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Abstract of Dissertation

Temporal Trends and Risk Factors for Aggressive and Fatal Prostate Cancer

Purpose: Prostate cancer is one of the most frequently diagnosed cancers worldwide, and
a leading cause of morbidity and mortality in men. The introduction of the prostate-
specific antigen (PSA) test has resulted in a majority of diagnosed prostate cancers being
indolent or asymptomatic, resulting in significant over-treatment. Consequently, a
fundamental issue is to identify potentially aggressive or fatal disease at an early stage.
The overall purpose of this research was to delineate the etiology and temporal trends of

aggressive and fatal prostate cancer by using innovative epidemiologic methodology.

Methods: We conducted the following three epidemiologic investigations: 1) we
examined temporal trends in fatal and non-fatal prostate cancer incidence rates in the
United States since 1975 using age-period-cohort models; 2) we evaluated whether age-
specific body weight, weight change and body mass index (BMI) trajectories across the
adult life course were associated with total, aggressive and/or fatal prostate cancer using
Cox proportional-hazards regression models with age as the time metric to estimate
hazard ratios (HRs) and 95% confidence intervals (CIs); and 3) we assessed whether
genetic polymorphisms modified the association between sex steroid hormonal balance
and aggressive prostate cancer using conditional logistic regression models to estimate
odds ratios (ORs) and 95% Cls, and conducted tests for synergistic and multiplicative

interactions.



Results: In the age-period cohort analysis, fatal prostate cancer accounted for 17% (n =
51,680) of cases and incidence increased 1% per year prior to 1992, subsequently
declined by 15% per year during the following 3 years, and further declined by 5% per
year from 1995-2002. In contrast, non-fatal rates exhibited a pattern similar to, but more
pronounced than, overall prostate cancer. Age-specific incidence rates of fatal disease
decreased over 2% per year among older men, yet increased up to 1% per year among
younger men. Fatal disease rates were more than 2 fold higher in black men compared
with white men in every period and cohort examined, a racial disparity that increased to

3-6 fold among younger men.

In the analysis of weight change in the PLCO, body weight and body mass index (BMI)
at all ages were associated with increased risks of fatal prostate cancer (HRs, 1.1 to 1.3
per 5 unit increase). Fatal prostate cancer risk was positively associated with higher
maximum attained weight (HRqa4vs o1 = 1.64; Cl = 1.12 to 2.39). In the five distinct BMI
trajectories identified, fatal prostate cancer risk was increased in men who were normal
weight (HR = 1.92; Cl = 1.18 to 3.13) or overweight (HR = 2.93; CI = 1.58 to 5.46) at
age 20 and developed obesity by baseline. Body size was not associated with aggressive
prostate cancer, and modest inverse associations were seen for total and nonaggressive

prostate cancer.

In the gene-environmental interaction analysis, risk of aggressive prostate cancer was
inversely associated with the estradiol:testosterone ratio (ORah guartite vs. 1st = 0.29; 95%

C1=0.12 to 0.70). Of 17 prostate cancer susceptibility variants examined, two were



marginally associated with aggressive disease; rs10993994 within 10911.23 (OR = 1.35;
C1=0.98 t0 1.86) and rs4430796 within 17q12 (OR = 1.72; Cl = 1.00 to 2.99), the latter
of which modified (Pesfect modification = 0.04) the protective association of higher
estradiol:testosterone ratios on aggressive disease and displayed tentative evidence of
synergistic interaction (Paggitive = 0.03). Of the 9 deleterious/functional SNPs examined,
the highest functionally-scored variant for deleteriousness—rs4148301 near UGT2A2
(OR =1.72; 95% CI = 1.02 to 2.90)—was positively associated with aggressive disease.
None of the predicted deleterious or functional SNPs modified the association between
estradiol:testosterone ratio and aggressive prostate cancer. All associations were not

significant after correction for multiple testing.

Conclusion: These analyses collectively suggest that, while fatal prostate cancer
incidence has been declining in the US, there remains a lack of a decline in fatal disease
among younger men and a persistent black-to-white racial disparity. Furthermore, risk
factors such as substantial weight change that results in obesity may increase the risk of
fatal disease, while genetics variants may modify the protective associations between
higher ratios of estradiol:testosterone and aggressive disease. Larger studies that focus
on aggressive and fatal disease are needed to confirm our results and aid in

understanding these relationships.

Vi
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Chapter 1. Introduction

Prevention of prostate cancer (PCa), including aggressive and fatal disease, is a global
public health challenge.™ Significant geographic and ethnic disparities have been
observed in the incidence and mortality rates of PCa.*™ In the United States (US), PCa is
the most frequently diagnosed non-dermatologic cancer in men, with an estimated
220,800 new cases expected to occur in 2015.2 The current prevalence of PCa in the US
is the highest for any non-dermatologic cancer, as the majority of PCa’s are diagnosed at
a localized stage and are slow growing.? In 2012, it was estimated that approximately 2.8
million men were living with PCa.” In 2010 alone, the total estimated expenditure on PCa

was nearly 12 billion US dollars.®

A significant portion of the increase in incidence since the late 1980’s has been attributed
to widespread prostate-specific antigen (PSA) testing, resulting in a higher proportion of
men being diagnosed at early stages of localized disease that is predominantly indolent in
nature.”® As a result, the vast majority of biopsy confirmed incident PCa diagnoses have
been of a non-fatal form of the disease; overdiagnosis of indolent PCa, coupled with
unnecessary aggressive treatments, has resulted in greatly diminished health-related

quality of life in US men diagnosed with PCa since the introduction of PSA testing.***3



PCa is also the second leading cancer-related cause of death among men in the US,% and
metastasizes to the bone more than any other cancer, often developing into an incurable
form of the disease.'**> An estimated 27,540 PCa deaths in the US are expected to occur
in 2015.2 While PCa mortality rates in the US have declined in years, there is debate as to

the extent for which PSA screening may be responsible for decline.*®*’

PCa is notable in its substantial biologic heterogeneity in terms of its aggressive
metastatic potential during a man’s lifetime. This heterogeneity in PCa is a critical aspect
of this malignancy, and attempts to understand risk factors and biological mechanisms of
more aggressive disease are becoming more central in PCa research.*®?! The
heterogeneous nature of PCa, which varies from relatively indolent disease to highly
aggressive in behavior, likely influences the inconsistent epidemiologic results. Since
exposures likely act on different biologic pathways, risk factors may be different for
various subgroups of PCa, which may currently be defined using Gleason grade, PSA
concentration, stage of disease, and/or survival. Even after decades of research, only a
few causal mechanisms and risk factors have been linked to overall PCa: advancing age,
race (African American), a positive family history of PCa and germline genetic
variations, all of which explain only a small proportion of PCa incidence. The etiology

and biological underpinnings of aggressive and fatal PCa are even less understood.'*%%

A fundamental issue among men at risk for PCa is to identify potentially aggressive or
fatal disease at an early stage, a feat that will be aided by elucidation of risk factors, and

possibly mechanisms, which distinguishes this form of disease from the more common



indolent form. Given the accumulating evidence which indicates that PCa is a
biologically heterogeneous disease in both morphology and in its metastatic potential,
greater elucidation of the etiologic and temporal factors at play during the natural history
of this malignancy could translate into important changes in PCa screening practices and
targeted public health preventive measures. However, the majority of research to date has
focused on total (overall) PCa incidence, which may fail to detect important associations

among aggressive and fatal forms.

In this research, we utilized innovative epidemiologic methodology to conduct novel
analyses in order to examine the etiology of aggressive and fatal PCa, and assess
temporal trends of “clinically relevant” disease. To do such, we investigated trends of
fatal PCa incidence rates, changes and trajectories of weight across the adult life course,
and the interplay between germline genetic polymorphisms and circulating

concentrations of sex steroid hormones.

Epidemiologic evidence has only begun to provide insight on the specific biologic
mechanisms driving aggressive and fatal PCa. The studies outlined herein, may help
elucidate the etiology of aggressive and fatal PCa which may aid in strategies of risk
stratification with the aim of identifying men who have a higher likelihood of developing
these disease forms. Furthermore, our results may aid in enabling the public health sector
to better allocate limited health resources through stratification of men at highest risk of

PCa.



Chapter 2. Specific Aims

General purpose
A better understanding of the etiologic factors and trends between fatal and non-fatal PCa

are needed to help elucidate the etiology of distinct forms of this malignancy and identify
populations at high-risk for aggressive or fatal disease to assist in reducing the global
burden of this malignancy. We conducted three novel analyses which had the following
objectives: 1) to examine temporal trends and age-period-cohort effects of fatal and non-
fatal PCa incidence in the US between 1975 and 2002; 2) to assess the relationship
between age-specific body weight, weight change and BMI trajectories during the adult
life course and PCa risk, with sub-analyses of the dependent variable by non-aggressive,
aggressive and fatal disease; and 3) to investigate whether known PCa susceptibility risk
loci and genetic polymorphisms in genes involved in sex steroid hormone metabolism
affect estrogen metabolite levels, and whether such modifies associations between sex

steroid hormones and aggressive PCa.

Specific aims
Recent studies have examined some aspects of temporal trends in the US, ranging from

242 acologic comparisons® and

estimated annual percentage changes (EAPCs) over time,
differences in cause-specific mortality trends among men with PCa,?® however to our
knowledge no study to date has fully clarified the complex relationship of biological
aging, time period of diagnosis, and cohort trajectories—all operating on a single
timescale—for clinically relevant PCa. Data from the Surveillance, Epidemiology, and
End Results (SEER) Program Cancer Registry (SEER), a population-based registry, were

utilized to examine temporal trends in fatal and non-fatal PCa incidence rates. Our aim

4



was to examine clinically relevant PCa incidence rates in the US between 1975 and 2002,
using age-period-cohort models in order to elucidate the temporal trends of PCa

incidence rates, stratified by fatal disease status and race.

The unfolding obesity epidemic has resulted in more than two-thirds of US men
classified as overweight or obese and, although the prevalence has recently begun to
plateau, the potential impact on cancer incidence and cancer-related mortality—
particularly PCa—remains to be fully understood.?"?® Few cohorts have adequately
addressed these issues and therefore we examined age-specific body weight, weight
change and body mass index (BMI) trajectories during the adult life course in relation to
total, aggressive and fatal PCa.?*' We utilized a prospective cohort, the Prostate, Lung,
Colorectal and Ovarian (PLCO) Cancer Screening Trial, in order to conduct longitudinal
analyses that examined age-specific body weight, weight change and BMI trajectories in
relation to PCa risk, using Cox proportional hazards regression models with sub-analyses

of non-aggressive, aggressive and fatal PCa.

Evidence suggests that sex steroid hormones are not only vital for the growth and
maintenance of the prostate, but also likely influence prostate carcinogenesis through cell
proliferation and differentiation.*> While a biological dependence between PCa and

androgens has been presumed for many years, 3

epidemiologic evidence is conflicting
as to whether there are associations between circulating androgen and estrogen levels and
PCa subtypes.*®** Recently, the combined relationship of androgens and estrogens—

specifically their balance—has been shown to potentially play an important role in



prostate carcinogenesis.*® Few studies have assessed whether single nucleotide
polymorphisms (SNPs) are associated with aggressive or fatal forms of PCa,*"** and
there are fewer studies still of whether relationships between serum sex steroid hormone
concentrations and PCa risk are modified by these genetic polymorphisms.**** We
conducted a nested case-control study within PLCO cohort in order to examine whether
genetic polymorphisms in genes involved in sex steroid biosynthesis and previously
known PCa susceptibility risk loci are associated with aggressive PCa, and whether these
variants interact with the balance of androgens to estrogen in relations to risk of

aggressive PCa.



Chapter 3. Background and Significance

Prostate development and tumor histology
The prostate is a gland found only in men that starts development prior to birth. During

the development of the prostate, the initial size is extremely small but growth occurs
rapidly during puberty, both of which are driven by circulating sex steroid hormone
production. Dihydrotestosterone (DHT), formed through the conversion of testosterone
by the enzyme 5-alpha reductase, promotes the regulation and growth of the prostate.
Prostate growth usually dramatically stagnates to an almost imperceptibly slow rate once
adulthood is reached, provided the proper balance of sex steroid hormones are

maintained.*

The histologic paradigm of PCa classifies malignant prostatic tumors into two distinct
groups: acinar-related adenocarcinomas and non-acinar carcinomas.“® The main form of
acinar-related adenocarcinomas is acinar adenocarcinoma, which itself occurs in the
peripheral zone and present as cube- or column- shaped cells which cluster to form acini
and tubules. Acinar adenocarcinoma often presents in association with high-grade
prostatic intraepithelial neoplasia (HGPIN).*’ Other variants of the acinar-related
adenocarcinoma subgroup differ in histomorphological appearance some of which
simulate patterns of benign hyperplasia, including common variants such as foamy gland
carcinoma, pseudohyperplastic carcinoma, microcystic adenocarcinoma, atrophic
carcinoma and lymphoepithelioma-like carcinomas.*®*° The relationships between cells

that initiate and maintain acinar-related adenocarcinomas are not well understood.



Unlike acinar-related adenocarcinoma, non-acinar carcinomas do not originate from
glandular epithelium. Non-acinar carcinomas are rare, comprising only 5-10% of PCa’s.
Non-acinar carcinomas are more often associated with poorer prognosis, aggressive
disease, and resistance to hormonal treatments, relative to acinar-related
adenocarcinomas.® Non-acinar variants include sarcomatoid carcinoma, sarcomas, ductal
adenocarcinoma, squamous/adenosquamous carcinoma, urothelial carcinoma, basal cell

carcinoma and neuroendocrine tumors.

Descriptive epidemiology of prostate cancer
With the exception of dermatologic (skin) cancers, PCa is the most frequently diagnosed

cancer in US men, and the second most common cancer in men worldwide.*** An
estimated 1.1 million men worldwide [age-standardized rate (ASR): 31.1 per 100,000]
were diagnosed with PCa in 2012, which account for 15% of all male cancers diagnosed,
with roughly 70% of the cases occurring in the developed Western countries.>® In 2012,

the estimated 5-year prevalence of PCa worldwide was 3.9 million men.>

In the US, 220,800 new cases of PCa are estimated in 2015, accounting for 26% of all
new male cancers diagnosed in 2015, with an American man’s lifetime risk of developing
PCa being approximately one in seven.? About 60% of PCa diagnoses are in men aged 65
or older, while diagnoses in men under age 40 years are exceedingly rare.” The
probability of developing PCa increases with age, from 2.3% (1 in 43) for men aged 50—
59 years compared with 11.2% (1 in 9) for men aged 70 years and older.> With the high-
use of PSA screening, a majority of recent PCa diagnoses are a non-fatal, indolent form

according to the SEER summary staging, with 80% of men diagnosed at a localized



stage, 12%regional, 4% distant, and the remaining 4% with an unknown stage.*?Also
noteworthy, incidence rates of advanced disease, as of 2010, were highest among men for

PCa (126 per 100,000) compared with all other non-dermatologic cancers.*

Incidence rates in the US of PCa have changed substantially over the past 20 years: rates
rose dramatically between the mid-1980s and mid-1990s for overall and
localized/regional cancer stages upon the introduction of PSA screening, while distant
grade PCa rates slightly decreased.>® Immediately after overall rates peaked in the mid-
1990’s, there was a sharp decline in overall and localized/regional rates likely due to a
smaller population of prevalent cases, before these rates stabilized in the early 2000s and
gradually declining thereafter.>* During the same time period, distant PCa cancer rates, of
which a majority may be considered high-risk or aggressive PCa, have remained
relatively constant or have decreasing very slightly since the late-1990s.2* The initial
spike and overall increase in PCa incidence has been primarily attributed to PSA

screening.’

Mortality statistics obtained from the International Agency for Research on Cancer
(IARC) for 2012, estimated 307,000 men (ASR: 7.8 per 100,000) died of PCa worldwide,
where PCa-specific mortality ranks as the fifth highest among men (6.6% of the total men
deaths), with rates significantly higher in developed Westernized countries.®**? In the
US, PCa is the second leading cancer-related cause of death, with an estimated 27,540
PCa deaths expected to occur in 2015, with roughly 90% occurring among men aged 65

years and older.? Moreover, while mortality rates have been gradually declining over the



last decade, PCa is still second only to lung cancer as the most fatal cancer in men.? US
men currently have a lifetime probability of 1 in 38 (3%) of dying from their PCa.? While
five-year relative survival rates between 2003—-2009 approach 99% for local and regional
stages of disease, distant stage survivals rates drastically drop to 28%.°> However,
considering the overwhelming majority of PCa is diagnosed at a local or regional stage,
10- and 15-year relative survival rates are high for total PCa; 99% and 94%,
respectively.” Mortality rates from 20062010 varied by race and ethnicity as well, with
age-adjusted mortality rates per 100,000 men highest for Black men (50), lower for

White men (20), and lowest for Asian American men (10).>*

Prostate cancer screening and lead time bias
In the late 1980s, PSA testing became the first dominant screening regimen for PCa in the

US, with digital rectal examination (DRE) utilized to a lesser extent. PSA is a protein
predominantly generated by the cells within the prostate gland, which is subsequently
released into the bloodstream and semen in small amounts. In 1987, PSA test was
approved in the US and the Food and Drug Administration (FDA) approved PSA and
DRE testing for men aged 50 years or older in 1994.%° Following the advent of PSA
testing, there was an immediate and dramatic increase in PCa incidence rates
immediately soared. In the early 2000’s, it was estimated that as many as 75% of US men
over 50 years of age had undergone PSA testing at least once in their lifetime.? Moreover,
the lifetime risk of a PCa diagnosis among US men is estimated to have risen from
roughly 9% in 1985 (prior to PSA testing) to roughly 17% in 2003—-2005, resulting in an
overdiagnosis estimate of approximately 50%-60%.%°"*® The advent of PSA testing has

resulted in over 1 million additional men diagnosed and treated for PCa from 1986 to
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2005 in the US,” and the widened gap between the incidence and mortality rates implies a

high rate of over-diagnosis.*

The established cutoff for an abnormal (elevated) PSA level has been 4.0 nanograms per
milliliter (ng/mL).%%®* Most healthy men have levels under 4 ng/mL. A recent meta-
analysis found that the sensitivity, specificity, and the positive predictive value for PSA
testing were 72.1%, 93.2%, and 25.1%, respectively,®*®® while PSA testing that falsely
identified indolent PCa caused 40%-50% of cases to be needlessly treated.®* While
decreasing the PSA cutoff has been suggested as a potential alternative to reduce
detection issues using PSA screening,® when the PSA threshold is lowered there is an
increased risk of detecting and unnecessarily treating asymptomatic disease.®® However
there is debate as to whether there exists an optimal PSA cutoff, since currently roughly

15% of men with a PSA below 4 will have PCa on biopsy.®’

The extended latent period and high incidence rates suggest that PCa screening would
provide substantial benefits through early detection. Yet, a fundamental component of
cancer screening assumes that cancers start as microscopic tumors, which then grow into
a larger intra-prostatic mass, before subsequently metastasizing.®®®® In the pre-PSA era, it
was observed that a majority of untreated localized PCa remained indolent for the first
10-15 years, and that metastasis-free survival and PCa-specific survival dropped
considerably for follow-up after 15 years.>* During the pre-PSA area, autopsy studies
showed that the prevalence of indolent PCa was approximately 25-30%, thereby

indicating that an overwhelming proportion of the malignancies are indolent and would
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never come to light clinically nor harm a man during his lifetime.®”®"® Consequently,
there has been an increase in PCa incidence diagnosed in younger men since the rise of

PSA screening.”

A central question is whether early detection of PCa reduces PCa mortality. However, the
benefits of current PSA PCa screening tests remain controversial. A number of
randomized controlled trials (RCT) designed to determine the efficacy of PSA screening
for reducing PCa mortality have yielded conflicting results; European studies have found
a lower risk of death from PCa among men receiving PSA screening while the PLCO
trial in the US found no evidence of a decrease in mortality for organized annual
screening compared with opportunistic screening.*®*"> The majority of the
controversy has been between the European Randomized Study of Screening for PCa
(ERSPC) and the PLCO trial. After 13 years of follow-up, the PLCO trial found that
annual screening with PSA and DRE detected more PCa’s than in men with opportunistic
screening, but there was no statistically significant difference between the two arms in
mortality rates.'® Conversely, the ERSPC trial found that PSA screening reduced
mortality rates of PCa by 20%."” While the evidence is conflicting, the methodology
varied between the two trials including factors such as sample size, follow-up length,
PSA cutoff levels and contamination, the latter particularly an issue in the PLCO.®
Systematic literature reviews, meta-analyses, simulations and expert editorials have
reported no conclusive evidence that PSA screening for PCa decreases the risk of death
from PCa, or that the benefits outweigh the harms of screening.**>"##8 Since the results

of the RCT’s and the US Preventive Services Task Force (USPSTF) recommendation that
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the benefits of PSA screening for PCa are uncertain in men under 75 years of age, PSA

testing has declined in the US.*

False-positive results (when a man does not have cancer) are substantial as well, resulting
in unnecessary medical procedures and biopsy-related adverse events. Approximately
10.4% of PCa’s diagnosed in the PLCO were false-positive according to the subsequent
biopsy, while the false-positive rate was as high as 75.9% in the ERSPC."" It has also
been found that in serial PSA measurements from longitudinal studies, positive predictive

values and detection rates decline substantially with additional testing.%**

With the advent of PSA screening, there has been a shift in stage at clinical presentation,
with a simultaneous increase in the ratio of indolent to aggressive cases and a decrease in
the age at diagnosis.” Different risk factors may impact PCa at various stages of disease

progression, and observed associations likely differ by cancer stage and tumor grade.?®

Screening moves diagnosis forward in time (i.e. lead-time) by discovering preclinical
disease. Lead-time stemming from the advent of PCa screening is critical in
understanding the impact of PSA testing on PCa incidence and mortality.*® However,
lead-time cannot be readily estimated due to overdiagnosis of indolent disease. It is
extremely difficult to distinguish between these two groups of men, but recently models
have been implemented to estimate lead-time and the bias due to overdiagnosis. Recent
studies have estimated that rises in PSA levels may precede clinically relevant disease by

57,58,97-100

5 to 12 years or longer.'® Estimates varying depending on the patient
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population, where estimated mean lead-times ranged from 9.9 to 13.3 years in the
ERSPC,% and roughly 5.4-6.9 years for the time period 1985-2000 in SEER, with longer
lead-times seen for Black men.*®* The difference between these estimates may be due to

different screening procedures, population differences and modeling assumptions.®”

It is suspected that current estimates of lead-time may be too low for cancers diagnosed
in the US between 2000 to 2009 since biopsies on men with lower PSA levels has
increased in that time period which would increase both overdiagnosis and lead time.'®*
In addition, because PCa screening was established in the US in the late 1980’s, evidence
of survival increases from PSA testing would begin to become apparent around the year
2000 if lead-times were reasonably short and the survival of men with
indolent/asymptomatic disease in the absence of PSA screening was worse than that
recorded.'® However, because the decline in PCa mortality rates in the US began around
1990, a large portion of this decline may be the result of factors other than PSA screening

detecting more men at an early stage of PCa.

Overdiagnosis and the lead-time bias from PSA screening are substantial issues in Pca
research, more so than any other cancer. Stage at diagnosis, incidence, mortality and
survival statistics are all heavily influenced by overdiagnosis and lead-time. The high
degree of overdiagnosis and the extended lead-times for PCa have lead many experts to
conclude that the potential harms and limited benefits in Pca mortality are not large
enough to conclude that PSA screening is advantageous. Due to the significant number of

men receiving a preclinical asymptomatic diagnosis that results in unnecessary treatment,
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it is mostly agreed that better screening and stratification methods are needed that
differentiate indolent and aggressive disease.?>"*1% More precise screening tests for
clinically relevant PCa may soon be possible, or supplemented with current methods, by
utilizing genetic markers associated with aggressive and fatal forms of PCa.'® However,
decreases in mortality due to PCa may not necessarily lead to longer life expectancy for
these men, since a majority of men are older and will likely die from another cause of

death around the time they would have died due to their PCa.

Established risk factors for prostate cancer
Currently, there are few established risk factors for total PCa. There is currently

insufficient evidence at the present time that conclusively supports an association
between any modifiable risk factor and total PCa incidence, disease aggressiveness or
mortality. However, evidence is accumulating for certain endogenous and exogenous
exposures, as well as genetic aberrations. Differences between indolent and clinically
relevant PCa may be due to the interplay of genetic, environmental, lifestyle and social
factors, which may differentially affect the development and progression of PCa and
involve the activation of numerous biological pathways. % This is a targeted literature
review covering the established risk factors for total PCa and hypothesized risk factors

for aggressive and fatal PCa investigated in our three analyses.

Older age is one of the leading risk factors for total PCa incidence and mortality.*® In the
US and internationally, PCa is rarely diagnosed in men younger than 40 years of age, but
the risk of being diagnosed rises rapidly after age 50.1%1%" In 2015, the probability of

men being diagnosed in the US with PCa was estimated to be 1 in 298 for men 49 years
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or younger, yet as high as 1 in 9 for men aged 70 years and older, resulting in an overall
lifetime risk of developing PCa of 1 in 7.%* Less than 10% of US men diagnosed were
less than 55 years old and about 6 in 10 cases of PCa are found in men over the age of 65.
The rapid increase in risk after age 50 years is a trend that has been observed across
multiple populations.®*'*%" Clinically advanced tumors are also more likely with
advancing age, as older men are more likely to have higher Gleason grades according to
autopsy studies.'®®**? For fatal PCa, mortality is rare before the age of 50. Age-specific
mortality rates for PCa also increase with advancing age. In the US, during the period of
1975 to 2004, estimated age-specific mortality rates for PCa were 26.3, 121.9 and 469.6
per 100,000 for age-groups 55-64, 65-74, and 75 years or older, respectively.”®
Additionally, autopsy studies indicate that the onset of PCa can be detected in men in
their 20’s.™* Yet, autopsy studies have shown the presence of a large reservoir of latent
PCa in adult men, and with advancing age, this reservoir increases steadily, as does larger

tumor volumes of latent PCa,""3108-112

US population-based cancer registries confirm the racial disparities observed in PCa, with
Black men exhibiting age-adjusted incidence and mortality rates 1.6 and 2.4 times greater
than White men during the period 2006-2010.° Although PCa mortality rates in the US
have decreased faster in Black men than White men, the racial differences have persisted,
with Black men having an approximately two-fold higher rate of mortality.>* In the US,
the overall prevalence of latent PCa was reported to be similar in White and Black men
with estimates ranging from 29% to 37% during the pre-PSA era.”""® Given the similar

prevalence rates of latent PCa across these racial groups, the persistent gaps in mortality
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rates between them suggest that important interactions between genetic factors and
environmental exposures may lead to racial differences in the rate of progression and
fatality of PCa. Additionally, differences in racial treatment patterns have been recorded
for nearly 20 years.'* Part of the variation across racial groups in incidence and mortality
rates worldwide and in the US is likely attributable to variable use of PSA

screening. !>

However, geographic and racial differences for men’s risk of developing
and dying from PCa were present prior to the introduction of PSA screening, which
suggests a role for genetic variants and different pathways of prostate carcinogenesis
which influence the etiology of PCa, along with environmental and lifestyle factors

192223 \While the majority of observation studies indicate that race/ethnicity is a risk

19,117,118 I 23

factor for aggressive and fatal PCa, the evidence is not unequivioca
Familial (i.e., families with two first-degree relatives who had PCa, or one first-degree
and two or more second-degree affected relatives) and epidemiologic research has found
that family history play an important role in PCa development, disease aggressiveness,
and potentially fatality.*""*'® PCa has been shown to be one of the most heritable
cancers, with potentially 40% of PCa variability attributable to genetic factors.*?® Men
with a family history of PCa are at increased risk of a PCa diagnosis and death due to
PCa, and these findings have been consistently reported in numerous epidemiological
studies.”® The risk for PCa increases as more affected relatives with PCa are diagnosed,
particularly if their relatives were younger (less than age 55) at the time PCa was
detected.’** The joint association of having both a father and brother with PCa increases

risk almost 9-fold.” The majority of early familial and epidemiologic studies were in
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predominantly in Caucasian populations, but investigations in African-American and
Asian populations have found a similar increased risk of familial PCa. Accumulating
evidence also indicates that a positive family history of PCa has been associated with
aggressive and fatal PCa.**"*® The risk of aggressive disease or death from PCa is
roughly 2 times greater for men with a family history of fatal PCa, and 1.6 times greater
for men with a nonfatal PCa family history,? suggesting that aggressive or fatal PCa
may have a distinct genetic phenotype and/or be enriched for familial disease. However,
studies to date have not found an association between family history of fatal PCa and
stage at diagnosis. This suggests that while family history appears to influence the risk of
total, aggressive and fatal disease, the magnitude of the impact and biological pathways

influencing metastasis remain unclear.

It is suspected that familial aggregation of PCa may be due to multiple susceptibility loci,
possibly acting in conjunction with shared familial lifestyle risk factors. Recent evidence
has found that one or more genes that have strong recessive effects on risk and those with
multiplicative effects may significantly contribute to the genetic susceptibility of PCa.'?®
A recent case-control study from the International Consortium for Prostate Cancer
Genetics—which selected cases who had a family history of PCa—found that SNPs
previously associated with overall risk of PCa also had an increased risk for familial PCa,

and that more than one-third of these SNPs were additionally associated with an

increased risk of aggressive disease.'**
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Germline variations in more than 70 genes have been associated with the inherited
susceptibility to PCa, with common variations in multiple genes which contribute up to
30% of familial PCa risk.**>*# Notably, a mutation in the gene HOXB13 has been
associated with a 3- to 10-fold increased risk of early-onset and hereditary PCa, although
this is a rare mutation found in less than 2% of all men with PCa. The HOXB13 gene, and
a majority of genes studied to date, are from autosomes.*?***” Additional inherited gene
mutations associated with increased PCa risk include those for Lynch syndrome and
mutations in BRCA2 (a known genetic risk variant for breast/ovarian cancer in
women)."®¥1¢ However, these and other inherited genetic variants associated with

increased risks of familial PCa likely account for a very small percentage of PCas.

Data from twin studies also suggest that familial aggregation of PCa incidence is
predominately due to genetic factors, with Nordic twin registries demonstrating over a
50% higher risk in monozygotic twins compared to dizygotic twins. These findings
suggest that heritable genetic factors, instead of shared family and lifestyle factors, may
potentially explain 40% of PCa risk,**"'*® with some recent estimates as high as 58%.*
Additionally, recent segregation analyses have found multiple genes which are associated
with PCa susceptibility.'?31%%152 A recent study that assessed the frequency of deleterious
mutations in tumor suppressor genes in familial PCa, found that putative loss-of-function
mutations in deoxyribonucleic acid (DNA) repair pathway genes predispose men to
increased risk of familial and advanced PCa.™* Inherited genetics likely play a role given

the fact that men with a family history of PCa appear to have an increased risk of total

and aggressive PCa, but part of this familial clustering may also be explained by shared
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common lifestyle and environmental risk factors,*>* as well as the influences of PSA

screening and detection bias.™

Genetic susceptibility to PCa is not confined to familial disease but is also evident in
studies of sporadic PCa, which account for approximately 70% of the total PCa
burden.™® During the last decade, genome-wide association studies (GWAS) have
discovered common germline SNPs associated with PCa.'® To date, at least 90 risk loci
have been identified and established across multiple studies, more than other any
cancer.*>'?% The 8924 locus, which is located near the oncogene MYC, was the first
region identified in GWAS studies of PCa and has the highest number of independent
variants associated with many cancers.'?***"1*8 While a significant portion of the
variability in PCa risk may be attributed to the currently identified PCa susceptibility loci,
individually a majority of SNPs appear to result from small associations of low-
penetrance genetic variants, and not large associations from high-penetrance variants.
However, because low-penetrant genetic variants are common, they may still contribute
to a significant proportion of PCa cases. In addition, GWAS studies are only well-
powered to detect common genetic variants (i.e., SNPs with allele frequencies > 5%) and,
therefore, rarer susceptibility alleles are insufficiently tagged by GWAS arrays.
Moreover, despite evidence of disease-associated coding SNPs, the molecular foundation
of how most PCa-associated SNPs function is relatively unknown, since an

overwhelming majority are noncoding, lying in intronic or intergenic regions.*?*!*®
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To date, only a handful of studies have examined aggressive or fatal PCa in relation to
identified risk loci.**?>1>9183 SNPs from 8-10 risk loci have been modestly associated
with fatal PCa, which are listed below in Table 1.** The risk allele of rs11672691
(intergenic region) was associated with an increased risk for fatal PCa, while 7 SNPs had
risk alleles inversely associated with PCa mortality (rs13385191 [C20rf43], rs17021918
[PDLIMS], rs10486567 [JAZF1], rs6465657 [LMTK2], rs7127900 (intergenic),
rs2735839 [KLK3], rs10993994 [MSMB], rs13385191 [C20rf43]). In a recent case-
control analysis, 22 SNPs were associated (p < 0.05) with the risk of fatal PCa, but the
overwhelming majority of SNPs did not differentiate between fatal and non-fatal PCa.
Only 1 of 47 SNPs—rs11672691 on chromosome 19—was associated with both an

increased risk of PCa and increased risk of PCa mortality.**

A recent review of more than 40 identified risk loci associated with PCa in GWAS
studies found that only a select few of the loci had the ability to discern between
aggressive and nonaggressive (indolent) PCa.***'®> Germline genetic variants that can
distinguish aggressive from indolent disease could have a major clinical impact on
treatment practices. However, only a handful of loci have been identified to distinguish
between aggressive and indolent PCa, most likely due to limited sample sizes in previous
studies. A recent meta-analysis of four GWAS studies that included 5,953 cases of
aggressive PCa and 11463 cancer-free controls found only one SNP (rs11672691) was

163

significantly associated with aggressive PCa,” which was subsequently replicated in an

international consortia comprised of 29 studies.*” A pooled analysis of seven GWAS
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studies that included 4,829 aggressive cases found an additional SNP (rs4054823) at

17p12 that was significantly associated with aggressive PCa.'*®

In summary, the majority of the identified germline genetic PCa susceptibility risk loci

are not more strongly associated with fatal PCa, and few are able to distinguish between

fatal and non-fatal PCa which is critical for clinical risk prediction and prevention.'®®

Table 1: Established fatal PCa susceptibility risk loci

fatal vs.
Risk Ref non-fatal time to death

SNP Gene Chr  allele allele p-value p-value
rs13385191 C2orf43 2 G A 0.08 0.05
rs17021918 PDLIM5 4 C T 0.02 0.01
rs10486567 JAZF1 7 G A 0.006 0.001
rs6465657 LMTK2 7 C T 0.008 0.02
rs10993994 MSMB 10 T C 0.02 0.02
rs7127900 11 A G 0.01 0.01
rs11672691 N/A 19 G A 0.02 0.007
rs2735839 KLK3 19 G A 0.002 0.002
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Selected putative risk factors for prostate cancer

Calendar period and birth cohort
There has been considerable debate whether the recent declines seen in PCa mortality

rates are due to PSA screening. Age-standardized mortality rates in the US and other
high-income westernized countries have exhibited a continual decreasing calendar-year
trend. From 20012010, the age-standardized mortality rate in the US fell by roughly
3.3% per year,'®’ yet the extent to which this decline may be due to PSA screening
remains inconclusive.'®®'%® Recent analyses of SEER incidence-based mortality rates
from 1983-2009, found a period effect (1991-1993) consistent with the onset of PSA
screening, while age-adjusted incidence-based mortality rates declined by 10.9% for
Whites and 11.6% for Blacks.?* Descriptive studies examining PCa incidence and
mortality rates may yield important etiologic clues, yet temporal trends in PCa incidence
and mortality rates, particularly in clinically relevant disease, have not been well

described.

Numerous studies have examined aspects of temporal trends in the US and other

242 acologic comparisons® and differences in

countries, including EAPC’s in incidence,
PCa-specific mortality.?® An evaluation of mortality rates between two US regions—
Seattle (high screening rates during the advent of PSA testing) and Connecticut (where
the PSA screening rate for PCa was roughly 5 times lower than Seattle)—noted no
significant differences in PCa mortality in the two regions over the 11 years follow-up

after the introduction of the PSA screening.™® A recent study examining PCa mortality in

four Nordic countries over the last four decades, found a substantial rise in incidence
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across the region, however both PCa mortality rates and the cumulative risk of PCa
mortality failed to exhibit any pattern of temporal trends.*™* It was also observed that the
cumulative PCa mortality rate was fairly homogeneous in the region over the last four
decades, ranging from 3.5% and 7.5% per annum, while cumulative incidence increased
from 9% to over 20%, likely due to the rise of PSA testing.'”* However, it is possible that
the changes in the prevalence of exposure to risk factors for PCa (such as obesity) that
differentially affect incidence and progression of disease may partially explain increasing

PCa incidence rates yet stable/decreasing PCa mortality rates.

An influential recent study examining temporal trends in PCa mortality rates in the US,?
found that based on SEER 9 data, the 5-year cumulative risk of PCa death declined in the
US from approximately 24% in the 1970s to 8% in the 1990s, while the 10-year
cumulative incidence of PCa death was 20%. Data from this study found that the risk of
death among PCa cases declined with increasing year of PCa diagnosis, primarily among
men aged 6064 years at PCa diagnosis.?® Another recent study of PCa mortality rates
over the previous few decades found that age-specific and adjusted mortality rates in the
US peaked in the early 1990s with a subsequent 4.2% annual decline in age-adjusted PCa
mortality after 1994.2° Additionally, it was observed that the US rate did not differ greatly
between men aged 6574 years and men older than 74 years.” The period effect
observed emphasizes that the decline in mortality coincided with the rapid uptake in PSA
screening, but this does not preclude treatment advances also influencing the declines in

PCa mortality.
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In analysis of PCa mortality among select countries (US, Germany and Switzerland) from
the IARC and World Health Organization (WHO) mortality database with death linkage
through 2006, it was reported that PCa mortality rates were declining in all age groups
(50-59, 60-69, 70-79, 80+) assessed.'’* A birth cohort effect was also evident where the
risk of dying continually increased for older ages groups in subsequent generations,
before falling in more recent years.*’ In addition, the risk of PCa mortality was stable in

later cohorts for younger men, before the recent fall in PCa mortality rates.'’

