ONCOLOGY REPORTS 39: 2297-2305, 2018

Delineating the underlying molecular mechanisms and
key genes involved in metastasis of
colorectal cancer via bioinformatics analysis
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Abstract. Colorectal cancer (CRC) is considered the world's
fourth most deadly cancer. Its metastasis is associated with
poor prognosis and weakens the effects of treatment. However,
the potential molecular mechanisms and key genes involved
in CRC metastasis have remained to be comprehensively
elucidated. The objective of the present study was to iden-
tify the key genes and molecular pathways underlying CRC
metastasis. Differentially expressed genes (DEGs) between
primary CRC tissues and metastatic CRC were identified by
analyzing the GSE2509 dataset from the Gene Expression
Omnibus database. Subsequently, the DEGs were subjected
to Gene Ontology (GO) term and Kyoto Encyclopedia of
Genes and Genome (KEGG) pathway enrichment analyses
via the Database for Annotation, Visualization and Integrated
Discovery (DAVID). Next, the top ten hub genes were identified

Correspondence to: Professor Jun Zhang, Department of Clinical
Laboratory, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang
University, 3 Qingchun East Road, Hangzhou, Zhejiang 310016,
PR. China

E-mail: jameszhang2000@zju.edu.cn

“Contributed equally

Abbreviations: CRC, colorectal cancer; DEGs, differentially
expressed genes; GEO, Gene Expression Omnibus; KEGG, Kyoto
Encyclopedia of Genes and Genomes; STRING, Search Tool the
Retrieval of Interacting Genes; DAVID, Database for Annotation
Visualization and Integrated Discovery; GO, Gene Ontology;
PPI, protein-protein interaction; RT-qPCR, reverse transcription-
quantitative polymerase chain reaction; EGFR, epidermal
growth factor receptor; HRas, Has proto-oncogene GTPase;
Aktl, serine/threonine kinase 1; Wnt5a, Wnt family member 5A;
CDKNIla, cyclin-dependent kinase inhibitor 1A; XOR, xanthine
oxidoreductase

Key words: colorectal cancer, metastasis, molecular pathways,
bioinformatics analysis, microarray, protein-protein interactions

in a protein-protein interaction (PPI) network. Sub-network
and pathway enrichment analysis were respectively performed
with the plugin MCODE and DAVID. Finally, reverse tran-
scription-quantitative polymerase chain reaction assays were
performed to corroborate the expression levels of the top five
potential metastasis-associated genes in the clinical samples
of CRC patients. A total of 7,384 DEGs were obtained, among
which 3,949 were upregulated and 3,435 were downregulated.
GO and KEGG enrichment analyses identified numerous
possible biological processes and pathways that may have
a role in the metastasis of CRC. The leading ten hub genes,
recognized from the PPI, were epidermal growth factor
receptor (EGFR), Has proto-oncogene GTPase (HRas), Wnt
family member SA (Wnt5a), serine/threonine kinase 1 (Aktl),
cyclin-dependent kinase inhibitor 1A (CDKNI1a), early growth
response 1, Ras homolog family member A, cyclin D1 and
Ras-related C3 botulinum toxin substrate 1. Sub-network anal-
ysis disclosed the most prominent three modules. Ultimately,
EGFR, HRas and Aktl were verified to be upregulated DEGs,
while Wnt5a and CDKNla were downregulated DEGs when
compared with the primary controls. In conclusion, the present
study revealed several key genes and relevant molecular
mechanisms that may enhance the current understanding of
CRC metastasis, making them significant potential foci for the
discovery of further CRC treatments.

Introduction

Colorectal cancer (CRC), the world's fourth leading cause of
cancer-associated mortality, is the third most common type of
malignancy in females and the third most common type in
males (1-3). At present, >1 million patients suffer from CRC,
and >600,000/year succumb to it worldwide. Although CRC
may occur at any age, the risk is highest for individuals aged
>50 years (4).

