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Abstract

The genetic heritability of prostate cancer is contributed to by rarely occurring but high
penetrant genetic variants, and moderate to commonly occurring variants conferring
lower risks. Genome wide association studies and meta-analyses have discovered
>170 prostate cancer risk loci. Utilising a prostate cancer polygenic risk score (PRS)
could allow screening to be stratified by genetic risk. This thesis aims to investigate the
potential role of germline genetic profiles in targeted screening for healthy men, and

personalising treatment for affected patients.

Utilising a SNP based genetic profile in the community to target prostate cancer
screening to men with increased genetic risk was acceptable to men in the community
and their primary care teams. Within the BARCODEL1 pilot study (N=307), uptake of
screening procedures by men with a PRS in the top 10% of the risk distribution was
76%. Of the men screened, 33% were diagnosed with a low grade cancer. Further follow
up is required to assess whether these are over-diagnosed indolent cases or early stage
cancers that will progress further. The pilot study has moved on to the development of

the main BARCODEZ1 study which is recruiting a further 4700 men.

| set up the lab workflow for the phase || BARCODE?2 trial which is recruiting men with
advanced prostate cancer for germline NGS using a study specific gene panel. |
sequenced the first 100 patients recruited to the trial and found that 22% carried a
germline protein truncating variant in a DNA repair gene. Carriers had more aggressive
disease features compared with non-carriers. | also sequenced somatic DNA for a
subset of the BARCODE?2 carrier patients (N=8) using FFPE derived DNA. One case
displayed evidence of loss of heterozygosity for the germline variant. Low frequency
somatic variants in MMR and HR genes were identified in some cases. With the recently

reported response rates to targeted agents such as PARPI in prostate cancer patients



with DNA repair defects, germline and somatic NGS will be increasingly important in the

management of prostate cancer patients.
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1.1 General Introduction

Prostate cancer is the commonest non-cutaneous cancer in men in the UK with a
lifetime risk of 13.24%, making it the cancer with the highest life time risk in UK males
[1]. Al t hough the mortality rate of prostat e
approximately 20%), the incidence has risen significantly in the last 25 years; this is
mostly attributed to the advent of PSA testing. There are approximately 47,700 new
cases diagnosed in the UK every year (2014-2016, Cancer Research UK) and 11,631
deaths each year due to prostate cancer. Worldwide, there is a distinct geographical
variation in the incidence of prostate cancer with the highest rates observed in parts of

the Caribbean, and the lowest incidence in South and Central Asia [1] (Figure 1).

Figure 1: Age Standardised Incidence Rates of Prostate Cancer

Estimated age-standardized incidence rates (World) in 2018, prostate, males, ages 0-74
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ASR (World) per 100 000

Bar chart showing top 5 and bottom 5 countries in the world for the age standardized
incidence rates of prostate cancer according to 2018 WHO figures. (http://gco.iarc.fr/)

The aetiology of prostate cancer is not well understood, although epidemiological
studies demonstrating a convergence of incidence rates in some populations migrating
between areas with a low incidence to those with high incidence suggest environmental

and lifestyle risk factors play a role;[2] this trend has been reported for a number of

22



Asian-American populations in the USA, for example, in Korean and Vietnamese men
for whom the incidence of prostate cancer rose linearly between 1990 and 2008.[3, 4]
This trend in incidence has not been observed in all populations migrating from Eastern
countries to the West; in a study of migrants from the former Soviet Union to Germany,
lower prostate cancer mortality and incidence were found in the migrants compared with
the German rates with no increase in incidence in the longitudinal analysis[5]. These
trends as well as differences in incidence rates between different ethnic groups suggest
genetic factors contribute significantly to prostate cancer risk. Indeed, it has long been
known that having a positive family history and/ or an Afro-Caribbean ethnic background
increases the risk of prostate cancer development. Evidence from twin studies [6], as
well as studies of familial prostate cancer highlight this. First degree relatives of prostate
cancer patients have twice the risk of developing the disease compared to the general
population[7]. In men diagnosed under the age of 60 years, the risk to their first degree
relatives is more than fourfold that of those without a family history[8]. The variation in
incidence according to ethnicity highlights the genetic component to prostate cancer
aetiology; rates are higher in African American men compared with Asian American

men [4, 9].

As with other complex diseases, the genetic heritability of prostate cancer is contributed
to by both rarely occurring but higher penetrant genetic variants and moderate to
commonly occurring variants conferring lower risks.[10] Current research on prostate
cancer susceptibility variants can explain 37% of the familial relative risk (FRR) of
prostate cancer [11, 12], attributed to commonly occurring (Minor allele frequency
(MAF) >1%) single nucleotide polymorphisms (SNPs) as well as some rarer single
nucleotide variants (SNVs). In the largest prostate cancer genome wide association
study (GWAS) and meta-analysis [13] reported recently, 63 novel prostate cancer
susceptibility loci were identified bringing the total number of known loci to 167.[10]

(Table 1)
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Table 1: Prostate cancer associated variants discovered through GWAS

Chr= Chromosome; RAF= Risk allele frequency; OR= Odds ratio

SNP ID Band Alleles®  RAF OR Reference/ PMID
63 novel SNPs identified on the OncoArray

rs56391074 1p22.3 AIAT 0.379 1.05 4
rs34579442 1921.3 CICT 0.336 1.07 4
rs74702681 2pl4 T/C 0.022 1.15 4
rs62106670 2p25.1 T/C 0.379 1.05 4
rs11691517 2913 T/G 0.741 1.05 4
rs34925593 2g31.1 CIT 0.481 1.06 4
rs59308963 2033.1 T/Té‘.-ll_ECT 0.729 1.05 4
rs1283104 3q13.12 G/C 0.379 1.04 4
rs182314334 3g25.1 T/IC 0.895 1.10 4
rs142436749 3026.2 G/A 0.012 1.23 4
rs10793821 5g31.1 T/IC 0.573 1.05 4
rs76551843 5g35.1 AIG 0.991 1.31 4
rs4976790 5035.3 TIG 0.113 1.08 4
rs4711748 6p21.1 T/IC 0.225 1.05 4
rs9469899 6p21.31 AIG 0.357 1.05 4
rs9296068 6p21.32 TIG 0.651 1.05 4
rs12665339 6p21.33 G/A 0.167 1.06 4
rs17621345 7pl4.1 AIC 0.741 1.07 4
rs11452686 7p21.1 TITA 0.558 1.04 4
rs527510716 7p22.3 CIG 0.241 1.07 4
rs10122495 9p13.3 TIA 0.29 1.05 4
rs1048169 9p22.1 CIT 0.379 1.07 4
rs1182 9g34.11 AIC 0.220 1.07 4
rs141536087 10p15.3 GCGCA/G 0.150 1.10 4
rs1935581 10g23.31 CIT 0.623 1.06 4
rs7094871 10925.2 G/C 0.537 1.04 4
rs547171081 11p11.2 CGGI/C 0.470 1.05 4
rs1881502 11p15.5 T/IC 0.190 1.06 4
rs61890184 11p15.4 AIG 0.124 1.08 4
rs2277283 11912.3 CIT 0.313 1.06 4
rs12785905 11913.2 CIG 0.048 1.09 4
rs11290954 11913.5 AC/A 0.676 1.07 4
rs1800057 11922.3 G/C 0.025 1.13 4
rs138466039 11924.2 T/IC 0.01 1.28 4
rs878987 11925 G/A 0.146 1.07 4
rs2066827 12p13.1 TIG 0.755 1.07 4
rs10845938 12p13.1 G/A 0.551 1.06 4
rs7968403 12q14.2 T/IC 0.643 1.07 4
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rs5799921 12¢921.33 GAIG 0.699 1.08 4
rs7295014 12924.33 G/A 0.34 1.06 4
rs1004030 14911.2 T/IC 0.59 1.04 4
rs11629412 14913.3 C/IG 0.578 1.06 4
rs4924487 15g15.1 C/IG 0.84 1.06 4
rs33984059 15¢21.3 AIG 0.978 1.20 4
rs112293876 15¢922.31 C/ICA 0.289 1.07 4
rs11863709 16921 CIT 0.960 1.17 4
rs201158093 16923.3 TAAITA 0.440 1.05 4
rs28441558 17p13.1 CIT 0.056 1.14 4
rs142444269 17911.2 CIT 0.788 1.08 4
rs2680708 17922 G/A 0.605 1.04 4
rs8093601 18921.2 C/IG 044 1.04 4
rs28607662 18921.2 CIT 0.096 1.07 4
rs12956892 18921.32 T/G 0.30 1.05 4
rs533722308 18921.33 CT/C 0.412 1.05 4
rs10460109 18922.3 T/IC 042 1.04 4
rs11666569 19p13.11 CIT 0.711 1.06 4
rs118005503 19912 G/C 0911 111 4
rs61088131 19913.2 T/IC 0.835 1.05 4
rs11480453 20911.21 CICA 0.602 1.05 4
rs6091758 20013.2 G/A 0.464 1.09 4
rs9625483 22012.1 AIG 0.027 1.17 4
rs17321482 23p22.2 CIT 0.866 1.07 4
rs138004030* 6927 G/A 092 1.28 4

"Reference allele/ risk allele
*Associated with early-onset prostate cancer

SNPs discovered in European populations

Risk
SNP ID Chr alleles RAF OR Reference/ PMID

rs636291 1 A 0.683 1.04 25217961
rs17599629 1 G 0.218 1.07 25217961
rs1218582 1 G 0";46 1.05 23535732
rs4245739 1 A 0.738 1.10 20197460, 23535732
rs11902236 2 T 0.269 1.05 23535732
rs9287719 2 C 0.467 1.07 25217961
rs9306895 2 C 0.364 1.08 26025378
rs1465618 2 T 0'%_14 1.09 19767753

rs721048 2 A 0'1282 1.10 18264098
rs10187424 2 T 0'%73 1.08 21743467

25




rs12621278

rs2292884

rs3771570

rs2660753

rs7611694
rs10934853
rs6763931

rs10936632

rs10009409
rs1894292

rs12500426

rs17021918

rs7679673
rs2242652
rs2121875
rs6869841
rs4713266
rs7767188

rs130067

rs3096702
rs3129859
rs2273669

rs1933488

rs9364554

rs12155172
rs10486567
rs56232506

rs6465657
rs2928679
rs11135910

rs12543663
rs10086908
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A b WO O WWW W

oo O o 0101 01 A b

(o2}

00O 00 00O 00 0O 0 0 N N ~N~N O

—

> O O r»r O FPO4CHO0OGO O » 4 » »>» > -

OQroa-40 4 >» O >» 60> 4

0.941

0.241

0.149

0.102

0.579
0.277

0.442
0.507

0.311

0.515
0.463

0.650

0.592
0.794
0.33
0.209
0.517
0.210
0.202

0.377
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rS6983267 8 G 0511 1.22 17401363
rs1447295 8 A 0107 1.41 17401363, 17401366
rs17694493 9 G 0.136 1.08 25217961
rs1571801 9 T 0.268 1.03 18073375
rs76934034 10 T 0017 1.12 25217961
rs10993994 10 T 0383 1.23 18264096, 18264097
rs3850699 10 A 0.700 1.07 23535732
rs4962416 10 c 0%66 1.06 18264096
rs7127900 11 A 0'1598 1.19 19767753
rs7931342 11 G 0504 1.17 18264097
rs11568818 11 T 0550 1.08 23535732
rs11214775 11 G 0.709 1.07 25217961
rs80130819 12 A 0.008 1.10 25217961
rs10875943 12 c 0.287 1.07 21743467
r$902774 12 A 0'%52 1.13 21743057
rs1270884 12 A 0482 1.07 23535732
rs8008270 14 c 0'%13 1.09 23535732
rs7141529 14 c 0.499 1.05 23535732
rs8014671 14 G 0580 1.05 25217961
rs684232 17 c 0'353 1.09 23535732
rs11649743 17 G 0'8505 1.13 18758462
rs4430796 17 A 0'225 1.22 17603485
r$138213197 17 T 0.002 3.85 22236224
rs11650494 17 A 0'%77 1.10 23535732
rs1859962 17 G 0";81 1.17 17603485
rs7241993 18 c 0'294 1.08 23535732
rs8102476 19 c 0'239 1.09 19767754
rs11672691 19 G 0'236 110 19318570, 23065704
rs2735839 19 G 0'§52 1.18 18264097
rs2427345 20 c 0.621 1.05 23535732
rs6062509 20 T 0'298 1.08 23535732
rs58133635 22 T 0197 1.07 19117981, 25217961
rs5759167 22 G 0502 1.15 19767753
rs2405942 23 A 0';83 1.05 23535732
rs5945619 23 c 0364 1.11 18264097
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rs2807031 23 0.182 1.06 25217961
r$5919432 23 T 0800 104 21743467
($6625711 23 A 01 101 25217961
rs4844289 23 G 0.384 1.04 25217961
SNPs discovered in non-European populations
rs2055109 3 T 0.7643 1.02 22366784
rs12653946 5 T 0.4246 1.08 20676098
rs1983891 6 T 0.2773 1.09 20676098
rs339331 6 T 0.695 1.09 20676098
rs1512268 8 T 0.4296 1.14 20676098
rs817826 9 T 0.8552 1.00 23023329
rs2252004 10 A 0.1017 1.00 22366784
rs12791447 11 G 0.0747 1.05 26443449
rs1938781 11 G 0.2297 1.03 22366784
rs9600079 13 T 0.443 1.01 20676098
rs58262369 14 C 0.998 1.27 26443449
rs7210100 17 A 0.0001 1.34 21602798
rs103294 19 C 0.7812 1.00 23023329
rs75823044 13 T 0.022 1.55 Ref[elrgnce
rs78554043 22 C 0.015 1.62 Reference
SNPs discovered in multi-ancestry populations

rs1775148 1 C 0.359 1.04 25217961
rs9443189 6 A 0.857 1.07 25217961
rs7153648 14 C 0.082 1.03 25217961
rs12051443 16 A 0.344 1.03 25217961
rs12480328 20 T 0.928 1.11 25217961
rs1041449 21 G 0.433 1.05 25217961
rs2238776 22 G 0.802 1.05 25217961
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1.1.1 Clinical Heterogeneity of Prostate Cancer

Prostate cancer is a clinically heterogeneous disease that ranges from localised cancer
in the prostate, and locally advanced cancer which has spread beyond the prostate
capsule with or without regional lymph node involvement, to metastatic disease which
has spread outside the pelvis and/ or to the bones. Newly diagnosed prostate cancer
which is localised or locally advanced is risk stratified according to the presenting PSA
level, Gleason score (the pathological grading system for prostate cancer) and T stage
(Table 2,0). The term aggressive prostate cancer is used for tumours displaying the
high risk features displayed in Table 2 and may include cases where distant metastases
are present at the time of initial diagnosis. The specific definition of aggressive prostate

cancer varies between research studies.

Low risk prostate cancer (and some moderate risk cases) is often managed with active
surveillance which entails regular PSA measurements as well as interval magnetic
resonance imaging (MRI) of the prostate with repeat biopsies when appropriate. If
moderate or high risk features develop during active surveillance then definitive
treatment in the form of radiation or surgery (prostatectomy) are considered. Active
surveillance is not considered for high risk localised prostate cancers as these require
definitive treatment. In patients with high risk features, radiotherapy to the prostate (with
or without treatment of the pelvic lymph nodes) is combined with adjuvant androgen

deprivation therapy (ADT) and may be followed by systemic chemotherapy (Docetaxel).

In patients who present with metastatic disease at the time of diagnosis, treatment of
the primary prostate cancer is usually only considered for the management of lower
urinary tract symptoms secondary to the primary tumour. In patients with oligometastatic
disease, treatment of the primary and metastatic disease may be pursued and this type
of treatment approach is currently under investigation. First line systemic treatment for

metastatic prostate cancer is in the form of ADT which is continued indefinitely. This
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may be combined with up front docetaxel chemotherapy as this has been shown to

confer a significant survival benefit, particularly in patients with high volume metastatic

disease[13, 14]. Although not yet approved by NICE (National Institute of Clinical and

Healthcare Excellence) in the UK, the early use (prior to castration resistance) of the

androgen receptor (AR) targeted agents Abiraterone or Enzalutamide in combination

with ADT has been reported to confer a survival benefit. In the UK, within the NHS,

these AR targeted agents are used in the treatment of metastatic prostate cancer that

has progressed on ADT (termed castration resistant). Other treatments available in the

setting of metastatic castration resistant prostate cancer (NCRPC) include cabazitaxel

chemotherapy and the alpha emitter, radium-223 (for patients with bone only disease).

