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ARTICLE INFO ABSTRACT
Keywords: Early mutation identification guides patients with colorectal cancer (CRC) toward targeted
Colorectal cancer therapies. In the present study, 414 patients with CRC were enrolled, and amplicon-based tar-

Next-generation sequencing
gene mutation
microsatellite instability
Molecular targeted therapy

geted next-generation sequencing (NGS) was then performed to detect genomic alterations within
the 73 cancer-related genes in the OncoAim panel. The overall mutation rate was 91.5 % (379/
414). Gene mutations were detected in 38/73 genes tested. The most frequently mutated genes
were TP53 (60.9 %), KRAS (46.6 %), APC (30.4 %), PIK3CA (15.9 %), FBXW7 (8.2 %), SMAD4
(6.8 %), BRAF (6.5 %), and NRAS (3.9 %). Compared with the wild type, TP53 mutations were
associated with low microsatellite instability/microsatellite stability (MSI-L/MSS) (P = 0.007),
tumor location (P = 0.043), and histological grade (P = 0.0009); KRAS mutations were associated
with female gender (P = 0.026), distant metastasis (P = 0.023), TNM stage (P = 0.013), and
histological grade (P = 0.004); APC mutations were associated with patients <64 years of age at
diagnosis (P = 0.04); PIK3CA mutations were associated with tumor location (P = 4.97e-06) and
female gender (P = 0.018); SMAD4 mutations were associated with tumor location (P = 0.033);
BRAF mutations were associated with high MSI (MSI-H; P = 6.968e-07), tumor location (P =
1.58e-06), and histological grade (P = 0.04). Mutations in 164 individuals were found to be
pathogenic or likely pathogenic. A total of 26 patients harbored MSI-H tumors and they all had at
least one detected gene mutation. Mutated genes were enriched in signaling pathways associated
with CRC. The present findings have important implications for improving the personalized
treatment of patients with CRC in China.

1. Introduction

Colorectal cancer (CRC), one of the most common and deadly malignancies worldwide, is caused by genetic events and epigenetic
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alterations. The advent of the era of precision medicine has brought good news to patients with CRC [1]. Genetic and gut microbiota
have proven to be possible causes of CRC [2]. The National Comprehensive Cancer Network (NCCN) guidelines proposed individual
genetic tests that could be used to assess hereditary CRC susceptibility. HER2, KRAS, NRAS, and BRAF testing has shown good per-
formance in targeting treatment [3], while APC, TP53, PTEN, and PIK3CA genes have been found to be associated with the diagnosis,
treatment, and prognosis of CRC [3-5]. Microsatellite instability (MSI) and deficient mismatch repair (AIMMR) are emerging issues in
the oncology and molecular pathology fields [6]. MSI/dMMR is important for prognosis prediction, anticancer response, and
immunotherapy in metastatic and non-metastatic tumors [7,8]. Furthermore, high MSI (MSI-H) associated with downstream frame-
shift mutations is a biomarker that guides immunotherapy for CRC [9-11]. Understanding the relationship between genetic mutation
signatures, pathological classification, and tumor stage can lead to better prognosis and treatment for CRC [3]. The Cancer Genome
Atlas project provides a comprehensive view of tumor genomic changes for CRC and confirms the role of vital drive genes such as
SMADA4, KRAS, PIK3CA, TP53, and APC in tumorigenesis [9,12]. APC and TP53, as diagnosis signatures, are the most common mu-
tation combinations. Activating or losing them gradually promotes the transformation of adenomas into cancer. As a crucial signaling
pathway in CRC, KRAS and BRAF mutations are associated with distant metastases and poor prognosis [13-15]. Mutations in the TP53
and SMAD4 genes promote the transition of adenoma to invasive carcinoma [16,17]. Studies have shown that APC, KRAS, and BRAF
mutations are considered early events in CRC development [14,18]. Nevertheless, the role of driver genes in CRC metastasis remains to
be further elucidated.

Next-generation sequencing (NGS) has several potential advantages, such as increasing the overall accuracy of variant calling,
while probe dropout and inadequate coverage may be problems with exome sequencing methods [19]. Furthermore, the identification
of fusions [20] and other structural variants [21] (by detection of split reads) now yields a higher accuracy than alternative techniques
[22].

