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Background The association of vitamin D status with prostate cancer is controversial; no association has been observed for

overall incidence, but there is a potential link with lethal disease.

Methods We assessed prediagnostic 25-hydroxyvitamin D [25(0OH)D] levels in plasma, variation in vitamin D-related
genes, and risk of lethal prostate cancer using a prospective case-control study nested within the Health
Professionals Follow-up Study. We included 1260 men who were diagnosed with prostate cancer after pro-
viding a blood sample in 1993-1995 and 1331 control subjects. Men with prostate cancer were followed through
March 2011 for lethal outcomes (n = 114). We selected 97 single-nucleotide polymorphisms (SNPs) in genomic
regions with high linkage disequilibrium (tagSNPs) to represent common genetic variation among seven
vitamin D-related genes (CYP27A1, CYP2R1, CYP27B1, GC, CYP24A1, RXRA, and VDR). We used a logistic
kernel machine test to assess whether multimarker SNP sets in seven vitamin D pathway-related genes were

collectively associated with prostate cancer. Tests for statistical significance were two-sided.

Results Higher 25(0OH)D levels were associated with a 57% reduction in the risk of lethal prostate cancer (highest vs
lowest quartile: odds ratio = 0.43, 95% confidence interval = 0.24 to 0.76). This finding did not vary by time from
blood collection to diagnosis. We found no statistically significant association of plasma 25(OH)D levels with
overall prostate cancer. Pathway analyses found that the set of SNPs that included all seven genes (P = .008)
as well as sets of SNPs that included VDR (P = .01) and CYP27A1 (P = .02) were associated with risk of lethal

prostate cancer.

Conclusion In this prospective study, plasma 25(0OH)D levels and common variation among several vitamin D-related genes
were associated with lethal prostate cancer risk, suggesting that vitamin D is relevant for lethal prostate

cancer.

J Natl Cancer Inst 2012;104:690-699

There is abundant laboratory evidence that vitamin D may have
anticancer properties. In prostate cancer cell lines, vitamin D has
been reported to promote differentiation and apoptosis and to
inhibit cell proliferation, cell adhesion, and angiogenesis (1-4). In
contrast, results from most epidemiological studies have not sup-
ported an association of circulating plasma 25-hydroxyvitamin D
[25(OH)D], the biomarker of vitamin D status, with overall pros-
tate cancer risk (5). Fewer studies have investigated whether
25(OH)D levels are related to a lower risk of lethal prostate cancer,
the most clinically relevant outcome. In a previous publication (6),
we examined plasma 25(OH)D levels and prostate cancer risk in
the Health Professionals Follow-up Study (HPFS). During follow-up
through the year 2000, 692 men developed prostate cancer. We
found no statistically significant association of plasma 25(OH)D
levels with the incidence of overall prostate cancer, but we did
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observe a non-statistically significant association of low plasma
25(OH)D with advanced-stage and lethal prostate cancer. At the
time, only 60 patients had developed advanced-stage or lethal
prostate cancer, and thus, the study had insufficient power to fully
examine this relationship. In addition, men with prostate cancer
who had high prediagnostic circulating levels of 25(OH)D had less
risk of mortality than men in the lowest quartile of 25(OH)D in
both the HPFES and the Physicians’ Health Study (PHS) cohorts (6).

Common genetic variants of the vitamin D pathway may be
associated with prostate cancer, but few studies have comprehen-
sively assessed associations across the several genes that encode
vitamin D pathway components (7,8) or with the specific end-
point of lethal prostate cancer (9). The vitamin D pathway
involves several proteins (Figure 1). The 25-hydroxylases
(CYP2R1 and CYP27A1) convert provitamin D that is absorbed
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Figure 1. Genes involved in vitamin D metabolism and signaling.

from the diet or synthesized from the action of sunlight on the skin
to the major circulating form, 25(OH)D. Next, 1-a hydroxylase
(CYP27B1) converts 25(OH)D to the active metabolite 1,25-
dihydroxyvitamin D [1,25(OH),D] either in the kidney (where it
is released to circulation) or in specific target organs including the
prostate. Circulating 1,25(OH),D is degraded by CYP24A1. Both
vitamin D metabolites bind to vitamin D-binding protein (GC),
which aids in transport to target sites. In target cells, the active
form of vitamin D, 1,25(OH),D, binds to the nuclear vitamin D
receptor (VDR). This complex then forms a heterodimer with the
retinoid X receptor (RXR) and attaches to vitamin D response
elements on multiple target genes, including several with anticancer
properties (10).

In this study, we investigated both circulating levels of 25(OH)
D and genetic variants of the vitamin D pathway in participants of
the prospective HPFS. With extended follow-up for incident pros-
tate cancers through 2004, mortality data through 2011, and an
increased sample size of 1260 men with prostate cancer, 114 of
whom developed lethal cancers, we aimed to 1) investigate whether
higher levels of plasma 25(OH)D are associated with a decreased
risk of lethal prostate cancer and 2) use a pathway-based approach
to assess whether common variation among seven genes related to
the vitamin D pathway is associated with lethal prostate cancer.

