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1 | BACKGROUND

signatures, somatic mutations, and copy number aberrations were analyzed and
compared across anatomic locations and histological subtypes. Survival analysis
was conducted to identify the independent factors.

Results: In total, 143 GI-NECs were examined: the stomach, 87 cases (60.8%); the
esophagus, 29 cases (20.3%); the colorectum, 20 cases (14.0%); and the small intes-
tine, 7 cases (4.9%). Eighty-three (58.0%) and 60 (42.0%) cases were subclassified
into small cell and large cell subtypes, respectively. GI-NECs showed distinct
genetic alterations from their lung counterparts and non-neuroendocrine car-
cinomas in the same locations. Obvious heterogeneity of mutational signatures,
somatic mutations, and copy number variations was revealed across anatomic
locations rather than histological subtypes. Except for tumor protein p53 (TP53)
and retinoblastoma 1 (RBI), the most frequently mutated genes in the stom-
ach, esophagus, colorectum, and small intestine were low-density lipoprotein
receptor-related protein 1B (LRPIB), notch receptor 1 (NOTCHI), adenomato-
sis polyposis coli (APC), catenin beta 1 (CTNNBI), respectively. Mutations in the
WNT-B-catenin, NOTCH and erythroblastic leukemia viral oncogene B (ERBB)
pathways were prevalently identified in gastric, esophageal, and colorectal NECs,
respectively. Importantly, 104 (72.7%) GI-NECs harbored putative clinically rel-
evant alterations, and non-gastric location and RBI bi-allelic inactivation with
copy number alterations were identified as two independent poor prognostic
factors. Furthermore, we found that tumor cells in GI-NECs first gain clonal
mutations in TP53, RBI, NOTCHI and APC, followed by subsequent whole-
genome doubling (WGD) and post-WGD clonal mutations in LRPIB, CUB and
Sushi multiple domains 3 (CSMD3), FAT tumor suppressor homolog 4 (FAT4)
and erb-b2 receptor tyrosine kinase 4 (ERBB4), and finally develop subclonal
mutations.

Conclusions: GI-NECs harbor distinct genomic landscapes and demonstrate
significant genetic heterogeneity across different anatomic locations. More-
over, potentially actionable alterations and prognostic factors were revealed for
GI-NECs.

KEYWORDS
Neuroendocrine carcinomas, Gastrointestinal tract, Genomic characterization, Heterogeneity,
Therapeutic implications

(GI-SCNECs) and large cell neuroendocrine carcinomas
(GI-LCNECS) based on histological criteria similar to small

Neuroendocrine neoplasms (NENs) of the gastrointesti-
nal (GI) tract are a rare, heterogeneous group of tumors
that originate from the diffuse neuroendocrine system of
the GI tract. NENs of the GI tract (GI-NENS) are broadly
classified into two distinct histopathological and molec-
ular subtypes: well-differentiated neuroendocrine tumors
(NETs) and poorly-differentiated neuroendocrine carcino-
mas (NECs) [1]. NECs of the GI tract (GI-NECs) are fur-
ther separated into small cell neuroendocrine carcinomas

cell lung cancers (SCLCs) and large cell neuroendocrine
carcinomas of the lung (L-LCNECsS).

GI-NECs are characterized by highly aggressive clinical
behaviors and poor prognosis, currently lacking thera-
peutic options. The systemic treatment of GI-NECs has,
to date, been driven by the experience in SCLCs [2],
whereas GI-NECs are staged using the staging systems
for other primary carcinomas at the same locations. More
effective and precise treatment strategies and prognostic
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stratification tailored for GI-NECs are urgently needed.
However, the molecular features of GI-NECs have not been
well clarified. Moreover, little information is known about
the molecular heterogeneity among different anatomic
locations or histological subtypes of GI-NECs, which also
have important clinical implications for diagnosis and
therapy.

NECs are most common and have been best charac-
terized in the lung and pancreas [3-5]. Recently, several
studies have explored the genetic features of GI-NENS [6,
7]. However, their analyses mainly focused on the molec-
ular differences between low-grade NETs and high-grade
NECs and/or between GI-NENs and pancreatic NENS,
which did not analyze GI-NECs separately from pan-
creatic NECs, GI-NETs, or Grade 3 NETs. These studies
were also limited by small sample sizes of GI-NECs, tar-
geted sequencing strategies which only focus on a selected
set of genes or gene regions, and/or lacking analyses of
the heterogeneity among different anatomic locations or
histological subtypes [6-11]. In addition, small biopsy spec-
imens were utilized in these studies, making it unreliable
to distinguish GI-NECs from Grade 3 NETs or mixed
neuroendocrine tumors, and distinguish GI-SCNECs from
GI-LCNECs.

Herein, we performed a comprehensive genomic pro-
filing of surgically resected GI-NECs in a relatively
large, multicenter, retrospective cohort using whole-
exome sequencing (WES), and we compared our data with
previously published lung NECs and non-neuroendocrine
carcinomas (non-NECs) of the GI tract, aiming to deter-
mine the molecular features of GI-NECs, clarify their
location (the stomach, esophagus, colorectum, and small
intestine) and histological heterogeneity (GI-SCNECs and
GI-LCNECsS), and further explore their potential clinical
significance. The present study used only surgical resec-
tion specimens for a thorough histological evaluation to
exclude Grade 3 NETs and mixed neuroendocrine/non-
neuroendocrine carcinomas that have contaminated pre-
vious studies of this cancer type, and to accurately
distinguish between SCNECs and LCNECs.

2 | MATERIALS AND METHODS

2.1 | Patients and samples

Surgical resection specimens of GI-NEN diagnosed
between October 2008 and December 2019 were retro-
spectively collected from eight tertiary medical centers
in China. Pathological review was conducted as per the
World Health Organization (WHO) 2019 classification
[1, 12]. All slides were examined by two experienced
pathologists independently (HW and JW). If there was

Patients with available tumor tissue
for pathologic review and molecular testing
(n=218)

Exclusion

Patients with grade 1-2 NET
(n=59)

Patients with grade 3 NET
(n=3)

Patients with ambiguous morphology
between grade 3 NET and NEC
(n=3)

Patients with admixed adenocarcinoma

or squamous cell carcinoma component
(n=10)

v
| Patients with NEC (n = 143) |

FIGURE 1
study.
Abbreviations: NET, neuroendocrine tumors; NEC, neuroendocrine
carcinomas.

Flow diagram of sample selection in the present

no agreement on the pathological diagnoses, a third
expert pathologist (ZL) would review the case to achieve
a majority vote. Low-grade NEN (Grade 1-2 NET),
high-grade NEN (Grade 3 NET), high-grade NEN with
ambiguous morphology between Grade 3 NET and NEC,
and NEC with admixed adenocarcinoma or squamous
cell carcinoma component were excluded. Finally, only
patients with a confirmed diagnosis of pure GI-NECs were
enrolled, and all GI-NECs were histologically classified
into either GI-LCNECs or GI-SCNECs (Figure 1). All
patients had not received neoadjuvant therapy. Paired
formalin-fixed, paraffin-embedded (FFPE) tumor and
adjacent normal tissues were collected for whole-exome
sequencing. This study was approved by the institutional
review board of Peking Union Medical College Hospital
(Beijing, China), and written informed consent were
obtained from all study participants for the use of tissue
samples.

