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Abstract

Background Vitamin D might have anti-tumor effect, which is affected by the genes related to vitamin D metabolic
pathway. Epigenetic mechanism may affect the expression level of vitamin D metabolic pathway related genes, then
plays an important role in the occurrence and development of colorectal cancer. To date, no study has reported

on the association between blood-based DNA methylation level of vitamin D metabolic pathway related genes

and colorectal cancer risk.

Methods A case—control study was conducted including 102 colorectal cancer cases and 102 sex- and age-
frequency-matched controls in Guangzhou, China. CpG islands in the VDR, CYP24A1, CYP27B1 and CYP2R1 genes

were chosen for DNA methylation analysis by MethylTarget sequencing. The receiver operating characteristic (ROC)
curve was used to evaluate the diagnostic value of DNA methylation levels for colorectal cancer. Taking the point

with the largest Youden index as the boundary value, the cumulative methylation levels of vitamin D metabolic
pathway related genes were divided into hypomethylation and hypermethylation. Unconditional multivariable logisti-
cal regression model was used to calculate the adjusted odds ratio (@OR) and 95% confidence intervals (95% Cls)

after adjusting for potential confounders.

Results Among 153 CpG sites, 8 CpG sites were significantly different between the cases and the controls. The
cumulative methylation level of all CpG sites in CYP2RT was inversely associated with the risk of colorectal cancer
(@OR, 0.49; 95% Cl, 0.26-0.91). However, no significant association was found between cumulative methylation levels
of all CpG sites in VDR, CYP24A1 and CYP27B1 and colorectal cancer risk. Significant inverse association was observed
between cumulative methylation level of significant CpG sites in VDR (aOR, 0.28; 95% Cl, 0.16-0.51) and CYP24AT (aOR,
0.19; 95% Cl, 0.09-0.40) and colorectal cancer risk. There were no significant associations between cumulative meth-
ylation levels of significant CpG sites in CYP2RT and CYP27B1 and colorectal cancer risk.

Conclusions This study indicated that the cumulative methylation levels of significant CpG sites in VDR and CYP24A1
and all CpG sites in CYP2RT were inversely associated with colorectal cancer risk.
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Background

Colorectal cancer is the third most common cancer in
both sexes and the second leading cause of cancer-related
death around the world [1]. In 2020, there were approxi-
mately 1.9 million new colorectal cancer and 0.9 million
deaths worldwide [1]. In the last two decades, the inci-
dence and mortality of colorectal cancer had been ris-
ing in China [2]. More than 555 thousand new colorectal
cancer cases and 286 thousand colorectal cancer-related
deaths occurred in China in 2020 [3].

The occurrence of colorectal cancer is a complex and
multifactorial process. Studies have explored the poten-
tial role for vitamin D in the prevention of cancer since
Garland et al. hypothesized that increased sunlight expo-
sure and vitamin D were associated with a lower risk of
colorectal cancer in 1980 [4]. So far, many epidemiologi-
cal studies have investigated the association of vitamin D
including dietary intake and serum concentration with
colorectal cancer risk and the results are mixed [5, 6].
Some previous studies [7, 8], including ours [9], found
that dietary vitamin D intake was inversely associated
with colorectal cancer risk. Vitamin D must undergo two
steps of hydroxylation in the liver and the kidney before
it is converted into an active metabolite 1,25-dihydroxy-
vitamin D (1,25(OH),D). This process is affected by the
genes related to vitamin D metabolic pathway such as
vitamin D synthesis gene CYP2R1 and CYP27B1, vitamin
D metabolic gene CYP24A1 and vitamin D receptor gene
VDR [10].

Vitamin D contributes to the occurrence and develop-
ment of colorectal cancer through genetic and epigenetic
effects [11]. While previous studies concentrated on vita-
min D metabolism pathway gene polymorphisms [12,
13], more recent studies have investigated the epigenetic
modifications related to vitamin D [11]. Epigenetic modi-
fications regulate gene expression without the alternation
of DNA sequence [14]. DNA methylation, a transfer of
methyl group from S-adenosine methionine to cytosine
and forms methylated cytosine in a CpG dinucleotide,
is one of the most common epigenetic modifications
in the development of cancer [15]. All vitamin D meta-
bolic pathway-related genes have long CpG islands, for
example, the promoter regions of the VDR, CYP2RI and
CYP24A1 genes and the first exon region of the CYP27B1
gene, which can be gene-silenced by hypermethylation
[16]. In addition, studies of specific genes found that the
methylation level of vitamin D metabolic pathway genes
was associated with vitamin D levels [17, 18]. Beckett
et al. examining the methylation status of vitamin D met-
abolic pathway gene CYP2RI in adults over 65 years of
age found that 25-hydroxyvitamin D (25(OH)D) was neg-
atively associated with the methylation level of CYP2RI
[17]. One case—control study demonstrated that patients
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with severe vitamin D deficiency had higher methylation
level of CYP2RI and lower methylation level of CYP24A1
compared to the controls [18].

One previous study has examined the association
between methylation levels of vitamin D metabolic path-
way related genes and type 2 diabetes mellitus [19]. Some
studies have investigated the differences in methylation
levels of genes related to vitamin D metabolic pathways
in patients with tuberculosis [20] and rheumatoid arthri-
tis [21] compared to healthy individuals. One study
explored the difference of the methylation frequency of
VDR, one of the vitamin D metabolic pathway-related
genes, between tumor and normal tissue in colorectal
cancer cases [22]. However, no study has been reported
on the association between blood-based DNA meth-
ylation levels of multiple vitamin D metabolic pathway
related genes and colorectal cancer risk systematically.
In this context, we conducted this study to examine the
association between methylation levels of four vitamin
D metabolic pathway-related genes (VDR, CYP24Al,
CYP27B1 and CYP2R1) from blood and the risk of colo-
rectal cancer. We hypothesized that the methylation level
of CYP24A1 could be negatively associated with colo-
rectal cancer risk, while the methylation levels of VDR,
CYP2R1 and CYP27B1 could be positively associated
with colorectal cancer risk.

Methods

Study subjects

Data for this study were collected from an ongoing large
case—control study launched in July 2010, the details
of which were fully outlined previously [23]. The inclu-
sion criteria were that the patients were aged from 30
to 75 years old, had a histological diagnosis of colorec-
tal cancer less than 3 months before the interview, and
were Guangdong natives or having stayed in Guangdong
Province for 5 years or more. Patients were excluded if
they had a history of other cancers, refused to be investi-
gated, or had communication and cognitive impairments.
Basically, 3174 cases who met the criteria were recruited
from Sun Yat-sen University Cancer Center, Guang-
zhou, China. Among them, 2833 cases were successfully
investigated, and their peripheral blood samples were
obtained, with a response rate of 89.26%. Additionally, 27
cases who had unreasonable daily energy consumptions
were excluded from the study (<800 or>4200 kcal/d
for men, <600 or > 3500 kcal/d for women). Out of 2806
cases with both complete questionnaire information and
DNA samples that met the conditions for methylation
testing, 102 cases were randomly selected in the present
study. The randomization procedure involved generating
a random number of the cases by sex and selecting cases
in descending order of random number. Finally, 58 male
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and 44 female cases were included in the analysis, with
the sex ratio close to the whole case group.

