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Serotonin producing pancreatic neuroendocrine tumors (SP-PanNET) account for 0.58-1.4% of all pancreatic neuroendocrine
tumors (PanNET). They may present with atypical symptoms, such as acute pancreatitis and are often radiologically characterized by
main pancreatic duct dilatation. SP-PanNET are well differentiated neuroendocrine tumors (NET) distinct from classical PanNET by
atypical serotonin secretion and abundant dense stroma deposition, like serotonin producing ileal NET leading in some cases to
difficulties to reliably distinguish SP-PanNET from ileal NET metastases. The biology and molecular profile of SP-PanNET remain
poorly characterized and the cell of origin within the pancreas is unclear. To address these questions, we analyzed a large cohort of
SP-PanNET by immunohistochemistry (n = 29; ATRX, DAXX, MENIN, Islet1, PAX6, PDX1, ARX, CDX2), whole genome copy number
array (Oncoscan™) and a large NGS panel (NovoPM™) (n = 10), FISH (n = 13) and RNA sequencing (n = 24) together with 21 ileal NET
and 29 nonfunctioning PanNET (NF-PanNET). These analyses revealed a unique genomic profile with frequent isolated loss of
chromosome 1 (14 cases-61%) and few pathogenic mutations (KMT2C in 2 cases, ARIDTA in 1 case). Unsupervised RNAseq-based
clustering showed that SP-PanNET were closer to NF-PanNET than ileal NET with an exclusive beta cell-like signature. SP-PanNET
showed TGF-p pathway activation signatures associated with extracellular matrix remodeling and similar signature were
reproduced in vitro when pancreatic stellate cells were exposed to serotonin. SP-PanNET immunohistochemical profile resemble
that of ileal NET except for PDX1 and PAX6 expression to a lesser extend suggesting that these two markers may be useful to
diagnose SP-PanNET. Taken together, this suggests that SP-PanNET are a very specific PanNET entity with a peculiar biology leading

to the characteristic fibrotic aspect.

Modern Pathology (2022) 35:1713-1722; https://doi.org/10.1038/s41379-022-01110-x

INTRODUCTION

Serotonin-producing neuroendocrine tumors in the pancreas (SP-
PanNET) were first described in 1963. These rare tumors account
for 0.58-1.4% of all pancreatic neuroendocrine tumors (PanNET)?,
despite an underestimated prevalence and incidence because
most cases are not associated with clinical carcinoid syndrome?. In
addition, serotonin expression is not usually assessed in PanNET.
Similar serotonin-producing NET were also reported in the lung®.
Patients with localized SP-PanNET may be asymptomatic or
display misleading symptoms and imaging, such as severe
abdominal pain, acute pancreatitis and duct dilatation®. Carcinoid
symptoms, including flush, diarrhea, asthma or heart valve lesions,
have been observed essentially in tumors with liver or retro-
peritoneal metastases®. Abdominal computed tomography classi-
cally shows hyper enhanced well delineated lesions in arterial
phase acquisitions with main pancreatic duct stenosis and
upstream dilatation>®. This subtype of NET is distinct from the

remaining PanNETs by its serotonin expression, easily identified by
immunohistochemistry and also by the presence of a very dense
fibrotic pauci-cellular stromal reaction that often leads to main
duct compression, a highly unusual feature in PanNET. Serotonin
expression and the presence of a desmoplastic stroma are also key
characteristics of ileal NET. The latter may metastasize to the
pancreas and distinguishing them from SP-PanNET may be very
challenging and carry important therapeutic consequences’.
Two aspects of SP-PanNET remain particularly unclear: (i) what is
the cell of origin within the pancreas and what are the molecular
alterations driving them and (ii) what is responsible for the
massive desmoplastic stroma in these tumors. Molecular altera-
tions described in non-functioning PanNET (NF-PanNET), implicate
chromatin remodeling genes like MENT or ARID1A, upregulation of
TERT or dysregulation of DAXX and ATRX that are involved in
telomere maintenance and inactivation of PTEN or TSC2 leading to
PI3K/mTOR pathway activation®. Chromosomic alterations of NF-
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PanNET are loss of chromosomes 1q, 3p, 11q and gain of 7p and
9g°. In contrast, molecular studies of ileal NET demonstrated
isolated loss of chromosome 18 where tumor suppressor genes
SMAD2 and SMAD4 are located and in some cases gain of
chromosome 14 with a pejorative prognostic mutation in
CDKN1B°. Nevertheless, the origin and molecular alterations
driving SP-PanNET are largely unknown, especially how this
massive desmoplastic stroma is produced. FISH studies showed
monosomic chromosome 18 loss similar to ileal NET but different
immunohistochemical pattern'®.

