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Abstract 
Objective: G1 and G2 colorectal neuroendocrine neoplasms (NENs) are a group of rare and indolent diseases. We aimed to delineate their 
genetic characteristics and explore their metastatic mechanisms.
Methods: We used next-generation sequencing technology for targeted sequencing for 54 patients with G1 and G2 colorectal NENs. We 
delineated their genetic features and compared the genetic characteristics between metastatic NENs and nonmetastatic NENs. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was utilized to explore their abnormal pathways and study their potential 
metastatic mechanisms.
Results: We collected 23 metastatic NENs and 31 nonmetastatic NENs. In the whole cohort, the common mutated genes were NCOR2, BRD4, 
MDC1, ARID1A, AXIN2, etc. The common copy number variations (CNVs) included amplification of HIST1H3D, amplification of HIST1H3E, and 
loss of PTEN. The KEGG enrichment analysis revealed that PI3K-Akt, MAPK, and Rap1 were the major abnormal pathways. There were 
significantly different genetic features between metastatic NENs and nonmetastatic NENs. The metastatic NENs shared only 47 (22.5%) 
mutated genes and 6 (13.3%) CNVs with nonmetastatic NENs. NCOR2, BRD4, CDKN1B, CYP3A5, and EIF1AX were the commonly mutated 
genes in metastatic NENs, while NCOR2, MDC1, AXIN2, PIK3C2G, and PTPRT were the commonly mutated genes in nonmetastatic NENs. 
Metastatic NENs presented a significantly higher proportion of abnormal pathways of cell senescence (56.5% vs 25.8%, P = .022) and lysine 
degradation (43.5% vs 16.1%, P = .027) than nonmetastatic NENs.
Conclusion: G1 and G2 colorectal NENs are a group of heterogeneous diseases that might obtain an increased invasive ability through aberrant 
cell senescence and lysine degradation pathways.
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Colorectal neuroendocrine neoplasms (NENs) are a group of 
rare diseases, but their incidence has been increasing in recent 
decades, possibly owing to the popularization of colonoscopy 
screening [1]. Based on the 2019 World Health Organization 
classification of tumors of the digestive system, colorectal 
NENs were classified into G1, G2, and G3 NENs. Specifically, 
poorly differentiated and grade G3 NENs are termed neuroen-
docrine carcinomas (NECs) [2]. However, G1 and G2 NENs 
are the most common and constitute 74.0% to 78.8% of all colo-
rectal NENs [3, 4]. G1 and G2 colorectal NENs are often 

characterized as a group of indolent diseases with low malignant 
potential and low aggressiveness, and most of them are found as 
diminutive lesions confined only in the mucosa and submucosa 
and need only local excision [5, 6]. However, some previous re-
ports have shown that metastatic disease can still be found in the 
minority of G1 and G2 colorectal NENs. It has been found that 
3.6% to 14.6% of them can show regional lymph node metasta-
sis, and 0.8% to 8.5% of them can show distant metastasis [7-9]. 
Other case reports showed that some patients can present meta-
static disease even when the maximal diameter of the lesion is less 
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than 10 mm, which has exceeded clinicians’ foundational under-
standing of this disease [10-12].

Due to the low incidence of colorectal NENs, difficulty in 
sample collection, and lack of preclinical research platforms, 
the genetic characteristics of G1 and G2 colorectal NENs 
have not been fully delineated thus far. Moreover, no previous 
studies have explored their underlying metastatic mecha-
nisms. All of these factors lead to very limited choices of 
chemotherapy drugs and regimens for these patients [3, 13]. 
Based on the limitations and lack of knowledge surrounding 
colorectal NENs, we aimed to explore the genomic character-
istics, potential targetable gene alterations, and abnormal sig-
naling pathways of G1 and G2 colorectal NENs. Moreover, 
we planned to compare the genetic differences between pa-
tients with metastatic disease and those without and intended 
to identify the underlying signal pathways of tumor spread.

