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Abstract. Previous studies have suggested that cancer stem 
cells serve crucial functions in tumorigenesis, metastasis and 
therapy failure. Stem cell signaling transduction pathways are 
frequently dysregulated in cancer and associated with tumori-
genesis, metastasis and the cell cycle, which are necessary for 
cancer proliferation. However, cancer stem cell-associated 
gene signatures have not been established for predicting 
patient outcomes in colorectal cancer. Using a gene-mining 
approach, the present study performed mRNA expression 
profiling in large colorectal cancer cohorts from The Cancer 
Genome Atlas (TCGA) and the Gene Expression Omnibus 
(GEO) database, including a TCGA colorectal cancer cohort 
(n=383) and three independent validation series GSE39582 
(n=582), GSE17536 (n=177) and GSE17537 (n=55). The present 
study identified that an eight‑gene signature in cancer stem 
cell signaling was associated with the overall survival and 
disease/recurrence-free survival of patients with colorectal. 
On the basis of this signature, patients in the TCGA training 
sets were divided into high-risk and low-risk subgroups with 
a significantly different overall survival rate (hazard ratio, 
2.38; P=0.0005). The prognostic value of this signature was 
confirmed using three independent GEO colorectal cancer sets. 
Identifying this prognostic stem cell signaling signature may 
provide an efficient classification tool for clinical prognosis 
evaluation, and facilitate cancer stem cell-targeted therapy.

Introduction

Colorectal cancer is one of the most common types of cancer 
and one of the leading causes of cancer-associated mortality 
globally, according to statistical data in 2013 (1). Identifying 
cancer stem-like cells (CSCs) may be essential for improving 

targeted cancer therapy (2,3). However, detecting purified 
CSCs in colorectal cancer remains challenging with existing 
methods, since few specific markers are known for CSCs in 
colorectal cancer (4,5).

CSCs may trigger tumorigenesis, self-renewal, differen-
tiation and resistance to therapy (6). Previous studies have 
demonstrated that CSCs may activate one or more highly 
conserved signaling pathways present in normal stem cells 
that are associated with development and tissue homeostasis, 
including the Notch (7), Hedgehog (8) and Wnt (9) signaling 
pathways. These pathways are associated with tumorigenesis, 
metastasis and the cell cycle, which are required for cancer 
proliferation (10). Crosstalk between signaling pathways also 
increases the complexity of cellular external stimuli response 
networks (11). Upregulating secreted frizzled related protein 
(SFRP)1 expression in the Hedgehog signaling pathway 
inhibited the Wnt signaling pathway (12), whereas activating 
the Hedgehog signaling pathway resulted in increased jagged 
2 expression and the upregulation of the Notch signaling 
pathway (11). A network-level view of signaling pathways in 
cancer stem cells is required to identify shared features among 
malignant cells and provide means for clinical therapy to 
develop.

Previously, multiple studies have developed multigene 
classifiers for determining the prognosis of patients with colon 
cancer, including the 12-gene based Oncotype DX (13,14), 
18-gene based ColoPrint (15) and the 13‑gene based classifier 
ColoGuideEx (16). Compared with conventional pathological 
criteria alone, genomic classifiers, including Oncotype DX, 
Coloprint and ColoGuideEx, provide more accurate infor-
mation on the risk of recurrence and may assist in selecting 
patients who can benefit more from chemotherapy. However, 
these gene‑based classification systems may not assist in devel-
oping a patient selection tool for specific inhibitor‑targeted 
therapy. Therefore, establishing a signaling pathway- or 
multiple signaling pathways-based gene expression signature 
to facilitate treatment decisions is crucial.

The present study assessed the cancer stem cell signaling 
pathways and the gene expression profiles of 1,198 patients 
with colorectal cancer from The Cancer Genome Atlas 
(TCGA) and the Gene Expression Omnibus (GEO) database. 
By analyzing the association between gene expression profiling 
and the clinical outcome of patients with colorectal cancer, 
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the present study identified an eight‑gene signature associated 
with the Hedgehog-Notch-Wnt signaling pathways, which was 
associated with the prognosis of the patients. The results of the 
present study may assist in developing therapeutic strategies 
for treating colorectal cancer.