Methods

Study Population

The HPFS cohort includes 51 529 US male health professionals
who were aged 40-75 years at enrollment in 1986 when they
responded to a questionnaire about their medical history and
lifestyle. The men were mailed questionnaires to update this
information every 2 years. Detailed dietary information was
collected every 4 years. The overall follow-up rate was greater
than 94% and ascertainment of deaths was more than 98%
complete (11). This case—control study is nested in the HPFS
blood cohort, which includes 18018 (35%) participants who
sent in chilled blood samples preserved in sodium EDTA via
overnight delivery between 1993 and 1995. Samples were pro-
cessed within 24 hours of blood collection; plasma, erythrocytes,
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CONTEXT AND CAVEATS

Prior knowledge

Although vitamin D levels have not been associated with men’s
overall risk of prostate cancer, it is possible that they might be as-
sociated with the risk of lethal prostate cancer.

Study design

Prediagnostic plasma vitamin D levels in 1993-1995, variation in
seven genes related to vitamin D metabolism, and risk of lethal
prostate cancer were analyzed for 1260 men who developed pros-
tate cancer (through 2004) vs 1331 control subjects within the
Health Professionals Follow-up Study. A multimarker global test
was used to determine whether subsets of 97 single-nucleotide
polymorphisms from the seven vitamin D-related genes were re-
lated to incidence of lethal prostate cancer.

Contribution

Compared with men in the lowest quartile of plasma vitamin D levels,
men in the highest quartile were at 57% less risk of lethal prostate
cancer, but they had no difference in risk of overall prostate cancer.
Some subsets of single-nucleotide polymorphisms from vitamin
D-related genes were associated with lethal prostate cancer risk.

Implication

The data suggest that variations in men’s vitamin D levels and ge-
netic backgrounds relevant to vitamin D metabolism might contrib-
ute to their risk of lethal prostate cancer.

Limitation

Vitamin D levels were only measured one time and the study group
was mostly composed of white men. The global pathway analysis
did not identify individual susceptibility loci and the single nucleo-
tide polymorphism associations may be limited by multiple testing.

From the Editors

and buffy coats were separated, aliquotted, and stored in liquid
nitrogen freezers (12).

Case subjects in this study were 1260 men with incident pros-
tate cancer that was diagnosed between 1993 and 2004. We
excluded men with T1a tumors. Prostate cancers were first identi-
fied from self-reports on questionnaires or from death certificates
and then confirmed by medical record review. Study investigators
reviewed medical and pathology records to extract data on stage at
diagnosis and Gleason score. Staging was classified using the
TNM staging system. Histological grade was assessed using
Gleason scores and summed. We used pathological stage and
grade when available and clinical measures if pathological information
was not available. Deaths were identified via repeated mailings,
telephone calls, and searches of the National Death Index. Causes
of deaths were confirmed through review of medical records and
death certificates. Biennial follow-up surveys were mailed to those
who reported prostate cancer to collect information on treatment
and disease progression (eg, metastases). All reviews were conducted
blinded to exposure information.

For each confirmed case patient who received a diagnosis of
prostate cancer after having sent a blood sample, we randomly
selected a control subject (n = 1331) from among those men who
had not been diagnosed with prostate cancer at the time when the
case patient was diagnosed. Because of the high screening rates in
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men who are diagnosed with prostate cancer (97% of men had
received one or more prostate-specific antigen [PSA] tests before
diagnosis), we required control subjects to have a PSA test within
2.5 years before the date of diagnosis of their matched case subject
to provide the opportunity for occult prostate cancers to be diag-
nosed. Control subjects were matched to case patients on age (year
of birth = 1 year), PSA test before blood collection (yes or no), and
time of blood collection—that is, time of day (midnight to before
9 aM, 9 aMm to before noon, noon to before 4 pm, and 4 pm to before
midnight), season (winter, spring, summer, fall), and year (exact
calendar year). Follow-up for progression to prostate cancer—specific
death was complete through March 31, 2011.

The racial composition of the HPES blood cohort is 95% white
men of European descent; for the plasma 25(OH)D analysis, we
included all participants and adjusted for race. We also conducted
a sensitivity analysis that was restricted to only white men. For the
genetic analysis, we restricted the analysis to include only white
men to reduce the potential for population stratification.

The main analyses focused on the risk of lethal prostate cancer,
which was defined as prostate tumors with distant metastases at
diagnosis, or progression to bone and/or organ metastases or
prostate cancer—specific death during follow-up through March 31,
2011. We also assessed overall prostate cancer; advanced-stage
prostate cancer, defined as stage T3 or T4 or M1 or N1 at diagnosis;
and high Gleason grade prostate cancers, defined as those with
Gleason pattern 4 + 3 or higher.

25(0OH)D Assessment

Case and control subject selection occurred over four rounds of
follow-up, and each batch was assayed separately: blood draw to
January 1996, February 1996 to January 1998, February 1998 to
January 2000, and February 2000 to January 2004. Matched case—
control pairs were handled identically and assayed in the same
batch in a blinded fashion along with random quality control stan-
dard aliquots. Plasma 25(OH)D was measured using a radioim-
munosorbent assay in the laboratory of Dr Bruce Hollis (13). The
mean intrapair coefficients of variation calculated from blinded
quality control samples were 5.4%, 5.6%, 14.8%, and 5.6% for
batches 1 to 4, respectively. Repeated blood samples on 144 indi-
viduals in HPFS collected approximately 3 years apart yielded a
Pearson correlation coefficient of 0.7 (adjusted for age, race, and
season) for 25(OH)D (14).

