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Abstract

Despite considerable research there are no established risk factors for prostate
cancer beyond age, family history, ethnicity, genetic factors, and insulin-like
growth factor I. However, evidence from existing studies of risk factors for prostate
cancer suggest that many lifestyle and biochemical exposures, and genetic vari-
ants may be risk factors for prostate cancer.

Exposures investigated in this thesis are: vasectomy status, microseminoprotein-
beta (MSP), human kallikrein 2 (HK?2), and the lactase persistence SNP, rs4988235.
Additionally, this thesis contains an analysis of how germline polymorphism, in-
cluding rs4988235, may determine the intake of dairy produce.

Vasectomy has been implicated as a risk factor for total and aggressive prostate
cancer. However, vasectomy was not associated with risk of prostate cancer
overall (hazards ratio (HR): 1.05; [95% CI 0.96-1.15]), with risk for high grade
or advanced stage tumours (1.01; [0.84-1.21] & 0.83; [0.64-1.07], respectively), or
for death from prostate cancer (0.88; [0.68-1.12]) in 84,753 men in the European
Prospective Investigation into Cancer and Nutrition (EPIC).

A previous prospective study in the Multi-Ethnic Cohort found a significant pro-
tective association of MSP with prostate cancer. In a nested case-control study
(1,871 cases & 1,871 controls) plasma MSP concentrations in EPIC were inversely
associated with prostate cancer risk after adjusting for total prostate-specific anti-
gen (PSA) concentration (odds ratio (OR) for highest versus lowest fourth of MSP
= 0.65; [95% CI 0.51-0.84], p-trend = 0.001). No heterogeneity in this associa-
tion was observed by tumor stage or histological grade. Mendelian randomisation
(MR) analyses suggest a causal protective association of MSP with prostate can-
cer risk (OR per unit increase in MSP for MR: 0.96; [95% CI 0.95-0.97]).

Although HK2 has previously been found to improve discrimination for prostate
cancer in predictive models, there has been no large prospective investigation
of the association of HK2 with prostate cancer in men without elevated PSA.
However, in EPIC plasma HK2 concentrations were not associated with prostate
cancer risk independent of circulating concentrations of PSA in a nested case-
control study (2,867 cases & 2,867 controls) (OR for highest versus lowest fourth
of HK2 before adjustment for PSA = 7.09; [95% CI 5.82-8.65], p-trend = 0.001
vs. after adjustment for PSA = 1.29; [0.98-1.67], p-trend = 0.1). Further, there
was no evidence that including HK2 in a model of prostate cancer risk based
on PSA and age improved discrimination for prostate cancer overall or for high
grade tumours (overall area under the curve (AUC): 0.816 vs. 0.816 or high-grade
AUC: 0.752 vs. 0.752).

The lactase persistence SNP, rs4988235, has previously been investigated in the
estimation of prostate cancer risk as a marker of dairy intake. In these analyses
rs4988235 was not associated with prostate cancer risk overall (per-allele OR:
1.01; [95% CI 0.99-1.04]), with risk for high grade or advanced stage tumours
(0.99; [0.95-1.04] and 0.99; [0.93-1.04], respectively), or for death from prostate



cancer (0.96; [0.90-1.03]) in the PRACTICAL consortium, a large (48,471 cases
& 29,866 controls) prostate cancer genetics consortium. Further, in UK Biobank
(up to 41,514 men) rs4988235 was only associated with the intake of dairy milk
(difference between CC and TT: 19.9 g/d; [12.8-26.9]) and not the intake of other
dairy products (yogurt, ice cream, and cheese).

It is possible that alternative germline polymorphisms may determine differences
in the intake of dairy milk, which may be useful for future MR studies into
prostate cancer risk. However, no SNPs were genome-wide significant in relation
to the intake of dairy milk in a discovery GWAS in the UK Biobank (22,041 men).
Further, putative associations for SNPs significant at the lower tentative genome-
wide significance threshold (p < 1075) were not replicated when investigated in
an independent sample of men from the UK Biobank (50,701 men).

In conclusion, there is no strong evidence that vasectomy, HK2, or the lactase
persistence SNP as a marker of dairy intake, are associated with prostate cancer
risk. Given the null GWAS for dairy milk intake, rs4988235 remains the strongest
known genetic determinant of dairy milk intake. Lastly, observational and MR
results provide compelling evidence that MSP is a potentially causal protective
factor for prostate cancer risk. Future research should focus on replicating the
putative causal association of MSP with prostate cancer and better understanding
the purported role of MSP in tumour suppression or pathogen defense.
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Chapter 1

Introduction



1.1 Rationale

Prostate cancer is the second most commonly diagnosed cancer in men and
between 1990 and 2012 rates of prostate cancer diagnosis rose in both de-
veloped and developing nations [1, 2]. However, prostate cancer incidence
is highly heterogeneous globally, varying by up to 30-fold between regions.
Prostate cancer mortality accounts for approximately 7% of cancer deaths
globally. Similar to prostate cancer incidence, mortality varies highly be-
tween regions (up to 10-fold globally). However, in contrast to incidence, the
majority of prostate cancer deaths occur in less developed nations [3, 4].

The only established risk factors for prostate cancer are age [5, 6], family
history of prostate cancer [7, 8], ethnicity [9, 10], select germline genetic
polymorphisms [11, 12, 13, 14], and circulating concentrations of insulin-like
growth factor I (IGF-I) [15]. None of these, with the potential exception
of IGF-I through its association with the intake of dairy produce [16, 17],
are modifiable risk factors. Previous research has investigated numerous
exposures, many of which may be modifiable, as potential risk factors for
prostate cancer, such as: the consumption of dairy milk [18], processed meat
[19], or poultry [20]; hip or waist circumference, body fat, or body mass
index [21, 22]; vasectomy [23, 24] or sexually transmitted diseases [25, 26];
or microseminoprotein-3 [27] or the Kallkrein proteins [28, 29]. However, at
the time of writing, none of these have been confirmed as risk factors for
prostate cancer.

The absence of consensus for many putative risk factors stems, at least
in part, from inconsistency in the epidemiological evidence, its sparsity, and
the methodological limitations of previous studies, which are discussed briefly
below. Differences in study design (retrospective and prospective) have likely
led to inconsistencies in the state of evidence due to difficulties that these de-
signs may have in overcoming common epidemiological biases, such as recall,
selection, or detection biases. Further, small sample size for previous studies
used to generate evidence for risk factors has contributed to inconsistencies in
evidence. Notably, small sample size is often discussed with regard to statis-
tical power concerns surrounding null results. However, it is also important
to note that for a given significance threshold (p < 0.05, for example) that
the probability of overestimating an association or misestimating its direction

increases as a function of the noise in the exposure, and so noisy measures in



small samples have also likely produced false positives [30, 31]. Difficulties
of measurement for dietary, lifestyle or anthropometric factors, or for novel
biomarkers, which are likely subject to measurement error and within person
variation over time, have also likely contributed to the current state of the
literature [32].

To help resolve the potential over- and underestimated associations of
putative risk factors with prostate cancer risk in the literature, there is a
necessity for evidence from large-scale prospective epidemiological studies
with access to repeat questionnaires, and biomarker and genetic data that
may facilitate novel statistical methods. Such large studies can: take ad-
vantage of greater power to look into associations of potential risk factors
with high risk subtypes of prostate cancer, which may be less affected by
concerns attributed to PSA testing and overdiagnsis [3, 4]; investigate the
potential effect of misclassification or measurement error of exposures dur-
ing follow-up through repeat questionnaires; use available genetic data to
generate robust instruments for novel statistical methods that may address
the potential causal nature of risk factors, such as Mendelian randomisa-
tion. As such, this thesis will use available data from two large prospective
epidemiological cohorts (the European Prospective Investigation into Cancer
and Nutrition [EPIC] and UK Biobank) and a large prostate cancer genetics
consortium (PRACTICAL) to investigate the association of a selection of

lifestyle, biochemical, and genetic factors with prostate cancer risk.

1.2 Research Aims

The research presented in this thesis aims to investigate risk factors as aetio-
logical markers for prostate cancer using prospectively measured lifestyle fac-
tors (vasectomy status), biochemical markers (MSP and Human Kallikrein
2 [HK2]), and genetic markers (rs10993994 and rs4988235). As such, the
thesis will primary deal with prostate cancer aetiology and not risk predic-
tion/early detection. The thesis is also concerned with investigating how
germline polymorphism determines the intake of dairy products; given the
role for the intake of various dairy produce as putative risk factors for prostate
cancer, a better understanding of their genetic determinants may allow for
more sophisticated analyses of dairy produce and prostate cancer risk through

Mendelian randomisation methods. The main objectives are to:



Investigate the association of vasectomy with prostate cancer risk in the
EPIC cohort, with a focus on high grade and advanced stage tumours,

and death from prostate cancer

Estimate the association of prediagnostic circulating MSP concentra-
tions with prostate cancer risk in an EPIC prostate cancer nested case-
control study, and assess whether this association varies by tumour
characteristics using observational epidemiology. Additionally, I assess
the potential causal nature of the association of MSP with prostate

cancer risk using Mendelian randomisation

Investigate the association of prediagnostic circulating HK2 concentra-
tions with prostate cancer risk overall, and by prostate cancer tumour

characteristics in an EPIC prostate cancer nested case-control study

Investigate the association of the lactase persistence SNP, rs4988235,
as a marker of dairy intake, with prostate cancer risk overall, and by
prostate cancer tumour characteristics, and with death from prostate
cancer in the PRACTICAL consortium

Assess how the intake of dairy produce varies by rs4988235 in the UK
Biobank, and whether additional information on rs4988235, as a marker
for the intake of dairy produce, can aid in the interpretation of the

association of rs4988235 with prostate cancer risk

Conduct a genome-wide association study for the intake of dairy milk,
and assess whether any genetic variation, in addition to the lactase
persistence SNP, may be used as a genetic instrument to further our
understanding of the association of dairy intake with prostate cancer

risk



1.3 Outline of the Thesis

Chapter 1 is an introduction to the thesis, the rationale and general
aims, and an outline of the key research objectives that will be explored

in chapters 4 to 8.

Chapter 2 is an overview of prostate cancer epidemiology, which in-
cludes a discussion of temporal and geographical trends in incidence
and mortality, and established and putative risk factors for prostate

cancer.

Chapter 3 is a description of the data used in this thesis; this includes
a brief description of the design and methods for the European Prospec-
tive Investigation into Cancer and Nutrition (EPIC), UK Biobank, and
the PRACTICAL consortium.

Chapter 4 investigates the association of vasectomy with prostate can-
cer risk in EPIC. Vasectomy is a method of birth control for men in
which the vas deferens is cut, blocked, or sealed to prevent sperm from
traveling from the testes to the seminal fluid. Much of the evidence
in favour of vasectomy as a risk factor for prostate cancer is from ret-
rospective case-control studies with modest samples sizes, which may
be subject to a variety of biases [33]. In contrast, many of the large
prospective studies have not supported a significant association of va-
sectomy with prostate cancer [34, 24], and moreover, there is no estab-
lished biological rationale for an association of vasectomy with prostate
cancer [35]. Nevertheless, a recent investigation in the Health Profes-
sionals Follow-Up Study found an approximately 20% increase risk for
aggressive and fatal prostate cancer [23]. The study described in this
chapter uses a prospective cohort design with 4,377 cases, of which 641
had had a vasectomy (approximately 15%). The work from this chapter
has been published in the Journal of Clinical Oncology and is available

at: hitp : //ascopubs.org/toc/jco/current

Chapter 5 estimates the association of circulating concentrations of
MSP with prostate cancer risk. I used both a nested case-control design
in EPIC, and Mendelian randomisation, which uses published estimates
for the association of rs10993994 with prostate cancer from the iCOGS



genotyping project [36] and EPIC SNP data from the OncoArray chip
[37] and BPC3 genotyping [38]. MSP is an abundant protein in the
immunoglobulin factor family secreted by the prostate epithelium into
the seminal fluid [39], which has previously been associated with a
2% decrease in prostate cancer risk per one unit (ng/ml) increase in
circulating MSP concentration [27]. The study described in this chapter

is based on data from 1,871 cases and 1,871 matched controls.

Chapter 6 investigates the association of circulating concentrations
of the prostate protein HK2 with prostate cancer risk in EPIC using a
nested case-control design. There are limited data on the association
of HK2 with prostate cancer risk from prospective cohorts. However,
there is evidence that expression and circulating concentration of HK2
may be higher in cases than in controls [40, 41, 42, 43, 44, 45, 46], and
that HK2 concentration may be higher in more severe prostate cancer
subtypes [47, 48, 49, 50, 51, 52, 53]. Nonetheless, it is unclear whether
this is due to the co-localisation of HK2 with PSA, or instead due to
an independent association of HK2 with prostate cancer risk (either
as a risk factor or as a marker of disease). Indeed, there is minimal
evidence that a model of prostate cancer risk calculated using PSA and
HK2 combined compared to total PSA alone improves discrimination
for both prostate cancer overall (1% to 4%) and for high grade disease
(1% to 6%) [40, 41, 42, 43, 44, 45, 46]. The study described in this

chapter contains 2,867 cases with 2,867 matched controls.

Chapter 7 looks into the association of the lactase persistence SNP,
rs4988235, as a marker of the intake of dairy produce, with prostate
cancer risk in the PRACTICAL consortium. The ability to digest the
lactose sugar in many dairy products depends on lactase enzyme activ-
ity. The predominant genetic polymorphism associated with lactase en-
zyme activity in European populations is rs4988235 (2:135851076_C_T)
[54]. Indeed, as much as a 50% increase in the consumption of milk
and milk beverages has been observed in men homozygous for the T
allele compared to men homozygous for the C allele in European pop-
ulations [55, 56, 57, 58, 59]. A secondary aim of this chapter is to
investigate how the intake of dairy produce varies by rs4988235 in the
UK Biobank, and how these findings may aid the interpretation of any



association of rs4988235 with prostate cancer risk. The study described
in this chapter contains 48,471 cases and 29,866 controls for the inves-
tigation of rs4988235 with prostate cancer risk, and up to 41,514 men
in the cross-sectional association of the intake of dairy produce with
rs4988235.

Chapter 8 aims to find a genetic instrument for the intake of dairy
milk to advance our understanding of the association of dairy intake and
prostate cancer risk. To that end, this chapter is a genome-wide asso-
ciation study (GWAS) for the intake of dairy milk in the UK Biobank.
The Family Food Survey suggests the British population consumed
approximately two litres of milk-based dairy products per person per
week in 2015, which is estimated as 11.3% of daily energy intake [60].
Dairy intake has principally been associated with rs4988235 [55], how-
ever, research to date indicates that the behavioural differences in the
intake of dairy produce by rs4988235 are largely due to the differences
in the consumption of dairy milk [55]. A recent meta-analysis of dairy
products and calcium intake and prostate cancer risk found that high
intake of milk and low-fat milk may increase the risk of prostate can-
cer (RR per 200 g/d was 1.03 [95% CI: 1.00-1.06] and 1.06 [95% CI:
1.01-1.11], respectively) [18]. The study described in this chapter uses
data from 22,041 men to conduct a discovery GWAS for the intake of
dairy milk from the interim genetic data release in the UK Biobank.
Putative genetic variants associated with dairy milk intake were sub-
sequently tested for replication in an indepedent sample of men from
the UK Biobank.

Chapter 9 reviews the main findings of this thesis, discusses the
strengths and limitations of these studies, and provides recommenda-

tions for future research.

Appendix A contains ancillary tables with analysis results from the
MR-Base platform for rs10993994 [61] and detailed results for germline

polymorphism association with the intake of dairy milk in UK Biobank.

Appendix B contains a copy of the baseline questionnaires for EPIC
UK (Oxford) and UK Biobank.



I anticipate that the research from this thesis will further our understand-
ing of prostate cancer epidemiology and aetiology through the analysis of
lifestyle, biochemical, and genetic factors in large prospective cohorts (EPIC
and UK Biobank) and in the largest prostate cancer genetics dataset (the
PRACTICAL consortium).

1.4 The role of the author in the thesis

All work presented is my own unless otherwise stated, and conducted under
the supervision of Dr. Ruth Travis and Prof. Timothy Key. The Literature
review, statistical analyses, and authorship of chapters was my own. Funding
for the maintenance of EPIC Oxford samples came from a Cancer Research
UK grant secured by Tim and Ruth. My doctoral funding came from the
Clarendon Fund and Brasenose College.

The idea to investigate the association of vasectomy, MSP, HK2, and
rs4988235 with prostate cancer risk were developed in consultation with my
supervisors, Ruth and Tim - for MSP, I had additional consultation with
Prof. Hans Lilja. These factors were chosen as, in each case, previous evi-
dence had suggested an association with prostate cancer risk but, as yet, there
was a lack of sufficient large prospective evidence for the estimation of asso-
ciations with prostate cancer (vasectomy, MSP, and HK2), or large enough
samples to ensure analyses were adequately powered to detect an associa-
tion (rs4988235). In the case of the cross-sectional association of rs4988235
with the intake of dairy produce and the GWAS for the intake of dairy milk,
concepts were also developed in consultation with Dr. Travis and Prof. Key.

All assays for total PSA, MSP, and HK2 were conducted by laboratory
technicians at the Wallenberg Research Laboratories, Department of Trans-
lational Medicine, Lund University. All hormone assays were performed by
the laboratory of the Hormones and Cancer Team at IARC. Data for chap-
ters that use the EPIC cohort were provided from the EPIC-database by
Paul Appleby. Data for rs4988235 from the PRACTICAL consortium were
provided as part of the OncoArray project, which was facilitated by Dr. Sara
Benlloch.



1.5 Publications resulting from this thesis

At the time of writing, one manuscript has been published from work de-
scribed in this thesis with the title ” Vasectomy and Prostate Cancer Risk in
the European Prospective Investigation Into Cancer and Nutrition (EPIC)”.
A second manuscript is ready for submission entitled ”The role of plasma
microseminoprotein-beta in prostate cancer: an observational and Mendelian
randomization nested case-control study in the European Prospective Inves-
tigation into Cancer Nutrition”; this has been reviewed by local and interna-
tional co-authors and will be submitted to the Journel of Clinical Oncology
once the main publication from the GAME-ON OncoArray on prostate can-
cer risk is accepted for publication. My co-authors for these papers read and
provided advice on the content and methodology and, to that extent, these

papers may not be considered entirely my own work.



Chapter 2

Prostate Cancer Epidemiology
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2.1 Introduction

Prostate cancer is the second most highly incident cancer among men, glob-
ally, and between 1990 and 2012 rates of prostate cancer incidence were found
to have risen for many nations in both the developed and developing world.
Nonetheless, relatively little is known about prostate cancer aetiology or how
best to make clinical predictions for risk stratification at a population level.

Much of the temporal and geographical variation in prostate cancer inci-
dence may be attributed to differences in diagnostic practices, such as the use
of prostate-specific antigen (PSA) testing. However, there is also evidence
that the variance in prostate cancer incidence may be, at least in part, ex-
plained by demographic, hormonal, or genetic factors - there is less evidence
in favor of lifestyle, anthropometric, or dietary factors.

Risk stratification of prostate cancer has mostly identified high risk groups
of men based on age, family history, and ethnicity. To date, these strategies
have not demonstrated an ability to discriminate prostate cancer by stage or
grade of tumour. In contrast, there is evidence that a baseline PSA value,
measurements of a protein called human kallikrein 2, or a risk score generated
from a panel of Kallikrein proteins may predict high grade and advanced
prostate cancer.

What follows is a select summary of prostate cancer epidemiology that
includes a discussion of recent trends in incidence and mortality rates, PSA

testing, current established and putative risk factors, and risk prediction.
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2.2 Overview of prostate cancer incidence and
mortality

In low and middle income countries there is often a paucity of high qual-
ity regional and national cancer registry data for geographic and temporal
trends; estimates are typically aggregates from available regional registries
or, in their absence, averages from neighbouring countries. Although this
may indicate a bias for the following description of prostate cancer incidence
and mortality, a recent publication suggested that reported statistics are a

reasonable estimation of underlying cancer rates and temporal trends [62].

2.2.1 Geographical Trends

Prostate cancer is the second most commonly diagnosed cancer among men,
globally [1] (see Figure 2.1), and in 2012, accounted for approximately 1.1
million (15%) new cancer cases among men [63]. However, incidence varies
by as much as 30-fold between selected registries, evidenced by two-thirds
(759,000) of prostate cancer diagnoses occurring in more developed regions.
Highest incidence rates are in traditionally high-income western regions such
as North America and Australia/New Zealand with age-standardised rates
(ASR) of 97.2 and 111.6 per 100,000 per year, respectively. In contrast,
incidence rates are low among men in less developed regions, such as Northern
African (8.1), or in Eastern and South-Central Asian (ASR: 10.5 and 4.5 per
100,000, respectively) [63].

Prostate cancer mortality varies by 10-fold, globally (approximately 3
to 30 per 100,000), and accounted for approximately 6.6% of cancer deaths
among men (307,000) in 2012 [63] (see Figure 2.2). Although two-thirds
of diagnosed prostate cancer cases occur in more highly developed nations
(165,000 or 54% of total deaths from prostate cancer), age-standardised
prostate cancer mortality is highest among less developed nations. Specif-
ically, mortality rates are low for more highly developed nations, such as
Western Europe and Northern America (10.9 and 9.8 per 100,000, respec-
tively), and very low in countries with a high proportion of men of Asian
ethnicity such as South-Central Asia (ASR: 2.9 per 100,000) [63].

12



2.2.2 Temporal Trends

A recent study of prostate cancer incidence between 1990 and 2012 for 36
countries found that incidence was increasing in the majority (N=24) of coun-
tries included; although many of these countries were from high income and
developed regions such as Japan, Israel, and Western, Southern, and East-
ern Europe incidence also increased in the Caribbean, China, and Brazil. In
contrast, incidence has decreased in the USA among both Black and Cau-
casian populations, Finland, Sweden, and Iceland between 2002 and 2012 [2].
Geographic variation in the incidence of prostate cancer has typically been
attributed to changes in screening and diagnostic practices [64, 65, 66]. After
the introduction of prostate-specific antigen (PSA) testing in the USA in the
1980s prostate cancer incidence increased by approximately 100% [4], before
its subsequent decline. However, these increases may also be explained by
the number of countries with increased incidence that are either less devel-
oped or developing nations, improved access to health care and treatment,
or accuracy of regional and national cancer registries.

Prostate cancer mortality rates between 1990 and 2012 have fallen for
the majority (N=24) of countries in North America, Oceania, Asian, and
Europe; in Latvia, Lithuania, Estonia, Iceland, Slovenia, Slovakia, Malta,
Croatia no change in mortality rates during this time period was observed,
and in Bulgaria, Belarus, Russia, the Philippines, and Singapore prostate
cancer mortality has increased [2]. As will be discussed below, the role of PSA
testing in the reduction of mortality is controversial. However, some variation
in mortality is likely attributable to screening and diagnostic practices[67, 68].
In the case of Singapore, it is possible that, despite being a high income
nation, access to better diagnostic methods has not been present for long
enough to reflect a reduction in prostate cancer mortality. It is also likely
that access to healthcare and treatment, and death certificate accuracy and

reporting, have driven differences in prostate cancer mortality [69, 70].
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2.3 Prostate-specific antigen testing

PSA is a protein highly abundant in the seminal fluid that is secreted by the
prostate epithelial cells [39]. One estimate suggests 21% of men age > 45 in
Britain in 2010 had a previous PSA test within the past 12 months [71] have
had at least one PSA test [3], a common blood test of circulating concen-
trations of PSA introduced in the 1980s [4]. High circulating concentrations
of PSA have been associated with more aggressive forms of prostate cancer
[72], and in several studies PSA among men aged between 50 and 60 was
associated with death from prostate cancer at up to 30 yrs follow-up with
receiver operating curves between 0.80 and 0.90 [73, 74]. In addition, there
is evidence that PSA improves upon other routinely used decision-aids for
biopsy, such as a digital rectal examination [75]. As such, in the last 25 years
PSA has been used in many countries as either a screening tool for prostate
cancer or as a decision aid for clinicians deciding whether men should be
referred for biopsy.

PSA testing has been shown to significantly reduce prostate cancer mor-
tality in the European Randomized Study of Prostate Cancer Screening trial
(ERSPC) by up 27% at 13 years of follow-up [76] and by up to 56% in
the Goteborg randomised population-based prostate-cancer screening trial
after 14 years [77]. Although Prostate, Lung, Colorectal, and Ovarian cancer
screening trial (PLCO) [78] did not report a significant reduction in prostate
cancer mortality, there was significant PSA testing contamination the control
arm, with up to 50% of men having recieved a PSA test within the last year
[79]. Thus, it is unclear whether the PLCO trial was able to estimate the
efficacy of PSA testing for the reduction of prostate cancer mortality.

A common criticism of PSA testing is that it lacks specificity and has
poor positive predictive value; in ERSPC [76] and PLCO [78] the positive
biopsy rates were 24% and 35%, respectively, in men with elevated PSA (> 3
or 4 ng/ml, respectively). Furthermore, of men who receive a positive biopsy
after a PSA test, there is evidence that less than a third go on to suffer
from a clinically aggressive tumour [80]. As such, the widespread use of PSA
is implicated in the substantial overdiagnosis of prostate cancer, and it is
not currently recommend as a screening tool by Urological Associations in

Europe [81] or the USA[82].
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2.4 Risk Factors

2.4.1 Established risk factors for prostate cancer

The only established risk factors for prostate cancer, to date, are age, family
history of prostate cancer, ethnicity, select germline genetic polymorphisms,

and circulating concentrations of insulin-like growth factor I (IGF-I).

Age

Only 1.6% of prostate cancer cases and 0.7% of deaths from prostate cancer
occur in men below the age of 50 years, globally. However, both incidence
and mortality rates rise exponentially among men aged 50 years and greater;
2012 worldwide age-specific incidence rates were 6.3 per 100,000 for men aged
45 to 49 years, which rises to 26.9, 67.0, 136.4, 227.9, and 305.4 per 100,000
for each successive five-year age bracket, and 386.9 per 100,000 for men aged
> 75 years. A similar pattern is observed for prostate cancer mortality with
rates of 0.4 per 100,000 among men aged 45 to 49, which rises to 1.1, 4.4,
12.6, 33.1, 77.3 per 100,000 for each successive five-year age bracket, and
223.3 per 100,000 for men aged > 75 years in 2012 [5, 6].

Family history

A recent meta-analysis [83] and a subsequent analysis of 635,443 men with
ancestral genealogy data in the Utah Population Database (UPD) [7] both
found an increased risk of prostate cancer among men who have at least
one first-degree relative with prostate cancer (RR: 2.46 [95% CI: 2.39-2.53))
compared to men without a family history of prostate cancer. Further, the
UPD study reported a dose-dependence of number of first-degree relatives
on prostate cancer risk (RR for > 4 first-degree relatives: 7.65 [95% CI:
6.28-9.23]). In the UPD study, prostate cancer risk also attenuated with
decreased relatedness (RR for > 1 second-degree relatives: 1.51 [95% CI:
1.47-1.56] & RR for > 1 third-degree relatives: 1.15 [95% CI: 1.12-1.19])
[7]. Such evidence is the basis of clinical guidelines in Europe and the USA
to consider men with a family history of prostate cancer at higher risk for
prostate cancer [84, 81].

However, the previous two studies did not present prostate cancer risk as-
sociated with family history by tumour characteristics or with respect to age

at diagnosis. A high frequency of PSA testing has been previously associated
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with the over diagnosis of low grade or localised stage disease, particularly
among men older at diagnosis [85]. As such, it is also possible that the familial
aggregation of prostate cancer is at least partly due to the frequency of PSA
testing among related men, and not to a truly shared genetic predisposition
to prostate cancer.

A nationwide, population-based registry study from Sweden [8] investi-
gated the association of family history with high risk prostate cancer (Gleason
score > 8, T3-4, PSA > 20 ng/mL, N1 and/or M1). The absolute risk of
a diagnosis with high risk prostate cancer by age 65 approximately doubled
from 1.4% (95% CI: 1.3-1.4) for men with no family history of prostate can-
cer to 3.0% (95% CI: 2.6-3.4) for men with a brother previously diagnosed
with high risk prostate cancer. Further, there was strong evidence that the
reported association of family history with prostate cancer was inflated due
to PSA testing practices; while only 2.0% of men in the general population
were diagnosed with low risk prostate cancer (T1-2, Gleason score < 6, PSA
< 10ng/mL, Nx/NO, Mx/MO0) by 65 years, 7.6% of men with one brother
and 20.1% of men with two brothers also previously diagnosed with prostate
cancer.

Thus, although the association of family history with prostate cancer
may be inflated, the approximate doubling of high risk disease for men with

a family history supports a true genetic predisposition to prostate cancer.

Ethnicity

The incidence of prostate cancer varies by approximately three-fold between
Black American men and Asian American men; age-adjusted prostate can-
cer incidence from Surveillance, Epidemiology, and End Results Program
(SEER) were 203.5 (Black), 121.9 (Caucasian), and 68.9 (Asian) per 100,000
[9] - a similar pattern of age-adjusted incidence was found from a study in
the UK [10]. There is also evidence that tumour stage and histological grade
may be more severe at diagnosis among Black than Caucasian American
men [86, 87]. However, a recent study observed a reduction in the percent
difference in Black and Caucasian men in the USA being diagnosed with
high risk prostate cancer. Among men aged 65 to 74 year Black men were
7% more likely to be diagnosed with high risk prostate cancer compared to
Caucasian men, which was reduced to 4% for men aged 25 to 54 [88]. In con-

trast, the Kaiser Permanente cohort found that, relative to Caucasian men,
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ethnically Asian men were at a 30% reduced risk of being diagnosed with
prostate cancer, and further reported that there was a higher proportion of
men diagnosed with high risk prostate cancer among Asian-American men
compared to Caucasian American men [89)].

The ethnic disparities in prostate cancer incidence and tumour severity at
diagnosis are likely multifactorial and represent a combination of diagnostic
practices, access to healthcare, attitudes toward treatment, socioeconomic
factors, as well as the disease biology.

Much focus has been given to case ascertainment due to the differences
in the frequency of PSA testing between ethnic groups; fewer prostate cancer
diagnoses are preceded by a PSA test among Black men when compared to
Caucasian men [90] using Medicare records between 1991 and 1998. However,
a subsequent study including additional years of information, and a detailed
analysis including age at PSA test, found that differences in PSA testing
rates between Black and Caucasian men attenuated by the year 2000 among
men aged > 50 years. Further, among men aged <50 years by the year 2000
PSA testing was at a higher frequency among Black men than Caucasian
men in the USA [91], which has also been reported in a large UK-based
prospective study that finds Black men are 30% more likely to receive a PSA
test compared to Caucasian men [92]. Data on the frequency of PSA testing
among Asian men is not widely available, however, there is evidence that
they may be up to 40% less likely to get a PSA when compared to Caucasian
men [92].

SEER estimates for prostate cancer mortality vary four-fold in the USA
by ethnicity: 44.2 (Black), 19.1 (Caucasian), 9.1 (Asian) per 100,000. Mor-
tality is also high among men from countries with predominantly Black pop-
ulations, such as the Caribbean and sub-Saharan Africa (ASR: 29 and 19-24
per 100,000, respectively). In contrast, mortality rates are lower for highly
developed nations, such as Western Europe and Northern America (10.9 and
9.8 per 100,000, respectively), and very low among men in countries with a
high proportion of men of Asian ethnicity such as South-Central Asia (ASR:
2.9 per 100,000) [63]. Further, the CONCORD study of 628,000 men from 31
countries found consistently lower five-year survival for men diagnosed with
prostate cancer between 1990 and 1994 (Black: 85.8%, Caucasian: 92.4%)
(93], although it is notable that the difference is minimal and overall sur-

vival is high. Although, the disparity in prostate cancer mortality may be
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accounted for by access to diagnoses and/or treatment among Black commu-
nities or in countries with a predominantly Black population, the prospective
Multiethnic-Cohort report differences in risk of death from prostate cancer
after adjustment for lifestyle and socioeconomic factor, and history of PSA
testing. As such, it remains probable that at least a proportion of the varia-
tion in prostate cancer mortality is due to differences in the underlying risk

due to inherited genetic susceptibility [94].

Genetic polymorphisms

Early studies of germline risk for prostate cancer investigated rare, high risk
loci due to their potential value as a tool for clinicians. However, by virtue
of their rarity, it is unlikely they account for a large proportion of prostate
cancer heritability. Recent large-scale GWAS have identified 103 more com-
mon single nucleotide polymorphisms (SNP) associated with prostate cancer
[11, 12, 13], which together explain 33% of familial risk for prostate can-
cer [14]. Many of these variants occur in intronic or intergenic regions that
were not previously suspected to be clinically relevant. However, a SNP en-
richment study for the 103 known risk variants for prostate cancer suggests
that the majority of high risk variants for prostate cancer can be mapped to
androgen receptor and FoxA1 binding regions (74 of 103 variants) [95].

To date, the strongest candidate risk SNP associated with prostate cancer
is r$10993994 in the promoter region of the MSMB gene on chromosome 10;
T homozygotes had a 57% elevated risk of prostate cancer risk compared to
C homozygotes - for heterozygotes, a 21% increased risk was observed [36].
The MSMB gene encodes for microseminoprotein-3, one of the three most
abundantly secreted proteins by the prostate epithelium into the seminal fluid

[39], which has previously been inversely associated with prostate cancer risk
[27].

Insulin-like growth factors and their associated binding proteins

Insulin-like growth factors (IGFs) and their associated binding proteins (IGF-
BPs) are involved in cellular differentiation, proliferation and apoptosis [96].
A large meta-analysis of individual participant data (Up to N**¢* = 10,554,
Neontrols — 13 618) using almost all published prospective data worldwide
(>98%) in the Endogenous Hormones and Prostate Cancer Collaborative

Group found a significant, modest positive association between circulating
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concentrations of prediagnostic IGF-I, IGF-II, and IGFBP-2, and prostate
cancer risk (OR per 80% increase (95% CI): 1.22 (1.12-1.31), 1.30 (1.16-1.45),
and 1.17 (1.05-1.31), respectively)[15].

Experimental studies suggest IGF-I has mitotic and anti-apoptotic ef-
fects [97], and a recent agnostic pathway analysis of cancer susceptibility
polymorphism found the IGF-I pathway was associated with prostate cancer
risk [12]. Further, circulating concentrations of IGF-I have been positively
associated with the intake of animal protein [16, 17]. Given evidence show-
ing an association of the intake of protein from dairy sources with prostate
cancer (discussed below) [55, 98], to date, IGF-I is the strongest candidate
modifiable risk factor for prostate cancer.

There is less evidence for the association of other IGF-II and IGFBP-2
with prostate cancer risk. A common prostate cancer susceptibility SNP
has been found in the gene that codes for IGF-II [11], and increased IGF-II
has previously been found associated with disease progression, which has led
to the suggestion that it may be a tumour marker and not an aetiological
risk factor [99]. Similarly, IGFBP-2 has been suggested as a marker of tu-
mour progression, as circulating concentrations have been found to increase
commensurately with tumour progression [100]. However, IGFPB-2 can also
inactivate PTEN [101], and has been suggested to have role in the glucose
metabolism following several studies that reported IGFBP-2 as a mediator in
the association between adipisoty and aggressive prostate cancer [102, 103].

As such, its biological function with respect to prostate cancer is yet unclear.

2.4.2 Putative risk factors for prostate cancer

There is evidence in favor of a number of dietary, anthropometric, metabolic,
or other lifestyle factors such as sexual activity or vasectomy. Below is review

of a selection of these putative risk factors.

2.4.3 Dietary factors

Interest in diet as a risk factor for prostate cancer emerged in response to the
observation that prostate cancer incidence was higher among men in many
Western countries than in Southeast Asian countries [1, 104]. Further, nu-
merous studies found that men who migrate from countries with traditionally

low to high prostate cancer incidence adopt the prostate cancer risk profiles
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of men born in the high incidence county [105, 106, 107, 108]. These studies
suggested that at least a proportion of the global variation in prostate cancer
incidence may be due to differences in lifestyle factors such as diet, and that
the effect of modifying such factors may be observed within one generation
(109, 110].

To that end, Doll and Peto (1981) [109] suggested that as much 35% of
cancer risk could be attributed to diet. However, subsequent research from
large prospective studies have yet to conclusively ascertain the influence of
diet on prostate cancer risk [111, 112]. To date, strong candidates for dietary

risk factors for prostate cancer are folate and Bis, and dairy products.

Folate and Bq5

A recent large meta-analysis of individual participant data (Up to N =
6,875, Neontrols — 8 104) of circulating folate and Bj, concentrations, and
prostate cancer found modest positive significant associations (ORs for the
top vs bottom fifths were 1.13 [95% CI, 1.02-1.26], ptrend = 0.018, for folate
and 1.12 [95% CI, 1.01-1.25], ptrend = 0.017, for vitamin B12). Further,
there was evidence that circulating folate concentrations were significantly
associated with risk for high grade tumours [113]. Folate is obtained largely
from green leafy vegetables and Biy is found most commonly in red meat
and offal. Folate and B may influence prostate cancer risk via their role in

deoxyribonucleic acid (DNA) synthesis, methylation, and repair [114].

Intake of protein from dairy

There is some evidence from the European Investigation into Cancer and
Nutrition cohort (EPIC) that the intake of protein from dairy is associated
with a modest increase in prostate cancer risk (OR for the top vs bottom
fifth were 1.22 [95% CI: 1.07-1.41, Ptrend=0.02]) [98]. Additionally, whole
milk has been strongly positively associated with risk of death from prostate
cancer in the Physicians’ Health Study (HR for 1 serving/d vs non-consumers
was 2.17 [95% CI: 1.34-3.51], Ptrend<0.001) [115]. Further, a recent meta-
analysis of dairy products and calcium intake and prostate cancer risk found
that high intake of dairy products, milk, low-fat milk, cheese, and total,

dietary, and dairy calcium may increase the risk of prostate cancer [18].
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Intake of red and processed meat

Evidence in favor of an association of red and processed meat with prostate
cancer has been inconsistent [116, 117]. Such inconsistency may be attributed
to lack of standardised definitions for meat exposures. However, a large
individual participant meta-analysis with standardised definitions for both
outcome and exposure (Up to Ne*¢s = 52 683, Neverall = 842 149) found no
overall association of red or processed meat with prostate cancer risk, and
a modest positive association was observed for advanced tumours (T4, N1,

M1, or fatal cases not initially diagnosed with localised disease) [19].

Intake of poultry

A World Cancer Research Fund (WCRF) report suggested that there may
be a positive association of total poultry intake and prostate cancer risk [20],
and a subsequent study found a significant positive association of intake of
poultry with skin and prostate cancer risk (HR for the top vs bottom tertile
was 2.26 [95% CI: 1.36, 3.76, P for trend = 0.003]) [118]. Further, a recent
large individual participant meta-analysis (see section 2.4.3) found higher
intake of poultry was associated with a modest significant reduced risk of
advanced and fatal prostate cancer [19]. Although the biological mechanism
for this association is unclear, a role for higher heterocyclic amine content in

poultry has been suggested.

Selenium

A 2014 meta-analysis (N°*¢"a!! = 3 559) found little evidence that circulating
concentrations of selenium were associated with prostate cancer risk [21].
However, a subsequent individual participant meta-analysis of 15 prospective
studies (Up to Ne®ses = 4527 Neonrols — 6 021) found nail concentrations
of selenium were associated with a reduced risk of prostate cancer, and that

this association may be specific to aggressive tumours [119].

Lycopene

A meta-analysis from 2015 (Up to Neases = 11,239, Neontrols — 18 541) found
no significant evidence that circulating lycopene concentrations were associ-
ated with prostate cancer risk overall. Notably, however, there was evidence

that lycopene may be specifically associated with a reduced risk for advanced
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prostate cancer and aggressive disease (Nedvanced — 1 654 Nagoressive — 1 741).
Lycopene may act as an antioxidant or may inhibit the cell cycle behaviours
[120].

a subsequent individual participant meta-analysis of 15 prospective stud-
ies (Nadvanced — 1 G54 Naggressive — 1 741) found nail concentrations of sele-
nium were associated with a reduced risk of prostate cancer, and that this

association may be specific to aggressive tumours [119].

2.4.4 Anthropometry

A meta-analysis (N°¢"!l = 79 387) in the most recent WCRF report shows
a dose-response, statistically significant 4% increased risk of prostate cancer
per 5 c¢m increase in height (RR 1.04, [95% CI 1.03-1.05]) [21]. Further,
a subsequent prospective analysis in the EPIC cohort found a significant
association of height with risk for death from prostate cancer (HR for the
top vs bottom quintile was 1.43 [95% CI: 1.14-1.80, P for trend = 0.001])
[121]. However, in contrast to the majority of observational literature, a large
Mendelian randomisation study (Up to N°®s¢s = 20,848, Neonirols — 2() 214)
found no significant association of height with risk of prostate cancer overall,
by tumour subgroup, or for death from prostate cancer [22]. The absence of
an association may indicate there is no true association of genetically defined
variation in adult height with prostate cancer or instead that environmental
(early life) factors that co-vary with height explain the previously reported
positive association of height with prostate cancer risk.

In a recent meta-analysis of available research by 2014 from the WCRF,
there was a modest increased risk of advanced prostate cancer associated with
BMI, waist circumference, and waist-hip ratio (RR per 5 kg/m? increase in
BMI 1.08 [95% CI 1.04-1.12], RR per 10 cm in waist circumference 1.12 [95%
CI 1.04-1.21], RR per 0.1 units in waist-hip ratio 1.15 [95% CI 1.03-1.28])
[21]. Further, a subsequent large prospective analysis in the EPIC cohort
found an elevated risk of high grade prostate cancer and death from prostate
cancer among men with higher body fatness (BMI, waist circumference, and
hip circumference)(HR for death from prostate cancer for the top vs bottom
quintile were 1.35 [95% CI 1.09-1.68], 1.55 [1.23-1.96], and 1.43 [1.14-1.79] for
BMI, waist circumference, and hip circumference, respectively) [121]. How-
ever, two recent large Mendelian randomisation studies did not find a sig-

nificant association of BMI and waist-hip ratio with prostate cancer risk, by
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tumour subgroup, or for death from prostate cancer [22, 122], which may
suggest that at least a proportion of the previously reported association of
body fatness with prostate cancer risk may be due to covariance with other
environmental, perhaps early life, factors. Indeed, one of the Mendelian ran-
domisation studies reports a significant increased risk of aggressive prostate

cancer associated with increased birth weight [122].

2.4.5 Other factors
Diabetes

Results from both a 2013 meta-analysis of 45 studies [123] and a subsequent
large prospective analysis in the EPIC cohort [124] suggest a significantly
reduced risk of prostate cancer among men with type 2 diabetes compared
to men without type 2 diabetes (RR 0.86 [95% CI 0.80-0.92] & RR 0.74
[95% CI 0.63-0.86], respectively). It also appears that duration of diabetes
is inversely associated with prostate cancer risk [123].

Men with severe type 2 diabetes also have lower circulating testosterone
concentrations that may result from a detrimental effect of hyperglycemia on
testosterone production, which may implicate the androgen pathway in these
results [125]. However, both men with low circulating testosterone concen-
trations and men with diabetes have been found to have significantly reduced
circulating PSA concentrations. As such, men diagnosed with diabetes may
also be subject to an inverse detection bias due to a reduced likelihood of

being referred for biopsy after a PSA test.

Sexually transmitted diseases

Two meta-analyses of sexually transmitted disease (STD) and prostate can-
cer risk [25, 26] have suggested that men who report having had an STD
may be at a significantly greater risk of being diagnosed with prostate can-
cer compared to men who do not report having an STD (RR: 1.49 [95% CI
1.19-1.92]) [26]. However, there is apparent heterogeneity by specific STD,
with gonorrhea demonstrating the strongest and most consistent association
26, 25]. Further, men whose partners report having an STD are at an in-
creased risk of being diagnosed with prostate cancer compared to men whose

partners do not report having an STD (RR: 2.06 [95% CI 1.02-4.19]) [25].
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When interpreting these results, it is necessary to acknowledge possible
sources of bias both by study design and due to the culturally sensitive nature
of reporting an STD. Dennis et al. (2002) [25] observed heterogeneity by
study design and no stratification by study design was reported in Gandini et
al. (2014) [26], as such it is possible that results were affected by differences in
case ascertainment. It is also possible that data were subject to reporter bias;
it has been extensively reported that the accurate estimation of sexual history
is sensitive to data collection methods, and that, in particular, questionnaires

may lead to bias among male reporters [126].

Vasectomy

A meta-analysis of five prospective cohort studies [33] and a subsequent anal-
ysis in the Cancer Prevention Study II and a Candadian population-based
matched cohort study found no significant elevated risk of prostate cancer as-
sociated with vasectomy [34, 24]. However, a large recent investigation in the
Health Professionals Follow-Up study has reported a significant increase in
risk of high grade (RR: 1.22 [95% CI 1.03-1.45]) and advanced stage prostate
cancer (RR: 1.20 [95% CI 1.03-1.40]) associated with having a vasectomy
[23]. Much of the previous research into the association of vasectomy and
prostate cancer risk has been from studies with a small number of exposed
cases (< 150) and little is understood about possible biological mechanisms.

As such, the role of vasectomy as a risk factor remains unclear.

2.5 Predicting prostate cancer risk

As discussed in section 2.3, a common criticism of PSA testing is that it is
highly non-specific for aggressive and lethal disease; one estimate suggests
almost 800 men need to be screened and approximately 30 diagnosed to
prevent a single prostate cancer specific death [76]. Although previous liter-
ature on risk stratification has reported on the utility of risk stratification for
prostate cancer by ethnicity, family history, and age [84, 127, 82, it is unclear
whether such strategies differentially identify men at high risk of aggressive
disease compared to prostate cancer overall [128]. There is, however, some
evidence that PSA may meaningfully stratify risk of aggressive and lethal
disease [129, 72, 74]. For example, up to 50% of men with lethal prostate
cancer by 75 yrs have PSA in the top decile at age 50 yrs [129].
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2.5.1 The four Kallikrein Risk score

The Kallikrein risk score (KLK) is a four biomarker panel (total, intact, and
free PSA, HK2, and age) developed to predict risk of high grade disease in the
ProtecT trial [46]. There is some evidence that KLK improves upon the pre-
dictive accuracy of a PSA-based model for outcome of prostate biopsy in both
screened and un-screened populations, and in men with a previous negative
biopsy. Additionally, it may improve prediction of high grade, metastatic,
and lethal prostate cancer, and may help with predicting prostate cancer in
men with PSA in the grey zone (3-7 ng/ml) [73, 46, 42, 72, 130, 131, 132].
Further, KLK has shown utility for risk stratification for distant metastases.
Compared to biopsying all men with PSA >3 ng/ml, a strategy that biopsied
all men with PSA >2 ng/ml and KLK >10% in the Vésterbotten Interven-
tion Project would produce a reduction in biopsy rates of 45% and detect a
comparable number of metastatic cases within 10 years (56 compared with

57 per 10,000 men) [72].

2.6 Classification of prostate cancer for present
analyses

Prostate cancer is classified using the TNM (tumour, nodes, metastases) tu-
mour grading system (TNM) [133] and the Gleason score [134], which were
created in the mid twentieth century to describe the clinical stage and patho-
logical grade of prostate cancer, respectively. As discussed above, diagnostic
practices for prostate cancer have changed due to the prevalence of PSA
testing, however, there have also been changes and improvements in prostate
biopsy techniques. Although the systematic sextant biopsy protocol has been
standard procedure since 1989 [135], there has been a recent trend towards
an increased number of biopsy cores, which is associated with an increased
number of cancers detected [136]. Further, there has been a trend towards
the allocation of higher grade to cancers that would have previously been
classified as low risk [133, 137, 138], and a commensurate update to scoring
recommendations for prostate cancer risk by Gleason score [139].

Changes to the classification of prostate cancer over time can introduce
systematic error into the estimation of an association between an exposure

and case status for prospective studies. Although many prospective studies
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aim to standardise the classification of prostate cancer and have collected
information on PSA testing, this has yet to be done within EPIC due to the
difficulties surrounding its international multi-centre design. Nevertheless,
this issue has been partly addressed by the adoption of a stringent stage and
grade classification, as detailed below.

In the EPIC study and the PRACTICAL study TNM was ascertained by
reference to pathology reports and cancer registry data to define two stage

categories: localised and advanced, as below.

e Localised (TNM: T1-T2 and NO/Nx and M0/Mx, or stage coded in the

recruitment centre as localised)

e Advanced (TNM: T3-T4 and/or N1-N3 and/or M1, or stage coded in

the recruitment centre as metastatic)

Information on Gleason score was used to define two stage categories:

low-intermediate grade and high grade, as below.

e Low-intermediate grade (Gleason score less than 8, or grade coded as

well differentiated, or moderately or poorly differentiated)

e High grade (Gleason score of 8+, or grade coded as undifferentiated)

All analyses that follow in this thesis will use the aforementioned defini-

tions.

2.7 Conclusion

Prostate cancer is the second most highly incident cancer in men, globally.
Although prostate cancer incidence rose between 1990 and 2012 for the ma-
jority of countries, it should be noted there was heterogeneity for temporal
trends between developing and developed nations, which may be attributed
to diagnostic practices, such as the frequency of PSA testing.

Germline genetic polymorphisms are one possible mechanism through
which age (particularly early onset disease), family history, and ethnicity
may be associated with prostate cancer aetiology. To date, however, it is
unclear via which pathway many of the genetic risk variants relate to the

incidence of prostate cancer. Of these variants, the strongest candidate SNP,
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rs10993994, may act via the downstream association of the protein coded
by the MSMB gene, MSP. As there is only one prospective analysis of the
association of MSP with rs10993994 or with prostate cancer, more research
is need to understand both rs10993994 and MSP with relation to prostate
cancer risk.

Of the established risk factors for prostate cancer only IGF-I has the
potential to be modifiable through its association with the intake of protein
from dairy produce. As with the other implicated dietary factors, however,
it is not yet clear whether the intake of protein from dairy sources is robustly
associated with risk for prostate cancer. Although novel statistical methods
such as Mendelian randomisation may aid in establishing greater confidence
for dietary risk factors for prostate cancer, such methods require genetic
instrumental variables that are not yet available.

Regarding other potential modifiable risk factors, much observational
data suggests a positive association of body fatness with risk for prostate
cancer. However, a number of recent large Mendelian randomisation studies
that do not support the association, and so, as with other putative risk fac-
tors discussed above, its role in prostate cancer aetiology remains unclear.
In contrast to many of the other putative risk factors discussed above, there
are relatively few data from large prospective cohorts on the association of
vasectomy and prostate cancer risk. Given its widespread use as a cheap and
highly effective form of male sterilisation, further research is necessary.