Table 2: Prostate Cancer Risk Stratification (NICE Guideline NG131)

Risk Level Presenting PSA Gleason Score T Stage
(ng/ml) (range 6-10)

Low <10 6 Tlto T2a

Moderate 10-20 7 T2b

High >20 8-10 O0T2c
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Table 3: TNM Prostate Cancer Staging (European Association of Urology)

T1 Primary Tumour (based on digital rectal examination)*

TX

Primary tumour cannot be assessed

TO

No evidence of primary tumour

T1

Clinically inapparent tumour that is not palpable

Tla | Tumour incidental histological finding in 5% or less of tissue
resected

T1b | Tumour incidental histological finding in more than 5% of tissue

resected

T1c | Tumour identified by needle biopsy (e.g. because of elevated
prostate-specific antigen [PSA])

T2

Tumour that is palpable and confined within the prostate

T2a | Tumour involves one half of one lobe or less

T2b | Tumour involves more than half of one lobe, but not both lobes

T2c | Tumour involves both lobes

T3

Tumour extends through the prostatic capsule

T3a | Extracapsular extension (unilateral or bilateral)

T3b | Tumour invades seminal vesicle(s)

T4

Tumour is fixed or invades adjacent structures other than seminal

vesicles: external sphincter, rectum, levator muscles, and/or pelvic wall

N - Regional (pelvic) Lymph Nodes

NX | Regional lymph nodes cannot be assessed
NO | No regional lymph node metastasis
N1 | Regional lymph node metastasis

M - Distant Metastasis

MO

No distant metastasis

M1

Distant metastasis

M1la | Non-regional lymph node(s)

M1b | Bone(s)

M1c | Other site(s)

*Pathological staging based on histopathological tissue assessment is similar to
clinical TNM except for clinical stage T1c and T2 subgroups. All histopathologically
confirmed organ-confined prostate cancers after radical prostatectomy are
pathological stage T2 and the current Union for International Cancer Control (UICC)

no longer recognises pT2 subgroups.
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1.2 Genetic Association and GWAS

With the strong epidemiological evidence pointing to a hereditary component to the
development of prostate cancer, much research into causative genes has been
undertaken. Linkage studies investigating possible high risk loci leading to prostate
cancer development identified possible loci on several chromosomes, but most have
not been consistently replicated by subsequent studies,[15] with the exception of
HOXB13. Linkage studies investigate the co-segregation of genetic markers with a
disease. The lack of significant findings from these studies suggests that the hereditary

aetiology of prostate cancer has a significant polygenic inheritance.

With the advances in genomic technology and high throughput DNA genotyping
techniques, and by utilising databases of millions of common (MAF >1-5%) SNPs such
as the HapMap[16] and 1000 Genomes project[17], GWASs have been developed to
investigate the common genetic variants predisposing to cancer. GWAS allows
investigators to take an unbiased approach when scanning the genomes of thousands
of cases and controls to identify SNPs that associate with cancer[18]. GWASs have
enabled the discovery of SNPs and SNVs in or near genes previously not known to be
involved in cancer development. From projects, such as the HapMap project, it is known
that certain SNPs will tend to occur together although they are located separately in the
genome, and not always within the same gene[16]. This phenomenon known as linkage
di sequilibrium (LD) allows a GWAS to uti
generate data on millions of SNPs. One of the first published GWAS was carried out in
prostate cancer cases and controls, [19] and since then several GWASs have been
carried out yielding approximately 170 prostate cancer risk loci[20] in European

populations.

Several GWASSs have been carried out in non-European populations such as Korean,

Japanese, Arab and West African men to reveal both shared risk loci as well as some
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that may be unique to these ethnic groups (all GWASs are listed in the National Human
Genome Research Institute and European Bioinformatics Institute (NHGRI-EBI)

Catalog of published GWASSs: http://www.ebi.ac.uk/gwas).

1.2.1 Variants identified by GWAS

One of the earliest prostate cancer GWAS identified SNPs lying on 89g24; subsequent
studies have revealed the 8924 region to be rich with variants associated with multiple
cancers including prostate cancer.[21, 22] The biological mechanism leading to prostate
carcinogenesis though is unclear as the risk loci lie in non-coding regions of DNA. The
nearest gene to this region is MYC, a proto-oncogene disrupted in many cancers.
Functional studies including chromatin conformation assays, such as 3C, have shown
long-range chromatin interactions of the 8g24 SNPs and these are thought to influence
the expression of genes such as MYC. [10]

Other data from 3C experiments incorporating multi-target sequencing identified both
intra- and inter-chromosomal interactions of 8924 loci.[23] An example of an inter-
chromosomal interacting gene is CD96 on chromosome 313 with multiple interacting
l oci - apoBhdtin both chr omos om2B]8g24irgeractions .
with genes involved in the Wnt signalling pathway were also observed, suggesting that
some risk SNPs have effects on the expression of multiple genes and may influence
several cell signalling pathways. The Wnt signalling pathway is involved in prostate bud
growth and luminal epithelial differentiation providing a plausible mechanism linked to
prostate cancer development. Other studies have also linked the risk allele of the 8924
SNP rs6983267 to enhanced Wnt signalling and other genomic regions harbouring
prostate cancer risk SNPs show significant enrichment of Wnt signalling genes.[23]
Identifying such interactions will allow better understanding of the biological

mechanisms leading to prostate cancer. [10]
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1.2.2 GWAS and meta-analyses

As the number of cases and controls included in modern GWAS has increased, so has
the yield of new O0hitsd from eacim2098 atdoy .
stage GWAS identified 7 novel prostate cancer associated variants in addition to
confirming previously identified loci. [24] This study included nearly 2000 cases and
2000 controls in stage one, followed by over 3000 cases and 3000 controls in stage
two. Some of the SNPs identified in that study were linked to candidate genes that could
be involved in prostate cancer: MSMB, LMTK2 and KLKS3.

Recent GWAS projects have combined their data in meta-analyses with other large
scale genotyping studies to increase study sample and power and in turn increase
variant identification. One of these studies by Al-Olama et al [25] analysed more than
10 million SNPs from GWASs carried out in populations of different ethnicities
(European, African, Japanese and Latino populations) and analysed GWAS data for
~43,300 cases and ~43,700 controls. This led to the identification of 23 new prostate
cancer associated SNPs.[25] Although this was the first study to identify susceptibility
variants associated with aggressive disease, the 16 SNPs that fit this category were not
specific to aggressive cases and were also found to associate with non-aggressive

prostate cancer.

Prostate cancer risk SNPs identified in most GWAS analyses confer a low to moderate
risk of disease development with odds ratios (OR) ranging from 0.74-1.62. [15]
Therefore, single risk SNPs do not pose a clinically significant effect on their own, but
the risk is cumulative (multiplicative or log additive) and increases with increasing
numbers of risk alleles present in an individual. Although traditional GWASs utilising
catalogues of commonly occurring SNPs were not powered to detect rarer(MAF <1%)
variants which may have a higher relative risk (RR) of prostate cancer development; the

more recent GWAS and meta-analyses carried out under the auspices of large
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consortia have allowed the inclusion of large populations of cases and controls to
enable the identification of rarer risk variants. With the formation of international
consortia such as PRACTICAL (PRostate Cancer Association group To Investigate
Cancer Associated Alterations in the genome), these types of GWAS have now become

feasible.

1.2.3 The OncoArray identified prostate cancer risk loci

The most recent 63 prostate cancer risk loci identified were a result of a large GWAS
and meta-analysis[13]carried out by groups in the OncoArray network.[26] The goal of
this network is to gain new insights into the genetic architecture and mechanisms
underlying common cancers through the use of a custom designed lllumina array, the
OncoArray, to genotype SNPs in cases of the most common cancers (breast, ovary,
endometrium, lung, colon, prostate) and cancer-free controls. Individuals that have a
genetic predisposition to cancer such as BRCA1 and BRCA2 mutation carriers were
also included. Each consortium participating in this project contributed between 10,000
to 100,000 cases and controls; inclusion of large numbers of cases and controls has
led to the identification of both common and rare variants associated with cancer risk

and is likely to identify variants that are shared across cancer types. [10]

The OncoArray project was established, in part, through the efforts of the GAME-ON
(Genetic Associations & MEchanisms in ONcology) network set up by the NCI (National
Cancer Institute, USA). GAME-ON brings together international collaborators with the
long-term goal of providing a rigorous knowledge base to enable clinical translation of
GWAS findings. The importance of post GWAS research has been increasingly
recognised as the majority of GWAS identified cancer risk SNPs lay in non-coding

regions of DNA.
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Computational methods such as enrichment analysis suggest that a large number of
the prostate cancer risk SNPs (as well as other cancer SNPs) are enriched in multiple
functional regions such as the binding regions of transcription factors or histone
modifiers.[27] Further studies are required to validate these associations and to further
characterise the molecular mechanisms underlying variant association with prostate

cancer.

The OncoArray is a high density array comprising nearly 570,000 SNPs, of which
approximately 80,000 are prostate cancer associated SNPs derived from a previous
multi-ethnic meta-analysis [25] as well as from fine-mapping of known prostate cancer
loci, and candidate variants. The OncoArray was used to genotype 46,939 prostate

cancer cases and 27,910 controls of European ancestry.[13] [10]

The OncoArray prostate cancer genotyping data were combined with data from other
large scale genotyping studies including 32, 225 prostate cancer cases and 33, 202
controls (also of European ancestry) to carry out a meta-analysis of more than 140,000
men. This led to the identification of 63 novel loci related to prostate cancer
susceptibility. Of these, 52 were identified by imputation of the OncoArray genotyping
dat a. | mput ation relies on the LD of SNPs d
SNPs. Incorporation of the large GWAS backbone (260,000 SNPs) on the OncoArray
allowed investigators to utilise LD to increase the power of variant discovery. The large
numbers of cases and controls in this study also allowed several sub-analyses of clinical
and demographic factors such as age at disease onset and aggressiveness of prostate

cancer.

A novel variant at 627 (rs138004030) was found to be significantly associated with
early onset disease (OR= 1.27; p=2.85x10%). In an analysis of advanced prostate

cancer cases, 4 variants were found to be significantly associated with advanced
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prostate cancer (P<5x10%). These were significantly associated with overall prostate
cancer risk but when advanced and non-advanced cases were compared, there was

only a marginal statistically significant difference observed(P<1.0x10-3).[13]

Several candidate genes were identified among the new 63 prostate cancer variants;
one of these is an ATM missense variant rs1800057 (NM_000051.3:c.3161C>G
[p.Prol1054Arg] OR=1.16; P=8.15x10-9). Although this missense variant has been
cl assi fi edin the Clivar @atabasey ATM has been implicated in prostate
cancer development and particularly with aggressive disease.[28] The ATM protein is a
key checkpoint kinase that acts as a regulator of a wide range of downstream proteins
including TP53 and BRCAL, checkpoint kinase CHK2, checkpoint proteins RAD17 and
RAD9, and the DNA repair protein NBS1. It is therefore a key player in the DNA damage
response (DDR) pathway. Recent studies have investigated the frequency of germline
mutations in DNA repair genes in prostate cancer and ATM has been identified as the

second most commonly altered gene in such studies (discussed later). [29] [30]

Another missense variant (rs2066827) was identified in CDKN1B (cyclin dependent
kinase inhibitor 1B) (OR=1.06; P=2.31x10° T>G [Val1l09Gly]) which belongs to the
Cip/Kip family of cyclin dependent kinase inhibitors. CDKN1B protein controls cell cycle
progression at the G1 stage, and in vitro studies have shown levels of CDKN1B to be
linked to increased tumour size and grade. This particular variant has previously been

implicated in familial prostate cancer as well as advanced disease.[10]

A third candidate gene was identified by a variant in an intron of RASSF3 (rs7968403;
OR=1.06; P=3.38x107?). RASSF3 is a GTP-binding plasma membrane protein and is a
member of the RAS signalling pathway which is aberrant in approximately one third of

cancers.
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These findings are significant, as very few risk variants have been found to lie within
gene sequences. Functional studies of these variants are still required to further
delineate aberrant biological pathways, but with the development of gene editing
techniques such as CRISPR, the molecular mechanisms that link a variant to prostate

cancer development may be identified.

1.3 Rare genetic variants

The prostate cancer associated SNPs discussed so far confer a low to moderate risk of

di sease but do contribute cumulatively to a
The GWAS approach is based on the common disease common variant hypothesis and

most are powered to detect SNPs with allele f
SNVs have been identified as discussed above. To detect rare variants (MAF <1%)

which may confer a higher risk of disease, larger populations of cases and controls are

needed and even then, very rare SNVs may be missed.

1.3.1 HOXB13

Linkage studies of familial prostate cancer identified one of the first known hereditary
variants linked to prostate cancer development: the HOXB13 p.G84E missense variant
(NM_006361.5: ¢.251G>A).[31] Although this variant confers an OR of 5 for prostate
cancer development and appears to be associated with early onset disease in several
studies, the relationship with other clinical factors such as aggressive disease features
is unclear. In a case-control study of a UK population of men [32], there was no
correlation of mutation status with Gleason grade, presenting PSA or TNM staging. In
contrast, a Danish study reported that carriers undergoing radical prostatectomy were
more likely to have aggressive disease features (pre-oper at i ve PSA 020ng/ n
grade 04+3, presence oe)compargd witmcarnitréls (5#.2% ¥vsant di

28.6%; p=0.011), but this study did not assess long term outcomes of relapse and
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survival [33]. Further studies are needed to determine the prognostic significance of

germline HOXB13 mutations.

The G84E variant is seen mainly in men of European background with the highest
carrier rates observed in populations in Finland and Sweden; carriers are more likely to
have a family history of the disease compared to non-carriers. [34] HOXB genes encode
transcription factors of the homeobox family, but the mechanism by which variants lead
to prostate carcinogenesis is unknown. Mouse studies have shown that the HOXB13
protein is involved in prostate development [35] and has been linked to the growth of

prostate cancer cell lines in an androgen-independent manner[36].

In view of the well-defined association with prostate cancer, HOXB13 is now included

in a number of commercial gene panels available to men with prostate cancer.

1.3.2 DNA repair genes

The BRCAL1/2 genes were the first DNA repair genes found to have an association with
prostate cancer development. A fivefold increased risk due to pathogenic BRCA2
variants was reported by the Breast Cancer Linkage Consortium (BCLC) [37]. BRCAl
variants also appear to increase the risk of prostate cancer development although this
is less pronounced than with BRCA2; the BCLC reported a 1.8-fold increased risk up to
the age of 65 years with BRCA1l variants. This association was confirmed by
Leongamornlert et al who found the frequency of pathogenic BRCAL variants in a cohort
of 900 prostate cancer cases (enriched with cases with early age of onset) to be 0.45%
(estimated UK population carrier frequency ~0.1%), conferring a RR of 3.75 fold and an

8.6% cumulative risk by the age of 65 years. [38]

With the progress of DNA sequencing technologies, we have seen an accumulation of
data related to germline variants in several DNA repair genes and prostate cancer. In
the context of familial prostate cancer (i.e. 3 or more cases in a family), 7.3% of patients
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were found to carry a deleterious mutation in a tumour suppressor gene.[29] Carrier
status was associated with aggressive features such as nodal involvement and
metastatic disease. In germline studies of both familial and sporadic prostate cancer,

the most frequently aberrant gene is the BRCA2 gene, often followed by ATM.[30]

In the TCGA study of 499 cases of localised prostate cancer, 4.6% of men were found
to carry a germline mutation in a DNA repair gene. [30] In the setting of metastatic
prostate cancer, the germline carrier rate for pathogenic variants in a DNA repair gene
has been reported to range from 12-19% depending on the number of genes
sequenced. [30, 39] These studies have also shown that carriers of variants in BRCA2
and ATM have more aggressive disease features compared with non-carriers. These
clinical features appear to translate to poorer prognoses, with shorter metastasis free
survival and cause specific survival. [40, 41] These more recent studies did not select
patients based on the presence of family history and interestingly did not show a
difference in cancer family history when comparing carriers and non-carriers. This
suggests that family history should not be used as a factor for identifying men who are

being considered for genetic screening.

Poorer prognoses in BRCA1/2 pathogenic variant carriers in addition to ATM carriers
were also reported by Na et al [41]; patients with indolent and lethal prostate cancer
were compared to assess the difference in frequency of germline variants in BRCAL,
BRCA2 and ATM. ATM, a DNA damage response gene, is the gene most frequently
found to harbour germline pathogenic variants after BRCA2, in advanced prostate
cancer. [30, 41, 42] A significantly higher combined carrier rate was identified in lethal
prostate cancer cases compared with indolent cases (6.07% vs 1.44%; p=0.0007).
Individually, the BRCAZ carrier rate remained significantly higher in lethal cases (3.51%
vs. 0.82%; p=0.013) and the ATM carrier rate difference approached statistical

significance (1.92% of lethal cases vs. 0.41% of indolent cases; p=0.06). This study
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also confirmed the association of carrier status with aggressive clinico-pathologic

features at diagnosis e.g. higher Gleason score and higher presenting PSA level.

BRCAL and 2 are involved in the homologous recombination (HR) DNA repair pathway.
In the context of hereditary breast and ovarian cancer (HBOC), BRCA1/2 associated
disease is known to be responsive to PARP inhibitors (PARPI), due to the effect of
synthetic lethality, as well as platinum based chemotherapy. Synthetic lethality
describes the phenomenon whereby a cell harbouring one of two gene or protein
defects is viable while a cell containing both defects is not viable. In the case of
BRCA1/2 associated HBOC, the combination of an inherent defect in BRCA1/2 function
and iatrogenic PARP inhibition produce a synthetic lethal effect on tumours. These

response patterns have led to the investigation of PARPI in the prostate cancer setting.

In the phase Il TOPARP study [42], prostate cancer patients treated with the PARPI
olaparib were assessed for both germline and somatic variants in DNA repair genes. Of
the 49 patient cohort, 16 were found to have homozygous deletions, deleterious variants
or both in DNA repair genes. Of these, 6 had a germline variant (3 in BRCA2 and 3 in
ATM). In the 16 patients with DNA repair gene variants, 14 (88%) had a response to
treatment including all 3 germline BRCA2 variant carriers. Although the numbers of
patients in this study were small, the clinical implications of these results are significant,
both in the somatic and germline genetic settings. Olaparib has been approved by the
US FDA (United States Food and Drug Administration) and EMA (European Medicines
Agency) for the treatment of platinum sensitive BRCA1/2-mutated (germline and/or
somatic) high grade serous epithelial ovarian cancer. If the responses to olaparib seen
in TOPARP-A are replicated in the expansion cohort enrolled into TOPARP-B (patients
selected based on predictive deleterious variants in DNA repair genes in tumour tissue),

it is highly likely that olaparib will be become an option for prostate cancer treatment in
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the near future. A number of other PARPI are currently under investigation in prostate

cancer associated with DNA repair defects.

