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Abstract

Purpose—Circadian genes may be involved in regulating cancer-related pathways, including cell 

proliferation, DNA damage response and apoptosis. We aimed to assess the role of genetic 

variation in core circadian rhythm genes with the risk of fatal prostate cancer and morning void 

urinary 6-sulfatoxymelatonin levels.

Methods—We used unconditional logistic regression to evaluate the association of 96 single-

nucleotide polymorphisms (SNPs) across twelve circadian-related genes with fatal prostate cancer 

in the AGES-Reykjavik cohort (n=24 cases), the Health Professionals Follow-Up Study (HPFS) 

(n=40 cases), and the Physicians’ Health Study (PHS) (n=105 cases). We used linear regression to 

evaluate the association between SNPs and morning void urinary 6-sulfatoxymelatonin levels in 
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AGES-Reykjavik. We used a kernel machine test to evaluate whether multimarker SNP-sets in the 

pathway (gene based) were associated with our outcomes.

Results—None of the individual SNPs were consistently associated with fatal prostate cancer 

across the three cohorts. In each cohort, gene-based analyses showed that variation in the CRY1 

gene was nominally associated with fatal prostate cancer (p-values = 0.01, 0.01, 0.05 for AGES-

Reykjavik, HPFS, and PHS, respectively). In AGES-Reykjavik, SNPS in TIMELESS (4 SNPs), 

NPAS2 (6 SNPs), PER3 (2 SNPs) and CSNK1E (1 SNP) were nominally associated with 6-

sulfatoxymelatonin levels.

Conclusion—We did not find a strong and consistent association between variation in core 

circadian clock genes and fatal prostate cancer risk, but observed nominally significant gene-based 

associations with fatal prostate cancer and 6-sulfatoxymelatonin levels.
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Introduction

The circadian system regulates the daily oscillations of a wide range of physiologic, 

metabolic, and behavioral processes [1, 2]. Disturbances of circadian rhythms impair 

physiological and biochemical processes and may result in tumorigenesis [3-5]. Several 

lines of evidence from epidemiological studies suggest conditions associated with alteration 

of circadian rhythms, such as jet lag, shift work, suppression of melatonin by exposure to 

light at night, and sleep disruption, are associated with increased prostate cancer risk[6-11].

In mammals, circadian rhythms are driven by a pacemaker located in the suprachiasmatic 

nucleus (SCN) of the hypothalamus that spontaneously generates a near 24-hour oscillation, 

which is then entrained primarily by the 24 hour light-dark cycle[1]. The hormone melatonin 

is secreted under the control of the SCN, and is the biochemical correlate of darkness. Thus, 

in a normally entrained individual, melatonin production reaches a peak at night and is 

virtually undetectable during the day. The molecular mechanism of the circadian system is 

based on a series of transcription-translation positive and negative feedback loops[1, 12, 13], 

regulated by a series of clock genes. The primary circadian clock genes in mammals have 

been proposed to be: CLOCK, neuronal PAS domain protein 2 (NPAS2), aryl hydrocarbon 

receptor nuclear translocator-like (ARNTL), cryptochrome 1 (CRY1), cryptochrome 

2(CRY2), period 1 (PER1), period 2 (PER2), period 3 (PER3) and, casein kinase 1-epsilon 

(CSNK1E)[12]. The gene TIMELESS acts together with these genes and products of these 

processes and is involved in DNA damage checkpoint responses[14]. The MTNR1a and 

MTNR1b genes encode receptors for melatonin that are responsible for mediating 

downstream effects of melatonin, including melatonin receptors at the SCN[15].

Studies show that these circadian clock genes and their products interact with cancer-related 

biological pathways to help regulate and control expression of apoptosis, cell cycle genes, 

tumor suppressor genes, and genes encoding transcription factors[1, 2, 13, 16-19]. Mutations 

in the core clock genes have been shown to alter circadian rhythmicity in rodents, and have 
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resulted in neoplastic growth, deficient DNA-damage response, and accelerated growth of 

malignant tumors in experimental models[12, 13, 20].

