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ABSTRACT
Molecular characterizations, including microsatellite instability (MSI) and the CpG island methy-
lator phenotype (CIMP) showed strong associations in colorectal carcinoma (CRC) and provided
a deeper understanding of the etiology of disease. However, the global relationship between
epigenetic alternations and changes in mRNA expression in CRC remains largely undefined,
especially regarding the roles of DNA methyltransferases (DNMTs). Here, we conducted
a systematic network comparison to explore the global conservation between co-expressed and
co-methylated modules. We successfully identified immune-related modules that were regulated
by DNMTs and had strong associations with immune-infiltrating neutrophils and dendritic cells in
CRC. Moreover, we found that genes in those modules were prognostic for CRC, with 97.1% (168/
173) being significantly influenced by DNMTs. Thus, this study resolved an interaction between
DNA methylation and mRNA expression through DNMTs. Additionally, we provided evidence that
DNMTs control the global hypomethylation of oncogenes, including ALOX5AP and CSF3R that
otherwise have high methylation in normal colons. Such genes were also more sensitive to DNMT
changes, such as in CRC. Collectively, our analyzes provided a systems biology approach to
investigate the association among different molecular phenotypes in diseases.
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Introduction

Colorectal carcinoma (CRC) is a considerable con-
tributor to cancer mortality and morbidity.
Extensive evidence suggests that the accumulation
of multiple genetic and epigenetic alterations drive
CRC initiation and progression. Common mole-
cular alterations in CRC have been detected by
sequential genome-wide studies, including recur-
rent somatic mutations in genes such as APC,
TP53, BRAF and KRAS [1–5].

CRCs are classified into subtypes by the pre-
sence of consensus molecular features such as
microsatellite instability (MSI), somatic mutation,
mRNA expression, and promoter DNA methyla-
tion, among others. To gain a more comprehen-
sive understanding of CRC, previous studies
successfully linked some of such features to disease
[1,6]. For example, CRC patients with MSI fre-
quently exhibited hypermutation and a CpG island
methylator phenotype (CIMP). Nevertheless,

systematic analyzes revealing the relationships
between altered genome-wide DNA methylation
patterns and mRNA expression in CRC remain
scarce.

DNMTs are a family of enzymes that include
DNMT1, DNMT3A and DNMT3B in mammals
and play key roles in the generation and mainte-
nance of DNA methylation patterns. Somatic
mutations and altered gene expressions of
DNMTs have been identified in different types of
cancers [7–9]; however, the effects of DNMTs on
global DNA methylation and gene expression pat-
terns remain to be explored.

We performed a direct global co-correlation
network comparison of DNA methylation and
mRNA expression in CRC. Those analyzes indi-
cated that most co-methylated modules were lar-
gely different from co-expressed modules in CRC,
and vice versa. However, we found modules with
strong conservation that overlapped significantly
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between two networks associated with DNMTs,
and were enriched in immune functions regulating
infiltrating immune cells in CRC. Collectively,
these findings revealed the effects of DNMTs on
DNA methylation patterns and mRNA expression
profiles of immune-related genes.

Results

Co-expression network in colorectal cancer

We conducted a weighted gene co-expression net-
work analysis [10] (WGCNA) for the expression
dataset of colorectal cancer (CRC). The expres-
sions of 7,716 genes among 214 samples were
hierarchically clustered by their topological over-
lap. A total of 28 modules from 3,415 genes were
identified in the co-expression network, while
4,301 genes (presented as grey color; Figure 1(a))
were not assigned to any modules. All modules
were then annotated with gene ontology (GO)
terms in R using the clusterProfiler package [11].
Thus, module function was represented by the
most significantly enriched GO term. All GO

terms corresponding to each module are presented
in Supplementary Table 1.