Although treatment responses to agents such as PARPi appear to be promising for
tumours harbouring DNA repair gene variants, [42] the data reported around responses
to androgen receptor (AR) targeted therapies in men with germline variants are
conflicting. In a Canadian study combining 4 cohorts of mMCRPC patients, 7% of men
(24 of 319 patients) were found to carry a germline pathogenic or likely pathogenic
variant in a DNA repair gene; in these men the median PSA progression free survival
(PFS) onfirst line AR targeted treatment was 3.3 months, half that seen in non-carriers.
Interestingly, for carriers who were treated with first line docetaxel (N=8), the PSA PFS
was higher at a median of 7.2 months which was comparable to 8.0 months observed
for non-carriers, suggesting that mCRPC patients carrying a germline variant may
benefit from having chemotherapy as their first line treatment for mCRPC rather than

AR targeted agents. [41]

In contrast to this data, an American study reported in 2018 showed that men with
germline variants in a DNA repair gene had longer clinical/ radiological PFS compared
to men without germline variants when treated with first line AR targeted therapy
(median 13.3 vs. 10.3 months; HR 0.67, p=0.107). [43] Furthermore, the results
suggested BRCA1/2/ATM carriers had the best prognosis; the presence of a deleterious
BRCAL/2/ATM variant but not variants in other DNA repair genes was independently
associated with an improved PFS (HR 0.52, 95% CI 0.28-0.98; p=0.044). [43] These
findings are in agreement with exploratory analyses carried out in the NCI9012
study,[44] where patients with somatic DNA repair variants had better than expected
outcomes on both treatment arms of the study (Abiraterone or Abiraterone + Veliparib)
compared to patients without somatic variants. Further prospective studies are needed,

ideally with larger patient numbers, especially of germline carriers, to define the impact
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of genetic variants on prognosis and treatment responses. If it is the case that specific
genes influence treatment responses in men with hereditary variants while others do
not, genetic testing in the clinical setting will be even more important in personalising

treatment for such patients.

Until recently, all reported germline data in prostate cancer were the result of next
generation sequencing studies of single or multi-centre cohorts of prostate cancer
patients without non-cancer control comparisons. Leongamornlert et al recently
reported the results of a case control study including 1285 cases of young onset
prostate cancer (065 years) and 1163 age mat
genes (107 in DNA repair pathway, 60 in DNA damage response pathways and cell
cycle regulation, and 8 candidate genes) were interrogated by targeted exon
sequencing. 24 genes were found to be significantly aberrant in cases compared with
controls.[45] Wi t hi n cases, aggressive (i.e. -Gleasc
aggressive cases 7, (N&l04% wavenalses ampared. Qilising two
analysis approaches (gene level and gene-set level), 23 genes were identified that are
associated with prostate cancer predisposition (Table 4). Although this 23 set of genes
includes established genes such as ATM, BRCA2 and CHEK2, several novel gene
associations were reported as well. Larger studies are required to evaluate these
associations further. Of the 23 genes reported, 3 were found to associate with
aggressive disease (BRCA2, MSH2, CHEK?2). Variants in one gene, ERCC2, were
found to specifically associate with aggressive prostate cancer. ERCC2 is a DNA repair
gene involved in the nucleotide excision repair (NER) pathway and is associated with
the autosomal recessive condition, xeroderma pigmentosum. Deleterious variants in
this so called 6éaggressive gene setd increas
cancer by 11-fold. There was no difference in association with family history between
carriers and non-carriers, highlighting that this is not a discriminatory criterion for genetic

testing in the clinical setting. With the recent recommendation for genetic testing in
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MCRPC by the National Comprehensive Cancer Network (NCCN; discussed below),
these results suggest that the number of genes that should be considered for germline

testing is likely to expand in coming years.

Table 4: 23 Genes associated with prostate cancer predisposition and/ or
aggressive phenotype [45]

Established Prostate Cancer | Novel gene | Genes
prostate cancer | candidate genes associations associated
risk genes with
aggressive
disease
BRCA2 GEN1 NEIL2 BLM BRCA2
ATM MSH2 TDP1 PARP2 CHEK2*
BRCAl RNASEL ERCC3 POLD1 ERCC2
CHEK2 LIG4 CDC25C | MSH2
MSH5 NHEJ1
POLE RECQL4
POLM

*Non-del1100 variant

1.3.3 Mismatch Repair Genes

In 2017, the US FDA approved pembrolizumab, a PD-1 (programmed cell death protein
1) targeted immunotherapy, for the treatment of any tumour displaying a high risk for
microsatellite instability (MSI-H). Lynch syndrome encompasses cases of inherited
variants of mismatch repair (MMR) genes (MSH2, MSH6, MLH1, MLH3, EPCAM,
PMS2) and is associated with an increased risk of development of colorectal and/or
endometrial cancers. These tumours often display MSI-H on molecular testing, with
associated deficiency of the relevant MMR protein (MMR-d) seen on
immunohistochemistry. Several studies have reported an increased incidence of
prostate cancer in men with Lynch Syndrome compared to non-carriers. A European
study reported the standardised incidence ratio of prostate cancer in Lynch Syndrome
men to be 5.9 with a cumulative risk by the age of 60 years of 9.8% and by age of 70

years 29% [46]. In an American study, similar cumulative risks were reported of 6% by
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age 60 years and 30% by age 80 years. [47] Positive MMR mutation carrier status
conferred a prostate cancer hazard ratio of 1.99. Lynch Syndrome men may also
present at a younger age compared to the general population and be at risk of more

aggressive disease features such as higher Gleason scores. [47]

Until recently, tumour testing for MSI or MMR-d was only routinely carried out for
colorectal and endometrial cancers. A study presented at the American Society of
Clinical Oncology (ASCO) 2018 annual conference suggested that more widespread
tumour testing for MSI/ MMR-d should be carried out. In this study of 15,045 tumours
across >50 cancer types, 6.8% of tumours were MSI-I (intermediate) or MSI-H.
Germline variants in a MMR gene were identified in 1.9% of MSI-I tumours and 16.3%
of MSI-H tumours. Half of these tumours belonged to a cancer type not traditionally
associated with Lynch Syndrome including prostate cancer among others. Interestingly,
40% of these cases did not meet testing criteria for Lynch Syndrome, hence a call by
the study investigators that all patients with tumours with MSI-I or MSI-H be referred for
germline testing. [48] This would require wider testing of tumours for MSl initially in order
for germline testing to be considered. In men with advanced prostate cancer, the
prevalence of somatic MMR gene variants has been reported to range between 6-

12%.[49, 50] A proportion of these cases will harbour a germline variant in a MMR gene.

In a cohort of 692 MCRPC patients germline sequenced for a set of DNA repair genes,
0.6% (4/692) were found to have a pathogenic variant in PMS2, MSH6 or MSH2, [30]
and in the case control study referred to in the previous section reported by
Leongamornlert and colleagues, MSH2 was found to be more frequently altered in the
germline DNA of cases compared with controls (3/1283 vs. 0/1163; OR 6.35).[45] In the
same study, MSH5 was also found to be differentially aberrant in cases (4/1283 vs.

1/1163; OR 2.72). ldentifying prostate cancer patients with somatic and/ or germline
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variants in MMR genes may open up another line of treatment for this cohort with PD-1

targeted immunotherapy if their tumours display MSI-H/ MMR-d.

In the setting of prostate cancer, a phase | and phase Il study have shown some activity
of PD-1 directed therapy in cases of advanced disease. The KEYNOTE-028 study and
then KEYNOTE-199 study enrolled heavily pre-treated mCRPC patients for 3 weekly
pembrolizumab. Results of the KEYNOTE-028 study reported in 2018 showed an
overall response rate (ORR) of 17.4% in men with PDL-1 (programmed cell death ligand
1) positive mCRPC with a median duration of response of 13.5 months. [51] The results
of KEYNOTE-199 were presented at ASCO 2018 and showed a disease control rate
(DCR) of 26% with no significant difference when patients were stratified by tumour
expression of PDL-1. Disease control rate for >6 months was 11% overall and
interestingly reached 22% in men with bone-only disease. Further studies are needed
to identify predictive biomarkers of response to target immunotherapy to patients most

likely to respond.[52]

1.3.4 Germline Genetic Testing

As variants in DNA repair genes have implications for treatment with the emerging data
on PARPI sensitivity in tumours with BRCA1/2 or ATM variants, among others [42], and
the immunotherapy sensitivity of MMR-d tumours, there is a rationale for offering
germline testing to men with advanced prostate cancer. Apart from identifying men who
may benefit from personalised treatments, germline testing would also allow genetic
counselling and cascade testing of other family members (both male and female) who

may benefit from cancer screening.

Commercial gene panels for hereditary cancer have been available for some time and
recently prostate cancer specific panels have become available although the number of

genes tested varies between providers. Clinical guidelines around the genetic testing
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of prostate cancer patients have only recently been updated based on the emerging
data in the mCRPC setting. The NCCN modified their prostate cancer management
guidelines in 2018 to include a recommendation to consider testing all men with mCRPC
for germline and somatic variants in BRCA1/2, ATM, PALB2 and FANCA. (NCCN
Prostate Cancer Guidelines Version 3.2018) This update also added the
recommendation to consider tumour testing for MSI or MMR deficiency. This guideline
was updated further in 2019 (version 2.2019) to recommend germline genetic testing
for all men with high-risk, very high-risk, regional or metastatic prostate cancer. The
genes listed in the guideline for consideration of testing was also expanded to include
CHEK2 and the MMR genes: MLH1, MSH2, MSH6 and PMS2 in addition to the

previously mentioned genes.

I n addition to this, t h eRisiNASdmaentGar Breast iarm / Fami
Ovarian Cancerd guideline wagecommahdatior tbr i n 2 (
BRCAL/2 germline testing in all men with metastatic prostate cancer, without the
requirement of a family history or young age of onset (Version 1.2018). For men without
metastatic disease but with areduiregéntth@titheya s on g
meet other family history criteria in order to be tested. This guideline also recommends
germline BRCA1/2 testing for men whose tumours are found to have a somatic variant
in BRCA1/2. Although these are the first set of guidelines to be explicit in their
recommendation for genetic testing of metastatic prostate cancer patients regardless of
family history, up to 37% of prostate cancer patients without metastatic disease carrying
a germline pathogenic variant would not qualify for testing based on the current
criteria.[53] As the recognition of the emerging data in this area widens, these guidelines
are likely to be updated to widen the testing criteria of men with prostate cancer.
Guidelines from other organisations are expected to follow which are likely to evolve

further to include genes other than BRCA1/2 and ATM.
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1.4 Prostate Cancer Screening

PSA (prostate specific antigen) testing for prostate cancer screening has become an
increasingly controversial topic. PSA is a prostate specific protein secreted by both
healthy prostate tissue as well malignant cells, therefore it lacks the specificity required
for a cancer screening test. PSA levels are prone to fluctuation and are influenced by
conditions such as urinary tract infections, prostatitis and prostatic hypertrophy.
Conversely, prostate cancer may existi n t he presence of a
therefore there is a risk of false negatives in its use for cancer screening. Despite this,
PSA based screening for high risk men such as BRCA2 mutation carriers is thought to
be warranted,[54] largely due to the evidence of association with aggressive
phenotypes and poorer outcomes in carriers who develop prostate cancer. Currently,
the NCCN guidelines recommend commencing prostate cancer screening in BRCA2
mut at i on c ar comsidaerés s(carnedeBRC#I ghenj from the age of 45 years,

although the screening format is not specific to this cohort of men as it relies on the

é6nor

6Prostate Cancer Ea (MergionR.20lY which iodesigneg forimeére | i n e

identified to have an increased risk of prostate cancer development due to factors such
as a strong family history. The latter NCCN document acknowledges the evolving data
indicating that men carrying mutations in genes other than BRCA1/2 may have an

increased risk of prostate cancer development.

The ongoing IMPACT (Identification of Men with a Genetic Predisposition to Prostate
Cancer) study (NCT00261456) is addressing the approach to prostate cancer screening
for BRCAL1 and BRCAZ2 carriers (and controls) as well as men with Lynch Syndrome
(using prostate biopsy in those with a PSA >3 ng/ml). Initial results from the first
screening round in this study have shown a higher positive predictive value (PPV) for
PSA triggered biopsy in BRCA2 carriers (PPV 48%) compared with controls (PPV
33%).[55] Prostate cancer detected in BRCA2 carriers was classified as intermediate

or high risk in two thirds of cases. Similarly, in the BRCA1 carriers, 61% were found to
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have intermediate or high risk disease. [55] More recently, the results of 3 years of
screening in the IMPACT study have been reported [54] and confirmed a higher prostate
cancer incidence rate per 1000 person years in BRCA2 carriers compared with non-
carrier controls (19.4vs 12.0;p = BRCA2Zgrriers were diagnosed at a younger
age (61 ps=640y04) and carrier cases had a
significant disease (77% vs 40%; p = I0s. hOpéd)that these results will encourage
the development of more specific guidelines around prostate cancer screening for

BRCAZ2 mutation carriers.

1.4.1 Prostate Cancer Screening Studies

In terms of general population screening (outside the setting of BRCAL/2 carriers), as
data from two large prostate cancer screening studies [56, 57] have evolved, guidelines
from national screening programs such as the USPSTF (US Preventive Services Task
Force) have fluctuated from advising against PSA screening for prostate cancer (2012)
to recommending that men make an individualised decision regarding PSA testing in
conjunction with their clinician (for those aged 55-69 years; USPSTF 2017). In the UK,
the National Screening Committee (NSC) recommends against universal screening for
prostate cancer using PSA (2016, due to be updated 2019), and a guideline document
published by Public Health England seeks to help GPs advise men over 50 years who

are asymptomatic and seeking a PSA test. [58]

The controversy surrounding PSA based screer
non-specific nature for prostate cancer detection, but also due to the flaws and
conflicting conclusions of the two largest randomised prostate cancer screening studies:
the American Prostate, Lung, Colorectal and Ovary (PLCO) study and the European
Randomised Study of Screening for Prostate Cancer (ERSPC). Both studies had a
degree of contamination in the control groups, although this was higher in the US study

with patients in the control group receiving an average of 3 PSA tests compared with
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the screening group who received 5 PSA tests on average, hence a lack of reduction in

mortality with screening ¥ ®YInhdontéadt thbERSRCx c | ude

study reported a 20% relative reduction in prostate cancer mortality with screening and

an absolute reduction of 7 prostate cancerd eat hs per 10 000 men (i n

69 years) at a median of 9 years of follow-up. Updated analyses at 13 years have shown
a further improvement in mortality with an absolute reduction of 13 prostate cancer
deaths per 10 000 men. These figures may improve further with longer term follow up.
The mortality benefit in ERSPC is largely attributed to the reduction in metastatic
prostate cancerc ases (absolute reduct i onatl®iyears df
follow-up). The evolution of this data in the last few years accounts for the change in
screening guidance provided by the USPSTF [60] and it may be that the UK NSC

guidelines will be similar when updated in 2019.

Although the screening studies investigating the use of PSA testing for prostate cancer
detection have shown some survival benefit, the complications of prostate biopsies,
high rate of false positive results (10 % in PLCO screened men and 18% in ERSPC) as
well as over-diagnosis of indolent prostate cancers has led to the caution around the
use of PSA testing. In the PLCO and ERSPC studies, 16% and 27.7% of screened men
underwent a prostate biopsy respectively; of the biopsies performed, 67% and 76%
were negative for cancer. This is not an insignificant proportion of men when
considering the possible complications which include bleeding, pain and infection which
occurred at a rate between 2-6%. Hospitalisation after prostate biopsy occurred in 0.5-

1.6% of men.

1.4.2 Use of Genetic Profiles in Prostate Cancer Screening

Apart from over-diagnosis of indolent prostate cancer, which often does not require
intervention, PSA tests can also miss significant tumours which would be treated

actively. In the Stockholm-3 (STHLM-3) study, which investigated the use of a multi-
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factor screening model, 21% of high risk prostate cancers had a PSA level in the range

of 1-3ng/ ml ; bel ow the threshold of O4 n[el] ml

Similarly, in the Prostate Cancer Prevention Trial (PCPT), high-grade prostate cancers
were reported in 12.5% of men with PSA <0.5ng/ml. [62] For these reasons, alternative
approaches to prostate cancer screening are required that do not solely rely on a non-
specific and fluctuating biochemical test. In this context, the use of a genetic test for
cancer screening is very attractive. Unlike PSA levels, germline DNA is constant and
unchanging in terms of the SNVs and SNPs it holds, and only requires a one off
measurement usually in the form of a blood test or saliva test. By utilising the known
genetic variants associated with prostate cancer risk, a polygenic risk score (PRS) can
be calculated for an individual to estimate their risk of prostate cancer development. It
is feasible that such a score could be used to stratify men for prostate cancer screening
so that those with a high genetic risk of prostate cancer are offered screening while men
at lower genetic risk can avoid the potential complications of invasive tests. A
retrospective study using a cohort from the screened arm of the PLCO study showed
that profiling germline prostate cancer SNPs (33 SNPs producing a prostate genetic
score (PGS)) can identify men who have a higher risk of developing disease, with men
in the top quartile of PGS-33 score having the highest risk detection rate of prostate
cancer.[63] A retrospective study of men in the placebo arm of the PCPT reported that
a genetic risk score based on 29 prostate cancer associated SNPs was predictive of

prostate cancer; both in men with and without a family history of the disease. [64]

Taking into account the findings of the most recent GWAS and meta-analysis linked to
the OncoArray project; and utilising the known prostate cancer risk loci, the relative risk
of prostate cancer for men in the top 1% of the genetic risk distribution based on a PRS
is 5.71 compared with men in the 25-75th percentiles, and for those in the top 10% the

RR is 2.69.[13] A risk model incorporating a genetic profile based on risk loci (with or
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without family history information) could be used to target screening to those at highest

risk.

