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Comprehensive genomic
profiling of colorectal

cancer patients reveals
differences in mutational
landscapes among clinical and
pathological subgroups
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Hanlin Chen?, Junli Zhang?, Yang Xu?, Sha Wang?,
Ruoying Yu?, Qiuxiang Ou?, Xue Wu? and Baoqing Jia™

‘Department of General Surgery, The First Medical Centre, Chinese People’s Liberation Army (PLA)
General Hospital, Beijing, China, ?Geneseeq Research Institute, Geneseeq Technology Inc., Nanjing,
Jiangsu, China

With the widespread of colonoscopy, colorectal cancer remains to be one of the
most detrimental types of cancer. Though there were multiple studies investigating
the genomic landscape of colorectal cancer, a comprehensive analysis uncovering
the differences between various types of colorectal cancer is still lacking. In our
study, we performed genomic analysis on 133 patients with colorectal cancer.
Mutated FATI and PKHDI and altered Hippo pathway genes were found to be
enriched in early-onset colorectal cancer. APOBEC signature was prevalent in
microsatellite stable (MSS) patients and was related to lymph node metastasis.
ZNF217 mutations were significantly associated with early-stage colorectal cancer.
In all, this study represents a comprehensive genomic analysis uncovering
potential molecular mechanisms underneath different subgroups of colorectal
cancer thus providing new targets for precision treatment development.

KEYWORDS

Colorectal cancer, next generation sequencing - NGS, biomarkers, clinicopathological
analysis, genomic analysis

Introduction

The incidences of colorectal cancer drop significantly after the widespread
of colonoscopy, which enabled the early detection of colorectal cancer and decreased
the mortality rate (1). Even with the modern early-detection technology,
however, colorectal cancer remained the third most diagnosed cancer worldwide and
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was ranked to have the fourth-highest incidence rate and
fifth-highest mortality rate among all cancer types in China
(2). It has incurred a huge economic loss for patients
and communities.

Colorectal cancer has multiple risk factors, including age,
sex, genetic factors, etc., while over half of the cases were
ascribed to modifiable and preventable factors, such as
unhealthy lifestyles (3). Though the incidence rate increases
dramatically with age, a widespread rise in early-onset colorectal
cancer cases is noticed (4). Moreover, previous studies reported
that different types of colorectal cancer (early stage vs. late stage,
microsatellite instability vs. microsatellite stable) displayed
different prognosis performances (5). Multiple genetic
alternations are considered to play important roles in
colorectal cancer development, such as APC, KRAS, and TP53
(6-8). However, while there are multiple studies that reported
the genomic meta-analysis in colorectal cancer patients, studies
comparing the mutational landscape to illustrate the differences
in clinical outcomes between different clinical or pathological
colorectal cancer subgroups are still lacking.

In this study, we performed genomic analysis for 133
colorectal cancer patients using targeted sequencing with a
425 cancer-related gene panel. The genomic landscape of
different subgroups of colorectal cancer patients was
compared, including early versus late-onset, MSI versus MSS,
and different anatomic locations, which has substantially
expanded our understanding of molecular mechanisms
underlying colorectal cancer.

Materials and methods
Patient cohort

A total of 133 colorectal cancer (CRC) patients were
retrospectively recruited from the Chinese PLA General
Hospital. Tumor tissue was sampled from each patient before
treatment. This study was approved by the Ethical Committee of
Chinese PLA Central Hospital (Approval No. $2022-307-01).
The patients/participants provided their written informed
consent to participate in this study. Targeted sequencing of
425 cancer-related genes was performed on both the tumor
tissue sample and the matched white blood cell sample from
each patient (gene list, Table S1), and the sequencing results
from the white blood cells were used as controls to filter out the
germline mutations. The resulting tumor somatic mutations
were listed in Table S2. The results derived from our patient
cohort were further validated using a published independent
dataset consisting of 240 stage II to III Chinese colorectal
patients (9). Detailed clinicopathological features of the
validation cohort can be found in Table S5.
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DNA extraction and sequencing
library preparation

