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Abstract

Background Prognosis varies among patients within the same colon adenocarcinoma (COAD) stage, indicating the need for
reliable molecular markers to enable individualized treatment. This study aimed to investigate gene signatures that can be
used for better prognostic prediction of COAD.

Methods Gene-expression profiles of COAD patients were obtained from the Gene Expression Omnibus database (n=332)
and The Cancer Genome Atlas database (n=431). The relationship between gene signature and relapse-free survival was
analysed in the training set (n =93) and validated in the internal validation set (n =94) and external validation sets (n =145
and 431).

Results Overall, 11 genes (N-myc downstream regulated gene 1 [NDRG1], fms-like tyrosine kinase 1 [FLT1], lipopolysaccha-
ride binding protein [LBP], fatty acid binding protein 4 [FABP4], adiponectin gene [ADIPOQ], angiotensinogen gene [AGT], acti-
vin A receptor, type II-like kinase 1 [ACVRL1], CC chemokine ligand 11 [CCL11], cell division cycle 42 [CDC42], T-cell receptor
alpha variable 9_2 [TRAV9_2], and proopiomelanocortin [POMC]) were identified by univariable and least absolute shrinkage
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and selection operator (LASSO) Cox regression analyses. Based on the risk-score model, the patients were grouped into the
high-risk or low-risk groups using the median risk score as the cut-off. The area under the curve (AUC) values for 1-, 3-, and
S-year recurrence were 0.970, 0.849, and 0.859, respectively. Patients in the high-risk group had significantly poorer relapse-
free survival than did those in the low-risk group. The predictive accuracy of the 11-gene signature was proven in the vali-
dation sets. Our gene signature showed better predictive performance for 1-, 3-, and 5-year recurrence than did the other

four models.

Conclusions The 11-gene signature showed good performance in predicting recurrence in COAD. The accuracy of the signa-

ture for prognostic classification requires further confirmation.
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Introduction

Colorectal cancer (CRC), as the main type of gastrointestinal tu-
mor, is the third most commonly diagnosed carcinoma world-
wide [1, 2]. Radical resection is the primary treatment modality
for CRC. However, the 5-year survival rates of the patients after
resection are only ~50%. Further, 40% of CRC patients experi-
ence recurrence, which is the main cause of cancer-related
death [3]. Thus, accurate prediction of the recurrence risk is cru-
cial for making effective personalized therapy decisions and im-
proving prognosis.

Tumor recurrence cannot be accurately predicted only with
clinicopathological factors. The prognoses of patients with the
same stage of colon adenocarcinoma (COAD) and similar medical
conditions are still diverse. There is an urgent need for reliable
molecular markers to identify tumor characteristics and predict
tumor recurrence. Gene signatures have been recently used for
risk stratification in patients with cancer [4]. In CRC, the micro-
satellite status and RAS/BRAF gene mutations have been found to
have prognostic and predictive values [5, 6]. Kim et al. [7] investi-
gated a novel prognostic predictor based on an 11-gene signature
for identifying high-risk CRC and predicting patients who will
have the worst response to adjuvant chemotherapy. Dai et al. [8]
also established a robust mRNA signature that can effectively as-
sess the risk of early relapse in COAD patients.

Given the apparent clinical utility of gene signatures, an in-
creasing number of studies have focused on the relationship be-
tween tumor cells and host immune cells. The immune-system
components play important roles during tumorigenesis and
cancer progression. Some studies have suggested that immune-
response evasion is a unique feature of tumor cells [9].
Accordingly, immune-related targets have significant potential
in the treatment and prognostic prediction of CRC.

This study aimed to investigate and validate individual prog-
nostic features for predicting COAD recurrence based on im-
mune-related genes. Towards this goal, we used gene-expression
data and clinical information from the Gene Expression Omnibus
(GEO) and The Cancer Genome Atlas (TCGA). We combined im-
mune features with clinical factors to establish a composite prog-
nostic index to improve the prediction of relapse in patients with
COAD.

Materials and methods

Microarray data

Microarray-expression data and clinical information of the
patients with COAD were obtained from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/) on 10 September 2019.
Data sets were included if they met the following criteria: (i) the

sample size was >120 and (ii) complete clinical information on
stage, relapse-free survival (RFS) interval, and RFS status was
available. Finally, we acquired GSE17538 (238 samples) and
GSE17536 (177 samples) for further processing.

For external validation, RNA-seq data of COAD patients were
obtained from the TCGA RNA-seq database (https:/cancerge
nome.nih.gov/) on 5 September 2019. Based on the same selec-
tion criteria above, we acquired TCGA-COAD (454 samples) for
further processing.

