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Abstract. Currently, neoadjuvant chemoradiotherapy (CRT) 
followed by radical surgery is the standard of care for locally 
advanced rectal cancer. However, to the best of our knowledge, 
there are no effective biomarkers for predicting patients who 
may benefit from neoadjuvant treatment. The aim of the current 
study was to screen potential crucial genes and pathways 
associated with the response to CRT in rectal cancer, and provide 
valid biological information to assist further investigation 
of CRT optimization. In the current study, differentially 
expressed (DE) genes were identified from the tumor samples 
of responders and non‑responders to neoadjuvant CRT in the 
GSE35452 gene expression profile. Seven hub genes and one 
significant module were identified from the protein‑protein 
interaction (PPI) network. Functional enrichment analysis of 
all the DE genes and the hub genes, retrieved from PPI network 
analysis, revealed their associations with CRT response. Genes 
were identified that may be used to discriminate patients who 
would or would not clinically benefit from neoadjuvant CRT. 
Several important pathways enriched by the DE genes, hub 
genes and selected module were identified, and revealed to be 
closely associated with radiation response, including excision 
repair, homologous recombination, Ras signaling pathway, 
the forkhead box O signaling pathway, focal adhesion and 
the Wnt signaling pathway. In conclusion, the current study 
demonstrated that the identified gene signatures and pathways 

may be used as molecular biomarkers for predicting CRT 
response. Furthermore, combinations of these biomarkers 
may be helpful for optimizing CRT treatment and promoting 
understanding of the molecular basis of response differences; 
this needs to be confirmed by further experiments.

Introduction

Rectal cancer is one of the most commonly diagnosed malig-
nancies and is one of the leading causes of cancer‑associated 
cases of mortality  (1). For patients with locally advanced 
rectal cancer, neoadjuvant chemoradiotherapy (CRT) followed 
by radical surgery has been the standard treatment for many 
years (2). However, the response to CRT varies substantially 
among patients (3). A number of studies have revealed that 
pathological complete response is associated with improved 
clinical outcome (4,5). Biomarkers for early response predic-
tion prior to treatment could be helpful for identifying rectal 
cancer patients who would not benefit from CRT. This may 
save potentially nonresponsive patients from unnecessary 
treatment and possible side effects, and allow alternative 
treatments, including surgery and adjuvant therapy, to be 
administered without delay.

A number of studies have revealed a wide variety of genetic 
and molecular biomarkers that have the potential to predict the 
response to CRT, including epidermal growth factor receptor, 
thymidylate synthase and Bax (5‑7). However, no previously 
identified biomarker has changed the approach to CRT treat-
ment or been used to perform clinical trials, due to inadequate 
sensitivity and specificity. Improved predictive methods are 
urgently required to discriminate patients who would or would 
not clinically benefit from neoadjuvant CRT.

Recent technological advances in the genomics of gene 
expression by DNA microarray have facilitated the simul-
taneous analysis of a large numbers of genes; this supports 
the identification of molecular markers with the potential to 
predict response to CRT at an early time point (8). With the 
progress of technology, issues have emerged due to differen-
tially expressed (DE) gene lists for the same tumor, identified 
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from different microarray studies, demonstrating very low 
reproducibility, which places a serious impact on further 
research (9). Considering the heterogeneity and complexity of 
carcinogenesis, microarray‑based biomarker discovery should 
be established by network paradigms regarding gene interac-
tion, which may eliminate data inconsistencies.

The current study applied an integrative approach to predict 
novel mRNAs that may be applied to predict chemosensitivity 
and identify patients with rectal cancer as responders or 
non‑responders to neoadjuvant CRT. Integration of mRNA 
expression data, mRNA‑mRNA interaction data and other 
types of genomic information may facilitate the identification 
of mRNA biomarker panels for precision medicine in rectal 
cancer.

