(0.99 to 1.87 p=0.066))
Rare Missense 1.51
(protein binding domain) (1.02-2.24 (p=0.047))
European (2016) Mixed ¢.1100delC, p.Thr367Metfs | 2.26 44,777 42,977 Schmidt et al.
BCAC (1.90-2.69 (p=2.3 x107%)) |(710) (233) (80)
International (2016) | Mixed c.349A>G, p.Argll7Gly 2.03 42,671 42,164 COGS study
BCAC (1.10 to 3.73) (p=0.020)) |(261) (204) (57)
¢.538C>T, p.Arg180Cys 1.34
(1.06 to 1.70 (p=0.015))
¢.715G>A, p.Glu239Lys 1.47
(0.60 to 3.64 (p=0.40))
¢.1036C>T, p.Arg346Cys 3.39
(0.68 to 16.9 (p=0.11))
c.1312G>T, p.Asp438Tyr 0.87
(0.49 to 1.52 (p=0.62))
European (2008) Unselected |c.1100delC, p.Thr367Metfs | 2.7 26,488 27,402 Weischer et al.
Meta-analyses (2.1-3.4) (465) (142) (73)
Familial ¢.1100delC, p.Thr367Metfs | 4.8
(3.3-7.2)

Table 7: CHEK2 Related Breast Cancer Risks

Evaluation of the published literature regarding CHEK2-associated breast cancer risks.

Mixed cohorts included both familial and unselected patient groups.

The association between rare missense variants in CHEK2 and breast cancer susceptibility is more
difficult to interpret. Missense variants have differential effects on protein function. This is
demonstrable by functional yeast based assays which observe variable in-vitro responses to DNA
damage for several missense alleles distributed across all domains of the CHEK2 gene.(74) As
such, missense variants in CHEK2 may have variable effects on breast cancer risk depending on
their location. Some will increase breast cancer risk but potentially to a lesser magnitude than
protein truncating variants such as CHEK2 c.1100delC, p.(Thr367fs) whilst others will exert
minimal clinical effect. In 2016, The Collaborative Oncological Gene-Environmental Study (COGS)
looked at six rare missense variants in CHEK2 using data derived from 42671 invasive breast
cancer cases from BCAC.(57) Only two missense CHEK2 c.349A>G, p.(Arg117Gly) and CHEK2

€.538C>T, p.(Arg180Cys) were significantly associated with breast cancer risk. Missense variants
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located within the protein binding domains were also noted to confer a higher magnitude of

effect.(57)

In 2004 Kilpivaara et al. observed the frequency of the missense founder mutation c.470T>C
p.(1le157Thr) in 1035 unselected breast cancer patients, 507 BRCA negative familial breast cancer
patients and 1885 healthy controls derived from the Finnish Red Cross blood transfusion
service.(75) It was present in 7.4% of unselected breast cancer patient, 5.4% of familial breast
cancer and 5.3% of controls.(75) The frequency of this variant was significantly increased amongst
unselected female breast cancer patients but the magnitude of risk was less than that seen in
association with protein truncating variants (OR 1.43 (95% Cl, 1.06-1.95 (p=0.021)).(75) A similar
association was seen by Cybulski et al. (OR 1.5 (95% Cl, 1.2-1.7)).(90) This lower breast cancer risk
was evidenced by functional assays which demonstrated that CHEK2 c.470T>C (p.lle157Thr)
produced a stable protein that was detectable immunohistochemically.(75) This protein was
however able to form heterodimers with wild type CHEK2 impairing the downstream DNA

damage response and thus contributing to an increased breast cancer susceptibility.(75)

In contrast to the aforementioned variants, CHEK2 ¢.1111C>T p.(His371Tyr), a novel recurrent
missense variant within the activation loop of the kinase domain mutation has been shown to
confer a 2.43 fold increased risk of breast cancer in women of Chinese descent.(89) This variant
may represent a founder mutation in Asian populations.(56, 89) Overall this highlights that
estimations of relative breast cancer risk associated with CHEK2 missense variants may need to be

variant and population specific due to their direct effect on protein function.

1.4.3.3 Modifiers of CHEK2 Associated Breast Cancer Risk

14.3.3.1 Family History

Several studies have shown that the cumulative lifetime risk of breast cancer for a carrier of a
pathogenic CHEK2 variant is markedly higher in the context of a positive family history.(79) In
2008, a meta-analysis published by Weischer et al. found that the aggregated relative risk of
breast cancer in individuals with CHEK2 ¢.1100delC, p.(Thr367fs) and a family history was 4.8
(95%Cl 3.3-7.2) compared to 2.7 (95% Cl 2.1-3.4) in an unselected breast cancer population.(73)
They estimated the cumulative lifetime risk of breast cancer amongst CHEK2 ¢.1100delC,
p.(Thr367fs) heterozygotes to be 37% in the context of a family history compared to 21% in the

absence of a positive family history.(73)

In 2011, Cybulski et al. assessed the relative contribution of family history to CHEK2-associated
breast cancer risk in the context of three truncating founder mutations c.444+1G>A, c.1100delC

p.(Thr367Metfs) and del5395. (90) They utilised 7496 prospectively ascertained unselected
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invasive breast cancer patients of Polish descent and compared them to a population based
control.(90) The truncating variants were collectively associated with a 3.6 fold increase in the
relative risk of breast cancer (95%Cl 2.6-5.1).(90) This relative risk increased with a positive family
history to 5.7 fold if one first degree relative was affected (95% Cl 3.6-9.2) and 7.3 fold if both a
first and second degree relative were affected (3.2-16.8).(90) This corresponded to an absolute
lifetime risk of 34% and 44% respectively in the Polish population compared to 20% in a woman

with no family history.(88, 90)

This excess risk in the context of a family history is probably in part attributable to complex
polygenic factors including epigenetics, single nucleotide polymorphisms and shared familial
environmental exposure.(88) Muranen et al. looked at the combined effects of Polygenic Risk
Scoring (PRS) and CHEK2 c.1100delC, p.(Thr367fs). They predicted a multiplicative relationship
between CHEK2 c.1100delC, p.(Thr367fs) and common low penetrance variants suggesting these

may better help to risk stratify patients.(79)

1.4.3.3.2 Age

In recent years there has been some consideration that CHEK2-associated breast cancers may be
associated with an earlier age of onset. Weischer et al. demonstrated within the BCAC cohort that
CHEK?2 c.1100delC, p.(Thr367fs) carriers were on average 4 years younger at breast cancer
diagnosis than non-carriers (p=0.001) and were more likely to be premenopausal (p=0.001).(91)
Schmidt et al. and Decker et al. also demonstrated that the relative risk of CHEK2-associated

breast cancer significantly reduced with age (Table 8).(56, 72)

Decker et al. Schmidt et al.

Age (yrs) [ OR (95% ClI) Age (yrs) | OR (95% ClI)

<50 3.98 (2.62-6.21) | 35-50 2.57 (1.83-3.59)

50-60 3.37(2.24-5.22) | 50-65 2.36 (1.80-3.10)

>60 2.12 (1.35-3.41) | >65 1.40(0.93-2.12)

Ptrend = 1.2x10° Pirena= 0.014

Table 8: Relative Risk of CHEK2 Associated Breast Cancer

Schmidt et al. and Decker et al. also demonstrated that the relative risk of CHEK2-
associated breast cancer significantly reduced with increasing age. The analysis by
Schmidt et al. included c.1100delC, p.(Thr367fs) whilst Decker et al. included several

rare protein truncating variants.(56, 72)

1.43.33 Biallelic Mutations

Homozygous CHEK2 c.1100delC, p.(Thr367fs) variants are associated with an elevated cancer risk
in excess of that associated with CHEK2 c.1100delC, p.(Thr367fs) heterozygosity.(82) In 2011,
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Adank et al. identified 8 individuals homozygous for CHEK2 c.1100delC, p.(Thr367fs) in a Dutch,
familial non-BRCA cohort.(82) They estimated that CHEK2 homozygosity would confer a 4 fold
increased breast cancer risk within a familial cohort.(82) This risk was predicted to be 6 fold if

extrapolated to a population based cohort.(82)

1.4.34 Other Associated Cancer Risks

A number of studies have tried to determine potential associations with pathogenic CHEK2
mutations and other cancer risks including prostatic, ovarian and colorectal. Much of the current
data is conflicting. Naslund-Koch et al. observed 86,975 patients between 2003 and 2010 with
records linked to the Danish Cancer Registry. Of these, 670 (0.8%) were heterozygotes for CHEK2
€.1100delC, p.(Thr367fs).(92) When correcting for age and sex they found an association between
this genotype and the risk of sarcoma, stomach, renal and prostate cancer.(92) The relationship

was less apparent after taking multiple tests into consideration. (92)

1.4.4 Ataxia-Telangiectasia Mutated (ATM)

The Ataxia-Telangiectasia Mutated (ATM) gene is a Serine Threonine Kinase composed of 66
exons composed of multiple functional domains (Figure 7).(93) It initiates the signalling cascade
necessary for HRR, mediated by the phosphorylation and activation of downstream proteins
including BRCA1, BRCA2, PALB2, CHEK2 and TP53 (Figure 8).(93-95) Pathogenic heterozygous
mutations are associated with an increased risk of breast cancer. Homozygous or compound

heterozygous mutations are associated with Ataxia Telangiectasia (AT).(93)

TAN L FAT { PI3Kinase Domain J

Figure 7: Structure of ATM

The ATM gene is a Serine Threonine Kinase composed of 66 exons composed of
multiple function domains. It has a highly conserved FAT domain necessary for
binding of regulatory proteins. The N terminus TAN domain influence protein, protein

interactions.(29)
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Figure 8: Mechanism of Action of ATM

1.4.4.1 Epidemiology

ATM is a globally important breast cancer susceptibility gene and pathogenic variants have been
shown to contribute to breast cancer susceptibility in European, Chinese Han, Polish and South
American populations.(96-98) The population frequency of ATM heterozygotes is 0.35-1% and this
may be higher in the context of familial breast cancer.(95, 99) For example, Tavera et al. found
the prevalence of pathogenic germline mutations to be 1.78% in the context of familial breast

cancer derived from a Spanish population.(93)

1.4.4.2 ATM Associated Breast Cancer Risk

ATM is generally considered to be a moderate risk breast cancer gene. The outcome of several
population and familial studies demonstrates that collectively, pathogenic protein truncating
variants confer a relative breast cancer risk 2-3 fold above the population level (Table 9).(56, 57,
93, 100, 101) In 2016 Marabelli et al. performed a meta-analysis utilising 19 papers defining ATM-
associated breast cancer risks.(28) The populations sampled were heterogeneous incorporating
both sporadic and familial breast cancer cohorts derived from several different global centres.(28)
They determined the cumulative risk of breast to be 6.02% by the age of 50 years and 32.83% by
the age 80 years.(28)
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Population (year) Cohort ATM Variants Relative Breast Cancer Risk | Sample Population Authors
(95% CI) (gene carriers) (ref)
Cases Controls
UK (2017) Unselected | Protein truncating 3.26 13,087 |5488 Decker et al.
SEARCH Database (1.82-6.46 (p=2.1x107%)) (85) (11) (56)
Rare Missense 1.18
(0.99-1.40 (p=0.073))
Rare Missense 1.71
(FAT and PI3K domains) | (1.12-2.61 (p=0.015)
International (2016) | Mixed c.7271T>G, 11.0 42,671 42,164 COGS study
BCAC p.Val2424Gly (1.42-85.7 (p=0.0019)) (12) (1) (57)
International Familial Protein truncating 2.32 2531 2245 Tavtigian et al.
(1.12-4.83) (100)
Rare Missense 18
(2.82-117)
UK (2006) Familial Protein Truncating 2.37 443 521 Renwick et al.
Multi-Centre Pathogenic Missense (1.51-3.78 (p =0.0003)) (101)

Table 9: ATM Related Breast Cancer Risks

Evaluation of the published literature regarding ATM-associated breast cancer risks.

Mixed cohorts included both familial and unselected patient groups.

The full spectrum of mutations which are associated with ATM mediated cancer risk is not fully
defined, in part because of the large gene size making the attribution of pathogenicity
challenging. (100) The association between ATM missense variants and breast cancer risk is more
variable. For some missense variants there are no or conflicting reports about pathogenicity.(102,
103) Decker et al found that the some missense variants in ATM have no clinical effect whilst
other rare missense variants may elevate breast cancer risk above the basal population level.(56).
In 2010 Fletcher et al. genotyped five SNPs with a MAF of 0.9%-2.6% in 26101 breast cancer cases
and 29842 controls derived from the BCAC consortium.(104) They found that these SNPs

conferred a small contribution to breast cancer risk OR 1.06 (ptrend=0.04).(104)

Other, rare missense variants have been identified to convey a higher risk of breast cancer than
protein truncating variants. In 2016, the COGS study looked at one rare missense variant in ATM,
€.7217T>G p.(Val2424Gly).(57) It was identified in 12 cases and 1 control and found to be
significantly associated with breast cancer risk (OR 11.0 (95%Cl, 1.42-85.7 (p=0.0012)).(57) Whilst,
the number of gene carriers within the COGS sample population was small, Goldgar et al. also
found this variant to have a particularly high associated breast cancer risk.(27) They studied 2,570
invasive breast cancers from familial breast cancer cohorts and 1448 controls for the presence of
consensus splice site, truncating and evolutionary unlikely missense substitutions.(27) ATM
€.7271T>G was the most frequently identified variant associated with an 8 fold increase in breast

cancer risk by (p=0.0005).(27) Tavtigian et al. also found the associated cancer risk was higher for
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evolutionarily unlikely rare missense variants (OR 18 (95%Cl, 2.82-117).(100) One hypothesis for
this particular elevation in risk associated with rare missense variants is a dominant negative

effect.(105)

1.44.3 Other Associated Cancer Risks

There are no clear associations between pathogenic mutations in ATM and other cancer risks. The
COGS study looked at ATM ¢.7217T>G p.(Val2424Gly) to determine whether there was an
associated risk of prostate or ovarian cancer using cases derived from the PRACTICAL and OCAC

consortia.(57) They found no association with this specific variant and these cancer risks.(57)

1.4.5 Tumour Protein p53 (TP53)

The Tumour Protein p53 (TP53) gene encodes p53 and consists of 11 exons. Exon 1 has two
transcriptional start sites whilst exons 2-11 are coding.(106) There are several functional domains
including an oligomerisation domain and the core DNA binding domain which is encoded by exons
5-8.(106, 107)TP53 is known as the “Guardian of the Genome” and acts as an important cell cycle
checkpoint regulator including for the initiation of DNA repair or apoptosis following DNA
damage.(106) It is one of the most frequently encountered somatic mutations in cancer.(106,

107).

Most pathogenic variants are missense, representing 73% of all germline mutation types within
the IARC database.(107) Missense variants in the DNA binding domain often effect the proteins
guaternary structure or ability to bind DNA.(107) Codons 196 and 213 represent hotspots for
nonsense mutations whilst 152, 209 and 241 are associated with indels.(107) Increasingly, the
oligomerisation domain located at the C terminus (codons 323-356) is also recognised as a

mutational hotspot.(107)

Pathogenic variants in TP53 are associated with Li-Fraumeni Syndrome (LFS). This is a hereditary
cancer predisposition syndrome associated with familial clustering and high lifetime risks for a
wide variety of tumour types including Adrenal-Cortical Carcinoma (ACC), Central Nervous System
(CNS) tumours, pre-menopausal breast cancers, osteosarcoma and soft tissue sarcomas (STS)
including rhabdomyosarcoma.(108, 109) ACC, CNS and STS typically affect children with a further
peak in the incidence of CNS and STS later in life.(107) Osteosarcomas are more classically
observed in adolescence.(107) A number of diagnostic criteria exist for the identification of this
condition including the Chompret Criteria and a broader classification of Li-Fraumeni-Like (LFL)

which includes those families who do not meet the classical diagnostic criteria.(108, 110)

22



Chapter 1

1.4.5.1 Epidemiology

In 2003, Lalloo et al. estimated the carrier frequency of pathogenic TP53 variants as 1/5000 within
the general population.(111) This estimate was derived from patients diagnosed with very early
onset breast cancer (less than 30 years) and recorded in the North Western Cancer Registry,
UK.(111) It has been estimated that up to 3-8% of unselected very early onset breast cancer will
have a pathogenic variant in TP53 with a higher prevalence in the context of a LFS/LFL pedigree
(Table 10).(106, 112-117) In contrast, the estimated prevalence in patients diagnosed with breast
cancer at any age and ascertained through familial or mixed cohorts is lower ranging from 0.5-
2%.(118) This figure further reduces to less than 0.5% in patients diagnosed with breast cancer at
any age and ascertained through gene panel testing in an unselected cohort. Buys et al. identified
61 pathogenic TP53 variants in an unselected cohort of 35,409 women identified in this manner

equating to a detection rate of 0.17%.(119)

A proportion of the TP53 pathogenic variants identified outside the context of a LFS/LFL family
history will represent de-novo variants.(106) In 2009, Gonzalez et al. determined the proportion
of de-novo pathogenic TP53 variants in a case series of 341 American patients with early onset
breast cancer.(120) The estimated de-novo mutation rate was 5-20% was based upon a
combination of molecular genetic testing and family history data.(120) As such, many Clinical
Genetics centres now advocate genetic testing for pathogenic variants in TP53 in all BRCA

negative breast cancers diagnosed under the age of 31 years irrespective of family history.(115)

Age at Breast Cancer Population | Sample Size | Prevalence |Study

Diagnosis

Less than 30 years (unselected) Canadian 28 5-8% McCuig et al. 2012 (112)
Less than 35 years (unselected) Irish 123 3% O’Shea et al. 2018 (113)

Less than 31 years (unselected) French 1730 6% Bougeard et al. 2015(114)
Less than 35 years (unselected) Malaysia 83 6% Lee et al. 2012 (115)

Less than 30 years (unselected) UK 100 4% Lalloo et al. 2006 (116)

Less than 30 years (unselected) Australian 52 3.8% Mouchawar et al. 2010 (121)
Less than 40 years (familial cohort) Australian 42 7% Mouchawar et al. 2010 (121)
Less than 40 years (mixed cohort, HER2 positive) | USA 213 2.5% Rath et al. 2013(117)

Any age (mixed cohort, HER2 positive) USA 213 1.4% Rath et al. 2013(117)

Any age (familial cohort) USA 190 0.5% Moran et al. 2017 (118)

Table 10: Prevalence of TP53 Pathogenic Variants in Very Early Onset Breast Cancer

One founder mutation has been identified in the Southern and South-Eastern Brazilian population
¢.1010G>A, p.Arg337His with an associated allele frequency of 0.3%.(106, 110) It is found in 2.4%
of women with breast cancer in Southern Brazil.(122) This is a lower penetrance variant which
may not fulfil the classic LFS diagnostic criteria (although the full spectrum of LFS associated

tumours can be seen).(110) It is estimated that, 15% of mutation carriers in this gene develop
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cancer by the age of 30 years compared to 50% of classically pathogenic mutations.(109) The
differential cancer susceptibility may be related to the impact upon DNA binding.(109) This
founder mutation is located in the oligomerisation domain in which the arginine codes for an
alpha-helix motif.(123, 124) The protein structure is very similar to wild type TP53 but highly
sensitive to alterations in pH resulting in a functional deficit and impaired oligomeristaion in a pH
dependent manner.(123, 124) It is associated with the full spectrum of LFS associated tumours

but predominately breast cancer, ACC and choroid plexus carcinomas.(124)

In 2017, Lolas et al. also identified a potential Palestinian founder mutation, c.541C>T
p.(Argl81Cys).(125) The population cohort was enriched for a familial predisposition and included
453 women diagnosed primary invasive breast cancer at the age of 40 years or younger or with a
family history of HBOC in another close relative.(125) They concluded that TP53 p.Arg181Cys may
produce a breast cancer predominant phenotype which is not diagnostic of classic LFS but similar

to that of R337H observed within the Brazilian population.(125)

It raises the question about whether these specific variants should be the focus of targeted
genetic testing in patients with pre-menopausal breast cancer derived from the representative

populations at risk.(110, 122)

Specific polymorphisms which affect TP53 function may also be associated with an altered cancer
risk that is population and tumour type specific.(126, 127) For example, polymorphisms in the
second nucleotide of codon 72, have been associated with increased susceptibility to breast
cancer risk.(128) Variants at this location are associated with an alteration in the encoded amino
acid to either Proline (R72P) or Arginine (R72R) which have differential structure and biological
function effects.(128, 129)

Hossain et al. observed the effect of the Arg/Arg, Arg/Pro and Pro/Pro codon 72 genotype
amongst 125 breast cancer patients and 125 age matched controls derived from the Bangladeshi
population.(128) The Pro/Pro genotype was associated with a significant increase in breast cancer
risk OR 2.5 (95% Cl 1.19-5.33) (p = 0.0157).(128) In 2014, Goncalves et al. performed a meta-
analysis looking at the breast cancer risk associated with the R72P and R72R polymorphisms in
25,629 cases and 26,633 controls derived from European, Asian, American and African
populations with the highest representation for European and Asian studies.(130) They found an
increased breast cancer susceptibility associated with the R72P allele except in the Asia
population where the R allele was most strongly associated.(130) Damin et al. suggested that the
population specific effect may be attributable to UV light exposure with an increased prevalence

of the R allele with increasing latitude from the equator.(129)
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More recently, a 16bp indel in intron 3 (rs17878362) has also been associated with an increased

cancer risk in Indian, Mediterranean and Northern European populations.(127)

1.4.5.2 TP53 Associated Breast Cancer Risk

In 2015 Bougeard et al. observed the TP53-associated cancer risk amongst 415 TP53 mutation
carriers in the French population.(114) The mean age of tumour onset was 24.9 years (25.9 years
female and 22.7 years male).(114) A genotype-phenotype correlation was observed in relation to
age of onset with dominant-negative missense mutations having the earliest age of onset (21.3
years).(114) In 2016, Mai et al. determined the cumulative cancer risks amongst 286 TP53 positive
individuals ascertained from the National Cancer Institute LFS cohort.(108) The cumulative cancer
incidence was 50% by age 31 for female carriers and by age 46 for male carriers with the
differential age effect influenced by the association with pre-menopausal breast cancer.(108) The
absolute cancer risk was almost 100% by age 70 years regardless of sex and the risk of a second

cancer was 49%.(108)

Breast cancer is the most frequently observed cancer amongst female TP53 gene carriers and the
risk is evident from age 20 years.(108, 114) TP53-associated breast cancers are typically pre-
menopausal and are often early onset with a median age at diagnosis of 34 years and a peak
incidence amongst women aged 30 years or younger.(106, 107).(107) Melham-Bertrandt et al.
demonstrated that the likelihood of TP53-associated breast cancer was significantly associated
with age and HER2 amplification. They estimated that the likelihood of having a TP53 mutation

and breast cancer decreased by 5% for every year of age.(131)

Determination of genotype, phenotype correlations in the context of TP53 germline variants
remains a particular focus of current research.(107) Birch et al. found that individuals with
missense mutations in the DNA binding domain were significantly more likely to have a more
penetrant cancer phenotype with earlier ages of onset.(132) There is some emerging evidence to
suggest that specific TP53 variants may be associated with a breast cancer only phenotype.(106,

107)

1.5 Genetic Testing for Hereditary Cancer Susceptibility

A genetic test is designed to identify a germline or somatic variant associated with a particular
disease, in a defined population for a specified purpose.(8, 133, 134). Historically, genetic testing
for a heritable susceptibility to breast cancer has focused on single gene sequencing in an iterative
manner based upon the presenting cancer phenotype and family history. Often, access to

targeted genetic testing for high risk breast cancer susceptibility has been dependent upon an
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individual’s personal and family history of breast and/or ovarian cancer and the outcome of

breast cancer gene carrier probability models.(135)

The most commonly utilised models are the Breast and Ovarian Analysis of Disease Incidence and
Carrier Estimation Algorithm (BOADICEA) and the Manchester Score.(136-138) These scoring
systems use several factors including the number of familial cancer cases, cancer type including
hormone receptor status and age of onset to determine the likelihood of a gene alteration.(136-
138) A likelihood score of greater than or equal to 10% is advocated by the National Institute for
Clinical Excellence (NICE) as the threshold for genetic testing.(135) These models are heavily
weighted towards the family history of cancer potentially reducing their efficacy in the
identification of moderate risk genotype carriers where the cancer phenotype penetrance is

recognised to be lower.

Advances in Next Generation Sequencing Technology (NGS) and a reduction in cost has widened
access to cancer genomic technology in both mainstream cancer care and through private
commercial organisations.(2) It has enabled a shift from single gene testing based upon carrier
probabilities to more broad genomic tests including cancer susceptibility gene testing at the time
of cancer diagnosis to identify germline cancer susceptibility. This includes targeted gene panels
and whole exome/genome sequencing with targeted in-silico analysis. These germline genomic
tests allow the simultaneous analysis of multiple cancer susceptibility genes (for example BRCA1,
BRCA2, PALB2, CHEK2, ATM and TP53) in a similar timeframe and with comparable costs to
conventional single gene testing.(118, 139) It has the potential to increase the diagnostic yield and
identification of actionable risk.(3, 37) This testing can be cascaded throughout a family for the

facilitation of primary and secondary prevention.

1.6 Gene Panel Assembly

Given the recognised benefits and limitations of gene panel testing, at present, there is
considerable variability in hereditary breast cancer genetic testing between different commercial
and healthcare organisations at a global level. In a utilitarian health service such as The National
Health Service (NHS), any diagnostic tests and the related costs attributable to that test including
primary and secondary risk intervention need to be evidence based, cost effective, sustainable

and equitable at a population level.(133)

One framework which enables consideration of these factors is the ACCE Model. This assesses
genetic tests on the basis of four components, Analytic validity, Clinical validity, Clinical utility and

associated Ethical, legal and social implications (Figure 9).(9, 10, 139)
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Figure 9: Framework for the Evaluation of Gene Tests

Assessment of the clinical validity and clinical utility of a genetic test is recommended
to evaluate its suitability for diagnostic use. Central to the evaluation of utility is

consideration of the context in which a result will be applied.(8, 9, 133)

1.6.1 Evaluation of Analytic Validity,

Analytic validity considers whether a test is accurately and reliably able to measure the genotype
of interest.(9) Direct sequencing technologies have the potential to achieve a diagnostic accuracy
close to 100%.(8) This is particularly important for cancer susceptibility genes which demonstrate

both allelic and locus heterogeneity.(8, 9)

1.6.2 Evaluation of Clinical Validity and Utility

Clinical validity and utility considers whether the test will provide useful information for the care
of patients.(8, 133) This includes the prediction of future cancer risks amongst healthy relatives
with evidence based intervention strategies including screening and risk reducing surgery that are
cost effective, sustainable and can be delivered equitably across the population.(133). A number
of guidelines exist regarding the optimal management for individuals with moderate and high risk
cancer susceptibility genotypes. These include publications from The National Institute of Clinical
Excellence (NICE), The European Society of Medical Oncology (ESMO) and The National
Comprehensive Cancer Network (NCCN).(11, 140, 141) In practice, the higher the estimations of
cancer risk and the more effective and acceptable the options regarding that risk, then the higher

the legitimacy of the test.(133)

1.6.3 Evaluation of Context

The purpose or context of the genetic test should also be considered critical to the evaluation

process.(9, 133) As such we need to be clear about the clinical question that we are aiming to
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answer from a gene panel test and whether it has the potential to fully or partially answer this
guestion. Important considerations are whether the information derived from a gene panel test
can be used to diagnose a cancer susceptibility syndrome or is accurately predictive of future
cancer risk in an unaffected family member. Other considerations include whether the genotypic
information can be used for primary cancer management decisions and for the determination of

future prognosis (Figure 9).

1.7 Practice Standardisation for Oncogenetic Testing

The ACCE framework has been adapted by the United Kingdom Genetic Testing Network (UK-
GTN) to create a dossier of approved genetic tests for utilisation within the NHS. More recently,
this has been transferred to the National Genomic Medicine Test Directory.(142) In 2018, the UK
Cancer Genetics Group (UK-CGG) also issued a Consensus Statement to provide guidance
regarding the standardisation of cancer gene panel testing based upon these principles.(9) This
advocated testing of BRCA1, BRCA2, PALB2, CHEK2 (protein truncating variants), ATM (protein
truncating variants and c.7271T>G), TP53, PTEN and STK11 as a breast cancer susceptibility gene

panel.(9)

1.8 Considerations and Limitations of Cancer Genomic Testing

This review has demonstrated that access to targeted genetic testing for high and moderate risk
breast cancer susceptibility genes has often been dependent upon an individual’s personal and
family history of breast and/or ovarian cancer and the outcome of breast cancer gene carrier

probability models.(135)

This approach may miss opportunities to identify actionable risk. It demonstrates the need for
enhanced tools which can assist in identifying when to perform genetic testing particularly for
lower penetrance, moderate risk genotypes were the family history may be discordant with the
threshold for genetic testing defined by conventional methodologies such as the Manchester
score or BOADICEA. This is also relevant for non-classical pedigrees which are small or male

dominant and de-novo mutations which is a particular consideration for TP53.

Despite the recognised benefits of broader cancer genomic testing to identify germline cancer
susceptibility variants, it is important to consider the true clinical utility of this information. This is
particularly true for moderate risk genes when the associated cancer risk and optimal
management guidelines are often less well characterised.(2, 3) In addition, identifying a moderate

risk variant in the context of a family history of the same may not influence management.(143)
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It is also important to consider the limitations of testing. The utilisation of broader techniques
such as panel tests and exome sequencing with lower prior probabilities of genetic risk increases
the potential for identifying Variants of Uncertain Clinical Significance (VUS). In 2016, the Wessex
Regional Genetics Laboratory reported a 3% VUS rate following targeted testing for BRCA1 and
BRCA2. With a gene panel, the rate of VUS rises exponentially in relation to the number of genes
tested with a modest increase in actionable risk.(144) It may create a significant downstream cost
associated with VUS interpretation and potential for harm through misinterpretation and

inappropriate intervention.(145, 146)

Gene panel tests also create the potential to identify variants in cancer susceptibility genes which
are considered unrelated to the primary presentation.(3) The interpretation of genetic variants
can be particularly challenging when the family history and primary malignancy is discordant with
the variant identified. For example, does a pathogenic TP53 gene alteration identified in an
isolated pre-menopausal breast cancer patient constitute Li Fraumeni Syndrome?(147) These
variants have the potential to be erroneously linked to cancer susceptibility, a recognised

phenomenon even with well characterised genes.(145)

Given these potential pitfalls, we need to identify adjuncts to identify variant carriers and
enhance variant interpretation within routine clinical practice. One such adjunct is tumour

phenotype. This includes both tumour histopathology and somatic mutational profile.

1.9 Breast Cancer Histopathology

Several breast cancer subtypes exist with differential incidence, prognosis and treatment
responses. This grouping is based upon gene expression profiling and includes Luminal A, Luminal
B, Basal-Like, and Human Epidermal Growth Factor (HER2) enriched.(148-150). The luminal
subtype accounts for up to 60% of breast cancers and is characterised by the expression of genes
related to oestrogen expression and other components of the luminal epithelium.(151) The basal-
like subtype is observed in 15-20% of breast cancer and is associated with elevated expression of
genes present in the basal myoepithelial cells.(151) HER2 enriched tumours represent 10-15% of
breast cancers and are associated with high expression of genes located in the HER2

amplicon.(151)

The described breast cancer subtypes roughly equate to recognised morphological and
immunohistochemical tumour phenotypes. For example, Luminal A tumours are classically low
grade, ER-positive, PR-positive and HER2-negative whilst Luminal B tumours are high grade and

ER-positive. Basal like tumours are often Triple Negative (TN) which means they are ER-negative,
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PR-negative and HER2-negative.(148-150) Increasingly, we are recognising associations between

genotype and tumour histopathological phenotype.(152)

1.10 Germline Genetic Variation and Tumour Histopathology

Histopathological phenotype may serve as a useful predictor of germline mutational status which
can assist in identifying when to perform genetic testing. For example, BRCA1 associated tumours
are classically high grade, basal and TN with a high mitotic index.(153, 154) BRCA2 related
tumours are less distinctive but are often higher grade with a luminal B phenotype and
continuous pushing margins.(25, 153-156) TN breast cancer comprises less than 20% of all breast
cancer diagnoses.(157) However, it is now recognised that early onset TN breast cancer is an
indication for BRCA testing even in the absence of a family history. This form of tumour
phenotyping may also serve as an adjunct to current methodologies for the interpretation of

VUS.(154)

There is variability in the described histopathological tumour phenotype seen amongst PALB2
mutation carriers. There is some association with ER-negative and triple negative disease but this
is not a consistent finding across all studies and some report no association between PALB2
genotype and ER status.(30, 53, 56, 57, 66) It remains to be determined whether this is a
positional effect mediated in part by the location of the pathogenic variants within the gene such

as the BRCA1 or BRCA2 binding domain (Table 11).

There is an evolving CHEK2-associated tumour phenotype. In general, they are significantly more
likely to be Grade 2, ER and PR-positive compared to non-carriers (Table 11). (56, 72, 90, 91, 158)
A number of studies also demonstrate a trend towards bilateral disease at presentation with
higher levels of nodal involvement suggestive of a more aggressive underlying tumour biology.
Decker et al. found that CHEK2-associated tumours were significantly more likely to be bilateral at
presentation (OR=3.27 (95% Cl 1.66 - 5.83) p=0.0014).(56) This was further supported by
Kilpivaara et al. who also noted a strong association with bilateral disease and Cybulski who

identified higher levels of nodal involvement.(90, 158)

There is minimal data regarding the ATM-associated histopathological tumour phenotype (table
8). Balleine et al. did not observe a clear ATM-associated phenotype amongst 25 breast cancer
cases.(152) Decker et al. found that ATM-associated tumours were significantly more likely to be

ER-positive than non-carriers.(56)

TP53 related breast cancers are associated with HER2 amplification and hormone receptor

positivity.(106, 131, 159) The presence of a family history of breast cancer and a HER2-amplified
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tumour can be predictive of germline TP53 mutational status. In 2016, Eccles et al. analysed 591
patients with early onset breast cancer derived from the POSH cohort with HER2-amplified
tumours. The combination of a BOADICEA score suggestive of a 10% threshold of a BRCA mutation
in combination with a HER2-amplified tumour was predictive of a germline TP53 mutation. In
total, 7/59 (12%) patients who met the 10% BOADICEA threshold with early onset breast cancer
and a HER2-amplified tumour carried a TP53 gene alteration.(160) Conversely, the presence of a
HER2-amplified tumour in the absence of meeting the diagnostic threshold for BRCA or LFS testing
was poorly predictive of a germline TP53 mutations 1/195 (0.5%).(160) A similar finding was

noted by Rath et al.(117) They observed a low frequency of germline TP53 mutations amongst
unselected women with early onset breast cancer and HER amplification (2.5%, 95%Cl 0.3% to
8.7%).(117) Of note, it has been suggested that the TP53, p.(Arg337His) immunophenotype may
be less frequently HER2-amplified. Fitarelli-Kiehl et al. analysed immunophenotyping from 66
p.(Arg337His) mutation carriers compared to 12 carriers of other germline pathogenic variants
and found that HER2 amplification was seen in 22.7% versus 75%. It remains to be determined

whether this is a true association and if so whether it is a domain specific effect.(123)
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Gene |Sample Variant Hormone 0Odds Ratio % P Value | Authors
Population Receptor (95% Cl) (ref)
(Mutation Status
bl Breast Cancer Cases

PALB2 | 13,087 (89) | Truncating ER |ER- 5.58(2.19-15.2) | * 0.55 Decker et al.

ER+ 4.32(2.07-10.5) |* (56)
PR |PR- 6.21(2.5-16.7) * *
PR+ 4.16 (1.77-10.8) |*

42,671 (79) c.1592delT ER | ER- 6.49 (2.17-19.4) * 0.0023 COGS study
p.Leu531Cysfs ER+ 2.24 (1.05-7.24) | * (57)
c.3113G>A ER |ER- * * 0.15
p.Trp1038* ER+ * *

12,529 (116) |c.172_175del4 |ER | ER- carrier * 40 0.031 Cybulski et al.
p.GIn60Argfs ER- non-carrier * 30 (66)

PR | PR- carrier * 45 0.0004
¢.509_510del PR- non-carrier * 29
p.Argl70llefs TNT | TNT carrier * 34 <0.0001
TNT non-carrier | * 14
3927 (39) c.1592delT ER | ER- carrier * 46.7 |0.0008 Heikkinen et al.
p.Leu531Cysfs ER- non-carrier * 20.9 (53)
PR | PR-carrier * 56.7 |0.0095
¢.509_510del PR- non-carrier * 33.8
p.Argl70llefs TNT | TNT carrier * 54.5 |<0.0001
TNT non-carrier | * 12.2
CHEK2 | 13,087 (213) | Truncating ER |[ER+ 3.42(2.33-5.21) |* 0.0032 Decker et al.
ER - 1.59 (0.80-3.00) |* (56)
PR | PR+ 3.87 (2.51-6.12) * 0.18
PR - 1.75(0.89-3.25) | *

44,777 (710) | c.1100delC, ER |ER+ 2.55(2.10-3.10) |* 9.9*%10°® | Schmidt et al.

p.Thr367Metfs ER - 1.32(0.93-1.88) |* (80)
PR |PR+ 2.51(2.02-3.12) |* 1.7x107
PR - 1.72 (1.29-2.30) | *
26,488 (465) | c.1100delC, ER | ER+ carrier * 63 <0.0001 | Weischer et al.
p.Thr367Metfs ER+ non-carrier | * 57 (91)

PR | PR+ carrier * 46 0.01

PR+ non-carrier | * 43
7931 (227) Truncating ER | ER+ carrier * 69.4 |0.002 Cybulski et al.

ER+ non-carrier | * 63.1 (90)

PR | PR+ carrier * 77.8 |<0.001
PR+ non-carrier | * 68.7

ATM | 13,087 (85) | Truncating ER |ER+ 3.19(1.73-6.47) | * 0.11 Decker et al.

ER- 1.59 (0.80-3.00) | * (56)

PR | PR- * * *
PR+ * *

24 (24) Pathogenic ER |ER+ 100% * * Weigelt et
protein al.(161)
truncating and
missense

Table 11: Association Between Genotype and Tumour Histopathological Phenotype
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Overview of several studies documenting the association between germline

genotype and hormone receptor status.

1.11 Germline Genetic Variation and Somatic Molecular Profile

1.11.1 Tumour Mutational Burden

Breast cancer arises due to the progressive accumulation of somatic mutations. Each tumour will
contain thousands of somatic mutations which are broadly divided into driver and passenger
events.(162) Somatic driver mutations are implicit to cancer evolution and result in the
development of fundamental biological capabilities or “hallmarks” which provide a survival
advantage for clonal evolution.(163-166) These include sustained proliferation, evasion of growth
suppression, the potential for invasion and metastasis, replicative immortality, the induction of

angiogenesis and ability to evade apoptosis.(166)

Passenger mutations arise as a consequence of defective DNA repair and environmental
exposure. They are not subject to selective pressures and do not confer a survival advantage but
contribute to the overall Tumour Mutational Burden.(162, 164, 165) Genetic variants include
single nucleotide variants, indels, copy number variants, amplifications, structural change and

epigenetic modification.(167)

Tumour Mutational Burden (TMB) is defined as the total number of sequence variants per
megabase of DNA and can include both synonymous and non-synonymous variants.(168, 169)
Passenger mutations contribute to the overall TMB. A high TMBs or hyper-mutant state is the
presence of greater than 10 somatic mutations per megabase of DNA (mut/Mb), whilst an ultra-

hypermutant state is described as over 100 mut/Mb.(168-170)

Somatic mutational profiling allows assessment of the mutational burden associated with each
tumour.(165) Childhood cancers and haematological malignancies have the lowest TMB.(165) This
is because there are likely to be fewer cell divisions reducing the opportunity to acquire somatic
mutations. Conversely, those associated with chronic environmental exposure such as lung
cancer, melanoma and bladder cancer have a higher burden.(165, 168, 169) More recently, it has
also been shown that somatic genomic instability can be also be acquired as a consequence of
inherited germline variation including Mismatch Repair (MMR) gene deficiency and DNA

Polymerase Epsilon (POLE) deficiency.(167-169)
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The catalogue of mutations present in any cancer is indicative of the molecular processes and
biological pathways affected by somatic mutation change that influence evolution.(171) It

enables us to understand the mutational processes underlying tumorigenesis.(164, 165, 171)

The somatic mutational landscape of cancer is complex and the Catalogue of Somatic Mutations
in Cancer (COSMIC) group has produced a Cancer Gene Census (CGC). This is a list of genes
identified to be mutated in human cancer with a recognised function in cancer development.
These are classified into tiers according to their functional significance. At present, there are over
500 Tier 1 breast cancer genes.(172) Tier 1 somatic variants have a strong clinical significance and
proven activity relevant to breast cancer oncogenesis.(171) They may affect specific biological
pathways such as MAPK or Fanconi Anaemia.(171). Several of these will be in Hallmark genes
which confer fundamental biological capabilities and provide a survival advantage for clonal
evolution. (171) Mutation types include structural rearrangements, copy number variation, indels
and single base substitutions.(173) They occur gradually during tumour development resulting in

clonal diversity.

The most frequently mutated genes in human breast cancer are TP53, PIK3CA and GATA3.(174)
There is additional evidence to suggest somatic mutational patterning based upon the PAM50
molecular subtypes.(175) Luminal breast cancers frequently display somatic activation of PIK3-
AKT signalling including PIK3CA, MAP3K1 and MAP2K4.(174, 175) Basal like tumours have a
higher mutational burden compared to Luminal A/oestrogen receptor positive tumours.(174, 176)

HER2-amplified tumours may also have a higher mutational burden.(174, 176)

1.11.2 Somatic Mutational Signature

A mutational signature is the imprint left on the cancer genome following exposure to a specific
aetiological factors. A signature is the nucleotide base change and the flanking sequence
bases.(164) There are six base substitutions (C>A, C>G, C>T, T>A, T>C, and T>G) and 16 possible
flanking sequences resulting in 96 potential trinucleotide changes overall.(164) A computational
framework is used to observe the relative proportions of these trinucleotide changes to

determine the mutational signatures which are present.(164)

There are several recognised exogenous and endogenous risk factors and pathways for somatic
mutation.(164) Exogenous, environmental factors include exposure to ultraviolet radiation or
known carcinogens including benzo(a)pyrene diol epoxide within tobacco smoke and alkylating
agents.(164, 165) Endogenous pathways includes the progressive spontaneous deamination of 5
methyl-cytosine with advancing age.(164) Further endogenous events include base incorporation

during DNA polymerase mediated DNA replication or impaired DNA damage response pathways
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such as Mismatch repair (MMR) or Homologous Recombination Repair (HRR).(164) These
processes can be continuous such as the spontaneous deamination of 5 methyl-cytosine from the
point of conception or episodic.(164, 177) Each of these exogenous and endogenous factors is

associated with a specific mutational signature (Appendix B).(165)

In 2013, Alexandrov et al. analysed 4938362 mutations derived from 7042 cancers including
breast cancer to determine whether particular mutation types were more frequently observed
within differential cancer subtypes.(165) In 2020, Alexandrov et al. expanded this analysis and
undertook somatic mutational analysis on 23829 cancer samples including 4645 set of whole
genome somatic sequence data.(178) There are currently 49 biologically relevant signatures
associated with Single Base Substitutions, 11 double base substitution signatures, 4 clustered base

signatures and 17 small indel signatures.(178, 179) (180)

Mutational signature 3 is associated with DNA repair deficiency within the Homologous
Recombination Repair pathways resulting in an excess of copy number variation within the
tumour.(181) It is strongly associated with mutations in BRCA1 and BRCA2.(165) Breast cancer
occurring in association with an elevated somatic mutational burden and has been identified in
association with signature 2 and occurs due to over activation of the APOBEC family of cytidine
deaminases.(165) More recently, higher levels of APOBEC-related mutations have been

demonstrated in HER2+ breast cancer.(181, 182)

Somatic mutational profiling also allows assessment of the relative proportions of each
mutational signature within a tumour and provides an insight into the complex biology underlying

tumorigenesis for any one cancer.(164, 165)

1.12 Prognosis in Association with High and Moderate Risk Genotypes

If germline genotype influences tumour biology, it also raises the question about whether it has
an influence on patient outcome. In 2018, Copson et al. assessed the prospective survival
amongst 338 early onset breast cancers occurring in association with a BRCA mutation compared
to age matched controls within the POSH study. They found no significant difference in overall
survival between BRCA mutation carriers and non-carriers.(36) There is limited prospective data
detailing the association between other breast cancer susceptibility genotypes (PALB2, CHEK?2,
ATM and TP53) and prognosis.

PALB2-associated tumours may display a more aggressive tumour phenotype with a higher
proliferation index (Ki67) and grade at presentation.(46, 53) Cybulski et al have provided the

largest study looking at prospective outcomes in this group of patients. They found the crude 10
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year survival to be significantly lower in PALB2 carriers compared to normal population controls
(48.0% (95%Cl, 36.5-63.2) p<0.0001) versus (74.7% (95%Cl, 73.5-75.8)).(66) This survival disparity
was also present and significant at 5 years but not to the same magnitude.(66) The adjusted
hazard ratio for death after correction for age at diagnosis, tumour size, nodal status, hormone
receptor status and chemotherapy was 2.27 (95% C1 1.64-3.15 ) p<0.001.(66) The strongest

predictor of an adverse outcome was a tumour size greater than 2cm at presentation.(66)

CHEK?2 related breast cancer may also have an adverse prognostic phenotype. Schmidt et al.
found that the risk of a second breast cancer was increased two-fold in patients with a CHEK2
€.1100delC, p.(Thr367fs) germline mutation HR 2.1 (95% Cl, 1.0 - 4.3 (p=0.049)).(183) They also
had a worse recurrence-free survival (HR 1.7 (95% Cl, 1.2-2.4) p=0.006) and breast cancer specific
survival but this was not significant in the multivariable analysis.(183) Weischer et al found ER-
positive CHEK2 c.1100delC, p.(Thr367fs) heterozygotes had an increased risk of breast cancer
specific death even after multi-variable analysis (HR 1.63 (95% Cl, 1.24 to 2.15) p<0.001).(91)

Survival data is even more limited for ATM and TP53-associated breast cancer outcome. It has
been suggested that the combination of specific rare missense variants and radiotherapy may
have an adverse effect on the development of a second malignancy in the context of a germline
ATM pathogenic variant.(184) Breast cancer occurring in the context of a pathogenic TP53 variant

is also associated with a high contralateral breast cancer risk.(106)

1.13 Research Question, Aims and Objectives

1.13.1 Research Question

The literature review has defined the current climate for genetic testing in the context of
hereditary cancer susceptibility in the genomic era. It demonstrates the need for enhanced tools
to identify carriers of monogenic factors in whom pedigree information may fail to meet
conventional thresholds for genetic testing which are heavily weighted towards family history
criteria. This includes reduced penetrance moderate susceptibility variants, de-novo variants and
small, male dominant pedigrees. It also highlights the potential pitfalls related to the
interpretation of VUS and the requirement for adjuncts to current methodologies for variant

interpretation.

Tumour phenotype including tumour histopathology and somatic mutational profile has the
potential to serve as an adjunct to current methodologies for the identification of actionable risk
and interpretation of VUS but there is a need to build upon the currently available literature. This

review has further demonstrated the paucity of prospective outcome data for non-BRCA
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monogenic risk factors such as PALB2, CHEK2, ATM and TP53 and the potential interplay between

germline genotype, tumour biology and prognosis.

This research considers whether we can utilise tumour phenotype including histopathology and
somatic mutational profile to identify individuals possessing a germline BRCA1, BRCA2, PALB2,
CHEK2, ATM or TP53 mutation. It will also consider whether this information can be further used
to define the pathogenicity of VUS in PALB2, CHEK2, ATM and TP53, a question that will be
increasingly important as we progress into the era of genomic testing for hereditary cancer
susceptibility. This research will further consider whether germline genotype can influence patient

prognosis.

1.13.2 Study Aims

1. The primary aim of this study is to provide a comprehensive overview of the
histopathological tumour phenotype of BRCA1, BRCA2, PALB2, CHEK2, ATM and TP53
mutation carriers and to determine which features (if any) best distinguish mutation
carriers from non-carriers.

2. The secondary aim will be to determine whether germline PALB2, CHEK2, ATM and TP53
genotype differentially influences breast cancer outcome.

3. The tertiary aim of this study is to provide an overview of the somatic mutation
phenotype of BRCA1, BRCA2, PALB2, CHEK2, ATM and TP53 mutation carriers and to

determine which features (if any) best distinguish mutation carriers from non-carriers.

1.13.3 Study Objectives

The research objectives to achieve the aims of this study will include:

1. Manual curation of genomic data held within VCF files from the POSH study and
application of ACMG guidelines to identify individuals with pathogenic or likely
pathogenic germline variants in the cancer susceptibility genes BRCA1, BRCA2, PALB2,
CHEK2, ATM and TP53.

2. Application of correlative statistics to compare tumour histopathological phenotype
between gene carriers and non-carriers within the POSH study.

3. Survival analysis to compare outcome including Overall Survival and Distant Disease Free
Survival between gene carriers and non-carriers within the POSH study.

4. Development of a bioinformatics pipeline to identify individuals with germline variants in

BRCA1, BRCA2, PALB2, CHEK2, ATM and TP53 within The 100,000 Genomes Project. This
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will include individuals recruited to the Rare Disease, Familial Breast Cancer Recruitment
Domain and Cancer, Breast Cancer Recruitment Domain.

5. Development of a bioinformatics pipeline to identify individuals with somatic variants in
target genes defined by the Cancer Gene Census within the Cancer, Breast Cancer
Recruitment Domain of The 100,000 Genomes Project.

6. Evaluation of Tumour Mutational Burden within the Cancer, Breast Cancer Recruitment
Domain of The 100,000 Genomes Project and application of correlative statistics to

compare gene carriers with non-carriers.

1.13.4 Hypothesis

We hypothesise that germline mutations in BRCA1, BRCA2, PALB2, CHEK2, ATM and TP53 will be
associated with characteristic tumour phenotypes predictive of carrier status. These genotypes

may have differential effects on survival which are further modifiable by polygenic factors.
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Chapter 2  Materials and Methods

2.1 Prospective Outcomes in Sporadic versus Hereditary Breast Cancer

(POSH) Cohort

2.1.1 Sample Population

The sample population has been obtained from the Prospective Outcomes in Sporadic Versus
Hereditary Breast Cancer (POSH) Study (UKCRN ID: 1137).(13, 14) POSH was a large multi-centre
prospective cohort study which recruited 3095 women from 127 UK hospitals between 1% Jan
2000 and 31° January 2008.(13, 14) This study was designed to evaluate which factors influence
prognosis and treatment response in women diagnosed with a primary invasive breast cancer

under the age of 40 years and details of the study protocol are provided in Appendix C.(13, 14).

Inclusion required a diagnosis of primary invasive breast cancer at the age of 40 years or younger.
Exclusion criteria included a previous cancer diagnosis with the exception of non-melanomatous
skin cancer.(13, 14) Ethical approval was approved from the South and West Multi-Centre
Research Ethics Committee (MREC 00/6/69). In total, 3021 of the 3095 participants recruited into

the POSH study were eligible for further analysis.

2.1.2 Next Generation Sequencing

The POSH study obtained genomic DNA from whole blood lymphocytes. A customised gene panel
was then created and the targeted genes, including BRCA1, BRCA2, PALB2, CHEK2, ATM and TP53
were captured using an amplicon based library preparation system, the Fluidigm Access
Array™.(185) NGS was performed using an Illlumina platform and targeted the exonic regions and
the exon/intron boundaries.(185, 186) Samples failed NGS either due to inferior quality or low

concentration DNA.