It is notable that little of the research into risk factors for prostate cancer
has been translated into advances in risk prediction. Although there is some
support for the utility of the four Kallikrein score for the improvement of
specificity of prostate cancer diagnosis, it has yet to be widely adopted in
clinical practice. One potential reason for the slow adoption may be relatively
sparse evidence for the association of its constituent proteins with prostate
cancer risk; namely, there is little evidence in men without elevated PSA for
the association of HK2 with prostate cancer. Given the potential benefits of
the four Kallikrein score, it is important to understand better the association
of its constituent proteins with prostate cancer risk.

The following thesis will aim to address gaps in our understanding of a

number of these factors with relation to prostate cancer risk.
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Figure 2.1: Estimated age-standardised prostate cancer incidence per 100,000
worldwide in 2012
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Figure 2.2: Estimated age-standardised prostate cancer mortality per 100,000
worldwide in 2012
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Chapter 3
Studies Used in this Thesis
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3.1 Summary

Data from two large prospective cohorts and one large consortium were used
in the analyses for this thesis. What follows is a brief description of the
design and methods for the European Prospective Investigation into Cancer
and Nutrition [140], UK Biobank [141], and the PRACTICAL consortium
[12].

3.2 The European Prospective Investigation
into Cancer and Nutrition (EPIC)

3.2.1 Introduction

The EPIC cohort was established in 1992 [140] with the principal aim of in-
vestigating the prospective association of a variety of nutritional and lifestyle
factors with various cancer endpoints in men and women from a large Eu-
ropean population. However, with the increasing availability of affordable
technologies, EPIC has also investigated genetic [142], molecular [143], and
metabolomic risk factors [144], extracted from blood samples taken at base-
line, in relation to a more diverse range of endpoints including, for example,

cardiovascular disease and diabetes.

3.2.2 Design and Methods

EPIC is an ongoing multi-centre prospective cohort study. The prospective
design has included the collection of lifestyle and anthropometric informa-
tion as part of a baseline questionnaire, and interview data on diet and
non-dietary variables, as well as blood samples for long-term storage from
apparently healthy populations. Participants are followed up over time for
the occurrence of cancer and other diseases, and for overall mortality. In
addition, at regular intervals, follow-up questionnaires are used to collect
updated information on exposures suspected to be related to disease risk.
The EPIC cohort consists of 519,978 participants (366,521 women and
153,457 men), from 23 centres located in 10 European countries - enrolment
of subjects for all EPIC centres was between 1992 and 2000. EPIC began
with 17 recruitment centres in seven countries (France, Germany, Greece,
Italy, The Netherlands, Spain and the UK). Subsequently, centres in three
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Scandinavian countries joined (Denmark, Norway, and Sweden), and one
additional centre in Italy (Naples) as they were already engaged in broadly

similar prospective research [140].

3.2.3 Recruitment
Data

Source populations were generally identified by geographic administrative
boundaries, constituting a sample of convenience, and invited in person, by
phone, or by mail to complete baseline EPIC questionnaires. At enrolment
participants were mostly aged between 35 and 79 years. Only some of the
centres have maintained records of the number of individuals invited to par-
ticipate, however, estimates of response rates were between approximately
22% and 60% across centers [145, 146, 147, 148].

There were some exceptions to how participants were identified: the
French cohort was recruited from members of teachers health insurance records;
Italian and Spanish cohorts were, in part, recruited from members of a lo-
cal blood donor association; Utrecht (The Netherlands) and Florence (Italy)
centres included women invited for a local population-based breast cancer
screening programme; and half of the Oxford (UK) cohort was recruited
from participants that did not consume meat, including vegans, lacto-ovo
vegetarians and fish eaters. Additionally, in France, Norway, Utrecht (The
Netherlands) and Naples (Italy) only women were recruited [140].

Once invited, individuals who agreed to participate provided informed

L on diet, lifestyle-factors, socio-

consent and were mailed a questionnaire
demographic characteristics, and medical history. In general, participants
completed the questionnaire at home and were subsequently invited to a re-
cruitment centre for examination. Differences in procedure were observed:
although Greek participants were initially invited by mail, due to poor re-
cruitment numbers active recruitment was initiated, and participants com-
pleted an interviewer-administered questionnaire; in Denmark and in Malmo
(Sweden), participants completed dietary questionnaires at home and later
provided information on lifestyle-factors, socio-demographic characteristics,
and medical history at recruitment centres; in Umea (Sweden) both diet,

and lifestyle-factors, socio-demographic characteristics, and medical history

ISee Appendix B
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questionnaires were completed at a recruitment centre; in Norway, although
participants were initially mailed a questionnaire unrelated to EPIC, they
were subsequently mailed and completed EPIC questionnaires, and had blood
samples mailed to the recruitment centre in Tromsg [140].

Examination at recruitment centres included the collection of question-
naires, venepuncture, measurement of blood pressure, and measurement of

anthropometry.

Dietary assessment

Diet was assessed by one of three methods that had been developed and
validated by a series of studies within the various source populations [149,
150].

1. In Germany [151], Greece, northern Italy, and The Netherlands self-
administrated quantitative dietary questionnaires, containing up to 260
food items and that estimated individual average portions systemati-
cally, were used. In France, Ragusa (south Italy), and Spain a similar
questionnaire that was instead structured by meals was used. Addition-
ally, to address concerns of compliance, recruitment centres in Spain
and the Ragusa centre (Italy) performed computer-assisted, face-to-

face dietary interviews.

2. In Denmark [152], Norway, Naples (Italy), and Umea (Sweden) a semi-
quantitative food-frequency questionnaire (with the same standard por-

tions assigned to all subjects) was used.

3. In Malmé [153] (Sweden) and the UK [154] combined dietary meth-
ods were used. Both the Cambridge and Oxford centres used a semi-
quantitative food-frequency questionnaire and a seven-day record. In
Malmo a method combining a short non-quantitative food-frequency

questionnaire with 14-day record of hot meals consumed was used.

Non-dietary questionnaire data

Questionnaires were used to collect information on a large number of lifestyle
and socio-demographic characteristics, and medical history, that were sus-
pected to be related to nutritional status or cancer risk. A common set

of questions and possible answers were agreed upon and translated for the
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seven initial EPIC countries [140]. Questions included: current and past oc-
cupation that might have led to exposure to carcinogens; history of previous
illness, disorders or surgical operations; lifetime history of tobacco smoking;
lifetime history of consumption of alcoholic beverages; and physical activ-
ity (occupational, walking, cycling, gardening, housework, physical exercise,
climbing stairs).

Independent questionnaires were developed for Danish and Swedish cen-
tres as they joined EPIC at a later stage. Nonetheless, questionnaires for
these centres covered largely the same variables, and a comprehensive re-
coding scheme was developed to minimise the disparity in the measurement

of questionnaire variables between EPIC recruitment centres [140].

Anthropometric measurements

Height, weight, and waist and hip circumference were measured for almost
all participants using a similar protocol. Exceptions were: in Umea (Sweden)
only weight and height were measured; in Oxford (UK) weight, height, and
waist and hip circumference were measured only for a subset of participants,
however, self-reported weight and height were available for all participants;
for Oxford (UK) self-reported waist and hip circumference was also available;
and in Norway only self-reported weight and height were available. Addition-
ally, in Denmark, Italy, Germany, Greece, Italy, Denmark, and Spain sitting
height was measured [140].

Blood collection and storage

Blood samples were collected from 385,747 EPIC study participants and later
separated into plasma, serum, white blood cells, and erythrocytes. There
were minor differences in collection and storage procedures among the seven
initial EPIC countries. However, there were greater differences in collection
procedures between the seven original EPIC countries and the three Scandi-
navian countries that later joined EPIC.

To ensure standardisation among the initial seven EPIC countries, all ma-
terials (syringes, straws, etc.) were purchased centrally and then distributed
to participating centres. All blood samples were aliquoted into 28 plastic
straws that each contained 0.5 ml (12 plasma with sodium citrate, eight
serum, four erythrocytes, and four buffy coat for DNA). The 24 straws were

then split into two mirrored halves; one set of aliquots was stored locally and
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the other set was transported to IARC to be stored in liquid nitrogen (at
-196°C) at a central repository. A slight deviation from these procedures was
observed of Oxford centre samples; the blood samples were delivered by mail
from GP practices to a central laboratory.

Swedish and Danish blood samples were stored in tubes rather than plas-
tic straws and so, for practical reasons, are stored in local repositories rather
than at the central IARC repository. Swedish samples are kept in freezers at
- 70°C, and Danish samples are stored in nitrogen vapour at - 150°C [140].

In total, the IARC repository contains approximately 3.8 million straws

from 275,861 participants.

Data entry and storage

EPIC questionnaire data including centre-specific and EPIC-wide standard-
ised variables and formats are stored centrally at IARC in the EPIC ORA-
CLE database. Personal identifying information is stored locally at recruit-

ment centres [140].

3.2.4 Ethics

All participants gave written and informed consent. Approval for the EPIC
study was obtained from local ethical boards for participating institutions

and from TARC.

3.2.5 Follow-up
Changes in lifestyle and health conditions

After being initially recruited, members of the EPIC cohort are contacted
at regular intervals to gather information on a variety of variables that may
be expected to change over time. These variables include, among others:
smoking status, alcohol consumption, vasectomy status, and weight. Addi-
tionally, information on whether participants had suffered any major diseases
is collected [140].

Cancer incidence and overall mortality

Follow-up for cancer diagnosis was obtained from national and regional can-
cer registries for Denmark, Italy, the Netherlands, Norway, Spain, Sweden,

and the United Kingdom. In France and Greece follow-up was achieved by a
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combination of health insurance records and cancer and pathology registries.
For Germany active follow-up, including inquiries by mail or telephone to
participants, municipal registries, regional health departments, physicians,
and hospitals, was used. Information on death, including death from prostate
cancer as the underlying cause, was obtained from mortality registries, active
follow-up, and death certificates [140]. Details pertaining to the analysis-

specific methods are elaborated in the methods section of each chapter.

3.3 UK Biobank

3.3.1 Introduction

The UK Biobank is a large prospective cohort study that was established,
primarily, to investigate the lifestyle and genetic determinants of a range of

health outcomes that occur in middle and later life [141].

3.3.2 Design and Methods

UK Biobank is an ongoing prospective cohort study of approximately 500,000
individuals (229,171 men and 273,461 women). Participants were aged be-
tween 40 and 69 years between 2006 and 2010, and located in proximity to one
of 22 recruitment centres in England, Scotland, or Wales. The prospective
design has included the collection of questionnaire data on, among others,
diet, lifestyle, and anthropometric variables. Further, biological samples were
collected from all participants at baseline, and have been used to conduct
genotyping and a selection of biological assays for the entire cohort

Follow-up for common diet, lifestyle, and anthropometric variables is con-
ducted at regular intervals via web-based questionnaires for large represen-
tative subsets of the cohort. In addition, ongoing enhanced phenotyping
(for example, magnetic resonance imaging and accelerometer measurements
for physical activity) is conducted on large subsets of the cohort. All par-
ticipants are followed-up for health outcomes through linkage to national
electronic health-related datasets [141].
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3.3.3 Recruitment
Data

Postal invitations were sent to 9,238,453 individuals registered with the
National Health Service (NHS) who were aged 40-69 years and also lived
within approximately 25 miles of one of the 22 UK Biobank recruitment cen-
tres located throughout England, Wales and Scotland. Following invitation,
503,317 participants consented to join UK Biobank and went on to attend
a recruitment centre between 2006 and 2010 - the overall response rate was
5.74% [155].

To optimise the accuracy and completeness of consent procedures, and
data collection, computerised direct entry was used at recruitment centres.
After participants completed consent procedures, the touch screen self-admin-
istered questionnaire [156] was used to collect the majority of baseline infor-
mation (described in more detail below).

For information that was not easily collected by touch-screen (questions
not answered by categorical or numerical responses, for example), a sub-
sequent computer-assisted personal interview (CAPI) was used. To assist
CAPI, a pre-visit aide memoire was provided to participants to reduce dif-
ficulty or inaccuracy in the recollection of certain information (medication,
previous operations, family history of disease, or birth details, for example).
During this portion of data collection, certain questions were asked only to
participants that had given particular answers to previous touch-screen ques-
tions (if a participant indicates particular medical conditions, the interviewer

was prompted to additional disease-specific questions, for example) [141].

Dietary assessment

UK Biobank used both a short, self-completed food frequency questionnaire
(FFQ) at recruitment and a follow-up 24-hour dietary recall questionnaire
(DRQ) to assess diet [157]. The FFQ was designed to rank participants at
baseline according to commonly eaten food groups among a British popula-
tion, and to collect information on the intake of some commonly consumed
sources of nutrients [158]. The FFQ was also supplemented by a DRQ that
was completed in large sub-cohorts on-line at regular intervals after recruit-
ment - for a small number of participants, recruited towards the end of the

recruitment period, the DRQ was also completed at recruitment centres.
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Non-dietary questionnaire data

Questions that concern socioeconomic status were included on housing tenure,
car ownership, household income, household structure, employment status
and current occupation, ethnicity and country of birth, qualifications and
school leaving age. Questions included were mostly sourced/adapted from
general population surveys (such as the 2001 Census [159] and the Health
Survey for England [160]).

Smoking behaviour questions were adapted from various longitudinal epi-
demiological studies and surveys, and covered duration and dose of smoking
behaviour. Alcohol consumption was investigated with quantity-frequency
type questions, and include beverage specificity to assist in accurate report-
ing. For both smoking and alcohol exposure, reasons for recent cessation
were investigated to account for possible reverse causality [141].

Questions relating to birth weight, breastfeeding, maternal smoking, child-
hood body size, and residence at birth were included. In addition, a limited
family history among first degree relatives, for a given participant, of common
serious illnesses, such as cancer or cardiovascular disease, as well as questions
about being a twin or other multiple order birth were included [141].

Medical history, reproductive history for women, general health ques-
tions, self-reported disability, as well as some limited phenotype information
(related to skin and hair colour, chronic pain and chest pain, wheeze) were
assessed. To avoid inaccuracy, this was done via CAPI and administered by
trained interviewers [141].

Questions that concern environmental exposures covered a variety of top-
ics, for example: current address, residence at birth, occupation at baseline
and other workplace factors, passive smoke exposure, indoor air pollution,
and mobile phone use were collected [161, 162]. Blood and urine sample col-
lection were also used to quantify environmental exposures, such as cotinine
for cigarette smoke.

Physical activity was assessed by a validated survey instrument [163],
and was intended to rank physical activity (vigorous, moderate, and walk-
ing). Common sedentary activities were collected to provide a composite
measure of physical activity [164, 165], and follow-up information for physi-
cal activity was collected for approximately 20,000 participants who attended
a repeat assessment. Additionally, objectively measured physical activity was

collected on a sub-sample of the population using accelerometers [166].
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Information on psychological state and cognitive function was collected
via a paired-associated learning questions to assess global cognition and re-

action time tests for touch-screen administration [167, 168].

Anthropometric measurements

Blood pressure was measured using the Omron HEM-7015IT digital blood
pressure monitor. Participants were measured twice with a short rest be-
tween measurements (about one minute). Blood pressure was subsequently
remeasured in large sub-cohorts of UK Biobank (~25,000) to allow for the
correction of regression dilution. Weight and bio-impedance were measured
using the Tanita BC-418 MA body composition analyser, which accurately
measures weight to within 0.1 kg. Standing and sitting height (shoeless) were
measured using a Seca 202 height measure. Hip circumference and waist cir-
cumference (at the level of the umbilicus) were measured using a Wessex non-
stretchable sprung tape measure. Right and left hand grip strengths were
measured once each using a Jamar J00105 hydraulic hand dynamometer.
The Vitalograph Pneumotrac 6800 spirometer was used to collect informa-
tion on Spirometry - up to three measurements of lung function were taken to
improve accuracy. Calcaneal bone density in the left heel was measured us-
ing the Norland McCue Contact Ultrasound Bone Analyser (CUBA), which
provides a measure of Broadband Ultrasound Attenuation (BUA) [141].

Blood collection and storage

A protocol for the collection of biological samples was created to ensure stan-
dardised collection across recruitment centres, and that the widest range of
assays could be measured in future research. During the baseline assessment
visit a 40-50 ml blood sample was collected from all participants using a va-
cutainer system. Blood was then separated into tubes as described in Table
3.1. With the exception of acid citrate dextrose (maintained at 18°C), all
tubes were maintained at 4°C until shipped to central processing laborato-
ries. Blood samples for each individual were aliquoted into approximately 24
1.4 ml samples for long-term frozen storage (see table). After recruitment,
UK Biobank stores about 15 million 1.4 ml aliquot tubes. Samples are stored
in two geographically separate locations to protect resources against unfore-

seen consequences (see Table 3.2). A "working” archive holds approximately
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9 million samples at -80°C, while a ”"back up” archive holds approximately 6

million samples in liquid nitrogen (-196°C) [141].

Data entry and storage

UK Biobank holds data of many sorts on participants, and ranges from sim-
ple demographic information to more complex clinical data such as ECG
results and eye scans. UK Biobank does not provide information such as
NHS number, name, or postal address, as these could be used to identify in-
dividual participants. Instead UK Biobank provides data, on an application-
specific basis, via reverse-anonymised form encoded using an irreversible al-
gorithm. Specifically, UK Biobank retains an internal database that enables
UK Biobank (and only UK Biobank) to reverse anonymise the data [169].

3.3.4 Ethics

All participants provided written informed consent. Approval for the UK
Biobank was obtained from the North West Multi-centre Research Ethics
Committee for local NHS Primary Care Trusts, the National Information
Governance Board for Health and Social Care in England and Wales, and
the Community Health Index Advisory Group in Scotland [141].

3.3.5 Follow-up
Changes in lifestyle and health conditions

Following initial assessment at recruitment, large subsets of participants (ap-
proximately 25,000) are contacted at regular intervals every 2-3 years. A large
proportion of variables included in follow-up assessment are repeats of those
previously included at baseline to allow for correction of regression dilution.
However, repeat assessment was also used to collect additional information
on a variety of exposures such as the DRQ (see section) and additional in-

formation on physical activity [141].

Disease incidence and mortality

Detailed access to past and future medical, and other health-related records
was obtained for all participants by reference to NHS number in England
and Wales and the Community Health number in Scotland. In practice,

these identifiers were used to link to a variety of data sources and systems
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to ascertain death, disease occurrence and other health-related information
among participants during long-term follow-up, these include: death and
cancer registries, and general practice and hospital activity records. Ad-
ditional identifiers (name, date of birth, for example) were also obtained
to enable linkage to other types of health-related information (occupational
health records, for example). To reduce loss of follow-up, information includ-

ing telephone number and e-mail address were collected [141].
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3.4 PRACTICAL

3.4.1 Introduction

The Prostate Cancer Association Group to Investigate Cancer Associated
Alterations in the Genome (PRACTICAL) consortium was established in
September 2008 to gain insight into the genetic architecture and mechanisms
of prostate cancer risk[170]. The Consortium currently consists of 123 dif-
ferent study groups, incorporating sites in the EU, Australia, China, Japan,
India, Africa, Canada and USA. At present, it has access to samples from
over 120,000 prostate cancer cases and 100,000 controls from two large geno-
typing projects: the iCOGS array [12] and the OncoArray [37].

3.4.2 Ciriteria for joining PRACTICAL and participat-
ing studies

To join PRACTICAL a given study must include at least 150 cases of prostate
cancer and 150 suitably matched controls and have blood samples available
for genotyping. However, for studies within emerging nations study size
requirement may be relaxed to at least 50 cases and 50 matched controls.
Cases may be selected based on age, family history, or tumour characteristics
but must have invasive prostate cancer, and only one member per family
should be included. All controls must be male and matched on ethnicity,
and preferably, also matched by geographical region. Although it is not
essential to include age-matched controls, where age matching is performed
controls should be cancer free within five years of their index case. Note, the
controls should not be from men unaffected by prostate cancer in the family
[170].

A brief description of the studies within PRACTICAL that are included
in analyses for this thesis can be found in Table 3.3. The description includes:
the name of a given study, the number of cases and controls it contributes,
the study design, the location of the study, and, where applicable, a reference
to further study details. Due to the nature of the PRACTICAL consortium,
some included studies do not have existing publications and so lack references
to further information; in this case, further information can be found in the
supplementary materials [171] for Eeles et al. (2013) [12]
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3.4.3 Available phenotypic and epidemiological data

A comprehensive data dictionary has been created using questionnaires from
studies in PRACTICAL. The data dictionary currently includes common
clinical, pathological, survival, and epidemiological variables. Variables are
included if they are available in at least half of participating studies.

Core variables are defined as: ID and study ID, case status, ethnicity,
date of birth, age at interview/diagnosis, family history of prostate cancer
and number of relatives affected by prostate cancer, date of last follow-up,
months between diagnosis and last follow-up, vital status, cause of death,
and date of death.

Pathological /clinical data were available from studies for: date of blood
draw, Gleason’s score, cancer stage, PSA at diagnosis, international prostate
symptom score, method of detection for prostate cancer, prostate cancer reat-
ment, TMPRSS2-ERG fusion status, BRCA mutation, and MMR mutation.

Epidemiological data were available from studies for: country of origin,
educational attainment, marital status, occupational history, physical activ-
ity, smoking status, caffeine consumption, alcohol intake, acne, vasectomy
status, baldness, family history of breast cancer, barium enema use, history
of X-ray use, hypertension, heart disease, diabetes, prostatitis, benign pro-
static hyperplasia, sexual activity, BMI, hand pattern, and medication use
[172].

3.4.4 Genetic data
1ICOGS

iCOGS is a custom Illumina iSelect genotyping array, designed as part of
the Collaborative Oncological Gene-Environment Study (COGS) that was
created to investigate genetic polymorphism associated with three hormone
related cancers: breast, ovarian, and prostate. The array includes SNPs
associated with: risk for these cancers in genome-wide association studies
(GWAS); breast or ovarian cancer risk in carriers of BRCA1 or BRCAZ2;
subtypes of disease (for example, aggressive prostate cancer); survival af-
ter diagnosis; related quantitative traits; and functional candidate variants,

including rare variants in known cancer susceptibility loci [12].
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OncoArray

The OncoArray is a custom I[llumina SNP genotyping array that was designed
to evaluate genetic variants for their association with the risk of breast, ovar-
ian, prostate, colorectal and lung cancer, as part of the GAME-ON initiative.
The array includes approximately 600k SNPs with a genome-wide backbone.
In addition, it includes SNPs that are believed associated with: the 5 cancers;
SNPs associated with ancestry; quantitative traits such as obesity, physical
activity, non-steroidal anti-inflammatory drug use, hormone use, diet, smok-
ing, and alcohol; pharmacogenetics; and fine-mapping of common cancer

susceptibility loci [37].

3.5 Outcome of incident prostate cancer

Prostate cancer case status was defined as code C61 according to the 10!

revision of the International Classification of Diseases [173].
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Table 3.1: UK Biobank blood collection and transport temperature protocol

Type of sample

Collection priority Volume collected (ml)

Transport temperature (°C)

EDTA

EDTA (PST®#)

Clot activator (SST?)
EDTA

Acid citrate dextrose

EDTA

1

O Ol = W N

9

=~ Oy © 00 0o

4
4
4
4

—_
%)

2 Plasma separation tube

b Serum separation tube



Table 3.2: UK Biobank blood collection and storage protocol

Number of aliquots

Vacutainer tube Fractions R0°C  Liquid N,
Plasma 6 2
EDTA x 2 Bufty coat 2 2
Red cells - 2
EDTA (PST) Plasma 3 1
Clot activator (SST) Serum 3 1
Acid citrate dextrose DMSO blood - 2

& Plasma separation tube

b Serum separation tube
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Table 3.3: Studies contributing to PRACTICAL

Study Name Cases/Controls Design Location

Aarhus Prostate Cancer Study 1,077/545 Hospital-based case-control, retrospective Aarhus, Denmark [174]
The Agricultural Health Study 471/1,179 Nested case-control, prospective Iowa and North Carolina, U.S. [175]
Alpha-Tocopherol Beta-Carotene 1,279/1,915 Nested case-control, prospective Various regions, Finland [176]
French Prostate Case-Control Study 922/645 Hospital-based case-control, retrospective Paris, France [13]

City Of Hope 257/259 Hospital-based case-control, retrospective Los Angeles, U.S.

the Cohort of Swedish Men 2,293/1,122 Population-based cohort, prospective Vistmanland and Orebro, Sweden [177]
Copenhagen Prostate Cancer Study 1 536/258 Nested case-control, prospective Copenhagen, Denmark [178]
Copenhagen Prostate Cancer Study 2 444/228 Nested case-control, prospective Copenhagen, Denmark [179]
EPIC 635/693 Nested case-control, prospective See 3.2 [140]

ERSPC? 71/65 Population-based randomised trial Multi-centre, Europe [76]
ESTHERP 324/315 Nested case-control, prospective Saarland, Germany [180]
Fred Hutchinson Prostate Cancer Studies 407/388 Case-control, retrospective King County, U.S. [181]
Institut fuer Humangengetik Ulm 146/149 Hospital-based case-control, retrospective Germany

Health Professionals Follow-up Study 1,168/1,044 Nested case-control, prospective Massachusetts, U.S. [182]
IMPACT® 49/867 Case-control, prospective U.K./U.S. [183]
Portuguese Oncology Institute of Porto 374/180 Hospital-based case-control, retrospective Portugal [184]
Katholieke Universiteit Leuven 164,/103 Hospital-based case-control, retrospective Belgium [185]

Los Angeles Prostate Cancer Study 440/282 Case-control, retrospective Los Angeles County, U.S.
Multi Case Control Study-Spain 520/397 Hospital-based case-control, retrospective Spain [186]
Melbourne Collaborative Cohort Study 714/316 Nested case-control, prospective Melbourne, Australia [187]
Multiethnic Cohort Study 598/642 Nested case-control, prospective Hawaii and California, U.S. [27]
The Moffitt Group 403/203 Hospital-based case-control, retrospective Tampa, Florida [188]
Prostate Cancer study, Sofia 192/89 Hospital-based case-control, retrospective Sofia, Bulgaria [12]
Physicians Health Study 622/257 Nested case-control, prospective Massachusetts, U.S. [189]
PLCO4 678/980 Population-based randomised trial U.S. [78]

The Poland Group 484/317 Case-control, retrospective Szczecin, Poland
Prostate cancer genetics in Galicia 129/100 Case-control Galicia, Spain
Progression in cancer of the prostate 659/236 Population-based case-control, retrospective Sweden [190]
PROFILE® 13/21 Hospital-based case-control, retrospective U.K.
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Prostate Cancer Group, Santiago
Mechanisms of progression and Treatment
The QldMen and the Red Cross study
Study of Epidemiology and Risk Factors
San Francisco Prostate Cancer Study
Aggressive prostate disease

Stockholm 2

Genetic Predisposition to Prostate Cancer
Princess Margaret Biopsy Database

U.K. Genetic Prostate Cancer Study
Familial Prostate Cancer Study Germany

673/322
838/11
3,282/1,241
2,511/1,442
279/205
40/170
3,019/1,481
2,421/1,183
668/455
11,972/6,932
457/178

Hospital-based case-control, retrospective
Case-control, retrospective
Hospital-based case-control, retrospective
Hospital-based case-control, retrospective
Population-based case-control, retrospective
Hospital-based case-control, retrospective
Population-based case-control, retrospective
Population-based case-control, retrospective
Hospital-based biopsy cohort, prospective
Case-control, retrospective
Population-based case-control, retrospective

Santiago, Spain [191]
UK. [192
Queensland, Australia [193]
UK. [194]

San Fransisco, U.S. [195]
Guernsey
Stockholm, Sweden [196]
Finland [12]
Toronto, Canada [197]
UK. [198]
Germany [199]

Total

48,471/29,866

& Randomized Study of Screening for Prostate Cancer

b Epidemiological investigations of the chances of preventing, recognizing early and optimally treating chronic diseases in an elderly population

¢ Identification of Men with a genetic predisposition to ProstAte Cancer: Targeted screening in men at a higher genetic risk and controls

4 Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial

¢ Germline genetic profiling: correlation with targeted prostate cancer screening and treatment The Pilot Profile Study



Chapter 4

Vasectomy and prostate cancer
risk in the European
Prospective Investigation into
Cancer and Nutrition
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4.1 Introduction

Vasectomy has been implicated as a risk factor for total and aggressive
prostate cancer by some [23, 200, 201, 202] but not all cohort studies [33,
34, 24, 203, 204]. Notably, no study has successfully supported a biological

rationale for the reported risk of vasectomy associated with prostate cancer.

4.1.1 Vasectomy

Vasectomy is a common method of birth control for men in which the vas
deferens is cut, blocked, or sealed to prevent sperm from traveling from the
testes to the seminal fluid [205]. Estimates suggest between 40 and 60 million
men globally have opted for this procedure as a form of contraceptive [206].
The two most widely used surgical methods when performing a vasectomy
are an incisional method and a no-scalpel technique. While the incisional
technique requires one to two cuts (between 1 and 2 cm in length), the
no-scalpel technique uses a custom, pointed forceps-type tool to puncture
the scrotal skin [205]. Two randomised control trials, that compared these
two techniques, found no difference in efficacy for preventing conception.
However, the no-scalpel procedure was associated with fewer hematomas and
post-surgery infections, less bleeding and pain, and faster return to normal
sexual activity [207, 208].

4.1.2 Factors associated with having a vasectomy

A number of lifestyle factors have been associated with having a vasectomy
from published cohort studies. For example, in a US study compared to men
without a vasectomy, men with vasectomies have been reported as more likely
to be married (92% vs. 87%) [200], to have remarried (15% vs. 10%) [202],
and less likely to be college educated (38% vs. 46%) [202]. Further, com-
pared to men without a vasectomy, vasectomised men have been reported to
be more likely to drink alcohol (44% vs. 36%, drink >2 g/day) [200] and less
likely to abstain from alcohol consumption (19% vs. 22%) [201]. Men with
vasectomies were also more likely to have a history of prostate-specific anti-
gen (PSA) testing than men without a vasectomy (67% vs. 59%) [23], and
less likely to have never had a PSA test (12% vs. 16%) [34]. Additionally,

men with a vasectomy have been reported to have a higher, age-adjusted,
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prevalence of human papilloma virus (22% vs. 14%) than men without va-

sectomies [23].

4.1.3 Epidemiological studies of vasectomy and prostate
cancer

A meta-analysis of 22 observational studies of vasectomy and prostate cancer
found a relative risk of 1.37 (95% CI 1.15-1.62) [33] for men with a vasectomy
compared to those without a vasectomy. However, 17 of these studies used a
retrospective case-control design, which Dennis et al. (2001) partitions into
population-based and hospital-based (HR: 1.14 [95% CI 0.93-1.39] HR: 1.92
[95% CI 1.37-2.67], respectively). The relative risk for the five prospective co-
hort studies was 1.22 (95% CI 0.90-1.64) [33]. Further, two subsequent, large
prospective studies have also found no significant association of vasectomy
with prostate cancer risk overall, by tumour subtype, or for fatal prostate
cancer [34, 24].

It is possible that the differences in the association of vasectomy with
prostate cancer by study design may be explained by a detection bias [206,
33, 209, 210]; men who receive a vasectomy may also be more likely to be
individuals that highly monitor their health, and thus, be more likely to have
a PSA test, which may lead to an increase in the diagnosis of prostate cancer
that does not reflect a true association of vasectomy with prostate cancer.
Indeed, as described in section 4.1.2, there is evidence that, compared to men
without a vasectomy, vasectomised men are more likely to have a history of
PSA testing (67% vs. 59%) [23, 200, 34]. However, many of the studies to
date have not been able to fully account for differences in the use of PSA
tests among participants.

The Health Professionals Follow-Up study has recently reported a sig-
nificant increase in the risk of total prostate cancer and aggressive prostate
cancer associated with having a vasectomy of 1.10 [95% CI 1.04-1.17], and
1.22 [95% CI 1.03-1.45], respectively, with 24 years of follow-up in the largest
cohort to date with 1,524 cases with vasectomy [23]. Further, this study
found a significant association of vasectomy with risk of fatal prostate cancer

in a highly screened sub-cohort (1.56; [95% CI 1.03-2.36]).
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4.1.4 Proposed mechanisms

There is little consensus for an underlying biological mechanism to explain
an association of vasectomy with prostate cancer. Although Howards (1993)
[211] suggested that vasectomy might disrupt the regulation of endogenous
growth factors, the only evidence of increased cell proliferation post-vasectomy
(PV) is in rat models [212]. Research on immunological changes PV has sug-
gested that antisperm antibodies may be elevated in vasectomised compared
to non-vasectomised men [213, 214, 215]. However, there is no evidence, as
yet, that sperm sera-induced immunological response PV explain an associa-
tion of vasectomy with prostate cancer. It is also possible that sex hormones
differ by vasectomy status [216]; dihydrotestosterone has been found ele-
vated in vasectomised men compared to non-vasectomised men [213], and
testosterone was slightly elevated among men post-vasectomy compared to
pre-vasectomy [217]. However, many subsequent studies have failed to find
differences in sex hormone levels by vasectomy status [23, 217, 218]. In ad-
dition, there may be differential regulation of seminal proteins among men

with a vasectomy compared to men without a vasectomy [219].

4.2 Aim of Study

The current chapter will investigate the association between vasectomy and
prostate cancer risk in EPIC, with a focus on tumour stage and grade, and
death from prostate cancer. It will also look at the cross-sectional associa-
tion of vasectomy with PSA-testing, and circulating concentrations of seminal
proteins, insulin-like growth factors, and steroid sex hormones. Finally, cur-
rent available evidence for an association of vasectomy with prostate cancer
risk from prospective studies will be summarised by inverse-variance weighted

meta-analysis.

4.3 Methods

4.3.1 Study Population

These analyses use data from the EPIC cohort [140]. Although complete
details on the cohort can be found in Chapter 3, see below for specific details

that are pertinent to the analysis of vasectomy and prostate cancer risk.
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This chapter includes 84,753 men from Denmark, Germany, Spain, and
the United Kingdom who provided information on vasectomy status at re-
cruitment; data on vasectomy were missing for 712 men for these countries.
Information on vasectomy was not available for men in Italy, The Nether-
lands, or Sweden (n = 45,960). Additionally, in the Greek recruitment center,
only four men had had a vasectomy and there were no exposed incident cases
of prostate cancer; therefore, because all analyses were stratified by recruit-
ment center, Greek participants were excluded (n = 10,814).

Analyses suggest this study was adequately powered to discover an asso-
ciation of vasectomy with prostate cancer risk; 8,948 exposed (5% exposed
cases) and 50,645 unexposed participants would be necessary to discover a
10% increased relative risk [23] with 80% power (a=0.05) [220].

For 6,771 (97.3%) of 6,961 men in the EPIC-Oxford cohort who com-
pleted a follow-up questionnaire, 10 years after recruitment, history of PSA
testing and age at PSA test, and additional information vasectomy status
were collected.

Information on cancer diagnosis was obtained from national and regional
registries for Denmark, Spain, and the United Kingdom. For Germany, active
follow-up, including inquiries by mail or telephone to participants, municipal
registries, regional health departments, physicians, and hospitals was used.
Information on death, including death due to prostate cancer as the under-
lying cause, was obtained from death certificates; available evidence suggests
information on death due to prostate cancer is accurate [221, 222, 223, 224].
For analyses of incidence, follow-up continued from date of recruitment to
date of any primary cancer diagnosis, death, or last completed follow-up
(Denmark, December 31, 2012; Germany, January 5, 2011; Spain, October
19, 2013; and the United Kingdom, December 31, 2012), whichever was first.
For analyses of death due to prostate cancer, follow-up continued until death
or date of last completed follow-up. During the follow-up period, 4,377 men
developed prostate cancer (International Classification of Diseases 10th revi-
sion codes, C61 [173]).

Stage information was available for 2,749 cases (63.3%): 1,733 were lo-
calised (tumor-node-metastasis [TNM] staging of T1-T2 and NO/Nx and
MO/Mx, or stage coded in the recruitment center as localised); 1,000 were
identified as advanced prostate cancer (T3-T4 and/or N1-N3 and/or M1, or

stage coded in the recruitment center as metastatic). Grade information was
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available for 2,986 cases (68.2%): 2,438 were low-intermediate grade (Glea-
son score less than 8, or grade coded as well differentiated, or moderately or
poorly differentiated) and 544 were identified as high-grade prostate cancer
(Gleason score of 8+, or grade coded as undifferentiated). There was a small
difference in the frequency of vasectomy between patients with prostate can-
cer who did and did not have tumor subtype information; thirteen percent
of participants with information on tumor stage had had a vasectomy, com-
pared with 17% of participants without tumor stage information; and 14%
of participants with information on tumor grade had had a vasectomy, com-
pared with 16% of participants without tumor grade information. By the
end of follow-up, 15,285 men had died, of whom 632 had died of prostate

cancer.

4.3.2 Laboratory Assays

Assay data were available for men in the EPIC cohort who had been selected
as controls in a selection of published and unpublished, matched nested case-
control study of prostate cancer. Broadly, each control had been selected at
random from the cohort of men who were alive and free of cancer (excluding
nonmelanoma skin cancer) at the time of diagnosis of their index case, using
an incidence density sampling protocol (further details on matching methods
can be found in Travis et al) [225]. Follow-up for index prostate cancer cases
was conducted in three phases, occurring approximately in 2004, 2008, and
2010. For all assay measurements, laboratory personnel were blind to the
case status of the samples and each sample was analyzed together with, at

minimum, duplicate quality control samples.

Seminal Analytes

Immunoassay measurements for total PSA, free PSA [226] intact PSA, human
kallikrein 2 (HK2) [227, 228] and microseminoprotein-g (MSP) [229, 230]
were conducted in plasma samples from 1,469 men from phases 1, 2, and
3 on the AutoDELFTA 1235 automatic immunoassay system (PerkinElmer,
Turku, Finland) at the Wallenberg Research Laboratories, Department of
Translational Medicine, Lund University, Skane University Hospital, Sweden.

All intra- and interassay coefficients of variation were < 9%.

o4



Insulin-like Growth Factors

Serum samples of IGF-1 and IGFBP-3, for controls selected for phase 1 of
the EPIC study, were assayed in singleton at IARC, Lyon (France) using the
DSL-10-5600 ACTIVE ELISA from Diagnostic Systems Laboratories (DSL).
Serum samples of IGF-1, for controls selected for phase 2 of the EPIC study,
were assayed in duplicate at the Cancer Epidemiology Unit (CEU) labora-
tory in Oxford (UK) using the DSL-10-5600 ACTIVE ELISA from DSL. For
IGF-1, assays also included a step to dissociate IGF-I from IGF-I-binding
proteins before measurement. Serum samples of IGFBP-2 were assayed by
radioimmunoassay, and IGFBP-1 by immunoradiometric assay, from Diag-
nostic System Laboratories (Webster, TX). All intra- and interassay coeffi-
cients of variation were < 13%, with exception for the interbatch coefficient
of variation for IGFBP-1, which was 24.2% [231, 232, 233]. While detailed
information was unavailable for IFG-2, assay methods are broadly similar to
those described here [234].

Endogenous Sex Steroid Hormones

Serum testosterone concentrations were measured by radioimmunoassays (Im-
munotech, Marseilles, France). Androstenedione concentrations were mea-
sured by a radioimmunoassay with a double antibody system for the sep-
aration of free and bound antigen (Diagnostic Systems Laboratories Inc.,
Webster, TX, USA). SHBG was measured by a solid phase sandwich IRMA
(Cis-Bio International, Gif-sur-Yvette, France). All hormone assays were
performed by the laboratory of the Hormones and Cancer Team at TARC.
All intra- and interassay coefficients of variation were < 12% [235]. Details

were unavailable for androstanediol glucuronide.

4.3.3 Statistical Analyses

Cox proportional hazards models were used to estimate the hazard ratios
(HRs) and 95% confidence intervals (95% Cls) for prostate cancer incidence,
and separately for death from prostate cancer using age as the underlying
time variable. Entry age was defined as the participant’s age at recruitment,
and exit age was age at diagnosis of prostate cancer, death, loss to follow-up
or censoring at the end of follow-up period for each center, whichever was

first. The slope of the Schoenfeld residuals over time was used to verify the
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proportionality of hazards. All models were stratified by age at enrolment
(<50, 50-54, 55-59, 60-64, 65-69, >70 years) and EPIC recruitment center.
Multivariable models were adjusted for factors suspected to be associated
with prostate cancer or vasectomy, including education (less than university,
university graduate), smoking status (never, former, current), body mass in-
dex (BMI) (<20, 20-24, 25-29, >30 kg/m2), alcohol intake (<8, 8-15, 16-39,
>40 g/d ethanol), and physical activity (inactive, moderately inactive, mod-
erately active, active). Missing values were assigned to separate categories for
education (3.8%), smoking status (1.5%), BMI (0.6%), and physical activity
(0.8%), and missing indicators were used in the statistical models. Addi-
tional analyses were conducted adjusting for marital status (single, married,
divorced, widower), however, this information was only available for the UK
and Germany.

Subgroup analyses were conducted according to age at vasectomy (<38 vs.
> 38 years), time since vasectomy (<25 vs. > 25 years), by median BMI and
alcohol consumption, physical activity, marital status, educational attain-
ment, and smoking status. Additional analyses were conducted by tumour
subtypes: stage (localised vs. advanced) and tumour grade (low-intermediate
vs. high). Tests for heterogeneity in the association between vasectomy and
prostate cancer were likelihood ratio tests for subgroup analyses and com-
peting risk methods [236] for stage and grade analyses. Country-specific
associations were estimated using the aforementioned Cox regression models
and tests for heterogeneity were by likelihood ratio test.

For a subset of 6,771 men in the EPIC-Oxford subcohort, for whom data
on PSA testing were available, we investigated the suggestion that any asso-
ciation between vasectomy and prostate cancer is influenced by differences in
the use of PSA testing in men who have undergone vasectomy [33]. We used
multivariable logistic regression to estimate the association of vasectomy with
having a PSA test, adjusted for BMI and age at completion of questionnaire.

We also evaluated the cross-sectional association of vasectomy status with
naturally logarithm-transformed analyte concentrations (MSP, PSA [total,
free, intact, free-to-total], HK2, IGF-1, IGF-2, IGFBP-1, IGFBP-2, IGFBP-
3, androstenedione, androstanediol glucuronide, testosterone, and SHBG)
using analysis of variance to compare geometric means adjusted for age at

recruitment, BMI, recruitment centre, and laboratory batch in a subset of
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1,469 men ! without prostate cancer.

Much of the evidence on prostate cancer risk and vasectomy, to date, has
been from studies with a low number of incident cases (< 150) [200, 201,
203, 204, 202], and so risk estimates have been subject to substantial uncer-
tainty. However, a number of recent, large cohort studies provide robust, but
inconsistent, estimates of the association of vasectomy with prostate cancer.
Where summary estimates are given combining our results with those from
these large cohorts to date [23, 34, 24|, study-specific results were combined

using the method of inverse variance weighted least squares.

4.4 Results

Overall, 84,743 men were followed up for a median of 15.4 years (range,
0-20 years), of whom 4,377 developed prostate cancer. The mean age at
recruitment was 53 years, which ranged from 50 years in Spain to 56 years
in Denmark. The mean age at diagnosis of prostate cancer was 68 years,
with a range of 65 years in Germany to 71 years in the United Kingdom.
The proportion of men with self-reported vasectomy was 15% (n = 12,712),
which ranged from 4.1% (n = 863) in Germany to 20.5% (n = 4,640) in the
United Kingdom. For the 97.9% (n = 12,455) of men who had undergone
vasectomy and who also provided age at vasectomy, median age at vasectomy
was 38 years.

Compared to men without a vasectomy, men with a vasectomy were, on
average, younger at recruitment (52 years vs. 54 years), had a lower education
level (university graduate, 26% vs. 33%), and were more physically active
(19% vs. 14%). Men with a vasectomy were more likely to be married (91%
vs. 80%). Vasectomy status also varied significantly by smoking status and
alcohol consumption, although the magnitude of the differences was small
(Table 6.1). Additionally, an analysis in the EPIC-Oxford sub-cohort showed
that men who had undergone a vasectomy were 54% more likely to have had a
PSA test when compared with men without a vasectomy (OR: 1.54, [95% CI
1.35-1.76]). In men from the EPIC-Oxford subcohort updated information
on vasectomy status were available and found that 5.1% of men without a
vasectomy at baseline reported having had a vasectomy during the 10 years

after recruitment.

'Numbers for available samples differ moderately by analyte.
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4.4.1 Vasectomy and prostate cancer

Of the 4,377 men with prostate cancer for whom vasectomy status was avail-
able, 641 (14.6%) had a self-reported vasectomy at recruitment. Vasectomy
was not significantly associated with prostate cancer risk after stratification
by recruitment center and age at recruitment (HR: 1.05, [95% CI 0.96-1.15]).
Additional adjustment for BMI, smoking status, marital status, educational
attainment, alcohol consumption, physical activity, and protein from dairy
sources did not alter results (HR: 1.05, [95% CI 0.96-1.15]; Table 6.2). No
evidence of heterogeneity was found in the association between vasectomy
and prostate cancer by the stage of disease (P = 0.6) or recruitment country
(P = 0.09; Table 6.3). However, there was evidence of heterogeneity by
tumor grade (P = 0.02; Table 6.2); vasectomy was associated with an in-
creased risk of low- intermediate grade (HR: 1.14, [95% CI 1.01-1.29]) but not
of high-grade prostate cancer (HR: 0.83, [95% CI 0.64-1.07]). Additionally,
there was no significant association of vasectomy with death due to prostate
cancer (HR: 0.88, [95% CI 0.68-1.12]; Table 6.2).

There was significant heterogeneity in the association by median age at
vasectomy (38 years) (P = 0.04; Table 6.2); compared to men who had not
had a vasectomy, men who had a vasectomy below the median age were at a
significantly increased risk of prostate cancer (HR: 1.18, [95% CI 1.03-1.35]),
whereas, there was no significant association with prostate cancer in men
who had a vasectomy above the median age (HR: 0.99, [95% CI 0.89-1.09]).
There was also significant heterogeneity for the association of vasectomy
with prostate cancer by median-defined strata of alcohol consumption (P =
0.03); in men with below median alcohol consumption those who had had
a vasectomy were at a significantly increased risk of prostate cancer (HR:
1.16, [95% CI 1.02-1.31]) compared to men without a vasectomy, while for
men with above median alcohol consumption vasectomy was not associated
with prostate cancer (HR: 0.96, [95% CI 0.84-1.08]). No heterogeneity was
observed for subgroup analyses by BMI, physical activity, marital status ed-
ucational attainment, or smoking status (not shown). There was no hetero-

geneity in the association with prostate cancer risk by time since vasectomy

(P = 0.9; Table 6.2).
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4.4.2 Circulating concentrations of analytes and vasec-
tomy

When compared to men without a vasectomy, men with a vasectomy had
significantly higher concentrations of MSP (multivariable-adjusted geomet-
ric mean, ng/ml: 14.2 [95% CI 12.9-15.6] vs. 12.8 [95% CI 12.4-13.1], P =
0.03) and IGFBP-2 (multivariable-adjusted geometric mean, ng/ml: 389.5
[95% CI, 347.8-436.1] vs. 338.8 [95% CI, 325.2-352.9], P = 0.03), and sig-
nificantly lower levels of androstenedione (multivariable-adjusted geometric
mean, nmol/L: 3.9 [95% CI, 3.6-4.4] vs. 4.6 [95% CI, 4.5-4.8], P = 0.01).
No significant differences by vasectomy status were observed by PSA (to-
tal, free, intact, or free-to-total), HK2, IGF-I, IGF-II, IGFBP-1, IGFBP-3,
androstanediol glucuronide, testosterone, or SHBG, all P >0.05 (see Table
6.4).

4.4.3 Pooled evidence from existing large cohort stud-
ies and current results

An inverse variance weighted meta-analysis of three large cohort studies for
the association of vasectomy with prostate cancer risk and current results
shows a significant association (RR: 1.04, [95% CI 1.01-1.08]). However,
there was little evidence to suggest an association of vasectomy with risk for
high grade (RR: 1.01, [95% CI 0.91-1.14]) or advanced stage disease (RR:
1.06, [95% CI 0.97-1.17]), or for death from prostate cancer (RR: 1.03, [95%
CI, 0.96-1.10]; Figure 4.1).

4.5 Discussion

In this large prospective European study, vasectomy was not associated with
risk of prostate cancer overall, with risk for high grade or advanced stage tu-
mours, or for death from prostate cancer. However, there was some evidence
that vasectomy may be associated with an elevated risk of low-intermediate
grade disease, and that having had a vasectomy is associated with also having
had PSA test. Additionally, although a meta-analysis of available evidence
from large cohort studies found a significant association of vasectomy with
prostate cancer risk, no significant association was observed for high grade

or advanced stage disease, or death from prostate cancer.
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Further, there were significantly higher concentrations of MSP and IGFBP-
2, and significantly lower concentrations of androstanediol glucuronide in men
with a vasectomy compared to men without a vasectomy. No differences were
found for PSA analytes or HK2, or other insulin-like growth factor or endoge-
nous sex steroid hormones by vasectomy status.

Three of the eight previous cohort studies on vasectomy have reported an
increased risk of prostate cancer in men with vasectomies [23, 200, 201]. How-
ever, aside from the recent Health Professionals Follow-Up Study (HPFS)
23], the CPS-II cohort [34], and a population based matched cohort study
of residents in Ontario [24] (PBCO), all studies have had a low number of
incident cases (< 150), and so risk estimates have been subject to substan-
tial uncertainty. The results from HPFS cohort suggested a modest, 10%
elevated risk of overall prostate cancer, and an elevated risk for aggressive
tumour subtypes, with a 22% increased risk of high grade and a 20% in-
creased risk of advanced stage tumours for men with vasectomies compared
to men without vasectomies. In contrast, the current study, CPS-II [34], and
PBCO [24] found no significant association of vasectomy with prostate cancer
overall, high-grade or advanced-stage disease, or death from prostate cancer.
Furthermore, the weight of current evidence from a pooled estimate of cur-
rent evidence does not support the previously hypothesized role of vasectomy
as a risk factor for more aggressive tumors (Figure 4.1).

There is no established biological rationale for an association of vasectomy
with prostate cancer risk [35]. During a vasectomy, the vas deferens is cut,
blocked, or sealed to prevent the sperm from reaching the seminal fluid. Al-
though previous studies have investigated a series of theoretical mechanisms
that include immunological response [237], changes to cell proliferation [212],
and endocrine function [23, 213], the biological significance of these pathways

in humans is unclear.