Epidemiological studies have reported associations between variation in ARNTL, CSNK1E, 

NPAS2, PER1, CRY2, and overall prostate cancer risk[2, 21]; variation in PER1, CLOCK 

and aggressive prostate cancer[2]; and, variation in CRY1 and prostate cancer-specific 

mortality[22]. The CGEMS project (a genome wide association study (GWAS) of 1,172 

prostate cancer cases of European origin) found nominally significant (p-value <0.05) 

associations between SNPs in NPAS2, CSNK1E, CRY1, and CRY2; however, SNPs in the 

circadian genes have not been reported at genome-wide significance GWA studies. 

Additionally, lower levels of melatonin, as measured by the primary melatonin metabolite in 

urine 6-sulfatoxymelatonin, have been associated with increased risk of cancer, including 

prostate cancer[9]. To our knowledge, no study has looked at the association of circadian 

related genes with levels of 6-sulfatoxymelatonin, one of the potential mediators through 

which circadian disruption may act on risk of prostate cancer.

The primary goal of this study was to comprehensively assess the role of genetic variation in 

core circadian rhythm genes with the risk of fatal prostate cancer and morning void urinary 

6-sulfatoxymelatonin levels, the primary metabolite of melatonin in the urine, within a 

prospective study of Icelandic men, and fatal prostate cancer in two independent U.S. 

cohorts.

Materials and Methods

Study Population

We utilized data from the AGES-Reykjavik GWAS, a subset of the AGES-Reykjavik study, 

a longitudinal population-based study in Iceland, described in detail elsewhere[22]. 

Protocols were approved by the National Bioethics Committee in Iceland (approval number 

VSN-00-063) and by the National Institute on Aging Intramural Institutional Review Board. 

A multistage consent is obtained to cover participation, use of specimens and DNA, and 

access to administrative records[23].

The data from the Health Professionals Follow-Up Study (HPFS) and Physicians’ Health 

Study (PHS) were obtained from previously conducted case-control studies of aggressive 

prostate cancer, as described elsewhere[24, 25]. The HPFS cases were matched to controls 

on year of birth, PSA test before blood draw, and time of day, season and year of blood 

draw; PHS cases were matched to controls on age at baseline, smoking status and follow-up 

time. The HPFS and PHS are approved by the institutional review board at the Harvard 

School of Public Health (HSPH) and Partners Healthcare, Boston, Massachusetts.

Outcome Ascertainment

Prostate Cancer AGES-Reykjavik—Prostate cancer diagnoses were identified from 

hospital records using ICD code (ICD9 code 185 and ICD10 code C61). Information on 

cause of death, including prostate cancer specific death and all-cause mortality, was 

obtained from linkage to the nationwide death registry by unique identification number[26]. 
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Fatal prostate cancer was defined as death from prostate cancer. We identified 138 prostate 

cancer cases, 24 of which were fatal.

Prostate Cancer HPFS and PHS—Prostate cancer outcomes were initially obtained 

from self-report by participants or their next of kin on biennial questionnaires. Prostate 

cancer diagnoses are confirmed by medical record and pathology report review. Deaths are 

ascertained from family members and the National Death Index. Cause of death was 

assigned by an endpoints committee of study physicians through review of medical history, 

medical reports, registry information and death certificates. To be compatible with the 

AGES-Reykjavik analysis, we restricted to those cases who died of prostate cancer and 

identified 40 fatal cases in the HPFS and 105 in PHS.

6-sulfatoxymelatonin—Urinary 6-sulfatoxymelatonin levels in prediagnostic samples 

were available only for the AGES-Reykjavik study as described elsewhere[9]. Briefly, 

subjects were instructed to collect a first morning void urine sample and return it to the 

Icelandic Heart Association on the same day as collection at their baseline visit. The date 

and time of sample return were recorded, and all urinary samples were stored in 1.5-mL 

aliquots at −80°C. Urine samples were assayed for 6-sulfatoxymelatonin by laboratory 

personnel at the Icelandic Heart Association using the Melatonin-Sulfate ELISA (IBL 

International, Germany) according to manufacturer protocol. The minimal detectable 

concentration of this assay is 1.0 ng/mL. The coefficient of variation (CV) ranged from 

5.4% to 8.5% across batches. 6% of the men with genetic and 6-sulfatoxymelatonin levels 

developed prostate cancer over follow-up with a mean time to diagnosis of 2.7 years 

(n=38/585); results were similar when we restricted to men who never developed prostate 

cancer (data not shown).