An age-period-cohort analysis using the Clayton and Schifflers method that examined
trends of all-cause and PCa cause-specific mortality in selected European Countries
(Denmark, England, Finland, France, Netherlands, Norway, Sweden and Wales) from
1950-1999, found that PCa mortality rates generally increased with more recent birth
cohorts with only minor deviations from a linear trend.*” This pattern was stronger for
earlier birth cohorts, and especially in Sweden.!”® Another population-based study
examined age, period and cohort trends of PCa incidence and mortality rates in Geneva
(Switzerland), Singapore and Sweden between 1973 and 2006.™ This study found older
age and later period to be associated with higher PCa incidence rates, and older age and
earlier calendar period to be associated with increased PCa mortality rates in all three

areas.t’

Few studies have specifically utilized age-period-cohort models, whether using
methodology involving log-linear poisson regression or Lexis diagrams, that specifically

take into account the overlapping nature of these three variables. PCa mortality data from
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16 European countries for the period 1955-1992—1largely preceding PSA screening—
were recently assessed using APC modelling.*” This analysis found that rates varied
between countries such that southern Europe was observed to have lower mortality rates,
while central and northern Europe had higher rates.” In addition, cohort effects were
observed and found to be exhibit a modest increasing trend in most European countries,
with a slight reversal of trends only in the most recent generations.*” Further ecological
analysis of PCa mortality rates was conducted in Tyrol, Austria, where PSA screening
was introduced in 1988, and compared to the rest of Austria, over three decades from
1970 to 2008."°"" Significant age, period and birth cohort effects were observed, with a
period effect showing significant reduction in PCa mortality rates upon the introduction
of PSA testing in the Tyrol region.'”®*"” While birth cohort effects were evident in
younger aged men who were at increased risk, it was noted that later birth cohorts did not

produce significant cohort effects."’**"’

More recently, an age-period-cohort analysis of Argentinian data for the period 1986—
2006, showed that PCa mortality rates were positively associated with age and period—
the latter particularly during more recent periods—and inversely associated with birth
cohort.*®1"® A time trend analysis among 13 Spanish population-based cancer registries
(1975-2004) found significant age, calendar period and birth cohort effects in PCa
incidence rates.'®® Incidence rates increased by 1.3% until 1990, at which time a period
effect was observed such that rates increased at 7.3% thereafter.’®® A cohort effect was

observed for men born between 1925 and 1934, with more recent birth cohorts exhibiting
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higher rates of PCa incidence.™® It was also noted that a decrease in incidence rates was

observed in age groups 80-84 and 85+ years during the last 5 year period.*®

Although numerous studies have examined patterns of temporal trends using US
population-based data, an in-depth analysis of age, period and cohort effects have not
been conducted during recent decades, in particularly any analysis which stratified by
fatal disease status.?**®! One prior study did assess PCa incidence trends over calendar
time stratified by fatal disease status, but only as a small part of a larger analysis of the
dynamics of death due to PCa.'® In this study, the author found that the incidence of non-
fatal cases rose and the incidence of fatal cases declined fell during the PSA era, using 10
years of follow-up to assign fatal status.'®" These results support the idea of a reservoir of

subclinical PCa in the US.

Prior incidence-based mortality analyses of prostate cancer trends in the US have also
primarily focused on the date of death (mortality rate) as opposed to date of diagnosis

192184 the latter of which is a more

(i.e., the incidence of fatal [or non-fatal] disease),
applicable time metric when assessing disease trends during a period of clinical change.
No recent US studies in the last decade have examined trends using age-period-cohort
analysis,'®* likely because of unstable parameters resulting from the prostate cancer

incidence rate “spike” attributable to the PSA testing.

A fundamental reason for the lack of a comprehensive examination of temporal trends in

the descriptive epidemiology of fatal and aggressive PCa is the influence of two factors
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intricately linked which obscures accurate modeling of surveillance and registry data:
overdiagnosis and lead-time bias.”*°"*® Stratification on fatal disease status would
minimize the influence of overdiagnosis and indolent disease in future examinations of
fatal PCa trends. In the PSA era differences in PCa mortality rates between screened and
unscreened populations have been suggested to begin appearing after eight years of
follow-up.'” Few studies of PCa trends have also used sufficient follow-up to account for
fatal disease (>= 10 years of follow-up time) when investigating incidence trends of fatal
disease or incidence-based mortality. PSA screening may also result in lead-time bias,
whereby screening detects PCa at an earlier asymptomatic stage, artificially prolonging

survival when compared with symptomatically-diagnosed PCa.**'™*

While some aspects of temporal trends have been examined, no recent examination of US
incidence and mortality rates to-date has attempted to clarify how age, period and cohort
effects affected these rates using age-period-cohort modeling. In particular, it is unknown
whether fatal PCa incidence trends exhibit any calendar period deviations when holding
constant birth cohort effects. In addition, the extent by which calendar period or birth

cohort deviations, if present, may vary by race and histology remains unknown.

Age-specific body mass and weight
As early as the 1930s, obesity had been linked to an elevated risk among a multitude of

diseases.*®™ However, the influence of obesity on PCa risk—particularly aggressive and
fatal forms—are not fully understood. Obesity in men has been shown to deregulate
numerous pathways, such as circulating concentrations of free insulin growth-factor one

and sex steroid hormones, and concentrations of such may influence PCa outcomes in
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obese men.*®!¥" Adipose tissue is known to function as an endocrine organ and is
associated with circulating concentrations of sex steroid hormones and other
metabolites.?**® Through sustained insulin resistance, chronic inflammation and rising
IGF-1 levels, it is hypothesized that obesity may be involved in prostate carcinogenesis.'®
Circulating levels of insulin resistance, resulting from the development of diabetes, has
been associated with a reduced risk of prostate cancer.***** Height has been shown to
correlate with early-life risk factors, and greater attained height has been shown to be
associated with greater exposure to growth hormones and altered IGF-1 levels, both of
which are associated with prostate cancer.**!%® Obesity is also associated with chronic
(sub-clinical) inflammation, and higher leveled of C-reactive protein and other
inflammatory markers, due to expanding adipose tissue.** Recently, obesity has been
linked with a poorer PCa prognosis in men with TMPRSS2:ERG gene fusion, which is a
hormonally-regulated fusion gene found in about 50% of prostate tumors.*®® The varying
associations between obesity and PCa growth, proliferation and differentiation seem to

indicate etiologic heterogeneity exists and that complex biological interactions are at

22,186,191,196-201

play.

However, further complicating the matter is the fact that obesity is inversely associated
with PSA concentration. Since heavier men have larger plasma volumes, PSA
concentration is often lower due to hemodilution.?®?%%" Thijs likely alters the sensitivity
and specificity of PSA potentially resulting in obese men being diagnosed with more

208 In

aggressive and fatal subtypes of the disease, compared with non-obese men.

addition several studies have found inverse relationships between PSA levels and BMI,
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with decreased testosterone levels and hemodilution affecting PSA levels, but not total
PSA mass.?%%?%%-2!1 These associations may have important implications when

interpreting PSA levels of an individual man.***?*

There is an abundance of information on the association between body size and PCa risk,
yet inconsistent results have failed to clearly establish obesity as a risk factor for overall
PCa incidence. 30191214219 Eyidence that early-life exposures are important in the
etiology of prostate carcinogenesis is increasing.”*?** Although PCa is predominantly
diagnosed at older ages, the long latency of this malignancy is gaining appreciation
which, in-turn, is causing an increased focus on exposures experienced over the life
course. In studies of all-cause mortality, the overarching theme is that body size earlier in
life has greater influence on mortality than body size later in life, with excess weight at

younger ages associated with increased mortality.

The limited evidence of the association between body size in early adulthood and PCa
risk has also been inconsistent,?'%%%22?4 byt body size after the onset of adulthood through
the early to mid-adult life cycle (<=40 years) appears to be more strongly associated with
PCa risk and mortality compared with body size in later ages of adulthood. Overweight
or obesity in men between 18 and 30 years of age has been associated with both increased
and decreased PCa risk, and has been inconsistent when assessed in relation to subtypes

of PCa 30,224-226
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In studies of obesity during middle to late adulthood and risk of total prostate cancer,
studies show inconsistent evidence of an association between age-specific obesity and
prostate cancer.’**? While some meta-analyses of total prostate cancer have shown
modest positive associations, numerous studies have reported null associations.??>?’
Inverse associations have been reported for numerous studies that have examined obesity
during adulthood and risk of with localized/low-grade disease.?*%#2>#%322% yet, obesity
during adulthood has been associated with worse prostate cancer outcomes in a majority

23,31,230

of prospective studies, as evidenced by the most recent meta-analysis to date

which showed 11% and 8% increases in risk of fatal and advanced prostate cancer,

231

respectively, per 5 kg/m? increase in BMI.2®* A majority of studies to date have found

that obesity in middle to late adulthood has been associated with aggressive PCa®*"

31,214,225,228,229,232,233 29,31,223,232,234,235

and fatal disease.

Weight and body mass change over time
Few studies have investigated weight change over time in relation to PCa incidence and

mortality. Studies of weight gain in adulthood and risk of prostate cancer have found
inconclusive results, with findings that vary by disease subtype.?**#*” To our knowledge,
weight gain during adulthood and risk of fatal prostate cancer has only been examined in
4 studies to date. Null associations were seen in two large cohorts, the Cancer of the
Prostate in Sweden Cohort (HRs, 0.99 to 1.04 per 5 kg increment)®*® and CPS-II
Nutrition Cohort (HR 411 kg versus 5 to 5 kg, 0.99; 95% Cl, 0.72 to 1.35),%** while two other
large prospective cohorts, the Melbourne Collaborative Cohort Study (HR, 1.13; 95% ClI,
1.02 to 1.26 per 5 kg increment)*” and the NIH-AARP Diet and Health Study (HR 40 kg

versus —4103.9 kg, 2.98; 95% Cl, 0.99 to 9.04)?*° found a strong positive associations. Prior
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studies of aggressive and advanced forms of prostate cancer are also lacking in

k, 23223 raduced risk,?** or

consistency, with studies evidencing weight gain increased ris
resulted in a lack of an association.?**?*9%43 Weight change has also been associated with

a reduced risk of nonaggressive disease,?** while for total prostate cancer, a majority of

23,240-244 224,226,232,234

studies have found no association or modest inverse associations.
The most recent study to date that has examined weight change during adulthood and risk
of PCa by subtype, the Cancer of the Prostate in Sweden Cohort, found mostly null
results.?®® The few statistically significant results indicated that early life exposures were
the most influential with regard to PCa subtype. Specifically, men who were underweight
in childhood, normal weight in early adulthood, and shorter in height upon the onset of
adulthood had a reduced risk of PCa, while moderate weight gain between childhood and
adulthood in men who ended up underweight at adulthood were at an increased risk of
PCa. Additionally, shorter men who gained moderate or significant weight had an
increased risk of all disease subtypes, including aggressive or fatal disease. Thus, the true
association between weight change during adulthood and PCa risk is difficult to discern,

since risks appear to vary by disease subtype and also by initial height and weight.

A key issue in examining weight over a period of time—and specifically weight
change—in relation to PCa risk is that the correct methodology and interpretation
remains controversial.>**?*° In studies of weight or BMI during mid- to late-adulthood
and PCa risk, authors have often adjusted for “starting” or “ending” weight or

BMI,%2232%8 a5 have studies assessing long-term weight change during the adult life
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course,?26:232234238.239 Thare js debate regarding whether adjusting for starting or ending
values induces regression to the mean in longitudinal analyses, as well as how the
interpretation of the change in repeated measurements varies when control for initial are
utilized compared to other methods.?*>*° In addition, few cohorts have the funds and
time to prospectively follow-up subjects from childhood or early adulthood across the
adult life course, resulting in the majority of cohorts relying on recall of past body
measurements and size. While height and weight of men gathered via self-report have
been shown to exhibit fairly high correlations with measured values of weight,?%%*
long-term recall of body weight may vary in accuracy depending on age, as well as
current weight and the time period examined. Most notable are that older overweight men
tend to underestimate their past weight and older underweight or healthy weight men
overestimate their prior weights, yet the degree of accuracy for self-reported long-term

recall remains inconclusive.**?*

With the imperative of the research field to focus on fatal and aggressive PCa, more
dynamic investigations of body weight are needed during the male adult life course to
examine its influence on the risk of this disease. All studies to date have modeled changes
in BMI or weight during various periods of adulthood using cumulative or per annum
methodology, which is limited in differentiating between specific body weight patterns in
populations and may potentially be overly simplistic when taking into account population
heterogeneity of group weight trajectories.?®®> A majority of potential risk factors for PCa,
including weight, are not stable over the life course but are time-varying and potentially

age-sensitive.
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PCa mortality rates have declined in recent years,?®® despite continued increases in the

21,287 If one assumes

prevalence of obesity, which is a suspected risk factor for PCa.
obesity increases the incidence of aggressive or fatal forms of PCa, the decline in PCa
mortality in the US may have been more pronounced than what was actually observed.”®®
A recent examination in obesity prevalence trends in the US since 1980 found that
increases in BMI amplified high-grade PCa incidence rates by roughly 15.5% and PCa-
specific mortality by between 7.0% and 23% (identical survival projections for obese and
nonobese PCa cases vs. different survival projections for obese and non-obese PCa cases,

respectively).?®®

As the obesity epidemic has unfolded in the US, the potential impact on
cancer incidence and cancer-related mortality—particularly PCa—remains to be fully

understood

Circulating sex steroid hormones
Sex steroid hormones are instrumental in the growth and development of the prostate.

269
Sex steroid hormones have long been suspected to play a role to prostate

: ro 221,270,271 : H H
carcinogenesis. In 1941, sex steroid hormones were first linked to PCa
development, where a reduction in serum testosterone levels was linked to regression of
metastatic PCa after high-dose estrogen therapy or castration.** The long standing
hypothesis of the association between sex steroid hormones and prostate cancer stems
from the growth-promoting activities of testosterone and its derivatives, such as DHT and

eStrOgen _269,272,273
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Sex steroid hormones influence the development and maintenance of the prostate, which
influences the proliferation and differentiation of the luminal epithelium.?*?"
Testosterone is the principal androgen present in blood, and is predominantly bound to
sex hormone-binding globulin (SHBG).?"*?™ Testosterone can be converted by the
enzyme 5-alpha reductase into the more potent metabolite DHT.*? Estrogens are
biosynthesized by aromatase in peripheral tissues and released into circulation. Estrone
and estradiol are the two parent estrogens irreversibly hydroxylated through two major
pathways?’°—hydroxylation to form the 2- and 4-catechol estrogens, and also
hydroxylation at the 16a position of the steroid ring.>’® The major oxidative routes of
estrone and estradiol are 2- and 4-hydroxylation by cytochrome P450 (CYP) 2B1, 1A and
3A.%"® Hydroxylation of estrogen at the 2 carbon (C-2) location yielding 2-
hydroxyestrogene (2-OH-E) which is catalyzed by CYP1A1 just outside the liver.2’
Meanwhile hydroxylation at the 4 carbon (C-4) location yielding 4-hydroxyestrogene (4-
OH-E) is catalyzed by CYP1B1 inside the liver.?’® 17 beta-Hydroxysteroid

dehydrogenase (17 beta-HSD), is a multifunctional isoenzyme in the conversion of

estrone (E1) to estradiol (E2)."

The 2- and 4-hydroxy derivatives (along with other estrogen metabolites) can be further
converted to non-active O-methylated catecholamine metabolites (2- and 4-methoxy) by
catechol-O-methyltransferase (COMT).?” Estrone, estradiol and their metabolites can
then undergo sulfation by sulfotransferases (SULTs) and also glucuronidation by
glucoronyltransferases (UGTs).?"® Estrone and estradiol sulfates may subsequently

undergo deconjugation by sulfatases.??”? Figure 1 is an illustration showing the entire
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sex hormone metabolic pathway and various subpathways with hormones and

metabolites in regular font and genes in italicized font.?”’

Figure 1. Sex steroid hormone metabolism pathways
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During the later stages of estrogen metabolism, the estrogen removal process undergoes
further oxidation to form semiquinones and quinones, in particular the formation of the
catechol estrogen-3,4 quinones, which are the major carcinogenic estrogen
metabolites.?’*?* Oxidation of catechol estrogens to quinones is most often in
homeostasis thereby minimizing the formation of quinones and any potential interaction
with DNA.?"9?8 When homeostasis is disturbed, excessive catechol estrogen quinones

are formed, which results in increased depurinating DNA adducts, and are known
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carcinogens.”’*?®° The fact that men with PCa have comparatively elevated levels of

281

estrogen-DNA adducts in their urine, compared to matched control subjects,”" provides

evidence of the mutagenicity of the estrogen metabolites.””>**

Testosterone can act as a strong promoter together with certain genotoxins. Testosterone
is converted to the metabolite estradiol (17p-estradiol) by the enzyme aromatase, which is
expressed in prostatic fatty tissue in rodents and humans.?®*?%® Estradiol can also be
converted to catechol estrogens, which through redox cycling, produce reactive
metabolites that may lead to DNA adducts and mutations. Evidence from animal and
human studies suggests that this metabolism of the parent estrogen may be related to

prostate carcinogenesis and implicate as a potential genotoxin.?’*234289

Although sex steroid hormones, particularly androgens, have long been believed to be

32,269,275,290,291

causatively associated with prostate carcinogenesis, epidemiologic studies

have not found much evidence for a relationship,*®3":39209292:30L |y the

largest pooled
analysis to date, 18 studies that included 3886 PCa cases and 6438 controls, there was
also no evidence that serum levels of sex steroid hormones were associated with
subsequent PCa risk, with the exception of a modest negative association of SHBG. A
recent pooled analysis of Physicians' Health Study (PHS) and Health Professionals
Follow-Up Study (HPFS) cohorts also found no association between prediagnostic
circulating sex steroid hormones and fatal PCa.*” Within the PLCO, an analysis of 727

Caucasian PCa cases and 889 matched controls, also found no clear evidence of a

relationship between serum sex steroid hormones (serum testosterone, estimated free and
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bioavailable testosterone, and SHBG) and PCa, but risks did increase with increasing

testosterone:SHBG ratio for older men, particularly for aggressive disease.*

However, while evidence for relations between sex steroid hormones and PCa are
lacking, estrogen and its metabolites have been examined to a far lesser degree than
androgens, and previous studies have suggested that estrogens may contribute to PCa
development and progression.’®*%%% stydies of humans and of rodents have suggested

213219 and several

that estrogens and their metabolites could be drivers of carcinogenesis,
studies have demonstrated the role of certain estrogen metabolites in DNA-adduct
formation and carcinogenicity.?’”® Additional evidence in support of an increased PCa risk
include studies that show serum estrogen levels are higher in African Americans and
lower in Asian men, each relative to Caucasians, and this relationship is consistent in
what is observed between racial populations worldwide and within the US.**” Animal
studies have found that anti-estrogen therapy inhibits PCa development beyond benign

prostatic lesions in transgenic mice that,**

while estrogens in certain strains of rodents
resulted in the proliferation of cancer cells.®®*! It has also been evidenced that PCa
occurs predominately in older men where there is a decline in testosterone production
during aging, while estrogen levels remain fairly stable. However, somewhat puzzling, is

the fact that estrogens have also been shown to be a treatment for PCa, since high-dose

estrogen therapy inhibits androgen production by the testicles.**

In a prospective, nested case-control study within the PHS prior to the PSA-era, higher

levels of circulating testosterone and lower levels of SHBG were associated with
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increased risks of PCa, with lower levels of circulating estradiol identified as a potential
risk factor for PCa.?®” While similar negative linear trends for aggressive PCa risk were
seen for free testosterone, estradiol, and SHBG, the trends were nonsignificant.**?

However, like androgens, there has been no consistent pattern from human epidemiologic

studies of pre-diagnostic serum estrogens and PCa risk, however their role is complex

and is not well understood,?’4292:302,313-318

Generally, few studies have examined pre-diagnostic circulating levels of estrogen
metabolites in addition to serum sex steroid hormones and their association with PCa
risk, particularly aggressive disease.***** In addition to evidence that estrogen

metabolites functioning as genotoxins can increase risk for PCa,*%32

previous research
has found that catechol estrogens have induced proliferation and transformation in
prostate epithelial cells.®***?* This study found that non-transformed epithelial cells in the
prostate that were exposed to catechol estrogens [2-hydroxyestradiol (2-OHE?2) or 4-
hydroxyestradiol (4-OHEZ2)] for 6 weeks had a higher proliferation index than estradiol,

all relative to vehicle controls.®***% A recent meta-analysis showed an increased risk of

total PCa with higher urinary levels of 16 hydroxyestrone.***

Due to conflicting results on the relationship between estrogens and androgens with PCa
risk, androgen or estrogen alone may not be as influential as the androgen-estrogen

40270311 Tha increase in

balance, including their metabolites, in prostate carcinogenesis.
the estrogen to androgen ratio that typically occurs as men are aging lends support for the

hypothesis that estrogens are important factors in prostate carcinogenesis.*?® Recently,
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three studies have demonstrated a protective association of a higher estradiol:testosterone

40,306,327 275,313

ratio, while two further studies observed no association, and another study

reported a positive association between estradiol:testosterone ratio and high-grade PCa.*?
In a case-control study of men who were diagnosed in the pre-PSA era, a weak inverse
association between estradiol:testosterone ratio and total PCa risk was observed. In
addition, a recent study found that young Caucasian men followed for a median of 32
years, PCa risk was associated with the a higher ratio of total testosterone to total
estradiol.**” The association between PCa risk and the ratio of testosterone: estradiol was
even stronger in men with aggressive PCa, however the association was non-significant,
possibly due to small sample sizes.*?” These studies suggest hormonal homeostasis in the
prostate involves a specific balance between estrogens and androgens. Estrogen, may be
as integral as androgen in maintaining a normal prostate, but also may be an important

mediator in prostate-related diseases.”***%

The lack of evidence from analyses of circulating sex steroid hormones in relation to PCa
risk may be due to various reasons. A limitation of the largest pooled analysis to-date,
previously discussed, is the fact that different assays and different laboratories were used
in each study to quantitate sex steroid hormone levels, which indirectly led to the use of
study-specific exposure categorization, resulting in dimensionless exposure scales and the
possibility of misclassification. While the pooled analysis did find significant
associations across all 18 studies, when the analysis was restricted to studies conducted
during the pre-PSA era. Lastly, circulating sex steroid hormone concentrations may not

represent intraprostatic concentrations due to local metabolism.?”
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It is debated whether to adjust for other sex steroid hormones as potentially confounding
factors in studies of PCa.**® Complex interrelationships exist among hormones, in part,
due to associations with body mass which can influence hormones levels.®*%% The
varying associations between obesity and PCa growth, proliferation and differentiation
seem to indicate etiologic heterogeneity exists and that complex biological interactions
are at play, including those involving sex steroid hormone metabolism, 186191196201
Obesity has been shown to be associated with decreased circulating levels of total and/or
free testosterone and SHBG, yet associated with increased concentrations of total and

free estradiol.*®®

Obesity is also associated with a reduction in testosterone production
and an increase in the aromatization of testosterone to estradiol.**? Yet a recent meta-
analysis did not find evidence of an association between increased BMI and sex steroid
hormones in semen.*** However, only 5 of the 31 studies were eligible for pooling, and
there was strong evidence of inverse relationships of BMI with testosterone, SHBG and

free testosterone.**® Smoking, physical activity, and alcohol consumption are also

suspected to potentially impact circulating concentrations of sex hormones.**

Hormonal and non-hormonal factors, as well as genetic variants, likely interact in an
extremely complex way that potentially initiates and modifies PCa carcinoginsesis.?”
The specific mechanism of how genetic variants in the sex hormone pathway may
influence both sex hormones levels and the relationship between sex hormones and
aggressive PCa is currently unknown.?’%*!* Therefore, the hormonal balance of

androgen:estrogen, including their metabolites, in prostate carcinogenesis, and the
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mechanisms in which sex steroid hormone levels and their balance interact with other
factors to affect PCa risk, particularly aggressive or fatal PCa, remains to be fully

explored %31

Genetic variation in genes involved in hormone metabolism
Molecular determinants of PCa outcomes have been identified as components encoded by

335,336 337,338

immune system genes, sex steroid hormone metabolism genes, and, with
conflicting results, PCa-risk alleles.*"*®**°" |t is debated as to whether genetic variants in
the sex steroid hormone metabolism pathway influence circulating levels of sex steroid
hormones.3"?#927132% Racent pooled analyses within the Breast and Prostate Cancer
Cohort Consortium (BPC3) reported evidence of a relationship between steroid hormone
germline variants and circulating levels of androgens and estrogens, however these
variants differ from those that were associated with prostate cancer risk.****%34 As genes
encoding the key enzymes involved in sex steroid hormone metabolism, both in vivo and
in vitro, have been found to exhibit genetic polymorphisms which alter sex steroid

hormone concentrations,32>>#

research is limited as to whether these variants may
modify the relationship between sex steroid hormones and prostate cancer risk. Results
from epidemiologic studies suggest inter-individual variation in genes within the sex
steroid hormone metabolic pathway may be related to PCa risk and mortality, and these

variants may aid in personalized PCa treaetment. 44342348

As previously mentioned, key enzymes within the estrogen metabolism pathways
differentially regulate levels of estrogen,**® and the activities of these enzymes may be

related to gene polymorphisms.®*® Although prior evidence provides some support that
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sex steroid hormone metabolism plays a role in inter-individual PCa susceptibility, it is
unknown whether such genetic differences partly accounts for the racial or ethnic
differences of PCa risk.?”® Several germline polymorphisms in estrogen biosynthesis have

been shown to be associated with localized and advanced PCa outcomes.®’

Enzymes involved in sex steroid hormone metabolism have been of interest given
evidence that they correlate with circulating sex steroid hormones. Variants of 17 beta-
hydroxysteroid dehydrogenase (HSD17B) enzymes, which convert E2 to estriol, have
been linked to a broad range of diseases, including breast cancer, sexual disorders, and
have been correlated with circulating sex steroid hormone levels.**® Cytochrome P450
1B1 (CYP1B1) is hypothesized to be involved in PCa progression and modifier PCa
treatment response. However, few studies have examined the association of these
polymorphisms in relation to circulating hormone levels and PCa development, 331352
The SNP rs1800440 in CYP1BL1 is a nonsynonymous polymorphism which changes the
amino acid at position 453 from A to B, which increases the likelihood of proteasomal
degradation and is associated with lower levels of 2-hydroxy and 16a-hydroxy estrogens,
suggesting a role in estrogen biotransformation.***** |n addition, CYP1B1 is

overexpressed in PCa tissue and may also catalyse 6-hydroxylation of testosterone, thus

raising the possibility of a dual role in the sex steroid hormone metabolism.®*®°

While many of these studies have not found a relationship between germline genetic

44,340,346,356-358

polymorphisms and PCa risk and/or progression, recent epidemiologic

studies have found relationships between SNPs in the sex hormone metabolism pathway
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and PCa 338:342347.399.380 A recent cohort study examining common germline variations in
genes involved in local metabolism of estradiol identified SNPs from CYP1B1
(rs1800440), COMT (rs16982844), and SULT2B1 (rs12460535, rs2665582, rs10426628),
as novel prognostic markers that were associated with higher risk of PCa progression.*
This study examined common genetic polymorphisms related to estrogen metabolism in
men with localized organ-confined PCa. SNPs from SULT2A1, SULT2B1, CYP1B1,
COMT, CYP3A4, CYP3A5, CYP3A43, NQO1 and NQO2 were assessed for associations
with PCa progression and with circulating hormone concentrations. Most notable was the
finding that germline polymorphisms in genes associated with estrogen and estrogen
metabolism were associated with PCa progression in Caucasians with locally advanced

disease.

One study that examined individual SNPs, interactions between two SNPs, and
cumulative multi-SNP associations in relation to PCa risk found several SNPs within
CYP19 that were associated with PCa in all three ethnicities.>*"**° Genetic variants near
HSD3B2 and CYP24A1 were also associated with increased risk of PCa in non-Hispanics
Caucasians and Hispanics, and a gene-dose response association for increasing numbers
of higher-risk genotypes.**"** Higher-order SNP-SNP interactions were also evident
where distinct combinations of gene variants were associated with PCa risk separately in

each ethnic group.3*"3*

When examining advanced PCa, studies have shown the impact of HSD17B4 genetic

variations®*® and expression®* associated with increased risk of PCa progression.
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Recently, germline polymorphisms in SRD5A and HSD17B as well as deletions in
UGT2B were shown to be associated with biochemical PCa recurrence in Caucasian and
Taiwanese PCa patients after radical prostatectomy.****? Evidence of gene variants in
estrogen metabolism includes recently identified associations between functional
polymorphisms in CYP1B1 and CYP19 genes and PCa risk,**® suggesting that the
relationship between the estrogen and androgen metabolic pathways, or the estrogen-

androgen balance, may play a role in prostate carcinogenesis.

Recent epidemiologic studies have found that there may be a relationship between PCa
susceptibility risk loci, particularly among SNPs in the 8924 region, and sex steroid

hormone concentrations 3432043%

, suggesting that these genetic variants may influence
PCa risk through hormonal pathways. A nested case-control trial within the PLCO, that
examined 164 SNPs on multiple independent regions of chromosome 8g24 region and
circulating levels of androgens and SHBG in 563 healthy Caucasian men, found 3

adjacent SNPs centromeric to a PCa risk-region associated with testosterone, SHBG and

bioavailable testosterone.>®*

A recent examination of 39 GWAS-identified PCa susceptibility SNPs across tertiles of
circulating sex steroid hormones in the BPC3, did not find any SNPs associated with
hormone concentrations. Although there was also no strong evidence for gene-hormone
interactions in relation to PCa risk, there were marginally significant interactions for
SNPs at 10g11.23 (rs10993994) and 11g13.3 (rs10896449) with circulating

concentrations of androstenedione and SHBG.*®
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Few studies have examined genetic variation of sex steroid hormone metabolism genes
and how such may interact with other risk factors to modify PCa associations, and those
which did have largely found null results. Reasons for the null results to date may be due
to the predominant number of indolent cases in the PSA era, small sample sizes or
assessment of only a few specific individual sex steroid hormones which do not include
hormone metabolites. In the few studies to date examining effect modification of risk
factors by genetic variation, there is little evidence that associations between PCa risk and
age, ethnicity, family history, BMI, diabetes, and even sex steroid hormone levels are
modified by genetic variants in the sex hormone pathway or other GWAS-identified
SNPs, yet both studies had the same inherent flaws as those described above.**** A recent
study attempted to overcome some of the weaknesses of previous studies by assessing a
wide-range of estrogen metabolites using cutting edge technologies and in a non-
Hispanic white population with aggressive PCa comprised of younger men. Under this
methodology, risk of aggressive PCa was positively associated with 2:16a-
hydroxyestrone ratio and strongly associated with the testosterone:estradiol ratio,
suggesting that sex steroid hormones, specifically the estrogen to androgen ratio, may be
influential in the development of aggressive PCa. Yet, it is still unknown whether these
significant associations are affected by genetic variation of sex steroid hormone
metabolism. Consequently, the joint association between the androgen-estrogen balance
and SNPs in genes involved in sex steroid hormone metabolism on aggressive PCa risk
may provide insight into the biological underpinning of this disease. It is possible that

genetic variants in genes along this the sex hormone metabolic pathway or in PCa
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susceptibility loci in nearby regions upstream or downstream, may alter or amplify the

influence of sex hormone balance on PCa carcinogenesis.
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ABSTRACT

Purpose: Prostate-specific antigen testing has dramatically changed the composition
of prostate cancer, making it difficult to assess incidence trends. By defining fatal
prostate cancer as the underlying cause of death from the disease within 10 years of
diagnosis, we have been able to conduct an in-depth analysis of “clinically relevant”
prostate cancer incidence trends.

Methods: We extracted incident prostate cancer cases, causes of death and survival
among men aged 45-84 years using the US Surveillance, Epidemiology, and End
Results database (1975-2002). In addition to standard descriptive analyses, the ability
to distinguish prostate cancer cases that were ultimately fatal enabled us to fit age-
period-cohort models.

Results: Fatal prostate cancer accounted for 17% (n = 51,680) of cases and incidence
increased 1% per year prior to 1992, declined 15% per year from 1992-1995, and
further declined by 5% per year through 2002. In contrast, non-fatal rates exhibited a
pattern similar to, but more pronounced than, overall prostate cancer. Age-specific
incidence rates of fatal disease decreased over 2% per year among older men, yet
increased up to 1% per year among younger men. Fatal disease rates were more than 2
fold higher in black men compared with white men, a racial disparity that increased to
3-6 fold among younger men.

Conclusion: Fatal and non-fatal prostate cancer exhibited divergent trends during
1975-2002. This study highlights the lack of a decline in fatal disease among younger
men and a persistent black-to-white racial disparity in fatal prostate cancer incidence

trends.
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Introduction

Prostate cancer is the most frequently diagnosed cancer in the United States (US), with
220,800 estimated new cases for 2015.% Despite notable improvements in survival over
the last few decades,*® prostate cancer still accounts for 9% of cancer deaths among men
in the US and an estimated 27,540 men in 2015 will die from this disease.” Racial
disparities in cancer incidence and mortality are higher for prostate cancer than for any
other malignancy,™’ with black men exhibiting a 2.5 fold higher risk of death from

prostate cancer compared with white men,43%7-3%

There have been substantial changes in prostate cancer incidence and mortality rates in
the US over the last few decades. Incidence rates rose rapidly from 1975 to the early
1990s,% predominately due to the increased detection of asymptomatic disease initially
through transurethral prostatectomy (TURP) and then through prostate-specific antigen
(PSA) testing.>*"*3"* The subsequent decline and eventual stabilization in prostate
cancer incidence rates likely reflects the declining proportion of men receiving an initial
PSA test and a reduction in the subclinical reservoir of prostate cancer.>’>*" In the PSA
era, current estimates suggest that localized disease accounts for 81% of incident prostate
cancers, with 5-year survival rates approaching 99%.%° For an overwhelming majority of
localized prostate cancers, the natural history of this form of the disease is indolent and
unlikely to cause harm, with only a small proportion that progress to metastatic disease or

result in a fatal outcome.®3™
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Accurate interpretation of “clinically relevant” prostate cancer incidence trends has been
difficult due to the high prevalence of indolent disease and changes in screening
practices. Prior incidence-based mortality analyses of prostate cancer trends primarily
focused on the date of death (mortality rate) as opposed to date of diagnosis (i.e., the

incidence of fatal [or non-fatal] disease),"®?*** the

latter of which is a more applicable
time metric when assessing disease trends during a period of clinical change. No recent
studies in the last decade have examined trends using age-period-cohort analysis,*®* likely

because of unstable parameters resulting from the prostate cancer incidence rate “spike”

attributable to the PSA testing.

To overcome these problems and provide for an in-depth analysis of clinically relevant
prostate cancer incidence trends, we parsed out fatal prostate cancer using the definition
of death from this disease within 10 years of diagnosis. This hard endpoint should be less
susceptible to artifactual effects of changing diagnostic methodologies. This strategy has
enabled us to fit, and leverage the power of, age-period-cohort models for greater

elucidation of clincially relevant disease trends and racial disparities.

Methods

Study Population

We obtained cancer incidence, mortality and survival data from the US National Cancer
Institute’s Surveillance, Epidemiology and End Results (SEER) 9 database for the
calendar years 1975 to 2012. We combined US census population estimates with the data
we extracted from the SEER 9 database, covering approximately 10% of the US
population. We selected incident cases diagnosed with prostate cancer [ICD for
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Oncology, third edition (ICD-0-3), code C619] as their first primary cancer from 1975
through 2002. Men were excluded if their diagnosis was based on autopsy reports or
death certificate only (n = 4,137), unknown follow-up time (n = 890), or missing age at
diagnosis or year of birth (n = 15). The underlying cause of death was determined
according to the coding and selection rules of the ICD revision 8 for men who died before
1979, ICD revision 9 for men who died from 1979-1998, and by ICD revision 10 for men
who died from 1999-2012. Men were defined as fatal prostate cancer cases when prostate
cancer was the underlying cause of death within 10 years of diagnosis (follow-up ending
December 31, 2012). We obtained single-year incidence rates for fatal and non-fatal

prostate cancer for all races combined and separately for men of white and black race.

Statistical Analysis

We calculated age-standardized incidence rates (ASRs) and age-specific incidence rates
per 100,000 person-years. ASRs were age-adjusted to the 2000 U.S. Standard Population
using 1-year age intervals. We estimated annual percentage change in ASRs by weighted

375

least squares and conducted joinpoint analysis,”"” to assess changes in temporal trends for

fatal and non-fatal prostate cancer.

Age-period-cohort models of fatal prostate cancer were conducted to further examine
temporal trends and distinguish between effects that occurred during specific time
periods for all age groups (period effects) and effects associated with specific birth
cohorts (generational effects).>’® For these models, data were classified into 40 one-year
age groups (45, 46, ..., 84) and 28 one-year calendar periods (1975, 1976, ... , 2002),

spanning 66 one-year birth cohorts (1891, 1892, ..., 1956). To enable age-period-cohort
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analysis, we restricted all analyses to men with prostate cancer diagnosed between 45-84

years, which accounted for approximately 94% of all prostate cancers.