Materials and methods

Data collection. The gene expression dataset GSE35452 (10) 
was downloaded from the Gene Expression Omnibus (GEO) 
database (http://www.ncbi.nlm.nih.gov/geo/). This dataset 
contained 46  patients with rectal cancer who had been 
approved to receive preoperative CRT. Biopsy specimens of 
rectal tumor were collected during colonoscopic examina-
tion prior to preoperative CRT, snap‑frozen in liquid nitrogen 
and stored at ‑80˚C until use. Total RNA was isolated from 
frozen samples and gene expression profiles were determined 
using Affymetrix Human Genome U133 Plus  2.0 arrays 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The 
study protocol was approved by the Ethics Committee of 
Teikyo University (Tokyo, Japan). The current study was also 
approved by the Ethics Committee of the Second Affiliated 
Hospital of Soochow University (Suzhou, China).

Response to CRT. The semi‑quantitative classification system 
defined by the Japanese Society for Cancer of the Colon and 
Rectum was applied to evaluate the response to CRT by histo-
pathological examination of surgically resected specimens (11). 
Based on the system, no tumor cell necrosis or degeneration 
was defined as grade 0, tumor cell necrosis or degeneration in 
less than two‑thirds of the entire lesion was defined as grade 1, 
prominent tumor cell necrosis or degeneration in more than 
two‑thirds of the entire lesion with viable tumor cells remaining 
was defined as grade 2, and the presence of no viable tumor cells 
was defined as grade 3. Tumors were classified as ‘responders’ 
(histopathologic regression grade 2 or 3) and ‘nonresponders’ 
(histopathologic regression grade 0 or 1). 

Gene expression profile analysis. The normalized data file of 
GSE35452 was downloaded directly from the GEO database 
for further analysis. The DE genes between the responders 
and non‑responders to neoadjuvant CRT in rectal cancer were 
identified by Student's t‑test using the limma package of R soft-
ware (version 3.4.2, https://www.r‑project.org/) (12). P<0.05 
was considered to indicate a statistically significant difference. 
Following identification of the DE genes, bidirectional hierar-
chical clustering was conducted with the expression values of 
the DE genes using the gplots package of R software.

Functional enrichment analysis. Gene Ontology (GO) is a 
common method used for annotating large numbers of genes 

at the functional level (13). Kyoto Encyclopedia of Genes and 
Genomes (KEGG), a database containing known genes and 
their respective biochemical functionalities, can be used for 
systematic analysis of gene functions (14). The current study 
conducted KEGG pathway and GO enrichment analyses of the 
identified DE genes using the online version of Database for 
Annotation, Visualization and Integrated Discovery (DAVID) 
(https://david.ncifcrf.gov/). P<0.05 was considered to indicate 
a statistically significant enriched term. In the present study, 
the functional enriched results were screened for their rele-
vance with CRT response by searching the PubMed database 
(https://www.ncbi.nlm.nih.gov/pubmed).

Protein‑protein interaction (PPI) network construction and 
analysis. A PPI network of the DE genes was constructed 
using the Search Tool for the Retrieval of Interacting Genes 
(STRING; string‑db.org) database, which is a unified database 
of PPIs of 9,643,763 proteins from 2,031 organisms (15). The 
PPI network was visualized using Cytoscape 3.4.0 (http://www.
cytoscape.org/). To evaluate the importance of nodes in the 
PPI network, three common indices, including betweenness 
centrality, closeness centrality and degree centrality, were 
investigated. The Cytoscape plug‑in, CytoNCA, was used to 
calculate the three aforementioned indices (16). The Cytoscape 
plug‑in, Molecular Complex Detection (MCODE), was applied 
to identify the significant modules of the PPI network (17). 
Subsequently, GO analysis and KEGG pathway analysis was 
performed using DAVID for the hub nodes and DE associated 
with the selected modules  (18). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Detection of DE genes between CRT responders and 
non‑responders. Based on the aforementioned cut‑off criteria 
(P<0.05), a total of 445 upregulated DE genes and 465 
downregulated DE genes were identified in tumor samples of 
CRT responders and non‑responders. Subsequently, hierarchical 
clustering analysis was performed with the 50 most upregulated 
and 50 most downregulated DE genes. As illustrated in Fig. 1, 
the DE genes could be used to clearly distinguish responders 
from non‑responders to preoperative CRT.

