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Abstract

Circadian clock genes influence biological processes and may be involved in tumorigenesis. We systematically evaluated
genetic variants in the circadian clock pathway genes associated with colorectal cancer risk and survival. We evaluated the
association of 119 single nucleotide polymorphisms (SNPs) in 27 circadian clock pathway genes with the risk of colorectal
cancer in a case—control study (1150 cases and 1342 controls). The false discovery rate (FDR) method was applied to cor-
rect for multiple comparisons. Gene-based analysis was performed by the sequence kernel association test (SKAT). Cox
proportional hazards regression was used to calculate the effects of SNPs on the overall survival of patients. We identified
that compared to those with the G allele, individuals with the rs76436997 A allele in RORA had a significant 1.33-fold
increased risk of colorectal cancer (P=3.83 x 10~%). Specifically, the GA/AA genotypes were related to an enhanced risk of
colorectal cancer compared with that associated with the GG genotype, which was more common in patients with well and
moderately differentiated tumors and Dukes A/B stages. The SNP rs76436997 significantly increased the overall survival
time of colorectal cancer patients (P =0.044). Furthermore, RNA-seq data showed that the mRNA levels of RORA were
significantly lower in colorectal tumors than the paired normal tissues. Gene-based analysis revealed a significant association
between RORA and colorectal cancer risk. These findings highlight the important roles of genetic variations in circadian
clock pathway genes play in colorectal cancer risk and suggest that RORA is potentially related to colorectal carcinogenesis.
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Introduction

Colorectal cancer is the third most common malignancy
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and changes in lifestyle. Colorectal cancer accounts for
a large proportion of cancer morbidity and mortality
in China (Chen et al. 2016). The etiology of colorectal
cancer involves numerous risk factors, such as alcohol
consumption, smoking, low levels of physical activity,
unhealthy dietary habits and increased body mass index
(BMI) (Hughes et al. 2017). However, these known risk
factors cannot fully explain the high incidence of colorec-
tal cancer. Genetic variations might also affect individual
susceptibility and prognosis of colorectal cancer (Lemire
et al. 2015).

The circadian “clock” is located in the suprachiasmatic
nucleus in the hypothalamus, and it plays an important role
in driving many biologic processes in the body through the
periodic transcription of genes (Yu and Weaver 2011). The
circadian clock pathway genes are associated with the sus-
ceptibility and prognosis of several cancers through their
involvement in regulating DNA damage and repair, car-
cinogen metabolism and detoxification, cell proliferation,
apoptosis and the cell cycle (Zmrzljak and Rozman 2012).
Several lines of evidence from previous studies suggest that
single nucleotide polymorphisms (SNPs) in circadian clock
genes are associated with the risk of developing prostate
cancer (Chu et al. 2008; Markt et al. 2015), breast cancer
(Grundy et al. 2013; Monsees et al. 2012; Rabstein et al.
2014; Truong et al. 2014; Zienolddiny et al. 2013), and
glioma (Madden et al. 2014) as well as the likelihood of
surviving gastric cancer (Qu et al. 2016). However, only
a few studies have investigated the core circadian genes in
relation to colorectal cancer risk, and a limited number of
SNPs in each gene were demonstrated (Karantanos et al.
2013). These reported results have not been replicated by
many studies, and no associations between gene variants in
circadian clock genes and the survival of colorectal cancer
have been found.

The primary circadian clock pathway genes in mammals
have been proposed as the following: CLOCK, neuronal
PAS domain protein 2 (NPAS2), ary1 hydrocarbon receptor
nuclear translocator-like (ARNTL), period 1 (PERI), period
2 (PER2), period 3 (PER3), cryptochrome 1 (CRY]), cryp-
tochrome 2 (CRY2) and casein kinase 1-epsilon (CSNKIE)
(Kondratov et al. 2007). Melatonin, which regulates circa-
dian rhythms, has been demonstrated to be related to cancer
susceptibility (Blask et al. 2011). The levels of melatonin
are regulated by its biosynthesis and signaling pathway,
which is mediated by the arylalkylamine N-acetyltransferase
(AANAT) protein, melatonin receptor MTNRIA, melatonin
receptor MTNRIB and the retinoic acid-related orphan
receptors RORA and RORB (Slominski et al. 2012). Momma
et al. (Momma et al. 2017) demonstrated that PERI, PER2,
CRY1 and CRY2 were frequently expressed in colorectal
cancer but not in adenomas. The expression levels of PER],
PER?2 and CLOCK were associated with tumor size, the
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depth of invasion and survival of patients with colorectal
carcinomas.