Interestingly, a PRS may also allow a reduction in over-diagnosis in a screening
program. Over-diagnosis refers to the detection of tumours by screening that would not
have presented clinically in a persondbs | i fetime in the [68bsenc:é
Pashayan and colleagues investigated the relationship between PRS (based on 66
prostate cancer risk SNPs) and prostate cancer over-diagnosis by genotyping 9,404
cases and 7, 608 controls in 3 UK based prostate cancer studies. They found that rates
of over-diagnosis decreased with increasing PRS and reported a 56% reduction

between the highest and lowest PRS quatrtiles in that analysis.[65]

Combining genetic risk information from a set of SNPs with other risk stratification
methods such as prostate imaging may reduce the rates of over-diagnosis further. The
PROMIS study investigated the utility of multi-parametric MRI (MP-MRI) of the prostate
in the screening setting and the results suggested that using MP-MRI as a triage test
may reduce the diagnosis of indolent disease while also identifying a higher proportion
of clinically significant disease compared with standard trans-rectal ultrasound guided

biopsies. [66]

The STHLM3 study was the first large prospective and population based prostate
cancer screening study that assessed a targeted approach to screening. The study
utilised a screening model combining plasma protein biomarkers (PSA, free PSA, intact
PSA, hK2, MSMB and MIC1), 232 risk SNPs and a set of defined clinical variables (age,
family history, previous prostate biopsy and prostate examination) and compared this
with PSA measuremental one (using a t h[6dshe 8THAM3médelO3 ng/ r
performed significantly better than PSA measurement for the detection of Gleason 7 or

higher prostate cancer. Sensitivity for the detection of high risk prostate cancers was
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significantly improved with the STHLM3 model; the AUC with PSA alone was 0.56
compared with 0.74 with the study model. It is unclear how much the genetic profile
contributed to the study screening model, although all the variables used were
significantly associated with high risk prostate cancer and contributed to a cumulative
improvement in the AUC in the multivariate analysis. Further refinement of this model
is needed as there were still a significant number of low grade cases diagnosed; over
half of the tumours were Gleason 6 cancers. As modifications of this strategy continue
to be investigated, for example with the incorporation of MRI and targeted biopsies
(currently under investigation), it is likely that a more practical and feasible version of

the STHLM-3 model for will be developed.

In the UK, the PROFILE study (NCT02543905) is investigating the value of a PRS in
screening men with a family history of prostate cancer. Study participants are screened
using PSA testing, MRI and biopsy. A genetic profile test is also carried out using a set
of prostate cancer risk SNPs and the correlation between genetic risk and screening
results will be investigated. The PROFILE study is also recruiting a separate cohort of

black men to study genetic risk in this group.

1.5 Future Directions and Conclusions

As the cost of NGS and gene panel testing has fallen, the availability and accessibility
of genetic testing has increased with several commercial tests now available to test for
prostate cancer predisposition. It is plausible that commercial SNP tests currently
offered by companies providing direct to consumer testing will start to incorporate
prostate cancer risk SNVs to add prostate cancer risk information to health reports
produced by such tests. The role of prostate cancer risk loci in predicting disease risk
or guiding screening is unknown and requires investigation. Once this role is defined by

prospective research trials, genetic profiling utilising risk loci may be found to be an
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ideal method of targeting population screening to men at increased risk of disease

development while sparing those at low risk from invasive screening procedures.

For higher penetrance hereditary genetic mutations, the clinical guidelines from
regulatory bodies are expected to develop further as the data from sequencing studies
increases. Agreement is needed on the selection of the most appropriate set of genes
that should be tested in the uro-oncology setting. Currently available prostate cancer
predisposition gene panel tests, although similar, differ in the range of genes tested.
The number of genes ranges from 10-14 and all include BRCA1/2, HOXB13 and the
MMR genes. The panel at an expert consensus conference held in the USA in 2017
agreed that mCRPC patients should be tested for BRCAL1/2 and ATM mutations[68],
while the panellists at the European O6Advan
(APCCC, St Gallen) in 2016 voted for &6l arge |

genes. [69]

With the efforts in developing personalised approaches to cancer management at the
forefront of oncology research priorities, utilising germline genetic profiles to predict risk
of disease development as well as other factors such as disease aggressiveness,
combined with molecular target identification from somatic tumour profiles, will allow the
development of a precision medicine approach to the screening for and treatment of

prostate cancer.

1.6 Outline of this thesis

In this thesis, | aim to investigate the utility of germline genetics in two prostate cancer
contexts. Firstly, | will assess the use of a germline SNP profile to identify men in the
community who are at increased genetic risk of prostate cancer based on the known
prostate cancer risk SNPs (in 2017). These men will be offered prostate cancer

screening within the BARCODEL1 trial. | will assess the feasibility and uptake of this
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approach to prostate cancer screening within the BARCODEL1 pilot study (N=300). By
reviewing the uptake and trial processes in the pilot study, | will modify the study protocol
and procedures as needed to be able to move into a larger study to recruit a total of
5000 men for SNP profiling and screening of those in the top 10% of the genetic profile
distribution. | expect that the use of a SNP profile to target screening may provide a way
to overcome the pitfalls of the PSA test for screening. By defining the role of SNP
profiling in this setting, data from the BARCODE1 trial will inform the set up of a multi-
modal screening program which uses a SNP profile as well as other parameters to

identify men for screening.

The second part of my thesis will examine the use of a germline DNA repair gene panel
in men with advanced prostate cancer to assess the frequency of mutation carriers.
Based on published data so far, this is expected to be in the range of 12-18%. [28, 30,
41] These men may benefit from treatment with carboplatin chemotherapy. [70, 71] |
will set up the BARCODEZ? trial as part of my role within the ICR Oncogenetics team.
This trial will recruit patients with mCRPC to undergo germline genetic screening
utilising a study specific gene panel test. Those who carry a germline mutation in a DNA
repair gene and have disease progression after two standard lines of treatment will be
treated with carboplatin chemotherapy within the second part of the trial. Although this
thesis will not report the clinical responses in the treatment part of the study, the trial
will aim to examine responses in 3 patients groups, divided according to which gene is
altered in the germline (1.BRCA1/2, 2.MMR genes and 3.other DNA repair genes
including HR genes). The expectation is that BRCA1/2 mutation carriers will respond to
platinum chemotherapy as observed in retrospective studies, but examining the
responses in the other two groups of patients may identify further groups of patients
who may benefit from carboplatin chemotherapy. | will describe the set up of the study
specific gene panel and laboratory workflow process for NGS in the BARCODE?2 trial

and report the carrier frequency in the first 100 men recruited to the trial.
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Chapter 2

Materials and Methods
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2.1 Chapter 3 Methods: BARCODEL1 Pilot Study

2.1.1 BARCODEL1 Pilot Study Design and Set Up

The BARCODE 1 Study was set up by the Institute of Cancer Research (ICR)
Oncogenetics team to investigate the use of genetic profiling to identify men in the
community who have an increased genetic risk of prostate cancer development so that
they can be offered screening. A pilot study was set up prior to the main study. Research
ethical approval was granted on the 26" January 2016 and the pilot study opened in
April 2016 with the aim of recruiting 300 participants, with a view to then moving on to

a main study recruiting another 4700 men.

I was involved in the study teambs regul ar

and General Practice collaborators to coordinate the recruitment of participants from
the community. Men who expressed an interest in the study after receiving an invitation
letter from their GP were screened for eligibility by the study nurse or myself (by
reviewing their completed health questionnaires), and then entered the study by signing
the informed consent form and providing a saliva sample. These were used for DNA
extraction and genotyping (detailed below). Genotyping data were used to calculate a
polygenic risk score (PRS) for each man in the pilot study. Men identified to be in the
top 10% of the PRS distribution (i.e. men with a PRS >90™ percentile) were offered
screening for prostate cancer in the form of a magnetic resonance imaging (MRI) scan
and biopsy of the prostate. PSA levels were also measured prior to biopsy. These

procedures were carried out in the Royal Marsden Hospital (RMH).

2.1.2 Patient Selection

Men between the ages of 55-69 years who fit the study eligibility criteria (see study

protocol in Appendix 1) were sent an invitation letter and a health questionnaire by GP
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teams participating in the study. Recruitment to the pilot study commenced in April 2016
and completed in April 2018. Responders were screened by the trial nurse, with input
from me when needed, for eligibility by reviewing their health questionnaires.
Participants were required to have no medical contra-indications to prostate biopsy, to
be aged 55-69 years at the time of study entry and to be of Caucasian/ European
ethnicity. The ethnicity criterion was required as the single nucleotide polymorphisms
(SNPs) used in the studydés genetic profi

in European populations.

2.1.3 DNA Extraction and Genotyping

DNA extraction from saliva was carried out externally by Tepnel Pharma Services (UK).
Extracted DNA was normalised to 60ng/pl in 325ul final volume. Extracted DNA was
sent to Affymetrix® (part of Thermo Fisher Scientific) in the USA for genotyping. A study
specific panel of SNPs was designed by Dr Zsofia Kote-Jarai and Ed Saunders in the
ICR Oncogenetics team in conjunction with the Affymetrix® scientific team. SNPs were
selected based on the previously identified prostate cancer risk loci along with the most
recent set reported by Schumacher et al as part of the OncoArray project. [13, 25] Table
5 lists the SNPs included in the assay (Genetic profile design described below). The
genotyping assay utilises the EurekaE Genomics protocol and is based on a ligation
dependent polymerase chain reaction (PCR) that uses allele barcodes contained within
the ligation probes as well as sample barcodes added by PCR. The main steps carried

out are as follows:

1. DNA is heat denatured and mixed with a probe blend (three probes are
required for each SNP to be interrogated)

2. For each SNP site, one of two left hybridisation sequence (LHS) probes (the
two LHS probes are specific for the different alleles of the SNP) and a right
hybridisation sequence (RHS) probe fully hybridise to the DNA.
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3. Each LHS probe type contains a unique allele barcode sequence that provides
the information for which SNP and allele the probe represents.

A ligase joins adjacent LHS and RHS probes to form a single fragment.
Sample identification barcode sequences (indexes) are added to the ligation
products by PCR. Different barcode combinations are added to the different
wells (one sample per well)

6. Each fragment therefore contains barcodes indicating which sample, SNP and
allele it devolved from, so samples can be pooled after this step to generate
the sequencing library. Fragments also contain the full lllumina® adapter
sequences at this stage.

7. Sequence data are generated from the prepared libraries using an
llumina® Mi S e ingrument.

Relative read counts for the two possible allele barcodes are used to determine
genotype at the SNP position for each sample. Preliminary quality control (QC) and
genotype calling were carried out at Affymetrix® and genotyping data were sent to the

ICR Oncogenetics team for further QC and analysis.

2.1.4 Genetic profile design and testing

A genotyping assay was designed to be used in the BARCODEL1 study as well as other
Oncogenetics studies being carried out by the team. SNPs associated with prostate
cancer risk as a result of published genome wide association studies (GWAS) and
meta-analyses were selected. As BARCODEL is investigating screening in men of
European ancestry, some of the SNPs included in the assay would not be used for the
PRS calculation in this study as they were identified in non-European ancestry

population studies.

At the start of assay development, 177 SNPs were submitted to Affymetrix® for

inclusion in the design of the genotyping assay. These SNPs included:

1 99 SNPs identified in a previous GWAS and meta-analysis [25] and used in a

previous genotyping assay
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I 63 new SNPs identified in the most recent GWAS and meta-analysis [13]
I The HOXB13 missense variant G84E
1 14 SNPs identified by fine-mapping the 8q24 region [12]
DNA sequences for each SNP were submitted including 75bp either side of the variant.
During the in silico assessment of submitted SNPs by Affymetrix®, 6 variants were
i denti f i edesighaob Ibeed 6duune t o t hei r orlpayaeckedtiden wi t |
repeat sequences. These were replaced by proxy variants with good correlation with
the variant of interest, i.e. r>>0.9 (except one proxy SNP had r>=0.72). A proxy SNP is
a variant that has high linkage disequilibrium (represented by r?) with the variant of

interest.

Test plates of DNA samples with known genotypes were sent to Affymetrix® for the
assay to be tested. After running the assay on 2 sets of test plates, 155 SNPs were
found to be working well. After further development by Affymetrix® with the
Oncogenetics team, 162 of the originally submitted variants were able to be included in
the final assay (Table 5). The data from the test samples genotyped in this process

were referred to when carrying out the QC steps on genotyped study samples.
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Table 5: 162 SNPs included in Affymetrix® Assay for ICR Oncogenetics
Team

*MAF= minor allele frequency; **AA= African American SNPS

SNP ID ?I/IE?JFR)* SNP ID MAF (EUR)

rs636291 0.317 rs12155172 0.22
rs17599629 0.218 rs10486567 0.237
rs1218582 0.447 rs56232506 0.451
rs4245739 0.262 rs6465657 0.463
rs11902236 0.269 rs2928679 0.437
rs9287719 0.467 rs1512268 0.43
rs13385191 0.363 rs11135910 0.153
rs1465618 0.214 rs12543663 0.294
rs721048 0.182 rs10086908 0.303
rs10187424 0.426 rs16901979 0.032
rs12621278 0.059 rs620861 0.369
rs7584330 0.241 rs6983267 0.489
rs3771570 0.15 rs1447295 0.107
rs2660753 0.103 rs817826 0.145
rs2055109 0.236 rs17694493 0.136
rs7611694 0.421 rs1571801 0.268
rs10934853 0.277 rs76934034 0.083
rs6763931 0.442 rs10993994 0.383
rs10936632 0.493 rs3850699 0.3
rs10009409 0.311 rs2252004 0.102
rs1894292 0.485 rs4962416 0.267
rs12500426 0.463 rs7127900 0.199
rs17021918 0.349 rs1938781 0.23
rs7679673 0.408 rs7931342 0.496
rs2242652 0.206 rs11568818 0.45
rs2853676 0.262 rs11214775 0.292
rs13190087 0.049 rs80130819 0.092
rs12653946 0.425 rs10875943 0.287
rs2121875 0.33 rs902774 0.153
rs6869841 0.209 rs1270884 0.482
rs4713266 0.483 rs9600079 0.443
rs7767188 0.21 rs8008270 0.186
rs130067 0.202 rs7153648 0.082
rs3096702 0.377 rs7141529 0.499
rs3129859 0.33 rs8014671 0.42
rs1983891 0.277 rs684232 0.353
rs2273669 0.146 rs11649743 0.195
rs339331 0.305 rs4430796 0.475




rs1933488 0.421 rs11650494 0.078
rs9364554 0.283 rs7210100 0.001
rs1859962 0.481 rs138466039 0.009
rs7241993 0.305 rs878987 0.146
rs8102476 0.461 rs2066827 0.245
rs11672691 0.263 rs10845938 0.449
rs2735839 0.147 rs7968403 0.357
rs103294 0.219 rs5799921 0.318
rs12480328 0.072 rs7295014 0.352
rs2427345 0.379 rs1004030 0.416
rs6062509 0.302 rs11629412 0.422
rs1041449 0.433 rs4924487 0.187
rs2238776 0.198 rs33984059 0.022
rs9623117 0.197 rs201158093 0.31
rs5759167 0.498 rs28441558 0.055
rs2405942 0.217 rs2680708 0.394
rs5945619 0.364 rs8093601 0.442
rs2807031 0.182 rs28607662 0.097
rs5919432 0.199 rs12956892 0.302
rs34762946 0.159 rs10460109 0.421
rs4844289 0.384 rs11666569 0.287
rs56391074 0.379 rs118005503 0.089
rs62106670 0.379 rs11480453 0.398
rs74702681 0.022 rs6126982 0.495
rs11691517 0.259 rs9625483 0.029
rs34925593 0.481 rs17321482 0.133
rs59308963 0.287 rs9296068 0.349
rs1283104 0.379 rs11452686 0.442
rs142436749 0.012 rs1881502 0.19
rs76551843 0.009 rs61088131 0.177
rs4976790 0.113 rs1043608 0.291
rs12665339 0.167 rs377484932 0.475
rs17621345 0.259 rs188140481 0.006
rs1048169 0.379 rs183373024 0.007
rs10122495 0.31 rs138213197 0.002
rs1182 0.22 rs1487240 0.256
rs61830900 0.179 rs77541621 0.024
rs1935581 0.373 rs5013678 0.215
rs61890184 0.124 rs78511380 0.082
rs547171081 0.47 rs17464492 0.284
rs2277283 0.313 rs12549761 0.124
rs11290954 0.324 rs75823044 | 0.022 (AA)**

rs1800057 0.023 rs78554043 | 0.015 (AA) **
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2.1.5 Genotyping and Polygenic Risk Scores

2.1.5.1 Quality Control of Genotyping Data

The total number of DNA samples submitted to Affymetrix® for genotyping was 302.