As previously described (10), the genomic DNA from formalin-
fixed and paraffin-embedded (FFPE) was extracted using the
QIAamp DNA FFPE Tissue Kit (Qiagen) according to the
manufacturer’s protocol. The quantity and quality of the
extracted DNA were evaluated using a Qubit 3.0 fluorometer and
Nanodrop 2000, respectively (Thermo Fisher Scientific).
Sequencing libraries were prepared using the KAPA Hyper Prep
Kit (KAPA Biosystems) according to the manufacturer’s
suggestions for different sample types. In brief, 1 ug of
fragmented genomic DNA underwent end-repairing, A-tailing,
and ligation with indexed adapters sequentially, followed by size
selection using Agencourt AMPure XP beads (Beckman Coulter).
Hybridization-based target enrichment was carried out with a pan-
cancer gene panel (474 cancer-relevant genes), and xGen Lockdown
Hybridization and Wash Reagents Kit (Integrated DNA
Technologies). Captured libraries by Dynabeads M-270 (Life
Technologies) were amplified in KAPA HiFi HotStart ReadyMix
(KAPA Biosystems) and quantified by qPCR using the KAPA
Library Quantification Kit (KAPA Biosystems) for sequencing.

Next generation sequencing

Sequencing data were processed as previously described
(10). In brief, the data was first demultiplexed and subjected to
FASTQ file quality control to remove low-quality data or N
bases. Qualified reads were mapped to the reference human
genome hgl9 using Burrows-Wheller Aligner and Genome
Analysis Toolkit (GATK 3.4.0) was employed to apply the
local realignment around indels and base quality score
recalibration. Picard was used to remove PCR duplicates.
VarScan2 was employed for the detection of single-nucleotide
variations (SNVs) and insertion/deletion mutations. SNVs were
filtered out if the mutant allele frequency (MAF) was less than
1% for tumor tissue and 0.3% for plasma samples. Common
SNVs were excluded if they were present in >1% population in
the 1000 Genomes Project or the Exome Aggregation
Consortium (ExAC) 65,000 exomes database. The resulting
mutation list was further filtered by an in-house list of
recurrent artifacts based on a normal pool of whole blood
samples. Parallel sequencing of matched white blood cells
from each patient was performed to further remove
sequencing artifacts, germline variants, and clonal
hematopoiesis. The Copy number alterations were analyzed as
previously described (11, 12). The tumor purities were first
estimated using ABSOLUTE (13). Somatic CN alteration
events were assigned based on sample-ploidy values calculated
in the FACETS algorithm. Structural variants were detected
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using FACTERA with default parameters (14). The fusion reads
were further manually reviewed and confirmed on Integrative
Genomics Viewer (IGV).

Data analysis

Statistical analyses were performed using the R (v3.4.2), and
a P-value <0.05 (*) was considered to be statistically significant.
To define the mutational signatures, we assessed the mutational
context of nonsynonymous SNVs in tumor samples with at least
5 mutations (n=133). The mutational patterns were compared to
the mutational signatures reported by Alexandrov et al. (15). All
mutational signatures were confirmed using deconstructSigs
with default parameters (16).

