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Abstract
Background—Observational studies linking vitamin D deficiency with increased prostate cancer
mortality and the pleiotropic anticancer effects of vitamin D in malignant prostate cell lines have
initiated trials examining potential therapeutic benefits of vitamin D metabolites. There have been
some successes but efforts have been hindered by risk of inducing hypercalcemia. A limited
number of studies have investigated associations between variants in vitamin D pathway genes
with aggressive forms of prostate cancer. Increased understanding of relevant germline genetic
variation with disease outcome could aid in development of vitamin D-based therapies.

Methods—We undertook a comprehensive analysis of 48 tagging single nucleotide
polymorphisms (tagSNPs) in genes encoding for vitamin D receptor (VDR), vitamin D activating
enzyme 1-α-hydroxylase (CYP27B1), and deactivating enzyme 24-hydroxylase (CYP24A1) in a
cohort of 1,294 Caucasian cases with an average of 8 years of follow-up. Disease recurrence/
progression and prostate cancer-specific mortality risks were estimated using adjusted Cox
proportional hazards regression.

Results—There were 139 cases with recurrence/progression events and 57 cases who died of
prostate cancer. Significantly altered risks of recurrence/progression were observed in relation to
genotype for two VDR tagSNPs (rs6823 and rs2071358) and two CYP24A1 tagSNPs (rs927650
and rs2762939). Three VDR tagSNPs (rs3782905, rs7299460 and rs11168314), one CYP27B1
tagSNP (rs3782130) and five CYP24A1 tagSNPs (rs3787557, rs4809960, rs2296241, rs2585428,
and rs6022999) significantly altered risks of prostate cancer death.

Conclusions—Genetic variations in vitamin D pathway genes were found to alter both risk of
recurrence/progression and prostate cancer-specific mortality.
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Introduction
Vitamin D has been shown to reduce cellular proliferation, increase apoptosis and inhibit
invasion, migration, metastasis and angiogenesis [1–3]. The potential role of vitamin D in
prostate tumor growth and aggressiveness is supported by ecological and case-control
studies demonstrating an inverse relationship between prostate cancer (PCa) mortality and
advanced disease with ultraviolet (UV) exposure, which is the primary source of vitamin D
[4–8]. There is also an increased PCa mortality in African American and older men where
skin has a reduced capacity for absorbing UV [9,10]. In early clinical trials vitamin D
analogs such as calcitriol have shown some success as therapeutic agents for patients with
androgen-independent PCa lesions through reduction in prostate-specific antigen (PSA)
levels and increasing patient survival, however the problem of circumventing hypercalcemia
has not been overcome [11,12].

Whether ingested or produced by the skin via UV exposure, vitamin D is first hydroxylated
in the liver to form the metabolically inactive form of the prohormone, 25-hydroxyvitamin
D [25(OH)D]. The rate limiting step is secondary conversion into the active form of the
hormone, 1α,25-dihydroxy-vitamin D [1α,25(OH)2D], by 1-α-hydroxylase (1α-OHase),
which is encoded by the gene CYP27B1. There is autocrine or paracrine synthesis of 1α,
25(OH)2D by 1α-OHase within normal prostate cells, however expression of 1α-OHase is
greatly reduced early in the neoplastic process of PCa cells [13,14]. Binding to the nuclear
vitamin D receptor (VDR), which is widely expressed in prostate cells, mediates all
functions of 1α,25(OH)2D. The enzyme 24-hydroxylase, encoded by the gene CYP24A1,
metabolizes 1α,25(OH)2D into its excretion product calcitroic acid. Some prostate cancer
cell lines have shown increased expression of the catabolic CYP24A1 in vitro [15].