4.5.1 Circulating concentrations of analytes and vasec-
tomy

Seminal analytes

This study addressed a recent suggestion that there may be differential regu-
lation of seminal analytes in men after vasectomy [23, 219]; among 1,469 men

without prostate cancer, we found little evidence that vasectomy is associated
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with different blood plasma concentrations of PSA variants or HK2. How-
ever, significantly higher blood plasma concentrations of MSP were found
in men with vasectomy compared with those without. MSP is a protein
abundant in the seminal fluid [39] that has been found at significantly higher
concentrations in the seminal plasma in infertile men when compared with
fertile men [238]. However, circulating concentrations have been previously
inversely associated with prostate cancer [27] and so our observation of higher
circulating concentrations of MSP in men who had undergone vasectomy does

not provide evidence in favor of vasectomy as a risk factor of prostate cancer.

Insulin-like growth factors

There were significantly higher concentrations of IGFBP-2 among men with
a vasectomy compared to men without a vasectomy. IGFBP-2 is produced
in the liver and other tissues by prostate epithelial cells and is present in
the seminal plasma [239, 240, 241, 242]. There is evidence that serum con-
centrations of IGFBP-2 are elevated in prostate cancer patients, and that
concentrations are positively predicted by stage of tumour [240]. However,
IGFBP-2 concentrations have also been shown positively associated with less
aggressive disease and with reduced risk of progression [243, 244]. As such,
it remains unclear if these data are evidence in favor of a cell proliferation

hypothesis for vasectomy and prostate cancer.

Endogenous sex steroid hormones

Androstenedione is an endogenous androgen steroid hormone that may act
as a precursor for testosterone production in prostate tissue [245]. A previous
publication using EPIC data reported a lower risk of advanced prostate can-
cer associated with increased concentrations of androstenedione [246], and
a recent review suggests that reduced androstenedione may be a precursor
for androgen production in castrate-resistant prostate cancer cells [247, 245].
Although there is evidence that androstenedione is found at reduced concen-
trations in vasectomised men [248], the majority of prior research finds no
evidence that androstenedione concentrations differ significantly by vasec-
tomy status [23, 213, 217, 218]. As the difference we observed for the men in
the EPIC cohort was modest, it is not clear that the differential regulation
of androstenedione provides support for a sex hormone/androgen pathway

hypothesis for vasectomy and prostate cancer.
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4.5.2 Health monitoring behaviours and vasectomy

A significantly increased risk of low-intermediate grade prostate cancer in
men who had had a vasectomy in the current study might be at least partly
explained by differences in the use of PSA testing. Men who receive a vasec-
tomy may be more likely to attend health-care services and have their PSA
level tested, and thus also be more likely to be diagnosed with prostate can-
cer, especially low-grade disease. Evidence for this hypothesis comes both
from our finding that, in the EPIC-Oxford subcohort, men with a vasectomy
were more likely to have had a PSA test than men without a vasectomy, and
from other previous cohort studies, which also found that men with a vasec-
tomy were more likely to have a history of PSA testing than men without a
vasectomy [23, 200, 34]. Nonetheless, it is notable that the HPF'S [23] found
a significant association of vasectomy with death from prostate cancer only
in a highly screened sub-cohort (HR, 1.56; 95% CI 1.03 to 2.36). However,
for this sub-cohort all other associations of vasectomy with prostate cancer
overall and by tumour subtype were null, and so this finding provides only
tenuous evidence for an association outwith health monitoring behaviours
and PSA testing. There was also some evidence for heterogeneity in the
association of vasectomy with prostate cancer risk by age at vasectomy and

alcohol intake, but the implications of these subgroup analyses are unclear.

4.5.3 Limitations

The lack of information on PSA testing history has been previously raised as
a limitation for investigations into vasectomy and prostate cancer risk. Evi-
dence from the European Randomized Study of Screening for Prostate Can-
cer suggests that when PSA testing is offered to all men, it reduces prostate
cancer mortality by approximately 28% at 13 years of follow-up [249]. If we
assume that the use of PSA testing is 20% among men who have not had
a vasectomy and 40% among men who have (data from EPIC-Oxford), it is
possible that increased screening in the latter could result in a 5.6% reduced
risk of death due to prostate cancer. This suggests that although it is possible
that an adverse effect of vasectomy on the risk of potentially lethal prostate
cancer is being partly masked by a beneficial effect of increased PSA testing,
any such bias is likely small. Nevertheless, it remains a limitation of the

current investigation that, because of limited information on PSA testing,
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we were unable to more fully address the role of PSA testing in the proposed
association of vasectomy with prostate cancer.

Due to the lack of updated data collection for vasectomy status, it is
possible that our results were biased by misclassification of men who had
undergone vasectomy as being nonvasectomized. However, for the EPIC-
Oxford subcohort, updated data on vasectomy status were available and
showed that 5.1% of men without a vasectomy at baseline reported hav-
ing had a vasectomy during the 10 years after recruitment. Furthermore, a
recent report suggested that a small misclassification of men who had un-
dergone vasectomy as nonvasectomized would likely result in only a minimal

underestimate of any association [34] of vasectomy with prostate cancer risk.

4.6 Conclusions

Ultimately, this investigation of 84,753 men in the EPIC cohort did not find a
significant association between vasectomy and overall prostate cancer, high-
grade or advanced-stage tumors, or death due to prostate cancer. The small
increase in the risk of low-intermediate grade prostate cancer in men who had
had a vasectomy may be due to differences in health-monitoring behaviors.
Further, a pooled estimate of available evidence finds that although vasec-
tomy may be associated with a small increased risk of being diagnosed with
prostate cancer, there is no association with high-grade or advanced-stage

tumors, or death due to prostate cancer.
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Table 4.1: Characteristics of control participants by vasectomy status in
EPIC

No Vasectomy (N=72,041) Vasectomy (N=12,712)

Age at recruitment, yrs
Weight at recruitment, kg
Height at recruitment, kg
BMI at recruitment, kg/m?

54.0 (48.0, 60.0)F 52.00 (47.0, 57.0)*
80.5 (73.3, 88.5)* 80.1 (73.4, 88.0)*
175.0 (170.0, 179.8)* 175.0 (170.5, 180.0)*
26.4 (24.2, 28.9)* 26.2 (24.2, 28.4)*

Smoking status

Never 23,535 (33%) 3,945 (32%)
Former 27,332 (38%) 4,796 (38%)
Current 20,497 (29%) 3,761 (30%)
Alcohol consumption, g/d
<8 22,271 (31%) 3,952 (31%)
8-15 14,207 (20%) 2,712 (21%)
16-39 20,898 (29%) 3,572 (28%)
40+ 14,574 (20%) 2,476 (19%)
Physical activity
Inactive 14,538 (20%) 2,465 (20%)
Moderately inactive 19,599 (27%) 3,239 (26%)
Moderately active 27,220 (38%) 4,393 (35%)
Active 10,117 (14%) 2,419 (19%)
Marital status
Single 4,000 (11%) 66 (1.2%)
Married 29,799 (80%) 4,816 (91%)
Divorced 2,788 (7.4%) 380 (7.1%)
Widower 779 (2.1%) 58 (1.1%)
Educational attainment
Primary or less 22,541 (32%) 4,052 (34%)
Secondary 17,814 (26%) 3,773 (32%)
Technical 5,701 (8.2%) 1,004 (8.4%)
Degree 23,116 (33%) 3,129 (26%)

* Data given as medians (interquartile range)

Body mass index (BMI)

Numbers may not sum to total as a result of missing values
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Table 4.2: Hazard ratio (HR) and 95% confidence intervals (CI) for vasectomy and prostate cancer in 84,753 men in EPIC

Variable

Cases Minimally adjusted HR (95% CI)!

Multivariable adjusted, HR (95% CI)?

p-heterogenity

Total prostate cancer
Without vasectomy
With vasectomy

Age at vasectomy
Without vasectomy
With vasectomy
<38 years
> 38 years

Years since vasectomy
Without vasectomy
With vasectomy
<25 years
> 25 years

3,736
641

2,532

246
395

3,736

258
378

1.00 (reference)
1.05 (0.96-1.15)

1.00 (reference)

1.17 (1.02-1.34)
0.99 (0.89-1.10)

1.00 (reference)

1.07 (0.94-1.22)
1.06 (0.95-1.18)

1.00 (reference)
1.05 (0.96-1.15)

1.00 (reference)

1.18 (1.03-1.35)
0.99 (0.89-1.09)

1.00 (reference)

1.07 (0.94-1.22)
1.06 (0.95-1.19)

0.043

0.93

Localised prostate cancer

Without vasectomy
With vasectomy

Advanced prostate cancer

Without vasectomy
With vasectomy

1,521
212

850
150

1.00 (reference)
1.09 (0.93-1.27)

1.00 (reference)
1.01 (0.85-1.22)

1.00 (reference)
1.09 (0.93-1.27)

1.00 (reference)
1.01 (0.84-1.21)

0.74

Low grade prostate cancer

Without vasectomy
With vasectomy

High grade prostate cancer

Without vasectomy
With vasectomy

2,090
348

475
69

1.00 (reference)
1.15 (1.02-1.29)

1.00 (reference)
0.82 (0.63-1.07)

1.00 (reference)
1.14 (1.01-1.29)

1.00 (reference)
0.83 (0.64-1.07)

0.02*

Fatal prostate cancer
Without vasectomy
With vasectomy

555
7

1.00 (reference)
0.87 (0.68-1.11)

1.00 (reference)
0.88 (0.68-1.12)

! From a Cox proportional hazards model stratified by recruitment centre and age at recruitment

2 As model', with adjustment for BMI, smoking, marital status, education, alcohol consumption, physical activity, and protein from dairy sources

3 Test for heterogeneity was by likelihood ratio test
4 Test for heterogeneity was by competing risks method



Table 4.3: Hazard ratio (HR) and 95% confidence intervals (CI) for vasectomy and prostate cancer in 84,753 men by recruitment
country in EPIC

Country Cases Minimally adjusted HR (95% CI)! Multivariable adjusted, HR (95% CI)? p-heterogeneity

99

Spain
Without vasectomy 600
With vasectomy 64
Germany
Without vasectomy 788
With vasectomy 37
UK
Without vasectomy 812
With vasectomy 200
Denmark
Without vasectomy 1,536
With vasectomy 340

1.00 (reference)
1.23 (0.93-1.62)

1.00 (reference)
1.49 (1.07-2.09)

1.00 (reference)
0.98 (0.83-1.15)

1.00 (reference)
1.03 (0.91-1.16)

1.00 (reference)
1.23 (0.93-1.63)

1.00 (reference)
1.48 (1.06-2.08)

1.00 (reference)
0.96 (0.82-1.13)

1.00 (reference)
1.03 (0.92-1.17)

0.09?

! From a Cox proportional hazard models stratified by recruitment centre and age at recruitment
2 As model!, with adjustment for BMI, smoking status, marital status, educational attainment, alcohol consumption, physical activity, and protein from dairy sources
3 Test for heterogeneity was by likelihood ratio test



Table 4.4: Adjusted geometric mean concentrations ! of analytes in control men by vasectomy status

Vasectomy Status

L9

Yes No
Analytes Vasectomy/No Vasectomy, n Mean (95% CI) Mean (95% CI) p-value '
[GF-1, nmol/1 111/949 20.9 (22.33-13.1)  20.2 (19.75-20.60) 0.2
[GFBP-1, ng/ml 68 /482 5.9 (4.4-7.9) 5.3 (4.8-5.9) 0.6
IGF-2, ng/ml 68/482 849.8 (792.2-911.5) 868.6 (846.9-890.9) 0.6
IGFBP-2, ng/ml 68/482 389.5 (347.8-436.1) 338.8 (325.2-352.9)  0.03
IGFBP-3, ng/ml 38/430 128.1 (118.9-137.9) 126.5 (123.8-129.2) 0.8
Androstenedione, nmol/1 38/431 3.9 (3.6-4.4) 4.6 (4.5-4.8) 0.01
Androstanediol glucuronide, nmol/1 38/433 14.3 (11.8-17.2)  13.1 (12.5-13.9) 0.4
Testosterone, nmol/1 34/393 13.8 (12.0-15.8) 15.6 (14.9-16.2) 0.1
SHBG, nmol/1 38/407 38.3 (33.5-43.7) 42.6 (40.9-44.3) 0.1
MSP, ng/ml 142/1327 14.2 (12.9-15.6)  12.8 (12.4-13.1)  0.03
Total PSA, ng/ml 142/1328 0.86 (0.75-0.98)  0.87 (0.83-0.91) 0.9
Intact PSA, ng/ml 142/1328 0.12 (0.10-0.14)  0.13 (0.12-0.14) 0.3
Free PSA, ng/ml 142/1328 0.27 (0.24-0.30)  0.28 (0.27-0.29) 0.7
Free-to-total PSA, ng/ml 142/1325 31.3 (20.3-33.4)  31.7 (31.1-32.4) 0.7
HK2, ng/ml 142/1328 0.029 (0.025-0.33) 0.029 (0.027-0.029) 0.9

Lp-values are calculated from analyses of variance adjusted for age, BMI, recruitment centre, and laboratory batch
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Figure 4.1: Relative risk estimates and pooled relative risks from an inverse variance weighted meta-analysis for the association
of vasectomy with prostate cancer

Relative risk estimates and pooled relative risks from an inverse variance weighted meta-analysis
for the association of vasectomy with prostate cancer

Outcom&tudy Exposed Cases/Unexposed Cases Relative risk (95% CI)
Total Prostate Cancer
Sidduqui et al. (2014) 1,524/4,499 = 1.10 (1.04, 1.17)
Jacobs et al. (2016) 1,546/7,587 1.02 (0.96, 1.08)
Nayan et al. (2016) 1,843/1,619 1.02 (0.95, 1.09)
Goldacre (Unpublished) 308/14,857 ! 1.00 (0.89, 1.11)
Smith Byrne et al. (2016) 641/3,736 1.05 (0.96, 1.15)
Pooled estimate 1.04 (1.01, 1.08)
High Grade
Sidduqui et al. (2014) 188/544 - 1.19 (1.00, 1.43)
Jacobs et al. (2016) 180/1,070 E 3 1.01 (0.93, 1.10)
Nayan et al. (2016) 60/60 — 1.06 (0.70, 1.66)
Smith Byrne et al. (2016) 69/475 e 0.88 (0.68, 1.12)
Pooled estimate 1.01 (0.91, 1.14)
Advanced Stage
Sidduqui et al. (2014) 231/821 S 1.20 (1.03, 1.40)
Jacobs et al. (2016) 149/790 —. 0.93 (0.78, 1.11)
Nayan et al. (2016) 202/180 —-:— 1.04 (0.81, 1.34)
Smith Byrne et al. (2016) 88/545 —— 1.03 (0.82, 1.30)
Pooled estimate 1.06 (0.97, 1.17)
Death From Prostate Cancer
Sidduqui et al. (2014) 167/644 —— 1.19 (1.00, 1.43)
Jacobs et al. (2016) 641/6,810 — 0.91 (0.78, 1.07)
Nayan et al. (2016) 26/24 —:*— 1.05 (0.67, 1.66)
Smith Byrne et al. (2016) 77/555 ——r 0.83 (0.69, 1.07)
Pooled estimate 1.03 (0.96, 1.10)

10 15 25
Relative risk estimate (95% CI) for prostate cancer



Chapter 5

Microseminoprotein-3 levels
and prostate cancer risk in the
European Prospective
Investigation into Cancer and
Nutrition
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5.1 Introduction

A previous prospective study in the Multi-Ethnic Cohort (MEC) [27] found a
significant protective assocation of microseminoprotein-5 (MSP) with prostate
cancer. However, due to limited follow-up and an unclear association of MSP
with prostate-specific antigen (PSA) the relationship of MSP with prostate
cancer aetiology remains unclear. This chapter with investigate the associa-
tion of MSP with subsequent risk of prostate cancer, and but will not address

the discriminative properties of MSP.

5.1.1 1rs10993994 and the MSMB gene

rs10993994 is a single nucleotide polymorphism located 57 base-pairs up-
stream in the 5 promoter region of the MSMB gene on chromosome 10,
which encodes MSP [39]. A genome-wide association study (GWAS) found
a significant increased risk of prostate cancer associated with rs10993994
[13, 27]. In particular, in a large replication study, T homozygotes had a
57% elevated risk of prostate cancer compared to C homozygotes - for het-
erozygotes, a 21% increased risk was observed [36]. Further, fine-mapping
studies of the MSMB region confirm the association with prostate cancer
risk is attributable primarily to rs10993994 and not alternative surrounding
nucleotide polymorphisms [250]. Notably, the association of rs10993994 with
prostate cancer has been observed for men of both European and African de-
cent [251], which may serve as evidence of an rs10993994 role in cross-ethnic
prostate cancer aetiology.

Functional studies to date suggest that rs10993994 is a regulator of MSMB
expression. Promoter activity in the MSMB gene was reduced by 87% in
cells homozygous for the prostate cancer risk T allele compared with those
homozygous for the C allele in LNCa cell lines. Further, when cell lines
were treated with synthetic androgen R1881 a dose-dependent increase in
promoter activity was observed only for carriers of the C allele [252]. These
results are commensurate with findings from tumour cell lines that show
significantly higher expression in the MSMB gene for CC and CT genotypes
than for TT carriers [253, 252].
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5.1.2 Microseminoprotein-_

MSP is a cysteine rich non-glycosylated protein, also commonly referred to
as prostate inhibitory protein or prostate secretory protein of 94 amino acids,
and is one of the three most abundantly secreted proteins by the prostate
epithelium into the seminal fluid [39]. However, there is also evidence that it
is present at lower concentrations in the secretions from the respiratory tract;
immunohistochemical staining suggests MSP is secreted in the epithelium
and sub-mucosal glands of the bronchi and trachea. Additionally, MSP has
been found at low concentrations in the stomach and the uterine cervix [254,
255].

To date, the precise biological function of MSP remains unclear. Several
studies suggest it may be involved in tumour suppression [256, 257, 258,
259, 260, 261] or pathogen defense [262]. However, MSP is also found on
the surface of spermatozoa and may inhibit spontaneous acrosome reactions.
As such, it has also been associated with semen quality and reproduction
263, 238].

5.1.3 Factors associated with Microseminoprotein-#

The strongest known predictor of MSP concentrations is rs10993994 geno-
type; up to 38% and 23% of the variance in blood and semen concentrations
of MSP in healthy males can be explained by rs10993994 genotype, respec-
tively, with the lowest MSP concentrations observed in T homozygotes [250].

In blood plasma, MEC found significant heterogeneity in MSP concentra-
tions by ethnicity; concentrations were highest in Caucasian men (21 ng/ml)
and lowest in Native Hawaiian men (15 ng/ml) [27]. Further, MSP is found
at higher concentrations in older men and men with lower body mass index
(BMI) [27].

When measured in the tracheobronchial tree in epithelial secretory cells,
MSP expression is found at up to 2.5 fold higher levels in smokers compared
to non-smokers [264]. However, there is no evidence to date that smoking

status predicts MSP concentration in blood plasma or serum.

5.1.4 Microseminoprotein-g and prostate cancer

In MEC [27] there was a 2% increased risk of prostate cancer per unit decrease

in MSP (ng/ml). Further, circulating MSP concentrations have been shown
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to be significantly lower in men with aggressive disease [265, 266] and there
is tentative evidence that suggests circulating concentrations of MSP are
lower in men with Gleason scores of 7 or higher when compared to men
with low grade disease (Gleason scores < 7) [265]. However, tissue MSP
expression has also been found to be lower in localized prostate tumors than
in advanced tumors, and there is some evidence that men with lower MSP
expression may have longer progression-free survival times than men with
high MSP expression profiles [267, 268, 269]. Additionally, there is evidence
at a mechanistic level that MSP may act to inhibit prostate cancer tumour

growth by inducing apoptosis [270].

5.1.5 Aim of Study

This chapter will evaluate whether MSP concentration is associated with
subsequent risk of prostate cancer overall, and if this association varies by
tumour characteristics for men in the European Prospective Investigation
into Cancer and Nutrition (EPIC). It will then investigate the association
of MSMB 1510993994 with circulating concentrations of MSP in EPIC and
proceed to use this genetic variant as an instrument for MSP to test its causal
role through Mendelian randomization (MR) analyses by combining EPIC-
derived estimates with published data from the PRACTICAL consortium
[12].
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5.2 Methods

5.2.1 Study Population

These analyses use data from the following countries within the EPIC co-
hort: Germany, Greece, Italy, The Netherlands, Spain, and the United
Kingdom[140]. For complete details on the cohort disease, please see Chapter
3.

5.2.2 Follow-up for cancer incidence and vital status

Cancer incidence was identified through record linkage to regional or national
registries in most countries. For Germany and Greece, combined health insur-
ance records, regional health departments, municipality registries, hospital
or physician-based cancer and pathology records, or mail or phone call-based
follow-up were used. Follow-up procedures continued to date of prostate can-
cer diagnosis, death, or last follow-up completed (from 31 December 2007 to
14 June 2010 according to recruitment center).

Cases were defined as men who were diagnosed with prostate cancer (In-
ternational Classification of Diseases 10th revision code C61 [173]) after the
date of blood collection and before the end of the study period, as determined
by the latest date of follow-up in each study center. An incidence density
sampling protocol was used to select control participants at random from the
cohort of men who were alive and free of cancer (except non-melanoma skin
cancer) at the time of diagnosis of the index case and who were matched on
study center, length of follow-up, age at blood collection (+ 6 months), time
of blood collection (£ 1 hour), and duration of fasting at blood collection
(< 3, 3-6, > 6 hours). For the current analyses participants were 1,871 cases
with 1,871 matched controls.

Analysis suggested this study would be sufficiently powered to discover
an association of MSP with prostate cancer risk as was previously observed
in MEC [27]; 500 cases and 500 controls would be needed to discover a 30%
reduced relative risk of prostate cancer for the top fourth compared to the
bottom fourth of MSP concentrations with 80% power (a=0.05) [220].

Information on tumor stage at diagnosis was available for 1,263 cases
(67.5%): 886 were localized (tumor-node-metastasis [TNM] staging score of
T1-T2 and NO/Nx and M0/Mx, or stage coded in the recruitment centre as
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localized); 377 were identified as advanced prostate cancer (T3-T4 and/or N1-
N3 and/or M1, or stage coded in the recruitment centre as metastatic). In-
formation on tumor grade at diagnosis was available for 1,554 cases (85.1%):
1,357 were low-intermediate grade (Gleason score < 8, or grade coded as well,
moderately, or poorly differentiated) and 197 were identified as high-grade

prostate cancer (Gleason score >8, or grade coded as undifferentiated).

5.2.3 Assessment of MSP and PSA

Immunoassay measurements for total PSA [226] and MSP[271] were con-
ducted on the AutoDelfia®)1235 automatic immunoassay system at the Wal-
lenberg Research Laboratories, Department of Translational Medicine, Lund
University, Skane University Hospital, Malmo, Sweden, and with all mea-
surements conducted blinded to case status. We measured total PSA using
the dual-label DELFIA Prostatus®total PSA-Assay (Perkin-Elmer, Turku,
Finland) [226] calibrated against the WHO 96/670 (PSA-WHO) standard.
Production and purification of the polyclonal rabbit anti-MSMB antibody,
protocols for biotinylation and Europium labeling of the anti-MSP antibody,
and performance of the MSP-immunoassay were performed as previously
reported[27, 271].

In a pilot study, the concordance between measurements of MSP and
PSA analyte concentration in serum and citrated plasma samples was as-
sessed (N = 25 for serum and plasma, respectively), and a high concordance
was observed (r = 0.98 and 0.99, for MSP and total PSA, respectively). Addi-
tionally, the temporal reproducibility of analyte concentrations was assessed
between samples drawn at five year intervals from 49 and 40 individuals for
MSP and PSA, respectively. There were no significant differences between
serum concentrations of MSP (p = 0.4) or PSA (p = 0.8) drawn at five
year intervals, and the intra-class correlation coefficient was 0.11 (95% CI:
0.00-0.38) for MSP and 0.23 (95% CI 0.00-0.53) for PSA. Low ICC may be
expected as pilot was conducted in controls with concentrations very close to
lower limits of detection where assay is likely moderately less accurate. Given
the wider availability of plasma samples for the EPIC cohort, all assays for
the nested case-control study were performed using plasma.

Quality control samples were inserted into each assay batch and analysed
in duplicate; samples reflected low, medium, and high values according to
the calibration chart (for PSA range was 0.05-250 ng/ml and 0.2-90 ng/ml
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for MSP). The average inter-assay coefficients of variation (CVs) for MSP
and PSA were 8% and 14% for phase 1, 5% and 9% for phase 2, and 15%
and 7% for phase 3, respectively. An additional 286 "blinded” quality control
samples were inserted. Quality control samples were pooled sodium citrate
plasma from at least two males. All intra- and inter-assay CVs were < 9%.
The detectable ranges for MSP were 0.2 to 90 ng/ml and 0.1 to 250 ng/ml
for PSA.

5.2.4 Statistical Analyses

Plasma concentrations below the lower limits of detection for MSP and PSA
were set to half of the lowest value of detection (PSA, N = 7) while concen-
trations above the upper levels of detection were set to the highest detectable
value for that particular analyte (MSP, N = 82; PSA, N = 65). Pearsons
chi-squared tests for differences and paired t-tests for categorical and con-
tinuous variables, respectively, were conducted between matched case-control
sets for anthropometric and lifestyle characteristics. Analysis of variance was
used to assess differences in analyte concentrations in controls by strata of
selected characteristics, and by country and study phase (prostate cancer
follow-up was conducted in three waves, occurring approximately in 2004,
2008, and 2010). Additionally, analysis of variance was used to test for dif-
ferences in mean analyte concentrations by days in post for samples from the
EPIC-Oxford sub-cohort. To conform to parametric model assumptions, log
transformations were applied to MSP and PSA concentrations and results
are presented as geometric means adjusted for age at blood collection, body
mass index (BMI), recruitment centre, and laboratory batch. The relation-
ship between transformed analyte concentrations was examined using partial
correlation adjusted for exact age, BMI, recruitment centre, and laboratory
batch.

Conditional logistic regression models were used to examine the associa-
tion of MSP concentration with risk of prostate cancer, conditioned on the
matching factors (listed above), and adjusted initially for BMI and exact age,
and also for fourth of PSA concentration in a further adjusted model (these
adjustment factors were chosen after additional adjustment was shown not
to materially alter the results, see Table 6.1). Conditional logistic regres-
sion models were repeated in subgroups defined according to study phase,

time between blood collection and diagnosis (< 7, 7-10, >10 years), age at
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blood collection (<60, >60 years), age at diagnosis (<65, >65 years), and
smoking status (never, previous, current). In addition, we conducted anal-
yses by prostate tumor stage (localized, advanced), and histological grade
(low-intermediate or high grade). Due to the strong positive predictive value
of PSA, an additional analysis stratified by median PSA concentration was
unconditional and adjusted for exact age, BMI, recruitment centre, fourth
of PSA concentration, and matching factors. For all regression models lin-
ear trend was tested by entering a pseudo-continuous variable equal to the
medians of the fourths of MSP concentration. For subgroup analyses, likeli-
hood ratio tests were used to test for heterogeneity of the association of MSP
concentration with risk of prostate cancer.

Genotype data were available for rs10993994 for a subset of 1,068 EPIC
cases and 1,186 EPIC controls from the iCogs [12], OncoArray [37], and BPC3
[38] genotyping projects. Logistic regression models were used to investigate
the association of 110993994 genotype with prostate cancer risk.

I investigated the potential causal role of MSP in prostate cancer risk
using MR analyses. To do this, I used a published summary estimate of
the association of rs10993994 with prostate cancer risk from the large geno-
typing project, iCogs, in the international consortium, PRACTICAL [36],
and using an additional set of EPIC prostate cancer cases and controls from
the OncoArray chip [37] and BPC3 genotyping [38]. Summary estimates for
the association of rs10993994 with MSP were calculated using these EPIC
data [37, 38]. I used the MR-~Base platform to do a phenome-wide associa-
tion scan for rs10993994 with over 850 traits ! to check for pleiotropy [61].
Two-sample MR estimates for the association of MSP with prostate can-
cer risk were then calculated separately using summary estimates for each
of PRACTICAL (iCogs) [36] and EPIC-derived rs10993994-prostate cancer
risk estimates with the EPIC-derived rs10993994-MSP estimate, which were
then combined using the inverse-variance weighted method. To address pos-
sible confounding by PSA concentration, we conducted sensitivity analyses
by using the summary association of rs10993994 with residuals from a linear
regression of log total PSA on MSP, also calculated within EPIC.

All statistical tests are two-sided and were conducted using STATA soft-
ware version 14 (College Station, TX: StataCorp LP).

IPhenotypes include risk factors for various diseases, diseases, metabolites, and mea-
sures of immune function, for example.
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5.3 Results

Data from 1,871 cases and 1,871 matched controls from three study phases
(contributing 246, 648, 977 cases, respectively) were included in analyses.
The median age at blood collection was 58 years (range, 39 to 79 years),
and, for cases, the median time between blood collection and diagnosis was
8.3 years. No significant differences were observed in selected baseline char-
acteristics between cases and controls(see Table 5.1).

Mean MSP concentration (ng/ml) at blood collection did not differ sig-
nificantly between cases and controls (adjusted geometric means were 12.8;
[95% CI 12.5-13.2], and 12.9; [95% CI 12.6-13.2], respectively, p = 0.7). In
contrast, mean PSA concentration (ng/ml) measured at blood collection was
about three-fold higher in cases than in controls (adjusted geometric mean =
2.4; [95% CI 2.3-2.5] and 0.8; [95% CI 0.8-0.9] respectively, p <0.0001 5.2).
No significant differences were observed for MSP or PSA concentrations by
days in the post for samples from the EPIC-Oxford sub-cohort (p = 0.6 &
p = 0.7, respectively). Additional case characteristics can be found in Table
5.3.

MSP concentration in controls was higher in men who were older at blood
collection, not married, had a normal/low BMI, or low intake of alcohol, and
had a highest educational attainment of secondary school when compared
to both primary school and degree level or higher (p < 0.05 for all). Com-
pared to never smokers, men who smoked greater than the median number
of cigarettes per day (N = 15) had 30% higher MSP concentrations with ev-
idence of a significant linear trend (p-trend < 0.0001; Table 5.4). Addition-
ally, there were significant differences in MSP concentrations by recruitment
country and by study phase (see Table 5.5). PSA concentration was pos-
itively associated with age at blood collection and educational attainment,
was higher in men with blood collected between midnight and 10 am, and
lower in men with higher BMI and diabetes (see Table 5.3). Further, there
were significant differences in PSA concentrations by recruitment country
and by study phase (see Table 5.5).

MSP and PSA concentrations were weakly, but significantly, positively
correlated in both cases and controls (partial correlation » = 0.3 and r =
0.2, respectively, p < 0.0001). Moreover, we observed modest differences in

this correlation by country with the lowest correlation for control men in
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Spain (r = 0.04) and highest correlation in the UK (r = 0.31) (see Table
5.6).

MSP concentration was not associated with risk of prostate cancer af-
ter adjustment for age at blood collection and BMI (OR for highest versus
lowest fourth = 0.98; [95% CI 0.82-1.19], p-trend across the medians of the
fourths = 0.9). However, given the a priori expectation of an association
of PSA with MSP [27], we subsequently adjusted for PSA concentration by
fourths; after adjustment for PSA, MSP concentration was significantly asso-
ciated with prostate cancer risk (OR for highest versus lowest fourth = 0.65;
[95%CT 0.51-0.84], p-trend = 0.001; Table 5.7 & Figure 5.1). There was weak
heterogeneity of the association of MSP with prostate cancer by recruitment
country (p-heterogeneity = 0.02; Table 5.8) and some evidence of hetero-
geneity by age at diagnosis (p-heterogeneity = 0.03; Table 5.7). Given the
strong association of MSP concentration with smoking status, we conducted
exploratory analyses of the MSP-risk association by smoking status (never,
previous, current) there was no significant heterogeneity in the association
by smoking status (p-heterogeneity = 0.6; Table 77).

The association of MSP concentration with prostate cancer did not dif-
fer by tumour stage or grade, time to diagnosis, or age at blood collection
(all p-heterogeneity > 0.05; Table 5.7). Additional analyses were conducted
to evaluate the sensitivity of the estimated associations to the conservative
delimitation of grade as low-intermediate compared to high at a cut-off of
Gleason score 8. However, when high grade was defined instead as Gleason
score of 7 or higher the results were not materially altered and no significant
heterogeneity was observed (Table 5.7).

In a subset of 1,068 cases and 1,186 controls with available MSMB rs10993994
genotype data no significant deviation from Hardy-Weinberg Equilibrium was
observed (D = -0.005). There was a 6.09 ng/ml; [95% CI 5.56-6.61] per al-
lele decrease in MSP concentration - highest concentrations observed for CC
homozygotes and rs10993994 explained 42% of the variability of MSP. Fur-
ther, in controls only, there was a 0.22 ng/ml; [95% CI 0.09-0.35] per allele
increase in PSA concentrations, with the highest concentrations observed
for TT homozygotes (Table 5.9). rs10993994 genotype was significantly as-
sociated with prostate cancer risk (OR in TT versus CC = 1.37; [95% CI
1.08-1.75], p-trend = 0.006, Table 5.10).
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No significant association of rs10993994 genotype was observed with po-
tential confounders beyond that of PSA concentrations in controls in EPIC
(Table 5.11 & Table 5.12), or after correction for multiple testing in MR-
Base [61](Table A.1). An inverse-variance weighted MR provided evidence
that a one unit increase in circulating plasma MSP concentrations (ng/ml)
is associated with a 4% reduction in risk of prostate cancer (OR 0.96; [95%
CI 0.95-0.97]), which compared with a 2% reduced risk per unit increase in
MSP in the observational study (OR 0.98; [95% CI 0.97-0.99]) (Table 5.13
and Figure 5.2). Results were not materially altered by adjustment for total
PSA (Table 5.13).

5.4 Discussion

In this large prospective study, we found evidence of a lower risk for prostate
cancer in men with higher circulating concentrations of the prostate protein
MSP, but only after adjustment for circulating PSA concentrations. MSP is a
protein in the immunoglobulin binding factor family that is primarily secreted
by epithelial cells into the seminal plasma, and which may have a role in
tumor suppression [257] [23] and pathogen defense [262]. These findings are
in partial agreement with findings from the only other published prospective
investigation in the MEC study [27], and with results from a retrospective
case-control study [265]; both found a significant inverse association between
circulating MSP concentration and prostate cancer risk without adjustment
for PSA. All other previous studies of MSP and prostate cancer risk have
been cross-sectional, measuring urinary or blood concentration collected from
cases after diagnosis, in which the potential for reverse causality is larger
266, 272, 267, 268, 269, 256, 257, 258, 273, 274]. Furthermore, this is the first
study to use an MR approach, and identifies a potentially causal relationship
of MSP with prostate cancer.

The strong positive association of circulating PSA concentration with
prostate cancer risk [72], and the moderate positive correlation between MSP
and PSA [27] may produce a negative confounding effect that masks a true
underlying association of MSP with prostate cancer risk. This hypothesis is
consistent with findings from the MEC [27] study, which reported an increase
in the strength of association of MSP levels with prostate cancer risk after

adjustment for PSA concentration.
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In accordance with findings from MEC [27], we found no evidence that
the association of MSP with risk differed by prostate cancer stage or grade.
However, there are relatively small numbers of cases in subgroups defined by
tumour characteristics and the analyses by stage and grade of tumour have
limited power to evaluate heterogeneity between and associations by tumour
subtype.

In addition to the prostate epithelium, MSP is secreted at lower levels
by epithelial cells in the tracheobronchial tree [254, 275]. Smoking has been
associated with as much as a 2.5 fold increase in expression of MSP in the
airway epithelium when compared to non-smokers [264]. As such, varia-
tion in circulating MSP concentrations may be due to secretory/goblet cell
hyperplasia and not prostatic health. Therefore, some of the variation in
circulating MSP concentrations may be due to smoking-induced secretory
cell hyperplasia in the respiratory tract. To our knowledge, we are the only
study to report higher levels of MSP (approximately 30%) among current
smokers compared to men with no history of smoking. However, we found
no evidence of heterogeneity in the MSP-risk association by smoking status.

Short follow-up time (3.8 years) and thus reverse causality was previously
suggested in MEC as a possible explanation for the association of MSP with
prostate cancer [27]. However, the present study confirms this previously
observed association with more than double the follow-up time (8.3 years),
and MEC observed no heterogeneity for an MSP association with prostate
cancer by history of PSA testing [27]. Further, while it is not possible,
using observational analyses, to exclude reverse causality due to pre-existing
subclinical prostate cancer, this is possible using MR methods.

The strength of the current MR result stems primarily from the use of
rs10993994 as an instrumental variable; rs10993994 lies in the promotor re-
gion of the MSMB region, the locus that encodes synthesis of MSP, and, as
confirmed in the current study, rs10993994 is strongly associated with both
circulating MSP concentrations and prostate cancer risk [27, 36]. Although
there is some inconsistent evidence that rs10993994 may be associated with
levels of NCOA4 mRNA (located within 16 kb of rs10993994) in benign
prostate tissue [276, 277], a recent review of MSP function [278] and our
phenome-wide scan of more than 850 traits using MR-Base [61] suggest the
110993994 genetic association is specific to MSP. Further, rs10993994 is a

cis-acting variant in the promoter region of the gene (MSMB) that codes for
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MSP. This is perhaps the most robust scenario of MR, as there is a relatively
high degree of certainty that the genetic instrument in the causal variant for
the biomarker of interest [279, 280]. Nonetheless, as we observe a modest
association of rs10993994 with circulating plasma concentrations of PSA in
controls, it remains possible that PSA may confound these results, for exam-
ple, through its use in diagnosing prostate cancer. However, this is unlikely
for two reasons. First, given that the association of rs10993994 with PSA
is present only in controls (i.e. after stratifying on disease status) and that
MR results were materially robust to adjustment for PSA concentration, the
association of rs10993994 with PSA may also arise from collider bias: i.e.
the association of 1510993994 with PSA is induced by stratifying on prostate
cancer status. Such collider bias [281] should not invalidate the results of
the naive MR analysis where PSA is not conditioned upon. Indeed, given no
substantial differences in the MR estimates are found after conditioning on
PSA concentration, collider bias is not a likely influence on these findings.
Second, for the biological role of PSA to confound these findings PSA would
have to be causal to prostate cancer development; although PSA is strongly
associated with prostate cancer [72; 44], there is as yet no strong evidence

for an aetiological role of PSA in prostate cancer biology.

5.5 Conclusion

Using both observational data from a prospective nested case-control study
and MR, the current study supports a protective role of MSP in the devel-
opment of prostate cancer. Experimental studies are needed to elucidate the
mechanisms through which MSP may influence prostate cancer development.
If the predictive effect of MSP is shown to be true from randomized clinical
trials, therapies that raise MSP levels may provide novel opportunities for

the treatment and prevention of prostate cancer.
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Figure 5.1: Multi-variable adjusted odds ratios (95% CI) for prostate cancer
by fourth of plasma microseminoprotein-g (MSP) concentration
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Figure 5.2: Microseminoprotein-g3 (MSP) association (Per unit (ng/ml)) with
prostate cancer from observational data in EPIC additionally adjusted for
prostate-specific antigen (PSA), and from MR that combines PRACTICAL
and EPIC estimates
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Table 5.1: Sensitivity analysis of odds ratio (95% CI) for prostate cancer
associated with fourth of microseminoprotein-g (MSP) (lowest compared to
highest fourth)

Model Odds Ratio® (95% CI) p-trend?
Basic Model® 0.65 (0.51-0.84) 0.003
Adjusted Models

Basic + smoking status 0.65 (0.50-0.85) 0.004
Basic + alcohol consumption 0.65 (0.51-0.84) 0.003
Basic + marital status 0.66 (0.51-0.85) 0.003
Basic + total physical activity 0.65 (0.51-0.84) 0.003
Basic + educational attainment 0.66 (0.51-0.85) 0.003
Fully Adjusted model® 0.66 (0.51-0.86) 0.005

& Minimally adjusted model: total PSA, age at blood collection, and BMI

b Basic model + smoking status, alcohol consumption, marital status, total physical activity,

and educational attainment

¢ Odds ratio for comparison between highest and lowest quartile of MSP

d Test for trend obtained by pseudo continuous variable of median concentration within each fourth

of microsemonoprotein-3 concentration
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Table 5.2: Characteristics of control participants and men who developed prostate cancer in EPIC

g8

Characteristic Controls (n = 1,871) Cases (n = 1,871) p?
Age at Blood Collection, years (SD) 58.3 (6.9) 58.3 (6.9) 0.5
Weight, kg (SD) 80.2 (11.6) 80.2 (11.5) 0.5
Height, cm (SD) 172.9 (7.2) 172.5 (7.1) 0.9
BMI”, kg/m? 26.9 (3.5) 27.1 (3.5) 0.2
Smoking Status, n (%)

Never 578 (31.5) 621 (34.5)

Previous 826 (45.1) 792 (43.9)

Current 431 (23.4) 389 (21.6) 0.1
Alcohol, n (%)

<8 657 (34.8) 682 (36.4)

8-15 368 (19.9) 363 (19.4)

16-39 542 (28.9) 491 (26.2)

>40 304 (16.3) 335 (17.9) 0.3
Physical Activity, n (%)

Tnactive 277 (15.1) 268 (14.9)

Moderately Inactive 533 (29.1) 525 (29.4)

Active 1,025 (55.9) 996 (55.7) 0.9
Marital Status, n (%)

Married /Cohabitating 1,377 (89.7) 1,333 (88.6)

Not Married/ Not Cohabitating 160 (10.4) 172 (11.4) 0.3
Educational attainment, n (%)

Primary/None 687 (38.3) 668 (38.3)

Secondary 633 (35.4) 596 (34.1)

Degree 471 (26.3) 482 (27.6) 0.6
Geometric mean analyte concentration

MSP, ng/ml (95% CI) 12.8 (12.5-13.2) 129 (12.6-13.2) 0.7

MSP adj. PSA, ng/ml (95% CI) 12.9 (12.6-13.3) 128 (12.5-13.1) 0.5

PSA, ng/ml (95% CI) 0.8 (0.8-0.9) 2.4 (2.3-2.5) <0.0001

& Significance calculated from analysis of variance and chi-square for continuous and categorical variables, respectively
> Body mass index (BMI), microsemonoprotein-3 (MSP), prostate-specific antigen (PSA)



Table 5.3: Characteristics of men who developed prostate cancer in EPIC

Characteristic Cases (n = 1,871)
Time to diagnosis, n (%)
< 2 years 81 (4.4)
2 to 4 years 111 (5.9)
4 to 6 years 244 (13.1)
6 to 8 years 375 (20.2)
> 8 years 1,049 (56.4)
Year of diagnosis, median (range) 2004 (1994-2009)
Age at diagnosis, years (SD) 66.9 (6.9)
TNM-Code*
Tumour
T1 178 (19.5)
T2 532 (58.3)
T3 183 (20.1)
T4 19 (2.1)
Nodes
NO 613 (92.3)
N1 46 (6.9)
N2 4(0.1)
N3 1 (0.01)
Metastases
MO 522 (94.7)
M1 29 (5.3)
EPIC Stage Information®
Localized 787 (79.2)
Metastatic 207 (20.8)

Tumour Grade
Gleason Grade?