Materials and Methods
Patients and Sample Collection
This study was approved by the Ethical Committee of the 
Chinese National Cancer Center and was conducted in accord-
ance with the Declaration of Helsinki. The inclusion criteria 
were as follows: (1) all patients were pathologically diagnosed 
with NENs; (2) all NENs were confirmed as G1 or G2 NENs; 
(3) all NENs were located in the colon and rectum. Following 
our inclusion criteria, we identified a total of 84 patients with 
G1 and G2 colorectal NENs who received treatment at the 
Chinese National Cancer Center/Cancer Hospital Chinese 
Academy of Medical Sciences from January 2018 to 
December 2022, but only 54 of them were eligible for DNA se-
quencing and were ultimately included in the study (Fig. 1). The 
corresponding cancer tissue samples were collected, including 
50 formalin-fixed paraffin embedding specimens and 4 fresh 
tissue samples. The corresponding matched normal tissue sam-
ples were also collected, including 46 tumor-adjacent tissues 
and 8 blood samples, which were sequenced to exclude germ-
line variants. We defined regional lymph node metastasis or 

distant metastasis as tumor metastasis; thus, 23 patients were 
categorized into the metastatic group and 31 patients were 
categorized into the nonmetastatic group.

DNA Extraction
DNA was extracted from the tissue using the QIAamp Genomic 
DNA kit (Qiagen GmbH). The quantification and quality of the 
DNA were assessed using a Qubit 2.0 fluorimeter with a ds DNA 
HS assay kit (Thermo Fisher Scientific, Inc.) and an Agilent 2100 
BioAnalyzer (Agilent Technologies, Inc.), respectively. For blood 
samples, at least 10 mL of peripheral blood was collected and 
then centrifuged for 10 minutes (1600 revolutions per minute). 
After centrifugation, peripheral blood leukocytes were collected 
for genomic DNA extraction. DNA of peripheral blood leuko-
cytes was extracted using the MagCore Genomic DNA Whole 
Blood Kit [Concert Biotechnology (Xiamen) Corp., China].

Library Construction and Targeted NGS
The sequencing libraries were generated according to the manu-
facturer's instructions (Illumina Inc). A total of 108 libraries were 
generated including 54 tumor tissue sequencing libraries and 54 
matched control sequencing libraries. Targeted next-generation 
sequencing was performed at AcornMed Biotechnology (Beijing, 
China) using an Illumina HiSeq6000 platform (Illumina, San 
Diego, CA, USA). An 808 cancer-related gene panel targeting 
more than 2.0 Mb of the coding genome was detected for each 
case, which was enriched for the coding regions and selected in-
trons of genes with known relevance to colorectal tumors. The 
sequencing depth was >10 000×. After the removal of the low- 
quality sequencing data, sequence reads were aligned to a human 
reference genome (hg19) by the Burrows–Wheeler alignment 
(version 0.7.12) tool. Local realignment and base quality score 
recalibration were conducted using GATK software (version 
3.8). Single nucleotide variants and small insertions or deletions 
were analyzed using MuTect2 (version 1.1.7) with the recom-
mended parameters. CNV calling was conducted with 
CONTRA software (version 2.0.8). Mutation spectrum analysis 

Figure 1. Flow chart presenting the patients’ enrollment in our study.
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was performed using the maftools package in R (version 4.1.2). 
OncoKB analysis was performed using MSK's Precision 
Oncology Knowledge Base (https://www.oncokb.org/), which 
classifies targetable mutations into 1 of 4 levels according to 
the strength of evidence supporting the use of certain drugs. 
InterVar software (v2.2.1) was used to categorize missense var-
iants as benign/pathologic. Moreover, the genetic characteristics 
of colorectal adenocarcinomas discussed in this article were 
based on the American Association of Cancer Research Project 
Genomics, Evidence, Neoplasm, Information, Exchange data-
base [14].

Statistical Analysis
The research data are presented as numbers with frequencies, 
and the differences between the groups were analyzed by the 
χ2 test or Fisher's exact test. The overall survival (OS) rates 
and progression-free survival (PFS) rates were calculated 
through Kaplan‒Meier curves and compared by log-rank 
test. Univariate and multivariate Cox regression analyses 
were performed to identify independent prognostic factors. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis was performed to explore the abnormal 
pathways affected by mutant genes.

