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Colorectal cancer (CRC) is the second most commonly diagnosed cancer in females and the third in males
worldwide. Although existing evidence explained some critical functions of the single genetic abnormality in
the pathogenesis of CRC, the function of interactors involved in the colon-specific regulatory network, espe-
cially DNA methylation regulated network is still poorly understood.

In this work, matched gene expression and DNA methylation samples of CRC patients were retrieved. Differential
gene expression and methylation analyses were performed. In addition, gene expression and DNA methyla-
tion were integrated into a colon-specific regulatory gene network, detecting the epigenetically regulated gene
modules which drive CRC through an underlying epigenetic mechanism. Finally, the colon-specific DNA meth-
ylation-regulated gene modules were validated using an independent set of CRC patients.

Differential gene expression analysis demonstrated the upregulation of the cell cycle and DNA replication and
downregulation of cGMP-PKG signaling pathway and calcium signaling pathway in CRC. Differentially methyl-
ated regions (DMRs) showed the different levels of methylation in promoters, CpG islands, and genes in CRC.
In addition, gene expression and DNA methylation were integrated into a colon-specific regulatory gene net-
work, detecting 8 epigenetically regulated gene modules which drive CRC through an underlying epigenetic
mechanism. Interestingly, 2 of the colon-specific DNA methylation-regulated gene modules showed a signifi-
cant predictive ability for the survival of an independent set of CRC patients.

The results of this study could open a new era and aid the development of novel therapeutic targets for the
treatment of CRC patient.

Colorectal Neoplasms ¢ DNA Methylation ¢ Gene Expression ¢ Organ Specificity ¢ Survival Analysis

CRC - colorectal cancer; CV — chaos vector; DAVID - Database for Annotation, Visualization and
Integrated Discovery; DMR - differentially methylated regions; FDR - false discovery rate; FEM — func-
tional epigenetic modules; KEGG - Kyoto Encyclopedia of Genes and Genomes; RRBS - reduced repre-
sentation bisulfite sequencing; TF — transcription factor
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Background

Colorectal cancer (CRC) is the second most commonly diag-
nosed cancer in females and the third in males, accounting for
over 1.8 million new cases and 862 000 deaths worldwide in
2018 [1]. Despite therapy advancing and prognosis improving,
the treatment for CRC has still shown less benefit. The iden-
tification of clinical biomarkers is therefore critical to guide
the treatment of CRC, which may lead to the development of
novel therapeutic targets and further lower the risk of death
in patients with CRC.

With the advancement of next-generation high-throughput
sequencing, almost all transcript sequence and expression
information of a specific tissue at a certain state can be rap-
idly generated and comprehensively studied using RNA-seq
technology, describing the entire process of transforming ge-
netic information carried by genes into discernible pheno-
types [2]. Genes express differentially in the same cell type
in different tissues, besides, the same cell expresses a dif-
ferent set of genes in different states, especially for the dis-
ease states, such as CRC [3]. Differential expression provides
a hint for understanding molecular mechanisms in biological
processes, which has been widely used in clinical diagnosis
and drug discovery.

Gene expression can be regulated directly or indirectly with-
out sequence changes by DNA methylation, which is defined
as the process by which methyl groups are added to the DNA
molecule. As physical blockade of the binding of transcriptional
proteins to the gene, age-related hyper-methylation was sug-
gested to affect SP1 binding sites or tandem B1 elements in
CRC [4]. As affecting the chromatin structure through histone
modifications, inhibitors of EZH2 and DOT1L, histone-methyl-
ation enzymes, have been reported as promising therapeutic
effects in preclinical CRC treatment [5]. However, the impact
of either gene expression or DNA methylation alone is rarely
sufficient to lead to CRC, which can spread along the links of
the complex intracellular network to alter the activity of gene
products, especially the colon-specific gene regulatory network.
These interactors might participate in similar function or cell
processes, which is robust to provide valuable insights to de-
cipher the molecular mechanisms of CRC [6].

