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Abstract

Colorectal cancer (CRC) is a malignant tumor and morbidity rates are among the
highest in the world. The variation in CRC patients' prognosis prompts an urgent
need for new molecular biomarkers to improve the accuracy for predicting the CRC
patients' prognosis or as a complement to the traditional TNM staging for clinical
practice. CRC patients' gene expression data of HTSeq-FPKM and matching clini-
cal information were downloaded from The Cancer Genome Atlas (TCGA) data-
sets. Patients were randomly divided into a training dataset and a test dataset. By
univariate and multivariate Cox regression survival analyses and Lasso regression
analysis, a prediction model which divided each patient into high-or low-risk group
was constructed. The differences in survival time between the two groups were com-
pared by the Kaplan—Meier method and the log-rank test. The weighted gene co-
expression network analysis (WGCNA) was used to explore the relationship between
all the survival-related genes. The survival outcomes of patients whose overall sur-
vival (OS) time were significantly lower in the high-risk group than that in the low-
risk group both in the training and test datasets. Areas under the ROC curves which
termed AUC values of our 9-gene signature achieved 0.823 in the training dataset and
0.806 in the test dataset. A nomogram was constructed for clinical practice when we
combined the 9-gene signature with TNM stage and age to evaluate the survival time
of patients with CRC, and the C-index increased from 0.739 to 0.794. In conclusion,
we identified nine novel biomarkers that not only are independent prognostic indexes
for CRC patients but also can serve as a good supplement to traditional clinicopatho-

logical factors to more accurately evaluate the survival of CRC patients.
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1 | INTRODUCTION

Colorectal cancer (CRC) tops the list of high-risk cancers
that endangered public life over the past several decades, es-
pecially in the western developed countries." It is estimated
that as of January 1, 2019, more than 1.5 million men and
women have been diagnosed with CRC in the United States
and 145,600 new cases will be diagnosed in 2019.° Therefore,
a novelty intervention or blocking-up strategy of this disease
appears to be particularly important against the CRC for pa-
tients to live a longer or a high-quality life. The survival time
of patients with CRC varies greatly in different stages. For
example, the 5-year survival rate of patients with stage I and
II patients is 91 and 82%, respectively, while those of stage
IV CRC are approximately 12% [3]. Over the past several
decades, the mortality rates of CRC patients have reduced
moderately due to early diagnosis and treatment.””> However,
there is no effective quantitative prognostic index for CRC
patients. In current clinical practice, clinicians judge the
prognosis of patients with CRC mainly based on the tumor—
node-metastasis (TNM) staging and clinical characteristics
of the disease.’ Vague judgment criteria not only aggravate
the psychological burden of patients but also increase the
confusion of clinicians to a certain extent. Therefore, there is
an urgent need for an accurate and highly feasible prediction
tool in which clinicians can serve patients more confidently.

To our knowledge, several researchers have proposed a
variety of strategies that can better predict the survival of
patients with CRC. For example, Bingrong et al identified
an effective 6-IncRNA signature with good performance
that divides CRC patients into high-and low-risk groups
that have significantly different survival times.” However,
they have not further proven its clinical application and the
highest area under the curve (AUC) value of their signature
was 0.733, indicating that the stability and reliability of the
model are at an average level. Zheng Zhou et al identified a
5-autophagy-related gene signature that can divide CRC pa-
tients into low-and high-risk groups and developed a nomo-
graph to guide individualized treatment.® Unfortunately, the
AUC value only reached 0.58 when they tried to demonstrate
the performance of their formula in other datasets, indicating
that the reliability of the model is not optimal. We observed
that the same score in the nomograph chart corresponds to
the same 1-year and 5-year survival rates, which are unrea-
sonable. Therefore, the purpose of our research emerged and
we aimed to construct a more stable and effective signature
that can effectively predict the OS of CRC patients to give
patients a more accurate answer in clinical practice.

In the present study, by a large CRC cohort from The
TCGA database, we developed a credible expression-based
9-gene signature that divides patients into high-and low-risk
groups with significant differences in OS. In the valida-
tion process, the signature in our study also reflected high
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reliability in the test dataset. Combined with clinicopatholog-
ical factors such as the TNM stage, which has been used in
the clinic, the signature can provide a more accurate predic-
tion for individual patients during clinical work.