Age-period-cohort analysis was performed using log-linear modeling within a Poisson
regression framework.*”""® We utilized restricted age-period-cohort models which
orthogonally decomposed age, calendar period, and birth cohort trends into their linear
and nonlinear components in order to estimate specific parameters. In these models, we
calculated the estimated annual percent change (EAPC) of the ASR (net drift) and age-
specific EAPCs, which were then compared with the net drift using a Wald test for
heterogeneity. To examine cohort effects, we calculated birth cohort rate ratios and
compared the incidence rate of each birth cohort with that of the 1924 birth cohort
(adjusted for age and nonlinear period effects) and obtained period rate ratios by
comparing period-specific rates to that of the central 1988 referent year (adjusted for age
and nonlinear cohort effects). ¥"®*"® We calculated black-to-white incidence rate ratios
(IRRy.w) based on fitted temporal trends (adjusted for cohort effects and conditioned upon
age) to examine disparities by period and IRRsy., based on longitudinal age-specific
incidence rates (conditioned upon the mid-year cohort and adjusted for period changes) to
examine racial differences by age. For each model, goodness of fit was evaluated based

on tests of normality 3"9%%°

and examination of the residuals by age vs period and cohort.
Lastly, we used quadratic spline functions to estimate the instantaneous rate of death

(percentage of cases dying after each year following diagnosis) within a 10 year interval,
stratified by race and calendar period of diagnosis (1975-1988 vs. 1989-2002), adjusted

for confounding variables in SEER.
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Statistical analyses were performed in Matlab, version R2014b.%" All statistical tests

were two-sided and P values less than 0.05 were considered statistically significant.

Results

The study included 309,289 men diagnosed with prostate cancer accounting for 91.2
million person-years (py) during the period 1975 to 2002. Fatal prostate cancer accounted
for 16.7% of incident cases (n = 51,680) and non-fatal prostate cancer accounted for
83.3% (n = 257,609). A total of 222,321 men (71.9%) died from any cause during any
period of follow-up, and 150,565 of these deaths (67.7%) occurred within 10 years of
their prostate cancer diagnosis. During the 10 year period following diagnosis, prostate
cancer was the most common cause of death (34.3%, n = 51,680), followed by ischemic
heart disease (23.5%, n = 35,334), cerebrovascular diseases (4.8%, n = 7,296) and

chronic obstructive pulmonary disease (3.8%, n = 5,724).

Trends of Fatal and Non-fatal Prostate Cancer

The overall age-standardized incidence rate was 63.5 per 100,000 person-years for fatal
prostate cancer and 291.1 for non-fatal prostate cancer. Fatal prostate cancer rates
decreased by 2.3% over the entire study period, while non-fatal prostate cancer rates
increased by 4.8% (Table 1). Joinpoint analysis indicated that fatal prostate cancer ASRs
increased 1% per year from 1975-1992, declined 15% per year during the subsequent
three-year period (1992-1995), and steadily declined by 5% per year from 1995-2002

(Figure 1). In contrast, non-fatal rates increased 2.9% per year until 1985, climbed
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sharply by 8.9% per year from 1985-1989 and further accelerated by 24.2% per year
from 1989-1992. Non-fatal rates fell by 10% per year during the subsequent three-year

period before increasing by 2.7% per year from 1995-2002.

Age-period-cohort models were successfully fitted for fatal prostate cancer but non-fatal
disease failed to exhibit sufficient goodness-of-fit due to the PSA spike in the mid
1990’s. Models for fatal prostate cancer revealed significant age, period and cohort
effects. Men in the earliest birth cohorts (1890-1910) had cohort rate ratios of 1.5-2.5
times greater than the 1924 central birth cohort, while rates gradually declined after the
1924 birth year (Figure 2, A). Age-specific EAPC’s (Figure 2, B) in fatal prostate cancer
rates were heterogeneous (two-sided Wald test: ¥* = 166.3, df = 40, P < 0.0001) when
compared with the overall age-adjusted EAPC (net drift) of —1.77% per year. Rates
among younger men increased by up to 0.6% per year, while rates decreased for older
men (> 65 years) by over 2% per year. Period rate ratios demonstrated the significant
decline in risk of fatal disease that was concurrent with the widespread uptake of PSA in

the early 1990’s (Wald test: y° = 1800.11, df = 26, P < 0.0001).

Trends of Fatal Prostate Cancer in Black and White Men

The overall ASR of fatal prostate cancer was 60.6 per 100,000 person-years in white men
and significantly higher in black men (130.0 per 100,000 person-years). White men
accounted for 81.5% (n = 42,112) of the fatal prostate cancer cases and black men 14.4%

(n=7,434). Black men had an earlier mean age at diagnosis (69.1 years vs. 71.1 years)
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and slightly shorter mean survival (44.4 months vs. 48.4 months) (Supplemental Table

1),

Temporal trends in ASRs among both black and white men with fatal prostate cancer
(Table 1 and Figure 3) declined significantly over the study period and were
homogenous (Wald test: P = 0.16). Age-period-cohort analysis indicated a period effect
in the early 1990s for both black and white men. Birth cohort effects by race were also
homogenous (Wald test: P = 0.42). The black-to-white incidence rate ratios revealed no
improvements in the racial disparity of fatal prostate cancer incidence over the last few
decades (Figure 4, A), with black men remaining at a consistently elevated risk of fatal
disease (IRRspy: 2.2-3.0). Black-to-white age-specific incidence rate ratios of fatal
prostate cancer were heterogeneous by age (two-sided Wald test, y = 27.6, df =1, P <
0.001) with rates 2 fold greater among older black men compared with older white men, a

racial difference that increased to 3—6 fold among younger men (Figure 4, B).

We calculated annual hazard rates of prostate cancer-specific death among men
diagnosed with prostate cancer, stratified by race and pre-PSA versus PSA era (Figure
5). During the pre-PSA era (1975-1988), the instantaneous hazard of prostate cancer
death was significantly higher for black men compared with white men, yet the hazard
curves were approximately parallel with hazards researching their peak in each race
(black: 8.5% per year, white: 5.5% per year) approximately 1-1.5 years after diagnosis.
In contrast, the annual hazard rates of prostate cancer death among both races were

greatly reduced during the PSA era, yet black men retained higher instantaneous hazards
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and reached their peak rate post-diagnosis earlier (1.5 years) compared with white men

(2.5 years).

We compared fatal prostate cancer incidence rates against two classifications of non-fatal
prostate cancer (Figure 6): a) men who died due to a cause other than prostate cancer
within 10 years of diagnosis; and b) men alive 10 years post-diagnosis. Rates among men
alive after 10 years increased 300—400%, with black men exhibiting a greater increase
than whites. Among men with cause-specific mortality other than prostate cancer, rates
gradually increased, then sharply spiked during the onset of PSA testing. Yet the
subsequent decline was more pronounced for white men—resulting in rates which have
not changed substantially since 1975—while rates among black men were 50% higher

compared to the beginning of the study period.

In sensitivity analyses, we evaluated extended follow-up using 13 and 16 years for
determination of cause-specific mortality in order to evaluate if widespread PSA testing
caused an extremely large increase in lead time impacting observed trends
(Supplemental Figure 1), and results did not materially differ from the main analyses.
To further examine the robustness of our age-period-cohort models we: a) limited the
case pool to men for whom prostate cancer was the sole cancer diagnosis, b) expanded
the case pool to include all men diagnosed with prostate cancer regardless of whether
prostate cancer was the first cancer diagnosed, c) among men who died of other causes of
death, we calculated the predicted 10-year probability of death due to prostate cancer

after adjusting for available confounding variables in SEER, and d) concatenated SEER
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9, 13 and 18 databases to increase the number of fatal cases. For each and all of these

sensitivity analyses, trends were essentially unchanged from the main analyses presented.

Discussion

Our analysis revealed divergent trends in fatal and non-fatal prostate cancer incidence
rates among US men during the period from 1975-2002, with fatal rates consistently
declining since the early 1990s. The rapid decline in fatal prostate cancer incidence began
in 1992 which eased, but continued, after 1995—insights that will help elucidate
contributing factors. In contrast, non-fatal rates have continued to increase, and
accelerated after widespread PSA testing began in the late 1980s, with rates in 2002 near
their highest to date. Fatal prostate cancer among younger men have not declined but
have, in fact, slightly increased over the study period compared with declining rates
among older men. Lastly, our analysis showed that black men had substantially greater
risk of fatal prostate cancer than white men in every period and cohort examined, and the

disparity was greatest amongst younger men.

Of the prior studies that have assessed prostate cancer trends, analyses of mortality
425,26,172.184.382385 __ a5 opposed to incidence—are likely more accurate in describing the
changing burden of disease given large artifactual changes in incidence attributable to
diagnostic tests. This focus on mortality rates of prostate cancer has likely contributed to
the debate as to what extent declines in mortality are attributable to period effects, such as
the advent of PSA testing**'84883% By defining fatal prostate cancer using a fixed
follow-up period for cause (prostate)-specific mortality, we have been able to conduct an

in-depth analysis of clinically relevant incidence trends based upon calendar year of
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diagnosis as the time metric. Our approach supports and extends upon previous
incidence-based mortality analyses which reported declining rates of prostate cancer

mortality in the US since the early 1990s.

Men with prostate cancer are at a much greater risk of dying from a cause other than their
prostate cancer diagnosis.?® The rise and fall of US prostate cancer mortality rates has
been hypothesized to be due to a constant proportion of prostate cancer cases who died of
other causes being misclassified as dying of prostate cancer (attribution bias),*®* Our
analysis of fatal prostate cancer incidence trends offers a new perspective for which there
is little evidence of an increase in rates that coincides with widespread PSA testing. The
decreasing rate of fatal prostate cancer incidence—starting in the early 1990’s—is thus
unlikely to be due to attribution bias but rather the result of the combined impact of
improved screening and treatment modalities. This includes advances in non-curative
treatments—such as hormone agonists and anti-androgens that were introduced
concurrent with widespread PSA testing—that have extended prostate cancer survival
and thus increased the opportunity for competing risks to be the underlying cause of

death, possibly resulting in decreases in prostate cancer mortality rates.

Our results suggest that the introduction of PSA testing, advances in surveillance and
treatments (period effects), and environmental exposures which simultaneously affect
men of all ages (cohort effects), do not explain the racial disparity in fatal prostate cancer,
with black men at greater risk during every period and cohort examined. Race-specific

models of fatal prostate cancer revealed nearly parallel trends in age, period and cohort
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effects. Recent studies of prostate cancer mortality in the US have shown the black-to-

white disparity beginning to narrow over the last decade,**"**

yet studies prior to 2007
had reported that the racial disparity was rising.***% In our study in which we have
assessed the incidence of fatal prostate cancer, we observed no improvement in the black-

to-white disparity over the 28-year period examined.

The black-to-white disparity in fatal prostate cancer is poorly understood. Recent studies
have confirmed that non-clinical factors, such as black race and low-income, are
associated with lower rates of aggressive treatment of prostate cancer among men with
comparable localized/regional disease.**"** For overall prostate cancer, there is evidence
that greater use of aggressive treatment reduces racial disparities,"'® and differences may
be further diminished if health care access is equalized among racial groups.**> Whether
access to care and treatment choice are solely responsible for the racial difference in fatal

prostate cancer remains an unanswered question.

Strengths of this study include the length of the study period, quality of the registry data,
and the availability of a large number of cases from a regionally diverse and
representative population within the US. Additionally, we complemented standard
descriptive methods with age-period-cohort models by parsing out fatal cases.
Limitations include the typical caveats associated with registry-based descriptive studies
(missing data, lack of case-specific risk factors), and assumptions inherent to age-period-
cohort models (the nonidentifiability issue). While previous studies of trends in US

prostate cancer incidence and mortality have used SEER stage, we decided not to present
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rates stratified by stage given artifactual shifts attributable to increasing use of
prostatectomy among younger men and random needle biopsies in unstaged disease, and
unavailable extent of disease information prior to 1994. Lead times for prostate cancer
mortality have been estimated at between 5-12 years in the US,*#8>1903%33% and our use
of 10 years of follow-up to determine fatal disease status may not be long enough to
nullify calendar period shifts in lead time attributable to changes in diagnostic practices.
However, we observed similar percentages of prostate-specific mortality within 10 years
in both the pre-PSA (83.0%) and the PSA era (82.7%), and sensitivity analyses using

extended follow-up provided similar results.

In summary, fatal and non-fatal prostate cancer incidence rates have starkly diverged in
the US since widespread PSA testing began. Declines in fatal prostate cancer incidence
appeared at the time we expected, due to changes in screening and treatment practices.
Robust risk triaging strategies are needed to help further reduce fatal prostate cancer and
to limit undue anxiety and over-treatment of individuals with prostate cancer that will not
progress. The racial disparity of fatal prostate cancer persists, and the size of this
disparity—particularly among younger men—is a call for us to redouble our efforts to

elucidate causes and enact strategies to reduce the inequity.
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Table 1. Annual percentage changes in age-standardized incidence rates over the
entire study period and for sub-periods defined from joinpoint analysis by prostate
cancer disease type and race, ages 45-84 years, 1975-2002, United States (SEER-9).

Concer Annual Percent
Cancer  Race Year :
Change
subtype
1975-2002 —2 3%
1975-1992 1.0*
All Races 1992-1995 —15.0*
1995-2002 —5.0*
Fatal 1975-2002 —23%
Prostate | White 1975-1992 1.0*
Cancer 1992-1994 -18.7*
1994-2002 —5.5%
1975-2002 -1.9%
Black 1975-1993 1.4*
1993-1995 —-19.5*%
1995-2002 —5.9*
1975-2002 4.8%
1975-1985 2g*
1985-1989 8.9*
All Races 1989-1992 24.2*
1992-1995 —-10.0*
1995-2002 2.7*
1975-2002 4.7*
NPorr:J-sliZ;[: ! 1975-1985 3.1*
Cancer White 1985-1989 9.3*
1989-1992 24.7*
1992-1994 -16.4*
1994-2002 2.1*
1975-2002 5.4%
1975-1989 2.8
Black 1989-1992 29.6*
1992-2002 02

! Annual percent change was calculated using weighted least squares.
* Statistically significant, P less than .05 (two-sided permutation test).
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Figure 1: Trends in prostate cancer age-standardized incidence rates by fatal
disease status, ages 45-84 years, 1975-2002, United States (SEER-9).
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Figure 1 Legend: Fatal and non-fatal prostate cancer with scatter points (squares) representing
observed rates and lines representing joinpoint regression fitted rates. All rates were age-adjusted
to the 2000 US standard population.
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Figure 2: Age-period-cohort plots of fatal prostate cancer, ages 45-84 years, 1975-
2002, United States (SEER-9).
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Figure 2 Legend: A) Birth cohort rate ratios (1924 referent birth year); B) Age-specific estimated
annual percentage changes (EAPCs) in incidence rates (local drifts). The birth cohort rate ratios
are plotted on the log scale. The net drift is the sum of linear trends in period and cohort effects
and is the age-period-cohort analog of the EAPC.
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Figure 3: Trends in fatal prostate cancer age-standardized incidence rates by race,
ages 45-84 years, 1975-2002, United States (SEER-9).
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Figure 3 Legend: Fatal prostate cancer with scatter points (circles) representing observed rates.
All rates were age-adjusted to the 2000 US standard population.
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Figure 4: Black-to-white incidence rate ratios, ages 45-84 years, 1975-2002, United
States (SEER-9).
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Figure 4 Legend: A) Black-to-white period-specific fatal prostate cancer rate ratios (IRRp.y)
adjusted for cohort effects and conditioned upon age at diagnosis (64 years); B) Black-to-white
age-specific incidence rate ratios of fatal prostate cancer (IRRy.,) adjusted for cohort effects and
conditioned upon the 1988 central calendar year of diagnosis.
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Figure 5: Annual instantaneous hazard rates of prostate cancer death (percentage of
prostate cancer cases dying each year following diagnosis), stratified by race and
calendar period, ages 45-84 years, 1975-2002, United States (SEER-9).
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Figure 5 Legend: Hazard rates are plotted for white and black men with fatal or non-fatal disease.
The period 1975-1988 is classified as the pre-PSA era and the period 1989-2002 as the PSA era.

67



Figure 6: Trends in age-standardized incidence rates for fatal prostate cancer vs.
non-fatal prostate cancer for men who died due to another cause of death within 10
years post-diagnosis vs. non-fatal prostate cancer for men alive 10 years post-
diagnosis, ages 45-84 years, 1975-2002, United States (SEER-9).
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Figure 6 Legend: A) Black men; B) White men. All rates were age-adjusted to the 2000 US
standard population.
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Supplemental Table 1: Descriptive statistics for prostate cancers, ages 45— 84 years, 1975-2002 (SEER-9).

All cases Non-fatal PCa Fatal PCa Fatal Prostate Cancer by Race
White men Black men
Variable (n = 309,289) (n = 257,609) (n = 51,680) (n = 42,112) (n = 7,434)
Age at diagnosis, mean,(SD) 69.13 (8.24) 68.78 (8.23) 70.83 (8.07) 71.08 (8.01) 69.05 (8.28)
Survival months, mean (SD) 117.82 (74.95) 131.86 (73.13) 47.86 (32.89) 48.35(32.83) 44.43 (32.92)
Race, n (%)
White 258190 (83.5%) 216078 (83.9%) 42112 (81.5%)
Black 35850 (11.6%) 28416 (11.0%) 7434 (14.4%)
Other 13676 (4.4%) 11615 (4.5%) 2061 (4.0%)
Unknown 1573 (0.5%) 1500 (0.6%) 73 (0.1%)
Tumor differentiation, n (%)
Well 50631 (16.4%) 46822 (18.2%) 3809 (7.4%) 3125 (7.4%) 547 (7.4%)
Moderate 161909 (52.3%) 145652 (56.5%) 16257 (31.5%) 13418 (31.9%) 2231 (30.0%)
Poor 59917 (19.4%) 39951 (15.5%) 19966 (38.6%) 16118 (38.3%) 2873 (38.6%)
Undifferentiated 2894 (0.9%) 1483 (0.6%) 1411 (2.7%) 1191 (2.8%) 186 (2.5%)
Unknown 33938 (11.0%) 23701 (9.2%) 10237 (19.8%) 8260 (19.6%) 1597 (21.5%)
Survival years, n (%)
>= 2 years 272580 (88.1%) 236239 (91.7%) 36341 (70.3%) 29958 (71.1%) 4838 (65.1%)
< 2 years 36709 (11.9%) 21370 (8.3%) 15339 (29.7%) 12154 (28.9%) 2596 (34.9%)
RP (83-02), n (%)
None 192138 (72.3%) 156991 (69.0%) 35147 (92.5%) 28128 (91.8%) 5345 (95.2%)
RP surgery 73481 (27.7%) 70620 (31.0%) 2861 (7.5%) 2507 (8.2%) 271 (4.8%)
Radiation (83-02), n (%)
None 201987 (65.4%) 166665 (64.8%) 35322 (68.5%) 28539 (70.0%) 5219 (70.4%)
Radiation therapy 102846 (33.3%) 87359 (34.0%) 15487 (30.1%) 12915 (30.8%) 2019 (27.2%)
Unknown 3911 (1.3%) 3184 (1.2%) 727 (1.4%) 534 (1.2%) 179 (2.4%)
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Supplemental Figure 1: Trends in fatal prostate cancer age-standardized incidence
rates with extended follow-up for cause-specific mortality by race, ages 45-84 years,
1975-2002, United States (SEER-9).
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Supplemental Figure 1 Legend: A) Fatal and non-fatal prostate cancer, 13 years of follow-up; B)
Fatal and non-fatal prostate cancer, 16 years of follow-up. C) Fatal prostate cancer for black and
white men, 13 years of follow-up; D) Fatal prostate cancer for black and white men, 16 years of
follow-up. All rates were age-adjusted to the 2000 US standard population.
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Supplemental Figure 2: Period rate ratios of fatal prostate cancer by race, ages 45—
84 years, 1975-2002, United States (SEER-9).
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Supplemental Figure 2 Legend: Period rate ratios (1988 referent calendar year).

71



Weight change and body mass index trajectories across the adult life course
and risk of aggressive and fatal prostate cancer in the PLCO Cancer
Screening Trial

Scott P. Kelly,"? Sean D. Cleary,” Naji Younes,? Gabriella Andreotti,* Barry 1.
Graubard, Michael B. Cook®

! Division of Cancer Epidemiology and Genetics, National Cancer Institute, National
Institutes of Health, Bethesda, MD

2 Department of Epidemiology and Biostatistics, Milken Institute School of Public
Health, The George Washington University, Washington, DC

Corresponding Author: Michael B. Cook, PhD, Hormonal and Reproductive
Epidemiology Branch, Division of Cancer Epidemiology and Genetics, National Cancer
Institute, 9609 Medical Center Drive, Rm 7-E106, MSC 9774, Bethesda MD 20892-
9774; e-mail: cookmich@mail.nih.gov

Funding Sources: The findings and conclusions in this report are those of the authors
and do not necessarily represent the official position of the National Institutes of Health.
There are no financial disclosures from any of the authors.

Running Head: Weight change and prostate cancer risks in the PLCO

72


mailto:cookmich@mail.nih.gov

ABSTRACT

Background: Obesity has been associated with higher risk of prostate cancer progression
and mortality. Research on weight change and trajectories that lead to obesity and their
association with aggressive and fatal prostate cancer risks is limited. Methods: We
assessed self-reported height, weight, and body mass index (BMI), cumulative weight
change and BMI trajectories across the adult life course in relation to prostate cancer
among men in the PLCO Cancer Screening Trial. With 13 or more years of follow-up, we
identified 7,832 incident cases, of which 3,081 were aggressive and 255 fatal. Cox
proportional hazards regression with age as the time metric was used to estimate hazard
ratios (HR) and 95% confidence intervals (Cl). Results: Body weight and BMI at age 20,
50 and baseline questionnaire (mean age 62.6 years) were significantly associated with
increased risks of fatal prostate cancer (HRs, 1.1 to 1.3 per 5 unit increase). Fatal prostate
cancer risk was positively associated with higher maximum attained weight (HRqa vs o1 =
1.64; 95% CIl = 1.12 to 2.39). In five distinct BMI trajectories identified, fatal prostate
cancer risk was increased in men who were normal weight (HR = 1.92; 95% CI = 1.18 to
3.13) or overweight (HR = 2.93; 95% CI = 1.58 to 5.46) at age 20 and developed obesity
by baseline compared with men who maintained a normal BMI. Overweight or obesity
was not associated with aggressive prostate cancer, and modest inverse associations were
seen for total and nonaggressive prostate cancer. Conclusion: Obesity at any time during
adulthood increased the risk of fatal prostate cancer. Men who were obese at the onset of
adulthood or who had considerable weight gain over their adult life course were at

significantly higher risks of fatal prostate cancer.

73



Introduction

The obesity epidemic in the United States (US) has resulted in more than two-thirds of
US men classified as overweight or obese. The potential impact of obesity on cancer
incidence and cancer-related mortality—particularly prostate cancer—remains to be fully
elucidated.?”*%3% previous studies of obesity and prostate cancer have found that risk
varies by stage of disease, tumor grade and cause-specific mortality.”® Recent systematic
reviews and meta-analyses have determined there is sufficient evidence that greater body
mass index (BMI), as a proxy of total body adiposity, is associated with increased risks of
advanced prostate cancer and prostate cancer-specific mortality, %2312 byt the
relationships for total incident and nonaggressive prostate cancer remain

inconcl USive.28'191'214'217’219'231

There is accumulating evidence that an earlier age at onset of obesity is influential in the
etiology of prostate cancer.??1223225:3973% \neight is also a modifiable lifestyle factor, and
studies have investigated cumulative and per annum weight change during adulthood on
risk of aggressive and fatal prostate cancer, yet findings remain
inconsistent,224226:232.234.238-243.399 The jnflyence of body size on prostate cancer
development has provided important insights, yet no study to date has investigated both
cumulative measures of weight change or assessed latent trajectories of weight change

evolutions over the adult life course in relation to prostate cancer risks.
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The relationships between obesity, weight change and prostate cancer are complex.***4%?

The precise biological networks that may be implicated in adiposity-prostate cancer risk

relationships remain to be determined, but endocrine,***®® hormone,”®® and

404,405 186,189

inflammation pathways have been implicated in prostate cancer pathogenesis.
Studies of changes in weight and trajectories of body mass index across the adult life
course may help elucidate the underlying biological mechanisms which promote prostate
carcinogenesis and which may be different between common indolent and rarer
aggressive subtypes of disease. Using prospective cohort data from the Prostate, Lung,
Colorectal and Ovarian (PLCO) Cancer Screening Trial, we employed a dynamic life

course approach to assess weight change and body mass index trajectories in relation to

prostate cancer risks.

Methods

Study Population

The PLCO enrolled 76,683 men aged 55-74 years between November 1993 and July
2001 from ten cancer screening centers across the US. The design of the PLCO has been
described in detail previously.*®®*°" In brief, men assigned to active cancer screening
underwent prostate-specific antigen (PSA) testing at baseline and annually for a further 6
years and optional annual digital rectal exam at baseline and for a further 4 years.
Participants of the trial continue to be followed up for cancer incidence and mortality. All
men were uncompensated volunteers from the general population and had no prior
medical history of any cancer (except nonmelanoma skin cancer [NMSC]). Men were

excluded for prior removal of their prostate gland, participation in another cancer
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screening or primary prevention trial, Finasteride use in the six month period prior to
study entry, and—starting in 1995 after a change of the study protocol—if they had
received more than one PSA test in the three-year period prior to enrollment. The study
protocol was approved by the Institutional Review Board (IRB) of the National Cancer

Institute (NCI), with annual IRB approval from each participating center.

Exposure ascertainment

Body weights (kg) were ascertained by the baseline questionnaire (BQ). At study entry,
participants were asked to provide their current (study entry, ages 5574 years) height
and body weight as well as recall such for ages 20 and 50 years. Height at study entry
was used to derive BMI (weight divided by height in meters squared) at each respective
age. Age-specific weight was examined based in quartiles and age-specific BMI was
based on the World Health Organization (WHO) 2000 classifications (underweight,
<18.5 kg/m? normal weight, 18.5-24.9 kg/m?; overweight, 25-29.9 kg/m?%; and obese, >

30 kg/m?).

Body weight change for each participant was calculated between each period,
representing early adulthood (age 20 to 50), long-term (age 20 to baseline) and late
adulthood (age 50 to baseline) weight change. Weight change was defined as weight at
the later age minus weight at the younger age. Cumulative weight change during periods
of adulthood was classified into four groups chosen a priori based on a review or prior
literature (weight loss, < —2 kg; stable weight, —1.9 to +4.9 kg; modest weight gain, +5 to

+14.9 kg; and large weight gain, > +15 kg), and in quartiles. We also modeled cumulative
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weight change continuously, as 5-unit cumulative increments and 0.5-unit per annum
increments. Mean weight and mean BMI during early adulthood were calculated as the
average of the two values at age 20 and at age 50, and may represent a cumulative
measure of body size during that period of adulthood. To examine trajectories of BMI
change, we applied latent-class group-based mixture models to identify and examine
distinct groups of men with similar weight change evolutions.*® For sensitivity analyses
with increased data points over the adult life course, we assessed men who remained
under active follow-up during 2006-2008 who were mailed a supplemental questionnaire
(SQX) which collected an expanded body weight history during different decades of
adulthood (30s, 40s, 50s, 60s, and 70s). In this subset of men (n = 28,912, 41%), we used
the midpoint of each age decade interval to examine their expanded weight history and

changes in body size in relation to prostate cancer risks.

Outcome ascertainment

Incident cancer diagnoses were histologically-verified malignant adenocarcinoma of the
prostate. Prostate cancer-specific death was ascertained by active follow-up using annual
study update questionnaires and periodic linkage to the National Death Index (NDI).*%
Aggressive prostate cancer was defined as biopsy Gleason score >7, clinical stage (TNM,
AJCC) > 111, or prostate cancer-specific mortality; all remaining prostate cancers were

classified as nonaggressive. Fatal prostate cancer was defined as prostate cancer-specific

mortality (i.e., underlying cause of death of prostate cancer).

Covariates
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Risk factor data were obtained prior to cancer diagnosis from the BQ at study entry.
These data were systematically checked for missing data and inconsistencies. Data was
available on the following covariates : age at study entry, screening arm (usual care,
screening), study center (ten centers), race (white, black, other), education (less than high
school, high school graduate, some college, college graduate, postgraduate), married or
cohabiting (yes, no), cigarette smoking (ever, former, never), and comorbid conditions
such as diabetes (yes, no) and myocardial infarction (yes, no). We also examined self-
reported data on two additional potential confounders during the prior 12 months within a
subcohort of men: total energy expenditure (kilocalories [kcal] per day) and physical
activity (frequency of moderate to vigorous intensity activity per week: none or <1, 2-3
days, 4-5 days, 6 or more). Birth cohort was grouped by 10-year (decade) intervals and

used to stratify the baseline hazard as to adjust for cohort effects.**°

Statistical analysis

For comparison of demographic, clinical and health characteristics by weight change
quartile, we used Pearson ¥ tests for categorical variables and Kruskal-Wallis tests for
continuous variables. For comparison of characteristics by case status, we used Pearson
v tests for categorical variables and Wilcoxon—Mann-Whitney tests for continuous
variables. Correlations between anthropometric exposures were estimated by Spearman

rank correlation coefficients.

Cox proportional hazards regression models, with age in months as the time metric and

baseline hazards stratified by decade of birth cohort, were used to estimate hazard ratios
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(HRs) with 95% confidence intervals (CI) of associations between anthropometric
variables and prostate cancer risks.****'? Follow-up started from the age at the baseline
questionnaire until the age at the event (i.e., incident prostate cancer or subtype defined
above), or age at loss to follow-up (right-censored), age at death (right-censored) or end
of the follow-up (December 31, 2009), whichever occurred first. For fatal prostate cancer,
follow-up started from age at the baseline questionnaire and continued until age at death
due to prostate cancer (event), or age at censoring as defined above. For all analyses of
prostate cancer by subtype, men who experienced a disease subtype that was not of
interest were right-censored at their age at diagnosis. The proportional hazards
assumption was assessed using an interaction with log(time), and through visual
inspection of log(-log) survival plots and scaled Schoenfeld residuals plots versus log

time.

Models were adjusted for variables that were associated (P < 0.10) with both the
exposure and outcome interest (see table footnotes) or were deemed a priori as potential
confounders (screening arm, study arm, age and race). In our adjusted models, we
modeled weight change without adjustment, and then with adjustment, for starting weight
or BMI for the given period (this adjustment is mathematically equivalent to adjusting for
the ending weight/BMI of the period being assessed). Tests for trend (Preng) Were
performed by taking the median value of each level of a categorical variable and
modeling this as a continuous variable. We tested for effect modification by covariates
chosen a priori (race, history of diabetes, cigarette smoking status, and body size at age

20) by comparing nested Cox regression models with and without a multiplicative cross-
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product interaction term to test if the fit significantly improved using a likelihood ratio

test (LRT).

To examine BMI trajectories, we applied latent-class group-based mixture models with
maximum likelihood estimation using a censored normal distribution,*®® in order to
define homogenous groups of men with similar body size evolutions, where each class
had a unique probability distribution.*** We estimated BMI trajectory models with 3-6
trajectories, assuming linear, quadratic, or cubic patterns of body size change over the
corresponding time periods, using SAS PROC TRAJ (SAS Institute, Inc., Cary, NC).*"
The optimal number of trajectories was determined based on model fit using the change
in Bayesian Information Criterion (BIC) and the mean posterior probability of each
trajectory.*®® Associations between trajectory categories and prostate cancer risks were

assessed using Cox proportional hazards regression as previously described.

In sensitively analyses, we assessed the impact of using three other definitions of
aggressive prostate cancer and the effect of excluding prostate cancer cases diagnosed
within 2.5 years of study entry. We also conducted weight change models that adjusted
for average weight, which is independent of the difference between the weight
observations.?*® Lastly, we examined a subcohort that had expanded longitudinal weight

history, as well as physical activity and dietary history available for analysis.

All analyses were performed using SAS version 9.3. All statistical tests were two-sided

and statistical significance was defined as P < 0.05.
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Results

Of the 73,413 men who were eligible and completed the baseline questionnaire, we
excluded 1,655 men who had prior history of cancer (excluding NMSC) and 1,715 men
who had a missing height or weight. We further excluded 170 men who had a weight or
BMI less than the 0.01 percentile or greater than the 99.9 percentile, resulting in a final
analytic cohort of 69,873 men contributing 4,773,847 person-years of follow-up time.
There were 7,832 incident prostate cancers, 3,081 of which were aggressive and 255 of

which caused death.

The basic characteristics of male participants according to categories of weight change
from early adulthood (age 20) to baseline are shown in Table 1. Mean age at baseline
was 62.6 years, and mean weight and mean BMI were 87.2 kg and 27.5 kg/m?,
respectively. A majority of men (51.8%) were former smokers and over a third (35.8%)
had at least one PSA test in the three years prior to randomization. Demographic, clinical
and anthropometric characteristics by case status are available as supplemental material
(Supplemental Tables 1 and 2). Height was correlated with weight at each time period
(rs, 0.47-0.51, Table 2). Weight and BMI were correlated with each other at all ages (rs,

0.40-0.88).

Height at study entry was positively associated with aggressive prostate cancer (HR =
1.03; 95% CI = 1.01 to 1.06; Prreng = 0.007), whereas no associations were seen for total,
nonaggressive or fatal disease (Table 3). Body weight and BMI at ages 20 and 50 years,

and at baseline were associated with increased risks of fatal prostate cancer, with adjusted
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hazard ratios ranging from 1.08-1.09 per 5 kg increase and 1.27—1.32 per 5 kg/m?
increase (Table 3). Aggressive prostate cancer was not associated with either weight or
BMI; hazard ratios were close to 1.0 and there was no suggestion of a trend with
increasing body size. Total and nonaggressive prostate cancers were inversely associated
with weight and BMI at age 50 and baseline, while increasing body weight and BMI at
age 20 were marginally associated with a reduction of risk for the highest category

compared with men of normal body size.

Table 4 lists the HRs for prostate cancer risks associated with cumulative and per annum
weight change. Weight change (per 5 kg increase) in early adulthood was marginally
associated with a modest increase in risk of fatal prostate cancer (HR = 1.05; 95% CI =
0.98 to 1.12), but all associations of weight change and fatal disease were not statistically
significant (P > 0.05). Weight gain (per annum) during early adulthood was associated
with a slight inverse association with total (HRs = 0.95; 95% CI = 0.91 to 0.98) and
nonaggressive prostate cancer (HR = 0.93; 95% CI = 0.89 to 0.98), with similar
associations seen for long-term (age 20 to baseline) weight change. No association was
seen for risk of aggressive prostate cancer risk during each time period of adulthood
examined. Estimates from models additionally adjusted for weight at the beginning of the
time period or the average weight over the time period were essentially unchanged and
are presented in Supplemental Table 3. There was no evidence of effect modification
when stratified by diabetes status, race, cigarette smoking status, or BMI at age 20

(results not shown).
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Average BMI during early adulthood (age 20 to 50) was associated with an increased risk
of fatal prostate cancer among average overweight (HR = 1.37; 95% Cl = 1.05 to 1.78)
and average obese men (HR =1.92; 95% CI = 1.11 to 3.30) compared with men with an
average normal BMI (P+reng = 0.002) (Table 5). Maximum weight was associated with an
increased risk of fatal prostate cancer, where men in the highest maximum weight
quartile (HR =1.64; 95% CI = 1.12 to 2.39; Pyreng = 0.01) were at greater risk compared
with men in the second (referent) quartile (when the referent was changed to quartile one,
fatal prostate cancer risk increased to 1.74 [95% CI = 1.17 to 2.59] for men in the fourth
quartile of maximum weight [results not tabulated])). As seen in results for average
weight and BMI, maximum body weight was not associated with aggressive prostate
cancer risk, yet was inversely associated with total and nonaggressive prostate cancer
risks. Risk of fatal prostate cancer was highest in men whose BMI was overweight or
greater at the onset of adulthood (HR = 1.52; 95% CI = 1.04 to 2.22) compared with men
who never reached the overweight threshold; no other prostate cancer subtype was

associated with this BMI threshold.

In weight trajectory analyses, we identified five linear BMI trajectories based on model
fit using BIC. Risk of fatal prostate cancer was increased in men who were normal weight
(HR =1.92; 95% CI = 1.18 to 3.13) or overweight (HR = 2.93; 95% CI = 1.58 to 5.46) at
age 20 and became obese by baseline; conversely, total and nonaggressive prostate
cancer risks were decreased with respect to the same comparisons. (Figure 1 and Table
5). Diabetes status, race, cigarette smoking status, and weight/BMI at age 20 years were

not effect modifiers of these relationships (results not shown).
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Sensitivity analyses that used variable definitions of aggressive prostate cancer
(Supplemental Table 4) also provided results that were mostly null for aggressive
disease, as per the primary analysis herein. Findings were also similar in analyses when
we excluded men who were observed to have the outcome of interest during the first 2.5
years of follow-up (results not shown). Lastly, for the subcohort sensitivity analysis with
expanded weight history, associations between anthropometric exposures and prostate
cancer risks were not substantially different even when additionally adjusted for energy
consumption and moderate physical activity levels (results not shown). In all Cox
models, interactions with log(time) based likelihood ratio tests were not significant (P >
0.05) and log(-log) survival plots showed no evidence of violation of the proportional

hazards assumption.

Discussion

In this large, prospective study we found evidence that larger body size, maximum
weight attained, and substantial weight gain across the adult life course that resulted in
obesity were positively associated with fatal prostate cancer risk. We also found evidence
that men who exceeded a normal BMI and became overweight or obese (BMI > 25.0) at
the beginning of adulthood, were at an elevated risk of fatal disease compared to men
who maintained a steady weight. Conversely, aggressive prostate cancer appeared
unrelated to body size or weight change, while total and nonaggressive prostate cancer

risks shared modest inverse associations.
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Height has been shown to be associated with increased with of total, aggressive and fatal
prostate cancer.'*2*®® The most recent meta-analysis found a positive association with
height on risk for aggressive/fatal and total prostate cancer such that risk was increased
by 12% and 9%, respectively, for every 10 cm increase in height. Our analysis of height
were slightly attenuated where we found a 3% increased risk for aggressive PCa for every
5 cm increase in height (Prreng = 0.007), yet fatal disease was not associated with

increasing height, nor was total or nonaggressive prostate cancer.