In this work, 20 gene expression and DNA methylation sam-
ples from 10 CRC patients were integrated into a colon-spe-
cific gene regulatory network to study the potential biological
mechanisms in CRC. The impact of single evidence, i.e., gene
expression or DNA methylation, was first to be studied. The
significantly upregulated and downregulated genes were en-
riched to cell cycle, DNA replication and cGMP-PKG signaling
pathway, calcium signaling pathway, respectively. Differentially
methylated regions (DMRs), including promoters, CpG islands,
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and genes, were identified, demonstrating the different levels
of methylation in these DMRs in CRC. Then, the impact of the
integration was studied, identifying 8 epigenetically regulated
gene modules that drive CRC through an underlying epigene-
tic mechanism. Biomarkers that have been significantly asso-
ciated with patient survival have become potential interests
in helping diagnosis and treat cancers [7,8]. Thus, the 8 colon-
specific DNA methylation-regulated gene modules were further
validated by an independent set of CRC patients. Interestingly,
2 of these modules showed a significant predictive ability for
the survival of an independent set of CRC patients. These re-
sults suggested that integrating gene expression and DNA
methylation based on the network helped to explain the sur-
vival of colorectal cancer patients, which may open a new era
in the development of novel therapeutic targets for the treat-
ment of CRC patients.

Material and Methods

Gene expression, DNA methylation profiles, and regulatory
network

Reduced representation bisulfite sequencing (RRBS) and
RNA sequencing datasets of 20 samples from 10 CRC pa-
tients were downloaded from the GEO database (database
no. GSE95656) [9], involving 10 CRC samples and 10 matched
normal samples collected from the margins on either side
of the resected tumor. RRBS libraries were sequenced using
HiSeq 2500 (lllumina, San Diego, CA, USA), generating a mini-
mum of 14 million 100 bp paired-ends reads per sample. The
transcriptome was sequenced using HiSeq 2500 (lllumina,
San Diego, CA, USA), generating a minimum of 40 million
40 bp paired-ends reads per sample. RRBS and RNA-seq reads
were subsequently mapped onto the human genome (hg19).
Additionally, gene expression quantification and clinical data
of a cohort of 382 individuals, including 39 normal samples
and 393 CRC samples (including metastatic, primary tumor
and recurrent tumor) from the TCGA repository (http://can-
cergenome.nih.gov/) were used as an independent external da-
taset to validate the identified modules. Patient characteris-
tics of the 382 normal or CRC individuals are listed in Table 1.

Tissue-specific regulatory networks of 394 cell types were in-
ferred by Marbach et al. [10] from integrating transcription fac-
tor (TF) sequence motifs with promoter and enhancer activity
data from the FANTOM5 project [11]. This work used one such
tissue-specific regulatory network from the colon of adults,
involving 1 215 042 non-redundant regulations from 15 057
genes with a weight of regulations inferred using TF binding
motifs and tissue-specific expression of target elements [10].
The top 10 000 regulations from 1909 genes were used to con-
struct a colon-specific regulatory network in this work.
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Table 1. Patient characteristics.

Characteristics Number of patients (N=382)

Sex
"""" Male 202 (529%)
"""" Female 178 @66%)
 Ageatdiagnoss
"""" Median &5
"""" Range 312901
Cstage
"""" Stagel 65 (7.0%
"""" Stagell 149 (39.0%)
"""" Stagell 102 (267%)
"""" StageV 53 (139%)

Differential expression and methylation analysis

Differentially expressed genes were identified using the
R/Bioconductor package DESeq2 v 1.22.1 [12]. Wald test and
false discovery rate (FDR) were used to calculate the statistical
P-value and the adjusted P-value, respectively. Significantly dif-
ferential expression genes were defined as FDR <0.01 and the
absolute value for log,(fold-change) more than 1.5. Differentially
methylated sites and regions, including CpG islands, genes,
and promoters were detected using the R/Bioconductor pack-
age RnBeads v 2.0.0 [13]. Linear modeling and FDR were used
to calculate the statistical P-value and the adjusted P-value,
respectively. Significantly differentially methylated sites were
defined as FDR <0.01, while significantly differentially meth-
ylated regions (DMRs) were defined as FDR <0.1. Heatmaps
were generated using the R/Bioconductor package gplots
v 3.0.1 [14], representing the gene expression or methylation
levels using a color-coding system.