Results

The clinical features of the
analyzed cohort

This analyzed CC cohort included 75 males (56.39%) and 58
females (43.61%) with a median age at diagnosis of 58 years old,
ranging from 29 to 85 years old (Table 1). More than a quarter of
the patients were early-onset colorectal cancer with an age below
50 (25.57%). There were 2 (1.50%) stage 0, 18 (13.53%) stage I, 42
(31.58%) stage II, 59 (44.36%) stage III patients, and 12 (9.02%)
stage IV patients. Around 96% (128/133) of the total cases were
adenocarcinoma and 3.76% (5/133) were other histological
subtypes. Each patient had one tumor sample, resulting in a
total of 133 colorectal tumors. The tumor location included right-
side colon (31, 23.31%), left-side colon (36, 27.07%), and rectal
(66, 49.62%). 53 (39.85%) tumors had a tumor size larger than
5¢cm and 76 (57.14%) tumors had a tumor size less than 5cm. 12
tumors (9.02%) were identified as microsatellite instability (MSI)-
high. The histological grades of tumors were well-differentiated (2,
1.50%), moderate-differentiated (114, 85.71%), poor-differentiated
(8, 6.01%), or unknown (9, 6.77%). The distribution of different
tumor locations, tumor volumes, and stages were well-balanced
between males and females and between early-onset (<50) and
late-onset (>50) patients (Table S3).

Altered Hippo pathway enriched in
early-onset colorectal cancer patients

The genomic landscape of the overall colorectal cancer cohort
was shown in Figure SI. In the enrolled patients, the most
frequently mutated genes were APC (77.4%), TP53 (72.9%),
KRAS (53.4%), and FBXW7 (20.3%) (Figure 1). We then
compared the mutation profiles between early- and late-onset
CC patients. As shown in Figure 2A, alterations in multiple genes,
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TABLE 1 The clinical features of enrolled patients.

Features No. of patients (percentage)
Sex
Male 75 (56.39%)
Female 58 (43.61%)
Age
250 99 (74.43%)
<50 34 (25.57%)
Median age 58 (29~85)

Primary tumor location
Right-side colon 31 (23.31%)

Left-side colon 36 (27.07%)

Rectal 66 (49.62%)
Tumor size

>5 cm 53 (39.85%)

<5 cm 76 (57.14%)

Unknow 4 (3.01%)
MS status

MSS 121 (90.98%)

MSI-high 12 (9.02%)
Pathological stage

0 2 (1.50%)

I 18 (13.53%)

I 42 (31.58%)

III 59 (44.36%)

v 12 (9.02%)
Histological type

Adenocarcinoma 128 (96.24%)

other 5 (3.76%)
Histological grade

Well-differentiated 2 (1.50%)

Moderate-differentiated 114 (85.71%)

Poor-differentiated 8 (6.01%)

Unknow 9 (6.77%)

MSS, microsatellite stability; MSI, microsatellite instability.

including PTCHI, KMT2A, B2M, RNF43, NOTCH2, and PIK3R1,
were significantly enriched in the early-onset patients when
compared with the late-onset patients. Similar trends of the
enrichment of somatic alterations in CDKI2, PTCHI, PIK3RI,
ERBB4, BRCA2, RAD50, etc. were also observed in the validation
cohort, though the results did not reach statistical significance
(Figure S1A). Pathway analysis revealed that the majority of gene
alterations enriched in the younger population were in the Hippo
pathway (P=0.025), cell cycle pathway (P=0.029), and TGFp
pathway (P=0.033) (Figure 2B). The results on Hippo and cell
cycle pathways were further recapitulated in the validation cohort
(Figure S1B). Additionally, the Hippo pathway alterations and
early-onset disease showed significant associations using both
univariate and multivariate analyses (Table 2). We further
compared the genomic profiles of small (<5cm) and large

frontiersin.org


https://doi.org/10.3389/fonc.2022.1000146
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

10.3389/fonc.2022.1000146

@
®

®
w
®

FIGURE 1

Age
<50 years | 250 years
MS status
Wvss  [msi
Sex
Male | Female
Stage
Mo 1 1 @D W
Tumor location
Right side colon | Left side colon
M Rectal

Alterations
[l Missense
[ Frameshift

Inframe indel
11 Splice
M stop gained
[ stop lost
1 I Start lost
i - Fusion

Amplication

1 SMARCA4 [ Deletion
I M Large fragment deletion
I
|

Genomic landscape of colorectal cancer patients. The clinicopathological features including age, sex, stage, tumor location, and MS status were
indicated by the bar on the top. The types of alterations were indicated by different colors. Each column represented one patient.