WGCNA is largely applied to investigating the
relationship between co-expressed modules and
phenotypic traits [12,13]. We collected the recur-
rent somatic mutation data of CRC, including
TP53, APC, KRAS, PIK3CA and BRAF. Pearson’s
correlation was calculated between the mutation
trait and module eigengene, which represented the
expression of all genes clustered into each module.
As shown in Figure 1(b), 39.3% (11/28) of mod-
ules were associated with BRAF mutations,
whereas seven modules were significantly corre-
lated to TP53 mutations. Notably, BRAF and
TP53 shared four opposite correlated modules
consisting of ncRNA processing (darkgrey), his-
tone methyltransferase complex (red), leukocyte
differentiation (salmon) and chromosome centro-
meric regions (skyblue). Those data suggested that
the tumor suppressor gene, TP53, and the proto-
oncogene, BRAF, regulated opposite pathways
associated with CRC in a wide range of biological
processes. Additionally, we observed one module,
T cell activation (pink) and the histone

Figure 1. WGCNA resolves co-expressed modules in CRC. (a) Cluster dendrogram of mRNA expression in 7,716 genes across 214
tumor samples established on topological overlap (TO) distance. The y-axis height corresponds to the distance (1-TO). The x-panel
describes modules defined by dynamic tree cutting and the grey color represents genes not belonging to any modules. (b) Heatmap
of modules correlated with molecular features of CRC. Modules are outlined based on their correlation with molecular traits (exp,
expression; mut, mutation; cna, copy number alteration) when adjusted for a P-value < 0.05.
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methyltransferase complex (red) related to APC
and PIK3CA mutation, respectively. Collectively,
those data indicated that mutations in BRAF and
TP53 played more diverse roles in mRNA expres-
sion in CRC, compared to other frequently-
observed mutations, including APC, KRAS and
PIK3CA.

To verify the influence of DNA methylation on
mRNA expression in CRC, we extracted mRNA
expression data, somatic mutation data and the
copy-number data of DNMTs to correlate each
datatype with each module in the co-expressed
network. As shown in Figure 1(b), we identified
60.7% (21/28) of modules associated with DNMT
expression, supporting the idea that DNMTs
have a broad impact on the expression pattern
of tumors. Two modules, including the positive
regulation of responses to external stimuli
(black) and the histone methyltransferase complex
(red), had expression data overlap with DNMT
mutations and copy-number variations. The

results for individual DNMTs are presented in
Supplementary Table 2.

Co-methylation network in colorectal cancer

WGCNA is also suitable and useful for DNA
methylation analyzes [14], and the method is simi-
lar to co-expression network construction. We
identified 17 modules from 2,748 genes with pro-
moter methylation values, while 4,968 genes
(shown as grey color; Figure 2(a)) were not classi-
fied into any modules. We also used the most
enriched GO term to emblematize each module
into co-methylation networks. The list of com-
pleted GO terms are presented in Supplementary
Table 1.

The result of the correlation between frequent
mutation genes and co-methylation modules revealed
that co-methylation networks of CRC were much
different from the co-expressions (Figure 2(b)).
Specifically, APC mutations showed strong

Figure 2. WGCNA reveals co-methylated modules in CRC. (a) WGCNA clustered 7,716 genes by promoter DNA methylation values
across 214 tumor samples based on topological overlap (TO) distance. The y-axis height corresponds to the distance (1-TO). The
x-panel describes modules defined by dynamic tree cutting and the grey color indicates genes not belonging to any co-methylated
modules. (b) Heatmap of modules correlated with molecular features of CRC. Modules are outlined based on their correlation to
molecular phenotypes (exp, expression; mut, mutation; cna, copy number alteration) when adjusted for a P-value < 0.05.
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associations with 64.7% (11/17) of modules, consis-
tent with a previous report that APC regulates a global
DNA methylation change in CRC through the
DNA demethylase system [15]. Moreover, TP53 and
BRAF mutations affected modules in the co-
methylation network, with 47.1% being anti-
correlated (Figure 2(b)). We subsequently analyzed
the modules associated with DNMTs’ traits. Only
two modules were significantly correlated with
DNMT expression levels, while 47.1% (8/17) of mod-
ules were significantly correlated with DNMT muta-
tions and copy numbers, suggesting that DNMTs
affected mRNA expression and promoter DNA
methylation in a distinguishing way (Figure 2(b) and
Supplementary Table 2). Thus, based on the correla-
tion results, the co-expression and co-methylation
networks in CRC were dissimilar.