Identification of epigenetically regulated gene modules
using functional epigenetic modules (FEM) algorithm

Epigenetically regulated gene modules which drive disease
through an underlying epigenetic mechanism were detected
using functional epigenetic modules (FEM) algorithm [15],
by which the interactome hotspots of differential gene expres-
sion and differential DNA promoter methylation were identi-
fied. As the levels of methylation are normally anti-correlated
with gene expression, a module with more genes that pos-
sessed a higher negative correlation between gene expres-
sion and DNA methylation had a higher module score [15].
Monte Carlo randomization procedure was used to calculate
the P-value of the modules. In case of obtaining stable results,
permutation times were set to 10 000.

CLINICAL RESEARCH

Pathway enrichment and annotation analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis was performed using Database for
Annotation, Visualization and Integrated Discovery (DAVID)
v 6.8 [16,17], which used the hypergeometric test to calcu-
late the statistical P-values. Significantly enriched pathways
were defined as FDR <0.2. Pathway annotation analysis was
performed using the R/Bioconductor packages clusterProfiler
v 3.8.1[18] and DOSE v 3.6.1 [19]. Annotated pathways with FDR
<0.2 were shown. Boxplots that represented the significance of
the listed pathways were generated using the R/Bioconductor
package ggplot2 v 3.1.0 [20].

Survival analysis

Survival curves were estimated by the Kaplan-Meier method
and compared with the log-rank test. For each candidate
module, we calculated a chaos vector (CV) for each sample
using the Pearson correlation coefficient of the module gene
expression levels with normal samples [21]. Then, these vec-
tors were used to cluster samples into different subgroups
to assess its predictive ability as a predictor of survival [22].

Results

Identification of CRC-related pathways using differential
expression analysis

As shown in Figure 1A, 473 and 1767 genes were respectively
detected as significantly upregulated and downregulated genes
(FDR <0.01, |log,(fold-change)| »>1.5), while 1843 genes were
detected as marginally significant regulated genes (FDR <0.01,
|log,(fold-change)| <1.5). These genes showed different ex-
pression patterns in CRC and normal samples (Figure 1B).
Functional enrichment analysis of these 473 upregulated genes
demonstrated that cell cycle (FDR=1.31e-13), progesterone-
mediated oocyte maturation (FDR=1.23e-03), oocyte meiosis
(FDR=2.15e-03), and DNA replication (FDR=4.23e-03) were up-
regulated in CRC (Figure 1C). Involved in cell cycle, for exam-
ple, CDK1 was identified as upregulated (FDR=3.52e-10), which
was reported as upregulated in CRC tissues and cell lines [23].
For another example, the increased expression of CCNB1 was
observed in CRC as previously reported [24,25], which was
also identified as an upregulated gene in CRC in this study
(FDR=1.49e-09). On the other hand, functional enrichment
analysis of the 1767 downregulated genes showed the close
relation with cGMP-PKG signaling pathway (FDR=2.32e-09),
calcium signaling pathway (FDR=2.91e-09), circadian entrain-
ment (FDR=7.09e-09), vascular smooth muscle contraction
(FDR=2.02e-08), ECM-receptor interaction (FDR=1.94e-06), and
focal adhesion (FDR=6.97e-06) etc. As in the existing finding,
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Figure 1. Differential expression analysis of CRC samples. (A) Volcano plot of log,(fold-change) versus —log,, (FDR) for all 18 891 genes
in CRC versus normal. Downregulated and upregulated genes were respectively highlighted in green and red (FDR <0.01,
|log,(fold-change) >1.5|). (B) Heatmap of the differentially expressed genes. (C) Significantly enriched KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways (FDR <0.2) of downregulated and upregulated genes in CRC.

therapeutic activation of cGMP/PKG was reported as offering
a promising avenue for the prevention of CRC [26]. Taken to-
gether, differential expression analysis showed the consistency
with the known CRC-related differentially expressed genes
and pathways.
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Different levels of methylation in three categories of
DMRs in CRC

Then, differential methylation analysis was performed for 20
methylation samples of the 10 CRC patients. There were 13 958
and 6455 sites respectively detected as significantly hyper- and
hypo-methylated sites (FDR <0.01, |log,(fold-change)| >1.5),
while 3062 sites were detected as marginally significant dif-
ferential methylation sites (FDR <0.01, |log,(fold-change)| <1.5).
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Figure 2. Heatmaps of the sites from differentially methylated regions. (A) Differentially methylated CpG island sites. (B) Differentially
methylated gene sites. (C) Differentially methylated promoter sites.

