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ABSTRACT

Aberrant DNA methylation is significantly associated with the prognosis of patients with colorectal
cancer (CRQ). Therefore, the aim of this study was to develop a CpG-methylation-based nomogram for
prognostic prediction in CRC. First, 378 CRC patients with methylation data from The Cancer Genome
Atlas were randomly divided into training cohort (n = 249) and test cohort (n = 129). A multistep
screening strategy was performed to identify six CpG sites that were significantly associated with
overall survival in the training cohort. Then, Cox regression modelling was performed to construct
a prognostic signature based on the candidate CpG sites. The six-CpG signature successfully separated
patients into high-risk and low-risk groups in both training and test cohorts, and its performance was
superior to that of previously published methylation markers (P < 0.05). Furthermore, we established
a prognostic nomogram incorporating this signature, TNM stage, and age. The nomogram exhibited
better prediction for overall survival in comparison with the three independent prognostic factors in
the training cohort (C-index: 0.798 vs 0.620 to 0.737; P < 0.001). In the test cohort, the performance of
nomogram was also superior to that of the three independent prognostic factors (C-index: 0.715 vs
0.590 to 0.665; P < 0.05). Meanwhile, the calibration curves for survival probability showed good
agreement between prediction by nomogram and actual observation in both training and test
cohorts. Together, the present study provides a novel CpG-methylation-based nomogram as
a promising predictor for overall survival of CRC patients, which may help improve decision-making
regarding the personalized treatments of patients with CRC.
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Introduction . . . . .
DNA methylation, the major epigenetic modifica-

tion, is involved in the regulation of gene expression.
Aberrant promoter hypermethylation silences
tumour suppressor genes and global DNA hypo-

Colorectal cancer (CRC) is the third most common
form of cancer and the second leading cause of cancer-
related death worldwide [1]. Currently, TNM staging

system is widely used to predict the prognosis of CRC
patients. However, CRC patients with the same TNM
stage often have distinct prognoses in clinical practice.
For instance, patients with stage I and IT CRC generally
have a favourable prognosis and are treated by surgical
resection alone. Unfortunately, approximately 10%
~30% of stage I and II CRC patients experience
tumour recurrence within 5 years after curative surgery
and require more intense treatment, such as adjuvant
chemotherapy [2,3]. Therefore, more precise prognos-
tic tools for CRC will enable individualized therapy
and improve patient prognosis.

methylation causes genomic instability, leading to
CRC initiation and progression [4]. The potential
prognostic utility of DNA methylation in CRC has
been increasingly highlighted. For instance, CpG
island methylator phenotype (CIMP), characterized
by a high prevalence of promoter CpG island methy-
lation, have been demonstrated to be an independent
prognostic factor in CRC [5,6]. Hypermethylation of
IGFBP3 was associated with poor CRC prognosis in
three separate studies [7-9]. Two panels of CpG sites
(CpGs) were recently reported as prognostic biomar-
kers for patients with CRC [10,11]. Nevertheless,
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most studies have focused on only one or a few genes
or on a subgroup of CRC patients with specific
clinical features. In addition, some methylation
panels comprise a large number of markers and
lack a prognostic score formula, making them unfea-
sible in clinical practice.

Based on genome-wide DNA methylation data
for tumour tissues from CRC patients in The
Cancer Genome Atlas (TCGA) database, the pre-
sent study established and validated a six-CpG
signature to predict overall survival (OS). We
then investigated the potential biological pro-
cesses underlying the involvement of the six-
CpG signature in CRC. Moreover, we compared
the predictive ability of the methylation signature
and previous CpG methylation markers. As
a result, a prognostic nomogram was built that
encompasses the methylation signature and sev-
eral independent clinical prognostic factors to
improve the predictive accuracy of OS for
patients with CRC.