2 | MATERIALS AND METHODS

2.1 | Data sources and research design

We downloaded the HTSeq-FPKM gene expression data and
corresponding clinical information of all postoperative CRC
patients prior to October 2019 from the official website of
the TCGA database (https://www.cancer.gov). A total of 530
samples was obtained in the aggregate dataset, including 42
normal tissue samples and 488 CRC tissue samples. After
the exclusion of patients with incomplete survival informa-
tion, a total of 467 patients with complete follow-up data was
included. A GEO dataset GSE103479 downloaded from the
official website (https://www.ncbi.nlm.nih.gov/geo/) includ-
ing 156 postoperative drug-resistant stage II and stage III
CRC samples was used during the further validating process
(Table 1). In this study, initially, genes with an average ex-
pression level lower than 0.1 in all samples were excluded
and batch survival analysis by which 1464 genes discovered
to be statistically significant (p value < 0.05) was conducted
to screen the genes associated with patients’ OS using the
“survival” package in R (version 3.6.0). Univariate Cox
regression analysis was used to further identify genes that
were screened by previous batch survival analysis associ-
ated with patients' OS and we set the filter criteria as HR>1.5
or HR<0.8 and p value < 0.01. Finally, 91 eligible genes
were obtained. Then, we used the “caret” package in R to
randomly divide 467 samples into two groups, in which 235
samples were allocated to the training group and 232 samples
were allocated to the test group.

In the training group, 91 genes were rescreened using univar-
iate Cox regression analysis and 62 genes with p value < 0.05
were obtained. Then, we continued to perform Lasso regression
analysis of these 62 genes in the training group to omit the syn-
ergistic genes and obtained 17 genes. Finally, by using multi-
cox regression analysis on these 17 genes in the training group,
a 9 genes prognosis prediction model was established to predict
the OS rate of CRC patients. The stability and effectiveness of
the model were verified in the test group and validation dataset.
Details in this research are shown in Figure 1.

2.2 | Construction of prognostic signature

A multivariate Cox proportional hazards regression model was
established and used to evaluate the pertinence between the ex-
pression value of the 9-gene signature and CRC patients' OS.


https://www.cancer.gov
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103479
https://www.ncbi.nlm.nih.gov/geo/
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TABLE 1 Information of CRC patients in the training dataset and test dataset from TCGA database and validation dataset from the GEO
database
GEO validation
Variables TCGA training dataset TCGA test dataset dataset
Age (mean, range) 66.8 (31-90) 66.3 (33-90) 69.7 (36.6-94)
Gender
Male 130 111 87
Female 105 121 67
TMN stage
Stage I 43 39
Stage 11 92 85 83
Stage 111 56 69 71
Stage IV 39 30
Unknown 5 9
T stage
Tis 0 1
T1 5 9 1
T2 44 39 6
T3 162 156 109
T4 24 27 38
M stage
MO 172 175 86
M1 38 30
Mx 20 25 68
Unknown 5 2
N stage
NO 141 134 83
N1 57 55 50
N2 36 43 21
Nx 1 0
Tumor location
Colon 196 183 127
Rectum 39 49 27
Total 235 232 154

Abbreviations: CRC, colorectal cancer; GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas.

The risk score of each patient was constructed by weighting the
expression value of prognostic genes according to their multi-
variate Cox regression coefficients. The formula is shown below:

Risk Score (RS) = Z C, - Exp,

i=1

where n is the number of prognostic genes, Exp; is the expres-
sion value of gene i, and C; is the regression coefficient of gene
i in the multivariate Cox regression analysis. The risk scores of
each patient were distributed into two groups, high and low-risk
groups, by setting the median value as the demarcation point.

