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Background: Metastatic colorectal cancer (mCRC) is increasingly characterized by myriad genomic alterations beyond the well-
known factors such asRAS,BRAF, andmicrosatellite instability (MSI). Novel genomic changes, includingERBB2 amplifications,
mutations, and gene fusions, are now recognized as potential targets for precision therapy. This study aims to explore the ge-
nomic landscape of a Chinese cohort with mCRC to identify potentially targetable genetic alterations for personalized treatment
strategies.
Methods: A total of 500 mCRC patients in China were enrolled, based on which genomic profiling was performed using capture-
based targeted sequencing across a panel of 520 genes on tumor tissues to identify prevalent genomic alterations. The mutations
were analyzed by optimized proprietary algorithms. MSI and mismatch repair deficiency status were analyzed using the read-
count-distribution approach. Besides, the overall survival (OS) related to these molecular changes was estimated.
Results: The cohort’s genomic profiling revealed TP53 mutations in 78%, APC in 60%, and KRAS in 47% of the patients.
MSI-High status was confirmed in 5.8% of cases via a next-generation sequencing (NGS)-based algorithm. ERBB2/HER2 am-
plifications were found in 12% (60/500) of patients, with potential therapeutic implications for those without concurrent KRAS
mutations. A subset of patients (1.2%; 6/500) showed fusions and DNA damage response (DDR) gene mutations (except TP53)
that could be targeted therapeutically. The KRAS (G12C) variant was detected in 14 patients (2.8%), and 61 (12.2%) had a
BRAF V600Emutation. Notably, survival analysis showed no significant differences in OS between KRASmutant loci andNRAS
mutations (p = 0.436). However, BRAF V600E mutations were associated with a poorer prognosis than BRAF wild-type and
non-V600E mutations (16.3 months vs. 29.5 and 31.1 months, respectively; p < 0.001).
Conclusions: This study validates the feasibility of using NGS to detect prognostic and therapeutically actionable genetic vari-
ants in Chinese mCRC patients, contributing to understanding the genomic variation within this population and highlighting the
potential for personalized medicine in managing mCRC.
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Introduction

Colorectal cancer (CRC) is one of the most com-
mon malignant tumors in China. Although the burden of
CRC has recently decreased in some European and north-
ern American countries, incidence and mortality rates have
increased in China [1]. Chemotherapy remains the stan-
dard first-line treatment for metastatic CRC (mCRC) and
can be improved with monoclonal antibodies targeting epi-
dermal growth factor receptor (EGFR) or vascular endothe-
lial growth factor (VEGF) [2]. The pathogenesis of CRC is

complex and influenced by multiple factors, including an
individual’s genetic background and dietary factors. Chi-
nese patients have different eating habits and hereditary
characteristics than Western patients [3].

In recent years, testing genes of specific types of can-
cer has become a standard practice in medical oncology
because somatic mutations, gene expression changes, and
epigenetic modifications mark cancer. Next-generation se-
quencing (NGS) technologies have provided potential ther-
apeutic targets and have become the standard technique for
genetic diagnostics and research [4]. Microsatellite insta-
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bility (MSI) and mismatch repair deficiency (dMMR) fur-
ther support the notion that precision therapy can signif-
icantly prolong the survival of patients with specific ge-
nomic alterations [5]. Results from Keynote-177 showed
that Pembrolizumab significantly improved the progno-
sis of patients with MSI-High/dMMR mCRC compared
to first-line chemotherapy combined with targeted therapy
[6,7].

As a member of the ERBB family of receptor tyrosine
kinases, the EGFR plays a central role in signal transduction
pathways controlling various cellular processes. Activation
of EGFR leads to increased signaling through the RAS-RAF
and PIK3CA pathways, which are required for proliferation
and invasion [8]. KRAS, NRAS, and BRAF (RAS/BRAF)
gene mutations have been demonstrated as essential predic-
tive biomarkers for patients’ response to monoclonal anti-
bodies that target EGFR [9]. Lately, there has been surpris-
ing progress in KRAS (G12C) inhibitors such as AMG510
(sotorasib) and MRTX849 (adagrasib), which have demon-
strated encouraging efficacy in clinical trials [10]. These
drugs may have the ability to abolish the activity of all mu-
tant RAS isoforms. In addition, with the development of
anti-HER2 treatments, such as combined targeted therapy
and antibody-conjugated drugs (ADC), ERBB2 and ERBB3
should also be examined for improving the treatment of
CRC [11,12].