All tests were 2-sided, and P < .05 was considered statistic-
ally significant. All statistical analyses were performed using 
either the Statistical Package for the Social Sciences (SPSS ver-
sion 24.0; IBM Corp., Armonk, NY, USA) or R software ver-
sion 4.1.2 (https://www.r-project.org/).

Results
The Clinicopathological Features of Patients
The clinicopathological manifestations of the patients are 
shown in Table 1. In total, 54 eligible patients were included 
in our study; 23 patients suffered from metastatic disease, 
and the other 31 patients did not. Twenty-nine (53.7%) pa-
tients were male, and 43 patients were below 60 years old. 
The majority (92.6%) of patients had their tumors located 
in the rectum, and only 4 (7.4%) patients had their tumors lo-
cated in the colon. Despite the absence of distant metastasis in 
the 4 patients with colonic NENs, 3 of them were categorized 
within the metastasis group due to the presence of concurrent 
regional lymph node metastasis. With regard to tumor size, 21 
(38.9%) patients had tumors smaller than 1 cm, 19 (35.2%) 
had tumors 1 to 2 cm in size, and 14 (25.9%) had tumors 
2 cm or larger in size. Regarding tumor grade, 34 (63.0%) pa-
tients had G1 NENs, and 20 (37.0%) patients had G2 NENs. 
Ten (18.5%) patients and 14 (25.9%) patients had lympho-
vascular invasion and perineural invasion, respectively. Of 
these patients, 25 (46.3%) received local excision, 27 (50%) 
underwent radical resection, and 2 (3.7%) received no surgi-
cal treatment due to widespread metastasis. With regard to 
the depth of tumor invasion, 37 (68.5%) invaded only the mu-
cosa and submucosa, 11 (20.4%) invaded the muscularis pro-
pria, 4 (7.4%) infiltrated the subserosa, and 2 (3.7%) 
infiltrated the serosa. Twenty-three (42.6%) and 7 (13.0%) 
patients suffered regional lymph node metastasis and distant 
metastasis, respectively. The statistical analysis demonstrated 
that the metastatic group had a higher proportion of patients 
with larger tumor size (P < .001), G2 NENs (P < .001), 
lymphovascular invasion (P = .022), perineural invasion 
(P < .001), deeper depth of invasion (P < .001), regional 

lymph node metastasis (P < .001), and distant metastasis 
(P < .001) than the nonmetastatic group.

Somatic Mutation Characteristics
In total, 38 (70.4%) patients had at least 1 mutated gene, and 
209 genes with 355 mutation sites were detected, including 306 
(86.2%) missense mutations, 17 (4.8%) frameshift mutations, 
10 (2.8%) in-frame mutations, 15 (4.2%) splicing mutations, 
6 (1.7%) nonsense mutations, and 1 (1.3%) mutation, which 
led to the loss of the termination codon. The top 50 high- 
frequency gene mutations are shown in Fig. 2. The common 
mutated genes were NCOR2 (24.1%), BRD4 (11.1%), 
MDC1 (11.1%), ARID1A (9.3%), AXIN2 (9.3%), CDKN1B 
(9.3%), KMT2D (9.3%), PTPRT (9.3%), etc. Subsequently, 
we analyzed the coexistence and mutual exclusiveness of the 
mutated genes (Fig. 3). We found that mutated NCOR2 signifi-
cantly co-occurred with mutated CHEK2 (P < .01), ARID1A 
(P < .05), and MDC1 (P < .05). Moreover, coexistence of 
MDC1 and CHEK2 (P < .05) and coexistence of ARID1A and 
PTPRT (P < .01) were also observed.

