ONCOLOGY LETTERS 12: 3250-3258, 2016

Microarray analysis of differentially-expressed genes
and linker genes associated with the molecular
mechanism of colorectal cancer
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Abstract. Colorectal cancer (CRC) is one of the most prevalent
malignancies worldwide and remains the third leading cause of
cancer-associated mortality. The present study aimed to fully
elucidate the pathogenesis of CRC and identify associated genes
in tumor development. Microarray GSE44076, GSE41328 and
GSE44861 datasets were downloaded from the Gene Expres-
sion Omnibus database and integrated with meta-analysis.
Differentially-expressed genes (DEGs) were identified from
CRC samples compared with adjacent non-cancerous controls
using the Limma package in R, followed by functional
analysis using the Database for Annotation, Visualization, and
Integrated Discovery online tool. A protein-protein interac-
tion (PPI) network of DEGs and linker genes was constructed
using NetBox software and modules were also mined. Func-
tional annotation was performed for modules with a maximum
number of nodes. Subsequent to meta-analysis to pool the data,
one dataset that included 327 samples involved in 11,081 genes
was obtained. A total of 697 DEGs were identified between
CRC samples and adjacent non-cancerous controls. In the PPI
network, modules 1 and 5 contained the maximum number of
nodes. Collagen, type I, al (COLIAI), COLIA2 and matrix
metallopeptidase 9 (MMP9) in module 1 and UDP-glucose
6-dehydrogenase (UGDH), aldehyde dehydrogenase 1 family,
member Al (ALDHIAI), fatty acid binding protein 4 (FABP4)
and monoglyceride lipase (MGLL) in module 5 exhibited a
high degree of connectivity. Functional analysis indicated that
the genes in module 1 were involved in extracellular matrix
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(ECM)-associated functions and that the genes in module 5
were involved in metabolism-related functions. Overall,
significant DEGs and linker genes, namely COLIAI, COLIA2,
MMP9, UGDH,ALDHIAI, FABP4 and MGLL, play a crucial
role in the development of CRC via regulating the ECM and
cell metabolism.

Introduction

Colorectal cancer (CRC), also known as colon cancer, is one
of the most prevalent malignancies worldwide and remains
the third leading cause of cancer-associated mortality (1). In
2014, ~65,000 women and 71,830 men were estimated to be
diagnosed with CRC (2).

Similar to the majority of other complex tumors, CRC
has been the subject of multiple studies with regards to its
pathogenesis, diagnosis and therapy. Much has been elucidated
about the molecular mechanism of CRC in recent years. It is
widely recognized that chromosomal instability is the most
common genetic abnormality to occur in CRC and has been
found in almost 85% of all CRC cases (3). Key genes involved
in this pathway include Kirsten rat sarcoma viral oncogene
homolog (KRAS), deleted in colorectal carcinoma (DCC),
SMAD family member 2 (SMAD2) and SMAD4. KRAS is a
proto-oncogene that plays a critical role in the transduction of
intracellular signals. The activation of KRAS by binding to
guanosine triphosphate could regulate downstream mediator
mitogen-activated protein kinase, which is involved in cell
division (4). Additionally, SMAD2 and SMAD4 play a vital
role in the transforming growth factor-f§ signaling pathway,
which in involved in the regulation of cell proliferation, differ-
entiation and apoptosis (5). DCC has been shown to correlate
with metastasis and a poor prognosis in CRC (6). Moreover,
chronic inflammation has been shown to increase the inci-
dence of bowel cancer (7). In the process of inflammation,
cyclooxygenase-2 (COX2) is a key molecule highlighted by
experiments (8). Previous studies into the downstream effects
of COX have illustrated that basic fibroblast growth factor and
vascular endothelial growth factor are activated by COX2 via
prostaglandin E2, all of which are involved in the regulation
of cell proliferation and angiogenesis contributing to tumor
development (9-11). However, the pathogenesis of CRC is
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complex and multifactorial. The complete elucidation of its
etiology remains to be defined.