Numerous studies showed a link between the secretion of
serotonin, whether from tumor or during inflammation/tissue
repair processes, and the development of fibrosis in various
organs (mesenteric, pulmonary, cardiac or liver)''™'°. This secre-
tion appears to be associated with the fibrotic stroma, although it
is not found in all sclerosing PanNET'” nor in all pulmonary NETs
with a fibrous appearance®. The role of TGF-B also appears central,
as some studies highlighted an activation of its downstream
signaling pathways in these fibrotic pathologies'' 311819,

The aim of this study was to describe the molecular landscape
of SP-PanNET and decipher their origin together with testing an
immunohistochemical panel to distinguish them from ileal NET
metastases.

MATERIALS AND METHODS

Patients and samples

This study was performed according to Helsinki declaration. The study was
approved by local Institutional Review Board (CEERB Paris Nord, IRB
00006477-15-073). We reviewed the surgical pathology files of Beaujon
Hospital Department of Pathology for patients with a diagnosis of SP-
PanNET from 2004 to 2020, defined by high and diffuse serotonin
immunochemical expression. A representative formalin-fixed, paraffin-
embedded tissue block from each case was selected (26 resection
specimen and 3 biopsies). As control groups for the RNA sequencing
study, we selected 21 ileal NET (15 G1, 6 G2) and 29 NF-PanNET (16 G1, 13
G2). For the immunohistochemistry study we used a different set of tumors
that were on already constructed TMA of ileal NET (n = 42) and NF-PanNET
(n=35).

To subclassify the histopathologic architecture of SP-PanNET, we used the
criteria proposed by previous studies®’: solid sheets of cells with surrounding
stromal fibrosis and/or trabecular-glandular architecture with interspersed
stromal fibrosis. The first type is characterized by solid nests and sheets of
neoplastic cells separated by fibrous tissue bands but without the peripheral
palisading seen in ileal NETSs. The thickness of the fibrous bands differed from
area to area, and the total amount of fibrosis was generally less than 50% of
the total tumor area. The second type is characterized by small trabecular-
glandular or purely trabecular arrangements of neoplastic cells that are
surrounded and spaced apart by diffusely developed fibrotic tissue. The total
amount of fibrosis generally exceeded 50% of the total tumor area. The
following pathological data were also collected: tumor grade (G1 to G3) and
tumoral differentiation (well or poorly differentiated) according to the 2017
World Health Organization classification?', Ki-67 count (%), the presence of
metastatic lymph nodes, and the presence of microvascular and perineural
invasion. Patient survival data and clinical information were obtained from
our surgical/clinical database.

Copy number alterations / Genomic profiling

Microdissection of the tumor area was performed to obtain DNA from SP-
PanNET using the Qiagen QiaAMP FFPE according to the manufacturer
instructions (Qiagen™, Hilden, Germany). Sample concentration was
assessed using a Quantifluor® dsDNA ONE fluorometer (Promega™,
Madison, WI, USA), according to the manufacturer’s instructions. The
genomic profile (copy number, gains, loss and loss of heterozygosity) was
obtained with Oncoscan™ arrays according to the supplier recommenda-
tions (Thermofisher ONCOSCAN CNV FFPE ASSAY, ref. 695,902), as
described previously*?. The OncoScan assay uses molecular inversion
probe (MIP) technology, which interrogates 220,000 regions in the genome
with a 50 to 100 kb copy number resolution in 900 oncogenes and a 300
kb genome-wide copy number resolution outside oncogenes. Data
analysis was performed using Chromosome Analysis Suite Software from
Affymetrix (CHAS), version 3.0.0.42 with annotations na33.2 (hg19). QC
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metrics were generated and gave information about the data quality and
the level of chromosomal aberrations.