The inclusion and exclusion criteria for the controls
were the same as those for the cases, other than that they
had no history of any cancers. Frequency-matched con-
trols were identified based on sex and age at interview
(+5 years). Hospital-derived control group was recruited
from the inpatients admitted to the Departments of Vas-
cular Surgery, Plastic Surgery and Otolaryngology of the
First Affiliated Hospital of Sun Yat-sen University and the
Affiliated Eye Hospital of Sun Yat-sen University during
the same time period. Specifically, they were required to
be free of illnesses associated with dietary cause. Another
control group was recruited from the community resi-
dents of the cases’ cities via community advertisements,
written invitations and recommendations. From July
2010 to May 2021, 1504 hospital-derived controls and
1302 community-derived controls were successfully
interviewed. Among controls with qualifying DNA sam-
ples, 102 controls were randomly selected and were fre-
quency-matched to cases by sex and 5-year age group.

This study was conducted in accordance with the ethi-
cal standards outlined in the 1964 Declaration of Helsinki
and its subsequent amendments. The Ethics Committee
of the School of Public Health, Sun Yat-sen University
approved the study (No: 2019-105). All subjects signed
an informed consent form before the interview.

Data collection

Face-to-face interviews were conducted using a struc-
tured questionnaire by trained interviewers. The ques-
tionnaire included basic characteristics (e.g., sex, age,
occupation, educational level, household income), life-
style factors (e.g., smoking history, alcohol consump-
tion, physical activity), and the history of disease and
first-degree relatives with cancer. Regular smoking was
defined as smoking at least one cigarette per day for six
months or more [24]. Regular drinking was defined as
drinking alcohol at least once a week for more than six
months in the past year; we inquired about the type of
wine consumed as well as the frequency and amount
(Liang) of wine consumed per month over the past year
[25]. Body mass index (BMI) is computed by dividing
a person’s weight in kilograms by the squared height
in meters. Metabolic equivalent (MET)-hours/week
is obtained by multiplying the average hours per week
spent on a particular activity during the past year with
the MET score for that particular activity, as in previous
studies [26, 27]. A validated 81-food item food frequency
questionnaire was used to collect information on dietary
intake, including 12 kinds of cereals, 7 kinds of legumes,
18 kinds of vegetables, 11 kinds of fruits, 18 kinds of
meat, 2 kinds of eggs, 8 kinds of dairy products, 3 kinds
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of beverages and soups and 2 kinds of mushrooms and
nuts [28]. The frequency and portion size of food intake
were required to report within 1 year prior to diagnosis
for the cases and enrollment for the controls. Intakes of
energy, dietary fiber, vitamin D and other nutrients were
estimated according to the China Food Composition
Table 2002 [29]. The average daily intake of each nutri-
ent was calculated by multiplying the portion size of each
food consumed, the frequency of food intake and the
nutrient content of each food.

Blood sample collection and genomic DNA extraction

Five milliliters overnight fast venous blood samples were
drawn from participants on the morning of the second
day after admission without any treatment. After col-
lection, blood was centrifuged at 3000 rpm for 15 min
at 4 °C. Then, the white blood cells were divided into EP
tubes for DNA extraction, and all blood samples were
stored at — 80°C until use.

The Genomic DNA extraction kit (TTANGEN Bio-
tech, Beijing, China) was used to isolate DNA follow-
ing the manufacturer’s instructions. Quality control was
performed using NanoDrop ND-2000 and agarose gel
electrophoresis. DNA samples were tested for concentra-
tion and purity with the Nanodrop ND-2000 apparatus.
Agarose gel electrophoresis showed whether the main
bands were clear and whether there was significant dis-
persion or trailing. Only DNA samples with integrity
and an A260/A280 within 1.8-2.0 which passed qual-
ity inspection were eligible for the subsequent analy-
sis. Then, we used the EZ DNA Methylation Gold™ Kit
(Zymo Research Corporation, CA, USA) to proceed
bisulfite-conversion.

Selection of candidate CpG sites

The parameters of CpG islands on four vitamin D
metabolism-related genes VDR, CYP24A1, CYP27BI
and CYP2RI were evaluated according to the following
criteria: (1) length>200 bp; (2) GC content>50%; (3)
CpG observation expectation ratio>0.6. The presence
of 2 CpG islands in VDR, 4 CpG islands in CYP24A1, 1
CpG island in CYP27BI, and 2 CpG islands in CYP2RI
was evaluated, containing 153 CpG sites. Details of each
island, including the relative distance to the transcription
start site, length, are shown in Table 1.

DNA methylation analysis

The DNA methylation level was attained by MethylTar-
get assays, a method that enabled multiple CpG islands
to be sequenced simultaneously based on a second-
generation sequencing platform and was performed
by Genesky BioTech (Shanghai, China). Based on the
DNA samples treated with bisulfite, the primers were
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Table 1 Details of the CpG islands of VDR, CYP24A1, CYP27B1 and CYP2R1
Gene Fragment TSS Start End Length Target Strand Distance 2TSS Number
of CpG
sites
VDR VDR_1 47,904,994 47,905,397 47,905,564 168 + —403 15
VDR_2 47,904,994 47,904,776 47,905,043 268 + 218 22
CYP24A1 CYP24A1_1 54,173,986 54,174,469 54,174,217 253 —483 29
CYP24A1_2 54,173,986 54,173,595 54,173,365 231 - 391 17
CYP24A1_3 54,173,986 54,173,176 54,173,013 164 - 810 12
CYP24A1_4 54,173,986 54,173,039 54,172,868 172 - 947 13
CYP27B1 CYP27B1 57,767,078 57,766,171 57,765,967 205 - 907 17
CYP2RI1 CYP2R1_1 14,892,205 14,891,629 14,891,787 159 + 576 15
CYP2R1_2 14,892,205 14,891,347 14,891,079 269 - 858 13

Start, The starting position of the product on the reference genome; TSS, The mRNA transcription start site; End, The end position of the product on the reference
genome; Length, the product length; Target strand, The product orientation; Distance 2TSS, The distance from the product to the TSS

Table 2 Primer sequences for PCR amplification

Primer name Sequence

60°C for 30 s; then 24 cycles at 95°C for 20 s, 62°C for
30's, 72°C for 1 min, lastly 72 °C for 60 s.