The present study analyzed three microarray datasets,
comparing between colon tumor samples and adjacent normal
mucosa tissue samples. Differentially-expressed genes (DEGs)
were identified and functional annotation was performed for
significant genes, followed by protein-protein interaction (PPI)
network construction. The study aimed to detect the molecular
mechanisms and associated genes in the development of CRC.

Materials and methods

Microarray data. A total of 3 microarray datasets were
downloaded from the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/), including GSE44076 (12),
GSE41328 (13) and GSE44861 (14). Expression data from
GSE44076, which included colon tumor samples from
98 patients and adjacent paired normal mucosa tissues from
50 healthy donors, were obtained using platform GPL13667
(Affymetrix Human Genome U219 Arrays). Microarray
data from GSE41328, which included 5 colorectal adenocar-
cinomas samples and 5 matched normal colon tissue, were
generated with the [HG-U133_Plus_2] Affymetrix Human
Genome U133 Plus 2.0 Array platform. Expression data from
GSE44861, which included 56 tumor samples and 55 adjacent
non-cancerous tissue samples, were obtained through the
[HT_HG-U133A] Affymetrix HT Human Genome U133A
Array platform.

Data preprocessing. Prior to analysis, probe identifications in
each dataset were converted into standard gene symbols. For
genes with more than one probe set in the array, the average
value for the probes was obtained as the expression value of
the gene. By contrast, the probe set was deleted when mapped
to more than one gene. As the genes were different in the
3 datasets, meta-analysis was performed of these studies,
pooling the microarray data across different platforms. In the
combined process, batch effects are inevitable. To adjust the
data for these batch effects, the surrogate variable analysis
package (15) was applied, and normalization was performed
using the preprocessCore package (16) in R.

Identification of DEGs in CRC. To identify significant DEGs
in colon tumor samples compared with adjacent non-cancerous
controls, preprocessed data were exported to Limma package
in R language (17). An adjusted P-value was estimated using
the Benjamini & Hochberg (BH) method (18). Significant
DEGs were identified as those with llog 2 FC (fold-change)l>1
and an adjusted P-value of <0.05.

Functional annotation of DEGs in CRC. Testing for functional
enrichment of DEGs in CRC was performed using the Database
for Annotation, Visualization, and Integrated Discovery
(DAVID) online tool (19). Categories analyzed included
Gene Ontology (GO) terms (20) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways (21). Data from the
GO annotations was used to construct a functional enrichment
network, which was visualized by the enrichment map plugin
in Cytoscape (22). The BH correction for multiple testing was
performed with a cutoff for an adjusted P-value of <0.05.
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PPI network construction. NetBox software, which is written
in the Java language, is used to store and establishment the
Human Interaction Network based on public databases
consisting of Reactome (23,24), the Human Protein Refer-
ence Database (25), Memorial Sloan-Kettering Cancer
Center Cancer Cell Map (26) and the National Cancer
Institute-Nature Pathway Interaction Database (27). Linker
genes with statistical significance, which are not differen-
tially-expressed in colon tumors, but interact with DEGs,
were obtained through mapping DEGs onto the network.
Cytoscape software (28) was used to visualize the molecular
interaction. Besides the PPI network under the criteria,
NetBox also divided the network into modules. The modules
with the maximum number of nodes in the PPI network
were subjected to GO terms and Swiss-Prot and Protein
Information Resource Keywords enrichment analysis with
the DAVID online tool.

Results

Preprocessed results and DEGs in CRC. Following
meta-analysis of these 3 studies to pool microarray data across
the different platforms, one dataset was obtained that included
327 samples and 11,081 genes. The dataset was preprocessed
and normalized, followed by further analysis. The normalized
results are shown in Fig. 1. A total of 697 genes were selected
as DEGs, including 286 upregulated and 411 downregulated
genes, between CRC samples and adjacent non-cancerous
control.

