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BACKGROUND: High-grade gastro-entero-pancreatic neoplasms (HG GEP-NENSs) can be stratified according to their morphology
and Ki-67 values into three prognostic classes: neuroendocrine tumors grade 3 (NETs G3), neuroendocrine carcinomas with Ki-

67 < 55% (NECs <55) and NECs with Ki-67 = 55% (NECs >55).

METHODS: We analyzed a cohort of 49 HG GEP-NENs by targeted Next-Generation Sequencing (TrueSight Oncology 500), RNA-seq,

and immunohistochemistry for p53, Rb1, SSTR-2A, and PD-L1.

RESULTS: Frequent genomic alterations affected TP53 (26%), APC (20%), KRAS and MEN1 (both 11%) genes. NET G3 were enriched
in MENT (p = 0.02) mutations, while both NECs groups were enriched in TP53 (p = 0.001), APC (p = 0.002) and KRAS (p = 0.02)

mutations and tumors with TMB = 10 muts/Mb (p = 0.01). No differentially expressed (DE) gene was found between NECs <55% and
NECs >55%, while 1129 DE genes were identified between NET G3 and NECs. A slight enrichment of CD4" and CD8™ T cells in NECs
and of cancer-associated fibroblasts and macrophages (M2-like) in NET G3. Multivariate analysis identified histologic type and Rb1

loss as independent prognostic factors for overall survival.

CONCLUSIONS: This study showed that GEP-NET G3 and GEP-NECs exhibit clear genomic and transcriptomic differences,
differently from GEP-NECs <55% and GEP-NECs >55%, and provided molecular findings with prognostic and potentially

predictive value.
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BACKGROUND

Gastro-entero-pancreatic neuroendocrine neoplasms (GEP-NENs)
are a heterogeneous group of malignancies with neuroendocrine
differentiation. According to WHO 2019 [1] and 2022 [2] criteria,
GEP-NENs are currently classified as: i) neuroendocrine tumors
(NETSs), ii) neuroendocrine carcinomas (NECs), and iii) mixed non-
neuroendocrine-neuroendocrine neoplasms. GEP-NETs should be
graded on the basis of Ki-67 proliferation index.

International clinical guidelines [3, 4] recognize GEP-NET G3 and
GEP-NECs as a common overarching concept called High-Grade
Gastro-entero-pancreatic Neuroendocrine Neoplasms (HG GEP-
NENs), whilst acknowledging the importance of the distinction
between GEP-NET G3 and GEP-NECs for prognostic and ther-
apeutic purposes. GEP-NECs have a poor prognosis with a median
overall survival (OS) <1 year in advanced, treated cases and the
treatment of choice is platinum-based chemotherapy (PBC) [5, 6];

GEP-NETs G3 have better survival outcomes than GEP-NECs, tend
to metastasize early, and are treated with systemic non-PBC [7].
Milione et al. [8] identified and validated three HG GEP-NENs
subgroups with prognostic relevance: well-differentiated neo-
plasms with Ki-67 proliferative index =20%, and poorly differ-
entiated GEP-NENs with Ki-67 index <55% or =55%. Moreover,
results from the NORDIC NEC study [5] suggested that Ki-67 index
of 55% may be a useful cut-off to better stratify HG GEP-NEN
patients in terms of response to PBC and OS. Other studies
demonstrated the prognostic value of Ki-67 with a cut-off of 55 in
HG GEP-NENs [7, 9, 10]. Conversely, Elvebakken et al. confirmed
that GEP-NEC with Ki-67 > 55% had a significantly better response
rate to chemotherapy compared to GEP-NECs with Ki-67 < 55%,
but no difference in OS between GEP-NECs <55% and GEP-NECs
>55% was found [11]. The prognostic role of Ki-67 labeling index
255% has been included in ENETS guidelines since 2016 [3, 12],
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thus recognizing it as a powerful tool for patient stratification in
GEP-NENs. Moreover, there is increasing evidence that alkylating-
based chemotherapy should be considered for GEP-NECs <55%
[13].

GEP-NECs usually harbor TP53 or RB1 mutations, while MENT,
DAXX, and ATRX mutations are distinctive for well-differentiated
pancreatic GEP-NETs [14]. A recent study by Puccini et al. [15] has
shown that HG GEP-NENs and low-grade (LG) GEP-NENs are
molecularly distinct entities. In fact, TP53 and RBT as well as KRAS,
APC, BRAF, and PI3KCA were frequently mutated in HG but not in
LG GEP-NENs. However, unlike GEP-NECs, GEP-NETs G3 retain the
mutation profile of other well-differentiated NETs, with frequent
mutations in MENT, ATRX, DAXX, SETD2 and TP53 [16]. According to
Hijioka et al. [17], KRAS mutations and Rb loss are favorable
predictors of response to PBC in pancreatic HG NENs. On the other
hand, Elvebakken et al. found no predictive role of KRAS mutations
in treatment effect in a cohort of HG GEP-NENSs [18]. Additionally,
NECs with microsatellite instability (MSI) have been reported to
have a better prognosis than their microsatellite stable (MSS)
counterpart [19, 20].

As for transcriptomic profiling, no study has focused on HG GEP-
NENSs until now. Yachida et al. performed RNA-seq on a cohort of
115 GEP-NENs [21]. Transcription factors for neuroendocrine
differentiation, especially the SOX2 gene, appeared overexpressed
in most gastrointestinal NECs.

To date, the classification of HG GEP-NENs by morphology and
proliferation rate remains the most reliable method for patient
prognostication and therapeutic stratification based on response
to chemotherapy [11]. However, HG GEP-NENs therapeutic
approach is still lacking effective targeted treatments and reliable
biomarkers to stratify patient prognosis and response to standard
chemotherapy.

METHODS

Patients and samples

This study was performed according to the clinical standards of the 1975
and 1983 Declaration of Helsinki and was approved by the Ethical
Committee of Fondazione IRCCS Istituto Nazionale dei Tumori (INT), Milan,
Italy (n® INT 21/16). All patients had signed an informed consent for the use
of their data for research purposes.

Between 2010 and 2020, the surgical pathology and clinical databases of
INT (an Excellence Centre for the therapy of NENs) were retrospectively
searched and patients with one of the following diagnoses were selected:
“neuroendocrine neoplasm”, “NET” and “NEC” (Supplementary informa-
tion). Adopted exclusion criteria were: i) cases with mixed neuroendocrine
and non-neuroendocrine components; ii) cases with inadequate material
for NGS analysis; iii) not GEP origin.

Selected cases were studied applying tumor grading according to WHO
2019 [1] and WHO 2022 [2], and tumor staging (TNM) according to the
Union for International Cancer Control/American Joint Committee on
Cancer (8th edition was applied UICC/AJCC) [22].

Thus, a series of 49 formalin-fixed and paraffin-embedded (FFPE) HG
NENs samples was included in the present study. All the samples were
surgical resection specimens.

Immunohistochemistry (IHC)

The immunohistochemical study included the detection of the following
markers: a) Chromogranin-A and Synaptophysin (general neuroendocrine
markers) to confirm the neuroendocrine differentiation; b) Ki-67 labeling
index calculation, using the MIB antibody and expressed as a percentage
of at least 500 cells counted in areas of strongest nuclear labeling (hot
spots) as suggested in the gastroenteropancreatic neuroendocrine tumor
WHO 2019 [1] and 2022 [2] guidelines; c) Rb1 was considered positive
regardless of the number of positive cells and negative in case of loss in all
tumor cells; d) p53 was considered aberrant in the presence of complete
loss of nuclear expression in tumor cells with positive stromal cells as
internal control (i.e, null phenotype) or overexpressed if strong nuclear
expression was present in >20% of tumor cells; p53 heterogenous
expression was considered as normal [23, 24]; e) Somatostatin receptor 2A
(SSTR-2A) assessed according to Volante et al. [25] (positive: 24, 3+;

negative: 0, 1+ score); f) PD-L1 was evaluated separately in neoplastic cells
and in intra-tumor lymphocytes.

IHC was performed using the antibodies listed in Supplementary
Table S1. IHC slides were jointly evaluated by three pathologists (MM, VA,
and GS).

