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1 | INTRODUCTION

Prostate cancer is the second most common cancer in men worldwide
and a leading cause of cancer death. Blood-based and genetic epide-
miological studies show evidence of an association between

Abstract

Previous studies had limited power to assess the associations of testosterone with aggres-
sive disease as a primary endpoint. Further, the association of genetically predicted testos-
terone with aggressive disease is not known. We investigated the associations of
calculated free and measured total testosterone and sex hormone-binding globulin (SHBG)
with aggressive, overall and early-onset prostate cancer. In blood-based analyses, odds
ratios (OR) and 95% confidence intervals (Cl) for prostate cancer were estimated using
conditional logistic regression from prospective analysis of biomarker concentrations in
the Endogenous Hormones, Nutritional Biomarkers and Prostate Cancer Collaborative
Group (up to 25 studies, 14 944 cases and 36 752 controls, including 1870 aggressive
prostate cancers). In Mendelian randomisation (MR) analyses, using instruments identified
using UK Biobank (up to 194 453 men) and outcome data from PRACTICAL (up to
79 148 cases and 61 106 controls, including 15 167 aggressive cancers), ORs were esti-
mated using the inverse-variance weighted method. Free testosterone was associated
with aggressive disease in MR analyses (OR per 1 SD = 1.23, 95% Cl = 1.08-1.40). In
blood-based analyses there was no association with aggressive disease overall, but there
was heterogeneity by age at blood collection (OR for men aged <60 years 1.14,
Cl = 1.02-1.28; Pyt = .0003: inverse association for older ages). Associations for free tes-
tosterone were positive for overall prostate cancer (MR: 1.20, 1.08-1.34; blood-based:
1.03, 1.01-1.05) and early-onset prostate cancer (MR: 1.37, 1.09-1.73; blood-based: 1.08,
0.98-1.19). SHBG and total testosterone were inversely associated with overall prostate
cancer in blood-based analyses, with null associations in MR analysis. Our results support
free testosterone, rather than total testosterone, in the development of prostate cancer,

including aggressive subgroups.

KEYWORDS
aggressive prostate cancer, Mendelian randomisation, prostate cancer, SHBG, testosterone

What's new?

The Endogenous Hormones, Nutritional Biomarkers and Prostate Cancer Collaborative Group
(EHNBPCCG) is a pooled dataset of prospective studies of prostate cancer risk. Using this data,
the authors conducted blood-based analysis and Mendelian randomisation analysis to determine
the association between circulating testosterone and overall risk of prostate cancer, as well as
looking at risk of aggressive disease and early-onset cancer separately. They found strong evi-
dence that higher concentrations of circulating testosterone increases the risk of prostate can-
cer, including aggressive subtypes. This is the largest collection of prospective blood-based

observational and genetic data on sex hormones and prostate cancer risk to date.

circulating concentrations of calculated free testosterone and risk of
overall prostate cancer.?® The association is biologically plausible
because androgens are integral to the maintenance of prostate func-
tion.” In the circulation, testosterone is bound to sex hormone-binding
globulin (SHBG) and albumin. Approximately 2% of total testosterone
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circulates unbound or ‘free’, and according to the free hormone
hypothesis is more biologically active.® Prostate cancer varies in
aggressiveness and tumours also vary by age of onset, and risk factors
for these subgroups may be different from those for overall prostate
cancer,” but previous studies have lacked statistical power to assess
associations of testosterone with prostate cancer subgroups.

The Endogenous Hormones, Nutritional Biomarkers and Prostate
Cancer Collaborative Group (EHNBPCCG,) is a pooled individual partici-
pant case-control dataset of prospective studies of risk of prostate can-
cer and associated risk factors. Previous analyses of the associations of
circulating testosterone concentrations using the EHNBPCCG dataset
were based on up to 6900 cases and 12 100 controls.? We observed
that men with very low free testosterone had a lower risk of overall pros-
tate cancer, but we had limited power to investigate the associations
with aggressive disease as a primary endpoint. This dataset has since
been expanded to include more than double the number of prostate can-
cer cases, including 1900 aggressive and 600 early-onset cases.

Mendelian randomisation (MR) analyses, which use genetic instru-
ments to predict average adult exposures, are less likely than blood-based
studies to be affected by confounding factors or reverse causation, and
are often considered to be a more reliable method for causal inference.°
Therefore, we carried-out two-sample MR analyses, using instruments
identified from UK Biobank (up to 194 500 men) and genetic data from
the PRACTICAL consortium (up to 79 000 prostate cancer cases [15 000
aggressive and 7000 early-onset subgroups] and 61 000 controls).}112

Using these two international consortia, we aimed to extend our
prior study in the EHNBPCCG to assess the associations of circulating
concentrations of calculated free testosterone, as well as total testos-
terone and SHBG which are used to calculate free testosterone, with
overall, aggressive and early-onset prostate cancer risk using blood-
based and genetic methods; using these complementary approaches

can provide more robust evidence for causal inference.

2 | MATERIALS AND METHODS

21 | Endogenous Hormones, Nutritional
Biomarkers and Prostate Cancer Collaborative Group
2.1.1 | Data collection and study designs

Individual participant data were available from up to 25 prospective stud-
ies with total testosterone and SHBG measurements. Participating studies
are listed in Supplementary Table 1 and further details of data collection
and processing are provided in the Supplementary Material (Appendix S2).

Matching criteria are shown in Supplementary Table 2. Assay details and
hormone measurement data are listed in Supplementary Table 3.

2.1.2 | Data processing and outcomes

Free testosterone concentrations were estimated using a formula based

on the law of mass action from measured total testosterone and SHBG

13,14

concentrations, assuming a constant albumin concentration of 43 g/L.

Disease definitions were as defined by the PRACTICAL consor-
tium.1112 Aggressive prostate cancer was categorised as ‘yes’ for any
of the following: disease metastases at diagnosis (M1), Gleason score
8+ (or equivalent), prostate cancer death (defined as death from pros-
tate cancer) or prostate-specific antigen (PSA) >100 ng/mL. Early-onset
prostate cancer was defined as a diagnosis aged <55 years. Further
details can be found in the Supplementary Methods (Appendix S2).