Results
Patient characteristics

The clinicopathological characteristics of the
study populations are listed in Table 1. The
median age of these 378 patients was 66 years
(range, 31 ~ 90 years). The median OS and
progression-free survival (PFS) were 676 days
and 588 days, respectively. The 3-year and
5-year OS rates were 63.7% and 39.0%, respec-
tively. The 3-year and 5-year PFS rates were
42.1% and 23.3%, respectively. OS was defined
as the time from the date of initial diagnosis to
the date of death or last contact. PFS was
defined as the time from the date of initial
diagnosis to the date of disease progression,
death, or last contact. The TNM stage was deter-
mined according to the seventh edition of the
American Joint Commission on Cancer staging
system. The right-sided colon includes from the
caecum to the transverse colon, and the left-

Table 1. Clinicopathological characteristics of CRC patients from TCGA database.

Entire cohort (n = 378)

Training cohort (n = 249) Test cohort (n = 129)

Characteristic Group Number Percentage (%) Number Percentage (%) Number Percentage (%)
Age (years) < 60 135 35.71 89 35.74 46 35.66
> 60 243 64.29 160 64.26 83 64.34
Gender Male 207 54.76 143 57.43 64 49.61
Female 171 45.24 106 42.57 65 50.39
Race Asia 12 3.18 7 2.81 5 3.88
White 276 73.02 178 71.49 98 75.97
Black 60 15.87 41 16.46 19 14.73
American Indian 1 0.26 0 0.00 1 0.77
Not available 29 7.67 23 9.24 6 4.65
T stage T 12 3.18 8 3.21 4 3.10
T2 54 14.29 29 11.65 25 19.38
T3 262 69.31 178 71.49 84 65.12
T4 49 12.96 33 13.25 16 12.40
Not available 1 0.26 1 0.40 0 0.00
N stage NO 204 53.97 136 54.62 68 5271
N1 102 26.99 63 2530 39 30.23
N2 69 18.25 47 18.88 22 17.06
Nx 2 0.53 2 0.80 0 0.00
Not available 1 0.26 1 0.40 0 0.00
M stage MO 313 82.80 206 82.73 107 82.95
M1 54 14.29 34 13.65 20 15.50
Mx 8 2.12 6 241 2 1.55
Not available 3 0.79 3 1.21 0 0.00
TNM stage | 55 14.55 32 12.85 23 17.83
Il 137 36.24 95 38.15 42 32.56
I} 121 32.01 79 31.73 42 32.56
\ 54 14.29 34 13.65 20 15.50
Not available 1 291 9 3.62 2 1.55
Location Right colon 167 44.18 109 43.78 58 44.96
Left colon 100 26.45 62 24.90 38 29.46
Rectum 92 24.34 64 25.70 28 21.70
Not available 19 5.03 14 5.62 5 3.88




sided colon includes from the splenic flexure to
the rectosigmoid junction.

Identification of candidate CpG sites in the
training cohort

A multistep screening strategy was performed to
screen a panel of CpGs as prognostic markers in
CRC. First, 42,632 CpGs that had a standard devia-
tion of greater than 0.2 in tumour tissues of the
training cohort were selected to fit univariate Cox
regression models. Then, using unsupervised hier-
archical clustering based on the 3299 CpGs signifi-
cantly associated with OS (P < 0.05), patients in
training cohort were clustered into two groups with
a significant difference in survival (hazard ratio
[HR], 3.228; 95% confidence interval [CI],
1.678 ~ 6.202; P < 0.001, Figure 1(a,b)). Based on
1526 differentially methylated CpGs (Wilcoxon
rank test P value <0.05 and |CpG methylation dif-
ference| >0.15) between the two groups generated
by the clustering (Supplementary Figure S1A), we
further identified 47 labelled CpGs by executing
Least Absolute Shrinkage and Selector Operation
(LASSO) logistic regression (Supplementary Figure
S1B). Meanwhile, supervised hierarchical clustering
of test cohort with the 47 labelled CpGs showed
that patients were segregated into two distinct sur-
vival groups (HR, 2.199; 95% CI, 0.997 ~ 4.849;
P = 0.025; Figure 1(c)). Finally, regularized Cox
regression of the 47 CpGs was performed to iden-
tify six candidate CpGs (Figure 1(d)), including
cg03091331, cg06884352, cg07707546, cg08081805,
€g21347353, and cg25164589. No significant colli-
nearity was observed among these CpGs (Figure

1(e)).

