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Background: Colorectal cancer (CRC) is a malignant tumor that seriously threatens human health. A CRC
predictive model can be used as an effective method to provide an appropriate treatment for CRC patients.
Methods: A total of 34 CRC patients were enrolled in this study. After performing 1000-gene panel
targeted next-generation sequencing (NGS), high-frequency mutation genes were screened, and their
functional terms and pathways were enriched. In The Cancer Genome Atlas (TCGA) CRC cases, the risk
factors for overall survival (OS) were screened by univariate and multivariate analysis, and a predictive
model was constructed and verified. Subsequently, the relationship among mutation status, gene expression,
methylation level, and OS was analyzed to explore the molecular mechanism of CRC progression.

Results: A total of 26 high-frequency mutation genes were screened, which were mainly enriched in
breast cancer and proteoglycans in cancer pathways. The clinical parameters of age, stage, recurrence and
metastasis, the mutation status of APC, BRCA2, CDH1, SMO, and TSC2 were identified as risk factors for
the construction of the predictive model. The areas under the receiver operating characteristic curve were
0.734,0.754, 0.774, and 0.74 for 1-, 3-, 5- and 7-year survival in the model group, respectively.
Conclusions: We identified several mutated genes and clinical parameters affecting OS and established a
model to better predict the OS of CRC patients.
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Introduction China, CRC is one of the most common cancers and its

incidence rate is increasing over time (4). CRC is often

Colorectal cancer (CRC) is one of the most common preventable and curable, with a slow progression, and the

malignant tumors and one of the main causes of cancer- main treatment is surgery combined with postoperative

related deaths worldwide (1). According to the International
Agency for Research on Cancer (IARC), there were
approximately 1.8 million new cases of CRC (10% of all
cancers), and more than 860,000 CRC-related deaths (9%
of cancer-related deaths) in the world in 2018 (2,3). In
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chemotherapy (5). However, because CRC symptoms are
usually only observed at the late stage of the disease, the
lack of early diagnosis and metastasis are the two main
causes of CRC-related death (6). In addition, due to the
prevalence of COVID-19, the isolation measures have
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been taken in various regions, the normal diagnosis and
treatment process of patients with malignant tumors are
seriously affected, including treatment suspension, delay or
seeking alternative solutions, which has a huge impact on
the prognosis and mental state of patients (7). Therefore,
early detection of CRC through active population screening
has a significant impact on reducing its mortality (8). In
addition, it is increasingly recognized that the treatment of
common cancers can be tailored to the patient’s expected
prognosis or response to treatment (9). In CRC, with the
development of understanding the interaction between
molecular drivers, significant progress in drug development
of targeted drugs reveals the clinical value of tumor
profiling. The response of metastatic CRC to current
targeted drugs and immunotherapy is highly dependent on
driver genes. Recently, much more clinical studies showed
that biomarkers are associated with treatment stratification,
treatment decision based on molecular subtypes has
developed significantly. Using next-generation sequencing
(NGS) technology to detect the changes of multiple
genes over time has great potential in cancers, which can
promote the drug development of molecular subtypes (10).
Thus, screening for CRC-related risk factors is of great
significance in evaluating prognosis.

Cancer is the accumulation of mutations in oncogenes
and tumor donor genes, which are involved in cell cycle
control, DNA repair, or apoptosis. Powerful reactive
biomarkers can be used in some new molecular therapies,
which usually contain mutations targeting specific
proteins (11). Prognostic biomarkers still have considerable
potential clinical importance, and gene mutations can be
used as an index to predict the prognosis of CRC (12).
Such markers can guide more or less aggressive treatment
regimens and enable clinicians to balance the expected
outcomes with the toxicity of early and late treatment.
However, due to individual differences and the cost of
gene testing, truly useful mutant genes are very limited (9).
Hence, it is necessary and meaningful to find more
oncogene mutations and their roles in predicting
prognosis.