We accounted for batch and seasonal variation in 25(OH)D by
creating separate quartile cut points for each batch and season
based on the levels among the control subjects. Seasons were
defined as summer (June to August), autumn (September to
November), spring (March to May), and winter (December to
February). We were unable to define specific cut points for defi-
ciency and insufficiency based on clinical recommendations
because of substantial batch-to-batch variation in addition to
seasonal variation.

Single-Nucleotide Polymorphisms (SNP) Selection and
Genotyping

Using the Tagger algorithm (15) implemented in the HaploView pro-
gram (16) and dense genotyping data from the International HapMap
Phase III CEU samples, we identified 97 linkage disequilibrium
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(LD) tagging SNPs to capture variation with R* greater than 0.8
among the seven selected genes with additional coverage of the
areas 10 kb upstream and downstream of the actual gene. Known
functional SNPs and SNPs previously assessed in other studies
were given priority. Otherwise, selection was restricted
to those with a minor allele frequency of greater than 5% in the
reference panel. One SNP in VDR and one in CYP24A1 failed
genotyping.

Blood samples from matched case—control pairs were handled
identically and assayed in the same batch in a blinded fashion.
DNA was extracted from whole blood using a standard QIAmp kit
(QIAGEN Inc, Chatsworth, CA) protocol, and genotyping was
performed using the Biotrove Open Array SNP Genotyping
Platform at the Harvard Medical School—Partners Health care
Center for Genetics and Genomics. All SNPs had greater than
90% genotype completion, and the concordance was greater than
99% for blinded quality control samples. Participants with missing
values had their genotypes imputed using the HapMap Phase 111
CEU data and the MACH imputation program (17). During
imputation, one SNP (CYP24A1 rs6127119) was flagged because
the minor allele frequency in the sample was only 3% as compared
with the minor allele frequency of 22% in the phased haplotype
samples from HapMap. Hardy—Weinberg equilibrium tests for
each of the SNPs was performed among control subjects using the
Pearson goodness-of-fit test using a predetermined cutoff of
P value less than .001, as is customary. Two SNPs (CYP27AI1
rs11677711 and CYP2R1 rs11023374) had evidence for departure
from Hardy—Weinberg equilibrium among control subjects (P < .001).
We excluded these three SNPs in the pathway analyses.

Statistical Analyses

All statistical tests were two-sided. Analyses were conducted using
SAS v 9.1 (SAS Institute, Cary, NC) and R (http://www.r-project.
org/) statistical packages. The participants of the study provided
informed consent, and the Human Subjects Committee at the
Harvard School of Public Health approved this study.

Plasma Vitamin D and Prostate Cancer. Unconditional logistic
regression models estimated odds ratios (ORs) and 95% confi-
dence intervals (Cls) of prostate cancer by quartiles (using the
lowest quartile as the reference), adjusting for matching factors,
age at blood draw, PSA test before blood draw, year, batch and
season of blood draw, and follow-up time. We also ran the corre-
sponding conditional logistic regression analyses with the matched
pairs; however, the results were not qualitatively different, and the
estimates from the unconditional models were more stable because
of the inclusion of all control subjects. Thus, we present the results
for the unconditional models only. To address potential confound-
ing by PSA screening, we created a variable for PSA testing
frequency. For case patients, we calculated the percentage of
PSA tests a man could possibly have reported before diagnosis. For
example, a case patient who was diagnosed in 2004 could have up
to six recorded tests (1994, 1996, 1998, 2000, 2002, 2004), whereas
a case patient who was diagnosed in 1998 could have up to three
recorded tests (1994, 1996, 1998). Frequency of PSA testing in
control subjects was assessed through 2004, with a maximum of six
recorded tests.
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We considered the following potential confounders that have
been associated with prostate cancer incidence and progression:
body mass index (kg/m?), race (white, nonwhite), smoking (never,
past, current), vigorous physical activity (metabolic equivalent
task-hours/wk), energy-adjusted calcium (mg/d) and lycopene (pg/d)
intakes, height (inches), diabetes status (yes or no), total energy
intake (kcal/d), coffee intake (servings per day), family history of
prostate cancer (yes or no), vasectomy status (yes or no), red meat
(servings per week), and fish intake (servings per week). Covariate
values from the 1994 follow-up questionnaire were used as they
were closest to the time of blood collection. If values in 1994 were
missing, values from previous years (1986-1992) were substituted.
However, after adjusting for the matching factors, there was little
evidence for confounding by any of the additional covariates, so
they were not included in the final model.

Tests for trends were computed using an ordinal variable with
values of 1-4 corresponding to the quartile in which the individu-
al’s plasma vitamin D metabolite fell. All statistical tests were
two-sided, and P values less than .05 were considered statistically
significant.

We conducted the following sensitivity analyses. Because race
is known to be associated with both prostate cancer risk and vita-
min D levels, we restricted to only white men (95% of the popula-
tion). To assess whether the association varied by time since blood
draw and to consider the possibility of reverse causation in which
undiagnosed tumor could potentially change vitamin D levels, we
conducted analyses excluding case patients who were diagnosed
within the first 2 years after blood draw and comparing case
patients who were diagnosed within 5 years of blood draw to those
diagnosed 5 years or later following blood draw. We also analyzed
the data using a measure of 25(OH)D that was standardized for
batch and season as described by Rosner et al. (18). B coefficients
from a linear regression model of 25(OH)D with batch and season
indicators were averaged; for each specific batch—season combina-
tion, the difference between the corresponding B coefficient from
the model and the average coefficient was subtracted from the
unadjusted 25(OH)D value to create a continuous measurement
that was standardized to the average batch—season.