<6 452 (55.7)
7 218 (28.6)
> 8 120 (15.7)
EPIC Grade Information®
Well Differentiated 139 (16.6)
Moderately Differentiated 503 (60.1)
Poorly Differentiated 191 (22.8)
Undifferentiated 4 (0.1)
PSAP (ng/ml) at diagnosis
<3 20 (3.6)
> 3 and <10 335 (59.8)
> 10 and <50 187 (33.4)
> 50 18 (3.2)

& TNM-code and EPIC stage, and Gleasons grade and EPIC grade are not mutually exclusive
b Prostate-specific antigen (PSA)
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Table 5.4: Adjusted geometric means® of microseminoprotein-3 (MSP) and prostate-specific antigen (PSA) concentration
(ng/ml) in controls by selected characteristics in EPIC

Factor and Subset N Mean (95% CI)  p-diff/trend® N Mean (95% CI)  p-diff/trend®
Age at blood collection, years

<50 years 195 11.7 (10.8-12.6) 195 0.6 (0.5-0.6)

50 years to 55 years 339 12.3 (11.6-13.1) 339 0.7 (0.6-0.7)

55 years to 59 years 503  12.2 (11.7-12.9) 503 0.8 (0.7-0.9)

60 years to 64 years 549  12.7 (12.1-13.3) 549 0.9 (0.9-1.0)

65 years to 69 years 169 15.4 (14.2-16.8) 169 1.3 (1.1-1.4)

>70 years 116  16.8 (15.2-18.6) <0.0001/<0.0001 116 1.6 (1.3-1.8)  <0.0001/<0.0001
Time of blood collection, hours

0000-0959 305 13.0 (12.1-13.9) 306 0.9 (0.8-1.0)

1000-1259 267 13.6 (12.6-14.6) 267 0.8 (0.7-0.9)

1300-2359 1,176 12.4 (12.0-12.9) 0.1 1,176 0.8 (0.8-0.9) 0.03
Marital status

Married/Cohabitating 1,377 12.9 (12.5-13.2) 1,377 0.8 (0.8-0.9)

Not married/ Not Cohabitating 160 14.3 (13.1-15.6) 0.01 160 0.9 (0.8-1.0) 0.9
Educational attainment

Primary/none 687 12.3 (11.8-12.8) 687 0.8 (0.7-0.8)

Secondary 633 13.2 (12.7-13.8) 633 0.9 (0.8-0.9)

Degree 471 12.8 (12.2-13.5) 0.02 471 0.9 (0.8-0.9) 0.02
BMI, kg/m2

16-24 542 13.7 (13.1-14.3) 542 0.9 (0.8-0.9)

25-29 1,003 12.8 (12.3-13.2) 1,003 0.8 (0.8-0.9)

>30 317 11.7 (10.9-12.4) 0.0007/0.001 317 0.7 (0.7-0.8) 0.02/<0.001
Smoking status

Never 578 11.9 (11.4-12.4) 578 0.9 (0.8-0.9)

Previous 826 12.1 (11.7-12.6) 826 0.8 (0.8-0.9)

Current (<15 cigarettes) 181 15.8 (14.6-17.1) 181 0.9 (0.8-0.9)

Current (> 15 cigarettes) 154 17.0 (15.6-18.6) <0.0001/<0.0001 154 0.8 (0.7-0.9) 0.9
Alcohol consumption, g/d

<8 657 13.6 (13.0-14.2) 657 0.9 (0.8-0.9)

8 to 15 368 13.0 (12.3-13.8) 368 0.9 (0.8-0.9)

16 to 39 542 12.3 (11.8-12.9) 542 0.8 (0.8-0.9)

>40 304 119 (11.2-12.7)  0.002/<0.0001 304 0.8 (0.7-0.9) 0.3
Diabetic

No 1,760 12.9 (12.5-13.2) 1,760 0.9 (0.8-0.9)

Yes 97 12.1 (10.8-13.5) 0.5 97 0.7 (0.6-0.8) 0.02

2 All means adjusted for age at blood collection, body mass index (BMI), recruitment centre, and laboratory batch

b Test for difference by analysis of variance; test for trend by entering a pseudo-continuous variable for given factor in linear regression
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Table 5.5: Adjusted geometric mean® plasma microseminoprotein-g (MSP) and prostate-specific antigen (PSA) concentration
(ng/ml) among controls by country and study phase in EPIC

MSP (ng/ml) Germany Greece Italy The Netherlands Spain UK Total pd
Phase 1

Number 100 6 40 11 32 57 246

MSP® 9.8 (8.6-11.1) 6.8 (4.1-11.3)  11.0 (9.1-13.4)  13.6 (9.3-20.0)  10.1 (8.1-127)  13.9 (11.5-16.8)  10.9 (10.1-11.8)  0.02
PSA® 0.7 (0.6-0.9) 0.7 (0.4-1.3) 0.9 (0.7-1.1) 0.9 (0.5-1.5) 0.9 (0.7-1.3) 0.9 (0.7-1.1) 0.8 (0.7-0.9) 0.6
Follow-up time® 37.8 (33.4-42.1)  28.2 (10.3-45.9)  40.2 (33.3-47.1) - 57.9 (50.3-65.7) 43.8 (37.4-50.3)  42.1 (38.8-45.3)

Phase 2

Number 206 31 84 23 108 196 648

MSP? 14.1 (13.0-15.2) 16.4 (13.7-19.6) 12.1 (10.8-13.5) 16.9 (13.8-20.8) 13.7 (12.4-15.0) 17.1 (15.8-18.5) 14.8 (14.2-15.4)  0.001
PSA® 0.9 (0.8-1.0) 0.7 (0.5-0.9) 0.9 (0.7-1.0) 0.8 (0.6-1.1) 0.9 (0.8-1.1) 1.1 (0.9-1.2) 0.9 (0.8-1.0)  0.04
Follow-up time® 75.5 (72.5-78.6)  64.2 (56.4-71.9)  85.8 (81.1-90.5)  84.2 (75.1-93.2) 109.4 (105.2-113.6) 87.5 (84.4-90.6) 85.8 (83.9-87.7)

Phase 3

Number 383 38 148 74 132 202 977

MSP® 10.6 (9.7-11.7) 9.4 (7.8-11.2)  14.4 (12.7- 16.3) 13.5 (11.9-15.3) 13.8 (12.1-15.8)  12.9 (11.8-14.1)  12.1 (11.7-12.6)  0.002
PSA® 0.8 (0.7-0.9) 0.7 (0.6-0.9) 0.7 (0.6- 0.8) 0.9 (0.7-1.0) 0.7 (0.6-0.9) 0.9 (0.8-1.0) 0.8 (0.7-0.9) 0.04
Follow-up time® 112.7 (110.3-115.1) 95.3 (87.7-102.8) 119.5 (115.6-123.4) 129.4 (123.9-134 130.2 (126.1-134.3) 124.1 (120.8-127.4) 119.0 (117.5-120.6)

pe <0.0001

Total

Number 689 75 272 108 272 455 1,871

MSP? 11.7 (11.3-12.3)  11.6 (10.2-13.2)  12.8 (11.9-13.7)  14.5 (13.0-16.1)  12.8 (11.9-13.7) 14.5 (13.7-15.3) 12.7 (12.4-13.1)  0.0001
PSA?* 0.8 (0.7-0.9) 0.7 (0.5-0.8) 0.8 (0.7-0.9) 0.9 (0.7-1.0) 0.9 (0.8-1.0) 1.0 (0.9-1.1) 0.8 (0.8-0.9) 0.0001

& Adjustment was made for age at blood collection, body mass index, and laboratory batch, (95% CI)
b Approximate minimum time controls known to be free of prostate cancer, defined from corresponding matched case values of time to diagnosis
¢ For significant differences in adjusted mean concentration of MSP by study phase by analysis of variance

4 Significance of difference across country for mean concentration of MSP by analysis of variance
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Table 5.6: Partial Pearson’s correlation® between microseminoprotein-3 and prostate-specific antigen by recruitment country

among controls in EPIC

Germany Greece Italy The Netherlands Spain ~ The United Kingdom

Overall 0.17* 0.06 0.02 0.23* 0.04 0.31%*
Ezcluding

First year 0.17* 0.06  0.05 0.24* 0.04 0.31°%
First 5 years 0.13* 0.08  0.06 0.19 0.05 0.29*
First 10 years  0.19* 0.15 -0.01 0.31%* -0.01 0.22%*

& Adjusted for age at recruitment, recruitment centre, body mass index, and laboratory batch
* Significant at p < 0.05
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Table 5.7: Multi-variable adjusted odds ratios (95% CI) for prostate cancer by fourth of plasma microseminoprotein-g (MSP)
concentration, subdivided by selected factors in EPIC

Fourth of Microseminoprotein- concentration, ng/ml

1 2 3 4 p-trend®  p-heterogeneity
Overall Cases/controls, n 508/468 402/464 458/468 501/469
Mean MSP, ng/ml (range) 7 (1-9) 12 (9-13) 16 (13-18) 23 (18-90)
Adjusted RR (95% CI)® 1 (veference) 0.82 (0.68-0.99) 0.91 (0.76-1.09) 0.98 (0.82-1.19) 0.9
Adjusted RR (95% CI)® 1 (reference) 0.84 (0.65-1.09) 0.75 (0.58-0.97) 0.65 (0.51-0.84)  0.001
Study Phase
Phase 1 Cases/controls, n 72/88 53/67 61/47 60/44
Adjusted RR (95% CI)® 1 (reference) 0.62 (0.22-1.75) 0.96 (0.38-2.39) 0.52 (0.19-1.36) 0.2
Phase 2 Cases/controls, n 130/111 121/135 162/173 233/227
Adjusted RR (95% CI)® 1 (reference) 0.77 (0.45-1.32) 0.59 (0.37-0.98) 0.59 (0.38-0.94)  0.03
Phase 3 Cases/controls, n 306/269 228/262 235/248 208/198
Adjusted RR (95% CI)® 1 (reference) 0.85 (0.61-1.17) 0.77 (0.56-1.07)  0.65 (0.46-0.91)  0.01 0.9
Time to diagnosis
<7 years Cases/controls, n 146/157 124/147 163/143 176/162
Adjusted RR (95% CI)P 1 (reference) 0.85 (0.47-1.56) 0.79 (0.44-1.41) 0.47 (0.27-0.83) 0.004
7 years to 10 years Cases/controls, n 188/146 149/170 153/185 202/191
Adjusted RR (95% CI)® 1 (veference) 0.68 (0.43-1.07) 0.55 (0.36-0.84) 0.65 (0.43-0.96) 0.1
>10 years Cases/controls, n 174/165 129/147 142/140 123/116
Adjusted RR (95% CI)P 1 (reference) 0.93 (0.62-1.39) 0.89 (0.61-1.32) 0.76 (0.49-1.18) 0.2 0.4
Age at blood collection
<60 years Cases/controls, n 314/279 242/287 260/270 214/194
Adjusted RR (95% CI)® 1 (reference) 0.79 (0.56-1.13) 0.65 (0.46-0.91) 0.68 (0.46-0.99)  0.03
> 60 years Cases/controls, n 189/184 155/171 193/194 281/269
Adjusted RR (95% CI)® 1 (reference) 0.89 (0.58-1.35) 0.89 (0.59-1.32) 0.63 (0.44-0.90)  0.007 0.5
Age at diagnosis
<65 years Cases/controls, n 218/194 177/193 183/191 146/146
Adjusted RR (95% CI)P 1 (reference) 0.77 (0.47-1.25) 0.45 (0.27-0.74) 0.45 (0.26-0.78)  0.001
> 65 years Cases/controls, n 290/274 225/271 275/277 355/323
Adjusted RR (95% CI)P 1 (reference) 0.84 (0.61-1.16) 0.89 (0.67-1.21) 0.74 (0.55-0.99) 0.05 0.03
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Stage
Localised

Advanced

Grade, > 8
Low-intermediate

High

Grade, > 7
Low-intermediate

High

Smoking status
Never

Previous
Current

By median PSA
Below median PSA

Above median PSA

Cases/controls, n
Adjusted RR (95% CI)b
Cases/controls, n
Adjusted RR (95% CI)b

Cases/controls, n
Adjusted RR (95% CI)b
Cases/controls, n
Adjusted RR (95% CI)b

Cases/controls, n
Adjusted RR (95% CI)b
Cases/controls, n
Adjusted RR (95% CI)b

Cases/controls, n
Adjusted RR (95% CI)P
Cases/controls, n
Adjusted RR (95% CI)P
Cases/controls, n
Adjusted RR (95% CI)P

Cases/controls, n
Adjusted RR (95% CI)P
Cases/controls, n
Adjusted RR (95% CI)P

243 /229
1 (reference)
110/95
1 (reference)

384/349
1 (reference)
53/49
1 (reference)

263 /249

1 (reference)
173/146

1 (reference)

195/163

1 (reference)
227/231

1 (reference)
71/72

1 (reference)

48/259

1 (reference)
460/210

1 (reference)

194/221
0.86 (0.57-1.28)
87/81
0.79 (0.44-1.43)

281,338
0.83 (0.59-1.15)
44/48
0.86 (0.42-1.76)

190,234
0.94 (0.59-1.51)
133,149
0.81 (0.39-1.18)

141/152
0.88 (0.59-1.31)
189,222
0.84 (0.61-1.16)
61/80
0.98 (0.56-1.71)

44/288
0.84 (0.53-1.33)
359/176
0.92 (0.71-1.19)

214/209
0.77 (0.52-1.15)
91/109
0.45 (0.25-0.79)

346/354
0.76 (0.56-1.02)
36,38
0.68 (0.32-1.46)

239/246
0.99 (0.65-1.50)
139/144
0.72 (0.47-1.13)

145/151
0.63 (0.43-0.91)
186,200
0.74 (0.54-1.03)
110/110
0.99 (0.61-1.62)

40/214
0.96 (0.59-1.55)
418/254
0.71 (0.56-0.90)

235/225
0.64 (0.44-0.92)
89/92
0.45 (0.24-0.82)

345/315
0.63 (0.46-0.86)
63/62
0.73 (0.39-1.42)

235/196
0.84 (0.54-1.29)
172/178
0.55 (0.36-0.83)

139/115
0.62 (0.42-0.92)
190/178
0.64 (0.46-0.89)
147/168
0.84 (0.52-1.35)

28,/170
0.91 (0.54-1.55)
473/299
0.55 (0.43-0.69)

0.02
0.002 0.2
0.004
0.3 0.7
0.2
0.004 0.2
0.005
0.007
0.4 0.6
0.8
<0.0001 0.02

@ Estimates are from logistic regression conditioned on the matching variables (see methods) with adjustment for age, and body mass index
b Additional to model ?, adjustment was made for total PSA
¢ A categorical variable was replaced with a continuous variable equal to median concentration by fourth of plasma MSP
d Test for heterogeneity in the trends by likelihood ratio test
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Table 5.8: Multi-variable adjusted odds ratios (95% CI) for prostate cancer by fourth of plasma microseminoprotein-g concen-
tration by recruitment country in EPIC

Fourth of microseminoprotein-53 concentration, ng/ml

1 2 3 4 p-trend® p-heterogeneity®

Country
Greece Cases/controls, n 18/22 14/19 23/20 20/14

Adjusted RR (95% CI)* 1 (reference) 1.02 (0.21-4.95) 0.72 (0.18-2.90) 1.12 (0.27-4.66) 0.9
The Netherlands Cases/controls, n 29/23 23/26 32/28 24/31

Adjusted RR (95% CI)* 1 (reference) 0.75 (0.25-2.25) 1.09 (0.39-3.03) 0.27 (0.08-0.94)  0.07
Spain Cases/controls, n 66/77 64/62 70/75 71/57

Adjusted RR (95% CI)* 1 (veference) 1.17 (0.64-2.16) 1.19 (0.66-2.19) 1.58 (0.86-2.92) 0.2
Ttaly Cases/controls, n 81/74 66/76 61/70 64/52

Adjusted RR (95% CI)* 1 (reference) 1.21 (0.56-2.58) 0.75 (0.38-1.49) 1.05 (0.51-2.19) 0.8
The United Kingdom Cases/controls, n 82/72 89/93 109/115 175/175

Adjusted RR (95% CI)* 1 (reference) 0.91 (0.49-1.69) 0.68 (0.38-1.22) 0.49 (0.29-0.87)  0.004
Germany Cases/controls, n 232/200 146/187 163/160 146/140

Adjusted RR (95% CI)* 1 (reference) 0.60 (0.38-0.93) 0.51 (0.32-0.81) 0.46 (0.20-0.72) <0.0001 0.02

# Model adjusted for age at recruitment, body mass index, and total PSA
b A categorical variable was replaced with a continuous variable equal to median concentration by fourth of plasma MSP
¢ Test for heterogeneity in the trends using likelihood ratio test



Table 5.9: Adjusted geometric means® of microseminoprotein-g (MSP)
and prostate-specific antigen (PSA) concentration (ng/ml) in controls by
110993994 genotype in EPIC

110993994 genotype

C,C C,T T,T p-diff
Case/Control, n 298/398 545/571 215/208
MSP (ng/ml)*
Control 18.1 (17.4-18.9) 12.9 (12.5-13.4) 5.9 (5.6-6.3) <0.0001
Case 19.2 (18.3-20.1) 13.2 (12.7-13.7) 6.3 (5.9-6.7) <0.0001
Total PSA (ng/ml)?
Control 0.7 (0.7-0.8) 0.8 (0.7-0.9) 0.9 (0.9-1.1)  0.0004
Case 2.3 (2.1-2.5) 2.4 (2.326) 2.3 (2.1-26) 06

# Adjusted for age, body mass index, recruitment centre, and laboratory batch
b Difference calculated from analysis of variance
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Table 5.10: Odds ratios (95% CI) for prostate cancer by rs10993994 in EPIC

rs10993994 Case/Control OR (95% CI)* p-trend P
C,C 301/400 1(reference)

C,T 552/578  1.27 (1.05-1.53)

T, T 215/208 1.37 (1.08-1.75) 0.006

2 Results from a univariate logistic regression

b A T allele count was entered as a continuous variable in a logistic regression
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Table 5.11: Per allele (rs10993994) difference in total PSA by smoking status at recruitment separately for prostate cancer cases
and controls

Smoking status

Never Previous Current

Controls

N 376 507 285

Per allele change in total PSA (95% CI) 0.05 (-0.15-0.25) 0.40 (0.15-0.65) 0.13 (-0.05-0.32)

p-value™* 0.62 0.002 0.16
Cases

N 375 441 240

Per allele change in total PSA (95% CT) 0.30 (-1.54-2.14) 0.13 (-1.87-2.12) -1.22 (-2.48-0.03)

p-value* 0.8 0.9 0.06

* p-value from a linear regression of rs10993994 genotype on total PSA concentration



Table 5.12: Various characteristics of participants by rs10993994 genotype in EPIC

96

Characteristic CC CcT TT p-value*
N 701 1,130 423
Age at Blood Collection, years®™  57.94 (57.46 - 58.42) 58 (57.62 - 58.38) 57.91 (57.3 - 58.52) 0.9
Weight, kg ** 80.36 (79.5 - 81.22)  80.14 (79.49 - 80.79)  80.08 (78.98 - 81.18) 0.9
Height, cm ** 172.34 (171.82 - 172.86) 172.28 (171.88 - 172.68) 172.38 (171.67 - 173.09) 0.9
BMI, kg/m2** 27.12 (26.86 - 27.38) 27.12 (26.92 - 27.32) 27.05 (26.73 - 27.37) 0.9
Smoking Status, n (%)

Never 226 (32.24) 304 (34.87) 131 (30.97)

Previous 314 (44.79) 452 (40) 182 (43.03)

Current 148 (21.11) 271 (23.98) 106 (25.06) 0.2
Alcohol, n (%)

<8 224 (31.95) 365 (32.3) 138 (32.62)

8-15 140 (19.97) 220 (19.47) 76 (17.97)

16-39 212 (30.24) 330 (29.2) 133 (31.44)

40 125 (17.83) 214 (18.94) 76 (17.97) 0.9
Physical Activity, n (%)

Tnactive 94 (13.41) 186 (16.46) 73 (17.26)

Moderately Inactive 220 (31.38) 318 (28.14) 113 (26.71)

Active 379 (54.07) 618 (54.69) 235 (55.56) 0.2
Marital Status, n (%)

Married /Cohabitating 502 (71.61) 824 (72.92) 297 (70.21)

Not Married/Cohabitating 63 (8.99) 100 (8.85) 39 (9.22) 0.9
Educational attainment, n (%)

Primary/none 274 (39.09) 450 (39.82) 186 (43.97)

Secondary 224 (31.95) 346 (30.62) 121 (28.61)

Degree 191 (27.25) 309 (27.35) 108 (25.53) 0.5

* p-values are from analysis of variance models and chi square,
** Geometric means are presented with 95% confidence intervals
Numbers may not add to total due to missing values



Table 5.13: Per unit MSP (ng/ml) odds ratio (OR) for prostate cancer for IV
estimates and Mendelian randomisation results using inverse-variance with
and without adjustment for circulating concentrations of total PSA (ng/ml)
in EPIC

Study Per unit OR  Adj. SE
MSP
PRACTICAL for incident cancer 0.96 (0.95-0.98) 0.006
EPIC (Exc. PRACTICAL) for incident cancer  0.97 (0.95-0.99) 0.009
All Pooled 0.96 (0.95-0.97)
MSP (adj. PSA)
PRACTICAL for incident cancer[36] 0.97 (0.96-0.98) 0.006
EPIC (Exc. PRACTICAL) for incident cancer  0.98 (0.95-0.99) 0.008
All Pooled 0.97 (0.96-0.98)
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Chapter 6

Human Kallikrein 2 levels and
prostate cancer risk in the
European Prospective
Investigation into Cancer and
Nutrition
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6.1 Introduction

To date, research into HK2 has been primarily concerned with assessing
the ability of HK2 to improve the discrimination for prostate cancer when
included in a PSA and age based prediction model [47, 48, 49, 50, 51, 52,
282, 283, 284, 53]. There has been, however, no investigation, in men without
elevated PSA, of whether the prospective association of HK2 with prostate

cancer risk is independent of highly collinear circulating PSA concentrations.

6.1.1 Human Kallikrein 2

Human kallikrein 2 (HK?2) is a serine protease coded for by a kallikrein gene,
KLK2. Although HK2 is expressed primarily by the prostate epithelium and
is present in the prostatic fluid, it is also expressed at lower levels in amniotic
fluid, breast milk, and saliva [285, 286]. HK2 is frequently co-expressed with
prostate-specific antigen (PSA) [285], and shares 80% sequence homology
with PSA [287]. Despite these similarities, HK2 is present at much lower
concentrations than PSA (approximately 1% of PSA) in prostate tissue, se-
men, and plasma and serum samples [285, 43], and levels of hK2 mRNA
transcript expression are half those of total PSA [288]. Further, there is
some evidence from in vitro studies that HK2 and PSA differ in their en-
zymatic activity, and that HK2 is able to function as a protease to activate
itself [289, 290, 291].

The function of HK2 is not yet clear. There is some evidence that HK2
has a role in seminal clot liquefaction after ejaculation [292], and that HK2
may activate pro-PSA, in vitro [293, 294]. However, there is also evidence
that the transcription of the KLK gene family is regulated by steroid hor-
mones that include androgens and estrogens [295]. Further, the only known
protein substrate of HK2 is the ARA70, which is an androgen receptor coreg-
ulator, and this suggests that HK2 may be involved in regulation of androgen

receptor-related tissue growth [292].

6.1.2 Factors associated with Human Kallikrein 2

A PubMed search using the key terms "Human Kallikrein 2”7 OR "HK2” OR
"KLK2” returned 2,253 articles. None of these articles contained any cross-
sectional analysis on the association of HK2 with common epidemiological

factors such as age, height, or weight.
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6.1.3 Human Kallikrein 2 and prostate cancer

Tissue expression of HK2

Initial evidence for an association of HK2 with prostate cancer came from
expression in tissue studies, and focused on the differences in expression pat-
terns of HK2 compared to total PSA [296, 291, 297]. Darson et al. found that
HK2 was most intensely expressed in prostate adenocarcinoma, while PSA
was most intensely expressed in benign prostate tissue [296]. Subsequently,
Darson et al. (1999) found a monotonic increase in the percentage of cells ex-
pressing HK2 by tumour sub-type: 46.4% for benign cells, 83.2% for primary
cancer, and 87.0% for lymph node metastases, which led to the conclusion
that HK2 levels may be most strongly associated with metastatic prostate
cancer. However, note that this study also reported a monotonic increase for
cells expressing total PSA: 63.2% for benign cells, 75.2% for primary cancer,
and 85.9% for lymph node metastases [297].

Case-only studies of HK2

A large number of case-only studies that compared the circulating concentra-
tions of HK2 in patients with differing tumour profiles, radical prostatectomy,
and also benign prostate hyperplasia (BPH) emerged following these expres-
sion studies. Most [47, 48, 49, 50, 51, 52, 282, 283, 284], but not all [298]
of these studies supported statistically significantly higher concentrations of
HKZ2 in more severe tumour subtypes when compared to less aggressive sub-
types, or to BPH. Further, when compared to total PSA, circulating HK2
concentrations were found to positively correlate more strongly than PSA
with the volume of high grade tumours (Pearson’s r, 0.56 vs. 0.36 for Glea-
son’s primary grade > 4, for total PSA and HK2, respectively) [299].
Although, on balance, case-only studies have found that circulating HK2
concentration provides greater discrimination * for more severe tumour sub-
types when compared to total PSA (PSA), there has been substantial vari-

ation in findings between studies (percentage difference for area under the

'Owing to the aim of the majority of available research into HK2 being disease predic-
tion, few studies on HK2 and prostate cancer report relative risks, and instead report a
measure of discrimination, area under the receiver operating curve (AUC). AUC is a rank
order statistic that estimates the probability that, if presented with a case and a control,
a model will rank the risk of disease as higher for a case compared to a control.
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curve (AUC) HK2 vs. PSA range -4 to 17) [47, 48, 49, 50, 51, 52, 282, 283,
284, 53].

Only three of these case-only studies have considered an association of
HK2 indepedent from PSA: after adjustment for PSA, one study found no
statistically significant association of HK2 with advanced prostate cancer
compared to localised prostate cancer [53]; a study of biochemical recurrence
(BCR) following radical prostatectomy reported no association of HK2 with
BCR after adjustment for PSA, unless analyses were restricted to men with
PSA 10 ng/ml prior to RP [284]; and a study that built a predictive model for
minimal prostate cancer compared to moderate or high-risk prostate cancer
used a backward stepwise procedure that did not find a significant improve-
ment of a model with PSA when HK2 was included [53].

Prospective case-control studies of HK2 and prostate cancer risk

With the exception of two studies from the Malmo Preventative Project,
all case-control studies that have reported on the association of HK2 with
prostate cancer risk have been in men with an elevated PSA (2.5 ng/ml).
The majority of such studies have been of men in screening projects, such
as the European Randomized Study of Screening for Prostate Cancer (ER-
SPC) [42, 43, 44, 45, 46], or the Goteborg Screening Programme (GSP)
[40, 41]. Studies from both ERSPC and GSP have generally found higher
concentrations of HK2 in men who developed prostate cancer compared to
those without prostate cancer. However, less consistency is observed for AUC
statistics, which have been reported for three different methods of evaluation,
described in turn. GSP did not observe greater discrimination in a univariate
model for prostate cancer cases from negative biopsy controls (HK2: 0.67 vs.
PSA: 0.70) [40, 41]. Studies using ERSPC data have reported AUC in two
ways: as AUC from a model with PSA and age at recruitment, with and
without HK2, and have found an increase in AUC ranging from 1% to 5%
when HK2 was included for prostate cancer overall[46, 45, 44|, and either a
1% increase [46] or no increase [44] for high grade disease; or as a change
in AUC when HK2 was excluded from a larger model of kallikrein proteins
(HK?2, free, intact, and total PSA, and age), which suggests a 1% reduction
in AUC for prostate cancer overall, and between a 2% and 6% reduction for

high grade disease when HK2 was excluded from analyses [42, 43].
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Two further studies, from the Malmé Preventative Project [300] and a
multi-centre trial of a four kallikrein prediction score [301], used the same
method to evaluate the contribution of HK2 to AUC, and found no reduc-
tion in discrimination for prostate cancer overall when HK2 was excluded,
and between a 2% and 3% reduction for high grade disease when HK2 was
excluded. Subsequently, a study in the Stockholm 3 cohort found a 1% lower
AUC for high grade from a univariate HK2 model compared to a univariate
PSA model [302].

Lastly, two prospective studies in the Malmo Preventative Project found
moderately consistent univariate associations of HK2 with incident prostate
cancer risk (RR:1.75, 95% CI 1.45-2.11 & RR:1.25, 95% CI 1.13-1.38) [28, 29].
However, to my knowledge, only one study has investigated the association
of HK2 with prostate cancer adjusted for PSA; the Princess Margaret Hos-
pital cohort found a significant increased risk for prostate cancer with HK2
(univariate, lowest vs highest fourth RR: 5.83, 95% CI, 2.81-12.1, and PSA
adjusted, lowest vs highest fourth RR: 6.72 95% CI, 2.90-15.6). However,
it is worth noting that controls had elevated total PSA with a mean of 10
ng/ml [265]; given mean total PSA among controls in prospective studies
has previously been reported as ranging from 0.6 to 1.0 ng/ml [72, 74], these
concentrations may raise concern over the controls included in this study.

As such, although there is substantial evidence that expression and cir-
culating concentration of HK2 may be higher in cases than in controls, and
that HK2 concentration may be higher in more severe prostate cancer sub-
types, it is not clear whether this is due to the co-localisation of HK2 with
PSA or due to an independent association of HK2 with prostate cancer risk
(either as a risk factor or as a marker of disease). Indeed, there is minimal
evidence that a model of prostate cancer risk calculated using PSA and HK2
combined compared to PSA alone improves discrimination for both prostate
cancer overall (1% to 4%) and for high grade disease (1% to 6%).

6.1.4 Aim of Study

This chapter will evaluate whether HK2 concentration is associated, inde-
pendent of total PSA concentrations, with subsequent risk of prostate cancer
overall, and whether this association varies by tumour characteristics in the
largest prospective study to date using data from the European Prospective

Investigation into Cancer and Nutrition (EPIC).

102



6.2 Methods

6.2.1 Study Population

These analyses are based on data from the countries within the EPIC cohort
that had samples stored at the central IARC Biobank: Germany, Greece,
Italy, The Netherlands, Spain, and the United Kingdom [140]; or in the
Malmo centre for Swedish men. For complete details on the EPIC cohort,

please see Chapter 3.

6.2.2 Follow-up for cancer incidence and vital status

Cancer incidence was identified through record linkage to regional or national
registries in most countries. For Germany and Greece, combined health insur-
ance records, regional health departments, municipality registries, hospital
or physician-based cancer and pathology records, or mail or phone call-based
follow-up were used. Follow-up procedures continued to date of prostate can-
cer diagnosis, death, or last follow-up completed (from 31 December 2007 to
14 June 2010 according to recruitment center).

Cases were defined as men who were diagnosed with prostate cancer as
the first incident malignancy (International Classification of Diseases 10th
revision code C61 [173]) after the date of blood collection and before the
end of the study period, as determined by the latest date of follow-up in
each study center. For Germany, Greece, Italy, The Netherlands, Spain,
and the United Kingdom an incidence density sampling protocol was used
to select control participants at random from the cohort of men who were
alive and free of cancer (except non-melanoma skin cancer) at the time of
diagnosis of the index case, and who were matched on study centre, length
of follow-up, age at blood collection (£ 6 months), time of blood collection
(£ 1 hour), and duration of fasting at blood collection (< 3, 3-6, > 6 hours).
For Sweden (Malmé), controls were matched on length of follow-up and age
at blood collection (+ 6 months) - time of blood collection and fasting status
were unavailable. For the current analyses participants were 2,867 cases with
2,867 matched controls.

No reliable prior estimates exist for the expected association of HK2 with
prostate cancer risk after adjustment for PSA. However, compared to a pre-
viously reported association in the the Princess Margret cohort (lowest vs

highest fourth RR: 6.72 95% CI, 2.90-15.6) [265], this study was adequately
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powered to detect even a modest association of HK2 with prostate cancer risk
after adjustment for PSA; 392 cases and 392 controls would be needed to dis-
cover a 50% increased relative risk of prostate cancer for the top fourth com-
pared to the bottom fourth of MSP concentrations with 80% power (a=0.05)
[220].

Stage information at diagnosis was available for 1,532 cases (67.5%): 1,054
were localised (tumor-node-metastasis [TNM] staging score of T1-T2 and
NO/Nx and M0/Mx, or stage coded in the recruitment centre as localised);
478 were identified as advanced prostate cancer (T3-T4 and/or N1-N3 and/or
M1, or stage coded in the recruitment centre as metastatic). Tumor grade
information at diagnosis was available for 1,799 cases (85.1%): 1,574 were
low-intermediate grade (Gleason score < 8, or grade coded as well, moder-
ately, or poorly differentiated) and 225 were identified as high grade prostate

cancer (Gleason score >8, or grade coded as undifferentiated).

6.2.3 Assessment of Human Kallikrein 2 and Prostate-
specific Antigen

Immunoassay measurements for total PSA and HK2 [226] were conducted on
the AutoDelfia®1235 automatic immunoassay system at the Wallenberg Re-
search Laboratories, Department of Translational Medicine, Lund University,
Skane University Hospital, Malmo, Sweden, and with all measurements con-
ducted blinded to case status. We measured total PSA using the dual-label
DELFIA Prostatus®total PSA-Assay (Perkin-Elmer, Turku, Finland)[226]
calibrated against the WHO 96/670 (PSA-WHO) standard.

In a pilot study, the concordance between measurements of HK2 and PSA
analyte concentration in serum and citrated plasma samples was assessed (N
= 25 for serum and plasma, respectively), and a high concordance was ob-
served (r =0.98 and 0.99, for HK2 and total PSA, respectively). Additionally,
the temporal reproducibility of analyte concentrations was assessed between
samples drawn at five year intervals from 49 and 40 individuals for HK2 and
PSA, respectively. There were no statistically significant differences between
plasma concentrations of HK2 (p = 0.09) or PSA (p = 0.8) drawn at five
year intervals in controls using a paired t-test, and the intra-class correla-
tion coefficient (ICC) was 0.08 (95% CI: 0.00-0.41) for HK2 and 0.23 (95%
CI 0.00-0.53) for PSA. Low ICC may be expected as pilot was conducted

in controls with concentrations very close to lower limits of detection where
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assays are likely moderately less accurate. Given the wider availability of
plasma samples for the EPIC cohort, all assays for the nested case-control
study were performed using plasma.

Quality control samples were inserted into each assay batch and analysed
in duplicate; samples reflected low, medium, and high values according to the
calibration chart. The average inter-assay coefficients of variation (CVs) for
HK2 and PSA were 11% and 14% for phase 1, 7% and 9% for phase 2, and
9% and 7% for phase 3, respectively. An additional 286 ”blinded” quality
control samples were inserted. Quality control samples were pooled sodium
citrate plasma from at least two males. All intra- and inter-assay CVs were
< 11%. The detectable ranges for HK2 were 0.002 to 2.27 ng/ml and 0.1 to
250 ng/ml for PSA.

6.2.4 Statistical Analyses

Plasma concentrations below the lower limits of detection for HK2 and PSA
were set to half of the lowest value of detection (PSA, N = 9) while concen-
trations above the upper levels of detection were set to the highest detectable
value for that particular analyte (HK2, N = 83; PSA, N = 75). Pearsons
chi-squared tests for differences and paired t-tests for categorical and con-
tinuous variables, respectively, were conducted between matched case-control
sets for anthropometric and lifestyle characteristics. Analysis of variance was
used to assess differences in analyte concentrations in controls by strata of
selected characteristics, and by country and, (for all countries except Swe-
den where data were collected in one set) by study phase (for Germany,
Greece, Italy, The Netherlands, Spain, and the United Kingdom prostate
cancer follow-up was conducted in three waves, occurring approximately in
2004, 2008, and 2010). Additionally, analysis of variance was used to test for
differences in mean analyte concentrations by days in post for samples from
the EPIC-Oxford sub-cohort. To conform to parametric model assumptions,
log transformations were applied to HK2 and PSA concentrations and results
are presented as geometric means adjusted for age at blood collection, BMI,
and recruitment centre. The relationship between log transformed analyte
concentrations was examined using partial correlation adjusted for age, BMI,
and recruitment centre.

Conditional logistic regression models were used to examine the asso-

ciation of HK2 concentration with risk of prostate cancer, conditioned on
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the matching factors (listed above). A sensitivity analysis was conducted
to assess the impact of additional adjustment for: smoking status, alcohol
consumption, marital status, physical activity, and educational attainment,
on top of a base model with exact age and BMI. Due to apparent sensitivity
of estimates to adjustment, all subsequent models were fully adjusted for all
aforementioned variables (see Table 6.1).

Given the high collinearity of PSA and HK2 [285], the previously re-
ported strong positive association of PSA with prostate cancer [72], and the
use of PSA testing in clinical practice [92], there was an a priori concern
of residual confounding for a HK2 association with prostate cancer follow-
ing adjustment for circulating PSA concentrations. Thus, further sensitivity
analysis and model checking was conducted to ensure no such residual con-
founding was due to the manner by which PSA was entered into regression
models. Firstly, PSA was entered as a categorical variable with fourths de-
limited in controls - a common practice for biomarker studies, in general
246, 27]. Secondly, PSA was entered as a restricted cubic spline with knots
at the tertiles - the most common manner that PSA| specifically, is modeled
in regression analyses due to its extreme non-linear relationship with prostate
cancer risk and its extreme positive skew [42, 43, 44, 45, 46]. Best model fit
was assessed by reference to McFadden’s R?, and Akaike and Bayesian [303]
Information Criteria (AIC and BIC, respectively). Further, differences in
model fit were evaluated by comparing mean absolute error between models
with PSA (categorical) and PSA (spline) models at deciles of PSA and HK2.

A further concern when modeling two highly collinear variables is that
outlier values may have undue influence, and, that although ordinary least
squares (OLS) estimates may be unbiased, their variances will likely be in-
flated. Ridge regression is a commonly used method to estimate model co-
efficients for highly collinear variables, and achieves this by adding a reg-
ularisation parameter, A, to the OLS loss function that penalises extreme
parameter values. Although this implies that the ridge estimator may no
longer be unbiased, the variance of the ridge estimate can be substantially
lower such that the mean square error is also less. Consequently, the ridge
regression may be less likely to falsely reject a small, true association when
adjusting for highly collinear covariates [304]. As such, ridge regression was
additionally used to investigate the association of HK2 with prostate cancer

risk overall, with adjustment variables as previously specified (with exception
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that input variables were standardised [305] as the ridge regression is sensi-
tive to difference in scale for variables [304]) with and without adjustment
for PSA (spline).

Conditional logistic regression models then were repeated in subgroups
defined according to time between blood collection and diagnosis (< 7, 7-10,
>10 years), and age at blood collection (<60, >60 years). Due to the strong
positive association of HK2 with age at diagnosis, an analysis by fourth of
HK2 concentrations stratified by categories defined according to age at diag-
nosis was not possible; instead the association of HK2 (linear continuous) is
reported by strata of age at diagnosis (<65, >65 years). In addition, we con-
ducted analyses by prostate tumour stage (localised, advanced), histological
grade (low-intermediate or high grade). For all conditional logistic regres-
sion models linear trend was tested by entering a pseudo-continuous variable
equal to the medians of the fourths of HK2 concentration. For subgroup and
subtype analyses, likelihood ratio tests were used to test for heterogeneity of
the association of HK2 concentration with risk of prostate cancer.

Much of the previous research into the association of HK2 with prostate
cancer research has related to the improved discrimination that it may pro-
vide for prostate cancer overall or for high grade prostate cancer, when added
to a PSA-based predictive model; predictive models have typically been PSA
+ age, however, models have also included other PSA subforms. As such, lo-
gistic regression was additionally used to estimate the probability of prostate
cancer overall and for high grade tumours using a model with PSA (includ-
ing aforementioned adjustment factors) and separately with PSA and HK2
(including aforementioned adjustment factors). AUC were then calculated
for each model to assess the additional discrimination contributed by the
inclusion of HK2. All AUC comparisons were by DeLong method [306].

All statistical tests are two-sided and were conducted using STATA soft-
ware version 14 (College Station, TX: StataCorp LP) or R software version
3.32.
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6.3 Results

Data from 2,867 prostate cancer cases and 2,867 matched controls were in-
cluded in analyses. The median age at blood collection was 58 years (range,
39 to 79 years), and, for cases, the median time between blood collection and
diagnosis was 8.4 years. No significant differences were observed in selected
baseline characteristics between cases and controls (see Table 6.2).

Mean HK2 concentration (ng/ml) at blood collection was significantly
higher among cases compared to controls (adjusted geometric mean = 0.047;
[95% CI 0.045-0.048] and 0.028; [95% CI 0.027-0.029] respectively, p < 0.0001)
before adjustment for PSA; after adjustment for PSA, HK2 did not differ sig-
nificantly between cases and controls (adjusted geometric means were 0.036;
[95% CT 0.035-0.037], and 0.037; [95% CI 0.036-0.037], respectively, p = 0.4).
Mean PSA concentration (ng/ml) measured at blood collection was about
three-fold higher in cases than in controls (adjusted geometric mean = 2.5;
[95% CI 2.4-2.6] and 0.9; [95% CI p < 0.0001, see Table 6.2). No signif-
icant differences were observed for HK2 or PSA concentrations by days in
the post for samples from the EPIC-Oxford sub-cohort (p = 0.7 & p = 0.2,
respectively). Additional case characteristics can be found in Table 6.3.

HK2 concentration in controls was higher in men who were older at blood
collection, married, had a normal/low BMI or low intake of alcohol, never
smoked, and had a highest educational attainment of degree level when com-
pared to both primary school, technical, and degree level (p < 0.05 for all)
(see Table 6.4). PSA concentration was positively associated with age at
blood collection and educational attainment, and was lower in men with
greater BMI and diabetes (see Table 6.4). Further, there were significant
differences in HK2 and PSA concentrations by recruitment country and by
study phase (see Table 6.5).

HK2 and PSA concentrations were strongly significantly, positively cor-
related in both cases and controls (Partial correlation » = 0.8 and r = 0.8,
respectively, p < 0.0001). Moreover, there were modest differences in this
correlation by country with the lowest correlation for control men in Spain
(r = 0.54) and highest correlation in Greece (7 = 0.80) (see Table 6.6).

HK2 concentration was strongly associated with risk of prostate cancer

after adjustment for age at blood collection, BMI, smoking status, alcohol

108



consumption, marital status, total physical activity, and educational attain-
ment (OR for highest versus lowest fourth = 7.09, [95% CI 5.82-8.65], p-trend
across the medians of the fourths = 0.001). However, given the a priori ex-
pectation of an association of PSA with HK2 [285, 43|, and PSA with prostate
cancer [72], we additionally adjusted for PSA.

Initial adjustment for PSA was completed by entering PSA as a categor-
ical variable with fourths delimited by the PSA distribution among controls,
and led to a 76% attenuation in the effect estimate (OR for highest ver-
sus lowest fourth = 1.70; [95% CI 1.32-2.19], p-trend across the medians of
the fourths = 0.001). Compared to entering PSA in fourths, a model with
PSA entered instead as a cubic spline greatly improved model fit (BICourths
- BIC®Pline — 194, where evidence is considered very strong with BIC differ-
ence > 10 [303]), while also attenuating HK2 effect estimates by 82% (see
Table 6.8). Further investigation demonstrated that the improved fit for a
model with PSA entered as a cubic spline was due mostly to the reduced
error (up to 44%) in model fit for men with high concentrations of HK2 and
PSA (see Table 6.7). After adjustment for PSA (spline), HK2 concentration
was not significantly associated with prostate cancer risk (OR for highest
versus lowest fourth = 1.29; [95% CI 0.98-1.67], p-trend = 0.1) (see Table
6.9. & Figure 6.1). I further conducted a ridge regression, with all variables
standardized [305] to assess whether a small, true, association of HK2 with
prostate cancer risk was falsely rejected due to inflated variances in OLS
caused by high collinearity between HK2 and PSA. A fully adjusted model,
excluding PSA | found a strong association of HK2 with prostate cancer risk
(RR for unit (ng/ml) increase in HK2: 4.33; [95% CI 3.09-6.08]). After ad-
ditional adjustment for PSA (spline), no evidence for an association of HK2
with prostate cancer remained (RR for unit (ng/ml) increase in HK2: 1.24;
[95% CI 0.96-1.54]).

The association of HK2 concentration with prostate cancer did not differ
by tumour stage or grade (all p-heterogeneity > 0.05; Table 6.9). Further,
no heterogeneity in the association of HK2 with prostate cancer risk was
observed by time to diagnosis or age at blood collection (all p > 0.05, see
Table 6.9). Further, the association of HK2 did not differ by age at diagnosis
(RR for < 65: 1.88; [95% CI 0.003-1136.38] & > 65: 2.40; [95% CI 0.33-
17.32] p = 0.9), and there was no heterogeneity of the association of HK2
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with prostate cancer risk by recruitment country (p-heterogeneity = 0.5;
Table 6.10).

Additionally, I investigated the ability of HK2 to improve upon the dis-
crimination of a model with PSA (spline) and age (plus other adjustment
factors, see Table 6.1) for prostate cancer overall and for high grade tu-
mours. No difference in AUC was found between a PSA-based model and
a PSA + HK2 model for prostate cancer overall (AUC, 0.816 vs. 0.816, see
Figure 6.2) or for high grade tumours (AUC, 0.752 vs. 0.752, see Figure 6.3).

6.4 Discussion

In this large prospective study, there was little or no evidence of a higher
risk for prostate cancer in men with higher circulating concentrations of the
prostate protein HK2 after adjustment for circulating PSA concentrations.
Further, there was no evidence that the additional inclusion of HK2 in a
model with PSA, among other common epidemiological factors, improves
model discrimination for prostate cancer overall, or for high grade tumours.

Only one study has presented prospective evidence for an association of
HK2 after adjustment for circulating PSA concentrations [265]. However,
control men had notably high average PSA concentrations (10 ng/ml), and
so it is unclear whether these analyses represent an investigation of HK2 and
prostate cancer risk among men comparable to an average male population
where PSA among cancer-free men is typically below 1 ng/ml [72].

Other prior research into the association of HK2 with prostate cancer
risk has focused primarily on prediction, and so results have been presented
as AUC rather than relative risks. These studies have suggested a small
improvement for a model that includes HK2 together with PSA compared to
a PSA-only model for prostate cancer overall (1% to 4%), and a more modest
improvement for high grade prostate cancer (1% to 6%) [42, 43, 44, 45, 46, 40,
41]. In contrast, the current study found no improvement of discrimination
for overall or for high grade prostate cancer when HK2 was included in a
model that contained PSA, age, BMI, and other epidemiological factors (see
Table 6.1).

It is possible that the matched design of the current study affected the ac-
curate derivation of the AUC statistic; when matching variables, such as age,

are positively associated with prediction variables, the matching process may
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artificially reduce variance for predictor variables, make an ordinal ranking
more difficult, and lead to an underestimate AUC statistics [307, 308]. How-
ever, if this were true for current results, a downward bias for AUC would
be expected. Estimated discrimination from these data for a PSA model are
similar in magnitude to previous estimates for unmatched designs, and so it
does not appear that the matched design is likely to have influenced current
AUC estimates. Further, it is not clear that a matched design would lead
to an underestimate for the discrimination of a HK2 and PSA model, while
not underestimating discrimination for a PSA-only model. As such, it does
not appears that the matched design for this study biased the AUC present
here.

Even in the presence of evidence in favor of a functional important role
of HK2 in the biology of prostate cancer distinct from PSA [289, 290, 291],
the strong positive correlation between HK2 and PSA [27], and their extreme
positive skew, may have hindered the accurate estimation of the association of
HK?2 with prostate cancer risk. When multicollinearity occurs, outlier values
may have undue influence, and although the OLS estimate may be unbiased,
their variances will likely be inflated. Thus, it is possible that a small true,
independent, association of HK2 and prostate cancer risk may have been in-
correctly rejected [304]. However, HK2 estimates, or their variances, derived
using ridge regression, a commonly used technique to more accurately esti-
mate regression coefficients in the presence of extreme collinearity, did not
differ materially from those calculated by OLS. As such, I do not believe that
the non-significant association of HK2 with prostate cancer from EPIC has
resulted from error induced by high collinearity between PSA and HK2.

While initial tissue expression work and case series analyses suggested
that HK2 may be more strongly associated with high grade and advanced
prostate cancer when compared to low grade or localised tumours, or BPH
[296, 291, 297], no previous prospective study has considered the heterogene-
ity of association of HK2 with prostate cancer by tumour characteristics. In
the current study, there was no evidence of heterogeneity in the association
of HK2 with prostate cancer risk by tumour stage or grade. However, there
are relatively small numbers of cases in subgroups defined by tumour charac-
teristics and the analyses by stage and grade of tumour have limited power to
evaluate heterogeneity between and associations by tumour subtype. Given
the strong correlation between PSA and HK2 [285, 43], the use of PSA in
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clinical practice [92], and the putative reduction in mortality associated with
PSA screening [249, 77], follow-up time may be an important factor in the
analysis of the HK2 and prostate cancer risk. In a cohort where many cases
may be those men diagnosed with prostate cancer after a referral for biopsy
from an elevated PSA value, PSA, and thus HK2, at recruitment will likely
be strongly associated with prostate cancer. More specifically, we would ex-
pect PSA and HK2 to be more strongly associated with cases diagnosed soon
after recruitment. However, there is little evidence from the current research
for heterogeneity of the association of HK2 by follow-up time or that HK2
may be strongly associated with low grade or localised prostate cancer. As
such, it is not clear that the use of PSA in clinical practice has confounded
the association of HK2 with prostate cancer risk in the current study.

To the best of my knowledge, this is the first large scale prospective
study to investigate the association of circulating HK2 concentrations with
common epidemiological factors: age, marital status, educational attainment,
BMI, smoking status, and alcohol consumption. Many of these associations
(age, alcohol consumption, smoking status, and BMI) may not be surprising
given the positive association of HK2 and PSA, and the association of these
factors with PSA, which has been attributed to decreased testosterone levels
[309, 310] and hemodilution [311]. However, the association of HK2 with
marital status is less easily interpreted. Much of the research on HK2 to date
has been done in men with elevated PSA, using negative-biopsy controls, and
without adjustment for common epidemiological factors; it is possible that
previously reported positive associations of HK2 with prostate cancer were
influenced by unaccounted for variation in other factors that may influence
HK2 among men with abnormally functioning prostates, as indicated by
elevated PSA.

6.5 Conclusion

In this large prospective European nested case-control study there was little
evidence for an association of HK2 with prostate cancer risk overall, or with
risk for advanced stage or high grade tumours independent of circulating
PSA concentrations. In contrast to previous results from case-control studies,
there was no evidence to suggest the addition of HK2 to a predictive model

of prostate cancer risk using PSA leads to improved discrimination.
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Figure 6.1: Multi-variable adjusted odds ratios (95% CI) for prostate cancer
by fourth of plasma human kallikrein 2 (HK2) concentration
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Figure 6.2: Receiver operator curves and area under the curve statistics for a
prostate-specific antigen (PSA) + Age model and a PSA + human kallikrein

2 (HK2) + Age model for prostate cancer overall
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Figure 6.3: Receiver operator curves and area under the curve statistics for a
prostate-specific antigen (PSA) + Age model and a PSA + human kallikrein

2 (HK2) + Age model for high grade prostate cancer
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Table 6.1: Sensitivity analysis of odds ratio (95% CI) for prostate cancer
associated with fourth of human kallikrein 2 (HK2) (lowest compared to
highest fourth)

Model Odds Ratio(95% CI) c p-trend?
Basic Model® 1.29 (1.00-1.67) 0.08
Adjusted Models

Basic + smoking status 1.29 (1.00-1.67) 0.09
Basic + alcohol consumption 1.30 (1.01-1.69) 0.07
Basic + marital status 1.29 (1.00-1.67) 0.08
Basic + total physical activity 1.29 (1.00-1.67) 0.08
Basic + educational attainment 1.21 (0.88-1.66) 0.2
Fully Adjusted model® 1.22 (0.89-1.68) 0.3

a Minimally adjusted model: total PSA, age at blood collection, and BMI

b Basic model + smoking status, alcohol consumption, marital status, total physical activity,

and educational attainment

¢ Odds ratio for comparison between highest and lowest quartile of MSP

d Test for trend obtained by pseudo continuous variable of median concentration within each fourth

of human kallikrein 2 concentration
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Table 6.2: Characteristics of control participants and men who developed prostate cancer in EPIC

LTT

Characteristic Controls (n = 2,867) Cases (n = 2,867) p?
Age at Blood Collection, years (SD) 58.9 (6.8) 58.9 (6.8) 0.4
Weight, kg (SD) 80.2 (11.5) 80.4 (11.6) 0.4
Height, cm (SD) 174.1 (7.2) 172.0 (7.2) 0.8
BMTIP, kg/m? 26.5 (3.4) 26.5 (3.5) 0.3
Smoking Status, n (%)

Never 936 (32.9) 956 (33.7)

Previous 1,243 (43.8) 1,264 (44.6)

Current 660 (23.3) 617 (21.8) 0.4
Alcohol, n (%)

<8 1,031 (35.9) 1,064 (37.1)

8-15 613 (21.4) 597 (20.8)

16-39 874 (30.5) 807 (28.2)

40 349 (12.2) 399 (13.9) 0.1
Physical Activity, n (%)

Inactive 489 (17.3) 473 (16.8)

Moderately Inactive 977 (34.5) 1,012 (35.8)

Active 1,365 (48.2) 1,339 (47.4.7) 0.6
Marital Status, n (%)

Married /Cohabitating 1,435 (59.6) 1,390 (58.4)

Not Married/Not Cohabitating 971 (40.4) 991 (41.6) 0.4
Educational attainment, n (%)

Primary/None 1,140 (40.8) 1,120 (40.3)

Technical 636 (22.8) 603 (21.7)

Secondary 299 (10.7) 305 (10.9)

Degree 718 (25.7) 752 (27.1) 0.6
Geometric mean analyte concentration

HK2, ng/ml (95% CI) 0.028 (0.027-0.029)  0.047 (0.045-0.048) <0.0001

HK2 adj. PSA, ng/ml (95% CI) 0.037 (0.036-0.037)  0.036 (0.035-0.037) 0.4

PSA, ng/ml (95% CI) 0.9 (0.8-0.9) 2.5 (2.4-2.6) <0.0001

& Significance calculated from analysis of variance and chi-square for continuous and categorical variables, respectively
> Body mass index (BMI), human kallikrein 2 (HK2), prostate-specific antigen (PSA)



Table 6.3: Characteristics of men who developed prostate cancer in EPIC

Characteristic Cases (n = 2,867)
Time to diagnosis, n (%)
< 2 years 141 (4.5)
2 to 4 years 190 (6.7)
4 to 6 years 352 (12.3)
6 to 8 years 535 (18.7)
> 8 years 1,639 (57.4)
Year of diagnosis, median (range) 2004 (1991-2013)
Age at diagnosis, years (SD) 67.9 (6.8)
TNM-Code*
Tumour
T1 311 (24.9)
T2 648 (51.8)
T3 262 (20.9)
T4 28 (2.2)
Nodes
NO 727 (92.8)
N1 51 (6.5)
N2 4 (0.1)
N3 1 (0.01)
Metastases
MO 749 (92.2)
M1 63 (7.7)
EPIC Stage Information®
Localised 765 (79.0)
Metastatic 203 (20.9)

Tumour Grade
Gleason Grade?