2.1.3 | Statistical analysis

Conditional logistic regression was used to estimate prostate cancer
risk by free and total testosterone and SHBG concentrations. Analyses
were conditioned on the study-specific matching variables and adjusted
for age at blood collection, body mass index (BMI), height, smoking sta-
tus, alcohol consumption, racial/ethnic group, education, married/
cohabiting and diabetes status. Biomarkers were standardised by study
and entered into the model as continuous variables, so each increment
represents a 1 study-specific SD increase in biomarker concentration.
For categorical analyses, biomarkers were categorised into study-
specific fifths with cut-points determined in controls.*®> Further details

are available in the Supplementary Methods (Appendix S2).

214 | Further analyses

We examined heterogeneity in the associations of each biomarker
with prostate cancer by participant characteristics and study
(Supplementary Methods, Appendix S2). Subgroups were defined a
priori based on the availability of data and previous analyses using this
dataset.>® To further investigate the apparent heterogeneity by age
at blood collection, we examined associations of free testosterone
with overall and aggressive prostate cancer in fifths, stratified by age
at blood collection (<60; 60+ years).

We also investigated associations in models conditioned on the
matching variables but not further adjusted, associations in tenths,
and estimates per 80th percentile increase. Associations were also
examined following mutual adjustment for other biomarkers (including
insulin-like growth factors [IGF-I, Il] and IGF binding proteins [IGFBP-
1,2,3]), and we tested for interactions between these biomarkers.
Stratified analyses and associations in tenths were not investigated
for early-onset disease due to the limited number of cases.

2.2 | Mendelian randomisation analyses
221 | Geneticinstruments for hormone
concentrations

Summary GWAS results for circulating calculated free and total
testosterone and SHBG for men in UK Biobank were extracted
from a published analysis (based on up to 194 453 men of white
European ancestry)* (Supplementary Methods, Appendix S2).
UK Biobank participants were aged 40-69 years at blood collection
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TABLE 1 Characteristics of prostate cancer cases and controls in the EHNBPCCG participants
Cases
Controls Overall Aggressive® Early-onset®

N 36 752 14 944 1870 611
Age at blood collection (yr), mean (SD) 61.0 (8.4) 60.8 (8.6) 62.1 (8.4) 46.7 (5.7)
Height (cm), mean (SD) 174.6 (7.2) 174.7 (7.3) 173.7 (7.8) 177.1(6.9)
BMI (kg/m?), mean (SD) 274 (4.1) 26.9 (3.7) 27.1(4.0) 26.5(3.7)
PSA at blood collection (ng/mL), med (IQR) 0.9 (1.2) 2.3(3.2) .0 (5.6) 1.6 (2.5)
Time from blood collection to diagnosis, mean (SD) - 6.5(5.9) 5(7.1) 5.8 (5.3)
Age at diagnosis, mean (SD) - 67.3(6.7) 67.0 (6.2) 52.5(2.5)
Racial/ethnic group, N (%)

White 33 645 (91.5) 13 586 (90.9) 1676 (89.6) 559 (91.5)

Black 1222 (3.3) 524 (3.5) 57 (3.0) 31(5.1)

East Asian 875 (2.4) 484 (3.2) 89 (4.8) 3(0.5)

Other 678 (1.8) 236 (1.6) 17 (0.9) 10 (1.6)

Not known 332(0.9) 114 (0.8) 31(1.7) 8(1.3)
Smoking status, N (%)

Never 13 868 (37.7) 5681 (38.0) 599 (32.0) 273 (44.7)

Ex 15 548 (42.3) 6329 (42.4) 815 (43.6) 160 (26.2)

Current 5674 (15.4) 2351(15.7) 407 (21.8) 140 (22.9)

Not known 1662 (4.5) 583 (3.9) 49 (2.6) 8(6.2)
Alcohol consumption (g ethanol/day), N (%)

Nondrinker 2673 (7.3) 1615 (10.8) 250 (13.4) 46 (7.5)

<10 8189 (22.3) 3752 (25.1) 484 (25.9) 140 (22.9)

10+ 19 198 (52.2) 7309 (48.9) 883 (47.2) 300 (49.1)

Not known 6692 (18.2) 2268 (15.2) 253 (13.5) 125 (20.5)
Diabetes status, N (%)

Yes 2887 (7.9) 819 (5.5) 122 (6.5) 13(2.1)

No 28 745 (78.2) 11 913(79.7) 1487 (79.5) 467 (76.4)

Not known 5120 (13.9) 2212 (14.8) 261 (14.0) 131 (21.4)
Married/cohabiting, N (%)

Yes 9767 (26.6) 6790 (45.4) 1295 (69.3) 222 (36.3)

No 1461 (4.0) 958 (6.4) 183 (9.8) 39 (6.4)

Not known 25 524 (69.4) 7196 (48.2) 392 (21.0) 350 (57.3)

Note: Some aggressive disease characterisation data were available from 88% of included studies.
Abbreviations: BMI, body mass index; IQR, interquartile range; PSA, prostate-specific antigen.

@Aggressive disease was defined as Gleason Score 8+, death from prostate cancer, metastatic disease or PSA >100 ng/mL.

PEarly-onset defined as diagnosed aged <55 years.

(mean age = 56.5 years). We pruned single nucleotide polymor-

phisms (SNPs) by a linkage disequilibrium threshold of r? < .001.

222 | Genetic associations with prostate cancer

For each of the SNPs included as an instrument for free testosterone,
total testosterone and SHBG, we obtained the association with prostate
cancer risk from the PRACTICAL consortium (including GAME-ON/
ELLIPSE).**'2 Individual studies included in these consortia are available

|11

from Schumacher et al.”* Associations with overall prostate cancer risk

were generated from 79 148 prostate cancer cases and 61 106 controls,
aggressive from 15 167 cases and 58 308 controls, and early-onset
disease from 6988 cases and 44 256 controls.'**? Genetic data for UK

Biobank participants were not included in this dataset.