Dysregulation ofMET signaling can lead to clinically
relevant oncogenesis in several cancer types [13]. Identify-
ing tumors that are genomically addicted to MET is essen-
tial to the clinical development of related drugs for these
tumors. There is increasing evidence that mutations in the
DNA damage response (DDR) pathway are promising tar-
gets for cancer [14]. Although preclinical studies have iden-
tified DDR alterations as potential targets in mCRCs, sys-
tematic and comprehensive testing has lagged, and clin-
ical development has raised doubts [15]. In most types
of cancers, gene fusions occur at a low frequency. Ge-
nomic translocations that activate receptor tyrosine kinases
(RTKs) play a critical role in tumorigenesis across a wide
range of malignancies, including CRC, and may be novel
targets for therapeutic intervention [16,17].

In this study, we aimed to explore the genomic land-
scape of mCRC in a Chinese clinical cohort and iden-
tify potentially targetable genetic alterations that could in-
form personalized treatment strategies, focusing on ge-
nomic changes beyond well-known factors such as RAS,
BRAF, and MSI. We present this article in accordance with
the STROBE reporting checklist.

Methods

Patients and Sample Collection
This retrospective study involved a retrospective clin-

ical analysis of patients treated at the Peking University
Cancer Hospital and the Peking Union Medical College

Hospital from January 2013 to December 2020. The pa-
tients included in this study were those with confirmed
mCRC, determined through routine clinical practices such
as histopathological and radiological examinations. The
inclusion criteria were (1) underwent curative surgery for
mCRC, (2) with CRC tissues collected for pathological ex-
amination, (3) complete clinical data. The exclusion cri-
teria were (1) combination of other malignant tumors, (2)
received preoperative adjuvant radiotherapy or chemother-
apy, (3) suffered from other intestinal diseases such as
inflammatory bowel disease. Archived formalin-fixed,
paraffin-embedded (FFPE) tumor tissues were collected
from 500 patients. Clinical information and follow-up data
were retrieved using electronic medical records, charts, and
telephone interviews. The study protocol was conducted
in accordance with the Declaration of Helsinki and ap-
proved by the Medical Ethics Committee of Peking Uni-
versity Cancer Hospital (2022KT133). Written informed
consent was obtained from all patients.

Sequencing Panel
A panel of 520 cancer-related genes was sequenced

in cancer tissues using NGS, comprising 1.64 megabases
of the human genome (OncoScreen Plus, Burning Rock
Biotech, Guangzhou, China).

DNA Extraction, Mutation Calling
As recommended by the manufacturer, genomic DNA

was extracted from FFPE samples using the QIAamp DNA
FFPE Tissue Kit (Cat. #56404, Qiagen, Carlsbad, CA,
USA). To analyze the sequencing data, proprietary algo-
rithms optimized to detect somatic and germline alterations
and distinguish artifacts from true mutations were devel-
oped.

Assessment of MSI
MSI and dMMR status were analyzed using the read-

count-distribution approach. The tumor sample was classi-
fied as MSI-High (MSI-H) if over 40% of the marker loci
were length-unstable, microsatellite stable (MSS) if the per-
centage of length-unstable loci was <15%, or MSI-Low
(MSI-L) if the percentage was between 15% and 40%.

Comparative Genomic Analysis
To contextualize our findings within the global land-

scape of mCRC, we compared the genomic profiles of
our cohort with those from established databases. Specif-
ically, we utilized publicly available data from The Can-
cer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/
TCGA) and the Memorial Sloan Kettering Cancer Center
(MSKCC) cohorts (https://www.cbioportal.org/study/sum
mary?id=msk_impact_2017), which provide comprehen-
sive genomic profiling data on mCRC patients accessed
through their respective public portals. Our analysis in-
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Table 1. Risk factors associated with prognosis of Chinese patients with metastatic CRC by non-parametric Cox regression
analysis.