Obesity in adulthood has been associated with poorer prostate cancer outcomes in a

23,31,230

majority of prospective studies, as evidenced by the most recent meta-analysis

which showed 11% and 8% increases in risk of fatal and advanced prostate cancer,

respectively, per 5 kg/m? increase in BM1.2%

Our analyses found that self-reported body
weight and BMI at all ages were associated with increased risks of fatal PCa (HRs, 1.1 to
1.3 per 5 unit increase), while body size was not associated with aggressive PCa. For total
prostate cancer, studies show inconsistent evidence of an association between age-
specific obesity and prostate cancer. While some meta-analyses of total prostate cancer
have shown modest positive associations, numerous studies have reported null
associations.?”>#’ Our findings are in line with a majority of the previous studies where
we found modest inverse associations for total and nonaggressive PCa with body weight

or BMI at age 50 and baseline (HRs, 0.81 to 0.98 per 5 unit increase), however body size

at age 20 showed no association with total or nonaggressive disease.
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Our results of cumulative weight gain showed no association with risk of aggressive
prostate cancer during any periods of adulthood (all P’s > 0.05), yet a marginal positive
association was seen for weight change starting from age 20 through mid-adulthood (age
50) or study entry and risk of fatal disease (HRs, 1.04 to 1.05 per 5 unit increase). Studies
of weight gain in adulthood and risk of prostate cancer have found inconclusive results,
with findings that vary by disease subtype.?*®#*” Our findings of a marginal association
with fatal prostate cancer risk are slightly stronger than null associations seen in two
other large cohorts, Cancer of the Prostate in Sweden Cohort (HRs, 0.99 to 1.04 per 5 kg
increment)**® and CPS-11 Nutrition Cohort (HR 411 kg versus 5 to 5 kg = 0.99; 95% C1 = 0.72 to
1.35).2* However, large prospective studies such as the Melbourne Collaborative Cohort
Study (HR = 1.13; 95% CI = 1.02 to 1.26 per 5 kg increment)*** and NIH-AARP Diet
and Health Study (HR 40 g versus —4 103.9 kg = 2.98; 95% CI = 0.99 to 9.04)**° found positive
associations for risk of fatal disease that were much stronger than what were exhibited in
our study. Prior studies of aggressive and advanced forms of prostate cancer are also
lacking in consistency, with studies evidencing weight gain increased risk, 2224 or g

lack of an association.?*%240243

Weight change has also been associated with a reduced risk of nonaggressive disease,?**

while for total prostate cancer, a majority of studies have found no association?3240-244

or
modest inverse associations.??*#%%%23%4 Qur analysis found weight change starting from
age 20 through mid-adulthood (age 50) or study entry were both associated with

moderate reductions in risk of total and nonaggressive disease (HRs, 0.91 to 0.98 per 5
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unit increase). Null associations were seen for the association between weight change and

risk of total or nonaggressive disease from age 50 through age at baseline.

Some of the variability in studies of weight change and prostate cancer may be due to the
variability in the starting and ending periods when examining weight change in
adulthood, along with the array of different measures of weight change studied.**
Another key issue is that the correct methodology and interpretation remains
controversial, because adjusting for starting or ending values induces mathematical

6417 and regression to the mean.2*®#* We applied three different models in

coupling
order to evaluate the robustness of our results, and—is this study—models that adjusted
for starting body size or adjusted for an independent body size metric (average weight)

did not materially alter estimates ascertained.

Previous studies have also modeled changes in body size using cumulative or per annum
measures over time, which is limited in differentiating between specific patterns of body
weight change and may potentially be overly simplistic given population heterogeneity in
weight change evolutions. Recent research suggests BMI trajectory modelling offers an
alternative, and arguably, more robust prediction of mortality risk compared with
cumulative or per annum measures of body size change.**® In utilizing a trajectory
modeling approach, we were able to identify groups of men with distinct BMI evolutions
across the adult life course and assess whether these trajectories were associated with
prostate cancer risks. Our BMI trajectory analysis demonstrated strong and statistically

significant associations between excessive weight gain and risk of fatal prostate cancer.
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A recent examination of increasing obesity prevalence trends in the US since 1980
estimated that rising BMI levels increased high-grade prostate cancer incidence rates by

268

16% and prostate cancer-specific mortality rates by 7%-23%.7> Although obesity rates

in adult men are beginning to plateau,®

this suggests that even greater survival gains
could have been achieved if rates of obesity remained constant or decreased during the
last few decades. Yet, if one assumes obesity increases the incidence of aggressive or
fatal subtypes of prostate cancer, the decline in prostate cancer mortality in the US may
have been more pronounced than what was actually observed.?®® Our evidence suggests
that there exists clinically important subgroups for which obesity evolves over the adult
life course through striking gains in body weight that result in significantly elevated risks
of fatal prostate cancer. As obesity is a modifiable risk factor, a greater focus on men who
are, or at risk, of obesity or who exhibit sustained and considerable weight gain that

results in obesity, may assist clinicians in identification of men with who are at greater

risk of eventually developing a fatal form of prostate cancer.

The biological mechanisms underlying our findings between obesity and prostate cancer
risks, which vary by subtype, remain unclear. Through sustained insulin resistance,
chronic inflammation and rising IGF-1 levels, it is hypothesized that obesity may be
involved in prostate carcinogenesis.'®® Insulin resistance, due to the development of
diabetes, has previously been associated with a reduced risk of prostate cancer, but results
remain inconsistent.****! Height has been shown to correlate with early-life risk factors,

and greater attained height has been shown to be associated with greater exposure to
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growth hormones and altered IGF-1 levels, both of which are associated with prostate
cancer.'¥21% QObesity is also associated with chronic (sub-clinical) inflammation, and
higher levels of C-reactive protein and other inflammatory markers, due to expanding
adipose tissue.™** Given the influence of excess weight on several hormonal pathways,*®°
weight fluctuations across the adult life course are likely more influential than measures
of static weight when examining prostate cancer risks. Furthermore, the positive
association between fatal prostate cancer and obesity suggests that chronic inflammation
are more influential in clinically relevant prostate cancer than potentially protective
hormonal and metabolic factors, such as lower circulating levels of testosterone. Future
studies that incorporate local tissue-specific inflammation, hormone and insulin levels
may help further elucidate the mechanisms by which obesity may target, and later, the

prostate gland and lead to carcinogenesis.

Strengths of this study include its large sample size with extended follow-up of at least 13
years for cause-specific mortality, which allowed analyses of various prostate cancer
subtypes, including fatal disease. In addition, the study attained nearly complete follow-
up of all participants and the identification of incident prostate cancers were historically
verified, while underlying cause of death was ascertained through high-quality record
linkage. Limitations include the fact that our results may not be generalizable to men
outside the age range and racial categories included in the study, as well as the relatively
small number of fatal events in some exposure and racial (Black) categories, which
highlights the need for expansion, and further replication of our results in other large

prospective cohorts. . It is also debated whether to adjust for initial body weight when
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evaluating weight change over time as initial weight is correlated with weight change, we
evaluated the robustness of our results by also conducting models adjusted for average
weight which is a less correlated measure of weight change. Body weight and height data
were self-reported which may have led to some measurement bias and affected the
accuracy of our exposures. All body measures available from the PLCO, including height
and weight, were self-reported and this may be a source of bias that would most likely
results in exposure misclassification.>® Self-reported anthropometric data have been
shown to vary, compared with measured data, by age, sex, race, and socioeconomic
factors. While we likely did not completely eliminate the impact of self-report bias on our
results, we reduced the possibility of self-reported height and weight to be misclassified
differentially by controlling for these demographic factors in analyses.”***° However, in
a cohort similar to the PLCO, a validation study found adequate correlation between
current and recalled self-reported body fatness data with measured data,** and if
misclassification did occur, it would likely bias our results towards the null. Another
limitation inherent to all studies of obesity is that detection of prostate cancer in obese
men differs from non-obese men, due to lower PSA values which may have resulted in
detection bias.”® Reverse causation has been posited as an explanation for the weak or
inverse associations between prostate cancer and weight change due to potential
confounding by illness-induced weight loss or comorbidity associated weight gain,*?*4?
and if the onset of these conditions occurred prior to age 50, then our results would have
been affected. However, it has been noted that maximum lifetime weight is not as
susceptible to fluctuations related to illness, and while self-reported data was used,

greater maximum weight was also associated with fatal disease.*? Lastly, there were
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unmeasured confounders that were not collected on the entire cohort during the study,
such as ERG tumor status, which may have altered results since there is evidence that

they may modify the association between obesity and prostate cancer outcomes.'#**

In conclusion, our study provides evidence that greater body weight is associated with an
increased risk of fatal prostate cancer. Cumulative (or per annum) weight change was not
associated with fatal prostate cancer, while slight inverse associations were seen for total
and nonaggressive disease. Trajectories of body mass index across the adult life course
that resulted in the onset of obesity supported the hypothesis that excessive weight gain
increases the risk of fatal prostate cancer compared to men who maintained a stable
weight trajectory. Future studies are needed to elucidate the biological and genetic
mechanisms of obesity and large gains in body weight, during early life and throughout
adulthood, which may lead to increased risk of fatal prostate cancer. Assuming causality,
men deemed to be at high risk of prostate cancer may be able to lower their risk of fatal

prostate cancer by maintaining a stable weight.
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Table 1. Characteristics of men in the PLCO Cancer Screening Trial according to category of body weight change (kg) from
age 20 years to baseline.

Weight change (kg) from age 20 to baseline

All men Loss: Stable: Gain: Large Gain:
<-2kg —21t0 4.9 kg 5t0 149 kg >15 kg
n= 69,873 n= 209 n= 18,191 n= 35,220 n= 16,253
Characteristic No. (%) No. (%) No. (%) No. (%) No. (%) Prend
Randomly assigned group
Usual care 35666 (51.0%) 2049 (50.6%) 5210 (51.4%) 12596 (51.0%) 15811 (51.0%) 0.84
Intervention 34207 (49.0%) 1999 (49.4%) 4927 (48.6%) 12107 (49.0%) 15174 (49.0%)
Age at study entry
55-59 22447 (32.1%) 1163 (28.7%) 3097 (30.6%) 7898 (32.0%) 10289 (33.2%) <0.0001
60-64 22023 (31.5%) 1283 (31.7%) 3124 (30.8%) 7686 (31.1%) 9930 (32.0%)
65-69 16207 (23.2%) 985 (24.3%) 2424 (23.9%) 5815 (23.5%) 6983 (22.5%)
70+ 9196 (13.2%) 617 (15.2%) 1492 (14.7%) 3304 (13.4%) 3783 (12.2%)
Mean (SD) 62.58 (5.33)  63.17 (5.36) 62.98 (5.40) 62.72 (5.34) 62.49 (5.25)
Education
Less than high school 5635 (8.1%) 345 (8.5%) 663 (6.6%) 1684 (6.8%) 2943 (9.5%) <0.0001
High school graduate 12761 (18.3%) 689 (17.1%) 1610 (15.9%) 4286 (17.4%) 6176 (20.0%)
Some college 22824 (32.7%) 1252 (31.0%) 2938 (29.0%) 7799 (31.6%) 10835 (35.0%)
College graduate 13266 (19.0%) 797 (19.7%) 2169 (21.4%) 4922 (20.0%) 5378 (17.4%)
Postgraduate 15249 (21.9%) 958 (23.7%) 2734 (27.0%) 5963 (24.2%) 5594 (18.1%)
Marital status
Married or cohabiting 57880 (83.0%) 3166 (78.3%)  8195(81.1%) 20566 (83.4%) 25953 (83.9%) <0.0001

Single

11865 (17.0%)

877 (21.7%)

1915 (18.9%)
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4097 (16.6%)

4976 (16.1%)



Race
White
Black
Other
Employment status
Unemployed
Employed
Family History of prostate cancer
No
Yes
PSA test in last 3 years
No
Yes, once
Yes, more than once
Don't know
Enlarged prostate
No
Yes
Diabetes
No
Yes
Heart attack
No
Yes
Cigarette smoking
Never
Current

61800 (88.5%)
3109 (4.5%)
4926 (7.1%)

38966 (55.8%)
30907 (44.2%)

63106 (92.6%)
5079 (7.4%)

31900 (45.7%)
25031 (35.8%)
6876 (9.8%)
6060 (8.7%)

54683 (78.3%)
15118 (21.7%)

63321 (91.1%)
6221 (8.9%)

60247 (86.6%)
9293 (13.4%)

25506 (36.5%)
8139 (11.6%)

3544 (87.6%)
218 (5.4%)
283 (7.0%)

2408 (59.5%)
1640 (40.5%)

3663 (92.6%)
293 (7.4%)

1912 (47.2%)
1378 (34.0%)
425 (10.5%)
332 (8.2%)

3137 (77.6%)
905 (22.4%)

3661 (90.8%)
370 (9.2%)

3474 (86.2%)
556 (13.8%)

1454 (35.9%)
887 (21.9%)

8948 (88.3%)
380 (3.8%)
804 (7.9%)

5683 (56.1%)
4454 (43.9%)

9128 (92.2%)
776 (7.8%)

4604 (45.4%)
3562 (35.1%)
1174 (11.6%)

795 (7.8%)

7825 (77.3%)
2297 (22.7%)

9451 (93.9%)
619 (6.1%)

8852 (87.9%)
1221 (12.1%)

4322 (42.6%)
1576 (15.5%)
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21757 (88.1%)
930 (3.8%)
2006 (8.1%)

13363 (54.1%)
11340 (45.9%)

22337 (92.5%)
1823 (7.5%)

11091 (44.9%)
8955 (36.3%)
2611 (10.6%)

2046 (8.3%)

19205 (77.8%)
5477 (22.2%)

22832 (92.8%)
1770 (7.2%)

21475 (87.3%)
3123 (12.7%)

9632 (39.0%)
2849 (11.5%)

27551 (89.0%)
1581 (5.1%)
1833 (5.9%)

17512 (56.5%)
13473 (43.5%)

27978 (92.7%)
2187 (7.3%)

14293 (46.1%)
11136 (35.9%)
2666 (8.6%)
2887 (9.3%)

24516 (79.2%)
6439 (20.8%)

27377 (88.8%)
3462 (11.2%)

26446 (85.8%)
4393 (14.2%)

10098 (32.6%)
2827 (9.1%)

<0.0001

<0.0001

0.24

0.28

<0.0001

<0.0001

<0.0001

<0.0001



Former 36218 (51.8%) 1705 (42.1%) 4238 (41.8%) 12220 (49.5%) 18055 (58.3%)
Aspirin use frequency

None 32101 (46.0%) 1932 (47.8%) 4936 (48.8%) 11406 (46.3%) 13827 (44.7%) <0.0001

1-3 times per month 7270 (10.4%) 410(10.1%) 1011 (10.0%) 2636 (10.7%) 3213 (10.4%)

1-4 times per week 9241 (13.3%) 529 (13.1%) 1395 (13.8%) 3468 (14.1%) 3849 (12.5%)

1 or more per day 21122 (30.3%) 1169 (28.9%) 2777 (27.4%) 7151 (29.0%) 10025 (32.4%)
Height, cm, mean (SD) 177.77 (6.95) 177.76 (7.13)  176.91 (7.02) 177.17 (6.97) 178.54 (6.79) <0.0001
Weight, age 20, kg, mean (SD) 72.61(10.85) 81.99(12.53)  74.33(10.28) 72.38 (9.98) 71.01 (10.76) <0.0001
Weight, age 50, kg, mean (SD) 84.08 (13.35) 79.20 (13.00)  78.24 (11.49) 81.16 (11.22) 88.95 (13.84) <0.0001
Weight, BQ age, kg, mean (SD) 87.16 (14.66) 75.14 (11.51)  76.78 (10.34) 82.45 (10.22) 95.88 (14.19) <0.0001
BMI, age 20, kg/m?, mean (SD) 22,94 (2.92)  25.90(3.32) 23.71 (2.62) 23.02 (2.55) 22.25(2.92) <0.0001
BMI, age 50, kg/m?, mean (SD) 26.56 (3.63)  25.02 (3.53) 24.96 (3.05) 25.82 (2.96) 27.87 (3.83) <0.0001
BMI, BQ age, kg/m?, mean (SD) 27.53 (4.07)  23.73(3.02) 24.49 (2.65) 26.24 (2.62) 30.06 (3.97) <0.0001

NOTE. Column percent may not add up to 100% because of missing data. All missing data accounting for less than 0.5% of the variable

total.

P values for trend (P+ng) Were calculated by treating the weight change categories as a continuous variable. ANOVA's were used for
characteristics with more than 2 levels, t-tests for characteristics with 2 levels, and Spearman correlation tests for continuous

characteristics.

Other race includes Asian, Native Hawaiian or other Pacific Islander, American Indian, or Alaskan Native.

Study screening center (10 centers) is not shown.
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Table 2. Correlations between anthropometric variables across the adult life course.

Height at Weightat BMlatage Weightat BMIlatage  Weightat BMI at

baseline, cm age20,kg 20, kg/m®  age50,kg 50, kg/m®  baseline, kg baseline, kg/m’

r r r r r r r

Height at baseline, cm 1 0.51 -0.01" 0.50 0.01" 0.47 0.01"
Weight at age 20, kg 1 0.85 0.69 0.50 0.59 0.40
BMI at age 20, kg/m? 1 0.50 0.58 0.41 0.47
Weight at age 50, kg 1 0.87 0.85 0.70
BMI at age 50, kg/m? 1 0.71 0.80
Weight at baseline, kg 1 0.88
BMI at baseline, kg/m’ 1

Abbreviations: cm, centimeters; kg, kilograms; m, meters; BMI, body mass index; r, spearman correlation coefficient.
All BMIs correspond to kg/m?, weights correspond to kg and height correspond to cm.

All P's less than 0.0001 except where noted.
*P<0.05
*P>0.05
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Table 3. Associations between age-specific anthropometric characteristics and prostate cancer risk among
men in the PLCO Cancer Screening Trial by case status.

Total Incident Nonaggressive Aggressive Prostate Fatal Prostate
Prostate Cancer Prostate Cancer* Cancer? Cancer
n=7,822 n=4,587 n=3,078 n=255
HR HR HR HR
Characteristic (5% CIl)  Prena (95% CI) Prena  (95% CI) Prena  (95% CI) Prend
Height, cm 0.034 0.45 0.007 0.20
. 0.97 1.02 0.89 0.75
Qli=1r4 (0.92,1.04) (0.94,1.10) (0.81,0.99) (0.54,1.06)
Q2:175-179 Reference Reference Reference Reference
. 1.04 1.04 1.03 1.09
(Q3:180-184 (0.98,1.11) (0.96,1.13) (0.93,1.13) (0.79,1.50)
. 1.03 1.04 1.03 0.90
Q4: 2 185 (0.96,1.11) (0.95,1.14) (0.93,1.15) (0.61,1.33)
Continuous. per 5 cm 1.02 1.01 1.03 1.06
P (1.00,1.03) (0.99,1.03) (1.01,1.06) (0.97,1.17)
Weight, age 20, kg 0.48 0.07 0.24 0.030
Q1: < 64 0.98 1.01 0.96 0.88
T (0.92,1.04) (0.93,1.09) (0.86,1.06) (0.62,1.26)
Q2: 65-72 Reference Reference Reference Reference
) 1.02 1.00 1.06 1.15
Q3:73-79 (0.96,1.08) (0.92,1.09) (0.96,1.17) (0.81,1.64)
. 0.95 0.91 1.01 1.37
Q4:280 (0.88,1.01) (0.83,0.99) (0.91,1.13) (0.96,1.97)
Continuous. per 5 k 0.99 0.98 1.01 1.08
'PEIOKG 0.98,1.01) (0.97,1.00) (0.99,1.03) (1.01,1.16)
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BMI, age 20, kg/m?
<18.5

18.5-24.9
25.0-29.9
> 30

Continuous, per 5 kg/m?

Weight, age 50, kg
Ql:<74

Q2: 75-82
Q3:83-91

Q4:>92
Continuous, per 5 kg

BMI, age 50, kg/m?
<185

18.5-24.9
25.0-29.9

>30

0.97
(0.87,1.09)

Reference

0.99
(0.93,1.05)
0.81
(0.67,0.98)
0.98
(0.94,1.02)

0.99
(0.93,1.06)

Reference

0.90
(0.85,0.97)
0.89
(0.83,0.96)
0.98
(0.97,1.00)

0.60
(0.33,1.09)

Reference

0.95
(0.91,1.00)
0.87
(0.80,0.94)

0.31

0.001

0.001

0.99
(0.86,1.15)

Reference

0.96
(0.89,1.04)
0.83
(0.65,1.06)
0.95
(0.90,1.00)

1.06
(0.98,1.15)

Reference

0.93
(0.85,1.01)
0.85
(0.78,0.94)
0.97
(0.96,0.99)

0.65
(0.31,1.37)

Reference

0.93
(0.88,1.00)
0.81
(0.74,0.90)

0.17

<0.0001

0.0002
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0.95
(0.79,1.13)

Reference

1.04
(0.95,1.14)
0.78
(0.57,1.07)
1.03
(0.97,1.10)

0.89
(0.80,0.98)

Reference

0.87
(0.79,0.97)
0.94
(0.84,1.05)
1.01
(0.99,1.02)

0.53
(0.20,1.42)

Reference

0.99
(0.91,1.07)
0.96
(0.85,1.09)

0.73

0.88

0.64

0.42
(0.17,1.01)

Reference

1.28
(0.95,1.73)
1.68
(0.74,3.81)
1.27
(1.02,1.57)

0.94
(0.66,1.35)

Reference

1.07
(0.74,1.56)
1.64
(1.12,2.39)
1.09
(1.03,1.15)

Reference

1.06
(0.80,1.40)
1.54
(1.04,2.27)

0.005

0.010

0.057



. , 095 0.91 1.02 1.32
Continuous, per 5 kg/m™ 4 95 5 gg) (0.87,0.95) (0.96,1.07) (1.10,1.57)
Weight, at BQ, kg 0.002 0.003 0.31 0.07
o1 <76 0.99 1.01 0.97 0.95
= (0.93,1.06) (0.93,1.10) (0.88,1.08) (0.66,1.37)
Q2: 77-85 Reference Reference Reference Reference
_ 0.95 0.96 0.94 1.05
3: 86-95 (0.89,1.01) (0.88,1.04) (0.85,1.04) (0.73,1.52)
04: 3 96 0.89 0.87 0.93 1.40
= (0.83,0.95) (0.80,0.96) (0.83,1.04) (0.96,2.04)
. 0.99 0.98 1.01 1.08
Continuous, per5kg 4 951 o) (0.97,0.99) (0.99,1.02) (1.03,1.13)
BMI, at BQ, kg/m? 0.82 0.019 0.99 0.041
<185 0.71 0.34 1.10 B
' (0.59,0.85) (0.13,0.90) (0.57,2.13)
18.5-24.9 © 902'918 05) Reference Reference Reference
0.98 0.99 1.09
25.0-29.9 Reference (0.91,1.05) (0.91,1.08) (0.80,1.48)
- 30 0.94 0.88 1.00 1.45
= (0.87,1.01) (0.81,0.96) (0.90,1.12) (1.01,2.07)
. , 081 0.94 1.02 1.27
Continuous, per Skg/m™ 4 g4 5 gg) (0.90,0.98) (0.97,1.07) (1.08,1.48)

Abbreviations: Q, quartile; BQ, baseline questionnaire; HR, hazard ratio; Cl, confidence interval; BMI, body mass index

(kg/m?)

P for Trend (Preng) Was calculated using the median category values modeled as a continuous variable in the
multivariable model (not adjusted for initial weight/BMI)
Aggressive prostate cancer?was defined as biopsy Gleason score 7, and/or clinical stage 111 or greater, and/or prostate
cancer as underlying cause of death. Nonaggressive prostate cancer® was defined as otherwise. 157 prostate cancers

lacked sufficient information to determine prostate cancer subtype.
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All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time
metric with separate baseline hazards by birth cohort (decade). Total and nonaggressive prostate cancer models were
adjusted for screening arm (usual care, screening), screening center (10 study centers), race (white, black, other),
education (less than high school, high school graduate, some college, college graduate, postgraduate), married or
cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), history of BPH (yes, no), PSA history
during the 3 years prior to study entry (0, 1, 2+), family history of prostate cancer (yes, no) and myocardial infarction
(yes, no). Aggressive disease models were adjusted for screening arm (usual care, screening), screening center (10 study
centers), race (white, black, other), married or cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former,
never), family history of prostate cancer (yes, no) and myocardial infarction (yes, no). Fatal prostate cancer was adjusted
for screening arm (usual care, screening), screening center (10 study centers), race (white, black, other), married or
cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), history of BPH (yes, no), PSA history
during the 3 years prior to study entry (0, 1, 2+), family history of prostate cancer (yes, no) and myocardial infarction
(yes, no).
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Table 4. Associations between body weight change and prostate cancer risks among men in the PLCO Cancer

Screening Trial by case status.

Total Incident Nonaggressive Aggressive Prostate Fatal Prostate

Prostate Cancer Prostate Cancer Cancer? Cancer
n=7,822 n= 4,587 n= 3,078 n= 255
Characteristic HR(95%C1) Prend  HR(95% CI)  Prens  HR(95% CI)  Preng HR (95% CI)  Prend
Weight change, kg
(Cumulative, age 20 to 50)
o 1.01 1.01 1.04 0.97
Loss: -2 ©090113) %1 (871169 91 87129 %7 (os2180 0%
Stable: —1.9 to +4.9 Reference Reference Reference Reference
. 0.99 1.00 0.97 0.95
Gain: +510 +14.9 (0.93,1.04) (0.93,1.08) (0.89,1.07) (0.69,1.31)
. 0.95 0.93 0.99 1.17
Large Gain: = +15 (0.89,1.01) (0.85,1.01) (0.89,1.09) (0.82,1.66)
. 1.03 0.99 1.10 1.10
Qli=44 (0.96,1.09) 0.06 (0.91,1.07) 0.023 (0.99,1.21) 0.99 (0.77,1.57) 0.42
Q2:45-95 Reference Reference Reference Reference
. 1.03 0.99 1.13 1.20
Q3:9.6-159 (0.97,1.10) (0.91,1.07) (1.02,1.25) (0.84,1.72)
. 0.95 0.89 1.05 1.22
Q4:2160 (0.89,1.01) (0.81,0.97) (0.94,1.17) (0.84,1.78)
Preng fOr weight gain only# 0.09 0.046 0.71 0.35
Continuous. er 5 k 0.98 0.98 1.00 1.05
 PEFSKY (0.97,1.00) (0.96,0.99) (0.98,1.02) (0.98,1.12)
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Continuous, per 0.5 kgly

Weight change, kg
(Cumulative, age 20 to BQ)

Loss: <-2
Stable: —1.9 to +4.9

Gain: +5to +14.9

Large Gain: > +15

QL:<6.7
Q2: 6.8-13.6

Q3:13.7-20.9

Q4:>21.0
Prrend TOr weight gain only”

Continuous, per 5 kg

Continuous, per 0.5 kgly

0.95
(0.91,0.98)

1.09
(0.97,1.22)

Reference

1.06
(0.99,1.14)

1.02
(0.95,1.09)

1.02
(0.95,1.08)

Reference

1.01
(0.94,1.07)

0.97
(0.90,1.03)

0.99
(0.98,1.00)

0.94
(0.90,0.98)

0.5

0.19

0.07

0.93
(0.89,0.98)

1.09
(0.94,1.26)

Reference

1.09
(0.99,1.19)

1.02
(0.93,1.12)

1.00
(0.92,1.09)

Reference

1.00
(0.92,1.09)

0.93
(0.85,1.02)

0.99
(0.97,1.00)

0.94
(0.89,0.99)

0.56

0.14

0.048
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1.00
(0.98,1.02)

1.10
(0.92,1.31)

Reference

1.05
(0.94,1.17)

1.03
(0.92,1.15)

1.04
(0.94,1.15)

Reference

1.02
(0.92,1.13)

1.02
(0.91,1.13)

1.00
(0.98,1.02)

1.00
(0.98,1.02)

0.75

0.71

0.81

1.14
(0.93,1.40)

1.05
(0.57,1.95)

Reference

1.05
(0.71,1.55)

1.18
(0.81,1.73)

1.11
(0.78,1.60)

Reference

1.22
(0.85,1.76)

1.21
(0.83,1.75)

1.04
(0.99,1.10)

1.20
(0.94,1.52)

0.38

0.46

0.45



Weight change, kg
(Cumulative, age 50 to BQ)

L 0.94
Loss: <—2 (0.88,1.00)
Stable: —1.9 to +4.9 Reference
- 1.00
Gain: +5t0 +14.9 (0.95,1.06)
- 0.94
Large Gain: > +15 (0.85,1.04)
' 0.91
Q1:<0 (0.85,0.97)
Q2:0.1-2.4 Reference
. 0.94
Q3:2.5-6.8 (0.87,1.01)
. 0.94
Q4:26.9 (0.88,1.01)
Prrens fOr weight gain only”
_ 1.01
Continuous, per 5 kg (0.99,1.02)
_ 1.01
Continuous, per 0.5kgly ) g 1 09)

0.38

0.34

0.17

0.93
(0.85,1.01)

Reference

0.99
(0.92,1.06)

0.94
(0.82,1.07)

0.86
(0.79,0.94)

Reference

0.94
(0.86,1.03)

0.1
(0.83,1.00)

1.00
(0.98,1.02)

1.00
(0.98,1.02)

0.58

0.15

0.08

0.96
(0.87,1.06)

Reference

1.03
(0.94,1.12)

0.92
(0.78,1.08)

0.96
(0.86,1.07)

Reference

0.92
(0.82,1.03)

0.97
(0.87,1.09)

1.00
(0.98,1.03)

1.00
(0.98,1.03)

0.62

0.9

0.49

0.94
(0.66,1.32)

Reference

0.99
(0.73,1.34)

1.21
(0.74,1.96)

0.85
(0.58,1.24)

Reference

0.90
(0.61,1.35)

0.98
(0.66,1.45)

1.03
(0.95,1.11)

1.05
(0.94,1.16)

0.48

0.48

0.93

Abbreviations: No, number of cases; PY, person-years; Q, quartile; y, year; BQ, baseline questionnaire; HR, hazard ratio;

Cl, confidence interval; BMI, body mass index (kg/mz); kg, kilograms

*Calculated after excluding subjects whose change in weight for the given time period was negative across median values of

weight change quartiles.
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P for Trend (Preng) Was calculated using the median category values modeled as a continuous variable (in models not
adjusted for initial weight/BMI).

Aggressive prostate cancer’ was defined as biopsy Gleason score 7, and/or clinical stage I11 or greater, and/or prostate
cancer as underlying cause of death. Nonaggressive prostate cancer* was defined as otherwise. 157 prostate cancers lacked
sufficient information to determine prostate cancer subtype.

All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time
metric with separate baseline hazards by birth cohort (decade). Total and nonaggressive prostate cancer models were
adjusted for screening arm (usual care, screening), screening center (10 study centers), race (white, black, other), education
(less than high school, high school graduate, some college, college graduate, postgraduate), married or cohabiting (yes, no),
diabetes (yes, no), cigarette smoking (ever, former, never), history of BPH (yes, no), PSA history during the 3 years prior to
study entry (0, 1, 2+), family history of prostate cancer (yes, no) and myocardial infarction (yes, no). Aggressive disease
models were adjusted for screening arm (usual care, screening), screening center (10 study centers), race (white, black,
other), married or cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), family history of prostate
cancer (yes, no) and myocardial infarction (yes, no). Fatal prostate cancer was adjusted for screening arm (usual care,
screening), screening center (10 study centers), race (white, black, other), married or cohabiting (yes, no), diabetes (yes,
no), cigarette smoking (ever, former, never), history of BPH (yes, no), PSA history during the 3 years prior to study entry
(0, 1, 2+), family history of prostate cancer (yes, no), myocardial infarction (yes, no) and height at study entry (m).

Note: Models adjusted for weight (kg) at beginning of the time period of interest, and the average weight (kg) during the
time period of interest, are provided in Supplemental Table 3.
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Table 5. Associations between average weight and BMI, maximum weight, first timepoint when overweight and BMI
trajectories in relation to prostate cancer risk among men in the PLCO Cancer Screening Trial by case status.

Total Incident Prostate  Nonaggressive Prostate Aggressive Prostate Fatal Prostate
Cancer Cancer’ Cancer? Cancer
n=7,822 n= 4,587 n= 3,078 n= 255
HR HR HR HR
Characteristic (95% CI) Prens  (95% CI) Prens  (95% CI) Prens  (95%Cl)  Prem
Average weight, kg,
ages 20 & 50
. 1.00 1.04 0.92 0.91
QL:<70 ©093106) %039 (ngs113 291 (0s31.02) 031 063130 0028
Q2:70-77 Reference Reference Reference Reference
. 0.97 0.97 0.97 1.00
Q3:78-85 (0.91,1.03) (0.89,1.05) (0.88,1.08) (0.70,1.45)
Q4: > 86 0.92 0.88 0.99 1.49
: (0.86,0.99) (0.80,0.96) (0.89,1.11) (1.03,2.16)
. 0.99 0.97 1.01 1.11
Continuous, per 5 kg (0.97,1.00) (0.95,0.99) (0.99,1.03) (1.04,1.19)
Average BMI, kg/m?,
ages 20 & 50
0.82 0.86 0.69
<185 (055122) %98 (052143 001 (o363 072 0.002
18.5-24.9 Reference Reference Reference Reference
0.98 0.93 1.05 1.37
25.0-29.9 (0.93,1.03) (0.87,0.99) (0.98,1.14) (1.05,1.78)
> 30 0.82 0.79 0.87 1.92
= (0.73,0.93) (0.67,0.92) (0.72,1.06) (1.11,3.30)
. 2 0.95 0.91 1.03 1.39
Continuous, per Skg/m™ 4 91 5 99 (0.86,0.96) (0.97,1.10) (1.12,1.73)
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Maximum weight, kg,
age 20, 50 or BQ

QL: <74
Q2: 75-81
Q3: 8291

Q4:> 92

Continuous, per 5 kg

Time when BMI first
exceeded 25 kg/m?

Never
Baseline age
Age 50

Age 20

BMI trajectory,
age 20 to 50 to BQ

T1: Normal and stable

T2:

Normal to overweight

T3:
Normal to obese

T4:
Stable overweight

0.99
(0.93,1.06)

Reference
0.90
(0.85,0.97)
0.89
(0.83,0.96)

0.98
(0.97,1.00)

Reference
1.02
(0.95,1.11)
0.95
(0.90,1.01)
0.95
(0.89,1.02)

Reference

0.96
(0.92,1.01)

0.98
(0.88,1.09)
0.90
(0.83,0.98)

0.001

0.06

1.06
(0.98,1.15)

Reference
0.93
(0.85,1.01)
0.85
(0.78,0.94)

0.97
(0.96,0.99)

Reference
1.06
(0.96,1.17)
0.94
(0.87,1.01)
0.93
(0.85,1.01)

Reference

0.96
(0.90,1.03)

0.86
(0.75,1.00)
0.85
(0.76,0.95)

<0.0001

0.020
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0.89
(0.80,0.98)

Reference
0.87
(0.79,0.97)
0.94
(0.84,1.05)

1.01
(0.99,1.02)

Reference
0.97
(0.86,1.11)
0.98
(0.89,1.08)
1.01
(0.91,1.13)

Reference

0.97
(0.89,1.05)

1.15
(0.98,1.35)
1.00
(0.88,1.14)

0.88

0.86

0.94
(0.66,1.35)

Reference
1.07
(0.74,1.56)
1.64
(1.12,2.39)

1.09
(1.03,1.15)

Reference
1.26
(0.82,1.93)
1.14
(0.81,1.61)
1.52
(1.04,2.22)

Reference

1.01
(0.76,1.35)

1.92
(1.18,3.13)
1.33
(0.85,2.08)

0.010

0.064



T 0.81 0.70 0.98 2.93
Overweight to obese (0.69,0.96) (0.56,0.88) (0.76,1.25) (1.58,5.46)

Abbreviations: y, years; No, number of cases; PY, person-years; Q, quartile; HR, hazard ratio; Cl, confidence interval; BMI, body
mass index (kg/m?); T, trajectory number; kg, kilograms; m, meters

P for Trend (Preng) Was calculated using the median category values modeled as a continuous variable (in models not adjusted for
starting weight/BMI).

Aggressive prostate cancer? was defined as biopsy Gleason score 7, and/or clinical stage I11 or greater, and/or prostate cancer as
underlying cause of death. Nonaggressive prostate cancer® was defined as otherwise. 157 prostate cancers lacked sufficient
information to determine prostate cancer subtype.

All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time metric
with separate baseline hazards by birth cohort (decade) and adjusted for covariates previously specified in Table 4.

Note: Models adjusted for weight (kg) at beginning of the time period of interest, and the average weight (kg) during the time
period of interest are provided in Supplemental Table 3.
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Figure 1. Linear trajectories of Body Mass Index (kg/m?) during adulthood among all eligible men in the PLCO, n=69,873.
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Supplemental Table 1. Characteristics of patients in the PLCO Cancer Screening Trial by case status.