Few genetic association studies have been conducted that specifically examined prostate
cancer progression or mortality in association with vitamin D metabolism pathway genes.
Some studies have attempted to address the potential association of vitamin D pathway
genetic polymorphisms with prostate tumor growth and aggressiveness by examining
prostate cancer risk within clinically defined subsets. For the more commonly studied
polymorphisms, poly(A) microsatellite, FokI (rs10735810), BsmI (rs1544410), and TaqI
(rs731236), no clear consensus has emerged from studies reporting genotype associations
for men with advanced stage disease or higher Gleason scores [16–19]. Only one study has
reported associations between CYP27B1 genotypes and prostate cancer risk, and no
association with disease aggressiveness was noted [20]. To better answer the question of
whether germline variants within vitamin D metabolism pathway genes predict disease
outcome, a study design that follows prostate cancer cases over time is a more accurate
predictor of disease recurrence and survival. Three studies have looked at associations
between VDR genotypes in cases who underwent radical prostatectomy and went on to
exhibit recurrence, as defined by PSA failure [21–23]. For the FokI polymorphism, one
study observed an increased risk of recurrence for homozygote carriers of the wildtype (G)
allele, or “FF” individuals, while the other study did not corroborate the finding of an
increased risk for recurrence, but did report an association with more aggressive tumors
[21,22]. The third study, which looked at recurrence risk by BsmI and TaqI genotypes in
Caucasians and African Americans, did not observe any association with disease outcome
overall; however, they did report a significant decrease in recurrence risk for carriers of the
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BsmI variant (A) allele, or “B” allele, among Caucasian men with locally advanced disease
[23].

To more carefully dissect these issues, we conducted a genetic association study of prostate
cancer recurrence/progression and prostate cancer-specific mortality using a population-
based cohort of men with long-term follow-up. Our study focused on three vitamin D
pathway genes, VDR, CYP27B1, and CYP24A1, and used tagSNPs to better capture genetic
variability within each gene. The long-term follow-up was used to access association with
both recurrence/progression and mortality.

Materials and Methods
Study Population

Study subjects were enrolled in one of two population-based prostate cancer case-control
studies that have been described previously [24,25]. Cases were newly diagnosed with
histologically confirmed prostate cancer in two study periods, either January 1, 1993 to
December 31, 1996 (Study I, age range 40–64 years) or January 1, 2002 to December 31,
2005 (Study II, age range 35–74 years). Prostate cancer cases were identified from the
metropolitan Seattle-Puget Sound population-based tumor registry that part of the National
Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) program. Of the
1,754 eligible, interviewed cases we obtained peripheral blood leukocyte samples for
genotyping from 1,458 men. From this group we excluded 16 cases because they did not
have sufficient DNA for this specific study and further limited this dataset to Caucasians for
a total of 1,294 cases (Study I: n=585; Study II: n=709).

The recurrence/progression analysis was limited to a subset of 458 cases in Study I; subjects
were excluded if they were alive but did not fill out a follow-up questionnaire or give access
to medical record review (n=109) or had an initial diagnosis of metastatic disease (n=18). In
January 2004 a self-administered follow-up questionnaire collecting information on use of
secondary therapies, follow-up PSA results, and evidence for prostate cancer recurrence/
progression was sent to Study I cases. The overall response level was 82% and showed no
association between clinical parameters and non-response [26]. Data from this survey was
used to determine recurrence/progression status for 426 cases. An additional 32 cases who
were diagnosed with local/regional disease and who were deceased at the time of the follow-
up survey had recurrence/progression data available; 21 of these cases had next-of-kin
provided consent for medical record review, which was used to determine recurrence/
progression status, and 11 of these cases died of metastatic prostate cancer and were coded
as having recurred. The survival analysis included all 1,294 cases from both studies. The
SEER registry provided information on tumor characteristics, primary therapy, vital status,
and underlying cause of death. Death certificates were obtained to confirm fatal prostate
cancer. The agreement between the SEER registry and death certificate has been reported to
be excellent [27]. The most recent registry linkage update for mortality was June 15, 2009.
This study was approved by Fred Hutchinson Cancer Research Center’s Institutional Review
Board, all subjects had informed consent, and genotyping was approved by the Internal
Review Board of the National Human Genome Research Institute.

