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Abstract. The present study aimed to investigate the molecular 
targets for colorectal cancer (CRC). Differentially expressed 
genes  (DEGs) were screened between CRC and matched 
adjacent noncancerous samples. GENETIC_ASSOIATION_
DB_DISEASE analysis was performed to identify CRC genes 
from the identified DEGs using the Database for Annotation, 
Visualization and Integrated Discovery, followed by Gene 
Οntology (GO) and Kyoto Encyclopedia of Genes and Genomes 
analysis for the CRC genes. A protein‑protein interaction (PPI) 
network was constructed for the CRC genes, followed by deter-
mination and analysis of the hub genes, in terms of the protein 
domains and spatial structure. In total, 35 CRC genes were 
determined, including 19 upregulated and 16 downregulated 
genes. Downregulated N‑acetyltransferase (NAT)1 and NAT2 
were enriched in the caffeine metabolism pathway. The down-
regulated and upregulated genes were enriched in a number of 
GO terms and pathways, respectively. Cyclin D1 (CCND1) and 
proliferating cell nuclear antigen (PCNA) were identified as the 
hub genes in the PPI network. The C‑terminal and N‑terminal 
domains were similar in PCNA, but different in CCND1. The 
results suggested PCNA, CCND1, NAT1 and NAT2 for use as 
biomarkers to enable early diagnosis and monitoring of CRC. 
These results form a basis for developing therapies, which 
target the unique protein domains of PCNA and CCND1.

Introduction

Colorectal cancer (CRC) is the third most common type 
of cancer, which accounts for ~10% of all cases of cancer 
with 1,400,000 new cases and a cancer‑associated mortality 

rate of 694,000 in 2012 (1). The incidence of CRC is higher in 
developed countries, compared with that in developing coun-
tries (1). A number of risk factors of the disease have been 
defined to date, including the consumption of red and processed 
meat, obesity, smoking and lack of physical activity (2). Its 
symptoms and signs vary and dependent predominantly on 
the location and metastasis of the tumor. Localized cancer at 
an early stage can be cured with surgical resection, however, 
advanced stages of cancer, accompanied with presence of 
metastasis, is less likely to be cured by surgery and has a poor 
prognosis with a significantly lower 5‑year survival rate (3).

CRC is a multistep‑process resulting from accumulative 
mutations of tumor suppressor genes and oncogenes (4,5). 
Increasing studies have demonstrated that heterogeneous 
mutations of the Wnt pathway, which potentiate the pathway 
activity can contribute to the initiation and development 
of CRC (6,7). In addition, the important roles of adenoma-
tous polyposis coli (APC) mutation and relevant β‑catenin 
signaling pathway have implicated in CRC (8). A common 
consensus has been reached that APC mutation can lead to 
activation of the Wnt pathway by regulating the accumula-
tion of β‑catenin in cells. In addition to the Wnt pathway, 
a previous study suggested that APC mutations affect CRC 
development via regulation of the energetic metabolite path-
ways (9). Furthermore, a previous in vitro study revealed 
that tumor suppressor gene, mothers against decapentaplegic 
homolog 4 (SMAD4), if lost, triggers the tumor suppressive 
bone morphogenetic protein (BMP) signaling pathway to exert 
a metastasis‑promoting effect on CRC (10). By contrast, the 
tumor suppressor gene, p53 can induce the expression of micro 
(mi)RNA‑34a, which affects the interleukin (IL)‑6R/signal 
transducer and activator of transcription 3/miR‑34a feedback 
loop, and reduces the rate of CRC progression (11). Despite 
these considerable insights, the molecular mechanism of 
CRC remain to be fully elucidated.

The interest in examining biomarkers of diseases using 
bioinformatics approaches has increased. Scavenger receptor 
class A, member 5 (SCARA5) is found to be downregulated and 
is involved in CRC (12). Unlike the above‑mentioned studies, 
the present study investigated the differentially expressed 
genes (DEGs) between CRC and control samples, and then 
aimed to identify the CRC genes from the DEGs obtained 
prior to the functional annotation of the identified CRC genes 
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through Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analyses. The study 
aimed to identify potential molecular targets for CRC. The find-
ings of this study may provide useful information regarding the 
pathogenesis of CRC and lay the foundation for developing novel 
effective therapeutic strategies for the management of CRC.

Materials and methods

Data preprocessing. As the present study did not involve 
any humans or animals, there was no requirement for ethical 
approval. For microarray data preprocessing and DEG 
identification, the gene expression dataset (GSE7621) was 
downloaded from the Gene Expression Omnibus (GEO) data-
base (http://www.ncbi.nlm.nih.gov/geo/), consisting of 17 CRC 
tissues samples and 17 matched adjacent noncancerous tissues 
samples from patients with CRC.