At present, the standard therapies for CRC are surgical
resection, radiotherapy, chemotherapy and targeted
therapy (5,6). Metastasis is one of the most critical factors
impacting the prognosis of CRC patients and the efficiency of
their treatment. Even though the 5-year survival rate for CRC
patients without metastasis is high, ~10% of them gradually
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develop metastasis, which eventually leads to death, rendering
the above therapeutic therapies inefficient (7). Furthermore,
the majority of patients are diagnosed with CRC at stages when
the cancer cells have further metastasized to other tissues and
organs in the body (8,9).

CRC patients tend to develop lymph node metastasis and
distant metastasis at late stages. Previous investigations have
corroborated that changes in various processes, including
increased cell proliferation, altered cell metabolism, decreased
apoptosis, activated protease systems take part in the devel-
opment of adenoma-carcinoma metastasis (10). However, the
underlying molecular mechanisms and key genes involved
in CRC progression or metastasis have remained to be fully
elucidated. Consequently, the exposure of these molecular
mechanisms and key genes is the most critical step towards
preventing metastasis. In recent years, bioinformatics
analysis, including high-throughput sequencing technology
and protein-protein interactions (PPIs), has provided a deeper
understanding of the aberrant genetic pathways involved in
cancers (11,12). In the present study, a bioinformatics analysis
was performed to identify the underlying molecular mecha-
nisms and key genes involved in the metastasis of CRC.

Initially, differentially expressed genes (DEGs) between
primary CRC tissues and metastatic CRC were identi-
fied from datasets downloaded from the Gene Expression
Omnibus (GEO) online database. Subsequently, function and
pathway enrichment analysis were performed on the DEGs.
The ten leading hub genes which may be involved in the CRC
progression of metastasis were selected from the PPI network.
Finally, tumor tissues from four patients with metastatic CRC
were subjected to reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) assays to verify these five
leading potential metastasis-associated DEGs.

Materials and methods

Microarray data processing. The GEO dataset GSE2509,
including the mRNA expression profile of 3 SW480 and
3 SW620 cell samples, derived from sequencing and subse-
quent data analysis by Provenzani et al (13), was downloaded
from the National Center of Biotechnology Information
GEO database (http://www.ncbi.nlm.nih.gov/geo/). The data
had been generated using the GPL96 (HG-U133A) platform
(Affymetrix Human Genome UI133A Array; Affymetrix;
Thermo Fisher Scientific, Inc., Waltham, MA, USA). The
SW480 cell line originated from a primary rectal gland carci-
noma sample and the SW620 cell line was derived one year
later from a lymph node metastasis sample of the same patient.

Screening of DEGs. The raw data were uploaded to the
Gene-Cloud of Biotechnology Information online laboratory for
further analysis (https:/www.gcbi.com.cn/gclib/html/index).
DEGs were identified between SW480 and SW620. The
threshold for the DEGs was defined with a corrected P-value
of <0.05 and a fold change (FC) of >1.2.

Function and pathway enrichment analysis of DEGs.
Gene Ontology (GO) analysis is a useful Bioinformatics
tool used to annotate information about gene product func-
tion and identify characteristic biological attributes by
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analyzing high-throughput genome data (14,15). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) is a tool for
the systematic analysis of gene function, performed by linking
series of genes with networks of interacting cellular molecules,
including complex pathways (16). To facilitate the function and
pathway analysis, the DEGs were copied into the Database for
Annotation, Visualization and Integrated Discovery (DAVID),
to perform the GO and KEGG enrichment analyses. The
human genome was chosen as the background list. P<0.05 was
considered to indicate a statistically significant difference.

PPInetwork andmodule analysis. The PPl is described through
an undirected diagram with nodes symbolizing the genes and
edges symbolizing the mutual interactions of proteins encoded
by the corresponding genes (17). In the present study, all of the
DEGs were imported into the Search Tool for the Retrieval
of Interacting Genes (STRING; http:/www.string-db.org) for
analysis and only interactions with a combined score of >0.7
were pasted into the Cytoscape plugin to create the network
visualization. Subsequently, the PPI network was subjected
to module analysis by using the Plugin MCODE with the
default parameters (Degree cutoff =2, Node score cutoff =2,
K-core =2 and Max depth =100). Finally, function and pathway
enrichment analysis of the DEGs in the most prominent three
modules were performed via DAVID.