Functional annotation of the DE genes. To analyze the altered 
biological function of the DE genes, GO enrichment analysis 
was performed using the DAVID online tool. The enriched 
GO terms were divided into biological process (BP), molecular 
function (MF) and cell component (CC) ontologies; the five 
most significantly enriched terms for each ontology are illus-
trated in Fig. 2. GO analysis demonstrated that upregulated 
DE genes in CRT responders were significantly enriched in 
several BP ontologies, including DNA recombination, telo-
mere maintenance via recombination and base‑excision repair. 
The downregulated DE genes in CRT responders were largely 
involved in regulatory processes, including regulation of the 
cAMP biosynthetic process, regulation of the extrinsic apop-
totic signaling pathway and regulation of cell proliferation. For 
MF ontology, the upregulated DE genes in CRT responders 
were mainly involved in DNA binding and protein binding, 
and the downregulated DE genes were associated with 
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calcium ion binding and polysaccharide binding. In addition, 
GO terms in the CC ontology revealed that the upregulated 
DE genes in CRT responders were significantly enriched in 
the nucleoplasm, cytoplasm and nucleus, and downregulated 
DE genes in CRT responders were significantly enriched in 
the cytoskeleton, cytoplasmic vesicle and secretory granule.

Pathway enrichment of the DE genes. To further investigate 
the function of the DE genes, KEGG pathway enrichment 
analysis was performed using DAVID. The upregulated DE 
genes in CRT responders were enriched in excision repair and 
homologous recombination pathways, while downregulated 
DE genes in CRT responders were enriched in the Ras signaling 
pathway, the forkhead box O (FoxO) signaling pathway, focal 
adhesion and the Wnt signaling pathway (Table I).

PPI network construction and identification of key nodes. 
A PPI network of the DE genes was constructed using the 
STRING database. The PPI network contained 513 nodes 
with 910 DE genes (P<0.001). The degree distributions of 
the network nodes are illustrated in Fig. 3. Degree centrality, 
betweenness centrality and closeness centrality were 

evaluated in the constructed network to evaluate the relation-
ship between nodes and identify the hub genes within the 
network. The 10 genes with the highest degree centrality, 
betweenness centrality and closeness centrality are listed in 
Tables II‑IV. Seven genes (TOP2B, MAPK8, DLG4, GCG, 
NGF, INSR and ARRB2) were identified as hub genes as they 
were identified by all three of the aforementioned methods. 
The sub‑network was reconstructed with the selected hub 
nodes and their first neighbor genes, presented in Fig. 4A. 
The biological function of the selected hub genes were 
assessed and it was revealed that these genes serve a role in 
the Ras signaling pathway (MAPK8, INSR and NGF), the 
mitogen‑activated protein kinase (MAPK) signaling pathway 
(ARRB2, MAPK8 and NGF) and the FoxO signaling 
pathway (MAPK8 and INSR) (Fig. 4B). Furthermore, the hub 
genes were identified to be involved in regulatory processes 
(Fig. 4C), including positive regulation of protein kinase B 
signaling (ARRB2 and INSR), positive regulation of the 
extracellular signal‑regulated kinase (ERK) 1 and ERK2 
cascades (GCG and ARRB2), positive regulation of gene 
expression (MAPK8 and NGF) and negative regulation of 
apoptotic processes (GCG and MAPK8).

Figure 1. Heat map of the 100 most significantly differentially expressed genes (50 upregulated genes and 50 downregulated genes). Each row represents a 
single gene; each column represents a tissue sample. Green represents upregulated genes; red represents downregulated genes. 
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Module analysis of PPI network. The most significant 
modules in the PPI network were identified using MCODE 
in Cytoscape software and presented in Fig. 4D. According 
to KEGG pathway enrichment analysis, the DE genes in the 
significant modules were predominantly involved in several 
CRT response associated pathways including the chemokine 
signaling pathway (CCR6, ADCY5, CXCR3, CXCL11 and 
CCL27), cytokine‑cytokine receptor interaction (CCR6, 
CXCR3, CXCL11 and CCL27) and the cAMP signaling 
pathway (HTR1B, ADCY5 and GABBR1) (Fig. 4E). 

Identification of CRT response‑associated functions and 
pathways. Based on the aforementioned results, the enriched 
functional categories and pathways were screened for their 
associations with CRT response by manually searching cita-
tions in PubMed (https://www.ncbi.nlm.nih.gov/pubmed; 
Table V).