Materials and methods

Colorectal cancer data. Colorectal cancer gene expression data-
sets and the corresponding clinical data were downloaded from 
TCGA and the GEO database. Integrated gene expression and 
clinical data of TCGA were downloaded from the University of 
California, Santa Cruz Cancer Genomics Browser (Santa Cruz, 
CA, USA; https://genome-cancer.ucsc.edu) (17). In the present 
study, 383 colorectal tumors from patients with detailed gene 
expression information were chosen from TCGA according 
to parameters defined in a previous study (18); three datasets 
GSE39582 (n=582) (19), GSE17536 (n=177) (20) and GSE17537 
(n=55) (21) from the GEO database (http://www.ncbi.nlm.nih.
gov/geo) were selected as testing datasets and contained overall 
survival and recurrence/disease-free survival information. A 
total of 1,198 patients were analyzed in the present study. Clinical 
information was extracted from the original publications (19-21). 
The workflow of the present study is presented in Fig. 1.

Candidate gene selection. The present study selected genes that 
are associated with the signaling or transcriptional regulators of 
CSCs in the Hedgehog, Notch and Wnt signaling pathways. To 
identify more genes associated with these signaling pathways, 
SABiosciences (http://www.sabiosciences.com/PCRArrayPlate.
php) and polymerase chain reaction (PCR) array gene lists were 
used to form a gene list and group functional genes (22). The 
gene tables contained Hedgehog/Notch/Wnt ligands, receptors 
and regulators, and downstream signaling molecules and target 
proteins associated with these signaling pathways.

Statistical analysis. The association between gene expres-
sion and patient survival rate was assessed with univariate 
Cox's regression analysis and a permutation test using 
Biometric Research Branch (BRB)-Array Tools edition 4.5.0 
(https://brb.nci.nih.gov/BRB-ArrayTools/) (23). Genes were 
considered statistically significant if their permutation P‑value 
was ≤0.01. Selected genes were fitted using a multivariable 
Cox regression model in the training set as described. A 
risk score formula was constructed by including statistically 
significant genes, weighted by their estimated Cox's regression 
coefficients (24). Patients with assigned risk score were clas-
sified into high‑risk or low‑risk groups by using the median 
as the threshold. Kaplan-Meier estimator survival analysis 
using the R package survival (v2.41-3; https://cran.r-project.
org/web/packages/survival/) was performed to estimate the 
survival distributions between stratified survival groups in 
each set (25,26). The two-sided log-rank test was used to 
assess the survival differences between high-risk and low-risk 
groups. A two‑way ANOVA was used to analyze the associa-
tion between the eight-gene signature and the American Joint 
Committee on Cancer stage.

The receiver operating characteristic (ROC) curve was 
constructed using the R package pROC to evaluate the 
sensitivity and specificity of the survival prediction for the 

CSC signature risk score, age and ColoGuideEx, a reported 
prognostic predictor. According to ColoGuideEx, a 13-gene 
prognostic predictor developed by Agesen et al (16), patients 
were stratified according to the number of genes exceeding 
the 80% high-risk genes and below the 20% level of low-risk 
genes. Area under the curve values were calculated from the 
ROC curves.

Results

Identifying prognostic CSC‑associated genes from the 
TCGA COADREAD dataset. A total of 334 CSC-associated 
genes in the Hedgehog, Notch and Wnt signaling pathways 
and their targets were identified from the colorectal tumors 
in the TCGA cohorts and the GEO datasets. The 383 TCGA 
patients cohort was defined as the training set, and was 
used to select the prognostic CSC-associated genes. Using 
BRB‑Array Tools, univariate Cox's proportional hazards 
regression analysis was performed for the CSC-associated 
gene expression data, and eight CSC-associated genes were 
identified as significantly associated with overall survival 
(P≤0.01). Of these genes, a hazard ratio >1, which was associ-
ated with low-density lipoprotein-related protein 2 (LRP2), 
hairy/enhancer-of-split associated with YRPW motif-like 
protein (HEYL), cubilin (CUBN), SFRP2, growth arrest 
and DNA-damage-inducible 45β (GADD45B), insulin-like 
growth factor-binding protein 3 (IGFBP3) and lymphoid 
enhancer-binding factor 1 (LEF1), indicated that high expres-
sion of that gene was associated with poor survival; a hazard 
ratio <1, which was associated with cyclin E1 (CCNE1), indi-
cated that increased expression of that gene was associated 
with good survival (Table I).

