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Abstract

Background—Circadian genes have been considered as a possible biological mechanism for the
observed relationship between circadian rhythm disruptions and increased risk of hormone-related
cancers. In the current study, we investigated the relationship between circadian gene variants and
prostate cancer risk and whether reducing bioavailable testosterone modifies the circadian genes-
prostate cancer relationship.

Methods—We conducted a nested case-control study among Caucasian men in the Prostate
Cancer Prevention Trial (PCPT), a randomized placebo-controlled clinical trial to assess if
finasteride (an androgen bioactivation inhibitor) could prevent prostate cancer. We evaluated the
associations between 240 circadian gene variations and prostate cancer risk among 1,092 biopsy-
confirmed prostate cancer cases and 1,089 biopsy-negative controls in the study (642 cases and
667 controls from the placebo group; 450 cases and 422 controls from the finasteride group),
stratified by treatment group.
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Results—Among men in the finasteride group, there were suggestive associations between
NPASZ2 variants and total prostate cancer risk, with one SNP remaining statistically significant
after Bonferroni correction (rs746924, odds ratio [OR] = 1.5, p = 9.6x107°). However, we found
little evidence of increased prostate cancer risk (overall or by low/high grade) associated with
circadian gene variations in men of the placebo group, suggesting potential modification of genetic
effects by treatment.

Conclusions—We did not find strong evidence that circadian gene variants influenced prostate
cancer risk in men who were not on finasteride treatment. There were suggestive associations
between NPASZ variants and prostate cancer risk among men using finasteride, which warrants
further investigations.

Keywords

circadian genes; genetic polymorphisms; prostate cancer; finasteride; Prostate Cancer Prevention
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INTRODUCTION

Disruption in circadian rhythms has been classified as a probable carcinogen to humans for
several hormone-related cancers [1]. For men, observational studies on sleep duration [2],
light at night [3], rotating shift workers [4,5], and male airline pilots [6-8] have all linked
circadian rhythm disruptions to increased prostate cancer risk. Although no underlying
molecular mechanism has been identified, hypotheses involving genes that regulate the
endogenous circadian rhythm have been proposed [9]. The endogenous circadian rhythm has
been shown to be controlled by 9 known circadian genes, including aryl hydrocarbon
receptor nuclear translocator-like (ARNTL), clock homolog (mouse) (CLOCK),
cryptochrome 1 (CRYZI), CRYZ, casein kinase 1, epsilon (CSNKIE), neuronal PAS domain
protein 2 (NRPAS2), period 1 (PERI), PERZ, and PER3[10].

Previously, only a few epidemiologic studies examined associations between circadian gene
variants and prostate cancer risk, and some suggestive associations were reported [11-13].
In genome-wide association studies (GWAS), no genetic variants of circadian genes were
significantly associated with prostate cancer risk. One possible reason for the inconclusive
findings may be that the association between circadian genes and prostate cancer risk needs
to be evaluated under an appropriate environmental exposure. One such exposure is
androgens. It is well known that dihydrotestosterone (DHT), the most potent biologically
active androgen in the prostate [14] that activates the androgen receptor (AR) and
subsequent signaling pathways, contributes to prostate carcinogenesis [15]. Animal models
show that androgens also have a profound effect on circadian rhythms. For instance,
gonadectomy in male mice (a method for androgen ablation) lengthens the period of
circadian rhythms independent of light, and these effects were reversible with androgen
replacement [16]. It is unknown whether reduction in androgen exposure also influences the
relationship between circadian genes, which control the endogenous circadian rhythm, and
prostate cancer risk.
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The Prostate Cancer Prevention Trial (PCPT) is a previously conducted, placebo-controlled
randomized clinical trial that found daily treatment with 5 mg finasteride reduced the risk of
prostate cancer by 25% in men without prostate cancer [17,18]. Finasteride is an inhibitor of
5-alpha reductase, the primary enzyme that converts testosterone to DHT. Thus, the trial
provided a unique opportunity to investigate whether the associations between circadian
genes and prostate cancer risk differ by exposure to DHT. One other unique aspect of the
PCPT study is the existing biopsy, which confirms that all the controls in the study have
negative biopsy results for prostate cancer.