SNP Selection and Genotyping
SNPs that captured the genetic variability in the VDR [28] and CY27B1 [29] genes were
selected using resequencing data, while SNP selection for CYP24A1 [30] used publicly
available from HapMap consortium data (www.hapmap.org). Using parameters of r2 ≥ 0.8
and minor allele frequency ≥ 5% [31], a total of 25 tagSNPs for VDR (chromosome 12q13,
length 63.4 kb, 9 exons), 3 tagSNPs for CYP27B1 (chromosome 12q13, length 4.8 kb, 9
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exons), and 20 tagSNPs for CYP24A1 (chromosome 20q13; length 20.5 kb, 12 exons) were
chosen.

The Applied Biosystems (ABI) SNPlex™ Genotyping System was used for genotyping, and
proprietary GeneMapper® software (www.appliedbiosystems.com) was used for calling
alleles. Discrimination of specific SNP alleles was determined by an ABI 3730xl DNA
Analyzer and is based on presence of a unique sequence assigned to the original allele-
specific oligonucleotide. The SNPlex assay could not be designed for 7 tagSNPs and 3
tagSNPs failed genotyping after the design stage; accordingly, we present results for 22
tagSNPs for VDR, 2 tagSNPs for CYP27B1, and 14 tagSNPs for CYP24A1. Quality control
included genotyping of 76 blind duplicate samples, which revealed 99% agreement on
genotyping calls across all SNPs assayed. In addition, each batch of DNA aliquots
genotyped incorporated similar numbers of case and control samples, and laboratory
personnel were blinded to case-control status of samples. The call rate was ≥97% for all but
two SNPs (VDR rs2238139, 96%; CYP24A1 rs6127118, 95%). Further details of genotyping
methods are described elsewhere [32]. All SNPs included in this study were consistent (p >
0.05) with Hardy-Weinberg equilibrium (HWE) with the exception of CYP24A1 rs13038432
(p < 0.001).

Statistical Analysis
For each SNP we classified homozygote carriers of the common allele as the referent group
and carriers of the less common variant allele as the exposure group. We used both
dominant and co-dominant models, except when no individuals were homozygous for the
variant genotype. Trend tests, which used a single indicator variable coded as the number of
variant alleles for each SNP, were used to assess gene dosage. To examine associations
between individual SNPs with prostate cancer recurrence/progression and prostate cancer-
specific mortality we used Cox proportional hazards (PH) regression models adjusting for
age, Gleason score [2–6, 7(3+4), or 7(4+3)-10], stage at diagnosis (local, regional, or
distant), diagnostic PSA level (0–9.9 or ≥10.0 ng/mL), and primary treatment [radical
prostatectomy, radiation with or without androgen deprivation therapy (ADT), ADT only,
other treatment, or active surveillance]. Analysis was also done limiting dataset to men
treated with radical prostatectomy.

Time to prostate cancer recurrence/progression was defined as time from diagnosis to the
first reported evidence of recurrence as described previously [26]. For those with follow-up
but without an event, the censoring date was the date that the follow-up questionnaire was
returned. For the 11 cases who were diagnosed with localized/regional disease but died of
prostate cancer prior to follow-up survey administration, time to recurrence was imputed
[26]. Time to prostate cancer-specific mortality was defined as the time from diagnosis to
death. Living cases were censored on date of most recent linkage with the cancer registry.
Cases that died from other or unknown causes were censored at the time of death.

Gene-environment interactions were assessed for first-degree family history of prostate
cancer, body mass index (BMI), and vitamin D supplement use/dietary intake for both
disease recurrence/progression and survival in Cox PH regression models with and without
interaction terms. Models were compared using the likelihood ratio test. Vitamin D intake
was calculated using food frequency and supplement use questionnaires administered
separately from the original interview for 1,305 of the 1,442 cases. For the interaction
analyses, PH models were limited to risk estimates assuming a dominant genetic model,
combining heterozygotes and homozygous variants as the exposed group.