Gentoyping

We identified 96 single nucleotide polymorphisms (SNPs) across the twelve circadian 

related genes thought to regulate the molecular mechanism of the circadian system 

(CLOCK, NPAS2, ARNTL, CRY1, CRY2, PER1, PER2, PER3, CSNK1E, TIMELESS, 

MTNR1A, and MTNR1B)[1, 12, 13]. We selected SNPs to capture common genetic 

variation with R2>0.8 across each of the twelve circadian related genes. We also included 

those SNPs in circadian genes shown to be associated with prostate cancer risk in previous 

studies. Selection was restricted to those with a minor allele frequency of greater than 5% in 

the reference panel.

AGES-Reykjavik—Genotype data was obtained from 1,352 men in the AGES-Reykjavik 

cohort[22]. Briefly, DNA was genotyped using the Illumina 370 CNV BeadChip array. 

SNPs were excluded based on call rate (<97%), Hardy-Weinberg equilibrium (p-value 

<1E-6), and mismatched positions between Illumina, dbSNP and/or HapMap[27-29]. 

Imputation was done using MACH and the Phase II CEU HapMap data[30]. For this 

analysis 61 of the 96 SNPs were imputed and the quality of imputation ranged from 

0.79-0.99.
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HPFS and PHS—Genotyping for the original case-control studies was conducted at the 

Broad Institute (Boston, Massachusetts) using the Illumina Human 610-Quad platform[25] 

as a part of the NCI Breast and Prostate Cancer Cohort Consortium (BPC3) GWAS on 

aggressive prostate cancer. Imputation was done using MACH and the Phase II CEU 

HapMap data[25, 30]. Samples were excluded if genotyping call rate was <95% or 

autosomal heterozygosity was <0.25 or >0.35. Additional exclusions were made for Non-

European ancestry and unexpected duplicates. We extracted the same 96 SNPs as were 

analyzed in the AGES-Reykjavik analysis. Of the 96 SNPs, 53 in HPFS and 54 in PHS were 

imputed.

Statistical Analysis

SNPs and Prostate Cancer—Among the 1,352 men in AGES-Reykjavik with genetic 

data available, we identified 138 prostate cancer cases, 24 of which were fatal, and 1,214 

non-cases. We used unconditional logistic regression to analyze the associations for each of 

the individual SNPs and fatal prostate cancer risk. Using the additive model we calculated 

per-allele odds ratios (OR) and 95% confidence intervals (CI). Age at sample collection was 

included in all models.

We conducted similar analyses for the associations between each SNP and fatal prostate 

cancer in HPFS (n=40 cases; 204 controls) and in PHS (n=105 cases; 255 controls). Using 

unconditional logistic regression adjusted for the matching factors, we calculated per-allele 

ORs and 95% CIs for the same 96 SNPs evaluated in the AGES-Reykjavik study.

Using fixed-effects models, we calculated ORs and 95% CIs for the association between 

each SNP and fatal prostate cancer, including the results from AGES-Reykjavik, HPFS, and 

PHS. Heterogeneity across the cohorts was assessed using Cochran’s Q statistic[31, 32].

We used a kernel machine test to examine whether genetic variation across each of the genes 

or in sets across the pathway was associated with prostate cancer. This approach groups 

SNPs together into ‘SNP-sets’ based on biological significance (i.e. genes, pathways) and 

allows one to perform a multi-marker test for the entire SNP-set rather than evaluating SNPs 

individually[33]. We assessed global associations for each of the twelve genes individually 

and the nine core circadian rhythm genes together. The advantages of this approach are that 

it captures the joint effects of multiple SNPs and exploits multilocus linkage disequilibrium 

(LD) among the SNPs within sets to increase test power[33, 34]. The logistic kernel 

machine test was used to test the association of each SNP set with overall and fatal prostate 

cancer.