Vitamin D, Genetic Variation, and Prostate Cancer. Adjusted
odds ratios and 95% confidence intervals of each individual SNP
and prostate cancer were assessed using unconditional logistic regres-
sion, adjusting for age at blood collection. We report the nominal
two-sided P values for these analyses without adjusting for multiple
testing; however, we also calculated a correction for multiple
comparisons using a method that takes into account the LD within
the set of SNPs being tested to calculate the effective number
of independent tests (19). The 95 SNPs corresponded to 89 indepen-
dent tests; consequently, a P value significance threshold of .0006
controls the experiment-wide type I error rate at the .05 level.
Because genotyped SNPs may be imperfect surrogates for the
true causal SNP, their individual effect estimates are likely to be
modest. An advantage of considering the joint effects of several
SNPs in a region or along a pathway is that if several of these SNPs
are in partial LD with the casual SNP, the multimarker global test will
more effectively capture the true effect. To capture the joint effect of
SNPs in the vitamin D pathway, we used a logistic kernel machine
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model. Unlike the typical multivariable omnibus test that applies a
regression using a vector of covariates corresponding to the set of
SNPs and results in a x* distribution with degrees of freedom equal
to the number of SNPs in the model, the kernel machine considers
the correlation between the SNPs in the set, typically resulting in
reduced degrees of freedom, improving the power of the hypo-
thesis test. Also, in contrast to methods that create a single genetic
score from a set of proposed risk alleles, a benefit of the kernel
machine is that it does not require a priori knowledge of direction-
ality for the variants. In brief, the logistic kernel machine model
treats each of the included SNPs as a random effect; desired
covariates can be entered as fixed effects. The null hypothesis that
the variance of the SNP random effects is 0 (ie, that the SNPs
individually or jointly are not associated with disease) can be tested
using a score test. The kernel machine is computationally efficient
compared with other methods that require permutation. The
mathematical details of the logistic kernel machine model have been
described elsewhere (20,21), and the method has been applied to
study genetic associations in a variety of traits and diseases (22-24).
We assessed global associations for SNP sets defined by all seven
genes as well as each gene individually.

Results

Plasma Vitamin D and Prostate Cancer

Characteristics of the 1260 prostate cancer patients are presented
in Table 1; 20% had high Gleason grade (4 + 3 or higher) tumors
and 14% had advanced-stage (stage T3/T4 or N1/M1 [T1-T4])
disease, and 9% progressed to develop bone or organ metastases or
died of prostate cancer during follow-up through March 31, 2011.

Table 1. Characteristics of prostate cancer case patients
(n=1260)*

Case
Characteristic patients
Age at blood collection (y), mean (SD) 64.4 (7.8)
Age at diagnosis (y), mean (SD) 69.5 (7.5)
Stage, No. (%)t
T1, T2 (NO, MO) 1010 (86)
T3a (NO, MO0) 92 (8)
T3b (NO, MO0) 43 (4)
T4 (NO, M0) 1(0)
N1 15 (1)
M1 15 (1)
Gleason grade, No. (%)*
2106 646 (56)
7: 3 + 4 or no major score defined 275 (24)
7:4+3 110 (9)
810 10 129 (11)
Deaths or metastases due to prostate cancer, No. (%) 114 (9)
Prostate cancer deaths without recorded date of 68
metastasis
Metastases to bone or organs on follow-up 31
Metastases at diagnosis 15
Time to diagnosis from blood draw (y), median (IQR) 5.2 (2.9-7.5)
Time to lethal prostate cancer (death or metastases) 5.2 (3.1-8.4)

from diagnosis (y), median (IQR)

* 1QR = interquartile range; SD = standard deviation.
1t Data for stage missing for 84 subjects.
+ Data for Gleason grade missing for 100 subjects.
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The median time from blood collection to diagnosis was 5.2 years.
In control subjects (n = 1331), higher levels of 25(OH)D were
statistically significantly associated with lower body mass index and
a lower prevalence of diabetes, and higher physical activity,
calcium intake, vitamin D intake, and exposure to sunlight (as
measured by ultraviolet-B flux based on residence). Of note, we
found no statistically significant association between plasma
25(OH)D levels and history of PSA testing before blood collection
or frequency of PSA screening through 2004. Overall, screening
rates were very high; 97% of all case subjects had a history of PSA
screening before diagnosis, and control subjects were selected
based on having a history of PSA screening. The difference in the
median values of batch- and season-standardized 25(OH)D levels was
approximately 20 ng/mL between the highest and lowest quartiles
(Supplementary Table 1, available online).

Table 2 presents the associations of lethal, overall, advanced-
stage, and high-grade prostate cancers with plasma 25(OH)D
levels, by season- and batch-specific quartile. Model 1 adjusted for
matching factors, and model 2 additionally adjusted for PSA
screening frequency. There was little evidence of confounding by
PSA screening frequency so we refer to the results from model 1
in the text. We observed a statistically significant inverse associa-
tion between plasma 25(OH)D levels and lethal prostate cancer
(highest vs lowest quartile: OR = 0.43, 95% CI = 0.24 to 0.76;
P,.na = -001). Plasma 25(OH)D levels were not associated with the
risk of overall prostate cancer or of prostate cancer that was high
Gleason grade or advanced stage at diagnosis. We found no statis-
tically significant association of plasma 25(OH)D levels with overall
prostate cancer (highest vs lowest quartile: OR = 1.05, 95% CI =
0.84 to 1.32).

