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Abstract Here we intend to identify key genes and pathways
in the pathogenesis of colorectal cancer (CRC) through ana-
lyzing microarray data with bioinformatic tools. The gene
expression profile dataset GSE23878 was downloaded from
Gene Expression Omnibus and differentially expressed genes
(DEGs) were screened out using Student’s ~test. GO function
and KEGG pathway enrichment analyses were performed for
these DEGs with the DAVID online tool. Interaction network
was constructed among the over-represented pathways based
on the protein-protein interactions within the pathways. Be-
sides, the protein interaction information obtained from
HPRD database were applied to constructed protein-protein
interaction networks among the DEGs and hub genes and
function module were screened out. A total of 2,296 DEGs
were obtained and they were enriched in 34 pathways. An
interaction network was constructed among 32 pathways, in
which p53 signaling pathway acted as the hub pathway as it
showed the highest node degree. The protein-protein interac-
tion network comprised 1,481 interaction relationships among
332 genes which included 40 DEGs. Further analysis revealed
that theses DEGs formed 7 function modules and many genes,
such as PDGFRB, MET, FZD2, CCNDI1, PRKCB,
ARHGEF6, JUP, WNT2, WNT5A and WNTI11 were key
genes in the networks. The DEGs and disturbed biological
functions uncovered in present study may play important roles
in the development of CRC and can contribute to the under-
standing on molecular mechanisms of CRC. Further these
DEGs we obtained can be acted as potential biomarkers for
diagnosis and therapy of CRC.
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Introduction

Colorectal cancer (CRC), described as uncontrolled cell
growth in colon, rectum or appendix, is one of the most
common cancer in the world that brings great challenge for
human health. It is estimated that more than 1 million cases of
CRC are diagnosed and 600,000 patients die of this cancer
every year [1]. Survival rate is closely associated with stage of
cancer. The 5-year survival rate of patients with stage I CRC is
about 93 %, which decreases to about 80 % for patients with
stage II CRC and to 60 % for patients with stage III CRC [2].
Therefore, detection of CRC at early stage appears to be
critical measure to reduce the mortality, and many CRC
specific-deaths can be avoided by early diagnosis and timely
therapy.

During the last decade, gene expression profiling has
displayed great promising in diagnosis as well as targeted
therapy of cancers [3]. Multiple studies have been focused
on the molecular changes of CRC and a range of genetic
alterations were demonstrated to be involved in the develop-
ment of CRC. Chromosomal instability (CIN) and microsat-
ellite instability (MSI) are two main pathways that induce the
occurrence of CRC [4]. Loss of heterozygosity (LOH)
centring around APC (adenomatous polyposis coli) in chro-
mosomes 5q, TP53 (tumor protein 53) in 17p and SMAD4
(SMAD family member 4) in 18q, which result in CIN, have
been found in CRC at high frequencies [5—8]. MSI is caused
by defects in the DNA mismatch repair (MMR) system [9].
Germ-line mutations of MMR genes, such as MSH2 (MutS
protein homolog 2), MSH6, MLH1 (MutL homolog 1) and
PMS?2 (mismatch repair endonuclease PMS2), are associated
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with hereditary non-polyposis colorectal cancer (HNPCC),
the main inherited predisposition to colorectal cancer [10].

Microarray technology is an effective tool to disclose the
global molecular changes occurred at the onset and during the
development of cancer [11]. Besides, it allows the measure of
the expression levels of thousands of genes simultaneously
that helps the investigators to recognize the nature of cancer
comprehensively. In this study, we analyzed the differentially
expressed genes (DEGs) between CRC samples and healthy
controls based on the microarray data using bioinformatics
method. Further researches were performed to screen the
critical genes and pathways associated with the pathogenesis
of CRC. We aimed to explore the molecular mechanism of
CRC through bioinformatics method.

Materials and Methods
Microarray Data

The gene expression profile dataset GSE23878 [12] was
downloaded from Gene Expression Omnibus (http:/www.
ncbi.nlm.nih.gov/geo/), including 35 CRC samples and 24
healthy controls. The probe level data in the original files
were converted into corresponding gene symbols based on
the annotation information in the platform GPL 570. Then the
raw data were normalized with RMA (quantile) method [13, 14]
and subjected to logarithmic transformation. Nonspecific probes
were filtered. While for a given gene with multiple correspond-
ing probes, we took the average expression value of all probes
as the final expression value of this gene. Finally, the expression
profiles of total 20,283 genes were obtained.

Screening of Differentially Expressed Genes

The Student’s ¢ test was applied to identify the differentially
expressed genes (DEGs) between CRC samples and control
samples. After multiple testing correction based on Benjamini
& Hochberg method [15], the FDR<0.05 and fold-change>
1.5 were selected as the threshold.