In this study, we identified the mutated genes in clinical
patients, and comprehensively evaluated the mutation
status, clinical, pathological, and other factors in the TCGA
cohort to determine a prognostic prediction model for
CRC. We present the following article in accordance with
the TRIPOD reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-1010).
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Methods
Sample and data collection

From October 2017 to September 2020, thirty-four
patients who were diagnosed with CRC in Tianjin Medical
University Cancer Institute and Hospital (Tianjin, China)
were enrolled in this study. Cancer tissues were collected
from the patients and 1,000-cancer gene panel targeted
NGS was performed, with paracancerous tissues used as the
control. In addition, clinical information including sex, age,
history of smoking or drinking, past medical history and
complications, pathological type, stage, maximum diameter
of tumors, treatment, recurrence and metastasis, and
survival were collected. All procedures performed in studies
involving human participants were in accordance with the
ethical standards of the institutional and national research
committee and with the Helsinki declaration (as revised
in 2013). This study was approved by Tianjin Medical
University Cancer Institute and Hospital and written
informed consent was obtained from all patients.

The mutation results of 536 CRC patients analyzed
by MuTect software (GATK, Broad Institute, USA) were
downloaded from The Cancer Genome Atlas (TCGA)
database (https://portal.gdc.cancer.gov/), including 399 cases
of colon cancer data and 137 cases of rectal cancer data.
Patients with nil or incomplete clinical data were excluded,
and a final 526 samples were reserved for follow-up analysis.

Targeted NGS sequencing

DNA in tissue samples was extracted using a genomic DNA
extraction kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. After interruption by ultrasound,
the DNA fragments were purified and size selected with
Agencourt AMPure XP beads (Agencourt Biosciences,
Beverly, MA), then PCR amplification was performed.
SeqCap EZ MedExome Enrichment kits (Roche, Basel,
CH) were used to capture the target sequences, and Roche’s
customized 1,000-gene probes (Roche, Basel, CH) were used
to capture and elute the hybridization library. The obtained
libraries were subjected to targeted sequencing using an

Illumina HiSeq Xten sequencer (San Diego, CA, USA).
Mutation identification and functional envichment

analysis

The Burrows-Wheeler Aligner (BWA) software was used to
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map the cancer tissue sequencing data to the corresponding
paracancerous sequencing data for tumor-specific somatic
mutation detection. MuTect (version 1.1.4) was used
to identify mutation types, the mutation frequency was
counted by a self-developed Python script to search for
high-frequency mutation genes, and the GenVisR package
(version 1.18.1) in R (version 3.6.3) was used to draw the
mutation landscape map.

Afterward, the clusterProfiler package (version 3.14.3)
was used to enrich the selected high-frequency mutation
genes with Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways,
using the Benjamini and Hochberg (BH) P value correction
method, where only P<0.05 and q<0.05 were retained.

Construction of the prognostic model based on TCGA data

In TCGA, a Cox proportional hazards model univariate
analysis was performed using the survival package (version
3.2-3) and survminer package (version 0.4.8) in R (version
3.6.3) to analyze the correlation between clinical parameters
or mutation status of the high-frequency genes and overall
survival (OS), recurrence, and metastasis. Afterward,
the TCGA samples were randomly divided into a model
group and a validation group at a ratio of 7:3, and a Cox
proportional hazards model multivariate analysis was
performed to screen the risk factors affecting the OS of
patients, and the model was obtained and optimized by a
successive sweep method.

The ROC curves of the model and validation groups
were drawn by the survivaloc package (version 1.16.2) in R
(version 3.6.3). The bootstrap method was used to repeat
sampling 1000 times, the calibration curves in the model
and validation groups were drawn, and the consistency test
was conducted. The R package ggplot2 (version 3.3.2) and
gridextra (version 2.3) were used to draw the risk value
map and survival scatter diagram. The Survminer package
(version 0.4.8) was used to draw the survival curve.