The association of lethal prostate cancer and 25(OH)D levels
did not vary by time from blood collection to diagnosis (Table 3).
Results were consistent when we used the standardized exposure
measure instead of the batch- and season-specific quartiles and
when we restricted the analysis to white participants.

Variation of Vitamin D Pathway Genes and Prostate Cancer

A total of 1193 case patients and 1244 control subjects were
included in the genetic analyses. In our global pathway analysis, we
observed a statistically significant association for the total pathway
SNP set and lethal prostate cancer (P = .008). We also observed
nominally statistically significant associations for SNP sets defined
by the specific genes VDR (P = .01) and CYP27A1 (P = .02) with
lethal prostate cancer (Table 4). Adjusting for plasma 25(OH)D
levels did not change the results of the pathway analyses. Figure 2
shows the per-allele log odds ratio for each individual SNP and
lethal prostate cancer. Although none of the SNPs was statistically
significant at the more stringent multiple testing threshold, the
overall pathway effect was statistically significant, illustrating the
concept that variance in lethal prostate cancer may be explained by
the combined effect of SNPs with more modest effects. Several
individual SNPs had moderate point estimates and nine SNPs in
VDR, RXRA, and CYP27AI were nominally associated with lethal
prostate cancer (P < .05). Under the null distribution (calculated
from 10000 permutations where we randomly shuffled case—control
status), the probability of observing at least nine nominally statis-
tically significant SNPs from the 95 individual tests was 0.09.
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Table 2. Odds ratios (ORs) and 95% confidence intervals (Cls) of prostate cancer by season- and batch-specific quartiles of plasma 25(0OH)D

Quartile of plasma 25(0OH)D

Q4

Q3

Q2

Q1

No. of case
patients/No. of
control subjects

No. of case
patients/No. of
control subjects

No. of case
patients/No. of
control subjects

No. of case

patients/No. of
control subjects

*
Piena

OR (95% Cl)

OR (95% CI)

OR (95% CI)

OR (95% Cl)

Outcome

Lethal prostate cancer

.001
.002

0.43 (0.24 t0 0.76)
0.44 (0.24 t0 0.79)

19/329
19/329

0.50 (0.28 to 0.88)
0.50 (0.28 t0 0.88)

21/334
21/334

41/325 1.00 (referent) 33/336 0.77 (0.47 t0 1.28)
1.00 (referent) 33/336

41/325

Model 11

0.78 (0.47 to 1.30)

Model 2+
Overall prostate cancer

.57
45

1.05 (0.84 to 1.32)
1.07 (0.86 to 1.34)

333/329
333/329

0.98 (0.78 to 1.22)

319/334
319/334

310/325 1.00 (referent) 298/336 0.93 (0.75 to 1.17)
1.00 (referent) 298/336

310/325

Model 1

0.99 (0.79 to 1.24)

0.93 (0.74 to 1.17)

Model 2
Advanced stage at diagnosis

3
22
6
7

0.78 (0.50 to 1.23)
0.85 (0.53 to 1.35)
0.92 (0.63 to 1.35)
0.99 (0.67 to 1.46)

40/329
40/329
64/329
64/329

0.61 (0.38 to 0.97)
0.63 (0.39 to 1.03)
0.71 (0.48 to 1.05)
0.75 (0.50 to 1.13)

32/334
32/334
51/334
51/334

0.88 (0.57 to 1.38)
0.96 (0.61 to 1.52)
0.79 (0.53 to 1.17)
0.81 (0.54 to 1.21)

43/336
43/336
55/336
55/336

1.00 (referent)
1.00 (referent)
1.00 (referent)
1.00 (referent)

51/325
51/325
69/325
69/325

Model 2

Model 1

Model 2
High-grade prostate cancer

Model 1
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to before 4 PMm, 4 PM to before midnight), batch (blood collection [1993-1995]-1996, 1996-1998, 1998-2000, 2000-2004), season (winter, spring, summer, fall), and follow-up time.

t Model 1: adjusted for age at blood collection (year), prostate-specific antigen test before blood collection (yes or no), year of blood collection, timing of blood collection (midnight to 9 am, 9 AM to before noon, noon
¥ Model 2: model 1 + prostate-specific antigen screening frequency (% of all possible recorded tests).