QC procedures carried out by Affymetrix® led to 17 samples being excluded from the

analysis. Failing QC may be due to low read count or abnormal allele read count ratio.

The genotyping data received from Affymetrix® were reviewed using the Eureka

Analysis Software (EAS). This allows manual review of the cluster plots for each SNP,

so that low confidence genotypecal | s coul d be converted to

genotypes that displayed sufficient confidence were converted to genotype calls.

After manual review using EAS, for the successfully genotyped 285 samples, data were
reviewed by the Oncogenetics team with respect to call rate of each SNP across
samples as well as total call rate of SNPs within each sample. SNPs with a call rate of
<90% across all samples were excluded. Per sample call rate of >90% was used to
exclude samples with a low call rate. These analysis steps were carried out using R as

follows:

1. For each SNP, the genotype was converted to risk allele count using a key
containing risk allele designations, risk allele effect estimates and risk allele
frequencies.
2. After conversion, data was stored usingt he f ol | owi ng f or mat: A
Chromosomes 1-22, where 6 06 = no priesskemtl, ed lasfor het er 0z
r i sk alhoreokzygaous far sk allele. For chromosome X, data was stored
as: ofmMdm .
3. For SNPs with missing data, 2xRAF was used for Chromosomes 1-22 and
1XRAF for Chromosome X missing data.
4. The call rate for each individual SNP was checked to identify SNPs that were
not called in more than 10% of samples. These SNPs were excluded (Figure
2).
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5. Sample call rate was reviewed to identify samples with <90% call rate so that

these were excluded.

MAF concordance was checked within the genotyping data and compared with
the SNP MAF in the OncoArray meta-analysis [13] [13] as well as publically
available databases such as gnomAD (the Genome Aggregation Database;
https://gnomad.broadinstitute.org). Two SNPs (rs547171081 and rs10122495)
were identified to have skewed MAF. These are likely to result from a modest
number of non-called samples where the read counts lead to uncertainty over
the true allele call. These assays did not work successfully during prior assay
development and therefore no test plate data was available for concordance
checking to verify assay performance. rs547171081 was already identified for
exclusion in step 4 due to low call rate; rs10122495 was excluded as well.
RAF concordance was also checked against the RAF reported in the

OncoArray meta-analysis.
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Figure 2: BARCODEL SNP Call Rate (upper plot) and Sample Call Rate
(lower plot)

The red circle indicates rs547171081 with a call rate of 77% and therefore was excluded from
PRS calculation. The sample call rate (lower plot) was >90% for all samples so none were
excluded.
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With the exclusion of the two SNPs described above, 130 SNPs were then used to
calculate a PRS. After completion of the pilot study data analysis, an in-house
application was developed by my colleague in the team that would automate the above
steps (1-7). This was produced using the Shiny R package which allows users to create
web based applications. This program was designed to be used after manual review of

cluster plots using EAS. Genotyping data can be input to produce a prostate cancer
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PRS for all samples. It also enables users to compare PRS distribution across different

cohorts or populations.

Although | did not carry out the cluster plot review and QC steps for the BARCODE1
pilot data, | did carry out these steps for a second set of samples taken from the

BARCODE?2 trial. This is detailed later in Section 2.2.10.

2.1.5.2 Polygenic Risk Score Calculation
A polygenic risk score (PRS) was calculated for each study participant based on their

genotyping data, using R software, utilising the following formula:

N
Score = q b,9;
i=1

Where:

N : Number of SNPs included in the assay

g; : genotype at SNP locus i (0, 1, 2) for individual j. 0= homozygous for non-risk allele,

1=heterozygous for risk allele, 2=homozygous for risk allele
b, : Per-allele log-odds ratio of SNP i

This formula produces the sum of weighted alleles for a set of SNPs for a single
individual. When genotyping data were missing for a variant, 2x the risk allele frequency
for that SNP was used. If the variant with missing data was a Chromosome X variant,

then 1x the risk allele frequency was used.

The PRS mean and standard deviation were used to calculate the PRS at the 90"
percentile; using this method to calculate the 90™ percentile accounts for the potential
large rise in PRS value at the extremes of the distribution in the small sample size. The

formula to calculate the 90™ percentile is as follows:
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Where:

X: the PRS at the 90" percentile
€ . mean PRS in the study popul ation

Z: the Z score corresponding to the 90" percentile taken from a standard normal
distribution table; here 2=1.282

G: the standard deviation in the study

This was carried out for the BARCODEL1 pilot cohort of men as well as the two reference
populations described in Section 2.1.7. This PRS threshold within the BARCODEL1 pilot
cohort was used to identify men with a PRS in the top 10 percentile so that they could

be offered prostate cancer screening.

2.1.6 Prostate Cancer Screening Procedures

Men identified to be in the top 10% of the PRS distribution were invited to attend an
appointment at RMH to discuss undertaking prostate cancer screening with the study
team. Men who wished to proceed to screening confirmed their informed consent and
prostate imaging and biopsy were arranged. A blood sample was also taken at this point
to record the PSA level. Patients who declined screening came off study and no further

follow up was carried out.

2.1.6.1 DW-MRI of prostate

For patients undergoing screening, a diffusion weighted multi-parametric MRI scan
(DW-MRI) with intravenous gadolinium contrast was carried out. Scans were reported
by a specialist uro-radiologist and any prostate lesions identified were scored using the
PIRADS (Prostate Imaging Reporting and Data System) system and marked on the
scan for the urologist undertaking the biopsy. PIRADS is a structured reporting system
developed by the European Society of Urogenital Radiology to standardise the reporting

of prostate MRI and produces a score ranging from 1 to 5.[72] A score of 1 indicates
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that clinically significant disease is highly unlikely to be present while a score of 5

indicates that clinically significant cancer is highly likely to be present.

2.1.6.2 Prostate Biopsy
An ultrasound guided biopsy of the prostate was carried out by the study urologist to
obtain 12 cores of tissue. If a lesion was identified on DW-MRI, fusion images were

used with ultrasound to target the lesion in addition to the standard biopsy cores.

Prostate biopsy samples were assessed by a RMH uro-pathologist and reported as per
standard reporting procedures. Gleason score was recorded; this consists of two
numbers, denoted as x+y, where x represents the predominant or primary cancer grade
(range is 3-5) and y represents the secondary cancer grade. The Gleason score is
denoted as x+y and the range of Gleason scores may be categorised into Grade groups
as shown in Table 6. Complications following prostate biopsy such as infection were

recorded.
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Table 6: Prostate Cancer Grade Groups

Prostate Cancer | Gleason Score
6

3+4=7

4+3=7

g bl W N

9-10

2.1.6.3 Post-biopsy Follow Up
Patients identified to have prostate cancer were referred to the uro-oncology multi-
disciplinary team (MDT) in the RMH and managed as per standard guidelines according

to stage of disease.

Patients with a benign biopsy result are being followed up with annual PSA testing for
10 years. If the PSA rises to a level >3ng/ml (or by >50% if last PSA was >3ng/ml with
a normal biopsy result), then a repeat DW-MRI and biopsy would be carried out, as per

the study protocol.

Patients with findings of atypical small acinar proliferation (ASAP) or prostate intra-
epithelial neoplasia (PIN) would undergo a repeat biopsy within 6 months and 12
months respectively (Figure 3). Both these findings on biopsy can be predictive of a
future diagnosis of cancer on repeat biopsy. Although figures related to this vary
between studies, for men found to have ASAP on biopsy ~40% go on to have a cancer
diagnosed on repeat biopsy and for those with HGPIN 19-23% are diagnosed with

cancer on a second biopsy. [73, 74].
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Figure 3: BARCODEL1 Study Outline
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2.1.7 Statistical Analysis

| reviewed the pilot study uptake and recorded the fallout in uptake at each stage of
recruitment. The PRS for each study participant was calculated as described above for
the BARCODE1 pilot cohort. This was carried out using the R program by my colleagues
in the team. The PRS distribution for the BARCODEL1 pilot cohort was compared with
two independent populations for whom genotyping data were available. The mean PRS
and standard deviations were compared using ANOVA (analysis of variance) to assess
how the BARCODEL1 pilot cohort of men compares with other UK sets in the community.

| carried this out using Graphpad Prism.
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The first reference set was taken from the Prostate Testing for Cancer Treatment
(ProtecT) trial where the genotyping data for the control cohort was used. ProtecT is a
PSA screening study where participants were recruited from GP surgeries across the
UK.[75] Although the study recruited men aged 50-69, | only used the data for men aged

55-69 to match the age range used in BARCODEL.

The second reference population was taken from the UK Genetic Prostate Cancer
Study (UKGPCS). This is a large UK study (commenced in 1993) which recruits patients
diagnosed with prostate cancer and collectspat i ent sé DNA sampl
data [76]; a sub-cohort of participants without prostate cancer were recruited via their
GP surgeries for epidemiological sub-studies. These were coordinated by Professor
Kenneth Muir at the University of Nottingham. | utilised the genotyping data for this
subset of 500 men aged 55-69 years. All studies were approved by the appropriate

ethics committees. All participants gave written informed consent.
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2.2 Chapter 4 Methods: Germline NGS in the BARCODEZ2 Trial

2.2.1 BARCODE-2 Trial Set Up and Design

The BARCODE?Z trial is a phase Il trial funded by a grant from the European Research
Council (ERC). It is a single centre study being run at RMH. The trial is enrolling men
with metastatic castration resistant prostate cancer (nCRPC) and involves a germline
genetic test using a next generation sequencing (NGS) panel of 115 genes, the majority
of which are involved in DNA repair. Study participants found to have a variant in a DNA
repair gene predicted to lead to protein truncation and meeting the study criteria for a
Tier 1 variant (see section 2.2.7) are offered carboplatin chemotherapy after they have
progressed on at least 2 standard lines of treatment which must include docetaxel and
one of abiraterone or enzalutamide. | was involved in writing and finalising the study
protocol for this trial. The approved research protocol is included in Appendix 2. The
timeline taken for regulatory approvals is shown in Figure 4. These processes took

approximately 18 months to complete.

Figure 4: BARCODERZX trial timeline of regulatory approvals

Sponsorship approval 25/08/2016
Main REC approval 22/11/2016
MHRA approval 17/03/2017
HRA approval 21/04/2017

Site initiation (The Royal Marsden Hospital) 23/05/2017

First participant recruited 25/05/2017

At the beginning of the study set up process, | attended the RMH Committee for Clinical
Research (CCR) meeting to apply for study sponsorship which was followed at a later

stage by the Research Ethics Committee (REC) meeting. | attended these meetings
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with either the trial manager or Chi esf
related to the study, and act on changes or clarifications requested by the CCR and
REC panels. Subsequent HRA (Health Regulatory Agency) and MHRA (Medicines and
Healthcare products Regulatory Agency) approvals were sought and the study was fully
approved and opened to recruitment on the 25" May 2017. The sponsor of the trial is
The Institute of Cancer Research (ICR) with the trial oversight management being
provided by the ICR-CTSU (ICR Clinical Trials and Statistics Unit) although the day to
day management of the trial is undertaken by the ICR Oncogenetics team of which |
was a part. | participated in regular trial progress meetings between the ICR
Oncogenetics team and ICR-CTSU and was involved in the design of the case report
forms (CRF) as well as discussions around data management and the set-up of the trial

database.

The outline of the trial is shown in (Figure 5). The trial is divided into 2 parts:

1 Part 1 involves a germline genetic test to identify carriers of protein truncating
variants (PTVs) in a set of DNA repair genes included in the study NGS panel
test.

1 Part 2 involves treating men with a germline PTV who have progressed after at
least two standard lines of treatment (docetaxel and one of abiraterone or

enzalutamide) with 3-weekly carboplatin chemotherapy.
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Figure 5: BARCODE2 Trial Outline
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2.2.2 Patient Selection
Patients entering part 1 of the BARCODE?2 trial were required to have a diagnosis of
MCRPC and have had treatment or be currently treated with at least one of the following
standard lines of treatment:

1 Docetaxel chemotherapy

 Abiraterone

1 Enzalutamide

The full eligibility criteria are outlined in the trial protocol (Appendix 2). I, as well as
clinical colleagues at the RMH, recruited patients to the study through the weekly uro-
oncology clinics. Additionally, patients referred by external participant identification
centres (PICs) for trial entry were recruited by me in the prostate cancer genetics

research clinic.

Patients entering the study signed a BARCODE-2 Part 1 informed consent form and
provided a single blood sample for DNA extraction and sequencing. Samples were
obtained in a 9ml EDTA tube at the RMH, and transferred to the Cancer Genetics
laboratory in ICR, Sutton. Blood samples were frozen at -80 C until ready for DNA

extraction.

2.2.3 Gene Panel Design

Genes were selected for the study specific panel test based on recently published data
showing the association of MCRPC with germline mutations in DNA repair genes. [30]
Prof Ros Eeles and Dr Zsofia Kote-Jarai oversaw the design of the study panel test.
Additionall vy, some genes wer e included

studies [45, 77].

A subset of 40 genes from the 60 gene BROCA cancer risk panel (Version 6,

02/01/2015 through 07/01/2016;
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http://web.labmed.washington.edu/tests/geneticssBROCA_VERSIONS) were included
based on an in-house study which compared germline whole exome sequencing (WES)
of aggressive prostate cancer cases (cases with metastatic disease and age of
diagnosis under 60 years) with non-aggressive cases (low grade disease diagnosed at
age over 60 years). [77] This study found that Tier 1 PTVs in the BROCA genes were
enriched in the aggressive cases, with a high frequency of BRCA2 and NBN mutations
among others. Even when excluding BRCA2 from this analysis, PTVs were significantly
more frequent in the aggressive cases.[77] We also included all other DNA repair genes
(outside the BROCA set) found in this study to have a Tier 1 variant in prostate cancer

cases.

The remainder of the genes included were selected based on the results of a case

control study published by our team in 2019. [45] In this study, 1285 cases of young

onset prostate cancer (065 years) and 1163 a

sequencing of 175 genes (107 in the DNA repair pathway, 60 in DNA damage response

pathways and cell cycle regulation, and 8 candidate genes). Within cases, aggressive

(i .e. Gleason scoragdr8es Ni=2d 4daaeamsl (nGIneason s

were also compared. As a result of the initial analysis (carried out in 2016) in this study,
| included 48 genes that were found to have a Tier 1 variant in prostate cancer cases.
Some of the genes selected from the results of these projects are known to sensitise to
PARP inhibitors (PARPI) when mutated [78], which provides further rationale for their
inclusion due to the known cross-sensitivity between PARPi and platinum. Table 7
outlines the BARCODESZ trial gene panel and highlights the genes for which there are
evidence for sensitivity to PARPI. Four candidate genes were also included in this gene
panel although they are not strictly DNA repair genes- these were included as part of
the teambs research and would not be a

with carboplatin.
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For targeted exon capture, an Agilent Technologies (Santa Clara, CA, US) custom
capture library was designed. RNA sequences (baits) were designed to target the exons
of 115 genes. The capture baits were designed to include 50 base pairs (bp) either side

of each exon to allow the sequencing of splice regions. This design process was carried

out by myself and my colleague Ed Saunder s

program. The final set of target regions submitted to Agilent Technologies consisted of
1,830 target regions totalling 512,340bp. The capture design was a SureSelect QXT
Custom 0.5-2.9Mb bait capture library; with 5x tiling (each of the 120bp bait overlaps
neighbouring baits by 96bp). The resultant capture library contained 31,897 unigue
oligonucleotide sequences covering 594,726bp. Appendix 3 shows the expected

coverage for this gene panel design.
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Table 7: The BARCODE?2 trial gene panel

115 genes involved in DNA repair unless otherwise stated

Case-control data | Additional BROCA | Other genes (36)
(48) genes (31)

ALKBH3 MSR1 ATRP RINT1 PMS1PR  |RAD50A
APEX1 MSH5 BAP1P SLX4 MLH3PR  |GTF2H24
ATM*P NABP2 BARD1P  [SMAD4 POLQA POLKA
BLM NBN*P BRIP1 SMARCA4 | TOP2APR  |CCNHA
BRCA1*P | NEIL1 CDH1 STK11 TOP2BP  |WRNA
BRCA2*P | NEIL2 CDKN2A  [TP53 TOP3AP  |RAD54BA
CDC25C NTHL1 CHEK1 XRCC2P XRCC4~A  [XPAA
CDK4* PALB2*P | FAM175AP XRCC5PR  [ERCC5A
CHEK2*P | PARP2 GEN1 DCLRE1AA

EME1 PER1 HOXB13 MMS194

EME2 PNKP MLH1P TDGA

ERCC2 POLD1* MSH2 FANCMA

ERCC6 POLMP MSH6 MNAT1A

ESR2 RAD1 MUTYH MPG A ANO7S
FANCAP RAD52P | PMS2 RPA1A AR S
FANCD2P | RAD54LP | POLE RECQL5A |CHD1S
FANCI RECQL POT1 LIG1A SPOP S
GADD45A | RECQL4 | PRSS1 XAB2A

E;TF2H3P RNASEL | PTCH1 CLK2A

GTF2H4 SETMAR | PTENP EXO1A

HUS1P SMUG1 RAD51B FANCLA

LIG3? TP53BP1 | RAD51C ATRIP A

LIG4 XPC RAD51D OGG1A

MRE11A*P | XRCC1 RB1 POLNA

*Genes which form part of the BROCA panel

AGenes with Tier 1 mutations detected in prostate cancer cases in o u r

study [77]

PRSelected due to involvement in DNA repair
P Evidence of PARPI sensitivity either as sensitivity hit in genome-wide olaparib shRNA

sensitivity screen [78] or other published data.[79]

t eambs

S Candidate genes included due to data related to somatic mutations in prostate cancer
and included to investigate variation in the germline.
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2.2.4 DNA extraction

DNA extraction from whole blood was carried out by me using a protocol utilising a
solution based method using a sucrose lysis buffer (SLB). The following steps were

carried out over 4 days to extract DNA:

1. Blood samples were added to 45ml distilled water (4 C) and spun (1700
rpm for 25min at 4 C) to separate blood cells from plasma.