2.2.3 | Statistical analysis
The MR estimation for hormones was conducted using the
inverse-variance weighted (IVW) method.*® We additionally calcu-

lated the I? statistic to assess measurement error in SNP-exposure
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associations!” and Cochran's Q statistic for heterogeneity
between the MR estimates for each SNP.'® PhenoScanner was
used to assess pleiotropy of the genetic instruments.'? As sensitiv-
ity analyses, we used the MR residual sum and outlier (MR-
PRESSO) and MR robust adjusted profile score (MR-RAPS) to
investigate the role of SNP outliers,?° and the weighted median,
MR-Egger and the contamination mixture method to investigate
horizontal pleiotropy.21-23

For SHBG, we additionally investigated associations of the cis-
SNP with prostate cancer risk, as this cis-SNP may be less likely to be
affected by horizontal pleiotropy than trans-SNPs.?* Associations of
the cis-SNP with prostate cancer were assessed using the Wald ratio.

Details of statistical software and packages used are available
in the Supplementary Methods (Appendix S2). All tests of signifi-
cance were two-sided, and P-values <.05 were considered statisti-

cally significant.

Overall prostate cancer

Aggressive prostate cancer

3 | RESULTS
3.1 | Study and participant characteristics in the
blood-based analyses

A total of 25 studies, contributing up to 14 944 cases and 36 752
controls, were included in these analyses. Prostate cancer was classi-
fied as aggressive in 1870 cases and early-onset in 611 cases. Study
participants were predominantly of white European ancestry (90%)
(Table 1).

Prostate cancer characteristics by study are displayed in Supple-
mentary Table 4. Mean age at blood collection for each study ranged
from 33.8 to 76.8 years (overall mean = 61.0 years, SD = 8.5 years).
Cases were diagnosed a mean of 6.5 years (SD = 5.9) after blood col-
lection, and the mean age at diagnosis was 67.3 years (SD = 6.7)

(Table 1). Partial correlations between biomarkers ranged from

Early-onset prostate cancer

Number of Number of Number of
cases/controls OR (95% Cl) Pirend cases/controls OR (95% Cl) Pirend cases/controls OR (95% ClI) Pirend
Free testosterone
Blood-based
1 2636/6889 L] 1 (Ref) 392/697 1 1(Ref) 58/218 1 1 (Ref)
2 2796/6876 -;- 1.08 (1.01, 1.15) 374/692 —‘v— 0.96 (0.79, 1.16) 96/225 } _— 1.85(1.23,2.78)
3 2911/6880 l—-— 1.10(1.03, 1.18) 345/661 —4‘-— 0.96 (0.79, 1.16) 95/250 }— 1.69 (1.12, 2.53)
4 2880/6850 l-- 1.10(1.03, 1.18) 336/644 —o‘-— 0.96 (0.78, 1.17) 129/343 } _— 1.72 (1.16, 2.56)
5 2889/6852 l-- 1.10(1.02, 1.18) 309/633 —l—— 0.86 (0.69, 1.06) 210/543 } _— 1.80 (1.22, 2.65)
Per 1 SD increase 14 112/34 347 1.03 (1.01, 1.05) .01 1756/3327 0.96 (0.90, 1.03) .29 588/1579 1.08 (0.98, 1.19) .13
Mendelian randomisation
Per unit increase (N SNPS = 67) 79 148/61 106 <> 1.20 (1.08,1.34) <.001 15 167/58 308 <> 1.23(1.08, 1.40) 002 6988/44 256 < 1.37 (1.09, 1.73) .008
Total testosterone
Blood-based
1 2977/7405 " 1 (Ref) 397/738 ' 1 (Ref) 122/332 f 1 (Ref)
2 3096/7339 'S 1.02 (0.95, 1.08) 4241707 H——— 1.18(0.98, 1.42) 101/300 — 0.95 (0.69, 1.31)
3 2989/7352 - 0.98 (0.92, 1.04) 366/691 —H—  1.04(0.86, 1.26) 141/325 +— 1.22 (0.89, 1.67)
4 3058/7326 - 0.98 (0.92, 1.04) 353/698 —— 096079, 1.17) 120/340 —_ 0.94 (0.68, 1.29)
5 2824/7330 - 0.91(0.85, 0.97) 330/693 —— 0.92(0.76,1.13) 127/368 — 0.93 (0.67, 1.30)
Per 1 SD increase 14 944/36 752 0 0.96 (0.94, 0.99) .0009 1870/3527 0.95 (0.89, 1.01) .09 611/1665 0.96 (0.87,1.07) .48
Mendelian randomisation
Per unit increase (N SNPS = 122) 79 148/61 106 < 0.97 (0.89, 1.07) .58 15 167/58 308 0.99 (0.89, 1.11) .92 6988/44 256 0.99 (0.84, 1.16) .88
Sex hormone binding globulin
Blood-based
1 3007/7103 ' 1 (Ref) 390/698 " 1 (Ref) 197/533 1 1 (Ref)
2 3083/6992 }-Il- 1.01(0.95, 1.08) 368/668 — 0.96 (0.80, 1.16) 154/351 —— 1.11(0.85, 1.45)
3 2978/6954 ‘r- 0.96 (0.90, 1.03) 363/665 —‘v— 0.98 (0.80, 1.19) 111/275 —l—'— 0.96 (0.71, 1.31)
4 2794/6980 -‘- 0.89 (0.83, 0.95) 370/682 —"r— 0.94 (0.77, 1.15) 84/248 —l—- 0.75(0.53, 1.05)
5 2612/7009 -t 0.81(0.76, 0.87) 344/706 — 0.90 (0.73, 1.11) 500204 ———t 0.63 (0.43, 0.94)
Per 1 SD increase 14 474/35 038 o 0.91 (0.89, 0.93) <.0001 1835/3419 0.97 (0.91,1.04) 4 605/1611 <> 0.83 (0.74, 0.95) .005
Mendelian randomisation
Per unit increase (N SNPS = 167) 79 148/61 106 0.91(0.76, 1.08) .29 15 167/58 308 0.91(0.74,1.11) .35 6988/44 256 0.90 (0.66,1.23) .5
Per unit increase (cis-SNP) 0.98 (0.84, 1.14) .79 0.94 (0.72,1.21) .62 1.12(0.77,1.63) .54
0.5 1 1.5 0.5 1 1.5 0.5 1 152
OR (95% Cl) OR (95% Cl) OR (95% Cl)