Immune-related gene sets were obtained from the ImmPort
database (https://immport.niaid.nih.gov) on 15 September 2019
including 1,811 genes after duplicates were removed.

Pre-processing of data sets

Genes whose fragments per kilobase million were <1 in more
than half of the cases were excluded.

After pre-processing (Figure 1), GSE17538-processed in-
cluded 187 samples comprising 1,376 genes. To avoid bias, all
samples in GSE17538-processed were randomly divided 100
times in a 1:1 ratio into a training set (GSE17538-train) and an
internal validation set (GSE17538-test). The final training set for
GSE17538-train included 93 samples and the final validation set
for GSE17538-test included 94 samples. Meanwhile, GSE17536 as
the independent internal validation set included 145 samples.
TCGA-COAD as the independent external validation set in-
cluded 431 samples. The clinical features for preprocessed data
sets are shown in Table 1.

Development of risk score and statistical analysis

Univariate Cox proportional hazards model was used to analyse
the relationship between the immune-related genes and RFS.
Among the 1,376 genes, 73 genes were significantly related to
RFS (P <0.05). Next, the LASSO Cox regression model [10] was
used to identify 11 relapse-related genes (Figure 2A and B). We
developed the risk-score formula based on these 11 genes (N-
myc downstream regulated gene 1 [NDRG1], fms-like tyrosine
kinase 1 [FLT1], lipopolysaccharide binding protein [LBP], fatty
acid binding protein 4 [FABP4], adiponectin gene [ADIPOQ],
angiotensinogen gene [AGT], activin A receptor, type II-like ki-
nase 1 [ACVRL1], CC chemokine ligand 11 [CCL11], cell division
cycle 42 [CDC42], T-cell receptor alpha variable 9_2 [TRAV9_2],
and proopiomelanocortin [POMC]) using a multivariable Cox re-
gression model (Table 2). The patients were then divided into
the high-risk and low-risk groups using the median risk score
in training set as the cut-off point. Differences in RFS between
the low-risk and high-risk groups in each validation set were
assessed using the Kaplan-Meier estimate. A cumulative/
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Figure 1. Flow chart of the development process of the 11-gene signature for the prediction of systemic recurrences in colon cancer. GEO, Gene Expression Omnibus;
TCGA, The Cancer Genome Atlas; COAD, colon adenocarcinoma; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.

dynamic receiver-operating characteristic (ROC) P (t) analysis
was then used to investigate the prognostic value for predicting
RFS. All statistical analyses were performed using the R pro-
gram (version 3.12.0, www.r-project.org). P-values of <0.05 were
considered statistically significant.

Results

Risk-score formula in the training set

The risk-score formula was established based on the 11
genes as follows: risk score=expression level of POMC x (-
5.752) + expression level of AGT x (-1.497) + expression level of
LBP x (4.162) + expression level of CCL11 x (-0.929) + expression
level of ACVRLI x (-2.563) + expression level of TRAV9_2 x (-
3.124) + expression level of CDC42 x (-2.958) + expression level
of NDRG1 x (0.828) + expression level of FABP4 x (0.710) + expres-
sion level of ADIPOQ x (-0.356) +expression level of FLT1 x
(0.118).

In the high-risk group, the RNA expression level of NDRGI,
FLT1, LBP, FABP4, and ADIPOQ was relatively high, whereas the
RNA expression level of AGT, ACVRL1, CCL11, CDC42, TRAV9_2,
and POMC was relatively low (Figure 2C).

Relationship between the 11-gene signature risk score
and RFS in the data sets

In GSE17538-train, the area under the curve (AUC) values for
predicting 1-, 3-, and 5-year recurrence were 0.970, 0.849, and
0.859, respectively (Figure 3A). In GSE17538-test, the AUCs for
predicting 1-, 3-, and 5-year recurrence were 0.792, 0.823, and
0.786, respectively (Figure 3B). In both GSE17538-train and
GSE17538-test sets, patients in the high-risk group had a signifi-
cantly lower RFS rate than did those in the low-risk group
(P <0.001, Figure 3F and P=0.019, Figure 3G). In GSE17538-proc-
essed, the AUCs were 0.879, 0.849, and 0.811, respectively
(Figure 3C). In GSE17536, the AUCs were 0.880, 0.788, and 0.816,
respectively (Figure 3D). In the TCGA-COAD set, the AUCs were
0.541, 0.672, and 0.704, respectively (Figure 3E). Patients in the
high-risk group had a significantly lower RFS rate than did those
in the low-risk group in each data set (GSE17538-processed,
P <0.001, Figure 3H; GSE17536, P < 0.001, Figure 3I; TCGA-COAD,
P=0.002, Figure 3]).