Association of the eight‑gene signature and patient survival 
in the training set. A risk-score formula was established 
according to the expression of these significant CSC‑associated 
genes and their respective coefficients: Risk score=0.253 x L
RP2 + 0.062 x HEYL + 0.048 x CUBN + 0.036 x SFRP2 + 0.
058 x GADD45B + 0.084 x IGFBP3 + 0.139 x LEF1-0.190 x 
CCNE1. The present study calculated the eight-gene signature 
risk score for each patient in the training set. Patients with an 
assigned risk score were divided into high-risk or low-risk 
groups using the median risk score in the training set as the 
threshold. The distribution of patient risk scores, survival 
status and significant gene expression level were analyzed for 
the TCGA training set (Fig. 2). Patients in the high-risk group 
were associated with significantly decreased overall survival 
compared with patients in the low-risk group (P=0.00033; 
Fig. 3A). The association of the eight-gene signature risk score 
with clinical outcome was significant when it was analyzed 
as a continuous variable in the univariate Cox's regression 
model: Overall survival (hazard ratio, 2.72; P<0.0001) and 
recurrence‑free survival (hazard ratio, 2.29; P<0.0001).

Validating the eight‑gene signature for survival prediction in 
the testing sets. To confirm the results of the present study, the 
risk score for the testing sets, including GSE39582, GSE17536 
and GSE17537, were calculated. Similar to the TCGA training 
set, patients in the high-risk group were associated with 
decreased survival time compared with patients in the low-risk 
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group (Fig. 3B-D). In addition, patient survival throughout the 
follow-up in the low-risk group was improved compared with 
that in the high-risk group. The univariate Cox's regression 
model revealed a similar association between risk score and 
overall survival, with the high-risk group associated with 
decreased overall survival compared with the low-risk group.

The prognostic value of the signature for the patients with 
or without post-operative chemotherapy was also assessed, 
according to the treatment records provided in the original raw 
data in GEO. Adjuvant chemotherapy information was avail-
able for the GSE39582 series; 240 patients received adjuvant 
chemotherapy, and 323 did not. The present study revealed that 
the high‑risk score was significantly associated with unfavor-
able overall and recurrence-free survival in patients with or 
without post-operative chemotherapy (Fig. 4).

Eight‑gene signature represents an independent predictor 
in colorectal cancer. The present study performed Cox's 
univariate and multivariate analysis to ascertain whether the 

eight-gene signature represented an independent predictor of 
overall survival in patients with colorectal cancer (Table II). 
The effect of risk score, age, sex and stage on patient survival 
time was analyzed further using a multivariate Cox's propor-
tional hazard model for each cohort. The results indicated that 
risk score could represent an independent predictor of overall 
survival when adjusted for age, sex or stage in three cohorts. In 
GSE17537 (n=55), univariate Cox's analysis demonstrated that 
the eight‑gene model was statistically significant for prognosis, 
although multivariate Cox's analysis revealed it was not.

The present study also analyzed the association between 
the eight-gene signature and the American Joint Committee 
on Cancer stage (27). Mean risk score increased with tumor 
malignance in the training and testing sets (Fig. 5). Therefore, 
the risk score model of the present study may facilitate strati-
fying patients with colorectal cancer.

Evaluating the risk score using ROC analysis. ROC analysis 
was performed to compare the sensitivity and specificity of 

Table I. Eight genes associated with overall survival in the training-set patients.

Gene symbol Full name Parametric P‑value Hazard ratio Coefficient

LRP2 Low-density lipoprotein-related protein 2 0.0005083 1.355 0.2530
HEYL Hairy/enhancer-of-split associated with YRPW motif-like protein 0.0011791 1.483 0.0617
CUBN Cubilin  0.0020518 1.461 0.0477
SFRP2 Secreted frizzled‑related protein 2 0.0025242 1.13 0.0360
GADD45B Growth arrest and DNA-damage-inducible 45β 0.0033662 1.466 0.0582
IGFBP3 Insulin-like growth factor-binding protein 3 0.0041609 1.352 0.0841
LEF1 Lymphoid enhancer-binding factor 1 0.0044962 1.314 0.1389
CCNE1 Cyclin E1 0.005372 0.627 -0.1902

Coefficient, coefficient in the multivariable Cox's regression analysis.