* Pvalues for trend were calculated using unconditional logistic regression using an ordinal variable with values of 1-4 corresponding to the quartile of plasma 25(0OH)D and were two-sided.
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.006
.03
.02

0.41 (0.21 t0 0.82)
0.53 (0.26 to 1.08)

13/335
14/335

0.57 (0.30 to 1.07)

17/333
14/333

0.82 (0.46 to 1.46)

24/338
27/338

1.00 (referent)
1.00 (referent)
1.00 (referent)

29/325
24/325
15/325

>2 y since blood collection
<5y since blood collection
>5 y since blood collection

Overall prostate cancer

0.59 (0.29 to 1.20)
0.43 (0.17 to 1.09)

1.08 (0.59 to 1.99)
0.50 (0.20 to 1.22)

0.32 (0.11 t0 0.92)

7/333 5/335

8/338

.61

1.02 (0.81 to 1.30)

269/335
183/336
155/336

1.03 (0.82 to 1.30)
1.04 (0.76 to 1.42)
1.00 (0.74 to 1.33)

280/333
139/333
176/333

0.91 (0.72 to 1.16)

245/338

1.00 (referent)
1.00 (referent)
1.00 (referent)

258/325
140/325
167/325

>2 y since blood collection
<5y since blood collection
>b y since blood collection

Advanced stage at diagnosis

14
.83

1.23 (0.91 to 1.67)

0.97 (0.71 to 1.33)

142/338
158/338

0.92 (0.69 to 1.25)

0.87 (0.65 to 1.17)

.27
.27
42

0.83 (0.50 to 1.38)

31/335
25/335
15/335

0.61 (0.36 to 1.05)
0.561 (0.25 to 1.02)
0.81 (0.42 to 1.56)

24/333
14/333
18/333

0.87 (0.53 to 1.44)

32/338
27/338
17/338

1.00 (referent)
1.00 (referent)
1.00 (referent)

38/325
27/325
23/325

>2 y since blood collection
<5 y since blood collection
>5 y since blood collection
High-grade prostate cancer

0.85 (0.46 to 1.56)

1.05 (0.58 to 1.90)
0.72 (0.37 to 1.42)

0.72 (0.36 to 1.45)

.65

0.91 (0.60 to 1.39)
0.73 (0.44 to 1.22)

51/335
33/335
32/335

0.72 (0.46 t0 1.12)

41/333
24/333
26/333

0.83 (0.54 to 1.26)

47/338
24/338
31/338

1.00 (referent)
1.00 (referent)
1.00 (referent)

54/325
41/325
28/325

>2 y since blood collection
<5y since blood collection
>5 y since blood collection

.23
.64

0.57 (0.33 to 0.99)
0.87 (0.48 to 1.55)

0.58 (0.33 to 1.01)

1.21 (0.69 to 2.11)

1.01 (0.58 to 1.77)

* Adjusted for matching factors as in model 1 from previous table.

Tt Pvalues for trend were calculated using unconditional logistic regression using an ordinal variable with values of 1-4 corresponding to the quartile of plasma 25(0OH)D and were two-sided.

Supplementary Table 2 (available online) lists the results for each
individual SNP and lethal prostate cancer. Supplementary Table 3
(available online) presents the results for commonly studied
VDR variants and two SNPs that were associated with circu-
lating 25(OH)D levels in a large Genome-Wide Association
Study (GWAS) (GC: 752282679 and CYP2RI: rs2060793) (25).
Bsml (rs1544410) was nominally associated with lethal cancer
(per-allele OR =1.47,95% Cl = 1.11 to 1.95, P,.,, = .007). Neither
of the SNPs that predicted circulating 25(OH)D levels in
the GWAS were statistically significantly associated with lethal
prostate cancer.

We did not observe global pathway associations for the vitamin
D pathway-related SNPs with overall prostate cancer (P = .28) or
with prostate cancers that were advanced stage at diagnosis (P =
.89), or high Gleason grade (P = .35). No individual SNPs were
statistically significantly associated with overall, advanced-stage, or
high Gleason grade prostate cancer after considering multiple
testing (Supplementary Table 4, available online).

Discussion

In this large prospective study of lethal prostate cancer, we com-
prehensively examined its relationship with vitamin D, focusing on
circulating 25(OH)D levels and genetic variation in the vitamin D
pathway. We observed that plasma 25(OH)D levels in prospec-
tively collected blood samples and common genetic variation
across the vitamin D pathway were associated with the risk of
lethal prostate cancer. Men with the highest quartile of plasma
25(OH)D levels had less than half the risk of lethal prostate cancer
compared with men who were in the lowest quartile of plasma
25(OH)D levels, regardless of time from blood collection to diag-
nosis. Furthermore, we performed the first pathway-based analyses,
to our knowledge, of lethal prostate cancer risk in relation to
common genetic variation across vitamin D pathway. We found a
statistically significant association in the total pathway analysis
consisting of seven vitamin D pathway genes and the
risk of lethal prostate cancer. In addition, gene-specific analyses
provided suggestive evidence for associations of lethal prostate
cancer and CYP27A41 and VDR.

Although our findings for the individual genes should be inter-
preted cautiously, there is evidence that CYP2741 and VDR are
expressed in prostate tissue. VDR is part of the main receptor
complex that mediates many of the biological actions of vitamin D.
In men who were treated with prostatectomy, we previously found
that those who had higher VDR expression had increased survival
compared with men who had lower VDR expression (26). Finally,
expression of CYP27A1 in the prostate could be important for
regulating tissue levels of 25(OH)D, and one study has observed
that CYP27A1 may also function to convert 25(OH)D to
1,25(OH),D (27). Laboratory studies provide evidence that
vitamin D can act to reduce cell adhesion and angiogenesis, which
may be particularly relevant to decreasing metastatic potential (1,28).