Next, 141 regions were identified as DMRs (FDR <0.1), including
6 CpG islands, 35 genes, and 100 promoters, among which
3 CpG islands, 31 genes, and 71 promoters were identified
as hyper-methylated regions, respectively. These 141 DMRs,
including 87 CpG island sites, 262 gene sites, and 637 pro-
moter sites, showed different levels of methylation in the
3 DMR categories in CRC (Figure 2A-2C). Hyper-methylation
was observed in some CpG island sites in most CRC samples
(Figure 2A). Taken together, different levels of methylation in
CpG islands, genes, and promoter implied the different mech-
anisms of these DMRs in CRC.

Detection of colon-specific DNA methylation-regulated
gene modules

Next, 8 colon-specific DNA methylation-regulated gene mod-
ules, including 194 genes, were detected using FEM algorithm
as described in Materials and Methods section (P-value <0.05;
Figure 3A, 3B, and Figure 4A—4F). Eight out of the 194 genes
were detected in at least 2 modules, including BHLHA15, CEBPD,
CEBPE, CLDN 18, FOXA2, FOXK1, HAND2, and LEP. Although no
difference was found in gene expression and DNA methylation
for FOXK1 (Figure 3A), FOXK1 was demonstrated as an onco-
genic factor in CRC [27-29]. The ability for the identification
of such non-significant genes indicated the comprehensive-
ness of these colon-specific DNA methylation-regulated gene
modules. Besides, TFAP2C was identified as robustly upregu-
lated in CRC tissues and cells in the previous study [30], indi-
cating the potential role of serving as a novel prognostic factor
in CRC patients. Despite only the slight upregulation in gene
expression of TFAP2C in our study (log,(fold-change)=0.38),
the methylation at the promoter of TFAP2C was identified as
downregulated (log,(fold-change)=-2.53; Figure 3B), indicating

the potential role of methylation in regulating the gene expres-
sion of TFAP2C. For another example, ELF3 was found to be
hypo-methylated in CRC (Figure 5A), the upregulated gene ex-
pression of which has been reported as being associated with
poor prognosis in CRC [31], implying the possibility of DNA
methylation-mediated gene regulation in CRC. In addition,
hypo-methylation was identified in UNC3 (Figure 5B), indicat-
ing the underlying role of methylation-regulated UNC3 expres-
sion in CRC. Therefore, these modules are able to include genes
with a slight difference in either gene expression or DNA meth-
ylation through the interactions with significantly differential
genes. Besides, some genes in these modules showed a signifi-
cant difference in gene expression and DNA methylation, which
have not been noticed as CRC biomarkers. Notably, CLDN 18, for
example, was identified as downregulated in gene expression
(log,(fold-change)=-1.13) while upregulated in DNA methyla-
tion (log, (fold-change)=4.18; Figure 3A), only being reported as
associated with non-small-cell lung cancer [32]. Therefore, func-
tional epigenetic module detections using tissue-specific regu-
latory network have the ability to provide a more comprehen-
sive understanding of the characteristics of biomarkers in CRC.

Two colon-specific DNA methylation-regulated gene
modules showed significant relationship to survival of CRC
patients

In order to assess the predictive ability of the 8 colon-specific
DNA methylation-regulated gene modules on colorectal can-
cer patient survival, an independent set of CRC patients from
TCGA was used. As shown in Table 1, 52.9% of the patients
were male, while 46.6% were female. The median age of diag-
nosis is 67.5 years, though it ranged from 31.2 to 90.1 years.
The portions of the patients with stage I, II, Ill, and IV were
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Figure 3. Two colon-specific DNA methylation-regulated gene modules associated with the survival of CRC patients. (A, B) The network
structure of the 2 modules. Edge widths represented the average log,(fold-change) of the genes making up the edge. Core
of the node represented the log,(fold-change) of DNA methylation. Border of the node represented the log,(fold-change)
of gene expression. (C, D) Annotated pathways of the 2 modules (FDR <0.2). (E, F) Survival curves of the 2 modules in an
independent set of CRC patients.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




YuH.etal.:
Impact of colon-specific DNA methylation-regulated gene modules...
© Med Sci Monit, 2019; 25: 3549-3557