Gene-set enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were further used for enrichment analysis of
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Table 1. Clinical information of samples from processed data sets

Clinical features GSE17538-processed GSE17538-train GSE17538-test GSE17536 TCGA-COAD
Recurrence

Yes 42 23 19 36 87

No 145 70 75 109 344
TNM stage

I 28 14 14 24 73

1I 70 33 37 55 165

111 75 38 37 56 123

v 14 8 6 10 59

Unknown 11
Sex

Male 929 47 52 76 232

Female 88 46 42 69 199
Age (years)

<65 85 45 40 62 167

>65 102 48 54 83 264
T category

T1 11

T2 75

T3 296

T4 48

TX 1
N category

NO 254

N1 100

N2 77
M category

MO 320

M1 59

MX 52
Radiation therapy

Yes 0

No 33

Unknown 398
Lymphatic invasion

Yes 150

No 239

Unknown 42
Microsatellite

instability

Yes 11

No 81

Unknown 339
Venous invasion

Yes 89

No 285

Unknown 57

11 genes (R program cluster profiler, v3.12.0). A total of 1,177
annotations were found in the GO database, including 1,087 for
biological processes, 35 for cellular components, and 55 for mo-
lecular function. In addition, 58 pathways were enriched from
the KEGG database. We identified 10 GO terms and 10 KEGG
pathways, which were mainly related to tumor progression
(Figure 4A and B).

Relationship between the 11-gene signature risk score
and biological pathways

The Gene set variation analysis function of the R program
was used to calculate the KEGG functional enrichment scores
of 187 samples from GSE17538-processed. The correlation be-
tween the enrichment score and the risk score was evaluated.

We obtained 29 KEGG pathways; of these, 8 and 21 pathways
were negatively and positively correlated with the risk
score, respectively. Clustering analysis was conducted on the
enrichment scores of the most correlated 14 pathways in the
GSE17538-train set (Figure 5). The highest negative correlation
coefficient was -0.545 and the highest positive correlation
coefficient was 0.340. The top four KEGG pathways with
the strongest correlation with the risk score are shown in
Supplementary Figure S1.

Comparison of predictive capability between the
11-gene signature risk score and clinical features

To estimate the independent prognostic value of the 11-gene
signature risk score, we applied Cox regression analyses of RFS
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Figure 2. LASSO Cox regression of 11-genes signature. (A) The changing trajectory of each independent variable (the horizontal and vertical axes represent the log value
and the coefficient, respectively). (B) The confidence interval for each lambda. (C) RNA expression of 11 genes in the training set. NDRG1, N-myc downstream regulated
gene 1; FLT1, fms-like tyrosine kinase 1; LBP, lipopolysaccharide binding protein; FABP4, fatty acid binding protein 4; ADIPOQ, adiponectin gene; AGT, angiotensinogen
gene; ACVRLI, activin A receptor, type II-like kinase 1; CCL11, CC chemokine ligand 11; CDC42, cell division cycle 42; TRAV9_2, T-cell receptor alpha variable 9_2; POMC,

proopiomelanocortin.

Table 2. Multivariable Cox regression analysis of 11 genes in colon
adenocarcinoma

Variable HR (95% CI) P-value
ACVRL1 0.077 (4.11e-03-1.444) 0.086
FABP4 2.034 (0.353-11.707) 0.427
CCL11 0.395 (0.143-1.089) 0.073
NDRG1 2.289 (0.675-7.765) 0.184
FLT1 1.125 (0.055-22.877) 0.939
CDC42 0.052 (7.71e-04-3.493) 0.168
ADIPOQ 0.700 (0.246-1.998) 0.505
AGT 0.224 (0.067-0.745) 0.015
TRAV9_2 0.044 (5.24e-04-3.689) 0.167
LBP 64.206 (1.600-2,581.374) 0.027
POMC 0.003 (6.70e-05-0.151) 0.003

HR, hazard ratio; 95% CI, 95% confidence interval; ACVRLI, activin A receptor,
type II-like kinase 1; FABP4, fatty acid binding protein 4; CCL11, CC chemokine
ligand 11; NDRG1, N-myc downstream regulated gene 1; FLT1, fms-like tyrosine
kinase 1; CDC42, cell division cycle 42; ADIPOQ, adiponectin gene; AGT, angio-
tensinogen gene; TRAV9_2, T-cell receptor alpha variable 9_2; LBP, lipopolysac-
charide binding protein; POMC, proopiomelanocortin.

in patients with COAD from the GSE17538-train set (Table 3). In
the univariate analysis, the significant prognostic indicators of
COAD recurrence were TNM stage and risk score. In the multi-
variate analysis, both the TNM stage (hazard ratio [HR] =2.083,
95% confidence interval [95% CI]=1.394-3.112, P <0.001) and
risk score (HR = 1.480, 95% CI = 1.300-1.690, P < 0.001) were found
to be independent predictors of recurrence. The forest map is
shown inFigure 6B.