Building and validating a CpG methylation
signature for survival prediction

Using the six candidate CpGs, we constructed
a prognostic signature in training cohort, and
obtained a CpG methylation risk score formula:
risk score = 0919 x [ value of cg03091331
+ 0.963 x P value of cg06884352 + 0.703 x [ value
of cg07707546 + 0.721 x [ value of cg08081805
+ 0.587 x P value of cg21347353 + 0.528 x [ value
of cg25164589 (Table 2). The distribution of risk
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score, survival status, and CpG methylation level
for patients in training cohort showed that patients
with lower risk score generally had better survival
and lower methylation levels of the six CpGs than
patients with higher risk score (Figure 2(a)). Using
the optimal risk score cut-off of 2.020 generated by
X-tile plots (Supplementary Figure S2), patients in
training cohort were separated into high-risk group
(n =63, 25.3%) and low-risk group (n = 186, 74.7%).
Kaplan-Meier survival curves, depicted in Figure 2
(b), indicated that high-risk patients had worse OS
(HR, 4.129; 95% CI, 2.101 ~ 8.011; P < 0.001) and
PES (HR, 1.988; 95% CI, 1.184 ~ 3.338; P = 0.002)
than low-risk patients.

Meanwhile, the risk score of patients in the test
cohort was also calculated according to the risk
score formula. Compared to patients with a higher
risk score, patients with lower risk score exhibited
better survival and lower methylation levels of the
six CpGs (Figure 2(c)). Based on the same risk score
cut-off used in the training cohort, patients in test
cohort were divided into high-risk group (n = 23,
17.8%) and low-risk group (n = 106, 82.2%)
(Supplementary Table S1). As shown in Figure 2
(d), patients in the high-risk group had worse OS
(HR, 2.795; 95% CI, 1.169 ~ 6.681; P = 0.003) and
PES (HR, 2.313; 95% CI, 1.077 ~ 4.966; P = 0.006)
than patients in the low-risk group.

Correlations among CpG methylation, gene
expression, and OS

After the optimal cut-off for each CpG was deter-
mined using X-tile plots, CRC patients in the entire
cohort were classified into hypermethylation and
hypomethylation groups. Kaplan-Meier survival
analysis showed that the OS of patients in hypo-
methylation group was significantly better than in
hypermethylation group (P < 0.01, Figure 3(af)).
Among the six CpGs, two (cg07707546 and
cg08081805) are located in the promoter region of
NPY2R and the gene body of RASIPI, respectively.
Spearman rank correlation test was performed to
analyse the relationship between the methylation
levels of the two CpGs and the expression of the
corresponding genes using TCGA methylation and
expression data. As expected, cg07707546 methyla-
tion was negatively correlated with NPY2R
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Figure 1. Identification of six candidate CpGs in the training cohort. (a) Unsupervised hierarchical clustering and heatmap for 249
CRC patients based on 3299 CpGs associated with OS. Each column corresponds to an individual patient and each row corresponds
to an individual CpG. (b) Kaplan-Meier survival curves of the two groups generated by the clustering. (c) Kaplan-Meier survival curves
of the two groups generated by the supervised hierarchical clustering in the test cohort. (d) Ten-fold cross-validation for regularized
cox regression with L1 penalty identified six candidate CpGs. The two dotted vertical lines are drawn at the optimal values by
minimum criteria and 1-standard error criteria, respectively. The tuning parameter A = 0.057 with log (\) = —2.863 was determined
by minimum criteria. (e) Correlations among the methylation levels of the six CpGs.

expression (rho = —0.135, P = 0.008). Higher expres-
sion of NPY2R gene was significantly associated with
better OS in 580 CRC patients with expression data
(Figure 3(g)). However, cg08081805 methylation
was not significantly correlated with RASIPI expres-
sion (rho = 0.077, P = 0.130).

Potential biological processes associated with
high-risk group identified by the six-CpG
signature

Based on gene set enrichment analysis (GSEA) [12]
between high- and low-risk groups in the entire
cohort, we found that the gene expression signatures
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Table 2. Characteristics of six CpG markers in the methylation signature.