Modules comparison between expression and
methylation networks

We hypothesized that most modules were not con-
served between expression and methylation net-
works. Therefore, the degree of overlap was tested
for each module between the two data sets.
Consistent with the correlation results, the cross
tabulation revealed that most expression modules
did not have a consensus counterpart in the methy-
lation network (Supplementary Figure 1). For exam-
ple, nucleosome assembly (white) and translational
elongation (midnight blue) modules did not signifi-
cantly overlap with any methylation modules.

In addition to analyzing the standard cross
tabulation data, we also examined the module
preservation between two networks using
Z-summary statistics [16]. Consistent with the
overlap analyzes, only two modules were strongly
preserved (Z-summary>10) in the expression and
methylation networks (Figure 3(a,b)). Those
results showed the global differences between
mRNA expression and DNA methylation data
sets. To identify the expression and methylation
modules that were mainly regulated by DNA
methylation systems, we investigated the modules
that were significantly correlated with DNMTs and
preserved in the two data sets. We selected the
leukocyte differentiation (black) co-methylation
module, which was the only module to pass
screening and its significantly-overlapping

modules, including the positive regulation of
responses to external stimuli (black), leukocyte
differentiation (salmon), and T cell activation
(pink) in expression networks. To further demon-
strate their preservation, we compared the connec-
tivity patterns of their overlapped genes. The
global patterns of co-expression and methylation
showed considerable similarity and connectivity to
multiple genes (Figure 3(c,d)). Collectively, those
data revealed that promoter DNA methylation
controlled a small number of co-expressed mod-
ules mediated by DNMTs in CRC.

DNMTs regulate the infiltrating immune cells in
colorectal cancer

To gain a biological understanding of the over-
lapped modules regulated by DNMTs, we per-
formed a functional comparison of two networks.
As shown in Figure 4(a), the enriched GO Term of
four modules converged on immune functions
related to different subtypes of immune cells,
including T cells, neutrophils and dendritic cells,
linking the interaction between DNA methylation
and the immune system.

Since substantial evidence suggested that immune
cells in tumor microenvironments play a critical role
in the development and progression of CRC, TIMER
[17,18] (Tumor IMmune Estimation Resource) was
employed to estimate the abundances of six immune
infiltrates (B cells, CD4 + T cells, CD8 + T cells,
neutrophils, macrophages and dendritic cells) in
CRC. To verify whether tumor-infiltrating immune
cells were regulated by DNA methylation, the den-
sity of each infiltrating cell was then correlated with
DNMT traits using Pearson’s correlation method
(Figure 4(b) and Supplementary Table 2). Notably,
all six immune infiltrates were significantly asso-
ciated with DNMT expression and infiltrating neu-
trophils and dendritic cells were significantly
correlated to DNMT mutation and copy-number
variations. Moreover, to test whether each infiltrat-
ing cell was represented by the overlapped modules
that were enriched in immune functions, we con-
ducted correlations between six cells and the above-
mentioned four modules (Figure 4(b)). As expected,
each cell was significantly correlated with at least one
module, with infiltrating neutrophils and dendritic
cells being significantly correlated to all four
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modules. Thus, we hereinafter refer to the four mod-
ules as the neutrophil and dendritic cell set. All
infiltrates were also tested for their associations
with hypermutations and MSI (microsatellite
instability) in CRC (Figure 4(b)). The results
revealed that the abundance of all infiltrating cells
were strongly associated with tumor hypermutation
or MSI status, with the exception of macrophages;
thus, supporting that genetic instability and DNA
damage were induced by infiltrated inflammatory
cells in tumor stroma [19–21].