The detection rates of gene mutations were 73.9% and 67.7% 
in the metastatic group and nonmetastatic group (P = .623), re-
spectively. Significantly different somatic mutation characteris-
tics were found between the 2 groups. In the metastatic group, 
the common mutated genes included NCOR2 (21.7%), BRD4 
(13%), CDKN1B (13%), CYP3A5 (13%), EIF1AX (13%), 
ARID1A (8.7%), ATM (8.7%), EP300 (8.7%), FAT1 (8.7%), 
FGFR3 (8.7%), KIT (8.7%), and KMT2A (8.7%). In the nonme-
tastatic group, the common mutated genes included NCOR2 
(25.8%), MDC1 (19.4%), AXIN2 (12.9%), PIK3C2G 
(12.9%), PTPRT (12.9%), ARID1A (9.7%), BRD4 (9.7%), 
CHEK2 (9.7%), FANCA (9.7%), FAT3 (9.7%), KMT2D 
(9.7%), MLXIPL (9.7%), PIK3C2B (9.7%), TSC2 (9.7%), etc. 
Mutations in ATM and KMT2A were found only in the meta-
static group, and mutations in MDC1, PIK3C2G, FANCA, 
FAT3, MLXIPL, and PIK3C2B were observed only in the non-
metastatic group. The nonmetastatic group had a significantly 
higher mutation rate of MDC1 than the metastatic group 
(17.3% vs 0, P = .030). Of the 209 detected mutated genes, 
only 47 (22.5%) genes were found in both groups, and 73 
(35.0%) and 89 (42.6%) genes were found only in the metastatic 
group and nonmetastatic group, respectively (Fig. 4A). In the 311 
mutation sites, the metastatic group shared only 20 (6.4%) mu-
tation sites with the nonmetastatic group, and 127 (40.8%) and 
164 (52.7%) were detected only in the metastatic group and non-
metastatic group, respectively (Fig. 4B).

Characteristics of CNVs
In total, 19 (35.2%) patients were detected with CNVs, and 45 
genes with 57 CNVs were found (Fig. 5). The common CNVs 
included amplification of HIST1H3D (5.6%) and HIST1H3E 
(5.6%) and loss of PTEN (5.6%). In the metastatic group, 10 
(43.5%) patients carried 26 CNVs of 24 genes, including amp-
lification of HIST1H3D (4.3%), HIST1H3E (4.3%), and 
BTG2 (4.3%) and loss of PTEN (8.7%), SMD2 (8.7%), 
ADGRG4 (4.3%), and FLT4 (4.3%). In the nonmetastatic 
group, 9 (29.0%) patients harbored 31 CNVs of 27 genes, in-
cluding amplification of HIST1H3D (6.5%), HIST1H3E 
(6.5%), and BTG2 (3.2%) and loss of PTPRT (6.5%), PTEN 
(3.2%), ADGRG4 (3.2%), and FLT4 (3.2%). Both the ampli-
fication and loss of BRCA1 were detected in the nonmetastatic 
group. There was a significant difference in CNV distribution 
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between the 2 groups. Of the 45 genes with CNVs, only 6 
(13.3%) genes were observed in both groups, and 18 
(40.0%) and 21 (46.7%) genes were found only in the meta-
static group and nonmetastatic group, respectively (Fig. 4C).

Mutation Spectrum and Mutation Signature Analysis
The mutation spectrum analysis showed that C > T and T > C 
transitions were the major fractions of base substitutions in 

G1 and G2 colorectal NENs. Base transition was much 
more frequent than base transversion (Fig. 6A). Following 
mutation signature analysis of 96 substitution patterns using 
the non-negative matrix factorization algorithm, 5 mutation 
signatures were identified in G1 and G2 colorectal NENs. 
Subsequently, we tried to match the 5 mutation signatures 
with the acknowledged mutation signatures previously re-
corded in the COSMIC database [15]. We found that signa-
ture B, which was characterized by a dominant T > G 

Table 1. The clinical and pathological features of patients

Variable All (n = 54) Nonmetastatic group 
(n = 31)

Metastatic group (n = 23) P

Sex (%) .583

Male 29 (53.7) 18 (58.1) 11 (47.8)

Female 25 (46.3) 13 (41.9) 12 (52.2)

Age (%) 1

<60 43 (79.6) 25 (80.6) 18 (78.3)

≥60 11 (20.4) 6 (19.4) 5 (21.7)

Tumor location (%) .403

Colon 4 (7.4) 1 (3.2) 3 (13)

Rectum 50 (92.6) 30 (96.8) 20 (87)

Tumor size (cm) (%) <.001

<1 21 (38.9) 19 (61.3) 2 (8.7)

1–2 19 (35.2) 11 (35.5) 8 (34.8)

≥2 14 (25.9) 1 (3.2) 13 (56.5)