Statistical analysis

Statistical analysis was carried out using R (Windows
version 3.6.3), and a P value <0.05 was considered
statistically significant. Unpaired t-tests were used for
normally distributed data, and the Mann-Whitney U test
was used for non-normal distributions of data. The Chi-
square test or Fisher exact probability method was used for
categorical variables, and the Wilcoxon rank-sum test was
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used to analyze the continuous variables.

Results
Mutation analysis

A total of 423 mutations in 75 genes were detected from
34 clinical patients. By analyzing the mutation frequency
of each gene, we finally selected 26 genes with mutation
frequencies greater than 15% in all clinical patients as the
high-frequency mutation genes for the follow-up analysis.
Figure 1A presents the mutation distribution of 26 genes, of
which 7P53 has the highest mutation frequency (47.06%),
followed by APC and KRAS (both 32.35%).

In addition, the functional terms and pathways of
these 26 high-frequency mutant genes were enriched. A
total of 751 GO terms (including 700 BPs, 28 CCs, and
23 MFs) and 87 KEGG pathways were enriched. Figure
1B and C show the top 10 BPs, CCs, MFs, and top 30
pathways according to the P value. The GO terms of gland
development, regulation of epithelial cell proliferation,
and epithelial cell proliferation, and the KEGG pathways
of breast cancer and proteoglycans in cancer, enriched the
most number of genes.

Establisbment and assessment of the predictive model

In TCGA samples, after Cox univariate analysis, the
clinical parameters of age (<60, >60), stage (I/II, III/IV),
and recurrence and metastasis were significantly correlated
with the OS of patients (P<0.05, Table I). Therefore, age,
stage, metastasis and recurrence, and the 26 high-frequency
mutation genes were included in the multivariate analysis.
In the model group, recurrence, age >60, stage III/1V,
mutation status of APC, BRCA2, CDHI, SMO, and TSC2
were risk factors for prognosis, and FGFRI mutation was
a protective factor for CRC, so these factors were used to
construct the predictive model (Table 2).

According to the model, the samples can be divided
into two groups based on the median risk score (Figure
S1A,B). Figure 24 shows the survival of high-risk and low-
risk patients in the model group, where the OS of high-
risk patients is significantly shorter than that of low-risk
patients (P<0.001, Figure 2A4). The receiver operating
characteristic (ROC) curve indicated that the model had a
good discriminative ability (Figure 2B), with the area under
the curve (AUC) values of 0.734, 0.754, 0.774, and 0.74 for
1-, 3-, 5- and 7-year survival, respectively. The large AUC
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Figure 1 Mutation analysis in 34 clinical CRC patients. (A) Mutation landscape of high-frequency mutation genes in clinical cases; (B) GO

terms of high-frequency mutation genes; (C) KEGG pathways of high-frequency mutation genes. GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes.
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Table 1 Risk factors for survival in TCGA cases
Parameter B HR (95% Cl) wald.test P value
Age (< 60, =60) 0.52 1.7 (1.1-2.7) 4.9 0.027
Sex (male, female) 0.17 1.2 (0.81-1.7) 0.77 0.38
Recurrence and metastasis (yes, no) 0.72 2.1 (1.4-3) 14 2.30E-04
Stage (/Il, 11I/1V) 1 2.8(1.8-4.2) 24 1.10E-06
Histological type (colon, rectal) -0.39 0.68 (0.41-1.1) 2.3 0.13
Family history (yes, no) -0.34 0.71 (0.37-1.4) 1 0.32
ltalic P values indicate statistical significance.
Table 2 Prognostic predictive model
Parameter coef Exp (coef) Lower 95% Upper 95%
Recurrent/metastasis 0.6635 1.942 1.171 3.218
Age =60 1.1335 3.107 1.666 5.791
Stage III/IV 1.2144 3.368 1.979 5.732
APC 0.7022 2.018 0.981 4.152
BRCA2 1.0381 2.824 1.162 6.861
CDH1 1.6285 5.096 1.877 13.840
FGFR1 -1.7753 0.169 0.031 0.939
SMO 1.2677 3.553 0.969 13.017
TSC2 0.9454 2.574 0.910 7.277

represents high resolution. The consistency test of the 1-, 3-,
and S-year predicted OS (Figure S1C,D,E) showed that the
point line (red line) was close to the dotted line (gray line),
indicating that our model had good consistency.