We created a nomogram model based on the risk score and
clinical features (TNM stage and sex;Figure 6A). Among all the
factors in this study, the risk score had the greatest effect on
RFS, indicating that the 11-gene signature is a potential predic-
tor of COAD recurrence.

Comparison of predictive capability between the 11-
gene signature risk score and other gene signature risk
scores

We selected four gene signature-based prognostic risk models
to compare with our 11-gene model: 15-gene signature (Xu
et al. [11]), 15-gene signature (Dai et al. [8]), 12-gene signature
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Figure 3. Receiver-operating characteristic and Kaplan-Meier RFS curve of each data set. (A) Receiver-operating characteristic (ROC) of the 11-gene signature in the
GSE17538-train set. (B) ROC of the 11-gene signature in the GSE17538-test set. (C) ROC of the 11-gene signature in the GSE17538-processed set. (D) ROC of the 11-gene
signature in the GSE17536 set. (E) ROC of the 11-gene signature in the TCGA-COAD set. (F) Kaplan-Meier RFS curve of the GSE17538-train set. (G) Kaplan-Meier RFS curve
of the GSE17538-test set. (H) Kaplan-Meier RFS curve of GSE17538-processed set. (I) Kaplan-Meier RFS curve of the GSE17536 set. (J) Kaplan-Meier RFS curve of the
TCGA-COAD set. AUC, area under the curve; RFS, relapse-free survival.
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(Sun et al. [12]), and 9-gene signature (Mo et al. [13]). We used
the same method according to the corresponding gene models
to calculate the risk scores of each COAD sample in the
GSE7538-processed data set. According to each median risk
score, the samples were divided into the high-risk and low-risk
groups. We then compared the overall survival (OS) rate be-
tween the two groups and evaluated the predictive capability
among the risk scores for 1-, 3-, and 5-year OS. In Xu’s
model, the AUCs were 0.791, 0.708, and 0.727, respectively
(Figure 7A). In Dai’s model, the AUCs were 0.662, 0.761,

Table 3. Univariate and multivariate Cox regression analysis of prog-
nostic factors in colon adenocarcinoma

Variable Univariable analysis Multivariable analysis

| 457

and 0.762, respectively (Figure 7B). In Sun’s model, the AUCs
were 0.578, 0.681, and 0.668, respectively (Figure 7C). In
Mo’s model, the AUCs were 0.708, 0.610, and 0.582, respectively
(Figure 7D). In Xu'’s, Dai’s, and Sun’s models, the patients in
the high-risk group had significantly lower OS rates than did
those in the low-risk group. Meanwhile, there was no signifi-
cant difference in OS rate between these two groups in Mo’s
model.

The predictive performance of our 11-gene signature was
compared with that of the other four signatures according to
the concordance index (C-index). Among these five models, the
11-gene signature showed the highest C-index (Figure 8A),
indicating that our risk-score model has better predictive
performance than do the other four models. Furthermore, we
estimated the predictive performance of the five models at a

HR (95% CI) P-value HR (95% CI) P-value certain time point by restricted mean survival (RMS) time.
TNM stage 2.221(1.501-3.287) <0.001 2.083(1.394-3.112) <0001  Ihese five RMS curves had intersections at 105months
Sex 0.982 (0.536-1.799)  0.952 0.944 (0.509-1.751)  0.855 (Figure 8B). When the follow-up time was <105 months, the 11-
Risk score 1.491 (1.313-1.693) <0.001 1.480 (1.300-1.690) <0.001 gene risk model showed better predictive performance, indicat-
ing that our risk-score model is appropriate for prediction
HR, hazard ratio; 95% CI, 95% confidence interval. within a 5-year period.
A
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Figure 6. Relationship between risk score and clinical features. (A) Nomogram model based on risk score and clinical features. (B) Forest map based on risk score and

clinical features. F, female; M, male; AIC, Akaike information criterion.



458 | J.-W.Caietal.