Herein, we report the associations between variants in circadian genes and prostate cancer
stratified by the use of finasteride in the PCPT study.

Study Population and Subject Selection

The PCPT trial is registered in ClinicalTrials.gov (NCT00288106) and details of the trial
have been described previously [17,18]. Briefly, 18,882 prostate cancer-free men 55 years of
age or older were randomly assigned to treatment with finasteride (5 mg per day) or placebo
over a 7-year period. The current study includes participants who were selected for a nested
case-control study designed to examine multiple hypotheses about prostate cancer risk
factors in the PCPT [19,20]. Cancer cases and controls in this report included participants
from both the placebo- and finasteride-treated study arms. Cases were men with biopsy-
determined prostate cancer identified either by a for-cause or end-of-study biopsy, and who
had sufficient DNA from white blood cells available for genotyping. Controls were men who
completed the end-of study biopsy procedure with no evidence of prostate cancer, had
sufficient DNA samples from white blood cells available for genotyping, and were
frequency matched to cases on distributions of treatment arm, age (in 5-year age groups) and
positive family history for first degree relative with prostate cancer. Controls were
oversampled on race to include all eligible non-whites. Of the participants included in the
original nested case-control study, 1,169 cases and 1,365 controls satisfied all selection
criteria. Participants who were excluded due to lack of adequate DNA were comparable to
participants with adequate DNA in terms of demographic characteristics such as age, BMI,
race, and family history (data not shown).

DNA from cases and controls were genotyped for single nucleotide polymorphism (SNP) in
9 known circadian core genes (gene and SNP selection is discussed below) at the genotyping
facility at The University of Texas, San Antonio Genomics Research Core. We further
excluded non-whites from the analysis because there was insufficient power to reliably
detect associations in non-whites (43 cases and 118 controls from the placebo group and 34
cases and 158 controls from the finasteride group). In total, we included 1,092 prostate
cancer cases and 1,089 controls in the study, including 642 cases and 667 controls in the
placebo group, and 450 cases and 422 controls in the finasteride group.

Tumors were graded centrally and categorized as low (Gleason < 7) and high (Gleason = 7)
grade; this definition is consistent with that in the original trial report [17]. Of the prostate
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cancer included in the placebo group, there were 499 low-grade and 122 high-grade cancers.
Among cases in the finasteride group, there were 283 low-grade and 151 high-grade cancers.

Circadian genes and SNP selection

We selected 9 genes that are known to control the endogenous circadian rhythm, including
ARNTL, CLOCK, CSNK1E, CRY1, CRY2, NPAS2, PER1, PERZ, and PER3[10]. We
included both putatively functional and tag SNPs. Two types of putatively functional SNPs
were included: non-synonymous polymorphisms and polymorphisms in hon-coding regions
that may have functional consequences due to their effects on mMRNA processing or splicing.
Non-synonymous SNPs were identified by the programs SIFT [21], PolyPhen [22] and
ESEfinder [23,24] as well as a search of the NCBI SNP database (https://
www.nchi.nlm.nih.gov/snp/; accessed January 9, 2009). Selection of Tag SNP was done
using the software application TagZilla, developed at the National Cancer Institute (v1.1;
http://tagzilla.nci.nih.gov/). Tagzilla employs the pairwise binning algorithm of Carlson et al.
[25] For each gene, SNPs within the region 10 kb upstream (5”) of the ATG-translation
initiation codon and 10 kb downstream (3”) of the end of the last exon (gene boundaries)
were binned using a binning threshold of r2=0.80. SNP locations are based on Genome
Reference Consortium Human genome build 37 (GRCh37). We included SNPs with
predicted minor allele frequencies (MAF) of 5% or greater (n=282). After genotyping, we
excluded 20 SNPs from subsequent statistical analysis because their data were missing in
more than 25% of the study subjects, 9 SNPs because the MAF of the SNPs was less than
5% in the participants of the study, and 13 SNPs due to deviation from Hardy—Weinberg
equilibrium. Thus, a total of 240 SNPs was included for analysis in the study.