Incident Prostate Cancer Mortality
All men Cancer-free Total Nonaggressive  Aggressive Fatal
n= 69,873 n= 62,051 n= 7,822 n= 4,587 n= 3,078 n= 255

Characteristic No. (%) No. (%) No. (%) No. (%) No. (%) No. (%)
Randomly assigned
group

Usual care 35666 (51.0%) 31493 (50.8%) 4173 (53.3%) 2556 (55.7%) 1530 (49.7%) 128 (50.2%)

Intervention 34207 (49.0%) 30558 (49.2%) 3649 (46.7%) 2031 (44.3%) 1548 (50.3%) 127 (49.8%)
Age at study entry

55-59 22447 (32.1%) 20564 (33.1%) 1883 (24.1%) 1194 (26.0%) 652 (21.2%) 30 (11.8%)

60-64 22023 (31.5%) 19365 (31.2%) 2658 (34.0%) 1583 (34.5%) 1029 (33.4%) 71 (27.8%)

65-69 16207 (23.2%) 14042 (22.6%) 2165 (27.7%) 1247 (27.2%) 870 (28.3%) 75 (29.4%)

70+ 9196 (13.2%) 8080 (13.0%) 1116 (14.3%) 563 (12.3%) 527 (17.1%) 79 (31.0%)

Mean (SD) 62.58 (5.33) 62.58 (5.33) 63.48 (5.11) 63.14 (5.03)  62.62 (5.31) 65.92 (5.23)
Education

Less than high school 5635 (8.1%) 5059 (8.2%) 576 (7.4%) 322 (7.0%) 243 (7.9%) 26 (10.2%)

High school graduate 12761 (18.3%) 11334 (18.3%) 1427 (18.3%) 809 (17.7%) 589 (19.2%) 43 (16.9%)

Some college 22824 (32.7%) 20340 (32.8%) 2484 (31.8%) 1482 (32.4%) 947 (30.8%) 81 (31.8%)

College graduate 13266 (19.0%) 11772 (19.0%) 1494 (19.1%) 901 (19.7%) 569 (18.5%) 52 (20.4%)

Postgraduate 15249 (21.9%) 13420 (21.7%) 1829 (23.4%) 1066 (23.3%) 725 (23.6%) 53 (20.8%)
Marital status

Married or cohabiting 57880 (83.0%) 51181 (82.6%) 6699 (85.8%) 3959 (86.5%) 2612 (85.0%) 202 (79.2%)

Single
Race
White

11865 (17.0%)

61800 (88.5%)

10755 (17.4%)

54849 (88.4%)

1110 (14.2%)

6951 (88.9%)
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619 (13.5%)

4142 (90.3%)

462 (15.0%)

2666 (86.6%)

53 (20.8%)

225 (88.2%)



Black
Other

Employment status

Unemployed
Employed

Family history of

prostate cancer
No
Yes

PSA test in last 3 years

No
Yes, once

Yes, more than once

Don't know

Enlarged prostate

No
Yes
Diabetes
No
Yes

Myocardial infarction

No
Yes

Cigarette smoking

Never
Current
Former

3109 (4.5%)
4926 (7.1%)

38966 (55.8%)
30907 (44.2%)

63106 (92.6%)
5079 (7.4%)

31900 (45.7%)
25031 (35.8%)
6876 (9.8%)
6060 (8.7%)

54683 (78.3%)
15118 (21.7%)

63321 (91.1%)
6221 (8.9%)

60247 (86.6%)
9293 (13.4%)

25506 (36.5%)
8139 (11.6%)
36218 (51.8%)

2647 (4.3%)
4520 (7.3%)

34404 (55.4%)
27647 (44.6%)

56302 (93.0%)
4228 (7.0%)

28550 (46.0%)
22233 (35.8%)
5818 (9.4%)
5445 (8.8%)

48899 (78.9%)
13089 (21.1%)

56038 (90.7%)
5719 (9.3%)

53375 (86.4%)
8385 (13.6%)

22300 (35.9%)
7428 (12.0%)
32315 (52.1%)

462 (5.9%)
406 (5.2%)

4562 (58.3%)
3260 (41.7%)

6804 (88.9%)
851 (11.1%)

3350 (42.8%)
2798 (35.8%)
1058 (13.5%)

615 (7.9%)

5784 (74.0%)
2029 (26.0%)

7283 (93.6%)
502 (6.4%)

6872 (88.3%)
908 (11.7%)

3206 (41.0%)
711 (9.1%)
3903 (49.9%)
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237 (5.2%)
206 (4.5%)

2603 (56.7%)
1984 (43.3%)

3983 (88.5%)
516 (11.5%)

1892 (41.2%)
1691 (36.9%)
649 (14.1%)
355 (7.7%)

3335 (72.8%)
1246 (27.2%)

4304 (94.4%)
257 (5.6%)

4040 (88.7%)
517 (11.3%)

1893 (41.3%)
408 (8.9%)
2285 (49.8%)

214 (7.0%)
197 (6.4%)

1868 (60.7%)
1210 (39.3%)

2679 (89.3%)
322 (10.7%)

1402 (45.6%)
1048 (34.1%)
375 (12.2%)
252 (8.2%)

2345 (76.3%)
730 (23.7%)

2833 (92.3%)
235 (7.7%)

2698 (88.0%)
368 (12.0%)

1258 (40.9%)
288 (9.4%)
1531 (49.8%)

24 (9.4%)
6 (2.4%)

180 (70.6%)
75 (29.4%)

227 (90.4%)
24 (9.6%)

132 (51.8%)
72 (28.2%)
25 (9.8%)
26 (10.2%)

195 (76.5%)
60 (23.5%)

240 (94.5%)
14 (5.5%)

219 (86.6%)
34 (13.4%)

97 (38.0%)
30 (11.8%)
128 (50.2%)



Aspirin use frequency

None 32101 (46.0%) 28487 (46.0%) 3614 (46.3%)
1-3 times per month 7270 (10.4%) 6489 (10.5%) 781 (10.0%)
1-4 times per week 9241 (13.3%) 8119 (13.1%) 1122 (14.4%)
1 or more per day 21122 (30.3%) 18834 (30.4%) 2288 (29.3%)

2129 (46.5%) 1405 (45.8%) 116 (45.7%)
475 (10.4%) 296 (9.6%) 29 (11.4%)
661 (14.4%) 437 (14.2%) 35 (13.8%)

1315 (28.7%) 930 (30.3%) 74 (29.1%)

NOTE. Column percent may not add up to 100% because of missing data.

*P values were calculated by Pearson x2 tests by using nonmissing values with comparison to cancer-free men.
**Aggressive prostate cancer was defined as biopsy Gleason score 7, and/or clinical stage 11l or greater, and/or prostate cancer as

underlying cause of death.

Nonaggressive prostate cancer was defined as otherwise. 157 prostate cancers lacked sufficient information to determine prostate cancer

subtype.

Other race includes Asian, Native Hawaiian or other Pacific Islander, American Indian, or Alaskan Native.

Study screening center (10 centers) is not shown.
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Supplemental Table 2. Anthropometric characteristics of patients in the PLCO Cancer Screening Trial by case status.

Incident Prostate Cancer Mortality
Cancer-free Total Nonaggressive  Aggressive Fatal
n= 62,051 n=7,822 n= 4,587 n= 3,078 n= 255
Characteristic No. (%) No. (%) No. (%) No. (%) No. (%)
Height, cm Ql: <174 18155 (29.3%) 2158 (27.6%) 1276 (27.8%) 838 (27.2%) 60 (23.5%)
(quartiles) Q2: 175-179 17754 (28.6%) 2248 (28.7%) 1308 (28.5%) 904 (29.4%) 82 (32.2%)
Q3: 180-184 15824 (25.5%) 2091 (26.7%) 1216 (26.5%) 817 (26.5%) 76 (29.8%)
Q4:>185 10318 (16.6%) 1325 (16.9%) 787 (17.2%) 519 (16.9%) 37 (14.5%)
Mean (SD) 177.75 (6.97) 177.97 (6.76)  178.00 (6.77)  177.93 (6.76) 178.13 (6.38)
Weight, kg Ql: <064 15716 (25.3%) 1920 (24.5%) 1127 (24.6%) 759 (24.7%) 57 (22.4%)
at age 20 Q2: 65-72 19598 (31.6%) 2584 (33.0%) 1521 (33.2%) 1005 (32.7%) 81 (31.8%)
(quartiles) Q3: 73-79 13232 (21.3%) 1746 (22.3%) 1029 (22.4%) 682 (22.2%) 57 (22.4%)
Q4:>80 13505 (21.8%) 1572 (20.1%) 910 (19.8%) 632 (20.5%) 60 (23.5%)
Mean (SD) 72.64 (10.91) 72.43 (10.32) 72.42(10.34) 72.46(10.31) 73.44 (10.60)
BMI, kg/m? <185 2835 (4.6%) 351 (4.5%) 207 (4.5%) 137 (4.5%) 5 (2.0%)
at age 20 18.5-24.9 44783 (72.2%) 5779 (73.9%) 3392 (73.9%) 2266 (73.6%) 185 (72.5%)
25.0-29.9 13147 (21.2%) 1578 (20.2%) 917 (20.0%) 634 (20.6%) 58 (22.7%)
>30 1286 (2.1%) 114 (1.5%) 71 (1.5%) 41 (1.3%) 7 (2.7%)
Mean (SD) 22.96 (2.93) 22.84 (2.79) 22.83 (2.81) 22.86 (2.78) 23.11 (2.84)
Weight, kg Ql: <74 17855 (28.8%) 2359 (30.2%) 1409 (30.7%) 897 (29.1%) 72 (28.2%)
at age 50 Q2: 75-82 14439 (23.3%) 1992 (25.5%) 1147 (25.0%) 804 (26.1%) 59 (23.1%)
(quartiles) Q3:83-91 15306 (24.7%) 1881 (24.0%) 1129 (24.6%) 718 (23.3%) 58 (22.7%)
Q4:>92 14451 (23.3%) 1590 (20.3%) 902 (19.7%) 659 (21.4%) 66 (25.9%)
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BMI, kg/m?
at age 50

Weight, kg
at baseline
(quartiles)

BMI, kg/m?
at baseline

Average weight, kg
(age 20 to age 50)

Average BMI, kg/m?
(age 20 to age 50)

Weight change, kg

Mean (SD)

<185
18.5-24.9
25.0-29.9
>30

Mean (SD)
Q1:<76
Q2: 77-85
Q3: 86-95
Q4:>96
Mean (SD)
<185
18.5-24.9
25.0-29.9
>30

Mean (SD)
Q1: <69
Q2: 70-77
Q3: 78-85
Q4:>86
Mean (SD)
<185
18.5-24.9
25.0-29.9
>30

Mean (SD)
Loss: >= -2

84.18 (13.46)
166 (0.3%)
20812 (33.5%)
31346 (50.5%)
9727 (15.7%)
26.60 (3.66)
17064 (27.5%)
14239 (22.9%)
16007 (25.8%)
14741 (23.8%)
87.24 (14.78)
195 (0.3%)
16041 (25.9%)
31174 (50.2%)
14641 (23.6%)
27.56 (4.10)
16636 (26.8%)
15990 (25.8%)
14765 (23.8%)
14660 (23.6%)
78.41 (11.21)
253 (0.4%)
35795 (57.7%)
22622 (36.5%)
3381 (5.4%)
24.78 (2.94)
3158 (5.1%)

83.24 (12.42)
11 (0.1%)
2892 (37.0%)
3971 (50.8%)
948 (12.1%)
26.24 (3.34)
2204 (28.2%)
1939 (24.8%)
2035 (26.0%)
1644 (21.0%)
86.52 (13.66)
14 (0.2%)
2150 (27.5%)
4046 (51.7%)
1612 (20.6%)
27.28 (3.81)
2137 (27.3%)
2142 (27.4%)
1897 (24.3%)
1646 (21.0%)
77.83 (10.45)
24 (0.3%)
4766 (60.9%)
2741 (35.0%)
291 (3.7%)
24.54 (2.73)
396 (5.1%)
112

83.08 (12.32)
7 (0.2%)
1699 (37.0%)
2345 (51.1%)
536 (11.7%)
26.18 (3.30)
1286 (28.0%)
1131 (24.7%)
1218 (26.6%)
952 (20.8%)
86.35 (13.20)
5 (0.1%)
1260 (27.5%)
2397 (52.3%)
925 (20.2%)
27.22 (3.66)
1267 (27.6%)
1253 (27.3%)
1121 (24.4%)
946 (20.6%)
77.75 (10.41)
15 (0.3%)
2819 (61.5%)
1582 (34.5%)
171 (3.7%)
2451 (2.71)
233 (5.1%)

83.54 (12.66)
4 (0.1%)
1125 (36.5%)
1552 (50.4%)
397 (12.9%)
26.34 (3.40)
872 (28.3%)
759 (24.7%)
779 (25.3%)
668 (21.7%)
86.86 (14.41)
9 (0.3%)

843 (27.4%)
1563 (50.8%)
663 (21.5%)
27.39 (4.01)
823 (26.7%)
845 (27.5%)
736 (23.9%)
674 (21.9%)
78.00 (10.58)
9 (0.3%)
1845 (59.9%)
1108 (36.0%)
116 (3.8%)
24.60 (2.75)
155 (5.0%)

84.75 (13.51)
0 (0.0%)

91 (35.7%)
124 (48.6%)
40 (15.7%)
26.67 (3.77)
68 (26.7%)
59 (23.1%)
62 (24.3%)
66 (25.9%)
88.63 (15.84)
0 (0.0%)

65 (25.5%)
126 (49.4%)
64 (25.1%)
27.88 (4.44)
67 (26.3%)
66 (25.9%)
56 (22.0%)
66 (25.9%)
79.09 (11.25)
0 (0.0%)

142 (55.7%)
97 (38.0%)
16 (6.3%)
24.89 (3.01)
12 (4.7%)



age 20 to 50

Weight change, kg
age 20 to baseline

Weight change, kg

age 50 to baseline

Stable: -2to 5
Gain: 5to 15

Large Gain: >=15
Ql: <44
Q2:45-95
Q3:9.6-15.9
Q4:>16.0
Mean (SD)
Loss: <2
Stable: —2t0 4.9
Gain: 4.9t0 14.9
Large Gain: >=15
Q1l:<6.7
Q2:6.8-13.6
Q3:13.7-20.9
Q4:>21.0
Mean (SD)

Loss: <2

Stable: —=1.9to
+4.9

Gain: +5to
+14.9

Large Gain; >
+15
Q1: <0
Q2:0.1-24
Q3:2.5-6.8
Q4:>6.9

13207 (21.3%)
26706 (43.0%)

18980 (30.6%)
16349 (26.3%)
14515 (23.4%)
15645 (25.2%)
15542 (25.0%)
11.55 (9.88)
3593 (5.8%)
9001 (14.5%)
21821 (35.2%)
27636 (44.5%)
16284 (26.2%)
14760 (23.8%)
15375 (24.8%)
15632 (25.2%)
14.60 (12.05)
12264 (19.8%)

30472 (49.1%)
15512 (25.0%)

3803 (6.1%)
22801 (36.7%)
10182 (16.4%)
14551 (23.5%)
14517 (23.4%)

1796 (23.0%)
3479 (44.5%)

2151 (27.5%)
2191 (28.0%)
1898 (24.3%)
2037 (26.0%)
1696 (21.7%)
10.81 (9.20)
455 (5.8%)
1136 (14.5%)
2882 (36.8%)
3349 (42.8%)
2129 (27.2%)
1902 (24.3%)
1974 (25.2%)
1817 (23.2%)
14.09 (11.41)
1394 (17.8%)

3925 (50.2%)
2060 (26.3%)

443 (5.7%)
2668 (34.1%)
1386 (17.7%)
1902 (24.3%)
1866 (23.9%)
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1053 (23.0%)
2062 (45.0%)

1239 (27.0%)
1285 (28.0%)
1151 (25.1%)
1187 (25.9%)
964 (21.0%)
10.66 (9.19)
263 (5.7%)
664 (14.5%)
1709 (37.3%)
1951 (42.5%)
1246 (27.2%)
1133 (24.7%)
1169 (25.5%)
1039 (22.7%)
13.93 (11.10)
798 (17.4%)

2340 (51.0%)
1195 (26.1%)

254 (5.5%)
1519 (33.1%)
845 (18.4%)
1146 (25.0%)
1077 (23.5%)

699 (22.7%)
1349 (43.8%)

875 (28.4%)
854 (27.7%)
705 (22.9%)
821 (26.7%)
698 (22.7%)
11.08 (9.25)
180 (5.8%)
447 (14.5%)
1116 (36.3%)
1335 (43.4%)
837 (27.2%)
730 (23.7%)
767 (24.9%)
744 (24.2%)
14.40 (11.87)
570 (18.5%)

1502 (48.8%)
827 (26.9%)

179 (5.8%)
1087 (35.3%)
520 (16.9%)
715 (23.2%)
756 (24.6%)

58 (22.7%)
109 (42.7%)

76 (29.8%)
70 (27.5%)
58 (22.7%)
70 (27.5%)
57 (22.4%)
11.31 (9.16)
14 (5.5%)
38 (14.9%)
86 (33.7%)
117 (45.9%)
70 (27.5%)
53 (20.8%)
68 (26.7%)
64 (25.1%)
15.20 (12.62)
48 (18.8%)

117 (45.9%)
68 (26.7%)

22 (8.6%)
84 (32.9%)
41 (16.1%)
59 (23.1%)
71 (27.8%)



Mean (SD) 3.05 (7.89) 3.28 (7.48) 3.27 (7.20) 3.32 (7.88) 3.89 (8.46)
Maximum weight Ql: <74 17855 (28.8%) 2359 (30.2%) 1409 (30.7%) 897 (29.1%) 72 (28.2%)
kg, age 20,50 or BQ Q2: 75-81 14439 (23.3%) 1992 (25.5%) 1147 (25.0%) 804 (26.1%) 59 (23.1%)
Q3: 82-91 15306 (24.7%) 1881 (24.0%) 1129 (24.6%) 718 (23.3%) 58 (22.7%)
Q4:>92 14451 (23.3%) 1590 (20.3%) 902 (19.7%) 659 (21.4%) 66 (25.9%)
Mean (SD) 84.18 (13.46) 83.24 (12.42) 83.08 (12.32) 83.54 (12.66) 84.75 (13.51)
Time when BMI Never 12963 (20.9%) 1767 (22.6%) 1032 (22.5%) 693 (22.5%) 50 (19.6%)
first exceeded Baseline age 7189 (11.6%) 1029 (13.2%) 618 (13.5%) 388 (12.6%) 38 (14.9%)
25 kg/m? Age 50 27466 (44.3%) 3334 (42.6%) 1949 (42.5%) 1322 (42.9%) 102 (40.0%)
(Threshold) Age 20 14433 (23.3%) 1692 (21.6%) 988 (21.5%) 675 (21.9%) 65 (25.5%)

NOTE. Column percent may not add up to 100% because of missing data.

*P values were calculated by Pearson x2 tests by using nonmissing values with comparison to cancer-free men.
**Aggressive prostate cancer was defined as biopsy Gleason score 7, and/or clinical stage 11l or greater, and/or prostate cancer as
underlying cause of death. Nonaggressive prostate cancer was defined as otherwise. 157 prostate cancers lacked sufficient

information to determine prostate cancer subtype.
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Supplemental Table 3. Associations between body weight change and prostate cancer risks among men in the PLCO Cancer
Screening Trial by case status, after adjustment for initial weight (model 2) or average weight (model 3).

Total Incident Prostate Nonaggressive Prostate Aggressive Prostate Fatal Prostate

Cancer Cancer! Cancer? Cancer
n= 7,822 n= 4,587 n= 3,078 n= 255
Model 2* Model 3** Model 2* Model 3°* Model 2* Model 3** Model 2* Model 3**

Characteristic HR(95%CI) HR(95%CI) HR(95%CI) HR(95%CI) HR(95%CI) HR(95%CI) HR(95%CI) HR(95%CI)

Weight change, kg

115

(Cumulative,
age 20 to 50)
Loss: 1.03 1.02 1.04 1.03 1.03 1.04 0.83 0.95
<=2 (0.92,1.15) (0.91,1.14) (0.90,1.21) (0.89,1.18) (0.86,1.23) (0.87,1.24) (0.44,1.56) (0.54,178)
E&églfé, 149 Reference Reference Reference Reference Reference Reference Reference Reference
Gain: 0.98 0.99 0.99 1.00 0.98 0.97 1.00 0.94
+5t0+14.9 (0.92,1.04) (0.93,1.04) (0.91,1.06) (0.93,1.08) (0.89,1.07) (0.88,1.06) (0.72,1.38) (0.71,1.29)
Large Gain: 0.94 0.96 0.91 0.95 0.99 0.97 1.30 1.16
>+15 (0.88,1.00) (0.90,1.02) (0.83,0.99) (0.87,1.04) (0.89,1.11) (0.87,1.08) (0.91,1.86) (0.84,1.64)
Ql:<44 1.03 1.03 1.00 0.99 1.09 1.10 1.03 1.09
= (0.97,1.10) (0.97,1.09) (0.92,1.09) (0.91,1.07) (0.98,1.21) (0.99,1.22) (0.72,1.48) (0.77,1.56)
Q2:45-95 Reference Reference Reference Reference Reference Reference Reference Reference
03: 9.6-15.9 1.02 1.03 0.98 0.99 1.13 1.13 1.25 1.19
(0.96,1.09) (0.97,1.10) (0.90,1.06) (0.91,1.07) (1.02,1.26) (1.02,1.25) (0.87,1.79) (0.86,1.69)
Q4:>16.0 0.94 0.96 0.87 0.90 1.06 1.04 1.31 1.20
e (0.88,1.01) (0.89,1.03) (0.80,0.95) (0.83,0.99) (0.95,1.18) (0.93,1.16) (0.90,1.91) (0.87,1.72)
Continuous, 0.98 0.99 0.97 0.98 1.00 0.99 1.08 1.04
per 5 kg (0.97,0.99) (0.97,1.00) (0.95,0.99) (0.97,1.00) (0.98,1.02) (0.97,1.02) (1.01,1.15) (0.99,1.10)
Continuous, 0.94 0.96 0.91 0.95 1.00 0.99 1.14 1.13



per 0.5 kgly

Weight change, kg
(Cumulative,
age 20 to BQ)
Loss:
<-2
Stable:
-1.9to +4.9
Gain:
+51t0 +14.9
Large Gain:
>+15

Ql:<6.7
Q2:6.8-13.6
Q3:13.7-20.9

Q4:>21.0

Continuous,
per 5 kg

Continuous,
per 0.5 kgly

Weight change, kg
(Cumulative,
age 50 to BQ)
Loss:
<-2
Stable:
-1.9to +4.9

(0.91,0.98)

1.11
(0.99,1.24)

Reference

1.06
(0.99,1.14)
1.01
(0.94,1.09)

1.02
(0.96,1.09)
Reference
1.00
(0.94,1.07)
0.96
(0.90,1.03)
0.99
(0.98,1.00)
0.95
(0.91,1.00)

0.95
(0.89,1.02)

Reference

(0.93,1.00)

1.10
(0.98,1.23)

Reference

1.07
(0.99,1.14)
1.03
(0.96,1.11)

1.02
(0.95,1.08)
Reference
1.01
(0.95,1.08)
0.98
(0.91,1.05)
0.99
(0.98,1.01)
0.97
(0.93,1.02)

0.94
(0.89,1.01)

Reference

(0.86,0.96)

1.12
(0.97,1.30)

Reference

1.07
(0.98,1.18)
1.00
(0.91,1.10)

1.02
(0.94,1.10)
Reference
0.99
(0.91,1.08)
0.92
(0.84,1.00)
0.98
(0.97,0.99)
0.91
(0.86,0.97)

0.96
(0.88,1.05)

Reference

(0.90,0.99)

1.10
(0.96,1.28)

Reference

1.09
(1.00,1.20)
1.05
(0.96,1.16)

1.00
(0.92,1.08)
Reference
1.01
(0.93,1.10)
0.96
(0.88,1.05)
0.99
(0.98,1.01)
0.96
(0.90,1.02)

0.94
(0.86,1.02)

Reference
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(0.98,1.02)

1.09
(0.91,1.30)

Reference

1.05
(0.94,1.18)
1.04
(0.93,1.16)

1.04
(0.94,1.15)
Reference
1.03
(0.92,1.14)
1.02
(0.92,1.14)
1.00
(0.99,1.02)
1.00
(0.99,1.02)

0.95
(0.86,1.05)

Reference

(0.97,1.02)

1.10
(0.92,1.31)

Reference

1.04
(0.93,1.17)
1.02
(0.91,1.14)

1.04
(0.94,1.15)
Reference
1.02
(0.92,1.13)
1.00
(0.90,1.12)
1.00
(0.98,1.01)
1.00
(0.98,1.01)

0.95
(0.86,1.05)

Reference

(0.93,1.40)

0.93
(0.49,1.73)

Reference

1.10
(0.74,1.63)
131
(0.89,1.93)

1.04
(0.72,1.50)
Reference
1.26
(0.88,1.82)
1.29
(0.89,1.87)
1.06
(1.01,1.12)
1.20
(0.94,1.52)

0.83
(0.58,1.18)

Reference

(0.95,1.38)

1.01
(0.54,1.87)

Reference

1.02
(0.69,1.51)
1.05
(0.71,1.55)

1.13
(0.79,1.62)
Reference
1.18
(0.82,1.70)
1.05
(0.72,1.54)
1.01
(0.96,1.07)
1.20
(0.94,1.52)

0.90
(0.63,1.27)

Reference



Gain: 1.01 1.01 1.00 1.01 1.03 1.02 0.97 0.90
+51t0+14.9 (0.95,1.06)  (0.96,1.07)  (0.93,1.07)  (0.94,1.09) (0.94,1.12) (0.93,1.12) (0.71,1.31) (0.66,1.23)
Large Gain: 0.95 0.97 0.95 1.01 0.92 0.90 1.14 0.95
>+15 (0.85,1.05) (0.87,1.08) (0.84,2.09) (0.88,1.16) (0.78,1.08)  (0.76,1.07)  (0.70,1.85)  (0.57,1.57)
Q1:<0 0.92 0.91 0.88 0.86 0.95 0.96 0.79 0.83
T (0.86,0.98)  (0.85,0.97) (0.80,0.96)  (0.79,0.94) (0.86,1.06)  (0.86,1.06)  (0.54,1.15)  (0.57,1.21)
Q2:0.1-24 Reference Reference Reference Reference Reference Reference Reference Reference
03: 25-6.8 0.94 0.95 0.94 0.95 0.92 0.92 0.89 0.86
e (0.88,1.01) (0.88,1.02) (0.86,1.03) (0.87,1.04) (0.82,1.03) (0.82,1.03) (0.59,1.32)  (0.58,1.29)
Q4:> 6.9 0.95 0.96 0.92 0.95 0.97 0.96 0.94 0.84
T (0.88,1.02) (0.89,1.04) (0.84,2.01) (0.87,1.05) (0.86,1.09) (0.85,1.08) (0.63,1.39)  (0.56,1.26)
Continuous, 1.00 1.01 1.00 1.01 1.00 1.00 1.04 1.00
per 5 kg (0.99,1.02) (0.99,1.02) (0.98,1.02)  (0.99,1.03) (0.98,1.03) (0.98,1.03)  (0.97,1.13)  (0.92,1.08)
Continuous, 1.00 1.01 1.00 1.01 1.00 1.00 1.05 1.05
per 0.5 kgly (0.98,1.02)  (0.99,1.03) (0.97,1.02)  (0.99,1.03) (0.98,1.03) (0.98,1.03) (0.94,1.16) (0.94,1.16)
Average weight,
kg, ages 20 & 50
Q1: <69 1.01 1.06 0.92 0.95
(0.94,1.08) (0.97,1.16) (0.83,1.03) (0.65,1.41)
1.00 1.00 1.00 1.00
Q2: 70-77 (Referent) (Referent) (Referent) (Referent)
0.96 0.95 0.97 0.96
Q3: 78-85 (0.89,1.02) (0.87,1.04) (0.87,1.08) (0.65,1.42)
Q4: > 86 0.89 0.83 0.98 1.33
T (0.81,0.98) (0.74,0.95) (0.84,1.14) (0.80,2.22)
Continuous, 0.96 0.94 1.00 1.16
per 5 kg (0.94,0.99) (0.91,0.97) (0.96,1.05) (1.01,1.33)
Average BMI,
kg/m?,
ages 20 & 50
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0.84 0.90 0.78

<185 (0.56,1.26) (0.54,1.50) (0.40,1.50) -
1.00 1.00 1.00 1.00
18.5-24.9 (Referent) (Referent) (Referent) (Referent)
25.0-29.9 0.95 0.91 1.02 141
' ' (0.89,1.01) (0.83,0.99) (0.92,1.13) (0.99,2.00)
=30 0.77 0.74 0.80 2.04
- (0.66,0.89) (0.61,0.91) (0.63,1.02) (0.97,4.30)
Continuous, 0.89 0.81 1.01 1.63
per 5 kg/m? (0.81,0.96) (0.73,0.91) (0.88,1.15) (1.05,2.53)

Abbreviations: No, number of cases; PY, person-years; Q, quartile; y, year; BQ, baseline questionnaire; HR, hazard ratio; CI, confidence
interval; BMI, body mass index (kg/m?).

P for Trend (Preng) Was calculated using the median category values modeled as a continuous variable (in models not adjusted for initial
weight/BMI).

Aggressive prostate cancer’ was defined as biopsy Gleason score 7, and/or clinical stage 111 or greater, and/or prostate cancer as underlying
cause of death. Nonaggressive prostate cancer' was defined as otherwise. 157 prostate cancers lacked enough information to determine
prostate cancer subtypes.

All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time metric with separate
baseline hazards by birth cohort(decade). Total and nonaggressive prostate cancer models were adjusted for screening arm (usual care,
screening), screening center (10 study centers), race (white, black, other), education (less than high school, high school graduate, some
college, college graduate, postgraduate), married or cohabiting (yes, no), diabetes (yes, no),cigarette smoking (ever, former, never), history of
BPH (yes, no), PSA history during the 3 years prior to study entry (0,1,2+), family history of prostate cancer (yes,no) and myocardial
infarction (yes, no). Aggressive disease models were adjusted for screening arm (usual care, screening), screening center (10 study centers),
race (white, black, other), married or cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), family history of
prostate cancer (yes,no) and myocardial infarction (yes, no). Fatal prostate cancer was adjusted for screening arm (usual care, screening),
screening center (10 study centers), race (white, black, other), married or cohabiting (yes, no), diabetes (yes, no),cigarette smoking (ever,
former, never), history of BPH (yes, no), PSA history during the 3 years prior to study entry (0,1,2+), family history of prostate cancer
(yes,no), myocardial infarction (yes, no) and height at study entry(m).

Model 2+: With adjustment for weight (kg) at beginning of the time period of interest.

Model 3++: With adjustment for the average of the weight (kg) at the beginning and end of the time period of interest (an independent
measure from weight change).
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Supplemental Table 4. Associations between anthropometric characteristics and prostate cancer risk among men in the
PLCO Cancer Screening Trial by three different definitions of prostate cancer aggressiveness.
Aggressive Definition 1

Aggressive Definition 2 Aggressive Definition 38

n= 1,071 n= 3,587 n=1,583
Characteristic HR (95% CI)* Prend HR (95% CI)"  Prreng HR (95% CI)*  Prreng
Height, cm Q1l: <174 0.93(0.79,1.09) 0.0437 0.93(0.85,1.01) 0.0521 0.93(0.81,1.07) 0.0020
(quartiles) Q2: 175-179 Reference Reference Reference
Q3:180-184 1.12 (0.96,1.32) 1.01 (0.93,1.10) 1.12 (0.98,1.27)
Q4:>185 1.07 (0.88,1.28) 1.02 (0.92,1.13) 1.15 (0.99,1.34)
Continuous,
per 5 cm 1.03 (0.99,1.08) 1.03 (1.00,1.05) 1.05 (1.01,1.09)
Weight, kg Ql: <64 0.87 (0.74,1.03) 0.0579 0.95 (0.87,1.04) 0.39 0.93(0.81,1.07) 0.18
at age 20 Q2: 65-72 Reference Reference Reference
(quartiles) Q3:73-79 1.04 (0.88,1.23) 1.07 (0.97,1.17) 1.04 (0.90,1.19)
Q4: >80 1.06 (0.89,1.27) 0.98 (0.89,1.08) 1.04 (0.90,1.20)
Continuous,
per 5 kg 1.02 (0.99,1.06) 1.01 (0.99,1.03) 1.01 (0.99,1.04)
BMI, kg/m? <185 0.78 (0.57,1.07) 0.28 0.96 (0.82,1.13) 0.75 0.86 (0.67,1.11) 0.29
at age 20 18.5-24.9 Reference Reference Reference
25.0-29.9 1.02 (0.87,1.19) 1.03 (0.95,1.12) 1.05 (0.93,1.19)
>30 1.07 (0.67,1.68) 0.85 (0.65,1.11) 0.96 (0.66,1.41)
Continuous,
oer 5 kg/m’ 1.07 (0.96,1.19) 1.02 (0.97,1.08) 1.05 (0.96,1.14)
Weight, kg Q1l:<74 0.81 (0.69,0.96) 0.14 0.93 (0.84,1.02) 0.47 0.88 (0.77,1.01) 0.57
at age 50 Q2: 75-82 Reference Reference Reference
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(quartiles)

BMI, kg/m?
at age 50

Weight, kg
at baseline
(quartiles)

BMI, kg/m?
at baseline

Mean weight, kg

(age 20 to age 50)

Q3:83-91
Q4:>92

Continuous,
per 5 kg

<185
18.5-24.9
25.0-29.9
>30
Continuous,
per 5 kg/m?
Q1:<76
Q2: 77-85
Q3: 86-95
Q4:>96
Continuous,
per 5 kg
<18.5
18.5-24.9
25.0-29.9
>30
Continuous,
per 5 kg/m?
Q1: <69
Q2: 70-77
Q3: 78-85
Q4: > 86

0.84 (0.71,1.00)
1.02 (0.85,1.22)

1.02 (0.99,1.05)

0.35 (0.05,2.48)

Reference
1.03 (0.90,1.18)
1.08 (0.89,1.32)

1.07 (0.98,1.17)

0.95 (0.80,1.13)

Reference
1.04 (0.87,1.23)
1.03 (0.86,1.24)

1.02 (1.00,1.05)

0.33 (0.05,2.35)

Reference
1.00 (0.87,1.16)
1.13 (0.95,1.34)

1.08 (1.00,1.17)

0.81 (0.69,0.96)

Reference
0.91 (0.76,1.08)
1.01 (0.84,1.21)

0.35

0.36

0.16

0.12
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0.91 (0.82,0.99)
0.92 (0.83,1.01)

1.00 (0.98,1.01)

0.69 (0.31,1.54)

Reference
1.00 (0.93,1.07)
0.94 (0.85,1.05)

0.99 (0.94,1.04)

0.97 (0.88,1.06)

Reference
0.97 (0.88,1.06)
0.92 (0.83,1.02)

1.00 (0.99,1.01)

1.05 (0.57,1.97)

Reference
1.01 (0.93,1.09)
0.99 (0.90,1.09)

1.00 (0.96,1.05)

0.93 (0.85,1.03)

Reference
0.99 (0.90,1.09)
0.96 (0.87,1.07)

0.47

0.31

0.85

0.65

0.90 (0.78,1.04)
0.96 (0.82,1.12)

1.00 (0.98,1.03)

0.50 (0.13,2.01)

Reference
1.03 (0.92,1.15)
0.98 (0.83,1.15)

1.01 (0.94,1.09)

0.98 (0.85,1.13)

Reference
1.09 (0.95,1.26)
1.00 (0.86,1.17)

1.01 (0.99,1.03)

0.23 (0.03,1.66)

Reference
1.02 (0.91,1.15)
1.02 (0.88,1.18)

1.04 (0.97,1.11)

0.83 (0.72,0.95)

Reference
0.91 (0.79,1.04)
0.93 (0.80,1.08)

0.91

0.49

0.62

0.40



Mean BMI, kg/m?
(age 20 to age 50)

Weight change, kg
age 20 to 50

Weight change, kg

age 20 to baseline

Continuous,
per 5 kg

<185
18.5-24.9
25.0-29.9
>30

Continuous,
per 5 kg/m?

Loss: <-2
Stable: —1.9to
+4.9

Gain: +5to
+14.9

Large Gain: >
+15

Q1. <44
Q2:45-95
Q3:9.6-15.9
Q4:>16.0
Continuous,
per 5 kg

Continuous,
per 0.5 kg/year

Loss: <-2
Stable: —1.9 to
+4.9

Gain: +5to
+14.9

Large Gain; >

1.03 (0.99,1.06)

0.62 (0.20,1.93)

Reference
1.12 (0.98,1.27)
1.00 (0.73,1.36)

1.10 (0.98,1.22)

0.98 (0.73,1.33)
Reference
0.96 (0.82,1.12)

1.05 (0.89,1.25)
1.11 (0.94,1.32)

Reference
1.22 (1.03,1.45)
1.11 (0.93,1.33)

1.01 (0.98,1.04)

1.01 (0.98,1.04)
0.98 (0.72,1.32)
Reference

1.04 (0.86,1.25)
1.07 (0.89,1.28)

0.17

0.55

0.49

0.40
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1.00 (0.98,1.02)

1.01 (0.61,1.69)

Reference
1.04 (0.97,1.12)
0.88 (0.74,1.05)

1.01 (0.95,1.07)

0.98 (0.83,1.15)
Reference
0.93 (0.86,1.01)

0.93 (0.85,1.02)
1.10(1.01,1.21)

Reference
1.07 (0.98,1.18)
1.01 (0.91,1.11)

0.99 (0.97,1.01)

0.99 (0.97,1.01)
1.05(0.89,1.23)
Reference

1.03 (0.93,1.14)
1.00 (0.90,1.10)

0.99

0.14

0.19

0.53

1.01 (0.98,1.04)

0.86 (0.39,1.94)

Reference
1.06 (0.95,1.18)
0.93 (0.72,1.20)

1.04 (0.95,1.13)

1.03 (0.81,1.31)
Reference
0.95 (0.84,1.08)

0.96 (0.83,1.10)
1.07 (0.93,1.23)

Reference
1.04 (0.91,1.20)
0.99 (0.85,1.15)

0.99 (0.96,1.02)

0.99 (0.96,1.02)
0.95 (0.74,1.22)

Reference

0.99 (0.85,1.15)
0.99 (0.85,1.15)

0.62

0.43

0.42

0.87



Weight change, kg

age 50 to baseline

Maximum weight
kg, age 20, 50 or BQ

+15

QL:<6.7
Q2:6.8-13.6
Q3:13.7-20.9
Q4:>21.0
Continuous,
per 5 kg
Continuous,
per 0.5 kg/year
Loss: <-2
Stable: —1.9to
+4.9

Gain: +5to
+14.9

Large Gain: >
+15

Q1:<0
Q2:0.1-24
Q3:2.5-6.8
Q4:>6.9
Continuous,
per 5 kg

Continuous,
per 0.5 kg/year
QL: <74

Q2: 75-81
Q3:82-91
Q4:>92

1.13 (0.95,1.34)

Reference
1.18 (0.99,1.40)
1.13 (0.94,1.35)

1.02 (0.99,1.04)

1.02 (0.99,1.04)
1.00 (0.85,1.18)

Reference
1.15 (1.00,1.33)

1.05 (0.82,1.36)
0.89 (0.74,1.06)

Reference
0.91 (0.75,1.10)
1.01 (0.84,1.23)

1.02 (0.98,1.06)

1.02 (0.98,1.06)

0.81 (0.69,0.96)

Reference
0.84 (0.71,1.00)
1.02 (0.85,1.22)

0.59

0.16

0.19

0.14
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1.04 (0.94,1.14)

Reference
0.99 (0.91,1.09)
0.99 (0.90,1.09)

1.00 (0.98,1.01)

1.00 (0.98,1.01)
0.91 (0.83,1.00)

Reference
1.01 (0.93,1.09)

0.93 (0.80,1.08)
0.94 (0.85,1.04)

Reference
0.93 (0.84,1.03)
0.98 (0.88,1.09)

1.01 (0.99,1.03)

1.01 (0.99,1.03)

0.93(0.84,1.02)

Reference
0.91 (0.82,0.99)
0.92 (0.83,1.01)

0.32

0.30

0.58

0.47

1.12 (0.97,1.28)

Reference
1.11 (0.96,1.28)
1.08 (0.93,1.25)

1.00 (0.98,1.03)

1.00 (0.98,1.03)
0.90 (0.78,1.04)

Reference
1.07 (0.95,1.20)

1.03 (0.83,1.27)
0.90 (0.78,1.04)

Reference
0.93 (0.79,1.09)
1.01 (0.87,1.19)

1.02 (0.99,1.06)

1.02 (0.99,1.06)

0.88 (0.77,1.01)

Reference
0.90 (0.78,1.04)
0.96 (0.82,1.12)

0.98

0.0548

0.14

0.57



Time when BMI

first exceeded 25 kg/m?