Tumor grade (%) <.001

G1 34 (63.0) 28 (90.3) 6 (26.1)

G2 20 (37.0) 3 (9.7) 17 (73.9)

Lymphovascular invasion (%) .022

Positive 10 (18.5) 2 (6.5) 8 (34.8)

Negative 44 (81.5) 29 (93.5) 15 (65.2)

perineural invasion (%) <.001

Positive 14 (25.9) 2 (6.5) 12 (52.2)

Negative 40 (74.1) 29 (93.5) 11 (47.8)

Surgery (%) <.001

Local excision 25 (46.3) 25 (80.6) 0

Radical resection 27 (50) 6 (19.4) 21 (91.3)

vs no surgery 2 (3.7) 0 2 (8.7)

Depth of the invasion (%) <.001

Mucosa and submucosa 37 (68.5) 29 (93.5) 8 (34.8)

Muscularis propria 11 (20.4) 2 (6.5) 9 (39.1)

Subserosa 4 (7.4) 0 4 (17.4)

Serosa 2 (3.7) 0 2 (8.7)

Nodal metastasis (%) <.001

Positive 23 (42.6) 0 23 (100)

Negative 31 (57.4) 31 (100) 0

Distant metastasis (%) .004

Positive 7 (13.0) 0 7 (30.4)

Negative 47 (87.0) 31 (100) 16 (69.6)

TNM staging (%) <.001

I 29 (53.7) 29 (93.5) 0

II 2 (3.7) 2 (6.5) 0

III 16 (29.6) 0 16 (69.6)

IV 7 (13.0) 0 7 (30.4)
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transition, was highly similar to signature 17 (cosine correl-
ation similarity = 0.75), and signature C, which was charac-
terized by a dominant C > T transition, was consistent with 
signature 1 (cosine correlation similarity = 0.85) (Fig. 6B).

Integration of Altered Pathways in G1 and G2 
Colorectal NENs
We performed KEGG enrichment analysis based on the de-
tected mutated genes (Fig. 7). The PI3K-AKT (P < .001), 
MAPK (P < .001), Rap1 (P < .001), RAS (P < .001), FoXO 
(P < .001), and cellular senescence (P < .001) pathways were 
commonly altered by gene mutations. The PI3K-AKT signal-
ing pathway was altered in 44.4% of all patients, and cellular 
senescence and the FoXO signaling pathway were affected in 
38.9% of all patients. Subsequently, we explored the differ-
ence between the metastatic group and the nonmetastatic 
group. In the metastatic group, the most common abnormal 
pathway was cellular senescence, which was affected in 
56.5% of patients. The PI3K-AKT signaling pathway was 
mostly altered in the nonmetastatic group and was altered in 
45.2% of patients. The frequencies of altered cellular 

senescence (56.5% vs 25.8%, P = .022) and lysine degrad-
ation (43.5% vs 16.1%, P = .027) in the metastatic group 
were significantly higher than those in the nonmetastatic 
group (Fig. 8).

Potential Targetable Gene Mutations Annotated 
Using OncoKB
In total, 24 (44.4%) patients with 26 potential targetable gene 
mutations in the whole cohort were detected, including 
ARID1A (9.3%), CHEK2 (7.4%), NF1 (7.4%), and TSC2 
(7.4%) (Fig. 9). In the metastatic group, 12 (52.2%) patients 
with 21 potential targetable gene mutations were found, includ-
ing 16 mutations of level 1, 2 mutations of level 3A, and 3 muta-
tions of level 4. In the nonmetastatic group, 12 (39.7%) patients 
with 14 potential targetable gene mutations were found, includ-
ing 12 mutations of level 1 and 2 mutations of level 4.

Our study found 6 (11.1%) patients with 5 potential target-
able CNVs in the entire cohort (Fig. 9). In the metastatic 
group, 3 (12.5%) patients harbored potential targetable 
CNVs, including loss of PIK3CA (level 1), FGFR2 (level 1), 
and PTEN (level 4). In the metastatic group, 3 (9.7%) patients 

Figure 2. Top 50 genes with somatic mutation in G1 and G2 colorectal neuroendocrine neoplasms.
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harbored potential targetable CNVs, including amplification 
of BRCA1 (level 1) and CDK4 (level 4) and loss of BRCA1 
(level 1) and PTEN (level 4).