The “survival” R package was used to distinguish the survival
differences between the high-and low-risk groups. The time-
dependent receiver operating characteristic (ROC) analysis
based on the “SurvivalROC” R package was used to assess the
predictive stability and effectiveness of the 9-gene signature in
each group. To verify whether this 9-gene signature can serve
as an independent prognostic index compared with the existing
traditional clinicopathological indicators for evaluating progno-
sis, we performed a multivariate regression analysis that takes
into account our 9-gene signature, TNM stage, age, sex, and so
on. Finally, a nomogram and related calibration curves were es-
tablished based on CRC patients for further clinical application.
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467 CRC patients with complete clinical
information and gene expression data from
the TCGA database

1464 genes related to OS were
obtained by batch survival
analysis using "survival" R

package

By univariate Cox analysis of 1464 OS related genes, 224 genes with P
< 0.05 were screened. Setting the filter criteria HR > 1.5 or HR < 0.8 and
p value <0.01, 91 genes were obtained

Training group

(235 samples)

Univariate Cox analysis was carried out
again on 91 genes in the training group
and 62 genes had a p value <0.05

to omit the synergistic genes,

( After Lasso regression analysis
17 genes remained

Multivariate Cox regression analysis
was performed on these 17 genes, a
9-gene signature was constructed

Test group (232

samples)

A

Verification the effectiveness of the 9-
gene signature in the test group

Validation in GEO
dataset GSE103479

A

[ Co-expression genes related to our J

nine genes in the signature was
explored by WGCNA

A

A nomogram was constructed
for clinical application

FIGURE 1 The workflow of the identification of CRC OS-related 9-gene signature

23 | WGCNA

To explore the relationship between the nine genes in our sig-
nature and all the survival-related genes mentioned above, the
weighted gene co-expression network analysis (WGCNA)
without clinical traits was analyzed. By selecting 5 as the
soft threshold, a weighted gene co-expression network was
constructed by the R “WGCNA” package with approximate
scale-free properties. A highly synergistic matrix of genes
was determined by the relevance among the expression val-
ues of all those genes. The network module was produced by
the topological overlap measurement (TOM)’ and using the
dynamic hybrid cutting method (a bottom-up algorithm) to
identify the co-expression gene modules.'’ Eventually, the
modules with related genes were merged. The correlation be-
tween genes and modules was measured by calculating gene
significance (GS) and module significance (MS). The target
genes in the related modules were visualized by Cytoscape
3.6.1 software.

2.4 | Statistical analysis

The survival-related genes and survival differences between
the high-and low-risk groups in the training dataset and test
dataset were obtained by the “survival” R package through
the Kaplan—-Meier method and compared by the log-rank test.
Lasso regression analysis was performed by the “glmnet” R

package to eliminate synergistic genes. The random grouping
was completed by the "caret" R package. Time-dependent
ROC curve was used to describe the sensitivity and specific-
ity of survival prediction based on the risk score generated by
the “survivalROC” R package. Multivariate Cox regression
analysis was used to show the independent predictability of
the signature and generate a nomogram. The calibration curve
was used to evaluate whether patients' actual survival was
consistent with that predicted by the nomogram. The nomo-
gram and calibration curve were generated by the “rms” R
package. The “pec”” R package was used to compare the con-
cordance index between our nomogram and nowadays TNM
stage added with age through C-index function. All statistical
tests were two-sided and p < 0.05 was regarded as statisti-
cally significant. The statistical analysis was performed in R
software (version 3.6.0).

3 | RESULTS
3.1 | Gene selection and prognostic signature
construction

In our study, 1464 genes correlated with OS in patients di-
agnosed with CRC were obtained through the Kaplan—-Meier
method. Univariate Cox proportional hazards regression
analysis was performed on these 1464 genes and 224 of them
were found to be statistically significant with a p value lower
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than 0.05. Setting the filtered standard as HR>1.5 or HR<0.8
and p value < 0.01, 91 genes were selected for further re-
search. A total of 467 CRC patients was divided randomly
into two groups: a training group (n = 235) and a test group
(n =232). Univariate Cox regression analysis was used again
to verify the effect of the 91 genes on the OS of CRC pa-
tients in the training group and 62 genes achieved a statistical
significance. To improve the interpretability and prediction
accuracy of the regression model and to solve the problem
of collinearity of variables, we performed Lasso regression
analysis of the 62 genes in the training dataset and the results
showed that 17 genes were screened out as the basis for our
further construction of a model to predict the OS of CRC pa-
tients (Figure 2). Finally, multivariate Cox regression analy-
sis in the training group was carried out on those 17 genes,
and a signature that predicted the OS of patients with CRC
consisting of 9 genes was established. The overall informa-
tion of these nine genes is shown in Table 2.