(Threshold)

Trajectory: BMI,

age 20 to 50 to BQ

Continuous,
per 5 kg
Never
Baseline age
Age 50

Age 20

T1: Normal
BMI, stable
T2: Normal

BMI to
overweight

T3: Normal
BMI to Obese

T4: Stable
Overweight

T5: Overweight
to Obese

1.02 (0.99,1.05)

Reference
1.04 (0.84,1.28)
1.06 (0.90,1.25)
1.08 (0.90,1.30)

Reference

1.00 (0.87,1.14)
1.30 (1.01,1.68)

1.11 (0.89,1.38)

1.24 (0.85,1.83)

0.39

0.10

1.00 (0.98,1.01)

Reference
0.98 (0.87,1.10)
0.99 (0.90,1.08)
1.01 (0.91,1.12)

Reference

0.99 (0.92,1.07)
1.14 (0.99,1.32)

0.96 (0.85,1.09)

0.90 (0.72,1.13)

0.85

0.66

1.00 (0.98,1.03)

Reference
1.02 (0.86,1.22)
1.01 (0.89,1.16)
1.06 (0.91,1.24)

Reference

1.01 (0.90,1.13)
1.17 (0.94,1.46)

1.03 (0.86,1.24)

1.03 (0.74,1.44)

0.49

0.49

*P for Trend (P+reng) Was calculated using the median category values modeled as a continuous variable (from models not adjusted for

starting weight/BMI)
Definition 1: aggressive prostate cancer was defined as biopsy Gleason score >= 8, and/or clinical stage 111 or greater, and/or fatal

prostate cancer

tDefinition 2: aggressive prostate cancer was defined as comprehensive Gleason score >= 7, and/or comprehensive stage |1 or greater,
and/or fatal prostate cancer.

IDefinition 3: aggressive prostate cancer was defined as comprehensive Gleason score >= 8, and/or comprehensive stage Il or greater,
and/or fatal prostate cancer.
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All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time metric with
separate baseline hazards by birth cohort(decade). Aggressive disease models were adjusted for screening arm (usual care, screening),
screening center (10 study centers), race (white, black, other), married or cohabiting (yes, no), diabetes (yes, no), cigarette smoking

(ever, former, never), family history of prostate cancer (yes, no) and myocardial infarction (yes, no) and height at study entry (in
models of weight change).
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ABSTRACT

Background: We investigated whether selected genetic variants modified associations
between prediagnostic circulating sex steroid hormones and aggressive prostate cancer
risk. Methods: We conducted a nested case-control study among non-Hispanic white
men within the PLCO. Genetic variants selected were known aggressive prostate cancer
susceptibility risk loci or variants within genes related to sex steroid hormone
biosynthesis predicted to be deleterious or functional. Among 163 aggressive prostate
cancer cases and 145 controls, we examined interactions between circulating hormones
and single nucleotide polymorphisms (SNPs) in relation to aggressive prostate cancer
risk. Conditional logistic regression was used to estimate odds ratios (ORs) and 95%
confidence intervals (Cl). Results: Risk of aggressive prostate cancer was inversely
associated with the estradiol:testosterone ratio (ORa guartite vs. 1st = 0.29; 95% CI = 0.12 to
0.70; P =0.0064). Of 17 prostate cancer susceptibility variants examined, two were
marginally associated with aggressive disease; rs10993994 within 10g11.23 (OR = 1.35;
95% CI1 =0.98 to 1.86) and rs4430796 within 17q12 (OR =1.72; 95% CI = 1.00 to 2.99),
the latter of which modified (Petect modgification = 0.04) the protective association of higher
estradiol:testosterone ratios on aggressive disease and tentative evidence of synergistic
interaction (Pagditive = 0.03) was exhibited. Of the 9 deleterious/functional SNPs
examined, the highest scored variant for deleteriousness—rs4148301 near UGT2A2 (OR
=1.72; 95% CI = 1.02 to 2.90)—was associated with greater risk of aggressive disease.
None of the predicted deleterious/functional SNPs modified the association between

estradiol:testosterone ratio and aggressive prostate cancer. All associations were not

126



significant after correction for multiple testing. Conclusion: From this modestly sized
analysis, we found marginal evidence that known aggressive prostate cancer genetics
variants modify the association between circulating sex steroid hormones and aggressive
prostate cancer, while genetic variants in genes involved in estrogen and androgen
biosynthesis exhibited little to no evidence of effect modification. Larger studies that
focus on aggressive disease are needed to confirm our results and aid in understanding

these relationships.
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Introduction

Prostate cancer (PCa) is the most common cancer in men and the second leading cause of

cancer death in the United States.? Sex steroid hormones have long been suspected to

18,34,425

play a role to prostate carcinogenesis, with a particular focus on androgens, which

are important for the development, growth and maintenance of the prostate gland.?*°4%

Although there has been a focus on conversion of testosterone to the more potent
androgen—dihydrotestosterone (DHT)— in relation to prostate carcinogenesis, it was
recently evidenced that the estradiol to testosterone ratio was associated with aggressive
PCa.**" Combined with certain genotoxins, testosterone has been shown to promote PCa

in mice. Testosterone is converted to the metabolite estradiol by the enzyme

32,312

aromatase, which is expressed in the prostatic fat tissue in both rodents and

286,428,429

humans.?"? Estradiol can also be converted to catechol estrogens which, through

redox cycling, can produce reactive metabolites that can cause DNA adducts and
mutations.?%*343! Evidence from animal and human studies suggest that this metabolism
of estradiol may be related to prostate carcinogenesis.?®***> Over the last few decades,
attempts to elucidate the influence of sex steroid hormones on PCa risk and progression

have provided inconclusive results.*¢=">%

During the last decade, genome-wide association studies (GWAS) have identified

common germline SNPs associated with PCa.*?**® To date, at least 90 risk loci have

been identified across multiple studies, which is more than any other cancer site. #%%

However, most of these studies were conducted on overall prostate cancer, therefore only

a few loci have been associated with aggressive or lethal forms of the disease.*1163434-43
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Previous GWAS studies have also identified associations with PCa risk variants and sex
steroid hormone concentrations (serum androgens and SHBG);*** however, the one study
to our knowledge that has evaluated the interaction between know PCA risk variants and

pre-diagnostic circulating sex steroid hormones on PCa risk have found null results.*

Genetic variants of sex steroid hormone biosynthesis genes have been previously
associated with clinically relevant prostate cancer outcomes.**"*¥4374% v/arjants in these
genes may alter enzyme production or influence prostate carcinogenesis through altered
sex steroid hormone metabolism, but research on their interplay in relation to risk of
aggressive disease is limited.*** Therefore, we conducted a prospective case-control study
nested within the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening
Trial, and investigated whether associations between prediagnostic circulating sex steroid
hormone concentrations and aggressive PCa risk were modified by known aggressive
prostate cancer susceptibility risk loci or variants within genes related to sex steroid

hormone biosynthesis that were predicted to be deleterious or functional.

Methods

Study Population

The PLCO enrolled 76,683 men aged 5574 years between November 1993 and July
2001 from ten cancer screening centers selected across the US and has been described in
detail previously.**®“°" In brief, men assigned to active cancer screening underwent
prostate-specific antigen (PSA) testing at baseline and annually for a further 6 years and
optional annual digital rectal exam at baseline and for a further 4 years. Participants of
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the trial have been, and continue to be, followed up for incident diagnosis of cancer and
cause-specific mortality. All men were uncompensated volunteers from the general
population and had no prior medical history of any cancer (except nonmelanoma skin
cancer [NMSC]). Blood samples were collected and processed according to a
standardized protocol.**® Men were excluded for prior removal of their prostate gland,
participation in another cancer screening or primary prevention trial, Finasteride use in
the six month period prior to study entry, and—starting in 1995 after a change of the
study protocol—if they had received more than one PSA test in the three-year period
prior to enrollment. The study protocol was approved by the Institutional Review Board
(IRB) of the National Cancer Institute (NCI), with annual IRB approval from each

participating center.

Outcome ascertainment

Incident prostate cancers were ascertained through routine follow-up of positive screens
(PSA > 4 ng/mL and/or a positive DRE) and an annual study update form that inquired
about all cancer diagnoses and were confirmed with medical records. All cases were
histologically-verified malignant adenocarcinoma of the prostate. Aggressive prostate
cancer was defined as biopsy Gleason score >7, clinical stage (TNM, AJCC) > III, or

prostate cancer-specific mortality.**

Analytic cohort
The subjects for this analysis were drawn from non-Hispanic white cases and controls
<70 years of age at PCa diagnosis, nested within two prior case-control studies. First, a
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set of 727 prostate cancer cases and 889 controls were assayed in order to assess
androgens.®® Men in this study were eligible if they had completed a baseline
questionnaire, provided a blood sample at baseline, provided informed consent for
biospecimens and remained cancer-free during the first year of follow-up. Second, a
subset of that case-control study was sampled among cases with aggressive prostate
cancer (n=195), with controls who were cancer-free for the duration of follow-up (n=195)
who were frequency matched with cases in 1:1 ratio, by age at blood draw (5-year
intervals), time since baseline screen (1-year time windows), and year of blood draw.
After restriction to men who were genotyped as part of the Cancer Genetic Markers of
Susceptibility (CGEMS) project,*® our final analytic sample included 163 aggressive

prostate cancer cases and 145 controls.

Hormone laboratory assays

All biospecimens utilized in analyses were collected at the time of study entry.*** Blood
samples were aliquoted within 2 hours of collection and stored at =70 °C. Sex steroid
hormone quantitation has been described previously.**"*** In brief, a total of 15 estrogens
(including estrone [E;] and estradiol [E;]) and their metabolites were quantitated
concurrently using stable isotope dilution LC/MS-MS, using a recently developed stable
isotope liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay.*** In this
analysis, we aimed to quantify the total amount of each estrogen metabolite (i.e., the sum
of unconjugated and conjugated forms). Therefore, samples were hydrolyzed, extracted,
and derivatized before analysis using LC/MS-MS. Serum samples collections from four
healthy men, aged 55-70 years, were included as quality control samples in each assay
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batch of 40 samples. Overall coefficients of variations (CVs) were sufficiently low for
testosterone (14%), sex hormone binding globulin (SHBG) (18%), estrone (11.8) and
estradiol (11.9%). Additional quality control and laboratory assay specifications have
previously been described in detail.*"*** Serum testosterone was measured by
radioimmunoassay (Immunotech; CV = 14%) and sex hormone binding globulin (SHBG)
by a sandwich immunoradiometric assay (CIS-Bio; CV = 18%),* for which both
methods have been previously shown to strongly correlate with LC/MS-MS.*?

Gene selection, SNP selection and genotyping

Genes involved in or adjacent to sex steroid hormone metabolism were genotyped at the
NCI Core Genotyping Facility as part of CGEMS project (Phase 1C) using a custom bead
chip Human Omni 2.5 4v1 (lllumina, CA) that targeted common and rare variants down
to 2.5% minor allele frequency (MAF) selected from the 1000 Genomes Project (1kGP,
phase 1 version 3). We first selected genetic variants which were known prostate cancer
susceptibility loci that had been previously associated with aggressive or lethal disease
which we identified from a literature review of genome-wide association studies
(GWAS), 41163434436 g5 which we were able to genotype 19 of the 25 SNPs identified.
We then selected variants within genes related to sex steroid hormone biosynthesis that

269,276,277,443

we identified from a review of the literature, which we then cross referenced

with the Gene Ontology and Kyto Encyclopedia of Genes and Genomes (KEGG)

pathway database,**

to confirm that they were involved in sex steroid hormone
metabolism. SNPs were selected across the 60 genes we identified within the sex

hormone metabolic pathway using the UCSC Genome Table Browser (GRCh37/hg19,
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Feb. 2009 assembly) data integration tool *“** and dbSNP (version 141)** with the
European CEU (Northern Europeans from Utah) population. We selected SNPs that were
located within 20 kb upstream or 10 kb downstream of the 60 sex steroid hormone genes
based on the following criteria: a minor allele frequency >5% in the HapMap cohort of
CEU, at least 90% percent of non-missing genotypes, less than a 0.001 probability of
deviation from the Hardy-Weinberg equilibrium (HWE). Of the 2088 SNPs we identified
within sex steroid hormone pathway, we had previously genotyped 755 SNPs. Using
validated prediction algorithms, genetic variants predicted to be functionally significant
(such as nonsynonymous, promoter, intron-exon splice sites) were obtained from

RegulomeDB *¥/

and deleterious casual variants (based on variants that survived natural
selection with simulated mutations and ranked in the 10% for the most potentially
harmful substitutions in the human genome) were obtained from Combined Annotation
Dependent Depletion (CADD, v1.3)*%. All variants on the same chromosome were

evaluated for linkage disequilibrium using LDLink.**

Statistical analyses

We compared baseline characteristics of cases and controls using the x2 test for
categorical variables and the two-sided Wilcoxon rank-sum test for continuous variables.
Wilcoxon rank-sum tests were used for univariate comparisons of hormone levels in

cases versus controls.

In analyses that evaluated sex steroid hormones and risk of aggressive PCa, we analyzed
testosterone, sex hormone-binding globulin (SHBG), estrone, estradiol, and two estrogen
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metabolites (2-hydroxyestrone and 16a-hydroxyestrone), while summed concentrations
of total estrogens (all estrogens and metabolites), parent estrogens (estradiol and estrone)
and the 2, 4-, and 16a-hydroxylation pathways were also examined. We further examined
the ratios of total, parent and each parent separately with testosterone, as well as the 2-
hydroxyestrone:16a-hydroxyestrone ratio. Estrogens, estrogen metabolites, and
androgens were log-transformed and assigned to quartiles using the distribution of
hormone levels in control subjects. Odds ratios (ORs) and 95% confidence intervals
(95% CI) were calculated using conditional logistic regression models, treating the lowest
quartile as the reference group. We tested for trend across quartiles by treating the
median value of each quartile as a continuous variable in the logistic regression model.
We conducted models unadjusted and adjusted for variables that were associated (P <
0.10) with both the hormonal exposure and aggressive PCa, or were deemed a priori as

potential confounders (body mass index [BMI]).

We then examined whether SNPs were associated with prostate cancer risk. SNPs were
assessed using an additive genetic model (continuous metric major allele homozygote=0,
heterozygote=1, minor allele homozygote=2) which assumes a log-additive increase in
risk for each risk allele using conditional logistic regression. Minor-allele homozygotes
with a frequency of <2% in the control population were grouped with the heterozygotes.
We conducted models unadjusted and adjusted for variables that were associated (P <
0.10) with both the SNP and aggressive PCa or were deemed a priori as potential
confounders (BMI). We chose to test whether SNPs were associated with aggressive
disease based on a hierarchical approach. First, we tested known PCa susceptibility loci
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associated with aggressive or lethal disease. Second, we examined SNPs within genes
related to sex steroid hormone biosynthesis that were predicted to be deleterious/
functional. To correct for multiple comparisons, we used a false-discovery rate (FDR)
method (Benjamini—Hochberg adjustment).**%“** Genetic variant associations with
prostate cancer and interactions were considered noteworthy at an FDR = 0.05 level. In
supplemental discovery-based analyses, we tested all remaining extracted SNPs, in order
to examine variants related to sex steroid metabolism but with lower or unknown

functionality.

We assessed gene (SNP) by environment (hormone) interaction under both synergistic
(additive) and multiplicative risk models. In all interaction analyses and their
accompanying tests for SNP by hormone independence, we restricted all analyses to only
those SNPs and hormonal exposures (the ratio of estradiol: testosterone) which were
statistically significant in relation to aggressive prostate cancer. First, we assessed
independence by testing whether each SNP under a dominant genetic model was
associated with a change from a low to high ratio of estradiol:testosterone (based on a
median split within the controls) using the Wald test. Unconditional logistic regression
models were used, adjusted for confounders previously specified. We then tested for gene
by environment interaction under a dominant genetic model, where SNPs and the
estradiol:testosterone ratio were again dichotomized to allow for ease of interpretability
and potential mechanistic conclusions under the sufficient-cause framework.*24® To test
for multiplicative gene-environment interactions based on the relative risk scale, we
compared nested conditional logistic regression models with and without the cross-
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product interaction term to test if the model fit significantly improved using a likelihood
ratio test (LRT).** Synergistic interaction was assessed to test whether the excess risk of
aggressive prostate cancer due to altered an estradiol:testosterone ratio was the same in
men who carried one or more putative risk alleles of a given SNP compared with those
who did not. First, we tested for synergistic interaction (departure from additivity) using
the relative excess risk due to interaction (RERI).*>**® We also tested for synergistic
interaction, using a one degree-of-freedom (df) LRT comparing an unconstrained and
constrained model for joint associations. For SNPs that were independent of the ratio of
estradiol:testosterone, we exploited the assumption of independence in order to gain
additional statistical power through the implementation of a retrospective likelihood
approach.”*®4%%%! Eor SNPPs that were not independent of the ratio of
estradiol:testosterone, the prospective likelihood approach was implemented that does not
require gene-environment independence.**4*%% All P values reported were for models
that utilized the retrospective likelihood, except where noted otherwise (see table

footnotes).

As a sensitivity analysis, since the cases and controls were originally selected using
frequency matching,*® we conducted unconditional logistic regression with adjustment
for the frequency matched factors using narrower categories for these covariates than
what was originally used for matching in order to reduce the likelihood of residual
confounding. All statistical tests were two-sided and the R package CGEN (v3.2.0,

Genetic Analysis of Case-Control Data),**

was used for all analyses assessing gene-
environment interactions, and Stata (version 13.1, Stata Corp) for all other analyses.
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Results

Characteristics of the cases and controls at baseline are presented in Table 1. The mean
age at baseline blood draw was 62.7 years and the mean duration of follow-up between
blood draw and diagnosis was 2.8 years (range: 1.0-8.9 years). Aggressive prostate
cancer cases were less likely to have a medical history of diabetes (3.1% versus 9.1%, P=
0.03), less likely to be never smokers (52.5% versus 25.2%, P = 0.009). A smaller
proportion of controls were overweight (46.9% versus 55.9%), however BMI did not
significantly differ between the groups (P = 0.290). Median concentrations of estrogens,
estrogen metabolites, testosterone, and SHBG were similar between cases and controls,
with only estradiol exhibiting slightly lower levels within cases (Supplementary Table
1). When we assessed the relationships between estradiol, estrone, testosterone, and
hormone ratios with risk of aggressive prostate cancer, a statistically significant lower
risk was observed with greater ratios of estradiol:testosterone (ORath quartite vs. 15t = 0.29;
95% CI =0.12 to 0.70; P = 0.006). No associations were seen with any other sex steroid
hormones and aggressive prostate cancer risk (Supplemental Table 2). This influential
ratio of estradiol:testosterone was the only hormonal exposure assessed in all subsequent

analyses.

We first examined the relationship between known aggressive prostate cancer SNPs and
aggressive PCa (Table 2). Of the 17 established prostate cancer susceptibility loci from
GWAS that have been associated with aggressive or lethal disease, we were able to
replicate the association for only two in this small study—rs10993994 within 10g11.23
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(ORper altele = 1.35; 95% CI = 0.98 to 1.86) and rs4430796 within 17912 (ORper aliele =
1.72; 95% CI = 1.00 to 2.99).The variant rs4430796 modified (Pesfect modification = 0.04,
Table 3) the protective association seen from the ratio of estradiol:testosterone on
aggressive disease whereby individuals who were GA or AA had a decreased risk
associated with a higher estradiol:testosterone ratio, but individuals who were GG did not
(Supplemental Table 3). There was also tentative evidence that the variant rs4430796
exhibited synergistic interaction (Paggitive = 0.03) but the RERI ( —1.56; 95% CI = —3.63
to 0.50; P = 0.14) did not support such an interaction (Table 3). After correction for

multiple testing, all interactions failed to reach statistical significance.

Next, we assessed SNPs within the androgen and estrogen hormone metabolic pathway
that were deemed to be functionally significant or deleterious in relation to risk of
aggressive PCa. We first narrowed our list of SNPs to 43 germline variants based on
RegulomeDB scores of 2b or lower (supporting data for known regulatory DNA
elements) and 28 based on a scaled CADD score (C-Score) greater than 10 (indicating
these are predicted to be the 10% most deleterious substitutions in the human genome and
likely to be functional and disease causal variants). Of the 71 unique variants, 4 were
nominally associated with aggressive disease and a further 5 were close to the nominal
level of statistical significance (Table 4). Three of the four nominally significant SNPs
were inversely associated with aggressive PCa: rs8192131 near SRD5A1 (RegDB score
2b; ORperaiiele = 0.72; 95% CI1 = 0.52 to 0.99) and two independent SNPs near the
HSD11B1 gene, rs4844488 (C-score 12; ORper aiiele = 0.41; 95% CI = 0.20 to 0.87) and
rs2282738 (C-score 12.9; ORper aiele = 0.66; 95% CI1 = 0.45 to 0.96). The highest scored
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deleterious SNP genotyped was rs4148301 near UGT2A2 (C-score 34) and this variant
was positively associated with greater risk of aggressive PCa (ORper aiiele = 1.72; 95% CI
= 1.02 to 2.90). The highest functionally ranked SNP (rs7435335, RegDB score 1f) was
nominally associated (ORper aiele = 1.56; 95% CI = 0.98 to 2.48) with aggressive PCa risk.
None of the variants were significant after correction for multiple testing and none
modified the association between estradiol:testosterone ratio and aggressive PCa under a

dominant model (Table 5).

As a supplemental analysis, we conducted a discovery analysis using the remaining 684
SNPs to assess potential associations with aggressive PCa. Twenty-six of these SNPs
evidenced association under both additive and dominant models, however none were
functional or deleterious variants (Supplemental Table 4). We then examined whether
these SNPS were independent of each other by investigating patterns of linkage
disequilibrium (LD) within the CEU ancestral population. Based on the measure of
correlation of alleles for two genetic variants (%), 12 were in linkage equilibrium. A
majority of the 26 SNPs were in the UGT2A gene region on chromosome 4 and, after
selecting the most functional and deleterious SNPs that were not in LD (based on the
algorithms previously discussed), the association with aggressive disease was strongest
for rs17147542 (ORper aniele = 0.60; 95% C1 = 0.43 to 0.83), an intron located 2kb
upstream from UGT2A1. Within these independent SNPs in linkage equilibrium, 3
modified the association between aggressive prostate cancer and the hormonal balance of
estradiol:testosterone, two of which were within the gene regions of UGT2A, including
rs17147542 which exhibited synergistic interaction (Paggitive = 0.035). After correction for
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multiple testing using a FDR correction, all interactions failed to reach statistical

significance.

Sensitivity analyses using unconditional logistic regression with further adjusted for
matching factors in narrows bands did not exhibit meaningful differences, and further
adjustment for two additional potential confounders—family history of prostate cancer

and diabetes—did not materially influence the results (data not shown).

Discussion

In this prospective nested case-control study, we found evidence that multiple SNPs
predicted to be deleterious/functional may be associated with risk of aggressive PCa at
the nominal threshold of statistical significance, as were two previously identified PCa
susceptibility risk loci. Our findings also tentatively suggest one of these known
aggressive PCa risk variants may modify the protective association seen between higher

ratios of estradiol:testosterone and lower risk of aggressive PCa.

Since initial cancer GWAS, epidemiologic studies have progressed to attempting to
discover gene-environment interactions in order to aid understanding of cancer variants
in intergenic (gene poor) regions and potential mechanisms by which environmental
factors might influence risk. While a majority of cancer SNPs have small associations
and low-penetrance, a majority of these variants are common and thus they may still
contribute to a significant proportion of disease. Previous GWAS studies have identified
associations with known PCa risk variants with circulating levels of serum androgens and
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SHBG®**: however, to-date there is limited evidence that germline polymorphisms are
effect modifiers of risk factor-PCa relationships.*® Of the variants we were able to
examine that have been associated with aggressive or lethal prostate

CanCeI’,41'42'125'159’161’162

we replicated associations with for rs10993994 within 10q11.23
and rs4430796 within 17q12, the latter of which may potentially modify the protective
association of the estradiol:testosterone ratio on aggressive PCa. The variant rs4430796 is
within the gene region of HNF1B (also known as transcription factor 2 [TCF2]), which

has been associated with type Il diabetes (T2DM),*®?

and may reduce total PCa risk
through diabetes-related biological mechanisms*®**® but it remains unclear whether
T2DM is associated with aggressive disease.*®® Previous studies have also found
evidence for an association between rs4430796 with risk of aggressive, and early-onset,
prostate cancer.***” While previous GWAS studies have found that there may be a
relationship between 8924 SNPs, sex steroid hormone concentrations and PCa

K 43343365

ris all of the GWAS SNPs near 8924 we tested were not associated with

aggressive disease in our small analytic cohort.

Recent epidemiologic studies have found evidence that SNPs in the sex hormone
metabolism pathway may be involved in prostate
carcinogenesis,37:338:342,344,346,347.437.438.469 Garm|ine polymorphisms in SRD5A and
HSD17B, as well as deletions in UGT2B, were shown to be associated with biochemical

recurrence in Caucasian men after radical prostatectomy,**"%

and were replicated in our
study. When we restricted SNPs to those predicted to the most harmful, we found
evidence that the highest scored variant for deleteriousness—rs4148301 near UGT2A1
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(CADD score of 34)—was nominally associated with greater risk of aggressive disease
and had not previously been associated with risk of prostate cancer. However, after
corrections for multiple testing it was deemed not to be statistically significant and no
effect modification was found. It is debated as to whether genetic variants in the sex
steroid hormone metabolism pathway influence circulating levels of sex steroid
hormones.?”* Recent pooled analyses within the Breast and Prostate Cancer Cohort
Consortium (BPC3) reported evidence of a relationship between steroid hormone
germline variants and circulating levels of androgens and estrogens, however these
variants differ from those that were associated with prostate cancer risk.****%34 As genes
encoding the key enzymes involved in sex steroid hormone metabolism, both in vivo and
in vitro, have been found to exhibit genetic polymorphisms which alter sex steroid

hormone concentrations, 3234

research is limited as to whether these variants may
modify the relationship between sex steroid hormones and prostate cancer risk,

particularly clinically relevant disease.

A majority of the SNPs in genes related to sex steroid hormone biosynthesis that were
associated with aggressive PCa in our discovery-based analysis were within the UGT
genes, as were some potential synergetic interactions with the hormonal balance of
estradiol:testosterone. Studies have previously examined whether UGT genes are
involved in carcinogenesis,*®*"* but research on the specific role of UGTAs and
clinically relevant prostate cancer are limited.*”>*’® The studies that have examined
polymorphisms within UGTASs did not find clear evidence of an association with
aggressive forms of PCa,****’” however recent evidence for its role in endometrial cancer
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has been noted.*”®*”® Our findings of significant germline variants, prior to correction for
multiple testing, associated with aggressive PCa were limited to 5 other genes in the sex
steroid metabolic pathway, four of which have been supported by previous associations
with hormone-related genes including ESR1,*#¢48%481 HSD17B1, %7482
HSD17B12,*3%24% and SRD5A1.%"4" Variants of 17p-hydroxysteroid dehydrogenase
(HSD17B) in particular, which converts estradiol to estriol, have been linked to a broad
range of diseases, including breast cancer, polycystic kidney disease and sexual disorders,
and have been shown to correlate with circulating sex steroid hormone levels.**°*%° we
also found evidence, prior to correction for multiple testing, of a previously unidentified
high ranking deleterious genetic variant within HSD11B1 (rs2282738) that was
associated with a reduced risk of aggressive PCa, and this variant has also been recently

linked to breast carcinogenesis.*3*4%

Androgens and estrogens play important roles in cell differentiation, growth, and peptide
secretion within steroid target tissues.”’* As noted, the evidence for the individual and
independent association between sex steroid hormones and prostate cancer risk is
unclear,®® and one reason for a lack of a conclusive association may be due to the fact that
hormones do not act independently in relation to cancer risk, but rather are part of a
complex pathway.?* Laboratory evidence that prostatic cells hold the enzymatic
mechanisms for intracellular hormonal conversion of precursors into more potent
hormones support the importance of the influence of the entire sex steroid hormone
metabolic pathway.?’® Estrone and estradiol, the two parent estrogens, are irreversibly
hydroxylated through two major pathways and form catechol estrogens. The metabolism
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of these potent steroid hormones includes glucuronidation, which occurs through UDP
glucuronyltransferases encoded by UGT genes, which are involved in the metabolism of
numerous therapeutic drugs and endogenous compounds.****¥® To our knowledge, no
other study has examined whether the relationship between the hormonal balance of sex
steroid hormones—namely the estrogen to testosterone ratio—and risk of aggressive

prostate cancer are modified by genetic variants.

Strengths of this study include prospective collection of serum and blood samples before
prostate cancer diagnosis, which allowed us to evaluate the relationships between
baseline sex steroid hormone levels, genotypes and aggressive prostate cancer risk while
controlling for confounders such as BMI and age. In addition, the use of a sensitive and
reliable assay to measure not only parent estrogens but also metabolites also was a benefit
to our analysis. Additionally, we prioritized our SNPs selected using algorithms and
databases that helped identify deleterious, coding and functional disease casual variants,
some of which were significantly associated with aggressive disease. We also have
several limitations, such as the modest sample size provides only modest statistical power
to detect G x E interactions.*®*° However we did use cutting edge statistical techniques
to exploit independence of G and E to increase statistical power, and these interaction
models only required 1 df. We also measured hormones using non-fasting blood drawn at
a single time-point at study entry that may not reflect cumulative lifetime or time-specific
exposure to hormones. For all tests of interactions, we only tested for effect modification
using pairwise interactions for each genetic variant and each hormone under a dominant
model—and as a result, higher-order interactions may have been missed. Finally, our
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measures of circulating sex hormones may not reflect intra-prostatic levels and we cannot
exclude the possibility of reverse causation with respect to hormone associations with

prostate cancer risk.

In conclusion, our investigation found tentative evidence that germline variations related
to sex steroid hormone concentrations and related to aggressive PCa risk were associated
with aggressive forms of prostate carcinogenesis. We also found preliminary supporting
evidence that some of these genetic variants may modify the association between
hormonal balance estrogens and androgens in relation to risk of aggressive prostate
cancer, and synergistic interaction may potentially be present, which could have wide
ranging clinical implications by identifying subgroups of individuals for whom a targeted
screening or treatment regimen to reduce an exposure could have the highest impact.
Larger studies that focus on aggressive disease are needed to confirm our results and aid
in understanding the relationship between germline variations in sex steroid metabolic

genes and the hormonal etiology of prostate cancer.
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Table 1. Baseline characteristics of aggressive prostate cancer cases and controls
with hormone and genotyping data, N=308.

Controls Cases
Characteristics (N=145) (N=163)
n (%) n (%) P’
Age at baseline” 0.94
55-59 28 (19.3) 29 (17.8)
60-64 68 (46.9) 79 (48.5)
65-70 49 (33.8) 55 (33.7)
Mean (SD) 62.8 (3.6) 62.7 (3.5)
Year at blood draw” 1.00
94-95 66 (45.5) 75 (46.0)
96-97 62 (42.8) 69 (43.3)
98-99 17 (11.7) 19 (11.7)
Years since blood draw” 0.90
2-3 21 (14.5) 24 (14.7)
4-5 73 (50.3) 78 (47.9)
67 51 (35.2) 61 (37.4)
Mean (SD) 4.9 (1.3) 4.8 (1.2)
BMI, kg/m? 0.29
<25 41 (28.3) 38 (23.6)
25-29.99 68 (46.9) 90 (55.9)
>30 36 (24.8) 33 (20.5)
Smoking status 0.009
Never 51 (35.2) 85 (52.5)
Former 11 (7.6) 11 (6.8)
Current 83 (57.2) 66 (40.7)
Education 0.89
Less than high school graduate 14 (9.7) 12 (7.4)
High school graduate 21 (14.5) 23 (14.1)
Some college 49 (33.8) 55 (33.7)
College grad or beyond 61 (42.1) 73 (44.8)
Diabetes 13 (9.1) 5(3.1) 0.025
Myocardial Infarction 14 (9.7) 14 (8.6) 0.73
Married 128 (88.3) 142 (87.7) 0.60
Employed 61 (42.1) 77 (47.5) 0.63
PSA at blood draw, ng/ml
Median (IQR) 1.06 (1.11) 3.50 (2.39) <0.0001
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"y test for categorical variables, two-sided Wilcoxon rank sum test for continuous variables.
* Variable was used to frequency match cases to controls.
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Table 2. Associations between previously identified aggressive prostate cancer susceptibility loci and aggressive prostate

cancer in the study population.

Dominant model

MAF Genotype  Genotype
Nearby (cases/ count count
rs number Location Cytoband  Gene Alleles controls)  (cases) (controls) OR (95% CI) OR (95% CI)
rs7652331 45962752 3p21.31 FYCO1 CIT 0.37/0.38 68/69/26  57/67/21 0.96 (0.70,1.32)  0.89(0.56, 1.40)
rs1545985 46005478 3p21.31 FyCO1 A/G 0.40/0.38 60/74/29  56/67/22 1.07 (0.78, 1.48) 1.07 (0.67, 1.70)
rs629242 57143037 4912 KIAA1211 CIT 0.22/0.22 101/52/10  87/51/7 0.98 (0.68,1.43)  0.92 (0.58, 1.45)
rs13149290 146750966  4q31.21 ZNF827 CIT 0.19/0.22 108/47/8  84/58/3 0.85(0.57,1.27)  0.71(0.44,1.13)
rs251177 141026884  5931.3 FCHSD1 T/IC 0.24/0.25 93/61/9 79/60/6 0.98 (0.67,1.44)  0.92 (0.59, 1.45)
rs10486567 27976563 7p15.2 JAZF1 G/A 0.21/0.21 100/56/7  93/44/8 1.01 (0.68, 1.49) 1.09 (0.69, 1.74)
rs6465657 97816327 7021.3 LMTK2 T/IC 0.45/0.47 49/82/32  45/64/36 0.92 (0.67, 1.26) 1.06 (0.65, 1.73)
rs1456315 128103937  8g24.21 PRNCR1 G/A 0.36/0.31 70/70/23  66/69/10 1.23(0.87, 1.73) 1.09 (0.70, 1.72)
rs6983267 128413305  8g24.21 CCAT2 GIT 0.42/0.44 58/73/32  47/69/29 0.94 (0.69,1.29)  0.87(0.54, 1.41)
rs1571801 124427373  9g33.2 DAB2IP C/IA 0.26/0.27 91/58/13  83/47/15 0.99 (0.70, 1.39) 1.07 (0.68, 1.68)
rs10993994 51549496 10g11.23 MSMB CIT 0.41/0.34 58/75/30  66/60/19 1.35(0.98, 1.86) 1.49 (0.94, 2.36)
rs7127900 2233574 11p15.5 Intergenic  G/A 0.21/0.21 102/55/6  90/48/7 0.95(0.64,1.41)  0.98(0.62, 1.56)
rs10492519 51824328 13qg14.3 FAM124A A/G 0.44/0.44  54/74/35 46/70/29 1.01 (0.74, 1.38) 0.94 (0.58, 1.52)
rs4054823 13625024 17p12 Intergenic  T/C 0.43/0.41 54/77/31  54/61/29 1.05 (0.77, 1.44) 1.18 (0.74, 1.89)
rs4430796 36098040 17q12 HNF1B G/A 0.50/0.46 28/87/45  39/67/38 1.26 (0.92, 1.75) 1.72 (1.00, 2.99)
rs1859962 69108753 17q24.3 CASC17 T/G 0.48/0.46 31/83/42  38/70/33 1.24 (0.89, 1.73) 1.48 (0.86, 2.55)
rs11672691 41985587 19qg13.2 PCAT19 G/A 0.21/0.26  103/48/9 77/61/7 0.75(0.51, 1.10) 0.64 (0.40, 1.01)

Abbreviations: MAF, minor allele frequency; SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval; P, P value.
Note: All SNPs were in Hardy Weinberg equilibrium (P>.05).
*After correction for multiple testing using a FDR correction, all interactions failed to reach statistical significance (P values > 0.48).

