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ABSTRACT

Aberrant DNA methylation patterns, which induced by folate deficiency, play
important roles in tumorigenesis of colorectal cancer (CRC). Some DNA methylation
alterations can also be detected in cell-free DNA (cfDNA) of patients’ plasma, making
cfDNA an ideal noninvasive circulating biomarker. However, exact DNA methylation
alterations induced by folate deficiency in tumorigenesis of CRC and exact potential
circulating cfDNA methylation biomarker are still unclear. Therefore, DNA methylation
patterns of the normal human colon mucosal epithelial cell line (NCM460), cultured
with normal or low folate content, were screened and the DNA hypomethylation
of cystathionine-beta-synthase (CBS) promoter was further validated in vitro and
vivo. Then, the correlation analysis between folate level, DNA methylation alteration
in promoter and expression of CBS was carried out in vitro and vivo. Further, the
methylation patterns of CBS promoter in plasma cfDNA were detected and statistically
correlated with pathological parameters and clinical outcome. Our study showed that
DNA hypomethylation in CBS promoter, induced by folate deficiency, would lead to
up-regulation of CBS both in vitro and vivo. Patients with cfDNA hypomethylation
of CBS promoter in plasma were correlated with high tumor stage and poor clinical
outcome. In addition, cfDNA hypomethylation of CBS promoter in plasma was shown
to be an independent prognostic factor for recurrence and cancer-related death in CRC.
Our results indicated that DNA hypomethylation of CBS promoter induced by folate
deficiency could serve as a potential noninvasive circulating biomarker and may be
helpful in developing more effective prognostic markers for CRC.

INTRODUCTION

Colorectal cancer (CRC) is the most common
gastrointestinal tract malignancy with more than 1-2
million new cases diagnosed per annum in the world
[1]. Globally, the majority of cases occur in developed
countries, particularly North America, Australia and

Western Europe with a worldwide annual mortality of
600,000 [2]. Observational studies on people who migrate
from low to high-risk countries support the evidence
that causes of CRC are largely environmental compared
to age or gender related and the main characteristic in
these studies has been a change from a prudent diet to
a Westernized diet with higher intake of energy dense
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foods and lowered physical activity [3, 4]. Great advances
in epigenetics have been made in understanding these
ecological findings and apart from genetic changes,
epigenetic modifications play a major role in CRC
[5, 6]. Epigenetic processes are essential in normal
development and differentiation but may be misdirected
and predisposed to tumorigenesis [7].

Despite significant advances, the prognosis of CRC
patient is still poor owing to the lack of effective biomarkers
for early diagnosis and optimal therapeutic decision making
[1, 8]. The well-known epigenetic marker remains to be
DNA methylation, which often occurs very early before
the tumorigenesis of CRC [5, 9]. To date, many studies
have evaluated DNA methylation as a valid marker for
CRC predisposition [10] and unlike DNA mutations, DNA
methylation that can be consistently measured, as it tends
to occur in specific regions of the DNA [5, 10]. Moreover,
DNA methylation alterations found in tumor cells are also
reflected in circulating cell-free DNA (cfDNA) released
from the tumor tissues into the blood, making cfDNA
an ideal noninvasive biomarker for cancer diagnosis and
prognosis [11, 12]. Therefore, detection of circulating
methylated-DNA in plasma represents one of the most
promising methods for early diagnosis and prognosis of
CRC. However, a range of methylation alterations occur
during the tumorigenesis of CRC, which would really be
helpful in diagnosis and prognosis are still unclear.

As we all known, diet is a major aspect of the
environment may influence DNA methylation [13] and
especially interesting are nutrients, which are needed
for nucleic acid and DNA synthesis and for the enzymes
regulating their syntheses, for example, essential
amino acids, zinc, vitamins, and so on [14, 15]. One of
most strongly implicated nutrients is folate, which is a
generic term for a naturally occurring family of B-group
vitamins composed of an aromatic pteridine ring linked
to p-aminobenzoic acid and a glutamate residue B-6 and
B-12 [3, 16]. Folate is a natural constituent of foods such
as green leafy vegetables, legumes, and citrus fruits [3, 17].
Folate which plays a vital role in one-carbon metabolism
is crucial for DNA methylation and the most important
potential mechanism for folate deficiency mediated
carcinogenesis is aberrant global or regional methylation
[16, 18]. An inverse relationship between folate intake
and risk of CRC was demonstrated in the follow-up study
where the relative risk of adenomas was 0.66 for women
and 0.63 for men in those with a higher intake of folate
[19]. Over the past few years, the effect of folate deficiency
on DNA methylation patterns has been studied [18, 20],
however, results from studies are inconsistent, with some
showing hypomethylation, no change or hypermethylation.

For the present study, we identified DNA
hypomethylation of CBS promoter induced by folate
deficiency and validated putative role of the DNA
hypomethylation of cfDNA in patients’ plasma as a
potential noninvasive circulating biomarker for CRC.

RESULTS

Comprehensive set of aberrant methylation
patterns induced by folate deficiency

The number of methylated CpG islands were
3073 in normal human colon mucosal epithelial cell line
(NCM460) [21] cultured with 4.0 mg/L folate and 2680
in NCM460 with 0.4 mg/L folate. A total of 2153 genes
were enrolled in this assays. The difference of 884 genes
between the two cell samples was not significant. The
DNA methylation levels in promoters of 712 genes were
all lower in NCM460 cultured with 0.4 mg/L folate than in
NCM460 with 4.0 mg/L folate and the methylation levels
of 557 genes were all higher in NCM460 cultured with
0.4 mg/L folate than in NCM460 with 4.0 mg/L folate.

Validation of MeDIP chip assay results in vitro
and in vivo

Validation of MeDIP chip assay results in cultured cells

Chromosome 21 is the smallest human chromosome
and likely contains 300 to 400 genes [22]. According to the
MeDIP chip assay data, a total of 15 genes (Supplementary
Table 1), located in chromosome 21, showed aberrant
methylation patterns (7 were higher and 8 were lower in
NCM460 cultured with 0.4 mg/L folate). Therefore, above
15 genes were selected to further validate the MeDIP chip
results by bisulfite sequencing PCR (BSP) in NCM460
cultured with normal (4.0 mg/L) or low (0.4 mg/L) folate
content. As summarized in Figure 1A, the BSP results
of 11 genes were consistent with the MeDIP chip assay
results but other genes manifested no difference.

Validation of MeDIP chip assay results in tissue
samples

Firstly, the biochemical assessment for red blood
cell (RBC) folate was performed with all patients and
control people. As summarized in Figure 1B, the level
of RBC folate in patients was significantly lower than in
control people. Then, all patients were divided into high
RBC folate level group (HF group, > 276 ng/mL, n = 39)
and low RBC folate level group (LF group, <276 ng/mL,
n = 56). Then, tumor tissues of 10 patients from HF group
and 10 from LF group were selected randomly and used
to further validate above 11 genes by BSP. As summarized
in Figure 1C, there were 8 genes manifested significant
difference between tumor tissues of 10 patients from HF
group with 10 patients from LF group.

DNA hypomethylation of CpG islands in CBS
prompter induced by folate deficiency

Above results showed that the methylation level of
CpG island in promoter of cystathionine-beta-synthase
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(CBS), which is involved in folate metabolism and
plays an important role in tumor growth and metastasis
promoting [23], was significantly lower in tumor tissues
of 10 patients from LF group than in tumor tissues of 10
patients from HF group (Figure 1C).

Then, the DNA methylation level of CBS promoter
was further detected in tumor tissues of all 95 patients
(41.58% + 25.86%, median = 37.50%). As summarized
in Figure 1D, the DNA methylation level was also
significantly lower in tumor tissues of patients from LF
group (25.22% + 14.98%) than tumor tissues of patients
from HF group (65.06% =+ 19.22%). Then, all 95 patients
were divided into high DNA methylation level group
(HTM group, > mean, n = 46) and low methylation level
group (LTM group, < mean, n = 49) according to the
average DNA methylation level of CBS promoter in all
tumor tissues (mean = 41.58%).