Validation of the predictive model

In the validation group of TCGA, both the high-risk and
low-risk patients were predicted by the model (Figure
SIEG). Consistent with the model group, the OS of high-
risk patients was significantly shorter than that of low-risk
patients in the validation group (P<0.001, Figure 2C). The
AUC values of 1-, 3-, 5- and 7-year survival were 0.627,
0.713, 0.793, and 0.668, respectively (Figure 2D). The
calibration curve showed good calibration (Figure S1H,LJ),
indicating that our model had sufficient credibility.

Preliminary molecular mechanism of CRC progression

To explore the molecular mechanism of the progression
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of CRC, we first analyzed the significance between the
mutation status of the 26 high-frequency mutation genes
and the clinical parameters. In TCGA cohort, mutations of
BRAF and KMT?2C were significantly associated with more
clinical parameters, and the tumor stage was statistically
related to a greater proportion of mutated genes. Patients
with recurrence and metastasis had a higher proportion of
KMT?2C and KRAS mutations (P<0.05, Figure 34).

Then, we analyzed the correlation between OS and the
mutation frequency, expression, and methylation levels of
the 26 high-frequency mutant genes in TCGA cohort. A
total of seven genes with a significant effect on OS were
screened out and are listed in Tiable 3. Afterward, to further
investigate the effect of mutation on gene expression and
methylation, we analyzed the differences in expression
and methylation levels between mutated and non-mutated
cases. The mutations of KMT2C, CDHI, APC, PIK3CA,
PTCHI, and TP53 significantly affected the gene expression
level (Figure 3B,C,D,E,F,G), while BRAF, BRCA2, CDHI,
NF1, PTCHI, SMO, and TSCI gene mutations affected
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Figure 2 Survival analysis in model group and validation group. (A,B) Survival curve (A) and ROC curve (B) of the model group; (C,D)
survival curve (C) and ROC curve (D) of the validation group. ROC, receiver operating characteristic.

methylation (Figure 3H,17,K,L,M,N).

Discussion

CRC is one of the most common malignant tumors in the
world and has a high incidence and mortality rate. Whole-
exome sequencing (WES) technology focuses on the coding
regions (exons) of the genome to find common or rare
variants related to diseases or phenotypes, which reduces
cost and time compared with whole genome sequencing (13).
The most common method of WES is to “capture” the
targeted DNA fragment using oligonucleotide probe
hybridization. In CRC patients, WES is widely used for
detecting mutations of driver genes and therapeutic targets
to direct treatment (14,15). In this study, we screened high-
frequency mutated genes in CRC patients by 1,000-gene

© Annals of Translational Medicine. All rights reserved.

targeted NGS sequencing, which captured a total of 1.1 MB
from 1,000 known cancer-related genes and enriched some
key pathways. Combined with clinical parameters, a series
of comprehensive analyses were carried out that resulted
in 6 key mutation genes and 3 clinical parameters being
identified, which were closely related to the prognosis of
CRC patients.

Early diagnosis and an accurate prognostic evaluation
are two key strategies to improve the survival rate of cancer
patients. Tumor biomarkers provide an effective tool for
early cancer detection and an evaluation of prognosis. The
combined application of multiple markers can improve
the accuracy of cancer screening and diagnosis, and
the combination of clinical indicators and marker gene
targets can reduce the probability of false positives or false
negatives, thus improving the diagnostic efficiency of gene
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Figure 3 Effects of gene mutation on clinical characteristics, gene expression and gene methylation. (A) Relationship between mutation
status of high-frequency mutation genes and clinical parameters in TCGA; (B,C,D,E,F,G) Genes with significant differences in expression
levels between mutated and non-mutated samples; (H,I,J,K,L,M,N) Genes with significant differences in methylation levels between

mutated and non-mutated samples. TCGA, The Cancer Genome Atlas.
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Table 3 Genes with significant effects on survival by mutation, RNA, or methylation