SNPs and 6-sulfatoxymelatonin levels—There were 547 men with both genetic and 

urinary 6-sulfatoxymelatonin measures available to assess the association between genetic 

variation and 6-sulfatoxymelatonin. We used linear regression to calculate betas and 

standard errors with 6-sulfatoxymelatonin as the dependent variable of interest. Age at 

sample collection was included in all models. We conducted a linear kernel machine test to 

assess the association between genetic variation across SNP sets with 6-sulfatoxymelatonin 

levels, utilizing the same SNP sets as above.
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For all analyses, we report the nominal 2-sided P-values without adjustment for multiple 

comparisons. Analyses were conducted using SAS software version 9.2 (SAS Institute Inc., 

Cary, NC, USA) and R (http://www.r-project.org/) statistical packages.

Results

Characteristics of the study populations are shown in Table 1. The AGES-Reykjavik cases 

are older at sample collection and have shorter time from blood draw to diagnosis than 

HPFS and PHS. The HPFS cases have slightly shorter time from prostate cancer diagnosis to 

fatal disease than AGES-Reykjavik and PHS (Table 1).

SNPs and Prostate Cancer

Full results for the associations between the SNPs evaluated and risk of fatal prostate cancer 

in each cohort and combined in Supplementary Table 1. None of the SNPs were statistically 

significantly associated with fatal prostate cancer across the three cohorts. In addition, meta-

analysis failed to confirm associations and there was evidence of significant heterogeneity 

between the cohorts for some of the SNPs evaluated (Cochran Q p-value <0.05) 

(Supplementary Table 3).

Within the individual cohorts, two SNPs in CRY1, rs7297614 and rs1921126, were 

nominally associated with risk of fatal disease in both AGES-Reykjavik and HPFS; 

however, these findings were not replicated in the PHS cohort (Table 2). These SNPs are in 

LD with each other (r2>0.8). We also found rs12315175 in CRY1 was nominally associated 

with fatal prostate cancer in HPFS (OR: 0.43, 95% CI: 0.20-0.93, p-value 0.03) and PHS 

(OR: 1.73, 95% CI: 1.16-2.59, p-value 0.01); however, the direction of association differs 

between the cohorts.

Table 3 displays pathway analysis results for the SNP-sets defined above and each of the 

study outcomes. Variation across CRY1 was significantly associated with fatal disease in 

AGES-Reykjavik (P=0.01) and HPFS (P=0.01), and was borderline significantly associated 

in PHS (P=0.05). These findings were largely driven by associations between fatal disease 

and rs1921126 and rs7297614 in AGES-Reykjavik and HPFS, and with rs12315175 in PHS. 

In AGES-Reykjavik, none of the gene sets evaluated were associated with overall risk of 

prostate cancer.

SNPs and 6-sulfatoxymelatonin

Full results for the associations between the SNPs and 6-sulfatoxymelatonin levels are 

shown in Supplementary Table 3. Individual polymorphisms in TIMELESS and NPAS2 were 

nominally associated with lower 6-sulfatoxymelatonin levels; and, polymorphisms in PER3 

and CSNK1E were nominally associated with higher 6-sulfatoxymelatonin levels (Figure 1). 

All of the SNPs in TIMELESS are in LD with each other at r2>0.8, except rs11171856; 

similarly, the two SNPs in PER3 are in LD (r2>0.8). None of the SNPs nominally associated 

with fatal disease in AGES-Reykjavik were associated with 6-sulfatoxymelatonin levels. 

Variation across NPAS2 and TIMELESS was associated with 6-sulfatoxymelatonin levels 

(Table 3).
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Discussion

We observed no strong association between genetic variation in circadian related genes and 

risk of prostate cancer. Within the individual cohorts, we found a nominally significant 

association between two SNPs in CRY1 and risk of fatal disease in AGES-Reykjavik and 

HPFS; however, we did not replicate the findings in our third cohort, the PHS. In AGES-

Reykjavik, we also found thirteen different individual SNPs in four genes (TIMELESS, 

PER3, NPAS2, CSNK1E) were nominally associated with 6-sulfatoxymelatonin.