2.2 | Library construction and
whole-exome sequencing

DNA was extracted using TIANamp Genomic DNA kit
(DP304, Tiangen Biotech, Beijing, China) as per man-
ufacturer’s instructions, and then fragmented, purified
and size-selected (100-250 bp). The purity and concen-
tration of DNA were determined using Nanodrop 2000
spectrophotometer (ND2000, Thermo Fisher Scientific,
Waltham, MA, USA) and Qubit 2.0 Fluorometer (Q32866,
Thermo Fisher Scientific) with Quanti-IT dsDNA HS
Assay Kit (Q33120, Thermo Fisher Scientific). At least
10 ng DNA was required to prepare sequencing libraries.
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Library construction was then performed using a custom
53M length capturing probe (Integrated DNA Technolo-
gies, Coralville, IA, USA). Samples with a DNA library
concentration >20 ng/uL were then subjected to sequenc-
ing. Captured libraries were then pair-end sequenced in 2
100-bp lengths with Geneplus-2000 sequencing platform
(Geneplus, Beijing, China), based on MGI DNBSEQ-G400
sequencer (https://en.mgi-tech.com/products/) which uti-
lized DNA nano-ball (DNB) preparation technology and
fluorescent signal detection for base calling. Raw data
were filtered using fastp (version 1) to remove: (a) reads
containing adaptor; (b) reads with proportions of N base
(unsure base) > 10% of the total lengths; (c) single-end
reads with proportions of low-quality base (Phred score <
5) > 50% of the total lengths. Only samples with propor-
tions of high-quality reads (Phred score >30) >80% of the
total reads and successfully sequenced data of both tumor
and normal tissue samples were kept for further analysis.
Clean reads were then mapped to the reference human
genome (hgl9) and re-ordered (with duplicate reads
marked) utilizing Burrows-Wheeler Alignment (BWA
version 0.7.10) (https://sourceforge.net/projects/bio-bwa/
files/). Duplicate reads were further removed, and local
indel re-alignment was performed using GATK (version
4.0) (https://github.com/broadinstitute/gatk/releases) in
the mutation calling process. The mean coverage after
deduplication was 381¢) (standard deviation = 115.79) for
tumor tissues and 188¢) (standard deviation = 58.28) for
paired normal tissues. The details of the quality assess-
ment are presented in Supplementary Table S1. Default
parameters were used in the present study for all soft-
ware tools unless otherwise specified in Supplementary
Table S2.

2.3 | Detection of somatic mutations

Somatic single nucleotide variants (SNVs) and small
insertions and deletions (Indels) were detected using
MuTect (version 1.1.4) packed in GATK (version 4.0).
Variants were filtered out as previously reported [13, 14].
All variants were first filtered based on the following
criteria: (a) allele frequencies > 0.01; (b) allele frequen-
cies < 0.001 in the 1000 Genomes Project Consortium
(https://www.internationalgenome.org/), the Genome
Aggregation Database (http://gnomad.broadinstitute.org)
and the Exome Aggregation Consortium (http://gnomad.
broadinstitute.org); (c) located in the coding region of
the genome. For cancer-associated genes, candidate
variants had to be present in genes characterized in
either COSMIC Cancer Gene Census (CGC) (Tier 1 and
2 genes) (https://cancer.sanger.ac.uk/cosmic/census)
[15], OncoKB (https://www.oncokb.org/cancerGenes),

Clinical Interpretation of Variants in Cancer (Clvic)
(https://civicdb.org/genes/home), Cancer Genome Inter-
preter (CGI) (https://www.cancergenomeinterpreter.
org/2018/genes) or Integrative Onco-Genomics (IntO-
GEN) (https://www.intogen.org/download). Nonsense
mutations, canonical splice-site mutations, and
in-frame/frame-shift Indels were kept. Missense
mutations were kept only when they were reported
in COSMIC Cancer Mutation Census (https://cancer.
sanger.ac.uk/cmc/home) with a Functional Analysis
through Hidden Markov Models (FATHMM-MKL)
(http://fathmm.biocompute.org.uk/fathmmMKL.htm)
score of >0.5; or classified as deleterious by at least two
of the three in-silico algorithms: Sorting Intolerant from
Tolerant (SIFT), Polymorphism Phenotyping version 2
(PolyPhen-2) and FATHMM-MKL.

External mutation data were either downloaded from
The Cancer Genome Atlas (TCGA) database (https://
portal.gdc.cancer.gov/) or published datasets (L-LCNEC:
Miyoshi et al. [16], 78 cases; Rizvi et al. [17], 7 cases; SCLC:
Miyoshi et al. [16], 90 cases, George et al. [4], 110 cases). The
mutation profiles of GI-NECs were compared with those of
non-NECs at the same locations and lung NECs. The num-
ber of somatic coding non-synonymous SNVs and Indels
per megabase (Muts/Mb) was gauged as tumor mutation
burden (TMB). Microsatellite instability (MSI) status was
determined utilizing MSIsensor (version 0.2) [18].

2.4 | Mutational signature analysis

The trinucleotide mutational patterns were matched to 47
Pan-Cancer Analysis of Whole Genomes (PCAWG) single-
base substitution (SBS) signatures from Catalogue of
Somatic Mutations in Cancer (COSMIC) database (version
3.1) (June 2020) (https://cancer.sanger.ac.uk/signatures/
sbs/) [19], using the R package Yet Another Package for
Signature Analysis (YAPSA) (version 0.2.5) [20].

2.5 | Recurrently mutated pathway
analysis

ClusterProfiler (version 3.12.0) [21] was used to analyze the
enrichment of mutated cancer-associated genes. Mutated
genes were compared with the Kyoto Encyclopedia of
Genes and Genomes (KEGG) (http://www.genome.ad.jp/
kegg/) and REACTOME databases (http://reactome.org)
to determine the altered pathways. The P values of KEGG
and REACTOME pathway enrichment were calculated
based on hypergeometric distribution with false discovery
rate (FDR) correction using the Benjamini and Hochberg
method. Representative key signaling pathways with an
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FDR-corrected P value < 0.05 were exhibited for different
anatomic locations.

2.6 | Analysis of somatic copy number
variations (CNVs)

Arm-level and focal CNVs were detected and analyzed
by GATK (version 4.0) and GISTIC (version 2.0). Genes
encompassed by focal CNVs were also inferred using
GISTIC (version 2.0). Focal amplifications in canonical
oncogenes and focal deletions in canonical tumor suppres-
sor genes were then annotated according to COSMIC CGC
cancer driver gene list. Significant somatic CNVs were ana-
lyzed in a group-wise fashion using GISTIC (version 2.0).
Somatic CNV events of each sample were also obtained
using GISTIC (version 2.0) to reveal recurrent CNV events
and compare the frequencies of CNV events across differ-
ent anatomic locations, where P value was calculated by
Fisher’s exact test. The sample-specific CNV data were also
used to calculate CNV burden of each sample. A burden
score was given to each CNV event based on the ampli-
tude of the log2 copy number ratio of the varied region.
Then the arm-level or chromosomal-level CNV burden of
a sample was determined by summing up the scores of
all arm-level or chromosomal-level CNV events identified
in the sample [22]. The allele-specific copy number analy-
sis of Chrl3q (retinoblastoma 1 [RBI])) and Chrl7p (tumor
protein p53 [TP53]) was performed by GATK (version 4.0)
and ABSOLUTE (version 1.2), as follows: (a) deletion when
both major and minor copy numbers of respective arm
equal to 0; (b) loss of heterozygosity (LOH) when major
and minor copy numbers equal to 1 and 0 accordingly; (c)
copy neutral LOH when major and minor copy numbers
equal to 2 and 0 accordingly; (d) LOH at higher ploidy
when minor copy number equals to O whereas major copy
number is more than 2.