Verification of the leading five potential metastasis-associ-
ated DEGs in clinical tumor tissue samples. In the present
study, RT-qPCR assays were used to validate the expression
levels of the top five potential metastasis-associated genes
with the highest degree of interaction and significance in
the PPI network. Total RNA was extracted from metastatic
and primary CRC samples from four patients who had been
diagnosed with metastatic CRC by the Pathology Department
of Sir Run Run Shaw Hospital (Hangzhou, China) from
October 2016 to March 2017.

First, the mRNA was extracted from the patients' samples
using TRIzol reagent (Thermo Fisher Scientific, Inc.) and then
stored at -80°C. A Reverse Transcription System (GoTaq®
Real-Time PCR System; Promega Corp., Madison, WI, USA)
was employed for the synthesis of complementary DNA
according to the manufacturer's instructions. The mRNA
expression levels of the key genes were measured by quantita-
tive real-time-PCR using the ABI PRISM 7500 Sequence
Detector System (Applied Biosystems; Thermo Fisher
Scientific, Inc.), and GAPDH was used as an internal standard.
The primers used for gPCR were used as follows: Epidermal
growth factor receptor (EGFR) forward, 5'-AGGCACGA
GTAACAAGCTCAC-3' and reverse, 5-ATGAGGACATAA
CCAGCCACC-3'; cyclin-dependent kinase inhibitor 1A
(CDKNI1a) forward, 5-TGTCCGTCAGAACCCATGC-3' and
reverse, 5" AAAGTCGAAGTTCCATCGCTC-3"; Wnt family
member 5A (Wnt5a) forward, 5'-“TTCTTGGTGGTCGC
TAGGT-3' and reverse, 5-TTCTTTGATGCCTGTCTTCG-3";
Has proto-oncogene GTPase (HRas) forward, 5-TTTGCCA
TCAACAACACCA-3' and reverse, S-TCCTGAGCCTGCCG
AGAT-3'; serine/threonine kinase 1 (Aktl) forward, 5'-TCCT
CCTCAAGAATGATGGCA-3" and reverse, 5'-GTGCGTTC
GATGACAGTGGT-3"; GAPDH forward, 5-AGACAGCCGC
ATCTTCTTGT-3' and reverse, 5“-TGATGGCAACAATGTC
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CACT-3". The reaction protocol included heating for 3 min at
95°C, followed by 40 cycles of amplification (5 sec at 95°C and
20 sec at 60°C). gPCR reactions were performed in triplicate.
The final results were analyzed via the 2244 method with
normalization to GAPDH (18).

Statistical analysis. PCR results are presented as the
mean =+ standard error of the mean (n=3). Differences between
the PCR results for the primary and metastatic tumors were
determined by the two-tailed unpaired Student's t-test.
Prism 4.0 statistical software (GraphPad Inc., La Jolla, CA,
USA) was used for statistical analysis. P<0.05 was considered
to indicate a statistically significant difference.

Results

Identification of DEGs between the SW480 and SW620
CRC cell lines. With the aim of exploring the mechanisms
underlying CRC metastasis, publicly accessible microarray
datasets were retrieved from the GEO database. In total,
3 cell lines each of SW480 and SW620 pertaining to primary
and secondary CRC, respectively, were screened for DEGs.
The specified criteria, including FC >1.2 and P<0.05, were
met for 7,384 genes, including 3,949 upregulated genes and
3,435 downregulated genes. The DEGs were displayed in a
heat map (Fig. 1) and a volcano plot (Fig. 2).

GO and KEGG pathway enrichment analysis. The online
biological classification tool DAVID was then employed to
analyze the functions and pathways of the 7,384 DEGs. GO
analysis suggested that the DEGs were fully involved in
873 biological processes with the premise of false discovery
rate <0.05 and P<0.05. The upregulated DEGs were mainly
involved in DNA metabolic processes, responses to DNA
damage stimuli, cellular responses to stress and the cell
cycle (Fig. 3), while the downregulated DEGs were significantly
involved in the Wnt signaling pathway, negative regulation of
the canonical Wnt signaling pathway, cell-cell adhesion and
negative regulation of apoptotic processes (Fig. 3).