FISH

Sections of 3 um were cut. To investigate chromosome 1 and 18 losses, we
used a mixture of 2 probes, one specific for the MALTI gene on
chromosome 18 and one specific for chromosome 1 centromere. FISH was
performed as follow: after deparaffinization and dehydration the slides
were left 25 min at 80°C in the specific pre-treatment solution, then
washed with 2x standard saline citrate (SSC). In total, 10 ml of the FISH
probe were spotted on hydrophobic gel bond film and mounted on a glass
slide. The samples were denatured at 74 °C for 10 minutes and incubated
72 h at 37 °Cin a humid box. The slides were then washed progressively in
2x SSC at room temperature, 2x SSC / 0.3% NP-40 at 73 °C and again in 2x
SSC at room temperature. Finally, counter stain with DAPI was performed.
FISH results were evaluated using an Olympus VS 110 Fluorescent Scanner
(Olympus, Volkestwil, Switzerland), assessing at least 100 nuclei per case.

Mutational analysis

The same DNA was used to assess the mutational status of 484 genes
using the NovoPM™ 2.0 panel (Novogene in house sequencing (detail
available upon request), Sacramento, CA, USA). This panel assessed single
nucleotide variant (SNV), indel, copy number variation (CNV), tumor
mutational burden (TMB), microsatellite instability (MSI) and a 43 genes
panel to detect fusion genes. Variant were detected and filtered using the
following parameters: exonic or splicing localization, frequency <0.1% in
the 1000 Genomes and Exac databases, non-synonymous variants, depth
of coverage >15 and allelic ratio >5%>>**. Prediction of pathogenicity was
based on CADD score >0.025, or if unavailable, on M-CAP score >15, SIFT
score <0.05 and/or Polyphen-2 score >0.9, and visual®>2°.

Situ Hybridization analysis

RNA-sequencing. Total RNA was extracted using RNeasy FFPE kit
(Qiagen®, Hilden, Germany) for the tumors and the RNA storm kit (Cell
data, CA USA) for the PS1 cell line. RNA library were prepared using the
Lexogen QuantSeq 3’ mRNA-Seq Library Prep Kit FWD and sequenced on a
lllumina Novaseq to a minimum depth of 50 million reads generated for
each sample. Raw fastq files were probed for sequencing quality control
using FastQC. Sequencing reads were mapped to human transcripts
corresponding to human hg38 genome (hg19 version) and transcript
annotation (Ensembl 75) using RSEM with default parameters (or STAR)
with the proposed ENCODE parameters. RSEM package was used to
prepare the reference genome with given GTF and calculated expression
from mapped BAM files. STAR aligner was used to map reads in RSEM
algorithm. Transcripts mapped data were normalized to counts per million
from RSEM and log2 transformed.

Principal Component analyses (PCA) and unsupervised hierarchical
clustering were carried out using Clustvis?’. Unsupervised clustering was
performed on log2-transformed data using Euclidean distance metric and
Ward method. DeSeq2 on raw count was used to identify differentially
expressed genes between groups?®. Gene Set Enrichment Analysis (GSEA)
method was used to analyzed the pathways enriched in each group®.

Cell line

The PS1 cell line (hTERT immortalized pancreatic stellate cells) were grown
in DMEM F12 Advanced Ham's (Gibco, USA) with 10% fetal calf serum and
1% Penicilin/Streptomycin and 1% L-gutamine®. For the RNA sequencing
experiment, PST were treated for 24 h with serotonin (5-Hydroxytrypta-
mine, 3-(2-Aminoethyl)-5-hydroxyindole, Selleckchem, UK) at 0.1 uM or the
vehicle. To assess the effect of serotonin on cell growth, PS1 were
gradually serum-deprived (fetal calf serum 5% for 24 h and 0% for 24 h)
before exposition with serotonin at 0.1uM or vehicle for 24 h. Cell viability
was assessed by fluorescence using the Presto Blue reagent (Thermo Fisher
Scientific, Waltham, MA, USA). Experiments were performed in sextuplicate.

Staining and Immunohistochemistry

Picrosirius stain was performed as previously described®'. Fibrotic stained
areas were assessed using a computer-assisted quantification and reported
as the percentage of positive pixels in the tumor area (Aperio Pixel+
algorithm). Immunohistochemistry were performed on 3 um thick sections
using routine automats (Nexus GX, Ventana) with the following antibodies
(serotonin, DAXX, ATRX, PAX6, PDX1, ISLET1, CDX2, ARX, and MENT) (See

Modern Pathology (2022) 35:1713-1722
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Table 1. Patients characteristics.