FIGURE 1 Risks of overall, aggressive® and early-onset! prostate cancer in by study-specific fifths of hormone concentrations (blood-based
only) and unit increment (blood-based and MR). Blood-based estimates are from logistic regression conditioned on the matching variables and
adjusted for age, BMI, height, alcohol intake, smoking status, marital status, education status, racial/ethnic group and diabetes status. The position
of each square indicates the magnitude of the odds ratio, and the area of the square is proportional to the inverse of the variance of the logarithm
of the OR. The length of the horizontal line through the square indicates the 95% CI. MR risk estimates are estimated using the inverse variance
weighted method for the full instrument methods and the Wald ratio in the cis-SNP analyses (where applicable). In MR analyses, biomarker
transformations are outlined in the Supplementary Methods (Appendix S2). *Aggressive cancer defined as Gleason grade 8-+, or prostate cancer
death or metastases or PSA >100 ng/mL. TEarly-onset defined as diagnosed <55 years. BMI, body mass index; Cl, confidence interval; OR, odds
ratio; PSA, prostate-specific antigen; SNP, single nucleotide polymorphism
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TABLE 2 Mendelian randomisation estimates between genetically predicted circulating biomarker concentrations and prostate cancer risk

Overall prostate
cancer (79 148 cases,

Aggressive prostate cancer®

(15 167 cases,

Early-onset prostate
cancer® (6988 cases,

61 106 controls) 58 308 controls) 44 256 controls)
OR per unit OR per unit OR per unit
Variance increment in increment in increment in
explained N SNPs biomarker (95% Cl) P biomarker (95% Cl) P biomarker (95% Cl) P
Free testosterone
(SD = 59.5 pmol/L)
Inverse-variance 3.8% 67 1.20 (1.08, 1.34) 0.0006 1.23(1.08, 1.40) 0.002 1.37(1.09,1.73) 0.008
weighted
Weighted median 1.12(1.01, 1.25) 0.04 1.19(0.99,1.43) 0.07 1.16(0.89,1.52) 0.27
MR-Egger 1.07 (0.87,1.31) 0.53  1.03(0.80,1.32) 0.84 1.09(0.69,1.72) 0.71
MR-Egger intercept 0.20 0.11 0.26
MR-RAPS 1.16 (1.05, 1.28) 0.002 1.20(1.05, 1.36) 0.01 1.33(1.05,1.67) 0.02
MR-PRESSO 1.13(1.05,1.22) 0.002 1.23(1.08, 1.40)° 0.002 1.33(1.07, 1.65) 0.01
Contamination mixture 1.12(1.04, 1.22) 0.007 1.20(1.00, 1.39) 0.05 1.22(0.94,1.97) 0.14
Total testosterone
(SD = 3.8 nmol/L)
Inverse-variance 7.5% 122 0.97 (0.89, 1.07) 0.58 0.99(0.89,1.11) 0.92 0.99(0.84,1.16) 0.88
weighted
Weighted median 0.99 (0.91, 1.08) 0.89  0.99(0.86,1.14) 0.84 1.07(0.86,1.32) 0.53
MR-Egger 0.99 (0.85, 1.15) 0.92  1.06(0.89, 1.26) 0.53 0.95(0.73,1.25) 0.73
MR-Egger intercept 0.77 0.39 0.76
MR-RAPS 1.04 (0.94, 1.14) 045  1.03(0.93,1.14) 0.62 1.00(0.85,1.18) 0.99
MR-PRESSO 1.02 (0.95, 1.09) 0.60  0.92(0.79, 1.08) 0.30 1.01(0.88,1.17) 0.88
Contamination mixture 1.06 (0.99, 1.17) 0.09 1.02 (0.94, 1.14) 0.54 1.05(0.86,1.21) 0.72
SHBG (SD = 16.5 nmol/L)
Inverse-variance 15.0% 168 0.91(0.76, 1.08) 0.29  0.91(0.74,1.11) 0.35 0.90(0.66, 1.23) 0.50
weighted
Weighted median 0.98 (0.85, 1.13) 0.79  0.94(0.74,1.18) 0.58 1.12(0.79,1.58) 0.52
MR-Egger 0.99 (0.76, 1.27) 0.92  1.05(0.78, 1.40) 0.76 0.97(0.62,1.52) 0.89
MR-Egger intercept 0.38 0.18 0.64
MR-RAPS 1.01(0.86, 1.19) 0.87  0.95(0.79, 1.15) 0.60 0.93(0.70, 1.25) 0.63
MR-PRESSO 0.98(0.88, 1.10) 0.76 0.93(0.79, 1.09) 0.36 0.98(0.77, 1.24) 0.86
Contamination mixture 0.96 (0.86, 1.07) 0.55 0.90(0.77,1.05) 021 1.01(0.70,1.30) 0.92
cis-SNP (rs1799941) 4.2% 1 0.98 (0.84, 1.14) 0.79  0.94(0.72,1.21) 0.62 1.12(0.77,1.63) 0.54

Note: Biomarker transformations are outlined in the Supplementary Methods (Appendix S2).
Abbreviations: Cl, confidence interval; MR, Mendelian randomisation; OR, odds ratio; PRESSO, pleiotropy residual sum and outlier; RAPS, robust adjusted

profile score; SHBG, sex hormone-binding globulin.