The multiplex PCR products of each panel from the
same sample were quantitatively mixed in equal pro-

VDR_TF TATTTGGGTTGATTAGGTTAGGATTT portions. After adding specific labels to each sample,
VDR_IR CCCTAATCTATAAAATCAAACTAAACTTCCTAAC - different samples were mixed as well. Besides, PCR
VDR_2F TTAGTGTTTTTTAGTGTTTTAGTTTTATGGTA amplification products were purified with the Agarose
VDR_2R ACTAAACTATCTCTACTTATCAAAAAACRACA Gel Extraction Kit (TTANGEN Biotech, Beijing, China)
CYP24AI_1F AGGTTGGGGGTATTTGGTTTTT after agarose electrophoresis separated. The molar con-
CYP24A1_TR AACTCCACCCCRAAAATAACC centrations of the libraries from diverse samples were
CYP24A1_2F GGTGTTTTTYGTTGTTATGAGTTTTT quality tested and accurately quantified. High-through-
CYP24A1_2R TACAACAAACTACCCAACAATAACC put sequencing was carried out using the Illumina Hiseq
CYP24A1_3F GAGGYGGGAGGAGGGAAAG platform (California, USA) in 2x150 bp double-ended
CYP24A1_3R CAACAAACATAACRAACCCAAATACA mode. After sequencing, Fast QC software was used to
CYP24A1_4F GTGTATTTGGGTTYGTTATGTTTGTT assess the qua]ity of data.

CYP24A1_4R CAAATCTAACCRCATACCCAAATC

CYP27BI_F GGTGTGGTTAGTTAGTTTTGGGATAG

CYP27BI_R CTACAAAACRTCTAAACTTCTAAAAACAAAA Statistical analysis

CYP2RI_IF TGAGGGTATGYGTTTATTTTGGATTT Kolmogorov—Smirnov was used for testing the normal-
CYP2RI_IR AAAAACCCCRCCCCTACC ity of data. The daily intakes of foods and vitamin D were
CYP2R_2F TGGTTGGGAAYGGTATTTTAGTAG logarithmically transformed, and a residual method was
CYP2RT_2R TCAAAACAAAACAAATAAACTCTATCC used to adjust the energy [30]. Differences in demo-

designed and optimized for multiplex polymerase chain
reaction (PCR) using Methylation Fast Target software.
The optimized primers were mixed into a multiplex
PCR primer panel, as shown in Table 2.

Multiplex PCR was carried out with the primer panel
above. Each reaction used a 20-pL PCR reaction system
of 10 x buffer (TAKARA), 2.5 mM dNTP, 25 mM Mg?*,
1 uM multiplex PCR panel primers, 5U HotTaq poly-
merase, 1 pL of the bisulfite-treated DNA sample and
11.1 pL of ddH,O. The cycle schedules set as follows:
95°C for 120 s; 11 cycles at 95°C for 20 s, 60°C for 30 s
with the temperature decreased by 0.5°C each cycle,

graphic variables and potential risk factors between the
cases and the controls were compared using ¢ test (for
normally distributed continuous variables) or chi-square
test (for categoric variables); the Wilcoxon rank sum
test was used to compare the differences in methylation
rates of individual CpG site between the case and control
groups. CpG sites with statistical differences between the
case and control groups were defined as significant CpG
sites.

We analyzed both individual and cumulative methyla-
tion levels of the candidate genes. Two different models
were constructed to further analyze cumulative methyla-
tion levels of vitamin D metabolic pathway related genes
and their associations with colorectal cancer risk. In
Model 1, the methylation rates of all CpG sites in each
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vitamin D metabolic pathway related gene were summed
to obtain the cumulative methylation rates of all CpG
sites. In Model 2, the methylation rates of significant CpG
sites with the same direction in each gene were summed
to obtain the cumulative methylation rates of significant
CpG sites.

The receiver operating characteristic (ROC) curve was
used to assess the predictive value of colorectal cancer
by cumulative methylation rate at all sites and significant
sites. The area under the curve (AUC) was calculated.
The target gene’s methylation status (hypermethylation
or hypomethylation) was classified according to the opti-
mal cutoff value, defined as the cumulative methylation
rate with the highest Youden index. An unconditional
logistic regression model was used to calculate the odds
ratio (OR) and 95% confidence interval (CI) to determine
the association between methylation status of gene in
the vitamin D metabolic pathway and colorectal cancer
risk after adjusting for potential confounders. Potential
confounders included in the multivariable model were
selected based on comparison of characteristics between
cases and controls.

A sex-stratified analysis was performed to investigate
whether sex made an impact on the association between
cumulative DNA methylation levels and colorectal can-
cer risk. The value of P, action Was calculated by plac-
ing the multiplication terms of sex and cumulative DNA
methylation levels into the regression models. A sub-
group analysis was conducted based on the cancer site
(colon or rectum) of colorectal cancer patients, and the
value of Ppgierogencity Was based on cases only. SPSS 23.0
(IBM Corp, Armonk, NY, USA) was used to complete
data processing and analysis. p values were two-sided,
and P<0.05 was considered a statistically significant dif-
ference. We had greater than 95% power to detect OR
of 0.28 and 0.19 for the association of cumulative meth-
ylation status of VDR and CYP24A1 at significant CpG
sites with colorectal cancer risk. Our sample gave us
57% power to detect the OR of 0.49 for the association of
cumulative methylation status of CYP2R1 at all CpG sites
with colorectal cancer risk at P<0.05 (two-sided).

Results

Characteristics of study subjects

As shown in Table 3, the average age (SD) was 58 (10)
years in cases and 57 (9) years in controls. Compared to
the controls, the cases had increased numbers of first-
degree relatives with cancer (19% vs. 7%) and a lower
intake of dietary vitamin D (206 IU/day vs. 238 1U/day).
There were no significant differences in marital status,
residence, educational level, occupation, family income,
BMI, smoking, drinking, physical labor at work and
dietary intake between the two groups (P>0.05). The
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variable of first-degree relatives with cancer was consid-
ered potential confounder and adjusted for in subsequent
analyses.

DNA methylation levels at individual CpG sites

Among 153 CpG sites, 8 CpG sites were significantly
different between colorectal cancer cases and controls
(P<0.05) (Table 4). Among them, 3 CpG sites were in the
VDR, 4 CpG sites were in the CYP24A1 gene, and 1 CpG
site was in the CYP2RI gene. Except for CpG site of 53,
methylation levels of other CpG sites were significantly
lower in cases than those in controls.

Cumulative DNA methylation levels of multiple CpG sites
among colorectal cancer cases and controls

As shown in Table 5, in Model 1, the methylation rates of
all CpG sites in each gene were summed up. The cumula-
tive methylation rates of VDR, CYP24A1, CYP27B1, and
CYP2RI genes were not statistically significant between
the case and control groups. In Model 2, we summed the
methylation rates of significant CpG sites with consist-
ent direction in each gene. Therefore, CpG site 53 in the
CYP24A1 gene was excluded that was more frequently
methylated in colorectal cancer cases than in controls.
The CYP2RI was not included because it had only one
significant CpG site. Finally, a total of six hypomethyl-
ated CpG sites in the VDR and CYP24A1 genes were
included. The cumulative methylation levels of the VDR
and CYP24A1 were significantly lower in colorectal can-
cer cases than those in controls (P<0.05).