As summarized in Figure 1E, most patients of LF
group (83.93%) showed a low methylation level of CBS
promoter (LTM group), but less patients of HF group
(5.13%) showed a low methylation level of CBS promoter
(P < 0.001). In this study, the effect of low RBC folate
level (LF group) and hypomethylation of CBS promoter in
tumor tissues (LTM group) was very consistent in patients’
classification (Spearman = 0.776, Kappa = 0.767).

It is well-known that 5-Hydroxymethylcytosine
(5-hmC) has an important role in the demethylation of DNA
[24]. To verify whether DNA hypomethylation in CBS
promoter was related to the demethylation of 5-hmC, the total
5-hmC level and local 5-hmC level of CBS promoter were
both detected. Our results disclosed that folate deficiency
decreased the total level of 5-hmC (Supplementary
Figure 1) but did not have a significant effect on local
5-hmC level of CBS promoter (Supplementary Figure 2).
Therefore, DNA hypomethylation in CBS promoter
was mainly caused by folate deficiency but not by the
demethylation of 5-hmC.

Correlation analysis of DNA hypomethylation in
CBS promoter with pS3 mutation

Mutations in the tumor suppressor gene p53 are
very common in CRC and p53 is an important biomarker
of CRC [25]. Then, the analysis on correlation of DNA
hypomethylation in CBS promoter with p53 mutations
was carried out. Most tumor tissues of patients (67.37%)
showed a positive p53 staining. Then, p53 mutations
were further detected by DHPLC and sequencing for the
64 samples positive stained with p53. A total of 6 main
types of p53 mutations existed in 33.68% tumor tissues
of patients (32/95), including: p.Tyr220Cys, p.Argl96X,
p.1le232Phe, p.Arg248Gln, p.Asp228Asn. p.Arg273His,
p.GIn165X, p.Arg248Leu, p.Asp259Val, p.His178Asp.

As summarized in Figure 1F, most patients of LTM
group (53.06%) showed a p53 mutation and but less

patients of LTM group (13.04%) showed a p53 mutation.
In this study, the effect of DNA hypomethylation in CBS
promoter (LTM group) and p53 mutation in tumor tissues
was consistent in patients’ classification (Spearman = 0.423,
Kappa = 0.396).

Up-regulation of CBS induced by DNA
hypomethylation and folate deficiency

Up-regulation of CBS induced by folate deficiency in
cultured cells

Quantitative real-time PCR showed that the mRNA
level of CBS was significantly higher in NCM460
cultured with 0.4 mg/L folate for 8 weeks than in cells
with 4.0 mg/L folate for 8 weeks (Figure 2A). Western
blotting also showed that the protein level of CBS was
significantly higher in NCM460 cultured with 0.4 mg/L
folate than in NCM460 with 4.0 mg/L folate (Figure 2A).
With the culture time extension (0, 2, 4, 6, 8 weeks),
the DNA methylation level of CBS promoter decreased
gradually and the expression level of CBS increased
gradually in NCM460 cultured with 0.4 mg/L folate,
but the DNA methylation level of CBS promoter and the
expression level of CBS were not significantly changed in
NCM460 with 4.0 mg/L folate (Figure 2A and 2B).

Up-regulation of CBS induced by
hypomethylation of promoter in tissue samples

Quantitative real-time PCR showed that the mRNA
level of CBS was significantly higher in tumor tissues
of patients from LTM group than from HTM group
(Figure 2C). As summarized in Figure 2D, most tumor
tissues of patients from LTM group (95.92%) showed a
moderate/high CBS staining, but less tumor tissues of
patients from HTM group (10.87%) showed a moderate/
high CBS staining (P < 0.001). In this study, the effect of
hypomethylation of CBS promoter in tumor tissues (LTM
group) and the moderate/high CBS staining was very
consistent in patients’ classification (Spearman = 0.854,
Kappa = 0.852).

Up-regulation of CBS induced by folate
deficiency in tissue samples

Quantitative real-time PCR showed that the mRNA
level of CBS was higher in tumor tissues of patients from
LF group than from HF group (Figure 2C). As summarized
in Figure 2D, most tumor tissues of patients from LF
group (83.93%) showed a moderate/high CBS staining,
but less tumor tissues of patients from HF group (12.82%)
showed a moderate/high CBS staining (P < 0.001). In this
study, the effect of low RBC folate level (HF group) and
the moderate/high CBS staining was very consistent in
patients’ classification (Spearman = 0.703, Kappa = 0.700).
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average age of 54.6 (10 stage I, 22 stage 11, 48 stage 111, and
15 stage IV) and the follow-up periods ranged from 6 to 60
months with a mean of 37.5 months. According to WHO
classification standards, 36.84% (35 of 95) of cases were
well-differentiated adenocarcinoma, 46.32% (44 of 95)
were moderately differentiated, and 16.84% (16 of 95)
were poorly differentiated. The majority (57.89%, 55 of 95)

Clinical implication of DNA methylation
patterns of CBS promoter in plasma

Clinicopathologic features

The clinicopathologic characteristics of CRC
patients are summarized in Table 1. The 95 patients
(54 males, 41 females) ranged from 34 to 84 with the
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Figure 1: DNA hypomethylation of CBS promoter was induced by folate deficiency. Folate was represented as FA. Red
blood cell folate level was represented as RBC folate level. Patients with a high RBC folate level (> 276 ng/mL) and a low RBC folate
level (<276 ng/mL) were reported as HF group and LF group, respectively. Patients with a high (> 41.58%) and a low (< 41.58%) DNA
methylation level of CBS promoter in tumor tissues were reported as HTM group and LTM group, respectively. (A) All solid and hollow
ellipses represented CpG sites in CpG island of promoter. All solid ellipses represented methylated sites but all hollow ellipses represented
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non-methylated sites. Abnormal changes in DNA methylation levels of HUNK (low FA: 27.39% + 9.40%, normal FA: 57.83% + 14.35%,
P <0.001), C210rf63 (low FA: 17.78% + 10.41%, normal FA: 37.78% =+ 17.92%, P = 0.016), CBS (low FA: 30.63% = 9.97%, normal FA:
70.63% +10.23%, P < 0.001), SUMO3 (low FA: 34.12% + 13.53%, normal FA: 52.94% =+ 14.14%, P = 0.011), SLC19A1 (low FA: 21.76%
+ 11.78%, normal FA: 50.00% + 7.47%, P < 0.001), DIP2A (low FA: 41.07% =+ 7.58%, normal FA: 58.93% + 12.74%, P = 0.001), USP25
(low FA: 41.18% £ 9.61%, normal FA: 26.47% + 13.37%, P = 0.024), CXADR (low FA: 76.67% + 14.14%, normal FA: 41.33% =+ 13.26%,
P <0.001), BRWDI (low FA: 65.29% + 16.28%, normal FA: 37.65% + 11.83%, P = 0.001), PWP2 (low FA: 32.50% + 10.54%, normal
FA: 15.00% =+ 5.62%, P < 0.001), and PTTGI1IP (low FA: 55.77% + 15.09%, normal FA: 35.00% = 13.98%, P = 0.007) were found in
NCM460 cultured with low (0.4 mg/L) or normal (4.0 mg/L) FA content. No significant changes in DNA methylation levels of TMEM50B
(low FA: 18.64% =+ 9.45%, normal FA: 27.73% + 13.29%, P = 0.127), DONSON (low FA: 29.47% =+ 13.63%, normal FA: 42.11% =+
12.65%, P = 0.082), SFRS15 (low FA: 45.00% = 8.69%, normal FA: 33.64% + 15.18%, P = 0.067), and PFKL (low FA: 58.89% + 17.61%,
normal FA: 45.56% + 14.30%, P = 0.108) were found in NCM460 cultured with low (0.4 mg/L) or normal (4.0 mg/L) FA content. (B) The
RBC folate level of patients (256.61 = 98.21 ng/mL) was significant lower than control people (450.87 + 160.44 ng/mL, P < 0.001). (C)
Abnormal changes in DNA methylation level of HUNK (LF group: 18.26% = 14.02%, HF group: 45.22% =+ 16.03%, P = 0.002), CBS (LF
group: 22.50% = 16.46%, HF group: 58.75% + 18.21%, P < 0.001), SUMO3 (LF group: 29.41% + 18.39%, HF group: 50.59% = 15.24%,
P =0.019), SLC19A1 (LF group: 20.59% = 15.50%, HF group: 52.94% + 14.41%, P < 0.001), DIP2A (LF group: 46.43% =+ 12.02%, HF
group: 66.07% £ 15.91%, P = 0.011), CXADR (LF group: 68.67% =+ 12.19%, HF group: 44.67% + 10.91%, P < 0.001), PWP2 (LF group:
34.17% + 14.80%, HF group: 18.33% + 13.92%, P = 0.030), and PTTGI1IP (LF group: 44.62% + 14.86%, HF group: 21.54% + 11.21%,
P =0.001) were found in tumor tissues of 10 patients from LF group or HF group. No significant changes in DNA methylation levels of
C21orf63 (LF group: 28.33% =+ 14.92%, HF group: 40.56% + 18.34%, P = 0.158), USP25 (LF group: 30.59% =+ 11.02%, HF group: 37.65%
+ 13.07%, P = 0.231), and BRWDI1 (LF group: 64.12% =+ 22.94%, HF group: 47.65% + 18.07%, P = 0.086) were found in tumor tissues
of 10 patients from LF group or HF group. (D) The DNA methylation level of CBS promoter in tumor tissues of patients from LF group
(25.22% =+ 14.98%) was significant lower than patients from HF group (65.06% + 19.22%, P < 0.001). (E) 47 of 56 patients from LF group
showed a low DNA methylation level of CBS promoter in tumor tissues (LTM group) but only 2 of 39 patients from HF group showed a
low DNA methylation level (LTM group).