The aim of the present study was to determine the molecular spectrum of 73 cancer-related gene mutations using the OncoAim
panel, which adopted an amplification-based enrichment method that has been proven more successful than probe-based capture
approach in FFPE tissue, requiring lower DNA input). The panel was accompanied with bioinformatics pipeline optimized for somatic
variant detection and covered more than 6000 hotspots in 59 cancer genes and 14 chemotherapy-related genes included in Phar-
macogenetics and Pharmacogenomics Knowledge Base (PharmGKB) [23,24]. Clinical characteristics, such as age, gender, anatomic
site, TNM staging of tumors, distant metastasis or lymph node metastasis, smoking history, alcohol history, and MSI status, were
collected from a group of patients with CRC at the Chinese PLA Rocket Force General Hospital. Genetic alterations were studied
alongside clinical and pathological factors to identify diagnostically important mutations that could potentially guide targeted
therapy.

2. Methods
2.1. Patient recruitment

A total of 414 patients were included according to standard procedures. Samples were collected in Rocket Army Specialized
Medical Center, Beijing, China. All the patients enrolled had been histologically confirmed as CRC, according to World Health Or-
ganization criteria and reviewed by professional pathologists, based on hematoxylin and eosin staining. This study was approved by
the Ethics Committee of the Chinese People’s Liberation Army Rocket Force Characteristic Medical Center (Approval no.KY2023038)
and conducted according to the principles of the Declaration of Helsinki [25].

2.2. DNA extraction from formalin-fixed, paraffin-embedded (FFPE) samples

All tissue sections were reviewed by pathologists to ensure that tumor cell content is >10 %. DNA was isolated from FFPE tissues
using the QIAamp DNA FFPE Tissue Kit (Cat. No. 56404; Qiagen), following the manufacturer’s instructions. Briefly, paraffin was first
dissolved in xylene and then removed. The samples were then lysed under denaturing conditions and briefly digested with proteinase
K. The samples were incubated at 90 °C to reverse the formalin cross-linking process. The DNA was then able to bind to the membrane,
after which any contaminants were washed away. The DNA was finally eluted in Buffer ATE, and it can be used immediately for
amplification reactions or stored at —20 °C. The concentrations were detected using the Qubit Fluorometer (Cat. No. Q33238; Thermo
Fisher Scientific). Only the DNA samples with most fragments over 500 bp and >50 ng could be included in subsequent experiments.

2.3. Next-generation sequencing and data analysis

Amplicon-based targeted NGS was performed on 414 tumor samples using the OncoAim® kit (Cat. No. A01D; Singlera Genomics,
Inc.), which consists of all the exons of 73 CRC-related genes (Supplementary table 1). Following DNA concentration detection, the
input of FFPE DNA for library preparation was 50 ng for each sample. Accordingly, DNA was sheared to ~250 bp prior to library
construction. Following end repair, A-tailing and adapter ligation, target capture using the kit’s included probes was carried out,
following the manufacturer’s instructions. Using 150 bp paired-end runs on the NextSeq 500 (Cat. No. SY-415-1001; Illumina, Inc.),
the library product was sequenced. The overall median coverage of depth was >1,000X and the uniformity was >90 %.

The OncoAim® kit, which can detect single nucleotide variants, and short insertions and deletions (InDels) at the same instant, was
used to process the sequencing data. Briefly, the sequencing reads in the FASTQ format were qualified and filtered using Trim Galore
(version 0.4.0), and then aligned to the human genome reference sequence GRCh37/hg19 using Burrows-Wheeler Aligner (version
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0.7.12). The ENCODE Blacklist was used to filter the aberrant high-signal regions in the genome. Following mapping, freebayes
(version 1.0.2) was used to call single nucleotide variations, insertions, and deletions. Human Genome Variation Society notation for
single nucleotide variations, insertions, and deletions was performed using Ensembl Variant Effect Predictor (release-84) and a self-
developed flow based on the ClinVar, dbSNP, and COSMIC databases. The gene variation results were classified as pathogenic,
likely pathogenic, benign, likely benign, uncertain or inconclusive, according to information from the ClinVar database. The minimum
confidence threshold for variants was 2 %. In particular, for variations with a frequency of 2-5 %, manual reviews were performed by
Integrative Genomics Viewer (IGV) and the confident variations were ultimately reported.