2Aggressive disease was defined as Gleason Score 8+, death from prostate cancer, metastatic disease or PSA >100 ng/mL.

bEarly-onset defined as diagnosed aged <55 years.
“No statistically significant outliers detected.

r = —0.04 (SHBG and PSA) to r = 0.77 (calculated free and total tes-
tosterone) (Supplementary Table 5).

3.2 | Free testosterone

The association of calculated free testosterone with overall pros-

tate cancer risk was significant in both blood-based (OR per 1 SD

increment = 1.03, 95% Cl 1.01-1.05) and MR analyses (OR per
1.20, 1.08-1.34)
(Figure 1). Higher free testosterone was associated with a higher

genetically predicted 1 SD increment =
risk of aggressive prostate cancer in the MR analysis (1.23,
1.08-1.40), but there was no evidence of an association in the
blood-based analysis (0.96, 0.90-1.03) (Figure 1). MR sensitivity
analyses generally supported the associations of free testosterone

with overall and aggressive prostate cancer, except for MR-Egger,
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although the MR-Egger intercepts did not indicate directional plei- relationship was directionally consistent in blood-based analyses
otropy (Table 2). (1.08, 0.98-1.19) (Figure 1). The associations with early-onset disease
In the MR analysis, predicted free testosterone was associated were less robust in the MR sensitivity analyses but were directionally
with an increased risk of early-onset disease (1.37, 1.09-1.73), and the consistent (Table 2).
Number of
cases/controls OR (95% CI)
Overall 14 112/34 347 <> 1.03 (1.01, 1.05)
Aggressive disease*
No 4519/5251 —a— 1.07 (1.02, 1.12)
Yes 1756/3327 —_— 0.96 (0.90, 1.03)
Heterogeneity: ;{3 =56 (P=.02)
Age at diagnosis (years)
<55 588/1579 b e 1.08 (0.98, 1.19)
56+ 13 524/32 768 3 = 1.03 (1.00, 1.05)
Heterogeneity:;(f =0.93 (P=.33)
Prostate cancer death 1022/2394 —_— 0.93 (0.85, 1.01)
Staget
Localised 2048/2372 -1t 1.05 (0.98, 1.13)
Other localised 3203/4124 —— 1.05 (0.99, 1.10)
Advanced 1018/1344 —_ 1.08 (0.98, 1.19)
Heterogeneity: 1% = 0.33 (P = .85)
Gradet
Low 4285/5589 —a— 1.06 (1.02, 1.11)
Medium 1735/2287 —_—t 1.02 (0.95, 1.10)
High 574/683 1.01 (0.88, 1.16)
Heterogeneity:;(g =1.2(P=.55)
Time to diagnosis (years)
<1 1132/3237 —_— 0.99 (0.91, 1.07)
1-2 2867/7558 —— 1.05 (1.00, 1.10)
3-6 5422/15 111 —i— 1.02 (0.98, 1.05)
7-9 2203/3800 —a— 1.07 (1.00, 1.13)
10+ 2486/4641 — 1.02 (0.96, 1.08)
Heterogeneity: y2 = 3.7 (P = .45)
Year of diagnosis
pre 1990 (pre-PSA era) 542/1230 1.16 (1.03, 1.31)
1990-1994 1045/2431 —_— 0.96 (0.88, 1.04)
1995 onwards (PSA era) 12 525/30 686 E = 1.03 (1.01, 1.05)
Heterogeneity: ;(g =6.5(P=.04)
Age blood draw (years)
<55 2723/6504 —— 1.06 (1.01, 1.11)
55-59 2599/5403 -—— 1.04 (0.99, 1.09)
60-64 3964/10 181 — i 1.02 (0.98, 1.06)
65-69 3371/9333 —— 1.01 (0.96, 1.06)
70+ 1455/2926 —_—t— 1.01 (0.94, 1.09)
Heterogeneity: )(f =27 (P=.62)
BMI (kg/m?)
<25 4304/9504 —i— 1.05 (1.01, 1.09)
25-29.9 7052/16 369 —— 1.01(0.98, 1.04)
30+ 2395/7268 —— 1.03 (0.99, 1.08)
Heterogeneity:l§ =24(P=.3)
Smoking status
Never 5255/12 606 —i— 1.04 (1.01, 1.08)
Ex 5910/14 272 —— 1.00 (0.97, 1.04)
Current 2163/4900 —— 1.04 (0.99, 1.10)
Heterogeneity: y5 = 3.5 (P = .17)
Alcohol consumption (g ethanol/day)
None 1460/2352 — 1.07 (1.00, 1.14)
1-9 3405/6827 - 1.03 (0.98, 1.08)
10+ 6743/16 101 +i— 1.02 (0.99, 1.06)
Heterogeneity:;(g =13 (P=.52)
PSA at blood collection (ng/mL)
<2 1938/4382 — 1.01 (0.95, 1.08)
2-2.9 856/555 R 1.02 (0.92, 1.15)
3+ 1611/462 1.07 (0.93, 1.22)
Heterogeneity:;(g =0.5(P=.78)
Time of blood collection
Morning 5196/9552 T 1.03 (0.99, 1.07)
Afternoon 6238/18 226 — 1.03 (1.00, 1.07)
Heterogeneity: ;(f =0.08 (P=.78)
Racial/ethnic group
White 12 877/31 453 - 1.03 (1.01, 1.06)
Other 1088/2534 —_— 0.99 (0.91, 1.07)
Heterogeneity: %= 1.2 (P =.28)
Education status
No degree 6754/12 905 —— 1.04 (1.01, 1.07)
Degree 4548/8281 —m— 1.02 (0.98, 1.06)
Heterogeneity: 72 = 0.89 (P = .35)
Currently married/cohabiting
Yes 6357/9145 —— 1.04 (1.01, 1.08)
No 918/1389 —_— 1.06 (0.97, 1.16)
Heterogeneity: y4 = 0.14 (P = .71)
Diabetes status
Yes 772/2667 —_— 1.12 (1.04, 1.21)
No 11286/26 643 Hll- 1.02 (1.00, 1.05)
Heterogeneity:;(f =55(P=.02)
Family history
No 4893/8626 - 1.03 (0.99, 1.07)
Yes 1089/1156 R 1.00 (0.91, 1.10)
Heterogeneity: )(f =0.32(P=.57)
0.75 1 1.5

OR (95% Cl)

FIGURE 2 Legend on next page.
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3.3 | Total testosterone
The OR for total testosterone in relation to overall prostate cancer
was 0.96 (0.94-0.99) in blood-based analysis and 0.97 (0.89-1.07) in
MR analysis (Figure 1 and Table 2). Total testosterone was not associ-
ated with aggressive or early-onset disease in blood-based or in the
MR analyses (Figure 1 and Table 2).