3.2 | 9-gene prognostic signature
verification and comparison

Based on multivariate Cox analysis and obtained regression
coefficients, a prognostic signature was established, by which
patients’ risk score was calculated. Patients in both the train-
ing and test datasets were divided into high-risk and low-risk
groups by setting the median risk score as a demarcation
point. The risk score distribution, gene expression, and CRC
patients’ survival status of the two risk groups in the training
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and test datasets are shown in Figure 3. The results in both
the training and test datasets showed that the high-risk groups
lives obviously shorter than the low-risk groups reflected in
the OS time. The time-dependent ROC curve showed that the
9-gene signature reached AUC values of 0.823 in the train-
ing dataset and 0.806 in the test dataset (Figure 4), indicating
a substantially effective performance of the OS prediction.
Of the nine genes, seven were related to a high risk of CRC
(KLC3, LINC00634, NHLRC4, C11orf45, ZKSCAN?2, KIF7,
and ODF3L2; HR > 1), and two seemed to be protective genes
(KIF9 and SALLI; HR < 1). We examined and compared the
differential expression of the nine prognostic genes between
CRC tumor tissues and normal tissues and between the high-
risk and low-risk groups. Except for KIF7, the remaining genes
were differentially expressed between tumor and normal tis-
sues and were statistically significant. Patients with high-risk
scores are more likely to express risk-related genes, while pa-
tients with low-risk scores tended to express protective genes.
The expression varieties of these genes are shown in Figure 5.
To explore the effectiveness of the predicting signature con-
structed by those nine genes, after performing the Cox pro-
portional hazards regression analyzes, GEO dataset GSE10
3479 showed a significant difference in the OS time between
high and low-risk groups (Figure 6B). Further exploring work
was performed to ensure whether our 9-gene signature was
valuable for more research, we compared the signature with
a S-autophagy-related gene model constructed by Zhou men-
tioned above on distinguishing OS time. Unfortunately, Zhou's
signature was unable to distinguish CRC patient's OS time in
dataset GSE103479 (Figure 6A). The stability of our 9-gene

56 47 29 20 0
® - ; : ; .
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Log Lambda

FIGURE 2 Seventeen genes were screened out by Lasso regression analysis of the 62 genes in the training dataset. (A) The longitudinal

solid line represents the partial likelihood deviation +standard error and the longitudinal dotted line indicates that the best parameter is selected

according to the minimum value (left) and 1-SE (right). Lambda is the tuning parameter. (B) y axis represents Coefficients. Each curve in the graph

corresponds to the value of each characteristic regression coefficient varying with the log(Lambda) value
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TABLE 2 Overall information of the nine prognostic genes in our signature

Gene
Ensembl ID symbol Location Coefficient p value  Description
ENSG KLC3 Chr19: 0.417 0.037 Kinesin light chain 3
00 000 104 892 45,333,434-45,351,520(+)
ENSG LINC00634 Chr 22: 1.131 0.029 Long intergenic
00 000 205 704 41,952,174-41,958,933(+) non-protein coding RNA 634
ENSG NHLRC4 Chr 16: 2.155 0.0007 NHL repeat containing 4
00000 257 108 567,005-569,495(+)
ENSG Cllorf45 Chr 11: 0.979 0.005 Chromosome 11
00 000 174 370 128,899,565-128,906,069(—) open reading frame 45
ENSG ZKSCAN2 Chr 16: 0.417 0.009 Zinc finger with KRAB and SCAN
00 000 155 592 25,236,001-25,257,845(—) domains 2
ENSG KIF9 Chr 3: —0.462 0.022 Kinesin family member 9
00 000 088 727 47,228,026-47,283,451(—)
ENSG KIF7 Chr 15: 0.522 0.002 Kinesin family member 7
00 000 166 813 89,608,789-89,655,467(—)
ENSG SALL1 Chr 16: —0.741 0.119 Spalt-like transcription factor 1
00 000 103 449 51,135,975-51,151,367(—)
ENSG ODF3L2 Chr 19: 0.71 0.084 Outer dense fiber of sperm tails 3
00000 181 781 463,346-474,983(—) like 2

(A) - - (D) -1 =

Risk score

100 150 200 L
Patients (increasing risk socre) Patients (increasing risk socre)

(E)

LINC00634

ODF3L2

(©) - (F) 1

Survival time (years)

o 50 10 150 20 ] E 100 150 20

Patients (increasing risk socre) Patients (increasing risk socre)