of tumors were more advanced stage (pathologic T3 n = 42) and low cfDNA methylation level group (LPM
stage), and 17 of 95 patients had synchronous liver group, < mean, n = 53) according to the average cfDNA
metastasis at operation. 35 patients received postoperative methylation level of all patients (mean = 45.13%).
chemotherapy or radiationtherapy. Among them, 19 As summarized in Figure 3D, most patients from
patients received both chemotherapy and radiation, 12 LF group (89.29%) showed a low ¢cfDNA methylation
received postoperative chemotherapy alone, and 4 received level of CBS promoter in plasma (LPM group), but less
postoperative radiotherapy alone. patients from HF group (7.69%) showed a low cfDNA
methylation level (P < 0.001). In this study, the effect
DNA methylation patterns of CBS promoter in of low RBC folate level (LF group) and low cfDNA
plasma samples hypomethylation level of CBS promoter in patient plasma
(LPM group) was very consistent in patients’ classification
The cfDNA of 95 patients and 47 control people (Spearman = 0.808, Kappa = 0.807).
were all enriched with plasma samples and used to As summarized in Figure 3E, most patients of LTM
detect the cfDNA methylation level of CBS promoter. As group (95.92%) showed a low ¢cfDNA methylation level of
summarized in Figure 3A, the cfDNA methylation level CBS promoter in plasma (LPM group), but less patients of
of CBS promoter in plasma of patients was significantly HTM group (13.04%) showed a low cfDNA methylation
lower than in plasma of control people. Then, all 142 level (P < 0.001). The effect of hypomethylation of CBS
plasma samples (95 patients & 47 controls) were divided promoter in cfDNA of patient plasma (LPM group) and in
into high cfDNA methylation level samples and low DNA of tumor tissues (LTM group) was very consistent in
cfDNA methylation level samples according to the average patients’ classification (Spearman = 0.834, Kappa = 0.831).
cfDNA methylation level of all samples (mean = 51.98%).
As summarized in Figure 3B, more patients (64.21%) Clinicopathologic correlation
showed a low cfDNA methylation level of CBS promoter
in plasma, but less controls (21.28%) showed a low As summarized in Table 1, low cfDNA methylation
c¢fDNA methylation level of CBS promoter in plasma level of CBS promoter in plasma of patients (LPM group)
(P < 0.001). In our study, the specificity of low cfDNA was associated with age (P < 0.001), pT stage (P = 0.018),
methylation level of CBS promoter in plasma samples in pN stage (P = 0.021), liver metastasis (P = 0.003), pTNM
diagnosis of CRC patients was high (Spearman = 0.404, stage (P = 0.006), advanced Dukes’ stage (P = 0.013),
Kappa = 0.380). recurrence (P = 0.001), and five-year survival (P = 0.003).
As summarized in Figure 3C, the cfDNA methylation Take together the incidence of recurrence was significantly
level of CBS promoter in plasma of patients from LF group higher in patients of LPM group (60.38%) than HPM
was also significantly lower than in plasma of patients from group (26.19%), and 5-year survival rate was significantly
HF group. Finally, all 95 patients were also divided into lower in patients of LPM group (52.83%) than HPM group
high ¢fDNA methylation level group (HPM group, > mean, (21.43%). On the other hand, no significant differences
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Table 1: Clinicopathologic correlation of plasma cfDNA methylation of CBS promoter

Plasma cfDNA methylation level

HPM group (n =42)

LPM group (n =53)

Characteristic n 1 (%) 1 (%) P value
Age 54.6 +11.0 37.7+10.8 67.5+11.4 <0.001
Sex
Male 54 22 (52.38%) 32 (60.38%) 0.532
Female 41 20 (47.62%) 21 (39.62%)

Tumor location 0.806
left colon 8 5 (11.90%) 3 (05.66%)
right colon 14 6 (14.29%) 8 (15.09%)
sigmoid colon 16 7 (16.67%) 9 (16.98%)
rectum 57 24 (57.14%) 33 (62.27%)

Tumor size 0.193
>5cm 33 18 (42.86%) 15 (28.30%)
<5cm 62 24 (57.14%) 38 (71.70%)

pT stage 0.018*
pT, 10 8 (19.05%) 2 (03.77%)
pT, 22 12 (28.57%) 10 (18.87%)
pT, 55 21 (50.00%) 34 (64.15%)
pT, 8 1 (02.38%) 7 (13.21%)

pN stage 0.021*
PN, 45 26 (61.90%) 19 (35.85%)
PN, 28 11 (26.19%) 17 (32.08%)
pN, 22 5 (11.90%) 17 (32.08%)

Liver metastasist 0.003*
Absent 78 40 (95.24%) 38 (71.70%)
Present 17 2 (04.76%) 15 (28.30%)

pTNM stage 0.006%*
1 10 9 (21.43%) 1 (01.89%)
1I 22 10 (23.81%) 12 (22.64%)
111 48 20 (47.62%) 28 (52.83%)
v 15 3 (07.14%) 12 (22.64%)

Dukes’ stage 0.013*
A 10 7 (16.67%) 3 (05.66%)
B 46 25 (59.52%) 21 (39.62%)
C 31 9 (21.43%) 22 (41.51%)
D 8 1 (02.38%) 7 (13.21%)

Tumor differentiation 0.095
Well 35 20 (47.62%) 15 (28.30%)
Moderate 44 18 (42.86%) 26 (49.06%)
Poor 16 4 (09.52%) 12 (22.64%)

Cancer-related death 0.003*
> 5 years 58 33 (78.57%) 25 (47.17%)
<5 years 37 9 (21.43%) 28 (52.83%)

Recurrence 0.001*
Absent 52 31 (73.81%) 21 (39.62%)
Present 43 11 (26.19%) 32 (60.38%)

*The clinicopathologic features which were corrected with decreased cfDNA methylation level of CBS promoter in plasma

of patients.

TSynchronous liver metastasis at operation.

pTNM, pathologic tumor-node—metastasis.
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were observed regarding sex (P = 0.532), tumor
location (P = 0.806), tumor size (P = 0.193), and tumor
differentiation (P = 0.095).