The analysis population consisted of 2744 participants. In total, 277 (9%) were excluded due to
missing genotyping data (n=159), M1 stage disease (n=74), age 41-50 years (n=42) or missing
primary tumour data (n=2) (Figure 10).
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Total number of patients
recruited to the POSH study

n=3095

Excluded as ineligible (n=74):

h

* Diagnosed outside of the study period (n=1)
* Noinvasive breast cancer (n=72)
* Non-mutation carried aged 41-50 (n=1)

k.

Satisfying eligibility criteria

n=3021

Excluded from this analysis (n=277):

No genotyping data available (n=159)
Missing primary tumour data (n=2)
M1 stage (n=74)

Aged 41-50 years (n=42)

2744 in the Analysis Population I

Figure 10: Sample Population

In total, 3021 of the 3095 participants recruited into the POSH study were eligible for
further analysis. Of these, 2744 (91%) were included in the analysis population and
277 (9%) were excluded.

2.13 Bioinformatics Pipeline

2.13.1 Alignment and Annotation

The POSH study utilised two bioinformatics pipelines, Southampton and Cambridge for the
identification of pathogenic and likely pathogenic variants in BRCA1, BRCA2, PALB2, CHEK2, ATM
and TP53. Operating instructions for these pipelines are provided in Appendix D1.1 and Appendix
D1.2.

As part of the POSH study bioinformatics analysis, raw NGS sequence data was aligned to the
reference human genome (build GRCh37) using the Burrows Wheeler Aligner, BWA-MEM and this
was stored in Binary Alignment/Map (BAM) file format.(187, 188) GATK was used for base quality
recalibration and indel realignment. To ensure the accuracy of variant identification, reads with
low mapping quality scores (less than phred 20), unmapped reads, failed primary alignments and
reads failing platform or vendor quality checks were removed. Duplicate reads were kept because

the amplicon based sequencing method generates legitimate duplicates.
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SAMtools and GATK Unified Genotyper were used to identify variants and create a Variant Call File
(VCF).(189-192) The Southampton bioinformatics pipeline used a combination of both SAMtools
and GATK Unified Genotyper in a single sample analysis whilst the Cambridge pipeline used GATK
Unified Genotyper in a multiple sample analysis. These pipelines have previously been validated
and shown to have differential sensitivity and specificity (Table 12). SAMtools uses a probabilistic
method for variant calling and computes the likelihood of a variant given each possible
genotype.(189, 190). In general, this increases sensitivity and decreases specificity.(189, 190) GATK
Unified Genotyper uses a Bayesian framework and error correction model based upon expected
characteristics of human variation.(191, 192) It calculates a posterior probability for each genotype
based upon prior probabilities and observed base quality resulting in high sensitivity and

specificity.(193)

Pipeline Sensitivity | Specificity
Southampton 91.0% 96.4%
Cambridge 83.7% 99.8%

Table 12: Sensitivity and Specificity of Bioinformatics Pipelines

Southampton which used single sample analysis had greater sensitivity and lower
specificity whilst Cambridge which utilised multiple sample analysis has greater

specificity but lower sensitivity.

Annotation of variants was performed using ANNOVAR.(194) This provided variant frequency and
pathogenicity information derived from several databases of known population and disease
causing variation including The 1000 Genomes Project, Database of Single Nucleotide
Polymorphisms (dbSNP), Exome Sequencing Project (ESP), Exome Aggregation Consortium (EXAC)
and Catalogue of Somatic Mutations in Cancer (COSMIC).A combination of these databases is
used due to variation in the constituent data source, quality and associated strengths and

limitations.

Variants in the VCF file were also annotated with respect to location and effect on coding
sequence and ANNOVAR was also used to cross reference against predictors of functional
significance including SIFT, PolyPhen2, LRT, PhyloP and AlignGVD. These use different algorithms
to determine whether a variant is likely to have an effect on protein structure and/or

function .(195)

2.1.3.2 Filtering

One of the key objectives of this work was to manually curate the annotated VCFs derived from
the POSH study to identify pathogenic and likely pathogenic variants in the genes of interest
(BRCA1, BRCA2, PALB2, CHEK2, ATM and TP53).
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The annotated VCFs were curated to list all called variants from 2744 participants in Human
Genome Variation Society (HGVS) format according to the canonical transcript. Variants were
manually reviewed and compared with assigned pathogenicity in ClinVar, CanVAR and The
International Agency for Research on Cancer (IARC) databases. Variants with unreported
pathogenicity including protein truncating variants and variants with a minor allele frequency
(MAF) of less than 1% were classified using the American College of Medical Geneticists (ACMG)
guidelines.(196-198)

The ACMG guidelines assign pathogenicity based upon several factors including the presence or
absence within databases of population variation including gnomAD, case-control data,
segregation analysis, family studies, functional data and in-silico predictions. A 5 tier classification
system is used to categorise variants (Class 1 benign, Class 2 likely benign, Class 3 uncertain, Class
4 likely pathogenic and Class 5 pathogenic).(196) In the context of cancer susceptibility, only

variants with a 95% or greater probability of being pathogenic are assigned as Class 4.

Variants classified as pathogenic or likely to be pathogenic (ACMG Class 4 and 5) were treated as
mutation positive for the purposes of this analysis.(196) Class 1, Class 2 and Class 3 variants were
defined as mutation negative.(196) Hypomorphic alleles were also considered mutation negative.
In this study, any variant which conveyed less than a two-fold increase in breast cancer risk from

the basal population level based upon case-control data was deemed hypomorphic.(75)

2.1.3.3 Validation

A further requirement was to validate filtered variant calls. In total, 1322 patients also underwent
germline BRCA1 and BRCA2 testing either through collaborative research or NHS diagnostic
testing. Variants identified by bioinformatics analysis were compared with those identified in
other NHS diagnostic laboratories and research institutions for validation. In the absence of a
prior genetic result, all pathogenic variants in BRCA1 or BRCA2 with a read depth less than or
equal to 30 were sent to the Wessex Regional Genetics Laboratory for confirmatory testing.

Confirmatory testing was completed by Sanger Sequencing.

Confirmatory testing of non-BRCA variants was completed within the department of Human
Development and Heath (HDH) at the University of Southampton. The flanking genomic sequence
within 51bp from the region of interest was provided for each variant of interest. Primer design,
PCR amplification and gel extraction was completed within the department of HDH. Amplified
genomic DNA was submitted to GATC, Eurofins Genomics for sequencing.(199) Sanger Sequencing
data provided by the HDH team was reviewed and further analysis of the original variant call was

conducted in IGV if required (Appendix E).
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2.1.4 Clinical Data

Diagnostic histopathology reports were obtained as part of the POSH study for all patients
including tumour size, stage, grade, focality ER, PR and HER2 receptor status. Additional
immunohistochemistry on tissue microarrays derived from the proband was performed by the
POSH study team to confirm the primary findings and supplement missing hormone receptor
status.(13) BOADICEA without pathology adjustment was calculated using family history data.
Prospective follow up data was obtained from patient records at 6 months, 12 months and then
on an annual basis. This identified the date of recurrence, date of death and those participants
lost to follow up.(36) At the time of this analysis, the median duration of follow up was 8.2 years

(IQR 6.0-9.9 years).(36)

2.1.5 Statistical Analysis

The Statistical Analysis Plan (SAP) is provided in Appendix F. Correlative statistics were used to
describe the cohort. Where appropriate, the Mann-Whitney test was used for continuous
variables and the Pearson 2 test for categorical variables to identify any specific differences
between mutation carriers and non-carriers. Correlative statistics were performed using RStudio

version 3.6.0 and a script is detailed in Appendix D.1.

A model selection process using multiple logistic regression and incorporating forward selection
by way of likelihood ratio tests was utilised to determine which histopathological features were
most predictive of germline mutational status. Odds ratios were used to further define these
relationships and assign significance. Multiple imputation was incorporated into the model when

required.

Logistic regression analysis was employed to identify the histopathological phenotypic
characteristics Kaplan Meier curves were used to demonstrate Overall Survival (OS) and Distant
Disease Free Survival (DDFS). Differential survival between PALB2, CHEK2, ATM and TP53 gene
carriers and non-carriers was compared using a univariable Cox regression model. Multivariable

analyses (MVA) was also performed using Cox regression within the survival analysis.

2.2 The 100,000 Genomes Cohort

221 Sample Population

A second sample population has been derived from The 100,000 Genomes Project, a

transformational project with the aim of sequencing the entire genome of 75,000 NHS patients
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with rare diseases and cancer and an additional 25,000 tumour genomes.(200) Genomics England
has approval from the HRA Committee East of England, Cambridge South (REC Reference
14/EE/1112).

Participants were recruited from 13 Genomic Medicine centres (GMCs) across England.
Recruitment was broadly divided into the Rare Disease and Cancer Programme. Predefined
inclusion and exclusion criteria were determined for each recruitment domain within these
programmes following the study protocol (Appendix C).(201, 202) Cases have been derived from
two domains within the 100,000 Genomes Project; Rare Disease, Familial Breast Cancer and

Cancer, Breast Cancer.

Inclusion criteria for Rare Disease, Familial Breast Cancer was defined as a diagnosis of primary
invasive breast cancer under the age of 50 years with 3 affected family members including first,
second or third degree relatives with an average age at diagnosis below 60 years or a Manchester
Score greater than or equal to 22. Participants were required to have NHS level diagnostic BRCA1

and BRCAZ2 genetic testing prior to recruitment.(202)

Inclusion criteria for Cancer, Breast Cancer was defined as a primary invasive breast cancer at any
age if high quality DNA from both tumour and germline samples was available for analysis.
Tumour material suitable for DNA extraction included Fresh Frozen Tissue (FFT) and optimised

Formalin Fixed Paraffin Embedded (FFPE) tissue. This cohort represents unselected breast cancer.

In total 921 individuals were recruited into Rare Disease, Familial Breast Cancer and 3375
individuals were recruited into Cancer, Breast Cancer. The analysis population consisted of 826
participants within the Rare Disease, Familial Breast Cancer cohort and 2464 participants from
within the Cancer, Breast Cancer cohort. In total, 95 (10.3%) were excluded from Familial Breast
Cancer cohort and 911 (27.0%) were excluded from Sporadic Breast Cancer cohort the due to
missing primary genome sequencing data. Subgroup analysis for Somatic Mutational Profile
including both Tumour Mutational Burden and Somatic Mutational Signatures was performed on

1342 samples derived from the Cancer, Breast Cancer recruitment domain. (Figure 11).
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Total number of patients Total number of patients
recruited to Rare Diseasze, recruited to Cancer, Breast
Familial Breast Cancer Cancer
n=921 n=3375

Excluded from this analysis - no genome data
available

& n=95, Familial Breast Cancer
® n=911, Sporadic Breast Cancer

v L

n =826 in the Analysis Population, Rare Disease, Familial Breast Cancer

n = 2464 in the Analysis Population Cancer, Breast Cancer

Figure 11: Sample Population

2.2.2 Next Generation Sequencing

Genomics England extracted DNA for germline analysis from whole blood lymphocytes. Whole
genome sequencing was then performed on an lllumina platform using a Polymerase Chain
Reaction (PCR) free methodology.(186) Germline sequencing aimed to achieve coverage of 95% of
the autosomal human genome (build GRCh37 and build GRCh38) at the defined quality metrics of
at least 15 independent observations with a read depth greater than Phred 30 and Mapability of
greater than mapQ20.(201) Encrypted raw sequence data was transferred to the Genomics

England Data Centre for access in the secure Research Embassy Environment.

DNA for somatic mutational analysis was derived from either Formalin Fixed Paraffin Embedded
(FFPE) specimens or Fresh Frozen Tissue (FFT). The 100,000 Genomes protocol specified that a
sample size of 60 microns was required for DNA extraction.(201) Tumour material fixed in
formalin was to be processed within 24 hours to avoid DNA crosslinking and fragmentation. It was
digitally optimised to ensure cellularity of the primary invasive tumour.(201) Whole genome
sequencing was performed on an Illlumina platform using a Polymerase Chain Reaction (PCR) free
methodology and sequenced to a target depth of 75x.(186) Sequencing data was transferred to

the Genomics England Data Centre for access in the secure Research Embassy Environment.(201)

2.23 Bioinformatics Pipeline

Genomics England aligned the raw sequence data to the reference human genome build GRCh37
(hg19) or build GRCh38 utilising external providers. This was supplied in the standard BAM file
format.(201) Annotation was performed under the annotation pipeline of The 100,000 Genomes

Project through the utilisation of external providers.(201) This included comparison with
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databases of known population and disease causing variation including The 1000 Genomes

Project.(201)

The annotated VCF files were analysed using Command Line on a Linux Terminal within the secure
Genomics England Research Environment to identify germline and somatic variants of interest.
Command Line was utilised to create file paths to access the genomic data for each of the eligible
participants within the Rare Disease, Familial Breast Cancer and Cancer, Breast Cancer

recruitment cohorts.

224 Bioinformatics Analysis: Germline

The annotated VCF derived from the genomic data of participants within Rare Disease, Familial
Breast Cancer and Cancer, Breast Cancer recruitment domains of the 100,000 Genomes Project
were filtered to identify variants within the genes of interest (BRCA1, BRCA2, PALB2, CHEK2, ATM
and TP53) through a bioinformatics pipeline. Three bioinformatics scripts (two shell scripts and

one bash script) were created to analyse the annotated VCF files and identify variants.

These scripts had differential ability to identify variants. Overall, a combination of the 3 scripts
maximised variant identification. An outline of the command for each of these scripts and
function is detailed in Table 13, Table 14 and Appendix D.2.1 and Appendix D2.2. The scripts were
actioned on a Linux terminal utilising a command line interface within the secure 100,000

Genomes Project Research Environment.

Filtered variants were listed with reference to their genomic coordinates and dbSNP accession
number. Variants were manually curated in Libre Calc with conversion of the called variants from
genomic coordinates or dbSNP accession number into standard HGVS nomenclature.
Pathogenicity was assigned to the filtered variants using the standards defined in Chapter 2.1.2.1

Variants were visualised in the Integrative Genomics Viewer (IGV) for validation.(203)
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Script Type

Command

Shell

cat CancerPatientPathsOctober2018_38 | while read pathToVCF build;

do

( echo $SpathToVCF | cat; echo Sbuild ;

awk '(204)' <(gzip -dc SpathToVCF) ) >> PALB2_build38.txt

( echo SpathToVCF | cat; echo Sbuild ;

awk {if($1=="chr22" && $2>28687743 && $2<28742422 && $8 ~ /CHEK2/ && $6 !~ 0 && $8 I~
/regulatory_region_variant/ && $8 |~ /downstream_gene_variant/ && $8 ! /intron_variant/) print $0}' <(gzip -dc
SpathToVCF) ) >> CHEK2_build38.txt

( echo $pathToVCF | cat; echo Sbuild ;

awk {if($1=="chr11" && $2>108222484 && $2<108369102 && $8 ~ /ATM/ && $6 !~ 0 && $8 I~
/regulatory_region_variant/ && $8 |~ /downstream_gene_variant/ && $8 !~ /intron_variant/) print SO} <(gzip -dc
SpathToVCF) ) >> ATM_build38.txt

( echo SpathToVCF | cat; echo $Sbuild ;

awk {if($1=="chr17" && $2>7661779 && $2<7687550 && $8 ~ /TP53/ && $6!~ 0 && $8 I~
/regulatory_region_variant/ && $8 |~ /downstream_gene_variant/ && $8 !~ /intron_variant/) print $S0}' <(gzip -dc
SpathToVCF) ) >> TP53_build38.txt

done

Bash

#module load bcftools/1.9
while read -r vcf; do
tabix -h Svcf -R regions38.txt | \
bcftools norm -m -any | \
bcftools view -f PASS -i '"MIN(FMT/DP)>10 & MIN(FMT/GQ)>15" | \

bcftools query -f
'[%SAMPLE]\t%CHROM\t%POS\t%ID\t%REF\t%ALT\t%QUAL\t%FILTER\t[%GTI\t[%GQ]\t[%DP]\t%INFO/CSQT\n' | \

grep -f so_terms.txt >> results_c38.txt ;
done < vcflist_c38
sed -i '1s/A/SAMPLE\tCHROM\tPOS\tID\tREF\tALT\tQUAL\tFILTER\tGT\tGQ\tDP\tCSQT\n/' results_c38.txt

Table 13: Summary of the Script Command for Germline Analysis

The scripts used for germline analysis linked variant data with the associated
participant and identified variants in annotated VCFs aligned to build GRCh37 (hg19)

or build GRCh38. Scripts produced in conjunction with Dr William Tapper.

Script Name

Script Type Target Variant

Original Script

Shell Designed to identify coding variants within CHEK2, PALB2, ATM and TP53.

Filters applied within this script to filter out regulatory region variants, downstream
gene variants and intronic variants.

Founder Script

Shell Designed to identify Founder and specific mutations within CHEK2, PALB2 and ATM
(CHEK2 c.1100delC, PALB2 c.3113G>A, ATM ¢.7271T>G)

Genomics England Bash Coding variants within BRCA1, BRCA2, PALB2, CHEK2, ATM and TP53

Table 14: Summary of the Script Function for Data Analysis within The 100,000 Genomes Project

The Original Script was a shell script designed to identify all coding variants within
CHEK2, PALB2, ATM and TP53. The Founder Script was a shell script used to identify
recognised founder mutations and specific mutations within CHEK2, PALB2 and ATM.
The Genomics England script was a bash script modified from a Genomics England
base script and used to identify pathogenic and likely pathogenic variants within

BRCA1, BRCA2, CHEK2, PALB2, ATM and TP53.
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2.2.5 Somatic Mutational Analysis

2.2.5.1 Somatic Mutational Profile

The Catalogue of Somatic Mutations in Cancer (COSMIC), Cancer Gene Census was accessed to
export a list of genes with recognised somatic mutations in breast cancer to create a candidate
gene list of 39 significant, Tier 1, somatically mutated genes.(205) Tier 1 variants have proven
activity relevant to cancer evolution. Several Tier 1 genes are associated with cancer Hallmark
phenotypic effect. Hallmark genes confer fundamental biological capabilities which provide a

survival advantage for clonal evolution. The candidate gene list is shown in Appendix G

A bash script was used to filter the annotated VCF files and identify somatic sequence variants
within the genes of interest. A further script was used to remove variants with a low quality score
and the output of this was placed into Mutation Annotation Format (MAF). MAF files are tab-
delineated files that describe variants in a standardised format (sample ID, gene and variant
protein effect).(204) The scripts required to identify somatic variants, filter and convert to MAF
format were run on a Linux terminal utilising a command line interface within the secure 100,000
Genomes Project Research Environment. The script utilised is shown in Table 15 and Appendix

D.2.3.

Command

#!/bin/bash
module load bcftools/1.9
while read -r vcf ; do
echo Svcf >> results_somatic.txt
tabix -h Svcf -R Genes.txt |
grep -f so_terms.txt >> results_somatic.txt ;
done < VCFpathsSomatic_Cancer
sed -1 'Is/A/SAMPLE\tCHROM\tPOS\tID\tREF\tALT\tQUAL\tFILTER\tINFO\tFORMAT\n/' results_somatic.txt

awk '$7 I~ /BCNoiselndel/ && $7 !~ /LowQscore/ && $7 !~ /QSI_ref/ && $7 |~ /RepetitiveRegion/'
results_somatic_NoMutation.txt > Qual_NoMutation.txt

awk -F "\t" {if($0 ~ /2\//) {split(50,path,"/");} if(50 !~ /A\//) {ele=split($8,vinfo," |"); for(i=0;i<ele;i++) {if(vinfo[i] ~ /ENST/ && (vinfoli-
1] =="CHEK2" || vinfo[i-1] == "ATM"| | vinfo[i-1] == "ARID1A" || vinfo[i-1] == "GATA3" || vinfo[i-1] == "CCND1" || vinfol[i-1] ==
"CDKN1B" | | vinfo[i-1] == "ETV6" || vinfo[i-1] == "SMARCD1" | | vinfo[i-1] == "TBX3" | | vinfo[i-1] == "BRCA2" | | vinfo[i-1] == "RB1"
| | vinfo[i-1] == "AKT1" || vinfo[i-1] == "FOXA1" || vinfo[i-1] == "NTRK3" | | vinfo[i-1] == "CDH1" | | vinfo[i-1] == "CTCF" || vinfo[i-1]
=="PALB2" || vinfo[i-1] == "BRCA1" || vinfo[i-1] == "BRIP1" | | vinfo[i-1] == "ERBB2" | | vinfo[i-1] == "MAP2K4" | | vinfo[i-1] ==
"NCOR1" || vinfo[i-1] == "PPM1D" || vinfo[i-1] == "TP53" || vinfo[i-1] == "KEAP1" | | vinfo[i-1] == "BARD1" || vinfo[i-1] == "CASP8"
|| vinfo[i-1] == "SALL4" | | vinfo[i-1] == "APOBEC3B" | | vinfo[i-1] == "EP300" | | vinfo[i-1] == "BAP1" || vinfo[i-1] == "MAP3K13" | |
vinfo[i-1] == "PBRM1" | | vinfo[i-1] == "PIK3CA" || vinfo[i-1] == "POLQ" | | vinfo[i-1] == "MAP3K1" | | vinfo[i-1] == "ARID1B" | |
vinfo[i-1] == "ESR1" | | vinfo[i-1] == "NOTCH1" | | vinfo[i-1] == "IRS4")) print NR,"\t",path[8],"\t",vinfo[i-1],"\t",vinfo[i+1];}}}
Qual_NoMutation.txt > formated_NoMutation.txt

Table 15: Script for Identifying Somatic Tier 1 Variants

Script produced in conjunction with Dr William Tapper.
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LibreCalc was used to display the relative proportion of each variant type. Summary level data

was exported from the Secure Research Environment using the Airlock file transfer application.

GenVisR was used within RStudio, version 3.4.4 to provide a graphical representation of the
Somatic Mutational Profile. Samples were clustered based upon germline mutational status (No
Mutation, BRCA, PALB2, CHEK2, ATM, TP53). GenVisR was used to create a hierarchical
classification of all variants within the genes of interest based upon their recognised protein effect
and plotted using the Waterfall function.(206) The RStudio Script used for production of the

Waterfall Plots is shown in Appendix D.2.4.

2.2.5.2 Tumour Mutational Burden and Tumour Mutational Signature

The Tumour Mutational Burden in Mutations per Mb (TMB Mut/Mb) and the percentage
prevalence of Single Base Substitution (SBS) Somatic Mutational Signatures 1-30 was available for
1342 participants within The 100,000 Genomes Project, Cancer, Breast Cancer cohort. This data
was accessed through LabKey application within the secure research environment and annotated

against gene carrier status established through germline analysis.

2.2.6 Clinical Data

Clinical phenotypic data including participant demographics, primary cancer diagnosis and age at
onset was available through the Lab Key application within the secure Research Embassy
Environment. Available, relevant clinical data could be linked to the genomic result using this
resource. However, comprehensive tumour histopathology was unavailable for the majority of

participants within the 100,000 Genomes Project at the time of this analysis.

2.2.7 Statistical Analysis

Statistical analysis was performed using RStudio version 3.4.3 within the 100,000 Genomes
Project Secure Research Environment. Summary and correlative statistics were used to describe
the cohort and compare age of onset, TMB and SBS Mutational Signatures between BRCA, PALB2,
CHEK2, ATM AND TP53 gene carriers and non-carriers. A two sided t-test was used to compare
the age of onset between gene carriers and non-carriers across the familial breast cancer and
unselected breast cancer cohorts. The Mann-Whitney test was used to identify any differences in
TMB and SBS Mutational Signatures between gene carriers and non-carriers. The RStudio script

used to complete this analysis is provided in Appendix D.2.5-D.2.7.

The application ggplot2 was used within RStudio version 3.4.3 to provide graphical representation

of the data comparing age of onset, TMB and SBS Mutational Signature between gene carriers
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and non-carriers. Operating instructions for this are also provided in Appendix D.2.5-D.2.7.
Summary data and graphical representations were exported through the secure Airlock with the

Research Environment after verification and independent review for anonymity.
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Chapter 3  Results: Variant Detection

3.1 Pathogenic Variant Identification: A Comparison Across Cohorts

A pathogenic or likely pathogenic breast cancer susceptibility variant was identified in 453/2744
(16.5%) of all participants within the POSH cohort, (Table 16). This included BRCA1, BRCA2,
CHEK2, PALB2, ATM and TP53. In total, 6/453 (1.3%) of gene carriers within the POSH cohort were
found to have multiple pathogenic variants which included a combination of moderate and high
penetrance variants (Table 17). A summary of all pathogenic and likely pathogenic variants

identified is provided in Appendix H.

A pathogenic or likely pathogenic breast cancer susceptibility variant was identified in 60/826
(7.3%) of all participants within The 100,000 Genomes Project, Familial Breast Cancer cohort. This
sample was enriched for non-BRCA gene carriers and thus comprised CHEK2, PALB2, ATM and

TP53 gene carriers only.

The overall mutation detection rate for any pathogenic or likely pathogenic variant reduced to
50/2464 (2.0%) amongst unselected breast cancers derived from The 100,000 Genomes Project,

Cancer, Breast Cancer recruitment domain.

Gene Frequency 100,000 Frequency POSH Study, Frequency 100,000
Genomes, Familial Breast | Breast Cancer Under 40 Genomes, Sporadic
Cancer (%) years (%) Breast Cancer
n=826 n=2744 n=2464
BRCA1+ - 201 (7.3%)
BRCA2+ ) 137 (5.0) 7(0.3%)
CHEK2+ 26 (3.1%) 53(1.9) 20 (0.8%)
PALB2+ 15 (1.8%) 31(1.1) 8 (0.3%)
ATM+ 11 (1.3%) 23(0.8) 10 (0.4%)
TP53+ 8 (1.0%) 15 (0.5) 5(0.2%)
Total 60 (7.3) 453 (16.7)* 50 (2.0)

Table 16: The Frequency and Percentage of Gene Carriers within the 100,000 Genomes Project,

Familial Breast Cancer and Sporadic Breast Cancer

Summary statistics of all pathogenic and likely pathogenic variants identified within
the genes BRCA1, BRCA2, CHEK2, PALB2, ATM and TP53 across all cohorts. *Within
the POSH Study, 6 individual had multiple pathogenic variants. A total of 7 additional

pathogenic/likely pathogenic variants were identified amongst 6 individuals.
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3.1.1 BRCA1 and BRCA2 Variant Identification

Alterations in BRCA1 and BRCAZ2 represented the most prevalent pathogenic and likely pathogenic
breast cancer susceptibility variants within the under 40 year (POSH) cohort. Overall, 338/2744
(12.3%) of individuals presenting with breast cancer under the age of 40 years had a class 5 or
class 4 variant in either BRCA1 or BRCA2. They represented 338/453 (74.6%) of all variant carriers
within the POSH cohort. A pathogenic or likely pathogenic variant in BRCA1 was identified in
201/2744 (7.3%) of participants and a pathogenic or likely pathogenic variant in BRCA2 was
identified in 137/2744 (5.0%) of participants. Of the 338 individuals with a BRCA mutation,
136/338 (40.2%) presented with a triple negative breast cancer and the majority of these,
123/136 (90.4%) were BRCA1 related (Chapter 5, Table 25).

Figures were not available within the familial cohort of 100K to enable a direct comparison of
BRCA1 and BRCA2 mutation prevalence. A class 4 or class 5 variant in BRCA was identifiable in

only 7/2464 (0.3%) of unselected breast cancer cases within 100K.

3.1.2 CHEK2, PALB2, ATM and TP53 Variant Identification

The highest proportion of non-BRCA variant carriers (CHEK2, PALB2, ATM and TP53) was present
within the familial breast cancer group and the lowest proportion within unselected breast
cancer. A pathogenic or likely pathogenic variant in the aforementioned genes was present in
60/826 (7.3%) of the familial breast cancer cohort, 122/2744 (4.4%) of the under 40 years cohort
and 43/2464 (1.7%) of the unselected breast cancer cohort (Table 16, Figure 13 and Figure 14).

CHEK2 was the most prevalent single gene alteration within the sporadic breast cancer group. It
was also the most common non-BRCA variant across all cohorts present in 23/826 (3.1%), 53/2744
(1.9%) and 20/2464 (0.8%) of the familial, under 40 years and sporadic breast cancer cohorts
respectively. In comparison, a pathogenic or likely pathogenic variant in PALB2 was identifiable in
15/826 (1.8%) of the familial cohort, 31/2744 (1.1%) of the under 40 cohort and 8/2464 (0.3%) of
the unselected cohort. A pathogenic or likely pathogenic variant in ATM was identifiable in 11/826
(1.3%) of the familial cohort, 23/2744 (0.84%) of the under 40 cohort and 10/2464 (0.4%) of the

unselected cohort (Table 16, Figure 13 and Figure 14).

Class 4 or class 5 variants in TP53 were the least prevalent across all groups present in 8/826
(1.0%) of familial breast cancers, 15/2744 (0.5%) of under 40 breast cancer and 5/2464 (0.2%) of
unselected breast cancers (Table 16, Figure 13 and Figure 14). Within the POSH study, 7/15
(46.67%) had protein truncating variants including the consensus splice and 8/15 (53.33%) had

missense variants (Appendix H). Within The 100,000 Genomes Project unselected cohort, all
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variants were missense variants. Within The 100,000 Genomes Project familial cohort, the

majority of these were missense variants with one consensus splice site identifiable.
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Figure 12: Percentage of Pathogenic and Likely Pathogenic Variant Carriers Across All Cohorts

Percentage of CHEK2, PALB2, ATM and TP53 gene carriers across the breast cancer

cohorts. Due to data restrictions the percentage of BRCA1 and BRCAZ2 variant carriers

is shown collectively in this figure for Unselected Breast Cancer.
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Percentage of Non-BRCA Variant Carrier Across All Cohorts
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Figure 13: Percentage of Pathogenic and Likely Pathogenic Variant Carriers Across All Cohorts

Percentage of CHEK2, PALB2, ATM and TP53 gene carriers across the breast cancer

cohorts.

3.2 Founder Variant Identification

Overall, the founder mutation CHEK2 c.1100delC, p.(Thr367fs) was the most frequently identified
CHEK?2 variant across all cohorts and identified in 18/26 (69.2%) of the familial CHEK2 variant
carriers, 36/53 (67.9%) of the under 40 years CHEK2 variant carriers and 16/20 (80.0%) of the
sporadic CHEK2 variant carriers. PALB2 c. 3113G>A, p.(Trp1038Ter) was the most prevalent PALB2
variant in those diagnosed with breast cancer under the age of 40 years (14/31 (45.2%))
compared to 3/15 (20.0%) of the familial breast cancer cases and 1/8 (12.5%) of the sporadic
cases associated with PALB2 pathogenic variants. The higher penetrance ATM ¢.7271T>G,
p.(Val2424Gly) accounted for 4/11 (36.4%) of ATM variants in the familial breast cancer cohort,
5/23 (21.7%) within the under 40 years cohort and 3/10 (30%) of the ATM variants within the

unselected cohort (Table 17 and Figure 14).
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Proportion of Gene Carriers

Gene

100,000 Genomes,
Familial Breast Cancer (%)

POSH Study, Breast
Cancer Under 40 years
(%)

100,000 Genomes,
Sporadic Breast Cancer

CHEK2+ c.1100delC

18/26 (69.2%)

36/53 (67.9%)

16/20 (80%)

PALB2+ c.3113G>A

3/15 (20%)

14/31 (45.2%)

1/8 (12.5%)

ATM+¢.7271T>G

4/11 (36.4%)

5/23 (21.7%)

3/10 (30%)

Chapter 3

Table 17: Founder Variant Identification: A Comparison Across Cohorts

Proportion of founder mutations in CHEK2, PALB2 and ATM gene carriers across the

breast cancer cohorts.

Founder Variant Identification: A Comparison Across Cohorts
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Figure 14: Founder Variant Identification: A Comparison Across Cohorts

33 Discussion

3.3.1 Variant Identification

This work represents a unique series detailing the prevalence of pathogenic and likely pathogenic
variants in several high and moderate risk breast cancer susceptibility genes presented across
three distinct breast cancer cohorts (familial, under 40 years and unselected breast cancers). A
pathogenic or likely pathogenic breast cancer susceptibility variant was identified in 16.5% of
individuals with early onset breast cancer compared to 2.0% amongst unselected breast cancers.
A direct comparison was not possible for familial breast cancer as prior diagnostic BRCA testing

was a pre-requisite for recruitment into The 100,000 Genomes Project, Familial Breast Cancer
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recruitment domain. The identification of pathogenic variants in BRCA1 and BRCA2 amongst
unselected breast cancers was lower in comparison to other unselected series.(34, 39, 40) It raises
the possibility of selection bias. For example, individuals with screen detected breast cancer or
those with a strong family history may have been recruited to the familial rather than unselected

recruitment domain.

Within this series, pathogenic and likely pathogenic variants in BRCA1 and BRCA2 were the most
common single gene alterations observed in the context of primary invasive breast cancer under
the age of 40 years, present in 12.3% of cases. We assume the same to be true for familial breast
cancer cases. This was not demonstrable within the current series due to the ascertainment of
samples. However, the mutation detection of BRCA variants is consistent with Kraus et al. who
observed the mutational detection frequency amongst 581 consecutive individuals with familial
breast and or ovarian cancer following a 14 gene breast and ovarian cancer susceptibility

panel.(37) In total 72/581 (12.4%) of the cohort carried a mutation in BRCAI or BRCA2.(37)

Within this study, the additional testing of CHEK2, PALB2, ATM and TP53 produced a diagnostic
uplift of 1.7%-7.3% depending upon the tested cohort. The prevalence of non-BRCA gene
alterations was highest in the context of familial breast cancer and lowest in the context of
sporadic breast cancer. Pathogenic and likely pathogenic variants in CHEK2 were the most
frequently identified non-BRCA variants across all cohorts occurring in 3.1%, 1.9% and 0.8% of
familial, under 40 and sporadic breast cancer cases respectively. Pathogenic variants in TP53 were
the least prevalent occurring in 1.0%, 0.5% and 0.2% of the aforementioned cohorts. The
identification of TP53 variant carriers was lower within the under 40 (POSH cohort) compared to
other studies of early onset breast cancer.(116, 117, 121) This may be attributable to the

exclusion of individuals with isolated DCIS and previous malignancy.

A number of studies have described non-BRCA variant detection in the context of familial breast
cancer. In 2017, Moran et al. evaluated the detection of non-BRCA genes amongst 190 familial
breast cancer patients.(118) In total, 9/190 (4.7%) had pathogenic variants in PALB2, CHEK2, ATM
and TP53.(118) CHEK2 was the most prevalent variant identifiable in 5/190 (2.6%) of all breast
cancer cases.(118) Pathogenic variants in TP53 were identifiable in 1/190 (0.5%) of cases.(118)

In 2017, Kraus et al. observed the diagnostic uplift of testing CHEK2, PALB2, ATM and TP53 as part
of a multi-gene panel within a cohort fulfilling diagnostic BRCA testing criteria.(37) Overall, the
diagnostic uplift of testing these genes was 3.5%. Pathogenic variants in CHEK2 were most
prevalent accounting for 10/581 (1.7%) of breast cancer cases.(37) Conversely, pathogenic
variants in TP53 were least prevalent and present in 2/581 (0.3%).(37) In total, 6/581 (1.0%) had a
pathogenic variant in PALB2 and 3/581 (0.5%) had a pathogenic variant in ATM.(37)
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In 2017, Couch et al. analysed a population of 58798 consecutive patients referred for diagnostic
genetic testing.(207) A number of different cancer panels were used for diagnostic purposes.(207)
Pathogenic variants in CHEK2 remained the most frequently identified non-BRCA gene present in
624/44220 (1.41%) of tested cases.(207) Pathogenic variants in PALB2 were present in 416/45513
(0.91%) of cases.(207) Pathogenic variants in ATM were present in 446/44176 (1.01%) of cases
and pathogenic variants in TP53 were present in 91/58788 (0.15%) of cases.(207) This

approximated to a diagnostic uplift of 3.7% for these non-BRCA variants.(207)

There is limited data regarding mutation detection of non-BRCA genes amongst early onset and
unselected breast cancer cohorts. In 2017 Buys et al. reported on the mutational detection
frequency following a 25 gene panel in an unselected cohort of 35,409 women with a single
breast cancer diagnosis.(119) The diagnostic uplift of testing CHEK2, PALB2, ATM and TP53 was
1103/35409 (3.1%).(119) Pathogenic variants in CHEK2 were the most frequently identified
present in 397/35409 (1.1%) of cases.(119) Pathogenic variants in TP53 were the least prevalent
present in 61/35409 (0.17%) of cases.(119)

Subgroup analysis observing the prevalence of founder mutations identified that CHEK2
¢.1100delC, p.(Thr367fs) was the most frequently identified CHEK2 variant. This is consistent with
much of the published literature. A population based study within the UK involving 13087 breast
cancer cases found that c.1100delC, p.(Thr367fs) was the prevalent rare truncating CHEK2 variant,
present in 81% (196/242) of CHEK2-associated breast cancer cases.(56)

PALB2, c.3113G>A, p.(Trp1038Ter) had the highest percentage prevalence amongst those with
early onset breast cancer within the POSH study. Its percentage prevalence was much lower in the
other tested cohorts. Based upon this over-representation, it raises the question of whether PALB2
¢.3113G>A, p.(Trpl038Ter) is a particularly high penetrance variant. In 2010, Southey et al.
reported on the breast cancer risks associated with this specific variant in an Australian cohort of
1403 probands enriched for early onset breast cancer irrespective of family history.(208) The
Hazard Ratio for breast cancer risk was 30.1(95%Cl, 7.5-120 (p<0.0001)).(208) This equated to an
absolute lifetime risk of 91% (95% Cl, 44-100) to age 70 years.(208) Although not directly
comparable, this is higher than the cumulative life time risk of pathogenic variants in PALB2
evaluated collectively demonstrated in the largest cohort of 524 families with pathogenic variants
in this gene by Yang et al. in 2020.(20) The relative risk of breast cancer observed within this cohort
was RR 7.18 (95% Cl, 5.82-8.85 (p=6.5x107%)) with an absolute cumulative lifetime risk of 53% (95%
Cl, 44%-63%). (20) The prevalence of PALB2 c.3113G>A, p.(Trp1038Ter), was also lower affecting
61/524 (11.4%) families.(20) However, it was still the most frequently identified pathogenic variant
in PALB2.(20)
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PALB2 c.3113G>A, p.(Trp1038Ter) is located within the B-propeller structure of the WD40 domain
of the gene which incorporates a Nuclear Export Signal (NES).(46) In 2017, Pauty et al. observed
that PALB2 c.3113G>A, p.(Trp1038Ter) was associated with a significant increase in cytoplasmic
localisation of the protein and reduced interaction with BRCA2 and RAD51.(48) The other protein
truncating variants displayed predominant nuclear localisation of the protein.(48) It suggests that
pathogenic variants within the WD40 domain may have a differential effect on PALB2 function.
There are currently 17 instances of PALB2 ¢.3113G>A, p.(Trp1038Ter) within the gnomAD database

including 14 counts within the European (non-Finnish) population suggesting a founder effect.(209)

Subgroup analysis also demonstrated that ATM ¢.7271T>G, p.(Val2424Gly) was the most
frequently identifiable pathogenic variant in this gene across all cohorts present in 20%-30% of
ATM pathogenic variant carriers. Whilst pathogenic variants in ATM are generally associated with
a moderately increased risk of breast cancer, ATM ¢.7271T>G, p.(Val2424Gly) is considered a high
risk variant. In 2016, the COGS study determined the associated risk as OR 11.0 (95%Cl, 1.42-85.7
(p=0.0012)).(57) Goldgar et al. also found this variant conferred an 8 fold increased risk in breast
cancer amongst 2,570 breast cancer cases and 1448 controls.(27) Pathogenic variants in ATM are
identifiable on average in less than 1% of breast cancer cases. They can also be more challenging
to interpret as this is a large gene with multiple exons. Given the proportionate identification of
this specific high risk variant, it may represent a candidate for targeted testing within a broader

breast cancer susceptibility gene panel.

It is also important to consider that 1.3% of individuals presenting with symptomatic early onset
breast cancer had multiple pathogenic variants. Buys et al. also reported that multiple pathogenic
variants were identified in 1.3-3.3% of cases.(119) Within this study, each of the identified
variants had a clinical actionability which was independent of the other variant. It highlights that
for a small number of families two or even three high and moderate penetrance genetic factors
may contribute to overall risk for specific individuals. This could be identified through breast

cancer susceptibility gene panel testing amongst individuals presenting for genetic testing.

3.3.2 Gene Panel Testing for Hereditary Breast Cancer Susceptibility

Breast cancer associated mortality has reduced by 39% in the last four decades.(1) Advances in
the treatment of breast cancer and improved detection have contributed to the observed
improvement in survival metrics. Despite this, breast cancer remains a chronic disease for many
individuals with the potential for late relapse and the associated short and long term health

economic implications.(210) As such, primary prevention is increasingly considered as a valuable
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tool in managing breast cancer risk to provide health economic benefit at the population

level.(211)

There has been increasing interest in the use of genotypic information for precision prevention in
the context of hereditary breast cancer.(211) More specifically, identifying those who are at the
greatest genetic risk of breast cancer and may benefit from screening, chemoprevention and risk

reducing intervention such as bilateral risk reducing mastectomy.(211)

A small number of studies have now shown that gene panel testing for hereditary breast cancer
susceptibility can produce a cost effective improvement in Quality Adjusted Life Years (QALY) and
Life Expectancy through the identification of actionable risk. (212, 213) In 2018, Manchanda et al.
compared the lifetime cost and effect of testing all non-Jewish women aged over 30 years for
BRCA1, BRCA2, PALB2 and other ovarian susceptibility genes.(213) They demonstrated that both
family history and population based screening were cost effective. The family history based
Incremental Cost Effectiveness Ratio (ICER) was £7629.65/QALY versus a population based ICER of
£21599.96/QALY. (213) In 2017, Li et al. produced hypothetical modelling based upon the impact
of gene panel testing on life expectancy and QALY. They identified that a gene panel test including
BRCA1, BRCA2, TP53, PTEN, CDH1, STK11 and PALB2 cost $48,328 per QALY in the under 40 year
old group.(212)

In this study, the overall detection of pathogenic and likely pathogenic variants in BRCA1, BRCA2,
CHEK2, PALB2, ATM and TP53 was greater than 10% in the context of early onset breast cancer.
We assume the same to be true for familial breast cancer. This threshold of 10% is advocated by
NICE as a reasonable parameter to initiate diagnostic genetic testing. As such, the mutational
detection rate when testing women with early onset or familial breast cancer is likely to produce a
health economic benefit for the detection of high risk genes in QALY secondary to the
identification of actionable genetic risk as demonstrated in the context of early onset and familial

breast cancer. (212, 213)

However, it is important to recognise that despite the potential health economic benefit of
diagnostic genetic testing reported by Manchanda and Li et al., neither of these studies included
the cost of VUS interpretation and the potential cost of misinterpretation and inappropriate
medical intervention which may be cascaded across a family in their statistical modelling
structure. (212, 213) This is particularly relevant as genomic technology is mainstreamed across
medical specialities with less experience in variant interpretation. In addition, there have been no
significant appraisals of the clinical utility or cost effectiveness of testing moderate risk genes

which are often considered equivocal in terms of their ability to alter risk stratification in the

59



Chapter 3

context of a pre-existing family history of breast cancer. This remains an area for future evaluation

particularly with increasing utilisation of gene panel testing for heritable cancer susceptibility.

Overall, this demonstrates that whilst there is potential heath economic benefit for genetic
testing for hereditary breast cancer, the potential negative effects of variant misinterpretation
and inappropriate medical intervention must also be considered. It highlights the need for robust
systems for centralised reporting and the curation of cancer susceptibility variants according to
ACMG guidelines. It also demonstrates the potential utility of a multi- tier approach to cancer
variant reporting in which results are issued with an interpretation of pathogenicity and clinical
actionability to mitigate the potential for misinterpretation.(214) Adjuncts for variant
interpretation such as tumour histopathology and somatic mutational profiling may also assist in

the interpretation of isolated cancer susceptibility variants within a family.

3.4 Summary

As we progress into the genomic era, gene panel testing has the potential to be used increasingly
to identify heritable risk with potential health economic benefit.(211) Overall we have shown that
16.7% of individuals with symptomatic early onset breast cancer will have a moderate of high

penetrance gene variant compared to 2% of unselected breast cancers.

The outcome of this analysis supports the utilisation of gene panel testing to identify actionable
risk within familial and early onset breast cancer cohorts but not amongst unselected breast
cancers. Genetic testing in this context may produce a cost benefit for the identification of
actionable risk amongst high penetrance gene carriers but further evaluation is required to

determine whether the same is true for moderate penetrance genotypes.

Despite the potential benefits of genetic testing, we must approach this technology with care
particularly in relation to variant interpretation and ensuring appropriate medical intervention for
the associated risk. Future advances in centralised variant databases and curation along with
multi-tier reporting have the potential to mitigate some of these risk and truly harness the

potential of genomic technology for heritable cancer susceptibility.
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Chapter 4  Results: Age of Onset

4.1 POSH Cohort: Primary Invasive Breast Cancer Under 40 Years

The complete analysed cohort consisted of 2744 participants who were diagnosed with a primary
invasive breast cancer under the age of 40 years. Breast cancer onset occurred at a significantly
younger age in gene carriers compared to non-carriers. The median age at breast cancer diagnosis
was 36.0 years (IQR, 33.0-38.0 years) in gene carriers versus 37.0 years (IQR 34.0-39.0 years) for
non-carriers (p<0.0001) (Table 18, Figure 15 and Figure 16).

Sub-group analysis demonstrates that the genes associated with a significantly younger age at
diagnosis were BRCA1 and TP53. The median age at breast cancer diagnosis was 35.0 years (IQR
32.0-38.0) for BRCA1 gene carriers and 33.0 years (28.5-34.5) for TP53 gene carriers (p<0.0001).
There was no significant difference in the age of breast cancer onset between BRCA2, CHEK?2,

PALB2 and ATM gene carriers compared to non-carriers (Table 18 and Figure 15).

Age in Years
Summary Statistic Mutation- | Mutation+ | BRCA1+ BRCA2+ CHEK2+ PALB2+ ATM+ TP53+
Mean 35.7 34.9 343 35.3 35.6 35.5 36.7 31.3
Median 37.0 36.0 35.0 37.0 37.0 37.0 38.0 33.0
IQR 34.0-39.0 | 33.0-38.0 | 32.0-38.0 | 33.0-38.0 | 34.0-39.0 | 33.0-38.0 | 35.5-39.0 | 28.5-34.5
Minimum 18.0 20.0 22.0 21.0 20.0 29.0 29.0 22.0
Maximum 40.0 40.0 40.0 40.0 40.0 40.0 40.0 36.0
P Valuet . p<0.0001 | p<0.0001 | p=0.3008 | p=0.8971 | p=0.5666 | p=0.1911 | p<0.0001

Table 18: Summary Statistics Age of Onset

Summary statistics comparing the average age of breast cancer onset across the
POSH Cohort. tAssessment of statistical significance were performed using the
Mann-Whitney test for continuous variables. Mutation+, BRCA1+, BRCA2+, CHEK2+,
PALB2+, ATM+ and TP53+ were compared against Mutation-.
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POSH Study: Age at Diagnosis Gene Carriers Versus Non Carriers
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Figure 15: Age at Breast Cancer Diagnosis Gene Carriers versus Non-Carriers

Box plot demonstrating the age of breast cancer onset between gene carriers and

non-carriers (*represents a statistically significant difference).
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Figure 16: Age at Breast Cancer Diagnosis by Gene

Box plot demonstrating the age of breast cancer onset between individual gene
carriers (ATM+, BRCA1+, BRCA2+. CHEK2+, PALB2+ and TP53+) compared to non-

carriers (Mutation-) (*represents a statistically significant difference).
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4.2 The 100,000 Genomes Project: Familial and Sporadic Breast Cancer

The complete analysed cohort within The 100,000 Genomes Project consisted of 826 participants
diagnosed with familial breast cancer and 2464 unselected participants with breast cancer. This

unselected cohort was most representative of sporadic breast cancer.

421 Age of Cancer Onset: Familial Breast Cancer

In the familial breast cancer cohort, there was no significant difference in the age of breast cancer
onset between gene carriers and non-carriers. The median age at breast cancer diagnosis was
46.0 years (IQR, 42.0-51.5) amongst gene carriers and 46.0 years (IQR, 39.0-52.0) amongst non-
carriers (p=0.832) (Table 20, Figure 17).

Sub-group analysis also demonstrated that age of breast cancer onset was not significantly
different between ATM, CHEK2, PALB2 and TP53 gene carriers compared to non-gene carriers
within the familial breast cancer cohort (Table 20 and Figure 18). The median age at breast cancer
diagnosis was 47.0 years (IQR, 41.5-49.0 years) for ATM gene carriers, 45.0 years (IQR, 40.0-50.0
years) for CHEK2 gene carriers, 52.0 (IQR, 43.0-57.3 years) for PALB2 gene carriers and 43.5 years
(IQR, 39.5-45.3) for TP53 gene carriers (p=0.854, p=0.908, p=0.113, p=0.127 respectively) (Table
20 and Figure 18). PALB2 gene carriers demonstrated a non-significant trend towards an older age
at breast cancer diagnosis compared to other gene carriers within the familial breast cancer

cohort.

4.2.2 Age of Cancer Onset: Unselected Breast Cancer

In the unselected breast cancer cohort, no significant difference in the age of breast cancer onset
between gene carriers and non-carriers was observed. The median age of cancer onset was 59.0
years (IQR, 47.0-69.0 years) amongst gene carriers and 61.0 years (IQR, 51.0-70.0 years) for non-
carriers (p=0.240 ) (Table 19 and Figure 17).

Sub-group analysis found that only carriers of a BRCA gene alteration (BRCA1 and BRCA2
combined) developed breast cancer at a significantly younger age compared to non-carriers. The
median age at breast cancer diagnosis was 50.0 years (IQR, 47.5-53.0 years) for BRCA gene
carriers versus 61.0 years (IQR, 51.0-71.0) for non-carriers (p=0.044) (Table 19 and Figure 18).

With the exception of this association, there was no significant difference in the age of breast
cancer onset between individual gene carriers and non-carriers. The median age at breast cancer
diagnosis was 61.0 years (IQR, 46.5-68.0 years) for ATM gene carriers, 64.5 years (IQR, 46.5-71.0
years) for CHEK2 gene carriers, 57.0 (IQR, 51.0-67.5 years) for PALB2 gene carriers and 64.0 years
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(IQR, 46.0-68.0) for TP53 gene carriers (p=0.496, p=0.911, p=0.742 and p=0.818 respectively)
(Table 18 and Figure 20).

4.2.3 Age of Cancer Onset: A Comparison Across Cohorts

There was a significant difference in the age of breast cancer onset depending upon whether
breast cancer was diagnosed in the context of familial or unselected breast cancer. This was true
for both gene carriers and non-carriers. This is a notable finding as there was no significant
difference in the age of cancer onset between gene carriers and non-carriers within the individual

familial and unselected breast cancer recruitment cohorts.

The median age of cancer onset was significantly younger amongst gene-carriers identified in the
context of familial breast cancer compared to unselected breast cancers (46.0 years (IQR, 42.0-
51.5 years) versus 59.0 years (IQR, 47.0-69.0 years) (p<0.0001). The same was also true for non-
carriers. The median age of cancer onset was 46.0 years (IQR, 39.0-52.0 years) amongst non-
carriers identified in the context of familial breast cancer and 61.0 years (IQR, 51.0-70.0 years) for

non-carriers identified as unselected breast cancer cases (p<0.0001)(Table 19 and Figure 17).