== <50 years (n=34)
== =50 years (n=99)

% of Patients

807 % @@ Tumor < 5 cm (n=76)
@@ Tumor25cm (n=53)

% of Patients

FIGURE 2

B
100 p=0.014 == <50 years (n=34)
m = =50 years (n=99)
80
i
H
2 60 =0.033
s ——
5 40 p=0.025P=0.029
N =
20
0
& o o 3 R @ o A2 O 12
& F S E
& ¥ 0 »
<
100 @@ Tumor <5 cm (n=76)
@@ Tumorz5cm (n=53)
8
c
2
£~}
©
o
w
)
ES

& & & &
& & {_QS’ & <
& K9

2 o @ v <
& & Q}QQ c:‘\‘} ‘gs &
>

O
~ &

The comparisons of somatic mutation and pathway alteration characteristics between colorectal cancer patients with different tumor sizes and
ages. (A) The bar plots comparing gene alteration rates in early-onset (N=34) and late-onset patients (N=99). (B) The bar plots comparing
pathway alteration rates in early-onset (N=34) and late-onset patients (N=99). (C) The bar plots comparing gene alteration rates patients with
small tumor size (tumor diameter smaller than 5cm, N=76) and large tumor size (tumor diameter equal or larger than 5cm, N=53). (D) The bar
plots comparing pathway alteration rates patients with small tumor size (tumor diameter smaller than 5cm, N=76) and large tumor size (tumor

diameter equal or larger than 5cm, N=53). *p < 0.05.

(=5cm) tumors. As for individual genes, alterations in KRAS,
ERBB4, AXIN2, PIK3RI1, TTF1, and CTCF displayed a significant
difference between large and small tumors (Figure 2C). Notch and
cell cycle pathway gene alterations were significantly enriched in
the tumors with a size larger than 5cm (P<0.05, Figure 2D);
however, the results were insignificant in multivariate
analysis (Table 3).
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APOBEC signature enriched in the
MSS patients

As for the molecular features of MSS and MSI patients,
MMR gene alterations including MSH6, MLH1/3, MSH2,
PMS1/2 were significantly higher in the MSI group.
Furthermore, the mutational signature analysis showed that
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TABLE 2 Univariant and multivariant analysis of patients stratified by young (<50) and old (>50).

Factors Univariate analysis HR (95%CI)

Stage -
Tumor location -
0.85 (0.41~1.73)
0.27 (0.06~0.91)

Tumor size

Hippo pathway

TABLE 3 Univariant and multivariant analysis of patients stratified by small (<5cm) and large (>5cm) tumor sizes.

Factors Univariate analysis HR (95%CI)
Age 1.00 (0.39~2.26)
Stage -

Tumor location -
NOTCH pathway 2.28 (1.01~5.22)

Cell cycle pathway 3.27 (0.94~13.04)

MMR deficiency signature was increased in the MSI group while
APOBEC signature was higher in the MSS group (Figures S2A,
B). This enrichment of APOEBC signature in MSS patients with
colorectal cancer was also observed in the validation cohort
(Figure S2C).

ZNF217 alterations associated with
early-stage CRC

We compared the mutation profiles of early-stage (0-II) and
late-stage (III-IV) CRC patients. The ratios of ZNF217
alterations (P<0.05), MET alterations (P<0.05), and PKHDI1
alterations (P=0.079) were higher in the early-stage group
(Figure 3A). The univariate and multivariate analysis also
identified altered ZNF217 as an independent factor associated
with early stage (Table 4). The forest plot further revealed the
enrichment of ZNF217 (P=0.045) and PKHDI1 (P=0.047)
alterations in stage T3NO patients but not in T3NX patients
(Figure 3B). The T3NX stage displayed an association with a
higher APOBEC signature compared to T3NO, suggesting the
lymph node metastasis in colorectal cancer may be related to the
APOBEC signature (Figure 3C).