Univariate and multivariate analyses of
recurrence and survival

The median follow-up time was 19 months and
the mean follow-up time was 37.5 months. In Univariate
analysis (Table 2), there is increased risk of recurrence
with increasing age (> 55 vs. <55, P = 0.021), pT stage
(T3 vs. T2, P = 0.026; T4 vs. T3, P = 0.023), pN stage
(N2 vs. N1, P = 0.009), liver metastasis (P = 0.004),

pathologic TNM stage (II vs. I, P = 0.042; III vs. II,
P =0.029; IV vs. III, P = 0.006), and cfDNA methylation
level of CBS promoter in plasma of patients (LPM group
vs. HPM group, P = 0.005). There is also increased risk
of cancer-related death with increasing age (> 55 vs. <55,
P =0.035), pT stage (T3 vs. T2, P = 0.030, T4 vs. T3,
P = 0.035), pN stage (N2 vs. N1, P = 0.023), liver
metastasis (P = 0.004), pathologic TNM stage (III vs. 1,
P =0.033; IV vs. III, P = 0.009), and cfDNA methylation
level of CBS promoter in plasma of patients (LPM group
vs. HPM group, P = 0.009). Kaplan-Meier curves obtained
with two categories resulted in statistically significant
correlation of patients of LPM group with decreased
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Figure 2: Up-regulation of CBS was induced by DNA hypomethylation and folate deficiency. (A) The relative level of CBS
mRNA in NCM460 cultured with low FA content (0.4 mg/L) gradually increased with the culture time extension (0 week: 3.64 £+ 0.67,
2 weeks: 6.48 + 0.62, 4 weeks: 8.13 £0.93, 6 weeks: 10.43 + 1.02, 8 weeks: 11.04 = 0.99, P < 0.001) and the level of CBS protein also
gradually increased with the culture time extension. The relative level of CBS mRNA in NCM460 cultured with normal FA content
(4.0mg/L) had no changes with the culture time extension (0 week: 3.44 + 0.47, 2 weeks: 3.63 + 0.58, 4 weeks: 3.19 + 0.83, 6 weeks:
3.50 + 0.67, 8 weeks: 3.76 + 0.66, P = 0.765) and the level of CBS protein also had no changes with the culture time extension. (B) The
DNA methylation level of CBS promoter cultured with low FA content (0.4 mg/L) gradually decreased with the culture time extension
(0 week: 71.88% £ 12.93%, 2 weeks: 66.25% + 11.49%, 4 weeks: 46.25% + 13.88%, 6 weeks: 34.38% + 10.72%, 8 weeks: 30.63% +9.97%,
P < 0.001). The DNA methylation level of CBS promoter cultured with normal FA content (4.0 mg/L) had no changes with the culture
time extension (0 week: 68.75% + 14.25%, 2 weeks: 69.38% =+ 12.95%, 4 weeks: 74.38% + 14.38%, 6 weeks: 71.25% + 12.87%, 8 weeks:
70.63% + 10.23%, P = 0.671). (C) The relative level of CBS mRNA in tumor tissues of patients from LTM group (7.22 + 1.87) was
significant higher than tumor tissues of patients from HTM group (2.78 £ 1.12, P < 0.001). The relative level of CBS mRNA in tumor
tissues of patients from LF group (6.65 +2.29) was significant higher than tumor tissues of patients from HF group (2.79 +1.27, P < 0.001).
(D) 47 of 49 patients from LTM group showed a moderate/high CBS staining but only 5 of 46 patients from HTM group showed a
moderate/high CBS staining. 47 of 56 patients from LF group showed a moderate/high CBS staining but only 5 of 39 patients from HTM
group showed a moderate/high CBS staining.
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Table 2: Univariate analysis of recurrence-free and overall survivals
Overall survival

Recurrence-free probability

Characteristic n RR (95% CI) P value RR (95% CI) P value
Age

< 55 years 41 1.00 1.00

> 55 years 54 1.43 (1.18-3.56) 0.035 1.61 (1.26-4.79) 0.021
Sex

Female 54 1.00 1.00

Male 41 1.21(0.77-1.92) 0.438 1.28 (0.85-2.01) 0.337
pT stage 0.034* 0.022*

pT, 10 1.00 1.00

pT, 22 4.69 (0.61-38.51) 0.229 6.91 (0.88-49.95) 0.165

pT, 55 8.83 (1.25-61.95) 0.030 9.73 (1.28-69.26) 0.026

pT, 8 9.27 (1.21-70.33) 0.035 10.14 (1.37-81.42) 0.023
pN stage 0.0187 0.009%

PN, 45 1.00 1.00

pN, 28 5.15(0.76-41.13) 0.102 2.83 (0.98-9.37) 0.071

pN, 22 10.91 (1.56-77.48) 0.023 7.17 (1.79-20.15) 0.009
Liver metastasis

Present 78 1.00 1.00

Absent 17 2.14 (1.34-4.95) 0.004 2.15 (1.41-5.07) 0.004
pTNM stage 0.009% 0.005%

I 10 1.00 1.00

11 22 3.16 (0.73-13.79) 0.105 8.15 (1.12-59.96) 0.042

I 48 4.94 (1.21-19.82) 0.033 8.99 (1.21-65.75) 0.029

v 15 8.79 (2.02-38.78) 0.009 18.53 (1.95-137.72) 0.006
CBS methylation

HPM group 42 1.00 1.00

LPM group 53 1.49 (1.15-2.64) 0.009 1.62 (1.29-3.68) 0.005

*Overall P value for pT stage.
TOverall P value for pN stage.
tOverall P value for pTNM stage.

95% CI, 95% confidence interval; pTNM, pathologic tumor-node—metastasis; RR, risk ratio.

tumor recurrence-free probability (Figure 3F) and overall
survival (Figure 3G).

Multivariate analysis indicated that low cfDNA
methylation level of CBS promoter in patient plasma
(LPM group) and liver metastasis remained as significant
independent prognostic factors of increased tumor
recurrence rate (P = 0.025 and P = 0.017, respectively)
and overall survival (P = 0.027 and P = 0.021,
respectively) for patients (Table 3).

DISCUSSION

It is generally known that epigenetic processes,
including DNA methylation, are important in development

and may be misdirected and predispose to tumorigenesis
[5-7]. However, exact DNA methylation alterations in
tumorigenesis are still unclear. In our study, aberrant DNA
methylation patterns overlapping the promoter region of
the relevant transcript (—800 bp ~ +200 bp) were screened
by NimbleGen MeDIP chip assay in normal human colon
mucosal epithelial cell line (NCM460), which was cultured
with a normal or low folate content. Some data of high-
throughput screening was further validated by BSP both
in vitro and in vivo, and then our attention was focused on
CBS, one important regulatory gene of folate metabolism
and tumorigenesis [26]. The detection and correlation
analysis of RBC folate level with CBS DNA methylation
level were carried out for all patients and control people
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enrolled in our study. In addition, the detection on CBS Although there have been studies on genetic or epigenetic