FIGURE 3 The risk score distribution, gene expression, and CRC patients’ survival status in the training (A—C) and test (D-F) datasets are
based on the risk score of the 9-gene signature

signature in predicting CRC patient’ prognosis was also veri- 5 years of our 9-gene signature achieved 0.651 and TNM stage
fied by comparing with the current gold standard TNM stage with a value of 0.645, while Zhou's signature only reached
using time-dependent ROC curve, in which the AUC value on 0.537 (Figure 6C).
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ROC curve ( AUC = 0.823)

FIGURE 4 The OS time of patients

in the high-and low-risk groups in the
training (A,B) and test (C,D) datasets and
the corresponding ROC curve in which the
AUC values reached 0.823 in the training
dataset and 0.806 in the test dataset
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FIGURE 5 The expression varieties of these nine genes between CRC tumor tissues and normal tissues (A) and between the high-and low-risk

groups (B)

3.3 | The prognostic characteristics of the
9-gene signature are independent of other
clinicopathological factors

To assess whether the 9-gene signature can be regarded as an
independent prognostic factor for CRC patients’ OS predicting,
multivariate Cox regression analysis was executed in a stepwise
manner on the whole cohort. Covariables included risk score
(high vs. low) and clinicopathological factors such as age, sex,
and TNM stage. The results showed that stage (HR = 2.442,
95% CI = 1.845-3.231, P = 4.17E-10) and risk score (high
vs. low) (HR = 4.393, 95% CI = 2.314-8.339, P = 6.01E-06)
could be used as independent prognostic factors (Table 3).

Furthermore, we also confirmed the expression level of these
nine genes in CRC patients with different TNM stages and
found that there were no significant relationships between them
(Figure 7). These results proved that our 9-gene signature’ pre-
dictive ability was not related to other conventional clinico-
pathological factors for predicting OS in CRC patients.

3.4 | Combination of age, sex, stage, and
9-gene signature to construct a nomogram for
clinical practice

To apply our findings in clinical practice, we combined
the 9-gene signature with traditional clinicopathological
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TABLE 3 Univariate and multivariate Cox regression analyses of OS in the entire dataset

Univariate analysis

Multivariate analysis

Variables HR 95%CI

Age 1.733 1.138-2.641
Gender 1.039 0.643-1.68
Stage 2.511 1.904-3.311
T 2915 1.818-4.675
M 5.196 3.192-8.458
N 2.205 1.664-2.921
Risk (high vs. low) 5.114 2.730-9.581

Abbreviations: CI, confidence interval; HR, hazard ratio; OS, overall survival.

factors such as TNM stage and age to more accurately
predict the OS of patients with CRC based on multivariate
Cox regression analysis on the entire cohort. To confirm
that the accuracy of predicting the OS of CRC patients
was improved after adding our 9-gene signature compared
with only those two clinicopathological factors, we calcu-
lated the C-index before and after the addition of our 9-
gene signature. The comparison results elucidated by the

p value HR 95%CI p value
0.01 2.206 1.432-3.401 3.36E-04
0.875

7.09E—-11 2.442 1.845-3.231 4.17E—-10
9.00E—-06

3.37E-11

3.64E-08

3.48E-07 4.393 2.314-8.339 6.01E-06

C-index increased from 0.739 (95% CI = 0.676-0.802) to
0.794 (95% CI = 0.737-0.851), indicating an obvious in-
crease in C-index after adding our signature (Figure 8A).
Calibration curves showed the degree of consistency be-
tween the predicted 3-and 5-year survival and the actual
survival in all patients (Figure 8B—C). Finally, a nomo-
gram was developed to score each CRC patient based on
the factors in the graph (Figure 8D).
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FIGURE 7 (A-I) The expression levels of the nine genes in CRC patients across different TNM stages
3.5 | Co-expression relationship between all 4 | DISCUSSION

survival-related genes and the nine genes in our
signature based on WGCNA

To explore the possible co-expression relationship be-
tween the genes in our signature and other survival-related
genes, we performed WGCNA without clinical traits. With
a scale-free network and topological overlaps, by select-
ing 5 as the soft threshold and merging similar modules,
we generated a hierarchical clustering tree, and 19 corre-
sponding gene modules were identified (Figure 9A,B), in
which the branches of the tree on behalf of different gene
modules. The non-co-expressed genes were disposed of in
the “gray” module, which was not further analyzed. The
relationships of the 19 modules were analyzed and are
shown in Figure 9C. The target gene and its co-expressed
genes were identified from each module and visualized as
networks in Cytoscape (Figure S1-6). Although the weight
values between the genes are relatively low, to some extent,
they may still provide clues for fundamental experimental
exploration in the future.