Immune infiltrates in the tumor tissues have been
reported as good prognostic factors [22–24]. Thus, we
next examined the prognostic power of immune
infiltrates that were estimated using TIMER.
Intriguingly, the Kaplan-Meier results indicated that
elevated ratios of intra-tumoral neutrophil and den-
dritic cells significantly correlated with all traits and
were associated with poorer overall patient survival
(p = 7.6e-4 and p = 9.0e-3) (Figure 4(c,d)). Consistent

with the correlation data, three co-expression mod-
ules in the neutrophil and dendritic cell set showed
similar results to two infiltrates in the survival analysis
(Supplementary Figure 2), further indicating that the
abundances of infiltrating neutrophils and dendritic
cells were mainly represented by the expression of
the three modules. In contrast, we found that
higher expression of DNMT1 was significantly corre-
lated with the higher clinical survivals (p = 4.4e-2)
(Figure 4(e)). Overall, the results demonstrated that
infiltrating neutrophils and dendritic cells in CRC
played adverse roles compared to DNMT1 expression
in clinical outcome.

Survival associated genes in neutrophil and
dendritic cell set show strong association with
DNMTs

Having identified specific infiltrates with signifi-
cant prognostic power, we further narrowed

Figure 3. Module preservation in expression and methylation modules. (a) Bar graphs of the Z-summary statistic in co-expression
networks using the methylation data set as the reference. The interpretation threshold for strong evidence (Z-summary > 10),
moderate to weak evidence (2 < Z-summary < 10), and no evidence (Z-summary <2). (b) Bar graphs of the Z-summary statistic in co-
methylation networks using the expression data set as the reference. The interpretation threshold for strong evidence (Z-summary >
10), moderate to weak evidence (2 < Z-summary < 10), and no evidence (Z-summary <2). (c) Co-expression patterns of genes
overlapping in selected immune related modules. The red lines indicate the positive correlation between the genes (black dots),
while line thickness indicates the strength of co-expression. The size of the dots represent the total connectivity of each gene. (d) Co-
methylation patterns of genes overlapping in selected immune related modules.
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down the neutrophil and dendritic cell set to
individual genes. We found that 56.5% (173/
306) of genes were significantly associated with
survival (Figure 5(a)). Given such results, we
hypothesized that those genes were predomi-
nantly regulated by DNMTs. Thus, we conducted
a comprehensive analysis of the relationship
between survival associated genes and DNMTs.
Importantly, 97.1% (168/173) of genes were sig-
nificantly associated with either the expression,
somatic mutation, and copy-number alteration
of DNMTs at the level of expression or methyla-
tion. When considering individual sets of
DNMTs, 89.6% (155/173) of genes were in the
largest set, which was influenced by changes in
DNMT copy numbers. An UpSet plot [25] was
also performed for six sets of DNMTs, which
revealed that multiple genes were affected by
more than three sets (Figure 5(b)). We identified
that FCGR2A, a cell surface receptor found on

neutrophils and OSM, a secreted cytokine that
regulates the proliferation of tumors were signifi-
cantly associated with five sets.

To address the question of why survival-
associated genes were sensitive to changes in
DNMTs, genes were categorized into three groups,
including survival significant or insignificant genes
in the neutrophil and dendritic cell set (significant
and NS, respectively), and other modules in the
data set (other modules). We compared the promo-
ter methylation patterns for the three classes in
CRC and normal adjacent cells. Notably, compared
with the two other groups, survival-significant
genes showed higher methylation patterns in cancer
and normal tissues (Figure 5(c,d)). Moreover, we
found that survival-associated genes were expressed
lower in normal colon cells, compared to lymph
nodes (Figure 5(e)). Those data supported that such
genes controlled infiltrates in the tumor
microenvironment.