To account for the effect of multiple testing, sets of outcomes (PCa mortality or recurrence/
progression) and clinical covariates were permuted in order to approximate distribution of

Holt et al. Page 4

Prostate. Author manuscript; available in PMC 2011 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.appliedbiosystems.com


covariate adjusted p-values under the null hypothesis. For each permutation, dominant,
codominant and trend models were fit for all SNPs and the minimum p-values kept for each
SNP. P-values were ordered to approximate null distribution of the order statistics, i.e.,
minimum p-value, second smallest p-value, etc. The original p-values were also ordered and
permutation p-values were calculated by comparing the ordered p-values to the null
distribution for the appropriate order statistic. Permutation p-values can be interpreted as the
probability of observing a p-value less than or equal to what was observed for the given
order statistic under the null hypothesis of no association with disease outcomes for any of
the 38 SNPs. A SNP was considered to be significantly associated with prostate cancer
mortality or recurrence/progression if the nominal p-value and the permuted p-value were
both less than 0.05.

A stepwise AIC (Akaike’s Information Criterion) regression procedure was used to develop
predictive models for prostate cancer mortality and recurrence/progression. The procedure
was restricted to include all clinical predictors in the final model (age, stage, Gleason score,
diagnostic PSA and primary treatment). Empirical ROC (receiver operating characteristic)
curves for 5- and 10-year prostate cancer mortality and recurrence/progression were used to
compare the prognostic accuracy of models containing SNPs and clinical covariates versus
baseline models with only clinical covariates. Improvement of prediction accuracy due to
addition of optimal SNPs selected by the AIC stepwise regression approach was
summarized by comparing ROC (.2), sensitivity at a specificity of 80%, and area under the
ROC curve (AUC). Bootstrap confidence intervals were presented for differences in ROC (.
2) and AUC. All analyses were done using R version 2.8.1 and the STATA statistical
package (version 10.1, STATA Corp., College Station, TX).

Results
There were 139 events of recurrence/progression, with an average 8.2 years of follow-up
(range 0.1–12.8 years) after diagnosis. For cases having recurrence/progression events, a
greater proportion were diagnosed at younger ages, with regional stage of disease (cases
with distant stage were excluded), higher Gleason scores, and diagnostic PSA values greater
than 10 ng/mL (Table 1). There were 57 cases who died of prostate cancer in the average 8.5
years of follow-up (range 0.8–15.9 years). For cases who died of prostate cancer, a greater
proportion were at diagnosed at younger ages, with regional or distant stages of disease,
higher Gleason scores, diagnostic PSA values greater than 10 ng/mL, and a BMI greater
than or equal to 30 kg/m2 (Table 1).

Two VDR tagSNPs (rs6823 and rs2071358) and one CYP24A1 tagSNP (rs2762939) showed
increased risks of disease recurrence/progression for carriers of the less common alleles
(Table 2). When cases were limited to men treated with radical prostatectomy, the increased
risks were still significant for carriers of less common alleles for VDR rs6823 [HR 2.0 (95%
CI 1.2–3.3)] and CYP24A1 rs2762939 [HR 1.3 (95% CI 1.0–2.4)], but not VDR rs2071358.
One CYP24A1 tagSNP (rs927650) showed decreased risk of disease recurrence/progression
for carriers of the less common allele, but this decreased risk estimate was not apparent
when cases were limited to those treated with radical prostatectomy (Table 2). Only
CYP24A1 rs2762939 retained significance in a logistic model unadjusted for clinical
parameters. None of the tagSNPs retained significance after adjustment for multiple
comparisons. There was no evidence of interaction with self-report of family history of
prostate cancer, BMI, or vitamin D supplement use/dietary intake.