The probe‑level data in the CEL files were converted into 
expression measures using Affy package in R software (http://
www.r-project.org/), followed by data normalization using the 
robust multiarray average 1 algorithm (13). The data, prior 
to and following normalization were presented as respective 
box plots. Subsequently, the probe number was converted into 
corresponding gene names, according to the HG‑U133_Plus_2 
Affymetrix Human Genome U133 Plus 2.0 Array platform 
(Affymetrix, Inc., Santa Clara, CA, USA). Expression values 
of multiple probes targeting one gene were averaged, and this 
average expression value was selected for the gene.

Following data preprocessing, Significance Analysis of 
Microarrays (SAM) was performed to screen for the DEGs 
between the CRC samples and noncancerous samples using 
samr package in R software (http://cran.r‑project.org/web/pack-
ages/samr/index.html) (14). Subsequently, multiple assessment 
correction was performed to adjust the P‑values using the 
Benjamini‑Hochberg (BH) method (15). Genes with a false 
discovery rate (FDR) <0.05 and fold‑change >2 were selected.

Identification of CRC genes. The Database for Annotation, 
Visualization and Integrated Discovery (DAVID; http://david.
abcc.ncifcrf.gov/) provides a high‑throughput and desirable 
data‑mining environment and combines functional genomic 
annotations with intuitive graphical representations, facilitating 
the transition between genomic data and the biological function 
meaning (16). Using DAVID, GENETIC_ASSOIATION_DB_
DISEASE analysis was performed to identify the CRC genes 
from the identified DEGs. The CRC genes were defined as DEGs 
that were significantly associated with CRC (P <0.05) (17).

GO and KEGG pathway enrichment analysis. GO 
(http://www.geneontology.org/) functions as a database to 
provide vocabularies and classifications associated with 
the molecular and cellular structures and functions for 
biological annotations of genes  (18). GO terms consist of 
three categories: Biological process  (BP), cellular compo-
nent  (CC) and molecular function (MF). The KEGG 
(http://www.genome.jp/kegg/ or http://www.kegg.jp/) database 
contains rich information pertaining to known metabolic path-
ways and regulatory pathways, and facilitates the mapping of 
genes to KEGG pathways for systemic analysis of gene func-
tions (19).

To provide an insight into the precise biological function 
and signaling pathways involved with the CRC genes identified 
in the present study, GO and KEGG pathway enrichment anal-
ysis were performed for the upregulated and downregulated 
DEGs, respectively. GO terms with P<0.05 and gene count ≥5, 
and KEGG pathways with P<0.05 were screened out.

Construction of a PPI network and identification of hub 
CRC genes. The Search Tool for the Retrieval of Interacting 
Genes (STRING; http://string-db.org/) is a useful tool, which 
is capable of providing a comprehensive view of all the 
known and predicted interactions and associations among 
proteins (20). In order to elucidate the interactions between 
the CRC genes in the present study, STRING online software 
was used to construct a PPI network using the CRC genes, 
and the network was visualized using Cytoscape open‑source 
software (http://www.cytoscape.org/) (21). In the PPI network, 
the proteins in the network served as ‘nodes’ and the link 
connecting two nodes represent a pairwise protein interaction. 
The degree of a node corresponds to the number of interac-
tions that the protein is in possession of. The nodes with the 
highest degree of connection were considered the ‘hub’ genes 
in the PPI network.

Predicting coding sequence (CDS) and protein domains of hub 
genes. GENSCAN (http://genes.mit.edu/GENSCAN.html) is 
a complex computer program, which applies a probabilistic 
model of human genome structure to predict complete gene 
structures in human genomic sequences. The probabilistic 
model is comprised of detailed information of exons, introns 
and intergenic regions of human genome (22‑24). In the present 
study, to obtain a better understanding of the structure of the 
identified hub CRC genes, GENSCAN was used to predict 
the CDS of the hub genes. The corresponding amino acid (aa) 
sequence was then obtained.

The protein domain of the hub genes was predicted using 
the Pfam database (http://pfam.sanger.ac.uk/), which is a widely 
used database containing information of protein domains and 
families, and assists in determining the structure of proteins (25). 
Finally, the structure of the obtained protein domain was visu-
alized using Cn3D software version 4.0 (http://www.ncbi.nlm.
nih.gov/Structure/CN3D/cn3d.shtml;). The Cn3D (‘see in 3D’) 
is a molecular graphics program, which facilitates viewing of 
the 3D structure of a protein sequence. An interactive view 
of sequences and sequences alignments is also available with 
Cn3D (26). The structures of the proteins encoded by the hub 
genes were analyzed using Conserved Domain Database (CDD). 
It is a protein annotation database that provides rich information 
concerning protein structure and function (http://www.ncbi.
nlm.nih.gov/Structure/cdd/cdd.shtml).