The diagnostic value for colorectal cancer of cumulative
methylation levels using different models

The values of cumulative methylation rates of vitamin D
metabolic pathway related genes in the diagnosis of colo-
rectal cancer are shown in Table 6. In Model 1, the cumu-
lative methylation level of the VDR gene at all CpG sites
showed the highest diagnostic value with an AUC of 0.56
(95% CI, 0.48-0.64), followed by the CYP2RI gene with
an AUC of 0.53 (95% CI, 0.45-0.61).

In Model 2, the value of cumulative methylation of
VDR and CYP24A1 at significant CpG sites in the diag-
nosis of colorectal cancer was evaluated. The AUC of
VDR and CYP24A1 were 0.65 (95% CI, 0.57-0.72) and
0.63 (95% CI, 0.56-0.71), respectively. The AUCs of both
VDR and CYP24A1 in Model 2 were higher compared to
these in Model 1.

Association of cumulative methylation levels at all

CpG sites of genes in vitamin D metabolic pathway

with colorectal cancer risk

The methylation level at all CpG sites of individual gene
was classified as hypermethylation or hypomethylation
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Table 3 Characteristics and dietary intakes of study subjects
Characteristics Cases (n=102) Controls (n=102) P
Age (years) (Mean+SD) 58+10 57+9 0.78
Male (n, %) 58 (57) 58 (57) 1
Urban (n, %) 72(71) 73(72) 0.88
Married (n, %) 100 (98) 97 (95) 0.25
Educational level (n, %) 0.95

Primary school or below 32(31) 30(29)

Secondary school 27 (26) 25 (25)

High School 22 (22) 23(23)

College or above 21(21) 24 (24)
Occupation (n, %) 0.74

Administrator/other white-collar workers 20 (20) 17(17)

Blue-collar worker 21(21) 25 (25)

Farmer/others 61 (60) 60 (59)
Household income (Yuan/month) (n, %) 0.19

<2000 16 (16) 8(8)

2001-5000 25(25) 36 (35)

5001-8000 36 (35) 34 (33)

>8001 25(25) 24 (24)
BMI (kg/m?) (Mean = SD) 23+3 24+3 042
First-degree relatives with cancer (n, %) 19 (19) 7(7) 0.01
Smoking (n, %) 41 (40) 36 (35) 047
Regular drinking (n, %) 17.(17) 20 (20) 0.59
Occupational activity (n, %) 0.85

Non-working 22(22) 18 (18)

Sedentary 30 (29) 30(29)

Light 25 (25) 25 (25)

Moderate 14 (14) 13(13)

Heavy 11071) 16 (16)
Household and leisure activity 26 (7.5,52) 26(7.3,52) 0.80
(MET-h/week) Median (P55, Ps)
Total energy intake 1510 (1140, 1750) 1420 (1200,1660) 0.80
(kcal/day) Median (P,s, P;5)
Dietary fiber intake 8.8(6.8,10) 8.7(74,10) 0.70
(g/day) Median (P,s, P/s)
Red and processed meat intake 103 (68, 150) 107 (84, 138) 0.58
(g/day) Median (P,s, Ps)
Vegetables intake 403 (289, 531) 429 (316, 530) 0.32
(g/day) Median (P,s, P;s)
Fish intake 93 (40, 144) 106 (52, 164) 0.21
(g/day) Median (P,s, P;s)
Dietary Vitamin D intake 206 (79, 408) 238 (126,502) 0.006

(IU/day) Median (P,s, Ps)

according to the cumulative methylation rate with the
highest Jorden index, obtained from the ROC curve of
Model 1. The cutoff points of cumulative methylation
levels at all CpG sites of VDR, CYP24A1, CYP27B1 and
CYP2RI were 0.44, 1.80, 0.51 and 0.26, respectively. The
methylation status of the CYP2RI at all CpG sites was

inversely associated with colorectal cancer risk, with an
adjusted OR (aOR) of 0.49 (95% CI, 0.26—0.91; P=0.02)
comparing the hypermethylation with hypomethylation
of the CYP2RI gene. In contrast, no statistical associa-
tion was found between the methylation status of VDR,
CYP24A1, and CYP27BI1 at all CpG sites and the risk of
colorectal cancer (Fig. 1).
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Table 4 Methylation rates of significant CpG sites between the
cases and the controls

CpGsite Gene Position Cases Controls P
(n=102) (n=102)
Mean+SD  Mean+SD
58 VDR 12: 0.018+0.013 0.020+0.008 0.02
47,905,454
106 VDR 12: 0.038+0.017 0.040+0.012 0.02
47,905,502
110 VDR 12: 0.012+0.008 0.014+0.007 0.02
47,905,506
102 CYP24A1  20: 0.018+0.011 0.021+0.011 0.03
54,174,368
200 CYP24A1  20: 0.011+0.009 0.014+0.009 0.007
54,174,270
41 CYP24A1  20: 0.022+0.008 0.023+0.007 0.047
54,173,555
53 CYP24A1  20: 0.050+0.024 0.040+0.011 0.02
54,172,987
90 CYP2RT  11: 0.017+0.005 0.019+0.005 0.04
14,891,718

The data of methylation rates of significant CpG sites are expressed as Mean +SD

Association of cumulative methylation levels of significant
CpG sites in VDR, CYP24A1 with colorectal cancer risk
Taking the point with the largest Youden index as the
boundary value, the cumulative methylation level of
VDR and CYP24A1 in Model 2 was divided into hypo-
methylation and hypermethylation. The thresholds for
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cumulative methylation levels of significant CpG sites
in VDR and CYP24A1 were 0.066 and 0.042, respec-
tively. The methylation status at significant CpG sites
of VDR was negatively associated with the risk of colo-
rectal cancer, with aOR of 0.28 (95% CI, 0.16—0.51;
P<0.001). Sex-stratified analysis showed that cumula-
tive methylation status at significant CpG sites of VDR
was significantly associated with lower risk of colo-
rectal cancer in both males and females. However, the
interaction was not significant (P,,eraction=0.26). Sub-
group analysis by cancer site showed that hypermeth-
ylation of VDR at significant CpG sites was inversely
associated with both colon cancer risk (aOR, 0.32; 95%
CI, 0.16-0.64; P= 0.001) and rectal cancer risk (aOR,
0.26; 95% CI, 0.12-0.57; P=0.001) (Pyqserogencity=0-65)
(Fig. 2).