Anatomic location and genomic features
of CRC

Next, we investigated the genomic features of tumors in
different anatomic locations. Tumors in the right-sided colon
displayed a significantly higher ratio of altered genes including
KRAS, PIK3CA, LRPIB, FATI, and PKHDI (Figure 4A), and a
considerable number of these right-sided tumor-enriched
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P value Multivariate analysis HR (95%CI) P value
0.424 0.66 (0.43~1.02) 0.063
0.982 0.69 (0.26~1.78) 0.439
0.721 0.93 (0.44~1.98) 0.849
0.025 0.29 (0.08~0.99) 0.048
P value Multivariate analysis HR (95%CI) P value

0.929 1.29 (0.54~3.25) 0.574
0.189 1.23 (0.58~2.69) 0.592
0.008 0.37 (0.12~1.02) 0.059
0.036 233 (0.67~8.84) 0.191
0.049 1.94 (0.855~4.44) 0.116

genetic alterations (e.g., KRAS, PIK3CA, CREBBP, PKHDI,
AMERI, FATI, ARID2, and POLE) were further confirmed in
the validation cohort (Figure S3A). Additionally, the Hippo
pathway, cell cycle pathway, and PI3K pathway were more
frequently altered in the tumors of the right-sided colon
compared to the tumors of the left-sided colon and rectal
(Figure 4B), which were all confirmed in the validation cohort
(Figure S3B). Meanwhile, higher missense mutations were found
in the right-sided colon tumors compared to the other two
locations (Figure 4C). In the right-sided colon tumors, PKHDI
co-occurred with ARIDIB, ARID2, B2M, CTCF, FATI, FLTI,
FLT3, and PDEIIA, most of which were DNA damage genes,
whereas KRAS was found mutually exclusive with ARIDIB
(Figure 4D). On the other hand, KRAS was mutually exclusive
with LRPIB in the left-side colon tumors (Figure 4E), while the
result was not significant in other sites (Figures 4D,F). We
further investigated the distribution of frequently mutated
genetic alterations in tumors from different anatomic
locations. As shown in Figure 5A and Table S4, the rectal
tumors displayed a higher ratio of KRAS G12 mutations
(G12D 34%, G12V 27%, G12A 9%, G12C 3%) compared to
the tumors from the colon. The distribution of TP53 mutation
was similar among right-side colon, left-sided colon, and rectal
tumors (Figure 5B).

Discussion

Understanding the differences in the genomic landscape
among various colorectal cancer subgroups is important for
the development of precision care. The present study revealed
the subgroup-specific genetic alterations in colorectal cancer. In
particular, we demonstrated the differentially enriched
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FIGURE 3

The comparisons of somatic mutation characteristics and signatures among colorectal cancer patients with different stages. (A) The bar plots
comparing gene alteration rates in early- (Stage O~ll, N=62) and late-stage patients (Stage IlI~IV, N=71). (B) Forest plot of somatic mutation rates
of stage Ill colorectal cancer patients with metastatic disease (T3NO, N=34) compared to patients without metastatic disease (T3NX, N=38).

(C) The bar plots comparing somatic mutation signatures between patients with metastatic disease (T3NO, N=34) and patients without

metastatic disease (T3NX, N=38). *p < 0.05.

mutations and aberrant signaling pathways between early- and
late-onset patients, as well as between early- and late-stage
diseases. Additionally, a distinct mutational landscape was
observed between right-sided and left-sided colon cancers, and
we found that the tumor mutational spectrum differed according
to the lymphatic metastatic status for T3 stage colorectal cancers.
These findings are particularly important in understanding the
underlying mechanisms of tumorigenesis and metastasis of
colorectal carcinoma, as well as contributing to implementing
precise medication.