Functional Enrichment Analysis

DAVID (Database for Annotation, Visualization and Integrat-
ed Discovery) is an online tool that provides a comprehensive
set of functional annotation for large list of genes [16]. Gene
Ontology (GO) enrichment analysis and KEGG (Kyoto En-
cyclopedia of Genes and Genomes) pathway enrichment anal-
ysis were conducted for the DEGs with DAVID. The EASE
method was used to identify over-represented GO categories
or KEGG pathways and EASE score<0.1 was set as the cut-
off criterion.
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Analysis of Interaction Between Pathways

Two pathways will be considered as interactive if a protein
within one pathway presents significant interactions with pro-
teins within the other pathway. A cumulative hypergeometric
probability model was chosen to test the significance of inter-
actions between pathways. The formula of this model was
shown as below.

Table 1 Significantly over-represented pathways in CRC

Term Count P value

hsa03030:DNA replication 16 4.89E-05
hsa04060:Cytokine-cytokine receptor interaction 61 6.24E-05
hsa04640:Hematopoietic cell lincage 25 5.99E-04
hsa04110:Cell cycle 31 0.002018
hsa00280:Valine, leucine and isoleucine degradation 15 0.002144
hsa04672:Intestinal immune network for IgA 16 0.002317

production
hsa00071:Fatty acid metabolism 14 0.002477
hsa00982:Drug metabolism 18 0.004444
hsa05310:Asthma 11 0.004777
hsa04115:p53 signaling pathway 19 0.005214
hsa04610:Complement and coagulation cascades 19 0.006149
hsa00980:Metabolism of xenobiotics by cytochrome 17 0.007617
P450

hsa04621:NOD-like receptor signaling pathway 17 0.010598
hsa00500:Starch and sucrose metabolism 13 0.011208
hsa00410:beta-Alanine metabolism 8 0.027476
hsa00983:Drug metabolism 12 0.033282
hsa03430:Mismatch repair 8 0.034824
hsa00350:Tyrosine metabolism 12 0.038919
hsa00680:Methane metabolism 4 0.040559
hsa00480:Glutathione metabolism 13 0.042547
hsa00140:Steroid hormone biosynthesis 12 0.052114
hsa00230:Purine metabolism 30 0.057721
hsa05330:Allograft rejection 10 0.058786
hsa04940:Type 1 diabetes mellitus 11 0.064004
hsa00830:Retinol metabolism 13 0.071088
hsa04514:Cell adhesion molecules (CAMs) 26 0.074652
hsa04020:Calcium signaling pathway 33 0.077077
hsa00360:Phenylalanine metabolism 7 0.079582
hsa04614:Renin-angiotensin system 6 0.080634
hsa05332:Graft-versus-host disease 10 0.090282
hsa00062:Fatty acid elongation in mitochondria 4 0.091405
hsa00910:Nitrogen metabolism 7 0.095379
hsa00650:Butanoate metabolism 9 0.097549
hsa00040:Pentose and glucuronate interconversions 6 0.099215
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N: the total number of interactions between proteins within
pathway A and B; M: the number of interactions for pathway
A excluding those within the pathway; n: the number of
interactions for pathway B excluding those within the path-
way; m: the number of interactions between the two pathways.
P value<0.01 was chosen as the cut-off criterion. Then an
interaction network was constructed based on the relation-
ships among pathways and visualized with cytoscape.

Construction of Protein-Protein Interaction Network

In order to observe the distribution of the DEGs in whole network,
a protein-protein interaction network was constructed using infor-
mation from human protein reference database (HPRD, http://
www.hprd.org/) [17]. Clique Percolation method [18] in cfinder
software [19] was used to identify modules in the network.

Results
Differentially Expressed Genes

Based on the dataset GSE23878, a total of 2,296 DEGs with
FDR<0.05 and fold-change>1.5 were identified between

CRC and control samples, including 939 up-regulated and
1,357 down-regulated genes.

Functional Enrichment Analysis of DEGs

In order to evaluate the disordered biological functions in
CRC, KEGG pathway enrichment analysis was performed
for all DEGs and 34 terms were significantly over-
represented among these genes (Table 1). The data revealed
that DEGs were mainly associated with the following groups
of pathways: (1) proliferation and apoptosis (e.g. cell cycle,
p53 signaling pathway); (2) DNA replication and repair (e.g.
DNA replication, mismatch repair); (3) signal transduction
(e.g. calcium signaling pathway); (4) immune system and
immune disease (e.g. hematopoietic cell lineage, intestinal
immune network for IgA production, complement and coag-
ulation cascades, NOD-like receptor signaling pathway, asth-
ma, allograft rejection and graft-versus-host disease); (5) me-
tabolism (fatty acid metabolism, drug metabolism, metabo-
lism of xenobiotics by cytochrome P450, amino acid
metabolismand etc.). Among them, DNA replication is the
most significantly over-represented pathway.