CLINICAL RESEARCH

A o B . C e
- §: pu - o
s o\ P o e o
o < o x o
- CLRNS. 2 d
oo ¢ —¢ r o« v s LS ¢
5 4 T/ O @ - N
S o @ o © R o
4 o . - N A
> ¥ e o - s
o ¢ ¢ - ,
o ¢ o
D HiriA E R F s
(- § - P
o & o = e
o 0”/ - - & o /e O
N \ N & ) o & o~ pe . e Or.m:n oo o
o O = & of 1Ny
A o ¢ o Qgooe ©
S o«O’ S © v - o s o
4 O @
¢ o © Ao
o- ©
(- @ &
DNA Gene
methylation expression
(Core) (Border)
Hyper Up
20 20
15 15 Average statistic
1.0 1.0 of the genes
0.5 0.5
0.0 0.0
-05 -05
-1.0 -1.0 )
15 15 Lower Higher
-20 -2.0
Hypo Down
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represented the log,(fold-change) of gene expression.

17.0%, 39.0%, 26.7%, and 13.9%, respectively. Interestingly,
2 out of the 8 modules showed significant relation to survival
of CRC patients using the log-rank test (P-value=8.67e-03,
P-value=4.07e-02; Figure 3E, 3F). The patients with CVs that
were more different from normal samples had a lower possibil-
ity of survival. The pathway annotation analysis demonstrated
that these 2 modules showed a close relation to maturity
onset diabetes of the young (Figure 3C,3D). Several stud-
ies have suggested that diabetes had a negative effect on
CRC[33,34]. In addition to that, the 2 modules were annotated
by the immune-related pathways, including AMPK signaling
pathway [35], PPAR signaling pathway [36], and TGF-beta sig-
naling pathway [37]. Taken together, these 2 colon-specific
DNA methylation-regulated gene modules showed significant
relation to survival of CRC patients, implying a novel direction
of potential targets for the treatment of CRC.
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Discussion

CRC is one of the most commonly diagnosed cancers world-
wide with poor treatment outcomes. The aim of this work is
to integrate gene expression and DNA methylation informa-
tion into a colon-specific regulatory network to detect the co-
lon-specific DNA methylation-regulated gene modules, which
were further validated using an independent set of CRC pa-
tients. Following this, 473 and 1767 significantly upregulated
and downregulated genes were identified which were enriched
to cell cycle, DNA replication and cGMP-PKG signaling path-
way, calcium signaling pathway, respectively. Besides, 6 differ-
entially methylated CpG islands, 35 differentially methylated
genes, and 100 differentially methylated promoters were de-
tected. These DMRs suggested the different levels of methyl-
ation in these 3 categories of DMRs in CRC.
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Figure 5. (A, B) Methylation level of ELF3 and UCN3 in CRC and normal samples. The upper panel, the genome coordinates of the
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Unlike the traditional method that identifies the single bio-
marker, the integrated method proposed in this study detected
the CRC biomarkers taking into consideration of gene expres-
sion, DNA methylation and colon-specific regulatory network,
which could involve genes according to the interactions with
significantly differential genes, despite of a slight difference in
either gene expression or DNA methylation. Notably, 2 out of
the 8 epigenetically regulated gene modules which drive CRC
through an underlying epigenetic mechanism showed the sig-
nificant predictive ability for the survival of the independent
set of CRC patients. In addition to the immune-related path-
ways [35-37], pathway annotation analysis showed a close re-
lationship between the two modules with maturity onset di-
abetes of the young, which has been suggested as a negative
effect on CRC [33,34]. The cooperation of these module genes
might have the potential to be the novel clinical biomarkers
for CRC, despite the fact that experimental and clinical vali-
dations should be performed in the future. Drugs that effec-
tively blockade the downregulation and hyper-methylation of

CLDN18, along with the upregulation of OSBPL3 and FOXA2,
as well as the downregulation of CEBPD might contribute to
the therapy of CRC patients. On the other hand, the stratifica-
tion of the CRC patients in this work might suggest a different
clinical treatment for patients in high-risk or low-risk group.

Conclusions

In conclusion, by integrating gene expression and DNA meth-
ylation data from matched samples of CRC patients into
a colon-specific regulatory gene network, this work detected
8 colon-specific DNA methylation-regulated gene modules
which drive CRC through an underlying epigenetic mechanism,
2 of which were further validated possessing the significant
predictive ability for the survival of an independent set of CRC
patients, contributing to the development of novel therapeu-
tic targets for the treatment of CRC patients.
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