Two VDR tagSNPs (rs3782905 and rs11168314) and two CYP24A1 tagSNPs (rs2585428
and rs6022999) showed increased risks of prostate cancer-specific mortality for carriers of
the less common alleles (Table 2). One VDR tagSNP (rs7299460), one CYP27B1 tagSNP
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(rs3782130) and three CYP24A1 tagSNPs (rs3787557, rs4809960, and rs2296241) showed
decreased risks of prostate cancer-specific mortality (Table 2). When cases were limited to
men treated with radical prostatectomy, risks of prostate cancer-specific mortality did not
remain significant for carriers of the less common alleles for any of the SNPs. Only VDR
rs11168314 retained significance in a logistic model unadjusted for clinical parameters.
None of these tagSNPs remained significant after adjustment for multiple comparisons.
There was no evidence of interaction with self-report of family history of prostate cancer or
vitamin D supplement use/dietary intake. For BMI there was a suggestion of effect
modification for three CYP24A1 tagSNPs, rs3787557 (p < 0.01), rs4809960 (p < 0.001), and
rs2296241 (p = 0.05), but the sample size was too small to reliably report hazard ratios for
each BMI strata.

The ROC curves in figure 1 illustrate the prognostic value of clinical parameters alone
versus these same parameters plus a panel of the 7 “optimal” SNPs (VDR: rs731236,
rs3782905, rs2408876, rs7299460 and rs6823; CYP24A1: rs927650 and rs2762939) for
predicting recurrence/progression at 5 years after diagnosis. The sensitivity for 5-year
recurrence/ progression at a specificity of 80% was 53.7% for the model using only the
clinical predictors, however, the sensitivity increased to 75.6% when the 7 SNP panel was
added (difference: 21.9, 95% CI: 0.0%, 40.9%, p = 0.044). The difference in the AUC
between the two curves was 0.082 (95% CI 0.016, 0.180, p = 0.020). The ROC curves in
figure 2 illustrate the prognostic value of clinical parameters alone versus these same
parameters and a panel of 6 “optimal” SNPs (VDR: rs2544038, rs731236, rs3782905,
rs7299460; CYP27B1: rs3782130; CYP24A1: rs6022999) for predicting prostate cancer-
specific mortality at 10 years after diagnosis. At 80% specificity, the sensitivity for 10-year
prostate cancer-specific mortality was 91.4% using only the clinical predictors and increased
to 94.3% when the 6 SNPs were included (difference: 2.9, 95% CI: −4.0%, 15.5%, p = 0.2).
The difference in AUC between the two ROC curves was 0.018 (95% CI 0.005, 0.050, p =
0.128).

Discussion
We found some significant associations between risk of both tumor recurrence/progression
and prostate cancer death for several SNPs in the VDR, CYP27A1 and CYP24A1 genes,
however, associations at for individual SNPs did not remain significant after adjustment for
multiple comparisons. Comparison of ROC curves suggests that addition of an optimal panel
of SNPs to existing clinical predictors may improve predictive models for prostate cancer
recurrence/ progression. Addition of the 7 SNP panel (VDR: rs731236, rs3782905,
rs2408876, rs7299460 and rs6823; CYP24A1: rs927650 and rs2762939) significantly
improved sensitivity at a specificity of 80% and AUC for a predictive model of 5-year
prostate cancer recurrence/progression. Our previous work has not supported a consistent
association between genetic variation in VDR, CYP27B1, and CYP24A1 genes and prostate
cancer risk [32,33]. However, since vitamin D may play a different role in disease initiation
versus disease progression, polymorphisms that predict disease outcomes are likely to be
different than those that predict disease risk. Research has consistently shown a link between
vitamin D and prostate cancer progression specifically; cellular studies show vitamin D can
inhibit the carcinogenic progression of prostate cells, while ecologic studies provide
evidence that UV exposure affects survival and prognosis [1–8].