All SNP locations and rs numbers are based on Build 37.3 (hg19).
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Table 3. Joint associations of prostate cancer susceptibility loci and ratios of sex steroid hormone metabolism with aggressive
prostate cancer risk under a dominant model.

Association with E,:T ratio Interaction with E,:T ratio
(independence) Synergistic  Multiplicative RERI
rs Number OR (95% CI) Ping P P Estimate (95% CI) P
rs10993994 0.79 (0.41, 1.52) 0.47 0.34 0.22 0.33(-0.32,0.97) 0.32
rs4430796 1.39 (0.78, 2.50) 0.26 0.0305 0.0371 -1.56 (-3.63,0.50) 0.14

Abbreviations: SNP, single nucleotide polymorphism; P, P value; E,, estradiol; T, testosterone; Pj.q, P value for G x E
independence (P<0.10 suggests G and E may not be independent); RERI, relative excess risk due to interaction (additive scale).
Note: The P value for synergistic interaction is based on the risk difference (additive) scale. The P value for multiplicative
interaction is based on the relative risk scale. Both P values for Synergistic and Multiplicative interaction were conducted using
retrospective models that assumed G x E independence. All tests were conducted under a dominant model, with low versus
high E,:T ratio and have 1 degree-of-freedom (1 df). After correction for multiple testing using a FDR correction, all
interactions failed to reach statistical significance.

All SNP rs Numbers are based on Build 37.3 (hg19).
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Table 4. Associations between independent functional or deleterious single-nucleotide polymorphisms (SNPs) in the sex steroid

hormone metabolism pathway and aggressive prostate cancer in the study population.
Additive model

(per allele)

Alleles MAF Allele Allele

RegDB CADD (major/ (cases/ count count
rs number Chr  Location Gene Function  Score score minor)  controls)  (cases) (controls) OR (95% CI) p*
rs7435335 4 69971335  UGT2B7 intron 1f 1.3 G/A 0.17/0.11 111/35/9  108/29/1 1.56 (0.98,2.48) 0.06
rs4702375 5 6638592 SRD5A1 intron 2b G/A 0.35/0.42 67/78/18 51/65/29 0.73(0.53,1.01) 0.06
rs8192131 5 6636465 SRD5A1 intron 2b CIT 0.37/0.45 64/78/21  47/66/32 0.72(0.52,0.99) 0.05
rs2676531 17 40704185  HSD17B1 5 UTR 2b CIT 0.41/0.49 58/75/30  38/70/34 0.75(0.55,1.04) 0.08
rs2544804 19 49068592  SULT2B1 intron 2b GIT 0.47/0.40 43/81/35 50/65/23 1.37(0.99,1.91) 0.06
rs4844488 1 209885509 HSD11B1 intron - 12 AIG 0.04/0.09 151/12/0  121/20/3 0.41(0.20,0.87) 0.02
rs2282738 1 209882015 HSD11B1 intron 5 12.9 CIT 0.17/0.25 112/45/6  84/46/13 0.66 (0.45,0.96) 0.03
rs4148301 4 70462042 UGT2A2 missense 6 34 CIT 0.13/0.08 126/31/6  124/20/1 1.72 (1.02,2.90) 0.04
rs6485471 11 43852491 HSD17B12 intron 4 13 T/C 0.45/0.38 47/85/31  58/64/23 1.35(0.97,1.87) 0.07

Abbreviations: Chr, chromosome; MAF, minor allele frequency; SNP, single nucleotide polymorphism; OR, odds ratio; Cl, confidence interval; P, P value;
UTR, untranslated region; RegDB score, RegulomeDB computed score based on the integration of multiple high-throughput datasets which rank the DNA
features and regulatory regions for the SNP; CADD score, Combined Annotation Dependent Depletion score for deleteriousness.

Note: All SNPs were in Hardy-Weinberg equilibrium (P>.05).
*After correction for multiple testing using a FDR correction, all interactions failed to reach statistical significance.
All SNP locations and rs numbers are based on Build 37.3 (hg19).

150



Table 5. Joint associations of independent functional or deleterious SNPs in the sex steroid hormone metabolism pathway and
estradiol:testosterone ratio in relation to aggressive prostate cancer risk under a dominant model.

Association with E,T Interaction with E,: T ratio

ratio
(independence) Synergistic ~ Multiplicative RERI
rs Number OR (95% CI) Ping P P Estimate (95% CI) P
rs7435335" 0.55(0.28,1.07) 0.08 0.54 0.50 0.42 (-0.93, 1.78) 0.54
rs4702375 0.98(0.52,1.84) 0.94 0.65 0.52 0.24 (-0.21, 0.69) 0.30
rs8192131 0.83(0.45,1.51) 0.54 0.42 0.51 0.21 (-0.25, 0.67) 0.37
rs2676531 0.81(0.44,1.47) 0.48 0.35 0.43 -0.14 (-0.81, 0.52) 0.67
rs2544804 1.36 (0.71,2.58)  0.35 0.70 0.43 0.15 (-0.59, 0.88) 0.69
rs4844488 0.73(0.30,1.78) 051 0.87 0.84 0.05 (-0.54, 0.64) 0.87
rs2282738 0.69 (0.38,1.25) 0.22 0.53 0.26 -0.24 (-0.85, 0.37) 0.44
rs4148301" 0.48 (0.24,1.04)  0.07 0.39 0.34 0.78 (-1.15, 2.71) 0.43
rs6485471 0.70(0.38,1.30) 0.27 0.51 0.67 -0.32 (-1.33, 0.69) 0.53

Abbreviations: SNP, single nucleotide polymorphism; P, P value; E,, estradiol; T, testosterone; P;4, P value for G x E independence
(P<0.10 suggests G and E may not be independent); RERI, relative excess risk due to interaction (additive scale).

Note: The P value for synergistic interaction is based on the risk difference (additive) scale. The P value for multiplicative interaction is
based on the relative risk scale. Both P values for synergistic and multiplicative interaction were conducted using retrospective models
that assumed G x E independence, as all SNPs were independent (P>0.10) of the ratio of estradiol:testosterone except for rs7435335 and
rs4148301. All tests were conducted under a dominant model, with low versus high E,:T ratio and were 1 degree-of-freedom (1 df)
tests. After correction for multiple testing using a FDR correction, all interactions failed to reach statistical significance. All SNP rs
Numbers are based on Build 37.3 (hg19).

" Tests for synergistic interaction, multiplicative interaction, and RERI were run under a prospective model that did not assume G x E
independence.
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Supplemental Table 1. Circulating sex steroid hormone concentration distributions by case-control status among men with
hormone and genotyping data in the study population.

Controls Cases
Sex steroid hormone metabolites and ratios ~ Median Interquartile Median Interquartile P
range range
Estrogens (pmol/L)
All estrogens and estrogen metabolites
(Total) 2148 4468.5 2071 2955.8 0.37
Parent estrogens 754 422.6 699 410.3 0.29
Estrone 622 405.9 581 373.7 0.39
Estradiol 115 46.1 113 27.7 0.12
2-Hydroxylation pathway 346 384.1 328 334.3 0.48
2-Hydroxyestrone 149 51.0 149 45.7 0.89
4-Hydroxylation pathway 29 34.3 29 23.8 0.55
16-Hydroxylation pathway 683 837.9 647 565.1 0.16
16a-Hydroxyestrone 74 34.7 74 26.1 0.71
Testosterone and SHBG
SHBG (nmol/L) 42 25.1 44 27.3 1.00
Testosterone (nmol/L) 16 10.0 17 9.9 0.57
Ratios
Estradiol: Testosterone 8 5.2 7 4.9 0.058

Abbreviations: P, P value; pmol/L, picomoles per liter ; nmol/L, nanomoles per liter; SHBG, Sex hormone-binding
globulin.
“Wilcoxon rank sum (Mann-Whitney)

152



Supplemental Table 2. Selected associations between circulating sex steroid hormone metabolism concentrations/ratios and
aggressive prostate cancer.

Quiartile
Sex steroid hormone metabolites and ratios 1 2 3 4 Pirend
Estrogens (pmol/L)
All estrogens and estrogen metabolites (Total)  1.00 1.37 (0.67, 2.79) 1.10(0.54,2.22)  0.71(0.35, 1.47) 0.29
Parent estrogens 1.00 1.07(0.53,2.18) 0.95 (0.47,1.92) 0.76 (0.38, 1.52) 0.40
Estrone 1.00 1.18(0.57,2.42) 1.11 (0.54, 2.28) 0.75 (0.36, 1.54) 0.41
Estradiol 1.00 1.55(0.77,3.13) 1.10 (0.53, 2.26) 0.70 (0.33, 1.48) 0.23
2-Hydroxylation pathway 1.00 1.52(0.74,3.11) 0.96 (0.47, 1.99) 0.72 (0.34, 1.51) 0.19
4-Hydroxylation pathway 1.00 0.72(0.35, 1.49) 0.71(0.35, 1.43) 0.64 (0.32, 1.27) 0.21
16-Hydroxylation pathway 1.00 0.62(0.30, 1.27) 0.50 (0.24, 1.02) 0.51(0.21, 1.24) 0.09
Testosterone and SHBG
SHBG (nmol/L) 1.00 0.73(0.36, 1.48) 0.97 (0.48, 1.95) 1.02 (0.50, 2.06) 0.81
Testosterone (nmol/L) 1.00 2.09 (0.96, 4.58) 1.48 (0.60, 3.63) 2.14 (0.73, 6.26) 0.35
Estrogen-to-testosterone ratios
Total estrogens:testosterone 1.00 0.89(0.44,1.83) 0.58 (0.26, 1.31) 0.48 (0.19, 1.22) 0.08
Parent estrogens:testosterone 1.00 0.82(0.40, 1.71) 0.46 (0.20, 1.05) 0.60 (0.29, 1.31) 0.07
Estrone:testosterone 1.00 0.85(0.42,1.75) 0.57 (0.26, 1.27) 0.55 (0.23,1.32) 0.13
Estradiol:testosterone 1.00 0.51(0.25,1.01) 0.60 (0.29, 1.25) 0.29 (0.12, 0.70) 0.0161
Hydroxyestrone ratio
2-Hydroxyestrone:16-hydroxyestrone 1.00 1.03(0.49, 2.17) 1.47 (0.72, 3.01) 1.79 (0.89, 3.60) 0.06

Abbreviations: Cl, confidence interval; OR, odds ratio; SHBG, Sex hormone-binding globulin.
All models were adjusted for age at blood draw, body mass index (BMI), cigarette smoking status (never, ever) and SHBG.
*P for Trend (Pyeng) Was calculated using the median category values modeled as a continuous variable.
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Supplemental Table 3. Marginal associations of estradiol:testosterone ratio with aggressive prostate cancer risk under a
dominant model overall and stratified by prostate cancer susceptibility loci rs4430796.

Association with
E2:T levels, median (IQR) aggressive
prostate cancer

N
(cases/

Variable controls) Cases Controls OR (95% CI)
Low Ex:T 84/72 1.00 (reference)
High E;:T 79/73 0.69 (0.39, 1.22)

Continuous E»:T ™" 163/145 720.9 (492.8) 812.0 (520.6) 0.66 (0.48,0.92)

rs4430796 (GG )

Low E,:T 9/20 1.00 (reference)

High E;:T 19/19 2.24 (0.52, 9.66)

Continuous E:T ™ 28/39 908.2 (530.4) 772.6 (531.9) 1.54 (0.70, 3.39)
rs4430796 ( GA/AA)

Low E,:T 75/52 1.00 (reference)

High ExT 60/54 0.54 (0.29, 1.02)

Continuous Ex:T * 135/106 687.2 (484.1) 816.3 (527.3) 0.52 (0.35, 0.78)

Abbreviations: N, count; P value; E,, estradiol; T, testosterone; OR, odds ratio; Cl, 95% confidence interval; IQR,
interquartile range.

* Per half a standard deviation change
All SNP rs numbers are based on Build 37.3 (hg19).
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Supplemental Table 4. Joint associations of statistically significant independent SNPs that are located within the sex steroid
hormone metabolism pathway and the ratio of estradiol: testosterone with aggressive prostate cancer risk under a dominant

model.
Association
with aggressive Interaction with E,: T ratio
prostate cancer
Synergistic  Multiplicative RERI
Alleles  Allele  Allele MAF
(major/  count count (cases/
rs Number  Chr Gene minor)  (cases) (controls) controls) OR (95% CI) P P Estimate (95% CI) P
rs4844488 1 HSD11B1 AIG 151/12  121/23 0.04/0.09 0.41 (0.20, 0.87) 0.87 0.84 0.05 (-0.54,0.64) 0.87
rs1415542 1 HSD11B1  T/C 113/48  86/59 0.17/0.23 0.62 (0.39, 1.00) 0.29 0.16 -0.31(-0.94,0.33) 0.34
rs12995772 2 UGT1A8 CIA 132/31  129/15 0.10/0.05 2.07 (1.06, 4.02) 0.78 1.00 -0.22 (-1.78,1.34) 0.78
rs1823803 2 UGT1A8 TIC 28/134  39/105 0.44/0.47 1.76 (1.02, 3.05) 0.23 0.10 0.51(-0.26,1.28) 0.19
rs17863766 2 UGT1A8 G/A 112/48  114/28 0.16/0.11 1.73 (1.01, 2.96) 0.90 0.97 0.27 (-0.78,1.32) 0.62
rsl7147542 4 UGT2A1 GIT 84/79  53/89 0.29/0.43 0.57 (0.36, 0.91) 0.0351 0.0069 -0.72 (-1.60,0.16) 0.11
rs3775774 4 SULT1El TIC 61/102 72/73 0.36/0.29 1.63 (1.03, 2.57) 0.32 0.41 -0.43 (-1.35,0.49) 0.36
rs4148299 4 UGT2A2 CIG 66/85  46/98 0.34/0.42 0.62 (0.38, 1.00) 0.08 0.0361 -0.63 (-1.55,0.28) 0.17
rs9340835 6 ESR1 G/A 56/107 7272 0.41/0.33 1.92 (1.21, 3.05) 0.39 0.52 -0.41 (-1.42,0.60) 0.42
rs2207396° 6 ESR1 G/IA 81/82  86/59 0.29/0.22  1.51(0.96, 2.38)" 0.13 0.0594 0.54 (-0.13,1.22) 0.11
rs11037589 11 HSD17B12 CIT 116/47  120/25 0.16/0.10 2.00 (1.15, 3.46) 0.98 0.79 -0.01(-1.20,1.18) 0.99
rs4755740 11  HSD17B12 A/G 46/115 58/84 0.45/0.37 1.71 (1.06, 2.76) 0.53 0.60 -0.34 (-1.44,0.76)  0.55

Abbreviations: SNP, single nucleotide polymorphism; Chr, chromosome; MAF, minor allele frequency; OR, odds ratio; Cl, confidence interval; P, P
value; E,, estradiol; T, testosterone; P;.4, P value for G x E independence (P<0.10 suggests G and E may not be independent); RERI, relative excess risk
due to interaction (additive scale).
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Note: The P value for synergistic interaction is based on the risk difference (additive) scale. The P value for multiplicative interaction is based on the
relative risk scale. Both P values for Synergistic and Multiplicative interaction were conducted using retrospective models that assumed G x E
independence, as all SNPs were independent (P>0.10) of the ratio of estradiol:testosterone. All tests were conducted under a dominant model, with low
versus high E,:T ratio and have 1 degree-of-freedom (1 df). After correction for multiple testing using a FDR correction, all interactions failed to reach
statistical significance. All SNP locations and rs Numbers are based on Build 37.3 (hg19).

*rs2207396 was included since it was statistically significant under an additive model (OR: 1.47, 95% CI: 1.01-2.14, P<0.05) and approached

borderline significance under a dominant model.
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Chapter 5. Conclusion

PCa is the most frequently diagnosed non-dermatologic cancer in the US, with an
estimated 220,800 new cases expected to occur in 2015.% As of 2015, almost 80% of PCa
cases are diagnosed at a localized stage and 5-year survival rates approach 99%, which
underscores the overwhelming proportion that are indolent in nature.>*"* However, PCa
remains the second leading cancer-related cause of death among men in the US.? An
estimated 27,540 PCa deaths are expected to occur in 2015, and men currently have a

lifetime probability of 1 in 38 (3%) of dying from this disease.?

The prevention of aggressive and fatal PCa represents a critical public health challenge to
reduce suffering from this disease. From a public health perspective, the prevention of
aggressive and fatal forms of PCa is vital to improve the health of men in the US and
globally.> While fatal forms of PCa continue to be a leading cause of mortality globally,
despite significant progress in PCa treatment, age-standardized mortality rates have
decreased by only 3.1% worldwide over the last two decades, lagging declines in both

breast (15.3%) and colorectal (10.9%) cancer by wide margins.*

The ability to predict which men are at greater risk of clinically relevant PCa and identify
at an early stage which PCa cases are more likely to become aggressive or fatal are

primary questions in both etiologic and clinical research. Established risk factors for
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aggressive and fatal PCa remain limited, and biomarkers that differentiate between
indolent and aggressive disease are lacking, likely due to the complex interplay of
numerous biological pathways.'®% As more research is needed to help elucidate the
etiology of aggressive and fatal forms of PCa, and assess whether trends in clinically
relevant disease may differ by age and race, the research for this thesis sought to
incorporate advanced epidemiologic methodology in order to conduct three novel
investigations, ranging from a descriptive epidemiologic study of clinically relevant PCa,
to prospective studies that examined lifestyle, hormonal and genetic risk factors in PCa

etiology.

In our SEER population-based analysis of temporal trends in PCa incidence rates in the
US between 1975 and 2002, we parsed out fatal PCa using the definition of death from
this disease within 10 years of diagnosis. We also leveraged the power of age-period-
cohort models for greater elucidation of clincially relevant (fatal) disease trends and
racial disparities. Previous analyses of PCa trends have focused on the date of death (PCa

425,26,172,182-184,382-385 v ot \vie sought to more accurately elucidate any

mortality rate),
period effects of PSA testing by assessing trends of fatal PCa based on the date of
diagnosis (PCa incidence rate). Our analysis revealed divergent trends in fatal and non-
fatal PCa incidence rates since 1975, with fatal rates steadily declining (by roughly 5%
per year) since the early 1990s, while non-fatal rates have continued to increase—and

even accelerated—after the advent of widespread PSA testing and changes in treatment

practices in the early 1990s. However, our analysis also revealed new age-specific
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findings—fatal PCa incidence rates among younger men (less than 55 years of age) have
not declined but have, in fact, slightly increased (by up to 1% per year) during this period
compared with rates among older men declining by 2% per year. Lastly, our results
suggest that neither period effects nor cohort effects (exposures which simultaneously
affect men of all ages) explain the racial disparity in fatal PCa, with black men at a
consistently greater risk (2—3 fold) during every period and cohort examined. Recent
studies of PCa mortality in the US have shown the black-to-white disparity beginning to

narrow over the last decade, "3

yet studies prior to 2007 had reported that the racial
disparity was rising.®***% Our analysis of fatal PCa trends from 1975-2002, with 10
years of follow-up for PCa-specific mortality, did not show any improvement in the
black-to-white disparity of fatal disease, and found that the disparity was greatest
amongst younger men, with as much as a 6-fold greater risk. This persistent racial
disparity in fatal PCa—particularly among younger men—underscores the need to further

elucidate genetic and modifiable lifestyle factors which may contribute to this disparity,

as well as enact strategies to reduce this racial inequity.

In a prospective analysis within the PLCO cohort, we examined obesity across the adult
life course in relation to PCa risks. Obesity in adulthood has been associated with poorer

PCa outcomes in a majority of prospective studies, %%

as evidenced by a recent
meta-analysis which showed an 11% increase in risk of fatal PCa per 5 kg/m? increase in
BMI.% Yet the relationships between obesity, weight change and prostate cancer by

subtype are complex.*®>*%2 Our analyses found that self-reported body weight and BMI at
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all ages were associated with increased risks of fatal PCa (HRs, 1.1 to 1.3 per 5 unit
increase), were not associated with aggressive PCa, and were modestly inversely
associated with total and nonaggressive PCa. A related anthropometric variable, height,
has previously been shown to be associated with increased risk of total, aggressive and
fatal PCa independent of body weight.***% We found that height at study entry was
positively associated with aggressive PCa (HR = 1.03; 95% CI = 1.01 to 1.06;
Prrend=0.007), however no association was seen for fatal disease (or total and
nonaggressive PCa). In studies of cumulative weight gain between early adulthood and
mid-to-late adulthood in relation to fatal PCa risks evidence remains inconclusive as

226,232,239

some studies have found positive associations while others have found no

association.”*®?* Qur results of cumulative weight gain showed no association with risk
of fatal PCa (all P’s > 0.05). Results from studies of aggressive PCa lack consistency,

with some providing evidence that weight gain increases the risk of advanced/high-grade

PCa,?322342% \ujith others finding evidence for no association.?**242*3 We observed no

association between all body weight variables assessed and risk of aggressive disease (all
P’s > 0.05). We also examined lifetime maximum attained weight, because this metric is

less susceptible to confounding by illness-induced weight loss,*** comorbidity associated

421,422

weight gain, and misclassification,*®* compared with analysis of age- or time-

specific body weights. No study to our knowledge has examined whether lifetime

maximum weight may be influential in PCa etiology, yet attaining certain maximum

weight thresholds at any age during the life course could affect endocrine,'*%*%

404,405

hormone,?®® and inflammation pathways that have been implicated in PCa
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pathogenesis, 2%

such being the biological rational for assessing this metric. Indeed,
increasing maximum weight was associated with greater risk of fatal PCa (HRqa vs o1 =
1.64; 95% CIl = 1.12 to 2.39), yet it remains unknown whether this association is causal
and whether any of the cited pathways play a role. Lastly, we employed a trajectory
modeling approach that identified men with distinct BMI evolutions across the adult life
course, which found strong and statistically significant associations between large gains
in weight and risk of fatal disease among men who had a BMI that was defined as normal
(HR =1.92; 95% CI = 1.18 to 3.13) or overweight (HR = 2.93; 95% CI = 1.58 to 5.46) at
age 20 and developed obesity by baseline. Our results suggest that obesity may be a

modifiable risk factor for fatal PCa. This observation may have value for targeted

screening as well as targeted risk reduction interventions.

In a nested case-control study within the PLCO cohort, we assessed whether associations
between prediagnostic circulating estradiol:testosterone concentrations and aggressive
PCa risk in non-Hispanic white men were modified by known aggressive PCa
susceptibility risk variants or variants within genes related to sex steroid hormone
biosynthesis. Previous GWAS studies have identified associations with known risk
variants and sex steroid hormones (AR and SHBG) **; however, to-date there is limited
evidence that germline polymorphisms are effect modifiers of risk factor-PCa risk
relationships.*33%7338:342437438 1 gy r study of a modest sample size, we found that 2 of 17
PCa susceptibility risk variants tested were marginally associated with aggressive

disease: rs10993994 within 10q11.23 (OR = 1.35; 95% CI = 0.98 to 1.86) and rs4430796
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within 17912 (OR =1.72; 95% CI = 1.00 to 2.99), the latter of which modified (Petect
modification = 0.04) the protective association of higher estradiol:testosterone ratio on
aggressive PCa and also exhibited synergistic interaction (Paggitive = 0.03) in relation to
aggressive PCa risk prior to FDR corrections. The variant rs4430796 has been previously
associated with T2DM,**! and may reduce total PCa risk through diabetes-related
biological mechanisms*®” but it remains is unclear whether T2DM is associated with
aggressive disease.*®® When we subsequently examined variants related to sex steroid
hormone biosynthesis, with restriction to SNPs predicted to be functional or deleterious,
we found evidence that the highest functionally-scored variant for deleteriousness—
rs4148301 near UGT2A2 (CADD score of 34)—was nominally associated with greater
risk of aggressive disease (OR =1.72; 95% CI = 1.02 to 2.90). However, none of the
predicted deleterious or functional SNPs modified the association between
estradiol:testosterone ratio and aggressive PCa. In a discovery analysis—in which we
analyzed all remaining SNPs related to sex steroid hormone biosynthesis—the variant
with the strongest associations with aggressive PCa was rs17147542 near UGT2A1 (OR
=0.60; 95% CI = 0.43 to 0.83). Our findings of significant PCa germline risk variants in
the sex steroid metabolic pathway are supported by previous associations with hormone-
related genes including ESR1,3#048048! gp17B1 #3482 HgpD17B12, 44362483
SRD5A1,%"47 and UGTASs.*""*'® Larger studies that focus on aggressive disease are
needed to confirm our results and aid in understanding these relationships. In the future,
germline genetics risk factors for PCa may play important roles in risk prediction and

precision medicine.
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These results provide insight into the pathogenesis of fatal and aggressive PCa; however
there are limitations to each of these studies that must be addressed. First, while the
temporal trends of fatal PCa suggest specific subgroups of men for whom a greater focus
IS needed, our use of age-period-cohort models are limited by the nonidentifiability issue.
Age, period and cohort metrics are intertwined such that two of three factors coexist on
the same time scale: the statistical strategy of restricted age-period-cohort models does
not overcome the nonidentifiability issue, but rather provides us the ability to formally
test for differences in two sets of incidence rates and derive estimable functions when
age, period and cohort are orthogonally derived into their linear and nonlinear
components. Additionally, due to the additional calendar time required to observed PCa
outcomes, our results presently lag 10 years behind the current calendar year and—by
definition—use subsequent follow-up to assign disease subtype. Future studies that
employ predictive modeling approaches that may forecast future (or in this case, current)
rates may provide added insight into clinically relevant trends and aid in supplementing
our current knowledge of how screening practices and treatment regimens are helping to

reduce the rates of fatal PCa.

A limitation in both PLCO analyses is that selection bias may be present that limits the
external validity (inferences pertaining to men outside of our study population) of our
results. In both PLCO studies, our analytic populations are not generalizable to men aged

55 years or younger, men with a prior history of PCa, or men outside of the US. Our
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inability to translate our findings to younger men in particular is unfortunate, as early
onset PCa is an important and under studied subtype of the disease, albeit rare. Over 10%
of incident PCa diagnoses are expected to occur in men less than 55 years of age in
2015.2 Men with early onset PCa have a different clinical profile and a stronger genetic
component, compared with late onset PCa.**? The majority of early onset PCa cases are
low risk (Gleason <6 and clinical T stage < Ila) disease, yet these men have an increased
risk of fatal disease as their extended life expectancy increases their risk of disease
progression and metastases from their PCa compared with older men. Survival bias, a
type of selection bias, may be present in our PLCO analyses. In particular, our analysis
that examined obesity and PCa risks, men who died prior to age 55 from obesity-related
diseases, such as coronary heath disease or cardiovascular disease, could not be included
in the PLCO study. As a result, our analytic sample may have included healthier obese
patients, which would attenuate our results and potentially underestimate the true
association of obesity on PCa risks.****** Future analyses should strive to avoid potential
selection bias by including a larger age range in cohorts being constructed, or attempt to
correct for survivor selection using newer methodology beyond the scope of our
investigation. Thus, future studies should strive for greater inclusion of younger men in
prospective cohorts in order to better understand the unique etiology of early onset PCa
and enable our results to be more generalizable to the general population. In our gene-
environment analysis, we also excluded men over the age of 70 and non-Caucasian men,
as the focus of this research was geared towards examining risk of aggressive disease

among men in mid-adulthood without the influence of genetic factors which vary by
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ancestry/race (population stratification). More studies are needed to examine if genetic
factors modify any potential association between the hormonal balance of
estrogen:androgen and PCa in non-white populations and age groups outside of mid-

adulthood (55-70 years).

Selection bias could also affects the internal validity (inferences pertaining to men within
our study population) of our results. First, attrition bias is likely not present in either
study, as the PLCO obtained very high (greater than 90%) retention rates,**® so selection
bias related to withdrawals (or differential loss to follow up) would likely not affect our
results. However, in our gene-environment analysis in the PLCO, selection bias may have
been introduced by requiring cases and controls to have genotyping data from a prior
study within a subpopulation of the PLCO (CGEMS).**® Any individual control subject
(compared to cases) in the PLCO had a lower probability of being selected for
genotyping, due to the higher number of controls available for selection and the focus on
prostate cancer as an outcome—and which was why an incidence density-based sampling
method was used for the CGEMS study. As a result, genetic data were more likely to be
unavailable for the controls when we restricted our analytic population, which would
differentially affect the cases and controls. We did examine whether median hormone
levels between our analytic population that required genetic data and the larger prior
hormone study in the PLCO which did not require genetic data—and which was the

427

starting point for our study™'—uwere similar, and hormone levels were almost identical.
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As a result, if selection bias was present it would be minimal but also it would likely be
differential as the controls were selected slightly different than the cases (lower

probability of selection), resulting in a bias of unknown directionality.

Another limitation to both prospective cohort studies is the relatively small number of
black men included in our analyses, particularly when assessing the rarer subgroups such
as fatal PCa. In our gene-environment analysis, because of the potential for genetic
factors to differ by race (population stratification), we restricted our analysis of germline
polymorphisms and sex steroid hormones to Caucasian men only. In addition to our
finding that there persists a black to white disparity in fatal PCa trends, it has been well
documented that black men exhibit roughly a 2.5 fold higher risk of death from PCa

compared with white men, 3768

and racial disparities in cancer incidence and mortality
are higher for PCa than for any other malignancy.™*’ While we were able to study men of
black race in the PLCO cohort for the influence of obesity on PCa risk, our sample size
was limited for fatal disease and may not be able to fully elucidate the relationship
between obesity and aggressive and fatal PCa risk in black men (our analytic cohort when
restricted to black men only included 462 total PCa cases, 214 aggressive cases and 24
fatal cases). Future prospective cohorts that include greater numbers of black men (and

other racial groups) are needed in order for greater elucidation of race in PCa etiology,

and whether race is an effect modifier of risk factor-PCa relationships.
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Misclassification is a potential concern of both prospective studies detailed herein. In the
analysis on obesity and PCa risk, our main exposures (weight and height) were both self-
reported which likely resulted in some amount of measurement bias. Self-reported weight
and height has been evidenced in prior epidemiology studies to differ by current weight
status. However, misclassification of our exposure would likely result in non-differential
misclassification as exposures was ascertained prior to the onset of PCa. If non-
differential misclassification was present, it would bias our results towards the null, as
overweight men tend to under report their weight and underweight men tend to over
report their weight, resulting in less variability in exposure. Misclassification of self-
reported weight and height is most likely to occur between adjacent categories as
opposed to extreme categories, Yet, we were able to detect a significant trend in relation
to increasing risk of fatal PCa across all levels of maximum weight and average BMI
(prior to age 50), which provides support for the validity of our results in relation to
increased risk of fatal PCa. Misclassification is also a potential concern in the analysis on
gene by environment interactions and aggressive PCa risk because the primary exposures
(SNPs and circulating hormone levels) have variable degrees of measurement error.
While the genotyping method used to assess SNPs has been evidenced to be highly

accurate,3*

our measures of sex steroid hormones only represent circulating levels, and
are likely imperfect proxies of intra-prostatic tissue concentrations, nor do they represent
levels at any time-point prior to or post age at study entry. Future studies that incorporate

trained staff to measure anthropometry and the collection of tissue specific hormone
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concentrations, are required in order to minimize the influence of exposure

misclassification.

Another limitation is the use of secondary data for our PLCO analyses, which did not
allow us to adjust for all possible confounders or effect modifiers since they were not
collected during the trial. Finally, we had limited power to detect significant associations
in our gene by environmental analysis due to the number of genetic variants assayed and
multitude of interaction tests conducted to examine if any variants modified PCa risk. We
tried to exploit the statistical power we did have by performing retrospective based
likelihood tests that gained power through independence of the SNP and hormone ratio,
and which required only 1 degree of freedom. Future studies that are conducted on much
larger populations, such as pooled studies, would provide for greater statistical power and
precision in estimated associations, while cohort studies that are in the planning phases
should strive to collect information on a greater number of potential confounders, perhaps

through multidisciplinary research across a large number of ethnically diverse study sites.

Our results also have many strengths, most notably our use of advanced epidemiological
methodology to investigate clinically relevant PCa. Our analysis of PCa incidence trends
employed state-of-the-art statistical models that included a large number of fatal cases for
both men of white and black race, while the date of diagnosis (i.e., the incidence of fatal
[or non-fatal] PCa) was utilized as the event time, which is a more accurate time metric

when assessing disease trends during periods in which screening and/or therapies change.
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Strengths of our analysis of obesity during the adult life course and PCa risks include its
large sample size, 13 years of follow-up for cause-specific mortality, histologic
verification of cancers, and ascertainment of underlying cause of death via high-quality
record linkage. Meanwhile, our gene by environmental (hormone) analysis utilized state-
of-the-art mass spectrometry assays for quantitation of hormone concentrations, while
genetic variants were scrutinized and ranked using state-of-the-art algorithms and

databases that helped identify deleterious, coding and functional disease casual variants.

It is also our hope that this research may aid in current health policies in the US, such as
reconsideration of current screening guidelines. A revision of current screening policies
by the US task force may be needed, in which recommendations are stratified by age,
race and other lifestyle/genetic risk factors. For example, younger men (particularly
younger black men) appear to exhibit fatal PCa incidence rates that have not declined
over the last few decades. While early-onset PCa is relatively rare, it is essential that PCa
is caught at an early stage for men at higher risk of developing more aggressive and
clinically relevant forms of PCa. Rates of PSA testing have been declining in recent
years.”® While the influence of PSA testing on PCa mortality remains to be fully
quantified, PSA testing undoubtedly has at least a small effect, and current policy

guidelines may be enhanced by incorporating personalized PCa screening.

In conclusion, future studies, which expand on our current findings, are needed to

elucidate the biological and genetic mechanisms that we found to be associated with an
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increased risk of aggressive and fatal PCa. As PCa has substantial metastatic potential
over the course of a man’s lifetime, attempts to understand risk factors and biological
mechanisms of aggressive and fatal disease are essential. Yet more time is needed until
results such as ours could translate into public health interventions. If our findings are
replicated and we assume a casual effect, these results may have wide ranging clinical
implications. Predictive algorithms could be implemented that identify subgroups of
individuals for whom personalized treatment regimens or targeted screenings that could
be implemented at an early stage and potentially lower risks of an aggressive or fatal
PCa. Younger black men who experience substantial weight gain in early adulthood or
who have germline genetic variants associated with aggressive PCa may need greater
frequency of screening at earlier timepoints compared with the rest of the population. At
a minimum, greater counseling during physician visits that target modifiable lifestyle
factors could potentially be integrated into prostate cancer screening and management,

and have a positive public health impact.
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Appendix Figure 1: Trends in age-standardized incidence rates of fatal prostate
cancer by pathologic tumor differentiation at the time of prostate cancer diagnosis,
ages 45 to 84 years, 1975 to 2002, United States (SEER-9).
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Appendix Figure 1 Legend: A) White men; B) Black men. Well or moderately differentiated
tumors are considered low (grade 1) or intermediate grade (grade 2); poor or undifferentiated
tumors are considered high grade tumors (grades 3 and 4, respectively). The trends in tumor
differentiation at diagnosis of fatal prostate cancers are plotted as log rates by linear calendar
year.
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Appendix Figure 2: Trends in ASRs of fatal prostate cancer by primary curative
treatment administered within 4-6 months of PCa diagnosis and corresponding
black-to-white rate ratios, ages 45 to 84 years, 1983 to 2002, United States (SEER-9).
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Appendix Figure 2 Legend: A) Trends in fatal PCa among men who underwent radical
prostatectomy (RP) surgical therapy; B) Black-to-white fatal PCa rate ratios (IRRy.,) among men
who underwent RP; C) Trends in fatal PCa among men who underwent radiation therapy (RT)
(external beam RT only, brachytherapy, combined therapy of external bean RT plus
brachytherapy and other/unknown type of RT); D) Fatal PCa rate ratios (IRRy.,) among men who
underwent RT; E) Trends in fatal PCa among men who underwent who did not undergo RP or RT
within the first 4-6 months post (i.e. treatments not recorded in SEER such as androgen
deprivation therapy, and/or chemotherapy or other treatments, or no treatment); F) Fatal PCa rate
ratios (IRRy.,) among men who did not undergo RP or RT. Trends are plotted as log rates by
linear calendar year of diagnosis.
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Appendix Figure 3: Age-specific incidence rates of fatal prostate cancer among
black and white men, ages 45-84 years, 1975-2002, United States (SEER-9).
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Appendix Figure 3 Legend: Longitudinal age-at-onset curves of fatal PCa by race (or
age-specific incidence rates of fatal PCa), adjusted for cohort effects and non-linear period
effects. Trends are plotted as log rates by log age of diagnosis.
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Appendix Figure 4: Joinpoint regression of trends in fatal prostate cancer incidence
rates by race, ages 45 to 84 years, 1975 to 2002, United States (SEER-9).

ASR (per 100,000 person-years)

200 4
180

160

80
60 - \
40+

20 4

Age-standardized rates of fatal prostate cancer, 1975-2002

Blacks, Fatal
L] Whites, Fatal

140

0 T T t T 1
1985 1990 1992 1995 2002

Year of diagnosis

T T
1975 1980

Appendix Figure 4 Legend: Fatal prostate cancer with scatter points (circles) representing
observed rates and lines representing joinpoint regression fitted rates among black (light grey)
and white (dark grey) men. All rates were age-adjusted to the 2000 US standard population.
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Appendix Figure 5: Joinpoint regression of trends in non-fatal prostate cancer
incidence rates by race, ages 45 to 84 years, 1975 to 2002, United States (SEER-9).
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Appendix Figure 5 Legend: Non-fatal prostate cancer with scatter points (circles) representing
observed rates and lines representing joinpoint regression fitted rates among black (light grey)
and white (dark grey) men. All rates were age-adjusted to the 2000 US standard population.
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Appendix Figure 6: Age-group specific incidence rates of fatal prostate cancer,
1975-2002, United States (SEER-9).