The cumulative methylation status at significant CpG
sites of CYP24A1 was negatively associated with the
risk of colorectal cancer, with an aOR of 0.19 (95% CI,
0.09-0.40; P<0.001). Stratified analysis by sex revealed
that cumulative methylation status of CYP24A1 at sig-
nificant CpG sites was associated with a decreased
risk of colorectal cancer in both males and females,
which was consistent with the primary analysis (P,,erqc.
tion=0.17). According to the results of subgroup analy-
sis of the cancer site, the hypermethylation of CYP24A1
was inversely associated with the risk of both colon and
rectal cancer, with aORs of 0.18 (95% CI, 0.08-0.42;

Table 5 Comparison of cumulative methylation rates at all CpG sites and significant CpG sites

Gene Cases (n=102) Mean+SD Controls (1=102) Mean+SD Z P
Model 1 (all CpG sites)

VDR 046+0.11 0.46+0.07 —1.45 0.15
CYP24A1 1.85+045 1.83+0.34 -032 0.75
CYP27B1 0.54+0.18 0.54+0.14 -0.58 0.56
CYP2R1 0.28+0.04 0.30+0.16 -0.76 0.45
Model 2 (significant CpG sites)

VDR 0.06+0.03 0.07+0.02 —358 0.001
CYP24A1 0.05+0.02 0.06+0.02 -325 < 0.001

The data of cumulative methylation rates at all CpG sites and significant CpG sites are expressed as Mean+SD

Table 6 Diagnostic value for colorectal cancer of cumulative methylation levels

Gene Model 1 Model 2

all CpG sites significant CpG sites

AUC 95% Cl P AUC 95% Cl P
VDR 0.56 0.48-0.64 0.15 0.65 0.57-0.72 0.001
CYP24A1 0.51 0.43-0.59 0.75 0.63 0.56-0.71 < 0.001
CYP27B1 0.52 0.44-0.60 0.56 - - -
CYP2R1 0.53 0.45-0.61 045 - - -
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No. No.
Gene Cases Controls aOR (95%C/) P value
VDR 0.13
Hypomethylation 46 35 [ 1.00
Hypermethylation 56 67 = 0.64 (0.36-1.15)
CYP24A1 0.18
Hypomethylation 61 51 u 1.00
Hypermethylation 41 51 = 0.68 (0.39-1.20)
CYP27B1 0.11
Hypomethylation 56 44 l 1.00
Hypermethylation 46 58 —_— 0.63 (0.36-1.11)
CYP2R1 0.02
Hypomethylation 38 23 l 1.00
Hypermethylation 64 79 —_— 0.49 (0.26-0.91)
| I . B | —

02 04 06 08 1 12 14
Odds ratio

Fig. 1 Association between cumulative methylation status at all CpG sites of the vitamin D metabolic pathway genes and colorectal cancer risk.

OR was adjusted for the first-degree relatives with cancer

No. No.

Subgroup Cases Controls VDR aOR (95%C/) P value

All participants <0.001
Hypomethylaton 67 35 " 1.00
Hypermethylation 35 67 —— 0.28 (0.16-0.51)

Males 0.009
Hypomethylation 38 23 n 1.00
Hypermethylation 20 25 —_— 0.36 (0.17-0.77)

Females <0.001
Hypomethylation 29 12 n 1.00
Hypermethylation 15 32 —a— 0.17 (0.06-0.44)

Colon cancer 0.001
Hypomethylation 38 35 [ ] 1.00
Hypermethylation 22 67 — 0.32 (0.16-0.64)

Rectal cancer 0.001
Hypomethylation 29 35 n 1.00
Hypermethylation 13 67 —— 0.26 (0.12-0.57)

T T T T 1

00502 04 06 08 1 12
Odds ratio

Fig. 2 Association of cumulative methylation status at significant CpG sites of VDR with colorectal cancer risk. OR was adjusted for the first-degree

relatives with cancer

P<0.001) and 0.20 (95% CI, 0.08-0.49; P<0.001), Discussion
respectively (Pyeterogencity = 0-86) (Fig. 3).

This study aimed to use all CpG sites and significant CpG
sites in each vitamin D metabolic pathway related gene to
analyze cumulative methylation levels of these genes and
their associations with colorectal cancer risk. The results
showed an inverse association between cumulative
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No. No.

Subgroup Cases Controls CYP24A1 aOR (95%C/) P value

All participants <0.001
Hypomethylation ~ 42 11 " 1.00
Hypermethylation 60 91 —— 0.19 (0.09-0.40)

Males 0.009
Hypomethylation 21 8 n 1.00
Hypermethylation 37 50 — 0.29 (0.11-0.73)

Females 0.002
Hypomethylation 21 3 n 1.00
Hypermethylation 23 41 —-— 0.12 (0.03-0.45)

Colon cancer <0.001
Hypomethylation 26 11 n 1.00
Hypermethylation 34 91 —— 0.18 (0.08-0.42)

Rectal cancer <0.001
Hypomethylation 16 11 n 1.00
Hypermethylation 26 91 —— 0.20 (0.08-0.49)

T T T T 1

0.02 02 04 06 08 1 12

Odds ratio

Fig. 3 Association of cumulative methylation status of CYP24A1 at significant CpG sites with colorectal cancer risk. OR was adjusted

for the first-degree relatives with cancer

methylation levels of all CpG sites in CYP2RI and colo-
rectal cancer risk. However, there were no significant
associations between cumulative methylation levels of all
CpG sites in VDR, CYP24A1 and CYP27BI and colorec-
tal cancer risk. There were significant inverse associations
between cumulative methylation levels of significant CpG
sites in VDR and CYP24A1 and colorectal cancer risk. No
significant association was found between cumulative
methylation level of significant CpG sites in CYP2RI and
CYP27B1 and colorectal cancer risk.

In present study, no significant association was found
between cumulative methylation level of all CpG sites
in VDR and colorectal cancer risk. However, our study
showed that cumulative methylation level of significant
CpG sites in VDR was inversely associated with colorec-
tal cancer risk, which was inconsistent with our hypoth-
esis. To our knowledge, no epidemiological study has
reported the association between blood-based methyla-
tion level of VDR and colorectal cancer risk. Only one
study from India including 75 colorectal cancer patients
observed that the frequency of VDR promoter methyla-
tion in colorectal cancer tissue was significantly higher
than those in normal tissues and the methylation level
of VDR in colorectal cancer tissues was negatively cor-
related with its expression [22]. The inconsistency
with our finding may be due to differences in genetic
background among different ethnic groups. Charlene
Andraos et al. found differences in the methylation levels