We cannot rule out the possibility that our findings are due to
chance, but we did consider other potential explanations for bias or
confounding, in particular that by PSA screening. Whereas men
with higher plasma 25(OH)D levels had a slighter higher frequency
of PSA screening, overall screening rates were high in our cohort;
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Table 4. Pathway analysis results for lethal prostate cancer and gene sets in the vitamin D pathway

No. of

Global P from kernel Global P from kernel machine

Gene Chromosome Size, kb SNPs included* machine analysist analysis adjusted for 25(0OH)Dt
VDR 12 63.49 28 .01 .01

CYP27B1 12 4.86 3 .75 .70

GC 4 42.48 12 .80 .65

CYP27A1 20 20.54 5 .02 .02

CYP2R1 2 33.31 6 4 .10

CYP24A1 11 14.2 18 45 .45

RXRA 9 114 20 .09 .10

Total Pathway 92 .008 .006

* Ninety-seven SNPs originally selected; two SNPs failed genotyping; two were out of Hardy—Weinberg equilibrium, at P < .001; and one was eliminated because
frequency in sample did not match that of phased haplotypes for imputation; therefore, a total of 92 SNPs were included in pathway analysis.

T Pvalues were calculated using a logistic kernel machine model and were two-sided.

greater than 97% of case patients had at least one PSA screening
test. Furthermore, when we adjusted directly for PSA screening
frequency or for correlates of healthy behavior that could be asso-
ciated with PSA testing and 25(OH)D levels in our multivariable
model such as body mass index and physical activity, we found no
evidence for confounding. Thus, we believe that this bias is unlikely
to explain the entire association of 25(OH)D with lethal prostate
cancer. We considered several other potential confounders for pros-
tate cancer incidence and progression and did not observe evidence
of strong confounding. We believe it is unlikely that residual con-
founding alone could explain the full magnitude of the observed
associations; however, we cannot completely rule out some bias by
unmeasured confounding. Our observation that common genetic
variants in the vitamin D pathway were associated with lethal pros-
tate cancer also supports that vitamin D may be the causal factor
rather than confounding by factors correlated with 25(OH)D levels.

Because of the long natural history of prostate cancer and the
possibility that undiagnosed tumors could affect plasma 25(OH)D
levels, we conducted sensitivity analyses in which we excluded

tumors that were diagnosed within 2 and 5 years of blood collection.
The association with lethal prostate cancer remained consistent in
case subjects who were diagnosed 5 or more years after blood
collection or approximately 10 or more years before the occur-
rence of a lethal outcome. Thus, it is unlikely that reverse causation
could explain our findings.

These results are consistent with growing evidence that risk
factors for lethal prostate cancer are different than those for overall
prostate cancer (29). There is scant observational data on vitamin
D and lethal prostate cancer. In a case-only analysis, we previously
assessed the association of prediagnostic 25(OH)D and cancer-
specific survival among a subset of prostate cancer patients in the
HPEFS and the PHS cohorts; higher 25(OH)D levels were associated
with better outcomes (6).

Other studies (30-32) did not find beneficial associations
between higher levels of 25(OH)D and prostate cancer, which was
defined as “aggressive” based on Gleason grade or stage at diagnosis.
Similarly, we did not observe associations with tumors characterized
as advanced stage at diagnosis or high grade. One potential
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Figure 2. Per-allele log odds ratio for each single-nucleotide polymorphism (SNP) and lethal prostate cancer. Each dot represents a SNP, color

coded by gene.
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explanation for our observation that plasma 25(OH)D levels were
associated with lethal prostate cancer but not high-grade cancers
might be that tumor grade, as an indicator of differentiation, is an
important predictor of lethal outcome, but far from a perfect
surrogate. Most high-grade cancers are diagnosed at an early
stage and do not progress to a lethal outcome, and the overall
positive predictive value of Gleason score for prostate cancer
mortality is relatively low (33). In our study, only 16% of men
diagnosed with a Gleason score of 7 (4 + 3) or higher progressed
to lethal prostate cancer. In addition, known inter- and intraob-
server variability in the evaluation of Gleason grade and system-
atic scoring changes have occurred over time, which could result
in further misclassification (34). A low stage at diagnosis also does
not guarantee that a man will not develop lethal prostate cancer,
especially in the context of high PSA screening rates. In our
cohort, 86% of the prostate cancer case patients were diagnosed at
stage T'1 or T2, and more than half of the lethal prostate cancers
in our study were diagnosed at a localized stage. Furthermore, our
findings for 25(OH)D and lethal cancer were similar when we re-
stricted to men diagnosed with earlier stage disease (13a or less)
that progressed to lethal cancer (OR comparing extreme quartiles
=0.40; 95% CI = 0.19 to 0.83; P, = .02). It is possible that the
relevant action of 25(OH)D exposure on lethal prostate cancer
may be through influencing other characteristics of aggressive
behavior (eg, apoptosis, angiogenesis, and/or cell adhesion) inde-
pendent of grade and stage (28,35,36).

No previous studies have assessed the joint effects of SNPs in
the vitamin D pathway and lethal prostate cancer risk. A small
case-only study found suggestive evidence of associations for some
individual variants in VDR, CYP24A1, and CYP27BI and progres-
sion to prostate cancer—specific mortality (9). One nominally
statistically significant SNP in VDR from that study (r53782905)
was in partial LD with 7510875693 from our study; the minor
alleles of both SNPs were associated with an increased risk of pros-
tate cancer mortality. We did not find gene-specific associations
with CYP24A1 and CYP27B1, and we did not replicate the case-
only study’s findings for the corresponding individual SNPs within
those genes.