Subgroup analysis revealed a similar relationship for CHEK2 and TP53 gene carriers dependent
upon the recruitment cohort. The median age of cancer onset was 45.0 years (IQR, 40.0-50.0
years) amongst CHEK2 carriers identified in the context of familial breast cancer and 64.5 years
(IQR, 46.5-71.0 years) for CHEK2 carriers identified as unselected breast cancer cases (p=0.001)
(table 16). The median age of cancer onset was 43.5 years (IQR, 39.5-45.3 years) amongst TP53
carriers identified in the context of familial breast cancer and 64.0 years (IQR, 46.0-68.0 years) for
TP53 carriers identified as unselected breast cancer cases (p=0.042) (Table 19 and Figure 18).
There was no significant difference in the age of breast cancer onset between PALB2 or ATM gene
carriers based upon the recruitment cohort. A comparison group for BRCA gene carriers was not

available.

64



Rare Disease, Familial Breast Cancer: Age of Cancer Onset in Years

Summary Statistic Mutation- | Mutation+ BRCA+ CHEK2+ PALB2+ ATM+ TP53+
Mean 46.2 47.0 - 46.2 51.7 47.8 40.1
Median 46.0 46.0 - 45.0 52.0 47.0 435
IR 39.0-52.0 | 42.0-51.5 - 40.0-50.0 | 43.0-57.3 | 41.5-49.0 | 39.5-45.3
Minimum 18.0 23.0 - 24.0 36.0 30.0 23.0
Maximum 78.0 77.0 - 75.0 77.0 73.0 48.0

p valuet = 0.832 = 0.908 0.113 0.854 0.127

Cancer, Breast Cancer: Age of Cancer Onset in Years

Summary Statistic Mutation- | Mutation+ BRCA+ CHEK2+ PALB2+ ATM+ TP53+
Mean 60.9 59.0 51.9 61.7 59.3 58.1 59.6
Median 61.0 59.0 50.0 64.5 57.0 61.0 64.0
IQR 51.0-71.0 | 47.0-69.0 | 47.5-53.0 | 46.5-71.0 | 51.0-67.5 | 46.5-68.0 | 46.0-68.0
Minimum 29.0 33.0 43.0 33.0 41.0 33.0 42.0
Maximum 94.0 92.0 69.0 92.0 80.0 88.0 78.0

p valuet = 0.240 0.044 0.911 0.743 0.496 0.818

P value t+ p<0.0001 | p<0.0001 = 0.001 0.225 0.129 0.042

Table 19: Summary Statistics Age of Onset

Chapter 4

Summary statistics comparing the average age of breast cancer onset across The

100,000 Genomes Project, Rare Disease, Familial Breast Cancer and Cancer, Breast

Cancer domains. tAssessment of statistical significance was performed using the

Mann-Whitney test (mutation+, CHEK2+, PALB2+, ATM+ and TP53+ compared against

Mutation-). TTAssessment of statistical significance was performed using the

Unpaired Two Sample T Test (mutation-, mutation+, CHEK2+, PALB2+, ATM+ and

TP53+) Comparison between familial breast cancer and unselected breast cancer

cohorts.
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Age at Diagnosis: A Comparison Across Cohorts
* *

100 -  — | | —|

B 75-
]
[1F]
2
a Cohort
o
2 -
g 50 I__| $ Familial Breast Cancer
=] | E— $ Unselected Breast Cancer
=
<T
4]
& 25-

:|_

] [}
MUTATION- MUTATION+

Mutation Status

Figure 17: Age at Breast Cancer Diagnosis Gene Carriers versus Non-Carriers

Box plot demonstrating the age of breast cancer onset between gene carriers and
non-carriers. Comparison between Familial Breast Cancer and Unselected Breast
cancer cohorts within The 100,000 Genomes Project (*represents a statistically

significant difference).
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Figure 18: Age at Breast Cancer Diagnosis Gene Carriers versus Non-Carriers

Box plot demonstrating the age of breast cancer onset between individual gene
carriers and non-carriers. Comparison between Familial Breast Cancer and
Unselected Breast cancer cohorts within The 100,000 Genomes Project (*represents

a statistically significant difference).
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4.3 Discussion

Overall, the median age of breast cancer onset was 36.0 years amongst those recruited to the
POSH study with symptomatic early onset breast cancer (diagnosis under the age of 40 years).
Within this cohort, carriers of BRCA1 and TP53 pathogenic variants developed breast cancer at a
significantly earlier age than non-carriers. This is consistent with much of the published literature.
The median and inter-quartile range of breast cancer onset within The 100,000 Genomes project
was over 31 years for both the familial and unselected recruitment domains. It means that TP53

gene carriers may have been screened out due to pretesting of very early onset breast cancers.

In 2017, Kuchenbaecker et al. prospectively observed the age of breast cancer onset amongst
9856 BRCA1 and BRAC2 mutation carriers derived from three consortia (The International
BRCA1/2 Carrier Cohort Study (IBCCS), the Breast Cancer Family Registry (BCFR) and the Kathleen
Cunningham Foundation (kConFab).(41) The peak breast cancer incidence amongst BRCA1
mutation carriers occurred between the ages of 41-50 years (28.3/1000 person years (95%Cl,
23.1-34.7)). Conversely, the peak breast cancer incidence amongst BRCA2 mutation carriers

occurred between the ages of 51-60 years (30.6/1000 person years (95% Cl, 22.8-41.1)).(41)

The age at breast cancer diagnosis also remains an important predictor of the likelihood of
identifying a TP53 gene alteration. It has been estimated that up to 3-8% of unselected very early
onset breast cancers (diagnosed under the age of 30 years) will have a pathogenic variant in TP53
with a higher prevalence in the context of a LFS/LFL pedigree (table 7).(106, 112-117) In contrast,
Moran et al. 2017 and Rath et al. 2013 found the estimated prevalence in patients diagnosed with
breast cancer at any age and ascertained through familial or mixed cohorts is lower ranging from

0.5-2%.(117, 118)

Most notable within this analysis is the recognition that the context in which breast cancer is
diagnosed may represent an important aetiological risk factor and determinant of the age of
breast cancer onset. Within The 100,000 Genomes Project, breast cancer cases identified in the
context of familial breast cancer occurred at a significantly younger age compared to unselected
cases. This was true for both gene carriers and non-carriers. It suggests that other weaker genetic
factors are important modifiers of genetic risk even in the context of a moderate or high

penetrance germline genotype.

A number of studies have observed the impact of polygenic factors on absolute cancer risks. It is
well recognised that a family history of breast cancer increases absolute cancer risk with the level
of risk rising incrementally with the number of affected relatives.(16) In 2020 Yang et al. observed

that the family history of breast cancer modified PALB2-associated breast cancer risk.(20) The
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absolute breast cancer risk to age 80 years increased from 52% (95% Cl, 42%-62%) to 76% (95%
Cl, 69%-83%) in the presence of two affected first degree relatives. (20) They also observed that
genetic models including a polygenic component provided a better fit to the observed risk of

breast cancer than monogenic susceptibility in isolation.(20)

In 2017, Michailidou et al. determined that 18% of familial breast cancer susceptibility is
attributable to common genetic variation identified through Genome Wide Association Studies
(GWAS).(22) The Polygenic Risk Score (PRS) represents an objective measure of the relative
contribution of these weaker genetic factors to the overall stratification of cancer risk for any

individual. (16)

In 2017, Li et al. examined the utility of PRS in the context of non-BRCA familial breast cancer to
determine whether a 24 SNP PRS could be used to prospectively stratify breast cancer risk
amongst unaffected women with a family history of breast cancer.(24) In total, 1496 cases and
2869 controls were derived from two familial breast cancer cohorts within North America and
Australia (The Breast Cancer Family Registry (BCFR) and the Kathleen Cuningham Consortium
Foundation for Research into Familial Breast Cancer (kConFab)).(24) They identified a significant
difference in breast cancer risk when comparing the highest and lowest quintiles of PRS (HR 3.18,
95%Cl 1.84-5.23) p=4.7x10°°. (24) This equated to absolute cumulative risks to age 70 years of 51%

for women in the highest quintile and 21% in the lowest quintile. (24)

In 2019, Lakeman et al. used a validated 161 SNP PRS to determine the impact of PRS on breast
cancer risk stratification in the context of BRCA negative familial breast cancer.(215) They
compared PRS between 323 cases and 262 controls within a familial cohort and 357 breast cancer
cases and 327 controls derived from an unselected cohort within the Dutch population. Overall,
the mean PRS was higher in familial compared to unselected cases (0.70 (SD=0.90) versus 0.35

(5SD=0.92)) indicating an excess of polygenic risk within the familial cohort.(215)

In 2017, Kuckenbaecker provided evidence for a modifying effect of PRS on absolute cancer risks
in the context of high risk susceptibility secondary to a BRCA1 or BRCA2 gene alteration.(18) They
observed PRS in 7797 BRCA1 gene carriers and 4330 BRCA2 gene carriers with breast cancer.(18)
They demonstrated that estimations of absolute risk varied with standard deviations of PRS.
BRCA1 carriers with a PRS in the 90" centile had an estimated breast cancer risk of 39% by age 50
years whilst carriers at the 10" percentile had a risk of 21% by the age of 50 years.(18) Overall,
the per standard deviation effect on breast cancer risk was smaller in BRCA gene carriers
compared to other population based studies indicating a lesser effect in the context of a higher

penetrance genotype.(18)
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Several studies have also shown that PRS can optimise cancer risk stratification beyond the
consideration of family history alone. In 2017, Li et al. concluded that the combination of
BOADICEA and PRS may provide a more accurate estimation of breast cancer risk in comparison
to the utilisation of family history in isolation.(24) In 2019, Lakeman et al. found that the addition
utilisation of PRS changed screening advise beyond that which would have been give based upon
family history alone.(215) In 2018, Van Veen et al. concluded that the utilisation of PRS based
upon a subset of 18 SNPs enhanced breast cancer risk stratification beyond conventional

statistical modelling (Tyrer Cuzick) and mammographic density alone.(19)

Collectively, these studies demonstrate that polygenic risk is an important determinant of
absolute cancer risk even in the context of a higher penetrance genotype such as BRCA. We have
shown that breast cancer cases identified in the context of familial breast cancer occurred at a
significantly younger age compared to unselected cases. We can hypothesise that the polygenic
factors are therefore important modifiers of both absolute cancer risks and the age of cancer
onset. There is a paucity of published literature demonstrating the influence of PRS on the age of
cancer onset. However, in 2012, Sawyer et al. observed the PRS amongst 1143 women with
familial breast cancer. They found that a significantly higher proportion of women in the top
quartile of polygenic risk developed very early onset breast cancer (OR 3.3 (95%Cl 1.03-10.26)
p=0.03).(216)

Risk estimations are a central to individualised decision making for risk management in the
context of hereditary breast cancer susceptibility.(217) This includes the age to commence
screening. Increasingly, age related stratifications of residual and contralateral risk are also
utilised to support decision making around risk reducing surgery. This is of particular utility
amongst women over the age of 50 years where the relative balance of risk versus survival benefit

is sometimes less clear.

Currently, a variety of tools can be used to estimate absolute and age specific residual and
contralateral breast cancer risks including data derived from prospective and retrospective cohort
studies and statistical modelling tools such as CanRisk. The breast cancer risk stratification is
largely based upon germline genotype and what we understand about the aggregated breast
cancer risk across cohorts of gene carrier and non-carriers irrespective of family history. Statistical
modelling tools such as CanRisk provides some weighting for the familial aggregation of cancer

but SNP profiling has been consistently shown to improve this risk modelling.(19, 24, 215)

This work has shown that there was no significant difference in the age of breast cancer onset
between gene carrier and non-carriers within the familial breast cancer cohort of 100K. There was

however a significant difference in the age of breast cancer onset depending upon whether
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cancer was identified in the context of a familial breast cancer. It raises the question about
whether an individual at the highest quintile of PRS in a familial cohort should be offered high risk
breast screening irrespective of whether they have a high penetrance breast cancer susceptibility
genotype or not. It also raises the question of whether the age specific risk for an individual with a
BRCA1 gene alteration is the same if they have a strong family history of breast cancer versus no
family history. As such, should SNP profiling to produce a PRS be introduced into routine testing
to accentuate risk stratification and provide the opportunity for more personalised decision

making around risk?

There are some limitations to this. Whilst, high and moderate risk breast cancer susceptibility
genes have been identified alongside SNPs that confer sufficient risk to be incorporated into a
PRS, the hereditary aspects driving the familial aggregation of many breast cancer remain largely
undetermined.(16) There is also a lack of consensus over which SNPs confer the greatest utility

within a PRS.(16)

4.4 Summary

Hereditary breast cancer susceptibility is a complex disorder influenced by a combination of
strong and weak genetic factors which aggregate in families. This is true even in the presence of a
high penetrance genotype such as BRCA1, BRCA2 or TP53. The comprehensive analysis of each of
these factors for any one individual has the potential to accentuate risk stratification including
absolute and age specific cancer risks to achieve a more personalised approach to cancer risk
management. It would be interesting to see how the percentile of PRS observed within POSH
cohort of early onset breast cancer compares to the PRS within a cohort of unselected breast
cancer cases. Future research may also consider whether polygenic modification of risk in the

context of a high penetrance gene influences patient choices.
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Chapter 5 Results: Tumour Histopathological
Phenotype amongst Germline BRCA1 and BRCA2

Variant Carriers

5.1 Baseline Characteristics of the Cohort

The complete analysed cohort consisted of 2629 participants derived from the POSH study. This
included 338 individuals with a pathogenic or likely pathogenic variant in BRCA1 or BRCA2 and
2291 mutation negative participants. Mutation negative was defined as being BRCA1, BRCA2,
CHEK2, PALB2, ATM and TP53 negative (Table 20 and Table 21). Most recruits were Caucasian
(2396/2594 (92.4%)) based upon self-reported ethnicity. There was missing ethnicity data for 35

individuals within this analysis.

A pathogenic BRCA1 or BRCA2 gene variant was found in 338/2629 (12.9%) of this study cohort
and (338/2744 (12.3%)) of the whole cohort. Most of these variants were protein truncating. A
pathogenic variant in BRCA1 was found in 201/2629 (7.6%) of this cohort and 201/2744 (7.3%) of
the whole cohort. A pathogenic variant in BRCA2 was found in 137/2629 (5.2%) of this cohort and
137/2744 (5.0%) of the whole cohort.

There was no baseline difference in ethnicity or body mass index between BRCA mutation carriers
and non-carriers (p=0.227 and p=0.539 respectively) (Table 21 and Table 22). On average, BRCA
mutation carriers were significantly younger at diagnosis than non-carriers. The median age at
breast cancer diagnosis was 36 years (IQR, 32-38 years) for BRCA mutation carriers versus 37

years (IQR, 34-39 years) for non-carriers (p<0.0001).

Subgroup analysis comparing BRCA1 and BRCA2 mutation carriers with non-carriers identified
that BRCA1 mutation carriers were significantly younger at diagnosis compared to non-carriers.
The median age of breast cancer onset was 35 years (IQR, 32-38 years) for BRCA1 carriers versus
37 years (IQR, 34-39 years) for non-carriers (p<0.0001). BRCA2 mutation carriers were not
significantly younger at diagnosis compared to non-carriers. The median age of breast cancer
onset was 37 years (IQR, 33-38 years) for BRCAZ2 carriers versus 37 years (IQR, 34-39 years) for
non-carriers (p=0.301) (Table 20 and Table 21).

BRCA mutation carriers were significantly more likely to have a family history of breast cancer. In
total, 209/322 (64.9%) of BRCA carriers had a family history of breast cancer compared to
670/2209 (30.3%) of non-carriers (p<0.0001). The median BOADICEA score for BRCA gene carriers
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was also significantly higher than non-carriers (median score BRCA1 0.20 (IQR 0.06-0.58), BRCA2
0.11 (IQR 0.03-0.34) and non-BRCA 0.03 (IQR 0.02-0.05) (p<0.0001). However, it is notable that
69/193 (35.8%) of BRCA1 mutation carriers and 44/129 (34.1%) of BRCA2 mutation carriers had

no family history of breast cancer (Table 20 and Table 21).

p-valuet p-valuet
BRCA1+ BRCA+ BRCA-
(ALL)
Characteristic BRCA+(ALL)
BRCA1+vs | VSBRCA-
BRCA1-
(n=201) (n=338) (n=2291)
Median age diagnosis (yrs) 35 36 37 p<0.0001 p<0.0001
Range 22-40 21-40 18-40
IQR 32-38 32-38 34-39
Body Mass Index (Total) 192 (100%) | 325 (100%) | 2203 (100%) | p=0.522 p=0.539
Underweight/Healthy (<25) | 114 (59.4%) | 184 (56.6%) | 1185 (53.8%)
Overweight (25-30) 47 (24.5%) 88 (27.1%) | 603 (27.4%)
Obese (>30) 31 (16.1%) 53 (16.3%) | 415 (18.8%)
Missing 9 (4.5%) 13 (3.8%) 88 (3.8%)
Ethnicity 196 (100%) | 330(100%) | 2264 (100%) p=0.344 p=0.227
Caucasian/white 178 (90.8%) | 300 (90.9%) | 2096 (92.6%)
Black 10 (5.1%) 16 (4.8%) 84 (3.7%)
Asian 5(2.6%) 9(2.7%) 70 (3.1%)
Other 3 (1.5%) 5 (1.5%) 14 (0.6%)
Missing 5 (2.5%) 8 (2.4%) 27 (1.2%)
Family History 193 (100%) | 322 (100%) | 2209 (100%) p<0.0001 p<0.0001
No 69 (35.8%) | 113 (35.1%) | 1539 (69.7%)
Yes 124 (64.2%) | 209 (64.9%) | 670 (30.3%)
Missing 8 (4.0%) 16 (4.7%) 82 (3.6%)
BOADICEA score p<0.0001 p<0.0001
Median 0.20 0.16 0.03
Range 0.01t01.00, | 0.01to 1.00, | 0.00 to 0.95,
IQR 0.06t00.58 | 0.05t00.48 | 0.02to 0.05
Missing 5(2.5%) 10 (3.0%) 62 (2.7%)

Table 20: Baseline Characteristics of the BRCA1 Cohort

tAssessment of statistical significance were performed using the Mann-Whitney test

for continuous variables and a Pearson %2 test for categorical variables. Samples

derived from the POSH Cohort.
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p-valuet p-valuet
e BRCA+ BRCA-
(ALL)
Characteristic BRCA+(ALL)
BRCA2+vs | VsBRCA-
BRCA2-
(n=137) (n=338) (n=2291)
Median age diagnosis (yrs) 37 36 37 p=0.301 p<0.0001
Range 21-40 21-40 18-40
IQR 33-38 32-38 34-39
Body Mass Index (Total) 133 (100%) 325(100%) | 2203 (100%) p=0.418 p=0.539
Underweight/Healthy (<25) 70 (52.6%) 184 (56.6%) | 1185 (53.8%)
Overweight (25-30) 41 (30.8%) 88 (27.1%) 603 (27.4%)
Obese (>30) 22 (16.5%) | 53(16.3%) | 415 (18.8%)
Missing 4 (2.9%) 13 (3.8%) 88 (3.8%)
Ethnicity 134 (100%) 330 (100%) | 2264 (100%) p=0.640 p=0.227
Caucasian/white 122 (91.0%) | 300 (90.9%) | 2096 (92.6%)
Black 6 (4.5%) 16 (4.8%) 84 (3.7%)
Asian 4 (3.0%) 9(2.7%) 70 (3.1%)
Other 2 (1.5%) 5(1.5%) 14 (0.6%)
Missing 3(2.2%) 8(2.4%) 27 (1.2%)
Family History 129 (100%) | 322 (100%) | 2209 (100%) | p<0.0001 p<0.0001
No 44 (34.1%) | 113 (35.1%) | 1539 (69.7%)
Yes 85 (65.9%) | 209 (64.9%) | 670 (30.3%)
Missing 8(5.8%) 16 (4.7%) 82 (3.6%)
BOADICEA score p<0.0001 p<0.0001
Median 0.11 0.16 0.03
Range 0.01t00.99, | 0.01to 1.00, | 0.00 to 0.95,
IQR 0.03t00.34 | 0.05t00.48 | 0.02to 0.05
Missing 5(3.6%) 10 (3.0%) 62 (2.7%)

Table 21: Baseline Characteristics of the BRCA2 Cohort

5.2

5.2.1

Chapter 5

tAssessment of statistical significance were performed using the Mann-Whitney test

for continuous variables and a Pearson 2 test for categorical variables. Samples

derived from the POSH Cohort.

Tumour Histopathology

Baseline Tumour Grade, Size and Focality

BRCA-associated tumours were significantly more likely to be grade 3 at presentation compared

to non-carriers (grade 3 268/326 (82.2%) versus 1278/2229 (57.3%) (p<0.0001)) (Figure 19 and

Table 22).
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5.2.1.1 BRCA1

There was no significant difference in the maximum invasive tumour size between BRCA1 gene
carriers and non-carriers (median 2.1cm (IQR 1.5-3cm) versus 2.2cm (IQR 1.5-3.3cm) (p=0.244))
(Table 22 and Figure 19). However, BRCA1 associated tumours had significantly smaller maximum
overall tumour sizes with significantly lower levels of in-situ disease compared to non-carriers.
The median maximum overall tumour size for BRCAI mutations carriers was 2.2cm (IQR, 1.7-
3.2cm) versus 2.7cm (IQR 1.8-4.0cm) for non-carriers (p<0.001). The median maximum in-situ
tumour size for BRCA1 mutation carriers was 1.4cm (IQR 0.3-2.5¢cm) versus 2.0cm (IQR 0.9-4.0cm)

for non-carriers (p=0.043).

BRCA1 associated tumours were significantly more likely to be localised than non-carriers
(156/180 (86.7%) versus 1461/2085 (70.1%) (p<0.0001)). BRCA1 associated tumours also
displayed significantly lower levels of nodal involvement and lymphovascular infiltration
compared to non-carriers. In total, 129/201 (64.2%) of BRCA1 associated tumours were NO at
presentation compared to 1084/2253 (48.1%) of non-carriers (p=<0.0001) and 116/190 (61.1%) of
BRCA1 associated tumours had no evidence of lymphovascular infiltration at presentation

compared to 1106/2129 (51.9%) of non-carriers (p=0.016) (Table 22 and Figure 19).
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Figure 19: Baseline Histopathological Characteristics of the BRCA1 Cohort

Comparison of the tumour focality, grade, nodal status and lymphovascular
infiltration between BRCA1 mutation carriers and non-carriers. Values represented as
percentage of the cohort. BRCA1 associated tumours were significantly more likely to
be localised and displayed significantly lower levels of nodal involvement and

lymphovascular infiltration.
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SRCALs BRCA+ BRCA- p-valuet p-valuet
(ALL)
Characteristic BRCA+(ALL) vs
BRCA1+ vs BRCA-
BRCA1-
(n=201) (n=338) (n=2291)
Histological Grade (Total) 197 (100%) 326 (100%) | 2229 (100%) p<0.0001 p<0.0001
1 2 (1.0%) 2 (0.6%) 148 (6.6%)
2 16 (8.1%) 56 (17.2%) | 803 (36.0%)
3 179 (90.9%) | 268 (82.2%) | 1278 (57.3%)
Missing/not graded 4 (2.0%) 12 (3.6%) 62 (2.7%)
Focality (Total) 180 (100%) | 301 (100%) | 2085 (100%) p<0.0001 p=0.283
Localised 156 (86.7%) | 220(73.1%) | 1461 (70.1%)
Multifocal 24 (13.3%) 81(26.9%) | 624(29.9%)
Missing 21 (10.4%) 37 (10.9%) 206 (9.0%)
Max invasive tumour size (cm) p=0.244 p=0.956
Median 2.1 2.2 2.2
Range .1to 14, .05to 14 0to17,
IQR 15to03 1.5t03.1 1.5t03.3
Missing 10 (5.0%) 24 (7.1%) 128 (5.6%)
Max overall tumour size (cm) p<0.001 p=0.423
Median 2.2 2.6 2.7
Range .1to 14, .06 to 15, 0to 19,
IQR 1.7t03.2 1.8t03.8 1.8t04
Missing 10 (5.0%) 21 (6.2%) 104 (4.5%)
Max in-situ tumour size (cm) p=0.043 p=0.971
Median 1.4 2.0 2.0
Range .03t0 3.9, .03 to 11.5, 0to 19,
IQR 3to2.5 .8t03.8 .9t0 4.0
Missing 182 (90.5%) | 292 (86.4%) | 2015 (88.0%)
Pathological N stage (total) 201 (100%) 336 (100%) | 2253 (100%) p<0.0001 p=0.023
NO 129 (64.2%) | 184 (54.8%) | 1084 (48.1%)
N1 72 (35.8%) | 152 (45.2%) | 1169 (51.9%)
Missing 0 2 (0.6%) 38 (1.7%)
Number of positive lymph nodes | 201 (100%) | 336 (100%) | 2253 (100%) p<0.0001 p=0.041
0 129 (64.2%) | 184 (54.8%) | 1084 (48.1%)
1-3 43 (21.4%) 94 (28.0%) | 764 (33.9%)
4-9 14 (7.0%) 33 (9.8%) 273 (12.1%)
10+ 15 (7.5%) 25 (7.4%) 132 (5.9%)
Missing 0 2 (0.6%) 38 (1.7%)
Lymphovascular invasion (total) 190 (100%) 314 (100%) | 2129 (100%) p=0.016 p=0.251
Absent 116 (61.1%) | 174 (55.4%) | 1106 (51.9%)
Present 74 (38.9%) 140 (44.6%) | 1023 (48.1%)
Missing 11 (5.5%) 24 (7.1%) 162 (7.1%)

Table 22: Baseline Histopathological Characteristics of the BRCA1 Cohort

Comparison of the tumour size, focality, grade and lymph node involvement between
BRCA1 mutation carriers and non-carriers. TAssessment of statistical significance
were performed using the Mann-Whitney test for continuous variables and a Pearson

%2 test for categorical variables. Samples derived from the POSH Cohort.
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5.2.1.2 BRCA2

There was no significant difference in the maximum invasive tumour size between BRCA2 gene
carriers and non-carriers (median 2.5cm (IQR, 1.7-3.2cm) versus 2.2cm (IQR, 1.5-3.3cm)
(p=0.167)) (Table 23 and Figure 20). However, BRCA2 associated tumours had a significantly
greater maximum overall tumour size with a trend towards higher levels of in-situ disease
compared to non-carriers. The median maximum overall tumour size for BRCA2 mutations
carriers was 3.2cm (IQR, 2.2-5.0cm) versus 2.7cm (IQR, 1.8-4.0cm) for non-carriers (p<0.001). The
median maximum in-situ tumour size for BRCA2 mutation carriers was 3.3cm (IQR, 1.4-5.0cm)

versus 2.0cm (IQR 0.9-4.0cm) for non-carriers (p=0.104).

BRCAZ2 associated tumours were significantly more likely to be multifocal at presentation
compared to non-carriers (57/121 (47.1%) versus 624/2085 (29.9%) (p<0.0001)). There was a
trend towards N1 stage disease amongst BRCA2 associated tumours compared to non-carriers
(80/135 (59.3%) versus 1169/2253 (51.9%)) p=0.096. No significant difference was observed in
the amount of lymphovascular infiltration between BRCA2 gene carriers and non-carriers. In total
66/124 (53.2%) of BRCA2 associated tumours had evidence of lymphovascular infiltration at
presentation compared to 1023/2129 (48.1%) of non-carriers (p=0.262) (Table 23 and Figure 20).
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Figure 20: Baseline Histopathological Characteristics of the BRCA2 Cohort

Comparison of the tumour size, focality, grade and lymph node involvement between

BRCA2 mutation carriers and non-carriers. T Samples derived from the POSH Cohort.
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Absent 58 (46.8%)
Present 66 (53.2%)
Missing 13 (9.5%)

174 (55.4%)
140 (44.6%)
24 (7.1%)

1106 (51.9%)
1023 (48.1%)
162 (7.1%)

p-valuet p-valuet
. BRCA+ BRCA-
(ALL)
Characteristic BRCA+(ALL) vs
BRCA2+vs BRCA-
BRCA2-
(n=137) (n=338) (n=2291)
Histological Grade (Total) 129 (100%) 326 (100%) | 2229 (100%) p=0.002 p<0.0001
1 0 2 (0.6%) 148 (6.6%)
2 40 (31.0%) 56 (17.2%) 803 (36.0%)
3 89 (69.0%) 268 (82.2%) | 1278 (57.3%)
Missing/not graded 8 (5.8%) 12 (3.6%) 62 (2.7%)
Focality (Total) 121 (100%) 301 (100%) | 2085 (100%) p<0.0001 p=0.283
Localised 64 (52.9%) | 220(73.1%) | 1461 (70.1%)
Multifocal 57 (47.1%) | 81(26.9%) | 624 (29.9%)
Missing 16 (11.7%) | 37(10.9%) | 206 (9.0%)
Max invasive tumour size (cm) p=0.167 p=0.956
Median 2.5 2.2 2.2
Range .05t09.2, .05to0 14 Oto 17,
IQR 1.7t03.2 1.5t03.1 1.5t03.3
Missing 14 (10.2%) 24 (7.1%) 128 (5.6%)
Max overall tumour size (cm) p<0.001 p=0.423
Median 3.2 2.6 2.7
Range .06 - 15, .06 to 15, 0to 19,
IQR 2.2to5 1.8t03.8 18to4
Missing 11 (8.0%) 21 (6.2%) 104 (4.5%)
Max in-situ tumour size (cm) p=0.104 p=0.971
Median 3.3 2 2.0
Range .06to 11.5, .03 to 11.5, 0to 19,
IQR 14t05 .8t03.8 .9to4.0
Missing 110 (80.3%) | 292 (86.4%) | 2015 (88.0%)
Pathological N stage (total) 135 (100%) 336 (100%) | 2253 (100%) p=0.096 p=0.023
NO 55 (40.7%) 184 (54.8%) | 1084 (48.1%)
N1 80 (59.3%) 152 (45.2%) | 1169 (51.9%)
Missing 2(1.5%) 2 (0.6%) 38 (1.7%)
Number of positive lymph nodes 135 (100%) 336 (100%) | 2253 (100%) p=0.404 p=0.041
0 55(40.7%) | 184 (54.8%) | 1084 (48.1%)
1-3 51 (37.8%) 94 (28.0%) 764 (33.9%)
4-9 19 (14.1%) 33(9.8%) | 273 (12.1%)
10+ 10 (7.4%) 25 (7.4%) 132 (5.9%)
Missing 2(1.5%) 2(0.6%) 38 (1.7%)
Lymphovascular invasion (total) 124 (100%) 314 (100%) | 2129 (100%) p=0.262 p=0.251

Table 23: Baseline Histopathological Characteristics of the BRCA2 Cohort

Chapter 5

Comparison of the tumour size, focality, grade and lymph node involvement between

BRCA2 mutation carriers and non-carriers. TAssessment of statistical significance

77



Chapter 4

were performed using the Mann-Whitney test for continuous variables and a Pearson

%2 test for categorical variables. Samples derived from the POSH Cohort.

5.2.2 Hormone Receptor Status

The majority of BRCA variant carriers developed HER2-negative tumour. The proportion of HER2-
negative tumours was significantly greater in BRCA variant carriers compared to non-carriers

((275/301 (91.4%)) versus (1428/2021 (70.7%)) (p<0.0001)) (Table 24 and Figure 21).

5.2.2.1 BRCA1

BRCAI1 related tumours were significantly more likely to be ER-negative compared to non-carriers
(p<0.0001). In total, 151/200 (75.5%) of BRCA1 associated tumours were ER-negative compared
to 722/2279 (31.7%) of non-carriers. BRCA1 related tumours were also significantly more likely to
be PR-negative compared to non-carriers with 144/171 (84.2%) of BRCA1 associated tumours
demonstrating a PR-negative status compared to 764/1848 (41.3%) of non-carriers (p<0.0001).
Overall, BRCA1 carriers were significantly more likely to have a TNT compared to non-carriers
123/201 (61.2%) versus 417/2291 (18.2%) (p<0.0001) (Table 24 and Figure 21). An overview of

variant identification in TNTs within the POSH cohort is provided in Appendix J.1.
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Figure 21: Baseline Hormone Receptor Status of the BRCA1 Cohort

Comparison of ER, PR and HER2 receptor status between BRCA1 mutations carriers

and non-carriers. Values represented as percentage of the cohort.
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Not TNT
TNT

Missing

78 (38.8%)
123 (61.2%)
0

202 (59.8%)
136 (40.2%)
0

1874 (81.8%)
417 (18.2%)
0

p-valuet p-valuet
e BRCA+ BRCA-
(ALL)
Characteristic BRCA+(ALL) vs
BRCA1+vs BRCA-
BRCA1-
(n=201) (n=338) (n=2291)
ER status (total) 200 (100%) 336 (100%) | 2279 (100%) p<0.0001 p<0.0001
Negative 151 (75.5%) | 172 (51.2%) | 722 (31.7%)
Positive 49 (24.5%) 164 (48.8%) | 1557 (68.3%)
Missing 1(0.5%) 2 (0.6%) 12 (0.5%)
HER2 status (total) 176 (100%) 301 (100%) | 2021 (100%) p<0.0001 p<0.0001
Negative 164 (93.2%) | 275(91.4%) | 1428 (70.7%)
Positive 12 (6.8%) 26 (8.6%) | 593 (29.3%)
Missing 25(12.4%) | 37(10.9%) | 270 (11.8%)
PR status (total) 171 (100%) 278 (100%) | 1848 (100%) p<0.0001 p<0.0001
Negative 144 (84.2%) | 167 (60.1%) | 764 (41.3%)
Positive 27 (15.8%) 111 (39.9%) | 1084 (58.7%)
Missing 30 (14.9%) 60 (17.8%) 443 (19.3%)
TNT status (total) 201 (100%) 338 (100%) | 2291 (100%) p<0.0001 p<0.0001

Table 24: Baseline Hormone Receptor Status of the BRCA1 Cohort

Chapter 5

Comparison of ER, PR and HER2 receptor status between BRCA1 mutation carriers

and non-carriers. TAssessment of statistical significance were performed using the

Mann-Whitney test for continuous variables and a Pearson 2 test for categorical

variables. Samples derived from the POSH Cohort.
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5.2.2.2

BRCA2 related tumours were significantly more likely to be ER-positive compared to non-carriers.
In total, 115/136 (84.6%) of BRCAZ2 associated tumours were ER-positive compared to 1557/2279
(68.3%) of non-carriers (p<0.0001). BRCA2 related tumours were also significantly more likely to
be PR-positive compared to non-carriers with 84/107 (78.5%) of BRCA2 associated tumours
demonstrating a PR-positive status compared to 1084/1848 (58.7%) of non-carriers (p<0.0001).
BRCA2 associated tumours were not associated with a TNT phenotype. In total, 13/137 (9.5%) of

BRCA2 associated tumours were TNT at presentation compared to 417/2291 (18.2%) of non-

BRCA2

carriers versus (p=0.009) (Table 25 and Figure 22).

Not TNT
TNT

Missing

124 (90.5%)
13 (9.5%)
0

202 (59.8%)
136 (40.2%)
0

1874 (81.8%)
417 (18.2%)
0

p-valuet p-valuet
v BRCA+ BRCA-
(ALL)
Characteristic BRCA+(ALL) vs
BRCA2+ vs BRCA-
BRCA2-
(n=137) (n=338) (n=2291)
ER status (total) 136 (100%) | 336(100%) | 2279 (100%) p<0.0001 p<0.0001
Negative 21(15.4%) | 172 (51.2%) | 722 (31.7%)
Positive 115 (84.6%) | 164 (48.8%) | 1557 (68.3%)
Missing 1(0.7%) 2(0.6%) 12 (0.5%)
HER2 status (total) 125 (100%) | 301 (100%) | 2021 (100%) p<0.0001 p<0.0001
Negative 111 (88.8%) | 275(91.4%) | 1428 (70.7%)
Positive 14 (11.2%) 26 (8.6%) 593 (29.3%)
Missing 12 (8.8%) 37(10.9%) | 270(11.8%)
PR status (total) 107 (100%) | 278 (100%) | 1848 (100%) p<0.0001 p<0.0001
Negative 23 (21.5%) | 167 (60.1%) | 764 (41.3%)
Positive 84 (78.5%) | 111(39.9%) | 1084 (58.7%)
Missing 30 (21.9%) 60 (17.8%) | 443(19.3%)
TNT status (total) 137 (100%) | 338(100%) | 2291 (100%) p=0.009 p<0.0001

Table 25: Baseline Hormone Receptor Status of the BRCA2 Cohort

Comparison of ER, PR and HER2 receptor status between BRCA2 mutation carriers
and non-carriers. TAssessment of statistical significance were performed using the

Mann-Whitney test for continuous variables and a Pearson y 2 test for categorical

variables. Samples derived from the POSH Cohort.
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Figure 22: Baseline Hormone Receptor Status of the BRCA2 Cohort

Comparison of ER, PR and HER2 receptor status between BRCA2 mutations carriers

and non-carriers. Values represented as percentage of the POSH cohort.

5.2.3 Histopathological Predictors

A model selection process was used to determine which histopathological characteristics to
include in a multivariable logistic regression model. Multiple logistic regression incorporating
forward selection by way of likelihood ratio tests was utilised to determine which
histopathological features were better predictors of a BRCA1 and BRCA2 germline gene alteration

(Table 26). Multiple imputation was utilised as 1705/2743 (37%) had missing data.

5.2.3.1 BRCA1

Tumour focality, hormone receptor status and family history were significant independent
predictors of germline BRCA1 mutation (Table 26). Overall, the highest probability of identifying a
pathogenic BRCA1 variant would be observed amongst those patients with a localised, ER-

negative, PR-negative, HER2-negative tumour in the presence of a family history of breast cancer.
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BRCA1
Phenotype Classification Adjusted odds ratio | Significant Factor
[95% CI] *
Focality Localised 1* -
Multifocal 0.53 (0.32-0.86) Yes
Age at diagnosis (yrs) 18-25 1* -
26-30 0.81(0.23-2.83) -
31-35 0.67 (0.20-2.21) -
36-40 0.42 (0.13-1.38) -
BMI Underweight/Healthy 1* -
Overweight 0.92 (0.66-1.28) -
Obese 0.84 (0.48-1.45) -
Nodal Involvement NO 1* -
N1 0.83 (0.57-1.22) -
Oestrogen Receptor Negative 1* -
Positive 0.35 (0.20-0.59) Yes
Progesterone Receptor | Negative 1* -
Positive 0.30(0.16-0.55) Yes
HER2 Receptor Negative 1* -
Positive 0.19 (0.10-0.37) Yes
Ethnicity White/Caucasian 1* -
Black 1.02 (0.80-1.30) -
Asian 1.00 (0.85-1.17) -
Other 1.03 (0.64-1.66) -
Family History No Family History 1* -
Family History 4.09 (2.92-5.75) Yes

Table 26: Multiple Logistic Regression Analysis BRCA1

Multiple logistic regression analysis. TAnalyses adjusted for hormone receptor status,
invasive tumour size, nodal involvement, hormone receptor status, focality, age at
diagnosis, BMI, ethnicity and family history. Grade was removed due to insufficient
numbers. Tumour invasive size was fitted over overall and in-situ tumour size due to
lower AIC in the complete case models, and TNT fitted over ER, PR and HER2 due to

lower AIC in the complete case models. *Reference category.

5.2.3.2 BRCA2

Tumour focality, hormone receptor status and family history were significant independent
predictors of a germline BRCA2 mutation (Table 27). Overall, the highest probability of identifying
a pathogenic BRCA2 variant would be observed amongst those patients with a multifocal, ER-

positive, PR-positive, HER2-negative tumour in the presence of a family history of breast cancer.
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BRCA2
Phenotype Classification Adjusted odds ratio | Significant Factor
[95% CI] +
Focality Localised 1*
Multifocal 1.90 (1.29-2.81) Yes
Nodal Involvement NO 1*
N1 1.12 (0.77-1.62)
Oestrogen Receptor Negative 1*
Positive 1.18 (0.62-2.27)
Progesterone Receptor | Negative 1*
Positive 2.49 (1.25-4.96) Yes
HER2 Receptor Negative 1*
Positive 0.34 (0.20-0.60) Yes
Family History No Family History 1*
Family History 3.86 (2.63-5.67) Yes

Table 27: Multiple Logistic Regression Analysis BRCA2

Multiple logistic regression analysis. tAnalyses adjusted for hormone receptor status,
invasive tumour size, nodal involvement, hormone receptor status, focality, age at
diagnosis, BMI, ethnicity and family history. Grade was removed due to insufficient
numbers. Tumour invasive size was fitted over overall and in-situ tumour size due to
lower AIC in the complete case models, and TNT fitted over ER, PR and HER2 due to

lower AIC in the complete case models. *Reference category.

53 Discussion

This study represents one of the largest series comparing the histopathological phenotype of
BRCA1 and BRCA2 mutation carriers with age matched controls (non-mutation carriers) diagnosed
with a primary invasive breast cancer under the age of 40 years. Both cases and controls have

been subject to the same genetic testing conditions.

5.3.1 BRCA1 and Tumour Histopathology

BRCA1 mutations carriers were significantly younger at diagnosis than non-carriers. We have
confirmed that BRCA1 related tumours are significantly more likely to be grade 3, ER-negative, PR-
negative and HER2-negative at presentation compared to non-carriers. They are also significantly
more likely to present with an overall TN phenotype. These results are consistent with the
established phenotype of BRCA1.(154, 218) Foulkes et al. found that the proportion of ER-
negative tumours was higher in BRCA1 mutation carriers than non-carriers across every age
group.(149, 219) In 2012, Mavaddat et al. published one of the largest phenotypic series of 3797

BRCA1 and 2392 BRCA2 mutation carriers with primary invasive breast cancer.(219) They found
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that the majority of tumours arising in BRCA1 mutation carriers were ER-negative (78%), PR-
negative (79%) and HER2-negative (90%). They also found that 68% of BRCA1 associated tumours
were TNT.(219)

This study has additionally found that BRCA1 associated tumours are significantly more likely to
be localised with lower levels of nodal involvement and lymphovascular infiltration at
presentation compared to non-carriers. There was no significant difference in the maximum
invasive tumour size between BRCA1 gene carriers and non-carriers. However, BRCA1 associated
tumours demonstrated a smaller maximum overall tumour size and lower levels of in-situ disease
compared to non-carriers. In 2007, Brekelmans et al. found that node negative tumours were
significantly more common in BRCA1 associated cancer than BRCA2 (NO BRCA1 63% versus NO
BRCA2 43%) (p<0.001).(153) However, the significance of focality, specifically the localisation of
BRCA1 associated tumours is a novel histopathological association. Further work could focus upon

whether this is a product of TNT biology rather than the BRCA1 germline variant itself.

5.3.2 BRCA2 and Tumour Histopathology

BRCA2 mutations carriers were not significantly younger at diagnosis than non-carriers.
Historically, the histopathological phenotype of BRCA2 associated tumours is less well defined
than BRCA1. We have shown that BRCA2 associated tumours are significantly more likely to be
grade 3 ER-positive, PR-positive and HER2-negative. Furthermore, BRCAZ2 carriers with early onset

breast cancer are significantly less likely to have a TN tumour compared to non-carriers

This is consistent with the results of many previous studies which have shown than BRCA2
mutation carriers are more likely to have a high-grade tumours with a luminal B subtype.(154,
218, 220) Bane et al. found that BRCA2 associated tumours were significantly more likely to be
grade 3 than sporadic controls 60% versus 39% (p<0.0001).(220) They also found that HER2
expression was reduced compared to sporadic controls 6% versus 12%. Brekelmans et al. found
that BRCAZ2 associated tumours were significantly more likely to be oestrogen receptor positive
than BRCA1 associated tumours (84% versus 27% p<0.001).(153) In 2012, Mavaddat et al.
demonstrated that 77% of tumours arising in BRCA2 mutation carriers were ER-positive, 65%
were PR-positive and 87% were HER2-negative.(219) In this cohort, only 16% of BRCA2 associated

tumours were triple negative.

This study has additionally found that BRCA2 associated tumours were significantly more likely to
be multifocal with a non-significant trend towards higher levels of nodal involvement compared
to non-carriers. There was no significant difference in the maximum invasive tumour size between

BRCAZ2 gene carriers and non-carriers. However, BRCA2 associated tumours had a significantly
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greater maximum overall tumour size with a trend towards higher levels of in-situ disease
compared to non-carriers. In 2018, Li et al. identified significantly higher levels of nodal
involvement in BRCA2 associated breast cancers ORgrcaz vs non-srca 2.71 (95% Cl 1.31-5.62).(34) In
2017, Krammer et al. found that a significantly higher proportion of BRCA2 mutation carriers
presented with DCIS alone compared to BRCA1 (15% (36/246) versus 9% (23/250)
(p=0.0026)).(221) Some of these baseline differences in tumour morphology may reflect the
difference in radiological appearance between BRCA1 and BRCAZ2 variant carriers that has
previously been reported. In 2017, Ha et al. identified that BRCA1 associated tumours are
significantly more likely to appear benign on radiological assessment and have a well
circumscribed margin compared to BRCA2 associated tumours which more frequently have an
indistinct margin (p=0.004).(222) In 2014, Yu et al. observed the histopathological phenotype of
breast cancers in 181 BRCA mutation carriers of Korean descent and compared them to
population controls. They identified that BRCA2 associated tumours displayed significantly higher
levels of nodal involvement with 45.5% demonstrating axillary nodal involvement versus 33.5%

(p=0.002).(223)

5.3.3 Histopathological Predictors of Germline Mutations

A second aim of this study was to identify histopathological predictors of BRCA1 and BRCA2
carrier status. For the first time, we have identified that hormone receptor status, tumour focality
and family history can serve as significant independent predictors of BRCA1 and BRCA2 carrier
status. The use of focality as a significant independent predictor of germline BRCA1 and BRCA2

mutations is a novel concept.

When these features are identified in a sequential combination it can raise the probability of a
BRCA1 or BRCA2 mutation to the NICE testing threshold of 10% amongst symptomatic early onset
breast cancer. Overall, the tumour phenotype associated with the highest probability of
identifying a pathogenic BRCA1 variant would be observed amongst those patients with a
localised, ER-negative, PR-negative, HER2-negative tumours in the presence of a family history of
breast cancer. Conversely, the highest probability of identifying a pathogenic BRCA2 variant would
be observed amongst those with a multifocal, ER-positive, PR-positive, HER2-negative tumour in

the presence of a family history of breast cancer.

Some of these results are consistent with Spurdle et al. who conducted a large-scale analysis of
4477 BRCA1 mutation carriers, 2565 BRCA2 mutation carriers and 47565 breast cancers in non-
BRCA carriers in 2014.(154) They used ER status, age and grade to provide predictors of BRCA1

and BRCA2 mutations. They found that a combination of age, grade and ER receptor status
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increased the likelihood of a pathogenic mutation than the presence of each factor in

isolation.(154)

These phenotypic characteristics could be utilised as an adjunct to current probabilistic models of
BRCA carrier risk including BOADICEA and the Manchester score which are heavily weighted
towards family history (figure 7). They could also contribute to the evidence used for the
interpretation of VUS and provide more accurate identification of those individuals who would
benefit from germline genetic testing.(154) This is important as 35.8% of BRCA1 mutation carriers
and 34.1% of BRCA2 mutation carriers had no family history of cancer. These individuals had the
same histopathological phenotype as the BRCA mutation carriers with a family history but did not

meet the BRCA testing threshold using conventional carrier probability models.

5.4 Summary

Overall, this work has provided the most comprehensive overview of tumour histopathology in
early onset BRCA-associated breast cancer compared to non-BRCA carriers. It has more
definitively described the BRCA1 and BRCAZ2 associated tumour phenotype and identified
significant independent histopathological predictors of BRCA1 and BRCA2 mutation carriers
including family history, hormone receptor status and focality. For the first time, we have defined
the importance of tumour focality in the prediction of BRCA carrier status, and the novel
histopathological feature of multifocality in association with BRCAZ2. It has also demonstrated that
HER2 negativity an important independent predictor of BRCA1 and BRCA2 mutations. These
factors can be incorporated into a carrier risk stratification model which can be used in
combination with other carrier risk probability methods such as BOADICEA to determine BRCA1

and BRCAZ2 germline predisposition and improve the classification of VUS.
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Chapter 6 Results: Tumour Histopathological

Phenotype amongst Germline CHEK2 Variant Carriers

6.1 Baseline Characteristics of the Cohort

The complete analysed cohort consisted of 2344 participants derived from the POSH study. This
included 53 individuals with a tier 1 variant in CHEK2 and 2291 variant negative participants.

Variant negative was defined as being CHEK2, PALB2, ATM, TP53, BRCA1 and BRCA2 negative.

Most recruits were Caucasian 2146/2317 (92.6%). A pathogenic variant in CHEK2 was found in
53/2344 (2.3%) of this study cohort (53/2744 (1.9%) of the whole cohort) with CHEK2, c.1100delC,
p.(Thr367fs) being the most frequently identified and accounting for 36/53 (67.9%) of all CHEK2
pathogenic variants (Table 28) (Appendix H). A further 28 individuals had Variants of Uncertain
Significance in CHEK?2. This included 27 missense variants and 1 in-frame deletion. These were

defined as mutation negative (Appendix I).

The median age of cancer onset was 37 years (IQR 34-39 years) for CHEK2 pathogenic and likely
pathogenic variants carriers, and 37 years (IQR 34-39 years) for non-carriers. The majority of
CHEK?2 carriers were Caucasian 50/53 (94.3%). There was no association between family history of
breast cancer and median BOADICEA score between CHEK2 variant carriers and non-carriers. In
total, 36/51 (70.6%) of all CHEK2 variant carriers had no family history of breast cancer. The
median BOADICEA score was 0.03 for both CHEK2 variant carriers and non-carriers ((CHEK2
carriers, IQR 0.02-0.07) versus (CHEK2 non-carriers, IQR 0.02-0.05) (p=0.86)) (Table 28). However,
CHEK2 variant carriers with invasive breast cancer were significantly more likely to be obese than

non-carriers (28.3% versus 18.8%, p=0.039).
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CHEK2+ CHEK2+ CHEK2+ CHEK2- p-valuet p-valuet
(c.1100delC) | (other (ALL)
truncating)
. +
Characteristic (c:lﬂ(ozgdelc) Sgif’ik(:"")
vs CHEK2+
(other)
(n=36) (n=17) (n=53) (n=2291)
Median age diagnosis (yrs) 35 38 37 37 p=0.31 p=0.90
Range 20-40 26-40 20-40 18-40
IQR 34-38.5 35-39 34-39 34-39
Body Mass Index (Total) 36 (100%) 17 (100%) 53 (100%) 2203 (100%) | p=0.97 p=0.039
Underweight/Healthy (<25) |21 (58.3%) |10 (58.8%) |31(58.5%) |1185 (53.8%)
Overweight (25-30) 5(13.9%) 2 (11.8%) 7(13.2%) 603 (27.4%)
Obese (>30) 10 (27.8%) 5(29.4%) 15 (28.3%) 415 (18.8%)
Missing 0 0 0 88 (3.8%)
Ethnicity 36 (100%) 17 (100%) 53 (100%) 2264 (100%) |p=0.68 p=0.40
Caucasian/white 34 (94.4%) 16 (94.1%) 50 (94.3%) 2096 (92.6%)
Black 1(2.8%) 1(5.9%) 2(3.8%) 84 (3.7%)
Asian 1(2.8%) 0 1(1.9%) 70 (3.1%)
Other 0 0 0 14 (0.6%)
Missing 0 0 0 27 (1.2%)
Family History 35 (100%) 17 (100%) 51 (100%) 2209 (100%) |p=0.77 p=0.89
No 24 (68.6%) 9 (52.9%) 36 (70.6%) 1539 (69.7%)
Yes 11 (31.4%) 8(47.1%) 15 (29.4%) 670 (30.3%)
Missing 1(2.8%) 0 2(3.8%) 82 (3.6%)
BOADICEA score p=0.87 p=0.86
Median 0.03 0.03 0.03 0.03
Range 0.01t00.76, |0.01t00.86, |0.01t00.86, |0.00 to 0.95,
IQR 0.01t00.07 |0.02t00.07 |0.02to00.07 |0.02to0.05
Missing 1(2.8%) 1(5.9%) 2 (3.8%) 64 (2.7%)

Table 28: Baseline Characteristics of the CHEK2 Cohort

tAssessment of statistical significance were performed using the Mann-Whitney test

for continuous variables and a Pearson )2 test for categorical variables. Samples

derived from the POSH Cohort.