ID RefGene Chr Location Feature type Coefficient Wald z value Wald Test P value
¢g03091331 19 IGR Island 0919 1.528 0.127
906884352 8 IGR Opensea 0.963 1.786 0.074
¢cg07707546 NPY2R 4 TSS1500 Shore 0.703 0.986 0.324
¢cg08081805 RASIP1 19 Body Island 0.721 1.206 0.228
€g21347353 22 IGR Shore 0.587 0.834 0.404
925164589 10 IGR Opensea 0.528 0.859 0.391

of ‘Sumoylation of DNA methylation proteins’,
‘Regulated by methylation down’, ‘EZH2 targets’,
‘Colon cancer MSI up’, ‘DNA repair genes,
‘Metastasis up’, ‘Epithelial-mesenchymal transition
up’, ‘Proliferation’, and ‘G2 M cell cycle’ were sig-
nificantly enriched in high-risk group defined by the
six-CpG signature (false discovery rate [FDR] <0.01,
Figure 4, Supplementary Table S2). The results
revealed that methylation of the six identified CpGs
may play an important role in the development of
CRC through regulating the aforementioned biolo-
gical pathways.

Comparison of predictive ability between the
six-CpG signature and previous methylation
markers

To verify whether our six-CpG signature was super-
ior to other markers at predicting survival in CRC,
we compared the predictive efficacy of our methyla-
tion signature and previous methylation markers by
the same methodology. Cox regression models were
first established in training cohort using the six CpGs
from our study, five CpGs from Jia et al. [11], and 19
CpGs from Giindert et al. [10] (Supplementary Table
§3), respectively. Then, ROC analyses of different
methylation panels were performed in the test cohort
and the area under ROC curve (AUC) values were
compared by Z test. The results suggested that our
six-CpG  signature outperformed previous CpG
methylation markers at predicting the 3-year and
5-year OS of CRC patients (Figure 5, P < 0.05).

Identification of independent prognostic factors

To substantiate whether the six-CpG signature was an
independent prognostic factor for OS, Kaplan-Meier
survival analysis was performed in patients stratified
by different clinicopathological characteristics, includ-
ing age, gender, race, TNM stage, and tumour

location. Irrespective of clinicopathological character-
istics, the six-CpG signature remained significantly
associated with OS (P < 0.01, Figure 6,
Supplementary Figure S3). For instance, CRC patients
in the same TNM stage, including early stage (stage I/
IT) and advanced stage (stage III/IV), could be suc-
cessfully divided into two groups with significant
differences in survival (P < 0.001, Figure 6(b,c)).
Additionally, the abovementioned clinicopathological
characteristics and our six-CpG signature were
entered in univariate and multivariate Cox regression
analyses in the entire cohort. The results demon-
strated that the six-CpG signature, TNM stage, and
age were independent prognostic factors for OS
(Table 3).

Building and validating a nomogram for OS
prediction

Based on the three independent prognostic fac-
tors, we established a prognostic nomogram for
predicting the 3-year and 5-year OS in the train-
ing cohort (Figure 7(a)). The total points (Nomo-
score) of each patient in the training cohort were
calculated according to the nomogram. Using the
Nomo-score cut-off values of 91.65 and 117.06
generated by X-tile plots (Supplementary Figure
S§4), patients in the training cohort were separated
into high-risk, intermediate-risk, and low-risk
groups. Kaplan-Meier survival curves showed sig-
nificant survival differences among the three
groups (P < 0.05) (Figure 7(b)). The concordance
index (C-index) of the nomogram for predicting
OS was 0.798 (95% CI, 0.742 ~ 0.854), and cali-
bration curves for the 3-year and 5-year OS prob-
ability showed optimal agreement between the
prediction and actual observation (Figure 7(c))
Furthermore, the Nomo-score of each patient in
the test cohort was also calculated according to the
nomogram. Using the same cut-off values used in
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Figure 2. Risk score distribution and survival analysis of the six-CpG signature in training and test cohorts. The distribution of risk
score, survival status, and CpG methylation level for patients in training cohort (a) and test cohort (c). Kaplan—Meier survival curves
of the OS and PFS of patients using the six-CpG signature in training cohort (b) and test cohort (d).