Tissue collection and nucleic acid isolation

Five 10-um paraffin embedded sections were used to extract the DNA,
using the QIAmpFFPE tissue Kit (Qiagen) according to the manufacturer’s
instructions. Quantification of extracted DNA was done using the Qubit®
3.0 fluorometer and the Qubit® DNA BR Assay kit (Thermo Fisher Scientific).
An equal number of sections for the same sample were used to extract the
total RNA, using the ReliaPrep™ RNA Tissue Miniprep System (Promega)
according to the manufacturer’s instructions. Quantification of extracted
RNA was done using the Qubit® 3.0 fluorometer and the Qubit® RNA HS
Assay kit (Thermo Fisher Scientific).

Genomic profiling by TSO500

120 ng of DNA and 200 ng of RNA were used for TruSight Oncology 500
(TSO500). DNA fragmentation was performed using the Covaris (Woburn,
MA) M220 focused-ultrasonicator. The library was prepared manually
according to the manufacturer's protocol. The Qubit dsDNA HS Assay Kit
(Thermo Fisher Scientific) was used to quantify the hybridization capture-
enriched NGS libraries before library normalization. NGS sequencing was
performed on a NextSeq 550 instrument (lllumina) with eight DNA and
eight cDNA libraries per sequencing run. The manufacturer's quality
control criteria were used to determine whether result was valid, median
insert size >70 bp, median exon coverage =100 count, and percentage of
exons with coverage of at least 100 count >90%. For the analysis of
alterations (single nucleotide variants [SNVs], deletions, insertions, and
fusions), tumor mutational burden (TMB) and percentage of MSI the Pierian
platform was used.

Mutational signature analysis

The contribution of COSMIC mutational signatures in targeted sequencing
data was calculated using the deconstructSigs R package. Cases with a
small number of mutations (<50) were excluded from deconstructSigs
analysis. Clustering by contribution of mutational signatures was
performed using unsupervised hierarchical clustering with cosine distance
and Ward linkage.

RNA-seq gene-expression profiling

Briefly, 50ng of total RNA have been used to create the libraries,
accordingly to the manufacturer’s instructions SMARTer Stranded Total
RNA-Seq Kit v3 - Pico Input Mammalian. The kit features a workflow that
retains strand information and incorporates indexes and adapters during
the reverse-transcription and PCR-amplification steps. Libraries were
quantified using the Qubit 4.0 fluorometer (Thermo Fisher Scientific,
Milan, Italy) and quality was checked using 4200 Tape Station (Agilent) and
pooled to equimolar concentration. The Next-generation sequencing (NGS)
was performed on a NovaSeq Platform (lllumina).

Data processing and bioinformatics analysis - RNA

Quality check of the raw sequencing reads was performed using FastQC
(v0.11.9). Quality filtering and check of the reads was performed using
Fastp (v0.20.1) with the following set of parameters: length_required = 36,
cut_right, cut_right_window_size = 4, cut_right_mean_quality = 15, trim_-
poly_g, overrepresentation_analysis.

The alignment of high-quality reads on the reference human genome
GRCh38 (Gencode release 37) was performed using STAR (v2.7.8a). The
quality control of the alignments was performed using RSeQC v4.0.0.

Counts were normalized and transformed using the “DESeq2” package
for R [26]. The expression data were subjected to quality control using the
workflow defined by Law et al. [27]. Visualization and clustering were
performed using the “ComplexHeatmap” package for R [28].

A sample map was obtained using the Uniform Manifold Approximation
and Projection (UMAP) method on the genes with the most variable
expression genes (genes considered explained the 70% of the total
variance). UMAP is a dimensionality reduction method based on manifold
learning techniques, which are adapted to non-linear data in contrast with
the commonly used principal component analysis (PCA) method. First, it
builds a topological representation of the high-dimensional data, and
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second, it finds the best low-dimensional representation of this topological
structure [29]. UMAP representations were generated using the umap
function from the R package umap (v. 0.2.5.0)[Konopka T (2019) umap:
Uniform Manifold Approximation and Projection]. All the parameters were
set to their default values except then neighbors’ parameter. This
parameter defines the number of neighbors considered to learn the
structure of the topological space. Varying this parameter from small to
large values enables the user to find a trade-off between local and global
preservation of the space, respectively. We built the sample map by setting
the n_neighbors parameter to the total number of samples.

Differential expression analysis between groups was performed using
Deseq2 algorithm. A gene was considered differentially expressed if it
showed an adjusted P-value under 0.05. Cancer and biological signatures
were retrieved from Hallmark pathways and C2 signatures of MSigDB and
the cluster-specific enriched gene sets using the normalized count matrix
was determined. We applied GSEA using GAGE [30] R package between
clusters to get pairwise significant up and down-regulated pathways. An
approach based on the ssGSEA score was used for determining the
signatures differently enriched between all the clusters. We performed a
z-score normalization of the pathway scores in the clusters. A positive
correlation between the sample and the specific pathway is represented
by a z-score >0. We considered only the differently related pathways (p-
value <0.05 according to Benjamini-Hochberg test). All samples were
grouped according to their molecular class.

Statistics

Data were analyzed by descriptive statistics. Associations between
clinicopathological and molecular features and GEP-NETs G3, GEP-NECs
with Ki-67 index <55% (GEP-NECs <55%) and GEP-NEC with Ki-67 index
>55% (GEP-NECs >55%) were assessed using the Fisher exact test for
categorical variables and Kruskal-Wallis test for continuous variables. OS
was assessed from the date of diagnosis to the date of death or last follow-
up. Progression-free survival (PFS) of chemotherapy was assessed from the
start of the therapy to the date of first relapse, death, or last follow-up,
whichever occurred first. OS and PFS curves were drawn using the
Kaplan—-Meier method. The log-rank test was used to assess the survival
difference between patients’ groups. Univariable and multivariable Cox
proportional regression models were used to assess the association
between clinicopathological characteristics and OS. Hazard ratios (HR) are
presented with respective 95% confidence interval (Cl). Data analysis was
performed using the R environment for statistical computing and graphics
(R Foundation, Vienna, Austria - Version 4.0.3). All tests were two-sided and
p-values < 0.05 were considered statistically significant.

RESULTS

Patient and tumor characteristics

Among the 49 HG GEP NENs included in this study, 21 (42.9%)
were GEP-NETs G3, 12 (24.5%) GEP-NECs <55% and 16 (32.6%)
GEP-NECs >55%. The most frequent primary sites were pancreas
(44.9%), colon-rectum (24.4%), and stomach (14.3%). In our cohort,
the GEP-NETs G3 group was enriched in primitive pancreatic
tumors (14/21, p =0.02).

The median age of the patients was 61 (range 21-87) and the
male-to-female ratio was 1.7. Most patients (89.4%) received
adjuvant systemic therapy, including 30 patients (63.8%) who
received chemotherapy. None of the patients received neoadju-
vant treatment. Overall, 40 primary tumor samples and 9
metastatic site samples were included. Most tumors (63.8%) were
diagnosed at stage IV.

The clinico-pathologic features of the cohort according to
morphology and Ki-67 are reported in Table 1, whereas according
to WHO class in Supplementary Table S2.

Immunohistochemical analysis

All 49 samples were subjected to IHC analysis. Aberrant p53
expression was observed in 55.1% of tumors; either complete loss
(38.8%) or overexpression (16.3%). Aberrant p53 expression was
more frequent in GEP-NECs >55%, followed by GEP-NET G3 and
GEP-NECs <55% (42.9% vs 58.3% vs 68.7%), without reaching
statistical significance.
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Rb1 loss was detected in 50.0% of GEP-NECs >55%, and in 8.3%
of GEP-NECs <55% and 4.8% of GEP-NET G3 (p = 0.002).

SSTR-2A expression (score 2-3) was higher in GEP-NET G3
(71.4%), than in GEP-NECs >55% (41.7%) and GEP-NECs <55%
(37.5%), without reaching statistical significance (p = 0.09).

When comparing primary tumor sites, HG colorectal NENs had a
higher frequency of tumors with Rb1 loss (50.0%), followed by HG
gastroesophageal NENs (30.0%) (p = 0.03). Colorectal and pan-
creatic NECs were enriched in p53 aberrant tumors (p = 0.004).

PD-L1 expression was absent both in neoplastic cells and in
intra-tumor lymphocytes in all cases of our cohort.

The immunohistochemical features of the cohort according to
morphology and Ki-67 are reported in Table 1 and Fig. 1.

Genomic profile of HG GEP-NENs

The molecular features of the cohort according to morphology
and Ki-67 indexes are reported in Table 1. The clinico-pathologic
and molecular features of our cohort according to frequent
mutations are reported in Supplementary Table S3.