Gene Alteration and Survival
All patients were followed up for a median duration of 27 
months (range 14–71 months), and no patients were lost to 
follow-up. During the follow-up, 11 patients suffered from tu-
mor progression, and only 1 patient died from tumor progres-
sion. In the nonmetastatic group, the 1-year and 3-year PFS 

rates were both 100%. In the metastatic group, the 1-year 
and 3-year PFS rates were 73.9% and 53.4%, respectively 
(Fig. 10A). The metastatic group presented significantly worse 
PFS than the nonmetastatic group (P < .001). The 1-year OS 
rates were both 100% in the 2 groups, while the 3-year OS rates 
were 92.3% in the metastatic group and 100% in the nonmeta-
static group, which was not significantly different (P = .267, 
Fig. 10B). Furthermore, patients with KMT2D mutations 
showed a significantly higher risk of tumor progression than 
those without KMT2D mutations (P = .045, Fig. 10C). The 
multivariate Cox regression analyses also confirmed that 

Figure 3. The coexistent mutated genes in G1 and G2 colorectal neuroendocrine neoplasms.

Figure 4. Frequencies of exclusive and shared gene alterations as indicated by Venn diagrams. (A) Mutated genes; (B) mutation sites; (C) copy number 
variations.
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KMT2D mutation [hazard ratio = 13.301, 95% confidence 
interval: 1.644–107.626, P = .015) was an independent risk fac-
tor for tumor progression in G1 and G2 colorectal NENs 
(Table 2).

Discussion
Colorectal NENs are a group of diseases with high heterogen-
eity. Previous DNA sequencing studies have focused mainly 
on colorectal NECs, and few studies have reported the genomic 
characteristics of G1 and G2 colorectal NENs. Our study indi-
cated that G1 and G2 colorectal NENs had significantly 

different genetic features from colorectal NECs. Colorectal 
NECs had similar gene mutations to colorectal adenocarcin-
omas, including TP53 (24%-65.5%), APC (16%-59.5%), 
KRAS (24%-36.9%), BRAF (20.2%–44.4%), and RB1 
(4%-16.7%) [14, 16, 17]. However, these gene alterations 
were rarely found in G1 and G2 colorectal NENs, and only 
BRAF mutations (1.9%) and RB1 mutations (1.9%) were de-
tected in one patient. Unlike BRAF V600E in exon 15, which 
is common in colorectal adenocarcinomas and NECs, the muta-
tion site was in exon 1 (c.64G > A: p. D22N) in G1 and G2 colo-
rectal NENs. Our study demonstrated that NCOR2 (24.1%), 
BRD4 (11.1%), MDC1 (11.1%), ARID1A (9.3%), and 

Figure 5. The top 10 genes with copy number variations in G1 and G2 colorectal neuroendocrine neoplasms.

Figure 6. The mutation spectrum and mutation signatures in G1 and G2 colorectal neuroendocrine neoplasms. (A) Mutation spectrum; (B) mutation 
signatures.
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AXIN2 (9.3%) were the common mutated genes in G1 and G2 
colorectal NENs. Previous reports showed that the common 
CNVs in colorectal NECs included amplification of MYC and 
loss of RB1 (10.7%) and PTEN (5.4%). However, neither the 
CNVs of MYC nor RB1 were found in G1 and G2 colorectal 
NENs, and only loss of PTEN was detected in 5.6% in our 
study.

KEGG enrichment analysis showed that the PI3K-AKT, cel-
lular senescence, MAPK, and FoXO pathways were frequent-
ly altered by mutated genes in G1 and G2 colorectal NENs. 

Only abnormal PI3K-AKT and MAPK pathways were also re-
ported in colorectal NECs in previous studies, and cellular 
senescence and FoXO pathways were rarely altered in colo-
rectal NECs [14]. Moreover, we found that only 44.4% of 
G1 and G2 colorectal NENs harbored potential targetable 
mutated genes, which was much lower than colorectal 
NECs. Previous sequencing studies showed that 76.7% of 
colorectal NECs harbored potential targetable mutated genes, 
and the common potential targetable mutated genes were 
similar to colorectal adenocarcinomas, including KRAS and 

Figure 7. The abnormal pathways affected by mutated genes in G1 and G2 colorectal neuroendocrine neoplasms following KEGG enrichment analysis. 
Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes.