For the upregulated DE genes, the most highly enriched 
GO terms at the BP level were associated with DNA recom-
bination, telomere maintenance via recombination and 
base‑excision repair. For downregulated DE genes, the more 

Figure 2. GO analysis of the DE genes. (A) Top five GO items for DE genes upregulated in CRT responders. (B) Top five GO items for DE genes downregulated 
in CRT responders. GO, Gene Ontology; BP, biological process; CC, cell component; MF, molecular function; DE, differentially expressed.
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highly enriched GO terms at the BP level were related to 
regulatory processes, including cAMP biosynthetic process, 
extrinsic apoptotic signaling pathway and cell proliferation. 
Notably, these enriched terms have been demonstrated to be 
closely related to radiation response (19,20). The enriched 

Table I. Kyoto Encyclopedia of Genes and Genomes pathway 
enrichment analysis of differentially expressed genes in 
chemoradiotherapy responders and non‑responders.

A, Upregulated genes

Pathway	 Genes	 P‑value

Neuroactive ligand‑receptor interaction	 12	 7.48x10‑3

Base excision repair	   4	 1.82x10‑3

Morphine addiction	   6	 1.94x10‑2

GABAergic synapse	   5	 5.70x10‑2

mRNA surveillance pathway	   5	 6.96x10‑2

Measles	   6	 7.68x10‑2

Homologous recombination	   3	 8.71x10‑2

B, Downregulated genes

Pathway	 Genes	 P‑value

Linoleic acid metabolism	   7	 4.39x10‑5

Ras signaling pathway	 12	 3.23x10‑3

Steroid hormone biosynthesis	   6	 3.42x10‑3

Oxytocin signaling pathway	   8	 1.98x10‑3

Renin secretion	   5	 3.03x10‑2

FoxO signaling pathway	   7	 3.11x10‑2

Arrhythmogenic right ventricular 	   5	 3.49x10‑2

cardiomyopathy
Hypertrophic cardiomyopathy 	   5	 5.51x10‑2

Vascular smooth muscle contraction	   6	 6.42x10‑2

Dilated cardiomyopathy	   5	 6.83x10‑2

Regulation of lipolysis in adipocytes	   4	 7.55x10‑2

Maturity onset diabetes of the young	   3	 7.84x10‑2

Fatty acid elongation	   3	 7.84x10‑2

Focal adhesion	   8	 7.98x10‑2

Alpha‑Linolenic acid metabolism	   3	 8.34x10‑2

Butanoate metabolism	   3	 8.92x10‑2

Osteoclast differentiation	   6	 9.26x10‑2

Glycerophospholipid metabolism	   5	 9.62x10‑2

Wnt signaling pathway	   6	 9.94x10‑2

FoxO, forkhead box O.

Table II. Top 10 genes identified by betweenness centrality in 
the protein‑protein interaction network.

Gene name	 Betweenness centrality

TOP2B	 50299.086
MAPK8	 27945.004
DLG4	 19934.455
PPP3CA	 16902.625
INSR	 15489.692
GCG	 14696.811
ARRB2	 14580.526
NGF	 12627.297
POLR1A	 12130.832
UBA2	 11705.651

Table III. Top 10 genes identified by closeness centrality in the 
protein‑protein interaction network.

Gene name	 Closeness centrality

TOP2B	 0.020087885
MAPK8	 0.020086309
INSR	 0.020060338
DLG4	 0.020056408
NGF	 0.020007033
GCG	 0.019985167
ARRB2	 0.019976590
PCSK1	 0.019975030
RPA1	 0.019973474
HIST2H4A	 0.019967241

Table IV. Top 10 genes identified by degree centrality in the 
protein‑protein interaction network.

Gene name	 Degree centrality

TOP2B	 45
MAPK8	 25
DLG4	 23
ADCY5	 21
GCG	 21
NGF	 21
PPP3CA	 20
INSR	 20
ARRB2	 19
NEDD4L	 17

Figure 3. Degree distributions of network nodes.