Results

Data preprocessing. The box plots in Figs. 1 and 2 show the 
microarray data priot to and following normalization, respec-
tively. In Fig. 1, the horizontal black lines representing the 
median gene expression value for each sample were varied. By 
contrast, the median gene expression vales appear on a straight 
line in Fig. 2, suggesting that the data following normalization 
was suitable for further analysis.
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Identification of DEGs and CRC genes. Following data 
normalization, a total of 1,389 DEGs were screened between 
the CRC and noncancerous samples, from which 691 genes 
were upregulated and 698 genes were downregulated (Fig. 3A). 
Consequently, from the obtained DEGs, 35 CRC genes were 
identified, including 19 upregulated and 16 downregulated 
genes (Fig. 3B).

GO and KEGG pathway enrichment analysis. The result of 
GO enrichment analysis revealed that the upregulated CRC 
genes were enriched in a number of BP terms associated with 
cell proliferation and DNA metabolism (Fig. 4). By contrast, 
the downregulated genes were predominately associated with 
response to organic substance and regulation of cell prolifera-
tion (Fig. 5).

As shown in Table I, the base excision repair, cell cycle, 
bladder cancer and p53 signaling pathways were critical 
for the upregulated CRC genes. The downregulated NAT1 
and NAT2 genes were enriched in the caffeine metabolism 
pathway.

Identification of hub genes from the PPI network. A PPI network 
was constructed using the obtained CRC genes (Fig. 6). The 
two upregulated genes, CCND1 and (PCNA), were determined 
as the hub genes, as they were identified to exhibit the highest 
degrees of connection.

Analysis of CDS and protein domain of the hub genes. The 
CDSs and aa sequences of CCND1 and PCNA was obtained, 
following which the protein domains were retrieved for CCND1 
and PCNA (Table II). According to the Conserved Domains 
database, the N‑terminal and C‑terminal domains of PCNA 
were topologically identical: Proliferating cell nuclear antigen, 
in which three PCNA molecules formed a closed ring zoning 
DNA duplex.

However, the N‑terminal and C‑terminal domains of 
CCND1 were different. Cyclin_N: Cyclins modulated cyclin 
dependent kinases (CDKs) and human cyclin‑O was a type of 
uracil‑DNA glycosylase associated with other cyclins. Cyclins 
contain 2 domains of similar all-alpha fold, of which this 
family corresponds with the N‑terminal domain. Cyclin_C: 
Cyclins regulated CDKs and human CCNO was a uracil‑DNA 
glycosylase, linked to other cyclins. Cyclins contain 2 domains 
of similar all-alpha fold, of which this family corresponds with 
the C‑terminal domain.

The spatial structures of the C‑terminal and N‑terminal 
domains of PCNA are shown in Figs. 7 and 8, respectively. For 
PCNA, the structure of the N‑terminal domain was similar to 
that of the C‑terminal domain. The C‑terminal and N‑terminal 

Figure 1. Box plot for the gene expression data prior to normalization. 
Expression values were determined using Affy package in R software. The 
black bar indicates the median value.

Figure 2. Box plot for the gene expression data following normalization. 
Expression values were determined using Affy package in R software, fol-
lowed by normalization using the robust multiarray average algorithm The 
black bar indicates the median value.

Table I. KEGG pathways enriched with colorectal cancer 
genes.

		  Change in
KEGG pathway	 Gene	 expression

Caffeine metabolism	 NAT1, NAT2	 Down
Base excision repair	 PCNA, POLB, 	 Up
	 APEX1
Cell cycle	 CCND1, PCNA, 	 Up
	 CHEK1, CHEK2
Bladder cancer	 CCND1, IL8, MMP1	 Up
p53 signaling pathway	 CCND1, CHEK1,	 Up
	 CHEK2

KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 3. Identification of critical genes. (A) Analysis of the DEGs identified between the CRC and normal samples. Horizontal axis, alterations of gene 
expression; vertical axis, number of genes. (B) Analysis of the 35 identified CRC genes. Horizontal axis, alterations of gene expression; vertical axis, number 
of genes. DEGs, differentially expressed genes. MF, molecular function; BP, biological process; CC. cellular component. 

Figure 4. GO enrichment analysis of the upregulated colorectal cancer genes. Diamond, categories of GO terms; square, GO terms. GO, Gene Οntology; 
BP, biological process; CC, cellular component. A blue line links a diamond (GO term) and a square (GO category). It means that the diamond (GO term) 
belongs a square (GO category).