The biological functions of cells are complex processes
mediated by numerous molecules and genes. Through KEGG
pathway enrichment analysis, the upregulated DEGs were
identified to be significantly enriched in purine metabolism,
arginine and proline metabolism, the cell cycle and DNA repli-
cation, which may be associated with tumor proliferation and
migration (Fig. 4). As to the downregulated DEGs, pathways
involved in cancer, focal adhesions, adhesion junctions and the
Hippo signaling pathway were most significant (Fig. 4).

PPI network and module analysis. To investigate the
interactions and acquire the hub genes for potential metastasis-
associated DEGs in CRC, all of the DEGs were analysed by
using STRING. Subsequently, the genes whose combined
score were >0.7 revealed close association between genes and
were imported into Cytoscape for further analysis. The PPI
network contained 954 nodes and 3,326 interactions (data not
shown). The ten leading genes defined as the hub genes were
as follows: EGFR, HRas, Aktl, Wnt5a, CDKNIa, early growth
response 1, Cd44, Ras homolog family member A, cyclin D1
and Ras-related C3 botulinum toxin substrate 1 (data not
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Figure 1. Heat-map of the DEGs in CRC samples versus control samples.
Blue represented metastatic CRC samples (SW620 cells). Brown demon-
strated primary CRC (SW480 cells). Red indicates upregulation and green

downregulation. CRC, colorectal cancer; DEGs, differentially expressed
genes.
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Figure 2. Volcano plot of the DEGs. Horizontal axis: Log2lfold changel;
vertical axis: -Logl0 (P-value). Blue represented genes of P<0.05. Orange
demonstrated genes of P>0.05, including DEGs. DEGs, differentially
expressed genes.

shown). Next, the Plugin MCODE was employed to recognize
the module genes from the PPI analysis (Fig. 5). Function
annotation and pathway analysis of the three most significant
modules, performed by DAVID, revealed that the module
genes were mainly associated with the cell cycle, the forkhead
box (FoxO) signaling pathway, the Wnt signaling pathway,
ubiquitin-mediated proteolysis, the ERBB2 signaling pathway
and the vascular endothelial growth factor (VEGF) signaling
pathway (Tables I-111).

Verification of the five most prominent potential metas-
tasis-associated DEGs through analysis of clinical tumor
tissue samples. Every DEG analysed with Cytoscape has an
interactional degree with others. The five hub genes that had
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Table I. Functional annotation of the significant module 1.

Analysis Term Genes P-value
GOTERM_BP_DIRECT Negative regulation of AP2S1, CLTA, EGFR 1.1x103
epidermal growth factor receptor
signaling pathway
ERBB?2 signaling pathway HRas, STUB1, EGFR 1.2 x10°
Positive regulation of MAPK activity HRas, EGFR 7.8x1072
KEGG PATHWAY Cell cycle SKP1,CDC20,CDKNIla 3.6 x10*
FoxO signaling pathway HRas, CDKN1a, EGFR 4.2 x10?

KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; BP, biological pro-cesses; MAPK, mitogen-activated protein kinase;
FoxO, forkhead box O; EGFR, epidermal growth factor receptor; HRas, Has proto-oncogene GTPase; CDKN1a, cyclin-dependent ki-nase
inhibitor 1A; AP2S1, adaptor related protein complex 2 sigma 1 subunit; CLTA, clathrin light chain A; STUB1, STIP1 homology and U-box
containing protein 1; CDC20, cell divi-sion cycle 20; SKP1, S-phase kinase associated protein 1.

Table II. Functional annotation of the significant module 2.

Analysis Term Genes P-value
GOTERM_BP_DIRECT Ubiquitin-dependent SMUREF2, ITCH, RNF6, UBE2C 1.0x10*
protein cat-abolic process
Protein ubiquitination ASB6, ITCH, KLHL21, UBE2C 74x10*
Wnt signaling pathway SMURF2, Wnt5A 4.8x107
KEGG PATHWAY Ubiquitin mediated proteolysis SMUREF2, ITCH, RNF6, UBE2C 2.3x107
FoxO signaling pathway SMURF2,ITCH, ARPCI1A 7.9x107

KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; BP, biological pro-cesses; FoxO, forkhead box O; Wnt5a, Wnt
family member 5A; SMURF2, SMAD specific E3 ubiquitin protein ligase 2; ITCH, itchy E3 ubiquitin protein ligase; RNF6, ring finger pro-
tein 6; UBEC2C, ubiquitin-conjugating enzyme E2 C; KLHL21, Kelch-like protein 21; ARPC1A, actin related protein 2/3 complex subunit 1A.