Genomic profiling was performed in 46 of the 49 cases, because
three samples yielded low DNA quality/quantity. Across the whole
cohort the most frequently mutated genes were TP53 (26.1%), APC
(19.6%), KRAS (10.9%), and MENT (10.9%); mutations in ATM, BCOR,
FBXW?7, FGFR2, MSH2, NBN, PI3KC3B, POLE, RB1, SETD2, and VHL
genes were detected in 6.5% of patients (Fig. 2a). The analysis also
identified amplifications in MYC and FGFRT in two samples (each
4.3%) and amplifications in FGF5, MDM4, CCND3, FGF10, RICTOR,
NRG1, MDM2 and CDK4 genes in one sample (each 2.2%). Five
fusion genes were detected (SLC37AT1:ERG, CNTN5:KMT2A, SEL1L::-
EGFR, FLT1:HUWE1, HFM1:ETV1, and BCL2:KCTD1), each in one
sample (2.2%). Mutually exclusive and co-occurring analysis
highlighted a co-occurrence between mutations in APC and KRAS
(p=0.003), APC and TP53 (p=0.0004), and KRAS and TP53
(p =0.0006). 22

Overall, the median TMB was 4.0 muts/Mb; 18.6% of tumors had
a TMB=10 muts/Mb and 4.7% of tumors (two cases) had a
TMB = 20 muts/Mb. Of note, one of the two cases with a very high
TMB (TMB =20 muts/Mb) was a POLE-mutated (S297F) rectal
NEC > 55% with a TMB of 46.4 muts/Mb.

MSI status was evaluated in 19 GEP-NET G3, 8 GEP-NECs <55%,
and 14 GEP-NECs >55%. Only one MSI case was found in our
cohort (2.4% of HG GEP-NENSs and 4.5% of GEP-NECs), a colo-rectal
(sigma) GEP-NECs =55% harboring an MSH2 mutation
(Q518Vfs*10) with a TMB of 79.3 muts/Mb.

GEP-NET G3. Among 21 GEP-NET G3, the most frequently
mutated genes were MENT (23.8%) and VHL (14.3%). All MEN1
mutations and two out three VHL mutations were found in
pancreatic NETs G3. Of note, both gastric NETs G3 were POLE-
mutated. Amplifications in MDM4 and CCND3 and fusions in
SEL1L:EGFR, and HFM1:ETV1 were detected in one sample each
(4.8%). Only one case (5.0%) had a TMB =10 muts/Mb.

GEP-NECs. Among 25 GEP-NECs, the most frequently mutated
genes were: TP53 (44.0%), APC (36.0%), KRAS (20.0%), FBXW7
(12.0%), RB1 (12.0%), and SETD2 (12.0%). Amplifications in MYC
and FGFR1 were found in two cases each (8.0%) and fusions in
SLC37AT1:ERG, CNTN5:KMT2A, FLT1:HUWET, and BCL2:KCTD1 were
detected in one sample each (4.0%). Overall, 30.4% of GEP-NECs
had a TMB = 10 muts/Mb.

In the subset of GEP-NECs <55% (n = 11), the most common
genetic alterations were mutations in APC (36.4%), TP53 (27.3%),
and SEDT2 (18.2%), and 11.1% of cases had TMB 10 muts/Mb.

Among GEP-NECs >55% (n=14), the most common genetic
alterations were mutations in TP53 (57.1%), APC (35.7%), KRAS
(28.6%), and FBXW7 (21.4%), and 42.9% of cases had TMB =10
muts/Mb.
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Table 1. Characteristics of patients with high-grade neuroendocrine neoplasms according to morphology and Ki-67
All patients NET G3 NEC< 55% NEC=> 55% p-value® p-value®
Total 49 (100) 21 (100) 12 (100) 16 (100)
Gender
Female 18 (36.7) 8 (38.1) 6 (50.0) 4 (25.0)
Male 31 (63.3) 13 (61.9) 6 (50.0) 12 (75.0) 0.4 0.2
Age
Mendian [range] 61 [21-87] 58 [21-80] 59 [26-87] 66 [39-76] 0.4 0.2
Stage
| 1(2.1) 1(4.8) 0 (0.0) 0 (0.0)
1l 3 (6.4) 0 (0.0) 2 (18.2) 1(6.7)
LI} 13 (27.7) 6 (28.6) 3 (27.3) 4 (26.7)
\Y 30 (63.8) 14 (66.7) 6 (54.6) 10 (66.7) 0.6 0.8
Site Origin
Colorectal 12 (24.5) 2 (9.5) 4 (33.3) 6 (37.5)
Gastroesophageal 9 (18.4) 2 (9.5) 2 (16.7) 5(31.3)
lleum-duodenum-gallbladder 6 (12.2) 3(14.3) 1(8.3) 2 (12.5)
Pancreas 22 (44.9) 14 (66.7) 5 (41.7) 3(18.7) 0.07 0.7
Site Primitive
Pancreas 22 (44.9) 14 (66.7) 5 (41.7) 3 (18.8)
Other 27 (55.1) 7 (33.3) 7 (58.3) 13 (81.2) 0.02 0.2
Therapy
None 5(10.6) 3 (14.3) 1(9.1) 1(6.7)
Chemotherapy 30 (63.8) 10 (47.6) 7 (63.6) 13 (86.7)
Others 3 (6.4) 2 (9.5) 1(9.1) 0 (0.0)
SSA 9 (19.1) 6 (28.6) 2 (18.2) 1(6.7) 04 0.5
Molecular Features
TMB
Mendian [range] 4.0 [0.8-79.3] 3.9 [0.8-14.9] 3.9[0.8-11.2] 7.5 [1.6-79.3] 0.07 0.1
TMB
<10 35 (81.4) 19 (95.0) 8 (88.9) 8 (57.1)
>10 8 (18.6) 1 (5.0 1(11.1) 6 (42.9) 0.01 0.2
TP53
WT 34 (73.9) 20 (95.2) 8 (72.7) 6 (42.9)
Mutated 12 (26.1) 1 (4.8) 3 (27.3) 8 (57.1) 0.001 0.2
APC
WT 37 (80.4) 21 (100.0) 7 (63.6) 9 (64.3)
Mutated 9 (19.6) 0 (0.0) 4 (36.4) 5 (35.7) 0.002 1.0
KRAS
WT 41 (89.1) 21 (100.0) 10 (90.9) 10 (71.4)
Mutated 5(10.9) 0 (0.0) 1(9.1) 4 (28.6) 0.02 0.3
MENT
WT 41 (89.1) 16 (76.2) 11 (100.0) 14 (100.0)
Mutated 5 (10.9) 5(23.8) 0 (0.0) 0 (0.0) 0.06 -
Immunohistochemical Markers
p53
Heterogeneus 22 (44.9) 12 (57.1) 5 (41.7) 5(31.3)
Overexpressed or absent 27 (55.1) 9 (42.9) 7 (58.3) 11 (68.7) 0.28 0.04
Rb1
Absent 10 (20.4) 1(4.8) 1(8.3) 8 (50.0)
Present 39 (79.6) 20 (95.2) 11 (91.7) 8 (50.0) 0.002 0.04
SSTR-2A
Absent (0-1) 23 (46.9) 6 (28.6) 7 (58.3) 10 (62.5)
Present (2-3) 26 (53.1) 15 (71.4) 5 (41.7) 6 (37.5) 0.09 1.0

The values in bold corresponding to the columns (p-values) indicate statistically significant values (i.e. < 0.05).

NET neuroendocrine tumor, NEC neuroendocrine carcinoma, SSA somatostatin analogues, TBM tumor mutational burden, TP53 tumor protein 53 gene, WT wild
type, APC adenomatous polyposis coli gene, KRAS Kirsten rat sarcoma virus gene, MENT multiple endocrine neoplasia type 1 gene, p53 tumor suppressor p53,
Rb1 retinoblastoma-associated protein, SSTR-2A somatostatin receptor 2 A.

2p-value based on the Fisher’s exact for categorical variables or Kruskal-Wallis test for continuous variables.