Statistical Analysis

RESULTS

To evaluate the relationship between circadian gene variations and prostate cancer risk (total,
low-grade and high-grade cancers), and potential modification of the relationship by
treatment, we used covariate-adjusted logistic regression models stratified by treatment
group. Covariates included in the statistical models included matching factors of age
(continuous) and family history, as well as potential risk factor for prostate cancer including
diabetes status (dichotomous) [26,27], and BMI (continuous) [28]. Analyses were conducted
using SAS software version 9.4 (SAS Institute, Cary, NC) and the R SNPAssoc package
(https://cran.r-project.org/web/packages/SNPassoc/index.html). We consider a Bonferroni-
corrected p-value of 0.05/240 = 0.0002 as significant; the Bonferroni-correction does not
account for LD between SNPs.

Table 1 shows selected characteristics of the PCPT participants who were included in the
current study. In the placebo group, cases and controls were similar on the original matching
factors of age at baseline and family history of prostate cancer. Cases and controls were also
similar on BMI, alcohol consumption, and smoking status. Controls were more likely to
have diabetes than cases (6.6% vs. 3.3%). Characteristics of individuals treated with
finasteride were in general similar to those of the placebo group. Among cases included in
the study, there were more high-grade cancers in the finasteride group than in the placebo
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group, consistent with results of the PCPT [17], although distribution of stage of cancer
between the two treatment groups were similar.

Figure 1 shows the significance of association between SNPs in circadian genes and prostate
cancer risk by treatment arm. For men who were treated with finasteride, a cluster of SNPs
in MPASZ had suggestive associations with prostate cancer risk, with SNP (rs746924)
remaining statistically significant after Bonferroni correction (OR per minor allele, 1.5; 95%
Cl, 1.2-1.8; p = 9.6*107°). For men in the placebo arm, there were no associations between
circadian genes variants and prostate cancer risk with p-values below 0.001; results were
similar when analyses were stratified by low and high Gleason grade (data not shown). P
values for interaction between treatment and individual SPs were performed; of the 240
SNPs tested, only 7 had significant interactive p values for total, high-grade, and low-grade
prostate cancer. It is noteworthy that for SNP rs746924, all three interactive p values were
statistically significant, although only the one for total prostate cancer achieved a p value
less than 0.001.

DISCUSSION

In this study, of the 9 core circadian genes and 240 SNPs, we observed suggestive
associations between NPASZ gene variations and prostate cancer risk among men taking
finasteride in a randomized clinical trial; however, only one SNP remained statistically
significant after Bonferroni correction. In addition, no association was observed among men
on the placebo group of the trial. Of these SNPs, 7 had significant interaction with treatment
for total, high, and low-grade tumors, including the SNP on the A/PASZ2. Overall, our results
do not provide strong support that circadian gene polymorphisms serve as an underlying
mechanism for the link between circadian rhythm disruptions and increased risk of prostate
cancer.

Only a few prior epidemiologic studies have assessed the associations between variations in
the circadian genes and prostate cancer. A small case-control study in China (187 cases and
242 controls) examined 5 SNPs and reported that men with the CRY2rs1401417 variant had
an increased risk of prostate cancer (p = 0.03) [13]. A case-control study among Caucasian
men (1,308 cases and 1,266 controls) reported that of 41 SNPs in the nine core circadian
genes, at least one SNP in each of the nine genes was associated with prostate cancer risk
(lowest p value = 0.02) [11]. In a study of fatal prostate cancer using data from three cohorts
with a total of 169 Caucasian cases, eight SNPs (out of 96 examined) across the core
circadian genes were nominally associated with fatal prostate cancer in at least one cohort
(lowest p value = 0.003) [12]. However, given the p values observed, it is likely that most of
the positive findings will become null after accounting for multiple comparison, which was
not performed in any of the studies discussed above.