2.4. MSI testing

Both the National Cancer Institute (NCI) 2B3D (BAT-25, BAT-26, D25123, D17S250, and D5S346) and the single nucleotide site
(BAT-25, BAT-26, NR-21, NR-24, NR-27, and MONO-27) panels based on fluorescence quantitative PCR and capillary electrophoresis
were used for primary and metastatic tumor tissue MSI detection. DNA products were used as templates for PCR amplification. The
2B3D panel was built at our laboratory (Department of Pathology, Chinese People’s Liberation Army Rocket Force Characteristic
Medical Center, China) with reference to the nucleotide sites and primer sequences recommended by NCI [26], and the PCR products
were analyzed by capillary electrophoresis using the Applied Biosystems 3500 Dx Genetic Analyzer (Cat. No. 4461450; Thermo Fisher
Scientific). The single nucleotide site panel was detected by the Microsatellite Unstable Gene Detection Kit (Cat. No. 20213400936;
Beijing Microread Genetics Co., Ltd.), following the manufacturer’s instructions, and the PCR products were detected by capillary
electrophoresis using the GenReader 7010 Genetic Analyzer (Cat. No. 20212220099; Beijing Microread Genetics Co., Ltd.). Based on
the detection outcome, samples with two or more unstable sites were identified as MSI-H, those with one unstable site were identified
as MSI-L, and those with no unstable sites were identified as microsatellite stability (MSS). If the results of the two panels were
consistent, they were recorded as experimental results, otherwise they were recorded as inconsistent.

Table 1
Clinical characteristics of enrolled patients with colorectal cancer.

Characteristic No. of patients (%)
Age: Median [range], y 64 [56-71]

<64 191 (46.1)

>64 223 (53.9)
Gender

Men 275 (66.4)

Women 139 (33.6)
Anatomic site

Rectum 237 (57.2)

Left colon 72 (17.4)

Right colon 67 (16.2)

Multiple or unclear 38 (9.2)
Initial stage at diagnosis

0 10 (2.4)

I 81 (19.6)

i 118 (28.5)

111 110 (26.6)

v 36 (8.7)

Unknown 59 (14.2)
Distant metastasis

No 345 (83.3)

Yes 58 (14.0)
Histological grade

Poor differentiation 12 (2.9)

Medium differentiation 368 (88.9)

Well differentiation 21 (5.1)
Lymph node metastasis

No 254 (61.4)

Yes 160 (38.6)
Smoking history

None 315 (76.1)

Current 96 (23.2)

Former 3(0.7)
Alcohol history

No 299 (72.2)

Yes 107 (25.8)
Microsatellite instability

MSI-H 26 (6.28)

MSI-L/MSS 367 (88.65)
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2.5. Statistical analysis
R statistical programming language (R Core Team [2022], version 4.0.4) was used for the statistical study. To examine the rela-

tionship between the mutational status and the demographic and clinical factors, the y2-square or Fisher’s exact test was performed. P
< 0.05 was considered to indicate a statistically significant difference.

3. Results
3.1. Patient baseline information

A total of 414 patients with CRC [275 (66.4 %) men; 139 (33.6 %) women] were enrolled in the present study, of which 379
patients had at least one gene mutation. The median age at initial diagnosis was 64 years (range, 56-71 years). There were 67 (16.2 %)

cases of right-sided colon cancer, 72 (17.4 %) cases of left-sided colon cancer, and 237 (57.2 %) cases of rectal cancer. There were also
38 (9.2 %) patients with CRC with multiple or unclear tumor locations. There were 10 (2.4 %) stage 0, 81 (19.6 %) stage I, 118 (28.5 %)
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Fig. 1. Mutational landscape and clinical characteristics of 414 patients with CRC. A total of 38 genes with mutations are shown. The x axis
represents 414 patients, and the y axis represents the mutant genes and the corresponding mutation frequency. Clinical characteristics are annotated
in the bottom.
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stage II, 110 (26.6 %) stage III, and 36 (8.7 %) stage IV tumors. MSI analysis revealed that among the 379 patients with mutations, 26
were MSI-H and 333 were MSI-L/MSS. Additional clinical characteristics collected from the patients, such as histological grade, lymph
node metastasis, distant metastasis, alcohol history, and smoking history, are shown in Table 1.