expression and the correlation analysis of CBS expression regulation of CBS and its role in tumorigenesis [27-28], to
with RBC folate level or CBS DNA methylation level were the best of our knowledge there are seldom reported studies
also carried out for all patients and control people. Our on the DNA hypomethylation of promoter and consequent
study showed that the long-term folate deficiency could up-regulation induced by folate deficiency in CRC.
lead to the DNA hypomethylation of CpG islands in CBS Previous studies have proved that 5-Hydroxy-
promoter, which would then result in up-regulation of CBS. methylcytosine (5-hmC) have an important role in the
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Figure 3: Analysis of correlation between cfDNA methylation level of CBS promoter in plasma of patients with patient
characteristics and clinical outcomes. Patients with a high (> 45.13%) and a low (< 45.13%) cfDNA methylation level of CBS
promoter in plasma were reported as HPM group and LPM group, respectively. (A) The cfDNA methylation level of CBS promoter in
plasma of patients (45.13% + 24.79%) was significant lower than controls (65.82% = 15.74%, P < 0.001). (B) Plasma samples from 95
patients and 47 controls were divided into high ¢fDNA methylation level and low ¢fDNA methylation level according to the average
cfDNA methylation level of all samples (mean = 51.98%). 61 of 95 patients showed a low cfDNA methylation level of CBS promoter in
plasma but 10 of 47 controls showed a low cfDNA methylation level of CBS promoter in plasma. (C) The cfDNA methylation level of CBS
promoter in plasma of patients from LF group (28.79% =+ 14.19%) was significant lower than patients from HF group (68.59% + 16.44%,
P < 0.001). (D) 50 of 56 patients from LF group showed a low cfDNA methylation level of CBS promoter in plasma (LPM group) but
only 3 of 39 patients from HF group showed a low methylation level (LPM group). (E) 47 of 49 patients from LTM group showed a low
cfDNA methylation level of CBS promoter in plasma (LPM group) but only 6 of 46 patients from HTM group showed a low methylation
level (LPM group). (F) Patients from LPM group had increased recurrence rate compared with patients from HPM group (P < 0.001).
(G) Patients from LPM group had decreased overall survival compared with patients from HPM group (P = 0.001).
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Table 3: Multivariate Cox regression analysis of recurrence and overall survivals

Overall survival

Recurrence-free probability

Characteristic n RR (95% CI) P value RR (95% CI) P value
pT stage 0.164* 0.128*

pT, 10 1.00 1.00

pT, 22 3.62 (0.51-13.19) 0.349 4.17 (0.58-16.95) 0.274

pT, 55 5.76 (0.94-16.12) 0.097 6.16 (0.91-19.92) 0.090

pT, 8 5.15(0.77-27.71) 0.105 8.73 (0.84-20.87) 0.075
pN stage 0.1017 0.0957

PN, 45 1.00 1.00

pN, 28 1.97 (0.75-8.19) 0.184 2.26 (0.85-6.37) 0.159

pN, 22 4.18 (0.89-14.42) 0.077 5.82 (0.98-16.75) 0.057
Liver metastasis

Present 78 1.00 1.00

Absent 17 1.91 (1.18-3.26) 0.025 2.15(1.28-4.91) 0.017
CBS methylation

HPM group 42 1.00 1.00

LPM group 53 1.35 (1.09-2.41) 0.027 1.54 (1.18-3.02) 0.021

*Qverall P value for pT stage.
TOverall P value for pN stage.
95% CI, 95% confidence interval; RR, risk ratio.

demethylation of DNA [24]. However, despite folate
deficiency can lead to reduce the total level of 5-hmC,
our results disclosed that DNA hypomethylation in CBS
promoter was mainly caused by folate deficiency but
not by the demethylation of 5-hmC. Therefore, further
studies on mechanisms of folate deficiency leading to the
decrease of total 5-hmC level and DNA hypomethylation
in the absence of significant changes of local 5-hmC levels
would help us to understand the role of DNA methylation
in tumorigenesis.

It is well-known that mutations in the tumor
suppressor gene p53 are very common in CRC and p53
is an important biomarker of CRC [25]. In our study,
DNA hypomethylation of CBS promoter was positively
correlated with p53 mutations. Recent findings revealed
novel stress response mechanisms to 5-FU, which function
independently of p53 and lead to mitochondrial apoptosis
through a molecular mechanism involving CBS [29].
Therefore, as an important enzyme involved in folate
metabolism [23], the interaction between CBS and p53
may play an important role in tumorigenesis and need
more in-depth discussion.

CRC is most common cancer in the world and the
morbidity and mortality increased quickly in China [1,
30]. Despite curative therapy, most patients still have
a disease relapse leading to morbidity and eventual
mortality in 5 years [1, 2]. The most important prognostic
indicators for CRC continue to be tumor stage and
prognostic or predictive markers [31]. However, useful

prognostic factors that relate to tumor stage and clinical
outcome in these patients are poorly defined. In recent
years the search for noninvasive biomarkers for CRC has
become a rapidly growing area of clinical research and the
discovery of circulating cell-free DNA in the peripheral
blood has created a new approach [32, 33]. Circulating
cfDNA in plasma is quite stable and characteristic of
tumor tissues [32, 34]. A large number of new researches
sufficiently attested that as a biomarker circulating cfDNA
methylation is very competitive [33, 35]. In our study, the
methylation level of CBS promoter in plasma cfDNA of
patients and controls were also detected and analyzed.
Our results indicated a cfDNA hypomethylation of CBS
promoter in patients and the methylation variation of
CBS promoter in plasma cfDNA is strikingly consistent
with tumor tissues. Even more important, patients with
cfDNA hypomethylation of CBS promoter in plasma were
correlated well with high tumor stage and poor clinical
outcome of CRC. Statistical analysis showed that DNA
hypomethylation of CBS promoter in plasma cfDNA could
serve as a potential noninvasive circulating biomarker.
Several cfDNA molecules had been identified as potential
prognostic indicators for CRC [32, 36]; however, few
methylation variations of cfDNA were identified as
biomarkers for CRC. In our opinion, our new findings
may be helpful in developing more effective diagnosis and
prognostic markers for CRC.

As a key vitamin, the intake of folate has gotten
more and more attention and an inverse relationship
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between folate intake and risk of CRC has already been
demonstrated in follow-Up studies [3, 17, 37]. Our study
showed the association between folate deficiency and
tumorigenesis of CRC once again. Because of the role
of folate as methyl donor and action in methyl group
metabolism, the most important potential mechanism for
carcinogenesis mediated by folate deficiency is aberrant
global hypometylation or regional hypermethylation [16,
18, 23]. And CBS is one key regulatory enzyme in folate
metabolism and plays an important role in promoting
cellular bioenergetics, proliferation, and migration of
cancer cells. [26-28, 38]. Therefore, the finding, that folate
deficiency would induce DNA hypomethylation of CBS,
in our study was reasonable and particularly important in
understanding the role of folate in tumorigenesis of CRC.
In addition, another outcome in our study that interested
us was that, even in folate deficiency, the promoter CpG
islands of some genes, such as CXADR, PWP2 and
PTTGIIP, still presented a state of hypermethylation. We
believe that further investigation on these genes may be
helpful in revealing mechanisms of folate.

In a word, long-term folate deficiency induces
DNA hypomethylation of CBS promoter in CRC and
then results in up-regulation of CBS. The cfDNA
hypomethylation of CBS promoter in plasma cfDNA of
patients is a potential noninvasive circulating biomarker
for CRC. Our study may be helpful in developing more
effective early diagnosis and prognostic markers for CRC.

MATERIALS AND METHODS

Cell culture

The normal human colon mucosal epithelial cell
line (NCM460) [21] used in our studies was obtained
from INCELL (San Antonio, TX, USA) and maintained in
DMEM (with 1000mg/L glucose and without L-glutamine,
sodium bicarbonate, folate) medium (D2429, Sigma-
Aldrich, MO, USA) supplemented with 15% (v/v)
KnockOut™ Serum Replacement (10828-028, Thermo
Fisher Scientific, CA, USA), and Penicillin-Streptomycin
(100x) (15140-122, Thermo Fisher Scientific, CA, USA).
NCM460 was maintained for 8 weeks in medium containing
normal (4.0 mg/L) or low (0.4 mg/L) concentrations of
folate according to the instructions of the medium.

Case collection

From March 2007 to March 2010, a total of 95
consecutive patients (54 males and 41 females) with
sporadic CRC, undergone surgical treatment without
preoperative chemotherapy or radiotherapy, were enrolled
in our studies (Table 1). Furthermore, a total of 47 control
people with endoscopically normal colon in the Healthcare
Center of Hangzhou Sanatorium was also enrolled.
Written informed consent was obtained prior to the study.

The research protocol and consent form were approved by
the Ethics Review Committee of Second Military Medical
University.