<6 703 (50.2)
7 484 (34.5)
> 8 214 (15.3)
EPIC Grade Information®
Well Differentiated 132 (16.2)
Moderately Differentiated 496 (60.8)
Poorly Differentiated 184 (22.6)
Undifferentiated 4 (0.5)
PSAP (ng/ml) at diagnosis
<3 33 (3 6)
> 3 and <10 473 (51.8)
> 10 and <50 395 (35.5)
> 50 82 (8.9)

& TNM-code and EPIC stage, and Gleasons grade and EPIC grade are not mutually exclusive
b Prostate-specific antigen (PSA)
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Table 6.4: Adjusted geometric means® of human kallikrein 2 (HK2) and prostate-specific antigen (PSA) concentration (ng/ml)
in controls by selected characteristics in EPIC

Factor and Subset N Mean HK2 (95% CI)  p-diff/trend® N Mean PSA (95% CI)  p-diff/trend”
Age at blood collection, years

<50 years 260  0.023 (0.021-0.025) 260 0.6 (0.5-0.7)

50 years to 55 years 503  0.024 (0.023-0.025) 503 0.7 (0.6-0.7)

55 years to 59 years 730 0.026 (0.025-0.028) 730 0.8 (0.8-0.9)

60 years to 64 years 837  0.029 (0.027-0.030) 837 0.9 (0.9-1.0)

65 years to 69 years 315 0.035 (0.032-0.038) 315 1.3 (1.2-1.4)

>70 years 222 0.045 (0.041-0.049) <0.0001/<0.0001 222 1.5 (1.5-1.8) <0.0001/<0.0001
Marital status

Married/Cohabitating 1,435  0.029 (0.028-0.031) 1,435 0.9 (0.9-0.9)

Not married/ Not Cohabitating 971  0.027 (0.026-0.028) 0.007 971 0.9 (0.9-1.0) 0.7
Educational attainment

Primary/None 1,140 0.026 (0.025-0.027) 1,140 0.8 (0.8-0.9)

Technical 636 0.030 (0.029-0.032) 636 0.9 (0.9-1.0)

Secondary 299  0.028 (0.026-0.031) 299 0.9 (0.8-1.0)

Degree 718 0.029 (0.027-0.030) 0.0004 718 0.9 (0.9-1.0) 0.004
BMI, kg/m2

16-24 1,007 0.029 (0.028-0.031) 1,007 0.9 (0.9-1.0)

95-29 1,459 0.028 (0.027-0.029) 1459 0.9 (0.9-1.0)

>30 401 0.026 (0.024-0.028) 0.01/0.01 401 0.8 (0.7-0.9) 0.002/0.6
Smoking status

Never 936 0.030 (0.029-0.031) 936 0.9 (0.9-1.0)

Previous 1,243 0.028 (0.027-0.029) 1,243 0.9 (0.9-0.9)

Current 660  0.027 (0.025-0.028)  <0.0001/<0.0001 660 0.9 (0.9-1.0) 0.9
Alcohol consumption, g/d

<8 1,031 0.031 (0.029-0.032) 1.031 0.9 (0.9-1.0)

8 to 15 613 0.029 (0.027-0.030) 613 0.9 (0.8-1.0)

16 to 39 874 0.026 (0.025-0.028) 874 0.9 (0.8-0.9)

>40 349 0.025 (0.023-0.027) 0.002/<0.0001 349 0.9 (0.8-0.9) 0.1/0.1
Diabetic

No 2,606  0.028 (0.028-0.029) 2,606 0.9 (0.9-0.9)

Yes 115 0.025 (0.022-0.028) 0.05 115 0.7 (0.6-0.8) 0.002

& All means adjusted for age at blood collection, body mass index (BMI), recruitment centre, and laboratory batch

b Test for difference by analysis of variance; test for trend by entering a pseudo-continuous variable for given factor in linear regression
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Table 6.5: Adjusted geometric mean® plasma human kallikrein 2 (HK2) and prostate-specific antigen (PSA) concentration
(ng/ml) in controls by country and study phase in EPIC

HK2 (ng/ml) Germany Greece Italy The Netherlands Spain UK Total pd
Phase 1

Number 100 6 40 11 32 57 246

HK22 0.020 (0.018-0.023) 0.025 (0.014-0.044) 0.029 (0.024-0.037) 0.032 (0.021-0.049) 0.021 (0.016-0.027) 0.029 (0.024-0.036) 0.025 (0.022-0.027) 0.07
PSA® 0.7 (0.6-0.9) 0.7 (0.4-1.3) 0.9 (0.7-1.1) 0.9 (0.5-1.5) 0.9 (0.7-1.3) 0.9 (0.7-1.1) 0.8 (0.7-0.9) 0.6
Follow-up®  37.8 (33.4-42.1)  28.2 (10.3-45.9)  40.2 (33.3-47.1) . 57.9 (50.3-65.7) 43.8 (37.4-50.3)  42.1 (38.8-45.3)

Phase 2

Number 206 31 84 23 108 196 648

HK2?* 0.026 (0.022-0.031) 0.027 (0.020-0.035) 0.024 (0.021-0.029) 0.031 (0.023-0.043) 0.031 (0.026-0.036) 0.037 (0.033-0.041) 0.031 (0.029-0.034) 0.0003
PSA® 0.9 (0.8-1.0) 0.7 (0.5-0.9) 0.9 (0.7-1.0) 0.8 (0.6-1.1) 0.9 (0.8-1.1) 1.1 (0.9-1.2) 0.9 (0.8-1.0) 0.04
Follow-up® 75.5 (72.5-78.6)  64.2 (56.4-71.9)  85.8 (81.1-90.5)  84.2 (75.1-93.2) 109.4 (105.2-113.6) 87.5 (84.4-90.6)  85.8 (83.9-87.7)

Phase 3

Number 383 38 148 74 132 202 977

HK2?* 0.026 (0.024-0.028) 0.028 (0.022-0.035) 0.025 (0.022-0.029) 0.025 (0.021-0.030) 0.023 (0.019-0.027) 0.037 (0.032-0.042) 0.026 (0.025-0.028) <0.0001
PSA® 0.8 (0.7-0.9) 0.7 (0.6-0.9) 0.7 (0.6- 0.8) 0.9 (0.7-1.0) 0.7 (0.6-0.9) 0.9 (0.8-1.0) 0.8 (0.7-0.9) 0.04
Follow-up®  112.7 (110.3-115.1) 95.3 (87.7-102.8) 119.5 (115.6-123.4) 129.4 (123.9-134 130.2 (126.1-134.3) 124.1 (120.8-127.4) 119.0 (117.5-120.6)

e <0.0001

Total

Number 689 75 272 108 272 455 1,871

HK2?> 0.025 (0.023-0.026) 0.028 (0.024-0.032) 0.026 (0.024-0.028) 0.028 (0.024-0.031) 0.026 (0.024-0.028) 0.028 (0.027-0.029) 0.036 (0.034-0.039) 12.7 (12.4-13.1)  0.0001
PSA® 0.8 (0.7-0.9) 0.7 (0.5-0.8) 0.8 (0.7-0.9) 0.9 (0.7-1.0) 0.9 (0.8-1.0) 0.9 (0.9-1.0) 1.0 (0.9-1.1) 0.8 (0.8-0.9) 0.0001

2 Adjustment was made for age at blood collection, body mass index, and laboratory batch, (95% CI)

b Approximate minimum time controls known to be free of prostate cancer, defined from corresponding matched case values of time to diagnosis

¢ For significant differences in adjusted mean concentration of MSP by study phase by analysis of variance

d Significance of difference across country for mean concentration of MSP by analysis of variance



Table 6.6: Partial correlation® between human kallikrein 2 and prostate-
specific antigen by recruitment country in controls in EPIC

Germany Greece Italy The Netherlands Spain Sweden UK
Overall 0.62* 0.80* 0.66* 0.64* 0.54*  0.71* 0.67*
Ezcluding
First year 0.61%* 0.77%  0.65* 0.65* 0.54%  0.70* 0.68*
First 5 years 0.57* 0.76* 0.61* 0.63* 0.51%  0.63* 0.64*
First 10 years  0.52* 0.69% 0.48* 0.71% 0.53*  0.61  0.56*

& Adjusted for age at recruitment, recruitment centre, and laboratory batch

* Significant at p < 0.05
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Table 6.7: Mean absolute error (MAE) by tenth of HK2/PSA for a HK2 model of prostate cancer risk with PSA modeled in
fourths variable compared to as a spline with knots at tertiles.

Decile 1 2 3 4 5 6 7 8 9 10
HK2 0.002-0.014 0.015-0.020 0.021-0.026 0.027-0.030 0.031-0.035 0.036-0.043 0.044-0.050 0.051-0.064 0.065-0.090 0.091-2.27
MAE for Model A? 0.24 0.23 0.27 0.28 0.29 0.28 0.29 0.30 0.30 0.28
MAE for Model BP 0.24 0.23 0.26 0.26 0.27 0.27 0.25 0.26 0.24 0.18
Percentage reduction in MAE - - 3.7 7.1 6.9 3.6 13.8 13.3 20.0 35.7
PSA 0.025-0.43 0.44-0.62 0.63-0.83 0.84-1.09 1.10-1.42 1.43-1.83 1.84-2.46 2.47-3.44 3.45-5.67 5.68-250
MAE for Model A? 0.15 0.20 0.27 0.32 0.34 0.35 0.31 0.30 0.27 0.27
MAE for Model BP 0.15 0.20 0.27 0.30 0.31 0.31 0.28 0.26 0.21 0.15
Percentage reduction in MAE - - - 6.3 8.8 114 9.7 13.3 22.2 444

& Model is PSA as quartile with adjustment for confounders

> Model is PSA as splines with knots at the teriles with adjustment for confounders
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Table 6.8: Statistics for model fit used to compare a model that fit PSA in fourth variable compared to one that fit PSA as
splines with knots at the tertiles

Model A BP Difference
McFadden’s R? 0.38 0.43 0.05
BIC 2493 2293 194
AIC 2453 2265 188

& Model is PSA as quartile with adjustment for confounders
b Model is PSA as splines with knots at the teriles with adjustment for confounders
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Table 6.9: Multi-variable adjusted odds ratios (95% CI) for prostate cancer by fourth of plasma human kallikrein 2 (HK2)
concentration, subdivided by tumour subtype and subgroup in EPIC

Fourth of Human Kallikrein 2 concentration, ng/ml

1

2

3

4

p-trend? p-het®

Overall

Cases/controls, n

Mean MSP, ng/ml (range) 0.014 (0.002-0.018) 0.024 (0.019-0.028) 0.035 (0.029-0.043) 0.065 (0.044-2.67)

233,660

A13/734

688,760

1,533/713

Adjusted RR (95% CI)* 1 (reference) 158 (1.29-1.93)  2.60 (2.20-3.27)  7.09 (5.82-8.65)  0.001
Adjusted RR (95% CI)® 1 (reference) 1.15 (0.88-1.48)  1.16 (0.89-1.49)  1.70 (1.32-2.19)  0.001
Adjusted RR (95% CI)° 1 (reference)  1.23 (0.95-1.58)  1.22 (0.95-1.56)  1.29 (0.98-1.67) 0.1
Time to diagnosis
<7 years Cases/controls, n 37/204 79/230 155/245 675/267
Adjusted RR (95% CI)° 1 (reference)  1.36 (0.62-2.94)  0.98 (0.48-2.02)  1.33 (0.65-2.77) 0.3
7 years to 10 years Cases/controls, n 76,/206 137/232 250/251 463/237
Adjusted RR (95% CI)® 1 (reference) 1.12 (0.72-1.75) 1.14 (0.73-1.78)  1.15 (0.73-1.81) 0.8
>10 years Cases/controls, n 120/250 197/272 283/264 395/209
Adjusted RR (95% CI)° 1 (reference) 1.22 (0.88-1.70) 1.31 (0.93-1.84)  1.26 (0.88-1.83) 0.4 0.9
Age at blood collection
<60 years Cases/controls, n 106/306 170/260 257/272 478/173
Adjusted RR (95% CI)° 1 (reference) 1.15 (0.77-1.72) 1.05 (0.69-1.58)  1.52 (0.98-2.34) 0.04
> 60 years Cases/controls, n 126/352 240/468 427/481 1,043/535
Adjusted RR (95% CI)¢ 1 (reference) 1.22 (0.88-1.71) 1.27 (0.92-1.77)  1.19 (0.85-1.67) 0.7 0.5
Stage
Localised Cases/controls, n 83/272 136/238 241/262 594/281
Adjusted RR (95% CI)° 1 (reference) 1.29 (0.81-2.09)  1.31 (0.83-2.08)  1.21 (0.76-1.94) 0.2
Advanced Cases/controls, n 36/113 55/115 97/127 290/123
Adjusted RR (95% CI) 1 (reference) 0.99 (0.49-2.01)  1.08 (0.53-2.19)  1.22 (0.58-2.54) 0.5 0.9
Grade
Low-intermediate Cases/controls, n 129/415 200/389 370/412 875/358
Adjusted RR (95% CI)° 1 (reference) 113 (0.78-1.64)  1.06 (0.74-1.52)  1.34 (0.93-1.94)  0.09
High Cases/controls, n 19/46 35/39 47/61 124/79
Adjusted RR (95% CI)° 1 (reference) 179 (0.68-4.73)  1.63 (0.64-4.16)  0.99 (0.38-2.63) 0.5 0.9

@ Estimates are from logistic regression conditioned on the matching variables (see methods) with adjustment for age, and body mass index

b Additional to model ?, adjustment was made for total PSA as fourths

¢ Additional to model #, adjustment was made for total PSA as splines at the tertiles
4 A categorical variable was replaced with a continuous variable equal to median concentration by fourth of plasma HK2
¢ Test for heterogeneity in the trends by likelihood ratio test
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Table 6.10: Multi-variable adjusted odds ratios (95% CI) for prostate cancer by fourth of plasma human kallikrein 2 concentration
by recruitment country

Fourth of human kallikrein 2 concentration, ng/ml

1 2 3 4 p-trend® p-heterogeneity®
Country
Greece Cases/controls, n 5/17 9/19 16/18 43/19
Adjusted RR (95% CI)* 1 (reference) 0.48 (0.04-6.35) 3.58 (0.14-94.46) 0.67 (0.04-11.56) 0.9
The Netherlands Cases/controls, n 7/30 17/23 23/35 58/17
Adjusted RR (95% CI)* 1 (reference) 1.41 (0.26-7.80) 0.74 (0.11-4.95) 4.61 (0.67-31.76) 0.1
Spain Cases/controls, n 40/77 46/69 55/68 126/53
Adjusted RR (95% CI)* 1 (reference) 1.14 (0.54-2.42) 0.80 (0.39-1.67) 1.17 (0.57-2.39) 0.7
Italy Cases/controls, n 26/75 41/70 73/81 129/43
Adjusted RR (95% CI)* 1 (reference) 0.99 (0.39-2.49) 1.09 (0.43-2.77) 1.27 (0.46-3.58) 0.7
The United Kingdom Cases/controls, n 21/55 31/67 77/203 313/203
Adjusted RR (95% CI)* 1 (reference) 1.83 (0.71-4.68) 0.87 (0.38-1.99) 0.84 (0.38-1.85) 0.3
Germany Cases/controls, n 65/211 101/185 168/127 335/127
Adjusted RR (95% CI)* 1 (reference) 0.93 (0.54-1.58) 1.26 (0.74-2.16) 1.25 (0.71-2.21) 0.3
Sweden Cases/controls, n 69/195 168/301 276/295 529/251
Adjusted RR (95% CI)* 1 (reference) 1.45 (0.94-2.23) 1.55 (0.99-2.39) 1.46 (0.92-2.33) 0.4 0.5

@ Model adjusted for age at recruitment, body mass index, and total PSA (spline)
b A categorical variable was replaced with a continuous variable equal to median concentration by fourth of plasma HK2
¢ Test for heterogeneity in the trends by country using likelihood ratio test
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7.1 Introduction

The intake of protein from dairy sources has been associated with an in-
creased risk of prostate cancer [18, 98, 312, 313], which may act via insulin-
like growth factor I [231] or calcium intake [18]. A germline polymorphism,
rs4988235, strongly associated with both the intake of dairy produce [55]
and the ability to digest latctose sugar [314] may be a risk factor for prostate
cancer. rs4988235 may provide an opportunity to explore a Mendelian ran-
domization approach to investigate the association between the intake of

dairy produce consumption and prostate cancer risk [279].

7.1.1 Lactase persistence, lactose intolerance, and rs4988235

The inability to digest the lactose sugar in many dairy products, commonly
referred to as lactose intolerance, depends on lactase enzyme (lactase-phlorizin
hydrolase) activity in the intestinal wall. The symptoms of lactose intoler-
ance, such as diarrhea, abdominal pain, or flatulence [315], result from bacte-
rial fermentation of undigested lactose in the colon and are believed to result
in the avoidance of dairy products among affected individuals. The pre-
dominant genetic polymorphism previously associated with lactase enzyme
activity in adult European populations is a C/T single nucleotide polymor-
phism (SNP) on chromosome 2 (rs4988235), upstream of the lactase coding
sequence in the MCMG6 gene [54]. In adults, the ancestral C allele causes the
down-regulation of lactase enzyme activity (lactase non-persistence) and the
reduced tolerance for lactose-rich food [316]. In contrast, the T allele con-
veys a persistent ability to digest and absorb lactase throughout life [314].
rs4988235 is believed to act by increasing promoter [317, 318, 319] and en-
hancer activity [320] in the LCT gene.

Notably, however, there is evidence that the lactase enzyme is still pro-
duced by homozygous C individuals, albeit at approximately one quarter of
levels in homozygous T individuals [321]. Further, rs4988235 has been shown
to have a low positive predictive value (20%) for clinical lactose intolerance as
defined by the gold standard, hydrogen-methane breath test [322], and symp-
toms of lactose intolerance have been previously reported as equally prevalent
among homozygous C and heterozygous CT individuals [323]. As such, al-
though there may be strong functional evidence to suggest that rs4988235
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causes differences in the production of the lactase enzyme [321, 324, 320], it

may not fully define the ability to tolerate lactose products.

7.1.2 The intake of dairy produce with rs4988235

The lactase persistence T allele exists at varying frequencies in different pop-
ulations [325]; in general, among European populations, the T allele is found
at highest frequency among northwestern populations, such as the Swedish
(> 80%), and at lower frequency among southeastern populations, such as
the Greek (< 10%). The differences in T allele frequency are believed to
have resulted from recent selective sweeps on genetic variation, probably due
to the selective advantage conferred by dairy consumption in the context of
the spread of dairy farming [55, 326]. Indeed, there is some evidence of this
from ecological research, which has found that, on average, countries with a
high frequency of the lactase persistence T allele tend to consume a greater
quantity of dairy produce (kg per year per capita) [327].

Due to evidence of positive selection for the lactase persistence allele,
research into rs4988235 has focused primarily on its association with the
intake of dairy produce. A significantly higher percentage of non-consumers
of dairy produce are found among homozygous C individuals compared to
homozygous T (18% vs. 12%) [55]. Differences in the consumption of dairy
produce by rs4988235 genotype appear to be due principally to differences
in the consumption of dairy milk and milk-based beverages. As much as
a 50% increase in the consumption of milk and milk beverages has been
observed in men homozygous for the T allele compared to men homozygous
for the C allele in European populations [55, 56, 57, 58, 59]. However, no
such difference was observed for the consumption other dairy produce such
as yogurt, cheese, or ice cream by rs4988235 [55, 56]. Given the low lactose
content in many dairy products, this may not be a surprising result. Aside
from some select processed cheeses, such as cheese slices that may contain
5-Tg per serving, the average lactose content for cheese is negligible at 0.1g
per serving. Yogurt and ice cream may contain slightly higher amounts of
lactose and have ranges between 3-bg per serving. However, dairy milk has,
by far, the highest lactose content of dairy products at 6-13g per serving, and
may be as high as 52g per serving for some skimmed dried or fortified milk

products [328]. There is also some evidence that the lactase persistence T
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allele, in particular, is associated with a higher intake of calcium from milk
(244 vs 207, mg/day) [329].

7.1.3 Other factors associated with rs4988235

A recent systematic review suggests that rs4988235 is also associated with
with a small increase in BMI and a greater likelihood of being over-weight
or obese; compared to homozygous C or heterozygote individuals, homozy-
gous T individuals were, on average, 0.17 (0.07 to 0.27) BMI units heavier,
and were 9% (2% to 17%) more likely to be over-weight or obese [57]. Ad-
ditionally, there was evidence to suggest that, compared to homozygous C
individuals, homozygous T individuals may be associated with: a 8% (6%
to 10%) increased risk of ischemic heart disease; have 0.056 (0.048 to 0.064)
mmol/] lower LDL cholesterol; and 0.028 (0.028 to 0.036) mmol/1 lower HDL
cholesterol [330]. Additionally, compared to homozygous C individuals, ho-
mozygous T individuals have been found to be more likely to be educated to

secondary school or higher [55].

7.1.4 1rs4899235 and prostate cancer

A recent meta-analysis of all published data (4,783 cases and 3,188 controls)
on the association of rs4988235 with prostate cancer found no significant
elevated risk of prostate cancer (OR: 1.12, 95% CI: 0.96-1.32) [55]. However,
it remains possible that previous studies were under-powered to detect the
modest expected association of rs4988235 with prostate cancer; one estimate
suggested 30,000 cases and 30,000 controls would be necessary to detect a
2% increased relative risk with 80% power [55].
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7.1.5 Aim of Study

This chapter has two primary questions:

1. Is the lactase persistence SNP, rs4988235, associated with subsequent
risk of prostate cancer overall, and does any association vary by tumour

characteristics among men in the PRACTICAL consortium.

2. How does the intake of dairy produce vary by rs4988235 in the UK
Biobank, the largest cross-sectional study to date, and how do these
findings aid the interpretation of any association of rs4988235 with

prostate cancer risk.
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7.2 Methods

7.2.1 Study Population

These analyses use data from the PRACTICAL consortium and the UK
Biobank. For complete details on the studies that constitute the PRACTI-
CAL consortium and the UK Biobank cohort, please see Chapter 3.

7.2.2 Follow-up for cancer incidence and vital status
in the PRACTICAL consortium

Cases were defined as men who were diagnosed with prostate cancer (Inter-
national Classification of Diseases 10th revision code C61 [173]). For the
current analyses participants were 48,471 cases with 29,866 controls. Infor-
mation for advanced stage disease (T3-T4 and/or N1-N3 and/or M1) was
available for 4,927 men. Information for high-grade disease (Gleason score
>8) was available for 5,940 men. In addition, 3,876 men were known to have

died of prostate cancer as an underlying cause.

7.2.3 Genotyping and Imputation
PRACTICAL

Genotyping for study samples in PRACTICAL was done using a custom
[lumina array as part of the OncoArray project, which is a collaborative
project on the risk of breast, ovarian, prostate, colorectal and lung cancer
[37]. The array, of approximately 600,000 markers, consisted of a GWAS
backbone (approximately 260,660 markers in the Illumina HumanCore) and
markers selected from the disease consortia representing the main cancer sites
involved in the project.

All analysis centres genotyped a common set of HapMap samples so that
strand alignment and integrity of imputation could be compared. Principal
components were derived based on a subset of 2,318 markers identified as
informative for ancestry. The first two principal components were then used
to estimate the proportion of ancestry relative to the European, and Asian
HapMap populations. The cut-offs used to group samples by ancestry were:
European: > 0.8 European ancestry and Asian: > 0.4 Asian ancestry.

Within and between study duplicates, and close relatives were identified,

and excluded, by calculating a concordance matrix for all individuals; samples
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with concordance > 0.86 were flagged as duplicates and concordance between
0.74 and 0.86 were flagged as relatives. Samples passed genotyping quality
control steps if more than 95% of SNPs had valid calls. After additional
manual review of the cluster plots for SNPs failing to achieve 95% call rates,
a total of 494,763 SNPs were retained. Overall, 97% of samples had call
rates of 95% or higher. To adjust for potential (intra-continental) population
stratification in main analyses, principal components analysis was performed
using data from 33,661 uncorrelated SNPs (which included the 2,318 SNPs
for continental ancestry) with a major allele frequency of at least 0.05 and
maximum correlation of 0.1 in OncoArray.

Directly genotyped rs4988235 was not available as it was was excluded
at quality control stages for OncoArray data. All current analyses used
rs4988235 allele dosage from two-stage imputation based on the 1000 genomes
release 3 reference panel, and calculated using SHAPEIT (http : //www/shapeit. fr/)
and IMPUTE.V2 (https : //mathgen.stats.ok.ac.uk /impute /impute_v2.html).
SHAPEIT was used to derive phased genotypes using the default parame-
ters. IMPUTE.V2 was then used to perform imputation using 5 megabase
non-overlapping intervals for the whole genome - variants whose minor allele
frequency was less than 0.001 were excluded from imputation. A high quality

of imputation for rs4988235 was observed, 7% = 0.84.

UK Biobank

Genotyping was performed by the UK Biobank, and genotyping, quality con-
trol and imputation procedures are described in detail elsewhere [331]. In
brief, DNA was extracted from buffy coat samples collected from all partic-
ipants. Participant DNA was genotyped on two arrays: UK BiLEVE and
UKB Axiom, which had more than 95% common content, and approximately
800,000 SNPs. Genotype was called using the Affymetrix Power Tools soft-
ware in 33 batches of roughly 4,700 samples. Samples with high missingness
or heterozygosity (480), short runs of homozygosity (8), related individuals
(1,856), and sex mismatches (191), were removed. Genotypes for 152,736
samples passed sample quality control (approximately 99.9% of total sam-
ples). SNPs were excluded if they did not pass quality control filters across
all 33 genotyping batches, or had missingness greater than 90%. Batch effects
were identified through frequency and HardyWeinberg equilibrium (HWE)
tests (P < 10°). In total, 806,466 SNPs passed quality control in at least
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one batch (approximately 99% of the array content). Population structure
was modelled using principal component analysis in a subset of high quality
samples with low missingness (< 1.5%) and high frequency SNPs (> 2.5%,
100,000 SNPs) of European descent.

7.2.4 Calculation of the intake of dairy milk in the UK
Biobank

New variables were created for the weight (in grams) from the 24-hour dietary
assessments for dairy milk, cheese, yogurt, and ice cream. This was done
by using the steering file of the Oxford Web(Q which contains the serving
size of each food item listed in the 24-hour dietary assessment, in grams.
To estimate daily intake, the serving size in grams was multiplied by the
frequency reported in the 24-hour dietary assessment. The top frequency
category was open ended and differed by food group, these were coded so
that 3+ = 3, 4+=4, 5+=5, 6+ = 6. Less than one was coded as 0.5 (Table
8.1).

Information on never consumers of milk, milk type consumed, cheese
intake, and spread used were collected from the baseline touchscreen ques-
tionnaire, each of which is now described in turn. Never consumers of milk
was a binary variable where never consumers were coded as 1 and ever con-
sumers were coded as 0. Milk type consumed was used to create two binary
variables: the first variable was coded as 1 if a man elected to consume dairy
milk and 0 if a man elected to consume soy milk, or other (non-dairy) types
of milk, or never/rarely consuming milk; the second variables was coded as
1 if a man elected to consume dairy milk and 0 if a man elected to consume
soy milk, or never/rarely consuming milk. Cheese intake was a binary vari-
able where never consumers of cheese were coded as 1 and ever consumers of
cheese were coded as 0. Spread used was a binary variable where never /rarely

uses spread were coded as 1 and ever uses butter spread were coded as 0.

7.2.5 Statistical Analyses
PRACTICAL

Individuals not of genetically European ancestry, and studies with less than
10 cases and 10 controls were excluded. Where data were available, for a

selection of epidemiological factors, means and 95% confidence intervals (CI)

133



were calculated for continuous variables, and N and percentages presented
for categorical variables by hard-called rs4988235 genotype from available
imputed allele dosage. Imputed allele dosage is a probabilistic score that
ranges from 0 to 2, where 0, 1, and 2 indicate complete certainty in the
homozygous (CC), heterozygous (CT), and homozygous (TT) genotypes, re-
spectively. For the purpose of cross-tabulation with common epidemiological
factors, however, we have hard-called genotypes by collapsing across geno-
type uncertainty to create a rs4988235 genotype variable (CC: 0-0.4, CT:
0.8-1.2, TT: 1.6-2). Hard-called rs4988235 genotype were also used to calcu-
late T allele frequency overall, and range by study, for cases and controls by
prostate cancer endpoint:
2N7rr + Ner

Freqr = TN (7.1)

Poisson regression, adjusted for principal components, was used to esti-
mate the relative risk (95%CI) of having family members with a history of
prostate cancer associated with continuous rs4988235 allele dosage within
each study; study-level estimates were then pooled by the inverse-variance
weighted method.

Unconditional logistic regression was used to estimate the association of
rs4988235 allele dosage with prostate cancer risk overall, for high grade and
advanced stage tumours, and for death from prostate cancer. Additional
analyses were conducted in prospective studies only to assess the impact
of potential differences, on risk estimates, in the intake of dairy products
between cases and controls recruited at different time points for retrospective
case-control studies.

All analyses were study-specific, and adjusted for population stratification
using the first seven principal components. Study-level estimates were then
pooled by the inverse-variance weighted method to derive an overall measure
of the association of rs4988235 with prostate cancer within the PRACTICAL

consortium.

UK Biobank

Analyses were only in men of European ancestry, and, due to low quality
imputation of rs4988235 in the UK Biobank cohort, only directly genotyped

data were used.
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The percentage of: non-consumers for dairy milk, ice cream, yogurt, and
cheese from the 24-hour recall questionnaires; and non-consumers of milk and
consumers of soy milk, non-consumers of cheese, and butter-based spreads,
from the baseline touchscreen questionnaire were derived for each rs4988235
genotype by taking adjusted proportions from a logistic regression holding
other parameters at the mean. Estimates for the difference in percentages
between CC and TT genotypes were derived by bootstrapped difference be-
tween marginal estimates. Confidence intervals were calculated by the Efron
bias-corrected and accelerated method to correct for possible bias and skew-
ness in the bootstrapped samples [332].

The intake of dairy produce in the UK Biobank from the 24-hour re-
call questionnaire are pseudo-continuous variables; this is due largely to the
format of data and the frequency of consumption, and affects less frequently
consumed dairy produce, such as yogurt and ice cream, most. A consequence
of the nature of these dietary intake variables is that they have a low number
of unique values and extreme positive skews. These qualities result in non-
normally distributed, non-constant variance when deriving mean estimated
intake of dairy produce by rs4988235 genotype due to the extreme violation
of homoscedasticity. This results in unreliable estimates for standard errors,
and in the case of the more extreme violations, such as for ice cream or yo-
gurt, may also result in unreliable estimates for mean intake [333]. A general
solution may be to bootstrap a common least squares estimate to derive more
reliable standard errors. However, boostrap resampling can be sensitive to
long tailed error distributions, in this case due to extreme outliers, and may
still produce biased standard errors.

As such, current analyses of the intake of dairy produce by rs4988235
genotype will be by bootstrapped robust regression, which uses an iteratively
reweighted least squares algorithm to weight observations as an inverse func-
tion of their residual error defined by Huber’s M-estimator [334]. Estimates
for the difference in percentages between CC and TT genotypes were derived
by bootstrapped difference between marginal estimates. Confidence inter-
vals were calculated by the Efron bias-corrected and accelerated method to
correct for possible bias and skewness in the bootstrapped samples [332].

Analyses for the intake of dairy produce from 24-hour recall question-
naires were conducted both for intake of dairy produce overall, and for intake

of dairy produce excluding non-consumers. Note, however, that [ was unable
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to compute confidence intervals for the intake of ice cream or yogurt overall;
due to the large proportion of zeros (> 50%), the Huber’s M-estimator can-
not converge on a non-zero estimate. Instead arithmetic means are presented
alone and no difference is estimated.

All aforementioned cross-sectional analyses were conducted using two
models: an initial model stratified by region within UK Biobank; and a
model that stratified by region but additionally adjusted for the first 10
principal components conducted (as described above). Further, it is com-
mon methodological practice in genome-wide association studies (GWAS) to
perform an inverse-variance rank normal transformation on continuous data
to allow data to conform to model assumptions. As I present results from a
GWAS for dairy milk in the following chapter, results for dairy milk are also
presented after inverse-variance rank normal transformation. All bootstrap-
ping was for 1000 repetitions.

All statistical tests are two-sided and were conducted using STATA soft-
ware version 14 (College Station, TX: StataCorp LP).

7.3 Results
PRACTICAL

Among controls, there was little evidence of differences by rs4988235 geno-
type for age at recruitment, weight, height, or body mass index. Compared
to homozygous C individuals, homozygous T individuals were slightly less
likely to be current smokers (23.8% vs 27.6%), and slightly more likely to
have a family history of prostate cancer (15.9% vs 13.0%) (Table 7.2). How-
ever, Poisson regression, adjusted for principal components, found no as-
sociation of rs4988235 allele dosage with number of family members with
prostate cancer (RR: 0.98; [95% CI 0.97-1.01). As with previous studies, we
observed a strong south-east to north-west cline for T allele frequency within
studies from Europe, ranging from 8% in Greece to 78% in Sweden (Figure
7.1). High T allele frequencies were observed for non-European studies: USA
(64%), Canada (56%), and Australia (68%). We also observed a modest dif-
ference in the T allele frequency between controls (0.67) and prostate cancer
cases overall (0.69), high grade (0.69) and advanced tumours (0.70), and for
death from prostate cancer (0.70) (see Table 7.3).
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A pooled estimate from all included studies found no significant associa-
tion of rs4988235 allele dosage with prostate cancer overall (OR: 1.01; [95%
CI 0.99-1.04]), high grade or advanced stage tumours (OR: 0.99; [95% CI
0.95-1.04] and OR: 0.99; [95% CI 0.93-1.04], respectively), or death from
prostate cancer (OR: 0.96; [95% CI 0.90-1.03]). After adjustment for princi-
pal components, results were materially unchanged for all endpoints: prostate
cancer overall (OR: 1.01; [95% CI 0.98-1.04], high grade and advanced stage
tumours (OR: 1.00; [95% CI 0.95-1.05] and OR: 0.98; [95% CI 0.92-1.04],
respectively), and death from prostate cancer (OR: 0.96; [95% CI 0.90-1.03].
Additional analyses that included only data from prospective studies, ad-
justing for principal components, also found no significant association of
rs4988235 allele dosage with prostate cancer overall (OR: 1.04; [95% CI 0.99-
1.08], high grade or advanced stage tumours (OR: 1.02; [95% CI 0.92-1.14]
and OR: 0.95; [95% CI 0.82-1.10], respectively), or death from prostate can-
cer (OR: 0.97; 95% CI 0.85-1.12]).

UK Biobank

No difference was observed in percentage of non-consumers of dairy milk, ice
cream, yogurt, or cheese between CC and T'T homozygotes after stratifica-
tion by region (difference: 1.1% [95% CI: -0.4-1.9], 0.08% [95% CI: -1.0-2.3],
2.0% [95% CI: -1.0-4.5], and 2.7% [95% CI: -0.2-5.5], respectively). Results
were materially unaltered after further adjustment for principal components
(difference: 0.1% [95% CI: -1.0-1.0], 1.0% [95% CI: -1.0-2.7], 1.7% [95% CIL-
1.0-3.7], and 0.02% [95% CI:-0.6-1.4], respectively) (Table 7.4 & Table 7.5).

A modest difference in the intake of dairy milk was observed between TT
and CC genotypes (TT: 217.7 g/d, [95% CI 214.4-220.6] vs. CC: 192.2 g/d,
[95% CI 186.2-198.3], difference: 25.5 g/d [95% CI 18.8-32.2]) for a model
stratified by region. After additional adjustment for principal components
an approximately 20% smaller difference was observed in the intake of dairy
milk by rs4988235 genotype (TT: 217.0 g/d, [95% CI 213.9-220.1] vs. CC:
198.6 g/d, [95% CI 191.4-205.7], difference: 19.9 g/d [95% CI 12.8-26.9]).
When analyses were restricted to only current consumers, the magnitude of
the difference in the intake of dairy milk by rs4988235 was not altered for
either the model stratified by region or stratified by region and adjusted for
principal components. However, the removal of non-consumers did increase

estimated mean dairy milk intake by approximately 15 g/d. Results were
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materially similar for the inverse variance rank normal transformed variable
for dairy milk. No differences were observed by rs4988235 genotype for ice
cream, yogurt, or cheese intake for stratified or adjusted models with or
without the inclusion of non-consumers (Table 7.4 & Table 7.5).

For a model stratified by region, a modest difference in the percentage of
men consuming soy milk or other (non-dairy) types of milk, or never /rarely
consuming milks in general was observed among homozygous C men com-
pared to homozygous T (TT: 6.3%, [95% CI 6.0-6.7] vs. CC: 8.3%, [95%
CI 7.3-9.3], difference: 2.0% [95% CI 0.09-2.4]). Results for this model were
not materially altered when analyses were restricted to exclude consumers of
other (non-dairy) types of milk (TT: 5.3%, [95% CI 5.1-5.6] vs. CC: 7.1%,
[95% CI 6.1-7.9], difference: 1.8% [95% CI 0.08-2.6]). After additional ad-
justment for principal components these results were attenuated by approxi-
mately 40%; the percentage of men consuming soy milk or other (non-dairy)
types of milk, or never/rarely consuming milks in general remained higher
among C homozygotes compared to T homozygotes (TT: 6.4%, [95% CI 6.1-
6.8] vs. CC: 7.6%, [95% CI 6.6-8.6], difference: 1.2% [95% CI 0.04-2.4]), and
similar results were observed when models were restricted to exclude con-
sumers of other (non-dairy) types of milk (TT: 5.5%, [95% CI 5.2-5.8] vs.
CC: 6.4%, [95% CI 5.5-7.3], difference: 0.9% [95% CT 0.03-2.1]) (Table ?7?).

After stratification by region, men homozygous for the lactase intolerance
allele (C) were more likely to be never consumers of dairy milk than men
homozygous for the T allele (TT: 2.0%, [95% CI 1.8-2.2] vs. CC: 2.6%,
[95% CI 2.0-3.2], difference: 0.6% [95% CI 0.03-0.8]); however, after further
adjustment for principal components the confidence in this difference was
moderately attenuated (TT: 2.0%, [95% CI 1.8-2.2] vs. CC: 2.6%, [95% CI
2.0-3.2], difference: 0.6% [95% CI -0.01-0.7]).

Further, after stratification by region, C homozygotes were approximately
4% more likely to be never consumers of butter spreads than T homozygotes
(TT: 18.1%, [95% CI 17.4-18.9] vs. CC: 22.1%, [95% CI 19.9-24.3], difference:
4.0% [95% CI 1.0-5.6]); results were unchanged after additional adjustment
for principal components (TT: 18.1%, [95% CI 17.4-18.9] vs. CC: 22.1%,
95% CI 19.9-24.3], difference: 4.0% [95% CI 1.0-5.5]). No differences were
observed by rs4988235 for the intake of cheese from the baseline touchscreen

questionnaire (Table 7.6).
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7.4 Discussion

In the PRACTICAL prostate cancer genetics consortium rs4988235 T allele
dosage was not associated with prostate cancer risk overall, high grade or ad-
vanced stage tumours, or death from prostate cancer. When analyses were
restricted to data from prospective cohort studies the results were materi-
ally unchanged. Subsequent analyses, in the UK Biobank, suggested that
rs4988235 may only be associated with a modest, 25-19 g/d, difference in
the intake of dairy milk, and may not be associated with the intake of other
dairy produce, such as ice cream, yogurt, or cheese. The null association
with prostate cancer risk may thus be due to a possibly weak association
of 154988235 with the intake of dairy. However, the null association with
ice cream is in contrast to a previous study of rs4988235 with dairy intake,
which found significantly higher ice crease consumption among individuals
homozygous for the lactase persistence T allele [335].

A summary of existing evidence on the association of rs4988235 with
prostate cancer risk from a meta-analysis of the two previous studies to date
did not support rs4988235 as a risk factor for prostate cancer (OR: 1.12;
[95% CI 0.96-1.32])[55]. However, Travis et al. (2013) [55] noted that anal-
yses may have been under-powered. Previous research suggested that a 35
g/day increased intake of protein from dairy may result in an approximately
32% increased risk for prostate cancer. Further, the difference in the intake
of protein from dairy between homozygous C and and homozygous T indi-
viduals has been estimated as approximately 2.2 g/day [55]. As such, an
association of rs4988235 that occurs via the intake of dairy products may
be expected to be 2% for T compared to C homozygotes. To detect such a
relative risk, with 80% power, Travis et al. (2013)[55] suggest that 30,000
cases and 30,000 may be needed. As such, the present null association of
rs4988235 with prostate cancer risk, with 48,471 cases and 29,866 controls,
may be seen as a robust investigation of the association for rs4988235 with
prostate cancer risk overall. However, it is possible that there were differ-
ences in both the frequency of rs4988235 T allele frequency and the intake
of dairy milk by cases status for case-control studies in PRACTICAL that
recruited controls separately from cases. Given there is evidence that the

intake of dairy products has differed over time [60], it is possible that such

139



differences in the intake of dairy products by case status led to an attenu-
ation of the association of rs4998235 with prostate cancer risk as a marker
for dairy intake. However, we do not believe this to have been the case as
when analyses were restricted to only prospective studies conclusions were
unchanged.

Previous studies [55, 56] did not investigate the association of rs4988235
with prostate cancer by tumour subtype or for death from prostate cancer.
The current study finds little evidence to suggest rs4988235 is associated with
an increased risk of high grade or advanced stage prostate cancer, or death
from prostate cancer. Given we believe that any association of rs4988235
with prostate cancer acts via the intake of dairy produce, these results are
not in opposition with a recent non-significant meta-analysis of dairy produce
with both advanced prostate cancer (RR: 0.92; [95% CI 0.79-1.08]) and death
from prostate cancer (RR: 1.11; [95% CI 0.97-1.27]) [18].

Current results may also stem from differences in the association of rs4988235
with various dairy produce, or from difficulties associated with the stable
measurement of dairy produce from questionnaires. Firstly, the association
of rs4988235 with dairy products appears to be largely driven by the as-
sociation of rs4988235 with dairy milk [55] rather than with dairy protein
or other dairy products, which likely results from the relatively low lactose
content of other dairy products [328]; if any potential association of dairy
products with prostate cancer is, in fact, due to differences in the intake of
dairy protein, we may not expect rs4988235 to be associated with prostate
cancer risk. Secondly, while all studies find that rs4988235 is positively asso-
ciated with the intake of dairy milk, estimates have been shown to differ by
as much as two-fold (g/d), which may indicate measurement error; although
a previous study in the EPIC cohort [55] found rs4988235 accounts for ap-
proximately a 33 g/d difference in the intake of dairy milk between C and
T homozygotes and a recent meta-analysis suggests the difference may be as
low as 24 g/day [330], a study of genetically European Brazilians finds milk
intake by rs4988235 genotype may be as large as 67 g/day[57]. Results from
this study, which suggest rs4988235 is associated with a 19-25 g/d difference
in milk consumption are in agreement with results from the previous and
largest study by Bergholdt et al (2015) [336] that estimates the difference in
milk intake as a modest 24 g/d.
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Further, this study finds only a small difference in the percentage of
never consumers of milk by rs4988235 genotype, which was not significant
after adjustment for principal components, and only weak evidence that men
homozygous for the lactase intolerance allele consume a greater percentage of
soy milk. As such, it is possible that null results for rs4988235 and prostate
cancer risk derive from the potentially small association with the intake of
dairy produce, primarily driven by milk consumption.

Moreover, it does not appear that rs4988235 alone defines current abil-
ity to tolerate lactose produce. There is evidence that: C homozygotes have
low-level lactase enzyme activity [321, 337]; that they consume low levels of a
variety of dairy products [55]; that adverse symptoms of lactose intolerance
may be similar for homozygous C and heterozygous CT individuals [323];
and that rs4988235 genotype has poor positive predictive value for lactase
persistence when tested against a hydrogen breath test [322]. Additionally,
the current analyses find a 20% reduction in estimated dairy milk intake by
rs4988235 genotype after adjustment for principal components. Stratifying
by region likely captures some of the differences that may exist between men
recruitment at different locations in Britain in the consumption of dairy pro-
duce, and indeed, some of the variation in the rs4988235 T allele frequency.
However, stratifying by region alone is not an appropriate way to take full
account of population stratification, and to ensure that the association of
rs4988235 with dairy products in estimated in an otherwise genetically ho-
mogenous population [338]. As such, the observed 20% reduction in the
estimated intake of dairy milk after adjustment for principal components
likely reflects differences in the ancestry of men within region; one further
explanation, however, is that these differences in ancestry may account for
a proportion of the intake of dairy milk, which suggests there may be addi-
tional germline variation that determines the intake of dairy milk that is, as
yet, undiscovered.

Therefore, should a true association exist between dairy products and
prostate cancer risk, as rs4988235 appears to predict a modest difference only
in the intake of dairy milk, it may not explain a large enough proportion of the
behavioral variance of intake of dairy products as a whole, or for protein from
dairy specifically, to have a detectable association with prostate cancer risk,
even in this large collaborative consortium. This may be of particular concern

given many previous prostate cancer risk estimates are for a comparison of
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men consuming little or no dairy produce to those who consume often and
a lot. In this case we may not expect to observe an association of rs4988235
with prostate cancer risk as it appears to be a proxy for a moderately low
consumption compared to a moderately elevated consumption.

One additional limitation of the current study may be the diversity of
studies within the PRACTICAL consortium. Even among men in popula-
tions with high T allele frequency, the consumption of dairy produce may
vary by as much as three-fold [327, 330]. As such, cultural and social differ-
ences in the consumption of dairy products across the numerous studies from
differing countries may have led to unexplained variation in the consumption
of dairy even among T homozygotes. This may have masked any potential
association of rs4988235 with prostate cancer risk. It remains a limitation of
the current study that dietary information was unavailable in PRACTICAL,

and that further investigation of this limitation was not possible.