Significant functions and pathways of DEGs. To annotate
these DEGs in the tumor samples, DAVID was used for GO
function and KEGG pathway analysis, with the threshold of
the adjusted P-value at <0.05. Functional enrichment networks
of upregulated and downregulated DEGs are shown in
Figs. 2 and 3. The results showed that upregulated DEGs were
significantly enriched in cell cycle-related functions, including
the cell cycle process, the regulation of the mitotic cell cycle
and the regulation of cell proliferation. Downregulated DEGs
were mainly enriched in homeostasis-related functions,
including chemical homeostasis and cellular ion homeostasis.

PPI network analysis. Significant DEGs and linker genes were
used to construct the PPI network (Figs. 4 and 5). In the PPI
network for upregulated DEGs (Fig. 4), there were 2,508 edges
and 296 genes, including 140 DEGs and 156 linker genes.
The network was divided into 9 modules by NetBox, in
which module 1 contained the maximum number of nodes.
Additionally, in the PPI network for downregulated DEGs,
there were 301 edges and 165 genes, including 113 DEGs and
42 linker genes. The network was divided into 18 modules, in
which module 5 contained the maximum number of nodes. In
the PPI network, the hub genes were mined with the top-five
degrees of connectivity in the different modules (Table I). The
upregulated minichromosome maintenance complex compo-
nent 7 gene in module 0, linker genes collagen, type I, al
(COLIAI) and COLIA2, and differentially-expressed
matrix metallopeptidase 9 (MMP9) in module 1, and linker
genes polo-like kinase 1 and exportin 1 in module 2 exhib-
ited a connectivity degree of >20. Downregulated genes
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Table I. Connectivity degree of hub genes in the top-five modules.

Module no. Hub gene Degree

Upregulated gene modules
0 MCM7 22
0 TP53 21
0 ORCIL 21
0 ORC4L 20
0 CDC45L 20
1 COLIAI 25
1 COLIA2 20
1 MMP9 20
1 FNI 19
1 ITGBI1 18
2 PLKI 71
2 XPOI 68
2 CDC20 66
2 BIRCS 64
2 PAFAHIBI 63
4 RRM2 11
4 SLC27A5 9
4 CYP39A1 8
4 SOLE 7
4 LIPE 6
5 BMP7 7
5 INHBA 7
5 BMP4 6
5 INHBB 5
5 BAMBI 5

Downregulated gene modules
5 UGDH 26
5 ALDHIAI 22
5 FABP4 21
5 MGLL 21
5 PPAP2A 21
6 PLG 7
6 MEPIA 6
6 MEPIB 6
6 Cc3 5
6 NPY 5
8 SHBG 8
8 SPINK7 3
8 MTIG 2
8 MT2A 2
8 MTIF 1
9 CCRLI 5
9 VCAN 5
9 CCL5 5
9 CCL21 5
9 CCLI9 4
12 CALM1 11
12 CAVI 5
12 SCP2 3
12 EDNRB 3
12 EDN3 2
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UDP-glucose 6-dehydrogenase (UGDH), aldehyde dehydro-
genase 1 family, member Al (ALDHIAI), fatty acid binding
protein 4, adipocyte (FABP4) and monoglyceride lipase
(MGLL) in module 5 exhibited a connectivity degree of >20.

The functional annotation results showed that the DEGs in
module 1 were mainly enriched in extracellular region-related
functions and extracellular matrix (ECM)-associated func-
tions (Table II). Downregulated DEGs in module 5 were
significantly enriched in metabolic process and biosynthetic
process-related functions (Table I1T).

Discussion

Using a meta-analysis approach to group 3 microarray data-
sets, including GSE44076, GSE41328 and GSE44861, DEGs
were identified in CRC mucosa compared with adjacent
normal mucosa samples. The results suggested that there
were 697 DEGs, including 286 upregulated genes. Func-
tional annotation results showed that the upregulated DEGs
were involved in cell cycle-related functions, in comparison
with the downregulated DEGs, which were enriched in
homeostasis-associated functions. In the PPI network, the
linker genes COLIAI and COLIA2, and the DEGs MMP9,
UGDH, ALDHIAI, FABP4 and MGLL, which exhibited a
connectivity degree of >20, participated in the development
of CRC.