2.7 | Analysis of putative clinically
relevant alterations

Somatic SNV/Indel and CNVs were analyzed by Preci-
sion Heuristics for Interpreting the Alteration Landscape
(PHIAL) software (version 1.0.R) (https://github.com/
vanallenlab/phial) with default parameters and database.

2.8 | Clonal architecture and
whole-genome doubling (WGD) analysis

The clonal architecture of somatic alterations was inferred
using the method described previously [23]. The identifi-

cation of WGD and the temporal ordering of WGD with
somatic mutations were performed as reported [24]. Can-
cer cell fractions of specific genes and WGD were estimated
by GATK (version 4.0) together with ABSOLUTE (version
1.2). Events with estimated upper 95% confidence intervals
of cancer cell fraction of 1 were defined as clonal, whereas
the rest were defined as subclonal. WGD was defined as
over 50% of the whole genome with a major copy number
of 2 or more. The temporal order of the occurrence of muta-
tions in relation to WGD was speculated by looking at the
allelic copy numbers (ACN) of specific alterations and the
total copy numbers (TCN) of the segment. Clonal muta-
tions in regions with 1) TCN < 3 or 2) TCN = 3 and ACN
< 1 were determined as ambiguous and excluded from
downstream analyses. Clonal mutations with TCN > 3 and
ACN < 1 were regarded as post-WGD events. All other
clonal mutations were considered as arising before WGD,
whereas all subclonal mutations were considered as post-
WGD events. To test if mutations in specific driver genes
were enriched before or after WGD across the cohort, the
amounts of pre-WGD mutations and post-WGD mutations
in specific genes were compared against the cumulative
number of all pre-WGD mutations and all post-WGD muta-
tions using Fisher’s exact test with P value adjusted by
Benjamini & Hochberg method.

Using the previously described method [23], the poten-
tial temporal order between two somatic mutations in
cancer-related genes (clonal-subclonal pair) in the same
patient was inferred. The clonal mutation was consid-
ered to occur earlier than the subclonal mutation during
tumor evolution in the same patient. For two mutations in
cancer-associated genes A and B from the same patients,
we counted the numbers of “A clonal-B subclonal” and
“A subclonal-B clonal” pairs in these patients. When at
least 3 of these pairs were observed in total, binomial
tests were performed. Gene A was considered significantly
more likely to mutate prior to B if an enrichment of “A
clonal-B subclonal” was found with statistical significance
(P < 0.05). Based on these temporal ordering analyses of
somatic mutations and WGD, we proposed the timeline
model of mutation acquisitions during tumor evolution in
GI-NECs.

2.9 | Statistical analyses

Student’s ¢ test and/or one-way analysis of variance
(ANOVA) was employed to compare the contributions of
mutational signatures or TMB across cohorts. Two-sided
Mann-Whitney and Fisher’s exact tests were performed
on Graphpad Prism (version 7.01, GraphPad Software, La
Jolla, CA, USA) or R (version 3.6.1) to generate the P value
in association analyses. Binomial tests were carried out
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TABLE 1 Clinicopathological characteristics of 143 patients
with GI-NEC
Whole cohort

Characteristics [cases (%)]
Age (years)

<60 37(25.9)

>60 106 (74.1)
Sex

Female 43 (30.1)

Male 100 (69.9)
Anatomic site

Esophagus 29 (20.3)

Stomach 87 (60.8)

Small intestine 7(4.9)

Colorectum 20 (14.0)
AJCC TNM stage

I 13 (9.1)

II 28 (19.6)

III 84 (58.7)

v 18 (12.6)
Ki-67 index

<55% 22(15.4)

>55% 121 (84.6)
Histological type

SCNEC 83 (58.0)

LCNEC 60 (42.0)

Abbreviations: GI-NECs, Neuroendocrine carcinomas of the gastrointestinal
tract; AJCC, the American Joint Committee on Cancer; SCNEC, small cell
neuroendocrine carcinomas; LCNEC: large cell neuroendocrine carcinomas.

on R. Progression-free survival (PFS) was calculated from
the date of surgery to the first documented local/distant
recurrence or the last follow-up (March 3, 2021). Over-
all survival (OS) was calculated from the date of surgery
to death from any cause or the last follow-up. Log-rank
tests were employed to compare the Kaplan-Meier survival
curves of patients on Graphpad Prism (version 8.0). Cox
proportional hazards regression models were used to per-
form multivariate survival analysis. For all two-sided tests,
a Pvalue < 0.05 was considered statistically significant. All
data visualization was performed using Graphpad Prism
or R.

3 | RESULTS

3.1 | Clinicopathologic characteristics

Among 218 GI-NENs with surgical resection specimens,
143 were finally included in our series (Figure 1). Clin-
icopathologic characteristics are summarized (Table 1).

Detailed clinicopathologic characteristics are presented in
Supplementary Table S3. The median age at diagnosis
was 65 (range, 45-86) years, and 100 (69.9%) patients were
male. The anatomic resection locations were distributed
as follows: the stomach, 87 (60.8%); the esophagus, 29
(20.3%); the colorectum, 20 (14.0%); and the small intes-
tine, 7 (4.9%). Eighty-three (58.0%) cases (the stomach, 49;
the esophagus, 22; the colorectum, 10; the small intestine,
2) were histologically classified into SCNECs, while the
other 60 (42.0%) cases (the stomach, 38; the esophagus, 7;
the colorectum, 10; the small intestine, 5) were diagnosed
as LCNECs. Representative H&E images of SCNECs and
LCNECs from four anatomic locations are presented in
Supplementary Figure S1.

3.2 | Mutational signatures of GI-NECs
Among 47 mutational signatures analyzed (Supplemen-
tary Table S3), the top five SBS mutational signatures in
143 GI-NECs were SBSI1 (age-related spontaneous deam-
ination of 5-methylcytosine), SBS15, SBS10b (associated
with polymerase epsilon exonuclease domain mutations),
SBS39 (unknown etiology), and SBS6 (Supplementary
Figure S2A-B). Both SBSI5 and SBS6 have been found
to be related to defective DNA mismatch repair (MMR).
Distinct patterns of mutational signatures were observed
across different anatomic locations (Supplementary Figure
S2C). Gastric and colorectal NECs had higher SBSI1 activ-
ity compared to esophageal and small intestinal NECs,
and a significant difference was observed between col-
orectal and esophageal NECs (P = 0.003) (Supplementary
Figure S2D). Significant difference in SBS4 (associated
with tobacco smoking behavior) exposure was observed
between gastric and esophageal NECs (P = 0.003). SBS21
activity was significantly higher in small intestinal NECs
compared to NECs at other locations (all P < 0.05). No sig-
nificant difference in mutational signatures was observed
between GI-LCNECs and GI-SCNECs (Supplementary
Figure S2E-F).