Figure 4. DNMTs influence intra-tumoral immune cells in colorectal cancer. (a) Dot plot of functional comparisons between
conservative modules. The gene ratio represents the percentage of genes enriched in each significant GO-term. (b) Heatmap of
each infiltrate correlated with immune-related molecular features of CRC. Modules are outlined based on their correlation with
immune traits (exp, expression; mut, mutation; cna, copy number alteration) when adjusted for a P-value < 0.05. (c) Kaplan-Meier
survival plot of two tumour groups classified by the abundance of infiltrating neutrophil. The P-value was calculated using the log-
rank test. (d) Kaplan-Meier survival plot of two tumour groups categorized by the abundance of infiltrating dendritic cells. (e) Kaplan-
Meier survival plot of two tumour classes grouped by the mRNA expression of DNMT1.
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Survival associated genes in the neutrophil and
dendritic cell set tend to be a hub in the network

We next explored the network properties of genes in
the neutrophil and dendritic cell set. Survival asso-
ciated genes tended to have higher module member-
ship in modules of the neutrophil and dendritic cell
set, indicating that those genes play key roles in the
progression of CRC (Figure 6(a)). The network
properties of those were simultaneously visualized
as a network. We filtered the 5% highest absolute
gene-to-gene correlation from the whole network
and it was observed that this sub-network contained
far more survival significant genes than NSs. The

significant genes also revealed greater connections
(Figure 6(b)).

DNMTs play a convergent role in tumorigenesis
and prognosis of CRC

We next investigated genes with different mRNA
expressions and promoter methylation patterns
(DEGs and DMGs) between CRC and normal adja-
cent cells from the survival associated genes. A total
of 46.2% (80/173) of DEGs and 49.1% (85/173) of
DMGs were found in the CRC set with normal
pairs (Supplementary Figure 3(a,b)). Notably, 44

Figure 5. Comprehensive analysis of survival-associated genes in the neutrophil and dendritic cell sets. (a) Of the 306 genes in the expression
modules of neutrophils and dendritic cell sets, 173 were significant in survival analyzes. (b) Upset plot of the interactions among six groups of
the DNMT system (DNMTs cnamRNA, mRNA expression of genes significantly affected by the copy-number alterations of DNMTs; DNMTs cna
methy, promoter DNA methylation of genes significantly affected by copy-number alterations of DNMTs; DNMTs exp mRNA, mRNA
expression of genes significantly correlated to mRNA expression of DNMTs; DNMTs exp methy, promoter DNA methylation of genes
significantly correlated to mRNA expression of DNMTs; DNMTs mut mRNA, mRNA expression of genes significantly affected by somatic
mutations in DNMTs; DNMTs mut methy, promoter DNA methylation of genes significantly affected by somatic mutations in DNMTs).
Boxplots of DNA methylation among significant, NS, and other module groups in normal adjacent tissue (c) and CRC (d). The star indicates
statistical differences based on the Wilcoxon rank-sum test. (e). Boxplots of the mRNA expression comparison between significant and NS
groups in lymph node and colon.
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overlapping genes existed between DEGs and
DMGs (Supplementary Figure 3(c)). Moreover, we
found that such overlaps comprised 26.2% (44/168)
of the DNMT set (Supplementary Figure 3(d)).
Overall, the data suggested that the survival-
associated genes regulated by DNMTs also partici-
pated in the oncogenesis of CRC. To be more
specific, we focused on the set of genes significantly
associated with DNMT mutations, and identified
that ALOX5AP and CSF3R overlapped with DEGs
and DMGs in relation to CRC tumorigenesis.

ALOX5AP encodes for a protein necessary for
the activation of 5-lipoxygenase and is required
for leukotriene synthesis. Leukotrienes are lipid
mediators that are implicated in multiple inflam-
matory responses. CSF3R is the receptor of colony
stimulating factor 3, a cytokine that stimulates the
survival, proliferation, differentiation and function
of neutrophils. We found that the promoter methy-
lation ALOX5AP (p < 0.01) and CSF3R (p < 0.01)
were substantially decreased in CRC (Figure 7(a,b)).
Conversely, CRC significantly elevated the mRNA
expressions of ALOX5AP (p < 0.01) and CSF3R
(p < 0.001) (Figure 7(a,b)). Similarly, patients with
DNMT mutations showed lower methylation values
of ALOX5AP (p < 0.05) and CSF3R (p < 0.05),
whereas their expression values (p < 0.01 and
p < 0.01) were increased in CRC (Figure 7(a,b)).