PENG et al:  BIOMARKERS FOR CHEMORADIOTHERAPY RESPONSE PREDICTION 497

Figure 4. Analysis of the selected hub nodes and modules. (A) The sub‑network reconstructed with the selected hub nodes and their first neighbor genes. 
(B) KEGG pathways enriched by all hub nodes. (C) Biological process ontology terms enriched by all hub nodes. (D) The most significant modules identified 
from the protein‑protein interaction network. (E) KEGG pathways enriched by all nodes associated with the identified module with the highest significance. 
KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen‑activated protein kinase; TRP, transient receptor potential; FoxO, forkhead box O; ERK, 
extracellular signal‑regulated kinase.
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GO terms in MF mainly included the function of binding, 
including DNA binding, protein binding (upregulated DE 
genes), calcium ion binding and polysaccharide binding 
(downregulated DE genes). The binding of important mole-
cules, including proteins and DNA may highly influence the 
ionizing radiation (21). Most GO CC items converged on the 
hallmarks of a cell including the nucleoplasm, cytoplasm and 
nucleus for the upregulated DE genes and the cytoskeleton, 
cytoplasmic vesicle and secretory granule for downregulated 
DE genes. These basic structural hallmarks of a cell have a 
major influence on radiation sensitivity through affecting the 
integrity of cell structure and exerting impact on cell growth, 
differentiation, proliferation, apoptosis and metastasis (22).

With regard to the KEGG pathway enrichment results, 
the upregulated DE genes in CRT responders were mainly 
involved in pathways including base excision repair and 
homologous recombination, while downregulated DE genes in 
CRT responders were enriched in pathways including the Ras 
signaling pathway, FoxO signaling pathway, focal adhesion and 
Wnt signaling pathway. These pathways were also indicated 
to be highly associated with radiation response (23‑26). The 
seven hub nodes (TOP2B, MAPK8, DLG4, GCG, NGF, INSR 
and ARRB2) were associated with the Ras signaling pathway, 
MAPK signaling pathway and FoxO signaling pathway. 
Furthermore, the hub genes were identified to participate 
in specific processes, including regulation of protein kinase 
B signaling, ERK1 and ERK2 cascade, gene expression and 
apoptosis through the BP ontology. These enriched pathways 
and ontology terms were confirmed to be responsible for the 
radiation response according to the literature search (27,28).

The DE genes involved in the selected module were 
mainly associated with the chemokine signaling pathway, 
cytokine‑cytokine receptor interaction and cAMP signaling 
pathway. These pathways also play important roles in radiation 
response (19,29,30).

Discussion

Increasing importance is being placed on improving 
personalized precision treatment methods for cancer. 
Developing methods for response prediction may help to 

distinguish responders from non‑responders to preoperative 
CRT. In the current study, a bioinformatics approach was 
conducted to predict the potential crucial genes and pathways 
related to CRT response. A total of 445 upregulated DE genes 
and 465 downregulated DE genes were identified between CRT 
responders and non‑responders. Subsequently, the functions 
of the DE genes were investigated using GO annotation and 
pathway enrichment analyses. Finally, the interactions between 
DE genes were explored by creating a PPI network. As a result, 
specific key genes and pathways were identified which may 
play vital roles in CRT response and could become potential 
biomarkers for the optimization of CRT.

At the BP level, many enriched GO terms were significantly 
associated with DNA recombination, telomere maintenance 
via recombination, base‑excision repair, cAMP biosynthetic 
process, the extrinsic apoptotic signaling pathway and cell 
proliferation. DNA recombination is known to play a central 
role in the DNA damage and repair response, which is a vital 
determinant of both tumor development and tumor outcome 
following radiation therapy (31). Telomere maintenance via 
recombination is closely associated with telomerase activity, 
which is associated with radiosensitivity  (32). The use of 
telomerase inhibitors during CRT may sensitize cancer cells to 
chemotherapy and radiotherapy (33). Furthermore, the cAMP 
biosynthetic process, the extrinsic apoptotic signaling pathway 
and cell proliferation also contribute to the radiotherapy 
response (19). The intrinsic apoptotic pathway is sufficient to 
impart radiation resistance (34), while inhibition of cell prolif-
eration may enhance the radiosensitivity of cancer cells (35). 