Mutation Expression Methylation

Gene

HR (95% ClI) P value HR (95% ClI) P value HR (95% Cl) P value
NF1 0.86 (0.4-1.9) 0.7 0.88 (0.49-1.6) 0.68 30,000 (1.7-5.3e+08) 0.039
CDH1 2.1 (1-4.3) 0.047 0.6 (0.4-0.89) 0.011 32 (0.026-39,000) 0.34
MSH3 0.75 (0.19-3.1) 0.69 0.59 (0.36-0.98) 0.04 15 (0.0036-59,000) 0.53
EGFR 1.3(0.51-3.1) 0.61 1.3 (0.84-2) 0.25 190,000 (26-1.5e+09) 0.008
PALB2 0.68 (0.21-2.1) 0.51 0.38 (0.2-0.73) 0.003 500 (2e-09-1.3e+14) 0.64
MSH6 0.67 (0.27-1.7) 0.39 0.72 (0.41-1.3) 0.26 2.5e+10 (1,100-5.4e+17) 0.006

Italic P values indicate statistical significance.

detection (16). In this study, multiple mutated genes and
clinical indicators were used to predict the prognosis of
CRC patients. The Cox proportional hazard regression
model takes survival outcome and survival time as dependent
variables and is mainly used for the correlation analysis
of survival data (17). We used this model to analyze
the prognostic risk of TCGA patients, and the clinical
parameters of recurrence/metastasis, age >60, stage III/IV,
and mutation genes of APC, BRCA2, CDHI1, FGFR1, SMO,
and 7SC2 were identified as risk factors for poor outcome,
which were verified in the validation group (Figure 2).
Age is one of the key factors related to the survival of CRC
patients. Study of Leong er al. (18) showed that the 5-year
survival rate of older patients (>70) was the worst compared
with other ages. However, in some studies, there was no
significant difference in mortality among different age
groups of CRC patients (19). The reasons may be that: (I)
with the improvement of medical level, the survival rate
of elderly patients with CRC has improved; (I) the cancer
of young patients is more aggressive and less responsive
to treatment; and (III) ethnicity is an important predictor
for survival of CRC patients (18). Therefore, further study
is necessary to explore the relationship between age and
survival in Chinese CRC patients.

To further explore the mechanism of genes in the
occurrence and development of CRC, we analyzed the
relationship between mutation status and expression level,
methylation level, high-risk clinical parameters, and OS in
TCGA cohort. Among the high-frequency mutation genes,
mutations in KMT2C, CDHI, APC, PIK3CA, PICHI, and
TP53 significantly affected gene expression levels (Figure
3B,C,D,E,EG), while BRAF, BRCA2, CDHI, NF1, PTCHI,
SMO, and TSC1 gene mutations affected methylation
level (Figure 3H,1,7,K,L,M,N). Among the risk factors for
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OS, almost all mutated genes are included in genes that
affect methylation (BRCA2, CDHI1, SMO, TSCI), but
the methylation level of these genes is not statistically
significant with OS. We speculated that mutations in these
genes affect the methylation level, which in turn affects
their downstream target genes, cytokines, or pathways
related to CRC occurrence and development, and ultimately
affects the survival of patients. Researchers have found that
inactivating mutations of APC gene led to hyperactivation
of the WNT signaling pathway, which is a hallmark of
CRC (20,21). Besides, there were some studies proved that
BRCA?2 mutations were associated with CRC, but studies
on the determination of the excess incidence of CRC in
BRCA mutation carriers have conflicting results (22).
For example Gay-Bellile ez a/. (23) found that BRCA2
variants could be implicated in familial CRC inheritance, but
another meta-analysis showed that BRCAI and/or BRCA2
mutation carriers were not at a higher risk of CRC (24).
Therefore, our results are necessary to be confirmed in
large scale studies in the future.