3.2. Genetic landscape of patients

The overall mutation rate was 91.5 % (379/414). Gene mutations were detected in 38 of the 73 genes tested. TP53, KRAS, APC,
PIK3CA, FBXW7, SMAD4, BRAF, and NRAS mutations were found in 252 (60.9 %), 193 (46.6 %), 126 (30.4 %), 66 (15.9 %), 34 (8.2
%), 28 (6.8 %), 27 (6.5 %), and 16 (3.9 %) cases, highlighting the relatively high mutation rate in the study (Fig. 1). The correlation
between total mutations and baseline data is shown in Table 2. The total mutation rate was independent of all the factors, including
age, gender, MSI, distant metastasis, TNM stage, lymph node metastasis, histological grade, smoking history, tumor location or alcohol
history.

In all mutation cases, mutations in 164 individuals were found to be pathogenic or likely pathogenic. In detail, we identified 1
patient with 6 pathogenic mutations, 3 patients with 5 pathogenic mutations, 5 patients with 4 pathogenic mutations, 15 patients with
3 pathogenic mutations, 75 patients with 2 pathogenic mutations, and 65 patients with 1 pathogenic mutation (Supplementary fig. 1).
These pathogenic mutations suggested that these patients may have a poor prognosis [27].

3.3. The association between genotype and clinical characteristics

Next, patients were scrutinized for potentially actionable genetic alterations that may inform the selection of or predict response to
targeted therapies. The clinical characteristics of 26 MSI-H patients are shown in the mutational landscape in Fig. 2. The result showed
that 26 MSI-H patients had pathogenic or likely pathogenic mutations in the TP53 (n = 9), KRAS (n = 7), PIK3CA (n = 8), SMAD4 (n =
2), BRAF (n = 10), NRAS (n = 1), FBXW7 (n = 1), and APC (n = 6) genes, while 367 MSI-L/MSS patients harbored alterations in the
TP53 (n = 232), KRAS (n = 174), APC (n = 109), PIK3CA (n = 56), FBXW7 (n = 32), SMAD4 (n = 23), BRAF (n = 16), and NRAS (n =
14) genes.

Compared with the wild type, TP53 mutations were associated with tumor location (P = 0.043), histological grade (P = 0.0009),
and MSI-L/MSS (63.2 vs. 34.6 %; P = 0.007) (Table 3), with no significant correlation observed with other baseline data such as age,
gender, distant metastasis, TNM stage, lymph node metastasis, smoking, and alcohol history. Compared with the wild type, KRAS
mutations were associated with female gender (54.7 vs. 42.5 %; P = 0.026), distant metastasis (60.3 vs. 44.1 %; P = 0.023), TNM stage
(P =0.013), and histological grade (P = 0.004), and trended toward an association with MSI-L/MSS (47.4 vs 26.9 %, P = 0.07), tumor
location (P = 0.073), <64 years of age at diagnosis (51.3 vs 42.6 %; P = 0.09), and smoking history (P = 0.09). There was no significant
correlation between KRAS mutations and other baseline data. Compared with the wild type, APC mutations were associated with <64
years of age at diagnosis (35.6 vs 26 %; P = 0.04), with no significant correlation observed with other baseline data. Compared with the
wild type, PIK3CA mutations were associated with location (P = 4.97e-06) and female gender (22.3 vs. 12.7 %; P = 0.018), trended
toward an association with MSI-H (30.8 vs. 15.3 %; P = 0.05), and had no significant correlation with other baseline data. Compared
with the wild type, SMAD4 mutations were associated with location (P = 0.033), trended toward an association with lymph node (10.0
vs. 4.7 %; P = 0.06) and distant (12.1 vs. 5.8 %; P = 0.09) metastasis, and had no significant correlation with other baseline data.
Compared with the wild type, BRAF mutations were associated with MSI-H (38.5 vs. 4.4 %; P = 6.968e-07), tumor location (P = 1.58e-

Table 2
Correlation analysis between total mutations and clinical characteristics.