Table III. Functional annotation of the significant module 3.

Analysis Term Genes P-value

GOTERM_BP_DIRECT Regulation of apoptotic process Aktl, HSPB1, NOTCH2, PRKCZ 1.9x10*
Negative regulation of Aktl, HSPBI 4.2x10°
oxidative stress-induced
intrinsic apoptotic signaling pathway
Positive regulation of blood vessel Aktl, HSPB1 5.6x10°3
endothelial cell migration

KEGG PATHWAY Tight junction Aktl, PPKCZ, TJP1 3.8x107
VEGF signaling pathway Aktl, HSPB1 4.3x102

KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; BP, biological pro-cesses; VEGF, vascular endothelial growth
factor; AKT1, serine/threonine kinase 1; HSPB1, heat shock protein family B (small) member 1; PPKCZ, protein kinase C, zeta; TJP1, tight
junction protein 1.

the highest interactional degree of all DEGs were selected as
the most prominent potential metastasis-associated DEGs.
RT-qPCR analysis was performed to corroborate the expres-
sion levels of five potential metastasis-associated genes
(EGFR, HRas, Wnt5a, Aktl and CDKN1a), identified by the
above analyses, in four metastatic and four primary CRC

samples. EGFR, HRas and Aktl were upregulated DEGs and
their expression levels were identified to be increased, while
Wnt5a and CDKNla were downregulated DEGs and their
expression levels were decreased when compared with those
in the primary controls. The results of the RT-qPCR analysis
are presented in Fig. 6.
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Figure 3. GO analysis of DEGs associated with CRC. GO analysis of (A) upregulated and (B) downregulated genes. GO, Gene Ontology; CRC, colorectal

cancer; DEGs, differentially expressed genes.
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Figure 4. KEGG pathway analysis of DEGs associated with the metastasis of CRC. KEGG pathway analysis of (A) upregulated and (B) downregulated genes.

DEGs, differentially expressed genes; CRC, colorectal cancer.

Discussion

CRC is considered to be a histological heterogeneous disease,
and genetic aberrations have a conspicuous role in its occurrence,
progression and metastasis (19,20). However, the underlying
molecular mechanisms and key genes involved in the progres-
sion or metastasis of CRC have remained to be fully elucidated.
Consequently, exposure of these molecular mechanisms and key
genes is the most critical step in preventing metastasis.

In the present study, 7,384 DEGs, including 3,949 upregu-
lated and 3,435 downregulated genes, were identified from
available gene expression profiles. GO and KEGG pathway
enrichment analyses subsequently revealed that the DEGs
were mainly involved in the cell cycle, regulation of apoptosis,
purine metabolism, DNA metabolic process, as well as the
Hippo and Wnt signaling pathways.

It is in accord with the current knowledge that the abnormal
regulation of apoptosis and the cell cycle are the causes for
cancer initiation and progression (21,22).

Uric acid is the final breakdown product in the cycle of
nucleotide metabolism. Xanthine oxidoreductase (XOR) acts
as a catalyst when uric acid is produced from xanthine (23).
Several prior studies revealed that the absence of XOR in
tumor cells is significantly associated with poor clinical

prognosis and reduced survival rates in breast, stomach,
ovarian, colorectal and non-small cell lung cancer (24-26). A
recent study, independent of all these variables, revealed that
stage IITA/IIIB CRC patients with high serum uric acid levels
may develop early metastasis (27). The present study indicated
that DEGs were enriched in purine metabolism, which may
correlate with CRC metastasis.

The Hippo pathway participates in the mediation of cell
proliferation, differentiation, growth and apoptosis (28).
Its negative regulation is often discovered in various types
of malignant human tumor, demonstrating that the Hippo
signaling pathway is associated with tumor initiation and
progression (29,30). In the intestine, the deregulation of the
Hippo pathway may lead to neoplastic growth and migration.
Furthermore, it has been demonstrated that interactions among
the Hippo, Wnt and EGFR signaling pathways have an effect
on the development of CRC (31).