Variables Numbers
Univariate analysis Multivariate analysis

HR (95% CI) p HR (95% CI) p

Age
≥50 263 (52.6%)
<50 237 (47.4%) 0.983 (0.778–1.242) 0.885

Gender
Male 290 (58.0%)
Female 210 (42.0%) 1.313 (1.039–1.659) 0.02 1.252 (0.990–1.585) 0.061

Hereditary history
Negative 377 (75.4%)
Positive 123 (24.6%) 0.909 (0.696–1.186) 0.481

Histology
Adenocarcinoma 444 (88.8%)
SRCC 4 (0.8%) 2.421 (0. 774–7.575) 0.129
Mucinous 52 (10.4%) 1.044 (0.722–1.510) 0.82

Differentiation
High 19 (3.8%)
Moderate 353 (70.6%) 0.904 (0.477–1.711) 0.756
Low 116 (23.2%) 1.512 (0.783–2.918) 0.218
Unknown 12 (2.4%)

Peritoneal metastasis
Negative 364 (72.8%)
Positive 136 (27.2%) 1.720 (1.338–2.211) <0.001 1.413 (1.087–1.836) 0.01

Liver metastasis
Negative 215 (43.0%)
Positive 285 (57.0%) 0.836 (0.662–1.056) 0.133

Lung metastasis
Negative 362 (72.4%)
Positive 138 (27.6%) 0.810 (0.625–1.051) 0.112

Location
Right 173 (34.6%)
Left 196 (39.2%) 0.405 (0.305–0.538) <0.001 0.439 (0.328–0.586) <0.001
Rectum 131 (26.2%) 0.334 (0.241–0.462) <0.001 0.379 (0.270–0.533) <0.001

Abbreviations: CRC, colorectal cancer; SRCC, signet-ring-cell carcinoma; HR, hazard ratio.

volved extracting the frequency of mutations in genes com-
monly altered in CRC, such as TP53, APC, andKRAS, from
the TCGA andMSKCC datasets to evaluate the distinctive-
ness of the genomic alterations in our Chinese cohort rela-
tive to international datasets, facilitating a broader under-
standing of the molecular underpinnings of mCRC across
different populations.

Statistical Analysis

The SPSS 26.0 (SPSS Inc, Chicago, IL, USA) soft-
ware was used for data analysis. The patients’ demo-
graphical and clinicopathological characteristics and fam-
ily history were analyzed using descriptive statistics. Cate-
gorical data were analyzed using Fisher’s exact tests and
Chi-square tests. Risk factors associated with prognosis
were analyzed by non-parametric Cox regression analysis.

Kaplan-Meier was used to estimate and plot overall sur-
vival, and log-rank tests were used to assess significance
levels. A p value < 0.05 was considered statistically sig-
nificant.

Results

Characteristics of mCRC Patients
Of the 500 mCRC patients, 290 were men, and 210

were women (median age, 58 years). Signet-ring cell can-
cer was rare, with a prevalence of 0.8%. Most of the pa-
tients (70.6%) had moderately differentiated tumors, and
123 (24.6%) patients had a positive family history. Distri-
bution of tumor locations indicated that 39.2% of patients
had left-sided colon cancer, 26.2% had rectal cancer, and
the remaining 34.6% had right-sided colon cancer. Based
on our findings, liver metastases were the most prevalent,
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Fig. 1. Overview of genomic alterations in metastatic colorectal cancer (mCRC). (A) A comprehensive mutational profile for the
overall cohort of 500 Chinese mCRC patients. (B) Comparative alteration rates in key CRC-related genes. This bar graph illustrates the
alteration rates of critical CRC-related genes within the Chinese cohort compared to data extracted from the Memorial Sloan Kettering
Cancer Center (MSKCC) and The Cancer Genome Atlas (TCGA) cohorts. The alteration rate is displayed on the Y-axis, representing the
percentage of patients with alterations in each gene. Genes along the X-axis have been selected based on their established or emerging
relevance to CRC pathogenesis and therapy.

affecting 57% of patients. Additionally, 27.6% of patients
had lung metastases, and 27.2% exhibited peritoneal metas-
tases. Interestingly, peritoneal metastasis and tumor loca-
tion on the left colon or rectum were identified as indepen-
dent prognostic factors (Table 1). As of the final follow-up
on February 5, 2021, the median follow-up duration was
32.03 months.