Characteristic Mutation cases P-value

Age 180 vs. 199 0.10
<64 yvs. >64y

Gender 248 vs. 131 0.22
Men vs. women

Anatomic site 65 vs. 66 vs. 211 0.056
Left colon vs. right colon vs. rectum

Microsatellite instability 26 vs. 333 0.15
MSI-H vs. MSI-L/MSS

Smoking history 88 vs. 288 vs. 3 1
Current vs. none vs. former

Alcohol history 101 vs. 270 0.27
Yes vs. No

Distant metastasis 53 vs. 317 0.80
Yes vs. No

Initial stage at diagnosis 10 vs. 72 vs. 110 vs. 103 vs. 35 0.56
0 vs. Ivs. IIvs. IIvs. IV

Histological grade 12 vs. 337 vs. 20 0.88
Poor vs. medium vs. well differentiation

Lymph node metastasis 150 vs. 229 0.27
Yes vs. No

MSI-H, high microsatellite instability; MSI-L, low microsatellite instability; MSS, microsatellite stability.
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Fig. 2. Mutational landscape and clinical characteristics of 26 high MSI-H patients. A total of 25 genes with mutations are shown. The x axis
represents 26 MSI-H patients, and the y axis represents the mutant genes and the corresponding mutation frequency. Clinical characteristics are
annotated on the right.

06), and histological grade (P = 0.04), trended toward an association with patients without history of drinking (8 vs. 2.8 %; P = 0.07)
and female gender (10.1 vs. 4.7 %; P = 0.06), and had no significant correlation with other baseline data. NRAS and FBXW7 mutations
were not associated with any baseline data. Finally, the above results indicated that the patients’ drinking or smoking history and
presence of lymph node metastasis were not significantly associated with mutations in the present study. Genotypes and clinical
correlations are summarized in Table 3.

3.4. Pathway enrichment analysis of mutant genes

The major functions of the detected mutated genes were further analyzed using Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis. As shown in Fig. 3A and B, mutant genes were enriched in EGFR tyrosine kinase inhibitor resistance or
CRC associated genes. In addition, the mutant genes were enriched in several carcinogenic signaling pathways, such as PI3K-Akt,
MAPK, ErbB, Ras, VEGF, mTOR, JAK-STAT, and HIF-1 signaling pathways. The mutant oncogenes were also enriched in genes
regulating PD-L1 expression and PD-1 checkpoint pathway in cancer, as well as several immune-related pathways, such as Fc epsilon
RI, B cell receptor, and T cell receptor signaling pathways.

4. Discussion

In the present study, 414 patients with CRC were enrolled and NGS was performed to detect genomic alterations within the
OncoAim panel of 73 cancer-related genes. The results showed that 91.5 % of tumors (379/414) had at least one mutation. Eight genes
(TP53, KRAS, APC, PIK3CA, FBXW7, SMAD4, BRAF, and NRAS) were identified as highly mutated, and their correlation with clinical
features was further explored. In addition, the MSI testing revealed that 26 patients harbored MSI-H tumors and 367 patients harbored
MSI-L/MSS tumors. Of note, all MSI-H patients had at least one detected gene mutation. For the 38 genes with detected mutations,
KEGG pathway enrichment analysis was further performed, and the result showed that genes regulating PD-L1 expression and PD-1
checkpoint pathway were enriched. The identification of diagnostically relevant genetic alterations will provide guidance for the
development and application of personalized therapy for Chinese patients with CRC, thus improving future healthcare efficiency and
resource utilization.