In the present study, GO and KEGG pathway enrichment
analysis revealed several possible biological processes and
pathways, which may be involved in the initiation and develop-
ment of CRC associated with metastasis.

The results of the module analysis indicated an association
of CRC progression with cell cycle activity, negative regula-
tion of the apoptotic process, as well as the Wnt, EGFR,
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closely associated with metastasis via Cytoscape. Relative mRNA expression levels were measured by RT-qPCR analysis. “P<0.01; ““P<0.001. P, primary
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VEGF and FoxO signaling pathways, which is consistent
with the above analyses. In addition, the five leading potential
metastasis-associated DEGs (EGFR, HRas, WNT5a, Aktl
and CDKNI1a) were involved in the three leading modules.
Whnt5a, located at 3pl4.2-p21.1, is known as a non-canon-
ical signaling pathway member of the Wnt family (the Wnt
signaling pathway can be classified as canonical Wnt signaling
and non-canonical Wnt signaling) (32). Prior studies have
observed an elevated expression of Wnt5a in numerous types
of cancer and particularly in aggressive tumor cells with
greater invasive ability than that of the non-aggressive tumor

cells. This delineates the important role of Wnt5a in promoting
the progression of tumors through the non-canonical Wnt
signaling pathway (33). High expression levels of Wnt5a
have been reported to be associated with cancer progression
and metastasis in gastric cancer, osteosarcoma and glioblas-
toma (34-36). Of note, the various functions of Wnt5a rely on
disparate cellular contexts in diverse cancer types (33). Wnt5a
also inhibits the canonical Wnt signaling pathway (37). In
breast cancer, Wnt5a has been reported to inhibit metastasis
in vivo, as well as cell migration and invasion in vitro (38,39).
In addition, downregulation of Wnt5a is significantly linked
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with the malignant characteristics of primary invasive
breast cancer (40). However, Wnt5a was reported to act as a
tumor suppressor by obstructing canonical Wnt signaling
in CRC (41). Studies focusing on the roles of Wnt5a in the
metastatic progression of CRC, determining whether a lower
expression of Wnt5a is correlated with a poorer clinical
outcome, have been rarely conducted. In the present study,
it was discovered that Wnt5a was a downregulated DEG and
the expression levels of Wnt5a in primary versus metastatic
CRC were varied. GO and KEGG analysis indicated that
Whnt5a was significantly enriched in Wnt signaling, which
may be the mechanism underlying the higher metastatic rate
in CRC patients with decreased expression levels of Wnt5a.
Consequently, targeting Wnt5a is likely to be a novel thera-
peutic strategy for metastatic CRC.

HRas is a member of the Ras superfamily, which
comprises KRas, HRas and NRas (42-44). Since HRas
mutations do not appear frequently as do mutations in
KRas, few studies have been performed with this regard.
Several previous studies have reported that HRas directly
activates the Ras/BRAF/mitogen-activated protein kinase
(MAPK) kinase (MEK)/MAPK and phosphoinositide-3
kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR)
pathway, bypassing EGFR-initiated signaling (45-47). The
activation of HRas is likewise associated with galectin-1.
The inhibitors of galectin-1, including OTXO008, and of
mTOR, including rapamycin, may nearly completely suppress
Hras-mutant cancers (48). A recent study has revealed that
HRas mutations have the tendency to affect patients' outcomes
(hazard ratio =0.545, 95% confidence interval =0.277-1.073,
P=0.079) (49). Furthermore, non-mutated HRas has been
identified to be upregulated in CRC cells when compared
with normal adjacent tissues. A positive association has been
noted between HRas expression levels and the up and down-
stream signaling factors of EGFR, MEK and extracellular
signal-regulated kinase, indicating that HRas overexpression
contributes to the carcinogenesis of CRC (50). Despite these
studies, HRas expression levels have rarely been assessed with
regard to the metastatic progression of CRC, and the connec-
tion between HRas and metastasis has remained elusive. In
the present study, PPI and module analysis disclosed that
HRas is a significant DEG participating in the metastatic
progression of CRC. KEGG enrichment analysis revealed
that the RAS/BRAF/MEK/MAPK pathway is likely to be
an important pathway involved in metastasis. Subsequent
RT-qPCR assays performed on tissues of CRC patients
further confirmed that high expression levels of HRas were
positively associated with CRC metastasis. Although HRas
mutations are rare, the upregulation of HRas implies CRC
progression. Therefore, the prognostic value of this indication
calls for further study.