GO enrichment analysis was also carried out for DEGs to
validate above results. Finally a total of 41 significantly over-

Fig. 1 Interaction network for CRC-related pathways. Red circles represent pathways and edges indicate interactions
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represented GO terms were obtained with FDR<0.05 as the
cut-off value. Terms associated with cell cycle, DNA replica-
tion, inflammatory response and immune response were
enriched among the DEGs, which was similar with the results
obtained from KEGG enrichment analysis.

Interaction Network for CRC-Related Pathways

To explore interactions among the CRC-related pathways,
networks were constructed among genes within the 34 path-
ways obtained above. Then the probability of relationships
between pathways was evaluated by the cumulative
hypergeometric probability model. A total of 103 interactions
with p value less than 0.01 were identified among 32 enriched
pathways and an interaction network were constructed based
on them (Fig. 1). Then the degree was calculated for each
node in the network to screen out hub nodes, which were
generally thought to play critical roles in the development of
disease. From Table 2 we found that the degree of “P53
signaling pathway” was 13, which ranked first among all 32
pathways. The following were “cytokine-cytokine receptor
interaction”, “type I diabetes mellitus”, “calcium signaling
pathway” and “NOD-like receptor signaling pathway”” which
were all connected with “P53 signaling pathway”. Besides,
the “cell cycle”, “mismatch repair” and “DNA replication”
were also displayed links with this pathway (Fig. 1).

Interaction Network for CRC-Related Genes

In order to identify key genes and function modules in path-
ogenesis of CRC, an interaction network was established
among the DEGs related to the over-represented KEGG path-
ways and GO biological processes. The network was
consisted of 1,481 interaction relationships among 332 genes,
in which there were 40 DEGs including 23 down-regulated
and 17 up-regulated genes (Fig. 2). Among these DEGs, genes
FZD2 (frizzled-2), WNT2 (wingless-type MMTYV integration
site family member 2), WNTSA and WNT11, which were all
up-regulated in CRC samples, formed a function module.
While genes PRKCB (protein Kinase C, beta), CALM1 (cal-
modulin 1) and CAMK2D (calcium/calmodulin-dependent
protein kinase type II delta chain), which were all up-
regulated, formed another function module. Besides, there
were interaction relationships among PDGFD (platelet-
derived growth factor D), PDGFRB (PDGF receptor, beta
polypeptide), MET (met proto-oncogene), FGF2 (fibroblast
growth factor 2), FGF9, FGF13, and IGF1 (insulin-like
growth factor 1), of which PDGFRB and MET were two core
genes in the network. Another seven DEGs, CCND1 (cyclin
D1), CDK4 (cyclin-dependent kinase 4), CDKN2B (cyclin-
dependent kinase 4 inhibitor B), FOS (Oncogene FOS), JUP
(junction plakoglobin), ZBTB16 (zinc finger and BTB
domain-containing protein 16) and PIAS1 (protein Inhibitor
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Table 2 Degrees for the 32 KEGG pathway terms

Name Degree
p53 signaling pathway 13
Cytokine-cytokine receptor interaction 12
Type I diabetes mellitus 12
Calcium signaling pathway 11
NOD-like receptor signaling pathway 11
Hematopoietic cell lineage 11
Allograft rejection 10
Graft-versus-host disease 10

Cell adhesion molecules (CAMs)
Intestinal immune network for IgA production
Cell cycle

Asthma

Drug metabolism

Fatty acid metabolism

Purine metabolism

beta-Alanine metabolism

Tyrosine metabolism

Butanoate metabolism

Pentose and glucuronate interconversions
Fatty acid elongation in mitochondria
Glutathione metabolism

Retinol metabolism

Metabolism of xenobiotics by cytochrome P450
DNA replication

Mismatch repair

Complement and coagulation cascades
Renin-angiotensin system

Steroid hormone biosynthesis

Valine leucine and isoleucine degradation
Valine, leucine and isoleucine degradation
Starch and sucrose metabolism

— NN W WA A AN DDEDBREDDR O OVOAOO O I ® 0O O

Phenylalanine metabolism

of Activated STAT-1), were also formed a function module
(Fig. 2b).

The degree of each DEGs in the network was then
calculated and the top 11 ones were PDGFRB (46),
MET (31), FZD2 (22), CCNDI1 (18), PRKCB (14),
ARHGEF6 (14), JUP (13), WNT2 (13), WNT5A (13)
and WNTI11 (13). These genes might be of great im-
portance in the whole network.