We investigated the molecular features of 133 colorectal
cancer cases by comprehensive genomic profiling of 425 cancer-
related genes. Consistent with previous research (17), APC
(77.4%), TP53 (72.9%), and KRAS (53.4%) represented the
most frequently mutated genes in our cohort. Loss-of-function
mutations of APC have been shown to induce the accumulation

of B-catenin and activate TCF signaling pathway, thus
promoting tumor evolution (6). KARS mutations, which could
activate the RAS-RAF-MEK-ERK signaling pathway and
stimulate cell proliferation (7), were found in most colorectal
cancer cases (18) and were typically enriched in patients with
bigger tumors than those in our study.

Additionally, we analyzed tumor location-based mutational
discrepancies. Notably, we observed that mutations in KRAS,
PIK3CA, CREBBP, FATI, PKHDI, ARID2, and POLE were
specifically enriched in right-site colon cancers in both our
cohort and the validation cohort. Previous research has shown
that DNA mismatch repair pathways frequently occurred in
colon tumors located on the right side (19). Consistently, we
found a higher percentage of missense mutations in right-site
colon cancers, as compared with left-site colon cancers and
rectal cancers. It is well studied that KRAS mutations were

TABLE 4 Univariant and multivariant analysis of patients stratified by early-stage (stage0-11) and late-stage (stage IlI-1V).

Factors Univariate analysis HR (95%CI) P value Multivariate analysis HR (95%CI) P value
Age 0.63 (0.26~1.50) 0.320 0.63 (0.27~1.43) 0.278
Tumor location - 0911 0.96 (0.35~2.62) 0.938
ZNF217 0.11 (0.00~0.93) 0.025 0.11 (0.01~0.64) 0.041
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The comparisons of somatic mutation characteristics and mutation types among colorectal cancer patients with different tumor anatomic
locations and genetic interaction analysis of different tumor anatomic locations. (A, B) The bar plots comparing somatic mutation and pathway
alteration rates among patients with different tumor anatomic locations (right-sided colon, N=31; left-sided colon, N=36; rectal, N=66). (C) The
box plots comparing differences in mutation types among patients with different tumor anatomic locations (right-sided colon, N=31; left-sided
colon, N=36; rectal, N=66). (D-F) Genetic interaction analysis of different tumor anatomic locations. *p < 0.05, **p < 0.01, ***p < 0.001.

present in a majority of colorectal tumors (18). Intriguingly, our
study discovered that KRAS mutational frequency was closely
correlated with the tumor size, with larger tumors tending to
enrich for KRAS mutations. Genetic alternations in KRAS could
aberrantly activate the RAS-MAPK signaling axis, which may
facilitate tumor initiation and promote early relapse after
neoadjuvant chemotherapy (18). KRAS mutations were also
important drug-resistant mechanisms for some targeted drugs
like cetuximab and bevacizumab (7). Noticeably, we found that
the incidence of KRAS mutations was higher in right-sided colon
cancers than that in left-sided ones. A similar trend has been
observed in previous studies, with KRAS mutational frequency
between right- and left-sided colon cancers being 49.7% vs.
33.0% (20) or 40.0% vs. 29.8% (21). Intriguingly, these two
studies also found that BRAF mutational frequency was
significantly higher in right-sided colon cancers than in left-
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sided colon cancers. Given that KRAS and BRAF mutations are
generally mutually exclusive (21), genetic alterations of KRAS
and BRAF were likely to occur in different colon tumors,
implying that right-sided colon tumors are predisposed to
harbor KRAS-BRAF pathway mutations. Furthermore, we
found that mutations of KRAS and ARIDIB were also
mutually exclusive in right-site cancer, but not in other sites.
Sen et al. found that ARIDIA mutations were significantly
mutually exclusive with KRAS mutations using the TCGA
colorectal cancer cohort (22). Considering the close
relationship between ARIDIA and ARIDIB (23), it would be
compelling to investigate their tumor site-specific associations
with KRAS pathway in future research. In addition, we
discovered that KRAS was mutually exclusive with LRPIB in
the left-sided colon tumors. Previous studies showed that the
mutation of EGFR and LRPIB were mutually exclusive in
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FIGURE 5