The gene mutations detected in the present study and their correlation with the clinical characteristics of patients with CRC were
comprehensively discussed. TP53, KRAS, and APC mutations were the more frequent alterations observed among the eight genes in our
cohort, which was consistent with the findings of previous studies [28-30]. In a sporadic study among young CRC patients, Abe-
dalrhman Alkhateeb et al. found KRAS (G12V, G12D, A146T) and APC genes were pathogenic mutations. The present results indicated
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Correlation analysis between genotype mutations and clinical characteristics.
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Characteristic Cases of mutant patients (no.)/proportion (%)
TP53 KRAS APC PIK3CA FBXW7 SMAD4 BRAF NRAS
Age: 132 vs. 95 vs. 58 vs. 38 vs. 13 vs. 13 vs. 16 vs. 9 vs.
>64y vs. 120 98 68 28 21 15 11 7
<64y 59.2 vs. 62.8 42.6 vs. 51.3 26.0 vs. 35.6 17.0 vs. 14.7 5.8 vs. 5.8vs.7.9 7.2vs. 5.8 4.0vs. 3.7
11.0
P-value 0.51 0.09 0.04" 0.60 0.08 0.53 0.70 1
Gender: 167 vs. 117 vs. 86 vs. 35 vs. 24 vs. 16 vs. 13 vs. 8 vs.
Men vs. women 85 76 40 31 10 12 14 8
60.7 vs. 42.5 vs. 31.3 vs. 12.7 vs. 8.7 vs. 5.8 vs. 4.7 vs. 2.9 vs.
61.2 54.7 28.8 22.3 7.2 8.6 10.1 5.8
P-value 1 0.026" 0.68 0.018" 0.73 0.38 0.06 0.25
Anatomic site: 155 vs. 112 vs. 65 vs. 23 vs. 19 vs. 12 vs. 8 vs. 11 vs.
Rectum vs. left 41 vs. 33 26 vs. 37 23 vs. 27 14 vs. 23 8vs. 6 10 vs. 4 3vs. 14 2vs. 2
colon vs. right colon 65.4 vs. 56.9 47.3 vs. 36.1 27.4vs. 31.9 9.7 vs. 19.4 vs. 8.0 vs. 5.1 vs.13.9 3.4vs. 4.2 vs. 4.6 vs. 2.8
vs. 49.3 vs. 55.2 vs. 40.3 34.3 11.1 vs. vs. 6.0 20.9 vs. 3.0
9.0
P-value 0.043" 0.073 0.125 <0.001" 0.718 0.033" <0.001" 0.803
Microsatellite 9 vs. 7 vs. 6 vs. 8 vs. 1 vs. 2 vs. 10 vs. 1vs.
instability: 232 174 109 56 32 23 16 14
MSI-H vs. 34.6 vs. 26.9 vs. 23.1 vs. 30.8 vs. 3.8 vs. 7.7 vs. 38.5 vs. 3.8 vs.
MSI-L/MSS 63.2 47.4 29.7 15.3 8.7 6.3 4.4 3.8
P-value 0.007¢ 0.07 0.62 0.05 0.71 0.68 <0.001° 1
Smoking history: 62 vs. 39 vs. 22 vs. 10 vs. 6 vs. 7 vs. 6 vs. 3 vs.