the training cohort, patients in the test cohort were  prediction was 0.715 (95% CI, 0.601 ~ 0.829).
divided into three groups with significant differ-  The calibration curves displayed good agreement
ences in survival (P < 0.05, Figure 7(d)). In the test  between prediction and actual observation in the
cohort, the C-index of the nomogram for OS 3-year and 5-year OS probability (Figure 7(e)).
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Figure 3. Correlations among CpG methylation, gene expression, and OS. (a—f) Kaplan-Meier survival curves of six CpGs in 378 CRC
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Comparison of predictive ability between the
nomogram and independent prognostic factors

Currently, the TNM staging system is widely used
to predict the survival of CRC patients in clinical
practice. In the entire cohort, we found that the

TNM staging system showed good prognostic
differentiation for patients between stage III and
IV, and yet poor prognostic differentiation for
patients between stage I and II (Figure 8(a)). In
contrast, using the quartiles of Nomo-score as
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Figure 4. GSEA analysis between the high- and low-risk groups in the entire cohort. Enrichment plots of representative gene sets in

the high-risk group (FDR < 0.01).

cut-off values (67.368, 84.095, and 105.121), our
nomogram successfully segregated patients into
four groups with significant differences in survi-
val (P < 0.05, Figure 8(b)). We further compared
the predictive accuracy for OS between our
nomogram and the three independent factors in
both training and test cohorts. In the training
cohort, the C-index of the nomogram (0.798)
was significantly higher than that of the six-CpG
signature (0.702), combined clinical factors

(TNM and age, 0.737), TNM staging system
(0.713), and age (0.620) (P < 0.001). Likewise,
the C-indexes of the six-CpG signature, com-
bined clinical factors, TNM staging system, and
age were 0.642, 0.665, 0.635, and 0.590, respec-
tively, all of which were significantly lower than
that of the nomogram (0.715) in test cohort
(P < 0.05). Overall, our prognostic nomogram
had better predictive performance than the three
independent factors.
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Figure 5. ROC curves of the six-CpG signature and other prognostic methylation markers in test cohort for predicting OS at 3 years
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in TCGA-COAD and TCGA-READ datasets.

Discussion

CRC is a highly heterogeneous disease that comprises
avariety of molecular subtypes with distinct prognoses
[13,14]. The current widely used TNM staging system
alone cannot precisely identify CRC patients with
poor prognosis and frequently leads to improper treat-
ments in clinical practice. In this study, based on
genome-wide DNA methylation profiling, we identi-
fied six CpGs significantly correlated with OS of
patients with CRC. Then, a signature based on the
six CpGs was constructed and validated as
a promising predictor of OS in CRC. The six-CpG
signature still performed well in patients regrouped by
different clinicopathological characteristics.
Moreover, GSEA analysis revealed that the high-risk
group defined by the six-CpG signature was signifi-
cantly enriched with gene sets associated with DNA
methylation, tumour proliferation, and metastasis.
An increasing number of studies have suggested
that CpG methylation signature can act as a reliable
prognostic biomarker in multiple human cancers
[10,11,15-19]. For instance, Jia et al. [11] found that
a panel of seven CpGs located in CIMP-related genes
served as a prognostic marker for OS of patients with
CRC. A classifier based on 20 CpGs was reported by