Pp-value evaluated in NEC only.
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aberrant (overexpression) in GEP-NEC < 55% and GEP-NEC > 55%, Rb1 is lost in the GEP-NEC > 55%, and SSTR2A expression is present in the
GEP-NET G3. GEP gastroenteropancreatic, NET neuroendocrine tumor, NEC neuroendocrine carcinoma; NEC < 55%, NEC with Ki-67 < 55%;
NEC = 55%, NEC with Ki-67 > 55%, E&E hematoxylin and eosin, SYN synaptophysin, MIB antibody for detecting the Ki-67 antigen, p53 tumor
suppressor p53, Rb1 retinoblastoma-associated protein, SSTR-2A somatostatin receptor 2A.

Genomic differences between GEP-NET G3, GEP-NECs < 55% and
GEP-NECs = 55%. GEP-NET G3 carried a higher frequency of
genetic alterations in MENT (23.8% vs 0% vs 0%; p =0.02). On
the other hand, GEP-NECs >55%, followed by GEP-NECs <55%
showed a higher frequency of genetic alterations in TP53 (57.1% vs
27.3% vs 4.8%; p = 0.001), APC (35.7% vs 36.4% vs 0.0%; p = 0.002)
and KRAS (28.6% vs 9.1% vs 0.0%; p =0.02). GEP-NECs >55%,
followed by GEP-NECs <55%, were enriched in tumors with
TMB = 10 muts/Mb (42.9% vs 11.1% vs 5.0%; p =0.01).

Genomic profile of HG GEP-NENs according to the primary
tumor site

Among HG non-pancreatic NENs (n=26), the most frequent
mutations were: TP53 (34.6%), APC (30.8%), KRAS (15.4%), FBXW7
(11.5%), POLE (11.5%), and RB1 (11.5%). Conversely, the most
frequent mutations of HG pancreatic NENs (n = 22) were: MENT
(22.7%), TP53 (13.6%), FGFR2 (13.6%). Overall, the distribution of
mutations in TP53 (p = 0.007), APC (p = 0.001), and KRAS (p = 0.03)
was significantly different when comparing colorectal, gastro-
esophageal, small bowel-biliary tract and pancreatic primary site.
Of note, HG colorectal NENs (n = 12) had the highest frequency of
mutations in TP53 (58.3%), APC (77.8%), and KRAS (80.0%).

Integrative IHC and genomic analysis

Tumors with Rb1 loss had a higher frequency of cases with
TMB = 10 muts/Mb, in comparison with tumors with retained Rb1
(44.4% vs 11.8%, p = 0.045). Aberrant p53 staining was associated
with mutations in TP53 (p = 0.01) and APC (p = 0.02). Loss of Rb1
was associated with mutations in TP53 (p = 0.005). Overall, p53
IHC yields a rate of false negatives of 9.1% and a rate of false
positives of 58.3% when compared to TP53 mutational analysis
(Supplementary Table S4).

Mutational signatures

Mutational signature analysis was obtained for 45 of 49 cases. The
most frequent signatures were SBS30, SBS6, SBS32 and SBS19,
which are associated with different defective DNA repair
mechanisms. Of note, the SBS3 signature related to defective
Homologous Recombination DNA repair deficiency (HRD)/BRCA1/2
mutation was identified in 5 samples. SBS29 signature related to
tobacco chewing was observed in other 5 samples. None of the
POLE-mutated samples showed the SBS10a/b signature, asso-
ciated with hypermutator tumors [two out of three POLE
mutations were truncating and are not associated with a
hypermutator phenotype [31]]. Similarly, the sample harboring a
BRCA2 mutation did not show the SBS3 signature, possibly
because it was a variant of uncertain significance (Fig. 2b).
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Gene expression profiles of GEP-NET G3 vs GEP-NECs

Due to preanalytical issues, RNA-seq was performed for 48 of the
49 RNA-suitable HG GEP-NENs. To identify the differentially
expressed (DE) genes between GEP-NET G3, GEP-NEC < 55%, and
GEP-NEC > 55%, a supervised approach was used as follows. The
cohort was divided into three groups (GEP-NET G3, GEP-NEC <
55%, GEP-NEC =55%), and each group was compared to the
others (GEP-NET G3 vs GEP-NEC <55% vs GEP-NEC>55%) in a
pairwise comparison. As a result, we obtained 1574 DE genes for
GEP-NET G3 vs GEP-NEC =55, 0 DE genes for GEP-NEC < 55% vs
GEP-NEC=55% and O DE genes for GEP-NET G3 vs GEP-
NEC < 55%. We subsequently merged the GEP-NEC <55% and
GEP-NEC > 55 categories, as part of the same morphologic entity
of GEP-NECs. Thus, we obtained two groups: GEP-NET G3 and GEP-
NECs. A pairwise DE analysis was performed on these two
categories (GEP-NET G3 and GEP-NEC) and a total of 1129 DE
genes were identified using an adjusted p-value<0.05 as a
significance threshold (Fig. 3a).

Gene set enrichment analysis (GSEA) performed on the two
defined groups an association between adipogenesis, pancreatic
beta cells and heme metabolism signatures with GEP-NET G3. This
result was probably obtained due to the enrichment of pancreatic
samples (p=0.02). Conversely, the GEP-NECs group showed
enrichment in Wnt-Beta catenin and Myc downstream signaling,
DNA repair and mitogenic signaling (Fig. 3b).

Gene expression profiles of pancreatic and non-pancreatic HG
GEP-NENs

An expression-based molecular map was developed using UMAP
method to understand the topological relationships between
samples. A clear separation was observed between GEP-NET G3
and GEP-NEC > 55% samples while GEP-NEC < 55% samples were
differently distributed between two separated groups (Supple-
mentary Fig. S1).

We subsequently divided the cohort according to the primary
site in pancreatic (Pan) and non-pancreatic (Non-pan) samples to
investigate the transcriptomic profile according to the tumor site.
DE analysis was performed between 13 Pan-NET G3 and 8 Pan-
NECs, but no DE genes were identified. When applying the same
procedure on 8 Non-pan-NET G3 and 20 Non-pan-NECs, the analysis
identified 450 DE genes (Supplementary Fig. S2A). ASPM, CDCA?7,
CENPF and EPHB2 were upregulated in Non-pan-NET G3 while
CDHR3, FTCD, PTPRN and SERPINAT in Non-pan-NEC (Supplementary
Fig. S2B). Using GSEA, we observed that the Non-pan-NEC group
was enriched in mitogenic processes, MYC and WNT signaling
signatures. Conversely, adipogenesis was the only signature
associated with Non-pan-NET G3 group (Supplementary Fig. S2C).
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Fig. 2 Genetic alterations and molecular signatures of high-grade GEP-NENs. a Oncoplot summarizing the genomic findings of 46 high-
grade neuroendocrine neoplasms according to morphology and Ki-67. b Representation of COSMIC mutational signature analysis performed
in 45 high-grade neuroendocrine neoplasms. NET neuroendocrine tumor, NEC neuroendocrine carcinoma.

Immune microenvironment

Next, we analyzed the gene expression profile related to the
immune microenvironment. A low leukocyte infiltrate was globally
observed in all samples. Moreover, enrichment of cancer-
associated fibroblast (CAF), macrophages M2-like and endothelial

cells was observed in GEP-NET G3 samples. Differently, the GEP-
NEC group was enriched in CD4" and CD8" T cells. Among
immune-related genes, CTLA4 was up-regulated in GEP-NECs
samples but the CTLA4 blockade signature was not overexpressed
in GEP-NECs (Supplementary Fig. S3).
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Fig. 3 Transcriptomic profiling and pathway analysis of high-grade GEP-NENs. a Differential gene expression analysis of 48 high-grade
neuroendocrine neoplasms, divided into neuroendocrine tumors (NET) G3 and neuroendocrine carcinomas (NECs). The expression values of
the 1129 genes identified are arranged in rows. b Representation of up- and down-regulated pathways in NET G3 and NECs. Color legend: red

and blue indicate high and low expression, respectively.

Possible association between replication stress and disease
progression after chemotherapy
Thirty of 48 patients underwent chemotherapy: 10 GEP-NET G3
and 20 GEP-NEC patients. Only patients with progressive disease
(PD) and stable disease (SD) were included in the analysis, patients
with partial responses were excluded. As a result, 9 GEP-NET G3
and 17 GEP-NECs samples were analyzed.