Figure 1. Workflow. TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; CSC, cancer stem‑like cell; ROC, receiver operating characteristic.
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Figure 2. Eight gene-based risk score analysis of patient data from The Cancer Genome Atlas. The distributions of eight gene-based risk score, patient survival 
status and gene expression signature were analyzed for the training set patients (n=364). (A) Eight gene‑based risk score distribution. (B) Patient overall 
survival status and time. (C) Heat map of the eight gene expression profiles. Rows represent genes; columns represent patients. The black dotted line represents 
the risk score median threshold, which divided patients into low-risk and high-risk groups. CCNE1, cyclin E1; LEF1, lymphoid enhancer-binding factor 1; 
IGFBP3, insulin-like growth factor-binding protein 3; GADD45B, growth arrest and DNA-damage-inducible 45β; SFRP2, secreted frizzled‑related protein 2; 
CUBN, cubilin; HEYL, hairy/enhancer-of-split associated with YRPW motif-like protein; LRP2, low-density lipoprotein-related protein 2.

Figure 3. Kaplan‑Meier estimates of the survival of patients using the eight‑gene signature. The Kaplan‑Meier estimator plots were used to visualize the 
survival probabilities for the low-risk and high-risk groups, as determined using the median risk score for each dataset. (A) Kaplan-Meier estimator curves 
of overall survival for TCGA training set patients (n=364). (B) Kaplan-Meier estimator curves of recurrence-free survival for GSE39582 testing set patients 
(n=577). (C) Kaplan-Meier estimator curves of disease-free survival for GSE17536 testing set patients (n=177). (D) Kaplan-Meier estimator curves of overall 
survival for GSE17537 testing set patients n=55). Tick marks represent censored data (i.e., patients alive at the point of the last follow-up). The differences 
between the two curves were determined using the two-sided log-rank test. TCGA, The Cancer Genome Atlas.
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disease-free survival prediction of the eight-gene signature 
model and the ColoGuideEx risk model for the GSE17536 
dataset. The area under ROC (AUROC) was determined and 
compared between these two prognostic factors (Fig. 6). The 
ROC curves indicated that the AUROCs of the eight-gene 
signature and the ColoGuideEx were 0.698 and 0. 582, respec-
tively (P=0.0801). These results indicated that the eight-gene 
signature model may possess increased predictive power 
compared with the ColoGuideEx model.

Discussion

The present study analyzed cancer stem cell signaling gene 
expression profiles from TCGA and the GEO database. By 
assessing the association between gene expression profiling 
and the clinical outcome of patients with colorectal cancer, the 
present study identified an eight‑gene Hedgehog‑Notch‑Wnt 
signaling signature that was associated with the overall 
survival of the patients. The present study further validated 

Figure 4. Kaplan-Meier estimates of the survival of patients receiving adjuvant chemotherapy using the eight-gene signature. (A) Kaplan-Meier estimator curves 
of OS for all patients (n=563) in GSE39582 dataset. (B) Kaplan-Meier estimator curves of OS for patients receiving chemotherapy (n=240). (C) Kaplan-Meier 
estimator curves of OS for patients without chemotherapy (n=323). (D) Kaplan-Meier estimator curves of RFS for all patients (n=561). (E) Kaplan-Meier 
estimator curves of RFS for patients with chemotherapy (n=239). (F) Kaplan-Meier estimator curves of RFS for patients without chemotherapy (n=322). Tick 
marks represent censored subjects. The survival differences between the high-risk and low-risk group were determined using the two-sided log-rank test. The 
number of patients at risk is listed below the survival curves. chemo, chemotherapy; HR, hazard ratio; OS, overall survival; RFS, recurrence‑free survival.

Figure 5. Risk score is associated with American Joint Committee on Cancer stage using two-way ANOVA. (A) In the TCGA set, the mean risk score increased 
with increasing tumor malignance (P=0.0001). (B) For GSE39582, the mean risk score increased with increasing tumor malignance (P=0.001). (C) For 
GSE17536, the mean risk score increased with increasing tumor malignance (P=0.007). TCGA, The Cancer Genome Atlas.
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the prognostic power of the eight-gene signature in indepen-
dent cohorts and demonstrated that the eight-gene signature 
represents an independent predictor in colorectal cancer. This 
eight-gene signature requires further study in larger cohorts.