3.3 | Overall landscape of somatic
mutations in GI-NECs

All somatic SNVs and Indels in 143 GI-NECs are detailed
in Supplementary Table S3. After applying our filter-
ing strategy, 2106 SNVs and Indels were detected in 899
known cancer-associated genes. TP53 was the most fre-
quently mutated gene with a mutation frequency of 88.8%
(127/143), followed by RBI (36/143, 25.2%), adenomatosis
polyposis coli (APC) (26/143, 18.2%), low-density lipopro-
tein receptor-related protein 1B (LRPIB) (22/143, 15.4%)
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and tumor suppressor homolog 4 (FAT4) (17/143, 11.9%)
(Figure 2A). The mutation landscape varied substan-
tially across different anatomic locations. Overall, only
7 genes (TP53, RB1, APC, piccolo presynaptic cytoma-
trix protein [PCLO], mucin 4, cell surface associated 4
[MUCH4], mitogen-activated protein kinase kinase kinase
13 [MAP3K13] and CUB and Sushi multiple domains 3
[CSMD3]) were mutated in all locations (Figure 2B, Sup-
plementary Table S4). RBI mutations were more prevalent
in esophageal NECs than in gastric NECs (12/29, 41.4%
vs. 16/87, 18.4%; P = 0.025) (Figure 2C). Notch recep-
tor 1 (NOTCHI), FATI, AT-rich interaction domain 3A
(ARID3A), and NFE2 like bZIP transcription factor 2
(NFE2L2) were more frequently mutated in esophageal
NECs compared to GI-NECs of other locations, and sig-
nificant differences were revealed between esophageal and
gastric NECs (all P < 0.05). Esophageal NECs also had a
significantly higher frequency of NOTCHI mutations than
colorectal NECs (31.0% vs. 0; P = 0.003). LRP1B mutations
were observed in 20/87 (23.0%) of gastric NECs, which was
significantly higher than that of esophageal NECs (0/29) (P
= 0.002). Notably, colorectal NECs harbored a drastically
higher proportion of APC mutations (14/20, 70.0%) than
the other groups (the stomach: 10/87, 11.5%, P < 0.001; the
esophagus: 1/29, 3.4%, P < 0.001; the small intestine: 1/7,
14.3%, P = 0.024). Similar results or trends were observed
for KRAS proto-oncogene, GTPase (KRAS), B-Raf proto-
oncogene, serine/threonine kinase (BRAF), F-box and WD
repeat domain containing 7 (FBXW7) (without statisti-
cal significance), SRY-box transcription factor 9 (SOX9),
and MAX dimerization protein MGA (MGA) mutations.
Intriguingly, catenin beta 1 (CTNNBI) was mutated with
a higher frequency in small intestinal NECs (2/7, 28.6%),
although no statistical significance was found probably
due to the small sample size.

Similar mutation profiles were observed between GI-
LCNECSs and GI-SCNECs, except for CTNNBI and CUX1
(Supplementary Figure S3A-B, Supplementary Table S4).

Mutations in genes other than previously identified
cancer-associated genes were also explored (Supplemen-
tary Figure S4). However, no highly recurrently mutated
genes were revealed.

3.4 | Comparison of somatic mutation
landscape with non-NECs and lung NECs

In view of the potential similarity, we compared the muta-
tion profiles of 143 GI-NECs at different anatomic locations
with those of non-NECs at the same locations using
WES data of gastric adenocarcinoma (STAD, n = 393),
esophageal carcinoma (ESCA, n = 185), and colorectal ade-
nocarcinoma (colon adenocarcinoma, COAD, n = 367, rec-

tal adenocarcinoma, READ, n = 122) from TCGA. Distinct
mutation profiles between GI-NECs and non-NECs at the
same locations were revealed. Although gastric NECs and
STAD had similar LRPIB mutation frequency, mutations
in TP53, RBI, zinc finger protein 331 (ZNF331) and fork-
head box A2 (FOXA2) were significantly more prevalent
in gastric NECs, whereas STAD had significantly higher
mutation frequencies in multiple other genes, including
CSMD3, AT-rich interaction domain 1A (ARIDIA), FAT3,
PCLO, MUCI16, phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit alpha (PIK3CA), lysine methyl-
transferase 2B (KMT2B) and KMT2C (Figure 2D). Both
esophageal NECs and ESCA had extremely high fre-
quencies of TP53 mutations. However, RBI, NOTCH],
FATI, ARID3A, MUC4, ADAM metallopeptidase domain
10 (ADAM]I0), achaete-scute family bHLH transcription
factor 1 (ASCLI) and cyclin dependent kinase 8 (CDKS)
were more frequently mutated in esophageal NECs than
in ESCA, whereas ESCA had a significantly higher fre-
quency of FAT3 mutations (Figure 2E). For colorec-
tal cancers, APC, TP53 and KRAS were the top three
mutated genes for both colorectal NECs and colorec-
tal adenocarcinomas with similar mutation frequencies
(Figure 2F). Nevertheless, BCL2 like 12 (BCL2L12) muta-
tions were significantly more frequent in colorectal NECs,
whereas colorectal adenocarcinomas had significantly
higher mutation frequencies in PIK3CA, phosphatase and
tensin homolog (PTEN), ATM serine/threonine kinase
(ATM), SMAD family member 4 (SMAD4), KIT proto-
oncogene, receptor tyrosine kinase (KIT) and patched 1
(PTCHI).

Given that GI-NECs are often treated in analogy to their
lung counterparts, the mutation profiles of GI-SCNECs
and GI-LCNECs were compared with SCLCs and L-
LCNEC:sS, respectively, using previously published data [4,
16, 17]. Substantial differences were also observed between
GI-NECs and their lung counterparts (Supplementary
Figure S3C-D).

3.5 | Key signaling pathways affected by
somatic mutations

KEGG and REACTOME enrichment analysis of mutated
cancer-associated genes in 143 GI-NECs revealed multi-
ple significantly enriched pathways (P < 0.05), including
receptor tyrosine kinases, phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT), neurogenic locus notch
homolog protein (NOTCH), erythroblastic leukemia viral
oncogene B (ERBB), wingless and int-1 (WNT) -S-catenin,
FMS-like tyrosine kinase 3 (FLT3), vascular endothelial
growth factor (VEGF), and insulin-like growth factor 1
(IGF-1) (Supplementary Figure S5). Representative signifi-
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cantly enriched pathways for different anatomic locations
are shown in Figure 3. PI3K-AKT pathway was altered in
26 (18.2%) GI-NECs (P < 0.05) (Figure 3A). Of particu-
lar interest, altered key signaling pathways also showed
tumor location heterogeneity. WNT-3-catenin pathway
was recurrently altered in 51 (58.6%) of 87 gastric NECs (P
< 0.05) (Figure 3B). In esophageal NECs, NOTCH path-
way mutations were prevalently enriched (15/29, 51.7%) (P
< 0.05) (Figure 3C). NOTCHI1 and ADAMI0 were observed
in 10 (34.5%) and 2 (6.9%) of 29 patients, respectively.
Moreover, recurrent alterations were identified in multi-
ple genes encoding proteins to form NOTCHI- proline,
glutamic acid, serine, and threonine (PEST) coactivators,
including El1A binding protein p300 (EP300), FBXW7,
CDKS8, histone deacetylase 7 (HDAC?7) and CREB binding
protein (CREBBP). The majority (15/20, 75.0%) of colorectal
NECs harbored mutations in ERBB pathway genes, includ-
ing ERBB2/3 (3/20, 15.0%), KRAS (9/20, 45.0%), NRAS
(1/20, 5.0%), PIK3CA (2/20,10.0%), and BRAF (3/20,15.0%)
(P < 0.05) (Figure 3D).