The GEP-NEC cohort included 17 patients, of which 4 were Pan
and 13 Non-pan tumors. At follow-up 7SD and 10 PD were
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reported. Supervised DE analysis between the PD and SD groups
did not identify any DE genes, but showed a higher expression of
ARG2, E2F8, FAM222A and UHRF1 in the PD group, without
reaching statistical significance (Supplementary Fig. S4A). Simi-
larly, the GSEA showed an enrichment of several pathways implied
in replication stress. Oncogene-selected expression analysis
showed overexpression of AURKA, CDC6, CDCA5, CCNE2, DEK,
E2F1, HRAS and MYBL2 genes in PD group, while CCND2, CCND3
and STAT5A genes were overexpressed in the SD group
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Fig. 4 Survival outcomes in high-grade GEP-NENSs. a Overall survival according to morphology and Ki-67. b Progression-free survival (PFS)
after first-line chemotherapy in colorectal neuroendocrine carcinomas (NECs) vs NECs from other sites.

(Supplementary Fig. S4B). Of note, three of the PD samples with
replicative stress signature showed the SBS3 signature in 2 cases
and a truncating mutation in BRCA2 gene in one sample. The
SBS3 signature was observed only in 1 sample without replicative
stress signature and SD performance.

The same analysis performed on GEP-NET G3 cohort did not
identify any DE genes or enrichment in specific pathways.

Survival analysis

Survival analysis demonstrated the worst OS for GEP-NECs >55%,
followed by GEP-NECs <55% (p <0.0001) (Fig. 4a). p53 aberrant
expression (p = 0.01), Rb1 absence of expression (p = 0.003), SSTR-2A
absence of expression (p = 0.02), TP53 (p = 0.0002), APC (p < 0.0001),
KRAS (p = 0.001) mutations and wild-type MENT (p = 0.04) were also
associated with worse OS at univariate analysis. At multivariate
analysis, histologic type, and Rb1 absence of expression proved to be
independent prognostic factors for OS (Table 2).

When analyzing only the GEP-NET G3 subgroup, SSTR-2A
expression proved to be associated with improved OS
(p =0.00036) (Supplementary Fig. S5). When analyzing only the
GEP-NEC subgroup, at univariate analysis, stage IV (p = 0.045), Rb1
absence of expression (p=0.03), TP53 (p=0.02) and APC
mutations (p = 0.04) were associated with worse OS (Supplemen-
tary Figs. S6 and S7). At multivariate analysis, histologic type (GEP-
NECs =55% vs GEP-NECs <55%) and primary site were indepen-
dent prognostic factors (Supplementary Table S5).

Moreover, PFS after first-line chemotherapy was significantly
worse for colorectal NECs (p =0.032) than for NECs from other
sites (Fig. 4b).

CONCLUSIONS
HG GEP-NENSs are a heterogeneous group of rare neoplasms with
an unfavorable prognosis. Based on morphology and Ki-67, three
groups with prognostic significance have been identified: GEP NET
G3, GEP-NECs <55%, and GEP-NECs >55%. GEP-NECs <55% show
lower response rates to PBC in comparison with GEP-NECs >55%.
Moreover, there is increasing evidence that alkylating-based
chemotherapy should be considered for GEP-NECs <55% [13].
However, the molecular landscape of these prognostic groups has
never been analyzed before.

Overall, as previously reported by Venizelos et al. [16], TP53, APC,
and KRAS were the most frequently mutated genes in our cohort

of HG GEP-NENs. However, Venizelos et al. [16] reported a higher
prevalence of mutations in these genes due to the enrichment of
NECs in their cohort of HG GEP-NENs. In our series, we clearly
showed that the genetic alterations found in GEP-NET G3 were
different from those found in GEP-NECs <55% and GEP-NECs
>55%, and none of the most frequently altered genes in GEP-NET
G3 (MEN1, VHL, ATRXX), except for POLE, was found to be altered in
GEP NECs. The genomic profile of our cohort of GEP-NET G3
reflects the enrichment in pancreatic NET G3 (66.7%). GEP-NET G3
lacking the genetic alterations that characterize NECs usually share
genomic alterations (PIK3/mTOR pathway and in DAXX/ATRX,
PTEN, TSC2) with GEP-NET G1/G2 of the same sites [32]. GEP-NECs
<55% and GEP-NECs =55% shared some similarities in their
genomic profile, both harboring high rates of mutations in TP53
and APC. However, GEP-NECs =55% had a TMB in comparison with
GEP-NECs <55%.

Our findings from differential gene expression analysis between
the three prognostic groups and afterward between GEP-NET G3
and GEP-NECs further corroborate the hypothesis that, while GEP-
NETs G3 represent a separate morphologic and molecular entity,
GEP-NECs <55% and GEP-NECs >55% may be part of the same
molecular spectrum. In fact, a total of 1129 DE genes implicated in
Wnt-Beta catenin and Myc signaling, DNA-repair and mitogenic
signaling were identified between GEP-NET G3 and GEP-NECs. APC
mutations, which are frequent in GEP-NECs, drive Wnt-Beta
catenin pathway activation.

In contrast, GEP-NET G3 showed a strong association with the
pancreatic beta cell signature, due to the overrepresentation of
pancreatic samples. Gene expression profiling reveals the dysregu-
lated pathways related to the pathogenesis of HG GEP-NENs. The
results of our differential gene expression analysis suggest that GEP-
NECs <55% and GEP-NECs >55% share common pathogenetic
pathways while having different clinical outcomes, response to
chemotherapy, and genomic alterations. Conversely, GEP-NETs G3
have similar pathogenetic mechanisms with GEP-NETs G1/G2,
several of which are also related to familial syndromes [32].

The biology and clinical outcome of GEP-NENs are not
exclusively dependent on morphology and proliferation rate, but
also on the site of origin [5, 16]. Gastrointestinal and pancreatic
NENs have proved to have differences in survival outcomes and
clinical course [33]. Thus, different therapeutic approaches and
surveillance strategies are adopted [34]. Further validating these
findings, Puccini et al. [15] showed that gastrointestinal and
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Table 2.

Variable Univariate HR p-value
(95% ClI)

Age (10-years Increase) 1.11 (0.92-1.34) 0.29

Sex (Male vs Female) 0.88 (0.45-1.72) 0.71

Stage (IV vs I-II-1ll) 1.19 (0.57-2.45) 0.64

Site

Colorectal 1.00

lleum-duodenum-gallbladder 0.57 (0.18-1.85) 0.36

Gastroesophageal 0.85 (0.33-2.19) 0.74

Pancreas 0.52 (0.23-1.16) 0.11

Histology

NET G3 1.00

NEC < 55 2.88 (1.22-6.83) 0.02

NEC > 55 5.98 (2.47-14.46) <0.0001

Therapy

None 1.00

Others 1.39 (0.20-9.94) 0.74

Chemotherapy 1.87 (0.44-7.94) 0.40

SSA 0.75 (0.14-3.92) 0.73

IHC p53 (Absent or 2.57 (1.25-5.28) 0.01

overexpressed vs heterogeneous)

IHC Rb1 (Present vs Absent) 0.30 (0.13-0.65) 0.003

IHC SSTR2A (Present 2-3 vs 0.45 (0.22-0.90) 0.02

Absent 0-1)

TMB (>10 vs <10) 1.26 (0.54-2.95) 0.59

TP53 (Mut vs WT) 4.36 (1.98-9.60) 0.0002

APC (Mut vs WT) 6.69 (2.79-16.06) <0.0001

KRAS (Mut vs WT) 5.72 (2.02-16.17) 0.001

MENT (Mut vs WT) 0.12 (0.02-0.90) 0.04

Univariate and multivariate analysis of overall survival of patients with high-grade neuroendocrine neoplasms (49 patients)

Adjusted for Site HR p-value Multivariate Model p-value
(95% Cl) HR (95% Cl)

1.06 (0.87-1.30) 0.55

0.58 (0.26-1.29) 0.18

1.14 (0.55-2.38) 0.72 1.08 (0.41-2.84) 0.87
1.00 1.00

0.57 (0.18-1.85) 0.36 0.82 (0.24-2.81) 0.75
0.85 (0.33-2.19) 0.74 0.47 (0.16-1.41) 0.18
0.52 (0.23-1.16) 0.11 0.57 (0.22-1.49) 0.26
1.00 1.00

2.91 (1.20-7.07) 0.02 3.39 (1.23-9.35) 0.02
6.00 (2.34-15.39) 0.0001 6.14 (2.12-17.75) 0.0008
1.00 1.00

2.30 (0.30-17.83) 0.42 3.19 (0.35-29.06) 0.30
2.26 (0.52-9.88) 0.27 1.67 (0.30-9.37) 0.56
0.88 (0.16-4.69) 0.88 0.98 (0.16-6.19) 0.99
3.07 (1.37-6.85) 0.006

0.33 (0.14-0.76) 0.009 0.34 (0.12-0.95) 0.04
0.47 (0.23-0.99) 0.05

1.41 (0.59-3.38) 0.45

4.34 (1.86-10.09) 0.0007

7.40 (2.64-20.75) 0.0001

5.20 (1.68-16.10) 0.004

0.13 (0.02-1.02) 0.052

The values in bold corresponding to the columns (p-values) indicate statistically significant values (i.e. < 0.05).