34 | Sex hormone-binding globulin

SHBG was inversely associated with overall and early-onset prostate
cancer in blood-based analyses (0.91, 0.89-0.93 and 0.83, 0.74-0.95,
respectively), but was not associated with aggressive disease risk
(0.97,0.91-1.04) (Figure 1). In the MR analyses, SHBG was not associ-
ated with prostate cancer risk using the full instrument or the cis-SNP

instrument (Figure 1 and Table 2).

3.4.1 | Further analyses - blood-based analysis
There was significant heterogeneity in the associations of free testos-
terone with risk according to the prostate cancer aggressiveness;
higher free testosterone concentration was associated with an
increased risk of nonaggressive (1.07, 1.02-1.12), but not aggressive
disease (0.96, 0.90-1.03; P,e; = .02) (Figure 2). Men with diabetes also
had a larger magnitude of association of free testosterone with overall
prostate cancer than men without diabetes (1.12, 1.04-1.21 and 1.02,
1.00-1.05, respectively; Pnet = .02) (Figure 2).

For aggressive disease risk, there was significant heterogeneity in
the associations by age at blood collection; free testosterone was pos-
itively associated with aggressive prostate cancer (1.14, 1.02-1.28) for
men whose blood was collected at ages <60 years, but the relation-
ship was inverse for men whose blood was collected at older ages
(0.87, 0.79-0.96 and 0.79, 0.63-0.99 for men whose blood was col-
lected aged 60-69 and 70+ vyears, respectively) (Phet = .0003)
(Figure 3). In analyses based on fifths of free testosterone, there was a
positive dose-response relationship of free testosterone with overall

and aggressive prostate cancer for men whose blood was collected at
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<60 years, while for men whose blood was collected at an older age,
the relationship was null with overall prostate cancer and inverse with
aggressive prostate cancer (Supplementary Figure 1). Higher free tes-
tosterone was also associated with an elevated risk of early-onset
aggressive disease (1.77, 1.05-2.99) but was not associated with
aggressive disease for men diagnosed later in life (0.95, 0.88-1.02;
Phet = .02) (Figure 3), although there was a small number of cases of
early-onset aggressive disease (n = 56).

The associations of total testosterone and SHBG with overall and
aggressive prostate cancer were generally consistent by subgroups
(Supplementary Figures 2-5). Total testosterone was inversely associ-
ated with prostate cancer death (0.90, 0.82-0.97) and positively asso-
ciated with early-onset aggressive prostate cancer (2.40, 1.28-4.52),
while for men diagnosed with aggressive disease aged >55 years the
OR was 0.94 (0.88-1.00; P},e; = .0004) (Supplementary Figure 3).

There was no statistically significant heterogeneity in the associations
with overall and aggressive prostate cancer by study (Supplementary Fig-
ures 6-11), except for free testosterone and aggressive prostate cancer
(Pret = .02) (Supplementary Figure 7). Associations were broadly similar in
unadjusted matched analyses (Supplementary Figure 12), study-specific
tenths (Supplementary Figure 13), per 80%tile increase (Supplementary
Table 6) and following mutual adjustment for other biomarkers
(Supplementary Table 7).

There were significant interactions in the associations of total tes-
tosterone with overall and aggressive prostate cancer by SHBG con-
centrations (Supplementary Tables 8 and 9). SHBG was positively
associated with aggressive disease risk for men with lower IGFBP-1
concentrations (1.23, 1.00-1.51), and the relationship was inverse for
men with higher IGFBP-1 concentrations (0.85, 0.71-1.02; Pyt = .01)
(Supplementary Table 9).

3.4.2 | Further analyses - Mendelian randomisation
There was no strong evidence of measurement error in the genetic
instruments for the biomarkers (12 > 0.96). There was significant het-
erogeneity in the MR estimates for the SNPs with overall disease, and
for aggressive and early-onset disease (Cochran's Q P < .001), except

for the association of free testosterone with aggressive disease

FIGURE 2 Odds ratio (95% Cls) for overall prostate cancer per study-specific 1 SD increment of free testosterone concentration by

subgroup. Estimates are from logistic regression conditioned on the matching variables and adjusted for age, BMI, height, alcohol intake, smoking
status, marital status, education status, racial/ethnic group and diabetes status. The position of each square indicates the magnitude of the OR,
and the area of the square is proportional to the inverse of the variance of the logarithm of the OR). The length of the horizontal line through the
square indicates the 95% Cl. Tests for heterogeneity for case-defined factors were obtained by fitting separate models for each subgroup and
assuming independence of the ORs using a method analogous to a metaanalysis. Tests for heterogeneity for non-case-defined factors were
assessed with a »? test of interaction between subgroup and the binary variable. *Aggressive cancer defined as Gleason grade 8+, or prostate
cancer death or metastases or PSA >100 ng/mL. TLocalised defined as TNM stage <T2 with no reported lymph node involvement or metastases
or stage |; other localised stage if TNM stage T2 with no reported lymph node involvement or metastases, stage Il or equivalent; advanced stage
if they were TNM stage T3 or T4 and/or N1+ and/or M1, stage llI-IV or equivalent. fLow grade defined as Gleason score was <7 or equivalent
(ie, extent of differentiation good, moderate); medium grade if Gleason score was 7 (ie, poorly differentiated); high grade if the Gleason score was
>8 or equivalent (ie, undifferentiated). BMI, body mass index; Cl, confidence interval; OR, odds ratio; PSA, prostate-specific antigen



1042 | 1JC INTERNATIONAL WATTS ET AL.
JOURNAL of CANCER
(P = .12). Using PhenoScanner, 175, 355 and 358 traits were linked to with free testosterone were frequently related to age at puberty

SNPs for free testosterone, SHBG and total testosterone concentrations, (P<5 x 1079 (Supplementary Figures 14-16). Traits linked to the
respectively, particularly adiposity and height, and SNPs associated SHBG cis-SNP (rs1799941) are shown in Supplementary Table 10.