Overview of Genomic Alterations in mCRC Patients
An extensive analysis of 500 Chinese patients with

mCRC identified TP53, APC, and KRAS as the most fre-
quent mutations, observed in 78%, 60%, and 47% of pa-
tients, respectively (Fig. 1A). Notably, the frequency of
APC mutations was lower compared to data from the
MSKCC and TCGA cohorts. Among the EGFR pathway
mutations, KRAS and BRAF were consistent in the three
cohorts, while PIK3CAmutations were less common in the
Chinese cohort (Fig. 1B).

Targetable Genes

In our study, 29 patients, constituting 5.8% of the
cohort, were identified as having MSI-H status using the
NGS-based algorithm. Among the patients examined,
12% (60/500) displayed amplifications in theERBB2/HER2
gene, with 18 KRAS wild type potentially benefiting from
HER2-targeted therapy (Fig. 2A). On the other hand,
EGFR, FGFR1 and MET gene amplifications were exclu-
sively observed in patients with MSS colorectal cancer, oc-
curring in 2% (10/500), 2% (10/500), and 3% (15/500) of
cases, respectively. All EGFR, FGFR1, and MET amplifi-
cation cases were found to beHER2 non-amplified and mu-
tually exclusive. Importantly, EGFR amplification exhib-
ited a statistically significant association with RAS/BRAF
wild-type status. Furthermore, amplification was the pre-
dominant gene alteration observed in FGFR1 and MET
genes. Fusion events were detected in 1.2% of mCRC pa-
tients (6/500). Specifically, ALK (2/500, 0.4%) and ROS1
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Fig. 2. Analysis of targetable genomic alterations in Chinese mCRC patients. (A) Mutation prevalence and microsatellite status
correlation. This figure ranks targetable gene mutations by importance via a heatmap, which shows the correlation between specific gene
mutations and microsatellite instability status (MSI-H for high instability and microsatellite stable (MSS) for stable). The color coding
within the heatmap indicates the type of mutation, such as missense, copy number deletions or amplifications, stop gained, frameshift,
splice site, or fusion events. The top bar indicates the presence of MSI-H status, providing an immediate visual correlation between MSI
status and mutation patterns. (B) Tumor mutational burden (TMB) versus DNA damage response (DDR) gene co-mutations. This scatter
plot compares the TMB levels in patients with co-mutations versus those with single mutations in DDR genes, excluding TP53. Each
point represents a patient, with the spread of points indicating the variability in TMB among the patients. (C) TMB versus category 4-5
DDR gene co-mutations. This category includes the most deleterious mutations and illustrates whether a significant difference in TMB
is associated with the severity of DDR mutations. MSI, microsatellite instability; MSI-H, MSI-High.

(4/500, 0.8%) gene fusions were observed exclusively in
MSS tumors, whereas no NTRK fusions were identified
(Fig. 2A).

Additionally, we analyzed genes related to the DNA
damage response (DDR) pathway. There was no significant
difference between the distribution of tumor mutational
burden (TMB) in patients with co-mutations and those with
single mutations (p = 0.55) (Fig. 2B). Furthermore, for
the category of DDR genes with 4–5 mutations, excluding
TP53, there was no significant difference between the co-
mutations and single mutations in TMB associated with the
severity of DDR mutations (p = 0.59) (Fig. 2C).

ERBB2/HER2 and HER3 Mutations
Given the favorable response of HER2-mutated lung

cancer to DS8201 [18], we also analyzed HER2 mu-
tation loci in CRC patients and observed ERBB2 and
ERBB3 mutations in 1.8% (9/500) of CRC patients each
(Fig. 3A,B). The main mutation loci of ERBB2/HER2
mutations were p.V842I, p.G776V, p.L775S, p.S310F,
p.T862A and p.V777L (Fig. 3A). The main mutation
loci of ERBB3/HER2 mutations were p.A232T, p.A232V,
p.G284R, p.V104L and p.V104M (Fig. 3B).
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Fig. 3. Distribution of ERBB2/HER2 and ERBB3/HER3mutations in Chinese patients with mCRC. (A,B) The pie chart shows the
prevalence of various ERBB2/HER2 mutations (A) and ERBB3/HER3 mutations (B) in our Chinese cohort with mCRC, with each color
representing a different mutation and the size of the segment reflecting its frequency in the patient cohort.