NET neuroendocrine tumor, NEC neuroendocrine carcinoma, HR hazard ratio, Cl confidence interval, [HC immunohistochemistry, p53 tumor suppressor p53, Rb1
retinoblastoma-associated protein, SSTR-2A somatostatin receptor 2A, TBM tumor mutational burden, TP53 tumor protein 53 gene, WT wild type, APC
adenomatous polyposis coli gene, KRAS Kirsten rat sarcoma virus gene, MENT multiple endocrine neoplasia type 1 gene.

pancreatic NENs harbor a different molecular profile. Interestingly,
it has been found that some molecular features of colorectal and
pancreatic NECs have similarities to their adenocarcinoma
counterparts of the primary site [35, 36]. In our cohort, we found
genomic differences not only between HG gastrointestinal and
pancreatic NENs, but also related to the primitive site (i.e,
gastroesophageal, small bowel and gallbladder, colorectal, and
pancreas). Notably, in our analysis, HG colorectal NENs and
colorectal NECs harbored a drastically higher proportion of APC
mutations, than other groups. Similar trends were observed also
for KRAS and TP53. Only one BRAF mutation was found in a
colorectal NEC=55%. On the contrary, Venizelos et al. [16]
reported that 49% of colonic and 8% of rectal NECs harbored a
BRAF mutation. Chen et al. [37] found that APC and KRAS, which
are frequently mutated in colorectal adenocarcinoma, were also
commonly altered in colorectal NECs, unlike GEP-NETs and lung
NECs [38, 39], suggesting that cell-cycle regulation, Wnt signaling,
and MAPK and PI3K signaling are frequently aberrant in colorectal
NECs. Furthermore, our analysis also highlights that the clinical
outcome of patients with colorectal NECs treated with first-line
Cisplatin plus Etoposide chemotherapy is worse than that of other
gastrointestinal NECs. The similarities in terms of genomic and
targetable alterations between colorectal NECs and colorectal
adenocarcinomas further support the use of FOLFOX (folinic acid,
fluorouracil, oxaliplatin) and FOLFIRI (folinic acid, fluorouracil,
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irinotecan) as second-line chemotherapy treatments in colorectal
NEC, as recommended international guidelines [40, 411. To further
explore the differences between HG pancreatic and gastrointest-
inal NENs and to overcome the bias of enrichment of pancreatic
NET G3 samples, we divided our cohort into Pan tumors and Non-
Pan tumors. In our cohort, we did not identify any DE gene
between Pan NET G3 and Pan NECs. Conversely, Yachida et al. [21]
found Pan-NET G3 and Pan-NECs to have distinct genomic and
transcriptomic profiles. The same analysis performed in Non-pan
tumors identified 450 DE genes involved in mitogenic processes
or in MYC and WNT signaling, confirming the results previously
obtained from the entire cohort and suggesting that Non-Pan NET
G3 and Non-Pan NECs may not be etiologically related.

In the past decade, immune checkpoint inhibitors (ICls) have
revolutionized cancer therapy. Several agents targeting pro-
grammed cell death protein 1 (PD-1), its ligand (PD-L1), and
cytotoxic T-lymphocyte-associate protein 4 (CTLA4) have been
investigated in GEP-NENs. However, the outcomes of these clinical
trials have not been satisfactory [42-44]. Milione et al. [45]
reported a clear difference in the immune-related profile of LG
GEP-NENSs vs HG GEP-NENs. According to the same study, at least a
subset of HG GEP-NENs has microenvironment features consistent
with spontaneous activation of adaptive immunity, suggesting
potential for responsiveness to ICs [45]. It is crucial to gain insight
into existing and emerging immune biomarkers in HG GEP-NENSs,
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including MSI status, high-TMB, PD-L1 expression and microenvir-
onment features, to improve patient stratification. Across our
entire cohort, only one colorectal NECs >55% was MSI (2.4% of HG
GEP-NENs and 4.5% of GEP-NECs). Venizelos et al. [16] also
reported relatively low rates of MSI in their cohort: 5.4% among
GEP-NECs and 3.4% among GEP-NET G3. Furthermore, TMB > 10
mut/Mb, was more frequently observed in GEP-NECs, especially in
GEP-NECs >55%. Despite previous studies reporting higher PD-L1
expression in HG GEP-NENs [15], in our cohort PD-L1 expression
was absent in all the cases. The immune microenvironment
landscape was found to be poor for both GEP NET G3 and GEP
NECs, with a slight enrichment of CD4 and CD8 T cells in GEP-NECs
and of cancer-associated fibroblasts and macrophages (M2-like) in
GEP-NET G3. Of note, the CTLA4 gene was differentially expressed
with enrichment in GEP-NECs, but no immunotherapy-related
signature was associated with either group. Overall, GEP-NECs
appear to be more immunogenic than GEP-NET G3. However, our
results pinpoint the molecular rationale behind the modest
activity of ICls in HG GEP-NEN patients.

As reported by Alexandrov et al. [46], the signatures identified
in our cases are compatible with those present in the 81 Panc-
Endocrine cases of their study. In particular, the frequent
presence of the SBS6 and SBS30 signatures in the absence of
causative mutations is compatible with a genome subject to
various genomic alterations as described in Scarpa et al. [47].
Similarly, the presence of the SBS3 signature linked to HRD was
observed in five samples; however, no mutation in BRCA1/2 or
other HRD-related genes was observed. Conversely, the only
case affected by a truncating mutation of BRCA2 did not have
this signature. A study by Dreyer et al. [48] on pancreatic
adenocarcinomas highlighted the presence of a HRD signature
in the absence of mutations in the genes belonging to the same
pathway. The characterization of NEC cases with SD following
chemotherapy treatment highlighted how replicative stress is a
mechanism to be taken into consideration in the stratification of
these patients. Our results suggest that replicative stress
signature and SBS3 signature in the absence of BRCA1/2 genetic
alterations may be associated with PD after chemotherapy.
Similarly, the overexpression of genes such as STAT5A, CCND2
and CCND3 could be a surrogate marker to select these
responsive patients. Our findings are of clinical and therapeutic
interest because replication stress is being targeted by inhibiting
kinases that coordinate the DNA damage response with cell
cycle control, including ATR, CHK1, WEE1, and MYT1 checkpoint
kinases. At present, several ATR, CHK1, WEE1, and MYTI1
inhibitors are undergoing clinical evaluation as monotherapy
or combinatorial regimens [49].

The ESMO 2020 GEP-NEN guidelines [4] recommend using RB1
mutations to discriminate between GEP-NET G3 and GEP-NECs.
Our findings suggest that testing for Rb1 loss by means of IHC is a
more reliable approach than mutational testing. However, an
ancillary IHC panel comprising Rb1, p53, and SSTR-2A would be
the most accurate in distinguishing between GEP-NET G3 and
GEP-NECs in routine practice. Testing for Rb1 loss would provide
prognostic information since it proved to be an independent
marker of poor prognosis in our cohort of GEP-NECs. Of note, the
use of p53 IHC to identify TP53 mutations should not recom-
mended due to the high rate of false positives.

A limitation of the study is represented by the small number of
cases especially in the cohort of patients undergoing chemother-
apy and by the enrichment of pancreatic cases in the GEP-NET G3
group. To conclude, the heterogeneity of HG GEP-NENs in terms of
morphology and site of origin is reflected at the molecular level.
GEP-NET G3 and GEP-NECs exhibit clear genomic and transcrip-
tomic differences, while GEP-NECs <55% and GEP-NECs >=55% may
be part of the same molecular spectrum. We also provided
molecular findings with prognostic and predictive value regarding

immune biomarkers and microenvironment features, response to
chemotherapy and survival.