Current vs. none 187 vs. 3 154 vs. 0 103 vs. 1 55vs. 1 28 vs. 0 21 vs. 0 21vs. 0 12vs. 1
vs. former 64.6 vs. 40.6 vs. 22.9 vs. 10.4 vs. 6.3 vs. 7.3 vs. 6.3 vs. 3.1 vs.
59.4 vs. 48.9 vs. 32.7 vs. 17.5 vs. 8.9 vs. 6.7 vs. 6.7 vs. 3.8 vs.
100.0 0.0 33.3 33.3 0.0 0.0 0.0 33.3
P-value 0.28 0.09 0.12 0.14 0.63 0.85 1 0.14
Alcohol history: 70 vs. 53 vs. 30 vs. 12 vs. 9 vs. 7 vs. 3vs. 2vs.
Yes vs. no 177 135 95 53 25 20 24 14
65.4 vs. 49.5 vs. 28.0 vs. 11.2 vs. 8.4 vs. 6.5 vs. 2.8 vs. 1.9 vs.
59.2 45.2 31.8 17.7 8.4 6.7 8.0 4.7
P-value 0.29 0.50 0.54 0.13 1 1 0.07 0.26
Distant metastasis: 34 vs. 35 vs. 17 vs. 7 vs. 3vs. 7 vs. 3vs. 1vs.
Yes vs. no 215 152 107 57 31 20 24 14
58.6 vs. 60.3 vs. 29.3 vs. 12.1 vs. 5.2 vs. 12.1 vs. 5.2 vs. 1.7 vs.
62.3 44.1 31.0 16.5 9.0 5.8 7.0 4.1
P-value 0.66 0.023" 0.88 0.44 0.45 0.09 0.78 0.71
Initial stage at diagnosis: 6 vs. 43 vs. 77 8 vs. 34 vs. 2vs. 23 vs. 2vs. 7 vs. 25 2vs.4vs. 0vs.2vs. 6 0vs. 2vs. 7 0vs.4vs. 6
Ovs. Ivs. II vs. 73 48 37 vs. 18 9 vs. 11 vs. 11 vs. 2
vs. III vs. 25 vs. 53 vs. 34 vs. 6 vs. 12 vs. 4 vs. 2 vs. 1
vs. IV vs. 24 vs. 10 vs. 0
60.0 vs. 53.1 80.0 vs. 42.0 20.0vs. 28.4  20.0vs. 8.6 vs. 20.0 vs. 0.0vs. 2.5vs. 0.0 vs. 2.5 vs. 0.0 vs. 4.9
vs. 65.3 vs. vs. 40.7 vs. vs. 31.4 vs. 21.2vs. 16.4 4.9 vs. 5.1 vs. 10.0 5.9 vs. 10.0 vs. 5.1 vs.
66.4 vs. 69.4 48.2 vs. 66.7 30.9vs.27.8  vs. 16.7 7.6 vs. vs. 11.1 vs. 5.6 1.8 vs. 2.8
10.9 vs.
0.0
P-value 0.30 0.013" 0.96 0.18 0.08 0.16 0.30 0.70
Histological grade: 7 vs. 237 vs. 5 5vs. 164 vs. 3vs. 111 vs. 1vs. 60 vs. 5 1vs. 29 1vs.23vs.2 3vs.24vs. 0 0vs. 13 vs.
Poor vs. medium 17 10 vs. 4 3
vs. well 58.3 vs. 64.4 41.7 vs. 44.6 25.0 vs. 30.2 8.3vs.16.3vs. 8.3 vs. 8.3vs. 6.3 vs. 25.0 vs. 6.5 0.0 vs. 3.5
differentiation vs. 23.8 vs. 81.0 vs. 47.6 23.8 7.9 vs. 9.5 vs. 0.0 vs. 14.3
19.0
P-value <0.001" 0.004" 0.22 0.51 0.16 0.49 0.04" 0.06
Lymph node metastasis: 104 vs. 83 vs. 50 vs. 26 vs. 16 vs. 16 vs. 14 vs. 3vs.
Yes vs. no 148 110 76 40 18 12 13 13
65.0 vs. 58.3 51.9vs. 43.3 31.3vs.29.9 16.3 vs. 15.7 10.0 vs. 10.0 vs. 4.7 8.8vs. 5.1 1.9vs. 5.1
7.1
P-value 0.21 0.11 0.86 1 0.39 0.06 0.21 0.16