Several VDR SNPs were identified to be associated with recurrence/progression, either by
individual genotype before adjustment for multiple comparisons (rs6823 and rs2071358) or
by the AIC approach for the ROC analysis (rs731236, rs3782905, rs2408876, rs7299460 and
rs6823). Likewise, several VDR SNPs were shown to be associated with prostate cancer
death, either at an individual level before adjustment for multiple comparisons (rs3782905,
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rs11168314, and rs7299460) or by the AIC approach for the ROC analysis (rs2544038,
rs731236, rs3782905, and rs7299460). All of these SNPs, with the exception of rs731236, a
synonymous coding SNP also known as the TaqI polymorphism (conservation score 0.175),
are intronic, are not found to be evolutionarily conserved (conservation score < 0.001), and
their potential biological consequences are unknown. Three of these SNPs, rs731236,
rs3782905, and rs7299460 are included in both ROC models for recurrence/prediction and
mortality. The TaqI polymorphism, rs731236, is not functional but is in linkage
disequilibrium (LD) with a poly(A) microsatellite repeat in the 3’ untranslated region (UTR)
that is thought to be important in post-transcriptional control gene expression. The SNP
rs3782905 is in the DNA binding domain responsible for interaction with vitamin D
response elements (VDRE) in target genes. The SNPs rs2408876, rs7299460, rs11168314,
rs6828 and rs2071358 are located in either the promoter region or 5’ UTR and could be in
LD with several recently reported novel SNPs that have both high conservation and apparent
functional consequence affecting VDR transcription [34–37]. The SNP rs11168314 is in LD
(r2 = 0.82) with Cdx-2 (rs11568820) that has been shown to alter transcription [36].

Polymorphisms in the genes involved in 1α,25(OH)2D metabolism were also found to be
associated with both tumor recurrence/progression or prostate cancer-specific mortality. The
one polymorphism in CYP27B1, rs3782130, associated with prostate cancer death, was not
found to be evolutionarily conserved, but is located in the 3’ UTR. To date, there is limited
evidence identifying functional polymorphisms in CYP27B1. It is interesting to note that
CYP27B1 is down-regulated early in the neoplastic process of prostate cancer cells by
epigenetic regulation, thus germline genetic variation affecting either gene expression or
protein function may not have as large an effect within the malignant cell milieu [13,14,38].
The seven CYP24A1 SNPs that were associated with either tumor recurrence/progression
(rs927650 and rs2762939) or prostate cancer-specific mortality (rs3787557, rs4809960,
rs2296241, rs2585428, and rs6022999) were intronic and were not evolutionarily conserved
with the exception of rs2296241 (conservation score 0.99), a synonymous polymorphism in
exon 4. CYP24A1 was the only gene for which we used publicly available data as compared
to resequencing data; consequently we are limited by the publically available genetic
variants. The functional effects of indentified SNPs remain unclear but several novel SNPs
have been recently identified in the promoter region 5' of exon 1 in CYP24A1 that have
demonstrated a functional impact on VDRE binding and transactivation in vitro and altered
expression of CYP24A1 gene expression in vivo [39]. The SNPs near this region, rs4809960,
rs2296241, rs2585428, and rs6022999, could potentially be in LD with the true functional
SNPs.

There were no SNPs found to be associated with both recurrence/progression and prostate
cancer-specific mortality at the individual genotype level although there were three VDR
SNPs, rs7311236, rs3782905, and rs7299460, that were included in both ROC models. The
lack of corresponding associations with both outcomes for a given genotype does not
necessarily diminish the potential association with individual outcomes because the outcome
measures are not synonymous. Only 20% (n=28) of the 139 cases with recurrence/
progression events also died of prostate cancer. This is mostly likely because patients who
had an initial diagnosis of metastatic disease were excluded from recurrence/progression
analysis. It could also be due to the fact that almost half (n=66) of the events were based on
evidence of biochemical recurrence alone which is not predicative of PCa-specific mortality
since the natural history of biochemical recurrence is so heterogeneous [40].

Excess body weight, measured by BMI, may be associated with increased risk of prostate
cancer progression, higher risk of biochemical failure after treatment of disease, and an
increased risk of dying from the disease [41,42]. Increased BMI is also associated with
decreased levels of bioavailable 25(OH)D [43]. While the apparent association between
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adiposity and poorer prognosis is complex and multi-factorial, is has been suggested that
vitamin D levels may play a role thus BMI could potentially modify the effect of these
genotypes. There have been reported interactions between VDR polymorphisms and
adiposity with risk of colon cancer [44]. Our findings were not appreciably different when
we controlled for BMI, however we did find a suggestion of effect modification for
CYP24A1 rs3787557 (p < 0.01), rs4809960 (p < 0.001), and rs2296241 (p = 0.05) with BMI
for risk of recurrence/progression.