After the upregulated and downregulated networks were
divided into multiple modules, modules 1 and 5 with the
maximum number of nodes were subjected to functional
annotation. In module 1, the linker genes COLIAI and
COLIA2, and the DEG MMP9 exhibited the highest degree
of connectivity. COLIAI and COLIA2, two type I collagen
members, are major components of the ECM. Growing
evidence has shown that the ECM plays a critical role in
promoting epithelial-to-mesenchymal transition (EMT),
which is associated with tumor invasion and metastasis (29).
Additionally, EMT is indicated to confer tumor cell resistance
to apoptosis and to promote the escape of tumor cells from
the senescence process (30,31). Moreover, a pioneer study
uncovered the fact that EMT has the capacity of endowing
tumor cells with cancer stem cell-like characteristics, which
could promote tumor development and chemoresistance (32).
MMP9 (also known as gelatinase B), a member of the
MMP family, has been proven to degrade various compo-
nents of the ECM, including type I collagen (33). Notably,
an elevated level of MMP9 has been found in CRC (34),
which is consistent with the present analysis. Numerous
studies have shown that MMP9 plays crucial roles in inva-
sion, metastasis, cell proliferation and angiogenesis (35,36).
Angiogenesis and cell proliferation are critically important
for tumor development and metastatic spreading (37). From
the results of the functional annotation in the present study,
the three important genes in module 1 were mainly enriched
in ECM-related functions and the ECM-receptor interaction
pathway. Accordingly, COLIAI, COLIA2 and MMP9 are
involved in CRC tumorigenesis and metastasis via regulation
of ECM-associated functions.

In module 5, UGDH, ALDHIAI, FABP4 and MGLL were
downregulated in colorectal tumor samples and were signifi-
cantly involved in metabolism-related functions. UGDH
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Figure 1. Results of nos ml ation. The pp image represents data prior to normalization, the middle image represents the data adjusted for the batch effect
and the image below represents data after normalization.

is the four-electron transfer enzyme and is associated with  previous study showed that elevated levels of HA are directly
the biosynthesis of hyaluronan (HA), which participants in  involved in the progression of various cancers, and UGDH
tissue organization, development and cell proliferation (38). A has been proposed as a biomarker for prostate cancer (39).
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Table II. Functional annotation of genes in module 1.
Category Term Count Bonferroni
Annotation cluster 1 Enrichment score: 42.348195504843254
GOTERM_CC_FAT GO0:0044421~extracellular region part 63 2.07x10%
SP_PIR_KEYWORDS Secreted 65 8.47x10*%
GOTERM_CC_FAT GO0:0005576~extracellular region 71 2.53x10%
Annotation Cluster 2 Enrichment score: 41.212870504723476
SP_PIR_KEYWORDS Signal 80 6.46x10
UP_SEQ_FEATURE Signal peptide 80 2.31x10
GOTERM_CC_FAT GO0:0005576~extracellular region 71 2.53x10%
Annotation cluster 3 Enrichment score: 26.15393329757373
SP_PIR_KEYWORDS Extracellular matrix 32 3.45x10%
GOTERM_CC_FAT GO:0031012~extracellular matrix 35 8.66x102®
GOTERM_CC_FAT GO:0005578~proteinaceous extracellular matrix 33 3.76x10%
GOTERM_CC_FAT GO0:0044420~extracellular matrix part 15 1.57x101

GO, Gene Ontology; SP_PIR_KEYWORDS, Swiss-Prot and Protein Information Resource Keywords; CC, cellular component.
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Figure 2. Functional enrichment map of upregulated differentially-expressed genes (DEGs). The nodes represent the enriched functions of the upregulated
genes. Edge thickness is proportional to the number of overlapped genes between the different functions. The size of the nodes is proportional to the number

of DEGs.