of VDR between European and African races, among
which African ancestry had higher methylation levels at
specific CpG sites [31]. The methylation detection meth-
ods and the tissue source of the DNA samples may also
partly contribute to the inconsistent results. Our study
performed a next-generation sequencing approach using
DNA samples from peripheral blood leukocytes, while
the latter [22] was tested by Methylation-Specific PCR on
DNA samples from colorectal cancer tissue. In addition,
the VDR gene encodes the vitamin D receptor, mediating
the biological effects of 1,25(OH),D [32]. It was reported
that vitamin D receptor plays an important role in reg-
ulating cell proliferation, differentiation and inducing
apoptosis in intestinal cells [33, 34]. Our results suggest
that hypomethylation of significant CpG sites in VDR
maybe a potential biomarker of colorectal cancer. How-
ever, how hypomethylated VDR gene made an impact on
its expression and function remains to be investigated.
Our study found that the cumulative methylation level
of all CpG sites in CYP24A1 did not differ between colo-
rectal cancer cases and controls. It was also not signifi-
cantly associated with colorectal cancer risk. However,
the cumulative methylation level of significant CpG sites
in CYP24A1 was significantly lower in colorectal cancer
cases than that in controls, and it was significantly nega-
tively associated with colorectal cancer risk, which was
consistent with our hypothesis. It seemed that cumu-
lative methylation level in CYP24A1 after excluding
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non-significant CpG sites was more representative in
showing differences between the two groups. Consistent
with our results, a study from Austria including 20 colo-
rectal cancer cases reported that the methylation levels
of the two regions of the CYP24A1 promoter in cancer
tissues were lower than that in normal mucosa, but the
difference was not statistically significant [35]. CYP24A1
encodes 24-hydroxylase and its high expression accel-
erates the inactivation of 1,25(OH),D. It was reported
that CYP24A1 is overexpressed in various human
tumors including colorectal cancer, and the alternation
of CYP24A1 expression is related to the development of
cancer [36—38]. The expression of CYP24A1 was in part
regulated by DNA methylation, which has been observed
in both lung [39] and prostate adenocarcinomas [40]. In
our study, colorectal cancer cases had lower cumulative
methylation level of significant sites in CYP24A1I, sug-
gesting that CYP24A1 hypomethylation may contribute
to the development of colorectal cancer by regulating
high expression of 24-hydroxylase.

No statistically significant difference was found in our
study in the methylation of single CpG site and multi-
ple CpG sites in CYP27BI1 between the colorectal can-
cer cases and the controls. The CYP27BI1 gene encodes
la-hydroxylase, which converts 25 (OH)D to the active
form 1,25 (OH),D. Repression of la-hydroxylase has
been shown to be regulated by epigenetic mechanisms in
a cellular experiment [41]. However, no significant asso-
ciation was observed between the methylation level of
CYP27B1 and colorectal cancer risk in our study. More
studies are needed to explore the relationship between
the methylation level of CYP27BI and colorectal cancer
and its mechanism.

Our study found that higher cumulative methylation
level of all CpG sites in CYP2R1 was associated with a
reduced risk of colorectal cancer. However, the cumu-
lative methylation level of all CpG sites of CYP2R1 in
the colorectal cancer cases was non-significantly lower
than that in controls. For CYP2RI, although only one
CpG site was significantly different between cases and
controls, there was an inverse association between
cumulative methylation levels of all CpG sites in
CYP2RI and colorectal cancer risk. It seems that the
significant CpG site made great contribution for the
observed association. The CYP2RI gene encodes the
enzyme 25-hydroxylase, which converts vitamin D in
the blood into the circulating form of 25(OH)D [42]. It
is unclear whether such subtle methylation differences
alter the effect in the pathogenesis of colorectal cancer
through increased 25-hydroxylase expression. Previ-
ous study identified a significant increase in CYP2RI
expression in renal cell carcinoma tissues [43]. It was
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also reported that increased regulation of the vitamin
D synthesis gene CYP2RI and CYP27BI and vitamin
D metabolic genes CYP24A1 leading to changes in
vitamin D bioavailability and anti-tumor activity, then
influence the development of cancer [43].

Our study has some strengths. This is the first study
to investigate the relationship between blood-based
methylation level of multiple vitamin D metabolic path-
way genes and the risk of colorectal cancer system-
atically. Moreover, most previous studies evaluating
methylated DNA as a biomarker for colorectal cancer
included fewer colorectal cancer patients (<50 cases)
[44—46]. Our study included a relatively large number
of study subjects (102 colorectal cases and 102 con-
trols) and collected comprehensive factors related to
the incidence of colorectal cancer to provide epide-
miological support. Additionally, in this study, Meth-
ylTarget assays based on next-generation sequencing
platform were used to detect methylation levels of vita-
min D metabolic pathway genes, a targeted bisulfite
sequencing method which is becoming increasingly
popular due to its high accuracy, flexibility and cost
effectiveness.

Some limitations should be acknowledged in our
study. First, as a hospital-based case—control study,
selection bias could not be avoided. In our study, all
colorectal cancer cases were from Sun Yat-sen Uni-
versity Cancer Center. However, the clinical charac-
teristics of the patients admitted to this cancer center
were similar to those of other hospitals inside [47] and
outside [48] Guangdong Province. Second, methylation
levels of vitamin D metabolic pathway related genes in
peripheral blood leukocytes were not compared with
those in colorectal tissue. Aberrant DNA methylation
occurs in most colorectal cancer tissues [49, 50]; there-
fore, detection of methylation levels in tissues might be
more accurate. However, previous studies have shown
that the DNA methylation status of free cells is simi-
lar to that of primary tumor tissues [40, 51]. Ally et al.
found the same trend in methylation levels of the estro-
gen receptor a gene in peripheral blood leukocyte DNA
and colon tissue [51]. Furthermore, it is hardly possi-
ble to obtain colorectal tissue since colorectal cancer
patients are at high bleeding risk. Third, there may be
some measurement errors in the process of DNA meth-
ylation level detection. In order to minimize the error,
all DNA samples were tested in the same batch using
a blind method. To ensure the reliability of Methyl-
Target, previous study detected the methylation levels
of HOXAS through Bisulfite Sequencing PCR and the
results of the two methods were consistent, indicating
that the results were reliable [52].
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Conclusions

In summary, this study suggested that cumulative
methylation levels of vitamin D metabolic pathway
related genes may be associated with colorectal can-
cer risk, which have not been identified in previous
relevant studies. The cumulative methylation levels
of significant CpG sites in VDR and CYP24A1 and all
CpG sites in CYP2RI were inversely associated with
colorectal cancer risk. These results provided the sci-
entific basis for elucidating the pathogenesis of colo-
rectal cancer. Epigenetic alterations usually occur
earlier in the early stages of colorectal cancer. There-
fore, altered methylation levels in genes related to the
vitamin D metabolic pathway may help to capture the
early lesions of colorectal cancer. Due to the paucity
of relevant studies, more research is needed to further
validate these results observed in our study. Its exact
mechanism is yet to be clarified.

Abbreviations
1,25(0CH),D 1,25-Dihydroxyvitamin D

25(0OH)D  25-Dihydroxyvitamin D

aOR Adjusted odds ratio

AUC Area under the curve

BMI Body mass index

@] Confidence interval

MET Metabolic equivalent

PCR Polymerase chain reaction

ROC Receiver operating characteristic
SD Standard deviation

Acknowledgements
The authors gratefully acknowledge the contribution of the study participants;
without them, the study would not have been possible.