Number of
cases/controls OR (95% CI)

Aggressive disease® 1756/3327 < 0.96 (0.90, 1.03)

Age at diagnosis (years)

<55 56/103 1.77 (1.05, 2.99)

56 + 170013224 E I 0.95 (0.88, 1.02)
Heterogeneity: )(§ =5.4(P=.02)

Protate cancer death 1022/2394 —- 0.93 (0.85, 1.01)

Staget

Localised 532/857 —— 0.97 (0.85, 1.11)

Advanced 632/893 —— 1.07 (0.95, 1.22)
Heterogeneity:;(g =1.2(P=.28)

Gradet

Low 468/844 ¢ 0.97 (0.84, 1.13)

High 574/683 1.01(0.88, 1.16)
Heterogeneity:;(g =0.13(P=.71)

Time to diagnosis (years)

<1 105/159 0.81(0.54, 1.23)

1-4 613/1244 —i— 0.94 (0.83, 1.07)

5+ 1038/1924 - 0.98 (0.90, 1.07)
Heterogeneity:;(g =0.99 (P=.61)

Year of diagnosis

pre 1990 (pre-PSA era) 158/281 e 1.17 (0.89, 1.53)

1990-1994 175/295 o 0.88 (0.69, 1.11)

1995 onwards (PSA era) 1423/2751 . B 0.96 (0.89, 1.04)
Heterogeneity:;(g =25(P=.28)

Age blood draw (years)

<60 598/999 — 1.14 (1.02, 1.28)

60-69 895/1872 — = 0.87 (0.79, 0.96)

70+ 263/456 —a— 0.79 (0.63, 0.99)
Heterogeneity: y5 = 16 (P = .0003)

BMI (kg/m?)

<25 531/1059 —— 0.98 (0.87, 1.10)

25-29.9 878/1620 —1H 0.92 (0.83, 1.01)

30+ 327/598 —— 1.05 (0.89, 1.23)
Heterogeneity: )(% =24 (P=.31)

Smoking status

Never 552/1154 —l— 0.88 (0.78, 1.00)

Ex 765/1409 —._.—_ 0.97 (0.87, 1.07)

Current 377/616 1.01 (0.88, 1.16)
Heterogeneity: ;(g =24 (P=.31)

Alcohol consumption (g ethanol/day)

None 232/412 —— 0.83 (0.69, 1.00)

1-9 452/761 —a— 0.87 (0.75, 1.01)

10+ 830/1562 — - 1.03 (0.94, 1.13)
Heterogeneity: 72 = 6.4 (P = .04)

PSA at blood collection (ng/mL)

<2 266/950 —i— 1.05 (0.89, 1.23)

2-2.9 115/138 —_— 0.79 (0.59, 1.06)

3+ 372/151 —_—— 0.75 (0.57, 0.99)
Heterogeneity:;(g =56 (P=.06)

Time of blood collection

Morning 823/1336 —— 1.00 (0.91, 1.11)

Afternoon 596/1402 —— 0.90 (0.80, 1.01)
Heterogeneity: y2 = 2.1 (P = .15)

Racial/ethnic group

White 1584/2971 . B 0.97 (0.90, 1.05)

Other 134/252 —_— 0.80 (0.63, 1.02)
Heterogeneity: y2 = 2.3 (P = .13)

Education status

No degree 954/1497 —10— 0.97 (0.89, 1.06)

Degree 464/816 —a— 0.91 (0.78, 1.06)
Heterogeneity: 72 = 0.52 (P = .47)

Currently married/cohabiting

Yes 1183/2170 —1H 0.93 (0.85, 1.02)

No 174/224 —_— 1.04 (0.84, 1.30)
Heterogeneity: ;(f =0.84 (P=.36)

Diabetes status

Yes 118/231 —— 0.95 (0.72, 1.26)

No 1395/2683 0.95 (0.88, 1.03)

Heterogeneity: 72 = 0.00 (P = .99)

05 1 15 2
OR (95% Cl)

FIGURE 3 Legend on next page.
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MR scatterplots and tables are found in Supplementary Figures 17-19
and Supplementary Tables 11-13.

4 | DISCUSSION

In this first comprehensive analysis with both blood-based and genetic
data, our results suggest that higher calculated free testosterone is
associated with an elevated risk for prostate cancer, including aggres-
sive disease. Neither circulating total testosterone nor SHBG was
associated with elevated risks for prostate cancer.

The strong genetic evidence in our MR analyses (which are less
likely to be affected by biases such as confounding, reverse causation
and detection bias) for a role of free testosterone, alongside the well-
characterised lower risk of prostate cancer in men diagnosed with
Klinefelter's syndrome?® (a genetic abnormality which is characterised
by life-long clinically low total and free testosterone concentra-
tions2®), indicates a probable causal relationship of free testosterone
with prostate cancer, including with aggressive disease. While in our
blood-based analyses the overall association of free testosterone with
aggressive prostate cancer was null, there was evidence of a positive
association with aggressive disease for men whose blood who was
collected at a younger age. However, we observed inverse associa-
tions of free testosterone with aggressive disease for men whose
blood was collected at an older age, which warrants further consider-
ation. Differences between the associations of genetically predicted
free testosterone and measured blood concentrations with prostate
cancer risk may implicate the importance of free testosterone concen-
trations in younger adulthood. Free testosterone concentrations
decline with older age, partly due to cumulative environmental influ-
ences, therefore free testosterone concentrations in middle and older
age may not be representative of life-long exposure to free testoster-
one concentrations, which will attenuate risk estimates.?”"3? There
was also some evidence of heterogeneity in the blood-based associa-
tion of free testosterone with aggressive disease by study, which may
relate to differences in participant and tumour characteristics.