In the present study, we systematically investigated the
relationships between genetic variants of the circadian clock
pathway genes and the risk of colorectal cancer in 1150
cases and 1342 healthy controls. We also examined whether
these selected genetic variants are related to the prognosis of
colorectal cancer in the Chinese population.

Materials and methods
Study population

Briefly, 1150 cases with newly and histologically diag-
nosed colorectal cancer were included in this case—control
study from the Affiliated Nanjing First Hospital and the
First Affiliated Hospital of Nanjing Medical University on
September 2010. Patients with previous cancer, colorectal
neoplasia, and inflammatory bowel disease were excluded
from the study. A total of 1342 cancer-free controls were
randomly selected from a pool of more than 25,000 cancer-
free individuals on the basis of physical examinations and
frequency matched to cases on age (£ 5 years) and gender.
A total of 344 colorectal cancer patients were followed up
by telephone interviews, 57 patients were excluded due to
incomplete overall survival information. The last follow up
date was April 2, 2016. All the participants gave their writ-
ten informed consent that their information could be used
and published for research purposes and donated approxi-
mately 5 mL of whole blood. The study was approved by the
Institutional Review Board of Nanjing University.

Selection of SNPs in the circadian clock pathway

A total of 63 circadian clock pathway genes were selected
from the Cancer Genome Anatomy Project (CGAP) database
(http://cgap.nci.nih.gov) and previously reported studies
(Supplementary Table 1). We identified 27 genes that were
differentially expressed in tumor tissues and normal tissues
through the Cancer Genome Atlas (TCGA) database from
among those 63 genes in the circadian clock pathway; the
27 selected genes met the following criteria: (a) P <0.05,
(b) fold change > 1.5, and (c) call rate > 80% (Supplemen-
tary Table 2). The selected key genes in the circadian clock
pathway are shown in Supplementary Fig. 1.

The flow chart of SNP selection is shown in Fig. 1. First,
we identified 5223 SNPs that met the criteria of minor allele
frequency (MAF) >0.05, Hardy—Weinberg equilibrium
(HWE) > 0.05, and call rate > 95% from the 1000 Genomes
Project. Then, we predicted the potential function of the
SNPs using RegulomeDB, SNPinfo, and HaploReg. Next,
we used HaploView 4.2 software to select the tagged SNPs
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Fig. 1 Flow chart for select-
ing SNPs in circadian clock
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(r*>0.8) by pairwise linkage disequilibrium (LD) analysis.
Finally, we included a total of 119 SNPs for genotyping in
this study.

SNPs genotyping

Genomic DNA was isolated from the peripheral blood sam-
ples using the Qiagen Blood Kit (Qiagen). DNA was suc-
cessfully extracted from the blood samples obtained from
all subjects. A total of 119 candidate SNPs in the circadian
clock pathway genes were included in the present analysis.
Genotyping was performed using Illumina Human Omni
ZhongHua Bead Chips. The genotyping success rate was at
least 98% in cases and controls. Laboratory personnel were
blind to the status of the case and control samples.