NimbleGen methylated DNA
Immunoprecipitation (MeDIP) chip array

The MeDIP chip array (NimbleGen, WI, USA),
which cover most of the CpG islands in the human
genome, was used to comprehensively analyze methylation
patterns of the cell samples cultured with normal or low
concentrations of folate. Chip assay and data analysis
were entrusted to the KangChen Bio-tech (Shanghai,
China). Briefly, the peaks data contains all identified peaks
overlapping CpG islands was collected. Then the peaks
data contains all peaks overlapping the promoter region of
the relevant transcript (—800 bp ~ +200 bp) was analyzed
and the report listing only the nearest peak to a transcript
was offered.

Tissue, whole blood, and plasma samples
preparation

All tumor tissues were taken from vital areas
of adenocarcinomas confirmed by three experienced
pathologists and those in which tumor cells occupied
a major component (> 80%) were chosen, 4-5 cm
distal to the resection margin from the same resected
adenocarcinoma respectively were used as adjacent control
tissues. Tissues were frozen in liquid nitrogen immediately
after surgical resection and kept at —80°C until DNA/RNA
extraction and immunoassay.

Whole blood samples were collected from 95
patients prior to treatment or 47 control people into
tubes containing EDTA (BD Biosciences, MD, USA)
and partly processed for plasma isolation within 2 hour
of collection. To obtain plasma, the whole blood samples
were centrifuged as follows, after the first centrifugation
at 1600 x g for 10 min, plasma supernatants were
carefully transferred to a new tube and centrifuged again
at 16,000 x g for 10 min. All Whole blood samples and
plasma samples were immediately stored at —80°C until
DNA extraction or further assay.

5-hmC detection

Dot blot assays now were performed as previously
described [39] to quantify total 5-hmC level in NCM460.
In brief, genomic DNA was prepared in 2xSSC buffer
and denatured for 10 min at 95°C. Samples were rapidly
chilled for 5 min and then spotted on a positive charged
nylon membrane (Roche Diagnostics, Mannheim,
Germany). The membrane was washed twice in 2xSSC
buffer, UV crosslink and dried for 1 hour at 70°C, and
then blocked with 5% casein buffer and incubated with
anti-5-hmC antibody (Active Motif, Cat. 39769, dilution at
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1:10000) at 4°C overnight. After incubation with species-
specific HRP-conjugated secondary antibody (ZSGB-
BIO, Cat. ZB-23012, dilution at 1:5000), dot signal was
visualized with the Western Bright ECL detection system
(Advansta, CA) by exposing to X-ray film. To ensure
equal spotting of total DNA on the membrane, the same
blot was stained with 0.02% methylene blue in 0.3 M
sodium acetate (pH 5.2). The 5-hmC intensity was finally
quantified by image processing and analysis.

The local level of 5-hmC in CBS promoter was
detected by Tet-assisted sodium bisulfite sequencing
(TAB-seq) in NCM460. The 5-hmC TAB-Seq Kit (A-
K0010, A&D Technology, Beijing, China) was used.
Genomic DNA was extracted as described above. One
microgram of sonicated genomic DNA was treated with
the 5-hmC TAB-Seq Kit according to the instructions. The
resultant PCR products were size-fractionated on a 1.0%
agarose gel, purified, and cloned into pMD™19-T Vector
(6013, TaKaRa). Finally, ten clones were sequenced
to ensure that we would have the power to calculate
statistical significance of any findings.

p53 mutation detection

p53 status in tumor samples was determined
by immunohistochemistry staining. In brief, antigen
retrieval was carried out on formalin-fixed paraffin-
embedded tissue sections for 20 minutes at 95°C using
Target retrieval solution (pH 6.0; Dako-Cytomation,
Carpinteria, CA). Immunolabeling was performed
with a mouse monoclonal antibody (clone DO-7;
Dako Cytomation) at 2.5 pg/ml. Immunocomplexes
were labeled with a biotinylated anti-mouse secondary
antibody, an avidin—biotin—horseradish peroxidase
complex (Vector Laboratories, Burlingame, CA),
and the 3,3'-diaminobenzidine chromogen. Nuclear
immunostainning for p53 was calculated as the percentage
of positive epithelial cells in relation to the total number
of cells encountered in at least 5-10 representative
high power fields (500-1000 epithelial cells). The
immunoreactivity was interpreted by means of light
microscopic examination and evaluated independently
by three experienced pathologists. The staining was
evaluated only in the areas with well-preserved tissue
morphology and away from necrosis or artefacts. Tumors
were scored as being positive for over-expression if
nuclear staining was evident in at least 10% of neoplastic
cells, consistent with other published analyses [40].

For the samples positive stained with p53, we
further detected p53 mutation by DHPLC and sequencing
method. Briefly, Genomic DNA was extracted from 10 mg
of each of the tumor samples, using the Dneasy tissue Kit
column (Qiagen, Valencia, CA, USA). Exons 2-9 of p53
was PCR amplified. PCR products were then performed
dHPLC analysis, fragments that displayed an abnormal
chromatogram at any temperature were bi-directionally

sequenced using an ABI 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA).

Biochemical assessment for red blood cell (RBC)
folate

To reflect the long-term folic acid stores of patients
[41], the levels of RBC folate were measured by an
electrochemical luminescence (ECL) immunoassay on
Beckman Coulter Access® 2 immunoassay analyzer
(Beckman Coulter, CA, USA) with the correlative kit for
RBC folate applications (Beckman Coulter). Inmunoassay
and data analysis were entrusted to the Intertek Medical
Testing Center (MDTC) (Shanghai, China). The expected
normal values (ENV) for RBC folate were more than
276 ng/ml (625 nmol/L) packed RBC according to the
manufacturer’s instructions. Folate deficiency was defined
when a RBC folate level was less than 276 ng/ml.

DNA isolation

DNA isolation from cell samples (5 x 10%case)
or tissue samples (25 mg/case) was performed with
DNeasy Blood & Tissue Kit (50) (69504, QIAGEN,
Hilden, Germany) according to the instructions. cfDNA
isolation from plasma samples (5 ml/case) was performed
with QIAamp Circulating Nucleic Acid Kit (50) (55114,
QIAGEN) according to the instructions. DNA was
dissolved in 80 pl elution buffer (EB) and stored at —80°C
until use in subsequent experiments. The quality control for
purified DNA was performed by detecting A, /A, ratio.

Bisulfite conversion of DNA and bisulfite
sequencing PCR (BSP)

Sodium bisulfite conversion and DNA recovery were
performed with EpiTect Bisulfite Kit (48) (59104, QIAGEN,
Germany) according to the manufacturer’s instructions.
Bisulfite-converted DNA was then re-suspended in 40 pl
EB and stored at —80°C until use in subsequent experiments.

A total of 10ng bisulfite-converted DNA
was amplified by PCR and all primers are listed in
Supplementary Table 2. All PCR reactions were performed
on Applied Biosystems® Veriti® Thermal Cycler (Thermo
Fisher Scientific, CA, USA) in a total volume of 25ul using
TaKaRa LA Taq® (RR02MA, TaKaRa, Japan). Then, PCR
products were cloned into the pMD™19-T Vector and
ten clones were sequenced using Applied Biosystems®
3130 Genetic Analyzer (Thermo Fisher Scientific). Then
the sequencing results were analyzed and determined the
methylation ratio (the number of methylated CpG sites/
the number of total CpG sites) of CpG island in each
sequencing clone. The mean of 10 clones of each sample
was used as the methylation ratio of the sample.
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RNA isolation, reverse transcription (RT)
reaction and quantitative real-time PCR

Total RNA was purified with a Trizol® Reagent kit
(Thermo Fisher Scientific) and treated with DNase I to
remove trace amounts of DNA contamination. RT reaction
was performed with an M-MLV Reverse Transcriptase kit
(Thermo Fisher Scientific). Quantitative real-time PCR
was performed by SYBR Green detection with StepOne™
Plus Real-Time PCR System (Thermo Fisher Scientific).
The relative level of CBS mRNA was normalized using
the 2-*4°T method relative to the B-actin internal reference.
Data were analyzed by the StepOne™ Software (version
2.1, Thermo Fisher Scientific). All primers are listed in
Supplementary Table 2.