DATA AVAILABILITY
The data that support the findings of this study are available on request from the
corresponding author.

REFERENCES

1. WHO Classification of Tumours Editorial Board. WHO Classification of Tumors:
Digestive System Tumours. 5th ed. Lyon, France: International Agency for
Research on Cancer; 2019.

2. WHO Classification of Tumours Editorial Board. WHO Classification of Endocrine
and Neuroendocrine Tumours. 5th ed. Lyon, France: International Agency for
Research on Cancer; 2022.

3. Garcia-Carbonero R, Sorbye H, Baudin E, Raymond E, Wiedenmann B, Niederle B,
et al. ENETS Consensus Guidelines for High-Grade Gastroenteropancreatic Neu-
roendocrine Tumors and Neuroendocrine Carcinomas. Neuroendocrinology.
2016;103:186-94.

4. Pavel M, Oberg K, Falconi M, Krenning EP, Sundin A, Perren A, et al. Gastro-
enteropancreatic neuroendocrine neoplasms: ESMO Clinical Practice Guidelines
for diagnosis, treatment and follow-up. Ann Oncol. 2020;31:844-60.

5. Sorbye H, Welin S, Langer SW, Vestermark LW, Holt N, Osterlund P, et al. Pre-
dictive and prognostic factors for treatment and survival in 305 patients with
advanced gastrointestinal neuroendocrine carcinoma (WHO G3): the NORDIC
NEC study. Ann Oncol. 2013;24:152-60.

6. Frizziero M, Wang X, Chakrabarty B, Childs A, Luong TV, Walter T, et al. Retro-
spective study on mixed neuroendocrine non-neuroendocrine neoplasms from
five European centres. World J Gastroenterol. 2019;25:5991-6005.

7. Heetfeld M, Chougnet CN, Olsen IH, Rinke A, Borbath I, Crespo G, et al. Char-
acteristics and treatment of patients with G3 gastroenteropancreatic neu-
roendocrine neoplasms. Endocr Relat Cancer. 2015;22:657-64.

8. Milione M, Maisonneuve P, Spada F, Pellegrinelli A, Spaggiari P, Albarello L,
et al. The Clinicopathologic Heterogeneity of Grade 3 Gastroenteropancreatic
Neuroendocrine Neoplasms: Morphological Differentiation and Proliferation
Identify Different Prognostic Categories. Neuroendocrinology. 2017;104:85-93.

9. Carlsen EA, Fazio N, Granberg D, Grozinsky-Glasberg S, Ahmadzadehfar H, Grana
CM, et al. Peptide receptor radionuclide therapy in gastroenteropancreatic NEN
G3: a multicenter cohort study. Endocr Relat Cancer. 2019;26:227-39.

10. Shi H, Chen L, Meng L, Zhang Q, Lin Y, Lin R, et al. The Role of Ki-67 Index Cut-off
of 55% and Differentiation in Redefining NET and NEC for Grade 3 Gastro-
intestinal Neuroendocrine Neoplasms. J Gastrointest Surg. 2020;24:2302-5.

11. Elvebakken H, Perren A, Scoazec JY, Tang LH, Federspiel B, Klimstra DS, et al. A
Consensus-Developed Morphological Re-Evaluation of 196 High-Grade Gastro-
enteropancreatic Neuroendocrine Neoplasms and Its Clinical Correlations. Neu-
roendocrinology. 2021;111:883-94.

12. Rindi G, Klimstra DS, Abedi-Ardekani B, Asa SL, Bosman FT, Brambilla E, et al. A
common classification framework for neuroendocrine neoplasms: an Interna-
tional Agency for Research on Cancer (IARC) and World Health Organization
(WHO) expert consensus proposal. Mod Pathol. 2018;31:1770-86.

13. Fazio N, Milione M. Heterogeneity of grade 3 gastroenteropancreatic neu-
roendocrine carcinomas: New insights and treatment implications. Cancer Treat
Rev. 2016;50:61-7.

14. Nagtegaal |, Arends MJ, Odze D, Lam A. WHO Classification of Tumours Editorial
Board. WHO Classification of Tumors: Digestive System Tumours. 5th ed. Lyon,
France: International Agency for Research on Cancer; 2019. pp. 157-88.

15. Puccini A, Poorman K, Salem ME, Soldato D, Seeber A, Goldberg RM, et al.
Comprehensive Genomic Profiling of Gastroenteropancreatic Neuroendocrine
Neoplasms (GEP-NENs). Clin Cancer Res. 2020;26:5943-51.

16. Venizelos A, Elvebakken H, Perren A, Nikolaienko O, Deng W, Lothe IMB, et al. The
molecular characteristics of high-grade gastroenteropancreatic neuroendocrine
neoplasms. Endocr Relat Cancer. 2021;29:1-14.

17. Hijioka S, Hosoda W, Matsuo K, Ueno M, Furukawa M, Yoshitomi H, et al. Rb Loss
and KRAS Mutation Are Predictors of the Response to Platinum-Based Che-
motherapy in Pancreatic Neuroendocrine Neoplasm with Grade 3: A Japanese
Multicenter Pancreatic NEN-G3 Study. Clin Cancer Res. 2017;23:4625-32.

18. Elvebakken H, Hjortland GO, Garresori H, Andresen PA, Janssen EAM, Vintermyr
OK, et al. Impact of KRAS and BRAF mutations on treatment efficacy and survival
in high-grade gastroenteropancreatic neuroendocrine neoplasms. J Neu-
roendocrinol. 2023;35:e13256.

19. La Rosa S, Marando A, Furlan D, Sahnane N, Capella C. Colorectal poorly differ-
entiated neuroendocrine carcinomas and mixed adenoneuroendocrine

British Journal of Cancer (2024) 131:159-170



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

carcinomas: insights into the diagnostic immunophenotype, assessment of
methylation profile, and search for prognostic markers. Am J Surg Pathol.
2012;36:601-11.

Sahnane N, Furlan D, Monti M, Romualdi C, Vanoli A, Vicari E, et al. Microsatellite
unstable gastrointestinal neuroendocrine carcinomas: a new clinicopathologic
entity. Endocr Relat Cancer. 2015;22:35-45.

Yachida S, Totoki Y, Noe M, Nakatani Y, Horie M, Kawasaki K, et al. Comprehensive
Genomic Profiling of Neuroendocrine Carcinomas of the Gastrointestinal System.
Cancer Discov. 2022;12:692-711.

Brierley JD, Gospodarowicz MK, Wittekind C. TNM Classification of Malignant
Tumours. 8th ed. Oxford: Wiley-Blackwell; 2017.

Ali AS, Gronberg M, Federspiel B, Scoazec JY, Hjortland GO, Gronbaek H, et al.
Expression of p53 protein in high-grade gastroenteropancreatic neuroendocrine
carcinoma. PLoS One. 2017;12:e0187667.

Konukiewitz B, Schlitter AM, Jesinghaus M, Pfister D, Steiger K, Segler A, et al.
Somatostatin receptor expression related to TP53 and RB1 alterations in pan-
creatic and extrapancreatic neuroendocrine neoplasms with a Ki67-index above
20. Mod Pathol. 2017;30:587-98.

Volante M, Brizzi MP, Faggiano A, La Rosa S, Rapa |, Ferrero A, et al. Somatostatin
receptor type 2A immunohistochemistry in neuroendocrine tumors: a proposal of
scoring system correlated with somatostatin receptor scintigraphy. Mod Pathol.
2007;20:1172-82.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

Law CW, Alhamdoosh M, Su S, Dong X, Tian L, Smyth GK, et al. RNA-seq analysis is
easy as 1-2-3 with limma, Glimma and edgeR. F1000Res. 2016;5:ISCB Comm J-
1408.

Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics. 2016;32:2847-9.

Mclnnes L, Healy J. Umap: Uniform manifold approximation and projection for
dimension reduction. ArXiv abs/1802.03426 2018.

Luo W, Friedman MS, Shedden K, Hankenson KD, Woolf PJ. GAGE: generally
applicable gene set enrichment for pathway analysis. BMC Bioinformatics.
2009;10:161.

Davila JI, Chanana P, Sarangi V, Fogarty ZC, Weroha SJ, Guo R, et al. Frequent
POLE-driven hypermutation in ovarian endometrioid cancer revealed by muta-
tional signatures in RNA sequencing. BMC Med Genomics. 2021;14:165.
Mafficini A, Scarpa A. Genetics and Epigenetics of Gastroenteropancreatic Neu-
roendocrine Neoplasms. Endocr Rev. 2019;40:506-36.