3.6 | TMB and MSI

Our 143 GI-NECs had a median TMB of 4.67 mutations/Mb
(Range: 0.15-39.73 mut/Mb), and 4 cases (2.8%) had TMB
>20 mutations/Mb (Figure 2A, 2G). No significant dif-
ferences in TMB were observed across different locations
or histological subtypes (Supplementary Figure S6A-B).
GI-NECs with LRPIB mutations had significantly higher
TMB than those without LRPIB mutations (P = 0.021,
Supplementary Figure S6C).

MSI-high (MSI-H) was detected in 9 (6.3%) GI-NECs,
including 8 gastric cases and 1 colorectal case. Somatic
mutations in MMR genes were found in 6 (4.2%) cases
(Figure 2G). There was a significant association between
MSI-H status and MMR gene mutations (P = 0.004, Sup-
plementary Figure S6D). As expected, MSI-H cases had a
significantly higher TMB than MSS cases (P < 0.001). Simi-
larly, patients harboring somatic mutations in MMR genes

had significantly higher TMB than wild-type cases (P <
0.001) (Supplementary Figure S6E).

3.7 | Somatic CNVs

Overall, 17 and 135 significant arm-level and focal CNVs
were detected in 143 GI-NECs, respectively (Figure
4A, Supplementary Table S3). Notably, 19q12 (cyclin
El [CCNEI]) was significantly amplified in gastric and
esophageal NECs, whereas 17q12 (erb-b2 receptor tyro-
sine kinase 2 [ERBB2]) was significantly amplified in
gastric and colorectal NECs. 8q24.21 (MYC) was signif-
icantly amplified in gastric, esophageal, and colorectal
NECs. Significant arm-level CNVs (Figure 4B) and focal
CNVs (Figure 4C) varied substantially across locations.
There were no significant arm-level CNVs found in the
small intestine, probably due to the small number of small
intestine NECs.

The most frequent arm-level CNV events across 143
GI-NECs were gain of 20p (74/143, 51.7%), gain of 8q
(72/143, 50.3%), gain of 20q (69/143, 48.3%) and loss of
16q (68/143, 47.6%). The most frequent focal CNV events
across the cohort were copy number gain of 8q24.21
(MYC; 89/143, 62.2%), gain of 5p15.33 (88/143, 61.5%), gain
of 20p13 (85/143, 61.5%), gain of 8q11.23 (SOX17, 84/143,
58.7%), gain of 20q13.33 (protein tyrosine kinase 6 [PTK6],
82/143, 57.3%), loss of 5q14.3 (cyclin H [CCNH], 82/143,
57.3%) and gain of 5pl5.2 (catenin delta 2 [CTNND2],
82/143, 57.3%) (Supplementary Figure S7A). Frequencies
of CNV events and burdens varied substantially across
anatomic locations (Supplementary Figure S7B-C). Simi-
lar chromosomal-level CNV burden was observed between
GI-LCNECs and GI-SCNECs, whereas GI-LCNECs had a
significantly higher arm-level CNV burden (P = 0.013)
(Supplementary Figure S7D).

Allelic-specific copy numbers of 17p and 13q were also
analyzed, and bi-allelic inactivation of TP53 and RBI were
observed in 109/143 (76.2%) and 29/143 (20.3%) of GI-NECs,
respectively (Supplementary Figure S8).

mutations and TMB are displayed in the bottom panel. The horizontal dashed black lines indicate 55% for Ki-67 and 0.08 for MSI score,
respectively. (B) The Venn diagram shows shared and distinct mutated cancer-associated genes across four anatomic locations. (C) Mutation

frequencies of 30 top recurrently mutated cancer-associated genes across four locations. (D) Comparison of mutation frequencies of top
mutated cancer-associated genes between gastric NECs (n = 87) and TCGA STAD cohort (n = 393). (E) Comparison of mutation frequencies
of top mutated cancer-associated genes between esophageal NECs (n = 29) and TCGA ESCA cohort (n = 185). (F) Comparison of mutation
frequencies of top mutated cancer-associated genes between colorectal NECs (n = 20) and TCGA COADREAD cohort (n = 489). (G)
Percentage and distribution of GI-NECs with TMB > 20/Mb, somatic MMR gene mutations, and MSI-H in our cohort.

Abbreviations: Ki-67, marker of proliferation Ki-67; WGD, Whole Genome Doubling; MSI, microsatellite instability; MMR, DNA mismatch
repair; TMB, tumor mutation burden; TCGA, The Cancer Genome Atlas; NECs, neuroendocrine carcinomas; MLH3, MutL homolog 3;

MSH3, MutS homolog 3; PMS1/2, homolog 1 or 2, mismatch repair system component.

35US017 SUOWIWOYD BAIIERID) 3|eat|dde ayy Aq pausenob ale sajonte YO ‘esn Jo Sa|ni oy Areiqi]auluQ A3[IAA UO (SUONIPUOD-PUR-SWIBILI0D A3 1M Afeiq 1 U1 |UO//SANY) SUORIPUOD pUe SWB | 81 39S *[2202/0T//2] uo ARliqiauluQ A3|IM BuIyDaURIY0D AQ 2/E2T 2989/200T 0T/I0p/Wod A3 Im Afeiq1pul|uo//sdny wolj papeojumo( ‘0 ‘8YSEEZSE



CANCER
10 | COMMUNICATIONS

‘WU ET AL.

(A)  PI3K-AKT signaling pathway (B)
All GI-NECs (26/143, 18.2%)

PIK3CA/B/D
[ 75% | [ 34% |

GSK3B/CTNNB1 MTOR FOXO1/3
[ 14% | [ 14% | | 14% |

N ! v

[ Cell survival, proliferation]

T iptional
e

Proliferation
cell cycle

0 10% 0
(C) NOTCH signaling pathway (D)
Esophageal NECs (15/29, 51.7%)
C) | NOTCH1 ADAM10 |!
NoTCH) | pSESE || et
— ),
(_EPsoo [ FBXW7 )
(E69% || [69% |
v AN J \ J/ :
1 ) ) |
NOTCH1 PEST | || __CDK8 HDACT |,
coactivator | | 69% )| 34% ||
: CREBBP !
| :
v I

____________

0 40% 0

FIGURE 3

WNT

APC complex ;

WNT-beta-catenin pathway
Gastric NECs (51/87, 58.6%)

N

SNK1A1/2A1)

oo i

N e e e e ==

TCF7L2 | ( CTNNB1), [ KMT2D
[ 11% ] |[[92% || [103% |
v

A}
Proliferation, !
stem cell .
maintenance !

1

ERBB signaling pathway
Colorectal NECs (15/20, 75.0%)

ERBB2/3
L 15.0% |

f KRAS NRAS ! PIK3CA
| 4s0% |0

=

Cell survival, proliferation,
angiogenesis, migration

50%

Recurrently mutated key signaling pathways across tumor locations in GI-NECs. The PI3K-AKT (A), WNT-Beta-catenin (B),

NOTCH (C), and ERBB signaling pathways (D) were recurrently mutated in all GI-NECs, gastric NECs, esophageal NECs and colorectal
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homolog protein; ERBB, erythroblastic leukemia viral oncogene B; NECs, neuroendocrine carcinomas.