6.2 Tumour Histopathology

6.2.1 Baseline Tumour Grade, Size and Focality

Overall, CHEK2-associated tumours were significantly more likely to be grade 2 at presentation

compared to non-carriers (Grade 2 28/52 (53.8%) versus 803/2229 (36.0%) (p=0.029)). There was

no difference in baseline tumour size between CHEK2 carriers and non-carriers (Table 29 and

Figure 23). CHEK2-associated tumours also displayed significantly higher levels of nodal

involvement compared to non-carriers. In total, 37/53 (69.8%) of CHEK2 carriers presented with
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N1 stage disease versus 1169/2253 (51.9%) of non-carriers (p=0.0098) (Table 29 and Figure 23). In
addition, CHEK2-associated tumours demonstrated a trend towards multifocality at presentation

compared to non-carriers (22/52 (42.3%) versus 624/2085 (29.9%) (p=0.055)).

We compared baseline tumour grade, size and focality between CHEK2 ¢.1100delC carriers and all
other truncating variant carriers and found no significant difference indicating a shared

histopathological tumour phenotype between all protein truncating variants in CHEK2.
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Figure 23: Baseline Histopathological Characteristics of the CHEK2 Cohort

Comparison of the tumour focality, grade and lymph node involvement between
CHEK?2 truncating variant carriers and non-CHEK2 carriers. Values represented as
percentage of the cohort. Samples derived from the POSH Cohort. Reprinted with

permission. © (2020) American Society of Clinical Oncology. All rights reserved.(224)
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CHEK2+ CHEK2+ CHEK2+ CHEK2- p-valuet p-valuet
(c.1100delC) | (other (ALL)
truncating)
Characteristic
CHEK2+ CHEK2+(ALL) vs
(c.1100delc) vs | CMEK2-
CHEK2+ (other)
(n=36) (n=17) (n=53) (n=2291)
Histological Grade (Total) 35 (100%) 17 (100%) 52 (100%) 2229 (100%) |p=0.78 p=0.029
1 2(5.7%) 1(5.9%) 3(5.8%) 148 (6.6%)
2 20 (57.1%) 8(47.1%) 28 (53.8%) 803 (36.0%)
3 13 (37.1%) 8 (47.1%) 21 (40.4%) 1278 (57.3%)
Missing/not graded 1(2.8%) 0 1(1.9%) 62 (2.7%)
Focality (Total) 35 (100%) 17 (100%) 52 (100%) 2085 (100%) | p=0.91 p=0.055
Localised 20 (57.1%) 10 (58.8%) 30 (57.7%) 1461 (70.1%)
Multifocal 15 (42.9%) |7 (41.2%) 22 (42.3%) | 624 (29.9%)
Missing 1(2.8%) 0 1(1.9%) 206 (9.0%)
Max invasive tumour size (total) |35 (100%) 16 (100%) 51 (100%) 2163 (100%) | p=0.13 p=0.73
15mm or less 7 (20.0%) 4 (25.0%) 11 (21.6%) 561 (25.9%)
>15mm to 20mm 8(22.9%) 2(12.5%) 10 (19.6%) 403 (18.6%)
>20mm to 35mm 13 (37.1%) |7 (43.8%) 20(39.2%) | 733(33.9%)
>35mm to 50mm 1(2.9%) 3(18.8%) 4(7.8%) 269 (12.4%)
>50mm 6(17.1%) 0 6(11.8%) 197 (9.1%)
Missing 1(2.8%) 1(5.9%) 2(3.8%) 128 (5.6%)
Pathological N stage (total) 36 (100%) 17 (100%) 53 (100%) 2253 (100%) | p=0.93 p=0.0098
NO 11 (30.6%) 5(29.4%) 16 (30.2%) 1084 (48.1%)
N1 25 (69.4%) 12 (70.6%) 37 (69.8%) 1169 (51.9%)
Missing 0 0 0 38 (1.7%)
Number of positive lymph nodes | 36 (100%) 17 (100%) 53 (100%) 2253 (100%) |p=0.23 p=0.046
0 11 (30.6%) |5 (29.4%) 16 (30.2%) | 1084 (48.1%)
1-3 17 (47.2%) 6 (35.3%) 23 (43.4%) 764 (33.9%)
4-9 5(13.9%) 6 (35.3%) 11 (20.8%) 273 (12.1%)
10+ 3(8.3%) 0 3(5.7%) 132 (5.9%)
Missing 0 0 0 38 (1.7%)
Lymphovascular invasion (total) 32 (100%) 16 (100%) 48 (100%) 2129 (100%) | p=0.83 p=0.090
Absent 13 (40.6%) 6 (37.5%) 19 (39.6%) 1106 (51.9%)
Present 19 (59.4%) | 10(62.5%) |29 (60.4%) |1023 (48.1%)
Missing 4(11.1%) 1(5.9%) 5 (9.4%) 162 (7.1%)

Table 29: Baseline Histopathological Characteristics of the CHEK2 Cohort

Comparison of the tumour focality, grade and lymph node involvement between
CHEK?2 truncating variant carriers and non-CHEK2 carriers. tAssessment of statistical
significance were performed using the Mann-Whitney test for continuous variables
and a Pearson y 2 test for categorical variables. Samples derived from the POSH
Cohort. Reprinted with permission. © (2020) American Society of Clinical Oncology.
All rights reserved.(224)
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6.2.2 Hormone Receptor Status

CHEK?2 related tumours were significantly more likely to be ER-positive and PR-positive compared
to non-carriers (Table 30 and Figure 24). In total, 47/53 (88.7%) of CHEK2-associated tumours
were ER-positive compared to 1557/2279 (68.3%) of non-carriers (p=0.0016) and 33/42 (78.6%) of
CHEK2-associated tumours were PR-positive compared to 1084/1848 (58.7%) of non-carriers
(p=0.0094). CHEK?2 carriers were also significantly less likely to have a TN tumour compared to
non-carriers (p=0.0022). In total, 1/53 (1.9%) of CHEK2-associated tumours had a TN phenotype
compared to 417/2291 (18.2%) of non-CHEK2 tumours (Table 30 and Figure 24). There was no

significant association with HER2 receptor status and CHEK2 genotype.

CHEK2+ CHEK2+ CHEK2+ CHEK2- p-valuet p-valuet
(c.1100delC) | (other (ALL)
truncating)
i CHEK2+(ALL)
Characteristic
(Gul1 057 vs CHEK2-
(c.1100delC)
vs CHEK2+
(other)
(n=36) (n=17) (n=53) (n=2291)
ER status (total) 36 (100%) 17 (100%) 53 (100%) 2279 (100%) |p=0.94 p=0.0016
Negative 4 (11.1%) 2(11.8%) 6 (11.3%) 722 (31.7%)
Positive 32(88.9%) |15(88.2%) |47(88.7%) | 1557 (68.3%)
Missing 0 0 0 12 (0.5%)
HER2 status (total) 32 (100%) 16 (100%) 48 (100%) 2021 (100%) |p=0.21 p=0.22
Negative 22 (68.8%) 8 (50.0%) 30 (62.5%) 1428 (70.7%)
Positive 10 (31.3%) 8 (50.0%) 18 (37.5%) 593 (29.3%)
Missing 4(11.1%) 1 (5.9%) 5(9.4%) 270 (11.8%)
PR status (total) 28 (100%) 14 (100%) 42 (100%) 1848 (100%) | p=0.43 p=0.0094
Negative 5(17.9%) 4 (28.6%) 9 (21.4%) 764 (41.3%)
Positive 23(82.1%) |10 (71.4%) |33(78.6%) |1084 (58.7%)
Missing 8 (22.2%) 3 (17.6%) 11 (20.8%) | 443 (19.3%)
TNT status (total) 36 (100%) 17 (100%) 53 (100%) 2291 (100%) |p=0.14 p=0.0022
Not TNT 36 (100.0%) |16 (94.1%) 52 (98.1%) 1874 (81.8%)
TNT 0 1(5.9%) 1(1.9%) 417 (18.2%)
Missing 0 0 0 0

Table 30: Baseline Hormone Receptor Status of the CHEK2 Cohort

Comparison of ER, PR and HER2 receptor status between CHEK2 truncating variant
carriers and non-CHEK2 carriers. TAssessment of statistical significance were
performed using the Mann-Whitney test for continuous variables and a Pearson y2
test for categorical variables. Samples derived from the POSH Cohort. Reprinted with

permission. © (2020) American Society of Clinical Oncology. All rights reserved.(224)
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Figure 24: Baseline Hormone Receptor Status of the CHEK2 Cohort

Comparison of ER, PR and HER2 receptor status between CHEK2 truncating variant
carriers and non-CHEK2 carriers. Values represented as percentage of the cohort.
Samples derived from the POSH Cohort. Reprinted with permission. © (2020)

American Society of Clinical Oncology. All rights reserved.(224)

6.2.3 Histopathological Predictors of Germline Genotype

A model selection process using multiple logistic regression and incorporating forward selection
by way of likelihood ratio tests was utilised to determine which histopathological features were
better predictors of a CHEK2 germline gene alteration (Table 31). Multiple imputation was utilised
as 869/2344 (37%) had missing data. This analysis identified that only nodal involvement was a
significant independent predictor of germline mutational status, N1 OR = 1.98 (95% Cl, 1.09-3.60).
Overall, the highest probability of identifying a pathogenic CHEK2 variant would be observed
amongst those patients with multifocal, N1 stage tumours demonstrating hormone receptor

positivity (ER, PR and HER2).

92



Chapter 6

CHEK2
Phenotype Classification Adjusted odds ratio | Significant Factor
[95% CI] +
Nodal Involvement NO 1*
N1 1.98 (1.09-3.60) Yes
Focality Localised 1*
Multifocal 1.02 (0.81-1.28)
Oestrogen Receptor Negative 1*
Positive 2.79 (0.81-9.54)
Progesterone Receptor | Negative 1*
Positive 1.23 (0.48-3.15)
HER2 Receptor Negative 1*
Positive 1.15(0.67-1.97)

Table 31: Multiple Logistic Regression Analysis

Multiple logistic regression analysis. TAnalyses adjusted for hormone receptor status,
tumour size, grade, nodal involvement, hormone receptor status, focality, age at

diagnosis and lymphovascular infiltration. *Reference category.

6.3 Outcome

The histopathological analysis has utilised data derived from the POSH study. The complete
analysed cohort consisted of 2397 participants. This included 53 individuals with a tier 1 variant in

CHEK2 and 2344 mutation negative participants.

The majority of patients received adjuvant chemotherapy. The most frequent regimen included
anthracyclines with or without the additional of taxanes. There were no significant differences in
the treatment received between CHEK?2 variant carriers and non-carriers (Table 32). However, a
non-significant trend towards mastectomy was identified amongst CHEK2 variant carriers. In total
36/53 (67.9%) of CHEK2 variant carriers underwent mastectomy as the primary surgical

intervention versus 1122/2291 (49.0%) of non-carriers (p=0.054).
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Breast Conserving Surgery
Mastectomy

Nodal surgery only

None

Missing

14 (38.9%)
22 (61.1%)
0
0
0

3 (17.6%)
14 (82.4%)
0

0

0

17 (32.1%)
36 (67.9%)
0
0
0

1149 (50.2%)
1122 (49.0%)
6 (0.3%)

14 (0.6%)

0

CHEK2+ CHEK2+ CHEK2+ CHEK2- p-valuet p-valuet
(c.1100delC) | (other (ALL)
truncating)
Treatment :_-c;:lﬂ(:;.delc) Sggzi;(:_u)
vs CHEK2+
(other)
(n=36) (n=17) (n=53) (n=2691)
Chemotherapy Timing (total) 36 (100%) 17 (100%) 53 (100%) 2291 (100%) | p=0.85 p=0.51
None 3(8.3%) 2(11.8%) 5(9.4%) 262 (11.4%)
Adjuvant 26 (72.2%) 11 (64.7%) 37 (69.8%) 1682 (73.4%)
Neoadjuvant 7 (19.4%) 4 (23.5%) 11 (20.8%) 347 (15.1%)
Palliative 0 0 0 0
Missing 0 0 0 0
Chemotherapy Regimen (total) |36 (100%) 17 (100%) 53 (100%) 2291 (100%) | p=0.18 p=0.70
None 3(8.3%) 2 (11.8%) 5 (9.4%) 262 (11.4%)
Anthracyclines 25 (69.4%) 7 (41.2%) 32 (60.4%) 1463 (63.9%)
Anthracyclines and taxanes | 7 (19.4%) 7 (41.2%) 14 (26.4%) 530 (23.1%)
Taxanes only 0 1(5.9%) 1(1.9%) 21 (0.9%)
Other 1(2.8%) 0 1(1.9%) 15 (0.7%)
Missing 0 0 0 0
Surgery Type (total) 36 (100%) 17 (100%) 53 (100%) 2291 (100%) |p=0.12 p=0.054

Table 32: Treatment Characteristics of the CHEK2 Cohort

Comparison of the treatment protocol in relation to genotype. TAssessment of

statistical significance were performed using the Mann-Whitney test for continuous

variables and a Pearson 2 test for categorical variables. Samples derived from the

POSH Cohort. Reprinted with permission. © (2020) American Society of Clinical

Oncology. All rights reserved.(224)

The median duration of follow up was 8.2 years. Contralateral breast cancers were more

frequently observed in CHEK2 carriers compared to non-carriers. A contralateral breast cancer

was observed in 5/53 (9.4%) of CHEK2 carriers at 10 years compared to 85/2291 (3.7%) of non-

carriers. Of the 5 CHEK?2 variant carriers with contralateral breast cancer, 2 had bilateral disease at

presentation and a further participant was found to have a contralateral breast cancer in the

same year as their primary breast cancer diagnosis.

Subgroup analysis revealed that the observed increase in contralateral breast cancer risk

observed amongst CHEK2 variant carriers occurred in the context of familial breast cancer. In

total, 3/15 (20.0%) of CHEK2 variant carriers with a positive family history of breast cancer
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developed a contralateral breast cancer compared to 1/36 (2.8%) CHEK2 variant carriers without a
family history. This difference was apparent in the first five years following breast cancer
diagnosis. The contralateral breast cancer rates observed amongst CHEK2 carriers without a
family history of breast cancer where similar to the non-carriers with or without a family history
(Table 33). Furthermore, 3/5 CHEK2 carriers with contralateral disease had a family history of

breast cancer and were obese.

Genotype 5 Years (%) |10 years (%)
CHEK2+ (ALL) 4 (7.5%) 5(9.4%)
CHEK2+ (ALL) and FH- 0 (0%) 1(2.8%)
CHEK2+ (ALL) and FH+ 3 (20%) 3 (20%)
Mutation- (ALL) 62 (2.7%) 85 (3.7%)
Mutation- (ALL) and FH- 46 (3%) 59 (3.8)
Mutation- (ALL) and FH+ 15 (2.2%) 24 (3.6%)

Table 33: Contralateral Breast Cancer Risk in Association with CHEK2

Contralateral breast cancer risk at both 5 and 10 years for CHEK2 truncating variant
carriers versus non-carriers. The presence of a family history (FH+) was associated
with an increased contralateral breast cancer risk. Reprinted with permission.©

(2020) American Society of Clinical Oncology. All rights reserved.(224)

Univariable analysis identified significantly worse Overall Survival (OS) in CHEK2 variant carriers
versus non-carriers (HR, 1.58 (95%Cl, 1.01-2.48 (p=0.043))) (Figure 25). At 5 years, OS was 75.1%
(95% Cl, 60.9-84.7) amongst CHEK2 mutation carriers versus 85.1% (95% Cl, 83.5-86.5) in non-
carriers. At 10 years, OS was 60.7% (95% Cl, 42.5-74.8) amongst CHEK2 mutation carriers versus
70.2% (95% Cl, 67.8-72.5) in non-carriers. The observed difference in OS between CHEK2 mutation
carriers and non-carriers was maintained after adjustment for known prognostic factors including
age at diagnosis, BMI, grade, maximum invasive size (cm), hormone receptor status, nodal
involvement, ethnicity and taxanes in a multivariable analysis (HR 1.65 (95%Cl, 1.05-2.59 (p=0.03))
(Appendix K.1.1)
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2yr Syr 10yr
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Figure 25: Kaplan Meier Plot of Overall Survival amongst CHEK2 Carriers versus Non-Carriers

Kaplan-Meier Plot demonstrating Overall Survival (OS) for CHEK2 truncating variant
carriers versus non-carriers following univariate analysis. Reprinted with
permission. © (2020) American Society of Clinical Oncology.

All rights reserved.(224)

Distant Disease Free Survival (DDFS) was also significantly worse in CHEK2 mutation carriers
versus non-carriers. Univariable analysis demonstrated a HR, 1.62 (95%Cl, 1.06-2.48 (p=0.025))
(Figure 26). At 5 years, DDFS was 61.8% (95% Cl, 47.2-73.4) amongst CHEK2 mutation carriers
versus 77.7% (95% Cl, 75.9-79.4) in non-carriers. At 10 years, DDFS was 56.8% (95% Cl, 41.8-69.3)
amongst CHEK2 mutation carriers versus 69.0% (95% Cl, 66.7-71.2) in non-carriers. The observed
difference in DDFS between CHEK2 mutation carriers and non-carriers was also maintained after
adjustment for known prognostic factors in a multivariable analysis (HR 1.60 (95%Cl, 1.04-2.46
(p=0.033)) (Appendix K.1.2).
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Figure 26: Kaplan Meier Plot of Distant Disease Free Survival amongst CHEK2 Carriers versus

Non-Carriers

Kaplan-Meier Plot demonstrating Distant Disease Free Survival (DDFS) for CHEK2
variant carriers versus non-carriers following univariate analysis. Reprinted with

permission. © (2020) American Society of Clinical Oncology. All rights reserved.(224)

6.4 Discussion

6.4.1 CHEK2 Variant Identification

Analyses of 2744 participants within the POSH cohort, has identified that pathogenic or likely
pathogenic variants in CHEK2 are present in 1.9% of unselected early onset breast cancers within
a UK population. CHEK2, c.1100delC, p.(Thr367fs) is the most frequently identifiable, accounting
for 67.9% of all truncating mutations. These figures are consistent with Decker et al. who
identified a truncating CHEK2 variant in 1.6% of unselected breast cancer cases within a large UK
population based study.(56) CHEK2 c.1100delC, p.(Thr367fs) was the most frequent variant

accounting for 81% of all pathogenic or likely pathogenic variants.(56)

Within this cohort, family history did not reliably predict the presence of a germline CHEK2
variant. This is consistent with a low-moderate overall increase in risk compared to population

average.
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Individuals with a germline CHEK2 variant and invasive breast cancer were significantly more likely
to be obese than non-carriers. It is well recognised that obesity is associated with an increased
risk of post-menopausal breast cancer but it has not been associated with an increased risk in pre-
menopausal breast cancer.(225) In 2017, The Premenopausal Breast Cancer Collaborative Group
assessed the BMI associated breast cancer risk in 758,592 premenopausal women and found an
inverse correlation between age and the associated risk. In this study, significantly more cancer
patients with a CHEK2 pathogenic variant were obese at presentation compared to non-carriers
suggesting a potential synergistic interaction between CHEK2 genetic risk and obesity.(5, 7) POSH
study data has previously shown that BMI was associated with an adverse prognosis after breast
cancer diagnosis, independent of other known risk factors, we therefore included BMI in the

multivariable analysis.(226)

6.4.2 CHEK2 and Tumour Histopathology

This work provides a unique series detailing the histopathological tumour phenotype associated
with early onset breast cancer in the context of a CHEK2 mutation compared with age matched
controls. It has shown that early onset, CHEK2-associated breast cancers are significantly more
likely to be Grade 2, ER and PR-positive with no difference in HER2 expression. They are not
associated with a TNT phenotype. These results are consistent with other reports of the

histopathological tumour phenotype associated with germline mutations in CHEK2.

Decker et al. found that CHEK2-associated tumours were significantly more likely to be ER-positive
OR=3.42 (95% Cl, 2.33 - 5.21 (p=1.5x10""')).(56) Cybulski et al. also found that CHEK2-associated
cancers were significantly more likely to be oestrogen and progesterone receptor positive (69.7%
versus 63.1% (p=0 .002)) and (77% versus 68.7% (p<0.001)) respectively.(90) Weischer et al. also
found a significantly higher frequency of oestrogen and progesterone receptor positive breast
cancers in ¢.1100delC carriers than non-carriers (63% versus 57% (p<0.001)) and (46% versus 43%
(p=0.01)) respectively.(91) Couch et al. found no CHEK2 pathogenic variants amongst 1,824
patients presenting with triple negative breast cancer.(157) The strong association of a germline
CHEK?2 pathogenic variant with ER-positive disease may support the use of oestrogen receptor
blockade such as Tamoxifen as chemoprophylaxis to modulate the CHEK2 related breast cancer

risk.(90)

Invasive breast cancers occurring in the context of a pathogenic CHEK2 variant demonstrated a
trend towards multifocality with significantly higher levels of nodal involvement at presentation.
Our study confirmed the findings of Cybulski et al. who found that CHEK2-associated cancers

demonstrated higher levels of nodal involvement. (90, 158) Multifocal tumour pathology is likely
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to be one of the key drivers for more frequent mastectomy rather than breast conserving
treatment amongst CHEK2 carriers. The association between CHEK2 genotype and multifocality is
novel and highlights potential phenotypic similarity with BRCAZ2 associated invasive breast

cancers.

A further aim of this work was to identify histopathological predictors of CHEK2 carrier status.
Only nodal status was identified as a significant independent predictor of CHEK2 genotype.
Therefore, whilst there is an emerging histopathological CHEK2 related tumour phenotype, this

cannot be reliably used to identify CHEK2 gene carriers versus non-carriers.

6.4.3 CHEK2 and Outcome

We have determined that patients with a germline CHEK2 pathogenic variant who develop breast
cancer have an adverse outcome with reduced OS and DDFS compared to those without, a
relationship which persists after adjustment for known prognostic factors. We noted that 4/74
individuals (5.7%) removed from the analysis because they presented with M1 disease, carried a

pathogenic CHEK2 variant compared with 74/3095 (2.4%) of the total patients in the POSH studly.

Our results are consistent with Schmidt et al. who found that CHEK2, c.1100delC mutation carriers
had a worse recurrence free and breast cancer specific survival than CHEK2 non-carriers (HR 1.7
95% Cl, 1.2-2.4 (p=0.006)) and (HR 1.4 95% Cl, 1.0-2.1 (p=0.072)) respectively but after multi-
variable analysis the difference was no longer statistically significant.(80) Wesicher et al. also
found that ER-positive CHEK2 c.1100delC carriers within the BCAC consortium had a significantly
increased risk of breast cancer specific death which persisted after multi-variable analysis (HR
1.63 (95% Cl, 1.24 to 2.15) p<0.001).(91) They also identified a 2.8 fold risk of a second breast
cancer (HR 2.8 (95% Cl, 2.00 - 3.83 p<0.001).(91)

The contralateral breast cancer rate amongst CHEK2 pathogenic variant carriers was almost twice
that of non-carriers at both 5 and 10 years. Although the absolute numbers of cases was small, we
noted that CHEK2 carriers with a family history, had a contralateral breast cancer rate more than
five times higher than non-carriers, whereas CHEK2 carriers without a family history had no
increase in risk. Within the POSH cohort, family history was not an independent predictor of

outcome. (227)

In 2004, De Bock et al. reported that at 5 years, a contralateral breast cancer had developed in
21% of CHEK2 ¢.1100delC, p.(Thr367fs) carriers compared to 4% of non-carriers representing an
almost 6-fold increase in risk.(228) Decker et al. found that CHEK2-associated tumours were

significantly more likely to be bilateral at presentation (OR=3.27 (95% Cl 1.66 - 5.83)
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p=0.0014).(56) This was further supported by Kilpivaara et al. who also noted a strong association
with bilateral disease at presentation.(90, 158) Our study notes the presentation with bilateral
disease particularly in the context of other risk factors (obesity and family history). This may be
reflective of the influence of polygenic factors in guiding outcome in the context of a moderate

risk breast cancer susceptibility gene.

The importance of family history and hence polygenic factors in the CHEK2-associated breast
cancer risk has been demonstrated by a number of studies. In 2011, Cybulski et al. observed
identified a cumulative increase in breast cancer risk associated with the number of affected
relatives and proximity of that relative to the proband. This equated to absolute lifetime risks of
20% in the absence of a family history, 28% for an affected SDR, 34% for a FDR and 44% if both a
FDR and SDR were affected.(90) Weischer et al. also indicated that breast cancer risk was higher
in the context of familial breast cancer RR 4.8 (95% Cl, 3.3-7.2) equating to a lifetime risk of up to

37% in the presence of a family history.(73)

In 2017, Muranen et al. identified a multiplicative effect of lower penetrance SNPs on CHEK2-
associated breast cancer risk in patients derived from the BCAC consortium.(79) It is possible to
hypothesise that the increased breast cancer risk conferred by polygenic factors may be further

applicable to patient outcome.

6.5 Summary

CHEK2 is commonly included in multigene panel testing, and most frequently identified in the
context of a patient presenting with breast cancer. Although the numbers are small, we observed
a higher likelihood of a contralateral breast cancer associated with a pathogenic CHEK2 variant.
The increased incidence appears to be confined to carriers with a family history of breast cancer.
For carriers with no family history, the incidence of contralateral breast cancer is no greater than

the incidence in a non-carrier population.

CHEK2 pathogenic variant carriers also presented with tumours more likely to metastasise,
manifest as higher nodal involvement and poorer overall survival. This is in contrast to analysis in
the same cohort which showed that prognosis was not altered in a multivariable analysis of

BRCA1 or BRCAZ2 carriers.(36)

Including CHEK2 genotyping as part of population risk stratified approaches to inform targeted
screening and improve early diagnosis is aspirational. The current approach for managing
moderate breast cancer risk within the UK is annual mammograms from the age of 40 years.(229)

The use of chemoprophylaxis may be effective given the high proportion of hormone receptor
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positive breast cancers.(229) However, neither measure has yet been tested in this particular

group of patients.

Our study highlights the importance of including effective measures to address lifestyle risk
factors, particularly around maintaining a healthy body weight, for premenopausal women at

increased breast cancer risk.

In summary, this work describes the characteristics and clinical outcomes for patients who
present with invasive early onset breast cancer and carry a CHEK2 pathogenic variant. Since a
pathogenic CHEK2 variant is likely to be identified in approximately 2% of Caucasian breast
cancers patients, including those aged 40 years or younger, clinicians should be aware of the
adverse prognosis and the effect of family history on contralateral cancer risk in planning cancer
treatment. Finally, in the context of both healthy population screening, and testing of cancer
patients, supportive measures to mitigate risk should include addressing obesity and

environmental factors in a multifactorial approach.
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Chapter 7  Results: Tumour Histopathological

Phenotype amongst Germline PALB2 Variant Carriers

7.1 Baseline Characteristics of the Cohort

The PALB2 histopathological analysis has utilised data derived from the POSH study. The complete
analysed cohort consisted of 2322 participants who were diagnosed with a primary invasive

breast cancer under the age of 40 years (Table 34). This included 31 individuals with a pathogenic
or likely pathogenic variant in PALB2 and 2291 variant negative participants. Variant negative was

defined as CHEK2, ATM, TP53, BRCA1 and BRCAZ2 negative.

Most recruits were Caucasian 2124/2295 (92.5%) (n=27 did not record ethnicity). A confirmed
PALB2 pathogenic or likely pathogenic variant was found in 31/2322 (1.3%) of this study cohort
(1.1% (31/2744) of the whole POSH cohort). The most frequently encountered PALB2 variant was
the founder ¢.3113G>A, p.(Trp1038Ter) identified in 14/31 (45.2%) of all carriers (Appendix H).

The median age of cancer onset was 37 years (IQR 33-38 years) for PALB2 variant carriers, and 37
years (IQR 34-39 years) for non-carriers. The median age of cancer onset was 33 years (IQR 32-36)
for individuals with a PALB2 variant located within the BRCA1 binding domain and 37 years (IQR
36-39) for individuals with a PALB2 variant located within the BRCA2 binding domain.

There was no significant association between a family history of breast cancer and PALB2 carrier
status. However, a higher proportion of PALB2 variant carriers had a family history of breast
cancer (12/27 (44.4%)) compared to variant negative individuals (682/2236 (30.5%)). Consistent
with this observation, the median BOADICEA score was significantly higher in PALB2 variant
carriers than non-carriers but below the threshold of 0.10 (10%) utilised for diagnostic genetic
testing (median score PALB2 positive 0.06 (IQR 0.03-0.13) versus variant negative 0.03 (IQR 0.02-
0.05) (p=0.036). There was no baseline difference in body mass index between PALB2 mutation

carriers and non-carriers (Table 34).
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‘(D:::?; ‘(D:;:zz PALB2+ PALB2- p-valuet p-valuet
domain)* domain)* (ALLy**
PALB2+(ALL)
Characteristic PALB2+ vs PALB2-
(BRCA1
domain) vs
BRCA2
domain
(n=7) (n=16) (n=31) (n=2291)
Median age diagnosis (yrs) 33 37 37 37 p=0.073 p=0.57
Range 31-39 29-40 29-40 18-40
IQR 32-36 36-39 33-38 34-39
Body Mass Index (Total) 7 (100%) 16 (100%) 31(100%) | 2203 (100%) |p=0.61 p=0.97
Underweight/Healthy (<25) |3 (42.9%) 10 (62.5%) |16 (51.6%) | 1185 (53.8%)
Overweight (25-30) 2 (28.6%) 2 (12.5%) 9 (29.0%) 603 (27.4%)
Obese (>30) 2 (28.6%) 4 (25.0%) 6 (19.4%) 415 (18.8%)
Missing 0 0 0 88 (3.8%)
Ethnicity 7 (100%) 16 (100%) 31 (100%) 2264 (100%) | p=0.11 p=0.36
Caucasian/white 5(71.4%) 16 (100.0%) |28 (90.3%) 2096 (92.6%)
Black 1(14.3%) 0 1(3.2%) 84 (3.7%)
Asian 1(14.3%) 0 1(3.2%) 70 (3.1%)
Other 0 0 1(3.2%) 14 (0.6%)
Missing 0 0 0 27 (1.2%)
Family History 7 (100%) 14 (100%) 27 (100%) 2209 (100%) | p=0.15 p=0.11
No 4 (80.0%) 6 (42.9%) 15 (55.6%) 1539 (69.7%)
Yes 1(20.0%) 8(57.1%) 12 (44.4%) 670 (30.3%)
Missing 2 (28.6%) 2 (12.5%) 4 (12.9%) 82 (3.6%)
BOADICEA score p=0.682 p=0.0036
Median 0.06 0.08 0.06 0.03
Range 0.01t00.24, |0.02t00.47, | 0.01t0 0.65, |0.00 to 0.95,
IQR 0.02t00.12 |0.03t00.14 |0.03t00.13 |0.02to 0.05
Missing 1(14.3%) 2 (14.3%) 3(9.7%) 62 (2.7%)

Table 34: Baseline Characteristics of the PALB2 Cohort

*The BRCA1 binding domain is located between amino acids 1 - 319 and the BRCA2

binding domain occurs in the WD40 motif located between amino acids 853 and

1186.(30) PALB2 (ALL) incorporates all pathogenic variants identified in PALB2.

tAssessments of statistical significance were performed using the Mann-Whitney test

for continuous variables and a Pearson 2 test for categorical variables. Samples

derived from the POSH Cohort.
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7.2 Tumour Histopathology

7.2.1 Baseline Tumour Grade, Size and Focality

Overall, a higher percentage of PALB2-associated tumours were grade 3 at presentation
compared to non-carriers, however this relationship was non-significant (grade 3 22/31 (71.0%)
versus 1278/2229 (57.3%) (p=0.18)). There was no difference in baseline tumour size, focality,
nodal involvement or lymphovascular infiltration between PALB2 variant carriers and non-carriers

across the cohort (Table 35 and Figures 27 and 28).

Subgroup analysis which differentiated between pathogenic variants located within the BRCA1
and BRCA2 binding domains identified baseline differences in tumour histopathology. Tumours
occurring in association with a variant in the BRCA1 binding domain were significantly smaller
than those associated with variants in the BRCA2 binding domain. Overall 6/7 (85.7%) of tumours
occurring in association with a variant in the BRCA1 binding domain were less than 20mm. In
comparison 13/16 (81.2%) of tumours occurring in association with a variant in the BRCA2 binding

domain were greater than 20mm (p=0.008) (Table 35 and Figures 27 and 28).

A higher proportion of tumours occurring in association with PALB2 variants in the BRCA1 binding
domain were localised (5/6 (83.3%) versus 10/16 (62.5%)). A higher proportion of BRCA1 binding
domain tumours also presented with NO stage disease (4/7 (57.1%) versus 4/16 (25.0%) (p=0.14)).
Significantly lower levels of lymphovascular infiltration were identifiable amongst BRCA1 binding
domain associated tumours. In total, 0/7 (0%) of BRCA1 binding domain associated tumours
demonstrated lymphovascular infiltration versus 9/16 (56.2%) of BRCA2 binding domain
associated tumours (p=0.011) (Table 35 and Figures 27 and 28).
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f::gjl f:;:s,:z PALB2+ PALB2- p-valuet p-valuet
domain)* domain)* AR
PALB2+(ALL) vs
Characteristic PALB2-
PALB2+
(BRCA1
domain) vs
BRCA2 domain
(n=7) (n=16) (n=31) (n=2291)
Histological Grade (Total) 7 (100%) 16 (100%) 31 (100%) 2229 (100%) | p=0.62 p=0.18
1 0 0 0 148 (6.6%)
2 1(14.3%) 5(31.2%) 9 (29.0%) 803 (36.0%)
3 6 (85.7%) 11 (68.8%) 22 (71.0%) 1278 (57.3%)
Missing/not graded 0 0 0 62 (2.7%)
Focality (Total) 6 (100%) 16 (100%) 30 (100%) 2085 (100%) | p=0.35 p=0.99
Localised 5(83.3%) 10 (62.5%) 21 (70.0%) 1461 (70.1%)
Multifocal 1(16.7%) 6 (37.5%) 9 (30.0%) 624 (29.9%)
Missing 1(14.3%) 0 1(3.2%) 206 (9.0%)
Max invasive tumour size (total) |7 (100%) 16 (100%) 31 (100%) 2163 (100%) | p=0.008 p=0.59
15mm or less 2 (28.6%) 3(18.8%) 7 (22.6%) 561 (25.9%)
>15mm to 20mm 4 (57.1%) 0 5 (16.1%) 403 (18.6%)
>20mm to 35mm 0 9 (56.2%) 12 (38.7%) | 733 (33.9%)
>35mm to 50mm 1(14.3%) 3(18.8%) 6 (19.4%) 269 (12.4%)
>50mm 0 1(6.2%) 1(3.2%) 197 (9.1%)
Missing 0 0 0 128 (5.6%)
Pathological N stage (total) 7 (100%) 16 (100%) 31 (100%) 2253 (100%) | p=0.14 p=0.74
NO 4(57.1%) 4 (25.0%) 14 (45.2%) 1084 (48.1%)
N1 3 (42.9%) 12 (75.0%) |17 (54.8%) | 1169 (51.9%)
Missing 0 0 0 38 (1.7%)
Number of positive lymph nodes | 7 (100%) 16 (100%) 31 (100%) 2253 (100%) |p=0.29 p=0.081
0 4 (57.1%) 4 (25.0%) 14 (45.2%) | 1084 (48.1%)
1-3 1(14.3%) 7 (43.8%) 9 (29.0%) 764 (33.9%)
4-9 2(28.6%) 5(31.2%) 8(25.8%) 273 (12.1%)
10+ 0 0 0 132 (5.9%)
Missing 0 0 0 38 (1.7%)
Lymphovascular invasion (total) 7 (100%) 16 (100%) 30 (100%) 2129 (100%) | p=0.011 p=0.22
Absent 7 (100.0%) 7 (43.8%) 19 (63.3%) 1106 (51.9%)
Present 0 9 (56.2%) 11 (36.7%) | 1023 (48.1%)
Missing 0 0 1(3.2%) 162 (7.1%)

Table 35: Baseline Histopathological Characteristics of the PALB2 Cohort

Comparison of the tumour focality, grade and lymph node involvement between

PALB2 mutation carriers and non-carriers. TAssessment of statistical significance

were performed using the Mann-Whitney test for continuous variables and a Pearson

%2 test for categorical variables. Samples derived from the POSH Cohort. *The BRCA1

binding domain is located between amino acids 9 and 44 and the BRCA2 binding

domain occurs in the WD40 motif located between amino acids 853 and 1186. PALB2

(ALL) incorporates all pathogenic variants identified in PALB2.
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Figure 27: Baseline Histopathological Characteristics of the PALB2 Cohort
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Figure 28: Baseline Histopathological Characteristics of the PALB2 Cohort - Subgroup Analysis

Comparison of the tumour focality, grade, nodal status and tumour size between

PALB2 mutation carriers with variants in the BRCA1 and BRCA2 binding domains.

Values represented as percentage of the cohort. *The BRCA1 binding domain is
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located between amino acids 9 and 44 and the BRCA2 binding domain occurs in the

WD40 motif located between amino acids 853 and 1186.

7.2.2 Hormone Receptor Status

There was no significant difference between ER or PR receptor status between PALB2 mutation
carriers and non-carriers. In total, 23/31 (74.2%) of the PALB2-associated tumours were ER-
positive compared to 1557/2279 (68.3%) of non-carriers (p=0.48) and 16/24 (66.7%) of the PALB2-
associated tumours were PR-positive compared to 1084/1848 (58.7%) of non-carriers (p=0.43).
PALB2-associated tumours were significantly more likely to be HER2-negative with 23/26 (88.5%)
PALB2-associated tumours demonstrating HER2 negativity compared to 1428/2021 (70.7%) of
non-carriers (p=0.047) (Table 36, Figure 29 and Figure 30).

There was no significant difference in ER and PR receptor status in the subgroup analysis which
compared variants within the BRCA1 and BRCA2 binding domains. However, a higher proportion
of tumours located in the BRCA1 binding domain were ER-negative tumours (3/7 (42.9%) versus
4/16 (25.0%)). In comparison, a higher proportion of tumours located in the BRCA2 binding
domain were ER-positive (12/16 (75.0%) versus 4/7 (57.1%)). This observation was not statistically

significant (p=0.39).

PALB2 variants located within the BRCA1 binding domain were significantly more likely to present
with HER2-amplified tumours (3/6 (50.0%) versus 0/12 (0%) (p=0.0073)) (Table 36, Figure 29 and
Figure 30). There was no association between PALB2 variant status and the presence of a TNT
phenotype. In total, 4/31 (12.9%) of PALB2-associated tumours had a TNT compared to 417/2291
(18.2%) of non-PALB2 tumours (p=0.45) (Table 36, Figure 29 and Figure 30).
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PALB2 :’:;:jz e L p-valuet p-valuet
PALB2+(ALL)
Characteristic PALB2+ vs PALB2-
(BRCA1
domain) vs
BRCA2
domain
(n=7) (n=16) (n=31) (n=2291)
ER status (total) 7 (100%) 16 (100%) 31 (100%) 2279 (100%) | p=0.39 p=0.48
Negative 3(42.9%) 4 (25.0%) 8(25.8%) 722 (31.7%)
Positive 4 (57.1%) 12 (75.0%) 23 (74.2%) 1557 (68.3%)
Missing 0 0 0 12 (0.5%)
HER2 status (total) 6 (100%) 14 (100%) 26 (100%) 2021 (100%) | p=0.004 p=0.047
Negative 3 (50.0%) 14 (100.0%) |23 (88.5%) 1428 (70.7%)
Positive 3 (50.0%) 0 3(11.5%) 593 (29.3%)
Missing 1(14.3%) 2 (12.5%) 5(16.1%) 270 (11.8%)
PR status (total) 6 (100%) 11 (100%) 24 (100%) 1848 (100%) | p=0.59 p=0.43
Negative 3(50.0%) 4 (36.4%) 8(33.3%) 764 (41.3%)
Positive 3(50.0%) 7 (63.6%) 16 (66.7%) 1084 (58.7%)
Missing 1(14.3%) 5(31.2%) 7 (22.6%) 443 (19.3%)
TNT status (total) 7 (100%) 16 (100%) 31 (100%) 2291 (100%) | p=0.79 p=0.45
Not TNT 6 (85.7%) 13 (81.2%) 27 (87.1%) 1874 (81.8%)
TNT 1(14.3%) 3 (18.8%) 4(12.9%) 417 (18.2%)
Missing 0 0 0 0

Table 36: Baseline Hormone Receptor Status of the PALB2 Cohort

Comparison of ER, PR and HER2 receptor status between PALB2 mutation carriers

and non-carriers. *The BRCA1 binding domain is located between amino acids 9 and

44 and the BRCA2 binding domain occurs in the WD40 motif located between amino

acids 853 and 1186. PALB2 (ALL) incorporates all pathogenic variants identified in

PALB2. tAssessment of statistical significance were performed using the Mann-

Whitney test for continuous variables and a Pearson 2 test for categorical variables.

Samples derived from the POSH Cohort.
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Figure 29: Baseline Hormone Receptor Status of the PALB2 Cohort

Comparison of ER, PR and HER2 receptor status between PALB2 mutations carriers

and non-carriers. Values represented as percentage of the cohort.
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Figure 30: Baseline Hormone Receptor Status of the PALB2 Cohort - Subgroup Analysis

Comparison of ER, PR and HER2 receptor status between PALB2 mutation carriers
with variants in the BRCA1 and BRCAZ2 binding domains. Values represented as
percentage of the cohort. *The BRCA1 binding domain is located between amino
acids 9 and 44 and the BRCAZ2 binding domain occurs in the WD40 motif located

between amino acids 853 and 1186.
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7.2.3 Histopathological Predictors

A model selection process using multiple logistic regression and incorporating forward selection
by way of likelihood ratio tests was utilised to determine which histopathological features were
better predictors of a PALB2 germline gene alteration (Table 37). Multiple imputation was utilised
as 860/2322 (37%) had missing data. Grade was removed from the analysis due to insufficient
numbers. There were no significant independent predictors of germline mutational status.
Lymphovascular infiltration, PR and HER2 receptor status contributed towards the prediction of a

PALB2 variant (Table 37).

Overall, the highest probability of identifying a pathogenic PALB2 variant would be observed
amongst those patients with PR-positive and HER2-negative tumours. There were no significant
independent predictors of a germline PALB2 mutation. Subgroup analysis of variants located
within the BRCA1 and BRCA2 binding domains was not conducted due to insufficient numbers

(Table 37).

PALB2
Phenotype Classification Adjusted odds ratio | p value
[95% CI] +
Lymphovascular Infiltration | Absent 1*
Present 0.99 (0.79-1.23)
Progesterone Receptor Negative 1*
Positive 1.19 (0.57-2.45)
HER2 Receptor Negative 1*
Positive 0.32 (0.09-1.05)

Table 37: Multiple Logistic Regression Analysis

Multiple logistic regression analysis. TAnalyses adjusted for hormone receptor status,
tumour size, nodal involvement, hormone receptor status, focality, age at diagnosis

and lymphovascular infiltration. *Reference category.

7.3 Outcome

The majority of patients received adjuvant chemotherapy. The most frequent regimen included
anthracyclines with or without the additional of taxanes. There were no significant differences in
the treatment received between PALB2 mutation carriers and non-carriers (Table 38). This was
irrespective of the binding domain in which the variant was located. However, a higher proportion
of PALB2 carriers with variants located within the BRCA1 binding domain were managed with
breast conserving surgery. In total 6/7 (85.7%) of PALB2 carriers with variants within the BRCA1
binding domain received breast conserving surgery as the primary surgical intervention versus

6/16 (37.5%) of BRCA2 binding domain carriers and 16/31 (51.6%) of all variant carriers (p=0.07).
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f::gjz f:;gjz PALB2+ PALB2- p-valuet p-valuet
domain)* domain)* R
PALB2+(ALL)
Treatment PALB2+ vs PALB2-
(BRCA1
domain) vs
BRCA2
domain
(n=7) (n=16) (n=31) (n=2291)
Chemotherapy Timing (total) 7 (100%) 16 (100%) 31 (100%) 2291 (100%) | p=0.23 p=0.61
None 1(14.3%) 0 2 (6.5%) 262 (11.4%)
Adjuvant 5(71.4%) 15 (93.8%) 25 (80.6%) 1682 (73.4%)
Neoadjuvant 1(14.3%) 1(6.2%) 4 (12.9%) 347 (15.1%)
Palliative 0 0 0 0
Missing 0 0 0 0
Chemotherapy Regimen (total) |7 (100%) 16 (100%) 31 (100%) 2291 (100%) | p=0.58 p=0.61
None 1(14.3%) 0 2 (6.5%) 262 (11.4%)
Anthracyclines 4 (57.1%) 11 (68.8%) 20 (64.5%) 1463 (63.9%)
Anthracyclines and taxanes | 2 (28.6%) 4 (25.0%) 8 (25.8%) 530 (23.1%)
Taxanes only 0 1(6.12%) 1(3.2%) 21 (0.9%)
Other 0 0 0 15 (0.7%)
Missing 0 0 0 0
Surgery Type (total) 7 (100%) 16 (100%) 31 (100%) 2291 (100%) | p=0.07 p=0.96
Breast Conserving Surgery |6 (85.7%) 6 (37.5%) 16 (51.6%) 1149 (50.2%)
Mastectomy 1(14.3%) 10 (62.5%) 15 (48.4%) 1122 (49.0%)
Nodal surgery only 0 0 0 6 (0.3%)
None 0 0 0 14 (0.6%)
Missing 0 0 0 0

Table 38: Treatment Characteristics of the PALB2 Cohort

The median duration of follow up was 8.2 years. No contralateral breast cancers were observed

amongst PALB2 variant carriers at 5 years compared to 62/2291 (2.7%) of non-carriers (Table 39).

Comparison of the treatment protocol in relation to genotype. TAssessment of

statistical significance were performed using the Mann-Whitney test for continuous
variables and a Pearson 2 test for categorical variables. Samples derived from the

POSH Cohort. *The BRCA1 binding domain is located between amino acids 9 and 44

and the BRCA2 binding domain occurs in the WD40 motif located between amino

acids 853 and 1186.

At 10 years, the rate of contralateral breast cancer was almost 2-fold higher amongst PALB2

mutation carriers. A contralateral breast cancer was observed in 2/31 (6.5%) of PALB2 mutation

carriers at 10 years compared to 85/2291 (3.7%) of non-carriers. The observed increase in

contralateral breast cancers was not elevated in the context of familial breast cancer.
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Genotype 5 Years (%) |10 years (%)
PALB2+ (ALL) 0 (0%) 2 (6.5%)
PALB2+ (ALL) and FH- 0 (0%) 1(6.7%)
PALB2+ (ALL) and FH+ 0 (0%) 1(8.3%)
Mutation- (ALL) 62 (2.7%) 85 (3.7%)
Mutation- (ALL) and FH- 46 (3%) 59 (3.8%)
Mutation- (ALL) and FH+ 15 (2.2%) 24 (3.6%)

Table 39: Contralateral Breast Cancer Risk in Association with PALB2

Contralateral breast cancer risk at both 5 and 10 years for PALB2 mutation carriers

versus non-carriers.

Univariable analysis identified a trend towards improved OS amongst PALB2 variant carriers
versus non-carriers within the first 5 years after cancer diagnosis (HR, 0.72 (95%Cl, 0.3-1.6
(p=0.430)) (Figure 31). This relationship was not significant. At 5 years, OS was 96.3% (95% ClI,
76.5-99.5) amongst PALB2 variant carriers versus 85.1% (95% Cl, 83.5-86.5) in non-carriers. At 10
years, OS was 70.9% (95% Cl, 39.4-88.1) amongst PALB2 mutation carriers versus 70.4% (95% Cl,
67.8-72.5) in non-carriers. The observed difference in OS between PALB2 variant carriers and
non-carriers was maintained after adjustment for known prognostic factors including age at
diagnosis, BMI, maximum invasive size (cm), hormone receptor status, nodal involvement,
ethnicity and taxanes in a multivariable analysis but remained non-significant (HR 0.76 (95%ClI,

0.3-1.7 (p=0.51)) (Appendix K.2.1). Subgroup analysis was not performed due to low numbers.

2yr 5yr 10yr
PALB2-% (95% Cl)  96.61(95.77,97.28) 85.10 (83.54,86.53) 70.18(67.77,72.46)
PALB2+% (95% ClI)  100.00(.,.) 96.30(76.49,99.47) 70.92 (39.44, 88.09)

HR (95% Cl) 0.72 (0.32, 1.62)
p-value 0.430
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Figure 31: Kaplan Meier Plot of Overall Survival amongst PALB2 Carriers versus Non-Carriers

Kaplan-Meier Plot demonstrating Overall Survival (OS) for PALB2 truncating variant

carriers versus non-carriers following univariate analysis.
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Univariable analysis identified a possible trend towards improved DDFS amongst PALB2 variant
carriers versus non-carriers (HR, 0.63 (95%Cl, 0.3-1.4 (p=0.266))) (Figure 32). However the
numbers of PALB2 carriers are small and the difference is not significant. At 5 years, DDFS was
92.8% (95% Cl, 74.3-98.2) amongst PALB2 mutation carriers versus 77.7% (95% Cl, 75.9-79.4) in
non-carriers. At 10 years, DDFS was 79.8% (95% Cl, 57.4-91.2) amongst PALB2 mutation carriers
versus 68.9% (95% Cl, 66.7-71.2) in non-carriers. The observed difference in DDFS between PALB2
mutation carriers and non-carriers was also maintained after adjustment for known prognostic
factors in a multivariable analysis but remained non-significant (HR 0.66 (95%Cl, 0.3-1.5) (p=0.32))

(Appendix K.2.2). Subgroup analysis was not performed due to low numbers.

2yr Syr 10yr
PALB2-% (95% CI)  90.84 (89.58,91.96) 77.71(75.91,79.39) 69.01(66.73,71.17)
PALB2+% (95% CI) 100.00(.,.) 92.84 (74.25,98.16) 79.76 (57.36,91.21)
HR (95% CI) 0.63 (0.28, 1.42)
p-value 0.266
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Figure 32: Kaplan Meier Plot of Distant Disease Free Survival amongst PALB2 Mutations Carriers

versus Non-Carriers

Kaplan-Meier Plot demonstrating Distant Disease Free Survival (DDFS) for PALB2

variant carriers versus non-carriers following univariate analysis.