In parallel, ALDH1AI1, which belongs to a superfamily of
enzymes, has been identified as a crystalline in the lens and
cornea (40). Notably, ALDH1AL1 also plays a critical role
in regulating lipid metabolism and gluconeogenesis (41). In
addition, FABP4, known as a new adipokine, is involved in
fatty acid trafficking from the cytoplasm to the nucleus and
in lipid metabolism (42). Furthermore, FABP4 is considered
as a candidate biomarker of lipodystrophy and metabolic

syndrome (43). It is well known that MGLL is a member
of the serine hydrolase superfamily, which hydrolyze intra-
cellular triglyceride and cholesteryl ester into free fatty
acid as an important fuel in mammals (44). More recently,
MGLL was found to be abnormally expressed in aggressive
human cancer, and to promote cell proliferation and tumor
growth (45). It is now clear that the conversion of cells from
a normal to cancerous state requires metabolic alterations,
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Table III. Functional annotation of genes in module 5.

Category

Term Count Benjamini

Annotation cluster 1
SP_PIR_KEYWORDS
GOTERM_BP_FAT
GOTERM_BP_FAT

Annotation cluster 2
GOTERM_BP_FAT
SP_PIR_KEYWORDS
GOTERM_BP_FAT
GOTERM_BP_FAT

Annotation cluster 3
GOTERM_BP_FAT
GOTERM_BP_FAT
GOTERM_BP_FAT
SP_PIR_KEYWORDS
GOTERM_BP_FAT
KEGG_PATHWAY
SP_PIR_KEYWORDS
SP_PIR_KEYWORDS
SP_PIR_KEYWORDS
GOTERM_BP_FAT

Enrichment score: 28.81018243601853

Oxidoreductase 28 1.58x10%!
GO:0055114~oxidation reduction 28 2.57x10°%
G0:0008202~steroid metabolic process 21 5.77x10°%
Enrichment score: 17.61044037865203

G0:0008202~steroid metabolic process 21 5.77x10°%
Nadp 14 3.94x10°"
GO:0016125~sterol metabolic process 12 2.20x10"3
G0:0008203~cholesterol metabolic process 10 1.82x10°1°
Enrichment score: 10.153502326316204

GO0:0006694~steroid biosynthetic process 15 5.19x10%
GO:0016125~sterol metabolic process 12 2.20x10"3
GO:0008610~lipid biosynthetic process 15 6.44x10"2
Steroid biosynthesis 8 1.29x10"
GO:0016126~sterol biosynthetic process 7 2.68x10%

hsa00100:steroid biosynthesis 7 1.05x10°8

Sterol biosynthesis 6 1.17x10°®

Lipid synthesis 7 2.69x107

Cholesterol biosynthesis 3 2.98x107

G0:0006695~cholesterol biosynthetic process 3 4.89x102

GO, Gene Ontology; SP_PIR_KEYWORDS, Swiss-Prot and Protein Information Resource Keywords; BP, biological process; KEGG, Kyoto

Encyclopedia of Genes and Genomes.
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Figure 3. Functional enrichment map of downregulated differentially-expressed genes (DEGs). The nodes represent the enriched functions of the downregu-
lated genes. Edge thickness is proportional to the number of overlapped genes between the different functions. The size of the nodes is proportional to the

number of DEGs.

including changes in lipid metabolism and gluconeogenesis, Taken together, the present results suggest that COLIAI,
in order to support tumor growth and survival. As a result, COLIA2 and MMP9 in module 1, and UGDH, ALDHIAI,
UGDH, ALDHIAI, FABP4 and MGLL play a key role in FABP4 and MGLL in module 5 serve as key hub genes in
metabolism-related functions and regulate the tumorigenesis CRC development, where the genes regulate ECM and cell

of CRC.

metabolism-associated functions that are important for tumor
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Figure 4. Protein-protein interaction network of up-regulated genes and linker genes. The coloration of the nodes is representative of the genes in different
modules. Circular nodes represent differentially-expressed genes and rhombic nodes represent linker genes.
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Figure 5. Protein-protein interaction network of downregulated genes and linker genes. The coloration of the nodes is representative of the genes in different
modules. Circular nodes represent differentially-expressed genes and rhombic nodes represent linker genes.
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growth. However, additional experiments will be required to
confirm the bioinformatic results.
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