To test whether the genes could serve as key
makers for infiltrating neutrophils and dendritic
cells in CRC, we conducted Pearson’s correlation
for their abundance of infiltrating neutrophils and

dendritic cells. ALOX5AP and CSF3R were more
strongly correlated with neutrophil infiltration
(R = 0.66, p = 1.1e-28 and R = 0.66, p = 4.9e-28)
(Figure 7(c,d)), compared to dendritic cells
(R = 0.61, p = 5.6e-23 and R = 0.64, p = 4.9e-2)
(Supplementary Figure 4). We also obtained con-
sistent results from the COAD (colon adenocarci-
noma) set in the TIMER web server. Moreover,
ALOX5AP and CSF3R exhibited greater prognostic
power than the overall estimated infiltrating level
of neutrophils and dendritic cells. Those findings
indicated that ALOX5AP and CSF3R linked
DNMTs to tumorigenesis, infiltrating neutrophils
and dendritic cells in the prognosis of CRC.

Discussion

A systems biology approach was employed to
compare the module preservation between co-
expression and co-methylation networks in CRC.
This included most modules that correlated differ-
ently with recurrent mutations in CRC, including
those in APC, TP53 and BRAF. Mutations in BRAF
and KRAF have been reported to mediate
a methylator phenotype in CRC [26–28]. We
found co-expressed and co-methylated modules
that were significantly affected by BRAF muta-
tions, but not KRAS. Thus, the mechanism of
BRAF regulating global DNA methylation and
mRNA expression should be further explored.

Most DNA methylation abnormalities in can-
cers are mediated by DNMTs. Overexpression of

Figure 6. Network properties of survival-associated genes in neutrophil and dendritic cell sets. (a) Boxplots of module membership for
comparison of survival-significant and NS genes in neutrophil and dendritic cell sets. The asterisks indicate the statistical difference based on
the Wilcoxon rank-sum test. (b) Cytoscape network display for genes in the neutrophil and dendritic cell sets. The size of the nodes indicates
the module membership of each node and the color corresponds to the gene group (red, significant and grey, NS).
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DNMTs contributed to CIMP in CRC [9]. Our
correlation results indicated that the expression
of DNMTs not only regulated DNA methylation
levels, but also had a strong impact on the expres-
sion of genes.

DNMT3A has been reported to been frequently
mutated in acute myeloid leukemia [29]. Although
DNMTs were not recurrently mutated genes in
CRC, 13.1% (28/214) of patients had DNMT
(DNMT1, DNMT3A or DNMT3B) mutations in
this dataset, which significantly influenced the co-
methylated modules that overlapped with BRAF
mutations. Additionally, DNMTs and BRAF

mutations were synchronous in the downloaded
CRC set, suggesting their co-regulation in DNA
methylation patterns related to CRC.

Traditional analyzes of expression and methyla-
tion focused on the overlapped genes between DEGs
and DMGs or the correlation between them. This
study was the first to use a comprehensive network-
based method to explore the global relationship
between expression and methylation. We profiled
module-module conservation and correlation with
external traits of CRC, particularly in DNMTs,
which provided a number of advantages over tradi-
tional analyzes.