Statistical analysis

The differences in the distributions of demographic vari-
ables between cases and controls were compared by ¢ test
for continuous variables and Chi square test for categorical
variables. Allele frequencies in the control groups were
analyzed for HWE. The associations between genetic
variants and colorectal cancer risk were evaluated with
odds ratios (ORs) and their 95% confidence intervals (CIs)
using an unconditional logistic regression model. The false

O EY]

[ rs76436997 in RORA ]

discovery rate (FDR) method was applied to control for
multiple comparisons. Gene-based analysis was performed
by the sequence kernel association test (SKAT) (Wu et al.
2011). We performed the mRNA expression analysis using
colorectal cancer data from TCGA database (http://cance
rgenome.nih.gov/) and the Gene Expression Omnibus
(GEO) datasets. Significant differences in gene expression
between colorectal tumors and normal tissues were com-
pared by a two-sided Mann—Whitney test. In TCGA colo-
rectal cancer database, differential gene expression was
measure in 625 colorectal cancer tumors and 51 normal
tissues. Expression quantitative trait loci (¢QTL) analysis
was performed based on TCGA database and the Genotype
Tissue Expression (GTEx) project dataset to evaluate the
genetic variant effects on the expression of genes (Cook-
son et al. 2009; Emilsson et al. 2008).

Unconditional univariate and multivariate Cox regres-
sion analyses were used to assess the hazard ratios (HRs)
and 95% ClIs for the associations between SNPs and the
overall survival of patients with colorectal cancer. The
associations between survival time and genetic variants
were measured using the Kaplan—Meier method and the
log-rank test. P value <0.05 was the statistically signifi-
cant threshold. R 3.3.3 and PLINK 1.09 were used for all
the statistical analyses.
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Table 1 Selected characteristics in colorectal cancer cases and con-

trols
Variables Cases (%), n=1150 Controls (%), P?
n=1342
Age (mean+SD) 59.2+12.8 59.2+14.9 0.994
Sex
Male 688 (59.8) 794 (59.2) 0.738
Female 462 (40.2) 548 (40.8)
Smoking status
Never 751 (65.3) 901 (67.1) 0.334
Ever 399 (34.7) 441 (32.9)
Drinking status
Never 802 (69.7) 979 (73.0) 0.077
Ever 348 (30.3) 363 (27.0)
Tumor site
Colon 586 (51.0)
Rectum 564 (49.0)
Tumor grade
Well 84 (7.3)
Moderate 889 (77.3)
Poor 177 (15.4)
Dukes stage
A 66 (5.7)
B 444 (38.6)
C 428 (37.3)
D 212 (18.4)

SD standard deviation
P for two-sided y” test

Results
Characteristics of the study population

This study was a case—control study with a total of 1150
colorectal cancer cases and 1342 controls. The demo-
graphic characteristics of the cases and controls are shown
in Table 1. There were no significant differences in terms of
the distributions of age, gender, smoking status and alco-
hol consumption between the cases and controls (P =0.994,
0.738, 0.334, and 0.077, respectively). Of the patients,
51.0% had colon cancer. The most common tumor grade
was moderately differentiated (77.3%). The percentages
of Dukes stages A, B, C, and D were 5.7, 38.6, 37.3, and
18.4%, respectively.

SNPs in RORA and colorectal cancer risk
A total of 119 SNPs in 27 genes in the circadian clock path-
way were analyzed for their relationships with colorectal

cancer risk (data not shown). As shown in Table 2, we
found that 12 SNPs (1576436997, rs61815118, rs62576340,
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Table 2 Association between 12 SNPs in circadian clock pathway and colorectal cancer risk, with P <0.05

MAF (control)  OR (95% CI) P OR (95% CI)°

MATF (case)

Allele®

Gene

SNP

Chr

6.43%1072

1.08x1073
2.59%1072

0.83 (0.74-0.93)

1.96x1073
2.59%1072

0.84 (0.75-0.94)

1.16 (1.02-1.33)
0.88 (0.78-0.99)

0.48
0.22
0.39
0.10
0.14
0.37
0.13
0.42
0.20
0.33
0.17
0.39

0.43
0.24
0.36
0.13
0.17
0.40
0.16
0.38
0.22
0.36
0.15
0.35

C/G

RORC intron

rs61815118
rs1542178

3.43%x107!

1.16 (1.02-1.33)
0.88 (0.78-0.99)

G/A
G/A
G/A

NPAS?2 intron

2
7
9

3.50%x 107!