Western blot

Western blot was performed with monoclonal anti-
CBS antibody (sc-100519, Santa Cruz, USA), horseradish
peroxidase (HRP)-conjugated secondary antibodies (R&D,
MN, USA) and substrate. Briefly, the harvested cells were
lysed in 10 mM Tris-HCI (pH 7.6), | mM EDTA, 400 mM
NaCl, 10% glycerol, 5 mM B-mercaptoethanol and a
protease inhibitor cocktail. Lysates were incubated on ice
for 10 min and then centrifuged at 8,000 x g to remove
cellular debris. Forty to fifty micrograms of protein were
used for Western transfer and immunobloting. Ponceau
S staining of membranes verified proper transfer of
proteins to nitrocellulose membranes. Monoclonal anti-
CBS antibody were used. A HRP-conjugated secondary
antibody was incubated for 2 hours at room temperature,
and the corresponding band was revealed using the DAB
method (Sigma, MO, USA). As control for equal loading of
the samples, the membranes were re-probed with B-actin.

Tissue immunohistochemistry

Tissues were identified on H&E-stained slides,
and then immunohistochemistry was performed with
monoclonal anti-CBS antibody. Briefly, Slides were fixed
with methanol-acetone (1:1) at —20°C for at least 10min
and rehydrated in PBS for 15 min at room temperature.
Monoclonal anti-CBS antibody was diluted in blocking
buffer (2% BSA, 0.2% Tween-20, 10% glycerol in PBS)
and incubated with the slides for 60min at room temperature
followed by three washes in PBS. The HRP-conjugated
secondary antibodies were diluted in blocking buffer and
incubated with the slides for an additional 45 min. To detect
nuclei, hematoxylin (Sigma) was added. After three washes
in PBS, DAB substrate (Sigma) was added for 20 min and
the reaction was then terminated. At last, the slides were
dehydrated with alcohol and mounted with mountant
solutions. Images were collected using a confocal scanning
microscope TCS SP2 (Leica Microsystems).

The protein levels were graded comprehensively by
the staining range and extent based on a modified Fromowitz
standard [42]. Briefly, 5 random visual fields were observed
and 100 cells were counted in each field. The average ratio
of stained cells in 5 fields was regarded as the positive range
score. Positive range scores were graded as follows: 0,
0-5%; 1, 6-25%; 2, 26-50%; 3, 51-75%; 4, >75%. Positive
extent scores were graded as follows: 0, no staining; 1, light
yellow; 2, brown; 3, dark brown. Combining above two
scores generated two options: negative/slight staining (< 4)
and moderate/high staining (> 4).

Statistical analysis

The data is updated using the latest information
on the vital status provided by telephone follow-up
or every time the patient comes for a follow-up visit.
Overall survival was calculated from time of surgery to
time of death from any cause or to time of last follow-
up. Cumulative recurrence-free probability was calculated
using the time between surgery date and first recurrence
date (if recurred) or last follow-up date (if did not recur).

Data are presented as mean + standard deviation (SD).
The Mann-Whitney U test was used for two independent
samples. The Wilcoxon test was used for paired samples.
The Fisher’s exact test was used for categorical data. The
Kaplan-Meier method was used in survival and recurrence-
free analysis and the log-rank test was used to compare
the statistical significance. The univariate Cox regression
analysis was used to determine the significance of clinical
and pathologic characteristics. Cox proportional hazards
models were fitted for multivariate analysis. Statistical
analyses were performed using the SPSS (version 22.0,
IBM, NY, USA). A two-sided significance level of 0.05 was
used for all statistical analyses.

Abbreviations

5-hydroxymethylcytosine,  5-hmC;  Bisulfite
sequencing PCR, BSP; Cell-free DNA cfDNA; Colorectal
cancer, CRC; Cystathionine-beta-synthase, CBS; Elution
buffer, EB; High RBC folate level group, HF group; High
tissue DNA methylation level group, HTM group; High
cfDNA methylation level group, HPM group; Low RBC
folate level group, LF group; Low tissue methylation level
group, LTM group; Low cfDNA methylation level group,
LPM group; Methylated DNA Immunoprecipitation,
MeDIP; Red blood cell folate, RBC folate; Tet-assisted
sodium bisulfite sequencing, TAB-seq

ACKNOWLEDGMENTS

The authors are very grateful to Prof Li-Qiang Hao
and Dr. Yan Zhu for their technical assistance and precious
suggestions.

www.impactjournals.com/oncotarget

51399

Oncotarget



CONFLICTS OF INTEREST

The authors declare that they have no conflicts of

interest.

GRANT SUPPORT

This work was supported by grants from the National

Natural Science Foundation of China (81272331) and
the National Key Research and Development Program
(2016 YFC1000503).

REFERENCES

10.

I1.

12.

Brenner H, Kloor M, Pox CP. Colorectal cancer. Lancet.
2014; 383:1490-502. doi: 10.1016/S0140-6736(13)61649-9.

Center MM, Jemal A, Smith RA, Ward E. Worldwide
variations in colorectal cancer. CA Cancer J Clin. 2009;
59:366-78. doi: 10.3322/caac.20038.

Song M, Garrett WS, Chan AT. Nutrients, foods, and
colorectal cancer prevention. Gastroenterology. 2015;
148:1244-60.¢16. doi: 10.1053/j.gastro.2014.12.035.

van Meer S, Leufkens AM, Bueno-de-Mesquita HB,
van Duijnhoven FJ, van Oijen MG, Siersema PD. Role
of dietary factors in survival and mortality in colorectal
cancer: a systematic review. Nutr Rev. 2013; 71:631-41.
doi: 10.1111/nure.12042.

Okugawa Y, Grady WM, Goel A. Epigenetic Alterations in
Colorectal Cancer: Emerging Biomarkers. Gastroenterology.
2015; 149:1204—-1225.e12. doi: 10.1053/j.gastr0.2015.07.011.
Hammoud SS, Cairns BR, Jones DA. Epigenetic regulation
of colon cancer and intestinal stem cells. Curr Opin Cell
Biol. 2013; 25:177-83. doi: 10.1016/j.ceb.2013.01.007.
ML, Riggi
reprogramming in cancer. Science. 2013; 339:1567-70. doi:
10.1126/science.1230184.

Sinicrope FA, Okamoto K, Kasi PM, Kawakami H.
Molecular Biomarkers in the Personalized Treatment of
Colorectal Cancer. Clin Gastroenterol Hepatol. 2016;
14:651-8. doi: 10.1016/j.cgh.2016.02.008.

Carethers JM, Jung BH. Genetics and Genetic Biomarkers

Suva N, Bernstein BE. Epigenetic

in Sporadic Colorectal Cancer. Gastroenterology. 2015;
149:1177-1190.¢e3. doi: 10.1053/j.gastro.2015.06.047.
Kim MS, Lee J, Sidransky D. DNA methylation markers in
colorectal cancer. Cancer Metastasis Rev. 2010; 29:181-206.
doi: 10.1007/s10555-010-9207-6.

Warton K, Mahon KL, Samimi G. Methylated circulating
tumor DNA in blood: power in cancer prognosis and
response. Endocr Relat Cancer. 2016; 23: R157-71. doi:
10.1530/ERC-15-0369.

Nochammer C, Pulverer W, Hassler MR, Hofner M,
Wielscher M, Vierlinger K, Liloglou T, McCarthy D,
Jensen TJ, Nygren A, Gohlke G,
Braspenning M, et al. Strategies for validation and testing of

H, Trooskens

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

DNA methylation biomarkers. Epigenomics. 2014; 6:603-22.
doi: 10.2217/epi.14.43.

Lillycrop KA, Burdge GC. Environmental challenge,
epigenetic plasticity and the induction of altered phenotypes
in mammals. Epigenomics. 2014; 6:623-36. doi: 10.2217/
epi.14.51.