A case-only GWAS of prostate cancer mortality did not note
any susceptibility loci in the selected vitamin D pathway genes.
However, only individual SNP analyses were conducted, and the
study was powered to detect relatively strong associations (OR > 2
for a minor allele frequency of 0.20 using the genome-wide thresh-
old a of 1 x 10”7) and thus would not capture smaller effect sizes that
are likely to be the norm for most common variants (37). In con-
trast to the GWAS, we had an a priori defined set of SNPs in the
vitamin D pathway. Thus, we were able to apply a more powerful
pathway-based kernel machine approach, which allowed assessment
of the joint association of variants in the predefined pathway.

A GWAS study found that polymorphisms in the GC and
CYP2RI genes were associated with circulating 25(OH)D levels
(25). We conducted a pathway analysis for 25(OH)D levels and
found a statistically significant association with the SNP sets
defined by GC and CYP2RI (Supplementary Tables 5 and 6,
available online). However, we did not find statistically significant
associations with the GC or CYP2RI genes or the individual
SNPs in GC or CYP2R1 with lethal prostate cancer. One possible
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explanation is that because only a small amount of variation (<3 %)
in 25(OH)D levels can be explained by the SNPs, we are not
powered to detect the expected small associations in disease risk. It
is also possible that the changes in circulating 25(OH)D levels
observed with the alleles may not reflect the levels in the local
prostate environment. Additionally, the SNPs may have pleio-
tropic effects. For example, the GC SNP may also affect the
vitamin D-binding protein’s affinity, and thus, circulating 25(OH)D
levels may not reflect true bioavailability (38).

A single measurement of plasma 25(OH)D level has reasonable
validity over a 5-year period (14,39). Nevertheless, multiple mea-
surements would result in a better estimate of longer-term expo-
sure and reduce the degree of non-differential measurement error.
We are limited in our ability to determine the relevant etiologic
period with only a single measurement. Prostate cancer cells may
be present decades before diagnosis, and the median follow-up
time from blood collection to diagnosis in our study was 5.4 years.
We found that the relationship of lethal prostate cancer incidence
to plasma 25(OH)D levels remained consistent when we compared
case patients diagnosed within 5 years of blood collection to those
diagnosed 5 years or more after blood collection. Conversely,
because 25(OH)D levels, as repeatedly measured over time in a
subsample of our population, had a Pearson correlation coefficient
of 0.7, our single measure of 25(OH)D could be interpreted to be
correlated with vitamin D status at or after diagnosis. We did not
assign clinical cut points for vitamin D insufficiency and deficiency
because blood samples were assayed at different times, which
introduced extraneous laboratory batch variation. However, the
rankings within each batch remain valid, the range of season and
batch standardized values was within that of other studies, and
plasma 25(OH)D concentrations varied by other known predictors
such as vitamin D intake, sunlight exposure, and physical activity.

Our results may not be generalizable to other racial groups due
to differences in genetic variation, vitamin D levels, and prostate
cancer risk. A limitation of our pathway kernel machine model is
that the method does not identify individual susceptibility loci and
therefore does not directly translate to improved risk prediction.
Nevertheless, the pathway result does contribute to the growing
evidence that vitamin D plays a role in preventing prostate cancer
progression. Our study only focused on common variation in the
vitamin D genes; future studies that also consider rare variants,
which may be in LD with causal SNP(s), may yield additional
associations. We restricted all genetic analyses to white men to
reduce the potential for population stratification. For a large
number of individual markers (>500), the kernel machine method
may be sensitive to detecting associations due to latent population
structure; however, given the smaller number of SNPs in our study
and the homogeneity of our study population, we do not believe
this bias to be a major concern. Finally, it is possible that our find-
ings could be due to chance, and it is important to consider the
multiple testing, especially given the several genes, SNPs, and
prostate cancer subtypes that were assessed when interpreting the
findings. Larger studies with more lethal cancers would have more
power to identify individual SNPs with similar point estimates; for
lethal prostate cancer, our study was powered to detect an odds
ratio greater than 1.6 (using a = .05) or greater than 2.0 (using the
more stringent threshold a = .0005) for a minor allele frequency of
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0.20. Should our results be replicated, studies are needed to
explore potential functionality of the SNPs in the pathway.

There are several strengths of our study, including the detailed
covariate information to assess confounding, prediagnostic blood
samples, and the availability of medical record review, allowing for
assessment of tumor characteristics. We used a comprehensive LD
strategy for selection of tagSNPs across seven genes involved in
vitamin D metabolism and signaling. We also used a multimarker
kernel machine approach to detect the collective effect of SNPs
across this pathway, even when power was limited for individual
SNP analyses. Moreover, our study had substantial longitudinal
follow-up required to assess lethal prostate cancer.

In summary, the findings from this large prospective study
support the hypothesis that higher plasma 25(OH)D levels are
associated with lower risk of lethal prostate cancer. We also observed
complementary evidence suggesting that common variation across
several genes involved in vitamin D metabolism and signaling is
associated with the risk of lethal prostate cancer. Further research
focusing on lethal prostate cancer and vitamin D is needed to con-
firm or refute these findings and advance our understanding of the
underlying mechanisms behind these relationships.
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