While we were able to account for dietary intake of vitamin D, we were not able to measure
serum levels of 25(OH)D or UV light exposure, the primary source of vitamin D. Studies
examining serum vitamin D levels with risk of PCa overall have had inconsistent results and
do not seem suggest an association between levels 25(OH)D or 1α,25(OH)2D in the blood
with risk of the disease [19,29,30,45,46]. This could be because measured serum levels may
not correspond to vitamin D exposure during the long latency period of prostate cancer or
reflect the prostate tissue-specific levels since local synthesis of 1α,25(OH)2D is
independent of the tight regulation in the endocrine system [47]. Despite the lack of
evidence for an association between Vitamin D levels in the blood and prostate cancer risk,
there is evidence that vitamin D could be a potential effect modifier of disease risk within
VDR genotypes [6,7,45,46,48]. It may be worthwhile for future studies to quantify vitamin
D level in cases not only because of this potential interaction, but because serum levels of
1α,25(OH)2D may have a larger impact of cancer progression as a consequence of the
down-regulation of CYP27A1 in the malignant prostate cells. A study that examined
relationship between vitamin D status and survival rather than disease risk supports this
hypothesis; a deceased risk of prostate cancer-specific mortality was observed in subjects
with medium to high levels of 25(OH)D in serum collected upon admission to hospital for
treatment [49].

This was a unique analysis with respect to vitamin D-related genes and prostate cancer
prognosis in that it included long-term follow-up of all cases in a population-based study.
Inclusion of tagSNPs to better capture genetic variation in each gene within this pathway
allowed for a more comprehensive analysis than past studies. We were able to include
relevant demographics and treatment variables to find a SNP panel that was predictive of
outcome beyond clinical parameters currently used by clinicians. Although there was
treatment heterogeneity among our cases, we were able to limit analyses to men receiving
radical prostatectomy and replicate some of our findings. The primary weakness of our
study was sample size, thus we must recognize the lack of precision in these findings and
underscores the need for replication especially with respect to the ROC curves. Sample size
also limited our analysis with respect to potential effect modifiers such as BMI. We did not
include a stratified analysis by race because there were only 10 recurrence/progression
events and nine prostate cancer deaths within African Americans in our dataset. Future
studies should examine risk within African Americans since it has been postulated that the
higher fraction of vitamin D deficiency observed in African American men may contribute
to the increased mortality of prostate cancer observed in this population [10,50].

By studying a group of SNPs that more fully captured the genetic variability in the VDR,
CYP27B1, and CYP24A1 genes, we found some evidence that genetic variation in these
genes may be associated with both disease recurrence/progression and prostate cancer death
and lead to an improved risk prediction. These findings should lead to future replication
studies of germline genetic polymorphisms that can be used for risk prediction and to
improve prostate cancer patient outcomes. These studies should include greater coverage of
the promoter regions, especially for CYP24A1, in addition to examining coactivators and
corepressers that modulate the response of VDR antiproliferative effects on prostate cells.
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Figure 1.
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Figure 2.
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Table 1

Selected Demographic and Clinical Characteristics of Prostate Cancer Patients by Disease Recurrence/
Progression and Mortality.