Fig. 4. KRAS, NRAS, and BRAF mutations in mCRC Chinese patients. (A) KRAS mutation distribution. This bar graph shows
the KRAS mutation types identified in the cohort, highlighting the most prevalent mutations with larger segments. (B) NRAS mutation
distribution. The bar graph categorizes the different NRAS mutations in the patient group. (C) BRAF V600E and non-V600E mutations.
The bar graph differentiates between the proportions of the common BRAF V600E mutations and other non-V600E variants. (D) RAS
and BRAF co-mutations. The table lists specific co-mutation combinations found within the RAS and BRAF genes, providing insights
into the complexity of mutational interactions. c.*4+1G>A indicates a mutation at the 4th nucleotide position after the end of the coding
sequence, from G to A. * indicates the termination of the coding sequence, and +1 indicates the first nucleotide at the 3’ end of the
termination codon.

RAS/BRAF Variants

Further analysis showed that 47% of patients in the
cohort harbored KRAS mutations, and the distribution of
NRAS mutations was 7% (Fig. 4A,B). KRAS G12D was the
most common mutation in 83 (16.6%) cases, followed by

KRAS G13D (n = 49 cases). In addition, 14 (2.8%) pa-
tients were found to carry theKRASG12C variant (Fig. 4A),
BRAF V600Emutation was detected in 61 (12.2%) patients
(Fig. 4C), and RAS and BRAF co-mutations occurred in
patients with nonpathogenic mutations in the BRAF gene
(Fig. 4D).
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Fig. 5. Survival analysis by mutational status in Chinese mCRC patients. (A) Kaplan-Meier curves show the overall survival for
patients with various KRAS mutations (different colors represent different mutation loci) and patients with NRAS mutations (shown in
orange). (B) The graph compares the overall survival of patients with the BRAF wild type (WT, in blue), BRAF V600E mutations (in
red), and BRAF non-V600E mutations (in green).

Regarding prognosis, survival differences were not
observed between different KRAS mutant loci and NRAS
mutations (p = 0.436) (Fig. 5A). However, BRAF muta-
tions, particularly the BRAF V600E variant, had an adverse
impact on survival (BRAF V600E vs. BRAF wild type vs.
BRAF non-V600E: 16.3 months vs. 29.5 months vs. 31.1
months; p < 0.001) (Fig. 5B).

Discussion

To our knowledge, this is the most extensive report
highlighting the potential targetable genes in Chinese pa-
tients. Additionally, this study described the clinicopatho-
logic characteristics and prognosis of these patients. It is
currently possible to screen patients for EGFR antibodies
utilizing biomarkers available for CRCs, such as RAS/RAF.
Newer biomarkers, including HER2, DDR, MSI-H, and c-
Met, are becoming increasingly significant. Therefore, it
is imperative to simultaneously identify multiple candidate
biomarkers to spare patients from potentially harmful pro-
cedures. Moreover, genomic analysis will be necessary to
expand the percentage of patients with CRC who may ben-
efit from precision medicine. This dataset contributes to the
existing literature and generates interesting hypotheses.

In this study involving 500 Chinese patients with
mCRC, we comprehensively analyzed genetic alterations
and clinicopathological characteristics. We found that
mCRC predominantly affected individuals of median age
58 years, with a rare occurrence of signet-ring cell can-
cer. Most patients had moderately differentiated tumors,
and a significant proportion had a positive family history
of cancer. Tumor distribution showed varying locations
within the colon and rectum. Liver metastases were the
most common, and peritoneal metastasis and tumor loca-
tion on the left colon or rectum were identified as indepen-
dent prognostic factors. Genomic analysis revealed TP53,

APC, and KRAS as the most prevalent mutations, occurring
in 78%, 60%, and 47% of patients, respectively, with dis-
tinct mutation profiles compared to Western cohorts. No-
tably, HER2 mutations were identified in a subset of pa-
tients, which may have clinical implications, particularly
for the 12% of patients with ERBB2/HER2 amplifications
who could benefit from HER2-targeted therapy. Further-
more, EGFR, FGFR1, and MET amplifications were de-
tected exclusively in patients with MSS CRC, emphasizing
the importance of molecular subtyping. Additionally, the
adverse prognostic impact of BRAF V600E mutations was
observed, suggesting its relevance as a prognostic marker.
These findings shed light on the genetic landscape ofmCRC
in the Chinese population and have potential implications
for personalized treatment strategies, highlighting the im-
portance of precision medicine in managing this complex
disease.