At the MF level, the enriched GO terms were mainly 
associated with binding functions, including DNA binding, 
protein binding, calcium ion binding and polysaccharide 
binding. These functions influence ionizing radiation through 
the binding of important molecules, including proteins and 
DNA (21). At the CC level, most GO terms involved crucial 
components of a cell, including the nucleoplasm, cytoplasm, 
nucleus, cytoskeleton, cytoplasmic vesicle and secretory 
granule. These structural components of a cell have a major 
influence on radiosensitivity (22). 

KEGG pathway enrichment analysis identified several 
pathways associated with the upregulated DE genes in CRT 

Table V. Pathways associated with the chemoradiotherapy response. 

Pathway 	 Enriched genes	 Representative PubMed references

Base excision repair	 Upregulated DE genes	 21420246, 20832016
Homologous recombination	 Upregulated DE genes	 23746696, 25017126
Ras signaling pathway	 Downregulated DE genes and hub genes	 20619549, 15549191
FoxO signaling pathway	 Downregulated DE genes	 17183370, 20734804
Focal adhesion	 Downregulated DE genes and hub genes	 14703945, 24930861
Wnt signaling pathway	 Downregulated DE genes	 27363012, 26072169
MAPK signaling pathway	 Hub genes	 12947395, 26926139
Chemokine signaling pathway	 Module genes	 21292447, 28957436
Cytokine‑cytokine receptor interaction	 Module genes	 28763256, 27745982
cAMP signaling pathway	 Module genes	 24568192, 26989332

FoxO, forkhead box O; MAPK, mitogen‑activated protein kinase; DE, differentially expressed. 
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responders, including base excision repair and homologous 
recombination. Meanwhile, the downregulated DE genes 
in CRT responders were associated with several pathways, 
including the Ras signaling pathway, FoxO signaling pathway, 
focal adhesion and Wnt signaling pathway. The base excision 
repair pathway is a vital determinant of ionizing radiation 
sensitivity and has previously been demonstrated to be asso-
ciated with the cellular response to radiotherapy in many 
studies (36,37). Targeting base excision repair may provide 
a potential strategy to optimize CRT (38). Previous studies 
have also suggested that homologous recombination repair 
serves an important role in the process of sensitizing cells to 
ionizing radiation (39). Targeting the homologous recombina-
tion pathway may be a potential translational approach for 
increasing sensitivity to ionizing radiation (40). Furthermore, 
Ras is a significant contributor to radiation resistance (41). 
Radiation sensitization could be achieved in vitro and in vivo 
by inhibiting the activation of Ras (23). Additionally, FoxO 
serves an important role in mediating apoptosis and regulating 
cell death and survival in response to radiation (24). Focal 
adhesion is involved in the regulation of cellular response 
to ionizing radiation and may be associated with increased 
radioresistance (25). Targeting focal adhesion kinase could 
provide a potential therapeutic approach for improving radio-
therapy sensitivity (42). A recent study has identified that the 
Wnt/β‑catenin signaling pathway serves an important role 
in the development of radioresistance and the inhibition of 
Wnt/β‑catenin signaling may have significant radiosensitizing 
effects  (26). The current study has revealed pathways that 
may contribute to the CRT response of rectal cancer and may 
be potential predictive biomarkers. The pathways identified 
provide a new insight into the role of the DE genes in radiation 
response that could help introduce therapeutic methods for 
radiosensitization of tumor cells.

Through PPI network construction, a series of hub genes 
were identified based on three different network analysis 
methods, including TOP2B, MAPK8, DLG4, GCG, NGF, 
INSR and ARRB2. It was revealed that these hub genes 
participate in several processes at the BP level, including 
the regulation of protein kinase B signaling, the ERK1 and 
ERK2 cascade, gene expression and apoptotic process. 
Protein kinase B serves a critical role in promoting the 
radiation‑induced apoptotic response and mediating cell 
survival during oxidative stress, the regulation of which may 
have an effect on response to radiotherapy (27). The ERK1 
and ERK2 cascade, gene expression and apoptotic process 
have also been demonstrated to exhibit synergistic roles in 
regulating and controlling the response to radiotherapy for 
rectal cancer  (20,28). Pathway enrichment analysis of the 
selected hub genes was also performed to further evaluate 
their function. Several significant pathways were identified, 
including the Ras signaling pathway, MAPK signaling pathway 
and FoxO signaling pathway. The MAPK signaling pathway 
is a vital pathway involved in radioresistance of tumor cells, 
therefore inhibiting the MAPK pathway may be beneficial for 
improving the response to radiotherapy for rectal cancer (43). 
The aforementioned results suggest the selected hub genes are 
closely associated with CRT response in rectal cancer and 
may be used to predict the CRT response or provide potential 
treatment targets for radiation sensitization.