2. The resultant cell pellet was re-suspended in 35ml SLB to lyse cells and
break down cell and nuclear membranes, and then spun for 15min at
1500rpm at 4 C.

Step 2 was repeated with 20ml of SLB.

The resulting pellet was re-suspended in 3.5ml of a re-suspension buffer
containing NaCl, EDTA (Ethylene diamine tetra acetic acid), SDS (sodium
dodecyl sulphate is a detergent that solubilises cell membranes) and
protein kinase (cleaves glycoproteins and inactivates RNases and
DNases), and incubated at 37 C overnight.

5. On Day 2, 5M NaCl was added and the tube inverted 3 times. The cations
in NaCl counteract repulsion caused by the negative charge of the DNA
phosphate backbone. Adding 100% ethanol to this DNA salt mixture leads
to precipitation of the nucleic acids. This solution was stored for at least 3
hours at -20 C to allow DNA precipitation.

6. Following storage at -20 C, the solution was spun (3100 rpm for 20min at
room temperature) to form a DNA pellet which was then washed with 70%
ethanol (to remove excess salt; 3100rpm for 10 min at room temperature).

7. The 70% ethanol was decanted and the DNA pellet allowed to dry for at
least 3 hours. The DNA pellet was then re-suspended in 750m of TE
(10mM Tris, 1ImM EDTA; pH7.5) and allowed to dissolve over 48 hours.

8. The resultant DNA was quantified using a Qubit fluorometer and stored at -

20 C until ready for library preparation and sequencing.
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2.2.5 DNA Library preparation and targeted capture

This step was carried out using the Agilent SureSelect QXT library preparation kit and
reagent s. The Agilent 6SureSel ect QXT Targe
Sequencingd protocol ( V) evasdollowed [80),(oyt in Buonmmaymb er 2

the 2 day protocol included the following steps:

1. DNA extracted from blood was diluted using nuclease free water to a target
concentration of 25ng/m. After a two-step dilution, DNA samples were
quantified using the Qubit High Sensitivity assay used as per the
manufacturerés protocol

2. A single step was carried out to achieve DNA fragmentation using a
transposase enzyme (10 minute incubation at 45 C). In this step, DNA is
simultaneously cleaved by the enzyme and adapters are ligated to the DNA
fragments. Because DNA fragmentation and adapter ligation occur
simultaneously, there is no need for DNA end repair or adapter ligation
preparation. This was followed by PCR amplification of adapter ligated DNA.

3. DNA purification using AMPure XP beads was performed before and after
PCR amplification. This involves the magnetic beads binding to the DNA in
solution and then washing the DNA bound to the beads with 70% ethanol
before eluting the DNA from the beads in nuclease free water.

4. The Agilent 2100 Bioanalyzer and DNA 1000 Assay were used as per
manuf act ur e toassesythe gualiycfoDINA fragments in each
sample. Target fragment size was 245-325bp.

5. DNA was also quantified using the Qubit Broad Range assay. The amount of
DNA needed to proceed was 500-750ng. If samples had a lower concentration
than 500ng or fragment sizes outside the target range, then steps 1 and 2
were repeated with a new aliquot of DNA for the relevant samples before
continuing with target capture.

6. DNA fragments were hybridised to biotinylated RNA baits (these are RNA
sequences that correspond to the target regions on the genes of interest) and
fragments containing regions of interest were captured in solution using
streptavidin-coated beads. Streptavidin binds tightly to biotin on the baits
bound to DNA targets and allows capture from solution. Captured DNA is

retained on the streptavidin beads for the post-capture PCR amplification.
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7. Captured DNA enriched for the regions of interest was then PCR amplified.
During this step unigue pairs of dual indexing primers were ligated to each
sample to allow later pooling of samples (multiplexing). Each primer contains a
unigue index or barcode sequence which allows sample identification after
sequencing.

8. At the end of PCR amplification, the streptavidin-coated beads were removed
by placing the samples on a magnet and removing the supernatant and
discarding the beads. Purification of the DNA libraries was carried out using
AMPure XP beads as done in step 3.

9. The final captured DNA solution was assessed using the Agilent 2100
Bioanalyzer and High Sensitivity DNA assay. Target fragment size was 325-
450bp.

10. For accurate quantification of DNA libraries at the end of targeted capture, |
carried out a quantitative PCR (qPCR) using the KAPA Library Quantification
Kit on a 7900HT Sequence Detection System machine (Applied Biosystems).
In June 2018, the machine used for gPCR was changed to a Mic gPCR Cycler
(Bio Molecular Systems). These gPCR results were used for calculating the
volume of each DNA library required when forming the DNA pool (2nM) for

sequencing on the MiSeq machine.

During the lab work for the BARCODE?2 trial, the library preparation reagent kit was
switched from the SureSelect QXT to the SureSelect XT HS kit due to issues with the
DNA fragmentation step (described in Chapter 4). The XT HS protocol (SureSelect X"
HS Target Enrichment System for lllumina Paired-End Multiplexed Sequencing Library,
Version C1, Oct 2018) [81] utilises an endonuclease enzyme for DNA fragmentation
rather than a transposase enzyme. Transposases fragment DNA by cleaving and
inserting a short double-stranded oligonucleotide to the ends of the newly cleaved
molecule. The inserted oligonucleotide must contain a sequence that is specific to the
particular transposase being used. An endonuclease enzyme cleaves double stranded
DNA generating random DNA fragments which require end repair and A-tailing
(described below). The XT HS protocol also takes two days to complete with day 2 steps
being very similar to those in the QXT protocol. The steps that differ on Day 1 of the XT

HS protocol are as follows:

81



1. The quantity of DNA input for this protocol can range from 10-200ng with the
recommendation of using the maximum amount possible. DNA samples were
diluted from the high concentration extracted DNA (for germline DNA from
blood) to achieve an input of 200ng in a volume of 7mi.

2. DNA was fragmented using the SureSelect fragmentation enzyme
(endonuclease) as per protocol. After fragmentation, 40m of nuclease free
water was added to each sample to bring the total volume to 50m. Unlike
transposase based DNA shearing, this method requires sheared DNA to
undergo end repair and dA-tailing.

3. DNA end-repair and dA-tailing was carried out using the end-repair dA-tailing
buffer and enzyme mix. DNA end-repair describes the process whereby DNA
fragments with strand overhangs are converted to fragments with blunt ends
containingboth5 Nj phosphate and.da-Nlngynanpaategd gr o ur
deoxyadenmesn mpehdbddphate (dAMP) onto the 36
fragments. This prevents concatemer (long DNA molecules containing multiple
copies of the same sequence) formation during the downstream ligation step
and enables DNA fragments to be ligated to adaptors with complementary dT-
overhangs.

4. Molecular barcoded adaptors are ligated to the DNA. A molecular barcode is a
unigque oligonucleotide sequence that is incorporated into each library DNA
fragment. The use of molecular barcodes allows low frequency variants to be
identified during analysis after sequencing- this is relevant to tumour DNA
sequencing rather than germline sequencing.

5. Purification using AMPure XP beads is carried out prior to PCR amplification of
DNA. During this step, each sample has a unique index added to it which will
allow later pooling of samples. In this protocol, single indexing is used rather
than dual indexing as with the QXT protocol.

6. After another purification step using AMPure XP beads, the DNA samples are
assessed using the DNA1000 assay on the BioAnalyzer to determine fragment
size. The desired fragment size is 300-400bp. Samples are also quantified on
the Qubit fluorometer using the Broad Range assay.

7. The second day of the protocol involves DNA hybridisation and capture using
the study specific RNA baits as described in the QXT protocol. The same post
capture amplification PCR is carried out with an assessment of DNA library
fragment size using the BioAnalyzer and High Sensitivity assay at the end of

these steps.
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2.2.6 Next Generation Sequencing on a MiSeq Machine

The Il lumina protocol for O6Preparation
followed. A 2nM pool of DNA libraries was formed by combining the appropriate volume
of each DNA library (according to its quantification by gPCR). NaOH (0.1M) was used
to denature DNA. This was followed by dilution using HT1 (lllumina supplied
hybridization buffer) to achieve a loading concentration of 13-16pM. The loading
concentration was adjusted during the project depending on the clustering output of
serial runs on the MiSeq. For the NGS runs carried out using the Agilent QXT protocol,
custom primers were combined with lllumina primers as outlined in the SureSelect QXT

protocol. [80]

DNA libraries were clustered and sequenced on an lllumina MiSeq machine using the

MiSeq Reagent Kit v3 (150 cycles), generating 2x75bp paired end reads.

2.2.7 NGS Data Analysis

NGS data were demultiplexed and FASTQ files generated by the Mi-Seq software.
Demultiplexing refers to the identification of the index on each read which in turn
identifies which DNA sample the read relates to. FASTQ files were then processed and
analysed using the SureCall (Version 3.5, Agilent Technologies) software by me. This
is an integrated package that carries out adaptor trimming, alignment of reads to the

reference genome (GRCh37 release, hgl9, Feb 2009), variant calling of sequencing

of

L

dat a, vari ant annotation (using the softwar

according to variant impact (Figure 6, Table 1, Table 1). QC data are also output for
each DNA sample including percentage of reads covering target regions, average and
median read depth for each DNA sample and coverage data. The percentage of reads
covering target regions reflects the adequacy of the hybridisation of RNA baits to target

regions. For QC purposes, my aim was to achieve a coverage of 20x or higher for at

least 80% of target bases. Samplesthatdid n 8t r each t hi ssequdnced s hol d
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using a fresh aliquot of DNA. The SureCall program was later upgraded to Version 4.0
in April 2019 as this later version was updated to deal with the analysis of samples

prepared using the XT HS protocol integrating molecular barcodes.

The Variant Call File (VCF) generated by the SureCall software is presented as a table

of variants for each DNA sample which can be manually reviewed and filtered using

various parameters to identify non-sense and frameshift mutations for manual review

and cross-checking in clinical and sequencing databases (e.g. gnomAD, ClinVar). The

SureCall program also outputs clinical classification of variants where available (from
ClinvVar/ dbSNP), so variantselgnpathbogdnibebow
filtered for manual revi ew. NGS reads were
genome viewer (IGV). Figure 7 shows an example of a table of variants in SureCall

filtered to show a pathogenic variant in MRE11A.

Figure 6: SureCall program FASTQ processing steps

Left sided flowchart reproduced from SureCall documentation

o Align reads to reference sequence and

—— > BWA MEM aligner using hg19/GRCh37 reference
generate BAM file* & g hg19/

Removal of duplicates- duplicates defined as
o Apply the post-alignment processing > reads that share: Library ID, Chromosome number
and start and stop positions, Orientation

SNPPET caller: an Agilent algorithm for detecting
o Identify mutations and generate VCF file gene variants.

Variant annotation includes data from public
sources, including NCBI, COSMIC, PubMed, Clinvar.

Each variant is assigned a category from I-V,
according to effect of variant on gene translation
and highest impact in any gene transcript is called.

o Categorize the mutations

84



Figure 7: SureCall table of variants for a sample containing a pathogenic variant in MRE11A

Only part of the fields in the table of variants is shown. Although it shows a pathogenic category 1 variant in MRE11A, the categories were reformatted after
the pilot experiments to denote pathogenic variant as category 5.

Result Filters: Category | Clear Filters |
[ Suppress |5 Notes | | Category |6 | P-Value |6 | Impacted G...|55 | HGVS(Geno... 6 | HGVS(Coding) 6 | HGVS(Prote... 5 | ID | | Clinical (db... % | HOM/HET | | Type |6 | Chrom |6 | Pos |6 | Ref Allele 55| Alt Allele | | Quality B
o Category IHCR_ | 1.00E-255 NC_000011.9:2.94... | NM_005590.3:c. 7 | NP_005581.2:p.Ar... HET SNP 1 94209543 G A 255.0
|ehrtt v ||chr11:94209,45794209,623 | Go ¥y 4 > PE | le | ol Sonnmnnnnp =
T |
pisd pis3 PIST pld3 plal Pi3 pl2 pIlZ  pili2 qll  qi2l qi22 Q31 al33 ql134 qi3b qlal aldz  qld3 (73 Q221 Q22 Q223 231 w33 4241 q2a2  q243 a5
173bp

94,209 460 bp 94,209 430 bp 94,209,500 b 94,209,520 bp 94,209,540 bp. 94,209,560 bp 94,209,580 bp 94,209,600 b 94,209,620 b
| | | | | | | | | | | | |
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Table 8: SureCall user specified settings for variant filtering

Parameter

Threshold set (range of
parameter)

Comment

Variant score
threshold

0.3 (0.001-1.0)

The minimum variant score that
a variant call must have in
order to be included in the
results. The variant score is
based on the Phred scaled
quality value which has a range
between 0 and 50. A value of
50 means that the variant call
has a 99.999% chance of being
accurate. The default is 0.3,
which means that the accuracy
of the call is 99%.

Minimum quality for a
base

30 (0-60)

The minimum sequencing base
quality that a base must have in
order to be called as a variant
within a read. The default value
is 30, which helps ensure that
low-quality bases are not
falsely called as variants.

Variant call quality
threshold

100 (0-255)

The minimum Phred quality
score that a candidate low
frequency variant needs to
have in order to be reported in
the results. This score is a
reflection of how well the read
pileup supports the call. In the
equation below, Q is the Phred
quality score and P is the
probability of a base-calling
error.

Q =110 x log10P

The default value is 100, which
means that candidate variants
with a quality score <100 are
filtered from the results. A
Phred quality score of 100
corresponds to a 1 x 1010
probability of an incorrect base
call.

Minimum allele
frequency

0.3 (0.001-1.0)

The minimum allele
frequency that a potential
variant call must have in order
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for the program to call it as a
variant. The default is 0.1 but |
increased this to 0.3 for the
germline analysis as allele
frequency is expected to be
~0.5 for heterozygous variants.
This was reduced for tumour
DNA sequencing analysis
(Chapter 5) to 0.01.

Minimum number of
reads supporting a
variant allele

10 (0O1)

This parameter sets the
minimum number of reads that
supports the variant allele
sequence and also passes the
quality filters. This means that
the sequencing data for the
sample must have at least 10
reads that pass the quality
filters and support the variant
allele sequence. This was
reduced to 5 reads for tumour
DNA sequencing analysis
(Chapter 5).

Estimated index
hopping frequency

0.005 (0.0-0.1)

The estimated frequency of
index hopping in sequencing
samples. A value of 0.1
indicates an estimated index
hopping frequency of 10%.
When a non-zero value is
entered in this parameter, the
SNPPET SNP caller filters out
putative calls that are as likely
or more likely due to index
hopping contamination by
another sample than due to a
genuine low-frequency
mutation. The default value for
the parameter is 0.005 (i.e.,
0.5%).
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Table 9: SureCall criteria for variant categorisation

Category 5 is expected to represent variants that are pathogenic and category 1 represents variants that are benign; manual re-categorisation

was carried out where appropriate during analysis (continued on next page to show categories 1 and 2).

