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Integration-based co-expression network analysis to
investigate tumor-associated modules across three cancer

types
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Abstract: In case/control gene expression data, differential expression (DE) represents changes in gene expression levels across
various biological conditions, whereas differential co-expression (DC) represents an alteration of correlation coefficients between
gene pairs. Both DC and DE genes have been studied extensively in human diseases. However, effective approaches for integrating
DC-DE analyses are lacking. Here, we report a novel analytical framework named DC&DEmodule for integrating DC and DE
analyses and combining information from multiple case/control expression datasets to identify disease-related gene co-expression
modules. This includes activated modules (gaining co-expression and up-regulated in disease) and dysfunctional modules (losing
co-expression and down-regulated in disease). By applying this framework to microarray data associated with liver, gastric and colon
cancer, we identified two, five and two activated modules and five, five and one dysfunctional module(s), respectively. Compared
with the other methods, pathway enrichment analysis demonstrated the superior sensitivity of our method in detecting both known
cancer-related pathways and those not previously reported. Moreover, we identified 17, 69, and 11 module hub genes that were
activated in three cancers, which included 53 known and three novel cancer prognostic markers. Random forest classifiers trained by
the hub genes showed an average of 93% accuracy in differentiating tumor and adjacent normal samples in the TCGA and GEO
database. Comparison of the three cancers provided new insights into common and tissue-specific cancer mechanisms. A series of
evaluations demonstrated the framework is capable of integrating the rapidly accumulated expression data and facilitating the
discovery of dysregulated processes.
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Fig. 1 Schematic procedure for the identification of tumor-associated modules. We integrated two GEO microarray
datasets associated with liver, gastric and colon cancer, respectively. For each cancer type, we used WGCNA to identify
tumor/normal co-expression modules in each of the two datasets, then extracted the significantly conserved modules
across individual datasets. We then identified the modules showing both differential expression levels and distinct
co-expression strengths between normal and tumor conditions, including oncogenic modules (gaining co-expression and
up-regulated in tumor) and dysfunctional modules (losing co-expression and down-regulated in tumor).
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Fig. 2 Flowchart of the DC-DE integration analytical framework. Using the analysis of two cancer datasets as an
example, we first identified tumor and normal co-expression modules for each dataset, then extracted the significantly
conserved tumor/normal modules across individual datasets using pairwise Fisher’s exact test (step 1). For each
significantly conserved module, we performed integration-based DC (step 2) and DE (step 3) analyses to identify
modules gaining co-expression, losing co-expression, up-regulated, and down-regulated in the tumor, respectively.
Modules gaining co-expression and up-regulated in tumor were identified as activated modules and those losing
co-expression and down-regulated in tumor were identified as dysfunctional modules.
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Fig. 3 Correlation between DC and DE genes. Tumor (A-C) and normal (D-F) co-expression modules of liver,
stomach and colon cancer were respectively divided into significantly DC modules and the other ones. The combined
DE scores of genes included in significantly DC modules are compared with those of the other modules through
Wilcoxon rank-sum test and shown in box plots. The Wilcoxon rank-sum test P-values are shown above the box plots.
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Fig. 4 Overview of pathway enrichment analysis. Venn diagrams of activated (A) and dysfunctional (B) KEGG pathways
in liver, gastric and colon cancer. Venn diagrams of activated (C) and dysfunctional (D) Reactome pathways in liver, gastric
and colon cancer. (E) Ten representative activated KEGG pathways shared by at least two cancers. (F) Ten representative
dysfunctional KEGG pathways shared by at least two cancers. (G) Ten representative activated Reactome pathways shared
by at least two cancers. (H) Ten representative dysfunctional Reactome pathways shared by at least two cancers.
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independent DC analysis, independent DE analysis, and DECODE) in liver, gastric and colon cancer. (B) The number of
total Reactome pathways (line charts) and those reportedly cancer-related (bar charts) identified by different methods.
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