[=] (=]
= = | Risk-H (n = 94)
LB Riskd (n=93)
-2 € 8-
=
2 E
£ & 3 8-
g :
-
R 2 g+
<)
o g [=1
2 — 1 Years (AUC = 0.791) ™
—— 3 Years (AUC = 0.708)
e 5 Years (ALIC = 0.727) — Gl
T T T T T T T 1
0.0 0.2 0.4 06 0.8 1.0 0 1000 2000 3000 4000
False positive Time (days)
(=)
1 29 m  Risk-H (n=94)
_ - W Risk-L (=93}
R £ 8-
]
fo E
E S 7 ] S
o E
53 Bl
8
o —_— i
< —— 1Years(AUC=0578) © &
— 3 Years (AUC = 0.681) a
2. 5 Years (AUC = 0.668) o J P=0.004
T T T T r T T T 1
0.0 0z 0.4 0.6 0.8 1.0 o 1000 2000 3000 4000
False positive Time (days)

= g
T ~ 7] — B Risk-H {n = 94)
—r Rigk-L {(n =83}
3 € 8- =
2
[
2 2 T B
z £ 1.
: o' F-
é (=] ﬁ -+
o~ 3 o
= —— 1 Years (AUC = 0.662) o
— 3 Years (AUC = 0.761)
s 5 Years (AUC = 0.762) o | P<0001
T T T T T r T T T
0.0 0.2 0.4 0.6 08 1.0 o 1000 2000 3000 4000
False positive Time (days)
[=1 o
=] 27 W Risk-H (0 =94)
- W Risk-L (n=93)
g £ 8-
2 2
g -
- T B
5 £
g e
§ 34 224
" §
o
S /  iYears(AUC-0708 © &
—— 3 Years (AUC = 0.610) =
g 1l 5 Years (AUC = 0.582) o - F=0113
T T T T r T T 1
0.0 0.2 0.4 06 0.8 1.0 Q 1000 2000 3000 4000
False positive Time {days)

Figure 7. Receiver-operating characteristic and Kaplan-Meier curve of the gene signatures. (A) Xu's model (15 genes); (B) Dai’s model (15 genes); (C) Sun’s model

(12 genes); (D) Mo’s model (9 genes). AUC, area under the curve.
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Figure 8. Comparison among five gene signatures. (A) Concordance indexes of five gene signatures. (B) Restricted mean survival curves of five gene signatures. C-index,

concordance index; RMS, restricted mean survival; HR, hazard ratio.

Discussion

After radical resection for COAD, most patients still suffer a re-
lapse or die [14, 15]. Further, the prognosis varies among
patients in the same TNM stage owing to the difference in mo-
lecular subtypes [16]. Thus, accurate biomarkers predictions of
treatment response and survival are needed. Several studies ex-
plored reliable biomarkers for better prediction of COAD progno-
sis and achievement of individualized treatment [17-22].
However, few reliable biomarkers have been identified.

We established a risk score based on an 11-gene signature to
improve the prognostic prediction for COAD after surgical resec-
tion. The risk-score formula was established based on the
GSE17538-train set and the cut-off was set as the median risk
score. This cut-off was then used to divide the patients into the
high-risk and low-risk groups. The predictive accuracy of the
11-gene signature was validated by the GSE17538-test,
GSE17536, and TCGA-COAD data sets.

Through gene-set enrichment analysis, we found 29 KEGG
pathways related to the 11-gene signature; of these, 8 and 21
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pathways were negatively and positively correlated with the
risk score, respectively. Many reports verified some of our find-
ings about the relations between these pathways and
gastrointestinal cancer. Yang et al. [23] found that nucleotide-
binding and oligomerization domain-containing receptors
(NOD-like receptors) can inhibit the proliferation of CRC cells.
Chen et al. [24] also suggested that the NOD1 receptor plays an
indispensable role in inflammatory bowel disease-related colon
cancer. Amiri et al. [25] showed an association between high ex-
pression of NOD2 receptor and gastric-cancer progression. Focal
adhesion kinase is a cytoplasmic protein tyrosine kinase that
was recently found to be related to cell-cycle regulation, prolif-
eration, apoptosis, migration, invasion, metastasis, and angio-
genesis. Focal adhesion kinase overexpression has been
reported in poorly differentiated colon and breast cancer tissues
[26,27].

Our research had some limitations. First, it was based on
publicly available data sets without verification in a clinical
trial. Second, the cut-off of the risk score should be further opti-
mized instead of simply using the median risk score. Finally,
bioinformatics of the identified immune-related genes was
unclear, requiring further investigations. Future validation
studies should be conducted for practical clinical applications.

In summary, we identified an 11-immune-related-gene sig-
nature to improve the prediction of relapse in COAD patients.
Patients in the high-risk group had significantly poorer RFS
than did those in the low-risk group. The 11-gene signature had
good performance for predicting the 1-, 3-, and 5-year recur-
rence in COAD.

Supplementary Data

Supplementary data is available at Gastroenterology Report
online.
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