Supic G, Jagodic M, Magic Z. Epigenetics: a new link
between nutrition and cancer. Nutr Cancer. 2013; 65:781-92.
doi: 10.1080/01635581.2013.805794.

Verma M. Cancer control and prevention: nutrition and
epigenetics. Curr Opin Clin Nutr Metab Care. 2013;
16:376-84. doi: 10.1097/MCO.0b013e328361dc70.

Williams EA. Folate, colorectal cancer and the involvement
of DNA methylation. Proc Nutr Soc. 2012; 71:592-7. doi:
10.1017/S0029665112000717.

Eichholzer M, Tonz O, Zimmermann R. Folic acid: a
public-health challenge. Lancet. 2006; 367:1352—61.

Ly A, Hoyt L, Crowell J, Kim YI. Folate and DNA
methylation. Antioxid Redox Signal. 2012; 17:302-26.
doi: 10.1089/ars.2012.4554.

de Vogel S, Dindore V, van Engeland M, Goldbohm RA,
van den Brandt PA, Weijenberg MP. Dietary folate,
methionine, riboflavin, and vitamin B-6 and risk of sporadic
colorectal cancer. J Nutr. 2008; 138:2372-8. doi: 10.3945/
jn.108.091157.

Padmanabhan N, Jia D, Geary-Joo C, Wu X, Ferguson-
Smith AC, Fung E, Bieda MC, Snyder FF, Gravel RA,
Cross JC, Watson ED. Mutation in folate metabolism
causes epigenetic instability and transgenerational eftects
on development. Cell. 2013; 155:81-93. doi: 10.1016/j.
cell.2013.09.002.

Moyer MP, Manzano LA, Merriman RL, Stauffer JS,
Tanzer LR. NCM460, a normal human colon mucosal
epithelial cell line. In Vitro Cell Dev Biol Anim. 1996;
32:315-7.

Watkins PC, Tanzi RE, Cheng SV, Gusella JF. Molecular
genetics of human chromosome 21. J Med Genet. 1987;
24:257-170.

Nazki FH, Sameer AS, Ganaie BA. Folate: metabolism,
genes, polymorphisms and the associated diseases. Gene.
2014; 533:11-20. doi: 10.1016/j.gene.2013.09.063.

Branco MR, Ficz G, Reik W. Uncovering the role of
S5-hydroxymethylcytosine in the epigenome. Nat Rev Genet.
2011; 13:7-13.

Liu Y, Zhang X, Han C, Wan G, Huang X, Ivan C, Jiang D,
Rodriguez-Aguayo C, Lopez-Berestein G, Rao PH, Maru DM,
Pahl A, He X, et al. TP53 loss creates therapeutic vulnerability
in colorectal cancer. Nature. 2015; 520:697-701.

d’Emmanuele di Villa Bianca R, Mitidieri E, Esposito D,
Donnarumma E, Russo A, Fusco F, lanaro A, Mirone V,
Cirino G, Russo G, Sorrentino R. Human Cystathionine-
B-Synthase Phosphorylation on Serine227 Modulates
Hydrogen Sulfide Production in Human Urothelium. PLoS
One. 2015; 10: e0136859.

WWW

.impactjournals.com/oncotarget

51400

Oncotarget



27.

28.

29.

30.

31.

32.

33.

34.

35.

Chakraborty PK, Xiong X, Mustafi SB, Saha S,
Dhanasekaran D, Mandal NA, McMeekin S,
Bhattacharya R, Mukherjee P. Role of cystathionine beta
synthase in lipid metabolism in ovarian cancer. Oncotarget.
2015; 6:37367—-84. doi: 10.18632/oncotarget.5424.

Szabo C, Coletta C, Chao C, Mddis K, Szczesny B,
Papapetropoulos A, Hellmich MR. Tumor-derived hydrogen
sulfide, produced by cystathionine-B-synthase, stimulates
bioenergetics, cell proliferation, and angiogenesis in colon
cancer. Proc Natl Acad Sci USA. 2013; 110:12474-9.
doi: 10.1073/pnas.1306241110.

Pagliara V, Saide A, Mitidieri E, d’Emmanuele di Villa
Bianca R, Sorrentino R, Russo G, Russo A. 5-FU targets
rpL3 to induce mitochondrial apoptosis via cystathionine-
B-synthase in colon cancer cells lacking p53. Oncotarget.
2016; 7:50333-50348. doi: 10.18632/oncotarget.10385.
Zhang B, Jia WH, Matsuda K, Kweon SS, Matsuo K,
Xiang YB, Shin A, Jee SH, Kim DH, Cai Q, Long J, Shi J,
Wen W, et al. Large-scale genetic study in East Asians
identifies six new loci associated with colorectal cancer risk.
Nat Genet. 2014; 46:533-42. doi: 10.1038/ng.2985.

Strum WB. Colorectal Adenomas. N Engl J Med. 2016;
374:1065-75. doi: 10.1056/NEJMral513581.

Dickinson BT, Kisiel J, Ahlquist DA, Grady WM.
Molecular markers for colorectal cancer screening. Gut.
2015; 64:1485-94. doi: 10.1136/gutjnl-2014-308075.

Lam K1, Pan K, Linnekamp JF, Medema JP, Kandimalla R.
DNA methylation based biomarkers in colorectal cancer:
A systematic review. Biochim Biophys Acta. 2016;
1866:106-120. doi: 10.1016/j.bbcan.2016.07.001.
Schwarzenbach H, Hoon DS, Pantel K. Cell-free nucleic
acids as biomarkers in cancer patients. Nat Rev Cancer.
2011; 11:426-37. doi: 10.1038/nrc3066.

Shan M, Yin H, LiJ, Li X, Wang D, Su Y, Niu M, Zhong Z,
Wang J, Zhang X, Kang W, Pang D. Detection of aberrant

36.

37.

38.

39.

40.

41.

42.

methylation of a six-gene panel in serum DNA for diagnosis
of breast cancer. Oncotarget. 2016; 7:18485-94. doi:
10.18632/oncotarget.7608.

Reinert T, Scheler LV, Thomsen R, Tobiasen H, Vang S,
Nordentoft I, Lamy P, Kannerup AS, Mortensen FV,
Stribolt K, Hamilton-Dutoit S, Nielsen HJ, Laurberg S,
et al. Analysis of circulating tumour DNA to monitor
disease burden following colorectal cancer surgery. Gut.
2016; 65:625-34. doi: 10.1136/gutjnl-2014-308859.

Lamprecht SA, Lipkin M. Chemoprevention of colon cancer
by calcium, vitamin D and folate: molecular mechanisms.
Nat Rev Cancer. 2003; 3:601-14.

Hellmich MR, Coletta C, Chao C, Szabo C. The therapeutic
potential of cystathionine B-synthetase/hydrogen sulfide
inhibition in cancer. Antioxid Redox Signal. 2015; 22:424-48.
doi: 10.1089/ars.2014.5933.

Yang Q, Wu K, Ji M, Jin W, He N, Shi B, Hou P. Decreased
5-hydroxymethylcytosine (5-hmC) is an independent poor
prognostic factor in gastric cancer patients. J Biomed
Nanotechnol. 2013; 9:1607-16.

Allegra CJ, Paik S, Colangelo LH, Parr AL, Kirsch I,
Kim G, Klein P, Johnston PG, Wolmark N, Wieand HS.
Prognostic value of thymidylate synthase, Ki-67, and p53
in patients with Dukes’ B and C colon cancer: a National
Cancer Institute-National Surgical Adjuvant Breast and
Bowel Project collaborative study. J Clin Oncol. 2003;
21:241-50.

De Bruyn E, Gulbis B, Cotton F. Serum and red blood cell
folate testing for folate deficiency: new features? Eur J
Haematol. 2014; 92:554-9.

Fromowitz FB, Viola MV, Chao S, Oravez S, Mishriki Y,
Finkel G, Grimson R, Lundy J. ras p21 expression in the
progression of breast cancer. Hum Pathol. 1987; 18:1268-75.

www.impactjournals.com/oncotarget

51401

Oncotarget