Category 5

Category 4

Category 3

Known in literature to
be clinically significant
and causative

Nonsense or a
frame shift mutation

In-frame exon deletion

Alters the sequence
at a splice junction

Is splice site
acceptor or donor

Is non-
synonymous coding
variant in stop

Evidence for
pathogenicity in locus
specific databases as
being causative

Located within a
splice consensus
sequence

Mutates the initiation codon
(ATG)

Annotated drug
response in NCBI SNP
database

Likely to affect

transcription

Sequence
changes seen
multiple times in

Is associated with a
tumour site in
COSMIC

Alters the sequence at
a splice junction

Missense mutation of the normal
stop codon

Annotated
histocompatibility in
NCBI SNP database

Likely to produce a
cryptic splice site

Is labelled suspect
in NCBI SNP

Is validated in clinical
study in NCBI SNP

Located within a
splice consensus
sequence

Annotated probable pathogenic in
NCBI SNP database

Annotated unknown or
untested in NCBI SNP
database

Modifies UTR 3' or
UTR 56

Deletes UTR 3' or
UTR 56

Introduction of a stop
codon

Deletes exon which results in
shift of reading frame

Any missense
mutation

Results in codon
change

Is non-
synonymous coding
variant

Deletes nucleotide(s)
that lead(s) to a shift
of reading frame

Is non-synonymous coding
variant

Do not produce an
amino acid substitution
and that are unlikely to
produce a cryptic
splice site

Results in codon
change and codon
deletion or codon
insertion

Is non-
synonymous coding
variant in start

Annotated pathogenic
in NCBI SNP
database

In-frame amino acid
insertion/deletion

Sequence changes
that occur in the
intron
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Category 2 Category 1
Is synonymous Allele origin is
coding variant in somatic

stop

Is synonymous
coding variant in
start

Allele origin is
germline

Is synonymous

Allele origin is

coding variant unknown

Is intergenic Annotated
nonpathogenic
in NCBI SNP
database

Is intronic variant

Unlikely to produce
a cryptic splice site

Annotated
probable
nonpathogenic in
NCBI SNP
database
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Steps taken in the NGS analysis using SureCall can be summarised as follows:

1. FASTQ files were loaded to SureCall for each DNA sample. Two FASTQs

were generated for each sample on the MiSeq, one with forward reads and

one with reverse reads. These paired FAST
sample analysis6é function in SurecCal/l
2. 6Single sample analysisd aligns reads to

release, hgl9, Feb 2009), creates a BAM (Binary Alignment Map) file and then
a VCF which includes variant annotation.
3. Once processed by SureCall, each VCF is displayed as a table of variants
within the program. The table of variants was reviewed for each DNA sample.
The BARCODE2 O6rule setd (described | ater)
to reassign any gene transcripts or categorisation that had already been
previously corrected in other analyses.
4. Using the filters in SureCall, the table of variants was filtered across several
parameters to identify PTVs:

a. The category column was used to filter Category 5 variants for manual
assessment of the softwarebds variant
sense variants as well as known pathogenic missense variants were
expected to be called as category 5, but from the pilot experiments |
was aware that some non-PTVs were also assigned a high category by
the software. If the category 5 variants filtered appeared to be a true
PTV then the population allele frequency in gnomAD was reviewed in
addition to clinical databases such as ClinVar (and Breast Information
Core, BIC, database if applicable). For most variants, the rsID was also
output by SureCall and was used for this cross referencing. If this cross
checking revealed a variant was known to be benign or was not
clinically reported but had a population mean allele frequency >1%,
then the category was manually changed to a lesser category and this
change added to the O6rule seto6é for fuf
variant appeared again in other samples.

b. Using the O6primary effectd column whi
sequence, stop gain (non-sense) and frameshift variants were filtered

and reviewed manually in case they had not been identified using the
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category 5 filter. These variants were reviewed in the same manner as
in the previous step and categorised accordingly.

c. Additionally, SureCall reports the clinical classification of variants listed

in dbSNP, i f avail abl e, under t he

pathogenic and likely pathogenic variants were also filtered using this
SureCall parameter and reviewed manually.
5. If the rsID was not available for any of the variants identified for review, the
variant genomic coordinates were used in the University of California Santa
Cruz (UCSC) genome browser (https://genome.ucsc.edu) to see whether the

variant had an rsID listed so that the variant could be looked up in databases
such as gnomAD and ClinVar.

6. Variants identified to be pathogenic in ClinVar or other databases such as BIC
(Breast cancer Information Core that is now no longer active) were listed for
further assessment and validation. Variants that were not previously clinically
reported in these databases but had a low allele frequency (<0.5-1.0% in all

populations) were also listed for further study.

All PTVs identified in the steps above were assessed for read depth at the variant
position. Allele frequency was reviewed to determine zygosity with the expectation that
significant PTVs would be heterozygous. Forward and reverse read balance was
assessed to exclude any strand bias that may suggest a variant was in fact an artefact.

The reads were visually assessed using the IGV in SureCall.

Additionally, the VCF files generated in SureCall were run through the CADD
(Combined annotation dependent depletion) tool which is available online to generate

a CADD score for each variant (http://cadd.gs.washington.edu/). This is a tool for

scoring the deleteriousness of single nucleotide variants (SNV) and indel variants in the
human genome. The scores of PTVs were reviewed. A scaled CADD score of 20
indicates that a variant is amongst the top 1% of deleterious variants in the human
genome, and a score of 30 indicates a variant is in the top 0.1%. As part of the CADD
tool output, other parameters are also reported such as the variant consequence (e.qg.

frameshift, splice site); canonical splice site (these are the conserved GT-AG

91

hea


https://genome.ucsc.edu/
http://cadd.gs.washington.edu/

dinucleotides flanking gene exons) variants were identified and reviewed as pilot
experiments (described later) had shown that the SureCall program was inaccurate in

the categorisation of splice variants.

As well as the CADD score of filtered variants, clinical classification was reviewed (if
available) in databases such as ClinVar, BIC, or locus specific mutation databases if
available. For the purposes of my study and the BARCODE?2 trial, | focussed only on
identifying variants that were known to be protein truncating or predicted to be so,
therefore benign, likely benign and variants of unknown significance were not reported.
When deciding on the significance of a variant (not previously reported clinically), the
allele frequency reported in the gnomAD database was taken into account. In keeping
with the American College of Medical Genetics (ACMG) guidelines for interpreting
PTVs, variants with an allele frequency over 1% were excluded, as were variants

occurring in the final exon of a gene (unless known to be clinically pathogenic)[82].

Regul ar meetings with the trial Chief I nvest
held to discuss the NGS results and to agree on those deemed to be significant (Tier 1)
within the trial to carry through for validation by Sanger sequencing. The criteria used

for shortlisting Tier 1 PTVs were as follows:

1 Variant is a non-sense, frameshift or splice site loss variant predicted to lead to
protein truncation.
Variant allele frequency is <1% in population databases.
CADD score over 20.
Variant does not lie in the final exon or in the last 50bp of the penultimate exon
of a gene.

9 Variant previously reported to be pathogenic or likely pathogenic (this was not
expected for all Tier 1 variants as some would not have been reported

previously)
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Two pilot experiments were carried out prior to the start of the clinical study, using DNA
samples with known PTVs. NGS analysis using the SureCall software was compared
with the GATK (Genome Analysis ToolKit, developed in the Data Sciences Platform at
the Broad Institute; Version 3.5) pipeline for the identification of PTVs. GATK is a
collection of command-line tools for analysing high-throughput sequencing data.
Bioinformatics analysis was provided by my colleagues Ezequiel Anokian and lan

Whitmore.

2.2.8 Pilot Experiments and SureCall vs GATK Comparison

Training in the use of the SureSelect QXT Library Preparation kit was provided by the
Agilent support team for me and the teamds s
the project. For this, | used stored DNA samples, some of which were known to harbour
pathogenic variants in one of the study panel genes. Two experiments were carried out
using 8 DNA samples each. The first was carried out with the Agilent support team in
November 2016 and the second was carried out by me and lan Whitmore in January

2017, also using 8 DNA samples, 7 of which were known to have pathogenic variants.

In the first pilot experiment, 8 DNA samples were included, 3 of which were known to
have a BRCAL or BRCAZ2 variant (these were taken from the IMPACT study): BRCA2
exon23 ¢.9026_9030delATCAT, BRCA2 exon7 ¢.538 539delAT and BRCAL exon2
€.66_67delAG. In the second pilot experiment, 8 DNA samples from the UK Genetic
Prostate Cancer Study (UKGPCS) were used, which were all known to carry one or
more PTV in one of the genes of interest (one clinically pathogenic missense variant

was also included):

MRE11A c.C571T non-sense variant
ATM ¢.8786+1 G>A splice variant
BRCA2 c.631+2 T>G splice variant
CHEK?2 c.869delA frameshift variant

= =4 -4 -
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PALB2 c.712A>T non-sense variant

RAD52 ¢.1037C>A non-sense variant

MUTYH ¢.536A>G missense variant

ATM ¢.8385_8394delTTTCAGTGCC frameshift
NBN c.127C>T non-sense variant

FANCI c.2542 C>T non-sense variant

= =4 -4 -4 A -2

After successfully completing the MiSeq runs for these experiments, FASTQ files were
processed by me using the Agilent SureCall software to generate filtered annotated
variants for each DNA sample as described in the previous section. The FASTQ files
were also processed by my Bioinformatics colleagues using the GATK pipeline (version

3.5).

The annotated variants output by both the GATK pipeline and the SureCall program
included the known pathogenic variants of interest. Comparison of the overall SureCall
output and GATK output showed good concordance (Table 10). The small variation in
the number of variants called may be due to filters applied in the SureCall program such
as minimum number of reads required for a variant (set to 10 in the pilot experiments).
The genotypes of the shared variants in the first pilot set were 94% concordant and for

second pilot set 98% concordant.
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Table 10: Comparison of variants called by SureCall and by GATK
pipeline

Pilot 1 Set

Number of variants in SureCall 1482 | Number of variants in 1421
VCFs GATK VCFs

Number of SureCall variants not Number of GATK variants

in GATK VCFs 112 | not in SureCall VCFs 51
Number of variants in both Number of variants in both

SureCall and GATK VCFs 1370 | SureCall and GATK VCFs 1370
% shared variants 92 | % shared variants 96
Pilot 2 Set

Number of variants in SureCall 1150 | Number of variants in 1278
VCF GATK VCF

Number of SureCall variants not Number of GATK variants

in GATK VCF 35 | not in SureCall VCF 163
Number of variants in both Number of variants in both

SureCall and GATK VCFs 1115 | SureCall and GATK VCFs 1115
% shared variants 96 | % shared variants 87

By carrying out these pilot experiments, SureCall analysis settings were decided for
optimal calling of germline variants. Additionally, through the pilot analyses in SureCall,
I created a set of 6rulesd to be applied to
gene transcript selected by the program for calling variants was not always the most
commonly occurring transcript for variant calling. The SureCall program displays all
gene transcripts for a variant and the exp
synonymous et c. The o6éprimary effectd is out
program selects the gene transcript that results in the highest impact effect on protein
translation even if the transcript is known to be non-coding. By manually altering the
gene transcript where necessary, variant categorisation was upgraded or downgraded.
These types of manual changes were saved intoa O Tr anscri pt Reassi
Vari ant Re c artleesgtoThis raledetiwouldde applied to each subsequent
sample analysis and contains commands such as the selection of the correct gene
transcript for some variants and re-categorisation of variants where they are being

under or over called by the program. This rule set was updated as my analyses
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continued over time so that if a variant that had been re-categorised previously was
observed again, then the correct category or gene transcript would be used by the
program. When modifying a gene transcript in this manner, | selected the longest
transcript for the gene as recommended in ACMG guidelines. [82] Figure 8 shows the

steps taken in my NGS analyses using the SureCall program.

Through the analysis | carried out on the pilot samples NGS data, | found that the
SureCall program did not accurately annotate splice site variants. These were
annotated as O6i ntr on anddesignatedtasabegobyyf 3torHosver.pr o g r a
Therefore, for my subsequent NGS analyses, | relied on the CADD tool output to identify
canonical splice site variants that may be incorrectly categorised by SureCall. Canonical
splice sites are the highly conserved GT-AG dinucleotides that flank gene exons. Loss
of donor GT or acceptor AG sites leads to aberrant splicing of introns or exon skipping
during translation, which can lead to aberrant gene function. Mutations at canonical
splice sites identified during review of the CADD output were then cross checked again
in the SureCall program to assess read depth, allele frequency and review reads in the

IGV.

The comparison of SureCall analysis of NGS data and the GATK pipeline showed that
the SureCall program could be relied upon for the purpose of identifying deleterious

PTVs in the DNA samples in the BARCODE?2 trial.
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Figure 8: Outline of the steps in NGS analysis for each DNA sample
sequenced in the BARCODE2X trial

FASTQ file loaded into SureCall for single sample analysis

VCF displayed as a table of variants including annotations

1. Transcript Reassignment and Variant Recategorisation rule set applied
2. Category 5 variants filtered for manual review

Manual review of category 5 variants

1. Reassign gene transcript if needed and/ or recategorise if appropriate

2. Review remaining category 5 variants for read depth and
forward/reverse read ratio as well as checking reads in IGV

3. Cross check remaining category 5 variants in dbSNP/ ClinvVar/ gnomAD
to determine if clinical classification available and check population allele

frequency.

4 . Di sregard variants with a popul
to all variants checked in the analysis)

5. Cross check with Oncogeneticns T

have been identified in previous NGS projects.

Use filters to assess other variants in table

1. Using 'Clinical dbSNP' column, filter for gpathogenic6 and 61 i k
p at h o gvarianitsc(Bhese variants may not have been in the category 5
list)

2. Using the 'Primary Effect' column, filter for stop gain/loss and frameshift
variants

3. Cross check in clinical databases and check CADD score

4. Steps 4 and 5 in above section repeated. Any new variants identified that
are protein truncating are assigned a category 5 in SureCall.

Outside the SureCall program, run VCF in the online CADD tool

1. Review CADD output table of variants to assess canonical splice site
variants that may not have been annotated correctly in SureCall

2. Review frameshift and stop gain/loss variants and record CADD score
3. Further cross checking of any additional PTVs identified here in
dbSNP/ClinvVar/ gnomAD etc.

4. Step 4 in previous section repeated.

After analysing all samples in each NGS run, shortlisted category 5 variants
reviewed with trial team

Variants identified for validation by Sanger sequencing
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Table 11: SureCall Annotation Fields/ Parameters

Parameter Description

Category SureCall assigned Category
HGVS(Coding) Gene transcript
HGVS(Protein) Protein transcript

ID rsID if available

Clinical (dbSNP)

Clinical classification from dbSNP which is
based on ClinVar records

HOM/HET

Zygosity of variant as assigned by program
according to variant fraction

Type

Nucleotide change e.g. deletion, insertion

Allele Frequency

Variant frequency based on number of
reads with variant

Quality

A Phred quality score of the variant

Number of Variant Alleles

Number of reads with variant (non-ref) allele

Filtered Read Depth (per
sample)

Total read depth at variant position

Mapping Quality

Quality of read mapping to reference
genome

Function Class

Variant class e.g. missense, non-sense

Effect

Lists all possible functional effects according
to all RefSeq gene transcripts

Primary Effect

The highest impact effect based on
transcript selected

Codon Codon change

AA Amino acid change

Transcript Gene transcript selected to call variant
Exon ID Exon number affected by variant

Forward Ref Alleles

Number of forward reads with Ref allele

Forward Non-ref Alleles

Number of forward reads with variant (non-
ref) allele

Reverse Ref Alleles

Number of reverse reads with Ref allele

Reverse Non-ref Alleles

Number of reverse reads with variant (non-
ref) allele

CosmicMutationDescription

CosmicAASyntax

CosmicTumorSite

CosmicFrequency

COSMIC ID

COSMIC details if variant has a COSMIC
record
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2.2.9 Sanger Sequencing for Validation of Genetic Variants

Genetic variants identified by NGS were validated by Sanger sequencing.[83] |
designed the primers for sequencing using the online software, Primer3web version 4.1.
Preparation of DNA samples was carried out by me using the protocol detailed below.
For each variant that required validation, several samples were Sanger sequenced:
DNA from the originally extracted blood sample (stock DNA), the diluted DNA sample
that was used for NGS, one or more negative controls and if available, a positive control
as well. Once samples were ready, they were loaded onto a 3730XL Sequencer for

sequencing. | analysed the results using the Mutation Surveyor program.

2.2.9.1 Sanger Sequencing Protocol

1. In new tubes, dilute quantified DNA stocks to 5-20 ng/uL concentration (final
volume 10-30pl)
Place 1.25uL of each sample in a well on a 96 well plate

3. Make the PCR master mix in an Eppendorf tube for the required number of

samples (a separate mix is required for each set of primers):

Reagent 1IX
Buffer 25
dH20 17.375
dNTPs (2mM) 2.5
DNA Polymerase 0.125

Forward Primer (20puM) | 0.625

Reverse Primer (20uM) | 0.625

Master Mix TOTAL 23.75

DNA (5-20ng/pL) 1.25

TOTAL 25
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4. Add 23.75 ni of the master mix to each one of the sample wells (changing tip
each time). Each well will have a total volume of 25 m (23.75 m of Master Mix
plus 1.25 m of DNA).

5. Place the plate in the thermocycler block and select the program:

Step Temp °C | Time Cycles
Initial denaturation | 95 2mins |1
Denaturation 95 30 secs
Annealing Tm* 30 secs

40
Extension 72 1 min
Final Extension 72 10 mins | 1

*Tm is the primer melting temperature appropriate for the individual set of primers
used.

6.

Run the PCR products in a 2% agarose gel to check for adequate amplification

of the correct fragment size.

7. When finished, take the plate from the block and in a separate Eppendorf tube
make next Master Mix for samples purification:
Reagent Ixm
Sap | 1.25
Exo | 0.3125
dH20 4.6875
TOTAL 6.25
8. Add 6.25 m of the purification Master Mix to each one of the wells with the
PCR product. The final volume will be 12.5m PCR product + 6.25 ni
purification Mix = 18.75 ni.
9. Run the plate in the thermocycler block selecting the program:
37°C 1 hour
80°C 15 min
4°C 10 min then hold
10. Make the Big dye Master Mix:
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Reagent Ix m
Big dye v3.1 0.5
Buffer 2
TOTAL 2.5

11. When complete, transfer, with a multichannel pipette, 3 m of each sample to

two wells per sample (3m each).

12. Add 2.5m of the Big dye Mix to each well plus 2.5m (2riM) of just one primer

(either forward or reverse primer). The final volume in each well will be: 3m

purified PCR product + 2.5m of Big dye Master Mix + 2.5m primer = 8.

13. Run the following program on the thermocycler block:

Temperature °C Time Cycles
96 2 min

96 30 sec 25 cycles
50 5 sec

60 4 min

14. Sequencing clean-up:
a) Prepare NaAc/ETOH/EDTA mix (for 1 plate: 500m 3MNaAc + 10mL 100%
ETOH + 7.5 m 0.5M EDTA).

b) Add 40m of the mix to each well.

c) Centrifuge the plate at 3000 xg for 45 minutes at 4°C

d) Carefully discard the supernatant onto tissue without dislodging DNA
pell et .