3.8 | Therapeutic implications of somatic
alterations

In total, 104 (72.7%) patients were detected with at least
one clinically relevant genetic change. Putatively action-
able events were found in 63 (72.4%), 20 (69.0%), 16

(80.0%), and 5 (71.4%) patients with gastric, esophageal,
colorectal, and small intestinal NECs, respectively (Figure
5A). Putatively actionable alterations with their indicated
therapies are presented in Figure 5B and Supplemen-
tary Table S5. Numbers of actionable alterations varied
among patients (median, 4 alterations/patient; range, 0-12
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Abbreviations: CNVs, copy number variations; NECs, neuroendocrine carcinomas.
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FIGURE 5 An overview of clinically relevant somatic alterations in 143 GI-NECs using PHIAL software. (A) Proportions of patients
harboring clinically relevant somatic alterations across four different locations. ActMut+ indicates patients with somatic actionable
alterations. (B) Landscape of somatic altered genes and their corresponding putative therapeutic implications in GI-NECs across four
locations. Colors of the circles indicate disease locations; sizes of the circles stand for the frequencies of clinically relevant somatic alterations
in these genes or their corresponding putative therapeutic implications. (C) Numbers of clinically relevant somatic alterations across four
locations. (D) Frequencies of clinically relevant somatic alterations in commonly altered genes across four locations. (E) Proportions of
patients that might benefit from or resist to specific therapies for GI-NECs across four locations.

Abbreviations: GI-NECs, neuroendocrine carcinomas of the gastrointestinal tract; PHIAL, Precision Heuristics for Interpreting the Alteration
Landscape.
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alterations/patient) and locations (Figure 5C). Differential
therapeutic implications were revealed across locations.
The most common putatively actionable alterations were
identified in CCNEI (39/143, 27.3%), RBI (15/143, 10.5%),
APC (13/143, 9.0%), KRAS (11/143, 7.7%), CTNNBI (10/143,
7.0%), and ERBB2 (9/143, 6.3%) (Figure 5D), with corre-
sponding therapeutic implications for CDK2 inhibitors,
PI3K/mechanistic target of rapamycin kinase (mTOR)
pathway inhibitors, WNT pathway inhibitors, mitogen-
activated protein kinase kinase (MEK) inhibitors, and so
on (Figure 5E).

3.9 | WGD and Clonal Architecture
Analysis

WGD was identified in 81 (56.6%) GI-NECs (Supplemen-
tary Table S3). The frequencies of WGD varied across
anatomic locations (the stomach 58/87, 66.7%; the esoph-
agus 16/29, 55.2%; the colorectum 6/20, 30.0%; the small
intestine 1/7, 14.3%; P = 0.002), but not between GI-
LCNECs (39/60, 51.0%) and GI-SCNECs (42/83, 50.6%) (P
= 0.091).

We then inferred cancer cell fraction of somatic muta-
tions and timed the emergence of somatic mutations
and WGD in the molecular pathogenesis of GI-NEC.
In total, cancer cell fraction values of 1995 mutations
were inferred, among which 978 (49.0%) mutations were
defined as clonal. More than 50% of mutations in canoni-
cal cancer drivers (e.g., TP53, NOTCHI, RBI, APC, KRAS,
ERBB4, KMT2D, PIK3CA) were identified clonal, whereas
subclonal mutations preponderated in genes including
ARID3A, PCLO and CSMD3 (Figure 6A). Cancer cell frac-
tion of all somatic mutations in samples without WGD
and with WGD are depicted in Figure 6B, respectively. In
samples with WGD, 499 (48.4%) of 1030 mutations were
considered to occur prior to WGD. Seventy-five (92.6%)
of 81 TP53 mutations and 20 (90.9%) of 22 RBI mutations
arose before WGD. Binomial distribution test showed sig-
nificant enrichment of mutations in these two genes in
pre-WGD stage (both P < 0.001). The majority of APC
(87.5%) and NOTCHI (80.0%) mutations also occurred
prior to WGD. Instead, mutations in LRP1B, ERBB4, FAT4,
CSMD3, PCLO, reelin (RELN), and other genes tended to
occur after WGD. Given that a small number of clonal
mutations were observed to occur after WGD, we fur-
ther classified somatic mutations into pre-WGD clonal,
post-WGD clonal and subclonal based on their clonality
and temporal orders in relation to WGD (Figure 6A-B).
TP53, RBI, NOTCHI and APC mutations were mostly pre-
WGD clonal; LRPIB, ERBB4 and FAT4 mutations were
distributed relatively even in the three groups; mutations
in RELN and PCLO were typically subclonal.

The potential temporal relationship between two
somatic mutations (clonal-subclonal pair) in the same
patient was inferred [23]. The clonal mutation was con-
sidered to occur earlier than the subclonal mutation in
the same patient. TP53 somatic mutations were more
likely to occur prior to multiple recurrent mutations
in RELN, stromal antigen 3 (STAG3), HECT and RLD
domain containing E3 ubiquitin protein ligase 2 (HERC2),
CSMD3, PIK3C2G, FAT4, ERBB4, FOXA2, LRPIB and
RAN binding protein 2 (RANBP2) (all P < 0.05) (Figure
6C). Subsequently, LRP1B mutations showed a tendency
to occur earlier than PCLO, ERBB4 and PIK3C2G muta-
tions, FAT4 tended to be mutated earlier than FOXA2,
and CSMD3 was more likely to be mutated earlier than
nucleoporin 214 (NUP214) and megakaryoblastic leukemia
1 (MKLI). Moreover, clone-subclonal mutation pairs were
also frequently observed in RBI with HDACY, actin beta
(ACTB), RANBP2 and LRPIB, APC with HERC2 and
STAG3, and NOTCHI with RANBP2, PCLO and ERBBA4.

Taken together, we speculated that tumor cells first
gain clonal mutations in TP53, RBI, NOTCHI and APC,
followed by subsequent WGD and post-WGD clonal muta-
tions in other cancer-associated genes (LRPIB, CSMD3,
FAT4, ERBB4, and so on), and finally develop subclonal
mutations in RELN, PCLO, MKLI, and so on (Figure 6D).