Prior studies of circadian related genes and risk of prostate cancer have been inconsistent. 

Associations between variation in PER1, CRY1, CRY2, CSNK1E, ARNTL, CLOCK, and 

NPAS2 and risk of overall or more aggressive prostate cancer have been reported[2, 21]. In 

our study, individual CRY1 SNPs rs7297614 and rs1921126 were associated with a 

nominally significant increased risk of fatal disease in AGES-Reykjavik and HPFS, but not 

in PHS. These SNPs are in LD (r2 > 0.80) with a SNP (rs8192440) predicted to affect 

splicing. Zhu et al in a study of Caucasian men (1,266 prostate cancer cases and 1,308 

controls) did not find an association between any of the SNPs in CRY1 and risk of more 

aggressive prostate cancer; however, variation in rs12315175 was associated with an 

increased risk of less aggressive disease[2]. This SNP (rs12315175) was also recently 

associated with a reduced risk of diabetes[35]. In a survival analysis among prostate cancer 

cases, Lin et al found a significant association between rs10778534 in CRY1 and prostate-

cancer specific mortality in a cohort of Caucasian men in Seattle (per-allele OR: 2.21, 95% 

CI: 1.19-4.12)[22]. This SNP was not in strong LD (r2=0.50) with the CRY1 SNPs we 

evaluated in our study. While the CGEMS project found a nominally significant (p-value 

0.02) inverse association between overall prostate cancer and rs7297614 in CRY1, no 

GWAS of prostate cancer, overall or aggressive disease, have reported genome-wide 

significant findings for the circadian-related genes.

There is evidence for the role of the circadian clock as a tumor suppressor from 

experimental studies showing regulation of cell proliferation and apoptosis via expression of 

circadian-controlled genes[1]. PER1 and PER2 are required for maintenance of normal 

circadian function and interaction between CRYs and PERs are necessary for 

posttranslational regulation[1]. Overexpression of PER1 has been associated with significant 

growth inhibition and apoptosis in prostate cancer cells, and PER1 levels were down-

regulated in prostate cancer tissue compared to normal prostate tissue[36]. Further, NPAS2 

has been shown to affect pathways involved in DNA damage response[37]. Mutations in 

PER1, PER2, CSNK1E, CLOCK, CRY1, and CRY2 have been shown to alter circadian 

rhythmicity in rodents, and in PER2 have resulted in neoplastic growth and deficient DNA-

damage response[1, 13].

Circadian genes may affect prostate cancer risk through their influence on sex hormone 

levels, metabolic processes, suppression of the circadian hormone melatonin, or sleep 

disruption[9, 38]. In the Icelandic cohort, we found men with 6-sulfatoxymelatonin levels 

lower than the median had an increased risk of advanced disease compared to men with high 

levels (HR=4.01, 95% CI: 1.25-12.50)[9]. We are unaware of any prior evaluation of the 

association between variation in circadian related genes and 6-sulfatoxymelatonin in men. 
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We found polymorphisms in TIMELESS, NPAS2, PER3, and CSNK1E were nominally 

associated with 6-sulfatoxymelatonin levels. Variation in TIMELESS was previously 

associated with depression and early morning awakening in males[14]. Polymorphisms in 

PER2 have been associated with advanced sleep phase syndrome[39], whereas common 

variation in ARNTL and NPAS2 was significantly associated with later sleep and wake onset 

time[40]. These associations may reflect inter-individual differences in the timing of the 

circadian system, as there is wide variation in the phase of circadian rhythms, including 

melatonin, in relation to clock time and also in relation to each other[41]. In the current 

study, the morning void sampling cannot distinguish between differences in the level of 

circulating melatonin or differences in circadian timing. Consistent with this hypothesis, we 

found circadian clock genes associated with fatal prostate cancer and with urinary 6-

sulfatoxymelatonin in AGES-Reykjavik, but these were not the same SNPs. Perhaps the 

associations are acting through different pathways or we lacked statistical power to observe 

an association.