Giindert et al. [10] to predict the prognosis of non-
metastatic CRC patients. ROC analysis showed that
our six-CpG signature outperformed these two pre-
viously published panels of CpG methylation markers
for predicting OS of CRC patients. In addition, unlike
the two studies where hypomethylation of CpGs was
associated with poor prognosis in CRC, hypermethy-
lation of each CpG in our methylation signature pre-
dicted poor survival. Among the six CpGs identified
in our study, four (cg03091331, cg06884352,
€g21347353, and ¢g25164589) are located in inter-
genic regions, and the remaining two (cg07707546
and cg08081805) are located in the promoter region
of NPY2R and the gene body of RASIP]I, respectively.
The results indicated that methylation of intergenic
regions may play an important role in tumorigenesis.
In fact, intergenic DNA methylation has been sug-
gested to affect alternative splicing and the expression
of noncoding RNAs in cancer development [20,21].
In addition, hypermethylation of NPY2R has been
reported to be associated with poor prognosis in
head and neck cancer [22]. BIM-43,004-1, a NPY2R
agonist, was found to inhibit pancreatic cancer growth
in mice [23]. RASIPI, essential for blood vessel devel-
opment, has been demonstrated to be overexpressed
and promote cancer cell migration in nonsmall-cell
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Figure 6. Subgroup analysis of the six-CpG signature in the entire cohort. (a) The results of Kaplan—-Meier survival analysis of the six-
CpG signature in different subgroups stratified by clinicopathological characteristics. Kaplan—-Meier survival curves of the six-CpG
signature in patients with different TNM stage, including stage I/Il (b) and stage IlI/IV (c).

Table 3. Univariate and multivariate Cox regression analyses of clinicopathological characteristics and six-CpG signature in the entire

cohort.

Univariate analysis

Multivariate analysis

Characteristic HR (95% Cl) P value HR (95% CI) P value
Age (=60 years vs <60 years) 1.727 (1.101-2.707) 0.031 1.922 (1.040-3.550) 0.037
Gender (female vs male) 0.743 (0.483-1.143) 0.182
Race (white vs black) 1.142 (0.620-2.102) 0.683
TNM stage (stage III/IV vs stagel/Il) 2.939 (1.871-4.615) < 0.001 3.532 (1.994-6.259) < 0.001
Location (right vs left) 1.282 (0.820-2.002) 0.272
Six-CpG signature (high risk vs low risk) 3.582 (2.105-6.096) < 0.001 2.915 (1.706-4.981) < 0.001

lung cancer [24]. Nevertheless, the function of
RASIP1 methylation in cancer remains unclear.

Several studies have re
display  better

predictive

vealed that nomograms
efficacy  than

conventional TNM staging system for prognosis
in some cancers [25-27]. Although prognostic
nomograms comprising important clinicopatho-
logic characteristics have been reported in CRC
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Figure 7. Construction and validation of the prognostic nomogram. (a) Nomogram for predicting the 3-year and 5-year OS of
patients with CRC. Kaplan-Meier curves of three subgroups stratified by the total points of the nomogram in training cohort (b) and
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[28-30], methylation markers are not included. =~ than TNM staging system for predicting OS of
Herein, we built a prognostic nomogram encom-  CRC patients.

passing the six-CpG signature, TNM stage, and Compared with previous methylation studies in
age in CRC. Moreover, we demonstrated that the =~ CRC prognosis, our study has several strengths.
methylation-based nomogram was more accurate  First, due to the inclusion of relatively few
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markers, our methylation signature is cheaper and
easier to be measured in clinical practice. Second,
most studies on CRC prognosis have not investi-
gated the CpG methylation of intergenic regions.
The value of intergenic DNA methylation in pre-
dicting the prognosis of CRC patients was sug-
gested in our study. Third, our study is the first
to use the nomogram, an easily understandable
and acceptable method by clinicians, to incorpo-
rate methylation markers and independent clini-
copathologic prognostic factors for prognostic
prediction of patients with CRC. Nevertheless,
some limitations of this study need to be noted.
For instance, our nomogram did not encompass
some important pathological features, such as
microsatellite instability (MSI) status and KRAS/
BRAF mutations, which are considered prognostic
factors in CRC [31-33]. In addition, more valida-
tion cohorts are required to further confirm the
stability of the prognostic nomogram.

Conclusions

In summary, we developed a CpG-methylation-
based nomogram for prognostic prediction of
patients with CRC that is superior to conventional
TNM staging system. The prognostic nomogram
may guide personalized treatments and enhance
the postoperative surveillance of CRC patients.