Panzuto F, Nasoni S, Falconi M, Corleto VD, Capurso G, Cassetta S, et al. Prognostic
factors and survival in endocrine tumor patients: comparison between gastro-
intestinal and pancreatic localization. Endocr Relat Cancer. 2005;12:1083-92.
Ariotti R, Partelli S, Muffatti F, Andreasi V, Della Sala F, Falconi M. How should
incidental NEN of the pancreas and gastrointestinal tract be followed? Rev
Endocr Metab Disord. 2018;19:139-44.

Malapelle U, Bellevicine C, Salatiello M, de Luca C, Rispo E, Riccio P, et al. Sanger
sequencing in routine KRAS testing: a review of 1720 cases from a pathologist’s
perspective. J Clin Pathol. 2012;65:940-4.

Konukiewitz B, Jesinghaus M, Steiger K, Schlitter AM, Kasajima A, Sipos B, et al.
Pancreatic neuroendocrine carcinomas reveal a closer relationship to ductal
adenocarcinomas than to neuroendocrine tumors G3. Hum Pathol. 2018;77:70-9.
Chen L, Liu M, Zhang Y, Guo Y, Chen MH, Chen J. Genetic Characteristics of
Colorectal Neuroendocrine Carcinoma: More Similar to Colorectal Adenocarci-
noma. Clin Colorectal Cancer. 2021;20:177-85.e13.

Jesinghaus M, Konukiewitz B, Keller G, Kloor M, Steiger K, Reiche M, et al. Col-
orectal mixed adenoneuroendocrine carcinomas and neuroendocrine carcino-
mas are genetically closely related to colorectal adenocarcinomas. Mod Pathol.
2017;30:610-9.

Karkouche R, Bachet JB, Sandrini J, Mitry E, Penna C, Cote JF, et al. Colorectal
neuroendocrine carcinomas and adenocarcinomas share oncogenic pathways. A
clinico-pathologic study of 12 cases. Eur J Gastroenterol Hepatol. 2012;24:1430-7.
National Comprehensive Cancer Network (NCCN). NCCN clinical practice guide-
lines in oncology: neuroendocrine tumors, version 1. 2023. https://www.nccn.org/
professionals/physician_gls/pdf/neuroendocrine.pdf.

Sorbye H, Grande E, Pavel M, Tesselaar M, Fazio N, Reed NS, et al. European
Neuroendocrine Tumor Society (ENETS) 2023 guidance paper for digestive
neuroendocrine carcinoma. J Neuroendocrinol. 2023;35:e13249.

Vijayvergia N, Dasari A, Deng M, Litwin S, Al-Toubah T, Alpaugh RK, et al. Pem-
brolizumab monotherapy in patients with previously treated metastatic high-
grade neuroendocrine neoplasms: joint analysis of two prospective, non-
randomised trials. Br J Cancer. 2020;122:1309-14.

Yao JC, Strosberg J, Fazio N, Pavel ME, Bergsland E, Ruszniewski P, et al. Spar-
talizumab in metastatic, well/poorly-differentiated neuroendocrine neoplasms.
Endocr Relat Cancer. 2021;28:161-72.

British Journal of Cancer (2024) 131:159-170

V. Angerilli et al.

44. Al-Toubah T, Halfdanarson T, Gile J, Morse B, Sommerer K, Strosberg J. Efficacy of
ipilimumab and nivolumab in patients with high-grade neuroendocrine neo-
plasms. ESMO Open. 2022;7:100364.

45. Milione M, Miceli R, Barretta F, Pellegrinelli A, Spaggiari P, Tagliabue G, et al.
Microenvironment and tumor inflammatory features improve prognostic pre-
diction in gastro-entero-pancreatic neuroendocrine neoplasms. J Pathol Clin Res.
2019;5:217-26.

46. Alexandrov LB, Kim J, Haradhvala NJ, Huang MN, Tian Ng AW, Wu Y, et al. The
repertoire of mutational signatures in human cancer. Nature. 2020;578:94-101.

47. Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P, et al. Whole-genome
landscape of pancreatic neuroendocrine tumours. Nature. 2017;543:65-71.

48. Dreyer SB, Upstill-Goddard R, Paulus-Hock V, Paris C, Lampraki EM, Dray E, et al.
Targeting DNA Damage Response and Replication Stress in Pancreatic Cancer.
Gastroenterology. 2021;160:362-77.e13.

49. da Costa A, Chowdhury D, Shapiro GI, D'Andrea AD, Konstantinopoulos PA.
Targeting replication stress in cancer therapy. Nat Rev Drug Discov.
2023;22:38-58.

ACKNOWLEDGEMENTS

We would like to take this opportunity to thank Fabiola Monaco and Giulia Bonarini
(executive secretary Fondazione IRCCS - Istituto Nazionale dei Tumori, Milan, Italy) for
their effort in managing work of all researchers involved in this study. This work is
dedicated to the memory of Laura Salvaterra, a courageous woman who battled
against cancer and invite us to fight cancer every day in her name, even after she was
gone.

AUTHOR CONTRIBUTIONS

Study concept and design — Matteo Fassan, Massimo Milione; Methodology - Michele
Simbolo, Vincenzo Lagano, Giovanni Centonze, Marco Gentili, Jorgelina Coppa, Giada
Munari; Analysis and interpretation of data — Valentina Angerilli, Giovanna Sabella,
Michele Simbolo, Giovanni Centonze, Matteo Fassan, Massimo Milione; Drafting of
manuscript — Valentina Angerilli, Giovanna Sabella, Michele Simbolo; Critical revision
of the manuscript for important intellectual content — Matteo Fassan, Massimo
Milione, Alessandro Mangogna, Gianluca Businello, Chiara Borga, Francesca Schiavi,
Sara Pusceddu, Rita Leporati, Simone Oldani; Statistical analysis — Giovanni Centonze,
Michele Simbolo; Study supervision — Carlo Capella, Massimo Milione.

FUNDING

The study was supported by the ltalian Ministry of Health (ERP-2017-23671129
“PMTR-pNET” to MM); by Fondazione IRCCS Istituto Nazionale Tumori di Milano 5x
1000 Funds - grant “Integrative molecular analysis of pure and combined lung large
cell neuroendocrine carcinoma (LCNEC)” to MM; partially by the Italian Ministry of
Health with Ricerca Corrente; and 5x 1000 funds to GC was supported by a FIRC-AIRC
fellowship for Italy.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

All clinical specimens used in this study were approved by the Ethics Committee of
Fondazione IRCCS INT (No. INT 171/16) and the study was performed according to
the clinical standards of the 1975 and 1983 Declaration of Helsinki.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-024-02705-8.

Correspondence and requests for materials should be addressed to Massimo Milione.
Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

169


https://www.nccn.org/professionals/physician_gls/pdf/neuroendocrine.pdf
https://www.nccn.org/professionals/physician_gls/pdf/neuroendocrine.pdf
https://doi.org/10.1038/s41416-024-02705-8
http://www.nature.com/reprints

V. Angerilli et al.

170

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article-s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article-s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

British Journal of Cancer (2024) 131:159-170


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Comprehensive genomic and transcriptomic characterization of high-grade gastro-entero-pancreatic neoplasms
	Background
	Methods
	Patients and samples
	Immunohistochemistry�(IHC)
	Tissue collection and nucleic acid isolation
	Genomic profiling by�TSO500
	Mutational signature analysis
	RNA-seq gene-expression profiling
	Data processing and bioinformatics analysis –�RNA
	Statistics

	Results
	Patient and tumor characteristics
	Immunohistochemical analysis
	Genomic profile of HG GEP-NENs
	GEP-NET�G3
	GEP-NECs
	Genomic differences between GEP-NET G3, GEP-NECs &#x0003C; 55% and GEP-NECs ≥ 55%

	Genomic profile of HG GEP-NENs according to the primary tumor�site
	Integrative IHC and genomic analysis
	Mutational signatures
	Gene expression profiles of GEP-NET G3 vs GEP-NECs
	Gene expression profiles of pancreatic and non-pancreatic HG GEP-NENs
	Immune microenvironment
	Possible association between replication stress and disease progression after chemotherapy
	Survival analysis

	Conclusions
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