Given the heterogeneity of driver mutations across
anatomic locations, our clonality and timing analyses were
further detailed by anatomic locations. Predominantly
clonal mutations were found in different genes at different
locations (the stomach: FAT3 and KMT2D; the esoph-
agus: cyclin-dependent kinase inhibitor 2A (CDKN2A)
and NOTCHLI, the colorectum: ERBB2, KRAS and BRAF;,
the small intestine: CTNNBI), except that TP53 and RBI
mutations were mainly clonal across all locations (Supple-
mentary Figures S9-12A). Subclonal mutations also varied
at different locations (the stomach: CSMD3, RELN, PCLO,
and so on; the esophagus: KMT2D, RELN, ARID3A, and
so on; the colorectum: HERC2, ARID3A, LRPIB, and so
on; the small intestine: CSMD3, HERC2). The distribu-
tion of pre-WGD clonal, post-WGD clonal and subclonal
mutations in cancer-associated genes was further analyzed
(Supplementary Figures S9-11 & S12B-D). Mutations in
TP53 and RBI (all locations), KMT2D and FAT3 (the stom-
ach), CDKN2A and NOTCHI (the esophagus), KRAS (the
colorectum), and APC (the stomach, colorectum and small
intestine) were mostly pre-WGD clonal. LRPIB, ERBB4 and
FAT4 mutations at the stomach were evenly distributed
among the three groups. Post-WGD clonal mutations
were observed in CSMD3 and FATI at the esophagus,
and RANBP2 at the colorectum. Notably, no post-WGD
clonal mutations were identified in small intestinal NECs,
probably due to the small sample size (n = 7). Sub-
clonal mutations were enriched in RELN and PCLO at the
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stomach, CSMD3 at the stomach and small intestine,
ARID3A at the esophagus and colorectum, LRPIB at the
colorectum, and HERC2 at the colorectum and small
intestine. The “clonal-subclonal” pairs were frequently
observed between TP53 and multiple genes (the stomach:
APC, LRPIB, CTNNBI, RELN and CSMD3; the esophagus:
FAT1, ARID3A, NGFI-A binding protein 2 (NAB2) and RBI,
the colorectum: APC, LRPIB, FATI, ARID3A, KRAS and
NRAS) (Supplementary Figure S9-11E). In gastric NECs,
recurrent “clonal-subclonal” pairs were observed between
LRPIB and PIK3CA, between PCLO and ERBB4, and
between RBI and CTNNDI/KMT2D. KMT2D tended to be
mutated earlier than CSMD3 and CTNNDI. In esophageal
NECs, FATI clonal mutations tended to pair with sub-
clonal mutations in MUC16, ARID3A and NAB2. CDKN2A
was more likely to be mutated earlier than NAB2, and
NOTCHI and RBI mutations tended to precede mutations
in RANBP2. In colorectal NECs, RBI tended to be mutated
before KRAS, while KRAS mutations tended to occur ear-
lier than mutations in FAT4. Besides, APC tended to be
mutated earlier than ARID3A and FAT4. Probably due to
the limited sample size of small intestinal NECs, no recur-
rent “clonal-subclonal” pairs were observed. The tempo-
ral order of somatic mutation acquisitions in GI-NECs
at the stomach, esophagus and colorectum were then
deciphered, respectively (Supplementary Figure S9-11F).
GI-NECs of the stomach, esophagus and colorectum first
gain clonal mutations in key driver genes including TP53
and RBI (all three anatomic locations), APC and KMT2D
(the stomach), NOTCHI and CDKNZ2A (the esophagus),
APC and KRAS (the colorectum), followed by subsequent
WGD and post-WGD clonal mutations in other cancer-
associated genes (the stomach: LRPIB; the esophagus:
CSMD3; the colorectum: RANBP2), and finally develop
subclonal mutations (the stomach: RELN and PCLO; the
esophagus: ARID3A; the colorectum: HERC?2).

3.10 | Survival analysis

Patients with gastric NECs had significantly longer OS
compared to those with GI-NECs of other locations (P
< 0.001) (Figure 7A-B). In addition, patients harboring

RBI bi-allelic inactivation with CNVs of 13q were observed
to have significantly shorter OS (P = 0.007) (Figure 7C).
In multivariate analyses, tumor location (P < 0.001) and
RBI bi-allelic inactivation status (P = 0.031) were both
independent prognostic indicators for OS in GI-NEC (Sup-
plementary Table S6). Similar trends were also found for
PFS, albeit no significance for RBI status in the univariate
analysis (Figure 7D-F, Supplementary Table S6).

4 | DISCUSSION

The present study revealed that GI-NECs showed distinct
genetic features from both their lung counterparts and
non-NECs in the same locations. Substantial heterogene-
ity in the genomic landscape was found across anatomic
locations rather than histological subtypes. Moreover,
potentially actionable alterations and prognostic factors
were revealed.

The concept of systemic treatment of GI-NECs was
mainly based on the experience in SCLCs [2]. Although
anatomic location-specific genetic variations were
revealed in gastroenteropancreatic NETs [25], it has not
been well demonstrated in GI-NECs, and thus site-specific
treatment remains unaffordable. We revealed substantial
tumor location heterogeneity in commonly mutated genes
and signaling pathways. NOTCHI1, FATI, ARID3A and
NFE2L2 were more frequently mutated in esophageal
NECs. Concordantly, NOTCH1 and FATI have recently
been reported to occur at a relatively high frequency
in esophageal small cell carcinomas [11]. Moreover, the
present study revealed that half of esophageal NECs har-
bored mutations in NOTCHI and other NOTCH pathway
genes. Mutational inactivation of NOTCH family genes
has also been found in up to 25% of SCLCs, and suggested
to cause neuroendocrine differentiation [4, 26]. LRPIB
mutation was mainly observed in gastric NECs. LRPIB
was previously identified as a novel tumor suppressor
gene for gastric cancer, and has been recently reported to
be associated with TMB and immunotherapy response in
a variety of cancers [27, 28]. We also observed that LRPIB
mutation was associated with higher TMB in GI-NECs. Its
predictive value for immunotherapy response in GI-NECs

commonly mutated cancer-associated genes in GI-NECs with WGD (bottom). (B) Cancer cell fraction of somatic mutations in canonical

cancer-associated genes in GI-NECs without WGD (upper) and with WGD (bottom). (C) Temporal ordering of somatic driver mutations in

canonical cancer-associated genes. The horizontal black line represents the occurring time of WGD, and genes with somatic mutations

mainly occurring before WGD are plotted above the line. The temporal ordering of recurrent clone-subclonal mutation pairs between two
genes are indicated with arrows. (D) A proposed model shows the temporal accumulation of multiple genetic alterations during

tumorigenesis in GI-NECs.

Abbreviations: WGD, whole-genome doubling; GI-NECs, neuroendocrine carcinomas of the gastrointestinal tract; Freq, frequency; NS, no

significant difference.
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FIGURE 7

Kaplan-Meier curves for OS and PFS in 143 GI-NECs. Significant differences in OS are observed across GI-NECs from

different anatomic locations (A, B) or RBI bi-allelic inactivation status (C). Borderline statistical significance (P = 0.05) in PFS is observed

across GI-NECs from different anatomic (D). Significant differences in PFS are observed between gastric NECs and non-gastric NECs (E). No

significance is observed between RBI bi-allelic inactivation status and PFS (F).
Abbreviations: GI-NECs, neuroendocrine carcinomas of the gastrointestinal tract; OS, overall survival; PFS, progression-free survival; bi,

bi-allelic inactivation; CN, copy number.

warrants further validation. Moreover, we revealed that
WNT signaling pathway genes were recurrently altered
in more than half of gastric NECs. Colorectal NECs har-
bored higher frequencies of APC, KRAS, BRAF, FBXW7,
SOX9 and MGA mutations. As for key pathways, 75% of
colorectal NECs harbored mutations in ERBB pathway
genes. Similarly, there was also substantial tumor location
heterogeneity of mutational signatures, CNVs, WGD
frequencies, and therapeutic and prognostic implications,
all indicating that different molecular mechanisms might
underlie the tumorigenesis and progression of NECs orig-
inating from different GI locations, justifying site-specific
treatment for GI-NECs.

Findings from recent research have revealed the molec-
ular differences between SCLCs and L-LCNECsS, raising
the possibility of stratified targeted treatment [3, 29]. How-
ever, it remains unknown whether a similar situation
could be observed in NECs arising from other locations.
The present study revealed that the genetic profiles were
highly concordant between GI-SCNECs and GI-LCNECs.
Our results suggested that it might be unnecessary to

histologically subclassify GI-NECs when the differential
diagnosis poses challenges in clinical practice, especially
on small biopsy samples.