The proportions of mutation sites of KRAS and TP53 in different tumor anatomic locations. (A) The proportions of mutation sites of KRAS in
different tumor anatomic locations (right-sided colon, N=31; left-sided colon, N=36; rectal, N=66). (B) The proportions of mutation sites of
TP53 in different tumor anatomic locations (right-sided colon, N=31; left-sided colon, N=36; rectal, N=66).

primary lung adenocarcinoma (24), while no studies have
reported the site-specific mutual exclusion between KRAS and
LRPIB. Nevertheless, given the limited sample size in individual
locations, future studies are warranted to validate our findings.

Besides tumor site-specific genetic features, we discovered
that the frequency of the aberrant Hippo signaling pathway was
higher in large tumors (=5cm) than in small tumors (<5cm).
Similarly, younger patients (aged <50 years) appeared to possess
a higher percentage of genetic aberrances in the Hippo signaling
pathway as compared with elder patients. Given that the Hippo
pathway could inhibit the WNT signaling pathway (25), the
aberrant Hippo signaling may result in WNT overactivation and
consequently, expedite tumor growth. Consistent with this
speculation, large tumors were typically accompanied by
ischemia and hypoxia in the core region of the tumor, which,
in turn, overacts the WNT pathway (26). Excessive activity in
WNT signaling activates the stemness of colorectal cancer stem
cells, leading to fast growth and resistance to chemotherapy (27).

Based on mutation signature analysis, we found that the
APOEBC signature was enriched in colorectal cancer patients
with MSS and/or lymphatic metastases. APOEBC signature, which
is derived from APOBEC3A and APOBEC3B cytosine deaminase
activities, is one of the most common mutation signatures in
different types of cancer, and it has been reported to be associated
with tumorigenesis and drug resistance (28). In particular, Law
et al. reported that elevated APOBEC3A expression could promote
tumor formation in colon and liver tissues in the mouse model

Frontiers in Oncology

08

(29). Additionally, APOBEC mutagenesis was often associated
with higher intratumor heterogeneity, thus increasing tumor
subclone diversity (30). The enrichment of APOEBC signature
in T3NX patients in our cohort suggests that colorectal patients
with APOEBC signature tend to have advanced disease and prone
to lymph node metastasis.

Among patients with T3 stage tumors, we discovered that
CTNNBI and ZNF217 mutations were mainly present in patients
who were absent of metastatic disease. Liu and colleagues
reported that CTNNBI1 ([-catenin), a core constituent of the
WNT signaling pathway, could promote the development and
progression of colorectal cancer and enhance the stemness of
cancer stem cells (31). Amplification of ZNF217 is associated
with advanced disease (32). The high expression of ZNF217 was
reported to be associated with the poor prognosis and the
development of metastases in breast cancer (33). However, the
role of ZNF217 in colorectal cancer metastasis is still unknown.

There were several limitations in the present study. Firstly,
the sample size of our patient cohort was intermediate, and it
was relatively difficult to reach convincing conclusions for some
subgroup analyses. Although this shortage was partially
overcome by using an independent validation cohort of 240
colorectal cancer patients, future studies with larger sample sizes
are still necessary to confirm our findings. Secondly, the current
study was based on a single clinical center, while a future
multicenter study with diverse ethnic composition is needed to
test the generality of our results. Thirdly, although the broad-
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panel targeted sequencing that was used by this study covered
the majority of cancer-relevant genes, it is still ideal to use whole
genome sequencing to more comprehensively analyze the
genomic profile if the budget is not a major concern.

Overall, our results elucidated the distinct genomic features
in subgroup-specific colorectal cancer patients based on different
stratification characteristics, including the timing of cancer
onset, the microsatellite status, the disease stage, the metastatic
status, and tumor anatomic locations. Our findings shed light on
the molecular mechanism of colorectal cancer and could
potentially facilitate the advancement of precise medication.
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