Figure 7. ALOX5AP and CSF3R were associated with oncogenesis and prognosis of CRC. (a) ALOX5AP had decreased promoter DNA
methylation (N = 125 tumors and N = 29 normal tissues;unpaired t-test, P < 0.05, *; P < 0.01, **; P < 0.001, ***) and elevated
expression (N = 26 tumors and N = 26 normal tissues;unpaired t-test) in CRC. When compared in DNMTs groups, ALOX5AP showed
significantly downregulated methylation and upregulated expression in samples with DNMT mutation (N = 28 mutations and
N = 186 non-mutations;unpaired t-test). (b) CSF3R showed decreased promoter DNA methylation and elevated expression in CRC.
When compared in DNMTs groups, CSF3R had significantly downregulated methylation patterns and upregulated expressions in
samples with DNMTs mutation. (c) Pearson correlations of ALOX5AP expression with the abundance of infiltrating neutrophils. (d)
Pearson correlations of CSF3R expression with the abundance of infiltrating neutrophils. (e) Kaplan-Meier survival plot of two tumour
groups classified by the mRNA expression of ALOX5AP. F. Kaplan-Meier survival plot of two tumour groups classified by the mRNA
expression of CSF3R.
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Inflammation has been considered as the
seventh hallmark of cancer and inflammatory
cells are a vital element of the tumor microenvir-
onment [30]. Intratumor infiltrates have been
reported to affect tumor development and pro-
gression, and have strong associations with mole-
cular phenotypes of cancer, including MSI and
hypermutation. Elevated infiltrating T cells have
been identified in CRC with high-levels of micro-
satellite instability (MSI-H) [20]. Hypermutated
and MSI-H tumors showed strong overlaps with
infiltrating cells that were mostly associated with
adaptive immunity [31]. As an extension of those
reports, our study used the TIMER web server to
find that MSI and hypermutation had significant
correlations in five infiltrating cells, including
B cells, CD4 + T cells, CD8 + T cells, neutrophils
and dendritic cells.

Immune infiltrates have shown strong prognos-
tic impacts on diverse types of cancers, including
CRC. Increased NLR (neutrophil-lymphocyte
ratio) is a prognostic marker in CRC and has
been associated with adverse survival outcomes
in patients [32,33]. However, the occurrence and
impact of neutrophil infiltration in CRC patients
remain controversial [34,35]. The reason for con-
flicting reports is because no consensus markers
are available to quantify neutrophil counts. Our
study used TIMER based on the transcriptome
profiles of tumors and purified immune cells to
infer the abundance of immune infiltrates. Such an
approach provided a comprehensive and systema-
tic strategy to assess immune cell infiltration.

Unlike MSI and hypermutation, CIMP was not
associated with infiltrating immune cells in CRC
[31]. Our network comparison identified conser-
vative modules related to immune function
between global expression and methylation sets.
Those modules exhibited strong correlations with
infiltrates, particularly in neutrophils and dendritic
cells. Additionally, all molecular features used in
our analyzes were significantly correlated to the
abundance of the two cell types. Notably, the cor-
relation and survival results suggested that
DNMTs influenced the methylation of immune
genes to change the infiltrating neutrophils and
dendritic cells. For example, aberrant DNA methy-
lation of FCGR2A and OSM have been found in
cancers [36,37]. Our results further suggested that

DNMTs regulated their expressions to affect the
clinical outcome. Moreover, survival-associated
genes showed vulnerability to DNMTs due to
their higher levels of promoter methylation in
CRC and normal adjacent cells. Overall, we iden-
tified the conserved modules connecting DNMTs
and infiltrating cells in CRC. Our study also pro-
vided a systematic framework for cross-omic net-
work comparisons, and the strategy can be widely
applied to the integration of multi-omics data.

We highlighted ALOX5AP and CSF3R in CRC
tumorigenesis and prognosis. ALOX5AP and
CSF3R are regarded as oncogenes that are upregu-
lated in many cancers [38–40]. We demonstrated
that the methylation of ALOX5AP and CSF3R by
DNMTs influenced CRC development and pro-
gression. Previous studies focused on CIMP,
which contributed to the transcriptional silencing
of tumor suppressor genes by focal hypermethyla-
tion in their promoters. Our study revealed that
DNMTs regulated the global hypomethylation of
oncogenes, including ALOX5AP and CSF3R in
CRC, and hypermethylation in normal colons.

Collectively, our findings support the strong
interaction between DNMTs and immune genes
associated with infiltrating neutrophils and den-
dritic cells in CRC. Those findings suggest that
the CRC microenvironment was largely influenced
by the methylation of related genes. Our result also
suggested that DNMTs have opposite roles in the
methylation phenotype of oncogenes and tumor
suppressors, and that drugs targeting DNMTs
should overcome the contrasting properties.