Author contributions

CZ conceived, designed and supervised the study. YW, LL and XD performed
the investigation. YW and LL performed the experiments. YW and LL analyzed
and interpreted the data. YF provided field work support. YW and CZ wrote
the main manuscript. CZ reviewed and edited the manuscript. All authors
reviewed the manuscript.

Funding

This study was funded by the Guangdong Basic and Applied Basic Research
Foundation (no. 2019A1515011931, 2021A1515011751) and the National
Natural Science Foundation of China (no. 81973020). The funders had no role
in the design of the study, the collection and analysis of data or the writing of
the manuscript.

Availability of data and materials
The data that support the findings of our study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the School of Public
Health, Sun Yat-sen University (approval number 2019-105). All subjects signed
an informed consent form before the interview.

Consent for publication
All authors have agreed to publish this manuscript.

Page 11 of 12

Competing interests
There are no conflicts of interest to declare.

Author details

'Department of Epidemiology, School of Public Health, Sun Yat-Sen University,
Guangzhou 510080, China. 2Experimental Teaching Center, School of Public
Health, Sun Yat-Sen University, Guangzhou 510080, China. *Department

of Experimental Research, Sun Yat-Sen University Cancer Center, State Key
Laboratory of Oncology in South China, Collaborative Innovation Center

for Cancer Medicine, 651 Dongfeng Road East, Guangzhou 510060, China.

Received: 16 February 2023 Accepted: 14 August 2023
Published online: 29 August 2023

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA A Cancer J Clin.
2021;71:209-49.

2. XiaC Dong X, LiH, Cao M, Sun D, He S, et al. Cancer statistics in China
and United States, 2022: profiles, trends, and determinants. Chin Med J
(Engll). 2022;135:584-90.

3. LiN, LuB, LuoC, CaiJ, Lu M, ZhangY, et al. Incidence, mortality, survival,
risk factor and screening of colorectal cancer: a comparison among
China, Europe, and northern America. Cancer Lett. 2021,522:255-68.

4. Garland CF, Garland FC. Do sunlight and vitamin D reduce the likelihood
of colon cancer? Int J Epidemiol. 1980;9:227-31.

5. Dou R, Ng K, Giovannucci EL, Manson JE, Qian ZR, Ogino S. Vitamin D and
colorectal cancer: molecular, epidemiological and clinical evidence. Br J
Nutr. 2016;115:1643-60.

6. HeY, Zhang X, Timofeeva M, Farrington SM, Li X, Xu W, et al. Bidirectional
Mendelian randomisation analysis of the relationship between circulat-
ing vitamin D concentration and colorectal cancer risk. Int J Cancer.
2022;150:303-7.

7. Grant WB, Garland CF. A critical review of studies on vitamin D in relation
to colorectal cancer. Nutr Cancer. 2004;48:115-23.

8. Giovannucci E. The epidemiology of vitamin D and colorectal cancer:
recent findings. Curr Opin Gastroenterol. 2006,22:24-9.

9. Zhang X, Fang Y-J, Feng X-L, Abulimiti A, Huang C-Y, Luo H, et al. Higher
intakes of dietary vitamin D, calcium and dairy products are inversely
associated with the risk of colorectal cancer: a case-control study in
China. Br J Nutr. 2020;123:699-711.

10. Bikle DD, Vitamin D. Metabolism, mechanism of action, and clinical appli-
cations. Chem Biol. 2014;21:319-29.

11. Khayami R, Goltzman D, Rabbani SA, Kerachian MA. Epigenomic effects of
vitamin D in colorectal cancer. Epigenomics. 2022;epi-2022-0288.

12. McCullough ML, Bostick RM, Mayo TL. Vitamin D gene pathway polymor-
phisms and risk of colorectal, breast, and prostate cancer. Annu Rev Nutr.
2009;29:111-32.

13. Pibiri F, Kittles RA, Sandler RS, Keku TO, Kupfer SS, Xicola RM, et al. Genetic
variation in vitamin D-related genes and risk of colorectal cancer in
African Americans. Cancer Causes Control. 2014;25:561-70.

14. JiaY, Guo M. Epigenetic changes in colorectal cancer. Chin J Cancer.
2013;32:21-30.

15. Moore LD, Le T, Fan G. DNA methylation and its basic function. Neuropsy-
chopharmacology. 2013;38:23-38.

16. Fetahu IS, Hobaus J, Kallay E. Vitamin D and the epigenome. Front Physiol.
2014;5:164.

17. Beckett EL, Duesing K, Martin C, Jones P, Furst J, King K, et al. Relationship
between methylation status of vitamin D-related genes, vitamin D levels,
and methyl-donor biochemistry. J Nutr Intermed Metab. 2016;6:8-15.

18. Zhu H,Wang X, Shi H, Su S, Harshfield GA, Gutin B, et al. A genome-wide
methylation study of severe vitamin D deficiency in African American
adolescents. J Pediatr. 2013;162:1004-1009.e1.

19. Yu S. Association between variations of polymorphism, copy-number and
methylation in vitamin D metabolic pathway genes and type 2 diabetes
mellitus [thesis]. [Henan, Chinal: Zhengzhou University; 2018.



Wang et al. Clinical Epigenetics

20.

21

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

(2023) 15:140

Wang M, Kong W, He B, Li Z, Song H, Shi P, et al. Vitamin D and the
promoter methylation of its metabolic pathway genes in association with
the risk and prognosis of tuberculosis. Clin Epigenet. 2018;10:118.

Zhang T-P, Li H-M, Huang Q, Wang L, Li X-M. Vitamin D metabolic pathway
genes polymorphisms and their methylation levels in association with
rheumatoid arthritis. Front Immunol. 2021;12: 731565.

Afshan FU, Masood A, Nissar B, Chowdri NA, Naykoo NA, Majid M, et al.
Promoter hypermethylation regulates vitamin D receptor (VDR) expres-
sion in colorectal cancer—a study from Kashmir valley. Cancer Genet.
2021;252-253:96-106.

Zhong X, Fang Y-J, Pan Z-Z, Li B, Wang L, Zheng M-C, et al. Dietary fat, fatty
acid intakes and colorectal cancer risk in Chinese adults: a case-control
study. Eur J Cancer Prev. 2013;22:438-47.

Li L, Fang Y-J, Abulimiti A, Huang C-Y, Liu K-Y, Chen Y-M, et al. Educational
level and colorectal cancer risk: the mediating roles of lifestyle and
dietary factors. Eur J Cancer Prev. 2022;31:137-44.

Xu M, Chen Y-M, Huang J, Fang Y-J, Huang W-Q, Yan B, et al. Flavonoid
intake from vegetables and fruits is inversely associated with colorectal
cancer risk: a case—control study in China. Br J Nutr. 2016;116:1275-87.
Xu L, Wu Q-X, Li X, Fang Y-J, Zhou R-L, Che M-M, et al. Serum flavin
mononucleotide but not riboflavin is inversely associated with the risk of
colorectal cancer. Food Funct. 2022;13:12246-57.