7.5 Conclusion

Ultimately, this large investigation with 48,471 cases and 29,866 controls
finds no association of the lactase variant, rs4988235, with prostate cancer.
However, previous research, and current analyses in the UK Biobank, suggest
both that rs4988235 may account for only a small difference in the intake of
dairy milk, and that any estimate is likely subject to substantial measure-
ment error. As such, while these findings may be robust evidence against an
association of rs4988235 with prostate cancer, we do not believe they provide
evidence against an association of dairy produce and prostate cancer risk.
Future research should explore the potential for alternative genetic varia-
tion that predicts the intake of dairy milk and dairy protein from a genome-
wide association study of dairy intake. Results from such an analysis may
help calculate a polygenic score to be used as an instrument for a future
potential MR study, in particular, a score that more strongly predicts the

full distribution of dairy produce intake.
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Table 7.1: Dietary variables from the Oxford WebQ 24-hour dietary assessment included in each touchscreen food group

Food group Dietary variables included in each food group and weightings perserving in grams
Dairy Milk Glasses of milk (259g), hot chocolate (260g), milk with black tea (35g), milk

with rooibos tea (35g),milk with green tea (35g), milk with herbal tea (35g),

milk with other tea (35g), milk with instant coffee (25g), milk with filter coffee

(25g), milk with espresso coffee (25g), milk with other coffee (25g), cappuccino

(190g), latte (190g), porridge (79g), milk added to cereal (100g), cream sauce

(30g), white sauce (54g), pudding (175g), and low calorie hot chocolate (130g)

Cheese Low fat hard cheese (40g), hard cheese (40g), soft cheese (40g), blue cheese
(35g), low fat cheese spread (15g), cheese spread (15g), cottage cheese (60),
feta (40g), mozzarella (40g), goat cheese (40g), other cheese (40g), and the
cheese disaggregated from cheese sauce using the recipe provided in McCance
and Widdowson’s The Composition of Food (8) (10g), cheese disaggregated
from pizza using standard topping sizes (40g), and cheese disaggregated from
cheesecake using standard recipes (55g)

Yogurt Yogurt (125g), yogurt drink (250g), and yogurt smoothie (125g)

Ice Cream Ice cream (120g)




Table 7.2: Characteristics of controls by rs4988235 genotype®, and PSA, and free
to total PSA ratio at diagnosis for cases within PRACTICAL.

rs4988235 genotype

CcC CT TT
Controls
Age at recruitment®*; yrs 60.1 (59.8-60.4) 59.9 (59.8-60.2) 59.9 (59.8-60.1)
Weight**, kg 83.4 (82.7-83.9) 84.3 (83.8-84.7) 84.6 (84.3-84.9)
Height**, cm 174.4 (173.9-174.9) 175.7 (175.4-176.0) 176.3 (176.0-176.6)
BMI, kg/m?** 27.1 (26.9-27.3) 27.6 (26.6-28.5) 26.9 (26.8-27.1)
Smoking Status, n (%)
Never 579 (34.1) 1,593 (34.7) 2,328 (36.3)
Previous 652 (38.4) 1,729 (37.7) 2,562 (39.9)
Current 469 (27.6) 1,268 (27.6) 1,527 (23.8)
Family History, n (%)
No 1,640 (87.0) 3,928 (86.9) 4,979 (84.1)
Yes 245 (13.0) 594 (13.1) 041 (15.9)
Cases
PSA*** at diagnosis, ng/ml** 8.7 (8.4-9.1) 9.1 (8.9-9.3) 9.0 (8.9-9.2)
Free to total PSA ratio** 10.9 (9.8 - 12.3) 10.8 (10.1 - 11.7) 10.8 (10.1 - 11.7)

* T allele frequency requires the categorisation of a dosage allele score that ranges from 0 to 2 into genotypes at cut points
of 0-0.4, 0.8-1.2, 1.6-2 for CC, CT & TT.
** Values are arithmetic means and 95% confidence intervals

*** PSA, prostate-specific antigen
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Table 7.3: Median T allele frequency [range across studies] for rs4988235 in cases
and controls, and case/control allele frequency difference within PRACTICAL

Outcome Case / Control* Case [Range] Control [Range] Difference
Total Prostate Cancer 36,698 /23,751  0.69 [0.30 - 0.86]  0.67 [0.21 - 0.81] 0.02
High Grade 4,976 / 21,846 0.69 [0.32- 0.83]  0.68 [0.21 - 0.81] 0.01
Advanced Stage 4,087 /19,252 0.70 [0.29 - 0.82]  0.67 [0.21 - 0.81] 0.03
Death from Prostate Cancer 2,649 /17,995  0.70 [0.25 - 0.80]  0.68 [0.36 - 0.78] 0.02

* T allele frequency requires the categorisation of a dosage allele score that ranges from 0 to 2 into genotypes at cut points
of 0-0.4, 0.8-1.2, 1.6-2 for CC, CT & TT.
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Figure 7.1: T allele frequency for rs4988235 for available European studies within
the PRACTICAL consortium
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Figure 7.2: Per-allele (T allele) relative risk of prostate cancer overall, high grade
and advanced stage, and death from prostate cancer within the PRACTICAL

consortium

Endpoint
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Cases/Controls
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1.00 (0.95, 1.05)
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Figure 7.3: Per-allele (T allele) relative risk of prostate cancer overall from prospective studies within the PRACTICAL consortium

Study Cases/Controls OR (95% ClI)
Total Prostate Cancer

The Agriculture Health Study 471/1,179 — 0.93 (0.78, 1.11)
Alpha-Tocopherol Beta-Carotene Study 1,279/1,915 : 1.00 (0.90, 1.12)
The Cohort of Swedish Men 2,293/1,122 —fl— 1.06 (0.94, 1.20)
Copenhagen 1 536/258 —-—*E— 0.94 (0.72, 1.23)
Copenhagen 2 444/228 7,5_ 1.02 (0.76, 1.37)
EPIC 635/693 —4— 1.03 (0.87, 1.22)
ERSPC 71/65 43— 0.94 (0.50, 1.77)
Esther 324/315 —Ji-— 1.08 (0.85, 1.38)
HPFS 1,166/1,044 —-—4; 0.92 (0.80, 1.06)
IMPACT 49/867 —J;— 1.52 (0.88, 2.63)
Melbourne Collaborative Study 714/316 ,24,7 1.19 (0.94, 1.51)
Multiethnic Cohort Study 598/642 —15—-— 1.12(0.92, 1.36)
Physician's Health Study 622/257 —15— 1.00 (0.77, 1.30)
PLCO 678/980 —1E-l— 1.11 (0.94, 1.31)
Princess Margaret Cohort 668/455 —wi—-— 1.15(0.92, 1.43)
Finnish Genetics Prostate Cancer Study ~ 2,421/1,183 :# 1.05 (0.94, 1.17)
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Figure 7.4: Per-allele (T allele) relative risk of high grade prostate cancer within the PRACTICAL consortium

Study Cases/Controls OR (95% CI)
High Grade Prostate Cancer
The Agriculture Health Study 68/1,179 R 1.06 (0.70, 1.60)
Alpha-Tocopherol Beta-Carotene Study 39/1,915 ;— 0.81(0.50, 1.31)
EPIC 45/693 4~§7 0.95 (0.57, 1.59)
Stockholm 2 385/1,913 E— 0.81(0.50, 1.31)
HPFS 87/1,044 —%—-i 1.13 (0.76, 1.67)
Physician's Health Study 67/257 —-—%— 0.68 (0.42, 1.10)
PROGRESS 80/322 —~%— 0.96 (0.65, 1.41)
PROMPT 140/11 5 1.00 (0.34, 2.94)
PLCO 98/980 —;— 1.27 (0.90, 1.79)
Finnish Genetics Prostate Cancer Study ~ 276/1,183 —%-— 1.04 (0.85, 1.28)
Pooled Estimate 1,285/9,497 1.02 (0.92, 1.14)
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Figure 7.5: Per-allele (T allele) relative
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Figure 7.6: Per-allele (T allele) relative risk of death from prostate cancer within the PRACTICAL consortium
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Table 7.4: Mean (95% CI) intake of dairy products by rs4988235 genotype in the UK Biobank

rs4988235 genotype

¢Sl

TT TC cC TT-CC difference
N 9,718 6,574 1,411
Stratified for region
Dairy Milk
% non-consumers, 7.2 (6.7-7.7) 7.0 (6.4-7.6) 8.3 (6.9-9.7) 1.1 (-0.4-1.9)

Intake, g/d, by robust regression

217.7 (214.4-220.6)
Intake in consumers, g/d, by robust regression 233.3 (230.6-236.0)

Dairy Milk (Inverse-variance Rank Normal Transformation)

Intake, g/d, by robust regression
Intake in consumers, g/d, by robust regression

Ice Cream

% non-consumers, %

Intake, g/d, by robust regression

Intake in consumers, g/d, by robust regression

Yogurt

% non-consumers, %

Intake, g/d, by robust regression

Intake in consumers, g/d, by robust regression

Cheese

% non-consumers, %

Intake, g/d, by robust regression

Intake in consumers, g/d, by robust regression

0.03 (0.01-0.05)
0.04 (0.02-0.06)

78.9 (78.2-79.8)
14.4
60.9 (58.8-63.1)

57.1 (56.1-58.1)
45.5
92.1 (90.3-94.9)

35.7 (34.8-36.7)
18.2 (17.6-18.9)
29.5 (29.1-29.9)

215.6 (212.1-219.2)
230.7 (227.0-234.4)

0.02 (-0.01-0.04)
0.02 (-0.01-0.05)

79.0 (78.0-80.0)
13.8
61.1 (58.9-63.3)

57.6 (56.3-53.8)
45.8
03.7 (91.7-95.7)

35.6 (34.5-36.8)
18.2 (17.5-18.9)
29.4 (28.9-30.0)

192.2 (186.2-198.3)
208.9 (202.2-215.6)

-0.17 (-0.22-0.11)
-0.17 (-0.23-0.11)

78.1 (75.9-80.3)
13.4
56.3 (51.7-60.9)

55.1 (52.5-57.8)
46.4
88.6 (84.1-93.1)

33.0 (30.5-35.5)
19.0 (17.7-20.3)
29.3 (27.9-30.5)

25.5 (18.8-32.2)
24.4 (17.1-31.8)

0.20 (0.14-0.25)
0.21 (0.15-0.27)
0.08 (-1.0-2.3)

4.6 (-0.1-9.3)

2.0 (-1.0-4.5)
3.5 (-0.5-7.5)
2.7 (0.2-5.5)

0.8 (-0.4-1.9)
0.2 (-0.6-1.1)




Table 7.5: Mean (95% CI) intake of dairy products by rs4988235 genotype in the UK Biobank

rs4988235 genotype
TT TC CC

TT-CC difference

€al

N

9,718

Region stratified and adjusted for principal components

Dairy Milk
% non-consumers, %
Intake, g/d, by robust regression

7.3 (6.8-7.9)

217.0 (213.9-220.1)
Intake in consumers, g/d, by robust regression 232.8 (229.5-236.2)

Dairy Milk (Inverse-variance Rank Normal Transformation)

Intake, g/d, by robust regression
Intake in consumers, g/d, by robust regression

Ice Cream

% non-consumers, %

Intake, g/d, by robust regression

Intake in consumers, g/d, by robust regression

Yogurt

% non-consumers, %

Intake, g/d, by robust regression

Intake in consumers, g/d, by robust regression

Cheese

% non-consumers, %

Intake, g/d, by robust regression

Intake in consumers, g/d, by robust regression

0.03 (0.01-0.05)
0.04 (0.02-0.06)

78.9 (78.2-79.8)
14.4
60.8 (58.9-62.7)

56.8 (55.8-57.8)
45.5
92.7 (90.1-94.4)

35.4 (34.4-36.3)
18.2 (17.6-18.8)
29.7 (29.2-30.2)

6,574

7.0 (6.4-7.6)

215.1 (211.6-218.7)
230.1 (226.8-233.5)

0.01 (-0.01-0.04)
0.02 (-0.01-0.04)

79.1 (78.1-80.1)
13.8
61.2 (58.8-63.5)

57.7 (56.6-58.9)
45.8
04.5 (92.5-96.6)

35.9 (34.8-37.1)
17.9 (17.2-18.6)
29.7 (29.0-30.3)

1,411

7.4 (5.9-8.8)

198.6 (191.4-205.7)
213.3 (205.4-221.1)

-0.12 (-0.017-0.06)
-0.13 (-0.19-0.07)

77.9 (75.5-80.2)
13.4
57.5 (52.3-62.6)

56.1 (53.3-58.8)
46.4
89.7 (85.5-93.9)

34.1 (31.4-36.7)
18.2 (17.0-19.5)
28.9 (27.7-30.3)

0.1 (-1.0-1.0)
19.9 (12.8-26.9)
19.5 (12.5-28.2)

0.15 (0.09-0.21)
0.17 (0.11-0.24)
1.0 (-1.0-2.7)

3.8 (-0.7-8.2)

1.7 (-1.0-3.7)
3.0 (-0.9-6.6)
0.02 (-0.6-1.4)

0.01 (-1.3-1.5)
0.8 (-0.5-1.6)
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Table 7.6: Mean percentage (95% CI) of consumers of dairy-related dietary produce by rs4988235 genotype in the UK Biobank

rs4988235 genotype

TT TC CC TT-CC difference
Region stratified
Dairy milk
N 23,057 15,315 3,142
% 2.0 (1.8-2.2) 2.0 (1.8-2.3) 2.6 (2.0-3.2) 0.6 (0.03-0.8)
Soy milk or never/rarely consuming milks [including other (non-dairy) types of milk]
N 23,094 15,345 3,148
% 6.3 (6.0-6.7) 6.6 (6.2-6.9) 8.3 (7.3-9.3) 2.0 (0.09-2.4)
Soy milk or never/rarely consuming milks [excluding other (non-dairy) types of milk]
N 22,853 15,170 3,106
% 5.3 (5.1-5.6) 5.5 (5.1-5.8) 7.1 (6.1-7.9) 1.8 (0.08-2.6)
Cheese
N 22,613 15,014 3,061
% 2.9 (2.7-3.2) 2.7 (2.4-2.9) 2.6 (1.9-3.1) 0.3 (-0.002-1.0)
Spread
N 9,803 6,590 1,363
%  18.1 (17.4-18.9)  19.4 (18.4-20.3)  22.1 (19.9-24.3) 4.0 (1.0-5.6)
Region stratified and adjusted for principal components
Dairy milk
N 23,057 15,315 3,142
% 2.0 (1.8-2.2) 2.0 (1.8-2.3) 2.6 (2.0-3.2) 0.6 (-0.01-0.7)
Soy milk or never/rarely consuming milks [including other (non-dairy) types of milk]
N 23,094 15,345 3,148
% 6.4 (6.1-6.8) 6.5 (6.2-6.9) 7.6 (6.6-8.6) 1.2 (0.04-2.4)
Soy milk or never/rarely consuming milks [excluding other (non-dairy) types of milk]
N 22,853 15,170 3,106
% 5.5 (5.2-5.8) 5.5 (5.1-5.8) 6.4 (5.5-7.3) 0.9 (0.03-2.1)
Cheese
N 22,613 15,014 3,061
% 2.9 (2.7-3.2) 2.7 (2.4-2.9) 2.6 (2.0-3.1) 0.3 (-0.01-0.8)
Spread
N 9,803 6,590 1,363

%  18.1 (17.4-18.9)  19.4 (18.4-20.3)  22.1 (19.9-24.3) 4.0 (1.1-5.5)




Chapter 8

Genome-wide association study
for the intake of dairy milk in
the UK Biobank
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8.1 Introduction

This chapter will investigate the association of germline genetic variation
with the intake of dairy milk in a European population, with the aim of
identifying variants that may contribute to a genetic instrument for use in
a Mendelian randomisation study of dairy intake with subsequently devel-
oping disease, such as prostate cancer. Such novel methods may aid the
investigation of dairy intake with prostate cancer risk given the acknowl-
edged difficulty with measurement error and within person variability when

recording dietary intake.

8.1.1 Dairy produce and the intake of dairy milk

Dairy produce intake makes up a moderate proportion of the diet of the
British population. The Family Food Survey suggests the British population
consumed approximately two litres of milk-based dairy products per person
per week in 2015, which is estimated as 11.3% of daily energy intake. Further,
it appears that dairy product consumption is a reasonably stable behaviour
for this British population. Whole milk intake was only 15 ml greater in
2015 compared to 2012 per person per week. Over the same time-period the
consumption of skimmed and semi-skimmed milk products fell by approx-
imately 8%, and the consumption of cheese fluctuated with no clear trend
[60].

8.1.2 Factors associated with dairy milk

Genetic

Dairy intake has principally been associated with a SNP on chromosome 2
in the MCMG6 gene, rs4988235, which lies upstream of the gene responsible
for the production of the lactase enzyme. In adults, carriers of the ancestral
C allele have down-regulated lactase enzyme activity, and a reduced toler-
ance for lactose-rich foods [316], which contrasts the ability, of individuals
homozygous for the T allele to digest and absorb lactose throughout life
[314]. rs4988235 is believed to act by increasing promoter [317, 318, 319] and
enhancer activity [320] in the lactase gene.

A study in EPIC found that a significantly higher percentage of non-

consumers of dairy produce are C homozygotes compared to T homozygotes
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for 14988235 (18% vs. 12%) [55]. However, research to date indicates that
the differences in the total intake of dairy produce by rs4988235 are largely
due to the differences in the consumption of dairy milk; individuals homozy-
gous for the lactase persistence allele (T) consume, on average, between 19
g/d and 67 g/d more dairy milk when compared to individuals homozygous
for the allele that does not confer lactase persistence (C) [55, 330, 57].
There is some limited evidence that lactase persistence can also be driven
by an alternative polymorphism [339, 340, 341]. However, this evidence
comes primarily from non-European populations. Given the analyses in this
chapter will focus exclusively on individuals of European ancestry, such ge-

netic variation will not be further discussed.

Non-genetic

Socioeconomic status (SES: education, income, and/or occupation) is likely
associated with the intake of dairy. Although there is evidence that various
dairy products may be associated differently with SES - whole milk may be
more highly consumed in low SES individuals [342, 343, 344] - on balance
a recent meta-analysis suggested that high SES individuals were more likely
to consume a greater amount of dairy produce overall [345]. Additionally,
there is some evidence that high consumers of dairy milk are more likely to

be never smokers [346].

8.1.3 The intake of dairy milk in relation to disease
risk

Prostate cancer

The intake of dairy milk has previously been associated with prostate cancer
risk; whole milk was strongly positively associated with risk of death from
prostate cancer in the Physicians’ Health Study (HR for 1 serving/d vs non-
consumers was 2.17; [95% CI 1.34-3.51], p-trend<0.001) [115]. Further, a
recent meta-analysis of dairy products and prostate cancer risk found that
high intake of whole and low-fat milk may be associated with an increased risk
of prostate cancer in prospective studies (RR per 200 g/d was 1.03; [95% CI
1.00-1.06] and 1.06; [95% CI 1.01-1.11], respectively). However, there is also
evidence that the association of milk with prostate cancer risk is non-linear

and plateaus at 300-400 g/d, and so it is possible that a continuous linear
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estimate is an underestimate of the association of the intake of dairy with
prostate cancer risk [18]. The intake of dairy may affect the risk of prostate
cancer through its association with increased concentrations of growth factors
(such as IGF-I) [231] or through the increased intake of calcium from dairy
produce [18].

Other diseases

Dairy milk may have a protective association with overweight and obesity
[347], diabetes [348, 349], systolic blood pressure [350], and risk of hyper-
tension [351]. However, subsequent Mendelian randomisation analyses have
failed to support these associations [336, 59]. There is also evidence that the
intake of dairy milk may be positively associated with bone mass [352], in-
sulin resistance [353], and insulin-like growth factors [354, 355]. Additionally,
recent meta-analyses from prospective cohort studies suggest that the intake
of dairy milk may have a modest protective association with cardiovascular

disease [356] and colorectal cancer [357].

8.1.4 Aim of Study

This chapter will use data from the interim release of UK Biobank genetics
data to conduct GWAS for dairy milk intake. Conditional analyses will be
conducted for putative variants that associate with the intake of dairy milk
to assess their independence from any other SNP associations. SNPs that
associate independently with the intake of dairy milk will then be analysed in

an independent sample from the UK Biobank to determine their replicability.

8.2 Methods

8.2.1 Study Population

These analyses are in men with available data on the intake of dairy milk and
imputed genotype data within the UK Biobank cohort. For the current anal-
ysis, individuals of non-white ethnicity were excluded to avoid confounding

effects. For full details on the cohort see Chapter 3.
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8.2.2 Genotyping and quality control

Of the ~500,000 individuals in the UK Biobank cohort, ~153,000 (~73,000
men) had genetic data available from an interim genetic data release at the
time of writing. The discovery GWAS presented in this thesis was conducted
on men with available dietary data who were also included in the interim
data set (~22,000 men). As of 27/07/2017 concerns were raised for data
from the full imputation for genetic data in UK Biobank by the UK Biobank
Access Team in a email sent to researchers; while there was confidence for
variants imputed using the Haplotype Reference Consortium (HRC) panel,
the imputation was not found to be robust for ~40 million sites imputed using
the UK10K + 1000 Genomes panel. As such, SNPs significantly associated
with the intake of dairy milk at p < 107, and that were imputed in the full
UK Biobank genetic data set using the HCR panel, were subsequently tested
for replication in men with available dietary and genetic data but that had
not been included in the interim genetic data set (~50,000 men).
Genotyping was performed by the UK Biobank, and genotyping, quality
control and imputation procedures are described in detail elsewhere [331].
In brief, DNA was extracted from buffy coat samples collected from all par-
ticipants. Participant DNA was genotyped on two arrays: UK BiLEVE
and UKB Axiom, which had more than 95% common content, and approx-
imately 800,000 SNPs. Genotype was called using the Affymetrix Power
Tools software in 33 batches of roughly 4,700 samples each. Samples from
both the interim and full data sets with high missingness or heterozygosity,
short runs of homozygosity, related individuals (third cousin or closer), and
sex mismatches were removed. Further, SNPs were excluded if they did not
pass quality control filters across all 33 genotyping batches, or had missing-
ness greater than 90%. Batch effects were identified through frequency and
HardyWeinberg equilibrium (HWE) tests (p < 107'?). Population structure
was modelled using principal component analysis in a subset of high quality
samples with low missingness (< 1.5%) and high frequency SNPs (> 2.5%,
100,000 SNPs) of European descent. For the interim data set, imputation of
autosomal SNPs was performed using a merged reference panel of the Phase
3 1000 Genome Project and the UK10K using IMPUTES3 [358]. Data was
prephased using SHAPEIT3 [359]. In total, ~73,000,000 SNPs, short indels
and large structural variants were imputed. As previously described, impu-

tation for the full genetic data was performed using two reference panels,
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the HRC and the UK10K + 1000 Genomes panels, which would amount to
~80,000,000 SNPs. However, due to imputation concerns for the UK10K
+ 1000 Genomes panel, ~40,000,000 SNPs were available from the HRC
panel after imputation. Post-imputation quality control was performed as
previously outlined and an information score cutoff of 0.1 was applied. For
GWAS, we applied a further set of inclusion/exclusion criteria: genetically
Caucasian men (inclusion, variable number = 22006), UK Biobank recom-
mended relatedness (exclusion, variable number = 22011) and genomic ex-
clusions (variable number = 22010), HWE < 107 (exclusion), SNP missing
call rate < 0.05 (exclusion), SNP missing rate < 0.05 (exclusion), and minor
allele frequency (MAF) > 0.01 (exclusion). After quality control procedures,
22,041 men with dietary and genetic data from the interim data set were
used in a discovery GWAS. Further, 50,701 men with dietary and genetic
data from the full UK Biobank genetic data set (imputation only from HRC
panel) were available for a replication study of the SNPs significant at p <
107 from the discovery GWAS.

8.2.3 Calculation of the intake of dairy milk

I created new variables for the weight (in grams), from each of the 24-hour
dietary recall questionnaires, of the intake of dairy milk. This was done
by using the steering file of the Oxford WebQ, which contains the serving
size of each food item listed in the 24-hour dietary assessment in grams.
To estimate daily intake, the serving size in grams was multiplied by the
frequency reported in the 24-hour dietary assessment. The top frequency
category was open ended and differed by food group; these were coded so
that 3+=3, 44+=4, 5+=5, 6+=6. Less than one was coded as 0.5. Details
of the individual dietary variables from the 24-hour dietary assessment that
formed each food group are given in Table 8.1. Estimated intake of dairy
milk from each questionnaire available for men was then used to generate an

average intake of dairy milk using all available dietary data for each man.

8.2.4 Statistical Analyses

Arithmetic mean intake of dairy milk among men within the GWAS and
replication data sets was calculated. However, due to the pseudo-continuous

nature of dietary data from the 24-hour recall questionnaires, confidence
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intervals were calculated by the Efron bias-corrected and accelerated method
to correct for possible bias and skewness in the bootstrapped samples [332].
The association of age with the intake of dairy milk was calculated using
linear regression.

For all genetic analyses, an inverse rank normal transform was applied to
the residuals of a linear regression of age and age squared on the intake of
dairy milk to control for possible effect modification by age, and to conform to
the assumptions of parametric models used. Genetic association analysis was
performed in SNPTEST [360] with the ’expected method’ ! using an additive
genetic model adjusted for the first 10 principal components of ancestry, and
stratified by genotyping array.

p < 10 was used to identify robust genetic associations with dairy milk
intake. However, due to the suggestion that the genome-wide significant
threshold may be too stringent, a lower threshold was also used to discover
tentative associations that likely require further investigation (p < 10°) [361].
The genomic inflation factor (A =median(x?)/0.456) and quantile-quantile
(Q-Q) plots were used to compare the genome-wide distribution of the test
statistic with the expected null distribution, which aids in the identifica-
tion of unknown familial relationships, a poorly calibrated test statistic, a
systemic technical bias, or population stratification. All test statistics were
adjusted for genomic inflation (X7 g,sea = X*/A)- In order to distinguish
independent GWAS signals, SNPs associated at p < 10 were subjected to
conditional SNP analyses performed using SNPTEST for all variants within
a 200kb region around the lead SNP for that locus. Specifically, each SNP
was retested, using the model as previously described, for an association with
the intake of dairy milk with the lead locus SNP as a covariate to assess the
independence of the association of a given SNP with dairy milk intake.

Where possible?, SNP associations (p < 10°) were included in a replica-
tion study using men with available data from the full UK Biobank genetic
data and available information on the intake of dairy milk, but who were not
included in the previous discovery GWAS. Replication was conducted using
SNPTEST using the model as described for the discovery GWAS above. Due

to the minor differences expected in the imputation between the interim and

IThe expected method uses the allele dosage as expected genotype counts to test for an
association with a quantitative phenotype. This method provides a good approximation
that incorporates genotype uncertainty when estimating modest expected associations.

2Replication was only possible for SNPs that were imputed using the HRC panel
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full genetic data set, and as a check for the integrity of code used in these
analyses, SNPs associated at p < 107 were also re-analyzed in the full genetic
data in men who had previously been included in the discovery GWAS using

the interim data.

8.3 Results

The mean intake of dairy milk in the 22,041 UKB individuals who con-
tributed to the discovery GWAS analysis was 232.9 g/d, [95% CI 230-235.1].
This was very similar to the mean intake of dairy milk in men from the repli-
cation sample of 55,701 (231.4 g/d, [95% CI 230.3-232.5]). The mean age of
participants was 56.9, (95% CI 56.8-57.0) and 56.7, (95% CI 56.6-56.8) for
the discovery GWAS and replication samples, respectively. Age at recruit-
ment accounted for 16% of the variation in the intake of dairy milk. Further,
the association of age at recruitment with the intake of dairy milk was 0.88,
(95% CI 0.63-1.15) and 0.80, (95% CI 0.72-1.01) g/day change in dairy milk
intake per year older at recruitment for the discovery GWAS and replication
samples, respectively.

No deviation from the null was observed for genome-wide association
statistics (A=1.002), which provided little evidence in favor of population
stratification. The Q-Q plot for GWAS analyses showed fewer SNPs signifi-
cant p < 107 than might be expected under the null, which may be moderate
evidence that the GWAS was underpowered to discover any potential asso-
ciation of germline variation with dairy milk intake (Figure 8.1).

No SNPs were genome-wide significant (p<5 x 10°®)(Figure 8.2). There
were, however, 23 loci with SNPs significant at p < 10, four of which had
SNPs borderline genome-wide significant at p < 107 (Table A.2). There is
evidence that 5 x 10® may be an overly conservative threshold [361] and the
GWAS Q-Q plot suggested that this study may be underpowered. As such,
additional analyses were run for all SNPs at these 23 loci, conditioned on the
lead SNP at that locus, which suggest that the lead SNP for each locus was
the independent SNP driving the association with dairy milk intake.

Due to their borderline significance, the 4 SNPs significant at p < 1077
were of particular interest and were investigated in more detail: rs1316538
(6:130573882, MAF: 0.42) that may be involved in the non-coding Y_RNA
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region on chromosome 6, rs62469670 (7:130573882, MAF: 0.06) in an inter-
genic region on chromosome 7, rs150080038 (2:19919107, MAF: 0.02) that
may be involved in nonsense-mediated mRNA decay in the WDR35 region
on chromosome 2, and rs4647869 in a promoter flanking region on chromo-
some 17 (17:76515685, MAF: 0.21). Further, the MR-Base platform pro-
vided evidence for phenotypes previously associated with these four SNPs
[61]. Only one SNP was associated with phenotypes linked to dairy pro-
duce; rs150080038 has been associated with metabolites that include lac-
tate, creatine, and mono-unsaturated fatty acids. rs1316538, rs62469670,
and rs4647869 have previously been associated with a variety of risk fac-
tors for disease, metabolites, and immune function, such as sleep duration,
chronotype, HDL cholesterol, heptanoate, and CD4 immune cells. However,
it is not clear that these relate to the intake of dairy milk. Regional associa-
tion plots for the four SNPs significant at p < 107 are shown in Figures 8.3,
8.4, 8.5, and 8.6.

Of the 23 SNPs found to associate with dairy milk at p < 1073, 15 were
available in the HRC panel used to impute data for the independent replica-
tion sample. These 15 SNPs were subsequently regressed against the intake
of dairy milk using the same model specification as the discovery GWAS.
None of the 15 SNPs met the conventional (P < 0.05) significance threshold
for an association with the intake of dairy milk. It is unusual that none of
the preliminary associations for these 15 SNPs with the intake of dairy milk
replicated; to ensure the results were not due to errors in coding or due to
the minor differences in imputation methods between the interim data set
and the full UK Biobank genetic data, these 15 SNPs were regressed against
dairy milk intake in the full Biobank genetic data but for men who were
present in the discovery GWAS set. Associations for each of the 15 SNPs
were replicated in men from the discovery GWAS using the new data, which

suggests that replication results are robust (Table 8.2).

8.4 Discussion

In this study no SNPs were identified as associated with the intake of dairy
milk below the genome-wide significance threshold. Of the 23 SNPs that were
associated with dairy milk intake at the more tentative p < 10 threshold

in a discovery sample of ~22.000 men, 15 were also available in a replication

163



sample of ~50,000 men. However, none of these putative associations were
successfully replicated at even the conventional significance threshold (P <
0.05). As such, these analyses have not identified any novel germline variation
that is robustly associated with the intake of dairy milk.

The genetic variation most robustly associated with the intake of dairy
milk is the lactase persistence SNP, rs4988235 [55, 326]. rs4988235 is also
a strong candidate for recent positive selection [362]. This has largely been
attributed to the benefit conveyed by the cultural practice of dairy farming
in northern Europe that, in conjunction with selective pressure from the en-
vironment, led to a change in the frequency of the T allele that facilitates
the production of the lactase enzyme, and thus the tolerance of lactose sug-
ars in food, into adulthood [55, 326]. This scenario has been described as
gene-culture co-evolution [362]. However, the positive selection on rs4988235
allele frequency may also be due to the benefits of conferred from increased
calcium intake from dairy produce for populations in northern climates with
low vitamin D exposure from sunlight [363]. It is possible that additional
germline polymorphisms associated with the intake of dairy milk have been
under similar recent positive selection; estimates suggest as much as 10%
of known polymorphisms may have been subject to recent selective pressure
[364].

Positive selection has varied effects on both the linkage disequilibrium
(LD) structure of a chromosome [365] and Hardy-Weinberg Equilibrium for
a given SNP [366] - both may impact the likelihood that variants are in-
cluded in GWAS analyses. Multiple imputation for genetic data requires a
comprehensive measure of the LD structure for a given population. Imputa-
tion methods resolve this by calculating imputed genotypes by comparing the
expected allele frequencies to an appropriate reference population. However,
SNPs under recent positive selection will likely have distinct LD structure as
some function of the environment [365] - for example, the difference in the
frequency of rs4988235 T allele along the north-south cline due to the dif-
ferences in dairy farming practices and the strong environmental pressure to
consume dairy produce [55]. If the reference panel used for imputation does
not adequately account for the LD structure surrounding a SNP that has
been under recent positive selection, it is possible that it would not be well
imputed. This may have contributed to the poor imputation of rs4988235 in

UK Biobank described in chapter 7, and may also have led to other variants
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under positive selection being inaccurately imputed or excluded altogether
from the data set. Further, where SNPs of interest are robustly imputed it is
not likely that SNPs under recent positive selection would be in HWE, and
so will be excluded as part of quality control procedures in preparation for a
GWAS.

As such, it is possible that the discovery GWAS would not have been
able to investigate potential SNPs of interest if they associate with the intake
of dairy milk due to recent positive selection and gene-culture co-evolution.
Indeed, it is notable that rs4988235 would not have been discovered using this
GWAS as it was removed from the analysis due to strongly violated HWE.
Given the strong existing evidence that germline polymorphism associated
with dairy milk may be candidates for positive selection these issues should
be considered in future research. Further, while it is not advisable to use
poorly imputed variants for GWAS analyses, it may be advisable to also
consider directly genotyped data or to relax HWE assumptions for regions
of the genome where there is evidence to suggest gene-culture co-evolution
may have occurred with respect to dairy milk intake [362].

The effects of measurement error of dietary exposures are well described
in the observational epidemiological literature [32]. However, while GWAS
are greatly concerned with the measurement error for genetic variants, there
is typically less attention given to the potential role for phenotypic measure-

3. Nonetheless, measurement error of a pheno-

ment error in these studies
typic trait reduces the power to detect genetic associations [367]. There are
serveral potential ways in which measurement error may have affected the
statistical power for these analyses. First, men may have misreported the
amount of dairy milk that was consumed during the previous day or the
recorded daily consumption may not have been a typical example of dairy
milk intake, both of which would likely lead to an attenuation of any poten-
tial association of dairy milk intake with germline polymorphism. Second,
the measure of dairy milk intake used in this study is the mean intake from
the total number of repeat 24-hour recall questionnaires available for a given
individual (a maximum of five). There is likely less measurement error for

the estimated dairy milk intake from men with a greater number of repeat

questionnaires. Due to the vast number of SNPs in the discovery GWAS,

31 have only been able to find two research articles that have investigated the role of
phenotype measurement error in GWAS [367, 368].
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it is not possible to be certain that each allele for each SNPs considered
in the discovery GWAS was equally likely to have men with each number
of repeat questionnaires. Thus, it is possible that some SNPs’ alleles have
differentially elevated measurement error, which would lead to potential het-
eroskedasticity, and make it more difficult to detect the mean difference in
dairy milk intake by SNP allele. Third, differences in the potential measure-
ment error described above for dairy milk intake between the discovery and
replication samples for GWAS may have contributed to the lack of replica-
tion for putative variants significant at p < 10®; a simulation study found
that the correlation between allele effect estimates from GWAS can be as
low as r = 0.5 where measurement or measurement error structure differs
between analysis samples, by SNPs analysed [368]. However, the expected
concordance between allele effect estimates should approximate the square
of the correlation between dairy milk intake in the discovery and replication
samples [368], and any effect of such measurement error should, on average,
be modest [367]. Given the remarkable similarity of the intake of dairy milk
in both samples, it appears unlikely that measurement error alone accounts
for the lack of replication for SNPs in this study.

The discovery sample used to generate the GWAS estimates in this study
was smaller than initially intended because, due to unforeseen circumstances,
the full genetic data for UK Biobank were unavailable; men with available
dairy and genetic data from the interim UK genetic data release were used
instead. The Q-Q plot for the current GWAS suggested that fewer results at
p < 107 were observed than would be expected under the null hypothesis.
As such, although the discovery GWAS constitutes the second largest inves-

4. it is possible

tigation of germline polymorphisms and dairy milk intake
that these analyses were under-powered to discover germline polymorphisms
that determine the intake of dairy milk.

Despite the null results for germline polymorphism and dairy milk intake,
this investigation has several strengths. The UK Biobank cohort is large and
drawn from an ancestrally similar population [369] from a relatively restricted
age range (40-69). The benefit of these characteristics may be demonstrated
by the lack of deviation from the null for genome-wide association statis-

tics that indicated little evidence of population stratification. Further, all

4A large Danish cohort (~90,000) analysed the association of rs4988235 with dairy milk
intake [336]

166



individuals resided in the UK at recruitment. Given there are socio-cultural
factors that contribute to the amount and frequency of the consumption of
dairy milk, a sample of men exposed to similar norms is advantageous to re-
duce the influence of extraneous cultural differences on analyses. Moreover,
all dietary and genetic data were subjected to the same, but separate, quality
control procedures, which likely contributed positively to the ability of this
study to detect any association of dairy milk intake with genetic variants.

Given the continued importance of genetic instruments for potential MR
analyses, future research should re-run the analyses for the association of
dairy milk intake once the full UK Biobank genetic data set for all men with
dietary data (~70,000). However, if analyses of dairy milk intake in future
also included available data for women in UK Biobank, the discovery sample
could be as large as ~140,000 individuals with at least one 24 hour-recall
questionnaire. Such a large discovery sample would substantially improve the
power to detect the association of germline polymorphism with the intake of
dairy milk. Crucially, however, any associations that may result from such a
large discovery GWAS should be also replicated in an independent sample,
such as EPIC-Interact [370] or the Fenland study [371]. In particular, the
Fenland study has very rich dietary data from food diaries, and so would
also likely provide greater detail into how any germline polymorphism may
associate with dairy milk subdivided by dairy milk characteristics, such as
the fat content of milk.

8.5 Conclusion

No SNPs were genome-wide significant in a discovery GWAS for the intake
of dairy milk in the UK Biobank. Putative associations for SNPs significant
at the lower tentative genome-wide significance threshold (p < 107%) were not
replicated when investigated in an independent sample of men from the UK
Biobank. It is possible that imputation or quality control procedures, such as
HWE, may have hindered the discovery of SNP-dairy milk associations that
resulted from gene-culture co-evolution, and should be investigated in the
future. It is also possible that measurement error or insufficient sample size
contributed to these null results. Future studies should re-run a discovery
GWAS for the intake of dairy milk once the UK Biobank full genetic data

set, for UK Biobank becomes available.

167



891

Table 8.1: Dietary variables from the Oxford WebQ 24-hour dietary assessment included in each touchscreen food group

Food group Dietary variables included in each food group and weightings in grams

Dairy Milk  Glasses of milk (259g), hot chocolate (260g), milk with black tea (35g), milk
with rooibos tea (35g), milk with green tea (35g), milk with herbal tea (35g),
milk with other tea (35g), milk with instant coffee (25g), milk with filter coffee
(25g), milk with espresso coffee (25g), milk with other coffee (25g), cappuccino
(190g), latte (190g), porridge (79g), milk added to cereal (100g), cream sauce
(30g), white sauce (54g), pudding (175g), and low calorie hot chocolate (130g)




Figure 8.1: Quantile-quantile of dairy milk intake GWAS in UKB. N=22,041
individuals. A=1.002 for GWAS analyses
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Table 8.2: SNPs associated with the intake of dairy milk and results of replication in an independent sample in the UK Biobank

Chromosome SNP Allele A Allele B Beta? pa In Full dataset pP BetaP I Beta®
2 rs150080038 G A -0.237595  2.67E-07 Yes 3.77TE-07 -0.22  0.364865 -0.03
2 rs34128006 A AT -0.0472842 2.20E-06 No

2 rs1987446 T C -0.0580089  5.52E-06 Yes 4.67E-07 -0.06 0.0616328  0.02
3 rs9820500 C T -0.064445 3.36E-06 Yes 2.67E-06 -0.05 0.878865 -0.001
3 rs73040193 A G 0.242878  6.99E-06 No

3 rs114342505 C T 0.164091  5.77E-06 Yes 2.46E-06 0.14  0.745773 -0.01
3 rs72558061 T G 0.155833  4.69E-06 Yes 2.06E-06 0.12  0.851772 -0.004
6 rs1316538 C G -0.0507008 1.12E-07 Yes 1.42E-06 -0.04 0.276492 -0.01
7 162469670 T G 0.0715656  2.46E-07 Yes 2.28E-07 0.06  0.980112 -0.0002
9 rs7029703 C T -0.0425765 6.84E-06 Yes 3.72E-06 -0.04 0.275312 -0.01
12 rs12367733 T C -0.143609  2.59E-06 Yes 3.02E-06 -0.14 0.361209 0.02
12 rs11180909 C T -0.151124  1.22E-06 Yes 1.68E-06 -0.14 0.613087 0.01
14 rs146106168 C T 0.195123  9.40E-06 Yes 3.50E-06 0.17  0.305519 -0.03
16 rs72778535 G A 0.0804969 1.18E-06 Yes 2.51E-06 0.07  0.292872 0.01
17 rs4647869 C A 0.058601  3.50E-07 Yes 2.47E-07  0.04 0903174  0.001
17 rs4792352 T C 0.0434281 4.21E-06 Yes 3.26E-06 0.04  0.105628 -0.01
20 rs77410568 A G 0.204402  7.05E-06 No

21 rs71317650 G A -0.233565  2.32E-06 No

21 rs148462362 TC T 0.110927 6.71E-06 No

21 rs77409573 A G 0.155487  4.39E-06 No

21 rs62230080 C T -0.121612  2.05E-06 No

22 rs114463484 A G -0.101943  6.08E-06 Yes 5.30E-06 -0.09 0.832605 -0.003

# Results from the initial discovery GWAS sample using interim genetic data

b Results from the analysis of men who were in the initial discovery GWAS sample using full UK Biobank genetic data
¢ Results from the analysis of men who were not in the initial discovery GWAS sample using full UK Biobank genetic data



Figure 8.2: Manhattan plot of genome-wide association study (GWAS) of
dairy milk intake in UK Biobank (UKB; N=22,041). Blue line for suggestive
significance (P < 107)
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Figure 8.3: Locus plot for rs1316538 on chromosome 6 with gene annotation

and recombination rates
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Figure 8.4: Locus plot for rs62469670 on chromosome 7 with gene annotation
and recombination rates
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Figure 8.5: Locus plot for rs150080038 on chromosome 2 with gene annota-
tion and recombination rates
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Figure 8.6: Locus plot for rs4647869 on chromosome 17 with gene annotation
and recombination rates
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Chapter 9

Discussion
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9.1 Overview

The aetiology of prostate cancer is poorly understood. While there is some
evidence in favour of numerous putative risk factors - vasectomy, microseminoprotein-
S (MSP), human kallikrein 2 (HK2), and the lactase persistence SNP (rs4988235),
for example - this evidence has often been generated using studies of modest
size, retrospective design, or prospective studies with short follow-up time.
The characteristics of such research have led to: inconsistent findings that
may be due to health seeking behaviours or case mix between studies due
to diffences in PSA testing practices in the case of vasectomy; uncertainty
about whether findings for MSP were due to reverse causality; a lack of clear
evidence that any association of HK2 with prostate cancer was independent
of circulating PSA concentrations; and investigations that were likely under-
powered to discover an association of rs4988235 with prostate cancer. The
primary value of understanding the association of rs4988235 with prostate
cancer is as a marker of dairy intake; as such, it is also pertinent to note
that there is a poor understanding of how germline polymorphism, including
rs4988235, determines the intake of dairy produce. Large, prospective stud-
ies are necessary to better estimate the independent associations for these
putative risk factors with prostate cancer risk, and to characterise the asso-
ciation of genetic variation with dairy produce to facilitate novel statistical
methods in prostate cancer epidemiology, such as Mendelian randomisation
analyses (MR).

9.2 Aim of thesis

In this thesis, I aimed to further our understanding of the aetiology of
prostate cancer. To that end, I investigated the association of lifestyle factors
(vasectomy status), biochemical factors (circulating MSP and HK2 concen-
trations), and genetic variants (rs10993994 and rs4988235, as markers of
MSP and dairy intake, respectively) with prostate cancer risk, with a focus
on high grade and advanced stage prostate cancer, and death from prostate
cancer. Given the reported association of dairy products with prostate cancer
risk [18], the thesis was also concerned with how germline polymorphism de-
termines the intake of dairy produce, primarily to explore potential genetic

instruments for future MR analyses [279]. This included a cross-sectional
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analysis of rs4988235 with the intake of dairy produce, and a genome-wide

association study for the intake of dairy milk.

9.3 Main findings from this thesis

e In chapter 4 I investigated the association of vasectomy with prostate
cancer risk in EPIC. Vasectomy was not associated with risk of prostate
cancer overall, with risk for high grade or advanced stage tumours,
or for death from prostate cancer. There was, however, some evi-
dence that vasectomy may be associated with an increased risk for
low-intermediate grade tumours, and that having a vasectomy was as-
sociated with also having a PSA test - together these results suggest
that any previously reported association of vasectomy with prostate
cancer risk may have been, at least partly, due to health seeking be-
haviours. Moreover, a meta-analysis combining these results with all
available evidence from large prospective cohorts only found a signif-
icantly elevated risk for prostate cancer overall, and did not support
an association of vasectomy with high grade or advanced stage dis-
ease, or death from prostate cancer. Additionally, although there were
significantly higher concentrations of MSP and IGFBP-2, and lower
concentrations of androstanediol glucuronide in men with a vasectomy
compared to men without a vasectomy, these differences were modest
and do not strongly support a biological difference in the biomarker

profile of men by vasectomy status.

e The association of prediagnostic circulating concentrations of MSP with
prostate cancer risk was examined in chapter 5. In a large European
nested case-control study there was strong evidence that men with
higher concentrations of MSP had a lower risk of prostate cancer. These
results were subsequently confirmed by MR analyses that also found a
significantly lower risk of prostate cancer in men with higher circulating
concentrations of MSP. These analyses represent the largest prospec-
tive study of MSP and prostate cancer to date, and the only evidence of
MSP as a potentially causal risk factor for prostate cancer from a MR
design. Although there was no evidence that the association of MSP

with risk differed by prostate cancer stage or grade, there were small
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numbers of cases in subgroups defined by tumour subtype and so anal-
yses may have had limited power to detect heterogeneity. Further, this
study is the first to report that circulating concentrations of MSP are
significantly higher (approximately 30%) among current smokers when
compared to men without a history of smoking. However, there was
no evidence of heterogeneity in the MSP-risk association by smoking

status.

In chapter 6 I estimated the association of prediagnostic circulating
concentrations of HK2 with prostate cancer risk in the EPIC cohort.
In this large nested case-control study there was no strong evidence for
an association of HK2 with overall prostate cancer risk after adjustment
for total PSA concentrations. Further, there was little evidence for an
association of HK2 with risk of high grade or advanced stage tumours
after adjustment for total PSA. Although the extreme collinearity be-
tween HK2 and total PSA may have hindered the accurate estimation
of the association of HK2 with prostate cancer risk, results from a
ridge regression did not produce materially different estimates of the
association of HK2 with prostate cancer risk. Additionally, there was
no evidence that the inclusion of HK2 to a risk prediction model of
circulating PSA and age improved model discrimination for prostate
cancer overall, or for high grade tumours. Further, this is the first
cross-sectional analysis of HK2, which shows that HK2 differs signifi-
cantly by age, marital status, educational attainment, body mass index,

smoking status, and alcohol consumption.

The association of the lactase persistence SNP, rs4988235, as a marker
of dairy intake, with prostate cancer risk in the PRACTICAL consor-
tium was investigated in chapter 7. As a secondary aim, this chapter
estimated difference in the intake of dairy produce by rs4988235 geno-
type in the UK Biobank. There was no evidence of an association of
rs4988235 with prostate cancer risk overall, high grade or advanced
stage tumours, or death from prostate cancer. Further, when analyses
were restricted to only data from prospective cohort studies the results
were materially unchanged. Analyses of dairy intake suggested that
rs4988235 may be associated only with a modest, between 25 and 19

g/d, difference in the intake of dairy milk, and may not be associated
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with the intake of other dairy produce, such as ice cream, yogurt, or
cheese. If the previously observed association for dairy produce with
prostate cancer risk is not driven primarily by the intake of dairy milk
[18], but instead by the intake of protein from dairy [98], an association
of rs4988235 with prostate cancer risk may not have been expected. It
is also possible that alternative genetic variation drives the intake of
dairy milk; a 20% reduction in estimated difference in dairy milk intake
by rs4988235 genotype after adjustment for principal components may
indicate population stratification but it may also signal that alterna-
tive germline polymorphisms explain a proportion of the variation in

the intake of dairy milk.

Chapter 9 was a GWAS for the intake of dairy milk in the UK Biobank.
Due to data processing concerns in the full UK Biobank genetic data
set a discovery GWAS was conducted in the initial interim genetic data
release, from which the putative SNPs associated with dairy milk intake
were further investigated in an independent replication sample, also in
UK Biobank. No SNPs were genome-wide significant in a discovery
GWAS in the UK Biobank. Putative associations for SNPs significant
at the lower tentative genome-wide significance threshold (p < 107)
did not replicate when investigated in an independent sample of men
from the UK Biobank. It is possible that imputation or quality control
procedures, such as HWE, may have hindered the discovery of SNP-
dairy milk associations that resulted from gene-culture co-evolution,
and should be investigated in the future. It is also possible that mea-
surement error or insufficient sample size contributed to these null re-
sults. Future studies should re-run a discovery GWAS for the intake of

dairy milk once full genetic data set for UK Biobank becomes available.

9.4 Findings in context

The findings presented in this thesis (Chapters 4 to 8) provide novel in-

sight into the relationships of lifestyle, biochemical, and genetic factors with

prostate cancer risk, and further our understanding of how germline poly-

morphism determines the variance in the intake of dairy products.

Vasectomy is a commonly used form of male sterilization that has been

performed globally in 40 million to 60 million men [206]. Much of the previous
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research into the association of vasectomy with prostate cancer risk has been
conducted in small studies, which were often retrospective in design. The
results presented in this thesis join only four previous studies ! that have
investigated the association of vasectomy with prostate cancer risk prospec-
tively with more than 150 exposed cases [23, 34, 24]. Further, a meta-analysis
combining results from this thesis and the four previous studies did not find
evidence for vasectomy as a risk factor for high grade, advanced stage, or
death from prostate cancer. The small, borderline significant association for
vasectomy and prostate cancer overall from this meta-analysis is likely driven
by health-seeking behaviours and does not indicate a role of vasectomy in
prostate cancer aetiology; men with a vasectomy are more likely to have had
a PSA test compared to men without a vasectomy [23, 200, 34]. Moreover,
a recent meta-analysis that also considered case-control and retrospective
cohort results found that the association of vasectomy with prostate cancer
overall was more likely to be null with increasingly robust study design [372].
Given these findings I do not believe that more research is necessary for the
association of vasectomy with prostate cancer as it does not appear to be a
likely risk factor.

MSP is one of the three most abundantly secreted proteins by the prostate
epithelium into the seminal fluid [39], and has been implicated in tumour sup-
pression [256, 257, 258, 259, 260, 261] and pathogen defense [262]. Prior re-
search into the association of MSP with prostate cancer risk has largely been
in cross-sectional or tissue studies that measured urinary or blood concen-
trations collected from cases after diagnosis. The only previous prospective
analysis of MSP with prostate cancer risk found a significant inverse asso-
ciation of MSP with prostate cancer risk but it was unable to exclude the
possible influence of sub-clinical prostate cancer on their results due to short
average follow-up time (3.8 years) [27]. In contrast, analyses in this thesis
support a strong inverse association of MSP with prostate cancer risk with
more than double the follow-up time. Moreover, the analysis in this thesis
leveraged genetic data available in the EPIC cohort to conduct an MR study
that show a significant protective association that is unlikely to be due to
reverse causality or other common epidemiological biases. As such, the re-

search in this thesis highlights a potentially causal inverse association of MSP

1One unpublished study from the UK record linkage study
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with prostate cancer, which may eventually prove useful for the prevention
of prostate cancer.

Existing research into HK2 in relation to prostate cancer risk has been
aimed primarily at assessing the ability of HK2 to improve the discrimination
of prostate cancer among men with elevated PSA when compared to using
PSA alone or a combination of other kallikrein biomarkers [47, 48, 49, 50,
51, 52, 282, 283, 284, 53]. To date, there has not been an investigation of the
prospective association of HK2 with prostate cancer risk in men without ele-
vated PSA that considered the association of HK2 independent of the highly
collinear circulating PSA concentrations. The results presented in this thesis
constitute the largest prospective study to date, and do not support an asso-
ciation of HK2 with prostate cancer risk independent of its association with
circulating concentrations of PSA. Prior research had suggested a modest
improvement (1%- 6%) in the discrimination of prostate cancer overall and
for high grade tumors after the inclusion of HK2 in a PSA and age-based risk
model. In contrast, this thesis finds no evidence that HK2 improves the area
under the curve when included in such a prediction model for either prostate
cancer overall or for high grade tumours.

The PRACTICAL consortium is the largest prostate cancer genetics data
set in the world, and combines the data from many studies to provide a reli-
able estimate of the association between genetic polymorphism and prostate
cancer risk. The largest previous analysis of rs4988235, as a marker for
dairy intake [330, 18], was a meta-analysis [55] of all available data (N¢*¢* =
4,783, Neontrols — 3 188) but was unable to look into a rs4988235 association
by tumour subtypes due to small sample size in these subgroups. Data for
the current analysis in the PRACTICAL consortium are almost an order of
magnitude larger (N = 48 471, Neontrols — 29 866), and, in contrast, have
been sufficient to consider the association of rs4988235 with high grade and
advanced stage tumours, and death from prostate cancer. While the current
analyses can thus be considered the first adequately powered investigation
[55] of rs4988235 and prostate cancer risk, these results are not necessarily
a refutation of the association of dairy with prostate cancer risk; if the as-
sociation of dairy products with prostate cancer is driven not by dairy milk
intake but instead by protein intake from dairy products [98] we may not
expect rs4988235 to be clearly associated with prostate cancer. A more in

depth understanding of how rs4988235 associates with the intake of various
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dairy products is required to better interpret the findings from this thesis in
the PRACTICAL consortium.

The UK Biobank is one of the world’s largest prospective cohorts with
available data for genetic and dietary variables. Prior research into the as-
sociation of the lactase persistence SNP, rs4988235, has largely been from
small studies [55, 330] - with the exception of one large Danish study [336]
- none of which adjusted for principal components of genetic variation (PC)
2. As such, it has not yet been possible to assess the potential confound-
ing by population stratification for the association of rs4988235 with the
intake of dairy products research. Further, much of the research, to date,
has focused on the intake of milk, with only infrequent estimation [55] of the
differences for the intake of other dairy products by rs4988235 genotype; cur-
rent analyses are the largest investigation of the intake of yogurt, ice cream,
and cheese by rs4988235. Results for the intake of dairy milk by rs4988235
genotype presented in this thesis before adjustment for PC (CC vs TT: 25.5
g/d [95% CI 18.8-32.2]) were remarkably similar to a recent meta-analysis
that found an approximate 25 g/d difference [330]. Following adjustment for
PC, however, estimates of the difference in dairy milk intake by rs4988235
were reduced by approximately 20%, which may indicate the influence of
population stratification. Such confounding may also have affected previous
estimates of the association of rs4988235 with dairy milk intake. One addi-
tional explanation for the attenuated estimated difference for the intake of
dairy milk by rs4988235 may be the existence of additional germline variation
that may determine dairy milk intake, which should be investigated further.
No difference in the intake of other dairy produce was observed by rs4988235
genotype, which likely reflects the relatively low lactose content of these food
items.

There has been no previous investigation of how genome-wide germline
variation may determine the intake of dairy milk. The majority of re-
search focused on single candidate SNPs such as the lactase persistence SNP,
rs4988235, and has been discussed above. While results from a discovery
GWAS in a sample of ~ 22,000 men in UK Biobank found 23 putative SNPs
associated at a lower significance threshold (p < 10), no SNPs were signif-

icant at the traditional genome-wide significance threshold (p < 5 x 10¥).

2Tt does not appear that principal components were available in previous studies of
rs4988235 and the intake of dairy milk
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Further, no putative significant SNPs from the discovery GWAS were suc-
cessfully replicated in a large independent sample in UK Biobank (~ 50,000
men), and so this thesis did not discover any novel variation associated with
the intake of dairy milk. As such, the strongest candidate for germline vari-
ation that determines the intake of dairy milk remains rs4988235. rs4988235
is believed to be associated with dairy milk intake due differences in the pro-
duction of the lactase enzyme into adulthood that resulted from gene-culture
co-coevolution [362]. It is likely that SNPs subjected to recent positive se-
lection may not be included in GWAS due to how recent positive selection
may result in allele frequencies that violate common QC procedures, such as
Hardy-Weinberg equilibrium. As such, it is possible that if we expect novel
germline variation that determines the intake of dairy milk to have been sub-
jected to similar evolutionary pressures as rs4988235, SNPs associated with
dairy milk intake may have been filtered out before analyses, and thus would
not have been discovered in these analyses. Future research should consider
carefully the mechanisms that may have led to germline polymorphism being
associated with exposures to ensure the methodology used does not hinder

the discovery of potential important genetic associations.