Figure 5. GO enrichment analysis of the downregulated colorectal cancer genes. Diamond, categories of GO terms; square, GO terms. GO, Gene Οntology. A 
blue line links a diamond (GO term) and a square (GO category). It means that the diamond (GO term) belongs a square (GO category).



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  36:  923-930,  2015 927

domains of CCND1 are shown in Figs. 9 and 10, respectively, 
in which the structure of the N‑terminal domain of CCND1 
differed from that of the C‑terminal domain.

Discussion

Although the mortality rates of CRC have reduced substan-
tially, resulting from improved diagnosis and treatment of 
the disease, it remains a primary health concern, which is 
life threatening  (27). The aim of the present study was to 
determine the key genes involved in CRC and their underlying 
mechanism. A total of 1,389 DEGs were screened out between 
the CRC and noncancerous samples. From the 1,389 identified 
DEGs, 35 CRC genes were further screened, which included 
19 upregulated and 16 downregulated genes. GO enrichment 
analysis revealed that the downregulated CRC genes were 

predominately associated with response to organic substance 
and regulation of cell proliferation, whereas the upregulated 
CRC genes were predominantly involved in a number of 
biological functions pertaining to cell death and DNA repair. 
KEGG pathway analysis revealed that the downregulated 
CRC genes were enriched in the caffeine metabolism pathway, 
whereas the upregulated CRC genes were involved in base 
excision repair, cell cycle, bladder cancer and p53 signaling 
pathways. In the PPI network, CCND1 and PCNA were 
determined as hub genes, which had a number of interactions 
with other CRC genes. Subsequent structural analysis of the 
two hub genes revealed that the C‑terminal and N‑terminal 
domains were similar in PCNA, but different in CCND1.

It has been well‑established that the primary function of 
N‑acetyltransferase is in catalyzing the acetylation of aryl-
amines and aromatic amines, as well as the detoxication of 
environmental toxins (28). NAT1 and NAT2 are two members 
of NAT family, of which NAT1 is distributed in almost all 
tissues, whereas NAT2 is detected predominantly in the liver. 
Although divergence exists in the distribution of NAT1 and 
NAT2, which locate on chromosome 8, the two are involved 
in metabolizing drugs and other xenobiotics, and are involved 
in folate catabolism and caffeine metabolism (29). In addition, 
the overexpression of NAT1 can result increase the survival 
rates of patients with cancer and has been recommended as a 
viable target for developing therapy against cancer (30). The 
association between NAT2 and CRC is a source of controversy. 
A meta‑analysis, combining evidence from 40 studies, revealed 
that NAT2 phenotypes may not be linked to the progression of 
CRC (31). Another study demonstrated that people with fast 
NAT2 acetylator phenotypes are at increased risk of CRC (32). 
The present study found that NAT1 and NAT2 were critical 
downregulated genes for CRC and were predominantly enriched 
in the caffeine metabolism pathway. The conflicting results 
between these studies may be partly attributed to the specificity 
of population and inter‑individual variations. A previous large 
retrospective study provided novel insight into the prevention 
of CRC, demonstrating that coffee intake appears to reduce 
the susceptibility to colon cancer, particularly in proximal 
cancer (33). These findings suggest that downregulated NAT1 

Figure 6. PPI network constructed using the colorectal cancer genes. Red round nodes, upregulated genes; green round nodes, downregulated genes; diamond 
nodes, hub genes. PPI, protein‑protein interaction. A blue line indicates the interaction between two proteins that are linked by the blue line.

Figure 7. Spatial structure of the C‑terminal of proliferating cell nuclear 
antigen. The prominent colored frame represents the spatial structure of the 
protein domain corresponding to the coding region of the gene.

https://www.spandidos-publications.com/10.3892/ijmm.2015.2298
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and NAT2 may facilitate the initiation and development of 
CRC, through effects on the caffeine metabolism pathway.