TuK, MaT, Zhou R, Xu L, Fang Y, Zhang C. Association between dietary
fatty acid patterns and colorectal cancer risk: a large-scale case-control
study in China. Nutrients. 2022;14:4375.

Zhang C-X, Ho SC. Validity and reproducibility of a food frequency Ques-
tionnaire among Chinese women in Guangdong province. Asia Pac J Clin
Nutr. 2009;18:240-50.

Yang Y-X, Wang G-Y, Pan X-C. China food composition 2002. Beijing:
Peking University Medical Press; 2002.

Willett W, Howe G, Kushi L. Adjustment for total energy intake in epide-
miologic studies. Am J Clin Nutr. 1997;65:12205-1228S.

Andraos C, Koorsen G, Knight JC, Bornman L. Vitamin D receptor gene
methylation is associated with ethnicity, tuberculosis, and Tagl polymor-
phism. Hum Immunol. 2011;72:262-8.

Miyamoto K, Kesterson RA, Yamamoto H, Taketani Y, Nishiwaki E, Tatsumi
S, et al. Structural organization of the human vitamin D receptor chromo-
somal gene and its promoter. Mol Endocrinol. 1997;11:1165-79.

Thomas MG, Tebbutt S, Williamson RC. Vitamin D and its metabolites
inhibit cell proliferation in human rectal mucosa and a colon cancer cell
line. Gut. 1992;33:1660-3.

Carlberg C, Seuter S. Dynamics of nuclear receptor target gene regula-
tion. Chromosoma. 2010;119:479-84.

Hobaus J, Hummel DM, Thiem U, Fetahu IS, Aggarwal A, Mllauer L, et al.
Increased copy-number and not DNA hypomethylation causes overex-
pression of the candidate proto-oncogene CYP24A1 in colorectal cancer.
IntJ Cancer. 2013;133:1380-8.

Cross HS, Bises G, Lechner D, Manhardt T, Kallay E. The Vitamin D endo-
crine system of the gut—its possible role in colorectal cancer prevention.
J Steroid Biochem Mol Biol. 2005;97:121-8.

Mitschele T, Diesel B, Friedrich M, Meineke V, Maas RM, Gartner BC, et al.
Analysis of the vitamin D system in basal cell carcinomas (BCCs). Lab
Invest. 2004;84:693-702.

Tannour-Louet M, Lewis SK, Louet J, Stewart J, Addai JB, Sahin A, et al.
Increased expression of CYP24A1 correlates with advanced stages of
prostate cancer and can cause resistance to vitamin D; -based therapies.
FASEB j. 2014;28:364-72.

Ramnath N, Nadal E, Jeon CK, Sandoval J, Colacino J, Rozek LS, et al. Epi-
genetic regulation of vitamin D metabolism in human lung adenocarci-
noma. J Thorac Oncol. 2014;9:473-82.

Luo W, Karpf AR, Deeb KK, Muindi JR, Morrison CD, Johnson CS, et al.
Epigenetic regulation of vitamin D 24-hydroxylase/CYP24A1 in human
prostate cancer. Cancer Res. 2010;70:5953-62.

Khorchide M, Lechner D, Cross HS. Epigenetic regulation of Vitamin D
hydroxylase expression and activity in normal and malignant human
prostate cells. J Steroid Biochem Mol Biol. 2005;93:167-72.

Cheng JB, Levine MA, Bell NH, Mangelsdorf DJ, Russell DW. Genetic evi-
dence that the human CYP2R1 enzyme is a key vitamin D 25-hydroxylase.
Proc Natl Acad Sci USA. 2004;101:7711-5.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 12 of 12

Urbschat A, Paulus P, von Quernheim QF, Briick P, Badenhoop K, Zeuzem
S, et al. Vitamin D hydroxylases CYP2R1, CYP27B1 and CYP24A1 in renal
cell carcinoma. Eur J Clin Invest. 2013;43:1282-90.

Ebert MPA, Model F, Mooney S, Hale K, Lograsso J, Tonnes-Priddy L, et al.
Aristaless-like homeobox-4 gene methylation is a potential marker for
colorectal adenocarcinomas. Gastroenterology. 2006;131:1418-30.

Leung WK, To K-F, Man EPS, Chan MWY, Bai AHC, Hui AJ, et al. Quantitative
detection of promoter hypermethylation in multiple genes in the serum
of patients with colorectal cancer. Am J Gastroenterol. 2005;100:2274-9.
Wallner M, Herbst A, Behrens A, Crispin A, Stieber P, Goke B, et al. Methyla-
tion of serum DNA is an independent prognostic marker in colorectal
cancer. Clin Cancer Res. 2006;12:7347-52.

Xu A, Jiang B, Zhong X, Yu Z, Liu J. The trend of clinical characteristics

of colorectal cancer during the past 20 years in Guangdong province.
Zhonghua Yi Xue Za Zhi. 2006;86:272-5.

Dai Z, Zheng R, Zou X, Zhang S, Zeng H, Li N, et al. Analysis and predic-
tion of colorectal cancer incidence trend in China. Zhonghua Yu Fang Yi
Xue Za Zhi. 2012;46:598-603.

OhTJ, Oh HI, Seo YY, Jeong D, Kim C, Kang HW, et al. Feasibility of quan-
tifying SDC2 methylation in stool DNA for early detection of colorectal
cancer. Clin Epigenet. 2017;9:126.

Okugawa Y, Grady WM, Goel A. Epigenetic alterations in colorectal cancer:
emerging biomarkers. Gastroenterology. 2015;149:1204-1225.e12.

Ally MS, Al-Ghnaniem R, Pufulete M. The relationship between gene-
specific DNA methylation in leukocytes and normal colorectal mucosa in
subjects with and without colorectal tumors. Cancer Epidemiol Biomark
Prev. 2009;18:922-8.

Li D, Bai Y, Feng Z, LiW, Yang C, Guo Y, et al. Study of promoter methyla-
tion patterns of HOXA2, HOXAS, and HOXA6 and its clinicopathological
characteristics in colorectal cancer. Front Oncol. 2019;9:394.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Association of DNA methylation of vitamin D metabolic pathway related genes with colorectal cancer risk
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study subjects
	Data collection
	Blood sample collection and genomic DNA extraction
	Selection of candidate CpG sites
	DNA methylation analysis
	Statistical analysis

	Results
	Characteristics of study subjects
	DNA methylation levels at individual CpG sites
	Cumulative DNA methylation levels of multiple CpG sites among colorectal cancer cases and controls
	The diagnostic value for colorectal cancer of cumulative methylation levels using different models
	Association of cumulative methylation levels at all CpG sites of genes in vitamin D metabolic pathway with colorectal cancer risk
	Association of cumulative methylation levels of significant CpG sites in VDR, CYP24A1 with colorectal cancer risk

	Discussion
	Conclusions
	Acknowledgements
	References