7.4 Discussion

7.4.1 Baseline Characteristics of the Cohort

A confirmed PALB2 pathogenic or likely pathogenic variant was found in 1.3% of this study cohort
and 1.1% of the whole POSH cohort. The most frequently encountered PALB2 variant was the
founder mutation c.3113G>A, p.(Trp1038Ter). This is consistent with many previous studies that
describe a prevalence of 1-2% depending upon the selection criteria for the cohort. These figures

are consistent with Decker et al. who identified a pathogenic variant in PALB2 amongst 0.68% of
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unselected breast cancer cases within a large UK population based study. It is also consistent with

the studies described in Chapter 1.4.2.(56)

There was no significant association between a family history of breast cancer and PALB2 variant
carrier status. However, a higher proportion of PALB2 carriers had a family history of breast cancer
compared to mutation negative individuals. Consistent with this observation, the median
BOADICEA score was significantly higher in PALB2 variant carriers than non-carriers but below the
threshold for diagnostic genetic testing. This reflects the moderate to high increase in breast cancer

risk conferred by pathogenic variants in PALB2. (20, 56, 57, 64)

There was no significant difference in the age of onset between PALB2 variant carriers and non-
carriers. This finding is consistent with much of the published literature which demonstrates that
there is no difference in the associated risk of PALB2-associated breast cancer with age. Statistical
modelling by Antoniou et al. found that age specific relative risk models were not significantly
better than models that assumed a constant relative risk with age (p = 0.07). Cybulski et al. also
found no significant difference in the age of onset between PALB2 mutation carriers and non-
carriers.(66) They found the relative risk of breast cancer in women was 3.68 (95%Cl 1.84-7.15)
under the age of 50 years and 4.90 (2.53-9.49) for those diagnosed after the age of 50 years.(66)
Decker et al. also found no clear association between breast cancer risk and age in carriers of rare
truncating variants in PALB2.(56) In contrast, Yang et al. have published the largest cohort of
pathogenic PALB2 variant carriers derived from 524 unselected families.(20) They identified that
under a linear trend model, the relative risk of breast cancer reduces with age from RR 13.10 at
age 25 years to RR 4.69 at age 75 years.(20) The ascertainment of participants within the POSH
study would preclude the identification of differential pre and post-menopausal relative breast

cancer risks.

This work has identified a non-significant trend towards a younger median age at cancer diagnosis
amongst individuals with PALB2 mutations located within the BRCA1 binding domain. This
observation has not been reported previously in the context of PALB2 mutations. However, it is
recognised that peak cancer incidence for BRCA1 mutation carriers is at an earlier age compared to
BRCA2 gene carriers. In 2017, Kuchenbaecker et al. conducted the largest prospective cohort study
of 6036 BRCA1 and 3820 BRCA2 mutation carriers.(41) They identified that the peak cancer
incidence amongst BRCA1 mutation carriers occurred between 41-50 years whilst the peak cancer
incidence amongst BRCA2 mutation carriers occurred between 51-60 years.(41) As such, the
variation in age of onset between different BRCA binding domains within the PALB2 gene may

reflect a domain specific effect.
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7.4.2 PALB2 Variants and Tumour Histopathology

This work provides a unique series detailing the histopathological tumour phenotype associated
with early onset breast cancer in the context of a PALB2 pathogenic variant compared with age
matched controls. There was no significant difference between ER or PR receptor status between
PALB2 variant carriers and non-carriers. In addition, there was no association between PALB2

carrier status and the presence of a TN tumour phenotype.

The ER and PR receptor findings are consistent with the work of Decker et al. They identified 89
PALB2 mutation carriers from 13, 087 breast cancer cases within a UK cohort and found no
significant difference in the presenting ER phenotype (ER-positive OR=4.32 (95% Cl 2.07-10.5)
versus ER-negative OR=5.58 (95% Cl 2.19-15.2) (p=0.55)).(56) Pathogenic variants in PALB2
spanned the entire gene. This is also comparable to the work of Li et al. in 2019. They analysed 24
PALB2-associated invasive breast cancers.(47) It is also comparable to Lee et al. who in 2018
observed the histopathological tumour phenotype in 15 cases of PALB2-associated breast
cancer.(230) In total, 7/15(46.7%) of PALB2-associated tumours were ER-positive and 8/15
(53.3%) were ER-negative.(230)

Subgroup analysis which differentiated between pathogenic variants located within the BRCA1 and
BRCAZ2 binding domains identified that a higher proportion of individuals with alterations in the
BRCA1 binding domain presented with ER-negative tumours whilst a higher proportion of
individuals with mutations in the BRCA2 binding domain presented with ER-positive tumours. This
relationship was non-significant, however, a possible interaction between the PALB2 BRCA binding

domain and tumour histopathological phenotype has been described in other published literature.

Cybulski et al. tested 12,529 women with invasive breast cancer for two specific PALB2 variants
located within the BRCA1 binding domain ¢.172_175delTTGT (p.GIn60Argfs) and c.509_510del
(p.Argl70llefs).(66) They identified 116 PALB2 mutation carriers. Individuals with wild type PALB2
were significantly more likely to have ER-positive tumours then PALB2 mutation carriers (70%
versus 60% (p=0.031)). The same, and potentially stronger association was observed for
Progesterone Receptor (PR) status. 71% of individuals with wild type PALB2 had a PR-positive
tumour compared to 55% of PALB2 mutation carriers (p=0.0004)).(66) PALB2 mutation carriers

were also significantly more likely to have triple negative tumours (35% versus 14% (p<0.0001)).(66)

Heikkinen et al. observed the histopathological tumour phenotype amongst 27 individuals with
PALB2 .1592delT.(53) A protein truncating variant proximal to the BRCA2 binding domain. They
found that PALB2 mutation carriers were significantly more likely to have an ER-negative and PR-

negative tumour than non-carriers with familial breast cancer ((ER-negative 46.7% versus 20.9%
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(p=0.0008)) and (PR-negative 56.7% versus 33.8% (p=0.0095))).(53) They were also significantly
more likely to have TN basal like tumours (31.8% versus 6.9% (p<0.0001).(53)

To an extent, the observed potential association with mutation domain and hormone receptor
status is consistent with what is already understood about BRCA1 and BRCAZ2 associated hormone
receptor status. BRCA1 associated tumours are classically triple negative or ER-negative whilst

BRCA2 associated tumours are classically ER, PR-positive and HER2-negative.(219)

However, the potential association between hormone receptor status and BRCA binding domains
is not reproducible across all PALB2 studies. This may be reflective of an age related effect on
hormone receptor status. In 2012, Mavaddat et al. observed the tumour histopathology in 3797
BRCA1 mutation carriers and 2392 BRCA2 mutation carriers.(219) They found that the proportion
of ER-negative breast tumours significantly decreased with age at diagnosis amongst BRCA1 gene
carriers but increased with age at diagnosis among BRCAZ2 carriers (p-trend=1.2x10-5 and p-
trend=6.8x10-6 respectively).(219) They also found that the proportion of triple negative tumours
decreased with age at diagnosis in BRCA1 carriers.(219) The opposite was observed amongst BRCA2

gene carriers.(219)

PALB2 c.3113G>A was over-represented within the POSH cohort and comprised the majority of
mutations within the BRCA2 binding domain. It is possible that the observed difference in the
BRCA1 and BRCAZ2 binding domain histopathology is a variant specific (c.3113G>A) effect. The
PALB2 protein has a coiled-coil motif which is integral to the heterodimerisation and interaction
with BRCA1.(46) It also has a WD40 domain which interacts with BRCA2.(46) Both the coiled-coil
motif and WD40 B-propeller additionally interact with RAD51. (48) The WD40 domain has a B-
propeller structure composed of several repeats of 40-60 amino acid residues which mask a Nuclear
Export Signal (NES).(46) In 2017, Pauty et al. observed the functional effects of four protein
truncating variants distributed across the PALB2 gene (p.Argl70fs, p.Leu531fs, p.GIn775* and
p.Trp1038*) with immunofluorescence.(48) They identified that ¢.3113G>A, p.(Trp1038*) was
associated with a significant increase in cytoplasmic localisation and reduced interaction with
BRCA2 and RAD51.(48) The other protein truncating variants displayed predominant nuclear
localisation of the protein.(48) They further demonstrated that any variant located in the WD40
repeat domain between amino acids 853-1186 produced the same mislocalisation effect.(48)
However truncating variants proximal to and including amino acid 852 resulting in a reversion to

nuclear localisation.(48)

Tumours associated with PALB2 variants located within the BRCAI1 binding domain were
significantly more likely to be HER2-amplified. In 2019, Li et al. conducted an analysis of 24 invasive

breast cancers derived from 24 PALB2 germline mutation carriers 1/24 tumours displayed HER2
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receptor amplification and this was within the BRCA2 binding domain.(47) In 2018 Lee et al.
observed the HER2 receptor status in 15 PALB2-associated breast cancers and found that 4/15 were
HER2-amplified.(230) The observed mutations were distributed between the BRCA1 and BRCA2
binding domains. From the current literature it is unclear whether HER2 amplification is more or

less frequently observed in PALB2 gene carriers than non-carriers.

A higher percentage of PALB2-associated tumours within this study cohort were grade 3 at
presentation compared to non-carriers Whilst this relationship is non-significant, high grade at
presentation is consistent with other tumours that occur in association with a germline gene
alteration such as BRCA1 or BRCA2.(41) There was no difference in baseline tumour size, focality,
nodal involvement or lymphovascular infiltration between PALB2 mutation carriers and non-

carriers.

Subgroup analysis which differentiated between pathogenic variants located within the BRCA1 and
BRCA2 binding domains identified baseline differences in tumour histopathology. Tumours
occurring in association with a mutation in the BRCA1 binding domain were significantly smaller
than those associated with mutations in the BRCA2 binding domain. A higher proportion of tumours
occurring in association with PALB2 mutations in the BRCA1 binding domain were also localised

with lower levels of nodal involvement and significantly lower levels of lymphovascular infiltration.

There is a paucity of published literature to compare these observed baseline histopathological
characteristics between PALB2 variant carriers and non-carriers. However, the observed potential
association with mutation domain and tumour histopathology is consistent with the BRCA1 and
BRCA2 associated histopathology observed within this prospective cohort including smaller more

localised tumours being observed in the context of a BRCA1 mutation.

7.4.3 PALB2 Variants and Outcome

Univariable analysis identified a non-significant trend towards improved OS amongst PALB2
mutation carriers versus non-carriers within the first 5 years after cancer diagnosis although the
numbers are small. Subgroup analysis was not possible due to the small sample size. PALB2
carriers with variants located within the BRCA1 binding domain were significantly more likely to
be managed with breast conserving surgery which may be reflective of the trend towards smaller,

more localised tumours observed within this sub-group.

There is limited available data regarding the prospective cancer outcome amongst individuals with
a germline PALB2 mutation. It has been suggested that PALB2-associated tumours may display a

more aggressive tumour phenotype with a higher proliferation index (Ki67) and grade at

118



Chapter 7

presentation.(46) Cybulski et al. have provided the largest study looking at prospective outcomes
in this group of patients. They found the crude 10 year survival to be significantly lower in PALB2
carriers compared to normal population controls (48.0% (95%Cl 36.5-63.2)) versus (74.7% (95%ClI
73.5-75.8) (p<0.0001)).(66) This survival disparity was also present and significant at 5 years but not
to the same magnitude.(66) However, PALB2 gene carriers with a breast cancer smaller than 2 cm
had a 10-year survival of 82:4% (95% Cl, 66-:0—100-0%), compared with 32:4% (95%Cl, 20-2-52:2%)

for women with PALB2-associated cancers that were 2-:0—4-9 cm in diameter.

7.5 Summary

This study represents one of the largest prospective cohorts observing PALB2-associated
histopathology in early onset breast cancer. It has demonstrated a potential domain specific
effect on tumour histopathology with mutations in the BRCA1 binding domain producing a more
“BRCA1 like” tumour compared to BRCA2 binding domain mutations producing a more “BRCA2
like” tumour. Whilst the observed domain specific effect is novel, the observed BRCA1 and BRCA2

associated histopathological features are well characterised.

The current literature reporting histopathological tumour phenotype in association with pathogenic
variants in PALB2 is inconsistent as are reports of associated primary tumour sites. The
identification of domain specific histopathological differences in PALB2-associated tumours in this
work raises the question of whether there may also be domain specific cancer risks, in particular
for those cancers recognised to occur in association with BRCA2 gene alterations such as prostate
and pancreatic cancer. It may explain some of the discordance between the non-breast cancer risks
currently reported in association with PALB2 mutations and suggest a potential area for meta-

analysis of international pooled data.
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Chapter 8 Results: Tumour Histopathological

Phenotype amongst Germline ATM Variant Carriers

8.1 Tumour Histopathology

8.1.1 Baseline Characteristics of the Cohort

The histopathological analysis has utilised data derived from the POSH study. The complete
analysed cohort consisted of 2344 participants. This included 23 individuals with a pathogenic or
likely pathogenic variant in ATM and 2291 variant negative participants. Variant negative was

defined as being CHEK2, PALB2, TP53, BRCA1 and BRCA2 negative.

Most recruits were Caucasian 2118/2287 (92.6%) There was missing ethnicity data for 27
individuals within this analysis. A pathogenic or likely pathogenic variant in ATM was found in
23/2314 (1.0%) of this study cohort (23/2744 (0.8%) of the whole cohort). The higher risk ATM
founder mutation, ATM, c.7271T>G, p.(Val2424Gly) was identified in 5/23 (21.7%) of all
participants (Table 40)(Appendix H). We additionally identified 13 individuals with VUS in ATM

(Appendix 1). As such 13/36 (36.1%) variants identified had uncertain clinical utility.

The median age of cancer onset was 38 years (IQR 35-39 years) for ATM variant carriers, and 37
years (IQR 34-39 years) for non-carriers. The majority of ATM carriers were Caucasian 22/23
(95.7%). ATM variant carriers were significantly more likely to have a family history of breast
cancer (p=0.0036). In total (13/22 (59.1%)) of ATM carriers had a family history of breast cancer
compared to 670/2291 (30.3%) of variant negative individuals. Consistent with this observation,
the median BOADICEA score was higher in ATM variant carriers than non-carriers. However, it was
below the threshold of 0.10 for diagnostic genetic testing (median score ATM positive 0.05 (IQR
0.02-0.18) versus variant negative 0.03 (IQR 0.02-0.05) (p=0.14). There was no baseline difference

in body mass index between ATM variant carriers and non-carriers (Table 40).

121



Chapter 8

ATM+ ATM- p-valuet
Characteristic ATM+vs
ATM-
(n=23) (n=2291)
Median age diagnosis (yrs) 38 37 p=0.19
Range 29-40 18-40
IQR 35-39 34-39
Body Mass Index (Total) 23 (100%) 2203 (100%) |p=0.97
Underweight/Healthy (<25) | 13 (56.5%) 1185 (53.8%)
Overweight (25-30) 6(26.1%) 603 (27.4%)
Obese (>30) 4 (17.4%) 415 (18.8%)
Missing 0 88 (3.8%)
Ethnicity (Total) 23 (100%) 2264 (100%) |p=0.83
Caucasian/white 22 (95.7%) 2096 (92.6%)
Black 1(4.3%) 84 (3.7%)
Asian 0 70 (3.1%)
Other 0 14 (0.6%)
Missing 0 27 (1.2%)
Family History (Total) 22 (100%) 2209 (100%) | p=0.0036
No 9 (40.9%) 1539 (69.7%)
Yes 13 (59.1%) | 670 (30.3%)
Missing 1(4.3%) 82 (3.6%)
BOADICEA score p=0.14
Median 0.05 0.03
Range 0.01to0 0.67, | 0.00to 0.95,
IQR 0.02t00.18 |0.02 to 0.05
Missing 1(4.3%) 62 (2.7%)

Table 40: Baseline Characteristics of the ATM Cohort

tAssessments of statistical significance were performed using the Mann-Whitney test

for continuous variables and a Pearson y 2 test for categorical variables. Samples

derived from the POSH Cohort.

8.1.2 Baseline Tumour Grade, Size and Focality

There was no significant difference in baseline tumour grade, size, focality, nodal involvement or
lymphovascular infiltration between ATM variant carriers and non-carriers across the cohort

(Table 41 and Figure 33).
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Absent

Present

Missing

13 (59.1%)
9 (40.9%)
1(4.3%)

1106 (51.9%)
1023 (48.1%)
162 (7.1%)

ATM+ ATM- p-valuet
Characteristic
ATM+ vs ATM-
(n=23) (n=2291)
Histological Grade (Total) 23 (100%) 2229 (100%) p=0.29
1 3(13.0%) 148 (6.6%)
2 10 (43.5%) | 803 (36.0%)
3 10 (43.5%) | 1278 (57.3%)
Missing/not graded 0 62 (2.7%)
Focality (Total) 22 (100%) 2085 (100%) p=0.85
Localised 15 (68.2%) | 1461 (70.1%)
Multifocal 7 (31.8%) 624 (29.9%)
Missing 1(4.3%) 206 (9.0%)
Max invasive tumour size (total) 21 (100%) 2163 (100%) p=0.42
15mm or less 9 (42.9%) 561 (25.9%)
>15mm to 20mm 3(14.3%) 403 (18.6%)
>20mm to 35mm 7(33.3%) | 733(33.9%)
>35mm to 50mm 1(4.8%) 269 (12.4%)
>50mm 1(4.8%) 197 (9.1%)
Missing 2 (8.7%) 128 (5.6%)
Pathological N stage (total) 22 (100%) 2253 (100%) p=0.80
NO 10 (45.5%) | 1084 (48.1%)
N1 12 (54.5%) | 1169 (51.9%)
Missing 1(4.3%) 38 (1.7%)
Number of positive lymph nodes 22 (100%) 2253 (100%) p=0.57
0 10 (45.5%) | 1084 (48.1%)
1-3 8(36.4%) 764 (33.9%)
4-9 4(18.2%) | 273(12.1%)
10+ 0 132 (5.9%)
Missing 1(4.3%) 38 (1.7%)
Lymphovascular invasion (total) 22 (100%) 2129 (100%) p=0.50

Table 41: Baseline Histopathological Characteristics of the ATM Cohort

Chapter 8

Comparison of the tumour focality, grade and lymph node involvement between

ATM pathogenic variant carriers and non-carriers. TAssessment of statistical

significance were performed using the Mann-Whitney test for continuous variables

and a Pearson y2 test for categorical variables. Samples derived from the POSH

Cohort.
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Figure 33: Baseline Histopathological Characteristics of the ATM Cohort

Comparison of the tumour focality, grade, lymph node involvement and tumour size
between ATM mutation carriers and non-carriers. Values represented as percentage

of the cohort.

8.1.3 Hormone Receptor Status

ATM-associated tumours were significantly more likely to be ER+ with 22/23 (95.7%) displaying
ER+ tumours compared to 1557/2279 (68.3%) of non-carriers (p=0.0050) (Table 42, and Figure
34). There were no other significant difference between PR or HER2 receptor status between ATM
variant carriers and non-carriers. However ATM-associated tumours were significantly less likely
to have a TN tumour phenotype (p=0.024). In total 0/23 (0%) of the ATM-associated tumours had
a TN phenotype compared to 1874/2291 (81.8%) of non-TP53 tumours (Table 42 and figure 34).
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ATM+ ATM- p-valuet
Characteristic ATM+vs ATM-
(n=23) (n=2291)
ER status (total) 23 (100%) | 2279 (100%) p=0.0050
Negative 1(4.3%) 722 (31.7%)
Positive 22 (95.7%) | 1557 (68.3%)
Missing 0 12 (0.5%)
HER2 status (total) 20 (100%) | 2021 (100%) p=0.13
Negative 11 (55.0%) | 1428 (70.7%)
Positive 9 (45.0%) 593 (29.3%)
Missing 3(13.0%) 270 (11.8%)
PR status (total) 20 (100%) | 1848 (100%) p=0.14
Negative 5 (25.0%) 764 (41.3%)
Positive 15 (75.0%) | 1084 (58.7%)
Missing 3 (13.0%) 443 (19.3%)
TNT status (total) 23 (100.0%) | 2291 (100%) p=0.024
Not TNT 23 (100.0%) | 1874 (81.8%)
TNT 0 417 (18.2%)
Missing 0 0

Table 42: Baseline Hormone Receptor Status of the ATM Cohort

tTAssessment of statistical significance were performed using the Mann-Whitney test
for continuous variables and a Pearson y 2 test for categorical variables. Samples

derived from the POSH Cohort.
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Figure 34: Baseline Hormone Receptor Status of the PALB2 Cohort

Comparison of ER, PR and HER2 receptor status between PALB2 mutations carriers

and non-carriers. Values represented as percentage of the cohort.
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8.14 Histopathological Predictors of Germline Genotype

A model selection process using multiple logistic regression and incorporating forward selection
by way of likelihood ratio tests was utilised to determine which histopathological features were
better predictors of a ATM germline gene alteration (Table 43). Multiple imputation was utilised
as 855/2314 (37%) had missing data. This analysis identified that only oestrogen receptor status
was a significant independent predictor of germline mutational status, ER+ OR = 10.21 (95% Cl,
1.41-74.25). Overall, the highest probability of identifying a pathogenic ATM variant would be

observed amongst those patients with smaller, ER-positive and HER2 positive tumours.

CHEK2
Phenotype Classification Adjusted odds ratio | Significant Factor
[95% CI] +
Age at diagnosis (years) |- 1.00 (0.97-1.04)
Tumour size (cm) - 0.97 (0.80-1.18)
Oestrogen Receptor Negative 1*
Positive 10.21 (1.41-74.25) Yes
HER2 Receptor Negative 1*
Positive 0.98 (0.72-1.33)

Table 43: Multiple Logistic Regression Analysis

Multiple logistic regression analysis. TAnalyses adjusted for hormone receptor status,
tumour size, grade, nodal involvement, hormone receptor status, focality, age at

diagnosis and lymphovascular infiltration. *Reference category.

8.2 Outcome

The majority of patients received adjuvant chemotherapy. The most frequent regimen included
anthracyclines with or without the addition of taxanes (Table 44). There were no significant
differences in the baseline treatment received between ATM gene carriers and non-carriers. In

total, 18/23 ATM gene carriers received adjuvant radiotherapy.
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ATM+ ATM- p-valuet
Treatment ATM+vs ATM-
(n=23) (n=2291)
Chemotherapy Timing (total) 23 (100%) | 2291 (100%) P=0.26
None 5(21.7%) 262 (11.4%)
Adjuvant 14 (60.9%) | 1682 (73.4%)
Neoadjuvant 4 (17.4%) 347 (15.1%)
Palliative 0 0
Missing 0 0
Chemotherapy Regimen (total) 23 (100%) | 2291 (100%) p=0.61
None 5(21.7%) | 262 (11.4%)
Anthracyclines 13 (56.5%) | 1463 (63.9%)

Anthracyclines and taxanes | 5 (21.7%) 530 (23.1%)

Taxanes only 0 21 (0.9%)
Other 0 15 (0.7%)
Missing 0 0
Surgery Type (total) 23 (100%) | 2291 (100%) p=0.27

Breast Conserving Surgery 7 (30.4%) 1149 (50.2%)

Mastectomy 16 (69.6%) | 1122 (49.0%)
Nodal surgery only 0 6 (0.3%)
None 0 14 (0.6%)
Missing 0 0

Table 44: Treatment Characteristics of the ATM Cohort

Comparison of the treatment protocol in relation to genotype. TAssessment of
statistical significance were performed using the Mann-Whitney test for continuous

variables and a Pearson 2 test for categorical variables.

The median duration of follow up was 8.2 years. Contralateral breast cancers were not more
frequently observed in ATM gene carriers compared to non-carriers (Table 45). A contralateral
breast cancer was observed in 1/23 (4.3%) of ATM, carriers at 10 years compared to 59/2291

(3.8%) of non-carriers.

Genotype 5 Years (%) |10 years (%)
ATM+ (ALL) 1(4.3%) 1(4.3%)
ATM+ (ALL) and FH- 0 (0%) 0 (0%)
ATM+ (ALL) and FH+ 1(7.7%) 1(7.7%)
Mutation- (ALL) 62 (2.7%) 85 (3.7%)
Mutation- (ALL) and FH- 46 (3%) 59 (3.8%)
Mutation- (ALL) and FH+ 15 (2.2%) 24 (3.6%)

Table 45: Contralateral Breast Cancer Risk in Association with ATM

Contralateral breast cancer risk at both 5 and 10 years for ATM mutation carriers

versus non-carriers.
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Univariable analysis identified a trend towards improved OS amongst ATM mutation carriers
versus non-carriers within the first 5 years following cancer diagnosis (HR, 0.58 (95%Cl, 0.22-1.56
(p=0.281)) (Figure 35). This relationship was non-significant. At 5 years, OS was 90.9% (95% ClI,
68.1-97.6) amongst ATM mutation carriers versus 85.1% (95% Cl, 83.5-86.5) in non-carriers. At 10
years, OS was 80.77% (95% Cl, 56.4-92.4) amongst ATM mutation carriers versus 70.2% (95% Cl,
67.8-72.5) in non-carriers. Following adjustment for known prognostic factors including age at
diagnosis, BMI, maximum invasive size (cm), hormone receptor status, nodal involvement,
ethnicity and taxanes in a multivariable analysis, this remained unchanged (HR 0.66 (95%Cl, 0.25-

1.77 (p=0.41)) (Appendix K.3.1).

2yr Syr 10yr
ATM=% (95% CI)  96.61 (95.77, 97.28) 85.10 (83.54, 86.53) 70.18 (67.77, 72.46)
ATM+% (95% ClI) 100.00 (., .) 90.87 (68.10, 97.64) 80.77 (56.40, 92.35)
HR (95% CI) 0.58 (0.22, 1.56)
p-value 0.281
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Figure 35: Kaplan Meier Plot of Overall Survival amongst ATM Mutation Carriers versus Non-

Carriers

Kaplan-Meier Plot demonstrating Overall Survival (OS) for ATM mutation carriers

versus non-carriers following univariable analysis.

Univariable analysis identified a trend towards improved DDFS amongst ATM mutation carriers
versus non-carriers (HR, 0.58 (95%Cl, 0.22-1.56 (p=0.281))) (Figure 36). At 5 years, DDFS was
90.9% (95% Cl, 68.1-97.6) amongst ATM mutation carriers versus 85.1% (95% Cl, 83.5-86.5) in
non-carriers. At 10 years, DDFS was 80.8% (95% Cl, 56.4-92.4) amongst ATM mutation carriers
versus 70.2% (95% Cl, 66.8-72.5) in non-carriers. Following adjustment for known prognostic

factors including age at diagnosis, BMI, maximum invasive size (cm), hormone receptor status,
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nodal involvement, ethnicity and taxanes in a multivariable analysis, this remained unchanged (HR

0.58 (95%Cl, 0.22-1.57 (p=0.29)) (Appendix K.3.2).

2yr Syr 10yr
ATM-% (95% CI)  96.61 (95.77, 97.28) 85.10 (83.54, 86.53) 70.18 (67.77, 72.46)
ATM+% (95% Cl) 100.00 (., .) 90.87 (68.10, 97.64) 80.77 (56.40, 92.35)
HR (95% Cl) 0.58 (0.22, 1.56)
p-value 0.281
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Figure 36: Kaplan Meier Plot of Distant Disease Free Survival amongst ATM Mutations Carriers

versus Non-Carriers

Kaplan-Meier Plot demonstrating Distant Disease Free Survival (DDFS) for ATM

mutation carriers versus non-carriers following univariable analysis.

8.3 Discussion

8.3.1 Baseline Characteristics of the Cohort

A pathogenic variant in ATM was present in 1.0% of this study cohort and 0.8% of the whole
cohort. The higher penetrance ATM, ¢.7271T<G (p.Val2424Gly) represented approximately 20% of
all pathogenic ATM variants. This is consistent with the published literature which estimates that
the population frequency of ATM heterozygotes is 0.35-1% and this may be higher in the context
of familial breast cancer.(95, 99) In 2015, Mangone et al. tested 100 unselected individuals with
breast cancer and 100 controls within the Brazilian Population. They identified 7 potentially
pathogenic variants in ATM.(99) In 2019, Yang et al. tested 7657 unselected, BRCA negative
individuals derived from a Chinese population for pathogenic variants in ATM.(231) Pathogenic

variants were identifiable in 30/7657 (0.4%) of the cohort.(231)

129



Chapter 8

It is notable that almost 40% of germline variants identified within the ATM gene in this study had
unclear clinical significance. ATM is a large gene consisting of 66 exons and whilst the pathogenicity
of protein truncating variants is interpretable, the association between ATM missense variants and

breast cancer risk is more variable.(56, 93)

In 2016, Marabelli et al. performed a meta-analysis utilising 19 papers defining ATM-associated
breast cancer risks.(28) The sample populations were heterogeneous incorporating both sporadic
and familial breast cancers cohorts derived from several different global centres.(28) They
determined the cumulative risk of breast to be 6.02% by the age of 50 years (95% Cl=4.58%—7.42%)
and 32.83% by the age 80 years (95% Cl = 24.55%-40.43%) consistent with moderate risk
susceptibility.(28) However, in 2016, the COGS study found that the ATM-associated relative risk
may be higher for specific variants such as ¢.7271T>G OR 11.0 (95% Cl 1.42-85.7) p=0.0012.(93) This
is an observation that holds across multiple studies.(27, 100) This particular elevation in risk may
be secondary to a dominant negative effect.(100) It highlights some of the challenges in sequencing
ATM to identify heritable cancer susceptibility and stratify risk through mainstream diagnostic or
population based testing. In support of this, the UK Cancer Genetics Group published guidance on
breast cancer susceptibility gene testing in 2018.(143) They recommended that only protein
truncating variants in ATM should be reported with the exception of ¢.7271T<G
(p.Val2424Gly).(143)

Individuals with a pathogenic variant in ATM were significantly more likely to have a family history
of breast cancer. However, the median BOADICEA score was below the threshold for diagnostic

genetic testing which is consistent with moderate risk susceptibility.

8.3.2 ATM Variants and Tumour Histopathology

This work has shown that ATM-associated breast cancers are significantly more likely to be ER-
positive and that ER positivity is a significant independent predictor of germline mutational status.
There were no additional observed histopathological associations. There is a paucity of data
regarding the ATM-associated histopathological tumour phenotype. In 2006, Balleine et al.
described the tumour phenotype of 21 breast cancers occurring in association with a pathogenic
variant in ATM.(152) They did not observe a clear ATM-associated tumour histopathological
phenotype.(152) In 2017, Decker et al. found that ATM-associated tumours were more likely to be
ER-positive than non-carriers.(56) There was however, no significant difference in the risk of ER-
positive versus ER-negative disease. (ER-positive (OR=3.42 (95% Cl 2.33 — 5.21) versus (ER-
negative (OR=1.59 (95% CI 0.80 — 3.00) (pqif=0.11)).(56) In 2019, Yang et al. described the

histopathological tumour phenotype of 30 individuals with pathogenic variants in ATM
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comparison to 7627 non-carriers.(231) They found that breast cancer occurring in association with
a pathogenic variant in ATM was significantly more like to be ER-positive (93.1% versus 717.7%
p=0.011), PR-positive (828.8% versus 64.5% p=0.040) and demonstrate lymph node invasion
(44.8% versus 27.2% (p=0.034).(231) Whilst there is a paucity of literature, it demonstrates that
tumour histopathology is not sufficiently reliable to differentiate ATM germline variant carriers

from non-carriers.

8.3.3 ATM Variants and Outcome

Within this cohort, pathogenic variants in ATM were not associated with a significant difference in
Overall Survival or Distant Disease Free Survival in comparison to non-carriers. The rates of

contralateral breast cancer were also comparable between gene carriers and non-carriers.

There is limited data regarding germline variants in ATM and breast cancer prognosis. It has been
suggested that the combination of specific rare missense variants and radiotherapy may have an
adverse effect on the development of contralateral disease.(184) In 2017, Bernstein et al.
reported on data from the WECARE Study which recruited 708 women with contralateral breast
cancer and 1399 controls.(232) They summarised that women with pathogenic rare missense
variants in ATM who also received radiotherapy had a significantly increased risk of Contralateral
Breast Cancer RR = 2.8 (95% Cl, 1.2-6.5; 1.0). Within this cohort 18 ATM variant carriers received
adjuvant radiotherapy and there was one case of contralateral disease. This observation does not
support an association between radiotherapy and contralateral breast cancer risk amongst

germline ATM variant carriers.

8.4 Summary

Overall, this work has provided a comprehensive overview of tumour histopathology and
outcome in early onset ATM-associated breast cancer compared to non-gene carriers. It
demonstrates that ER status is a significant independent predictor of germline variants in ATM.
However, in the absence of other discriminatory features, tumour histopathology cannot be used
reliably to differentiate variant carriers from non-carriers. This observation in combination with
the high rates of VUS observed within this cohort and the variability in cancer risk attributable to
missense variation highlights the potential pitfalls of using ATM for diagnostic testing to identify

actionable breast cancer susceptibility and stratify risk.
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Chapter9  Tumour Histopathological Phenotype

amongst Germline TP53 Variant Carriers

9.1 Baseline Characteristics of the Cohort

The histopathological analysis has utilised data derived from the POSH study. The complete
analysed cohort consisted of 2306 participants. This included 15 individuals with pathogenic
variants in TP53 and 2291 mutation negative participants. Mutation negative was defined as being

CHEK2, PALB2, ATM, TP53, BRCA1 and BRCA2 negative.

Most recruits were Caucasian 2110/2279 (92.6%). There was missing ethnicity data for 27
individuals within this analysis. A pathogenic variant in TP53 was found in 15/2306 (0.7%) of this
cohort and 15/2744 (0.5%) of the whole POSH study cohort (Table 46). Of these, 5/287 (1.7%)
were observed in women with very early onset breast cancer (age 30 years or younger at
diagnosis). In total 8/15 were pathogenic missense variants and 7/15 were protein truncating
variants (Appendix H). On average, TP53 mutation carriers were significantly younger at diagnosis
that non-carriers. The median age of cancer onset was 33 years (IQR 28-35 years) for TP53

mutation carriers, and 37 years (IQR 34-39 years) for non-carriers (p<0.0001).

There was no significant difference in the family history of breast cancer between TP53 mutation
carriers and non-carriers (p=0.66). In total, 9/14 (64.3%) of all TP53 mutation carriers had no
family history of breast cancer compared to 1548/2223 (69.6%) of non-carriers. Despite this, TP53
mutation carriers had a significantly higher median BOADICEA score. The median BOADICEA score
was 0.16 (IQR 0.03-0.65) for TP53 gene carriers compared to 0.03 (IQR 0.02-0.05) for non-carriers
(p=0.0044). There was no baseline difference in body mass index between TP53 mutation carriers

and non-carriers (Table 46).
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TP53+ TP53- p-valuet
Characteristic TP33+vs
TP53-
(n=15) (n=2291)
Median age diagnosis (yrs) 33 37 p<0.0001
Range 22-36 18-40
IQR 28-35 34-39
Body Mass Index (Total) 15 (100%) 2203 (100%) |p=0.73
Underweight/Healthy (<25) |7 (46.7%) 1185 (53.8%)
Overweight (25-30) 4 (26.7%) 603 (27.4%)
Obese (>30) 4 (26.7%) 415 (18.8%)
Missing 0 88 (3.8%)
Ethnicity (Total) 15 (100%) 2264 (100%) | p=0.74
Caucasian/white 14 (93.3%) 2096 (92.6%)
Black 0 84 (3.7%)
Asian 1(6.7%) 70 (3.1%)
Other 0 14 (0.6%)
Missing 0 27 (1.2%)
Family History (Total) 14 (100%) 2209 (100%) | p=0.66
No 9 (64.3%) 1539 (69.7%)
Yes 5 (35.7%) 670 (30.3%)
Missing 1(6.7%) 82 (3.6%)
BOADICEA score p=0.0044
Median 0.16 0.03
Range 0.02t0 0.99, | 0.00to 0.95,
IQR 0.03t0 0.65 |0.02to 0.05
Missing 1(6.7%) 62 (2.7%)

Table 46: Baseline Characteristics of the TP53 Cohort

9.2

9.2.1

Overall, TP53-associated tumours were significantly more likely to be grade 3 at presentation
compared to non-carriers (grade 3 14/15 (93.3%) versus 1278/2229 (57.3%) (p=0.019)). The

majority of TP53-associated tumours were localised (10/13 (76.9%)) this was also true of breast

tAssessments of statistical significance were performed using the Mann-Whitney test

for continuous variables and a Pearson )2 test for categorical variables. Samples

derived from the POSH Cohort.

Tumour Histopathology

Baseline Tumour Grade, Size and Focality

tumours in non-carriers 1471/2098 (70.1%) p=0.59.
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There was no significant difference in overall tumour size or focality between TP53 mutation
carriers and non-carriers (Table 47 and Figure 37). Assessments of tumour size included both
invasive and in-situ disease. The median maximum invasive tumour size was 2.6cm (IQR, 1.9-
3.4cm) for TP53 variant carriers versus 2.2cm (IQR, 1.5-3.3cm) for non-carriers (p=0.363)). The
median maximum in-situ tumour size was 0.54cm (IQR, 0.0-0.75cm) for TP53 variant carriers
versus 0.61cm (IQR 0.0-0.45cm) for non-carriers (p=0.9614). This equated to a median overall

tumour size of 3.5cm amongst TP53 variant carriers and 2.7cm amongst non-carriers (p=0.23).

There was also no significant difference in tumour focality between TP53 variant carriers and non-
carriers (Table 47 and Figure 37). In total, 10/13 (76.9%) of TP53-associated tumours were
localised compared to 1461/2085 (70.1%) of non-carriers (p=0.59). However, significantly higher
levels of nodal involvement were observed amongst the TP53 carriers with 13/15 (86.7%)
demonstrating N1 stage disease at presentation compared to 1169/2253 (51.9%) of non-carriers
(p=0.0072). A non-significant trend towards higher levels of lymphovascular infiltration was also
observed amongst the TP53 gene carriers compared to non-carriers (10/14 (71.4%) versus

1023/2129 (48.1%) p=0.081).
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TP53+ TP53- p-valuet
Characteristic
TP53+ vs TP53-
(n=15) (n=2291)
Histological Grade (Total) 15 (100%) 2229 (100%) p=0.019
1 0 148 (6.6%)
2 1(6.7%) 803 (36.0%)
3 14 (93.3%) | 1278 (57.3%)
Missing/not graded 0 62 (2.7%)
Focality (Total) 13 (100%) 2085 (100%) p=0.59
Localised 10 (76.9%) | 1461 (70.1%)
Multifocal 3(23.1%) | 624(29.9%)
Missing 2(13.3%) 206 (9.0%)
Max invasive tumour size (cm) p=0.363
Median 2.6 2.2
Range 1.2-5.0 0-17.0
IQR 1.9-34 1.5-33
Missing 1(6.7%) 128 (5.6%)
Max overall tumour size (cm) p=0.23
Median 35 2.7
Range 1.7-5.0 0-19.0
IQR 2.6-3.8 1.8-4.0
Missing 16.7%) 104 (4.5%)
Max in-situ tumour size (cm)* p=0.9614
Median 0.54 0.61
Range 0-2.4 0-14.6
IQR 0-0.75 0-0.45
Missing 1(6.7%) 130 (5.7%)
Pathological N stage (total) 15 (100%) 2253 (100%) p=0.0072
NO 2(13.3%) | 1084 (48.1%)
N1 13 (86.7%) | 1169 (51.9%)
Missing 0 38 (1.7%)
Number of positive lymph nodes 15 (100%) 2253 (100%) p=0.046
0 2 (13.3%) 1084 (48.1%)
1-3 8(53.3%) | 764 (33.9%)
4-9 4(26.7%) 273 (12.1%)
10+ 1(6.7%) 132 (5.9%)
Missing 0 38 (1.7%)
Lymphovascular invasion (total) 14 (100%) 2129 (100%) p=0.081
Absent 4(28.6%) | 1106 (51.9%)
Present 10(71.4%) | 1023 (48.1%)
Missing 1(6.7%) 162 (7.1%)

Table 47: Baseline Histopathological Characteristics of the TP53 Cohort

Comparison of the tumour focality, grade and lymph node involvement between
TP53 pathogenic variant carriers and non-carriers. TAssessment of statistical
significance were performed using the Mann-Whitney test for continuous variables
and a Pearson y2 test for categorical variables. Samples derived from the POSH

Cohort.*Maximum in-situ disease was derived from the maximum overall tumour

size minus the maximum invasive tumour size.
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Figure 37: Baseline Histopathological Characteristics of the TP53 Cohort

Comparison of the tumour focality, grade, lymph node involvement and
lymphovascular infiltration between TP53 mutation carriers and non-carriers. Values

represented as percentage of the cohort.

9.2.2 Hormone Receptor Status

TP53-associated tumours were significantly more likely to be HER2-amplified with 11/12 (91.7%)
demonstrating HER2 amplification compared to 593/2021 (29.3%) of non-carriers (p<0.0001) (Table
48 and Figure 38). This was no differential effect of variant type (truncating or missense) on the
presence or absence of HER2 amplification (Table 49). In total 6/6 (100%) of individuals with a
protein truncating variant presented with HER2-amplified breast cancer and 5/6 (83.3%) of
individuals with missense variants presented with HER2-amplified breast cancer. The HER2 receptor
status was missing for 3 variant carriers. One TP53-associated tumour was a TNT. This occurred in
association with a pathogenic variant, TP53 c.818G>A (p.Arg273His) located within the DNA binding

domain of the TP53 gene.

There was no significant difference between ER or PR receptor status between TP53 mutation
carriers and non-carriers. In total, 9/15 (60.0%) of the TP53-associated tumours were ER-positive
compared to 1557/2279 (68.3%) of non-carriers (p=0.49) and 8/13 (61.5%) of the TP53-associated
tumours were PR-positive compared to 1084/1848 (58.7%) of non-carriers (p=0.83). There was no
association between TP53 mutational status and the presence of a TN tumour phenotype
(p=0.25). In total, 14/15 (93.3%) of TP53-associated tumours had a non-TN phenotype compared
to 1874/2291 (81.8%) of non-TP53 tumours (Table 48 and Figure 38).
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TP53+ TP53- p-valuet
Characteristic TP33+vs
TP53-
(n=15) (n=2291)
ER status (total) 15 (100%) 2279 (100%) |p=0.49
Negative 6 (40.0%) 722 (31.7%)
Positive 9 (60.0%) 1557 (68.3%)
Missing 0 12 (0.5%)
HER2 status (total) 12 (100%) 2021 (100%) | p<0.0001
Negative 1(8.3%) 1428 (70.7%)
Positive 11 (91.7%) 593 (29.3%)
Missing 3 (20.0%) 270 (11.8%)
PR status (total) 13 (100%) 1848 (100%) | p=0.83
Negative 5 (38.5%) 764 (41.3%)
Positive 8(61.5%) 1084 (58.7%)
Missing 2(13.3%) 443 (19.3%)
TNT status (total) 15 (100%) 2291 (100%) | p=0.25
Not TNT 14 (93.3%) | 1874 (81.8%)
TNT 1(6.7%) 417 (18.2%)
Missing 0 0

Table 48: Baseline Hormone Receptor Status of the TP53 Cohort

tAssessment of statistical significance were performed using the Mann-Whitney test
for continuous variables and a Pearson 2 test for categorical variables. Samples

derived from the POSH Cohort.

TP53 Variant HER2 Status
Coding Change | Protein Change
c.112C>T p.GIn38X Missing
c.437G>A p.Trp146X HER2+
c.524G>A p.Argl75His HER2+
¢.524G>A p.Argl75His Missing
¢.586C>T p.Arg196X HER2+
¢.586C>T p.Arg196X HER2+
C.625A>T p.Arg209X HER2+
€.659A>G p.Tyr220Cys HER2+
c.672+1G>T - HER2+
c.725G>A p.Cys242Tyr HER2+
c.725G>A p.Cys242Tyr Missing
c.733G>A p.Gly245Ser HER2+
c.733G>A p.Gly245Ser HER2+
c.818G>A p.Arg273His TNT
c.919+1G>A - HER2+
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Table 49: HER2 Receptor Status

Assessment of HER2 receptor status by variant type.
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Figure 38: Baseline Hormone Receptor Status of the TP53 Cohort

Comparison of ER, PR and HER2 receptor status between TP53 mutations carriers and

non-carriers. Values represented as percentage of the cohort.

9.2.3 HER2 Amplification and Variant Detection

Overall, HER2-amplified breast cancer cases represented 658/2744 (24.0%) of the whole POSH
cohort and 90/287 (31.4%) of those diagnosed at the age of 30 years or younger. Pathogenic
variants in TP53 were identifiable in 10/658 (1.5%) of the unselected HER2-amplified cohort and
4/85 (4.7%) of those with HER2-amplified breast cancer diagnosed at the age of 30 years or younger
(Figure 39 and Table 50).

In the absence of a significant family history of breast cancer (BOADICEA <10%), the variant
detection rate for any breast cancer susceptibility gene was 33/526 (6.3%) across the whole HER2-
amplified group. Pathogenic variants in TP53 were identifiable in 4/526 (0.8%) of cases. Variants
in other genes were identifiable in 29/526 (5.5%) of cases with CHEK2 being the most frequently
identifiable representing 12/526 (2.3%) of all gene carriers (figure 40 and table 48). Pathogenic
variants in BRCA1, BRCA2, PALB2 and ATM were identifiable in 5/526 (1.0%), 5/526 (1.0%), 1/526
(0.0%) and 6/526 (1.1%) of cases respectively (Figure 39 and Table 50).

Subgroup analysis observed variant identification amongst those individuals with very early onset
(less than 30 years) breast cancer in the absence of a significant family history of breast cancer

(BOADICEA <10%). The variant detection rate for any breast cancer susceptibility gene was 4/61
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(6.6%). This was similar to variant identification in HER2-amplified breast cancer across the whole
POSH cohort. Of these, pathogenic variants in TP53 were identifiable in 1/61 (1.6%) of cases.
Variants in other genes were identifiable in 3/61 (4.9%) of cases with CHEK2 remaining the most
frequently identifiable gene representing 2/61 (3.3%) of this group. Pathogenic variants in BRCA1,
BRCA2, PALB2 and ATM were identifiable in 1/61 (1.6%), 1/61 (1.6%), 0/61 (0.0%) and 0/61 (0.0%)

of cases respectively (Figure 39 and Table 50).

It is notable that pathogenic variant identification increased considerably amongst HER2-amplified
breast cancers occurring in the context of familial breast cancer. Amongst those individuals with a
strong family history of breast cancer (BOADICEA 210%), the variant detection rate for any breast
cancer susceptibility gene was 28/112 (25.0%). Pathogenic variants in TP53 were identifiable in
6/112 (5.4%) of cases. Variants in other genes were identifiable in 22/112 (19.6%) with BRCA1 and
BRCA2 being the most frequently identifiable representing 7/112 (6.3%) and 8/112 (7.1%) of all
gene carriers. The overall detection of any BRCA1 and BRCAZ2 variants combined was 13/112
(11.6%) for all HER2-amplified breast cancers occurring in the context of familial breast cancer.
Pathogenic variants in PALB2, CHEK2 and ATM were identifiable in 1/112 (0.9%), 5/112 (4.5%),
and 2/112 (1.8%) of cases respectively (Figure 39 and Table 50).

Subgroup analysis observed variant identification amongst HER2-amplified very early onset breast
cancers (under the age of 30 years) occurring in the context of a strong family history of breast
cancer. Overall, a pathogenic breast cancer susceptibility variant was identifiable in 7/24 (29.2%)
of cases. Pathogenic variants in TP53 were present in 3/24 (12.5%) of all variant carriers and
represented 3/7 (42.9%) of variant carriers within this sub-group. This was the largest
proportional representation of any gene within the HER2-amplified analysis. Variants in other
genes were identifiable in 4/24 (16.7%) of cases with BRCA2 and CHEK2 being the most frequently
observed, each accounting for 2/24 (8.3%) of cases. Pathogenic variants in BRCA1, PALB2 and
ATM were identifiable in 1/24 (4.2%), 0/24 (0.0%), and 0/24 (0.0%) of cases respectively (Figure
39 and Table 50).
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Figure 39: Variant Identification in HER2-amplified Breast Cancer Cases

BRCAL+ n=1 {4.2%)
BRCA2+ n=2 (8.3%)*

PALB2+ n=0 (0%)
CHEK2+ n=2 (8.3%)*
ATM 4 n=0 (0%)

A comparison of variant identification amongst HER2-amplified early onset and very

early onset breast cancer cases. *One patient had two pathogenic variants; BRCA2

€.5682C>G p.Tyr1984X and CHEK2 c.1100delC.
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HER2-amplified Breast Cancer
N=658
BOADICEA <10% BOADICEA 210%
N=526 N=112
e <40 years <30 years <40 years <30 years
N=526 N=61 N=112 N=24
TP53 0.8% (4/526) 1.6% (1/61) 5.4% (6/112) 12.5% (3/24)
BRCA1 1.0% (5/526) 1.6% (1/61) 6.3% (7/112) 4.2% (1/24)
BRCA2 1.0% (5/526) 0.0% (0/61)* 7.1% (8/112) 8.3% (2/24)*
PALB2 0.2% (1/526) 0.0% (0/61) 0.9% (1/112) 0.0% (0/24)
CHEK2 2.3% (12/526) 3.3% (2/61)* 4.5% (5/112) 8.3% (2/24)*
ATM 1.1% (6/526) 0% (0/61) 1.8% (2/112) 0.0% (0/24)
TOTAL 6.3% (33/526) 6.6% (4/61) 25.0% (28/112) 29.2% (7/24)

Table 50: Variant Identification in HER2-amplified Breast Cancer Cases

A comparison of variant identification amongst HER2-amplified early onset and very
early onset breast cancer cases. *One patient had two pathogenic variants; BRCA2

€.5682C>G p.Tyr1984X and CHEK2 c.1100delC.

9.24 Histopathological Predictors

A model selection process using multiple logistic regression and incorporating forward selection
by way of likelihood ratio tests was utilised to determine which histopathological features were
better predictors of a TP53 germline gene alteration (Table 51). Multiple imputation was utilised
as 855/2306 (37%) had missing data. Grade was removed from the analysis due to insufficient
numbers. Age at diagnosis, nodal status and HER2 receptor status were significant independent
predictors of germline mutational status. Early age at diagnosis, N1 stage disease and HER2

amplification contributed towards the prediction of a TP53 mutation (Table 51).

Overall, the highest probability of identifying a pathogenic TP53 variant would be observed
amongst those patients with an earlier age at diagnosis with localised, N1 tumours that were

HER2-amplified. (Table 51).
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TP53
Phenotype Classification Adjusted odds Significant Factor
ratio [95% CI]
Age at diagnosis (years) 0.80 (0.72-0.90) Yes
Nodal Involvement NO 1*
N1 5.13(1.11-23.68) Yes
Focality Localised 1*
Multifocal 0.57 (0.12-2.78)
Oestrogen Receptor Negative 1*
Positive 0.94 (0.49-1.79)
Progesterone Receptor Negative 1*
Positive 1.06 (0.57-1.96)
HER2 Receptor Negative 1*
Positive 25.37 (1.94-331.68) | Yes

Table 51: Multiple Logistic Regression Analysis
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Multiple logistic regression analysis. tAnalyses adjusted for hormone receptor status,

tumour size, nodal involvement, hormone receptor status, focality, age at diagnosis

and lymphovascular infiltration. *Reference category.

9.3 Outcome

The majority of patients received adjuvant chemotherapy. The most frequent regimen included

anthracyclines with or without the additional of taxanes (Table 52). There were differences in the

baseline treatment received. In total, 12/15 (80.0%) of TP53 gene carriers received adjuvant

chemotherapy versus 1682/2291 (73.4%) of non-carriers. A further 1/15 (6.7%) of gene carriers

received palliative chemotherapy. No patients within the non-carrier group received palliative

chemotherapy as the initial intervention. This observation was statistically significant p<0.0001

although the numbers are small. In total 11/15 (73.3%) of TP53 gene carriers received adjuvant

radiotherapy.

A higher percentage of patients underwent mastectomy amongst the TP53 mutation carriers. In

total 11/15 (73.3%) of TP53 mutation carriers underwent mastectomy as the primary surgical

intervention versus 1122/2291 (49.0%) of non-carriers (p=0.21).