Age-specific rates of fatal prostate cancer, 1975-2002

400
300

Age groups
45-49y
1 50-54y
200 55-59y
60-64y
65-69y
70-74y
75-79y
80-84y

100

*Avpbqaonmeo

Rate per 100,000 man-years

Calendar Periods

Appendix Figure 6 Legend: Rates are plotted as log rates by linear calendar year of
diagnosis.
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Appendix Figure 7: Birth cohort specific incidence rates of fatal prostate cancer
using 9 different reference ages, 1975 to 2002, United States (SEER-9).
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Appendix Table 1. Mean age-specific body weight and average changes in body weight by weight quartile at baseline.

Cohort Mean Age-specific Body Cohort Average Change in Body
Weight, kg Weight, kg
. . . 20 years
Weight quartile  Baseline . 50 years 20 years
at baseline Age,y No. (%) 20 years 50 years Baseline ;[/%asrg to baseline  to baseline

Q1: <775 63.6 19,268 (28%) 65.1 715 71.2 6.4 -0.3 6.1
Q2: 77.5-<85.5 62.9 16,178 (23%) 70.3 80.0 81.8 9.7 2.0 115
Q3: 85.5-<95.5 62.6 18,042 (26%) 74.6 86.9 90.5 12.3 4.0 16.0
Q4:>=95.5 61.7 16,385 (23%) 81.8 100.2 107.8 18.4 8.4 26.1
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Appendix Table 2. Associations between age-specific anthropometric characteristics using Z-scores and prostate cancer risk
among men in the PLCO Cancer Screening Trial by case status.

Total Ingdent Prostate NonaggresswelProstate Aggressive Pzrostate Eatal Prostate Cancer
ancer Cancer Cancer
n=7,822 n=4,587 n=3,078 n=255
ch . HR p HR p HR p HR p
aracteristic (95% Cl) Trend (95% C|) Trend (95% Cl) Trend (95% Cl) Trend
Weight Z-score, age
20 0.1174 0.0707 0.8715 0.0334
0.99 1.01 0.98 0.61
7<-2 (0.80,1.22) (0.76,1.34) (0.71,1.35) (0.15,2.51)
0.99 0.99 0.97 0.81
-2<7Z<-1 (0.92,1.05) (0.91,1.08) (0.88,1.08) (0.56,1.19)
1.00 1.00 1.00 1.00
-1<Z<1 (Referent) (Referent) (Referent) (Referent)
0.94 0.90 1.01 1.24
1<7<2 (0.88,1.01) (0.82,0.99) (0.90,1.13) (0.85,1.80)
0.82 0.83 0.82 1.80
7>2 (0.69,0.99) (0.66,1.05) (0.61,1.09) (0.83,3.90)
Continuous, per 1 unit  0.99 (0.97,1.02) 0.97 (0.94,1.01) 1.03 (0.99,1.08) 1.20 (1.03,1.40)
BMI Z-score, age 20 0.2556 0.0502 0.4346 0.0237
0.97 1.00 0.94 0.34
7<-2 (0.83,1.14) (0.81,1.22) (0.73,1.20) (0.08,1.36)
1.01 1.06 0.93 0.86
-2<7Z<-1 (0.94,1.08) (0.97,1.15) (0.84,1.04) (0.59,1.26)
1.00 1.00 1.00 1.00
-1<z<1 (Referent) (Referent) (Referent) (Referent)
1<7<2 0.98 0.95 1.04 1.22
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(0.92,1.05) (0.87,1.04) (0.93,1.16) (0.85,1.76)

0.83 0.85 0.82 1.49
72>2 (0.70,1.00) (0.68,1.07) (0.61,1.09) (0.66,3.37)
Continuous, per 1 unit  0.99 (0.97,1.02) 0.98 (0.95,1.01) 1.02 (0.99,1.06) 1.17 (1.03,1.33)
Weight Z-score, at
BQ 0.6669 0.0129 0.0141 0.0031
0.80 0.88 0.72 0.67
7Z<-2 (0.67,0.96) (0.69,1.11) (0.55,0.96) (0.24,1.88)
0.98 1.06 0.86 0.86
—2<7<-1 (0.91,1.05) (0.97,1.16) (0.76,0.96) (0.58,1.27)
1.00 1.00 1.00 1.00
-1<Z<1 (Referent) (Referent) (Referent) (Referent)
0.94 0.89 1.03 1.61
1<7<2 (0.88,1.02) (0.81,0.98) (0.92,1.15) (1.12,2.32)
0.82 0.75 0.95 2.42
2>2 (0.68,0.99) (0.58,0.97) (0.71,1.27) (1.11,5.28)
Continuous, per 1 unit  0.97 (0.94,0.99) 0.93(0.90,0.97) 1.02 (0.98,1.07) 1.26 (1.08,1.48)
BMI Z-score, at BQ 0.0361 0.0011 0.4778 0.0187
0.80 0.87 0.69 0.61
7Z<-2 (0.68,0.95) (0.70,1.08) (0.52,0.92) (0.23,1.65)
1.06 1.10 1.01 0.98
—2<7<-1 (1.00,1.13) (1.01,1.20) (0.91,1.12) (0.69,1.40)
1.00 1.00 1.00 1.00
-1<z<1 (Referent) (Referent) (Referent) (Referent)
0.92 0.88 0.99 1.47
1<7<2 (0.86,0.99) (0.80,0.97) (0.88,1.11) (1.01,2.13)
0.80 0.72 0.91 2.15
7Z>2 (0.66,0.98) (0.55,0.94) (0.68,1.23) (0.94,4.92)
Continuous, per 1 unit 0.97 (0.95,1.00) 0.94 (0.91,0.97) 1.02 (0.98,1.06) 1.21 (1.06,1.39)
Weight Z-score, age
50 0.8215 0.0549 0.0485 0.0017
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Z<-2
—2<7<-1
-1<7Z<1
1<7Z<2

7>2
Continuous, per 1 unit
BMI Z-score, age 50

7<-2
—2<7Z<-1
-1<Z<1
1<Z2<2

7>2
Continuous, per 1 unit

0.71
(0.59,0.85)
0.98
(0.92,1.05)
1.00
(Referent)
0.94
(0.87,1.01)
0.81
(0.68,0.98)

0.98 (0.95,1.01)

0.85
(0.72,1.01)
1.00
(0.94,1.07)
1.00
(Referent)
0.96
(0.90,1.04)
0.85
(0.70,1.02)

0.98 (0.96,1.00)

0.6414

0.66
(0.51,0.86)
1.03
(0.94,1.13)
1.00
(Referent)
0.87
(0.79,0.96)
0.69
(0.53,0.89)

0.95 (0.92,0.99)

0.82
(0.65,1.02)
1.02
(0.93,1.11)
1.00
(Referent)
0.91
(0.83,1.00)
0.71
(0.55,0.92)

0.96 (0.93,0.99)

0.0812

0.78
(0.59,1.02)
0.92
(0.82,1.03)
1.00
(Referent)
1.04
(0.93,1.16)
1.03
(0.79,1.34)

1.02 (0.97,1.06)

0.92
(0.71,1.18)
0.97
(0.88,1.08)
1.00
(Referent)
1.06
(0.95,1.18)
1.02
(0.77,1.34)

1.01 (0.97,1.05)

0.2112

0.98
(0.42,2.31)
0.75
(0.49,1.14)
1.00
(Referent)
1.46
(1.01,2.10)
2.78
(1.44,5.35)
1.24 (1.06,1.44)
0.0131

0.80
(0.33,1.96)
0.91
(0.63,1.32)
1.00
(Referent)
1.39
(0.97,1.99)
2.35
(1.15,4.81)

1.20 (1.05,1.37)

Abbreviations: Z, Z score; BQ, baseline questionnaire; HR, hazard ratio; Cl, confidence interval; BMI, body mass index (kg/m?)

P for Trend (Preng) Was calculated using the median category values modeled as a continuous variable in the multivariable model (not
adjusted for initial weight/BMI)
Aggressive prostate cancer’ was defined as biopsy Gleason score 7, and/or clinical stage 111 or greater, and/or prostate cancer as
underlying cause of death. Nonaggressive prostate cancer* was defined as otherwise. 157 prostate cancers lacked sufficient

information to determine prostate cancer subtype.
All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time metric with
separate baseline hazards by birth cohort (decade). Total and nonaggressive prostate cancer models were adjusted for screening arm
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(usual care, screening), screening center (10 study centers), race (white, black, other), education (less than high school, high school
graduate, some college, college graduate, postgraduate), married or cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever,
former, never), history of BPH (yes, no), PSA history during the 3 years prior to study entry (0, 1, 2+), family history of prostate
cancer (yes, no) and myocardial infarction (yes, no). Aggressive disease models were adjusted for screening arm (usual care,
screening), screening center (10 study centers), race (white, black, other), married or cohabiting (yes, no), diabetes (yes, no), cigarette
smoking (ever, former, never), family history of prostate cancer (yes, no) and myocardial infarction (yes, no). Fatal prostate cancer
was adjusted for screening arm (usual care, screening), screening center (10 study centers), race (white, black, other), married or
cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), history of BPH (yes, no), PSA history during the 3
years prior to study entry (0, 1, 2+), family history of prostate cancer (yes, no) and myocardial infarction (yes, no).
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Appendix Table 3. Unadjusted associations between age-specific anthropometric characteristics and prostate cancer risk

among men in the PLCO Cancer Screening Trial by case status.
Total Incident Prostate  Nonaggressive Prostate  Aggressive Prostate  Fatal Prostate Cancer

Cancer Cancer Cancer?
n=7,822 n=4,587 n=3,078 n=255
HR HR HR HR
Characteristic (95% CI) Prens  (95% CI) Prend  (95% CI) Prend  (95% CI) Prrend
0.0003 0.0319 0.0021 0.0389
Height, cm
) 0.94 0.96 0.90 0.67
Ql:=< 174 (0.89,1.00) (0.89,1.04) (0.82,0.99) (0.48,0.94)
. 1.00 1.00 1.00 1.00
Q2:175-179 (Referent) (Referent) (Referent) (Referent)
. 1.05 1.04 1.03 1.10
(Q3:180-184 (0.99,1.11) (0.96,1.13) (0.94,1.13) (0.80,1.50)
) 1.04 1.05 1.05 0.91
Q4:2 185 (0.98,1.12) (0.96,1.14) (0.94,1.17) (0.62,1.35)
Continuous, per 1.03 1.03 1.04 1.10
5cm (1.01,1.05) (1.01,1.05) (1.01,1.06) (1.01,1.20)
0.62 0.36 0.0740 0.0028
Weight, age 20, kg
Ol: < 64 0.93 0.94 0.92 0.79
- (0.87,0.98) (0.87,1.01) (0.84,1.01) (0.56,1.11)
. 1.00 1.00 1.00 1.00
Q2:65-72 (Referent) (Referent) (Referent) (Referent)
. 1.02 1.00 1.04 1.16
Q3:73-79 (0.96,1.08) (0.93,1.09) (0.94,1.15) (0.82,1.63)
Q4: > 80 0.93 0.89 1.00 1.35
= (0.88,0.99) (0.82,0.97) (0.90,1.10) (0.97,1.89)
Continuous, per 1.00 0.99 1.01 1.10
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5kg

BMl, age 20,

kg/m?
<185

18.5-24.9
25.0-29.9

>30

Continuous, per
5 kg/m?
Weight, age 50, kg

Ql: <74
Q2: 75-82
Q3:83-91

Q4:>92

Continuous, per
5kg
BMl, age 50,
kg/m?

<185

18.5-24.9

(0.99,1.01)

0.96
(0.86,1.07)
1.00
(Referent)
0.97
(0.92,1.03)
0.77
(0.64,0.92)
0.97
(0.93,1.01)

0.96
(0.90,1.02)
1.00
(Referent)
0.92
(0.86,0.98)
0.88
(0.82,0.94)
0.99
(0.98,1.00)

0.56
(0.31,1.01)
1.00
(Referent)

0.0788

0.0014

<0.0001

(0.98,1.01)

0.98
(0.85,1.13)
1.00
(Referent)
0.94
(0.87,1.01)
0.78
(0.61,0.98)
0.94
(0.89,0.99)

1.00
(0.93,1.08)
1.00
(Referent)
0.93
(0.86,1.01)
0.83
(0.76,0.90)
0.98
(0.96,0.99)

0.60
(0.28,1.25)
1.00
(Referent)

(1.00,1.03)

0.0302

0.94
(0.79,1.12)
1.00
(Referent)
1.02
(0.94,1.12)
0.73
(0.54,1.00)
1.01
(0.95,1.07)

<0.0001

0.88
(0.80,0.97)
1.00
(Referent)
0.89
(0.80,0.98)
0.94
(0.85,1.04)
1.01
(0.99,1.02)

<0.0001

0.51
(0.19,1.36)
1.00
(Referent)
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0.86

0.58

0.1509

(1.04,1.16)

0.40
(0.16,0.97)
1.00
(Referent)
1.28
(0.96,1.73)
1.82
(0.86,3.88)
1.29
(1.05,1.59)

0.89
(0.63,1.26)
1.00
(Referent)
1.07
(0.74,1.53)
1.53
(1.08,2.18)
1.08
(1.03,1.13)

1.00
(Referent)

0.0024

0.0029

0.0860



0.94 0.92 0.97 1.05
25.0-29.9 (0.89,0.98) (0.87,0.98) (0.89,1.04) (0.80,1.38)
> 30 0.79 0.72 0.91 1.44
- (0.74,0.86) (0.66,0.80) (0.81,1.02) (0.99,2.10)
Continuous, per 0.92 0.87 0.99 1.27

5 kg/m? (0.89,0.95) (0.83,0.91) (0.94,1.04) (1.07,1.50)
) 0.95 0.96 0.94 0.88
Ql:=<76 (0.89,1.01) (0.89,1.04) (0.85,1.04) (0.62,1.24)
. 1.00 1.00 1.00 1.00
Q2: 77-85 (Referent) (Referent) (Referent) (Referent)
) 0.95 0.96 0.94 1.01
3:86-95 (0.89,1.01) (0.89,1.05) (0.85,1.04) (0.71,1.44)
Q4: > 96 0.88 0.85 0.95 1.40
= (0.83,0.94) (0.78,0.92) (0.85,1.05) (0.98,1.99)
Continuous, per 0.99 0.98 1.01 1.08
5 kg (0.99,1.00) (0.97,0.99) (1.00,1.02) (1.04,1.13)
BMI, at BQ, kg/m2 0.0008 0.0002 0.50 0.0273

0.66 0.39 1.07 -
<185 (0.39,1.11) (0.16,0.94) (0.56,2.07)

1.00 1.00 1.00 1.00
18.5-24.9 (Referent) (Referent) (Referent) (Referent)

0.97 0.97 0.98 1.11
25.0-29.9 (0.92,1.03) (0.91,1.04) (0.90,1.06) (0.82,1.49)
= 30 0.89 0.83 0.97 1.47
= (0.83,0.94) (0.77,0.91) (0.87,1.07) (1.04,2.08)
Continuous, per 0.95 0.91 1.00 1.27

5 kg/m? (0.92,0.98) (0.88,0.95) (0.96,1.05) (1.10,1.48)

Abbreviations: Z, Z standardized score; BQ, baseline questionnaire; HR, hazard ratio; Cl, confidence interval; BMI, body

mass index (kg/m?)

P for Trend (Preng) Was calculated using the median category values modeled as a continuous variable in the
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multivariable model (not adjusted for initial weight/BMI)

Aggressive prostate cancer’ was defined as biopsy Gleason score 7, and/or clinical stage 111 or greater, and/or prostate
cancer as underlying cause of death. Nonaggressive prostate cancer was defined as otherwise. 157 prostate cancers
lacked sufficient information to determine prostate cancer subtype.

All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time
metric with separate baseline hazards by birth cohort (decade). Total and nonaggressive prostate cancer models were
adjusted for screening arm (usual care, screening), screening center (10 study centers), race (white, black, other),
education (less than high school, high school graduate, some college, college graduate, postgraduate), married or
cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), history of BPH (yes, no), PSA history
during the 3 years prior to study entry (0, 1, 2+), family history of prostate cancer (yes, no) and myocardial infarction
(yes, no). Aggressive disease models were adjusted for screening arm (usual care, screening), screening center (10 study
centers), race (white, black, other), married or cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former,
never), family history of prostate cancer (yes, no) and myocardial infarction (yes, no). Fatal prostate cancer was adjusted
for screening arm (usual care, screening), screening center (10 study centers), race (white, black, other), married or
cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), history of BPH (yes, no), PSA history
during the 3 years prior to study entry (0, 1, 2+), family history of prostate cancer (yes, no) and myocardial infarction

(yes, no).
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Appendix Table 4. Unadjusted associations between body weight change and prostate cancer risks among men
in the PLCO Cancer Screening Trial by case status.

Total Incident Prostate Nonaggressive Prostate Aggressive Prostate Fatal Prostate
Cancer Cancer’ Cancer? Cancer
n=7,822 n= 4,587 n= 3,078 n= 255
Characteristic HR(95%CI) Prend  HR(95% CI) Prenda  HR(95% CI) Prenda  HR (95% CI) Prend
Weight change,
kg (Cumulative,
age 20 to 50)
. 0.97 0.0011 0.96 0.0007 1.01 0.42 1.01 0.52
Loss: <—2 (0.87,1.09) (0.83,1.10) (0.85,1.20) (0.54,1.88)
Stable: —=1.9to 1.00 1.00 1.00 1.00 (Referent)
+4.9 (Referent) (Referent) (Referent)
Gain: +5to 0.97 0.97 0.97 0.96
+14.9 (0.92,1.03) (0.90,1.05) (0.89,1.07) (0.70,1.32)
Large Gain: > 0.89 0.86 0.96 1.12
+15 (0.84,0.95) (0.79,0.93) (0.87,1.07) (0.80,1.58)
1.03 0.0002 1.00 <0.0001 1.08 0.72 1.09 0.58
Ql:=44 (0.97,1.10) (0.92,1.08) (0.98,1.20) (0.77,1.54)
. 1.00 1.00 1.00 1.00 (Referent)
Q2:4.5-95 (Referent) (Referent) (Referent)
_ 1.01 0.97 1.11 1.18
Q3:9.6-15.9  (0.95,1.08) (0.90,1.05) (1.00,1.23) (0.83,1.66)
0.90 0.82 1.03 1.14
Q4:216.0 (0.84,0.96) (0.76,0.90) (0.92,1.14) (0.79,1.65)
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Continuous,
per 5 kg

Continuous,
per 0.5 kgly

Weight change,
kg (Cumulative,
age 20 to BQ)

Loss: <-2

Stable: —1.9to
+4.9

Gain: +5to
+14.9

Large Gain; >
+15

Ql:<6.7
Q2: 6.8-13.6
Q3: 13.7-20.9

Q4:>21.0

Continuous,
per 5 kg

Continuous,
per 0.5 kgly

0.98
(0.96, 0.99)

0.93
(0.90, 0.96)

1.06
(0.95,1.18)

1.00
(Referent)
1.04
(0.97,1.12)

0.99
(0.92,1.06)

1.03
(0.96,1.09)

1.00
(Referent)
1.01
(0.95,1.07)

0.95
(0.89,1.01)

0.99
(0.98, 1.00)

0.93
(0.90, 0.97)

0.1518

0.0221

0.96
(0.95, 0.98)

0.89
(0.85, 0.93)

1.04
(0.90,1.20)

1.00
(Referent)
1.05
(0.96,1.15)

0.97
(0.89,1.06)

1.01
(0.93,1.10)

1.00
(Referent)
1.00
(0.92,1.08)

0.90
(0.83,0.98)

0.98
(0.97, 0.99)

0.89
(0.85, 0.94)

0.1470

0.0087
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1.00
(0.98, 1.01)

0.99
(0.93, 1.04)

1.07
(0.90,1.28)

1.00
(Referent)
1.04
(0.93,1.16)

1.02
(0.91,1.13)

1.04
(0.95,1.15)

1.00
(Referent)
1.02
(0.93,1.13)

1.02
(0.92,1.12)

1.00
(0.99, 1.02)

1.01
(0.94, 1.07)

1.03
(0.97, 1.10)

1.10
(0.90, 1.34)

0.1470 1.01
(0.55,1.87)

1.00 (Referent)

0.97
(0.66,1.43)

1.13
(0.78,1.63)

0.70 1.18
(0.82,1.68)

1.00 (Referent)

1.27
(0.88,1.81)

1.27
(0.88,1.83)

1.05
(0.99, 1.10)

1.26
(1.00, 1.58)

0.43

0.42



Weight change,
kg (Cumulative,
age 50 to BQ)

. 0.91 0.0931 0.89 0.16 0.93 0.90

Loss: <—2 (0.85,0.96) (0.82,0.97) (0.85,1.03) (0.64,1.26)

Stable: —1.9to 1.00 1.00 1.00 1.00 (Referent)
+4.9 (Referent) (Referent) (Referent)

Gain: +5 to 1.01 1.00 1.02 1.00
+14.9 (0.95,1.06) (0.94,1.08) (0.94,1.11) (0.74,1.35)
+15 (0.84,1.03) (0.81,1.04) (0.80,1.09) (0.84,2.10)

0.89 0.0684 0.84 0.0211 0.94 0.86

Ql:=0 (0.83,0.95) (0.77,0.91) (0.85,1.05) (0.59,1.25)

. 1.00 1.00 1.00 1.00 (Referent)

Q2:0.1-24 (Referent) (Referent) (Referent)

_ 0.95 0.95 0.93 0.92

Q3:2.5-6.8 (0.88,1.01) (0.87,1.03) (0.83,1.04) (0.62,1.37)

0.94 0.91 0.97 1.05

Q4:26.9 (0.88,1.01) (0.84,1.00) (0.87,1.09) (0.71,1.54)

COﬂtinUOUS, 1.01 1.01 1.01 1.05
per 5 kg (1.00, 1.03) (0.99, 1.03) (0.99, 1.03) (0.98, 1.14)

ContinUOUS, 1.01 1.00 1.02 1.10
per 0.5 kgly (0.99, 1.02) (0.98, 1.02) (0.99, 1.04) (1.00, 1.22)

0.22

0.29

Abbreviations: No, number of cases; PY, person-years; Q, quartile; y, year; BQ, baseline questionnaire; HR, hazard ratio; Cl,
confidence interval; BMI, body mass index (kg/m?); kg, kilograms
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*Calculated after excluding subjects whose change in weight for the given time period was negative across median values of weight
change quartiles.

P for Trend (Preng) Was calculated using the median category values modeled as a continuous variable (in models not adjusted for
initial weight/BMI).

Aggressive prostate cancer’ was defined as biopsy Gleason score 7, and/or clinical stage 111 or greater, and/or prostate cancer as
underlying cause of death. Nonaggressive prostate cancer was defined as otherwise. 157 prostate cancers lacked sufficient
information to determine prostate cancer subtype.

All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time metric with
separate baseline hazards by birth cohort (decade). Total and nonaggressive prostate cancer models were adjusted for screening arm
(usual care, screening), screening center (10 study centers), race (white, black, other), education (less than high school, high school
graduate, some college, college graduate, postgraduate), married or cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever,
former, never), history of BPH (yes, no), PSA history during the 3 years prior to study entry (0, 1, 2+), family history of prostate
cancer (yes, no) and myocardial infarction (yes, no). Aggressive disease models were adjusted for screening arm (usual care,
screening), screening center (10 study centers), race (white, black, other), married or cohabiting (yes, no), diabetes (yes, no),
cigarette smoking (ever, former, never), family history of prostate cancer (yes, no) and myocardial infarction (yes, no). Fatal prostate
cancer was adjusted for screening arm (usual care, screening), screening center (10 study centers), race (white, black, other), married
or cohabiting (yes, no), diabetes (yes, no), cigarette smoking (ever, former, never), history of BPH (yes, no), PSA history during the
3 years prior to study entry (0, 1, 2+), family history of prostate cancer (yes, no), myocardial infarction (yes, no) and height at study
entry (m).

Note: Models adjusted for weight (kg) at beginning of the time period of interest, and the average weight (kg) during the time period
of interest, are provided in Supplemental Table 3.
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Appendix Table 5. Unadjusted associations between average weight and BMI, maximum weight, first timepoint when
overweight and BMI trajectories in relation to prostate cancer risk among men in the PLCO Cancer Screening Trial by case
status.

Total Incident Prostate  Nonaggressive Prostate Aggressive Prostate Fatal Prostate
Cancer Cancer’ Cancer? Cancer
n=7,822 n= 4,587 n= 3,078 n= 255
HR HR HR HR
Characteristic (95% CI) Prena  (95% CI) Prena (95% CI) Prena  (95% CI) Prend
Average weight, kg,
ages 20 & 50
Q1: < 70 0.95 0.1448 0.98 0.0028 0.90 0.1491 0.85 0.0049
' (0.90,1.01) (0.91,1.06) (0.82,0.99) (0.61,1.20)
. 1.00 1.00 1.00 1.00
Q2:70-77 (Referent) (Referent) (Referent) (Referent)
. 0.98 0.97 0.98 1.03
Q3: 78-85 (0.92,1.04) (0.90,1.06) (0.89,1.08) (0.72,1.47)
Q4: > 86 0.91 0.86 0.98 1.44
' (0.85,0.97) (0.79,0.93) (0.88,1.08) (1.02,2.03)
Continuous, per 5 kg 0.99 0.98 1.01 1.11
’ (0.98,1.00) (0.97,0.99) (1.00,1.03) (1.05,1.17)
Average BMI, kg/m?,
ages 20 & 50
<185 0.78 <0.0001 0.83 <0.0001 0.73 0.53 - 0.0029
' (0.52,1.16) (0.50,1.37) (0.38,1.40)
1.00 1.00 1.00 1.00
18.5-24.9 (Referent) (Referent) (Referent) (Referent)
0.95 0.91 1.03 1.33
250-29.9 (0.91,1.00) (0.85,0.96) (0.95,1.11) (1.02,1.72)
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> 30

Continuous, per 5 kg/m?

Maximum weight, kg,
age 20, 50 or BQ

Ql: <74
Q2: 75-81
Q3:82-91
Q4:>92

Continuous, per 5 kg

Time when BMI first
exceeded 25 kg/m?

Never
Baseline age
Age 50

Age 20

BMI trajectory,
age 20 to 50 to BQ

T1: Normal and stable

0.74
(0.66,0.84)
0.92
(0.88,0.96)

0.96
(0.90,1.02)
1.00
(Referent)
0.92
(0.86,0.98)
0.88
(0.82,0.94)
0.99
(0.98,1.00)

1.00
(Referent)
1.03
(0.95,1.11)
0.92
(0.87,0.98)
0.92
(0.86,0.98)

1.00

0.0014

0.0007

0.70
(0.60,0.82)
0.87
(0.83,0.92)

1.00
(0.93,1.08)
1.00
(Referent)
0.93
(0.86,1.01)
0.83
(0.76,0.90)
0.98
(0.96,0.99)

1.00
(Referent)
1.08
(0.97,1.19)
0.90
(0.84,0.98)
0.89
(0.81,0.97)

1.00

<0.0001

0.0002
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0.81
(0.67,0.98)
0.99
(0.93,1.06)

0.88
(0.80,0.97)
1.00
(Referent)
0.89
(0.80,0.98)
0.94
(0.85,1.04)
1.01
(0.99,1.02)

1.00
(Referent)
0.97
(0.85,1.09)
0.95
(0.87,1.04)
0.97
(0.87,1.08)

1.00

0.58

0.46

1.84
(1.09,3.09)
1.37
(1.11,1.68)

0.89
(0.63,1.26)
1.00
(Referent)
1.07
(0.74,1.53)
1.53
(1.08,2.18)
1.08
(1.03,1.13)

1.00
(Referent)
1.26
(0.83,1.92)
111
(0.79,1.56)
1.52
(1.05,2.21)

1.00

0.0029

0.0665



(Referent) (Referent) (Referent) (Referent)

T2: 0.95 0.96 0.95 1.01
Normal to overweight (091,100) (090,102) (088,103) (076,134)
T3: 0.92 0.80 1.11 1.94
Normal to obese (083,102) (070,092) (096,130) (121,311)
T4: 0.86 0.81 0.95 1.27
Stable overweight (0.79,0.93) (0.73,0.90) (0.83,1.08) (0.81,1.97)
T5: 0.73 0.60 0.93 2.82

Abbreviations: y, years; No, number of cases; PY, person-years; Q, quartile; HR, hazard ratio; Cl, confidence interval; BMI, body
mass index (kg/m?); T, trajectory number; kg, kilograms; m, meters

P for Trend (Preng) Was calculated using the median category values modeled as a continuous variable (in models not adjusted for
starting weight/BMI).

Aggressive prostate cancer’ was defined as biopsy Gleason score 7, and/or clinical stage 111 or greater, and/or prostate cancer as
underlying cause of death. Nonaggressive prostate cancer' was defined as otherwise. 157 prostate cancers lacked sufficient
information to determine prostate cancer subtype.

All multivariable Cox proportional hazards regression models were conducted with age (month) as the underlying time metric
with separate baseline hazards by birth cohort (decade) and adjusted for covariates previously specified in Table 4.

Note: Models adjusted for weight (kg) at beginning of the time period of interest, and the average weight (kg) during the time
period of interest are provided in Supplemental Table 3.
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Appendix Table 6. Associations between highest ranking CADD SNPs in the sex steroid hormone metabolism pathway and
aggressive prostate cancer in men among cases and controls.

Additive
(per allele)

Dominant

Alleles Allele MAF
(major/ RegDB CADD count (cases/
rs Number Chr  Location Gene minor)  score score (additive) controls) OR (95% ClI) OR (95% ClI)
rs2282738 1 209882015 HSD11B1 CIT 5 12.9 196/91/19 0.17/0.25 0.66 (0.45, 0.96) 0.65 (0.41, 1.05)
rs4844488 1 209885509 HSD11B1 A/G - 11.84 272/32/3 0.04/0.09 0.41 (0.20, 0.82) 0.41 (0.20, 0.87)
rs2602381 2 234584324 UGT1A8 TIC - 10.62 76/151/80 0.48/0.49 1.17 (0.85, 1.61) 0.99 (0.59, 1.67)
rs4148301 4 70462042 UGT2A2 cIT 6 34 250/51/7 0.13/0.08 1.72 (1.02, 2.90) 1.71(0.94, 3.10)
rs25640 5 118811533 HSD17B4 G/A - 34 79/159/64 0.47/0.48 0.95 (0.68, 1.32) 0.84 (0.50, 1.41)
rs11539471 5 118860938 HSD17B4 TIC - 20.2 264/35/1 0.07/0.05 1.27 (0.64, 2.53) 1.22 (0.60, 2.50)
rs827423 6 152156197 ESR1 G/A 6 14.44 88/152/67 0.49/0.44 1.20 (0.87, 1.65) 1.23 (0.75, 2.03)
rs827420 6 152177529 ESR1 G/A 6 12.56 94/146/68 0.47/0.44 1.11(0.81, 1.52) 1.27 (0.78, 2.07)
rs827419 6 152177663 ESR1 A/C - 15.51 104/150/54  0.43/0.4 1.15(0.83, 1.59) 1.39(0.87, 2.25)
rs12204714 6 152235339 ESR1 CIT - 17.43 148/127/32  0.32/0.3 1.09 (0.78, 1.54) 1.18 (0.75, 1.85)
rs3020328 6 152305505 ESR1 CIT - 10.43 163/121/24  0.29/0.26 1.17 (0.82, 1.68) 1.28 (0.81, 2.01)
rs13203975 6 152333104 ESR1 G/A - 11.88 233/65/7 0.12/0.14 0.89 (0.56, 1.41) 0.90 (0.53, 1.53)
rs12199102 6 152392561 ESR1 CIA 5 17.07 258/39/1 0.05/0.08 0.62 (0.32, 1.20) 0.64 (0.33, 1.26)
rs17342647 7 99459256 CYP3A43 CIT - 10.75 244/58/5 0.11/0.11 1.08 (0.66, 1.78) 1.07 (0.61, 1.87)
rs4543 8 143995743 CYP11B2 CIT 5 10.56 250/50/4 0.1/0.09 1.20 (0.70, 2.05) 1.15 (0.64, 2.08)
rs8190512 9 99050100 HSD17B3 C/IA - 11.42 92/153/62 0.41/0.49 0.71 (0.51, 0.98) 0.76 (0.46, 1.24)
rs4919687 10 104595248 CYP17Al G/A 3a 15.22 160/116/30  0.31/0.27 1.19(0.84, 1.67) 1.35(0.86, 2.12)
rs6163 10 104596924 CYP17Al C/IA 5 12.94 108/148/52  0.41/0.41 0.98 (0.71, 1.36) 1.05 (0.65, 1.68)
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rs7932905
rs6485471
rs749174
rs9913778
rs2544794
rs1052131
rs2296239
rs6068816
rs2296241
rs8185002
rs4633
rs4680

11
11
11
17
19
19
20
20
20
22
22
22

43727577
43852491
67353253
7533901

49079246
49102513
52775528
52781091
52786219
19933048
19950235
19951271

HSD17B12
HSD17B12
GSTP1
SHBG
SULT2B1
SULT2B1
CYP24A1
CYP24A1
CYP24A1
COMT
CoOMT
COMT

G/IA
T/IC
G/IA
CIT
CIT
CIT
CIT
CIT
G/IA
TIG
CIT
G/A

10.85
13
15.27
12.7
17.89
11.38
15.03
17.17
15.23
12.65
12.81
11.38

78/158/71
105/149/54
140/125/43
259/47/1
216/85/6
248/57/3
182/110/15
257/50/1
92/155/61
166/115/27
75/157/71
73/158/77

0.49/0.46
0.45/0.38
0.35/0.34
0.09/0.07
0.15/0.17
0.12/0.08
0.23/0.22
0.09/0.08
0.46/0.44
0.28/0.27
0.49/0.5

0.49/0.5

1.24 (0.89, 1.71)
1.35(0.97, 1.87)
1.06 (0.77, 1.46)
1.22 (0.66, 2.25)
0.83 (0.53, 1.30)
1.66 (0.96, 2.86)
1.06 (0.72, 1.56)
1.05 (0.58, 1.89)
1.07 (0.77, 1.48)
1.08 (0.76, 1.53)
0.98 (0.71, 1.37)
1.04 (0.76, 1.44)

1.51 (0.90, 2.53)
1.63 (1.0, 2.63)
1.04 (0.66, 1.64)
1.18 (0.63, 2.21)
0.80 (0.49, 1.32)
1.58 (0.89, 2.82)
1.11 (0.70, 1.76)
1.11 (0.60, 2.03)
1.13 (0.69, 1.85)
1.04 (0.66, 1.64)
0.77 (0.45, 1.32)
0.84 (0.49, 1.42)
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Appendix Table 7. Genetic variations in genes involved in sex steroid biosynthesis
that may be associated with PCa risk.

Gene Symbol Cytoband Reference

catechol-O- COMT 22q11.21 142,154,155
methyltransferase

cytochrome P450, CYP1A1 15024.1 134.140.156-159
family 1, subfamily A,
polypeptide 1

cytochrome P450, CYP3A4 7q21.1 142,160-164
family 3, subfamily A,
polypeptide 4

cytochrome P450, CYP3A5 7921.1 160,161,165
family 3, subfamily A,
polypeptide 5

cytochrome P450, CYP3A7 7921-922. 160,161
family 3, subfamily A,
polypeptide 7

cytochrome P450, CYP17A1 10q24. 70,134,140, 166-172
family 17, subfamily A,
polypeptide 1

cytochrome P450, CYP19A1 15021.1 70182, 175-176
family 19, subfamily A,
polypeptide 1

cytochrome P450, CYP1B1 2p22.2 139,140,145,152,157,174,177-180
family 1, subfamily B,
polypeptide 1

cytochrome P450, CYP24A1 20q13 142,154,155
family 24, subfamily A,
polypeptide 1

estrogen receptor 1 ESR1 6025.1 134,140,158, 181-183
estrogen receptor 2 (ER | ESR2 14923. 158,162
beta)
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hydroxysteroid (17- HSD17B1 17911-g21 70,184-187
beta) dehydrogenase 1

hydroxysteroid (17- HSD17B2 16q24.1-q24.2 134,142,143, 145,187-159
beta) dehydrogenase 2

hydroxysteroid (17- HSD17B3 9022 70,189
beta) dehydrogenase 3

hydroxysteroid (17- HSD17B4 5021 189
beta) dehydrogenase 4

hydroxysteroid (17- HSD17B5 10p15-pl 89
beta) dehydrogenase 5

hydroxysteroid (17- HSD17B12 11p11.2 143,189,190
beta) dehydrogenase 12

hydroxy-delta-5-steroid | HSD3B1 1p13.1 70,184-187
dehydrogenase, 3 beta-

and steroid delta-

isomerase 1

sex hormone-binding SHBG 17p13-p12 140,741,191
globulin gene

steroid Sa-reductase SRD5A2 2p23 70,140,160-162,186,192,193
type Il

steroid So-reductase, SRD5A1 5p15 160,161,184
alpha polypeptide 1

steroid 5 alpha- SRD5A3 4012 160,161
reductase 3

sulfotransferase family, | SULT2B1 19913.3 145
cytosolic, 2B, member

1

sulfotransferase family,, | SULT2A™ T4

2A

UDP UGT1A1l 203 176

glucuronosyltransferase
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1 family, polypeptide
Al

UDP
glucuronosyltransferase
2 family, polypeptide
B15

UGT2B15

4q13

143,194,195

UDP
glucuronosyltransferase
2 family, polypeptide
B17

UGT2B17

491

70,185,194-196

UDP
glucuronosyltransferase
2 family, polypeptide
B28

UGT2B28

4913

196
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