3.36x1072

3.15%1072

SERPINE] upstream

RXRA intron

1s2227631

8.40% 1072

2.87x1073 1.33 (1.11-1.59) 2.12x1073

1.32 (1.10-1.57)

1$62576340
1s76436997
rs340023

4.56x1072

3.83x107*

1.33 (1.14-1.55)

2.77%x107%

1.34 (1.14-1.56)
1.17 (1.04-1.31)

1.24 (1.06-1.46)
0.87 (0.78-0.98)

G/A
T/C

RORA intron

15
15
15
15
15
15
17
22

2.18x 107!

1.17 (1.04-1.31) 8.95%x 1073

9.54%10™*

RORA intron

2.18x 107!

9.17x 1073

1.24 (1.05-1.45)
0.87 (0.78-0.98)

7.48%1073

AIG
G/A
AIG
AIG
C/T

RORA intron

rs1437551

3.30x 107!

1.94%x 1072

1.68x 1072
2.61x1072

RORA intron

rs3803479
rs11635975

rs919000

3.37x107!

2.27%x1072

1.17 (1.02-1.34)
1.13 (1.01-1.27)
0.85 (0.73-0.99)
0.87 (0.77-0.98)

1.17 (1.02-1.34)
1.14 (1.01-1.27)
0.85 (0.73-0.98)
0.87 (0.77-0.97)

RORA intron

3.50x 107!

3.53% 1072

3.14x1072

RORA intron

3.50x 107!

3.30x 1072

2.99% 1072

NRIDI intron

rs2102928
rs1997644

3.30%x 107!

1.81x1072

1.65%1072

G/A

CSNKIE upstream

MAF minor allele frequency, OR odds ratio, CI confidence interval, FDR false discovery rate

4Reference allele/effect allele

°P for additive model adjusted for age, smoking status and drinking status in logistic regression model

°P after false discovery rate correction
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rs340023, rs1437551, rs1997644, rs3803479, rs11635975,
rs1542178, rs2102928, rs2227631 and rs919000) were
nominally associated with colorectal cancer risk in the addi-
tive genetic model (P <0.05). After FDR correction, only
1s76436997 in RORA was associated with an increased risk
of colorectal cancer (P=0.046). The gene-based analysis
further revealed the most significant correlations existed
between genetic variants in RORA and colorectal cancer risk
(P=4.60x10" 4) (Supplementary Table 3).

Association between rs76436997 and colorectal
cancer risk

The genotype frequencies of RORA 1576436997 and their
associations with colorectal cancer susceptibility accord-
ing to four genetic models (additive, dominant, codominant
and recessive model) are shown in Table 3. The frequen-
cies of the GG, GA, and AA genotypes were 3.87, 29.09,
and 67.04% in the cases and 1.71, 23.89, and 74.40% in
the controls. In the additive model, we found that individu-
als with the A allele had a significantly increased risk of

colorectal cancer compared to that of those with the G
allele (OR = 1.33, 95% CI = 1.14-1.55). Compared with
the GG genotype, the GA/AA genotypes were significantly
linked with colorectal cancer susceptibility (OR = 1.41,95%
CI = 1.17-1.70). Further stratified analyses in the dominant
model showed that there was no significant heterogeneity in
the subgroup analyses according to age, gender, smoking,
and alcohol consumption (Supplementary Table 4).

The associations between RORA rs76436997 and the clin-
icopathologic variables related to colorectal cancer risk strat-
ified by tumor site, tumor grade and Dukes stage are shown
in Table 4. Statistical analysis revealed a significant associa-
tion between the GA/AA genotypes and the risk of tumors
in the colon and rectum (OR = 1.47,95% CI = 1.17-1.86
for colon tumors and OR = 1.35, 95% CI = 1.07-1.71 for
rectal tumors). A subsequent stratification analysis by tumor
grade showed that there was a significantly increased risk
in well and moderately differentiated colorectal cancers
(OR = 1.44,95% CI = 1.18-1.75) but not in poorly differen-
tiated tumors (OR = 1.23, 95% CI = 0.82-1.84). In addition,
we observed a stronger significant association between the