Fig.2 Interaction network for CRC-related DEGs. a: the whole network; P
b: part of the network. Up-regulated genes are in red and down-regulated
genes are in blue
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Discussion

In present study, gene expression profiles of CRC samples
were compared with those of healthy controls to identify
DEGs. Functional enrichment analysis revealed a variety of
pathways that were closely related with CRC.

DNA replication was the most significantly over-
represented pathway. Additionally, relevant pathways like cell
cycle and mismatch repair were also enriched. DNA replica-
tion is a key step in cell cycle, while mismatch repair is a
mechanism -that affects the fidelity of DNA replication. DNA
damage during the course of replication and cell cycle dereg-
ulation are common features of human cancer [20, 21]. The
close relationships between DNA damage due to mismatch
repair and CRC have been reported in several studies [22-24].
DNA must be duplicated precisely once per cycle which
is monitored and controlled by a set of proteins such as
CDKs and CDCs [25]. Alterations of protein level or
amino acid sequence in these proteins really result in
disturbance of normal biological functions, which sub-
sequently bring about tumorigenesis [26]. In this study,
we found the aberrant expression of CCNDI1, CDK4
and CDKN2B, suggesting that they may play important
roles in the development of CRC.

Other pathways associated with immune system and im-
mune disease were also listed in Table 1. Immune response
undoubtedly has a significant impact on the tumorigenesis,
which is highlighted by the clear associated between chronic
inflammatory conditions and subsequent malignant
transforming in the inflamed tissue [27]. Moreover, evidence
has already existed linking immunologic response-related
genes to CRC tumorigenesis [28]. Several xenobiotic metab-
olism pathways were also enriched, which was in accordance
with the fact that colonic cells respond to various environmen-
tal factors associated with metabolic pathways [29].

Interactions between pathways were then analyzed and p53
signaling pathway was identified as the hub node. Connec-
tions between p53 signaling pathway and cell cycle, mismatch
repair and DNA replication were also observed, which further
confirmed the critical position of p53 signaling pathway in the
whole regulatory mechanisms. Numerous studies have indi-
cated that p53 signaling pathway plays an important role in
development of cancers and it is also the target for therapy of
cancer [30]. The p53 is a tumor suppressor gene and it medi-
ates the cell cycle arrest after DNA damage [31]. It also
contributes to chromosome stability [32] as well as mitochon-
drial genetic stability [33], which are critical for suppression
of tumorigenesis [34, 35]. Moreover, mutation of p53 has
been widely found in patients with CRC [36].

Biomarkers discovery is always the focus in cancer re-
search as they can be utilized for diagnosis, treatment or
prognosis. Therefore, protein interaction network analysis
was performed for the CRC-related DEGs to identify hub

@ Springer

genes. A number of genes with high degree were obtained,
such as PDGFRB, MET and FZD2.

PDGFRB is a cell surface tyrosine kinase receptor for
members of the platelet-derived growth factor family. Its
expression level correlates with the metastatic behavior of
human colorectal cancer [37] and the potential therapeutic
application of it for CRC has been demonstrated in mice
[38]. According our analysis, MET connected with PDGFRB
and other genes including FGF9, FGF13, FGF2, PDGFD and
IGF1 formed a function module. MET is a proto-oncogene
and it encodes hepatocyte growth factor receptor with
tyrosine-kinase activity. Aberrant expression of MET and its
physiological ligand hepatocyte growth factor/scatter factor
(HGF/SF) have been found in different types of cancers
including CRC [39-41]. Down-regulation of MET displayed
inhibitory effect on the growth of CRC cells [42]. FGF9,
FGF13 and FGF2 are three fibroblast growth factors that
showed down-regulation in CRC samples in our study.
FGF9 closely interacts with PDGFRB [43] and thus may take
a part in the development of CRC. In addition, several genes
participating in Wnt signaling pathway were obtained: FZD2,
WNT2, WNT5A and WNT11. All of them were up-regulated
in CRC and formed a module, implying the involvement of
Wht signaling pathway in the pathogenesis of CRC. In fact, it
is reported that aberrant Wnt pathway signaling is an early
progression event in 90 % of colorectal cancers [44]. Modu-
lation of the Wnt pathway remains to be an attractive thera-
peutic possibility for CRC [45].

Overall, we identified a number of DEGs between CRC
and healthy controls by comparing the gene expression pro-
files of them. Further functional enrichment analysis and
interaction networks analysis revealed several hub pathways
and hub genes that may be involved in the pathogenesis of
CRC. These findings can enhance our understanding on the
molecular mechanism of CRC. Besides, the genes identified
in current study may be acted as potential biomarkers for
diagnosis and therapy of CRC.
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