Characteristics of the eight CSC‑associated genes. According 
to the predictive model of the present study, CCNE1 expres-
sion level was positive associated with good survival, whereas 
the expression of seven other genes were upregulated in the 
high-risk group compared with that in the low-risk group. 
CCNE1 has been reported as a tumor suppressor gene in 
multiple types of cancer (28). However, in the present study, 
high expression of CCNE1 was associated with increased 
survival in patients with colorectal cancer in TCGA and the 
GEO datasets (data not shown). The non-robustness could be 
due to the same gene functioning differently in different types 
or stages of cancer (29).

LRP2 is a component and an auxiliary Hedgehog signaling 
receptor (30). Andersen et al (31) reported that LRP2 regu-
lated melanoma cell proliferation and survival rates, and that 
knocking down LRP2 induced apoptosis. LRP2 may serve a 
similar function in colorectal cancer. HEYL is regarded as a 
Notch effector, and upregulated HEYL expression has been 
reported in ovarian, breast and colon cancer (32). Han et al (33) 
demonstrated that HEYL was associated with Smad protein 
expression, transforming growth factor β signaling, and 
initiating and progressing breast cancer. SFRP2 may augment 
Wnt16B signaling to promote a malignant phenotype and ther-
apeutic resistance in the damaged tissue microenvironment, 
and increased SFRP2 expression has been reported to be asso-
ciated with a poorer clinical outcome in colorectal cancer (34). 
LEF1, IGFBP3 and GADD45B, which were also reported to 
participate in stem cell signaling, have been reported to be 

Table II. Univariate and multivariate Cox regression analyses of overall survival in each data set.

 Univariate model Multivariate model
 -------------------------------------------------------------------------- ------------------------------------------------------------------------
Variables HR 95% CI of HR P-value HR 95% CI of HR P-value

Training set (TCGA) (N=364)      
  8 gene risk score (high risk vs. low risk) 2.38  1.46-3.87 0.00048 2.19  1.27-3.76 0.0045
  Age (≥65 vs. <65) 1.85  1.11‑3.09 0.0183 3.04  1.68-5.49 0.0002
  Gender (male vs. female) 1.52  0.94-2.47 0.0903 1.28  0.77-2.14 0.3465
  Stage (I/II/III/IV) 1.93  1.44-2.58 1.00E-05 1.91  1.40-2.61 5.01E-05
Testing set (GSE39582) (N=562)      
  8 gene risk score (high risk vs. low risk) 1.59  1.19-2.12 0.0016 1.49  1.11-1.99 0.0072
  Age (≥65 vs. <65) 1.47  1.08‑2.00 0.0146 1.71  1.25-2.33 0.0007
  Gender (male vs. female) 1.31  0.98-1.75 0.0684 1.39  1.04-1.86 0.0251
  Stage (I/II/III/IV) 1.92  1.57-2.34 1.93E-10 2.00  1.63-2.45 2.95E-11
Testing set (GSE17536) (N=177)      
  8 gene risk score (high risk vs. low risk) 1.58  0.99-2.52 0.0555 1.60  0.99-2.59 0.0566
  Age (≥65 vs. <65) 0.96  0.60‑1.52 0.848 1.33  0.81-2.17 0.2483
  Gender (male vs. female) 1.10  0.69-1.76 0.674 0.98  0.60-1.60 0.9405
  Stage (I/II/III/IV) 2.85  2.11-3.86 9.20E-12 3.00  2.19-4.12 1.02E-11
Testing set (GSE17537) (N=55)      
  8 gene risk score (high risk vs. low risk) 2.30  0.91-5.77 0.0766 1.53  0.57-4.11 0.3992
  Age (≥65 vs. <65) 1.43  0.59-3.44 0.425 1.86  0.73-4.78 0.1958
  Gender (male vs. female) 0.68  0.28-1.66 0.395 1.16  0.44-3.02 0.7642
  Stage (I/II/III/IV) 2.97  1.56-5.65 0.0009 2.98  1.54-5.78 0.0012

Bold values indicate statistical significance P<0.15. TCGA, The Cancer Genome Atlas; HR, hazards ratio; 95% CI, 95% confidence interval. 