Table 3 Association between rs76436997 in RORA and the risk of colorectal cancer

Genotypes Cases Controls OR (95%CI) P Adjusted OR (95%CI)? P
N % N %
GG 35 3.87 22 1.71 1.00 1.00
GA 263 29.09 308 23.89 1.35(1.11-1.64) 2.29%1073 1.33 (1.10-1.62) 3.65%1073
AA 606 67.04 959 74.40 2.52 (1.46-4.33) 8.58x107* 2.49 (1.45-4.30) 1.03%x1073
Additive model 1.34 (1.14-1.56) 2.77x107* 1.33 (1.14-1.55) 3.83x1074
Dominant model 1.43 (1.19-1.72) 1.79x 1074 1.41 (1.17-1.70) 3.23%x1074
Recessive model 2.32 (1.35-3.98) 2.27x1073 2.30 (1.34-3.96) 2.58x107°
OR odds ratio, CI confidence interval
#Adjusted for age, sex, drinking and smoking status in logistic regression model
Tablgt? Stratiﬁcat.ion agalyses Variables Genotypes
of clinicopathologic variables
for the association between GA/AA, n (%) GG, n (%) OR (95% CI)* P
rs76436997 and colorectal
cancer risk Controls 330 (25.60) 959 (74.40) 1.00
Cases 298 (32.96) 606 (67.04) 1.41 (1.17-1.70) 3.23x107*
Tumor site
Colon 151 (34.01) 293 (65.99) 1.47 (1.17-1.86) 1.16x1073
Rectum 147 (31.96) 313 (68.04) 1.35 (1.07-1.71) 1.17x 1072
Tumor grade
Well + moderate 260 (33.46) 517 (66.54) 1.44 (1.18-1.75) 2.73%107*
Poor 38 (29.92) 89 (70.08) 1.23 (0.82-1.84) 3.09%x 107!
Dukes stage
A+B 152 (33.70) 299 (66.30) 1.45 (1.15-1.83) 1.77%x1073
C+D 146 (32.23) 307 (67.77) 1.37 (1.09-1.73) 8.20x 1073

OR odds ratio, CI confidence interval

#Adjusted for age, sex, drinking and smoking status in logistic regression model
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GA/AA genotypes and colorectal cancer risk in Dukes A and
B stages (OR = 1.45, 95% CI = 1.15-1.83) than in Dukes C
and D stages (OR = 1.37,95% CI = 1.09-1.73).

Expression levels of RORA in colorectal tumor
and normal tissues

In addition, we evaluated the mRNA expressions levels of
RORA in 17 paired clinical samples from Nanjing Univer-
sity. The expression levels were further validated in 638
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and two GEO datasets. As shown in Fig. 2, the mRNA
expression levels of RORA were significantly lower in colo-
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and genotyping data from TCGA and GTEx, we found that
rs76436997 was not an eQTL for RORA (Supplementary
Fig. 2).
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Fig.2 RORA had significantly lower expression levels in colorectal cancer tumor tissues than in normal tissues. The relative expression levels of
RORA in 17 paired clinical samples (a), in TCGA database (b) and the GEO database (GSE21510 and GSE32323) (¢, d)
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Effects of RORA on the overall survival of patients
with colorectal cancer

According to the multivariate Cox regression analyses using
age, sex, smoking and alcohol consumption, we evaluated
the prognostic ability of rs76436997 in RORA for the overall
survival of patients with colorectal cancer. Compared with
the GG genotype, the GA/AA genotypes were significantly
associated with longer overall survival of patients with colo-
rectal cancer (HR = 0.69, 95% CI = 0.49-0.99, P=0.044)
(Supplementary Fig. 3a). We also detected significantly
poorer overall survival in patients who smoked than in non-
smokers (HR = 1.53,95% CI = 1.01-2.30, P=0.043) (Sup-
plementary Table 5). Furthermore, we compared the overall
survival time between patients with low expression levels
of RORA and those with high levels of expression in TCGA
database. Individuals with low levels of expression of RORA
had slightly longer overall survival times than those with
high levels of RORA expression, although the P value was
larger than 0.05 (Supplementary Fig. 3b).