Cyclin  D1 is the protein encoded by CCND1 gene, 
belonging to the cyclin family that regulates CDKs. Cyclin D1 
is involved in modulating cell cycle (34,35) and suggests the 
possibility that cyclin D1 may affect the development of CRC 
through modulation of the cancer cell cycle. Accumulating 
evidence has revealed that cyclin D1 polymorphisms may be 
associated with the prognosis of patients with advanced CRC, 
administrated with cetuximab, and confer susceptibility to 
CRC (36,37). However, a prospective, population‑based study 
suggested a novel viewpoint that the expression of cyclin D1 
is a preferred biomarker for predicting the prognosis of male 
patients with CRC, but not female patients (38). Furthermore, 
a previous bioinformatics study suggested that microRNA 
may exert an antitumor effect on colon cancer via targeting 
cyclin D1 (39). These studies demonstrated the importance 
of cyclin  D1 in CRC. In agreement with the studies, the 
present study identified CCND1 as a hub gene in the PPI 
network, which exhibited numerous interactions with other 
genes, adding further support to suggestion that cyclin D1 is 
pivotal in CRC. The present study also demonstrated, through 

Figure 9. Spatial structure of the C‑terminal of cyclin D1. The prominent 
colored frame stands for the spatial structure of the protein domain corre-
sponding to the coding region of the gene. 

Figure 10. Spatial structure of the N‑terminal of cyclin D1. The prominent 
colored frame represents the spatial structure of the protein domain corre-
sponding to the coding region of the gene.

Table II. Protein domains of CCND1 and PCNA.

Coding‑region	 Family	 Description	 E‑value

PCNA	 PCNA_N	 Proliferating cell nuclear antigen, N‑terminal domain	 2.8e‑63
	 PCNA_C	 Proliferating cell nuclear antigen, C‑terminal domain	 1.5e‑67
CCND1	 Cyclin_N	 Cyclin, N‑terminal domain	 1.8e‑30
	 Cyclin_C	 Cyclin, C‑terminal domain	 5.6e‑22

CCND1, cyclin D1; PCNA, proliferating cell nuclear antigen.

Figure 8. Spatial structure of the N‑terminal of proliferating cell nuclear 
antigen. The prominent colored frame represents the spatial structure of the 
protein domain corresponding to the coding region of the gene.
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detailed analysis of the protein structure and spatial structure 
of the hub genes, that the N‑terminal and C‑terminal domains 
of CCND1 were topologically distinct. The protein domains 
of CCND1 may serve as targets for the development of novel 
therapies.

The PCNA protein, essential for DNA synthesis and 
DNA repair, resides in the nucleus and serves as a cofactor 
of DNA polymerase δ. Of particular concern is that PCNA is 
can cooperate with diverse partners in a coordinated manner, 
and is involved in several pathways, including DNA repair, 
DNA synthesis and cell cycle regulation (40). The expression 
of PCNA at the invasive tumor margin has been suggested 
to be positively correlated with the invasion and metastasis 
potential of CRC (41). In addition, it is also significantly asso-
ciated with the liver metastasis of CRC (42). These evidence 
lead to a general acceptance that PCNA is implicated in CRC. 
Consistently, the present study provided evidence that PCNA 
was another hub gene of the PPI network, interacting with 
several other genes. Unlike CCND1, PCNA possessed almost 
identical N‑terminal and C‑terminal domains, allowing for the 
development of therapies that target the specific structure of 
PCNA.

In the present study, the upregulated PCNA and CCND1 
were enriched in cell cycle pathway, consistent with the results 
of the GO enrichment analysis, suggesting that the upregu-
lated genes were significantly linked to a variety of biological 
processes concerning cell and DNA metabolism, including 
cell cycle, cell cycle process, DNA repair and regulation of cell 
proliferation. In addition to the cell cycle pathway, CCND1 
was also closely associated with bladder cancer and p53 
signaling pathways. p53, a crucial tumor suppressor gene, acts 
as gatekeeper for cell growth and division, and the expression 
of p53 is associated with clinical outcomes and pathological 
characteristics of patients with CRC (43). Based on the find-
ings of the present study, it was hypothesized that upregulated 
CCND1 may enhance the growth and proliferation of CRC 
cells through regulation of the cell cycle and p53 signaling 
pathways, and that upregulated PCNA promotes the progres-
sion of CRC via effects on the cell cycle pathway.

The present study had limitations due to the small sample 
size, therefore, further investigations with large sample sizes 
are warranted. Further in vivo and in vitro investigations are 
also required to validate the findings of the present study.

In conclusion, the present study found that PCNA, 
CCND1, NAT1 and NAT2 may be pivotal genes for CRC. The 
upregulation of PCNA and CCND1 may accentuate the devel-
opment of CRC through regulation of the cell cycle and p53 
signaling pathways, and downregulation of NAT1 and NAT2 
may potentiate progression of the disease by the targeting 
caffeine metabolism pathway. In addition, the C-terminal and 
N-terminal domains were similar in PCNA, but different in 
CCND1. These findings suggested the potential use of these 
genes as molecular biomarkers in the early diagnosis and 
monitoring of CRC. They also offer potential in developing a 
range of potent therapies against CRC, which target the unique 
protein domains of PCNA and CCND1.
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