8                                                                                                                                       Journal of the Endocrine Society, 2024, Vol. 8, No. 2



BRAF [14, 18, 19]. The common potential targetable mutated 
genes in G1 and G2 colorectal NENs included ARID1A, 
CHEK2, NF1, TSC2, TSC1, and MTOR, and these mutated 
genes often led to abnormal MAPK, RAS, PI3K-AKT, and 
mTOR signaling pathways. TSC1, TSC2, and MTOR were 
the targets of everolimus in renal cell carcinoma, bladder can-
cer, and encapsulated glioma [20]. Everolimus is a type of 
mTOR inhibitor that has been used to treat well-differentiated 
digestive NENs and has presented favorable antitumor effi-
cacy. At present, everolimus has been approved by the Food 
and Drug Administration to treat well-differentiated pancre-
atic NENs [21, 22]. Our study indicated that everolimus 
might be a candidate for targeted therapy in G1 and G2 colo-
rectal NENs.

The previous mutation spectrum analysis showed that C >  
T and T > C transitions were the major fractions of mutations, 
and signature 1, signature 3, signature 5, and signature 15 
were the main mutation signatures in colorectal NENs [23, 
24]. Our findings were in line with previous reports, and sig-
nature 1 and signature 17 were identified in our study. 
Signature 1 was the result of an endogenous mutational pro-
cess initiated by spontaneous deamination of 5-methylcyto-
sine and correlated with age at cancer diagnosis [15]. This 
signified that the pathogenesis of G1 and G2 colorectal 
NENs increased with age and lacked carcinogen exposure. 
Our study first found signature 17 in G1 and G2 colorectal 
NENs, but the etiology of signature 17 remains unknown 
thus far.

Figure 8. The frequency differences of abnormal pathways between metastatic group and nonmetastatic group in G1 and G2 colorectal neuroendocrine 
neoplasms.

Figure 9. Potentially actionable gene alterations for targeted therapy in G1 and G2 colorectal neuroendocrine neoplasms.

Journal of the Endocrine Society, 2024, Vol. 8, No. 2                                                                                                                                       9



For a long time, G1 and G2 colorectal NENs were regarded 
as a type of benign disease by most physicians owing to their 
indolent nature. However, metastatic disease was indeed re-
ported in G1 and G2 colorectal NENs in many previous reports 
[25]. We found that there were significantly different genetic 
characteristics between patients with metastatic disease and 
those without. The mutually mutated genes, mutation sites 
and CNVs of the 2 groups occupied only minor fractions of 
all detected gene alterations. Based on the mutated genes found 
in the metastatic group and nonmetastatic group, we found 
that the cellular senescence pathway was mostly altered in 
metastatic patients and that the PI3K-AKT signaling pathway 
was mostly altered in nonmetastatic patients. The proportion 
of patients with abnormal cellular senescence and lysine deg-
radation signaling pathways in the metastatic group was sig-
nificantly higher than that in the nonmetastatic group.

Previous studies have shown that cell senescence and lysine 
degradation are closely related to tumor cell invasion and 

metastasis, and the interaction between senescent cells and non-
senescent cancer cells and lysine degradation products can 
enhance tumor cell invasion [26, 27]. Tumor cells can escape 
apoptosis through cell cycle arrest induced by cell senescence, 
and senescent cells can secrete cytokines termed senescence- 
associated secretory phenotype factors, including IL-1α, IL-6, 
IL8, and TGFβ. These senescence-associated secretory pheno-
types can promote tumor cell migration and metastasis through 
epithelial-to-mesenchymal transition [28, 29]. Moreover, aging 
tumor cells can recruit specialized macrophages to promote the 
production of blood vessels and lymph vessels, providing other 
tumor cells with oxygen and nutrients, which can in turn pro-
mote tumor growth and metastasis [30, 31]. Milanovic et al 
found that some senescent tumor cells can acquire stem cell prop-
erties, and the acquisition of tumor stem cell properties can also 
promote the proliferation and invasion ability of tumor cells 
[32]. Wang et al found that CCNB2 can promote the aging of gli-
oma cells and thus enhance their invasion and metastasis abilities 