Besides, among the above genes, the mutation of CDH1
not only reduces the expression level and increases the
methylation level but also is an independent influencing
factor of patient survival. CDHI is a tumor suppressor gene
located on chromosome 16q22.1. The mutation of the CDH1
gene and the loss of its related protein, E-cadherin, leads
to an epithelial-mesenchymal transition (EMT) process,
which in turn causes the loss of cell-cell adhesion (25).
The genetic, or epigenetic, changes of E-cadherin result in
epithelial cell adhesion and cell structure changes, abnormal
matrix interactions, and altered cell migration and signal
transduction, thereby promoting tumor occurrence (26-29).
CDH]1 gene exon mutations are one of the most important
factors that cause multiple tumors such as gastric, colorectal,
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and breast cancers. Screening the mutation can be used
to guide clinical diagnosis and the treatment of tumors.
Aitchison ez al. (30) discovered CDHI germline mutations
in some patients with signet ring cell carcinoma of the
rectum, and the expression of E-cadherin was decreased in
these tumors, which supports the previous discovery of the
role of a CDHI mutation in the development of CRC. Also,
for these patients, the detection of germline mutations in
family members may be helpful for tumor screening and
early detection. Other changes in the CDHI gene, such as
intron mutation, gene methylation, and single nucleotide
polymorphism may also affect its expression, but the
relationship between these changes and tumor diagnosis
requires further exploration.

In addition, we also found that the NFI methylation level
was significantly decreased in patients with the NFI gene
mutation, and there was a statistical correlation between
NFI methylation and prognosis in TCGA. NF1I is a tumor
suppressor gene located on chromosome 17q11.2, and its
hereditary mutation is associated with neurofibromatosis
type 1 (NF1) (31). Acquired somatic mutations of NFI have
also been detected in many non-NFI-related malignant
tumors; for example, studies have found that NFI mutations
occur in a variety of malignant tumors, including melanoma,
breast cancer, pancreatic cancer, gastric cancer, lung cancer,
and CRC (32). In 2012, genome-scale analysis of 212 CRC
cases in TCGA revealed that the NFI mutation rate was
about 5.6% (11/212) (12), and subsequent studies confirmed
that NFI mutation occurred in 5.6% (4/72) and 5.8%
(39/619) of cases, respectively (33,34). NFI is the main
regulator of the Ras-MAPK pathway, therefore mutation
of the NFI gene can lead to Ras-MAPK pathway disorder
(35,36), which is consistent with our enrichment analysis
results indicating that NFI is enriched in the MAPK and
Ras signaling pathways. However, the mechanism of NF1
mutation in the occurrence and development of CRC has
not been elucidated, and further investigation is warranted
to verify and advance this finding.

This research is mainly limited in the following aspects:
Most of the patients were newly diagnosed, and because
the follow-up time was short, it was insufficient to analyze
the correlation between mutations or clinical indicators
and prognosis in the clinical cohort. In the future, we will
continue to follow up to get enough survival data to further
verify the results. In addition, this was a preliminary study,
the results are exploratory and should be further addressed;
the number of patients in this study is small, and a large
sample study should be added for verification. Moreover,
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the mechanisms of these mutated genes in the progression
and metastasis of CRC are still unclear, which are necessary
to be explored through investigations at molecular and
cellular level in the future.

In conclusion, we screened the prognostic risk factors
of CRC based on clinical parameters and mutated
genes, constructed a prognostic predictive model, and
preliminarily explored the molecular mechanism affecting
the prognosis. This provides new insight into the search
for novel biomarkers of CRC. Further in vitro and in vivo
experiments and large-scale clinical trials are necessary to
verify these results.
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Figure S1 Consistency test in the model group and validation group. (A) Distribution of risk scores in model group; (B) distribution of

survival days in model group; (C,D,E) the consistency test of the 1-, 3-, and 5-year predicted OS in model group. (F) distribution of risk

scores in validation group; (G) distribution of survival days in validation group; (H,L]) the consistency test of the 1-, 3-, and 5-year predicted

OS in validation group.
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