PC Recurrence/Progression Vital Status2

No Yes1 Alive
Prostate Cancer-
Specific Deaths

(n=319) (n=139) (n=1136) (n=57)

Time to event (years), mean (SD) 9.4 (1.3) 5.4 (3.3) 8.8 (4.4) 5.8 (3.6)

Age group

 35–49 - - 88 (7.7) 9 (15.8)

 50–54 9 (2.8) 13 (9.4) 174 (15.3) 7 (12.3)

 55–59 74 (23.2) 21 (15.1) 278 (24.5) 16 (28.1)

 60–64 109 (34.2) 50 (36) 330 (29) 18 (31.6)

 65–69 127 (39.8) 55 (39.6) 139 (12.2) 3 (5.3)

 70–74 - - 127 (11.2) 4 (7)

Family History of PC

 No 247 (77.4) 118 (84.9) 878 (77.3) 49 (86)

 Yes 72 (22.6) 21 (15.1) 258 (22.7) 8 (14)

Total vitamin D (ug/d) 3

 0–3.6 90 (28.2) 39 (28.1) 241 (21.2) 8 (14)

 3.6–5.6 83 (26) 29 (20.9) 258 (22.7) 13 (22.8)

 5.6–8.3 70 (21.9) 35 (25.2) 276 (24.3) 15 (26.3)

 >8.3 50 (15.7) 27 (19.4) 277 (24.4) 15 (26.3)

 Missing 86 (8.2) 9 (6.5) 84 (7.4) 6 (10.5)

Body Mass Index (kg/m2)

 <25.0 114 (35.7) 52 (37.4) 376 (33.1) 23 (40.4)

 25.0–29.9 156 (48.9) 65 (46.8) 559 (49.2) 21 (36.8)

 ≥30.0 49 (15.4) 22 (15.8) 201 (17.7) 13 (22.8)

Stage of PC at diagnosis

 Local 254 (79.6) 86 (61.9) 922 (81.2) 14 (24.6)

 Regional 65 (20.4) 53 (38.1) 205 (18) 22 (38.6)

 Distant - - 9 (0.8) 21 (36.8)

Gleason score at diagnosis

 2–6 222 (69.6) 66 (47.5) 672 (59.2) 9 (15.8)

 7 (3+4) 74 (23.2) 39 (28.1) 317 (27.9) 11 (19.3)

 7( 4+3), 8–10 23 (7.2) 34 (24.5) 145 (12.8) 35 (61.4)

 Unknown - - 2 (0.2) 2 (3.5)

Diagnostic PSA

 0–9.9 ng/mL 227 (71.2) 78 (56.1) 818 (72) 12 (21.1)

 10+ ng/mL 64 (20.1) 50 (36) 233 (20.5) 41 (71.9)

 Unknown 28 (8.8) 11 (7.9) 85 (7.5) 4 (7)

Composite Aggressiveness Score 4
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PC Recurrence/Progression Vital Status2

No Yes1 Alive
Prostate Cancer-
Specific Deaths

(n=319) (n=139) (n=1136) (n=57)

 Low 233 (73) 62 (44.6) 798 (70.2) 6 (10.5)

 High 86 (27) 77 (55.4) 338 (29.8) 51 (89.5)

Primary Treatment

 Radical prostatectomy 248 (77.7) 85 (61.2) 696 (61.3) 15 (26.3)

 Radiation with or without ADT 5 51 (16) 34 (24.5) 305 (26.8) 14 (24.6)

 ADT only 6 (1.9) 9 (6.5) 28 (2.5) 26 (45.6)

 Other treatment 3 (0.9) 0 (0) 4 (0.4) 0 (0)

 Active surveillance 11 (3.4) 11 (7.9) 103 (9.1) 2 (3.5)

1
Category includes a self-reported physician’s diagnosis of prostate cancer recurrence/progression, a positive bone scan, biopsy, or MRI showing

cancer after primary treatment, presence of secondary treatment, or biochemical failure.

2
Deaths from other causes (n=89) and deaths from unknown causes (n=12) were censored at the time of death and accounted for in the analyses.

3
Total daily intake from diet and supplement use.

4
Composite aggressiveness classification parameters for "low" include cases diagnosed at local stage, a Gleason score of 2–6 or 7 (3+4), and

diagnostic PSA < 20 ng/mL. "High" includes cases diagnosed at regional/distant stage, Gleason score 7(4+3) or 8–10, or diagnostic PSA ≥ 20 ng/
mL.

5
ADT, androgen deprivation therapy.
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