Materials and methods

DNA methylation, gene expression, and related
clinical data

Methylation ~ data  (level 3, [llumina
HumanMethylation450 BeadChip), gene expres-
sion data (level 3, Illumina HiSeq RNASeq
Version 2), and related clinical information on
tumour tissues from patients with colon cancer
(COAD) or rectum cancer (READ) were retrieved
from TCGA database up to January 2019. The
methylation level of each CpG was expressed as
a B value, calculated as M/(M + U + 100), where
M and U represent fully methylated and
unmethylated signal intensities, respectively. The
log2 (normalized count + 1) was used as a gene
expression level. Data preprocessing was per-
formed as described in our previous study [34].
Only data for patients who had complete survival
information and did not receive neoadjuvant che-
motherapy were selected. Consequently, 378
patients (286 colon cancer and 92 rectum cancer)
with methylation data and 580 patients (428
colon cancer and 156 rectum cancer) with gene
expression data were included in this study. PCA
and unsupervised hierarchical clustering showed
no significant differences between TCGA-COAD
and TCGA-READ datasets (Supplementary
Figure S5). The 378 patients with methylation
data were randomly divided into training cohort



(n = 249) and test cohort (n = 129) with a 2:1
ratio.

Selection of candidate CpG sites

To identify a panel of CpGs significantly asso-
ciated with OS, a multistep screening strategy was
conducted in the training cohort. First, similar to
previous studies where the most variably methy-
lated CpGs were used to divide tumour patients
into distinct survival subgroups [35,36], we
selected the CpGs with a standard deviation of
greater than 0.2 in tumour tissues to fit univariate
Cox regression models in the training cohort.
Then, the prognosis-related CpGs (P < 0.05)
were used for hierarchical clustering with the
complete method for agglomerating the manhat-
tan distances to divide the samples of training
cohort into two groups with a difference in sur-
vival. The labelled CpGs between the two groups
were identified by successively executing differ-
ential methylation analysis (Wilcoxon rank test
P value <0.05 and |CpG methylation difference|
>0.15) and LASSO logistic regression with ten-
fold cross-validation, and then validated in test
cohort using supervised hierarchical clustering.
Finally, regularized Cox regression, implemented
in R ‘glmnet’ package, was performed with 10-
fold cross-validation to identify the candidate
CpGs with nonzero coefficients.

Statistical analysis

All the statistical analyses were performed with
R software version 3.6.0 unless otherwise stated.
Using the candidate CpGs as covariates in Cox
regression model, a prognostic methylation signa-
ture was constructed in the training cohort. The
CpG methylation risk score for each patient was
calculated by multiplying the methylation values of
candidate CpGs by the corresponding regression
coefficients. The differences in biological pathways
between high-risk and low-risk groups defined by
the methylation signature were identified by GSEA
analysis in GSEA v4.02 software. The reference
gene sets (c2.all.v7.0.symbols) were obtained from
Molecular Signatures Database (MSigDB, www.
broadinstitute.org/msigdb). Time-dependent ROC
analysis, implemented in R ‘timeROC’ package,
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was used to assess the predictive ability of our
methylation signature and previous methylation
markers in predicting the prognosis of CRC
patients, and the AUC values were compared
with Z test. The larger the AUC value is, the
more accurate the risk prediction. Univariate and
multivariate Cox regression analyses were used to
assess the relationships between clinical character-
istics and OS. Using the R ‘rms’ package,
a nomogram for predicting 3-year and 5-year OS
was constructed based on independent prognostic
factors. The performance of the nomogram was
assessed by the C-index and calibration curves.
Bootstraps with 1,000 resamples were used for
these activities. The nomogram and independent
prognostic factors were compared with R ‘Hmisc’
package and evaluated by the C-index. The larger
the C-index is, the more accurate the prognostic
prediction. The total points (Nomo-score) for each
patient were calculated based on the prognostic
nomogram. The optimal cut-oft values for CpG
methylation risk score and Nomo-score were
determined by X-tile software version 3.6.1 based
on the highest x*-value with Kaplan-Meier survi-
val analysis. Survival curves of the groups were
plotted using Kaplan-Meier method and com-
pared with log-rank test. A two-sided P value
<0.05 was considered statistically significant.
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