@ Statistically significant. MSI-H, high microsatellite instability; MSI-L, low microsatellite instability; MSS, microsatellite stability.

that TP53 mutations were associated with MSI-L/MSS, location, and histological grade. As a crucial cell-cycle checkpoint and tumor
suppressor gene, TP53 gene deficiency can accelerate tumorigenesis and is associated with poorer survival rates in patients [31]. In the
present cohort of Chinese patients with CRC, TP53 mutations most frequently occurred at R273, R282, R248, and R175 positions,
which are hotspot codons in the central DNA binding domain [30]. However, there exists heterogeneity across TP53 mutation positions
in terms of tumor invasion and survival, and thus further exploration of TP53 status could lead to more accurate individual therapeutic
decisions [32]. KRAS mutations were more frequent in women in our cohort, and were associated with distant metastasis and
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Fig. 3. KEGG pathway enrichment analysis of mutant genes in patients with CRC. (A) Enriched signaling pathway of mutant genes. FDR was
calculated by KEGG algorithm. (B) Genes distribution of mutant genes in enriched signaling pathways. KEGG, Kyoto Encyclopedia of Genes and
Genomes; FDR, false discovery rate.

malignancy levels, which was consistent with the findings of previous studies [32,33]. KRAS plays critical regulatory roles in the
downstream stimulation of the EGFR cascade, including the RAS-MAPK and PI3K-Akt signaling pathway, which is involved in CRC
tumorigenesis [34]. However, while anti-EGFR monoclonal antibody (mAb) therapy has been widely used in clinical treatment, gene
mutations in RAS family members significantly impair its efficacy [35]. In the present cohort, 50 % (207/414) of patients carried RAS
gene mutations. Moreover, in RAS wildtype patients, 22.7 % (47/207) of them carried BRAF, PIK3CA or PTEN mutations, suggesting
that these patients may not benefit from anti-EGFR mAbD therapy [35]. For APC gene alterations, despite ranking third in mutation
frequency, little correlation was found between APC mutation and clinical characteristics in the present study, except for a higher
mutation rate in the older population (P = 0.04). In addition, 93.7 % (118/126) of patients harboring an APC mutation also carried at
least one other gene mutation in our panel. The above results are consistent with the fact that APC acts as an early and foundational
mutation in CRC tumorigenesis [36,37].

In the present study, the MSI status of tumors was tested based on two separate single nucleotide site panels. A total of 26 patients
with MSI-H tumors in this cohort all carried at least one detected mutation, which resulted from the diminished capacity of DNA repair
mechanisms [38]. In addition, KEGG analysis revealed the enrichment of genes regulating PD-L1 expression and PD-1 checkpoint
pathway. For immunotherapy, the use of PD-1/L1 antibody drugs is mainly based on the MSI status of tumors [39,40], and patients
with MSI-H type do not benefit from postoperative 5-fluorouracil adjuvant therapy [41-43]. Of note, BRAF mutation was significantly
associated with MSI state (P < 0.001), among which BRAF V600E mutations were found in 2.2 % (8/367) of MSI-L/MSS patients and
30.8 % (8/26) of MSI-H patients. However, questions remain about the efficacy of immune checkpoint inhibitor treatment for MSI-H
patients with a BRAF V600E mutation and metastatic CRC [44]. Thus, genetic mutation detection could provide tumor patients with
more accurate therapies.

The NGS approach has shown great potential in assisting the clinical application of individual targeted therapy [45]. In CRC
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studies, panels in varying scales are commonly used [46]. NGS is able to sequence a large gene panel at the same time and achieve a
higher sensitivity of rare mutations at a relatively low cost [47]. In the present study, a special panel consisting of 73 genes was used; of
note, besides the 59 well-known tumor-related hotspot genes, the panel also included 14 genes from the PharmGKB database, which
could provide information about how the detected genetic variations may impact drug response. However, due to the recent diagnosis
of enrolled participants, we were unable to provide follow-up data on therapy responses so far. At present, the detection of gene
mutation and MSI status in patients can help further drug guidance according to the NCCN guidelines for colon or rectal cancer,
particularly for patients with metastatic tumors (58 cases in this study), which is the fundamental significance of conducting mutation
testing. Nevertheless, our follow-up studies will continue to explore in depth the value of this panel in guiding the individual targeted
therapy for patients with CRC.

Our study has some limitations as well. Due to the recent diagnosis of enrolled participants, we were unable to provide follow-up
data on recurrence and therapy response. In the future work, we will follow up these CRC patients and analyze the relationship be-
tween these mutant genes in this study and the clinical prognosis of CRC patients to guide clinical treatment and drug use.

In conclusion, this study identified genomic alterations in 414 Chinese patients with CRC via the NGS approach using a lab-
developed panel and described the correlation between tumor genotype and clinicopathological characteristics. Insights into these
oncogenic genetic alterations may help improve individual targeted therapies in the future.
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