143



Chapter 9

TP53+ TP53- p-valuet
Treatment TP33+vs
TP53-
(n=15) (n=2291)
Chemotherapy Timing (total) 15 (100%) 2291 (100%) | p<0.0001
None 0 262 (11.4%)
Adjuvant 12 (80.0%) 1682 (73.4%)
Neoadjuvant 2 (13.3%) 347 (15.1%)
Palliative 1(6.7%) 0
Missing 0 0
Chemotherapy Regimen (total) |15 (100%) 2291 (100%) | p=0.042
None 0 262 (11.4%)
Anthracyclines 11 (73.3%) 1463 (63.9%)
Anthracyclines and taxanes | 3 (20.0%) 530 (23.1%)
Taxanes only 0 21 (0.9%)
Other 1(6.7%) 15 (0.7%)
Missing 0 0
Surgery Type (total) 15 (100%) 2291 (100%) | p=0.31
Breast Conserving Surgery |4 (26.7%) 1149 (50.2%)
Mastectomy 11 (73.3%) 1122 (49.0%)
Nodal surgery only 0 6(0.3%)
None 0 14 (0.6%)
Missing 0 0

Table 52: Treatment Characteristics of the TP53 Cohort

Comparison of the treatment protocol in relation to genotype. TAssessment of
statistical significance were performed using the Mann-Whitney test for continuous

variables and a Pearson y2 test for categorical variables.

The median duration of follow up was 8.2 years. Contralateral breast cancers were more
frequently observed in TP53 carriers compared to non-carriers (Table 53). A contralateral breast
cancer was observed in 3/15 (20.0%) of TP53 carriers at 10 years compared to 85/2291 (3.7%) of
non-carriers. Of the 3 TP53 carriers with contralateral breast cancer, 1 had bilateral disease at

presentation and another developed contralateral disease in the first 5 years following diagnosis.

Subgroup analysis revealed that the observed increase in contralateral breast cancer risk amongst
TP53 gene alteration carriers was higher in the context of familial breast cancer. In total, 2/5
(40.0%) of the TP53 gene carriers with a positive family history of breast cancer developed a
contralateral breast cancer compared to 1/9 (11.1%) of TP53 gene carriers without a family
history. This difference was apparent in the first five years following breast cancer diagnosis. The
contralateral breast cancer rates observed amongst TP53 carriers without a family history of

breast cancer where still elevated compared to other gene carriers and non-carriers (Table 53).
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Genotype 5 Years (%) |10 years (%)
TP53+ (ALL) 2(13.3%) |3 (20%)
TP53+ (ALL) and FH- 0 (0%) 1(11.1%)
TP53+ (ALL) and FH+ 2 (40%) 2 (40.0%)
Mutation- (ALL) 62 (2.7%) 85 (3.7%)
Mutation- (ALL) and FH- 46 (3%) 59 (3.8%)
Mutation- (ALL) and FH+ 15 (2.2%) 24 (3.6%)
PALB2+ (ALL) 0 (0%) 2 (6.5%)
PALB2+ (ALL) and FH+ 0 (0%) 1(8.3%)
CHEK2+ (ALL) 4(7.5%) 5 (9.4%)
CHEK2+ (ALL) and FH+ 3 (20%) 3 (20%)
ATM+ (ALL) 1(4.3%) 1(4.3%)
ATM+ (ALL) and FH+ 1(7.7%) 1(7.7%)

Table 53: Contralateral Breast Cancer Risk in Association with TP53
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Contralateral breast cancer risk at both 5 and 10 years for TP53 mutation carriers

versus non-carriers. Within the same cohort, the rate of contralateral breast cancer is

18% amongst BRCA1 gene carriers and 12% amongst BRCA2 gene carriers.(36)

Univariable analysis identified no significant difference in OS amongst TP53 mutation carriers

versus non-carriers within the first 5 years following cancer diagnosis (HR, 1.12 (95%Cl, 0.47-2.72

=0.794)) (Figure 40). At 5 years, OS was 85.71% (95% Cl, 53.94-96.22) amongst TP53 mutation
(p )) (Fig ) years, ( , ) g

carriers versus 85.1% (95% Cl, 83.5-86.5) in non-carriers. At 10 years, OS was 63.49% (95% Cl,

27.33-85.29) amongst TP53 mutation carriers versus 70.2% (95% Cl, 67.8-72.5) in non-carriers.

Following adjustment for known prognostic factors including age at diagnosis, BMI, maximum

invasive size (cm), hormone receptor status, nodal involvement, ethnicity and taxanes in a

multivariable analysis, an improvement in overall survival was observed but this remained non-

significant (HR 0.86 (95%Cl, 0.35-2.11 (p=0.75)) (Appendix K.4.1).
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2yr 5yr 10yr
TP53-% (95% Cl)  96.61 (95.77, 97.28) 85.10 (83.54, 86.53) 70.18 (67.77, 72.46)
TP53+% (95% Cl) 100.00(.,.) 85.71(53.94,96.22) 63.49 (27.33, 85.29)
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Figure 40: Kaplan Meier Plot of Overall Survival amongst TP53 Mutation Carriers versus Non-
Carriers
Kaplan-Meier Plot demonstrating Overall Survival (OS) for TP53 mutation carriers

versus non-carriers following univariable analysis.

Univariable analysis identified no significant difference in DDFS amongst TP53 mutation carriers
versus non-carriers (HR, 1.33 (95%Cl, 0.59-2.97 (p=0.490))) (Figure 41). At 5 years, DDFS was
79.0% (95% Cl, 47.9-92.7) amongst TP53 mutation carriers versus 77.7% (95% Cl, 75.9-79.4) in
non-carriers. At 10 years, DDFS was 57.6% (95% Cl, 24.4-80.6) amongst TP53 mutation carriers
versus 69.0% (95% Cl, 66.7-71.2) in non-carriers. Following adjustment for known prognostic
factors including age at diagnosis, BMI, maximum invasive size (cm), hormone receptor status,
nodal involvement, ethnicity and taxanes in a multivariable analysis, an improvement in overall
survival was observed but this remained non-significant (HR 0.93 (95%Cl, 0.41-2.12 (p=0.87))
(Appendix K.4.2).
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Figure 41: Kaplan Meier Plot of Distant Disease Free Survival amongst TP53 Mutations Carriers
versus Non-Carriers
Kaplan-Meier Plot demonstrating Distant Disease Free Survival (DDFS) for TP53

mutation carriers versus non-carriers following univariable analysis.

9.4 Discussion

9.4.1 Baseline Characteristics of the Cohort

A pathogenic or likely pathogenic variant in TP53 was found in 0.7% of this study cohort and 0.5%
of the whole POSH cohort which represented unselected primary invasive breast cancer cases
diagnosed under the age of 40 years. TP53 mutation carriers were significantly younger at diagnosis
in comparison to non-carriers and the prevalence of pathogenic variants in TP53 was higher (1.7%)
amongst very early onset breast cancers occurring at the age of 30 years or younger. This is
consistent with Melhem-Bertrandt et al. who in 2012 concluded that the likelihood of identifying a

pathogenic gene alteration reduced with increasing ages of cancer onset.(131)

The prevalence of TP53 pathogenic variants is lower within this study cohort compared to the
published literature where, it has been estimated that up to 3-8% of unselected very early onset
breast cancers will have a pathogenic variant in TP53 with a higher prevalence in the context of a
LFS/LFL pedigree.(106, 112-117) However, many of these studies samples are ascertained from
retrospective data or family studies. In 2006, Lalloo et al. observed the frequency of TP53
pathogenic variants amongst 100 very early onset breast cancers ascertained from the North

Western Cancer Registry.(116) In total, 4/100 (4%) had a pathogenic variant in TP53.(116) The
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prevalence was lower in the absence of a family history of breast cancer 2/63 (3%).(116) In 2010,
Mouchawar et al. observed the prevalence of TP53 mutation carriers amongst 52 very early onset
breast cancers unselected for family history from the Australian Breast Cancer Family Study.(121)
They found that 2/52 (3.8%) has a pathogenic variant in TP53.(121) In 2013, Rath et al. observed
the mutation detection amongst 213 women with HER2-amplified primary invasive breast
cancer.(117) The prevalence of TP53 pathogenic variants was 2/81 (2.5%) amongst women aged
under the age of 40 years at diagnosis.(117) More recently, in 2019 Bakhuizen et al. observed TP53
detection amongst 370 very early onset patients derived from a Dutch population.(233) They

identified a TP53 germline variant in 8/370 (2.2%) of unselected women.(233)

Breast cancer is the most frequently observed cancer amongst TP53 gene carriers affecting
approximately 60% of mutation carriers collectively.(114) Within this cohort, there was a significant
association between TP53 variant identification and a strong family history of breast cancer.
However, 64.3% of variant carriers had no family history of breast cancer. This may reflect the broad
range of cancer phenotypes associated with alterations in the TP53 gene including adreno-cortical
tumours, osteosarcoma, rhabdomyosarcoma and brain tumours.(114) It may also reflect the de-
novo mutation rate observed amongst TP53 gene carriers. In 2009, Gonzalez et al. determined the
proportion of de-novo pathogenic TP53 variants in a case series of 341 American patients with early
onset breast cancer.(120) The estimated de-novo mutation rate was 5-20% was based upon a

combination of molecular genetic testing and family history data.(120).

9.4.2 TP53 Variants and Tumour Histopathology

We have shown that individuals with pathogenic variants in TP53 are significantly more likely to
present with high-grade tumours demonstrating nodal involvement and a trend towards
lymphovascular infiltration. In 2013, Rath et al. reported on the tumour histopathological
phenotype observed amongst TP53 germline variants carriers derived from the CORIS
database.(117) The majority of tumours, 69% were grade 3 at presentation.(117) In 2019,
Packwood et al. through the COPE study observed tumour histopathological phenotype amongst
45 invasive breast cancers and 9 isolated cases of DCIS occurring in association with a germline
pathogenic variant in TP53.(234) They found that 50% of tumours occurring in association with a
TP53 germline variant were grade 3 at presentation.(234) They also noted that vascular invasion

was more frequent amongst those with a germline TP53 variants (12/36 (33.3%)).(234)

There was no association with tumour focality or increased levels of in-situ disease amongst TP53

variant carriers compared to non-carriers. The POSH study protocol excluded patients with isolated
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DCIS.(13) However, this is an interesting observation as germline variants in TP53 are significantly

associated with isolated high grade DCIS in pre-menopausal breast cancer.(235)

TP53-associated tumours were significantly more likely to be HER2-amplified with 91.3% presenting
with HER2 amplification compared to 29.3% of non-carriers. This was no differential effect of
variant type (truncating or missense) on the presence of HER2 amplification. HER2 amplification
associated with ERBB2 (HER2) gene amplification is present in 15-20% of invasive breast
cancers.(236, 237) It can be associated with adverse prognosis and is the target of precision
therapies including Trastuzumab.(236) Within the whole POSH cohort 24% of breast cancer were

HER2-amplified and this increased to 31.4% amongst very early onset breast cancers.

The association between HER2 amplification and TP53 germline mutations was first described by
Wilson et al. in 2010.(159) They observed the proportion of breast cancers with HER2 amplification
derived from 9 patients with pathogenic variants in TP53 including individuals from the POSH
cohort.(159) This was compared to non-gene carriers with very early onset breast cancer within the
same cohort.(159) Overall, 83% of breast cancers occurring in association with a germline mutation
in TP53 demonstrated HER2 amplification compared to 16% of non-carriers.(159) In 2012, Masciari
et al. observed the frequency of HER2-amplified invasive breast cancer and Ductal Carcinoma in
Situ amongst 43 tumours derived from 39 TP53 variant carriers.(238) They found that 26/32 primary

invasive breast cancers were high grade and that 63% of breast cancers were HER2-amplified.(238)

In 2012, Melhem-Bertrandt et al. also observed the histopathological phenotype of TP53-associated
breast cancers amongst 30 cases and 79 controls from individuals who met the NCCN family history
criteria for TP53 testing within an American population.(131) They found that tumours occurring in
association with a TP53 gene alteration were significantly more likely to be HER2-amplified
(p=0.0001).(131) In total, 20/30 (67%) of breast cancers associated with TP53 gene alterations were
HER2-amplified compared to 20/79 (25%) of controls.(131) They concluded that the presence of
HER2 amplification increased the OR of having a TP53 gene alteration by 7 fold (OR 6.9, 95%Cl 2.6-
18.2 p<0.0001).(131) In 2013, Rath et al. also reported that 91% of breast cancers diagnosed under
the age of 40 years and occurring in association with a TP53 germline variant were HER2-
amplified.(117) In 2019, Packwood et al. found that 20/32 (62.5%) of early onset breast cancers

occurring in association with a TP53 germline variant were HER2-amplified.(234)

9.4.3 HER2 Receptor Amplification and Variant Identification

There is limited literature detailing the mutational frequency of high and moderate penetrance
genes in HER2-amplified breast cancer. One of the most comprehensive reviews was conducted by

Eccles et al. in 2016 with a focus upon the high risk genes BRCA1, BRCA2 and TP53.(160) Within this
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cohort, age at diagnosis and HER2 receptor amplification were shown to be significant independent
predictors of germline TP53 variants. This work expands upon the analysis conducted by Eccles et
al. to include other high and moderate penetrance genes. It also considers how the age of breast

cancer onset influences variant detection.

Overall, pathogenic variants in TP53 were identifiable in 1.5% of the whole, HER2-amplified cohort
and 4.7% of those with HER2-amplified breast cancer diagnosed under the age of 30 years. Family
history was an important modifier of the likelihood of identifying a pathogenic variant in TP53. In
the absence of a strong family history of breast cancer, less than 1% of individuals with early onset
(under 40 years) HER2-amplified breast cancer and less than 2% of individuals with very early onset

(under 30 years) HER2-amplified breast cancer had a pathogenic variant in TP53.

Many pathogenic variants in TP53 are missense variants. Novel missense variants can be more
challenging to interpret utilising ACMG guidelines, especially in the absence of a strong family
history of cancer. Based upon this analysis, the likelihood of identifying Variation of Uncertain
Clinical Significance amongst individuals with non-familial early onset and very early onset HER2-
amplified breast cancer is greater than the likelihood of identifying clinically actionable variation in
TP53. Therefore, whilst many studies advocate reflex testing for pathogenic variants in TP53
amongst all very early onset breast cancers diagnosed under the age of 30 years, this work raises

whether there is true clinical utility in this approach.(115)

The identification of other genes also remained below the threshold for diagnostic genetic testing
in non-familial early onset and very early onset HER2-amplified breast cancer. Pathogenic variants
in CHEK2 were the most frequently identified variant amongst non-familial HER2-amplified breast
cancers, accounting for 2.2% of very early onset and 3.3% of early onset breast cancers. It
demonstrates that the likelihood of identifying a pathogenic variant in CHEK2 is greater than the
likelihood of identifying a pathogenic variant in TP53 amongst symptomatic HER2-amplified early

onset breast cancer occurring in the absence of a strong family history of breast cancer.

Overall, 37.5% of CHEK2-associated breast cancers were HER2-amplified within the POSH cohort at
presentation. Whilst this is not significantly different to non-gene carriers overall (24% HER
amplified), it is higher compared to BRCA gene carriers (8.6% HER2-amplified) and PALB2 gene
carriers (11.5% HER2-amplified). The identification of patients with a germline CHEK2 pathogenic
variant at the time of diagnosis is of potential importance to oncologists as they plan future
treatment given the association between adverse outcome and higher rates of contralateral

disease.(224)
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Variant identification increased amongst HER2-amplified breast cancers occurring in the context of
a strong family history of breast cancer (BOADICEA > 10%). Overall, 25% of individuals presenting
with HER2-amplified breast cancer and a strong family history of breast cancer had a pathogenic
variant in a breast cancer susceptibility gene (BRCA1, BRCA2, PALB2, CHEK2, ATM or TP53). This

increased to 29.2% amongst breast cancers diagnosed at the age of 30 years or younger.

Pathogenic variants in TP53 were present in 5.4% of familial HER2-amplified early onset breast
cancers diagnosed under the age of 40 years. Pathogenic variants in BRCA1 and BRCA2 were
identifiable in 6.3% and 7.1% of cases respectively and accounted for 13.4% of pathogenic variants
collectively. It means that TP53 variant identification was equivalent to BRCA1 and BRCA2 detection
amongst familial, early onset, HER2-amplified breast cancers. BRCA variant identification within this

subgroup also reached the NICE agreed threshold for diagnostic genetic testing.(229)

Germline variants in the BRCA genes are not classically associated with HER2 receptor amplification.
Within this cohort, HER2 receptor amplification significantly reduced the likelihood of identifying a
germline pathogenic BRCA variant (chapter 5). This relationship is applied within the Manchester
scoring System where the presence of HER2 receptor amplification reduces the prior probability of
identifying a germline BRCA variant.(239) Despite the inverse relationship between HER2 receptor
amplification and BRCA variant identification, this work highlights the importance of BRCA testing

in HER2-amplified early onset breast cancers occurring in the context of a strong family history.

HER2 receptor amplification was the most discriminatory for identifying individuals with a
pathogenic variant in TP53 amongst very early onset breast cancers. More specifically, a
constitution variant in TP53 was identifiable in 12.5% of HER2-amplified breast cancers occurring
under the age of 30 years in the context of a strong family history of breast cancer. Its relative
prevalence within this subgroup was greater than all other variants including BRCA1, BRCA2 and
CHEK2 which were present in 4.2%, 8.3% and 8.3% respectively. This is similar to the published
literature. In 2015 Bougeard et al. observed that the TP53 mutation detection rate in 333 women
with primary invasive breast cancer and a family history suggestive of LFS who developed breast

cancer before the age of 33 years was 14%.(114)

Whilst TP53 was strongly associated with HER2 receptor amplification. There was no association
with PALB2 pathogenic variants and HER2-amplified breast cancer. PALB2 variants were identifiable
in less than 1% of HER2-amplified breast cancers irrespective of family history or age of breast

cancer onset.
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9.4.4 TP53 Variants and Outcome

Germline variants in TP53 are associated with high rates of contralateral disease. In total, 20% of
individuals with TP53-associated breast cancer developed contralateral breast cancer by 10 years.
This increased to 40% in the presence of a family history of breast cancer. This was the highest
observed rate of contralateral disease seen in association with a breast cancer susceptibility gene
alteration within this cohort. This is similar to the rates reported by Hyder et al. in 2020. (240)
They observed the incidence of contralateral breast cancer amongst 47 TP53 gene carriers who
were diagnosed with primary invasive breast cancer under the age of 35 years.(240) The annual
rate of contralateral disease was 7.03% amongst TP53 gene carriers.(240) This was significantly
higher than BRCA1 and BRCA2 gene carriers within the same cohort were the reported rate of
contralateral disease was 3.57% and 2.63% per annum respectively. Individualised decision
making around primary surgical intervention is an important factor within breast cancer care,
particularly in the context of heritable susceptibility. The substantial cumulative risk of
contralateral disease observed within this study suggest that bilateral mastectomy may be a

consideration for women with early onset breast cancer and a germline variant in TP53.

We have shown no significant difference in OS and DDFS between TP53 gene carriers and non-
carriers. After correction for other known prognostic factors including tumour size and lymph
node involvement there was a trend towards improved OS and DDFS but this remained non-
significant. Whilst the overall numbers are small, the observed improvement following correction
for other known prognostic factors may highlight the importance of early detection and

intervention to improve survival amongst TP53 gene carriers.

The impact of somatic TP53 mutations and outcome is well characterised. In 2018, Meric-
Bernstam et al. observed the effect of somatic TP53 mutations on outcome amongst 257
individuals with metastatic breast cancer derived from The Cancer Genome Atlas. TP53 mutations
were associated with significantly worse Recurrence Free Survival (p<0.001), Progression Free
Survival (p<0.001) and Overall Survival (p=0.03).(241) In 2006, Olivier et al. observed the impact of
somatic TP53 variants amongst 1794 individuals with primary breast cancer derived from a
European population.(242) They found that TP53 variants including missense variants in the DNA
Binding Domain were associated with reduced survival and a 10 year mortality of 73.42 per 1000
persons (p=0.0897).(242) In 2014, Eikesdal et al. observed Recurrence Free Survival and Overall
Survival amongst 90 individuals with Locally Advanced Breast Cancer and somatic TP53
variants.(243) Overall, somatic TP53 variants were associated with a significant reduction in

Recurrence Free and Overall Survival (p<0.001).(243)
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Despite the recognised associated between somatic TP53 variants and adverse outcome, there is
limited literature observing the effects of germline TP53 variants on outcome. The number of
cases represented within this analysis is too limited to provide definitive conclusions of the impact
that germline variants may have on outcome. However, we could hypothesise that the association
with HER2 receptor amplification and higher rates of contralateral disease compared to the

cohort overall reflect more aggressive underlying tumour biology.

9.5 Summary

Analysis of this cohort suggests that all individuals with early onset HER2-amplified breast cancer
should be tested for a panel of breast cancer susceptibility genes including TP53 if the breast cancer
is diagnosed in the context of familial breast cancer. The identification of pathogenic germline
variants in TP53 has increasing clinical utility for active cancer management, including primary
surgical intervention and the facilitation of decisions regarding radiotherapy and chemotherapy
due to the potential for secondary malignancies. It also has utility for primary prevention within the
broader family and the facilitation of reproductive decisions. The UK Cancer Genetics Group now
advocate annual Whole Body MRI screening as part of a broader screening initiative for individuals
with LFS. NICE also advocate high risk breast screening from the age of 20 years with consideration

of risk reducing breast surgery.(135)

Despite the apparent utility of testing in the context of HER2-amplified, familial breast cancer,
caution must be applied when there is no family history of cancer. This is even true amongst those
individuals with HER2-amplified breast cancer under the age of 30 years where reflex testing is
the current standard across many Clinical Genetics Services. For this group, it is important to
consider the potential psychological burden of identifying VUS and the pitfalls in determining
absolute cancer risks in the absence of a classic LFS/LFL family history where the likelihood of this

is potentially greater than finding actionable risk.

We have also shown that germline variation in CHEK2 makes an important contribution to non-
familial early onset HER2-amplified breast cancers and its identification may have utility in
treatment planning secondary to the association of germline variants in this gene with adverse

tumour biology and outcome.

The pathway which unites germline TP53 variants with HER2 receptor amplification remains to be
elucidated. In the future, this may serve as a target for therapeutic intervention or
chemoprevention and somatic mutational profiling may enable the identification of this

relationship and the somatic factors which drive tumour biology in HER2-amplified breast cancer.
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Chapter 10 Somatic Mutational Analysis

The somatic mutational analysis was completed utilising data derived from The 100,000 Genomes
Project, Cancer, Breast Cancer, Recruitment Domain. Whole genome tumour sequence data was
available for 1342 individuals with invasive breast cancer of whom 49 were gene carriers and

1293 were mutation negative. A summary of this cohort is shown in (Table 54).

Gene Carrier Status | Number
Mutation- 1293
Mutation+ 49
BRCA+ 7
PALB2+ 7
CHEK2+ 20
ATM+ 10
TP53+ 5

Total 1342

Table 54: Summary of the Somatic Analysis Population

10.1 Somatic Mutational Profile

A pre-selected panel of 39 target genes was applied to 1342 genomes derived from The 100,000
Genomes Project, Cancer, Breast Cancer Domain. A summary of the target genes is shown in
Appendix G. In total, 33101 somatically acquired single nucleotide variants were identified. Non-
coding variants were most frequently identified accounting for 30125/33101 (91.01%) of all
somatic variants within this cohort. Intronic variants represented the most prevalent subclass. In

total, 28196 intronic variants were identified (Table 55).

Within the protein coding region 1486 missense variants, 630 frameshift variants, 281 stop gained
variants, 148 synonymous variants, 98 in-frame deletions, 12 in-frame insertions, 2 start lost
variants and 2 stop lost variants were identified. Coding sequence variants represented
2659/33101 (8.03%) of all somatic variants identified. Conversely splice region variants
represented less than 1% of all variants identified (317/33101 (0.96%)) (Table 55).
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Variant Type Number Percentage
Coding Sequence (Total) 2659 8.03
Stop Gained 281 0.85
Frameshift Variant 630 1.90
Start Lost 2 0.01
Stop Lost 2 0.01
Missense Variant 1486 4.49
In-frame Deletion 98 0.30
In-Frame Insertion 12 0.04
Synonymous Variant 148 0.45
Splice Region (Total) 317 0.96
Splice Acceptor Variant 98 0.30
Splice Donor Variant 65 0.20
Splice Region Variant 154 0.47
Non-Coding (Total) 30125 91.01
Intron Variant 28196 85.18
3’ Untranslated Region Variant 1017 3.07
5’ Untranslated Region Variant 112 0.34
Upstream Gene Variant 575 1.74
Downstream Gene Variant 225 0.68
Total 33101 100

Table 55: Somatic Mutational Analysis

Summary level data detailing the variant types identified during somatic mutational

analysis.

Analysis of the coding region variants demonstrated that the 5 most prevalent somatically
mutated genes were PIK3CA, TP53, GATA3, CDH1 and MAP3K1 (Figure 42). Of these, PIK3CA,
TP53, CDH1 and MAP3K1 have a recognised Hallmark functions. When non-coding variants were
included within this analysis, increased representation was identifiable from NTRK3, ESR1, ARID1B
and ETV6 (Figure 43). The numbers were too small to provide meaningful comparisons between
variant carriers but the Waterfall plots are shown in Appendix L.1-L.4. Tumour histopathology was

not available to compare this with somatic mutational profile.
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Waterfall plot illustrating the most prevalent somatic coding and non-coding
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100,000 Genomes Project.
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10.2 Tumour Mutational Burden

The median Tumour Mutational Burden (TMB) was 2.51 (IQR, 1.87-4.25) Mutations per Megabase
(Mut/Mb) amongst the 1293 individuals who were mutation negative within this cohort (Table 56
and Figure 44). The TMB was significantly higher amongst individuals with an identifiable germline

variant (median 3.15 Mut/Mb (IQR, 2.38-5.17) (p=0.0169).

The significant difference in TMB between gene carriers and non-carriers was predominantly
influenced by the contribution from BRCA and PALB2 germline variant carriers. BRCA and PALB2
variant carriers developed invasive breast tumours with a significantly higher TMB compared to
non-carriers (p=0.0433 and p=0.0066 respectively). The median TMB for germline BRCA variant
carriers was 4.39 Mut/Mb (IQR, 3.35-5.00). The median TMB for germline PALB2 variant carriers
was 6.39 (IQR, 3.96-7.66) (Table 56 and Figure 44).

There was no significant difference in the TMB between CHEK2 or ATM gene carriers compared to
non-carriers (p=0.4422 and p=0.6692 respectively). The median TMB was 2.49 Mut/Mb (IQR, 1.93-
3.27) for CHEK2 gene carriers and 2.70 Mut/Mb (IQR, 2.24-4.02) for ATM gene carriers. TMB was
higher amongst TP53 gene carriers compared to non-carriers (median 3.77 Mut/Mb (IQR, 2.58-

6.41). However this relationship was non-significant (p=0.18).

Hypermutation (TMB greater than 10 mut/Mb) was not observed within the median or
interquartile range of TMB for either gene carriers or non-carriers within this cohort. However,
hypermutation was observed within the range of TMB amongst non-gene carriers (0.31-55.95

Mut/Mb) and CHEK2 gene carriers (0.83-1570 Mut/Mb).

Somatic Coding Variants Per Mb

Gene Median IQR Range P-value*
MUTATION- 2.51 1.87-4.25 0.31-55.94

MUTATION+ 3.15 2.38-5.17 0.83-15.7 p=0.0169
BRCA+ 4.39 3.36-5.00 3.04-6.16 p=0.0433
PALB2+ 6.39 3.96-7.66 3.22-9.78 p=0.0066
CHEK2+ 2.49 1.93-3.27 | 0.83-15.70 p=0.6692
ATM+ 2.70 2.24-4.02 1.84-6.07 p=0.4422
TP53+ 3.77 2.58-6.41 2.12-6.65 p=0.18

Table 56: Tumour Mutational Burden Gene Carriers Versus Non-Carriers

*Assessment of statistical significance using the Mann-Whitney U Test. Comparison

made against Mutation-.
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Figure 44: Tumour Mutational Burden described in Somatic Coding Variant per Megabase

Boxplot comparing the median and inter-quartile range of Tumour Mutational
Burden observed between gene carriers (ATM+, BRCA+, CHEK2+, PALB2+ and TP53+)

and non-carriers (Mutation-).

10.3 Somatic Mutational Signature

In total, the presence of 30 biologically relevant Single Base Substitution (SBS) Mutational
Signatures was analysed and compared between gene carriers and non-carriers. Overall, 9 main
SBS mutational signatures were expressed consistently amongst all breast cancers observed
within this cohort. These mutational signatures were present concomitantly in each tumour. In-
depth summary data of the proportional representation of each mutational signature is provided

in Appendix M and Figures 45 and 46.

The 9 main SBS signatures observed amongst breast cancer cases included Signature 1 (SBS1),
Signature 2 (SBS2), Signature 3 (SBS3), Signature 5 (SBS5), Signature 8 (SBS8), Signature 9 (SBS9),
Signature 12 (SBS12), Signature 13 (SBS13) and Signature 16 (SBS16). Amongst non-gene carriers
the percentage representation of these mutational signatures was as follows: SBS1 median 14.64
(IQR, 8.92-17.51); SBS2, median 2.88 (IQR, 1.72-6.17); SBS3, median 10.59 (IQR, 6.44-15.95); SBS5,
median 28.08 (IQR, 11.41-38.30); SBS8, median 3.94 (IQR, 0.00-9.33); SBS9, median 4.67 (IQR,
2.87-6.51); SBS12, median 4.62 (IQR, 1.40-9.08); SBS13 median 1.78 (IQR, 0.88-4.65); SBS16
median 8.90 (IQR, 2.64-16.74) (Appendix L and Figure 45 and 46). In some tumours, a smaller
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contribution (median less than 2%) was observed for SBS10, SBS11, SBS18, SBS25, SBS28 and
SBS30.

The proportional representation of specific mutational signature was significantly different
between germline variant carriers and non-carriers. The percentage expression of SBS1 was
significantly reduced in gene carriers (10.81 Mut/Mb (IQR, 7.53-14.48)) compared to non-carriers
(14.64 Mut/Mb (IQR, 8.92-17.51))(p=0.001235). Subgroup analysis revealed that this reduction in
prevalence was attributable to germline variants in BRCA and PALB2. The median expression of
SBS1 was 8.53 Mut/Mb (IQR, 6.59-9.99) for BRCA gene carriers (p=0.0245) and 6.71 Mut/Mb (IQR,
5.10-7.01) for PALB2 gene carriers (p=0.0016) (Appendix L and Figure 45 and 46).

A similar observation was noted for SBS5 between germline gene carriers and non-carriers
median 28.08 Mut/Mb (IQR, 11.41-38.30) versus 18.74 Mut/Mb (IQR, 0.00-30.11) (p=0.0021). This
reduction in prevalence was attributable to germline variants in PALB2 only. The median
expression of SBS5 was 4.88 Mut/Mb (IQR, 0.00-17.36) for PALB2 gene carriers (p=0.010)
(Appendix L and Figure 45 and 46).

The percentage expression of SBS3 was significantly increased in gene carriers compare to non-
carriers. This difference was due to a higher percentage prevalence of SBS3 amongst BRCA and
PALB2 gene carriers. The median percentage of SBS3 was 10.59 (IQR, 6.44-15.95) amongst non-
gene carriers compared to 31.14 (IQR,20.71-35.17) amongst BRCA gene carriers and 32.14 (IQR,
31.02-37.71) amongst PALB2 gene carriers (p<0.0001 and p=0.0047 respectively) (Appendix L and
Figure 45 and 46).
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Figure 45: Single Base Substitution Somatic Mutational Signatures: A Comparison Between

Gene Carriers and Non-Carriers.

Graphical representation of the differential expression of Single Base Substitution

Somatic Mutational Signature 1-30 between gene carriers (Mutation+, ATM+, BRCA+,

CHEK2+, PALB2+ and TP53+) compared to non-carriers (Mutation-).
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Figure 46: Somatic Mutational Signature and Variant Carrier Status
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Boxplots displaying percentage representation of somatic BRCA+
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mutational signatures 1-30 and variant carriers status.

10.4 Discussion

This work has observed the somatic mutational profile of a large number of unselected breast
cancer cases and compared high and moderate penetrance gene carriers against non-carriers. We
have demonstrated that somatic coding variants in TP53, PIK3CA, GATA3, MAP3K1 and CDH1 have
a high prevalence in breast cancer. TP53, PIK3CA, MAP3K1 and CDH1 have recognised hallmark
functions and as such, they are likely to represent key genetic components in breast cancer
evolution. This is consistent with the published literature. In 2010, Kan et al. observed somatic
mutations in 1507 genes across 183 breast cancers.(244) They identified that PIK3CA and TP53

were the most frequently mutated in breast cancer.(244)

10.4.1 Tumour Mutational Burden

We have shown that the majority of invasive breast cancers are not associated with a high
Tumour Mutational Burden (TMB) or hypermutation. This is reflected in the median and IQR of
TMB observed within this cohort and is consistent with the published literature. In 2010, Kan et al.
observed somatic mutations in 1507 genes across 441 primary invasive tumours comprising 183
breast cancers, 134 lung cancers, 58 ovarian, 58 prostate and 8 pancreatic with subgroup analysis
based upon the underlying histopathological phenotype.(244) They identified 2576 somatic
mutational events with an average of 1.8 somatic mutations per Mb of DNA analysed across all

cancer types.(244) Invasive breast cancers displayed an average of 1.14 somatic mutations per Mb
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of DNA.(244) In 2013, Alexandrov et al. observed the somatic mutational profile of 7042 cancers.

The median TMB observed in breast cancers cases was approximately 1.0 Mut/Mb.(165)

A small proportion of breast cancers occurring in the absence of a germline variant were
hypermutated with an average TMB greater than 10 Mut/Mb. In 2017, Chalmers et al. examined
the Tumour Mutational Burden across 102,292 Cancer genomes derived from TCGA across a wide
range of cancer types.(245) They identified that advancing age at diagnosis was associated with a
significant increase in the TMB.(245) Within the 100,000 Genomes Project, the median age of
breast cancer onset was 61.0 years (IQR, 51.0-70.0 years). Thus advancing age may explain, in part

the broad range of TMB observed amongst unselected breast cancer cases.

Whilst the majority of invasive breast cancers were not hypermutated, individuals with germline
variants in BRCA and PALB2 demonstrate a significantly higher TMB compared to non-gene
carriers. Alterations in the BRCA1 and PALB2 genes affect the Homologous Recombination Repair
pathway. There is emerging literature to support this observation. In 2018, Thomas et al.
observed the Tumour Mutational Burden amongst 930 primary breast tumours derived from
TCGA.(246) They found the mean TMB amongst BRCA gene carriers to be 1.63/Mb which was
considered to be TMB high and equivalent to the 80" percentile within the cohort overall.(246)
Furthermore, in 2020, Mei et al. observed the TMB in 62 advanced breast cancer patients.(247)
They found that patients with somatic mutations in DNA damage repair genes such as BRCA and
PALB2 had significantly higher levels of TMB.(247) In 2019, Lal et al. analysed 560 breast cancers
with germline or somatic inactivation of either BRCA1 or BRCA2. They demonstrated that
individuals with BRCA1 or BRCA2 inactivated tumours had a significantly higher TMB compared to

sporadic breast cancer.(248)

Similar observations have been noted in association with PALB2 germline variants. In 2019 Li et al.
conducted somatic mutation analysis of 16 invasive breast cancers derived from PALB2 mutation
carriers.(47) They demonstrated a median of 113.5 somatic mutations per case with a range of
59-269 and found that tumours displaying biallellic loss of PALB2 had a higher somatic mutation
rate (median 139.5, range 63-269 mutations per Mb).(47)

Overall, this supports the observation that germline variants associated with defects in the HRR
pathway may produce an increase in TMB. The association between germline variation and
increased TMB is well described for specific variant classes such as the DNA Mismatch Repair
genes (MMR) and DNA polymerases including POLE. In 2017, Zehir et al. observed the TMB in
10,000 patients with metastatic cancer.(249) Hypermutation was observed in association with
MMR and POLE signatures.(249) In 2017, Campbell et al. performed comprehensive pan cancer

somatic mutational analysis of over 78,452 adult cancers and 2885 paediatric cancers.(170) The
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median TMB in paediatric cancers was 2.50 Mut/Mb.(170) They found that all paediatric patients
with hypermutant cancers and a strong replication repair mutational signature had a confirmed
germline variant in an MMR gene or POLE.(170) Hypermutation was also observed in 17% of adult
cancers and was associated with microsatellite instability and somatic variants in MMR genes and

DNA polymerases such as POLE and POLD1.(170)

The magnitude of effect on TMB may be smaller for germline variants associated HRR deficiency
compared with MMR deficiency or aberrant DNA polymerase activity. However, the overall
number of variant carriers within this analysis is small. As such, larger sample sizes are required to

draw definitive conclusions.

This potential association between elevated TMB and HRR deficit may have clinical relevance.
Somatic mutations produce neo-antigens which can induce a T-cell mediated immune
response.(169) A higher TMB is associated with higher levels of neoantigen presentation and
immunogenicity which creates a selection pressure for the expression immune check point
inhibitors such as anti PD-1 and PD-L1 within the tumour.(169) The expression of PD-1 and PDL-1
is linked with responsiveness to immune check point modulation therapy.(169) The use of
Immune Check Modulation therapy such as Nivolumab is well described for MMR deficient
colorectal cancer.(250) Indeed, TMB has been considered a biomarker for precision therapy as

PDL-1 expression on immunohistochemistry alone is often unreliable.(251)

This work suggests that breast cancers that occur in association with a BRCA or PALB2 germline
variant may have immunogenicity which will enable responsiveness to immune checkpoint
modulation. In support of this observation, in 2020, Mei et al. reported that TMB positively
correlated with the percentage prevalence of Tumour Infiltrating Lymphocytes (TILs) amongst
BRCA and PALB2 gene carriers.(247) Furthermore, a meta-analysis published by Zou et al. in 2020
observed the efficacy of Immune Checkpoint Inhibitor Therapy in metastatic breast cancer across
27 studies.(252) They concluded that PDL-1 expression and high TIL levels may predict
responsiveness to Immune Checkpoint Inhibitor Modulation.(252) In 2018, Matsuo et al.
published a case series of 6 women with recurrent epithelial ovarian cancers occurring in the
context of a germline BRCA variant.(253) They were managed with Nivolumab monotherapy and
followed up for a period of 13.4 months. In total, 3 women demonstrated a complete response

and 1 woman, a partial response.(253)

10.4.2 Somatic Mutational Signatures

This represents one of the first somatic mutational signature analyses comparing high and

moderate penetrance variant carriers with non-carriers. The 9 main SBS mutational signatures
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observed amongst breast cancer cases within this cohort included SBS1, SBS2, SBS3, SBS5, SBSS8,
SBS9, SBS12, SBS13 and SBS16. This is consistent with the published literature. In 2013,
Alexandrov et al. analysed 4,938,362 mutations derived from 7042 cancers including breast
cancer to determine whether particular mutation types were more frequently observed within
different cancer subtypes.(165) In 2020, Alexandrov et al. expanded this analysis and undertook
somatic mutational analysis on 23829 cancer samples including 4645 set of whole genome
somatic sequence data.(178) Across these analyses, specific SBS mutational signatures were
consistently identified amongst invasive breast cancer cases including SBS1, SBS2, SBS3, SBS5,
SBS8, SBS9, SBS13, SBS17 and SBS18.(165, 178) In 2017, Polak et al. observed the somatic
mutational signatures amongst 995 breast cancers derived from the Cancer Genome Atlas.(254)
They identified 4 recurrent mutational signatures, SBS1, SBS2, SBS3, SBS6 and SBS13.(254) It
suggests that there are shared mutational processes implicit in breast cancer evolution for both

breast cancer variant carriers and non-carriers.(248)

SBS1 and SBS5 are observed across multiple cancer types.(180, 255) SBS1 is associated with the
endogenous spontaneous deamination of 5-methylcytosine at CpG dinucleotides to thymine
resulting in a G to T mismatch.(255) The biological process underlying signature 5 remains to be
elucidated.(180, 255) The number of the single nucleotide conversions associated with SBS1 and
SBS5 correlates with the number of cell divisions over time. (255) In 2015, Alexandrov et al.
demonstrated the continuous “clockwise” accumulation of SBS1 and SBS5 somatic mutations and

that this correlated with increasing age.(178, 255)

We have shown that SBS1 and SBS5 are identifiable in all breast cancers. However, a significantly
lower contribution of SBS1 and SBS5 was observed amongst individuals with germline variants in
BRCA and PALB2. This may be partly attributable to an age related effect. The median age at
breast cancer diagnosis was significantly younger for BRCA gene carriers compared to non-carriers
within this cohort (50.0 years (IQR, 47.5-53.0 years) for BRCA gene carriers versus 61.0 years (IQR,
51.0-71.0) for non-carriers (p=0.044)). As such, the time interval to acquire SBS1 would be
reduced amongst BRCA gene carriers resulting in a lower overall contribution within the tumour.
In 2019 Lal et al. observed the somatic mutation signatures in 560 breast cancer cases.(248) They
also observed underrepresentation of signature 1 in BRCA1 and BRCAZ2 deficient tumours

compared to sporadic tumours (6.0% BRCA1, 6.6% BRCA2 AND 16% sporadic).(248)

There was no significant difference in the age of breast cancer onset between PALB2 gene carriers
and non-carriers and they still manifest significantly lower levels of SBS1 and SBS5. Therefore, it
would also suggest that the continuous biological acquisition of somatic variation associated with

SBS1 and SBS5 is less important in the process of tumorigenesis for individuals with mutations in
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genes associated with HRR deficit.(178) It remains to be determined whether there are other
biologically relevant mutational processes for individuals with HRR deficit. In 2019, Lal et al.
concluded that BRCA deficient tumours displayed elevated levels of structural variation which

would not be recognisable on SBS mutational signature analysis alone.(248)

SBS2 and SBS13 are frequently observed across a variety of cancer subtypes and are an important
contributor to breast cancer evolution.(178, 180) Consistent with this, SBS2 and SBS13 were
observed amongst both gene carriers and non-carriers within this cohort. These signatures are
associated with the endogenous upregulation of APOBEC cytidine deaminase activity and occurs
in episodic bursts.(180) The mechanism for APOBEC cytidine deaminase upregulation is not fully

understood but proposed hypotheses include viral infection and tissue inflammation.(256)

SBS3 is an important focus for mutational signature analysis amongst individuals with breast
cancer. This mutational signature is associated with Homologous Recombination Repair (HRR)
deficit. If HRR is defective then non-homologous end joining is frequently exploited to repair DNA
double strand breaks.(164) This is a more error prone repair mechanism and produces a

characteristic pattern with indels at breakpoint junctions.(164)

This work has shown that SBS3 is observed in the majority of the breast cancers with a
proportional representation of approximately 10% in the absence of an underlying germline
variant. We have also shown that germline variants in BRCA and PALB2 are associated with a
significant increase in SBS3 compared to non-carriers with a proportional representation of

approximately 30%.

The association between BRCA germline variants and SBS3 is well described. In 2016, Nik-Zainal et
al. observed the somatic mutational profile derived from whole genome sequencing amongst 560
breast cancer cases and compared this to non-neoplastic tissue.(173) They found that expression
of SBS3 was associated with germline, somatic or epigenetic inactivation of BRCA1 and BRCA2
function.(173) In 2017, Polak et al. observed the somatic mutational signatures amongst 995
breast cancers derived from the Cancer Genome Atlas.(254) A significant increase in SBS3 was
observed amongst those individuals with a germline or somatic loss of function variant in BRCA1
or BRCA2 (p<0.0001).(254) In 2017, Davies et al. demonstrated that a combination of mutational
signatures including SBS3 utilising the HRDetect model could predict germline or somatic

inactivation of BRCA1 or BRCA2 with 98.7% sensitivity.(257)

The association with germline PALB2 variants and SBS3 is more recently characterised with
limited available literature. In 2017, Polak et al. observed SBS3 in association with germline

variants in PALB2.(254) In 2018, Lee et al. analysed the somatic mutation signature amongst 15
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invasive breast cancers associated with germline loss of function mutations in PALB2 derived from
familial cancer clinics in Australia.(230) They found that tumours occurring in the context of a
PALB2 germline variant were significantly more likely to demonstrate signature 3 than sporadic
tumours.(230) However, they could not determine whether there was a differential effect of
biallelic or monoallelic loss of PALB2 on the relative prevalence of SBS3.(230) In 2019, Li et al. in
2019 sought to characterise the somatic mutational repertoire of germline PALB2 mutation
carriers amongst 24 invasive breast cancers derived from 14 distinct pathogenic gene
alterations.(47) They found that only tumours with biallelic, not monoallelic loss of PALB2 had a

mutational signature (SBS3) consistent with HRR.(47)

Germline variants in ATM, CHEK2 or TP53 were not associated with a significant increase in
signature 3. Polak et al. also found that SBS3 was not associated with germline variants in CHEK2
or ATM.(254) There is limited additional literature available regarding somatic mutational
signature expression amongst CHEK2, ATM and TP53 gene carriers. In 2018, Weigelt et al.
observed somatic mutational profile in 24 ATM-associated breast cancers and found them to be
distinct from BRCA without high levels of SBS3 expression.(161) Within this series there were no
further defining SBS mutational signatures which could be used to identify CHEK2, ATM or TP53

gene carriers.

Whilst SBS8, SBS12 and SBS16 were consistently observed amongst breast cancers within this
series, the underlying biological mechanism for expression remains to be determined and there

were no significant differences between gene carriers and non-carriers.

10.5 Summary

The repertoire of somatic mutation in human cancer is vast including a combination of driver
mutations which perpetuate the hallmark characteristics of cancer and passenger mutations
which enable the elucidation of the molecular processes underlying tumorigenesis. The findings in

this somatic mutational analysis complement and strengthen the current literature.

We have shown that 9 SBS Mutational Signatures are important for the evolution of breast cancer
in both gene carriers and non-carriers. The molecular pathways underlying the evolution of
CHEK2, ATM and TP53-associated cancer were not significantly different from sporadic breast
cancer in this study. However, we have illustrated that tumours occurring in association with a
germline variant in BRCA or PALB2 have a significantly higher Tumour Mutational Burden and a

significantly greater proportional representation of Signature 3 compared to non-carriers.
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It suggests that particular molecular pathways (represented by the increased expression of SBS3
and reduction in expression of SBS1 and SBS5 amongst PALB2 and BRCA gene carriers) are more
important for the development of tumours occurring in association with Homologous

Recombination Deficit compared to other high and moderate risk genes and non-carriers.

These differences can be exploited for therapeutic intervention including PARP inhibitors and PDL
modulation therapy. Indeed, they may serve as biomarkers for therapeutic intervention. The
presence of SBS3 in combination with a higher TMB may have utility in predicting germline
variation and identifying actionable risk. It may also prove a useful adjunct for current
classification systems to interpret VUS. These findings are particularly important as the utilisation

of somatic testing increases in routine practice.

171






Chapter 11

Chapter 11 Summary: Can Germline Genotype Influence

Tumour Phenotype and Outcome

11.1 Variant Identification

As we progress into the genomic era, gene panel testing has the potential to be used increasingly
to identify heritable risk with potential health economic benefit through primary prevention and
precision management.(135, 211) This work represents a unique series detailing the prevalence of
pathogenic and likely pathogenic variants in several high and moderate risk breast cancer
susceptibility genes presented across three distinct breast cancer cohorts (familial, under 40 years

and unselected breast cancers).

It has shown that 16.7% of individuals with symptomatic early onset breast cancer have a
moderate or high penetrance gene variant compared to 2% of unselected breast cancers. It has
also shown that pathogenic and likely pathogenic variants in BRCA1 and BRCA2 are the most
common single gene alterations associated with heritable susceptibility and that the additional
testing of CHEK2, PALB2, ATM and TP53 produces a diagnostic uplift of 1.7%-7.3% depending

upon the tested cohort.

Histopathological subtype specific analysis demonstrates that 25.4% of individuals with a
symptomatic, early onset TNT will have a germline breast cancer susceptibility variant and the
majority of these (86.6%) will be in BRCA1. In the absence of a TNT, germline breast cancer
susceptibility variant identification amongst unselected early onset breast cancer is still 14.2%.

The majority of these variants will be in BRCA1 and BRCA2 (9.3%) (Appendix J.1).

HER2-amplified breast cancers were present in 658/2744 (24.0%) of the POSH cohort. Pathogenic
variants in TP53 were identifiable in 1.5% of the whole, HER2-amplified cohort and 4.7% of those
with HER2-amplified breast cancer diagnosed under the age of 30 years. Family history was an
important modifier of the likelihood of identifying a pathogenic variant in TP53. In the absence of
a strong family history of breast cancer, less than 2% of individuals with very early onset HER2-
amplified breast cancer had a pathogenic variant in TP53 compared to 12.5% in the context of

familial breast cancer.

Current recognised indications for genetic testing including familial breast cancer, triple negative

breast cancer occurring under the age of 60 years and very early onset (under 30 years) HER2-
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amplified breast cancer. This is advocated by the Genomic Medicine Testing Directory and the

published literature.(142)

The outcome of this analysis also supports the utilisation of gene panel testing to identify
actionable risk within early onset breast cancers occurring under the age of 40 years but not
amongst unselected breast cancers. This is an advancement on the current Genomic Medicine
Testing Directory which only advocates testing unselected breast cancers that are diagnosed
under the age of 30 years.(142) A small number of studies have now shown that gene panel
testing for hereditary breast cancer susceptibility can produce a cost effective improvement in
Quality Adjusted Life Years (QALY) and Life Expectancy through the identification of actionable
risk. (212, 213) As such, genetic testing in this context may produce a cost benefit for the

identification of actionable risk amongst high penetrance gene carriers.

Analysis of this cohort also suggests that all individuals with early onset (under 40 years) HER2-
amplified breast cancer should be tested for alteration in the TP53 if the breast cancer is diagnosed
in the context of a strong family history of breast cancer. However, caution must be applied when
there is no family history of cancer. This is even true amongst those individuals with HER2-amplified
breast cancer under the age of 30 years where reflex testing is the current standard across many
Clinical Genetics Services. For this group, it is important to consider the potential psychological
burden of identifying variation of unclear significance and the pitfalls in determining absolute
cancer risks in the absence of a classic LFS/LFL family history where the likelihood of this is

potentially greater than finding actionable risk.

Despite the potential benefits of genetic testing, we must approach this technology with care,
particularly in relation to variant interpretation and ensuring appropriate medical intervention for
the associated risk. Future advances in centralised variant databases and curation along with multi-
tier reporting have the potential to mitigate some of these risks and truly harness the potential of

genomic technology for heritable cancer susceptibility.(214, 258)

11.2 Germline Genotype and Tumour Phenotype

This work has provided one of the most comprehensive overviews of tumour histopathology in
early onset breast cancer comparing high and moderate penetrance gene carriers with non-
carriers (Figure 47). It has also provided an overview of somatic mutational profile including TMB

and SBS Mutation Signatures in relation to germline genotype (Figure 48).
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Figure 47: Dendogram Comparing Tumour Histopathological Phenotype Between Gene Carriers

and Non-Carriers

Dendogram to demonstrate the hierarchical clustering between tumour
histopathological phenotypic characteristics and germline genotype. PALB2_1
represents the PALB2 BRCA1 binding domain whilst PALB2_2 represents the PALB2
BRCA2 binding domain.

RERRE,

2%

=

—
—{

T

& -@% \é@‘@ﬁ DQ?’G Q?\?’Fb éﬁf

Figure 48: Dendogram Comparing Tumour SBS Mutational Signature Between Gene Carriers and

Non-Carriers

Dendogram to demonstrate the hierarchical clustering between tumour SBS

Mutational Signature and germline gene variants.
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11.2.1 Homologous Recombination Repair Deficit and Tumour Phenotype

Pathogenic variants in BRCA1, BRCA2 and PALB2 are associated with aberrant Homologous
Recombination Repair. As such, their histopathological characteristics and somatic mutational

profile have been considered together for summary analysis.