Pul se

Sspin

upsi de

down

(O 500rp

e) Add 40m of 70% ETOH per well. Centrifuge at 3000xg for 5 minutes at 4°C

f) Carefully discard the supernatant. Pulse spin upside down. Repeat 70%

ETOH wash procedure

g) Evaporate residual ETOH at 90°C for 2 minutes using a thermocycler.
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Validated variants were reported to the trial patients during their clinical follow up at the
Royal Marsden Hospital. For all patients who underwent germline sequencing, a study
specific genetic result report was produced for each patient undergoing genetic testing
in the trial, detailing the variant(s) identified (for men with a positive test), as well as a
recommendation for clinical validation and genetics referral if appropriate (e.g. for
BRCAl/2vari ant carriers). This report was adde
record as well as to their trial file. Patients with no significant variants identified were

notified by letter.

2.2.10 Genotyping for Prostate Cancer PRS
For the first 100 patients recruited to the BARCODEZ2 trial, germline DNA was sent to
Eureka Genomics for genotyping utilising the same assay used in the BARCODE1

study.

Genotyping results were received from Eureka Genomics and SNP cluster plots were
reviewed by me using EAS. Low confidence genotype calls were excluded by

converting them to 6no call d and uncalled ge

were converted to the appropriate genotype call.

Once cluster plot review was completed, | used the ICR Oncogenetics in-house PRS
application to carry out the QC based on SNP call rate and sample call rate as described
in Section 2.1.5. A PRS was generated for 98 samples (2 samples failed QC at Eureka
Genomics and did not have genotyping data produced) and using the application | was
able to compare the PRS distribution to that seen in the BARCODEL1 pilot as well as to

the two reference populations described in section 2.1.7.
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2.3 Chapter 5 Methods: NGS of FFPE Derived Somatic DNA for

PTV Carriers in BARCODE2

Patients identified to carry a germline PTV in a DNA repair gene were informed of their
result during a clinical consultation. If clinically relevant outside of the study, e.g. a PTV
identified in BRCA1 or BRCAZ2, a clinical validation genetic test was arranged for the
patient using a new blood sample (collected under clinical conditions) as well as

subsequent referral to clinical genetics for counselling and cascade testing of relatives.

For patients identified to carry a germline PTV, carboplatin treatment was offered if they
met the trial eligibility criteria which included disease progression after both docetaxel
chemotherapy and one of Abiraterone or Enzalutamide. If a carrier did not yet meet
these criteria then they were followed up regularly by the trial team until they were

eligible for treatment and offered Part 2 of the trial at that point.

Treatment within Part 2 of the trial is ongoing and clinical responses to treatment do no

form part of this thesis.

2.3.1 Tumour DNA Sequencing

For trial participants who were identified to carry a germline PTV, archival tumour blocks
were requested so that targeted sequencing could be carried out using the same gene
panel that was used for germline sequencing. These formalin fixed paraffin embedded
(FFPE) tumour tissues included diagnostic biopsies and for some participants, biopsies

of metastatic lesions.

DNA extraction from FFPE tumour tissue was carried out in our lab using the QlAamp
DNA FFPE Tissue Kit (Qiagen). Extracted DNA was then assessed and quantified using

the Nanodrop spectrophotometer and Qubit fluorimeter.
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QC assessment of tumour DNA integrity was done by me using the Agilent Tape Station
and Genomic DNA Screen Tape assay. This is a quantitative electrophoretic assay that
allows determination of DNA integrity and produces a DIN (DNA Integrity Number) score
for each sample. This is used to determine the amount of DNA input needed for library

preparation and targeted capture (Table1l2) . The assay was used as ¢

protocol.

Table 12: DNA input modifications for FFPE samples
Integrity Number (DIN) Score

based on DNA

Maximum amount of
DNA used, up to

200ng.

DIN score >8 3-8 <3

DNA input for | 10-200ng At least 15ng for more | At least 50ng for more

library DNA intact samples and at | intact samples and at

preparation least 40ng for less | least 100ng for least
intact samples. | intact samples.

Maximum amount of
DNA wused, up to

200ng.

2.3.2 Tumour DNA Library Preparation and Targeted Capture

DNA extracted from FFPE tumour tissue was prepared by me for NGS using the Agilent

SureSelect XT HS protocol as described in section 2.2.5. Prepared DNA libraries were

sequenced on the MiSeg machine in batches of 8 samples to achieve adequate depth

of coverage (at least 100x) for calling variants with low allele frequency.
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2.3.3 Tumour DNA NGS Data Analysis
NGS data was analysed using the SureCall program which was updated to version 4.1
as this incorporated extra features for handling samples sequenced using the

SureSelect XT HS protocol.

Demultiplexed FASTQ files were run through the SureCall program as described in
section 2.2.7. The variant filtering settings were modified to allow the detection of low

frequency variants (Table 8).

On review of the table of variants generated for each sample, the following filtering and

analysis steps were carried out:

1. The known DNA repair gene germline variant was reviewed with respect to
allele frequency and read depth. An allele frequency of ~0.5 indicates a variant
is heterozygous reflecting the germline heterozygous status. A frequency of
~1.0 indicates loss of heterozygosity, which may be due to exon or gene
deletion. Absence of the germline variant may indicate the presence of a
rescue variant that has restored the gene reading frame.

2. Variants in the gene of interest (the gene harbouring a germline variant) were
reviewed to identify any additional PTVs.

3. PTVsin other genes were identified using the filtering steps as described in
section 2.2.7, i.e. filtering by category
parameters. For all PTVs, allele frequency was noted, along with read depth
and reads were reviewed in the IGV. Forward and reverse read ratio was
checked for strand bias.

4. When identifying a variant of interest, the NGS data for the other tumour
samples was checked for the presence of the same variant. Variants that were
observed in all samples were regarded as sequencing artefacts.

5. The CADD score was generated for variants of interest and databases were
reviewed for available clinical classifications as well as somatic data

information (Catalogue Of Somatic Mutations In Cancer; COSMIC).
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Chapter 3 BARCODEI1 Pilot Results
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3.1 Introduction

Similar to other complex diseases, the genetic heritability of prostate cancer is
composed of both rare, high to moderately penetrant variants and commonly occurring
single nucleotide variants (SNVs) that confer risks of lower magnitude. With the advent
of the genome wide association study (GWAS) and the increasing numbers of cases
and controls included in such studies, prostate cancer GWAS and meta-analyses have
identified approximately 170 loci associated with prostate cancer development
(Reviewed in reference [84]). Most of these SNVs are commonly occurring single
nucl eotide polymorphisms (SNPs; i.e. minor a
each locus is associated with a low to moderate per allele odds ratio (OR), the genetic
risk is log additive or multiplicative and increases with increasing number of risk alleles
in a personods germline DNA. The currently Kk

explain an estimated 37% of the familial relative risk of prostate cancer.[11-13]

3.1.1 Prostate cancer screening

PSA (prostate specific antigen) testing for prostate cancer screening has been a
controversial topic in the last few years. In terms of large scale population screening,
as data from two large prostate cancer screening studies [56, 57] have evolved,
guidelines from national screening programs such as the USPSTF (US Preventive
Services Task Force) have fluctuated from advising against PSA screening for prostate
cancer (2012) to recommending that men make an individualised decision regarding
PSA testing in conjunction with their clinician (for those aged 55-69years; USPSTF
2017). In the UK, the National Screening Committee (NSC) recommends against
universal screening for prostate cancer using PSA (2016, due to be updated 2019/20).
Although the screening studies investigating the use of PSA testing for prostate cancer
detection have shown a survival benefit, the side effects, complications of prostate
biopsiesf or men who dondét have cancer and high

to this caution around the use of PSA testing.
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PSA is a prostate specific protein secreted by both healthy prostate tissue as well
malignant cells, therefore it lacks the specificity required for a cancer screening test. In
the Stockholm-3 study, which investigated the use of a multi-factor screening model,
21% of high risk prostate cancers had a PSA level in the range of 1-3ng/ml; below the

threshold of O4ngddioiscreehingddl] i s often u

Ultimately, men at risk of prostate cancer due to symptoms and/ or a finding of a raised
PSA are required to undergo a prostate biopsy to obtain a definitive diagnosis. To aid
the shared decision making process with regards to prostate biopsy, several risk
calculators have been developed as an alternative to a stand-alone PSA test. The
Prostate Cancer Prevention Trial (PCPT) calculator and the European Randomised
Study of Screening for Prostate Cancer (ERSPC) risk tools were developed based on
the | arge prostate cancer scr eejfsh 86y These
tools are largely outdated now as they were developed as a result of studies set up
based on the clinical practice standards at the time which have progressed since then,
for example, the Gleason grading of prostate cancer has been revised and the number
of cores taken at a standard prostate biopsy has increased from 6 to 12. Both study
populations consisted of healthy predominantly white Caucasian men. In the PCPT
study, men were recruited if their PSA was less than 3ng/ml and they had a normal

digital rectal examination.

To improve on these models and develop a risk strategy for a contemporary and more
diverse population, the Prostate Biopsy Collaborative Group (PBCG) model and
calculator was developed based on over 15000 men undergoing prostate biopsy
recruited prospectively between 2006 and 2014 in North America and Europe [87]. The
PBCG calculator predicts the risk of a high grade cancer, low grade cancer and benign
result on biopsy based on the following clinical factors: age, PSA, digital rectal

examination findings, first degree family history, African ancestry and previous negative
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biopsy. Compared with the PCPT calculator, the PBCG model investigators reported
that use of this model led to 25 fewer biopsies per 1000 patients when a risk threshold

of 10% was used with no high grade cancers being missed.

Although such risk calculators may inform decision making regarding biopsies, further
progress in other diagnostic modalities have led to screening models incorporating other
tests such as MRI of the prostate. In fact, in May 2019, the National Institute for Health
and Care Excellence (NICE) updated their prostate cancer diagnostic guidelines (NICE
guideline NG131) to recommend MRI of the prostate as a first line test for suspected
localised prostate cancer. Risk calculators such as those discussed above are based
on trans-rectal ultrasound (TRUS) guided biopsies where MRI was not routinely carried
out prior to biopsy, therefore may not be applicable to patients being considered for a

MRI scan of the prostate +/- biopsy as opposed to a TRUS biopsy.

Multi-modal screening models may also incorporate blood biomarkers such as the 4K
test (a blood test measuring 4 kallikrein proteins: total PSA, free PSA, intact PSA and
human Kkallikrein 2) [88] and genetic information in the form of risk SNPs. The
Stockholm-3 (STHLM3) prostate cancer screening model was one of the first such
models to be investigated in a prospective study. [67] This model combines plasma
protein biomarkers (4K test, hK2, MSMB and MIC1), 232 risk SNPs and a set of defined
clinical variables (age, family history, previous prostate biopsy and prostate
examination). When compared to PSA scr
STHLM3 model performed significantly better for the detection of Gleason 7 or higher
prostate cancer with an AUC of 0.74 vs AUC 0.56. The number of prostate biopsies was
reduced by one third, the number of benign biopsies by 44% and the number of low
grade (Gleason 6) prostate cancers by 17%. The STHLM3 model was developed based

on a Swedish population of men and would require validation in other populations.
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As yet, no prospective studies utilising genetic profiling alone for prostate cancer
screening have been carried out. The use of a genetic test for cancer screening is
attractive compared to PSA testing as unlike non-specific and fluctuating PSA levels,
germline DNA is constant and unchanging in terms of the variants and SNPs it holds,
and only requires a one off measurement, usually in the form of a blood test or saliva
test. By utilising the known genetic variants associated with prostate cancer risk, a
polygenic risk score (PRS) can be calculated for an individual to estimate their risk of
prostate cancer development. It is feasible that such a score could be used to stratify
men for prostate cancer screening so that those with a high genetic risk of prostate
cancer are offered tests such as MRI and biopsy (+/- PSA tests) while men at lower
genetic risk may avoid the potential complications of invasive tests. Utilising the known
prostate cancer risk loci, the relative risk (RR) of prostate cancer for men in the top 1%
of the genetic risk distribution based on a PRS is 5.71 compared with men in the 50th
percentile, and for those in the top 10% the RR is 2.69. [13] A risk model incorporating
a genetic profile based on risk loci (with or without family history information) could be

used to target screening to those at highest risk.

Two UK studies are currently investigating the role of a genetic profile in prostate cancer
screening. In the PROFILE study (NCT02543905), men with a family history of prostate
cancer are screened using PSA testing, MRI and biopsy. A genetic profile test is also
carried out using a set of prostate cancer risk SNPs and the correlation between genetic
risk and screening results will be investigated. The PROFILE study is also recruiting a

separate cohort of black men to study genetic risk in this group.

Separately, the BARCODE1 study (NCT03857477) is enroling men from the
community via their General Practitioners (GP) to undergo a genetic profile test utilising
130 prostate cancer risk SNPs. Men in the top 10% of the genetic risk profile are offered

screening with a MRI of the prostate followed by a biopsy regardless of their PSA level.
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This is the first prospective study assessing the utility of genetic profiling in population

screening and aims to recruit 5000 men.

As part of my PhD, | was involved in the set up of the BARCODEZ1 pilot study (N=300)
designed to assess the feasibility of progressing to the BARCODEL1 main study

(N=5000). This study is funded by a European Research Council grant.
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3.2 Aims

The aim of this pilot study was to investigate the uptake and feasibility of a community
based prostate cancer screening trial utilising a genetic profiling assay that would
genotype prostate cancer risk SNPs to produce a PRS for each study participant.

Specifically, | aimed to:

1 Assess the feasibility of a community based prostate cancer screening study
by measuring the uptake of the study by eligible men in the community.
Measure the distribution of prostate cancer PRS in the pilot cohort of men.
Compare the PRS distribution in the pilot cohort to a reference population.

Assess the uptake and outcomes of screening of men in the top 10% of the
genetic risk distribution.
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3.3 Results

3.3.1 Pilot Study Recruitment, Uptake and Sample Collection

The BARCODEL1 pilot study gained local approval from The Royal Marsden Committee
for Clinical Research (CCR) on the 9" of June 2014 and approval by the Research
Ethics Committee (REC) was received on 26" January 2016. The pilot study opened to
recruitment in April 2016 and completed in April 2018. Initially, 3 General Practice (GP)
sites acting as participant identification centres (PICs) were involved. Four more GP
sites were added to the study in April 2017 to increase recruitment rate and complete
the pilot study. Figure 9 shows the cumulative recruitment to the pilot study over 24
months. | was involved in regular investigator meetings attended by representatives of
all the primary care GP sites involved, as well as the Clinical Research Network (CRN)
leads supporting the GPs, and the Institute of Cancer Research (ICR) trial team.
Through the collaboration with the CRNs in the pilot study, the study was introduced to
other GPs which allowed a further 100 GP sites to be identified in anticipation of the
main BARCODEL study which commenced after completion of the pilot study

recruitment.

Participating GPs screened the medical records of 1802 men registered at their
practices for study eligibility (Pilot study protocol included in Appendix 1); 1436
potentially eligible men (80% of those screened) were sent a study invitation letter which
included the study Patient Information Sheet (PIS) and a health questionnaire. The
health questionnaire was used to screen out men who did not fit the study eligibility
criteria but may have been missed by the referring GP, as well as those with significant
co-morbidities that may increase the risk of complications if a prostate biopsy was

carried out.

113



Of 1436 men who were invited to the study, 375 men responded to the invitation letter

giving a study uptake rate of 26% (range between GP sites: 13-47%) of whom 328

(87%) were eligible for study entry (Table 13). Reasons for exclusion from study entry

included medical co-morbidities and non-Caucasian ethnicity; one of the GP sites was

located in North London where there is a high proportion of patients of Jewish

background in the local population. The study eligibility criteria excluded non-Caucasian

ethnicities including Ashkenazi Jewish ethnicity. As the Ashkenazi Jewish population

are at risk of carrying one of the BRCA1/2 founder mutations, the genetic risk of prostate

cancer candét be fully

as well so this population was excluded.

account ed BRGAL/2tbsiing a

Figure 9: BARCODE 1 Pilot Study - Cumulative Recruitment
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Table 13: BARCODEL Pilot Study Screening, Response Rates and Saliva
Returns

Returned saliva
Mail- | Total Uptake
Site Screened Eligible | samples (% of
outs | Responders | %
eligible
responder)
GP1 148 148 |45 30 45 42 (93%)
GP 2 350 326 |78 24 66 62 (94%)
GP 3 277 175 |23 13 12 12 (100%)
GP 4 267 232 |46 20 44 41 (93%)
GP5 223 211 |51 24 49 44 (90%)
GP 6 390 200 |93 47 77 74 (96%)
GP 7 145 142 |37 26 34 30 (88%)
RMH* |2 2 2 100 2 2
Total 1802 1436 | 375 26 329 307 (93%)

*2 patients recruited via Cancer Genetics Research clinic in RMH.

329 saliva collection kits were sent to the eligible participants along with a study consent
form. 307 saliva samples were returned to the study team (Figure 10), giving a saliva
return rate of 93% from eligible participants. 21 participants withdrew from the study
after providing a saliva sample and 1 participant withdrew prior to providing a saliva

sample, giving an overall withdrawal rate of 6.7% of eligible responders.

All correspondence and saliva collection was carried out by post. DNA was extracted
from saliva by Tepnel Pharmaservices for 303 participants whose saliva sample was
returned before the cut-off date (15" April 2018) for the pilot study. The remaining 5
saliva samples would be processed as part of the subsequent BARCODELX full study.

Of 303 saliva samples that underwent DNA extraction, one sample had a low yield of
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DNA and required further saliva collection for that participant. Extracted DNA for 302
participants was shipped by the Oncogenetics team to Thermo Fisher Scientific in the

USA for genotyping.

Figure 10: BARCODEL Pilot recruitment showing fall out at each stage

21% of men invited to the study entered the trial and provided a saliva sample for
genotyping
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