Discussion

The circadian system plays a vital role in the regulation of
various physiologic, metabolic and behavioral processes
(Fu and Lee 2003). Disturbances of the circadian rhythm in
humans may increase the risk of cancer (Costa et al. 2010).
A previous meta-analysis demonstrated that the disruption
of the natural circadian rhythm was a potential risk fac-
tor associated with an increased risk of colorectal cancer
(Wang et al. 2015). The molecular mechanism of the cir-
cadian pathway is based on interlocking positive/negative
transcriptional-translational feedback loops that are regu-
lated by a series of core circadian clock genes (Lee et al.
2001). Genetic variation in genes involved in the circadian
clock pathway has been the focus of attention in recent years.
However, there have been few studies on the relationship
between genetic variants and the risk of colorectal can-
cer. Only one study identified that genetic variants in the
CLOCK] gene significantly increased the risk of colorectal
cancer, while they did not affect the prognosis of colorec-
tal cancer patients (Karantanos et al. 2013). In this study,
we evaluated the effect of genetic variants in 27 circadian
clock pathway genes on colorectal cancer susceptibility and
prognosis. We found that the rs37436997 SNP in RORA was
significantly associated with an increased risk of developing
colorectal cancer.

RORA, retinoic acid receptor-related orphan nuclear
receptor A, is a member of the orphan nuclear receptor
family, which is located at 15q21-q22 (Polakis 2000;
Xiong et al. 2012). RORA is involved in lipid metabo-
lism, the maintenance of circadian rhythm clock function,

immune regulation and tumor progression (Boukhtouche
et al. 2004; Kottorou et al. 2012). The mRNA and protein
expression levels of RORA in colorectal cancer tissue were
significantly downregulated compared to those in normal
tissue and were related to the time to disease progression
(Kottorou et al. 2012). Our study found that RORA was
dramatically downregulated in colorectal cancer tumors
in paired clinical samples and TCGA data, which is con-
sistent with the findings of previous studies. However, the
functional significance of RORA in the development of
colorectal cancer has not yet been studied extensively. The
role of RORA was proposed to be the inhibition of the pro-
liferation and motility of colorectal cancer cells through
the activation of RORA by cholesterol sulfate (Xiao et al.
2015), the inhibition of the Wnt/B-catenin signaling path-
way to suppress colorectal cancer cell growth (Lee et al.
2010), and the promotion of apoptosis by enhancing the
stability of the p53 gene (Kim et al. 2011). These studies
have shown that RORA is a functional tumor suppressor
gene, but further functional studies are still needed to con-
firm the effects of RORA.

We also evaluated the potential impact of RORA on clin-
icopathological parameters and the survival of patients with
colorectal cancer. A previous study showed that the low level
of expression of RORA was correlated with a high level of
serum alpha fetoprotein (AFP), poor pathology grade, tumor
recurrence, and vascular invasion in hepatocellular carci-
noma (HCC). Fu et al. found that RORA was an independ-
ent predictor of overall and disease-free survival in HCC
patients (Fu et al. 2014). Moreover, the reduction in meth-
ylation of the RORA promoter is associated with late stages
(stages III and IV) of colorectal cancer (Kano et al. 2016). In
addition, Li et al. demonstrated that RORA SNPs rs782917
and rs17204952 were associated with an increased risk of
death due to cutaneous melanoma (Li et al. 2018). However,
the associations between genetic variants of RORA and the
clinical outcome of colorectal cancer have not been reported.
This study demonstrated that compared with the GG geno-
type, the GA/AA genotypes of rs76436997 in RORA were
significantly associated with better differentiation and the
early stages of colorectal cancer. Our findings also suggest
that colorectal cancer patients with the GA/AA genotypes
may have a longer overall survival times. The possible mech-
anism is that genetic variation may affect the function of
the gene, and studies with a larger sample size and further
in-depth functional studies are needed to validate the results.

In conclusion, we identified genetic variants in RORA that
may contribute to the risk and prognosis of colorectal can-
cer. The genetic associations, together with the differences
in the expression levels of RORA, suggest that RORA might
play important roles in colorectal tumorigenesis. Further
studies are needed to confirm the role of circadian genes in
the development and outcome of colorectal cancer.
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