11.2.1.1 Histopathology BRCA1 and BRCA2

In accordance with the current literature, this work has shown that BRCA1 related tumours are
significantly more likely to be grade 3, ER-negative, PR-negative and HER2-negative at
presentation compared to non-carriers. Conversely, BRCA2 associated tumours are significantly
more likely to be grade 3 ER-positive, PR-positive and HER2-negative (Figure 47).(149, 153, 154,
218, 219)

This work has also defined the importance of tumour focality in the prediction of BRCA carrier
status. BRCA1 associated tumours within this cohort were significantly more likely to be localised
with lower levels of nodal involvement and lymphovascular infiltration at presentation compared
to non-carriers with smaller maximum overall tumour size. Conversely, BRCA2 associated tumours
were significantly more likely to be multifocal with a non-significant trend towards higher levels of
nodal involvement compared to non-carriers with a significantly greater maximum overall tumour
size (Figure 47). The significance of focality, specifically the association between multifocality and

BRCA2 associated tumours is a novel histopathological association.(259)

11.2.1.2 Histopathology PALB2

Consistent with the published literature, this study observed no significant difference in hormone
receptor status between PALB2 variant carriers and non-carriers.(47, 56, 230) However, a higher
proportion of individuals with PALB2 variants within the BRCA1 binding domain presented with
ER-negative tumours whilst a higher proportion of individuals with PALB2 variants in the BRCA2
binding domain presented with ER-positive tumours. Tumours occurring in association with a
mutation in the BRCA1 binding domain were also significantly smaller than those associated with
mutations in the BRCA2 binding domain and a higher proportion were localised with lower levels

of nodal involvement and significantly lower levels of lymphovascular infiltration (Figure 47).

There is a paucity of published literature to compare a domain specific effects on
histopathological characteristics between PALB2 variant carriers and non-carriers. However, a
small number of studies have observed a higher proportion of ER-negative tumours associated

with variants in the BRCA1 binding domain or proximal to the BRCA2 binding domain.(53, 66)
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The observed potential association with mutation domain and tumour histopathology is
consistent with what is already understood about BRCA1 and BRCAZ2 associated hormone

receptor status and the associated histopathology observed within this prospective cohort.(219)

This work has also shown hierarchical similarity between BRCA1 and variants in the BRCA1 binding
domain of PALB2 versus BRCA2 and variants in the BRCA2 binding domain of PALB2 (Figure 47).
These histopathological features were not sufficiently predictive to differentiate gene carriers from
non-carriers. The numbers are however small and this represents an area for further evaluation of

the PALB2 domain specific phenotype through meta-analysis of pooled international data.

11.2.1.3 Homologous Recombination Repair Deficit and Somatic Mutational Profile

This work has shown that the majority of invasive breast cancers are not associated with a high
Tumour Mutational Burden (TMB) or hypermutation. This is reflected in the median and IQR of

TMB observed within this cohort and is consistent with the published literature.(165, 244)

Whilst the majority of invasive breast cancers were not hypermutated, individuals with a germline
variant in BRCA and PALB2 had a significantly higher TMB compared to non-gene carriers. There is
emerging literature to suggest that defects in the HRR pathway may produce an increase in TMB.
(246-248) The association between germline variation and increased TMB is well described for
specific variant classes such as the DNA Mismatch Repair genes (MMR) and DNA polymerases
including POLE.(170, 249) The magnitude of effect on TMB may be smaller for germline variants
associated HRR deficiency compared with MMR deficiency or aberrant DNA polymerase activity.
However, the overall number of variant carriers within this analysis is small. As such, larger

sample sizes are required to draw definitive conclusions.

The 9 main SBS mutational signatures observed amongst breast cancer cases within this cohort
included SBS1, SBS2, SBS3, SBS5, SBS8, SBS9, SBS12, SBS13 and SBS16. This is consistent with the
published literature.(165, 178, 254) It suggests that there are shared mutational processes implicit
in breast cancer evolution for both breast cancer variant carriers and non-carriers (Figure

48).(248)

This work has demonstrated that germline variants in BRCA and PALB2 are associated with a
significant increase in SBS3 compared to non-carriers with a proportional representation of
approximately 30% (Figure 48). The association between BRCA germline variants and SBS3 is well
characterised and the association with germline PALB2 variants and SBS3 is more recently

described in a small number of publications.(47, 173, 230, 254)

177



Chapter 11

Despite the association with germline variants in BRCA and PALB2, SBS3 is still observed in the
majority of the breast cancers with a proportional representation of approximately 10% (Figure
48). As such, the proportional representation of SBS3 may be more important than its presence in

isolation for the identification of germline variation.

We have shown that SBS1 and SBS5 are identifiable in all breast cancers. However, a significantly
lower contribution of SBS1 and SBS5 was observed amongst individuals with germline variants in
BRCA and PALB2. SBS1 is associated with the endogenous spontaneous deamination of 5-
methylcytosine at CpG dinucleotides which occurs in a continuous manner with advancing age.
(178, 255) The biological process underlying signature 5 remains to be elucidated but it is
acquired in a similar continuous manner with advancing age.(180, 255) Lower levels of SBS1 and
SBS5 expression is association with HRR deficit has been described in another publication and it
would suggest that the continuous biological acquisition of somatic variation associated with SBS1
and SBS5 is less important in the process of tumorigenesis for individuals with mutations in genes

associated with HRR deficit.(248)

Overall, the somatic mutational analysis suggests that it is the collective proportion
representation of SBS Mutational Signatures that is more important that the consideration of
each signature in isolation for the identification of germline variation and interpretation of VUS
(Figure 48). In 2017, Davies et al. demonstrated that a combination of mutational signatures
including SBS3 in a model known as HRDetect could predict germline or somatic inactivation of
BRCA1 or BRCA2 with 98.7% sensitivity.(257) The utilisation of SBS Mutational Signatures and
TMB to identify germline BRCA and PALB2 gene carriers is an important focus for future work and
validation. If validated, it could be used for the interpretation of VUS and has the potential to
identify individuals with cryptic intronic variation which is not identifiable by conventional genetic
testing through RNA seq testing amongst those with a somatic mutational profile suggestive of

HRR deficit.

11.2.1.4 Using Tumour Histopathological Phenotype to Identify Germline Variants

Associated with Homologous Recombination Repair Deficit

Overall, we have shown that tumour histopathology can be used to differentiate BRCA gene
carriers from non-carriers. Hormone receptor status and tumour focality were significant
independent histopathological predictors of BRCA1 and BRCA2 carriers. When these features are
identified in a sequential combination it can increase the likelihood of a BRCA1 or BRCA2 variant.
Overall, the tumour phenotype associated with the highest probability of identifying a pathogenic
BRCA1 variant would be observed amongst those patients with a localised, ER-negative, PR-

negative, HER2-negative tumours in the presence of a family history of breast cancer. Conversely,
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the highest probability of identifying a pathogenic BRCA2 variant would be observed amongst
those with a multifocal, ER-positive, PR-positive, HER2-negative tumour in the presence of a

family history of breast cancer.

In 2014, Spurdle et al. conducted a large-scale analysis of 4477 BRCA1 mutation carriers, 2565
BRCA2 mutation carriers and 47565 breast cancers in non-BRCA carriers in 2014.(154) They used
ER status, age and grade to provide predictors of BRCA1 and BRCA2 mutations. They found that a
combination of age, grade and ER receptor status increased the likelihood of a pathogenic

mutation than the presence of each factor in isolation.(154)

Tumour somatic mutational profile including TMB and SBS Mutational signature profile may also
help to differentiate BRCA and PALB2 gene carriers from non-carriers and may prove a useful

addition to histopathological assessment.

Using these principles, tumour phenotypic characteristics including histopathology and somatic
mutation profile including focality, hormone receptor status, TMB and SBS mutational signature
could be incorporated into a carrier risk stratification model to determine the likelihood of BRCA,
BRCAZ2 and PALB2 germline predisposition to provide more accurate identification of those
individuals who would benefit from germline genetic testing.(154) This is important as 35.8% of
BRCA1 mutation carriers, 34.1% of BRCA2 mutation carriers and 55.6% of PALB2 mutation carriers
had no family history of cancer. These individuals had the same histopathological phenotype as
variant carriers with a family history but did not meet the genetic testing threshold using

conventional carrier probability models.

These histopathological and tumour somatic characteristics could also contribute to the evidence
used for the interpretation of VUS. For example, the CanVIG Specification for the ACMG
Guidelines for variant interpretation provides the opportunity to utilise specific tumour
histopathological phenotypic information as contributing evidence for the pathogenicity of
variants using PP4.(258) If validated, SBS mutational signature and TMB may serve as useful
phenotypic adjunct for classifying variants in genes associated with HRRD including PALB2 and

BRCA.

11.2.2 Tumour Phenotype TP53, CHEK2 and ATM

This work has shown that individuals with pathogenic variants in TP53 are significantly more likely
to present with HER2-amplified, high-grade tumours demonstrating nodal involvement and a
trend towards lymphovascular infiltration (Figure 47). This is consistent with the published

literature. (159, 238) We have also shown that early age at diagnosis, N1 stage disease and HER2
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amplification can be used to contribute towards the prediction of a TP53 germline variant.
Therefore, the presence of a HER2-amplified breast cancer may serve as an indication for TP53
gene testing when considered in the context of the age at diagnosis, nodal status and broader

family history of cancer. It may also serve as an adjunct for variant interpretation.

This work has shown that CHEK2-associated breast cancers are significantly more likely to be
Grade 2, ER and PR-positive with no difference in HER2 expression. They are not associated with a
TNT phenotype. Invasive breast cancers occurring in the context of a pathogenic CHEK2 variant
demonstrated a trend towards multifocality with significantly higher levels of nodal involvement
at presentation. It highlights potential phenotypic similarity with BRCA2 associated invasive breast
cancers. Only nodal status was identified as a significant independent predictor of CHEK2
genotype. Therefore, whilst there is an emerging histopathological CHEK2 related tumour
phenotype, this cannot be reliably used to identify CHEK2 gene carriers versus non-carriers.(91,

157)

Consistent with the published literature, ATM-associated breast cancers were significantly more
likely to be ER-positive.(152, 231) ER positivity was also a significant independent predictor of
germline mutational status. However, there were no additional observed histopathological
associations. As the majority of sporadic breast cancers are also oestrogen receptor positive, this

feature cannot be used in isolation to predict gene carriers versus non-carriers.

There were no somatic mutational features which could be used to differentiate CHEK2, ATM or
TP53 gene carriers from non-carriers. However, it is notable that there was a higher
representation of SBS mutational signatures associated with environmental exposure including
SBS1, SBS2 and SBS5 amongst TP53, CHEK2 and ATM gene carriers (Figure 48). This indicates that
environmental exposures may be more important for cancer evolution amongst these gene

carriers compared to individuals with germline variants associated with HRR deficit.

11.3 Multiple Pathogenic Variants

Overall, 1.3% of individuals presenting with symptomatic early onset breast cancer had multiple
pathogenic variants. Buys et al. also reported that multiple pathogenic variants were identified in
1.3-3.3% of cases.(119) Within this study, each of the identified variants had a clinical actionability
which was independent of the other variant. It highlights that for a small number of families two
or even three high and moderate penetrance genetic factors may contribute to overall risk for
specific individuals. This could be identified though breast cancer susceptibility gene panel testing

amongst individuals presenting for genetic testing.
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A summary of the clinical features for those individuals with multiple pathogenic variants is
provided in Appendix J.2. Of these, 3/6 (50%) presented below the average age of diagnosis
within the POSH cohort (age 26 years and age 33 years respectively). In total, 2/6 (33.3%)
developed an ipsilateral recurrence and 2/6 (33.3%) developed a second primary malignancy.
There is limited literature regarding patients with multiple pathogenic variants and whether we
should manage people with multiple pathogenic variants differently to those with a single variant,
in particular how multiple variants influence absolute risk calculations and whether it creates an
increase on gene specific absolute cancer risks or the likelihood of developing a second primary

cancer.

11.4 Germline Variants and Outcome

We have determined that patients with a germline CHEK2 pathogenic variant who develop breast
cancer have an adverse outcome with reduced OS and DDFS compared to those without, a
relationship which persists after adjustment for known prognostic factors. Our results are
consistent with Schmidt et al. and Wesicher et al. who also observed worse survival amongst
CHEK?2 variant carriers .(80, 91) The contralateral breast cancer rate amongst CHEK2 pathogenic
variant carriers was almost twice that of non-carriers at both 5 and 10 years. Although the
absolute numbers of cases was small, we noted that CHEK2 carriers with a family history, had a
contralateral breast cancer rate more than five times higher than non-carriers, whereas CHEK2
carriers without a family history had no increase in risk. Within the POSH cohort, family history

was not an independent predictor of outcome.(227)

Univariable analysis identified a non-significant trend towards improved OS amongst PALB2
mutation carriers versus non-carriers within the first 5 years after cancer diagnosis although the
numbers are small. Subgroup analysis was not possible due to the small sample size. However,
PALB2 carriers with variants located within the BRCA1 binding domain were significantly more
likely to be managed with breast conserving surgery which may be reflective of the trend towards

smaller, more localised tumours observed within this sub-group.

Within this cohort, pathogenic variants in ATM were not associated with a significant difference in
Overall Survival or Distant Disease Free Survival in comparison to non-carriers. The rates of

contralateral breast cancer were also comparable between gene carriers and non-carriers.

Conversely, germline variants in TP53 are associated with high rates of contralateral disease. In
total, 20% of individuals with TP53-associated breast cancer developed contralateral breast
cancer by 10 years. This increased to 40% in the presence of a family history of breast cancer. This

was the highest observed rate of contralateral disease seen in association with a breast cancer
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susceptibility gene alteration within this cohort. This is similar to the rates reported by Hyder et
al. in 2020. (240) The substantial cumulative risk of contralateral disease observed within this
study suggest that bilateral mastectomy may be a consideration for women with early onset

breast cancer and a germline variant in TP53.

This work has shown no significant difference in OS and DDFS between TP53 gene carriers and
non-carriers. After correction for other known prognostic factors including tumour size and lymph
node involvement. Whilst the overall numbers are small, the observed improvement following
correction for other known prognostic factors may highlight the importance of early detection

and intervention to improve survival amongst TP53 gene carriers.

11.5 Strengths and Limitations

There are several strengths of this work. In the POSH study, patients were ascertained shortly
after diagnosis through oncology clinics and presented with symptomatic rather than screen
detected breast cancers. The clinical data available is comprehensive and allows multivariable
data analysis. There was no systematic bias in selecting patients for the study or for genotyping
and the cohort is representative of the general UK breast cancer population.(13) Furthermore,
carriers of additional high-risk breast cancer susceptibility genes could be excluded from the

analysis allowing a clean comparison between pathogenic variant carriers and non-carriers.

Whilst this work has many strengths the utilisation of second generation sequencing and an
amplicon based targeted capture system within the POSH study limited the identification of CNVs.
This is important as 5-10% of BRCA1 and BRCA2 mutations are dosage anomalies and this
proportion is higher within specific populations.(260) Given this recognised limitation, patients
with a high prior probability of a BRCA gene alteration based upon a strong family history or
bilateral breast cancer were preselected for MLPA testing. Finally, although the initial sample size
within the POSH study is large, the number of non-BRCA variants remains low due to the lower
contribution of these variants to hereditary breast cancer. A larger sample size may help to
strengthen associations between genotype and tumour histopathological phenotype particularly

for non-BRCA genes such as PALB2 and strengthen the validity of the findings.

Data derived from The 100,000 Genomes Project also had several strengths. Patients recruited to
the Cancer, Breast Cancer Domain were also ascertained through oncology clinics following the
detection of breast cancers whilst patients recruited via Rare Disease, Familial Breast Cancer
required a strong family history of breast cancer as a prerequisite for recruitment. This created

two distinct cohorts for analysis (unselected and familial breast cancer).
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Although Whole Genome Sequencing was applied through The 100,000 Genomes Project, the
bioinformatics pipeline was established to identify coding sequence variants for germline analysis.
Furthermore, somatic analysis focused on Single Nucleotide Variation. It would be helpful to
expand this to other types of variation including Copy Number Variation and Structural Change to

better understand their relative contribution to breast cancer biology.

11.6 Future Research

This work, could also be expanded into older cohorts to see if the same relationships are
observed. Previous studies suggest that the relative proportion of TN and ER and PR-negative
BRCA1 associated breast cancers reduces with age whilst the inverse relationship is seen with
BRCA2.(35, 219) The proportion of HER2-negative tumours remains relatives stable in both BRCA1

and BRCA2 mutation carriers across all age groups.(138, 219)

This summary chapter has described how a combination of mutational signatures including SBS3
in a model known as HRDetect could predict somatic inactivation of BRCA1 or BRCA2 with 98.7%
sensitivity.(257) Future research could focus upon whether a preselected combination of SBS
mutational signatures, TMB and tumour histopathology could reliably identify germline variant
carriers in BRCA and PALB2. If validated this analysis could be expanded to identify biologically
relevant intronic variation through targeted RNA seq of those individuals with a somatic

mutational profile of HRR deficit. It could also be used for the interpretation of VUS.

This work has shown that the context in which breast cancer is diagnosed (familial or unselected)
may influence the age of breast cancer diagnosis with earlier age at diagnosis occurring in
association with a strong family history of breast cancer. Polygenic risk may contribute to this
observation and it would be useful to compare whether higher quintiles of PRS are observed in

familial versus unselected breast cancer.

11.7 Conclusion

This work has shown that 16.7% of individuals with symptomatic early onset breast cancer will
have a moderate or high penetrance gene variant compared to 2% of unselected breast cancers.
Variants in BRCA1 and BRCAZ2 are the most common single gene alterations associated with
heritable susceptibility and that the additional testing of CHEK2, PALB2, ATM and TP53 produces a

diagnostic uplift of 1.7%-7.3% depending upon the tested cohort.

This work has provided one of the most comprehensive overviews of tumour histopathology and

somatic mutational profile comparing high and moderate penetrance gene carriers with non-
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carriers. It has shown that tumour histopathology can be used to predict the likelihood of a
germline BRCA or TP53 variant carrier and this may serve as an adjunct to current methodologies
for variant classification. TMB and SBS mutational signature profile may also identify HRR

deficient tumours associated with germline PALB2 and BRCA variants.

Genetics is increasingly utilised in cancer care for precision therapy and the identification of
actionable risk. As we progress forwards with this technology including mainstream testing and
somatic mutational profiling, tumour phenotype including both histopathology and somatic
mutational profile will be important to develop our understanding of tumour biology as an
adjunct to current utilised methodologies to identify actionable risk and interpret rare variation in
high penetrance genes. Whilst the potential utility for high penetrance genes associated with
HRR deficit is apparent, the utility of tumour phenotype for identifying moderate risk gene

carriers and interpreting rare variation is less clear.
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Global Prevalence of PALB2 Variants

Appendix A
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Population PALB2 Variants Case Frequency | Breast Cancer Cohort | Ref.
Coding Protein Number |%
UK c.2718G>A p.Trp906* 89/13087 | 0.68 | Unselected (56)
c.3113G>A p.Trp1038*
c.3116delA p.Asn1039llefs
Other rare variants
Finland c.1592delT p.Leu531Cysfs |19/947 2.0 | Familial (53)
8/1274 0.6 |Unselected
SW Poland & W Ukraine | ¢.509_510del p.Argl70llefs 3/338 0.89 | Familial (61)
Early onset
Poland c.172_175delTTGT p.GIn60Argfs 7/460 1.5 | Familial (60)
c.347insT p.Leull6fs Early Onset
¢.509_510del p.Argl70llefs
Australia ¢.172_175delTTGT p.GIn60Argfs 26/1996 |1.3 | Familial (64)
c.196C>T p.GIn66*
c.522_523delAA p.Argl75Thrfs
c.577dupA p.Thr193Asnfs
c.693dupA p.Gly232Argfs
c.758dupT p.Ser254llefs
¢.860dupT p.Ser288Lysfs
¢.1947dupA p.Glu650Argfs
c.2386G>T p.Gly796*
c.2391delA p.GIn797Hisfs
€.2966_2967insCAACAAGT | p.Glu990Asnfs
€.2982dupT p.Ala995Cysfs
c.3113G>A p.Trpl1038*
c.3116delA p.Asn1039llefs
c.3256C>T P.Arg1086*
c.3362delG p.Gly1121Valfs
¢.3507_3508del p.His1170Phefs
¢.3549C>G p.Tyr1183*
China c.715C>T p.Gln 251* 15/2279 |0.66 | Familial (58)
c.1058delA p.Lys353fs Unselected
c.1744C>T p.Leu581*
€.2323C>T p.GIn775*
c.2693G>A p.Trp898*
c.2748+1G>A -
€.2749-1G>C -
c.3114-1G>A -
c.3256C>T p.Argl086*
c.3271delC p.GIn1091fs
¢.3507_3508delTC p.His1170fs
Malaysia ¢.1559+1G>A - 4/467 0.86 | Unselected (59)
c.1691-2A>G -
- p.Asn251X
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€.758_759insT
c.2052delC
c.3166C>T

p.Ser254llefs
p.Arg686Glyfs
p.GIn1056Ter

c.2828delA -
Jamaica c.43G>T p.Glul5Ter 5/179 2.8 |Unselected (62)
c.109C>A p.Arg37Ser
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Somatic Mutational Signatures

Single Base Substitution (SBS)

Aetiological Description

Signature

Signature 1 Spontaneous deamination of 5-methylcytosine with advancing age (165, 178, 261)
Signature 2 APOBEC activity (165, 178)

Signature 3 Homologous Recombination Repair deficit (BRCA1, BRCA2 and PALB2) (165, 178, 254, 262)
Signature 4 Benzo(a)pyrene diol epoxide within tobacco smoke (165, 178)

Signature 5

Signature 6 Defective DNA Mismatch Repair (165, 178)

Signature 7a,b,c,d

Ultraviolet light exposure (165, 263, 264)

Signature 8

Signature 9

Partial contribution from polymerase n activity (165, 178)

Signature 10a,b

POLE mutation (165, 178)

Signature 11

Temozolomide treatment (165, 178)

Signature 12

Signature 13

APOBEC activity (165, 178)

Signature 14

POLE mutation and DNA Mismatch Repair deficiency (178)

Signature 15

Defective DNA Mismatch Repair (178)

Signature 16

Signature 17

Signature 18

Reactive oxygen species (178)

Signature 19

Signature 20

POLD1 mutation and DNA Mismatch Repair deficiency (178)

Signature 21

Defective DNA Mismatch Repair (178)

Signature 22

Aristolochic acid exposure (178)

Signature 23

Signature 24

Aflatoxin exposure (178)

Signature 25

Chemotherapy (178)

Signature 26

Defective DNA Mismatch Repair (178)

Signature 28

Signature 29

Tobacco chewing (178)

Signature 30 Defective base excision repair; NTHLI mutation (178)
Signature 31 Platinum compound chemotherapy (178, 263)
Signature 32 Azathioprine therapy (178)

Signature 33

Signature 34

Signature 35

Platinum compound chemotherapy (263)

Signature 36 Defective base excision repair secondary to inactivating germline or somatic mutations in MUTYH (265,
266)

Signature 37

Signature 38 Ultraviolet light exposure (178, 263)

Signature 39

Signature 40

Signature 41

Signature 42 Exposure to Haloalkanes (267)

Signature 44 Defective DNA Mismatch Repair (268)

Single Base Substitution Somatic Mutational Signatures:

Overview of the Single Base Substitution (SBS) Somatic Mutational Signatures described in cancer. The aetiological

mechanism for several SBS mutational signatures remains to be elucidated and these are shown as blank within the

table.
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Appendix C Study Protocols

Hyperlink:

Prospective study of Outcomes in Sporadic versus Hereditary breast cancer (POSH): study

protocol

100,000 Genomes Project Protocol | Genomics England
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Appendix D Bioinformatics Commands

D.1 The Prospective Outcomes in Hereditary versus Sporadic Breast

Cancer Study

D.1.1 Southampton Bioinformatics Pipeline:

Produced by Dr William Tapper

Command for SAMtools Variant Calling

samtools view -bq 20 -F 772 SSAMPLE_callRGOrdered.bam | samtools mpileup -EDSgu -d 40000 -f
hg19.fa -L 40000 -F 0.05 - | bcftools view -Nvg - > SSAMPLE_raw.vcf

samtools view takes the raw bam file and makes a new one according to options given.
-b = output bam format

-q = skip alignment with MAPQ <20

-F 772 = exclude unmapped reads, reads not primary alignment and read that fail
platform/vendor quality checks

| = pipe filtered BAM file to samtools mpileup which compiles info for variant calling
-E = extended BAQ computation

-D = output per sample read depth

-S = output per sample phred-scaled strand bias p-value

-g = compute genotype likelihoods & output in binary call format .bcf

-u = similar to —g but output uncompressed for piping

-d = 40,000 at position read maximally INT reads per bam input

-f = reference human genome sequence

-L = 40,000 skip indel calling if average per sample read depth is above INT

-F = 0.05 controls when to initiate indel realignment, minimum freq 5%

| = pipe variant calling info to bcftools view for variant calling

-N = skip sites where REF is not A/C/G/T

-v = output potential variant sites only

-g = call genotypes at variant sites

Command for GATK Unified Genotyper Variant Calling

java -jar SGATK_PATHGenomeAnalysisTK.jar -T UnifiedGenotyper -R SREF_GENOME_PATHhg19.fa
—| SSAMPLE_callRGOrdered.bam -0 SSAMPLE_GATKraw.vcf -stand_call_conf 30.0 -
stand_emit_conf 10.0

D.1.2 Cambridge Bioinformatics Pipeline

Produced by Dr Jamie Allen

Command for GATK Unified Genotyper Variant Calling
java -jar -Xmx248g GenomeAnalysisTK.jar\
-T UnifiedGenotyper \

-nt2\

-nct 16\

-mbq 20\

-contamination 0.05 \

-dt NONE \

-R /path/to/ref _genome.fa\

-l samples.list \

--dbsnp dbsnp_138.hg19.vcf \
-stand_call_conf 50.0\
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-stand_emit_conf 10.0 \
-dcov 1000 \

-L gene_region.interval_list \
--max_alternate_alleles 12\
-glm BOTH \

-0 gene_region.vcf

D.1.3 R-Studio Script: Statistical Analysis of the POSH Cohort

install.packages("gmodels")
library(gmodels)

CrossTable(BRCA_Focused_for_TotalsSN_STAGE, BRCA_Focused_for_TotalsSBRCA1_IND, digits=1,
prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsShistgrade_cat, BRCA_Focused_for_TotalsSBRCA1_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for _TotalsSbmi_cat_by4, BRCA_Focused_for TotalsSBRCA1_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for TotalsSETH_CAT, BRCA_Focused_for _TotalsSBRCA1_IND, digits=1,
prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSFH_CAT, BRCA_Focused_for_TotalsSBRCA1_IND, digits=1,
prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSFOCAL_CAT, BRCA_Focused_for_TotalsSBRCA1_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSPOS_NODES_CAT, BRCA_Focused_for_TotalsSBRCA1_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSLYMPH_INV_CAT, BRCA_Focused_for_TotalsSBRCA1_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSER_FINAL_CAT, BRCA_Focused_for_TotalsSBRCA1_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSPR_FINAL_CAT, BRCA_Focused_for_TotalsSBRCA1_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSHER2_FINAL_CAT, BRCA_Focused_for_TotalsSBRCA1_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSTNT, BRCA_Focused_for_Totals$BRCA1_IND, digits=1,
prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
write.table(aggregate(BRCA_Focused_for_TotalsSageatdiag~™BRCA_Focused_for_TotalsSBRCA1_|
ND, FUN=summary), file="BRCA1_ageatdiagnosis.csv", sep =",", quote=FALSE, row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSBOD_AT_PRES~BRCA_Focused_for_TotalsSBRC
A1 _IND, FUN=summary), file="BRCA1_BOADICEA.csv", sep =",", quote=FALSE, row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_invasive~™BRCA_Focused_for_Tota
ISSBRCA1_IND, FUN=summary), file="BRCA1_maxtumourinvasive.csv", sep =",", quote=FALSE,
row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_insitu~BRCA_Focused_for_Totals$
BRCA1_IND, FUN=summary), file="BRCA1_maxtumourinsitu.csv", sep =",", quote=FALSE,
row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_overall*BRCA_Focused_for_Total
SSBRCA1_IND, FUN=summary), file="BRCA1_maxtumouroverall.csv", sep =",", quote=FALSE,
row.names=F)

CrossTable(BRCA_Focused_for_TotalsSN_STAGE, BRCA_Focused_for_TotalsSBRCA2_IND, digits=1,
prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsShistgrade_cat, BRCA_Focused_for_TotalsSBRCA2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
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CrossTable(BRCA_Focused_for_TotalsSbmi_cat_by4, BRCA Focused_for_TotalsSBRCA2 IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSETH_CAT, BRCA_Focused_for_TotalsSBRCA2_IND, digits=1,
prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSFH_CAT, BRCA_Focused_for_TotalsSBRCA2_IND, digits=1,
prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSFOCAL_CAT, BRCA_Focused_for_TotalsSBRCA2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSPOS_NODES_CAT, BRCA_Focused_for_TotalsSBRCA2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSLYMPH_INV_CAT, BRCA_Focused_for_TotalsSBRCA2 IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSER_FINAL_CAT, BRCA_Focused_for TotalsSBRCA2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSPR_FINAL_CAT, BRCA_Focused_for_TotalsSBRCA2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSHER2_FINAL_CAT, BRCA_Focused_for_TotalsSBRCA2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSTNT, BRCA_Focused_for_TotalsSBRCA2_IND, digits=1,
prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
write.table(aggregate(BRCA_Focused_for_TotalsSageatdiag”BRCA_Focused_for_TotalsSBRCA2_|
ND, FUN=summary), file="BRCA2 ageatdiagnosis.csv", sep =",", quote=FALSE, row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSBOD_AT_PRES~BRCA Focused_for_TotalsSBRC
A2 _IND, FUN=summary), file="BRCA2_BOADICEA.csv", sep =",", quote=FALSE, row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_invasive~BRCA_Focused_for_Tota
ISSBRCA2_IND, FUN=summary), file="BRCA2_maxtumourinvasive.csv", sep =",", quote=FALSE,
row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_insitu~BRCA_Focused_for_Totals$
BRCA2_IND, FUN=summary), file="BRCA2_maxtumourinsitu.csv", sep =",", quote=FALSE,
row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_overall*BRCA_Focused_for_Total
SSBRCA2_IND, FUN=summary), file="BRCA2_maxtumouroverall.csv", sep =",", quote=FALSE,
row.names=F)

CrossTable(BRCA_Focused_for_PvalueSN_STAGE, BRCA_Focused_for_PvalueSBRCA1_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueShistgrade_cat, BRCA_Focused_for_PvalueSBRCAI1_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSbmi_cat_by4, BRCA Focused_for_PvalueSBRCA1_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSETH_CAT, BRCA_Focused_for_PvalueSBRCA1_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSFH_CAT, BRCA_Focused_for_PvalueSBRCA1_IND, digits=1,
prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")

CrossTable(BRCA _Focused_for_PvalueSFOCAL_CAT, BRCA_Focused_for_PvalueSBRCA1_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSPOS_NODES_CAT,
BRCA_Focused_for_PvalueSBRCA1_IND, digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq
= TRUE, format="SPSS")

CrossTable(BRCA_Focused_for_PvalueSLYMPH_INV_CAT, BRCA_Focused_for_PvalueSBRCA1_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSER_FINAL_CAT, BRCA_Focused_for_PvalueSBRCA1_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSPR_FINAL_CAT, BRCA_Focused_for_PvalueSBRCA1_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
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CrossTable(BRCA_Focused_for_PvalueSHER2_FINAL_CAT,
BRCA_Focused_for_PvalueSBRCAI_IND, digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq
= TRUE, format="SPSS")

CrossTable(BRCA_Focused_for_PvalueSTNT, BRCA_Focused_for_PvalueSBRCA1_IND, digits=1,
prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
wilcox.test(BRCA_Focused_for_PvalueSageatdiag~™BRCA_Focused_for_PvalueSBRCA2_IND,
paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSBOD_AT_PRES~BRCA_Focused_for_PvalueSBRCA2_IND,
paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_invasive~BRCA_Focused_for_PvalueSBRCA2
_IND, paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_insitu~BRCA_Focused_for_Pvalue$SBRCA2_|
ND, paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_overall*"BRCA_Focused_for_PvalueSBRCA2_
IND, paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSageatdiag™BRCA_Focused_for_PvalueSBRCA1_IND,
paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSBOD_AT_PRES~BRCA_Focused_for_PvalueSBRCA1_IND,
paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_invasive~™BRCA_Focused_for_PvalueSBRCA1
_IND, paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_insitu~™BRCA_Focused_for_PvalueSBRCA1 |
ND, paired=FALSE)

wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_overall*"BRCA Focused_for_PvalueSBRCA1 _
IND, paired=FALSE)

CrossTable(BRCA_Focused_for_PvalueSN_STAGE, BRCA_Focused_for_PvalueSBRCA2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueShistgrade_cat, BRCA_Focused_for_PvalueSBRCA2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSbmi_cat_by4, BRCA_Focused_for_PvalueSBRCA2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSETH_CAT, BRCA_Focused_for_PvalueSBRCA2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSFH_CAT, BRCA_Focused_for_PvalueSBRCA2_IND, digits=1,
prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSFOCAL_CAT, BRCA_Focused_for_PvalueSBRCA2 IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSPOS_NODES_CAT,
BRCA_Focused_for_PvalueSBRCA2_IND, digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq
= TRUE, format="SPSS")

CrossTable(BRCA_Focused_for_PvalueSLYMPH_INV_CAT, BRCA_Focused_for_PvalueSBRCA2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSER_FINAL_CAT, BRCA_Focused_for_PvalueSBRCA2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSPR_FINAL_CAT, BRCA_Focused_for_PvalueSBRCA2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSHER2_FINAL_CAT,
BRCA_Focused_for_PvalueSBRCA2_IND, digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq
= TRUE, format="SPSS")

CrossTable(BRCA_Focused_for_PvalueSTNT, BRCA_Focused_for_PvalueSBRCA2_IND, digits=1,
prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSN_STAGE, BRCA_Focused_for_TotalsSBRCA1_OR_2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")

194



Appendix D

CrossTable(BRCA_Focused_for_TotalsShistgrade_cat,
BRCA_Focused_for_TotalsSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.C=TRUE,
prop.r=FALSE,format="SPSS")

CrossTable(BRCA_Focused_for_TotalsSbmi_cat_by4,
BRCA_Focused_for_TotalsSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.C=TRUE,
prop.r=FALSE,format="SPSS")

CrossTable(BRCA_Focused_for_TotalsSETH_CAT, BRCA_Focused_for_TotalsSBRCA1_OR_2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSFH_CAT, BRCA_Focused_for_TotalsSBRCA1_OR_2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSFOCAL_CAT, BRCA_Focused_for_TotalsSBRCA1_OR_2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
CrossTable(BRCA_Focused_for_TotalsSPOS_NODES_CAT,
BRCA_Focused_for_TotalsSBRCA1 _OR_2_IND, digits=1, prop.t=FALSE, prop.C=TRUE,
prop.r=FALSE,format="SPSS")

CrossTable(BRCA_Focused_for_TotalsSLYMPH_INV_CAT,
BRCA_Focused_for_TotalsSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.C=TRUE,
prop.r=FALSE,format="SPSS")

CrossTable(BRCA_Focused_for_TotalsSER_FINAL_CAT,
BRCA_Focused_for_TotalsSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.C=TRUE,
prop.r=FALSE,format="SPSS")

CrossTable(BRCA_Focused_for_TotalsSPR_FINAL_CAT,
BRCA_Focused_for_TotalsSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.C=TRUE,
prop.r=FALSE,format="SPSS")

CrossTable(BRCA_Focused_for_TotalsSHER2_FINAL_CAT,
BRCA_Focused_for_TotalsSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.C=TRUE,
prop.r=FALSE,format="SPSS")

CrossTable(BRCA_Focused_for_TotalsSTNT, BRCA_Focused_for_TotalsSBRCA1_OR_2_IND,
digits=1, prop.t=FALSE, prop.C=TRUE, prop.r=FALSE,format="SPSS")
write.table(aggregate(BRCA_Focused_for_TotalsSageatdiag®BRCA_Focused_for_TotalsSBRCAI_O
R_2_IND, FUN=summary), file="BRCA_ageatdiagnosis.csv", sep =",", quote=FALSE, row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSBOD_AT_PRES~BRCA_Focused_for_TotalsSBRC
Al1_OR_2_IND, FUN=summary), file="BRCA_BOADICEA.csv", sep =",", quote=FALSE, row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_invasive~BRCA_Focused_for_Tota
IsSSBRCA1_OR_2_IND, FUN=summary), file="BRCA_maxtumourinvasive.csv", sep =",",
guote=FALSE, row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_insitu~BRCA_Focused_for_Totals$
BRCA1_OR_2_IND, FUN=summary), file="BRCA_maxtumourinsitu.csv", sep =",", quote=FALSE,
row.names=F)
write.table(aggregate(BRCA_Focused_for_TotalsSmax_tumour_overall*BRCA_Focused_for_Total
SSBRCA1_OR_2_IND, FUN=summary), file="BRCA_maxtumouroverall.csv", sep =",", quote=FALSE,
row.names=F)

CrossTable(BRCA_Focused_for_PvalueSN_STAGE, BRCA_Focused_for_PvalueSBRCA1_OR_2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueShistgrade_cat,
BRCA_Focused_for_PvalueSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.c=TRUE,
prop.r=FALSE, chisq = TRUE,format="SPSS")

CrossTable(BRCA_Focused_for_PvalueSbmi_cat_by4,
BRCA_Focused_for_PvalueSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.c=TRUE,
prop.r=FALSE, chisq = TRUE,format="SPSS")

CrossTable(BRCA_Focused_for_PvalueSETH_CAT, BRCA_Focused_for_PvalueSBRCA1_OR_2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSFH_CAT, BRCA_Focused_for_PvalueSBRCA1_OR_2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE,format="SPSS")
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CrossTable(BRCA_Focused_for_PvalueSFOCAL_CAT,
BRCA_Focused_for_PvalueSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.c=TRUE,
prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSPOS_NODES_CAT,
BRCA_Focused_for_PvalueSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.c=TRUE,
prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSLYMPH_INV_CAT,
BRCA_Focused_for_PvalueSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.c=TRUE,
prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSER_FINAL_CAT,
BRCA_Focused_for_PvalueSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.c=TRUE,
prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSPR_FINAL_CAT,
BRCA_Focused_for_PvalueSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.c=TRUE,
prop.r=FALSE, chisq = TRUE, format="SPSS")
CrossTable(BRCA_Focused_for_PvalueSHER2_FINAL_CAT,
BRCA_Focused_for_PvalueSBRCA1_OR_2_IND, digits=1, prop.t=FALSE, prop.c=TRUE,
prop.r=FALSE, chisq = TRUE, format="SPSS")

CrossTable(BRCA_Focused_for_PvalueSTNT, BRCA_Focused_for_PvalueSBRCAI_OR_2_IND,
digits=1, prop.t=FALSE, prop.c=TRUE, prop.r=FALSE, chisq = TRUE, format="SPSS")
wilcox.test(BRCA_Focused_for_PvalueSageatdiag”BRCA_Focused_for_PvalueSBRCA1_OR_2_IND,
paired=FALSE)

wilcox.test(BRCA_Focused_for_PvalueSBOD_AT_ PRES~BRCA_Focused_for_PvalueSBRCA1 OR_2_
IND, paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_invasive~™BRCA_Focused_for_PvalueSBRCA1
_OR_2_IND, paired=FALSE)
wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_insitu~¥BRCA_Focused_for_PvalueSBRCA1_O
R_2_IND, paired=FALSE)

wilcox.test(BRCA_Focused_for_PvalueSmax_tumour_overall*BRCA_ Focused_for_PvalueSBRCA1 _
OR_2_IND, paired=FALSE)

D.1.4 R-Studio Script: Heatmap Histopathological Analysis of the POSH Cohort

data <- Heat_Map_noTNT[,2:8]

colnames(data) <- c(paste("No
Mutation"),paste("BRCA1"),paste("BRCA2"),paste("PALB2"),paste("CHEK2"),paste("ATM"),paste("
TP53"))

row.names(data) = sapply(Heat_Map_noTNTS Histopathological Phenotype’,function(x)
strsplit(as.character(x), split = "\\\\" [[1]][1]))

data_mat <- data.matrix(data)

my_palette <- colorRampPalette(c("yellow","orange","red"))

data_scaled <- t(scale(t(data_mat)))

heatmap.2(data_scaled, col = my_palette(n=20), trace = "none", cexCol = 0.8, cexRow = 0.8,
srtRow =45, srtCol = 45)

D.2 The 100,000 Genomes Project:

D.2.1 Shell Script Germline Analysis

Produced in conjunction with Dr William Tapper

Build 37
cat CancerPatientPathsOctober2018 37 | while read pathToVCF build;
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do

( echo SpathToVCF | cat; echo Sbuild ;

awk {if(S1==16 && $2>23614483 && $2<23652678 && $8 ~ /PALB2/ && S8 I~
/regulatory_region_variant/ && S8 !~ /downstream_gene_variant/ && $8 ™ /intron_variant/)
print SO} <(gzip -dc SpathToVCF) ) >> PALB2_build37.txt

( echo SpathToVCF | cat; echo Sbuild ;

awk '{if($1==22 && $2>29083731 && $2<29138410 && S8 ~ /CHEK2/ && $8 I~
/regulatory_region_variant/ && $8 !~ /downstream_gene_variant/ && $8 !~ /intron_variant/)
print $0}' <(gzip -dc SpathToVCF) ) >> CHEK2_build37.txt

( echo SpathToVCF | cat; echo Sbuild ;

awk '{if($1==11 && $2>108093211 && $2<108239829 && $8 ~ /ATM/ && $8 I~
/regulatory_region_variant/ && S8 !~ /downstream_gene_variant/ && $8 !~ /intron_variant/)
print SO}’ <(gzip -dc SpathToVCF) ) >> ATM_build37.txt

( echo SpathToVCF | cat; echo Sbuild ;

awk '{if($1==17 && $2>7565097 && $2<7590868 && S8 ~ /TP53/ && $8 I~
/regulatory_region_variant/ && $8 |~ /downstream_gene_variant/ && $8 !~ /intron_variant/)
print SO}' <(gzip -dc SpathToVCF) ) >> TP53_build37.txt

done

Build 38

cat CancerPatientPathsOctober2018 38 | while read pathToVCF build;

do

( echo SpathToVCF | cat; echo Sbuild ;

awk '{if($1=="chr16" && $2>23603160 && $2<23641310 && S8 ~ /PALB2/ && 56 I~ 0 && $8 I~
/regulatory_region_variant/ && $8 !~ /downstream_gene_variant/ && $8 !~ /intron_variant/)
print $0}' <(gzip -dc SpathToVCF) ) >> PALB2_ build38.txt

( echo SpathToVCF | cat; echo Sbuild ;

awk {if(51=="chr22" && $2>28687743 && $2<28742422 && $8 ~ /CHEK2/ && $6 |~ 0 && $8 |~
/regulatory_region_variant/ && $8 !~ /downstream_gene_variant/ && $8 !~ /intron_variant/)
print SO} <(gzip -dc SpathToVCF) ) >> CHEK2_build38.txt

( echo SpathToVCF | cat; echo Sbuild ;

awk '{if(S1=="chr11" && $2>108222484 && $2<108369102 && $8 ~ /ATM/ && S6 !~ 0 && $8 I~
/regulatory_region_variant/ && S8 !~ /downstream_gene_variant/ && $8 !~ /intron_variant/)
print SO}’ <(gzip -dc SpathToVCF) ) >> ATM_build38.txt

( echo SpathToVCF | cat; echo Sbuild ;

awk {if($1=="chr17" && $2>7661779 && $2<7687550 && S8 ~ /TP53/ && $6 !~ 0 && $8 I~
/regulatory_region_variant/ && $8 |~ /downstream_gene_variant/ && S8 !~ /intron_variant/)
print SO}' <(gzip -dc SpathToVCF) ) >> TP53_build38.txt

done

Founder

D.2.2 Bash Script Germline Analysis

Build 37
module load bcftools/1.9
while read -r vcf; do

tabix -h Svcf -R regions37.txt | \

bcftools norm -m -any | \

bcftools view -f PASS -i 'MIN(FMT/DP)>10 & MIN(FMT/GQ)>15' | \

bcftools query -f
"T%SAMPLE]\t%CHROM\t%POS\t%ID\t%REF\t%ALT\t%QUAL\t%FILTER\t[%GTI\t[%GQ]\t[%DP]\t%
INFO/CSQT\n' | \

grep -f so_terms.txt >> results_c37.txt;
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done < vcflist_c37

sed -i '1s/*/SAMPLE\tCHROM\tPOS\tID\tREF\tALT\tQUAL\tFILTER\tGT\tGQ\tDP\tCSQT\n/'
results_c37.txt

Build 38
module load bcftools/1.9
while read -r vcf; do

tabix -h Svcf -R regions38.txt | \

bcftools norm -m -any | \

bcftools view -f PASS -i 'MIN(FMT/DP)>10 & MIN(FMT/GQ)>15' | \

bcftools query -f
'[%SAMPLE]\t%CHROM\t%POS\t%ID\t%REF\t%ALT\t%QUAL\t%FILTER\t[%GTI\t[%GQ]\t[%DP]\t%
INFO/CSQT\n' | \

grep -f so_terms.txt >> results_c38.txt ;

done < vcflist_c38

sed -i '1s/*/SAMPLE\tCHROM\tPOS\tID\tREF\tALT\tQUAL\tFILTER\tGT\tGQ\tDP\tCSQT\n/'
results_c38.txt

D.2.3 Bash Script Somatic Analysis

Produced in conjunction with Dr William Tapper

#!/bin/bash
module load bcftools/1.9
while read -r vcf ; do
echo Svcf >> results_somatic.txt
tabix -h Svcf -R Genes.txt |
grep -f so_terms.txt >> results_somatic.txt ;
done < VCFpathsSomatic_Cancer
sed -l 'ls/A/SAMPLE\tCHROM\tPOS\tID\tREF\tALT\t QUAL\tFILTER\tINFO\tFORMAT\n/"'
results_somatic.txt

awk 'S7 I~ /BCNoiselndel/ && $7 !~ /LowQscore/ && $7 !~ /QS|_ref/ && $7 !~ /RepetitiveRegion/'
results_somatic_NoMutation.txt > Qual_NoMutation.txt

awk -F "\t" '{if(50 ~ /*\//) {split(S0,path,"/");} if(SO !~ /A\//) {ele=split($8,vinfo," |");
for(i=0;i<ele;i++) {if(vinfo[i] ~ /ENST/ && (vinfo[i-1] == "CHEK2" | | vinfo[i-1] == "ATM"| | vinfo[i-1]
== "ARID1A" || vinfo[i-1] == "GATA3" || vinfo[i-1] == "CCND1" || vinfo[i-1] == "CDKN1B" | |
vinfo[i-1] == "ETV6" | | vinfo[i-1] == "SMARCD1" || vinfo[i-1] == "TBX3" | | vinfo[i-1] == "BRCA2" | |
vinfo[i-1] == "RB1" || vinfo[i-1] == "AKT1" | | vinfo[i-1] == "FOXA1" | | vinfo[i-1] == "NTRK3" | |
vinfo[i-1] == "CDH1" | | vinfo[i-1] == "CTCF" | | vinfo[i-1] == "PALB2" || vinfo[i-1] == "BRCA1" | |
vinfo[i-1] == "BRIP1" | | vinfo[i-1] == "ERBB2" | | vinfo[i-1] == "MAP2K4" || vinfo[i-1] == "NCOR1"

| | vinfo[i-1] =="PPM1D" || vinfo[i-1] == "TP53" || vinfo[i-1] == "KEAP1" || vinfo[i-1] == "BARD1"
| | vinfo[i-1] == "CASP8" | | vinfo[i-1] == "SALL4A" || vinfo[i-1] == "APOBEC3B" || vinfo[i-1] ==
"EP300" | | vinfo[i-1] == "BAP1" || vinfo[i-1] == "MAP3K13" || vinfo[i-1] == "PBRM1" | | vinfo[i-1]
=="PIK3CA" | | vinfo[i-1] == "POLQ" | | vinfo[i-1] == "MAP3K1" || vinfo[i-1] == "ARID1B" || vinfo[i-
1] =="ESR1" || vinfo[i-1] == "NOTCH1" || vinfo[i-1] == "IRS4")) print NR,"\t",path[8],"\t",vinfo[i-
1],"\t",vinfo[i+1];}}}' Qual_NoMutation.txt > formated_NoMutation.txt

198



Appendix D

D.24 R-Studio Scripts Waterfall Plot

waterfall(formated_NoMutation_Custom, fileType = "Custom", variant_class_order =

most_deleterious <-
c("stop_gained","frameshift_variant","start_lost","splice_donor_variant","splice_acceptor_varian
t","stop_lost","inframe_deletion","inframe_insertion","missense_variant","splice_region_variant"
,"5_prime_UTR_variant","3_prime_UTR_variant","downstream_gene_variant","upstream_gene_

variant","intron_variant","synonymous_variant"), mainRecurCutoff = 0)
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D.2.5 R-Studio Scripts for Data Analysis: Age of Onset

> library(ggplot2)
> library(gmodels)
> library(RColorBrewer)

>write.table(aggregate(RareDisease_AgeofOnset20SAge Of Onset~RareDisease_AgeofOnset20$
Mutation, FUN = summary), file = “age_of onset_raredisease_posneg.csv”, sep = “,”, quote =
FALSE, row.names =F)

> sink('pvalue_ageofonset.txt', append = TRUE)

df <- RareDisease_Cancer20[c("Age_Of_Onset","Domain","Gene")]

dfSDomain <- factor(dfSDomain, levels = c("Rare Disease","Cancer"))

dfSGene <- factor(df$SGene, levels = ¢("MUTATION-","ATM+",
“BRCA+","CHEK2+","PALB2+","TP53+"))

ggplot(data = df, aes(x=df$Gene, na.translate = FALSE, y=df$Age_Of Onset, fill=dfSDomain)) +
geom_boxplot() + labs(title = "Age at Diagnosis: A Comparison Across Cohorts", x = "Mutation
Status", y = "Age At Diagnosis (years)") + theme(plot.title = element_text(hjust = 0.5)) +
ylim(0,100) + scale_fill_discrete(name = "Cohort")

> View(RareDisease_Cancer20_noBRCA)

> df <- RareDisease_Cancer20_noBRCA[c("Age_Of Onset","Domain","Gene")]

> dfSDomain <- factor(dfSDomain, levels = c("Familial Breast Cancer","Unselected Breast
Cancer"))

> dfSGene <- factor(dfSGene, levels = ¢c("MUTATION-","ATM+","CHEK2+"," PALB2+","TP53+"))
ggplot(data = df, aes(x=Gene, y=Age_Of_Onset, fill=Domain)) + geom_boxplot(outlier.shape = NA)
+ labs(title = "Age at Diagnosis: A Comparison Across Cohorts", x = "Mutation Status", y = "Age At
Diagnosis (years)") + theme(plot.title = element_text(hjust = 0.5)) + ylim(0,100) +
scale_fill_brewer(palette = "Pastel2", name = "Cohort")

sink('pvalue_agediagnosis.txt', append = TRUE)

> t.test(RareDisease_Cancer20SAge_Of_Onset™~RareDisease_Cancer20S'ATM+", alternative =
“two.sided", var.equal=FALSE)