Overall, our study does not provide strong support for an association between circadian
genes and prostate cancer risk, which is generally consistent with previous studies.
Nevertheless, we observed a positive association between one NPASZ gene variation
(rs746924) and prostate cancer risk, but only among men taking finasteride (thus, with
reduced DHT in the blood and the prostate gland). rs746924 is a missense variant but its
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function and subsequent effect on ANPASZis unknown. To date, neither rs746924 nor any
SNPs in strong LD (r2 = 0.8; as determined by SNP Annotation and Proxy Search version
2.2 accessed on October 4, 2017 [29]) has been associated with prostate cancer. Although
the molecular mechanisms underlying the observed association is unclear, experimental
studies have suggested that NPASZ may interact with DHT to influence the AR-dependent
signaling pathway [30], a pathway that is thought to contribute to prostate carcinogenesis
[15]. Alternatively, it is possible that our findings are due to chance, and replication of our
results using a larger sample size is needed. It should also be noted that some of the tag
SNPs may also be associated with genes that reside in close proximity to the circadian
genes. The genomic boundaries used to define the gene are to enable the capture of genetic
variation of enhancer elements that may lie outside of coding sequences. This approach in
selecting tag SNPs is used in many genetic association studies. In the current study, SNPs
identified in NRAS2also lie in the region of two other genes (7BC1D8and RPL31) based
on proximity to those genes. It is not possible to determine whether the effects of the NPAS2
SNPs, if any, are related to NPASZ, other nearby genes, or both. Thus, our results should be
interpreted with caution.

There are several strengths of this study. We have a more extensive coverage of SNPs (240
SNPs) than any prior studies, allowing for a more comprehensive evaluation of circadian
genes and prostate cancer risk. Case-control status was determined using biopsy, which
reduced the likelihood of outcome misclassification. We are also the only epidemiologic
study that examined the potential interaction between circadian genes and DHT. A major
limitation of this study is the lack of replication of our positive findings in a larger
population, preferably with concurrent use of finasteride. Also, this study consisted of only
U.S. Caucasian men, which limited the generalizability of our results to men in other racial/
ethnic groups.

In conclusion, our study did not find strong evidence that circadian gene variants influence
prostate cancer risk, except for one variant in the NPAS2 gene. This finding should be
replicated in future large studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Selected characteristics of study participants in the Prostate Cancer Prevention Trial (PCPT)

Table 1

Placebo Group

Finasteride Group

Characteristics Controls  Cases Controls ~ Cases
Number of Participants 667 642 422 450
Age at Baseline, Mean (SD) 63.8(5.7) 635(5.6) 64.3(58) 63.6(5.6)
Family History of Prostate Cancer, N (%6) 142 (21.3) 135(21.0) 106 (25.1) 101 (22.4)
BMI, Mean (SD) 276 (40) 271(40) 276(39) 27.6(3.8)
Diabetes, N (%) 44(6.6)  21(3.3) 17(40)  21(47)
Alcohol Categories, N (%)
Non-drinker 150 (22.5) 132 (20.6) 99(235) 90 (20.0)
>0 to <30 g/day Alcohol 458 (68.7) 455 (70.9) 281 (66.6) 308 (68.4)
>=30 g/day Alcohol 59 (8.8) 55 (8.6) 42 (10.0) 52 (11.6)
Smoking Status, N (%)
Never Smoker 230(34.5) 229(35.7) 149(35.3) 159(35.3)
Current Smoker 45 (6.7) 34 (5.3) 25 (5.9) 26 (5.8)
Former Smoker 392(58.8) 379 (59.0) 248 (58.8) 265 (58.9)
Incident Cases (Diagnosed <2 yrs into Trial), N (%) 19 (13.0) 14 (3.1)
Gleason Grade
Low Grade (Gleason Grade <7) 499 (80.3) 283 (65.2)
High Grade (Gleason Grade >7) 122 (19.6) 151 (34.8)
Tumor TNM Stage
T-stage
T1alblc 506 (80.8) 341 (78.0)
T2 alblc 113 (18.1) 90 (20.6)
T% 7(11) 6 (1.4)
N-stage
N X/0 607 (99.3) 428 (99.5)
N % 4(0.7) 2(05)
M-stage
M X/0 609 (99.7) 429 (99.8)
M1 2(0.3) 1(0.2)
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