Figure 6. ROC analysis of the sensitivity and specificity of the eight‑gene risk 
score and ColoGuideEx in predicting disease-free survival. For GSE17536, 
score performance was assessed by calculating the AUC of the eight-gene 
risk score and ColoGuideEx (0.698 and 0.582, respectively; P=0.0801). ROC, 
receiver operating characteristic; CSC, cancer stem-like cell; AUC, area 
under the ROC curve.
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upregulated in multiple types of cancer tissue, and possess 
growth-promoting functions in colon cancer cells (35-37). 
Cubilin was reported as a Wnt signaling target and modulator 
of the fibroblast growth factor (FGF) 8‑FGF receptor signaling 
pathway, although this has not been demonstrated to be associ-
ated with a type of tumor (38).

The present study also performed a network analysis 
based on the eight signature genes in TCGA colorectal 
cancer cohorts downloaded from cBioPortal (see http://www.
cbioportal.org/ for further pre-processing information). 
Default parameters were used to construct an interaction 
network of eight signature genes (data not shown). Certain 
well-studied genes in colorectal cancer, including APC, 
B-Raf proto-oncogene, tumor protein p53, MYC proto-onco-
gene, RB transcriptional corepressor 1 and SMAD family 
member 4 exhibited closed interaction with the eight signa-
ture genes. Further study of the function of these genes is 
required to understand colorectal cancer tumorigenesis and 
development.

Eight‑gene signature possesses prognostic power in patients 
with colorectal cancer undergoing adjuvant chemotherapy. 
Since the majority of the previous prognostic gene signatures 
were dominated by proliferation genes, the present study 
focused on cancer stem cell signaling pathways and provided 
novel insights into how cancer stem cell signaling contributes 
to colorectal cancer development. The eight-gene signature 
predicted unfavorable overall survival in those undergoing 
post-operative chemotherapy in the GSE39582 cohorts. 
Patients with an increased CSC-associated gene risk score were 
associated with adjuvant chemotherapy resistance. The present 
study proposed that this eight‑gene signature reflects the acti-
vation state of tumor stem cell signaling, which may serve a 
crucial function in drug resistance and treatment outcome. 
Patients who have tumors with a high-risk CSC-associated 
gene signature could benefit from combined stem cell‑targeted 
adjuvant therapy using this model, although further studies are 
required to verify this.

ROC and sensitivity. Further survival ROC analysis demon-
strated that the eight-gene signature was comparable with the 
ColoGuideEx model (P=0.0801) for prognosis in GSE17536 
sets, which were used in ColoGuideEx as the largest external 
validation datasets. Although the ColoGuideEx model is not 
typically used in deciding whether adjuvant chemotherapy 
is appropriate for a given patient with colorectal cancer (16), 
the test has been validated and rendered financially feasible 
for clinical practice using reverse transcription-PCR (39). 
The eight‑gene signature of the present study could suffice 
in predicting the outcome of colorectal cancer, and predicts 
survival with increased accuracy compared with that predicted 
using ColoGuideEx.

Limitations of the present study. The limitations of the present 
study should be acknowledged. First, gene expression profile 
data were obtained from different platforms: TCGA for 
RNA‑seq and GEO for microarray. Normalization methods 
differed between TCGA and GEO datasets. Secondly, only 
334 cancer stem cell-associated genes were included in the 
present study, and the prognostic genes identified may not 

represent all cancer stem cell-associated gene candidates asso-
ciated with overall survival in patients with colorectal cancer. 
Thirdly, more patient information and larger prospective 
patient cohorts are required to confirm the prognostic power 
of the eight-gene signature.

The present study developed a CSC-associated eight-gene 
signature that predicted colorectal cancer prognosis in four 
independent datasets. Further analysis revealed that the 
eight-gene signature may represent an independent prognostic 
factor with respect to age and stage. The eight-gene signature 
may assist molecular classification and outcome prediction in 
colorectal cancer. Further study is required to improve this 
eight-gene signature model in colorectal cancer.
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