CRC is a disease with high intercellular heterogeneity,“
which makes traditional clinical predictors such as age, sex,
and tumor stage insufficient to accurately predict the survival
time of CRC patients.12 With the development of genome-
wide sequencing technology, the changes in the genome in
CRC are gradually being elucidated by scientists, which also
facilitate discovering a series of prognostic and predictive
signz:1tures,13'15 making it possible to make targeted person-
alized treatment decisions. In this study, by transcriptome
expression data from CRC patients, a robust 9-gene prognos-
tic signature was developed and verified based on the batch
screening of genes related to OS in CRC patients.

Of the nine genes (KLC3, LINC00634, NHLRC4,
Cllorf45, ZKSCAN2, KIF9, KIF7, SALLI1, and ODF3L2)
in our signature, researchers have proven that SALL1 can
act as a tumor suppressor by recruiting NuRD to induce
tumor cell senescence in breast cancer during which it is
controlled by the MAPK and mTOR signaling pathways.“’
KLC3 is the only known kinesin light chain (KLC) expressed
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practice

in postmeiotic male germ cells and researchers have found
that KLC3 could play a microtubule-independent role during
the formation of sperm tails.!” However, to our knowl-
edge, the role of KLLC3 in cancer has not been studied. L.
Gomez et al proved that C11orf45 lies within the first intron
of KCNIJ5 which is associated with Tourette syndrome and
attention-deficit/hyperactivity disorder.'® Unfortunately, the
function of Cllorf45 in the development of tumors has not
been studied. Gli2, the major transcriptional activator of Hh
signaling, whose localization and activity can be promoted
by KIF7, was reported to function in skin development and
tumor suppression.19 It has been mentioned that KIF9 may
be related to the occurrence of breast cancer.”’ For the other
genes in our signature, after searching, we found that they
have yet to be studied by scientists. In our research, we found
a distinction in the expression levels of these nine genes ex-
cept for KIF7 between tumor and normal tissues (Figure SA),
indicating that there is great value in exploration.

The 9-gene signature can classify CRC patients into high-
and low-risk groups with a significant difference in survival
time. It is worth noting that when we tried to prove the reli-
ability of this 9-gene signature, the results of ROC analysis
proved that the AUC values in both the training dataset and
test dataset were greater than 0.80 and in the validation data-
set it was 0.651, indicating that the nine-gene combination

can be regarded as a reliable and efficient prognostic indi-
cator for CRC patients. Further comparison in the validation
dataset showed that the 9-gene signature was better than
Zhou's 5-gene signature and had an equivalent efficiency
as the TNM stage in predicting CRC patients’ 5 years’ OS
time verified by AUC values. It should be mentioned that
the validation dataset is a collection of drug-resistant stage II
and stage III CRC patients, which suggest that our signature
may also benefits drug-resistant CRC patients with a specific
treatment based on the risk score calculated on those nine
genes. What is more, the multivariate Cox regression analy-
sis showed that it was independent of other clinical factors,
such as age, sex, and stage. TNM stage is the current gold
standard for evaluating the prognosis of CRC patients.3’21 It
is commendable that when we combined the 9-gene signature
with TNM stage and age to evaluate the survival time of pa-
tients with CRC, the C-index increased from 0.739 to 0.794,
and the comparison results in Figure 8A show a significantly
increase in C-index after adding the signature, indicating that
the 9-gene signature can be utilized not only as an indepen-
dent prognostic factor but also as a good supplement to tradi-
tional clinicopathological factors to more accurately evaluate
the survival of CRC patients.

In conclusion, the 9-gene signature screened out based on
batch survival analysis can be used not only as an independent
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prognostic index for CRC patients but also as a favorable sup-
plement to traditional clinicopathological factors for clini-
cians to more accurately and effectively evaluate the survival
of CRC patients.
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