Module analysis of the PPI network revealed that the 
most significant module was associated with the chemokine 
signaling pathway, cytokine‑cytokine receptor interaction and 
cAMP signaling pathway. The chemokine signaling pathway 
has previously been reported to be responsible for mediating 
radiation sensitivity in tumor cells by serving a crucial role 
in the early phase of the radiation reaction (29). Cytokines, 
useful markers involved in cancer initiation, progression and 
pathogenesis, have previously been demonstrated to be closely 
associated with modulating personalized radiotherapy (30). 
The cAMP signaling pathway serves a role in the regulation 
of numerous cellular responses, including gene expression, 
growth, differentiation, proliferation, apoptosis and metas-
tasis (19). A previous study has proposed that cAMP signaling 
contributes to the response to ionizing radiation by inhibiting 
DNA‑damage induced apoptosis (19). Module analysis demon-
strated that the most significant module of the PPI network was 
involved in CRT‑associated pathways, further confirming that 
the identified DE genes were highly associated with the CRT 
response. 

Previously, considerable effort has been made to predict 
and explain prognosis variability in response to CRT. 
However, no predictive molecular biomarkers for response to 
CRT have been sufficiently robust to reach the clinic. Tumors 
are heterogeneous and varying genes are expressed by 
different patients with the same cancer type. Therefore, CRT 
response prediction in rectal cancer cannot be determined 
by a single or limited number of molecules. Rectal cancer 
is a highly heterogeneous disease, characterized by 
many coordinated molecular changes; therefore potential 
biomarkers should be explored in a systematic and dynamic 
manner  (44,45). Gene expression profiling performed by 
microarray technology has successfully provided many 
promising biomarkers for response prediction in rectal 
cancer. However, the development of microarray technology 
has revealed that low reproducibility is common in many 
high‑throughput post genomic areas, including proteomics 
and metabolomics (46). A network‑based method can provide 
a systemic approach for integrating diverse information into 
a systematical framework and improve reproducibility (47). 
In the current study, seven gene signatures were identified 
from the PPI network of DE genes by using three different 
network analysis methods. This improves the robustness of 
the study, as an integrative approach allows a choice of the 
best biomarkers compared with a single analysis method. 
The identified genes and their associated pathways could 
potentially be developed as biomarkers for predicting CRT 
response. Notably, the identified genes and pathways provide 
potential therapeutic strategies for the radiosensitization of 
tumor cells. 

The ideal method for screening rectal cancer CRT 
response‑related genes is to perform microarray analysis using 
two groups of rectal cancer tissue samples from patients with 
the same treatment strategy, one from CRT sensitive tumor 
tissues and the other from insensitive tumor tissues. However, 
such tissue samples are difficult to obtain. In addition, the 
current study could not perform further exploration as detailed 
information regarding the primary histological type of cancer, 
staging and histological grading, and socio‑demographic data 
were not available from the expression profile GSE35452 
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database. In the future, biological experiments and large‑scale 
investigations should be conducted to confirm the predictive 
power of the approach taken in the current study and to 
provide further understanding regarding the mechanisms 
underlying therapeutic outcome differences. Additionally, 
edge‑variation in the network should be considered to further 
improve therapeutic response prediction. 

In conclusion, the current study provided an integrative 
bioinformatics analysis of a gene expression profile to identify 
key genes and their involved pathways associated with CRT 
response. The current study also provided insights into the 
mechanisms underlying the therapeutic outcome difference, 
providing valuable information for both basic research and 
clinical optimization of CRT. However, further biological 
experiments are required to confirm and endorse the results 
presented in the current study. 
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