The study was limited by small sample size, as each cohort included in our analysis involved 

few fatal cases. We were not able to replicate our findings across the three studies, and 

meta-analysis failed to confirm associations between any of the SNPs and fatal prostate 

cancer. The inconsistency in our results could not be explained by differences in minor allele 

frequencies, as they were similar for each SNP across the three cohorts.

The study is restricted to a homogeneous group of Caucasian men; thus, the relevance of 

these particular risk loci to other populations with higher (African-American men) or lower 

(Asian men) risk of fatal prostate cancer and different distributions of genetic variation in 

the selected genes is uncertain. Few studies have been conducted on this topic in non-

Caucasian populations; however, a study in Chinese men showed some evidence of an 

association between circadian genes CRY2 and NPAS2 and risk of prostate cancer[21]. 

Finally, although we selected genes proposed to play a role in circadian rhythm regulation, 

this pathway is complex and we may not have captured all of the important genes.

A unique strength of the AGES-Reykjavik cohort is the diversity of molecular data available 

through biological specimens, including DNA and urine, and complete death information 

from nationwide registries. This allows us to not only evaluate the association between 

genetic variation, a urinary biomarker and fatal prostate cancer, but also to evaluate the 

contribution of different proposed pathways involving disruption of circadian rhythmicity on 

prostate cancer initiation and progression.

In summary, we found that variation in circadian clock genes was not associated with risk of 

fatal prostate cancer. We found a suggestion of an association between SNPs in the CRY1 

gene and risk of fatal prostate cancer; however, we failed to confirm a strong and consistent 

association. Further studies are needed to elucidate the potential role of variation in core 

circadian clock genes and fatal prostate cancer risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nominally significant associations between SNPs and 6-sulfatoxymelatonin levels (ng/mL) 

in the AGES-Reykjavik cohort
a6-sulfatoxymelatonin levels range: 0.40 ng/mL-97.41 ng/mL, mean: 21.09 mg/mL, and 

median: 17.09 ng/mL
bAge-adjusted betas and 95% confidence intervals
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Table 2
Nominally significant associations between SNPs and fatal prostate cancer in the AGES-
Reykjavik cohort, the Health Professionals Follow-up Study (HPFS) or the Physicians’ 
Health Study (PHS)

AGES Fatal HPFS Fatal PHS Fatal

SNP Gene OR
(95% CI)

p-value OR
(95% CI)

p-value OR
95% CI

p-value

rs7297614 CRY1 2.31
(1.30, 4.13)

0.004 1.75
(1.07, 2.85)

0.02 0.89
(0.64, 1.24)

0.49

rs1921126 CRY1 2.09
(1.15, 3.80)

0.02 1.91
(1.16, 3.14)

0.01 0.78
(0.56, 1.09)

0.15

rs12315175 CRY1 1.20
(0.57, 2.53)

0.63 0.43
(0.20, 0.93)

0.03 1.73
(1.16, 2.59)

0.01

rs2289591 PER1 2.54
(1.06, 6.07)

0.04 1.20
(0.68, 2.12)

0.53 1.01
(0.68, 1.51)

0.95

rs10462023 PER2 0.55
(0.30, 0.99)

0.04 1.18
(0.70, 2.00)

0.54 0.80
(0.56, 1.15)

0.22

rs3754674 NPAS2 0.40
(0.21, 0.73)

0.003 1.04
(0.64, 1.69)

0.89 1.12
(0.79, 1.59)

0.53

rs10206435 NPAS2 1.06
(0.59, 1.92)

0.84 0.62
(0.38, 1.01)

0.05 1.42
(1.03, 1.96)

0.03

rs969485 ARNTL 0.52
(0.30, 0.91)

0.02 1.10
(0.67, 1.79)

0.71 1.06
(0.73, 1.53)

0.77

Fatal = death from prostate cancer; Per-allele odds ratio and 95% confidence interval

CRY1 = cryptochrome 1; PER1 = period 1; PER2 = period 2; NPAS2 = neuronal PAS domain protein 2; ARNTL = aryl hydrocarbon receptor 
nuclear translocator-like
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