Materials and methods

Data acquisition and preprocessing

The colorectal cancer data set was downloaded
from the cBioPortal [5,8], and included somatic
mutations, copy-number variations, mRNA
expression, DNA methylation and clinical data.
The 214 samples used in RNA-seq and DNA
methylation bead arrays were selected for further
analysis. The RSEM and beta-values were
employed in RNA-seq and DNA methylation
data analyzes, respectively. We used quantile nor-
malizations to remove batch effects and filtered
genes with a Pearson correlation of <0 between
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mRNA expression and DNA methylation. We had
a total of 214 samples and 7,716 genes for further
co-correlation network analysis and comparison.

Expression and methylation beadchip data with
adjacent non-tumor colorectal tissues were obtained
from GSE25070 and GSE25062, respectively. We
then aggregated the probes to the gene level using
the median value. RNA-seq data for lymph nodes
and colons were downloaded from [41].

Weighted gene co-expression network
construction

The WGCNA package (version 1.63) was per-
formed in R (version 3.5.1) for mRNA expression
and DNA methylation network constructions.
Briefly, we built the unsigned networks using the
absolute value of the Pearson’s correlation. Next,
the co-expression similarity was transformed into
the weighed adjacency matrix through the soft
threshold, which was chosen based on the scale-
free topology criterion. We selected a soft thresh-
old power of β = 9 in both mRNA expression and
DNA methylation datasets to produce networks
with a scale-free topology model fit that were
greater than 0.8. The topological overlap (TOM)
was then calculated from the adjacency matrix,
which organized hierarchical clustered genes into
modules by average linkage. Finally, we merged
the similar modules with module eigengene dis-
tances less than 0.1.

Module analyzes and comparisons between two
datasets

Eigengene, the first principal component of the mod-
ule, was employed to correlate sample traits, including
mutation and copy number alterations using
Pearson’s method. The P-value was calculated by the
T-statistic and adjusted using the Benjamini–
Hochberg procedure. Each co-correlation module
for the two datasets was annotated with enriched GO-
terms and KEGG pathways using the clusterProfiler
and an adjusted P-value < 0.05. Module preservation
was determined using Z-summary statistics, and
quantified by the modulePreservation function with
200 random permutations.We set the expression data
as the reference and methylation data as the test to
calculate the Z-summary ofmodules in the expression

network (and vice versa). The Fisher’s exact test was
applied to determine the significance of pairwise over-
laps between the two datasets.

Analysis of immune infiltrates in CRC

We used TIMER (Tumor IMmune Estimation
Resource) to estimate the immune infiltrates of
B cells, CD4 + T cells, CD8 + T cells, neutrophils,
macrophages and dendritic cells in CRC. RNA-seq
data used in co-expression analyzes were uploaded to
the TIMER website (https://cistrome.shinyapps.io/
timer/). We chose the colon adenocarcinoma as the
cancer type parameter for estimation and downloaded
the result. The correlations between the abundance of
six immune infiltrates and DNA methylation-related
events, including DNMT mutation were determined
by the Pearson’s correlation method.

Survival analysis

We used the survival package (version 3.5.1) in
R for univariate survival analysis. Kaplan-Meier
plots were generated using the survminer package
(version 0.4.2). We divided samples into two
groups based on the median value for all sets of
genes and immune infiltrates. All survival differ-
ences were calculated using the logrank test.

UpSet plot of survival associated genes

We used the Student’s t-test and/or Pearson cor-
relation method to determine the genes that were
significantly related to DNMT expression, somatic
mutations, and copy-number variations. UpSet
plots were generated using the UpSetR package
(version 1.3.3) in R to visualize the intersection
between different DNMT sets.

Network analysis of survival significant genes

Gene module membership was based on the
Pearson correlation between eigengenes and their
expression. The Wilcoxon rank-sum test was
employed to compare the module membership
between survival-significant and non-significant
genes in the conserved modules. We used
Cytoscape 3.6.1 to visualize the network properties
using the prefuse force directed layout.
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