It remains controversial whether the genetic charac-
teristics of GI-NECs were more similar to prototypic
lung NECs or non-NECs at the same locations. Li et al.
[11] reported that esophageal small cell carcinomas had
genomic and transcriptomic features highly similar to
SCLCs but distinct from esophageal squamous cell carci-
nomas or adenocarcinomas, while others concluded that
colorectal GI-NECs were often more similar to colorec-
tal adenocarcinomas than lung NECs [10, 30-32]. Our
results showed that GI-NECs harbored distinct genetic
alterations, albeit partially overlapping with both their
lung counterparts and non-NECs in the same locations.
Similar with NECs arising from other locations [3, 16],
TP53 and RBI were the two most frequently mutated
genes in our cohort of GI-NECs. However, GI-SCNECs
had a significantly lower frequency of RBI mutations than
SCLCs. Concordantly, RB1 mutation frequencies varied
considerably across different anatomic locations according
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to previous studies [4, 33, 34]. Moreover, multiple other
genes, including those detected in GI adenocarcinomas
(e.g., APC and CTNNBI), were also differentially mutated
between GI-NECs and their lung counterparts. Although
increasing evidence showed that the two distinct compo-
nents in mixed adenoneuroendocrine carcinomas of the
GI tract were genetically closely related, indicating a com-
mon monoclonal origin of the two components [31, 35],
the genetic differences between pure GI-NECs and non-
NECs at the same locations remained largely unknown.
To make our results easy to interpret and compare, only
pure NECs were included in our cohort by thorough
histological examination of surgically resected samples.
Consistent with previous studies [10, 31, 32, 36], we found
that GI-NECs shared some highly prevalent alterations
(APC, TP53, KRAS, BRAF, FBXW?7, and so on) with non-
NECs in the same location. However, we also revealed that
somatic mutations of PIK3CA, PTEN and SMAD4 were
extremely low in colorectal NECs, whereas these genes
are all well-known to be frequently mutated in colorec-
tal adenocarcinoma [37, 38]. Interestingly, Jesinghaus et al.
[31] found that APC was much less frequently mutated in
colorectal mixed adenoneuroendocrine carcinomas than
either colorectal NECs or adenocarcinomas, which might
provide a potential explanation for the wide range of
APC mutation frequencies in colorectal NECs in previous
studies [10, 31, 32, 36]. As for esophageal NECs, signifi-
cantly higher frequencies of NOTCHI, FAT and ARID3A
mutations were observed compared with esophageal squa-
mous cell carcinoma. Our results shed light on the
unique genetic features of GI-NECs, which were distin-
guished from lung NECs and non-NECs at the same
locations.

Kinesin family member-18A (KIF18A), a kinesin motor
protein involved in mitotic spindle control, has been
recently reported to be specifically required for the prolif-
eration of cancer cells with chromosomal instability [39].
Our results showed that CNV events were common in GI-
NECs and associated with TP53 inactivation, implicating
high chromosomal instability and potential therapeutic
opportunity for the inhibition of KIF18A in GI-NECs. Fur-
thermore, albeit obvious tumor location heterogeneity,
8q24.21 (MYC) and 19q12 (CCNEI) were commonly and sig-
nificantly amplified in GI-NECs, consistent with findings
from colorectal [10, 40] and gastric NECs [9]. In addition,
bi-allelic inactivation of TP53 and/or RBI was detected in
most GI-NECs, generally due to LOH events, demonstrat-
ing that frequent bi-allelic inactivation of these two tumor
suppressor genes is also the critical event in GI-NECs as
previously reported in SCLCs [4].

We further revealed that most GI-NECs harbored at
least one alteration with targeted therapeutic implica-
tions. Previous in vivo and in vitro studies showed that

these inhibitors, either alone or in combination treatment,
exhibited antitumor activity against NECs [26, 41-43]. Dif-
ferential targeted therapeutic implications across tumor
locations justify more effective treatment tailored to the
primary locations of origin. Moreover, TMB-H and MSI-H
occurred in a small proportion of GI-NECs, indicating the
possibility of immunotherapy in GI-NECs [44].

WGD is a common and distinguishing characteris-
tic of tumors, occurring early in tumorigenesis after an
antecedent transforming driver mutation and contribut-
ing to tumor evolution. The occurrence of WGD varied
substantially among different tumor subtypes [24]. We
revealed that most GI-NECs harbored WGD, probably due
to the highly frequent inactivation of TP53, which could
remove the major barrier to the proliferation of tumor cells
with WGD [45]. The potential of KIF18A as a therapeu-
tic target specific to tumors with WGD has been recently
reported [45]. Through relative timing of WGD events with
driver mutations, we proposed a temporal accumulation of
key genetic alterations during tumorigenesis of GI-NECs.
TP53, RBI, NOTCHI and APC mutations were considered
as major early driver events in GI-NECs. Supporting this
view, inactivating NOTCH mutations and activation of the
WNT signaling pathway in addition to P53 and RBI inacti-
vation might drive the early-stage carcinogenesis and thus
provide a preclinical rationale for therapeutically testing
WNT inhibitors in SCLCs [26, 46]. Considering the signif-
icant genetic heterogeneity in GI-NECs across anatomic
locations, it is not surprising to find that the relative
timing of genetic alteration accumulation varied across
different anatomic locations. APC and KMT2D, NOTCHI
and CDKNZ2A, APC and KRAS were major early driver
events for GI-NECs arising from the stomach, esophagus
and colorectum, respectively, also justifying site-specific
treatment for GI-NECs.

As we know, there is a lack of reliable prognostic factors
in GI-NECs. Importantly, the present study demonstrated
that both non-gastric location and RBI bi-allelic inacti-
vation with CNVs were independent prognostic factors
indicating worse OS for GI-NECs. Our results further
highlighted the tumor location heterogeneity and helped
recognize particularly high-risk GI-NECs. Interestingly,
RBI bi-allelic inactivation with CNVs has also been identi-
fied as an independent poor prognostic marker in multiple
myeloma [47].

The present study had several limitations. First,
although a large cohort of patients was recruited, the sam-
ple size of small intestinal NECs was too small to analyze
separately and draw meaningful conclusions. Second, only
genomic data were used in this study. Comprehensive
multi-omic profiling would provide a more in-depth
exploration of molecular characterization and hetero-
geneity in GI-NECs. In addition, due to the retrospective

35US017 SUOWIWOYD BAIIERID) 3|eat|dde ayy Aq pausenob ale sajonte YO ‘esn Jo Sa|ni oy Areiqi]auluQ A3[IAA UO (SUONIPUOD-PUR-SWIBILI0D A3 1M Afeiq 1 U1 |UO//SANY) SUORIPUOD pUe SWB | 81 39S *[2202/0T//2] uo ARliqiauluQ A3|IM BuIyDaURIY0D AQ 2/E2T 2989/200T 0T/I0p/Wod A3 Im Afeiq1pul|uo//sdny wolj papeojumo( ‘0 ‘8YSEEZSE



CANCER
8 | COMMUNICATIONS

WU ET AL.

and descriptive nature of this study, our findings require
further validation to guide clinical decision-making.

5 | CONCLUSIONS

GI-NECs showed substantial tumor location rather than
histology heterogeneity in mutational landscapes and sig-
natures, CNVs, and WGD frequencies with important
therapeutic and prognostic implications. GI-NECs har-
bored distinct genetic features from both lung NECs and
non-NECs at the same locations. Most GI-NECs harbor
putative clinically relevant alterations and WGD events.
Through relative timing of somatic mutations and WGD
events, a temporal accumulation of key genetic alterations
during tumorigenesis of GI-NECs was proposed. More-
over, non-gastric location and RBI bi-allelic inactivation
status were both independent poor prognostic factors for
GI-NECs.
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