9.5 Methodological Considerations

Several methodological considerations have arisen in the process of preparing

this thesis, and are discussed below.

9.5.1 Sample size and statistical power

The EPIC [140] and UK Biobank [141] cohorts, and the PRACTICAL con-
sortium were sufficiently large to detect a modest association for risk factors
with prostate cancer in the current thesis. In particular, the size of the
PRACTICAL consortium has allowed, not only for the robust investigation
of the association of rs4988235 with prostate cancer risk overall, for which
previous studies have likely been under-powered [55], but also the investiga-
tion of rs4988235 with prostate cancer tumour subtypes, and fatal prostate
cancer, which may be of greater clinical relevance. However, it remains pos-
sible that for analyses by tumour subtype there were insufficient numbers to

adequately test for heterogeneity by stage or grade of disease. In particular,
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this may have been the case for analyses by histological grade for the nested

case-control of MSP, the smaller of the two nested case-control studies.

9.5.2 General considerations for measurement and con-
founding

Information on covariates used in this thesis was taken from the recruitment
questionnaires for the EPIC and UK Biobank questionnaires. It is likely that
exposures for some variables (such as body weight, alcohol consumption, or
smoking status) changed over the duration of follow-up, which may have led
to some measurement error. However, with the exception of analyses of HK2
and prostate cancer risk, adjustment for variables measured at recruitment
made no material difference to estimates. As such, any potential error intro-
duced is unlikely to have had a large effect on the relative risks reported in
this thesis.

There was no information collected for socioeconomic status in the EPIC
cohort - with the possible exception that educational attainment may cap-
ture a proportion of the variance attributable to socioeconomic status - which
limited the ability to stratify analyses by level of social deprivation. Further,
family history of prostate cancer was not collected. Social deprivation and
family history of prostate cancer are known to be associated with a delayed
presentation for prostate cancer diagnosis and differences in diagnostic prac-
tices and the degree of invasiveness for treatment received [373, 70]. As
such, for research questions in this thesis where health seeking behaviours
were especially pertinent (vasectomy and MSP), the lack of information at
recruitment on socioeconomic status and family history of prostate cancer
in the EPIC cohort likely hindered the ability to investigate potential con-
founding effects, and should be considered a limitation.

Participants in the EPIC [140] cohort were predominantly of European
origin. Further, analyses in the PRACTICAL consortium and UK Biobank
explicitly excluded men of non-European ancestry. Thus, it is possible that

results from this thesis do not generalise to populations of differing ancestry.

9.5.3 Measurement of vasectomy

The ascertainment of vasectomy status in prospective cohort studies has been

a source of criticism for past research [34, 23]. It is possible that men without
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a vasectomy at recruitment go on to receive a vasectomy during follow-up,
and so are misclassified as non-vasectomised due to the lack of complete
follow-up for vasectomy status. However, the prevalence of vasectomy in the
general population is relatively low in EPIC (~15%) and men who receive a
vasectomy typically have one before reaching middle age [34]. As the mean
age at recruitment in the EPIC cohort was 54 years it appears unlikely that
any misclassification of vasectomy status during follow-up would be substan-
tial, which is supported by analyses in the EPIC-Oxford sub-cohort. For the
EPIC-Oxford sub-cohort updated data were available on vasectomy status
collected 10 years after recruitment. These data showed that only 5.1% of
men without a vasectomy at baseline reported having had a vasectomy dur-
ing the 10 years after recruitment. Moreover, a recent study estimated that a
5% misclassification of vasectomy status (e.g. if the true prevalence of vasec-
tomy was 20% compared to 15%), the relative risk would be underestimated
by only approximately 1% [34]. Thus, we believe that any misclassification
would have resulted in a minimal underestimate of any association of vasec-

tomy with prostate cancer risk.

9.5.4 Measurement of biochemical factors

In the EPIC cohort standardised blood collection and transport protocols
were implemented in most centres (as described in chapter 3). However, the
protocol was modified for the Oxford centre, and although protocols were
similar, the Danish and Swedish centres also differed as they were added at
a later date to the EPIC cohort [140]. For the Oxford blood samples, blood
samples were delivered by post to the processing laboratory; for markers that
may degrade under delayed processing procedures this protocol may have led
to differences in the measured concentrations of biomarkers. However, no
difference was observed in the average concentration of biomarkers used in
this thesis by number of days in post in a sensitivity analysis, and so we do
not believe that slight differences in blood collection and sample transport
protocols have impacted results from this thesis.

All assays from the EPIC cohort in this thesis were conducted by trained
laboratory persons who were blinded to the case status of samples. Qual-
ity control samples were included in all batches and intra- and inter-batch

coefficients of variation were calculated. Further, for analyses in EPIC that
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included MSP, HK2, and PSA, the availability of blood samples has facili-
tated a quality control pilot study that addressed a potential concern over
the fact that some of the previous studies to investigate MSP [265, 266] and
HK2 [47, 48, 49, 50] have used serum samples. We considered the concor-
dance between MSP, HK2, and PSA measurements in serum and citrated
plasma samples and found a high degree of concordance. Additionally, we
found no significant difference in the mean concentration of these biomarkers
between plasma samples drawn at five year intervals. Together these results
allowed for confidence that analyses using assays from these two different
media would be comparable, and would be able to make a robust contribu-
tion to the existing body of literature. Further, the procedures ensure a high
degree of confidence can be had in the precision or inter-assay repeatability

of analyte measurements in this thesis.

9.5.5 Measurement of genetic factors

All genotyping was standardized for data from UK Biobank [331] and the
Oncoarray chip [37] as part of the PRACTICAL consortium. This is not true
for genetic data available within the EPIC cohort; data were drawn from sub-
groups of the nested case-control in the EPIC cohort that had genotype data
available from the iCogs [36], Oncoarray [37], and BPC3 genotyping arrays
[38]. It is possible, though unlikely, that there were slight discrepancies in
the called genotype frequencies for rs10993994 which would likely have atten-
uated any estimates derived. However, estimates derived for the association
of rs10993994 with both MSP and prostate cancer were remarkably simi-
lar to previously reported results [13, 27], and so we believe the rs10993994

measurement to have been robust.

9.5.6 Measurement of diet

Diet is a complex exposure to measure with precision and reliability, and the
potential for errors in measurement is well described elsewhere [32]. Analy-
ses that concerned the dietary intake of dairy products in this thesis relied
on available data from 24-hour recall questionnaires within the UK Biobank
(dairy product intake was not investigated in detail for the baseline food
frequency questionnaire). As such, the strength of these measurements is

predicated on the assumption that dairy product intake on a given day may
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approximate general consumption for men in UK Biobank. While this is, on
average, not an unreasonable assumption for men in UK Biobank, it is also a
likely source of modest measurement error for men with dairy consumption
that varied over time. Note, this may have been a greater source of mea-
surement error for dairy products that are consumed with a lower regularity
such as yogurt or ice cream, and would attenuate any estimated associations
in this thesis.

Moreover, the measure of dairy intake used in this study is the mean
intake from the total number of repeat 24-hour recall questionnaires avail-
able for a given individual (a maximum of five). The availability of multiple
questionnaires was a major strength for analyses in this thesis due to the
reduction in measurement error for men with mean intake calculated from a
greater number of 24-hour recall questionnaires. Once more, this was par-
ticularly beneficial for dairy products that are eaten with a relatively low
frequency in the British population (ice cream and yogurt). However, for
the analyses of germline variation, it was not possible to be certain that all
SNP alleles were equally likely to have men with a mean dairy intake cal-
culated from an equal number of questionnaires, and so there likely existed
some heteroskedasticity for genetic analyses in this thesis. The effect of such
differences in the measurement error for dairy intake by SNP allele would
be to make it less likely to observe a significant mean difference in intake by
SNP allele, which may have contributed to null results observed for GWAS
analyses [367, 368]. However, for analyses of the lactase persisitence SNP,
rs4988235, and dairy intake homoscedasticity was thoroughly considered in
regression methods. Further, derived estimates were very similar to the most
recent large investigation of dairy milk intake and rs4988235 [336] and so we

do not believe it was a concern for the results from chapter 7.

9.6 Confounding

The interpretation of epidemiological studies are frequently subject to lim-
itations due to confounding. A confounder is a variable that is associated
with both an exposure and outcome of interest that results in a spurious
association between exposure and outcome. For analyses of prostate can-
cer risk, the investigation of confounding is typically limited by the small

number of confirmed risk factors for prostate cancer (age, family history of
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prostate cancer, ethnicity, select germline genetic polymorphisms, and circu-
lating concentrations of insulin-like growth factor one (IGF-I)). All analyses
for prostate cancer risk were adjusted for age and all analyses were restricted
to ethnically Caucasian men, and so these factors were not a likely concern for
confounding for findings from this thesis. It is a limitation of this thesis that
information on family history of prostate cancer, germline polymorphism,
and IGF-I was not available for all men in the EPIC cohort, and so we were
therefore not able to investigate possible confounding by these factors.

The precise biological functions of MSP, PSA, and HK2 remain poorly
characterised, and it is likely that these biochemical factors may be regulated
by numerous factors. Analyses in this thesis included a wide range of po-
tential confounders due to the scope and size of the study populations, and
the detailed covariate information described in recruitment questionnaires.
Indeed such information was used to conduct sensitivity analysis to ascer-
tain the potential effect of the inclusion of factors found to be associated
with biochemical variables on any association for biochemical factors and
prostate cancer risk. Nonetheless, it is not possible to fully exclude possible
confounding by all factors or the influence of residual confounding by factors
included as covariates in the observational analyses.

Analyses for the association of germline polymorphism and disease risk
are typically not easily confounded. However, population stratification, which
can be interpreted as confounding by ancestry, may severely affect the esti-
mated relative risks for genetic factors and disease risk. Nonetheless, current
analyses for the lactase SNP, rs4988235, and prostate cancer risk have been
fully adjusted for the principal components of ancestry, and so we believe the
role for confounding in these estimates is minimal. Similarly, the availability
of detailed information on participant ancestry from principal components
in UK Biobank has allowed for greater confidence that estimated intake of
dairy products by rs4988235 were not due to residual confounding by popu-
lation stratification. This was a potential weakness that was not addressed

in previous studies of dairy intake and rs4988235.

History of PSA testing

Although history of PSA testing was available for an EPIC-Oxford sub-cohort
follow-up questionnaire, for the majority of men in prostate cancer risk anal-

yses within this thesis no information was available on the history of PSA
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testing or PSA test results at diagnosis. Published estimates suggests 36%
of men aged > 50 years in Britain between 2006-2010 [92] have had at least
one PSA test. Past research into vasectomy, MSP, and HK2, and prostate
cancer risk has been subject to criticism pertaining to the potential influence
of health seeking behaviours or PSA testing on the estimated relative risks.
As such, it may be considered a limitation for some of the research in this
thesis that we were not better able to investigate any heterogeneity and con-
founding of the associations for vasectomy, MSP, and HK2, by PSA testing
history or PSA test results.

Nonetheless, an increased likelihood of having a PSA test was observed
for vasectomised men compared to non-vasectomised men in an EPIC-Oxford
sub-cohort follow-up questionnaire. Given the purported reduction in prostate
cancer mortality associated with PSA testing, any effect of increased fre-
quency of PSA testing in vasectomised men would likely be negative con-
founding; in chapter 4 we show that any potential adverse effect of vasectomy
on the risk prostate cancer partly masked by a beneficial effect of increased
PSA testing is likely small. Further, the only previous prospective study
of MSP and prostate cancer risk found no heterogeneity by history of PSA
testing [27]. There has, however, been little investigation into how the asso-
ciation of HK2 may vary by PSA testing history. Thus, while we believe that
there has been little influence of PSA testing frequency or test results for the
investigation of vasectomy and MSP, certainty for confounding of results for
HK2 is not possible.

9.6.1 Reverse causality

A major consideration for any prospective epidemiological analyses is the
role of follow-up time, and the potential that estimated associations for dis-
ease risk may have been due to reverse causality. Reverse causality occurs
when the probability of the outcome is causally related to the exposure be-
ing studied. However, the EPIC cohort has up to an average of 15 years
follow-up [140], which has allowed for the detailed prospective investigation
of how associations with prostate cancer risk for vasectomy, MSP, and HK2
may vary by time between baseline (recruitment or blood collection) and di-
agnosis - no significant heterogeneity by time between baseline and diagnosis

was observed for any prostate cancer risk analyses.

190



Further, nested case-control studies (MSP and HK2) in the EPIC cohort
used an incidence density sampling protocol to select control participants
from the same study centre as an index case. Samples were additionally
matched on length of follow-up and age at blood collection (£ 6 months). Ad-
ditionally, for all centres except Malmo, case-control pairs were also matched
on time of blood collection (+ 1 hour), and duration of fasting at blood
collection (< 3, 3-6, > 6 hours). This protocol has helped avoid the intro-
duction of systematic differences in blood samples that may have otherwise
led to bias by differences that may have existed between EPIC study centres
for the investigation of MSP and HK2 and prostate cancer risk. However, it
has also reduced the potential for matched controls to have latent prostate
cancer at the time of blood collection, and thus reduced the potential influ-
ence of reverse causality for MSP and HK2 associations with prostate cancer
risk.

With regard to the analysis of MSP and prostate cancer risk, the use of
MR methods has precluded the possibility that any reported association was
due to reverse causality. The online MR-base tool allowed for the phenome-
wide investigation of rs10993994 with over 850 phenotypes [61], and con-
firmed previous assertions [278] that rs10993994 is likely the most robust
case for a genetic instrument [279]. As such, the addition of significant MR
analyses for MSP and prostate cancer risk to strong significant observational
results suggest that any MSP association with prostate cancer is not likely

due to common epidemiological biases, such as reverse causality.

9.6.2 Classification of prostate cancer

Prostate cancer classification and registry procedures were not standardised
for all EPIC centres. Although population-based cancer and mortality reg-
istries were the source of data for cancer incidence, tumour characteristics
and vital status for most centres in EPIC, this was not the case for German
and Greek centres. For these centres a combination of methods are used that
included health insurance records, local cancer and pathology registries, and
active follow-up - in all cases self reported cancer incidence was verified via
medical records. While it is clear that the classification of prostate cancer is
likely individually robust for each EPIC centre, the lack of standardisation
may have led to prostate cancer classification being affected differentially by

the changes, over time, due to differences in diagnostic practices. This is
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a particularly salient limitation given both the TNM stage system and the
Gleason scoring method were initially devised approximately half a century
ago, and so have been subject to improvements over time [133, 134].

TNM stage was initially informed only by physical and histological exam-
ination, using digital rectal examination, for example, or radiography. How-
ever, TNM score has subsequently used additional information from novel
diagnostic techniques such as ultrasound or bone imagining [133]. Although
recent additions to TNM scoring have led to improvement in the quality of
stage information, it is notable that pathology specimens may return higher
TNM scores than those based on clinical examination alone. In EPIC, infor-
mation was not available on whether stage was from clinical or pathological
examination, and so there is uncertainty surrounding potential variation in
the precise classification of stage for cases within centres over time and be-
tween EPIC centres.

There have similarly been advances in the histological grading of prostate
cancer [134]; the quality and amount of tissue collected have changed over
time as the state of current best practice has evolved [136]. Changes include:
the use of ultrasound-guided needle biopsy; the number of cores collected
at biopsy; and the change in the practice of collecting tissue at diagnosis
compared to collection via radical prostatectomy at surgery. It is also notable
that the use of PSA testing in clinical practice has led to changes in the
Gleason grade that men present with at diagnosis, such that many men
present with low grade tumours [84, 81, 374]. These changes, on average, have
resulted in an upward trend in the allocation of higher grades to cancers that
may have previously been classified as having a lower Gleason grade [137].
Given the long available follow-up and the lack of standardisation across the
EPIC cohort, it is possible that measured histological grade differs by year
of diagnosis or recruitment centre.

The size and structure of the PRACTICAL consortium [170] is such that
there may be similar concerns over the classification of tumour subtype. The
PRACTICAL consortium consists of 123 different study groups, incorporat-
ing sites in the EU, Australia, Canada and USA, with cases that may have
had a diagnosis anytime in the last 30 years. As such, there may also exist
some differences in the classification of tumour characteristics for cases in
the PRACTICAL consortium, which should be considered a limitation in
the analysis of rs4988235 with prostate cancer risk by tumour subtype.
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9.7 Recommendations for future research

Future research into the association of MSP and HK2 and prostate cancer risk
should pool existing individual level data from available prospective cohorts
to improve the statistical power to investigate associations among subgroups
defined by tumour characteristics. To the author’s best knowledge there
are currently two other prospective cohorts with available data for MSP
27, 131]. However, only one of these studies, in the Multi-ethnic cohort
(MEC) [27], has measurements in men without elevated PSA at recruitment.
Given the covariance between PSA and MSP, it is likely that any pooling
study would benefit from a sample of men without a restricted range of
PSA. Further, MEC has black, Japanese, Latino, Native Hawaiian, and white
populations, and so a pooled individual level analyses will likely produce risk
estimates that may be more generalisable, on average, for men globally. Two
prospective studies exist in men without elevated PSA for HK2 [28, 29] that
could potentially be used in an individual level pooled analysis. Although
both existing studies, and current analyses of HK2, are in men of European
ancestry and so would likely not improve generalisability of results, such a
pooled analysis would help improve statistical power to detect any small but
real association of HK2 with prostate cancer risk that may be independent
of circulating PSA concentrations for tumour subtypes.

Given the significant, potentially causal, association of MSP with prostate
cancer risk from the MR analyses in this thesis, it is of principal interest to
generate an independent replication. Such a replication may be achieved
by using an estimate of the association of MSP with rs10993994 that ex-
ists within MEC [27], and an estimate of the association of rs10993994 with
prostate cancer that will be available from the OncoArray project once the
main publication has been accepted [37]. While rs10993994 has perhaps the
strongest case for a robust MR instrument [279], a better understanding of
how germline polymorphism determines circulating concentrations of MSP
may allow for the use of methods that are more robust to assumptions of
regular MR methods, such as pleiotropy, and give more confidence the as-
sociation of MSP with prostate cancer risk. As such, future research should
focus on completing a GWAS for MSP with a view to discovering additional

germline polymorphism that determines circulating concentrations of MSP.
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There is currently a poor understanding of the functional role of MSP in
the body; the best hypotheses at present suggest MSP may be involved in
tumour suppression [256, 257, 258, 259, 260, 261] or pathogen defense [262].
If the association of MSP with prostate cancer risk is supported by a fur-
ther replication MR, it will be particularly important to better understand
the possible mechanisms by which this putative protective association acts.
Further, it will be necessary to understand what the potential effects of mod-
ifying the circulating concentrations of MSP in men would be for subsequent
risk of prostate cancer. This could be achieved through a future large-scale
randomised control trial if a method of modifying MSP levels in men becomes
available.

General recommendations that follow from the research in this thesis into
biochemical markers are to ascertain: the temporal reproducibility of these
analytes in a larger sample, which may help future studies to correct for
measurement, error due to short-term biological variability or longer-term
within-person variability due to changes in smoking behaviours, weight, or
age; how circulating concentrations of these analytes covary with and whether
these measurements are meaningful surrogates for tissue concentrations in the
prostate; and whether prospective tissue concentrations of these analytes are
associated with prostate cancer risk.

A prior investigation into the association of rs4988235 and prostate cancer
risk suggested that approximately 30,000 cases and 30,000 controls would be
necessary to detect a 2% per-allele increase in risk with 80% power [55]. The
analyses in this thesis were conducted with 48,471 cases with 29,866. As
such, we do not believe further research is necessary to better understand
the association of rs4988235 with prostate cancer risk.

With regard to the role of germline polymorphism as a determinant for
the intake of dairy produce, it appears that the lactase persistence SNP,
rs4988235, is only strongly associated with the intake of dairy milk. How-
ever, rs4988235 does not appear to associate with prostate cancer risk. Given
analyses in this thesis were not successful in identifying novel genetic variants
associated with dairy milk and as dairy milk remains a putative risk factor
for prostate cancer [18], future research should aim to discover further ge-
netic variants associated with both dairy milk intake prostate cancer risk to

facilitate the use of MR methods for dairy and prostate cancer risk analyses.

194



9.8 Conclusion

Studies contained in this thesis provide novel evidence on a number of pu-
tative risk factors for prostate cancer. The original analyses and the meta-
analysis presented in this thesis for the association of vasectomy with prostate
cancer risk provide convincing evidence that vasectomy should not be con-
sidered a risk factor for prostate cancer. The observational and MR results
for the association of MSP with prostate cancer suggest that MSP is a poten-
tially causal protective factor. Future research should focus on replicating
these results and better understanding the biological function of MSP. In
contrast, the research in this thesis does not support an association of HK2
with prostate cancer risk that is independent of circulating concentrations
of PSA, or support past findings that, when added to a PSA and age-based
model, HK2 improves the discrimination for prostate cancer overall and high
grade tumours. Further, results from the present thesis do not find an asso-
ciation of the lactase persistence SNP, rs4988235, with prostate cancer risk;
given we believe these analyses were adequately powered, more research into
this genetic variant may not be necessary. Nonetheless, given the null results
for the GWAS of dairy milk intake, future research should re-run a GWAS

in UK Biobank once the full data becomes available.
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Table A.1: Phenome-wide association scan for rs10993994 from MR-Base

Trait Beta SE N P

HOMA-B 0.01 0 36466  3.00E-03
Leucine 0 0 7351  4.00E-03
CD34 on Stem 0.06 0.02 460 4.00E-03
N-acetylornithine 0.01 0 7146 4.00E-03
Gamma-glutamylleucine 0 0 7354 6.00E-03
X-12556 0.01 0 7049  9.00E-03
Urea 0.01 0 7348  1.10E-02
X-14450-phenylalanylleucine 0.02 0.01 2520 1.10E-02
Total cholesterol in medium LDL -0.03 0.01 21559  1.10E-02
Free cholesterol -0.03 0.01 13496  1.30E-02
Phospholipids in medium LDL -0.03 0.01 21558  1.40E-02
Taurocholate 0.02 0.01 3783 1.50E-02
B Mem:%IgE 0.05 0.02 460 1.50E-02
2-hydroxypalmitate 0 0 7348 1.60E-02
CD337 on NK early -0.05 0.02 420 1.60E-02
Simple reaction time -0.07 0.03 2378 1.70E-02
X-12717 0.03 0.01 1612  1.70E-02
Total cholesterol in large LDL -0.03 0.01 21552  1.70E-02
X-04500 0.03 0.01 3393  1.70E-02
X-14086 -0.01 0.01 2651 1.80E-02
Myocardial infarction 0.03 0.01 171875 1.80E-02
Free cholesterol in large LDL -0.03 0.01 21555  1.80E-02
CD123 on mDC 0.05 0.02 455 2.00E-02
Fasting insulin 0.01 0 38238  2.00E-02
Total cholesterol in LDL -0.02 0.01 21559  2.00E-02
HOMA-IR 0.01 0 37037  2.10E-02
ADSGEGDFXAEGGGVR* -0.01 0 5425  2.20E-02
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Phospholipids in large LDL
Iron

Valine
DSGEGDFXAEGGGVR*
X-12544

Allantoin

X-12056

Cigarettes smoked per day
Stachydrine

Citrate

Bilirubin (E,E)*

B Mem:%IgG
Apolipoprotein B

Proline

X-12094

X-13435

Cholesterol esters in large VLDL
X-01911

Albumin

Total cholesterol in IDL
3-methylhistidine

Total lipids in large LDL
X-12093

X-12092

X-13671

X-12040

X-11537
Alpha-hydroxyisovalerate
Aspartylphenylalanine
Pantothenate

-0.02
0.02

-0.02
-0.01
0.01
0.02
0.19
0.03

-0.01
-0.04
-0.02

0.01
0.01
-0.02
0.01
-0.02
-0.02
0.02
-0.02
-0.01
0.01
-0.01
0.03
-0.01
0.01
0.01
0.01

0.01
0.01

0.01
0.01

0.01
0.09
0.01

0.01
0.02
0.01

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01

0.01
0

21550
23986
7359
5229
5581
5344
3890
68028
2779
7364
7303
460
20689
7367
7044
6543
19273
6000
18960
19273
5502
19273
2759
7089
6883
528
2684
7222
3838
7160

2.30E-02
2.40E-02
2.70E-02
2.70E-02
2.80E-02
3.10E-02
3.10E-02
3.10E-02
3.20E-02
3.40E-02
3.40E-02
3.40E-02
3.40E-02
3.50E-02
3.50E-02
3.60E-02
3.90E-02
4.00E-02
4.10E-02
4.20E-02
4.40E-02
4.50E-02
4.50E-02
4.70E-02
4.90E-02
4.90E-02
5.00E-02
5.00E-02
5.20E-02
5.40E-02
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Concentration of large LDL particles
Xanthine

X-11786-methylcysteine

Serum total cholesterol
CD8:%Senescent

Kynurenine

Cholesterol esters in medium LDL
Free cholesterol in IDL

Major depressive disorder

Total lipids in medium LDL

CD32 on 11c+1234+DC

Total lipids in IDL

Concentration of medium LDL particles
Autism

IgE+B:%27+20-38+

Mean cell volume

CD4:%Act(38+)

X-12216

Phospholipids in IDL

Free cholesterol to esterified cholesterol ratio
CD8mem:%"TFH” (2)

Caproate (6:0)

Mono:%11c-16-274-+

Transferrin

2-hydroxystearate

Total cholesterol in small LDL
X-11327

Hexadecanedioate

CD24 on IgA+ B

Insulin disposition index

-0.02
-0.01
0.01
-0.02
-0.04

-0.02
-0.02
-0.05
-0.02
-0.04
-0.02
-0.02
0.05
-0.04
-0.05
0.04
-0.01
-0.02
-0.02
0.04

-0.04
0.02

-0.02
0.01

-0.04
0.04

0.01

0.01
0.01
0.02

0.01
0.01
0.03
0.01
0.02
0.01
0.01
0.03
0.02
0.03
0.02

0.01
0.01
0.02

0.02
0.01

0.01

0.02
0.02

19273
6515
2773

21491

460
7368

19273

21559

18739

19273

460

19273

19273

29415

455
30457
459
5080
21559
13496
447
7363
458

23986
7315

21556
7229
6447

456
5318

5.40E-02
5.50E-02
5.50E-02
5.60E-02
5.60E-02
2.60E-02
5.60E-02
5.90E-02
5.90E-02
5.90E-02
6.30E-02
6.70E-02
6.80E-02
7.00E-02
7.00E-02
7.10E-02
7.10E-02
7.10E-02
7.30E-02
7.30E-02
7.40E-02
7.40E-02
7.40E-02
7.70E-02
7.80E-02
7.80E-02
8.00E-02
8.00E-02
8.10E-02
8.20E-02
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Concentration of IDL particles
Malate

X-11793-oxidized bilirubin*
Rheumatoid arthritis

CD8:%Naive

Forearm bone mineral density
Lymph:%DP T
CD4:%Eff(127-PD1-)

X-12253

Leucylleucine

X-11787

Myo-inositol

Mature B:%Memory

X-03094

Biliverdin

X-06267

Alpha-tocopherol

Free cholesterol in small VLDL
1-arachidonoylglycerophosphoinositol®
X-12116
X-12095-N1-methyl-3-pyridone-4-carboxamide
Gamma-glutamylvaline

X-11444

Packed cell volume

Histidine
Gamma-glutamylglutamine
X-12443

Cholesterol esters in medium VLDL
3-indoxyl sulfate

Dodecanedioate

-0.02

-0.01
-0.04
0.04
-0.03
-0.04
-0.04
-0.01
-0.01

-0.03

-0.01

0.01
-0.02

-0.01

0.01
-0.03

0.01
-0.02
-0.01

0.01

0

19273
6946
7166

22515

455
10805
453
459
5694
3248
7362
7354
458
7356
6252
6678
7276

21559
7351
2859
7269
7307
7313

31255
7355
7226
4999

19273
7339
6066

8.20E-02
8.30E-02
8.50E-02
8.60E-02
8.60E-02
8.90E-02
9.00E-02
9.20E-02
9.70E-02
1.00E-01
1.03E-01
1.05E-01
1.07E-01
1.10E-01
1.11E-01
1.13E-01
1.14E-01
1.15E-01
1.18E-01
1.18E-01
1.20E-01
1.21E-01
1.23E-01
1.23E-01
1.23E-01
1.23E-01
1.27E-01
1.27E-01
1.28E-01
1.30E-01
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Total cholesterol in medium VLDL
Gamma-glutamylphenylalanine
X-11470

Total cholesterol in small VLDL
Extreme height

Total lipids in small LDL
Citrulline

X-12013

X-06351

Indolelactate

Ursodeoxycholate

Phenyllactate (PLA)

Bilirubin (Z,7)
1-oleoylglycerophosphocholine
NKeff:%Act(335+)
Succinylcarnitine

X-11540

Sphingomyelins

X-12456

NKeff:%2+337-R7
DNT:%CD127+TEF
Phospholipids in very small VLDL
Lymph:%CD4
CD4:%Act(DR+)

Corrected insulin response
2-methylbutyroylcarnitine
Mean cell haemoglobin
Tyrosine

CD8mem:%" Th2”

CD8mem:%" Th17”

-0.02

0.01
-0.02
0.04
-0.02

0.01
0.01

-0.01

-0.01

0.03

-0.01
-0.02
0.01
0.03
0.03
-0.02
0.03
-0.03
0.03

-0.01

-0.03
0.03

0.01

0.01
0.03
0.01

0.01

0.01

0.01

0.02

0.01
0.01

0.02
0.02
0.01
0.02
0.02
0.02

0.01

0.02
0.02

21551
7306
6857
17896
15661
19273
7325
1863
4460
6939
5162
5702
6393
7364
460
6552
2656
13476
4533
457
393
19273
459
455
5318
7007
28955
7358
445
444

1.37E-01
1.38E-01
1.38E-01
1.39E-01
1.40E-01
1.41E-01
1.46E-01
1.46E-01
1.47E-01
1.51E-01
1.51E-01
1.53E-01
1.54E-01
1.54E-01
1.55E-01
1.56E-01
1.56E-01
1.56E-01
1.57E-01
1.57E-01
1.61E-01
1.61E-01
1.62E-01
1.62E-01
1.62E-01
1.64E-01
1.66E-01
1.67E-01
1.68E-01
1.68E-01



¢0¢

Pyruvate

Inosine

Docosahexaenoate (DHA; 22:6n3)
CD8mem:%PD1+R6+

Schizophrenia

X-14588

Transferrin Saturation

18:2, linoleic acid (LA)

X-12627

X-02973

2-tetradecenoyl carnitine

Alanine

CD8:%TE

Phospholipids in small VLDL

Concentration of small LDL particles
Omega-6 fatty acids

Internalizing problems

2-choice reaction time

Insulin at 30 minutes

CXCR3 on CD4n

CD8mem:%"TFH” (3)
X-12441-12-hydroxyeicosatetraenoate (12-HETE)
3-hydroxybutyrate (BHBA)

Ascorbate (Vitamin C)
Choline

X-04494
Gamma-glutamylthreonine
NKT:%4+R5-
CD8:%TM (1)
Tryptophan betaine

*

-0.02

0.03
-0.01

0.01
-0.02
-0.01

-0.01

-0.03
-0.01
-0.01
-0.02
0.03
-0.04
-0.03
-0.03
0.03
0.01
0.01
-0.01

0.03
0.03
0.01

7237
2639
7369
444
82315
7330
23986
13527
6987
7314
6595
7344
460
21551
19273
12139
4596
2602
59318
448
446
2725
7371
2063
7310
4689
3890
458
459
7014

1.71E-01
1.72E-01
1.76E-01
1.77E-01
1.78E-01
1.79E-01
1.80E-01
1.80E-01
1.81E-01
1.83E-01
1.83E-01
1.84E-01
1.85E-01
1.86E-01
1.86E-01
1.88E-01
1.89E-01
1.90E-01
1.90E-01
1.92E-01
1.93E-01
1.93E-01
1.93E-01
1.94E-01
1.95E-01
1.95E-01
1.95E-01
1.97E-01
1.98E-01
1.98E-01
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Bipolar disorder
Haemoglobin concentration
X-12645

X-12007

Neuroblastoma
CD4ANv:%TFH (3)

Cortisol

X-11521

Phenylalanine

X-13215

Type 2 diabetes

Total lipids in small VLDL
CD123 on pDC
CD8:%TM-like

Parkinson’s disease
Pseudouridine

Total fatty acids

Serum cystatin C (eGFRcys)
Mean diameter for LDL particles
22:6, docosahexaenoic acid
X-12729

X-12734

CD8:%TM (2)

CD8:%RTE

Triglycerides in small VLDL
CD4:%Treg(73+)
I-palmitoylglycerol (1-monopalmitin)
MDC:%X-Presenting
Stearoylcarnitine
Isovalerylcarnitine

16731
33429
4908
1273
4881
448
7346
6753
7354
5885
95272
19273
460
454
5691
7336
13505
33140
19273
13499
1649
5270
458
460
21558
457
6999
459
6768
7344

1.99E-01
1.99E-01
1.99E-01
2.02E-01
2.03E-01
2.07E-01
2.07E-01
2.08E-01
2.09E-01
2.10E-01
2.10E-01
2.12E-01
2.12E-01
2.13E-01
2.14E-01
2.18E-01
2.18E-01
2.20E-01
2.21E-01
2.21E-01
2.23E-01
2.24E-01
2.25E-01
2.27E-01
2.29E-01
2.29E-01
2.30E-01
2.30E-01
2.30E-01
2.32E-01
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Hexanoylcarnitine

X-14977-vanillin

Bilirubin (E,Z or Z,E)*
2-hydroxybutyrate (AHB)

X-12465

CD27 on IgG+B

Oligoclonal band status

HbA1C

X-11483

Mothers age at death

Omega-9 and saturated fatty acids
CD8:%Act(25+)
X-12990-docosapentaenoic acid (n6-DPA)
Total lipids in medium VLDL
CD8mem:%R6+PD1+161-
Concentration of very small VLDL particles
X-10395

1-oleoylglycerol (1-monoolein)
Cortisone

Erythrose
1-arachidonoylglycerophosphocholine*
HDL cholesterol

CD4:%Treg(39-73+)

Subjective well being

Palmitoyl sphingomyelin
Concentration of small VLDL particles
T:%NKT

CD123 on 11c+1234+DC

Total lipids in very small VLDL
Asparagine

-0.01
-0.01

-0.01
-0.02
-0.1

0.01
-0.01
-0.02
-0.02

0.01
-0.01

0.02
-0.01

-0.01

0.01
-0.02

-0.01
-0.02
0.02
-0.01

0.01
0.02
0
0
0.01
0.02
0.02
0.01
0

7340
1782
4961
7366
5534
459
3026
46368
4274
75244
13506
455
2545
19273
447
19273
7340
5436
7136
6830
7063
94311
457
298420
7366
19273
452
460
19273
7316

2.32E-01
2.33E-01
2.33E-01
2.33E-01
2.34E-01
2.35E-01
2.37E-01
2.39E-01
2.39E-01
2.40E-01
2.40E-01
2.42E-01
2.43E-01
2.43E-01
2.43E-01
2.44E-01
2.45E-01
2.45E-01
2.46E-01
2.46E-01
2.46E-01
2.46E-01
2.48E-01
2.50E-01
2.53E-01
2.54E-01
2.56E-01
2.56E-01
2.59E-01
2.61E-01



G0¢

2-oleoylglycerophosphocholine* 0

X-11805 0.01
Infant head circumference 0.02
3-(4-hydroxyphenyl)lactate 0
X-06246 0
Phosphatidylcholine and other cholines -0.01
Total phosphoglycerides -0.01
Glutamate 0
2-hydroxyglutarate 0
X-14541 0.01
4-choice reaction time -0.03
X-13549 0
[eG+B:%20+24+274+ 0.02
Lactate 0
MDC (2):%CD1c+ -0.02
MDC (2):%CD1c- 0.02
X-12644 0
Octadecanedioate 0
Triglycerides in small HDL -0.01
Ornithine 0
HWESASXX* -0.01
CD4:%Naive 0.02
Octanoylcarnitine 0
X-10506 0
NKeft: %337+ 0.02
Pipecolate 0
X-12786 0
Gamma-glutamyltyrosine 0
Glycoproteins -0.01

X-13477 0

7100
2777
10716
7346
6929
13542
13519
7357
9932
1908
2829
6920
457
7365
460
460
7347
6876
21558
7307
7255
460
7345
7268
457
7345
6144
7037
16507
5694

2.61E-01
2.61E-01
2.65E-01
2.65E-01
2.66E-01
2.66E-01
2.67E-01
2.68E-01
2.68E-01
2.69E-01
2.70E-01
2.71E-01
2.72E-01
2.73E-01
2.73E-01
2.76E-01
2.77E-01
2.78E-01
2.82E-01
2.82E-01
2.83E-01
2.85E-01
2.85E-01
2.85E-01
2.87E-01
2.88E-01
2.88E-01
2.90E-01
2.90E-01
2.90E-01
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X-14658 0.01

EarlyB:%27+38- -0.02
3-carboxy-4-methyl-5-propyl-2-furanpropanoate (CMPF) 0.01
Cholate 0.01
Arachidonate (20:4n6) 0
Propionylcarnitine 0
balpha-androstan-3beta,17beta-diol disulfate 0.01
CD4:%Act(PD1+) -0.02
X-10510 0
X-14189-leucylalanine -0.01
Ischaemic stroke -0.25
X-12217 0
X-12749 0
X-11442 0
Insulin sensitivity index 0.02
Indolepropionate 0
IgG+B: %27+ 0.02
Ferritin -0.01
CD4:%TM (1) -0.02
NKeff:%Act(314+) 0.02
X-11261 0
Neuroticism -0.01
1-stearoylglycerophosphoinositol 0
CD4:%Treg(39+73-) -0.02
LDL cholesterol 0.01
X-14056 0
CD4:%Treg(39+) -0.02
Homostachydrine* 0.01
CD8:%Act(25+38+) -0.02

MDCL%274+ -0.02

0.01
0.02
0.01
0.01

0.01
0.02

0.01
0.33

0.02

0.02
0.01
0.02
0.02

0.01

0.02
0.01

0.02
0.01
0.02
0.02

3346
455
7363
9599
7367
7364
6934
457
7347
2709
546
6109
6755
6712
5318
7358
459
23986
458
454
7322
160958
7251
457
89888
6901
459
1618
455
460

2.94E-01
2.95E-01
2.96E-01
2.96E-01
2.98E-01
2.99E-01
3.02E-01
3.02E-01
3.03E-01
3.05E-01
3.05E-01
3.06E-01
3.08E-01
3.09E-01
3.09E-01
3.10E-01
3.11E-01
3.13E-01
3.15E-01
3.16E-01
3.18E-01
3.18E-01
3.19E-01
3.20E-01
3.21E-01
3.21E-01
3.22E-01
3.22E-01
3.26E-01
3.27E-01
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Glycoprotein acetyls
X-11334

Body mass index
Cis-4-decenoyl carnitine
Pyroglutamine*

X-14745

X-11799

Amyotrophic lateral sclerosis
Pyridoxate

Acetate

Nonadecanoate (19:0)
Glutamine

Glycerate
1-stearoylglycerophosphocholine
CD4:%TM (2)

Intracranial volume
ADpSGEGDFXAEGGGVR*
Mean platelet volume
CD8mem:%" Th1*”
CD8:%Act(25+38+RO+)
CD4:%SCM

Top 1 % survival

EarlyB: %27+
Neo-extraversion
Gamma-glutamylisoleucine®
Gamma-glutamylmethionine*
NKearly:%337+4335+2-
Guanosine

X-13496

Fructose

-0.01 0.01
0 0
0 0
0 0
0 0
0 0

-0.01 0.01
0 0
0 0

-0.01 0.01
0 0
0 0
0 0
0 0

-0.02 0.02

1900.75 2018.1

-0.01 0.01
0 0

0.02 0.02

-0.02 0.02

-0.02 0.02
0 0

-0.02 0.02

0.08 0.08
0 0
0 0

0.02 0.02

0.01 0.01
0 0
0 0

19270
5211
236164
7219
7354
5292
4817
36052
7263
22521
7335
7372
7333
7368
461
11373
3845
16284
442
453
458
75244
456
17375
5207
2212
454
2315
7217
7333

3.28E-01
3.29E-01
3.30E-01
3.30E-01
3.32E-01
3.34E-01
3.35E-01
3.35E-01
3.36E-01
3.36E-01
3.38E-01
3.38E-01
3.42E-01
3.45E-01
3.46E-01
3.46E-01
3.48E-01
3.48E-01
3.48E-01
3.48E-01
3.49E-01
3.50E-01
3.50E-01
3.51E-01
3.53E-01
3.53E-01
3.54E-01
3.54E-01
3.57E-01
3.60E-01
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Plasma cortisol

CD4:%Treg(39+73+)
Pyroglutamylglycine
Hydroxyisovaleroyl carnitine

Total cholesterol in HDL
10-nonadecenoate (19:1n9)

X-12776

X-12850

Homocitrulline

CD4nv:%preTh17

X-09706

Apolipoprotein A-I

Heart rate

Isoleucine

X-14304-leucylalanine

Other polyunsaturated fatty acids than 18:2
Docosapentaenoate (n3 DPA; 22:5n3)
1-palmitoylglycerophosphoinositol®
Heptanoate (7:0)

Oleoylcarnitine

Total lipids in small HDL
Pro-hydroxy-pro
1-stearoylglycerophosphoethanolamine
X-04357

X-11550

X-05907

X-06226

Paget’s disease
X-12244—-N-acetylcarnosine
Triglycerides in very small VLDL

0.01
-0.02
0.01

-0.01

e P e e e

-0.01
0.05

-0.01
-0.01

o O O O

-0.01

O O OO oo

-0.05

-0.01

12589
455
1558
5306
21555
7345
7317
5856
3950
448
7256
20686
87453
7352
2400
13549
7373
2979
7355
7263
19273
7344
6929
7064
7329
7286
7182
3440
6279
19273

3.61E-01
3.63E-01
3.64E-01
3.64E-01
3.66E-01
3.67E-01
3.68E-01
3.68E-01
3.69E-01
3.69E-01
3.72E-01
3.72E-01
3.73E-01
3.77E-01
3.78E-01
3.79E-01
3.81E-01
3.81E-01
3.83E-01
3.84E-01
3.84E-01
3.89E-01
3.90E-01
3.92E-01
3.95E-01
3.95E-01
3.96E-01
3.97E-01
4.00E-01
4.00E-01
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Triglycerides in IDL

X-11905

X-08988

Weight

Carnitine

X-09108

X-14208-phenylalanylserine
Indoleacetate

Phospholipids in medium VLDL
X-11820

Triglycerides in chylomicrons and largest VLDL particles
Lymph:%CD8

Tryptophan

Mono-unsaturated fatty acids

Pallidum volume
4-androsten-3beta,17beta-diol disulfate 2*
X-10429

X-11876

Caprylate (8:0)

B Mem:%IgA

X-12704

Cholesterol esters in very large HDL
Stearidonate (18:4n3)
1-palmitoylglycerophosphoethanolamine
X-12428

Waist circumference

MDC:%CDl1c-

X-11452

IgA nephropathy

X-12188

19273
4409
7329

58315
7349
6517
2432
7180

21240
7263

21540

458
7355

13535

13142
7333
6388
4665
7355

460
1766

19273
7330
7317
1428

153943
460
6150
9983
824

4.01E-01
4.02E-01
4.08E-01
4.10E-01
4.11E-01
4.13E-01
4.14E-01
4.17E-01
4.17E-01
4.20E-01
4.23E-01
4.25E-01
4.25E-01
4.28E-01
4.28E-01
4.29E-01
4.30E-01
4.31E-01
4.32E-01
4.32E-01
4.33E-01
4.34E-01
4.36E-01
4.38E-01
4.39E-01
4.40E-01
4.41E-01
4.43E-01
4.46E-01
4.47E-01
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CD8mem:%"TFH” (1) 0.02

Mannose 0
Triglycerides in very large HDL -0.01
Cholesterol 0
X-11423-0O-sulfo-L-tyrosine 0
Valerate 0
X-02249 0
Ratio of bisallylic groups to double bonds 0.01
Difference in height between childhood and adulthood -0.01
Hip circumference 0
N2 ,N2-dimethylguanosine 0
7-methylguanine 0
X-12719 0.01
C-glycosyltryptophan® 0
Pancreatic cancer -0.04
T:%Vd1l -0.02
MDC:%CD1c+ -0.02
NKeff:%314-R7- -0.02
X-12771 0
Erythronate* 0
Platelet count 0.34
1-linoleoylglycerophosphoethanolamine™® 0
Deoxycholate 0
Free cholesterol in large HDL -0.01
Taurochenodeoxycholate 0
Lysine 0
X-04495 0
Free cholesterol in medium VLDL -0.01
Obesity class 1 0.01

15-methylpalmitate (isobar with 2-methylpalmitate) 0

448
7345
21536
7365
7318
4004
7369
13524
2748
143204
4900
5804
1492
7338
3835
456
460
459
4442
7307
66867
7369
4934
21559
5376
7363
7055
21240
98692
6942

4.48E-01
4.49E-01
4.54E-01
4.55E-01
4.55E-01
4.56E-01
4.57E-01
4.58E-01
4.59E-01
4.60E-01
4.63E-01
4.64E-01
4.66E-01
4.67E-01
4.70E-01
4.70E-01
4.71E-01
4.72E-01
4.72E-01
4.72E-01
4.73E-01
4.73E-01
4.74E-01
4.76E-01
4.76E-01
4.77E-01
4.78E-01
4.78E-01
4.80E-01
4.82E-01



1T¢

Tetradecanedioate

Threitol

CD8:%TEM

X-11546

X-11847

Glycylvaline

X-14626

Caudate volume

Coronary heart disease
CD8mem: %" pre-Th17” (2)
3-(3-hydroxyphenyl)propionate
X-11374

X-11491

Serum total triglycerides
X-12844
Phenylalanylphenylalanine
X-11445-5-alpha-pregnan-3beta,20alpha-disulfate
G speed factor

X-03088

Concentration of small HDL particles
Hypoxanthine

CD56 on 2+NK eff
CD4:%Act(PD1+127+39-73-)
Squamous cell lung cancer
2-aminobutyrate

X-14625

X-12407

CD4mem:R6-+

Pentadecanoate (15:0)
Threonate

0.02
0.01
0.01
0.01

5.16
0.02
0.02
0.01
0.01
0.01
0.01

0.01
0.03

0.01

0.02
0.02
0.03

0.01
0.02
0
0

5629
6960
453
1988
5716
2079
6464
13171
30415
446
1098
2575
6200
21545
7322
4754
2537
2430
7034
19273
6941
459
457
18313
7365
7092
2660
442
7063
7336

4.82E-01
4.88E-01
4.91E-01
4.93E-01
4.93E-01
4.95E-01
4.98E-01
5.00E-01
5.00E-01
5.02E-01
5.02E-01
2.07E-01
5.10E-01
5.10E-01
5.13E-01
5.13E-01
5.13E-01
5.16E-01
5.16E-01
5.16E-01
2.17E-01
2.17E-01
5.20E-01
5.23E-01
5.24E-01
2.25E-01
2.29E-01
5.29E-01
5.29E-01
5.29E-01



¢lc

Eczema -0.01

CD8mem:%"Th1” 0.01
Methionine 0
Adrenate (22:4n6) 0
Incremental insulin at 30 minutes -0.02
Cysteine 0
Lung cancer 0.01
Neo-neuroticism 0.06
Microalbuminuria -0.01
Urinary albumin-to-creatinine ratio 0.02
AUCins/AUCglu -0.02
Concentration of large HDL particles -0.01
Arabinose 0
N-acetylalanine 0
Glycodeoxycholate -0.01
Creatine 0
Cysteine-glutathione disulfide 0
CD39 on CD4 T -0.01
P-cresol sulfate 0
Omega-3 fatty acids -0.01
l-arachidonoylglycerophosphoethanolamine™* 0
DPT:%Exhausted 0.01
Beta-hydroxyisovalerate 0
Stearate (18:0) 0
Palmitoylcarnitine 0
Phospholipids in chylomicrons and largest VLDL particles 0.01
CD4mem:%PD1-R6+ 0.01
5-oxoproline 0
Glucose 0

Total lipids in large VLDL -0.01

0.02
0.02

0.02

0.02
0.1
0.02
0.03
0.02
0.01

0.01
0.01
0.02
0.01
0.01

0.02

0.01
0.02

0.01

40531
448
7347
7330
5318
7257
27209
17375
54115
5825
9318
19273
5502
7271
1457
7373
1982
460
7311
13544
7350
459
6864
7355
7259
21542
446
7354
7325
18960

5.30E-01
5.31E-01
5.32E-01
5.32E-01
2.35E-01
2.36E-01
0.37E-01
5.40E-01
5.40E-01
5.40E-01
2.43E-01
0.49E-01
5.50E-01
5.52E-01
5.53E-01
5.54E-01
2.56E-01
5.56E-01
5.57E-01
5.60E-01
5.60E-01
2.61E-01
5.64E-01
5.66E-01
5.72E-01
2.72E-01
5.73E-01
5.74E-01
5.76E-01
5.76E-01
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Total cholesterol in large HDL
X-11497

X-13553

Total lipids in large HDL
X-08402

X-11792

CD8:%DR+73+39-25-
4-hydroxyhippurate

GAT:%CM (2)
Eicosapentaenoate (EPA; 20:5n3)
Nucleus accumbens volume
CD8:%SCM

CD27 on CD8 T

Obesity class 3
NKeff:%314-158a+

Laurate (12:0)

Ever vs never smoked

Fasting glucose
X-11422—xanthine

Lathosterol

Lymph:%NK

Fathers age at death

X-13548

X-12329

X-13619

Concentration of medium VLDL particles
Total cholesterol in very large HDL
X-12855
X-13431-nonanoylcarnitine*
X-12728

-0.01

-0.01

-0.01
0.01

0.01

0.63
0.01
-0.01
0.02

21558
7063
3007
19273
7284
2391
455
1291
453
7367
13112
459
460
44810
461
7346
74035
46186
6042
5107
460
75244
o768
831
7345
19273
21540
4800
6234
935