The most common variants of CRC genomic alter-
ations in this genomic analysis are TP53, APC, and KRAS.
In addition, 5.8% of patients were determined as MSI-
H by an NGS-based algorithm. It was found that TMB
was increased in individuals with co-mutations in the ho-
mologous recombination repair pathway (HRR-MMR) and
the homologous recombination repair pathway (HRR-BER)
(defined as co-mut+). Most patients with CRC harbor-
ing ERBB2/HER2 amplifications had KRAS wild type,
which suggests that these patients may be suitable can-
didates for HER2-targeted therapy (e.g., trastuzumab +
lapatinib/pertuzumab/tucatinib/T-Dxd) [18–20]. It is nec-
essary to comprehensively examine ERBB2 mutations in
CRC due to the clinical availability of several ERBB2 ki-
nase inhibitors. Despite the growing importance and ther-
apeutic relevance of ERBB2 amplifications, little is known
about ERBB2/ERBB3 mutations in CRC. In Western coun-
tries, ERBB2 (V842I) and ERBB3 (V104M) are the most
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common mutant loci in mCRC [21]. Our study reported
that ERBB2 (V842I) and ERBB3 (A232V) were the most
common in China.

The EGFR pathway is still the most important com-
ponent of initiation and progression in CRC [22]. Many
drugs have been developed for EGFR blocking. KRAS has
long been considered “undruggable” despite its dominant
cancer-driver function in tumorigenesis until the develop-
ment of inhibitors targeting the KRAS G12C allele. Al-
though specific inhibitors for KRAS G12C have shown sig-
nificant activity in patients, there are currently no approved
inhibitors for NRAS, HRAS, or non-G12C KRAS variants.
G12D and G12V are the two most common CRC subtypes
of KRAS mutations [23]. However, in the Chinese cohort,
G13C rates ranked second. Also, the rate of KRAS G12C
was much lower than that in Western countries. A pooled
analysis of five randomized trials, including 1239 patients
with mCRC, concluded that patients harboring the KRAS
G12C mutation, had lower overall survival than nonmu-
tated tumors [24]. In our cohort, we did not detect the same
phenomenon, which may be due to the smaller sample size.

BRAF V600E mutations were detected in 61 (12.2%)
patients, comparable to Western countries. In a past study,
combined therapy with BRAF and EGFR inhibitors pro-
longed overall survival for patients with BRAF V600E mu-
tations to 9.3 months [25]. However, we noticed in the Chi-
nese cohort that this subtype of patients hadmore prolonged
survival, with a median overall survival of 16.3 months.
BRAF V600E mutations have been demonstrated as an im-
portant biomarker for poor prognosis in CRC. Nowadays,
with the benefit of a triplet cytotoxic regimen and targeted
therapies combination, this subtype’s survival has been pro-
longed [26,27].

In this study, we mainly focus on the genomic alter-
ations in mCRC in a Chinese cohort and acknowledge the
limitations of not including a comparative analysis with
non-metastatic CRC. Comparative studies are crucial for
a more comprehensive understanding of CRC’s mutational
landscape at different stages. Thus, further research is nec-
essary to compare these findings with non-mCRC, espe-
cially in the Chinese population. This would enhance our
findings’ comprehensibility and contribute significantly to
the broader understanding of CRC’s genomic variations
and their implications in personalized medicine, as well as
CRC’s mutational landscape at different metastasis organs.

Conclusions

In conclusion, this study confirms the feasibility of us-
ing NGS in identifying prognostic and therapeutically tar-
getable genetic variants in Chinese mCRC patients. The
comprehensive analysis of genomic variation within this
population contributes to understanding mCRC and under-
scores the potential for personalized medicine in managing
this disease.
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