As well as the blood-based and genetic evidence that we describe
here, two randomised controlled trials using 5a-reductase inhibitors,
which aimed to reduce intraprostatic androgen signalling by reducing

dihydrotestosterone concentrations by 80-90%,%° have reported
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23-25% lower risks of overall prostate cancer. However, these trials

also reported 27-58% increased risks of high-grade tumours,343>

pos-
sibly due to changes in prostate morphology, function biasing tumour
diagnostic grading, and/or the early development of partial androgen
insensitivity in more aggressive tumours (in comparison with
low-grade tumours)>¢®”; long-term follow-up of these trials does not
support an effect on risk of prostate cancer mortality.*®

For total testosterone and SHBG the MR results were null
suggesting no direct effect, whereas the blood-based analyses were
inverse for both; it is possible that the inverse results for testosterone
are due to reverse causation, but results did not suggest this for SHBG
and the explanation for the blood-based results remains unclear.

These analyses have several strengths. This is the largest collec-
tion of prospective blood-based and genetic data on sex hormones
and prostate cancer risk available, representing almost all the available
data worldwide. This large sample size maximised power to assess
associations robustly and enabled us to investigate associations across
subgroups. Further, by incorporating blood-based and MR methods
we were able to use different lines of evidence to inform causal
inference.®?

Limitations include that we used calculated rather than directly
measured free testosterone concentrations using equilibrium
dialysis,*® we have used a validated formula to estimate concentra-
tions and these are well correlated.*>*? It has also been suggested
that the bioavailable fraction of testosterone is the sum of free and
albumin-bound testosterone rather than solely the free fraction,*® but
it is not possible in our data to distinguish between these hypotheses
because estimates of these fractions from the formula are perfectly
correlated. Furthermore, the predictive value of peripheral free testos-
terone as an indicator of intraprostatic signalling remains under
debate.** Our analyses relied on single biomarker measurements, and
although these biomarkers have good reproducibility over a 4-to-
5-year period (intraclass correlation coefficients 0.54-0.82),% longitu-
dinal studies have shown that free testosterone declines continually
throughout adulthood®®; this may lead to underestimates of risk.*
Participants in the EHNBPCCG dataset were predominantly white
and therefore we were underpowered to investigate associations for
other racial/ethnic groups. Prospective epidemiological studies were
generally based on older men, therefore we had more limited power

to investigate associations in younger participants.

FIGURE 3 Odds ratio (95% Cls) for aggressive* prostate cancer per study-specific 1 SD increment of free testosterone concentration by
subgroup. Estimates are from logistic regression conditioned on the matching variables and adjusted for age, BMI, height, alcohol intake, smoking
status, marital status, education status, racial/ethnic group and diabetes status. The position of each square indicates the magnitude of the OR,
and the area of the square is proportional to theinverse of the variance of the logarithm of the OR). The length of the horizontal line through the
square indicates the 95% CI. Tests for heterogeneity for case-defined factors were obtained by fitting separate models for each subgroup and
assuming independence of the ORs using a method analogous to a metaanalysis. Tests for heterogeneity for non-case-defined factors were
assessed with a;(2 test of interaction between subgroup and the binary variable. *Aggressive cancer defined as Gleason grade 8+, or prostate
cancer death, or metastases or PSA >100 ng/mL. TLocalised defined as TNM stage <T2 with no reported lymph node involvement or metastases
or stage |, or TNM stage T2 with no reported lymph node involvement or metastases, stage Il, or equivalent; advanced stage if they were TNM
stage T3 or T4 and/or N1+ and/or M1, stage llI-1V or equivalent. *Low grade defined as Gleason score was <8 or equivalent (ie, extent of
differentiation good, moderate, poor); high grade if the Gleason score was 28 or equivalent (ie, undifferentiated). BMI, body mass index;

Cl, confidence interval; OR, odds ratio; PSA, prostate-specific antigen
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In the MR analyses of free testosterone, we observed weaker
relationships using MR-Egger. MR-Egger is less susceptible to con-
founding from possibly pleiotropic variants that have stronger effects
on the outcome than the exposure. However, this approach is also
subject to reduced power and therefore does not necessarily imply
the absence of a causal effect in the context of consistent sensitivity
analyses and balanced pleiotropy.?**” Further, testosterone is a ste-
roid and therefore no cis-genetic instruments are available. These limi-
tations mean that we cannot exclude the possibility that the MR
results for free testosterone may be influenced by some horizontal
pleiotropy. It is also not known whether the performance of the
genetic predictors of free testosterone change with age.*® Future
genetic and blood-based research including younger men with repeat
measurements and linkage to detailed medical records will help to
clarify associations.

The blood-based results we report here are an extension of our
previous paper,? and includes more than double the number of cases,
with the incorporation studies including UK Biobank and extended
follow-up from some other studies. Our blood-based results indicated
possible nonlinear relationships with overall prostate cancer
(as reported previously)? and with early-onset prostate cancer, with
lower risks of overall and early-onset prostate cancer for men with
low free testosterone concentrations. For MR analyses, genetic instru-
ments were based on summary GWAS results, and we were therefore
unable to investigate possible nonlinear associations. For overall pros-
tate cancer we also previously reported a possible increased risk of
high-grade disease; however, we have limited additional data for
grade, and therefore we do not include an updated detailed grade
analysis as reported in the previous paper.

In conclusion, the findings from these blood-based and genetic
analyses implicate free testosterone in the development of prostate

cancer, including aggressive and early-onset disease.
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