2.77E-01
0.78E-01
5.78E-01
5.80E-01
2.81E-01
2.81E-01
5.81E-01
5.83E-01
5.84E-01
5.84E-01
2.87E-01
5.88E-01
5.90E-01
5.90E-01
2.91E-01
2.93E-01
5.95E-01
5.97E-01
5.97E-01
5.98E-01
2.99E-01
6.00E-01
6.02E-01
6.04E-01
6.04E-01
6.04E-01
6.05E-01
6.05E-01
6.06E-01
6.06E-01
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CD27 on CD4 T

Phosphate
Phenylacetylglutamine

X-12442-5 8-tetradecadienoate
CD8:%39+

X-11438

X-11850

Parents’ age at death

X-12830

X-12231

X-12206

Myristoleate (14:1n5)

X-12236

Age of smoking initiation
Palmitate (16:0)

8-choice reaction time

Sleep duration

Glycine —

X-12740

Phospholipids in large HDL
X-11204

Percent emphysema

X-11247
1-myristoylglycerophosphocholine
X-11485

Ergothioneine
1-eicosadienoylglycerophosphocholine™®
X-11552

Triglycerides in medium VLDL
IgE+B: %27+

-0.01

o
—_

)

[\]

-0.01

e

-0.01

OO OO O OO

@)

0.04
0
0

0.01

0.01

0.02
0.01

0.01
0.01

0.01
0.01
0.02

460
7341
7364
7334

455
6658
4625

75244
3239
4807
2757
7355
1860

47961
7352
1382

128266
7356
3491

19273
7350
7667
6970
7364
4311

1805
6506
2148

21241

459

6.07E-01
6.08E-01
6.12E-01
6.15E-01
6.15E-01
6.17E-01
6.18E-01
6.20E-01
6.22E-01
6.24E-01
6.24E-01
6.26E-01
6.27E-01
6.29E-01
6.29E-01
6.30E-01
6.30E-01
6.32E-01
6.32E-01
6.32E-01
6.33E-01
6.34E-01
6.34E-01
6.35E-01
6.35E-01
6.35E-01
6.38E-01
6.39E-01
6.40E-01
6.40E-01
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X-14205-alpha-glutamyltyrosine 0.01 1780  6.44E-01
NKearly: %337+ -0.01 0.02 458 6.47E-01

o

3-dehydrocarnitine* 0 0 7361 6.47E-01
X-12100~hydroxytryptophan* 0 0 7066  6.48E-01
Creatinine 0 0 7361  6.48E-01
CD4mem:%Th17 0.01 0.02 441 6.49E-01
X-11538 0 0 7355  6.51E-01
X-12816 0 0.01 4296  6.51E-01
CD8:%CM 0.01 0.02 458 6.51E-01
X-13429 0 0.01 5953  6.51E-01
CD3 on CD8 T -0.01 0.02 458 6.52E-01
Heme* 0 0 5955  6.54E-01
X-05426 0 0.01 5984  6.55E-01
X-10810 0 0 6795  6.55E-01
Acetylphosphate 0 0 7345 6.56E-01
CD4mem:%cFTH (2) 0.01 0.02 447 6.56E-01
Gamma-glutamylglutamate 0 0.01 922 6.57E-01
Butyrylcarnitine 0 0 7349  6.59E-01
Acetylcarnitine 0 0 7356  6.59E-01
CD3 on 127+DN T 0.01 0.02 397 6.60E-01
CD4:%Exhausted -0.01 0.02 456 6.61E-01
Selenium 0.01 0.03 2874 6.62E-01
X-12212 0 0.01 4323  6.62E-01
10-undecenoate (11:1nl1) 0 0 7358  6.62E-01
Isovalerate 0 0 6735  6.64E-01
Multiple sclerosis -0.03 0.07 1861 6.64E-01
Ulcerative colitis 0.01 0.02 27432 6.67E-01
X-11469 0 0.01 7330  6.68E-01
Triglycerides in very large VLDL 0 0.01 21548  6.68E-01

2-linoleoylglycerophosphocholine™* 0 0 6538  6.71E-01
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CD4nv:%Th1
Trans-4-hydroxyproline
2-palmitoylglycerophosphocholine™*
3-hydroxybutyrate

X-12712

Mannitol

MDC:%64-274-

Years of schooling

Free cholesterol in medium HDL
Phospholipids in large VLDL
CD27 on IgA+B
2-stearoylglycerophosphocholine™*
2hr glucose

CD4mem:%Th22

Serine

Glycochenodeoxycholate
CD4nv:%Th2

X-12696

CD4nv:%TFH (1)

Glycerol

College completion
CD8mem:%CD31+
Dihomo-linolenate (20:3n3 or n6)
NKeff:%Kir+ (4)

Leptin

X-06350
X-04499-3,4-dihydroxybutyrate
Anorexia nervosa

Age at menarche
CD4mem:%preTh17 (3)

cCoo o o

-0.01

-0.01
0.01

-0.01

e}
—_

o o
o R S S < B o B e B
—_

—_

-0.01

-0.01

0.02

0.01
0.01
0.01
0.02

0.01
0.01
0.02

0.02
0.02

0.01
0.02

0.02

0.01
0.02

0.02
0.01

0.03
0.01
0.02

447
7356
7261
18712
248
9606
460
106736
21559
21239
459
7291
15234
442
7349
6687
448
6994
445
7352
126559
459
7358
456
30192
4844
6549
17767
182416
451

6.71E-01
6.72E-01
6.73E-01
6.73E-01
6.77E-01
6.79E-01
6.80E-01
6.81E-01
6.84E-01
6.84E-01
6.85E-01
6.86E-01
6.86E-01
6.86E-01
6.87E-01
6.89E-01
6.93E-01
6.94E-01
6.94E-01
6.95E-01
6.96E-01
6.98E-01
6.98E-01
7.02E-01
7.02E-01
7.03E-01
7.04E-01
7.05E-01
7.10E-01
7.10E-01
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Myristate (14:0)

Pelargonate (9:0)

X-11299

1,6-anhydroglucose

X-04498

MDC:%32+

X-11440

C-reactive protein

Chronotype

Extreme body mass index

Thalamus volume

X-12851

CD4mem:%Th1* (3)

Triglycerides in large VLDL

AUCins

X-12510-2-aminooctanoic acid
1-palmitoylglycerophosphocholine
Decanoylcarnitine

X-12798

Linolenate [alpha or gamma; (18:3n3 or 6)]
Isobutyrylcarnitine

Chiro-inositol
3-methyl-2-oxobutyrate
1-palmitoleoylglycerophosphocholine*
Cholesterol esters in large HDL
1-docosahexaenoylglycerophosphocholine™®
Glutaroyl carnitine

X-12435

3-phenylpropionate (hydrocinnamate)
Digit symbol

O O O OO

-0.01

-0.01

0.01

=N
= 2

e

el N i i i e R B B B B P o S e I
—_

-0.01

0.01

0.01
0.01

0.02
0.01
0.01

0.03
6.57
0.01
0.02
0.01
0.02

e}

o
o B e B o Bl e B e Bl o i e Wl o Bl Bl

—_

0.02

0.03

7362
7356
6904
3422
6733
460
7250
10112
128266
15591
13193
4515
453
21239
5318
7132
7354
7320
7119
7338
7365
2560
7203
7364
19273
7350
7256
228
5829
2956

7.10E-01
7.11E-01
7.14E-01
7.14E-01
7.15E-01
7.15E-01
7.16E-01
7.19E-01
7.20E-01
7.20E-01
7.22E-01
7.23E-01
7.23E-01
7.24E-01
7.25E-01
7.25E-01
7.25E-01
7.26E-01
7.26E-01
7.26E-01
7.27E-01
7.27E-01
7.28E-01
7.28E-01
7.30E-01
7.33E-01
7.33E-01
7.34E-01
7.35E-01
7.36E-01
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Glycerophosphorylcholine (GPC)
Total lipids in chylomicrons and largest VLDL particles
Free cholesterol in very large HDL
Dihomo-linoleate (20:2n6)
Extreme waist-to-hip ratio
Average number of methylene groups per double bond
Threonine

CD4:%Act(DR+38+)
Palmitoleate (16:1n7)

CD56 on NK eff
3-methoxytyrosine

Levulinate (4-oxovalerate)
X-11593-O-methylascorbate™*
Margarate (17:0)

Alzheimer’s disease
NKearly:%337+335+R7-
Hippocampus volume
Undecanoate (11:0)

X-11317

X-12261

Uridine

NKearly:%3374158b+
Triglycerides

X-11843

X-06126

Phenylacetate

Description of average fatty acid chain length, not actual carbon number

Hyodeoxycholate
Linoleate (18:2n6)
X-12038

|
)
[y

0
0.01
0.01

0.03
0.01

0.02

0.02

6782
18960
21542

7353

9749
13532

o687

456

7327

459

9656

6535

7344

7349
54162

457
13163

7081

7362

1027

7354

458
91013

3740

7337

4538
13476

59673

7333

7315

7.42E-01
7.45E-01
7.47E-01
7.48E-01
7.50E-01
7.54E-01
7.55E-01
7.57E-01
7.58E-01
7.59E-01
7.60E-01
7.62E-01
7.63E-01
7.64E-01
7.65E-01
7.66E-01
7.69E-01
7.69E-01
7.69E-01
7.70E-01
7.70E-01
7.71E-01
7.72E-01
7.72E-01
7.74E-01
7.75E-01
7.77E-01
7.78E-01
7.78E-01
7.79E-01
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X-11845

NKeft:%Kir+ (2)

X-11437

Total lipids in very large HDL
X-12029

X-12450

Serum creatinine (eGFRcrea)
X-12063

CD8:%R5+

Eicosenoate (20:1n9 or 11)
CD4nv:%ThO

X-11381

Fasting proinsulin

Sitting height ratio

CD32 on mDC

Inspection time
CD4mem:%preTh17 (1)
7-alpha-hydroxy-3-oxo-4-cholestenoate (7-Hoca)
CD8mem:%Th22

Gout

10-heptadecenoate (17:1n7)
X-10346

Total cholesterol in medium HDL
2-hydroxyisobutyrate

X-14374

X-11852

Cyclo(leu-pro)

X-11849

CD4:%CD244+ Nave
4-androsten-3beta,17beta-diol disulfate 1*

0.01
0.01
0.01
0.01

-0.01
0.01

e}

OO OO OO o oo

0.01
0.02
0.01
0.01

0.01
0.02

0.02

0.01
0.03
0.02
0.03
0.02

0.02
0.04

0.01
0.01

0.01
0.01
0.01
0.02
0.01

2616
457
6379
19273
7118
6004
15461
6797
460
7352
447
7308
10701
3545
459
2645
447
7335
443
67730
7349
3962
21558
6180
7184
2860
4520
5064
453
7355

7.80E-01
7.82E-01
7.83E-01
7.86E-01
7.86E-01
7.89E-01
7.90E-01
7.91E-01
7.91E-01
7.91E-01
7.96E-01
7.97E-01
7.97E-01
8.00E-01
8.01E-01
8.02E-01
8.02E-01
8.03E-01
8.03E-01
8.06E-01
8.06E-01
8.06E-01
8.07E-01
8.07E-01
8.07E-01
8.11E-01
8.11E-01
8.12E-01
8.13E-01
8.17E-01
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N-Butyl Oleate

Gallbladder cancer
CD4mem:%preThl17 (2)
Taurolithocholate 3-sulfate

Ratio of bisallylic groups to total fatty acids
CD4:%Act(25+127+)

Oleate (18:1n9)

X-08766

CD4:%RTE

Gamma-tocopherol

Aspartate

Amygdala volume

Chronic kidney disease

X-12189

Asthma

X-12680

Neo-openness to experience
Adiponectin

PD1 on CD4mem

1-stearoylglycerol (1-monostearin)
CD4nv:%TFH (2)

Betaine

X-11858

X-11859

Average number of double bonds in a fatty acid chain
4-methyl-2-oxopentanoate
1-eicosatrienoylglycerophosphocholine™®
X-13069

Urate

X-13859

-0.54

ot

[\

0
0.24
0.02
0.01
0.01
0.02

4317
899
448
6511
13171
457
7323
5676
454
5822
7281
13160
118145
470
26475
2278
17375
29347
451
6556
445
7357
3221
2683
13501
7329
7362
6381
7371
6604

8.17E-01
8.19E-01
8.21E-01
8.22E-01
8.23E-01
8.23E-01
8.23E-01
8.25E-01
8.25E-01
8.26E-01
8.29E-01
8.29E-01
8.30E-01
8.31E-01
8.31E-01
8.31E-01
8.32E-01
8.33E-01
8.33E-01
8.34E-01
8.34E-01
8.35E-01
8.38E-01
8.38E-01
8.39E-01
8.41E-01
8.42E-01
8.42E-01
8.48E-01
8.49E-01
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Total cholesterol

X-07765

Mean diameter for VLDL particles
X-11529

Mean cell haemoglobin concentration
Taurodeoxycholate
X-13183—-stearamide

Concentration of very large HDL particles
Zinc

NK:%Term

X-14473

Average number of methylene groups in a fatty acid chain

X-11315

Red blood cell count

X-10500

CD8mem: %" pre-Th17” (1)
1-linoleoylglycerophosphocholine
Alpha-ketoglutarate

PGC cross-disorder traits
Estrone 3-sulfate

X-12230

Age at menopause

Height

Acetoacetate

X-03003

Alcohol dependence
Concentration of very large VLDL particles
NK:%Eff

Epiandrosterone sulfate
NKeff:%Kir (1)

-0.01

o O O O

94595
2091
19273
6250
28821
1543
2474
19273
2603
444
6486
16794
7337
30718
7303
445
7348
o717
61220
917
5328
69360
251418
19262
7258
3829
18252
458
7326
457

8.51E-01
8.51E-01
8.54E-01
8.55E-01
8.56E-01
8.58E-01
8.59E-01
8.61E-01
8.61E-01
8.64E-01
8.64E-01
8.66E-01
8.70E-01
8.70E-01
8.71E-01
8.77E-01
8.77E-01
8.77E-01
8.77E-01
8.78E-01
8.79E-01
8.80E-01
8.80E-01
8.80E-01
8.80E-01
8.81E-01
8.81E-01
8.84E-01
8.86E-01
8.87E-01
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N-acetylthreonine
CD4mem:%Th1* (4)
CD4mem:%cFTH (1)
T:%Vg9+Vd2-low

le+mDC: %32+

X-12405

Glycocholate

NKT:%TM

Neo-agreeableness

Total cholesterol in large VLDL
Cholesterol esters in medium HDL
Lung adenocarcinoma

Free cholesterol in large VLDL
Phospholipids in very large HDL
3-methyl-2-oxovalerate
CD4nv:%R6+R4-

X-11412

Body fat

5-dodecenoate (12:1n7)
NKefl:%Kir+ (3)

Copper

Birth length

Obesity class 2

Waist-to-hip ratio
Phospholipids in medium HDL
CD4mem:%Th9

Depressive symptoms

Arginine

Childhood obesity
N-acetylglycine

0
0.02
0.02
0.02
0.02

0.01
0.02
0.07
0.01
0.01
0.03
0.01
0.01

0.02
0.01
0.02
0.03
0.01
0.02
0.01
0.02

0.03
0

6502
444
4477
458
460

6327

5624
412

17375
21235
19273
18336
21238
19273

7331
449

6497

74337

7322
455

2603

22140
71978
144591
21558
450
161460
7104
13848
6715

8.87E-01
8.88E-01
8.88E-01
8.90E-01
8.91E-01
8.91E-01
8.92E-01
8.93E-01
8.94E-01
8.96E-01
8.97E-01
8.97E-01
8.97E-01
8.97E-01
8.99E-01
9.01E-01
9.01E-01
9.02E-01
9.03E-01
9.04E-01
9.04E-01
9.06E-01
9.10E-01
9.10E-01
9.11E-01
9.13E-01
9.14E-01
9.15E-01
9.16E-01
9.17E-01
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Total lipids in very large VLDL
Lymph:%T
1-heptadecanoylglycerophosphocholine
X-12726

CD4mem:%Th1* (1)
Phospholipids in very large VLDL
Serotonin (5HT)

Overweight

Glycerol 3-phosphate (G3P)
X-13658

N-(2-furoyl)glycine

Total lipids in medium HDL
Bulimia nervosa

X-12847

CD4mem:%Th1* (5)
Neo-conscientiousness

Celiac disease

CD4mem:%R6+

Concentration of large VLDL particles
1-linoleoylglycerol (1-monolinolein)
X-14632

Phenol sulfate

Former vs current smoker

X-11441

CD161 on CD4mem

Bradykinin, des-arg(9)

Putamen volume
CD4mem:%cFTH (3)
4-acetamidobutanoate
1,5-anhydroglucitol (1,5-AG)

)
CD(DCD"h

0.01
0.02

0.02
0.01

0.01

0.01
0.01
0.01
0.01
0.01
0.02
0.08
0.03
0.02
0.01
0.01
0.01
0.01
0.02

0.02
0.01
6.32
0.02
0
0

19273
460
6998
5081
453
21237
5791
158848
7337
1383
522
19273
2442
3813
447
17375
15283
445
18960
2759
1636
7361
70675
6642
450
4452
13145
445
6523
7301

9.18E-01
9.21E-01
9.23E-01
9.24E-01
9.26E-01
9.27E-01
9.27E-01
9.30E-01
9.33E-01
9.34E-01
9.34E-01
9.34E-01
9.35E-01
9.36E-01
9.37E-01
9.37E-01
9.38E-01
9.39E-01
9.40E-01
9.41E-01
9.43E-01
9.43E-01
9.44E-01
9.44E-01
9.44E-01
9.50E-01
9.50E-01
9.54E-01
9.55E-01
9.56E-01
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CD3 on DN T

NKeff:%2-158a+

X-09026

X-14057

X-06307

B:%Mature

Melanoma

N1-methyladenosine

X-11818

Crohn’s disease

X-02269

NKearly:%335+314-

GdT:%CM (1)

X-11795

Immunoglobulin G index levels
Dehydroisoandrosterone sulfate (DHEA-S)
Concentration of medium HDL particles
X-12524

X-12039

Inflammatory bowel disease
Scyllo-inositol

CD4mem:%Th1* (2)

X-14662

Dimethylarginine (SDMA + ADMA)
X-12833

Mean diameter for HDL particles
X-11530
1-oleoylglycerophosphoethanolamine
X-18601

CD32 on pDC

OO OO OO OO OO0 oo oo

-6.81

OO OO OO OO OO OO o oo

0.02
0.02

0.02
0.06
0
0
0.04
0.01
0.02
0.02
0
207.43
0.01
0.01
0
0.01
0.02
0
0.02
0.01
0
0.02
0.01
0
0
0.01
0.02

397
460
7184
4529
6385
456
2829
7365
6404
5409
7256
461
454
7319
938
7346
19273
7362
5185
34652
6119
443
3977
6940
241
19273
6967
7302
7226
457

9.58E-01
9.58E-01
9.60E-01
9.61E-01
9.61E-01
9.63E-01
9.65E-01
9.65E-01
9.66E-01
9.66E-01
9.67E-01
9.69E-01
9.70E-01
9.74E-01
9.74E-01
9.74E-01
9.74E-01
9.76E-01
9.77E-01
9.77E-01
9.77E-01
9.79E-01
9.80E-01
9.80E-01
9.81E-01
9.81E-01
9.85E-01
9.87E-01
9.87E-01
9.88E-01
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X-13741

Concentration of chylomicrons and largest VLDL particles
Laurylcarnitine

Systemic lupus erythematosus

NKT:%4-8-
X-03056—N-[3-(2-Oxopyrrolidin-1-yl)propyl]acetamide
Androsterone sulfate

X-09789

Symbol search

Difference in height between adolescence and adulthood
X-11478

Birth weight

Hirschsprungs disease

o O

-0.08

OO OO OO oo

-0.23

0.01
0.01

0.05
0.02

0.01
0.01
0.04
0.02

0.01
0.13

5035
18960
4925
3094
459
7363
7338
7356
991
4942
6169
26836
788

9.88E-01
9.88E-01
9.89E-01
9.92E-01
9.93E-01
9.95E-01
9.96E-01
9.97E-01
9.97E-01
9.98E-01
9.99E-01
1.00E+00
NA
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Table A.2: 23 loci reaching tentitive genome-wide significance at P < 107 for association with dairy milk intake in the UK

Biobank
Chromosome SNP Allele A Allele B Additive Beta P LD with lead SNP?
2

rs150080038 G A -0.237595 2.67TE-07 Lead
rs34128006 A AT -0.0472842 2.20E-06 Lead
rs7570971 C A -0.046688 8.37E-06 0.173
rs34252323 G A -0.0618038 9.83E-06 0.003
rs1987446 T C -0.0580089 5.52E-06 Lead
rs964743 G C -0.0575868 6.12E-06 1
rs901613 A G -0.0575201 6.25E-06 0.959
rs6434156 A G -0.0571497 7.22E-06 0.959
rs2046590 A G -0.0571434 7.23E-06 0.919
rs1487358 G T -0.0571432 7.23E-06 0.959

rs371039847;rs75653894 A AT -0.0571458 7.26E-06 NA

rs6717680 C T -0.0567405 7.32E-06 0.959
rs76127353 C A 0.0570073 7.71E-06 0.959
rs77335208 C T 0.0565661 7.81E-06 0.959
rs1487356 A T -0.0569668 8.09E-06 0.959
rs4666700 A G -0.0560145 8.87TE-06 0.959
rs4622676 G A 0.055915 8.90E-06 0.959
rs78602588 G A 0.0558158 9.12E-06 0.959
rs77494430 C T 0.0561676 9.21E-06 0.959

rs139737117 AA A 0.0557872 9.49E-06 0.959
rs725728 G A 0.0558703 9.73E-06 NA
rs6747595 G A -0.0555214 9.94E-06 0.959

rs112820548 A C 0.0555453 9.97E-06 0.959
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rs9820500
rs9831341
rs9880266
rs9865486
rs9830889
rs9830549
rs9878173
rs9873768
rs9877918
rs9833973
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rs73040193
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rs72558061
rs74482595
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-0.064445
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-0.0643159
-0.0630324
-0.0639214
-0.0638378
-0.0635828
-0.0635757
-0.0636585
-0.0635072
-0.062024
-0.0647467

0.242878
0.242878

0.164091

0.155833
0.152584
0.152612

-0.0507008
-0.0506869
-0.0505301
-0.050472
-0.0504686
-0.0504335

3.36E-06
3.50E-06
3.64E-06
4.15E-06
4.17E-06
4.23E-06
4.28E-06
4.32E-06
4.52E-06
4.57TE-06
5.80E-06
6.90E-06

6.99E-06
6.99E-06

5. 7TE-06

4.69E-06
7.50E-06
7.63E-06

1.12E-07
1.18E-07
1.30E-07
1.30E-07
1.30E-07
1.31E-07

Lead
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0.739

0.497

Lead

Lead
0.965
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rs9492649
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rs9321236
rs1316493
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rs7740475
rs9402248
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1.58E-07
1.59E-07
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0.897
0.899
0.899
0.865
0.805
0.897
0.897
0.897
0.897
0.897
0.897
0.897
0.897
0.865
0.863
0.865
0.897
0.897
0.838
0.897
0.897
0.897
0.899
0.863
0.897
0.897
0.863
0.939
0.979
0.897
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-0.0469797
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0.0460896
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9.66E-07
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1.35E-06
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2.46E-07
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9.21E-07
1.05E-06
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1.90E-06
1.92E-06

0.829
0.899
0.897
0.863
0.863
0.897
0.939
0.863
0.871
0.121
NA
0.842
0.805

Lead
0.861
0.72
NA
0.938
NA
0.678
0.64
0.64
0.752
0.605
0.64
0.576
0.804
0.64
0.605
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5.97E-06
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7.55E-06
8.07E-06
8.16E-06
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9.04E-06
9.08E-06
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Lead
0.876
0.783
0.973
0.973
0.84
0.921
0.792
NA

Lead
0.251

0.772

0.96
0.96
0.96
0.96
0.96
0.96
0.96
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0.98
0.98
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9.62E-06

7.05E-06

2.32E-06

6.71E-06

4.39E-06

2.05E-06
4.36E-06
5.17E-06
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0.96

Lead

Lead

Lead

Lead

Lead

0.781

0.781

Lead

0.245

* Linkage disequilibrium for each SNP at a given loci with the lead SNP for that loci
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Surname:
Forename(s):
Address:

European Prospective |nvestigation of Cancer

This questionnaire asks for some background
information about you, especially about what you
eat. Please fill it in at home and bring it with you to
the surgery.

Please answer every question. If you are uncertain
about how to answer a question then do the best
you can, but please do not leave a question blank.
If you have any problems with the questions please
ask the nurse to help when you come for your
appointment.

Your answers will be treated as strictly confidential
and will be used only for medical research.

' ; Postcode: |

EPIC/PQ/2



Please complete this section before going to question 1.

Date of birth: | |day | Imonth 19 | |year
Are you male or female? Male Female = el
How tall are you? l el | feet and \_»77 } inches or | centimetres
How much do you weigh? | ;] stones and ‘7 g ! pounds or \  kilogrammes
How old were you when you left school? | ~ |years old
Do you eat any meat (including bacon, ham, poultry, game, meat pies, sausages)? Yes ' Nq,
If no, how old were you when you last ate meat? , T years old
Do you eat any fish? esi SuNot |
If no, how old were you when you last ate fish? 1 | years old
Do you eat any dairy products (including milk, cheese, butter, yogurt)? ~ Yes ' No!.
If no, how old were you when you last ate dairy products? 1 Il ,J years old
Do you eat any eggs (including eggs in cakes and other baked foods)? Yes = Nol_
If no, how old were you when you last ate eggs? \ l\years old

Listed below are 130 food items divided into sections according to food type. For each food there
is an amount shown, either a “medium serving” or a common household unit such as a slice or
teaspoon. Please put a tick (v) in the box to indicate how often, on average, you have eaten the
specified amount of each food during the last 12 months.

EXAMPLES:

For white bread the amount is one slice, so if you ate 4 or 5 slices a day, you should put a tick in
the column headed “4-5 per day’.

FOODS AND AMOUNTS AVERAGE USE IN LAST 12 MONTHS

BREAD AND SAVOURY BISCUITS | Never or 1-3 | Once |24 |56 <Once|23 |45 |6+

(one slice or biscuit) less than per |a per | per .a per | per | per
once/month | month| week ~week | week | day | day | day | day

White bread and rolls /

For chips, the amount is a “medium serving”, so if you had a helping of chips twice a week you should
put a tick in the column headed “2-4 per week”.

FOODS AND AMOUNTS AVERAGE USE IN LAST 12 MONTHS

POTATOES, RICE AND PASTA Neveror * ©1-3 | Once| 24 |56 |Once 23 |45 | 6+

(medium serving) lessthan -, ‘per | a per | per | a per | per | per
once/month. “month| week | week = week | day | day | day | day

Chips v

For very seasonal fruits such as strawberries and raspberries you should estimate your average
use when the fruits are in season, so if you ate strawberries or raspberries about once a week when
they were in season you should put a tick in the column headed “once a week”

FOODS AND AMOUNTS AVERAGE USE IN LAST 12 MONTHS

FRUIT Neveror |13 |Once|24 |56 | Once|23 |45 |6+

(1 fruit or medium-serving) less than per | a per |per |a per | per | per
once/month | month| week | week | week | day | day | day | day

Strawberries, raspberries, kiwi fruit 1 L/

2



FOODS AND AMOUNTS | AVERAGEUENLA 12 MONHS

- MEAT AND FISH | Nfever or Once 2-4
(medium servrng) less than per per
. once/month | month wee week

Savoury pies, e.g. meat pie, pork pie,
pasties, steak & kidney pie, sausage rolls

Liver, liver pate, liver sausage
Fried fish in batter, as in fish and chips
 Fish fingers, fish cakes

Other white fish, fresh or frozen eg cod,
haddock, plaice, sole, halibut

Qily fish, fresh or canned, e.g. mackerel,
kippers, tuna, salmon, sardines, herring

Shellfish, .g. crab, prawns, mussels
Fish roe, taramasalata

Never or - Once| 2-4
lessthan | a per

week | week

per
week

|
|

B

Once 2-3
per per per
da da




PLEASE PUT A TICK (v') ON EVERY LINE

FOODS AND AMOUNTS

AVERAGE USE IN LAST 12 MONTHS

BREAD AND SAVOURY BISCUITS
(one slice or biscuit)

Never or 13 |Once| 24 |56 | Once| 23 | 45
less than per |a per | per | a per | per
once/month | month | week | week | week | day | day | day

6+
per
day

White bread and rolls
Brown bread and rolls

Wholemeal bread and rolls
Cream crackers, cheese biscuits

éﬁspbréad, e.g. Ryvita

CEREALS (one bowl)

Porridge, Readybrek

Breakfast cereal such as
cornflakes, muesli etc.

POTATOES, RICE AND PASTA (medium serving)

Chips
Roastipot;toes
" Potato salad
White rice
Brown rice_ 7

White or green pasta, e.g. spaghetti,
macaroni, noodles

Wholemeal pasta
Lasagne, moussaka
Pizza

Boiled, mashed, instant or jacket potatoes

' Never or 1-3 Once | 2-4 5-6 Once | 2-3 4-5

less than per |a per | per | a per | per
once/month | month | week | week = week | day | day | day

6+
per
day

Please check that you have a tick (v') on EVERY line




PLEASE PUT A TICK (v) ON EVERY LINE

FOODS AND AMOUNTS

AVERAGE USE IN LAST 12 MONTHS

DAIRY PRODUCTS AND FATS

Never or
less than
once/month

1-3 'Once‘ 2-4 | 5-6
per |a | per | per ‘
month | week | week | week |

a per
day | day

per
day

Once| 23 | 45 | 6+

per
day

Single or sour cream (tablespoon)

Double or clotted cream (tablespoon)

~ Low fat yogurt, fromage frais (125 carton) J

Full fat or Greek yogurt (125g carton)

Dairy desserts (125g carton)

Cheese, e.g. Cheddar, Brie, Edam
(medium serving)

Cottage cheese, low fat soft cheese
(medium serving)

I @iche (medium serving)

Eggs as boiIed,A friedr, scrambled, etc. (one)

|
|

Salad cream, mayonnaise (tablespoon)

French dressing (tablespoon)
Other salad dressing (tablespoon)

Low calorie, low fat salad crearﬁ(tablespoon)

[

The following on bread or vegetables

Butter (teaspoon)

Block margarine, wrapped, NOT tub,
e.g. Stork,Krona (teaspoon)

Polyunsaturated margarine, in tub,
e.g. Flora, sunflower (teaspoon)

e.g. Blue Band, Clover (teaspoon)

Low fat spread, in tub, e.g. Outline, Gold
(teaspoon)

Very low fat spread, in tub (teaspoon)

Other soft margarine, dairy spreads, in tub,

Never or -3 |Once| 2-4 | 56 | Once| 2-3
less than per |a | per | per |a per
once/month | month | week | week | week day | day

4-5
per
day

6+
per
day

Please check that you have a tick (v') on EVERY line




PLEASE PUT A TICK (v) ON EVERY LINE

FOODS AND AMOUNTS AVERAGE USE IN LAST 12 MONTHS

SWEETS AND SNACKS Never or 1-3 | Once | 2-4 ! 5-6 Oncei 23 |45 |6+

(medium serving) less than per |a per | per |a per | per | per
once/month | month | week | week | week | day | day | day | day

Sweet biscuits, chocolate , e.g. digestive (one) |

~ Sweet biscuits, plain, e.g. Nice, ginger (one) !

Cakes e.g. fruit, sponge, home baked | | | \

Cakes eg. firgit1 sponge, rgaji! made

Buns, pastries e.g. scones, flapjacks, home baked ,

Buns, pastries e.g. croissants, doughnuts, ready made

Fruit pies, tarts, crumbles, home baked 1

Fruit pies, tarts, crumbles, ready made

7 Sponge puddingsz, home bakid

~ Sponge puddings, ready made ' ‘ 1 ' 1

Milk puddings, e.g. rice, custard, trifle

Ice cream, choc ices ‘ | | ‘
I bho&ala@}ngle or squares | | | |
Chocolate snack bars e.g. Mars, Crunchie |
Sweets, toffees, mints —
Sugar added to tea, coffee?ceréal (teaépoon) 7
Crisps or other packet s?tacks, e.g. Wotsits |
Peanuts or other nuts |
SOUPS, SAUCES, AND SPREADS

Vegetable soups (bowl)

Meat soups (bow!)

Sauces, e.g. white sauce, cheese sauce,
gravy (tablespoon)

Tomato ketchup (tablespoon)
Pickles, chutney (tablespoon)
Marmite, Bovril (teaspoon)

Jam, marmalade, honey (teaspoon)
Peant butter (teaispoon)r

Never or -3 |Once| 24 |56 | Once| 283 | 4-5 | 6+
less than per la |per |per |a per | per | per
| once/month month!iweek'i week] week | day | day | day | day

Please check that you have a tick (v') on EVERY line




PLEASE PUT A TICK (/) ON EVERY LINE

FOODS AND AMOUNTS AVERAGE USE IN LAST 12 MONTHS

DRINKS Never or 1-3 [Once 2-4 | 56 | Once| 23 | 45 | 6+
less than per |a per | per | a per | per | per
once/month | month | week | week | week | day | day | day | day

Tea (cup)

ez )

Coffee, instant or ground (cup)

Coffee, decaffeinated (cup) | ‘ ‘ ' I

Coffee whrtener, e.g. Coffee-mate
. (teaspoon)

Cocoa, hot  chocolate (cup)

Horlrcks Ovaltine (cup)

~ Wine (glass)

Beer lager or cider (half prnt)

Port, sherry, vermouth, Irqueurs (glass) r | | | \
: ‘ . | | |

7 Sprrrts e.g. gin, brandy, whisky, vodka (srngle) ‘

Low calorie or diet fizzy soft drinks (glass)

Frzzy soft drinks, e.g. Coca cola lemonade | r ‘
(glass) =il | | ‘ | | | l
Pure fruit juice (100%) e.g. orange, |
apple juice (glass) ' . ‘ r
Fruit squash or cordial (glass) |

FRUIT (1 fruit or medium serving)
For very seasonal fruits such as strawberries, please estimate your average use when the fruit is in season

Apples

Pears

Oranges, satsumas, mandarins
Grapefruit

Bananas

Grapes

Melon

Peaches, plums, apricots
Strawberries, raspberries, kiwi fruit |
Tinned fruit . | | | r
Dried frgn, é.g. raisins, pruners | | | |

Never or 1-3 Once| 2-4 | 4-5 | 6+

less than per |a | per ; per | per

once/month | month ‘ week r week ‘ | day | day
. | B

Please check that you have a tick (v) on EVERY line




PLEASE PUT A TICK (v) ON EVERY LINE

FOODS AND AMOUNTS

! AVERAGE USE IN LAST 12 MONTHS

VEGETABLES
Fresh, frozen or tinned
(medium serving)

Never or \ 1-3
lessthan | per

1

Once
a
week

24 | 56
per | per

Once
a
day

2-3
per

1

| 45 | 6+
| per | per

Carrots

once/month | month

week | week

| day

day | day

Spinach

Broccoli, sp?iné greens, kale
Brussels sprouts
Cabbage

Peas

Green beans, broad beans, runner beans

Marrow, courgettes

Caulifiower
Parsnips, turnips, swedes

Leeks
~ Onions

Garlic

Mushrooms

Sweet peppers

7Beansprouts

Green salad, lettuce, cucumber, celery

Watercress

Tomatoes

Sweetcorn

Beetroot

Coleslaw

Avocado

Baked beans

Dried lentils, beans, peas

Tofu , soya meat, TVP, Vegeburger

Never or
- less than

i once/month

1-3 |Once| 24 | 56 | Once| 2-3
per |a per | per | a per
month | week | week week‘ day | day

4-5
per
day

6+
per
day

Please check that you have a tick (v)) on EVERY line



Your diet last year, continued

2.  Are there any other foods which you ate more than once a week?

If yes, please list below

Food
|

3. What type of milk did you most often use?
Select one only Full cream, silver D
Skimmed/fat free D
Dried milk| |

! 11

Yes rj No | "‘

Number of times
eaten each week

|
1T
| |
]
!
|
\

Semi-skimmed, red/white |
Channel Islands, gold |
Soya |

Other 1 7} specifyl 4
If you used soya milk, please describe brand and type i

None |

4. How much milk did you drink each day, including milk with tea, coffee, cereals etc?

None '; _‘
Quarter of a pint| |

Half a pint l:]

Three quarters of a pint| |
One pint |
More than one pint

5. Did you usually eat breakfast cereal, excluding porridge and Ready Brek
mentioned earlier? Yes No
If yes, which brand and type of breakfast cereal, including muesli, did you usually eat?
List the one or two types most often used
Brand Type
|
I |
6. What kind of fat did you most often use for frying, roasting, grilling etc?
Select one only Butter Solid white vegetable fat| |
Lard/dripping | Margarine
Vegetable oil | None |
If you used vegetable oil, please give type e.g. corn, sunflower |
7. What kind of fat did you most often use for baking cakes etc?
Select one only Butter[ 1 Solid white vegetable fat ‘
Lard/dripping [ } Margarine \
Vegetable oil| | None |

If you used margarine, please give type e.g. Flora, Stork \; B

9




8. How often did you eat food that was fried at home?
Daily ﬁ Less than once a week \7 |
4-6 times a week | | Never |

1-3 times a weekf ‘

9. How often did you eat fried food away from home?
Daily | | Less than once a week

4-6 times a week | | Never
1-3 times a week | |
10. How often did you add salt to food while cooking?
Always| | Rarely
Usually | Never
Sometimes !,
11.  How often did you add salt to any food at the table?
Always B Rarely
Usually | Never |
Sometimes |
12. Did you regularly use a salt substitute (e.g. LoSalt)? Yes| | No

If yes, which brand?

13. Have you regularly taken any vitamins, minerals, fish oils, fibre or other food supplements
during the last 12 months? Yes | No |
If yes, list brand and daily dose
Name and brand of supplements Daily dose
| |
|

14. In the last 12 months, have you eaten a modified diet for any of these reasons?
Tick more than one box if applicable

High blood pressure | High blood cholesterol ‘v
Stomach problems (e.g. ulcer or gastritis) Overweight/obesity
Bowel problems (e.g. irritable bowel or diverticulitis) Diabetes

Concern over a family history of iliness |
Other\

10

- Not modified my diet

|
|
Allergies (e.g. skin rash) } Concern over eating a healthy diet

specify | B




15. When you were aged 20, about how many alcoholic drinks did you have each week?
Put “0” if none, “occ” if occasional but less than one drink a week
Please answer EACH line

Beer or cider Yﬁ ) | pints each week

Wine | ] glasses each week

Sherry or other fortified wine ‘ _1 glasses each week

Spirits | !glasses (singles) each week

16. When you were aged 30, about how many alcoholic drinks did you have each week?
Put “0” if none, “occ” if occasional but less than one drink a week
Please answer EACH line

Beer or cider ‘ pints each week
Wine | ‘ glasses each week
Sherry or other fortified wine | | glasses each week
Spirits -l glasses (singles) each week
Not yet aged 30 } ‘
17. Have you ever smoked as much as one cigarette a day for as long as a year? Yes | No

If no, please go to question 18

If yes, how old were you when you started smoking cigarettes regularly? \ ] years old

Did you smoke at the following ages? If so, how many cigarettes did you smoke

and were they usually filter cigarettes?
[ 7 ‘

Age 20 cigs perday  Filter | No filter Non smoker
Age 30 | ‘ l | cigs per day Filter | No filter Non smoker
Aged40 | | | Icigsperday  Filter| No filter Non smoker
Age 50 | ’ ' J} cigs per day Filter No filter | Non smoker
Do you smoke cigarettes now? Yes, | No
If yes, how many cigarettes do you smoke each day? W 1 cigarettes
Do you usually smoke filter cigarettes? Yes No
Do you usually smoke low tar cigarettes? Yes No
Which brand do you normally smoke?
How deeply do you inhale? Deeply into the lungs A little | Not at all
If you have stopped smoking, how old were you when you last smoked ? [ | years old
18. Do you currently smoke cigars? Yes No
19. Do you currently smoke a pipe? Yes No ‘
20. Approximately how much did you weigh when you were 20 years old?
| lstones| | |ibs or | | M |k
21. What is your present waist size? i ! inches or ] : centimetres
22. What is your present hip size? \ \ linches or ! | centimetres

11




23.

24.

25.

26.

In a typical week during the last 12 months, how many hours did you spend on each of the

following activities? Put “0” if none

Housework, such as cleaning, washing, cooking, child care

Do-it-yourself
Gardening

Walking, including walking to work, shopping and leisure
Cycling, including cycling to work and leisure

Other physical exercise, such as keep-fit, aerobics,

swimming, jogging, tennis

in summer
in wmter
in summer
in wmter‘
in summery
in winter
in summer |
in winterl

]
L
|
|
|
:
|
|
|

hours per week
l hours per week
\ hours per week
| hours per week
' hours per week
| hours per week
hours per week
\ hours per week
' hours per week
'hours per week

In a typical week during the last 12 months, did you practise any of these activities vigorously

enough to cause sweating or a faster heartbeat?
If yes, for how many hours each week did you practise such vigorous physical activity?

|

Yes | No

|
hours per week

In a typical day during the last 12 months, how many floors of stairs did you climb up?

Put “0” if none

Ll

| floors per day

Have you ever been told by a doctor that you have, or had, any of the following conditions?
Please tick all which apply and give the age at which each condition was first diagnosed.

Heart attack, coronary thrombosis,
myocardial infarction

Angina
Stroke
High blood pressure (hypertension)

High blood cholesterol, hyperlipidaemia

Diabetes

Gallstones

Polyps in the large intestine
Cancer

If yes, what type of cancer?

Any other illnesses or operations?

Yes

Yes

Yes, |

Yes

Yes |

Yes f

r

Yes|

Yes |

Yes |

| atage|
at age |
at age |

at age
at age
at age
at age
at age
at age

]

yrs old No
yrs old No
yrs old No
yrs old No
yrs old No
yrs old No
yrs old No
yrs old No
yrs old No

Do not include hysterectomy or breast surgery. These are covered in the women's section

later in the questionnaire.

12

Age first diagnosed

1 yrs old

|

| ’ | yrs old
} | yrs old
| | yrsold



|
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-
[
[ .




How old were you when you finished full time education? | Jil years old
Not yet finished I ,l

Do you have any of the following qualifications? Tick all applicable |
CSE GCE “O” level | ’ “A” level, Highers E

Teaching diploma, HNC | | Degree§ '7 None of these | '
Other| |describe| |

Have you ever had a paid job ? Yes| | No |

If yes, please answer for you current or most recent job
What is/was your job title? |
What do/did you do in your job? | |

What does/did the organization | 1
you work for make or do? | |

How many hours do/did you work each week?

Are/were you a Manager?i | Foreman/woman? | ~iSupervisor?} }None of these? | ‘

Are/were you self-employed? Yes| | No|

In this job, which of the following best describes your physical activity. Tick one only
Sedentary occupation. You spend most of your time sitting (such as in an office).

Standing occupation. You spend most of your time standing or walking.
However, your work does not require intense physical effort
(e.g. shop assistant, hairdresser, guard). | \

Manual work. This involves some physical effort including handling of heavy
objects and use of tools (e.g. plumber, electrician, carpenter).

Heavy manual work. This involves very vigorous physical activity including
handling very heavy objects (e.g. docker, miner, bricklayer, construction worker).

Do you have a paid job at present ? Yes No

If no, how would you describe yourself?

Housewife/husband Unemployed
Retired Student
Other describe
When did you last work? 1 \ 9 | \

14



33. What is your marital status?

Married or living as married | ‘ Widowed { \ Separated |
Divorced | Single| |
If you are not married or living as married, please go to question 34
If married or living as married, has your partner ever had a paid job? Yes ‘ | No>
If yes, please answer for your partner's current or most recent job.
What is/was your partner's job title? |7 LI
What does/did your partner do in this job? |
What does/did the organization your :
partner works for make or do? |
Is/was your partner a Manager?| |Foreman/woman?|  |Supervisor?|  |None of these? |
Is/was your partner self-employed? Yes| | No|
Does your partner have a paid job at present? Yes| | No|
If no, how would you describe your partner?
Housewife/husband| | Unemployed Retired Student
Other| | describe B
When did your partner last work? ig 74\ year Never
34. To which of these groups do you consider you belong?
White| | Indian | Pakistani |
Bangladeshi Chinese | Black - Caribbean |
Black - other | describe ‘ - J
Other | describe | P

Question 35 is for men only. Women please go to question 36

No
years old

Yes

|

35. Have you had a vasectomy?
If yes, at what age?
Now please go to question 52 on page 18

Questions 36 to 51 are for women only.

36. |

When you were aged between thirty and forty, how many days were there between the
start of one menstrual period and the start of the next? Ignore times when you were
pregnant, breastfeeding or taking an oral contraceptive (the pill)

How old were you when you had your first menstrual period? years old

37.

24 days or less | 95 t0 26 days| | 27 to 29 days
30 to 31 days 32 or more days ‘ | Irregular |
No menstrual cycles| | Used the pill continuously | Don't know\

Not yet aged 30 |



38.

39.

40.

41,

42.

43.

44,

45.

Have you ever been pregnant? Yes [7771 No |
If yes, please go to question 39

If no, have you ever tried to become pregnant? Yes \_ No
Please go to question 43

Have you had any children? Yes \ ‘ No

If yes, fill in one line for each child you have had.

If twins or triplets, fill in one line per child.
Number of weeks breastfed
even if only occasional

Date of birth Boy Girl (put “0” if none,
| (day/month/year) (tick as appllicable) “1 week” if 1 to 6 days)
1 \:7 l 'A | 1!79 l | L] B weeks
25 [ ‘/,] 19| | : |- | | fweeks
3 :‘ 'R /1‘g| | | | | ‘weeks
S | / | 1]9 | | | B B | _|weeks
S| | | | i1 K ‘ | R i ' weeks
6 | | 0 | 1_‘,9 || l ‘;‘ | \_ | weeks
' HAEEERNDEE B | | | weeks
g | M7| /1 9| | | m | | | weeks
9 ] l /IR | 9%] || H . | | weeks
EEEERDDEE B ‘weeks
Have you had any stillbirths? Yes| | No
If yes, please record the year(s) (1o ] [ HM1fo]| [ W1le| |
Have you had any miscarriages? Yes w No
If yes, please record the year(s) (19 | 1 o | M1le] |
(1(o | | W19 [ Wl1]o] [ |
Have you had any other pregnancies that lasted less than 28 weeks? Yes | No
If yes, please record the year(s) 119 | 19 [ [l1]9]
Have you ever seen a doctor because of fertility problems? Yes| | No
If yes, has a doctor ever told you that you were infertile? Yes No
Have you ever had surgery for infertility? Yes No
Have you ever been treated with drugs for infertility? Yes No
Have you ever used oral contraceptives (the pill)? Yes| | No
If yes, how old were you when you first used the pill? ! 'years old
For how long altogether did you use the pill? _ l years
Are you currently using the pill? Yes| ["No| |
If no, how old were you when you last used it? | l \ years old
Have you ever used a coil or intra-uterine device (IUD)? Yes{ i No L A\
If yes, do you have a coil or IUD at present? Yeslf ‘ No |
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46. How many "“natural" menstrual periods have you had in the last 12 months?
Do not count bleeding while using the pill or HRT (hormone replacement therapy)
None | t o3| | 4t05\| 6 to 9| | 10 or more |
Not applicable because using the pill or HRT | |

47. What was the date of the start of your last "natural" menstrual period? Do not count bleeding

whlle using the pl" or HRT (hormone replacement therapy) Record as fully as pos5|ble

Date | l W | J 9 ] I | orage | [ | years old Don’t know[ l
48. Have you ever used HRT (hormone replacement therapy for menopause)?  Yes \ No l-
If yes, how old were you when you first used HRT? | l, :years old
For how long altogether have you used HRT? years [ﬁ l | and months l f
Are you currently using HRT? Yes| | No| |
If no, how old were you when you last used HRT? \ | years old
In what form do/did you take HRT? Tick all which apply
By mouth (pill form) || By injection |
By implantation under the skin ' By cream (vaginal or skin) |
By adhesive patches on the skin | | By pessary (vaginal) 1
Other || describe |

What brand name are you currently using or did you last use?

Cyclo- Progynova| | Harmogen| ‘ Prempak-C| \ |
Estracombi | | Livial ‘ | Progynova J
Estraderm| | Nuvelle | Trisequens! |
Estrapak | Premarin| | don't know

Other describe | 1

Do/did you have periods or bleeding while taking HRT?

Not at all Some spotting | \ Light bleeding Heavy bleeding
49. Have you had a hysterectomy (womb removed)? Yes. | No| !
If yes, how old were you when you had your hysterectomy? ! ] ‘years old

50. Have you had an operation to remove one or both ovaries? Yes| | No Don’t know
If yes, how old were you? , ! years old

Were one or both ovaries removed? One Both Don't know

51. Have you ever had a breast biopsy (minor surgery to remove
| No Don’t know (
If yes, how old were you (first occurrence)? 1 years old

tissue from your breast for diagnostic purposes)? Yes |

17



Questions 52 is for men and women.

52. If we have any queries about your answers to this questionnaire, would you be happy for us
to contact you? Yes| | No| |
If yes, please give your telephone number
Telephone: | Daytime | Evening| | Anytime
Dialling code Number
We would like to write to you again to tell you about the progress of EPIC and to find
out whether your diet has changed.

In case you change your address and we lose contact with you, could you give us
the name and address of a friend or relative who would know your new address?
Please inform them that you have done this.

Contact name
Contact address

Postcode

Please go back and check that you have answered all the questions, then bring
this questionnaire with you for your appointment with the nurse.

If you have any questions about the study you can telephone us on 0865 516329

Thank you for your help

18




Section to be completed with the nurse during your appointment -

please leave blank

Patient’s consent

| agree to participate in the study and:
i) give my doctor permission to provide clinical information from my medical records;
i) understand that personal details will be used only for research;
iif) agree to provide a biood sample for research purposes.

Signature | | Date| | J | W1]e] [ |

NHS No.

Blood pressure 1st reading / mmHg
2nd reading / mmHg

Resting pulse | per minute

Height without shoes cm

Weight in light indoor clothing * kg

Waist circumference cm

Hip circumference lcm

Date of blood sample Date ‘ | U)o ’ l

Time of blood sample (24hr clock) ‘ hours | minutes

Number of cigarettes smoked in last 24 hours cigarettes

Put 'nil' if none

Were any prescription medicines, over the counter medicines or nutritional supplements taken today
or yesterday? Yes No
If yes, record

Tick ii taken
Name of prescription Dose Today  Yesierday

For women only

Please check through the answers to questions 46, 47, 48, 49, 50 and update
the date of the start of the last "natural’ menstrual period if applicable.
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