> t.test(RareDisease_Cancer20SAge_Of Onset™~RareDisease_Cancer20S'CHEK2+', alternative =
“two.sided", var.equal=FALSE)

> t.test(RareDisease_Cancer20SAge_Of Onset™~RareDisease_Cancer20S'PALB2+, alternative =
“two.sided", var.equal=FALSE)

> t.test(RareDisease_Cancer20SAge_Of Onset™~RareDisease_Cancer20S'TP53+, alternative =
"two.sided", var.equal=FALSE)

> t.test(RareDisease_Cancer20SAge_Of Onset™~RareDisease_Cancer20S"MUTATION-, alternative
= "two.sided", var.equal=FALSE)

D.2.6 R-Studio Scripts for Data Analysis: Tumour Mutational Burden

> library(ggplot2)

> library(RColorBrewer)

> write.table(aggregate(MutationalBurden_MutationalSignature20S$ Somatic Coding Variants Per
Mb ~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationburden_posneg.csv", sep =",", quote = FALSE, row.names = F)

> write.table(aggregate(MutationalBurden_MutationalSignature20S$ Somatic Coding Variants Per
Mb*~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationburden_indgenes.csv", sep =",", quote = FALSE, row.names = F)
wilcox.test(MutationalBurden_MutationalSignature20$ Somatic Coding Variants Per
Mb*~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
wilcox.test(MutationalBurden_MutationalSignature20$ Somatic Coding Variants Per

Mb*~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
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wilcox.test(MutationalBurden_MutationalSignature20S Somatic Coding Variants Per
Mb*~MutationalBurden_MutationalSignature20$'BRCA+', paired=FALSE)
wilcox.test(MutationalBurden_MutationalSignature20S Somatic Coding Variants Per
Mb*~MutationalBurden_MutationalSignature20$'CHEK2+", paired=FALSE)
wilcox.test(MutationalBurden_MutationalSignature20S Somatic Coding Variants Per
Mb'~MutationalBurden_MutationalSignature20$ PALB2+", paired=FALSE)
wilcox.test(MutationalBurden_MutationalSignature20$ Somatic Coding Variants Per
Mb'~MutationalBurden_MutationalSignature20$'TP53+", paired=FALSE)

> ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S$ Somatic Coding Variants Per Mb",
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Burden", x = "Mutation Status", y = "Somatic Coding
Variants per Mb") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust
=0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,35)

D.2.7 R- Studio Scripts for Data Analysis: Somatic Mutational Signature

write.table(aggregate(MutationalBurden_MutationalSignature20S'Signature
1'~MutationalBurden_MutationalSignature20S$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
2'~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
3'~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
4’~MutationalBurden_MutationalSignature20S$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSighature20S$ Signature
5'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSighature20S$ Signature
6'~MutationalBurden_MutationalSignature20S$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$ Signature

7' ~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$ Signature
8'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$'Signature
9'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
10'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
11'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =

"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
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write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
12 ~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
13'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$’Signature
14"~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
15'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
16'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
17"~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
18'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
19'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S 'Signature
20'~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
21'~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$’Signature
22'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$’Signature
23'~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
24'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
25'~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
26'~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ 'Signature
27 ~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ 'Signature
28'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$’Signature
29'~MutationalBurden_MutationalSignature20$ Mutation Status’, FUN = summary), file =

"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
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write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
30'~MutationalBurden_MutationalSignature20S Mutation Status’, FUN = summary), file =
"mutationsignature_posneg.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)

write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
1'~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$ Signature
2'~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
3'~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S'Signature
4'~MutationalBurden_MutationalSignature205Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$'Signature
5'~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
6'~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature

7 ~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S 'Signature
8'~MutationalBurden_MutationalSignature205Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S 'Signature
9'~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
10"~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S Signature
11'~MutationalBurden_MutationalSignature205Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S'Signature
12'~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
13'~MutationalBurden_MutationalSignature205Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
14'~MutationalBurden_MutationalSignature205Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S 'Signature
15'~MutationalBurden_MutationalSignature205Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
16"~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =

"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
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write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature

17 ~MutationalBurden_MutationalSignature205Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
18'~MutationalBurden_MutationalSignature205Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$'Signature
19'~MutationalBurden_MutationalSighature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature

20’ ~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
21'~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature
22'~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature

23 ~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature

24’ ~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$'Signature
25'~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$'Signature
26'~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$’Signature

27 ~MutationalBurden_MutationalSignature20$Gene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$’Signature
28'~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20S$'Signature

29’ ~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =
"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)
write.table(aggregate(MutationalBurden_MutationalSignature20$ Signature
30'~MutationalBurden_MutationalSignature20SGene, FUN = summary), file =

"mutationsignature_indgenes.csv", sep =",", quote = FALSE, row.names = F, append = TRUE)

> sink('pvalue_posneg.txt', append = TRUE)
or
> sink('pvalue_posneg.csv', append = TRUE)

> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
1'~MutationalBurden_MutationalSignature20S Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
2'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
3'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
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> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
4'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
5'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
6'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSighature20$'Signature

7 ~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSighature20$'Signature
8'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
9'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
10"~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
11'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
12"~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
13'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
14'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
15'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
16'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature

17 ~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
18"~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
19'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
20'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
21'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
22'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature

23 ~MutationalBurden_MutationalSignature20S$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature

24’ ~MutationalBurden_MutationalSignature20S$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
25'~MutationalBurden_MutationalSignature20S$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
26'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature

27 ~MutationalBurden_MutationalSignature20S$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
28'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ Signature
29'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
30'~MutationalBurden_MutationalSignature20$ Mutation Status’, paired=FALSE)
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> sink()

> sink('pvalue_ATM.txt', append = TRUE)
or
> sink('pvalue_ATM.cxv', append = TRUE)

> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
1'~MutationalBurden_MutationalSignature20S"ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSighature20$ Signature
2'~MutationalBurden_MutationalSignature20$'ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ Signature
3'~MutationalBurden_MutationalSignature20$'ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ Signature
4'~MutationalBurden_MutationalSignature20S'ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
5'~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
6'~MutationalBurden_MutationalSignature20$°ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
7'~MutationalBurden_MutationalSignature20S$'ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
8'~MutationalBurden_MutationalSignature20S’ATM+', paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$ 'Signature
9'~MutationalBurden_MutationalSignature20$'ATM+', paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
10"~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
11'~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$ Signature
12'~MutationalBurden_MutationalSignature20$’ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
13"~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
14"~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
15"~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
16"~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
17'~MutationalBurden_MutationalSignature20$'ATM+’, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature

18 ~MutationalBurden_MutationalSignature20$'ATM+', paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
19'~MutationalBurden_MutationalSignature20$'ATM+', paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
20'~MutationalBurden_MutationalSignature20S'ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20$'Signature
21'~MutationalBurden_MutationalSignature20S'ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$ Signature
22'~MutationalBurden_MutationalSignature20$’ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$ Signature
23"~MutationalBurden_MutationalSignature20$’ATM+", paired=FALSE)
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> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature

24’ ~MutationalBurden_MutationalSignature20$ ATM+', paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
25'~MutationalBurden_MutationalSignature20$ ATM+', paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
26'~MutationalBurden_MutationalSignature20$ ATM+, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSighature20S$'Signature

27 ~MutationalBurden_MutationalSignature20$’ATM+", paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSighature20$'Signature
28'~MutationalBurden_MutationalSignature20$ ATM+, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
29'~MutationalBurden_MutationalSignature20$’ATM+, paired=FALSE)
> wilcox.test(MutationalBurden_MutationalSignature20S$'Signature
30'~MutationalBurden_MutationalSignature20$ ATM+, paired=FALSE)
> sink()

Individuals Box and Whisker Plots

png(file ="/home/sheygate/Project/somaticl.png", units = 'cm’', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 1°,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 1", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file ="/home/sheygate/Project/somatic2.png", units = 'cm’', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 2°,
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 2", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file ="/home/sheygate/Project/somatic3.png", units = 'cm’', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 3°,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 3", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()
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png(file = "/home/sheygate/Project/somatic4.png", units = 'cm’', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 4°,
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 4", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic5.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20$'Signature 5,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 5", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic6.png", units = 'cm’', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 6°,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 6", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic7.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 7°,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 7", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic8.png", units = 'cm’', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20$'Signature 8,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
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shape = 1) + labs(title = "Somatic Mutational Signature 8", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file ="/home/sheygate/Project/somatic9.png", units = 'cm’', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20$'Signature 9°,
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 9", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic10.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 10°,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 10", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somaticl1l.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 11°,
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 11", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somaticl12.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 12°,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 12", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()
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png(file = "/home/sheygate/Project/somaticl13.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 13",
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 13", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somaticl4.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20$ Signature 14",
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 14", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic15.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 15,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 15", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somaticl16.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 16,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 16", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somaticl7.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 17,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
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shape = 1) + labs(title = "Somatic Mutational Signature 17", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic18.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 18",
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 18", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic19.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 19°,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 19", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic20.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 20",
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 20", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic21.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 21°,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 21", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()
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png(file = "/home/sheygate/Project/somatic22.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 22",
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 22", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic23.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20$ Signature 23",
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 23", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic24.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 24,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 24", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic25.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 25,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 25", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic26.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 26°,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
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shape = 1) + labs(title = "Somatic Mutational Signature 26", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic27.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 27",
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 27", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic28.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 28,
color=MutationalBurden_MutationalSignature20$Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 28", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic29.png", units = 'cm', width = 14, height = 16, res =
300)

ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 29,
color=MutationalBurden_MutationalSignature20SGene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 29", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()

png(file = "/home/sheygate/Project/somatic30.png", units = 'cm', width = 14, height = 16, res =
300, units = 'cm’', width = 14, height = 16, res = 300)
ggplot(MutationalBurden_MutationalSignature20,
aes(x=MutationalBurden_MutationalSignature20S$ Mutation Status’,
y=MutationalBurden_MutationalSignature20S Signature 30,
color=MutationalBurden_MutationalSignature205Gene)) + geom_jitter(alpha = 0.5, width = .2,
shape = 1) + labs(title = "Somatic Mutational Signature 30", x = "Mutation Status", y =
"Percentage") + theme(legend.title = element_blank()) + theme(plot.title = element_text(hjust =
0.5)) + geom_boxplot(size=0.5, outlier.shape = 1) + ylim(0,60) + theme(axis.text =
element_text(size = 14)) + theme(plot.title = element_text(size = 14)) + theme(legend.text =
element_text(size = 14)) + theme(axis.title = element_text(size = 14))

dev.off()
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Bar Plot Somatic Mutational Signature

> library(scales)

> df$"Mutation Status' <- factor(df$ Mutation Status’, levels = ¢("MUTATION-
IIIIIATM+||IIIBRCA+II'||CHEK2+II'IIPALBZ+IIIIITP53+II))

> df <- mutationsignature_posneg_analysis[c("Signature","Mutation Status","Median")]
> head(df)

> dfSSignature <- factor(dfSSignature, levels = ¢("Signature 1","Signature 2","Signature
3","Signature 4","Signature 5","Signature 6","Signature 7","Signature 8","Signature 9","Signature
10","Signature 11","Signature 12","Signature 13","Signature 14","Signature 15","Signature
16","Signature 17","Signature 18","Signature 19","Signature 20","Signature 21","Signature

22" "Signature 23","Signature 24" ,"Signature 25","Signature 26","Signature 27","Signature
28","Signature 29","Signature 30"))

ggplot(data = df, aes(x=df$ Mutation Status’, y=dfSMedian, fill=df$Signature)) + geom_bar(stat =
"identity", position=position_fill()) + labs(title = "Somatic Mutational Signature", subtitle =
"Median", x = "Mutation Status", y = "Percentage") + theme(plot.title = element_text(hjust = 0.5),
plot.subtitle = element_text(hjust = 0.5)) + ylim(0,100) + scale_fill_discrete(name = "Mutational
Signature", na.translate = FALSE) + scale_y_continuous(labels = scales::percent_format())

> df <- mutationsignature_posneg_analysis[c("Signature","Mutation Status","Mean")]
> head(df)

> df$Signature <- factor(df$Signature, levels = ¢("Signature 1","Signature 2","Signature
3","Signature 4","Signature 5","Signature 6","Signature 7","Signature 8","Signature 9","Signature
10","Signature 11","Signature 12","Signature 13","Signature 14","Signature 15","Signature
16","Signature 17","Signature 18","Signature 19","Signature 20","Signature 21","Signature
22","Signature 23","Signature 24","Signature 25","Signature 26","Signature 27","Signature
28","Signature 29","Signature 30"))

> df$’Mutation Status’ <- factor(dfS$*Mutation Status’, levels = ¢c("MUTATION-","MUTATION+"))
> ggplot(data = df, aes(x=dfS$ Mutation Status’, y=dfSMean, fill=df$Signature)) + geom_bar(stat =
"identity", position=position_fill()) + labs(title = "Somatic Mutational Signature", subtitle =
"Mean", x = "Mutation Status", y = "Percentage") + theme(plot.title = element_text(hjust = 0.5),
plot.subtitle = element_text(hjust = 0.5)) + ylim(0,100) + scale_fill_discrete(name = "Mutational
Signature", na.translate = FALSE) + scale_y_continuous(labels = scales::percent_format())

df$ Mutation Status' <- factor(dfS Mutation Status’, levels = ¢("MUTATION-","MUTATION+"))

D.2.8 R- Studio Script Heatmap Somatic Mutational Signature

data <- mutationsignature_indgenes_analysis_focalSBS[,2:7]
colnames(data) <- c(paste("ATM"),paste("BRCA+"),paste("CHEK2+"),paste("Mutation-"),
paste("PALB2+"),paste("TP53+"))

215



Appendix D

row.names(data) = sapply(mutationsignature_indgenes_analysis_focalSBSSSignature,function(x)
strsplit(as.character(x), split = "\\\\" [[1]][1]))

data_mat <- data.matrix(data)

my_palette <- colorRampPalette(c("yellow","orange","red"))

data_scaled <- t(scale(t(data_mat)))

data_scaled <- na.omit(data_scaled)

data_scaled[is.nan(data_scaled)] <- 0 (not used)

heatmap.2(data_scaled, col = my_palette(n=20), trace = "none", cexCol = 0.8, cexRow = 0.8,
srtRow = 45, srtCol = 45)
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Appendix E Validation
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Sequence Validation a.

Example of validation sequence data visualised within FinchTV software.
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Sequence Validation b.

Example of variant visualised within the Integrative Genomics Viewer.
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Appendix F Statistical Analysis Plan (SAP)

Total number of patients recruited to
the POSH study

n=3095

Appendix F

y

Satisfying eligibility criteria

n=3021

Excluded as ineligible (n=74):
. Diagnosed outside of the study period (n=1)
. No invasive breast cancer (n=72)
) Non-mutation carried aged 41-50 (n=1)

Excluded from this analysis (n=277):

No genotyping data available (n=159)
Missing primary tumour data (n=2)
M1 stage (n=74)

Aged 41-50 years (n=42)

Descriptive analysis (n=6):

Multiple pathogenic variants (n=6)

A

2744 in the Analysis Population

CHEK2+ (n=53), PALB2+ (n=31), ATM+ (n=23), TP53+ (n=15), BRCA1+ (n=201), BRCA2+ (n=137), Mutation negative (n=2291)

\4 A 4 \4 \4
BRCA1 BRCA2 CHEK2 PALB2 ATM TP53
Patients without Patients without Patients without Patients without Patients without Patients without
another gene another gene another gene another gene another gene another gene
mutation mutation mutation mutation mutation mutation
BRCA1- n=2490 BRCA2- n=2425 CHEK2- n=2341 PALB2- n=2319 ATM- n=2313 TP53- n=2305
BRCA1+ n= 199 BRCA2+ n=134 CHEK2+ n=50 PALB2+ n=28 ATM+ n=22 TP53+ n=14
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Appendix G

Somatic Analysis Target Gene List

Gene Symbol Tier Hallmark
AKT1 1 Yes
APOBEC3B 1 Yes
ARID1A 1 Yes
ARID1B 1

ATM 1 Yes
BAP1 1

BARD1 1

BRCA1 1 Yes
BRCA2 1 Yes
BRIP1 1 Yes
CASP8 1

CCND1 1

CDH1 1 Yes
CDKN1B 1

CHEK2 1 Yes
CTCF 1

EP300 1

ERBB2 1 Yes
ESR1 1 Yes
ETV6 1

FOXA1l 1

GATA3 1

IRS4 1

KEAP1 1

MAP2K4 1 Yes
MAP3K1 1

MAP3K13 1

NCOR1 1 Yes
NOTCH1 1 Yes
NTRK3 1

PALB2 1

PBRM1 1

PIK3CA 1 Yes
PPM1D 1

RB1 1 Yes
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Gene Symbol Tier Hallmark
SALL4 1

SMARCD1 1

TBX3 1

TP53 1 Yes

Summary of the most frequently identified genes with somatic point mutations in
breast cancer. Top 20 refers to those which are in the 20 most frequently mutated
genes in human breast cancer. Data derived from COSMIC and the Cancer Gene

Census.(172)
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The POSH Study

Gene | Coding Change Protein Change | Total
CHEK2 | c.1100delC p.Thr3e7Metfs |36
CHEK2 | c.1263delT p.Serd22Valfs |3
CHEK2 | c.283C>T p.Arg95Ter 2
CHEK2 | c.349A>G p.Argll7Gly 5
CHEK2 | c.405delA p.Lys135Asnfs |1
CHEK2 | c.409C>T p.Argl37Ter 2
CHEK2 | c.433C>T p.Argl45Trp 1
CHEK2 | c.58C>T p.GIn20Ter 1
CHEK?2 | c.655delG p.Glu219Asnfs |2
PALB2 | c.1289_1290del p.430_430del 1
PALB2 | c.1675C>T p.GIn559X 1
PALB2 | c.1942_1949CA 1
PALB2 | c.196C>T p.GIn66X 1
PALB2 | c.2050delC p.Pro684fs 2
PALB2 | c.2257C>T p.Arg753X 1
PALB2 | c.2324dupA p.GIn775fs 1
PALB2 | c.2718G>A p.Trp906X 1
PALB2 | c.31_32del p.11_11del 1
PALB2 | c.3113G>A p.Trp1038X 14
PALB2 | c.3115delA p.Asn1039fs 1
PALB2 | €.3256C>T p.Argl1086X 1
PALB2 | c.512_515del p.171_172del |1
PALB2 | c.619delC p.Pro207fs 1
PALB2 | c.706dupT p.Phe236fs 1
PALB2 | c.758dupT p.Leu253fs 1
PALB2 | c.944_953delCTTGTGGGCA | p.315_318del |1
ATM | c.1355delC p.Thr452Asnfs |1
ATM | c.1564_1565delGA p.Glu522llefs |2
ATM | c.170G>A p.Trp57X 1
ATM | c.2098C>T p.GIn700X 1
ATM | c.3802delG p.Val1268X 1
ATM | c.4343T>A p.Leu1448X 1
ATM | c.450_453del p.150_151del |1
ATM | c.5623C>T p.Argl875X 2
ATM | c.6100C>T p.Arg2034X 1

Class 4 and Class 5 Variants
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ATM | c.6916_6917delAG p.Leu2307Cysfs | 1
ATM | c.7271T>G p.Val2424Gly 5
ATM | c.7456C>T p.Arg2486X 1
ATM | c.7585dupA p.Thr2529fs 1
ATM | c.7664_7665AGTGC 1
ATM | c.8307G>A p.Trp2769X 1
ATM | c.8934_8935insCT p.Thr2978fs 1
ATM | c.9022C>T p.Arg3008Cys 1
TP53 | c.112C>T p.GIn38X 1
TP53 | c.437G>A p.Trpl46X 1
TP53 | c.524G>A p.Argl75His 2
TP53 | c.586C>T p.Argl196X 2
TP53 | c.625A>T p.Arg209X 1
TP53 | c.659A>G p.Tyr220Cys 1
TP53 |c.672+1G>T 1
TP53 | c.725G>A p.Cys242Tyr 2
TP53 |c.733G>A p.Gly245Ser 2
TP53 | c.818G>A p.Arg273His 1
TP53 | c.919+1G>A 1
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Appendix | Variants of Uncertain Significance

Gene | Coding Change Protein Change | Frequency
CHEK2 |c.1111C>T p.His371Tyr 1
CHEK2 |c.1283C>T p.Ser428Phe 1
CHEK2 | c.1427C>T p.Thr4d76Met 2
CHEK2 |c.190G>A p.Glub4lys 6
CHEK2 | c.254C>G p.Pro85Arg 4
CHEK2 | c.470T>C p.lle157Thr 6
CHEK2 | c.499G>A p.Glyl67Arg 1
CHEK2 | c.539G>A p.Arg180His 2
CHEK2 |c.541C>T p.Argl81Cys 1
CHEK2 | c.715G>A p.Glu239Lys 3
CHEK2 | c.483_485delAGA | p.Glul6ldel 1
ATM €.2250G>A p.Lys750Lys 1
ATM €.2593_2595del p.865_865del 1
ATM c.3118A>G p.Met1040Val 7
ATM  |c.5769_5771del  |p.1923_1924del |1
ATM €.7638_7646del p.2546_2549del |3
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Appendix J

Appendix J Overview of Variant Identification within the

POSH Cohort

J.1  Triple Negative Breast Cancer

Within the whole cohort POSH cohort, TNTs were present in 559/2744 (20.4%) of women. Of

these, 142/559 (25.5%) had a germline variant in a breast cancer susceptibility gene. The majority

of variants 123/142(86.6%) were present in BRCA1 (Table 26). Amongst the non-TNT, variant

identification was 14.2% and pathogenic variants in BRCA1 and BRCA2 remained the most

prevalent accounting for 202/311(65.0%) of all variant carriers.

Gene Frequency (%)
TNT Non TNT
n=559 n=2185
BRCA1+ 123 (22.0) 78 (3.6)
BRCA2+ 13 (2.3) 124 (5.7)
CHEK2+ 1(0.2) 52 (2.4)
PALB2+ 4(0.7) 27 (1.2)
ATM+ 0(0.0) 23 (1.1)
TP53+ 1(0.2) 14 (0.6)
Mutation- | 417 (74.6) | 1874 (85.8)
Total 142 (25.4%) | 311 (14.2%)*

J.2  Multiple Pathogenic Variants

Summary of all pathogenic and likely pathogenic variants identified within the genes

BRCA1, BRCA2, CHEK2, PALB2, ATM and TP53 amongst individuals with TNTs and non

TNTs. Samples derived from the POSH Study. *A total of 7 additional

pathogenic/likely pathogenic variants were identified amongst 6 individuals.

Variant 1 Variant 2 Variant 3
Individual 1 | BRCA2 ¢.5909C>A, p.(Ser1970X) ATM c.170G>A p.(Trp57X)
Individual 2 | BRCA1 c.5095C>T p.(Arg1699Trp) PALB2 c.1675C>Tp.(GIn559X) TP53, ¢.112C>T p.(GIn38X)
Individual 3 | PALB2 c.512_515del p.(171_172del) CHEK2 ¢.1100delC p.( p.Thr367Metfs)
Individual 4 | BRCA2 c.5682C>G p.(Tyr1894X) CHEK2 ¢.1100delC p.( p.Thr367Metfs)
Individual 5 | BRCA1 c.4574_4575delAA p.(1525_1525del) PALB2 ¢.3113G>A p.(Trp1038X)
Individual 6 | BRCA2 c.4478_4481delAAAG p.(1493_1494del) | CHEK2 c.1100delC p.( p.Thr367Metfs)
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Produced by Dr Tom Maishman

K.1 Multivariable Analysis CHEK2

K.1.1 CHEK2: Overall Survival

Appendix K

Multivariable Analysis

Factor Unadjusted Model Adjusted Model (using multiple imputation)
CHEK2_IND

CHEK2_IND- 1 (Ref. category) 1 (Ref. category)

CHEK2_IND+ 1.58 (1.01, 2.48), 0.043 1.65 (1.05, 2.59), 0.03

Age at diagnosis

0.98 (0.96, 1.00), 0.076

BMI

Underweight/Healthy 1 (Ref. category)
Overweight 1.14 (0.94, 1.39), 0.18
Obese 1.22(0.98, 1.50), 0.071
Grade

1 1 (Ref. category)

2 2.52 (1.33, 4.80), 0.0047
3 3.64 (1.92, 6.88), <0.0001

Max invasive size (in CM)

1.12 (1.08, 1.16), <0.0001

HER2 status

ER_FINAL_CAT+(2 years)
ER_FINAL_CAT+(5 years)

ER_FINAL_CAT+(10 years)

Negative 1 (Ref. category)

Positive 1.01(0.84,1.21), 0.91

N stage

NO 1 (Ref. category)

N1 2.31(1.91, 2.81), <0.0001
ER_FINAL_CAT

ER_FINAL_CAT- 1 (Ref. category)

0.33(0.25, 0.44), <0.0001
1.22 (0.95, 1.58), 0.13
2.11(1.47, 3.04), <0.0001

Ethnicity
White/Caucasian
Black

Asian

Other

1 (Ref. category)
1.52(1.07, 2.17), 0.021
1.15(0.72, 1.82), 0.56
0.63 (0.16, 2.53), 0.52

Taxanne indicator
No

Yes

1 (Ref. category)
0.95 (0.78, 1.14), 0.56

K.1.2 CHEK2: Distant Disease Free Survival

Factor Unadjusted Model Adjusted Model (using multiple imputation)
CHEK2_IND

CHEK2_IND- 1 (Ref. category) 1 (Ref. category)

CHEK2_IND+ 1.62 (1.06, 2.48), 0.025 1.60 (1.04, 2.46), 0.033
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Age at diagnosis

0.98 (0.96, 1.00), 0.12

BMI

Underweight/Healthy

1 (Ref. category)

Overweight 1.10(0.91, 1.32),0.32
Obese 1.20 (0.98, 1.47), 0.072
Grade

1 1 (Ref. category)

2 1.73 (1.05, 2.84), 0.031

3 2.34(1.43, 3.84), 0.00074

Max invasive size (in CM)

1.13 (1.09, 1.17), <0.0001

ER_FINAL_CAT+(2 years)
ER_FINAL_CAT+(5 years)
ER_FINAL_CAT+(10 years)

HER2 status

Negative 1 (Ref. category)

Positive 1.14(0.96, 1.35), 0.14

N stage

NO 1 (Ref. category)

N1 2.40 (2.00, 2.87), <0.0001
ER_FINAL_CAT

ER_FINAL_CAT- 1 (Ref. category)

0.62 (0.51, 0.76), <0.0001
1.68 (1.29, 2.20), 0.00015
3.77 (2.16, 6.56), <0.0001

Ethnicity
White/Caucasian
Black

Asian

Other

1 (Ref. category)

1.72 (1.24, 2.39), 0.0013
1.29(0.85,1.97),0.23
1.18 (0.44, 3.17), 0.74

Taxanne indicator

No

Yes

1 (Ref. category)
0.86 (0.72, 1.04), 0.12

K.2  Multivariable Analysis PALB2

K.2.1 PALB2: Overall Survival

Factor Unadjusted Model Adjusted Model (using multiple imputation)*
PALB2_IND

PALB2_IND- 1 (Ref. category) 1 (Ref. category)

PALB2_IND+ 0.72 (0.32,1.62), 0.43 0.76 (0.34, 1.71), 0.51

Age at diagnosis

0.98 (0.96, 1.00), 0.054

BMI
Underweight/Healthy
Overweight

Obese

1 (Ref. category)
1.16 (0.95, 1.41),0.14
1.19 (0.96, 1.48), 0.11

Max invasive size (in CM)

1.12 (1.08, 1.16), <0.0001

HER2 status
Negative

Positive

1 (Ref. category)
1.03 (0.85, 1.24),0.78
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N stage

NO 1 (Ref. category)

N1 2.41 (1.98, 2.92), <0.0001
Ethnicity

White/Caucasian

Black
Asian

Other

1 (Ref. category)

1.52 (1.06, 2.19), 0.022
1.04 (0.65, 1.64), 0.88
0.68 (0.17, 2.75), 0.59

Taxanne indicator

No

Yes

1 (Ref. category)
0.96 (0.79, 1.16), 0.69

*Grade removed due to insufficient numbers

K.2.2 PALB2: Distant Disease Free Survival
Factor Unadjusted Model Adjusted Model (using multiple imputation)*
PALB2_IND
PALB2_IND- 1 (Ref. category) 1 (Ref. category)
PALB2_IND+ 0.63 (0.28, 1.42), 0.27 0.66 (0.30, 1.48), 0.32

Age at diagnosis

0.98 (0.96, 1.00), 0.10

BMI

Underweight/Healthy

Overweight

Obese

1 (Ref. category)
1.11(0.92, 1.34), 0.27
1.18 (0.96, 1.45), 0.11

Max invasive size (in CM)

1.13 (1.09, 1.16), <0.0001

HER2 status

Negative 1 (Ref. category)

Positive 1.15(0.96, 1.37), 0.12

N stage

NO 1 (Ref. category)

N1 2.46 (2.05, 2.95), <0.0001
Ethnicity

White/Caucasian

Black
Asian

Other

1 (Ref. category)

1.73 (1.24, 2.41), 0.0013
1.20(0.79, 1.83), 0.39
0.94 (0.30, 2.95), 0.92

Taxanne indicator

No

Yes

1 (Ref. category)
0.88 (0.74, 1.06), 0.18

*Grade removed due to insufficient numbers

K.3  Multivariable Analysis ATM

K.3.1 ATM: Overall Survival
Factor Unadjusted Model Adjusted Model (using multiple imputation)
ATM_IND
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ATM_IND-
ATM_IND+

1 (Ref. category)
0.58 (0.22, 1.56), 0.28

1 (Ref. category)
0.66 (0.25, 1.77), 0.41

Age at diagnosis

0.98 (0.96, 1.01),0.13

BMI

Underweight/Healthy

1 (Ref. category)

Overweight 1.14 (0.94, 1.38), 0.20
Obese 1.19 (0.96, 1.48), 0.11
Grade

1 1 (Ref. category)

2 2.85 (1.45, 5.59), 0.0023
3 4.04 (2.06, 7.91), <0.0001

Max invasive size (in CM)

1.11 (1.07, 1.15), <0.0001

ER_FINAL_CAT+(2 years)
ER_FINAL_CAT+(5 years)
ER_FINAL_CAT+(10 years)

HER2 status

Negative 1 (Ref. category)

Positive 1.01(0.84, 1.21),0.95

N stage

NO 1 (Ref. category)

N1 2.38(1.95, 2.90), <0.0001
ER_FINAL_CAT

ER_FINAL_CAT- 1 (Ref. category)

0.34(0.25, 0.45), <0.0001
1.23(0.95, 1.59), 0.12
2.08 (1.45, 3.00), <0.0001

Ethnicity
White/Caucasian
Black

Asian

Other

1 (Ref. category)

1.56 (1.09, 2.23), 0.015
1.17(0.74, 1.85), 0.51
0.78 (0.19, 3.14), 0.73

Taxanne indicator
No

Yes

1 (Ref. category)
0.97 (0.81, 1.18), 0.78

K.3.2 ATM: Distant Disease Free Survival

Factor Unadjusted Model Adjusted Model (using multiple imputation)
ATM_IND

ATM_IND- 1 (Ref. category) 1 (Ref. category)

ATM_IND+ 0.54 (0.20, 1.46), 0.23 0.58 (0.22, 1.57), 0.29

Age at diagnosis

0.99 (0.96, 1.01), 0.24

BMI

Underweight/Healthy

1 (Ref. category)

Overweight 1.09 (0.91, 1.32), 0.35
Obese 1.18 (0.96, 1.45), 0.11
Grade

1 1 (Ref. category)

2 1.99 (1.17, 3.38), 0.011

3 2.67 (1.57, 4.53), 0.00027

Max invasive size (in CM)

1.12 (1.08, 1.16), <0.0001
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HER2 status

Negative 1 (Ref. category)

Positive 1.12 (0.94, 1.33), 0.20

N stage

NO 1 (Ref. category)

N1 2.45 (2.03, 2.95), <0.0001
ER_FINAL_CAT

ER_FINAL_CAT- 1 (Ref. category)

ER_FINAL_CAT+(2 years)
ER_FINAL_CAT+(5 years)
ER_FINAL_CAT+(10 years)

0.63 (0.52, 0.77), <0.0001
1.68(1.29, 2.21), 0.00017
3.59 (2.09, 6.19), <0.0001

Ethnicity
White/Caucasian
Black

Asian

Other

1 (Ref. category)

1.77 (1.27, 2.45), 0.00071
1.32(0.86, 2.00), 0.20
1.06 (0.34, 3.30), 0.92

Taxanne indicator
No

Yes

1 (Ref. category)
0.89 (0.74, 1.07), 0.22

K.4 Multivariable Analysis TP53

K.4.1 TP53: Overall Survival

Factor Unadjusted Model Adjusted Model (using multiple imputation)*
P53_IND
P53_IND-
- 1 (Ref. category) 1 (Ref. category)
P53_IND+

1.12 (0.47, 2.72), 0.79

0.86 (0.35, 2.11), 0.75

Age at diagnosis

0.98 (0.96, 1.00), 0.073

BMI
Underweight/Healthy
Overweight

Obese

1 (Ref. category)
1.16 (0.95, 1.40), 0.15
1.20(0.97, 1.49), 0.097

Max invasive size (in CM)

1.12 (1.09, 1.16), <0.0001

HER2 status

Negati
egative 1 (Ref. category)
Positi
ositive 1.03 (0.85, 1.24), 0.78
N stage
NO
1 (Ref. category)
N1
2.40(1.97, 2.91), <0.0001
Ethnicity

White/Caucasian
Black
Asian

Other

1 (Ref. category)

1.54 (1.07, 2.20), 0.02
1.09 (0.70, 1.71), 0.71
0.69 (0.17, 2.78), 0.60

Taxanne indicator
No

Yes

1 (Ref. category)
0.98 (0.81, 1.18), 0.80
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*Grade removed due to insufficient numbers

K.4.2 TP53: Distant Disease Free Survival
Factor Unadjusted Model Adjusted Model (using multiple imputation)*
PS53_IND
P53_IND- 1 (Ref. category) 1 (Ref. category)
P53_IND+ 1.33 (0.59, 2.97), 0.49 0.93 (0.41, 2.12), 0.87

Age at diagnosis

0.98 (0.96, 1.00), 0.13

BMI
Underweight/Healthy
Overweight

Obese

1 (Ref. category)
1.11(0.92,1.33),0.29
1.20(0.98, 1.47), 0.078

Max invasive size (in CM)

1.13(1.09, 1.17), <0.0001

White/Caucasian
Black
Asian

Other

HER2 status

Negative 1 (Ref. category)

Positive 1.15 (0.96, 1.37), 0.12

N stage

NO 1 (Ref. category)

N1 2.45 (2.04, 2.94), <0.0001
Ethnicity

1 (Ref. category)

1.74 (1.25, 2.43), 0.0011
1.26 (0.83, 1.89), 0.28
0.95 (0.30, 2.97), 0.93

Taxanne indicator
No

Yes

1 (Ref. category)
0.89 (0.74, 1.07), 0.23

*Grade removed due to insufficient numbers
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Appendix LSomatic Mutational Profile

L.1 Somatic Mutation Profile PALB2 Associated Unselected Breast

Cancer: Coding and Non-Coding Variants
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Somatic Mutation Profile PALB2 Variant Carriers: Coding and Non-Coding Variants
Waterfall plot illustrating the most prevalent somatic coding and non-coding
sequence variants identified in 7 breast cancers occurring in association with a PALB2

germline variant derived from The 100,000 Genomes Project.
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L.2
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Somatic Mutation Profile Variant CHEK2 Associated Unselected

Breast Cancer: Coding and Non-Coding Variants
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Somatic Mutation Profile CHEK2 Variant Carriers: Coding and Non-Coding Variants

Waterfall plot illustrating the most prevalent somatic coding and non-coding
sequence variants identified in 20 breast cancers occurring in association with a

CHEK2 germline variant derived from The 100,000 Genomes Project.
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L.3 Somatic Mutation Profile ATM Associated Unselected Breast Cancer:

Coding and Non-Coding Variants
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Somatic Mutation Profile ATM Variant Carriers: Coding and Non-Coding Variants
Waterfall plot illustrating the most prevalent somatic coding and non-coding
sequence variants identified in 10 breast cancers occurring in association with a ATM

germline variant derived from The 100,000 Genomes Project.
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L.4 Somatic Mutation Profile TP53 Associated Unselected Breast Cancer:

Coding and Non-Coding Variants
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Somatic Mutation Profile TP53 Variant Carriers: Coding and Non-Coding Variants
Waterfall plot illustrating the most prevalent somatic coding and non-coding
sequence variants identified in 5 breast cancers occurring in association with a TP53

germline variant derived from The 100,000 Genomes Project.
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Somatic Mutational Analysis

M.1 Somatic Mutational Signatures

239

Mutation Status Median Range IQR P-Value*
Signature 1
MUTATION- 14.64 0.00-100.00 8.92-17.51 -
MUTATION+ 10.81 3.16-18.98 7.53-14.48 0.001235
BRCA+ 8.53 4.31-14.44 6.59-9.99 0.0245
PALB2+ 6.71 3.16-8.87 5.10-7.01 0.001588
CHEK2+ 14.10 3.94-18.60 | 11.40-15.32 0.4859
ATM+ 11.61 6.20-18.98 | 10.66-16.72 0.5002
TP53+ 10.57 8.22-14.82 8.64-12.99 0.2091
Signature 2
MUTATION- 2.88 0.00-67.64 1.72-6.17 -
MUTATION+ 3.59 0.00-52.60 1.46-9.51 0.5744
BRCA+ 3.61 0.53-9.48 1.69-4.67 0.9205
PALB2+ 2.51 0.92-9.89 1.53-4.49 0.6553
CHEK2+ 5.49 0.00-52.60 2.25-11.68 0.1705
ATM+ 291 0.00-38.20 1.50-7.32 0.8141
TP53+ 6.93 0.00-16.50 0.84-9.57 0.8228
Signature 3
MUTATION- 10.59 0.00-58.05 6.44-15.95 -
MUTATION+ 14.78 0.00-45.12 8.39-29.32 0.01387
BRCA+ 31.14 15.66-45.12 | 20.71-35.17 | 0.0008532
PALB2+ 32.14 6.47-39.67 31.02-37.71 0.004651
CHEK2+ 12.73 0.00-32.31 8.88-15.42 0.3601
ATM+ 9.28 0.00-30.11 3.93-14.05 0.439
TP53+ 9.35 2.05-16.18 8.03-15.86 0.8414
Signature 4
MUTATION- 0.00 0.00-34.74 0.00-0.00 -
MUTATION+ 0.00 0.00-8.83 0.00-0.00 0.01237
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.8153
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.8153
CHEK2+ 0.00 0.00-8.83 0.00-0.00 <0.0001
ATM+ 0.00 0.00-0.00 0.00-0.00 0.7738
TP53+ 0.00 0.00-0.00 0.00-0.00 0.8316
Signature 5
MUTATION- 28.08 0.00-61.66 | 11.41-38.30 -
MUTATION+ 18.74 0.00-46.16 0.00-30.11 0.0021
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Mutation Status Median Range IQR P-Value*
BRCA+ 15.08 0.00-36.97 10.95-19.84 0.1468
PALB2+ 4.88 0.00-20.78 0.00-17.36 0.01001
CHEK2+ 20.69 0.00-46.16 2.23-31.90 0.1551
ATM+ 22.32 0.00-43.47 2.53-36.35 0.5293
TP53+ 24.51 0.00-36.63 0.00-25.93 0.2432

Signature 6
MUTATION- 0.00 0.00-21.81 0.00-0.00 -
MUTATION+ 0.00 0.00-1.51 0.00-0.00 0.5273
BRCA+ 0.00 0.00-1.51 0.00-0.00 0.6697
PALB2+ 0.17 0.00-1.00 0.00-0.64 0.0048
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.1678
ATM+ 0.00 0.00-1.15 0.00-0.00 0.31
TP53+ 0.00 0.00-0.00 0.00-0.00 0.4099
Signature 7
MUTATION- 0.00 0.00-76.95 0.00-0.00 -
MUTATION+ 0.00 0.00-1.06 0.00-0.00 0.807
BRCA+ 0.00 0.00-1.06 0.00-0.77 0.05791
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.3844
CHEK2+ 0.00 0.00-0.21 0.00-0.00 0.8184
ATM+ 0.00 0.00-0.00 0.00-0.00 0.2866
TP53+ 0.00 0.00-0.00 0.00-0.00 0.4272
Signature 8
MUTATION- 3.94 0.00-36.10 0.00-9.33 -
MUTATION+ 8.17 0.00-25.31 2.83-12.74 0.002591
BRCA+ 8.90 0.16-20.53 4.63-14.21 0.1165
PALB2+ 12.93 4.39-25.31 8.50-18.92 0.006834
CHEK2+ 4.01 0.00-11.48 1.96-9.06 0.7858
ATM+ 10.33 0.00-21.12 0.07-13.22 0.275
TP53+ 8.92 5.65-14.73 7.89-12.77 0.0425
Signature 9
MUTATION- 4.67 0.00-29.83 2.87-6.51 -
MUTATION+ 4.90 0.16-18.67 3.08-6.01 0.7754
BRCA+ 6.09 4.62-13.15 5.87-9.48 0.03741
PALB2+ 5.55 1.95-18.67 3.43-5.66 0.7065
CHEK2+ 4.08 0.16-5.86 2.88-4.91 0.1366
ATM+ 4.23 1.89-11.03 2.48-7.02 0.9048
TP53+ 5.47 2.65-9.53 3.22-6.62 0.6443
Signature 10
MUTATION- 0.09 0.00-10.89 0.00-0.73 -
MUTATION+ 0.18 0.00-6.22 0.00-0.83 0.6558




Mutation Status Median Range IQR P-Value*
BRCA+ 0.00 0.00-1.09 0.00-0.16 0.31
PALB2+ 0.01 0.00-0.83 0.00-0.63 0.6749
CHEK2+ 0.13 0.00-2.61 0.00-0.76 0.8022
ATM+ 0.65 0.00-6.22 0.32-0.90 0.06983
TP53+ 0.30 0.00-0.87 0.00-0.44 0.9945

Signature 11
MUTATION- 0.98 0.00-9.30 0.00-1.84 -
MUTATION+ 1.22 0.00-4.43 0.47-2.01 0.3411
BRCA+ 1.08 0.42-2.33 0.60-1.31 0.7258
PALB2+ 0.79 0.00-4.26 0.12-1.52 0.844
CHEK2+ 1.28 0.00-3.03 0.67-2.04 0.3761
ATM+ 1.39 0.00-2.35 0.55-1.75 0.6475
TP53+ 1.51 0.00-4.43 0.00-2.61 0.6466
Signature 12
MUTATION- 4.62 0.00-55.35 1.40-9.08 -
MUTATION+ 4.48 0.00-16.53 1.56-6.98 0.5634
BRCA+ 4.59 3.30-9.33 4.20-7.83 0.6132
PALB2+ 5.88 0.48-16.53 2.29-6.87 0.7533
CHEK2+ 5.33 0.00-14.89 1.84-10.13 0.8885
ATM+ 2.98 0.00-8.83 0.00-4.71 0.1761
TP53+ 3.30 0.00-6.97 0.00-6.79 0.3304
Signature 13
MUTATION- 1.78 0.00-68.91 0.88-4.65 -
MUTATION+ 2.74 0.00-30.07 1.43-8.27 0.03463
BRCA+ 6.78 1.93-13.22 4.28-8.14 0.02651
PALB2+ 3.45 0.87-20.64 1.36-10.40 0.3317
CHEK2+ 3.50 0.00-30.07 0.89-7.85 0.3839
ATM+ 191 0.78-24.94 1.49-5.42 0.3709
TP53+ 1.80 0.00-14.28 1.62-2.04 0.9163
Signature 14
MUTATION- 0.00 0.00-16.63 0.00-0.00 -
MUTATION+ 0.00 0.00-0.04 0.00-0.00 0.8143
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.7328
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.7328
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.6007
ATM+ 0.00 0.00-0.04 0.00-0.00 0.05518
TP53+ 0.00 0.00-0.00 0.00-0.00 0.7557
Signature 15
MUTATION- 0.00 0.00-8.70 0.00-0.00 -
MUTATION+ 0.00 0.00-0.70 0.00-0.00 0.2769
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Mutation Status Median Range IQR P-Value*
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.405
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.405
CHEK2+ 0.00 0.00-0.46 0.00-0.00 0.694
ATM+ 0.00 0.00-0.70 0.00-0.00 0.9126
TP53+ 0.00 0.00-0.00 0.00-0.00 0.4472

Signature 16
MUTATION- 8.90 0.00-52.01 2.64-16.74 -
MUTATION+ 8.45 0.00-48.30 3.58-16.72 0.6423
BRCA+ 5.60 0.00-16.33 0.90-12.53 0.3238
PALB2+ 7.73 0.12-21.25 2.13-11.13 0.6516
CHEK2+ 11.18 0.00-48.30 4.40-16.82 0.579
ATM+ 7.36 3.25-47.29 6.40-20.56 0.5205
TP53+ 10.36 3.55-42.94 8.28-32.15 0.266
Signature 17
MUTATION- 0.00 0.00-56.44 0.00-0.00 -
MUTATION+ 0.00 0.00-2.57 0.00-0.00 0.7367
BRCA+ 0.00 0.00-2.57 0.00-0.00 0.1091
PALB2+ 0.00 0.00-0.12 0.00-0.00 0.1234
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.4542
ATM+ 0.00 0.00-0.00 0.00-0.00 0.5487
TP53+ 0.00 0.00-0.00 0.00-0.00 0.6555
Signature 18
MUTATION- 0.00 0.00-31.43 0.00-0.06 -
MUTATION+ 0.00 0.00-9.49 0.00-0.78 0.01927
BRCA+ 0.00 0.00-1.03 0.00-0.14 0.8592
PALB2+ 0.00 0.00-0.88 0.00-0.00 0.5729
CHEK2+ 0.07 0.00-7.65 0.00-1.93 0.03131
ATM+ 0.36 0.00-9.49 0.00-3.20 0.02235
TP53+ 0.00 0.00-1.13 0.00-0.18 0.6395
Signature 19
MUTATION- 0.00 0.00-7.18 0.00-0.00 -
MUTATION+ 0.00 0.00-0.57 0.00-0.00 0.1866
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.4636
PALB2+ 0.00 0.00-0.57 0.00-0.00 0.4676
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.2626
ATM+ 0.00 0.00-0.00 0.00-0.00 0.3692
TP53+ 0.00 0.00-0.00 0.00-0.00 0.5036
Signature 20
MUTATION- 0.00 0.00-7.83 0.00-1.25 -
MUTATION+ 0.00 0.00-11.47 0.00-0.87 0.5513




Mutation Status Median Range IQR P-Value*
BRCA+ 0.10 0.00-2.92 0.00-0.99 0.5539
PALB2+ 0.35 0.00-2.29 0.00-1.56 0.75
CHEK2+ 0.00 0.00-11.47 0.00-1.61 0.8974
ATM+ 0.00 0.00-0.83 0.00-0.00 0.1432
TP53+ 0.00 0.00-0.98 0.00-0.46 0.6011

Signature 21
MUTATION- 0.00 0.00-5.14 0.00-0.00 -
MUTATION+ 0.00 0.00-0.40 0.00-0.00 0.7624
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.6212
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.6212
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.4495
ATM+ 0.00 0.00-0.40 0.00-0.00 0.007127
TP53+ 0.00 0.00-0.00 0.00-0.00 0.6521
Signature 22
MUTATION- 0.00 0.00-0.57 0.00-0.00 -
MUTATION+ 0.00 0.00-0.00 0.00-0.00 0.5779
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.8317
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.8317
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.7431
ATM+ 0.00 0.00-0.00 0.00-0.00 0.7936
TP53+ 0.00 0.000.00 0.00-0.00 0.8467
Signature 23
MUTATION- 0.00 0.00-0.05 0.00-0.00 -
MUTATION+ 0.00 0.00-0.00 0.00-0.00 0.8639
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.9547
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.9547
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.9231
ATM+ 0.00 0.00-0.00 0.00-0.00 0.9409
TP53+ 0.00 0.00-0.00 0.00-0.00 0.9603
Signature 24
MUTATION- 0.00 0.00-1.06 0.00-0.00 -
MUTATION+ 0.00 0.00-0.00 0.00-0.00 0.806
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.9296
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.9296
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.8872
ATM+ 0.00 0.00-0.00 0.00-0.00 0.9113
TP53+ 0.00 0.00-0.00 0.00-0.00 0.9369
Signature 25
MUTATION- 0.00 0.00-14.32 0.00-0.60 -
MUTATION+ 0.00 0.00-14.09 0.00-2.11 0.3894
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Mutation Status Median Range IQR P-Value*
BRCA+ 0.00 0.00-2.44 0.00-0.62 0.9393
PALB2+ 1.67 0.00-8.52 0.20-6.64 0.06678
CHEK2+ 0.00 0.00-9.22 0.00-0.53 0.9387
ATM+ 0.00 0.00-14.09 0.00-0.00 0.7794
TP53+ 0.00 0.00-13.15 0.00-10.01 0.4304

Signature 26
MUTATION- 0.00 0.00-7.25 0.00-0.00 -
MUTATION+ 0.00 0.00-2.22 0.00-0.00 0.9372
BRCA+ 0.00 0.00-0.25 0.00-0.00 0.4645
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.4799
CHEK2+ 0.00 0.00-2.22 0.00-0.00 0.359
ATM+ 0.00 0.00-0.00 0.00-0.00 0.3866
TP53+ 0.00 0.00-0.00 0.00-0.00 0.5191
Signature 27
MUTATION- 0.15 0.00-3.09 0.00-0.40 -
MUTATION+ 0.28 0.00-1.30 0.00-0.50 0.2793
BRCA+ 0.28 0.00-0.65 0.19-0.38 0.4116
PALB2+ 0.23 0.00-0.82 0.06-0.42 0.6188
CHEK2+ 0.25 0.00-0.67 0.00-0.57 0.5398
ATM+ 0.15 0.00-0.68 0.00-0.49 0.8482
TP53+ 0.35 0.00-1.30 0.00-0.40 0.7133
Signature 28
MUTATION- 0.00 0.00-9.09 0.00-0.28 -
MUTATION+ 0.00 0.00-6.03 0.00-0.45 0.7768
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.09304
PALB2+ 0.74 0.00-6.03 0.18-0.76 0.0589
CHEK2+ 0.00 0.00-3.51 0.00-0.14 0.6365
ATM+ 0.00 0.00-2.75 0.00-0.00 0.5923
TP53+ 0.36 0.00-5.05 0.06-2.09 0.0368
Signature 29
MUTATION- 0.00 0.00-4.53 0.00-0.00 -
MUTATION+ 0.00 0.00-0.19 0.00-0.00 0.1937
BRCA+ 0.00 0.00-0.00 0.00-0.00 0.8406
PALB2+ 0.00 0.00-0.00 0.00-0.00 0.8406
CHEK2+ 0.00 0.00-0.00 0.00-0.00 0.7562
ATM+ 0.00 0.00-0.19 0.00-0.00 0.0003696
TP53+ 0.00 0.00-0.00 0.00-0.00 0.8549
Signature 30
MUTATION- 0.00 0.00-45.79 0.00-3.48 -
MUTATION+ 0.31 0.00-8.26 0.00-2.50 0.928




Mutation Status Median Range IQR P-Value*
BRCA+ 0.13 0.00-2.50 0.00-0.34 0.4689
PALB2+ 0.35 0.00-7.59 0.00-1.65 0.9233
CHEK2+ 0.00 0.00-7.70 0.00-1.89 0.6821
ATM+ 1.77 0.00-6.55 0.00-3.85 0.4217
TP53+ 1.88 0.00-8.26 0.00-5.03 0.4433
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