Figure 10. Kaplan‒Meier curves in G1 and G2 colorectal neuroendocrine neoplasms. (A) PFS between metastatic group (n = 23) and nonmetastatic 
group (n = 31); (B) OS between metastatic group (n = 23) and nonmetastatic group (n = 31); (C) PFS between patients with mutated KMT2D (n = 5) and 
patients with wild KMT2D (n = 49). 
Abbreviations: OS, overall survival; PFS, progression-free survival.

Table 2. Univariate and multivariate cox regression analysis of PFS

Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P

Sex 0.576 (0.167–1.984) 0.382

Age 1.022 (0.973–1.075) 0.381

Tumor size 1.939 (1.389–2.707) <0.001 1.284 (0.533–3.094) .578

Tumor location 1.167 (0.147–9.230) 0.884

Tumor grade 20.201 (2.570–158.785) 0.004 9.683 (0.721–130.018) .087

T stage

T1 1

T2 8.868 (1.706–46.100) 0.009 2.656 (0.405–17.436) .309

T3 22.759 (3.722–139.172) 0.001 4.570 (0.398–52.503) .223

T4 14.420 (1.288–161.449) 0.030 7.095 (0.060–839.353) .421

NCOR mutation 0.325 (0.042–2.541) 0.284

BRD4 mutation 0.880 (0.111–6.948) 0.903

KMT2A mutation 2.905 (0.367–23.007) 0.312

KMT2D mutation 4.290 (0.908–20.272) 0.066 13.301 (1.644–107.626) .015

KIT mutation 4.097 (0.515–32.590) 0.183

ATM mutation 10.587 (2.173–51.581) 0.003 1.916 (0.149–24.602) .618

Abbreviations: CI, confidence interval; HR, hazard ratio; PFS, progression-free survival.
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[33]. Ibrahim-Hashim et al found that free lysine can reduce the 
acidity of the prostate cancer cell microenvironment and inhibit 
its metastasis [34]. Wu et al found that thrombopoietin could 
drive colorectal cancer CD110+ tumor-initiating cells to develop 
liver metastasis by activating lysine degradation. Acetyl-CoA 
produced by lysine degradation can trigger tyrosine phosphoryl-
ation of LPR6 and finally activate Wnt signaling to promote 
CD110+ tumor-initiating cell self-renewal. Glutamic acid pro-
duced by lysine catabolism can regulate the redox status of 
CD110+ tumor-initiating cells, promoting their colonization 
and resistance in the liver. Based on these previous reports, we 
speculated that metastatic G1 and G2 colorectal NENs might ex-
hibit increased tumor migration and metastasis abilities through 
abnormal cellular senescence and lysine degradation pathways 
compared with nonmetastatic G1 and G2 colorectal NENs.

Our study has the following limitations. First, we were unable 
to compare the genetic characteristics differences between colon 
and rectal NENs, as only 4 cases of colonic NENs patients were 
included in the study. Second, Ki67 labeling index values that 
were associated with metastases were not used in the survival 
analysis. Third, due to the inclusion of cases solely from the 
Chinese National Cancer Center and the higher proportion of 
patients with metastatic colorectal NENs treated at this center 
compared to other hospitals, selection bias was unavoidable. 
This has resulted in a higher proportion of metastatic lesions 
in this study compared to the literature. Fourth, G3 neuroendo-
crine tumors and NECs were not included in the study.

Conclusions
In conclusion, G1 and G2 colorectal NENs have significantly 
different genetic characteristics from colorectal NECs and 
adenocarcinomas. In G1 and G2 colorectal NENs, there 
may be a small subgroup known as metastatic NENs that ex-
hibit significantly distinct genomic features compared to the 
majority of G1 and G2 colorectal NENs. They may acquire 
enhanced cell invasion and migration abilities through aber-
rant cellular senescence and lysine degradation pathways, 
which may lead to regional lymph node metastasis or distant 
metastasis of G1 and G2 colorectal NENs.
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