Proteins of the Akt family, including Aktl,2 and 3, possess
high homology but are expressed by different genes. Aktl,
known as an essential molecule in the PI3K/Akt signaling
pathway, has a vital role in multiple tumor-associated events,
including the promotion of cancer cell proliferation, metabolism
and survival (51,52). It is implicated in epithelial-mesenchymal
transition and metastasis (53,54). Haggblad Sahlberg et al (53)
have confirmed that knockout of Aktl attenuates metastasis
and tumor cell growth by upregulating apoptosis and certain
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metastasis-inhibitory genes in CRC. In addition, Aktl directly
activates focal adhesion kinase via serine phosphorylation,
facilitating the metastasis of pressure-induced CRC (55).
In the present study, the PPI network revealed that Aktl
exhibited a high degree of connectivity. In addition, the
present KEGG enrichment analysis demonstrated that Aktl
participates in regulating the VEGF signaling pathway, while
the latter promotes tumor angiogenesis, development and
metastasis (56,57). Of note, previous studies have confirmed
that inhibition of Aktl reduces the secretion of VEGF (58).
Furthermore, the upregulated expression levels of Aktl in
certain metastatic versus paired primary CRC samples were
confirmed in the present study by RT-qPCR assays, which
was consistent with the above analyses. In summary, Aktl is
associated with increased cell invasion and motility in CRC.
For CRC patients, a high level of Aktl may herald advanced
colorectal tumor progression and unfavorable outcomes.

EGFR may provide cancer cells with self-sufficient
growth ability. EGFR has been reported to be overexpressed
in >80% of all CRC patients (59), and to be correlated with
a higher metastatic risk (60). Simultaneously, an increased
expression of EGFR is associated with tumor progression
and a lessened survival time of patients with metastatic
CRC (61). In addition, the RAS/BRAF/MEK/MAPK and the
PI3K/Akt/mTOR pathway, the two major signaling cascades
of the EGFR signaling pathway, are activated by phosphory-
lated EGFR and have an indispensable role in the progression
of CRC (10). EGFR-targeting drugs are the first-line therapy
and a powerful strategy for treating CRC patients without
Ras mutations based on their molecular profiles (62). In the
present study, RT-qPCR assays revealed that the expression
levels of EGFR were significantly increased in metastatic
tissues, implying the possible involvement of EGFR in CRC
metastasis.

The CDKNIa gene, which encodes p21, a protein regulating
anti-growth signals, is located on chromosome 6 (6p21.2) (63).
The expression levels of CDKNla, a key intermediary agent
of the p53 response, are mediated by p53 in response to
innumerable stress-stimulating factors. It then binds to and
blocks several CDKs, restraining cell cycle progression at the
Gl1- and S-phase (64-66). Suppression of CDKN1a leads to the
transformation of colorectal adenoma into a malignant tumor
and likewise accelerates the proliferation and metastasis of
CRC cells (67). Furthermore, downregulation of CDKN1a has
been confirmed to be associated with venous involvement, as
well as lymph node and liver metastasis (68,69). The present
study, consistent with the abovementioned studies, implied
that CDKNla may be a key DEG in the metastasis of CRC.
Targeting this gene may be a novel therapeutic strategy.

In conclusion, the present study identified several hub
genes and key pathways participating in the progression and
metastasis of CRC. These efforts may contribute towards
an improved understanding of the molecular mechanisms
underlying the progression of CRC, and provide potential
biomarkers for clinical surveillance and therapy. However,
as the total number of cases analyzed in the present study
was insufficient, there may be some bias; further molecular
biology experiments are required to further confirm the
specific functions of these identified genes involved in CRC
metastasis in the future.
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