Patient No Sex Years Symptoms Somatostatin analog
scintigraphy Pos/Neg

1 F 71 AD NA

2 M 81 A P

3 F 56 AP

4 M 48 AP NA

5 M 56 AP NA

6 M 50 AP P

7 M 65 A N (gallium)

8 M 41 AD N

9 F 40 A N (gallium)

10 M 75 A N

1 B 60 AD/WL N

12 F 62 A P (gallium)

13 F 88 NA NA

14 M 62 DD N (gallium)

15 M 77 NA NA

16 M 54 A P (gallium)

17 F 61 A NA

18 M 45 ND P (gallium)

19 F 63 A P (gallium)

20 F 64 NA NA

21 F 64 A NA

22 F 51 AP N

23 F 61 NA NA

24 F 62 NA NA

25 F 52 NA NA

26 M 70 NA NA

27 M 59 A NA

28 F 58 AD NA

29 F 78 J NA

Tumor Ki67 Grade Metastases Follow-
size (cm) up (mo)
1,2 4 G2 N 138
2,7 4 G2 N 126
1,8 1 G1 N 1
09 1 G1 N 26
1,2 1 G1 N 26
1,5 3 G2 N 61
2 1 G1 N 60
0,8 1 G1 N 14
0,7 1 G1 N 57
0,8 1 G1 N 22
0,8 1 G1 N 2
1,5 1 G1 N 23

1 2 G1 NA NA
0,6 1 G1 N 15
13 1 G1 NA NA
1,5 1 G1 N

1 1 G1

3 1 G1 Y (synchronous) 46
23 1 G1 N 14
1,6 2 G1 NA NA
1,5 1 G1 N 115
0,7 2 G1 N 13
1,1 1 G1 NA NA
1 1 G1 NA NA
1,5 1 G1 N 119
3 2 G1 N NA
2,2 1 G1 N 93
2,5 1 G1 N 105
0,8 1 G1 N 8

AD abdominal discomfort, A asymptomatic, AP acute pancreatitis, WL weight loss, DD decompensated diabetes, J jaundice

Supplementay Table 1 for clones and dilution details). To analyze
serotonin, PAX6, PDX1, ISLET1, ARX and CDX2 expression, we assessed
the percentage of stained cells. Cases were scored as negative (0: no
positive cells), weakly positive (1: less than 10% of stained cell),
heterogeneous positivity (2: 10 to 50% of stained cells) and diffuse
homogeneous positivity (3: 50-100% of stained cells). For DAXX/ATRX/
MENIN, the presence of the absence of the nuclear staining were recorded.
To compare tumors from different localizations, we dichotomized the
tumors as positive (score 1-2-3) or negative (score 0).

Statistical analyses

Categorical variables were expressed as frequencies (percentages) and
compared using Chi-2 or Fisher's exact test. Continuous variables were
expressed as median (interquartile range 25-75 [IQR]) and compared using
Mann-Whitney U test. Overall survival (OS) was measured from the date of
diagnosis and that of death, or the patient was censored at the date of last
news. Median OS (and its 95% confidence interval [Cl]) was estimated by
the Kaplan-Meier method. Statistical analyses were performed using
Prism® (v6, Graphpad™) software. A p value <0.05 was considered as
statistically significant.

RESULTS
Patients
Our cohort of SP-PanNET was composed of 29 patients (16
females) with a mean age of 61.2 years + 11.6 (Table 1). Patients

Modern Pathology (2022) 35:1713-1722

did not show any symptoms of carcinoid syndrome. Seven
patients showed unusual symptoms for NF-PanNET at diagnosis
such as acute pancreatitis (n =5/29), jaundice (n=1/29) and
uncontrolled diabetes. SP-PanNET were small (mean diameter =
1.46 cm £ 0.7), mostly grade 1 (mean Ki-67 = 1.41 + 0.9%; three
tumors were grade 2) and located throughout the pancreas.
Follow up data were available for 23 patients. Median follow up
was 26 months (IQR 13-77). No tumor-related death was
recorded. One patient had a synchronous liver metastasis at
diagnosis. Histologically, all SP-PanNET were well differentiated
(Fig. 1). Most tumors showed a trabecular pattern (pattern B, n
=16) according to according to Soga and Tazawa'®?2 The
remaining tumors had a nested pattern without the peripheral
palisading as observed in ileal NET (pattern A, n = 8), or an equal
mix of the two. The pattern was not assessed in the two
biopsies. All except one lesion had extensive fibrotic stroma.

Genomic landscape

To assess whether SP-PanNET resemble ileal or NF-PanNET, ten
SP-PanNET were analyzed with a whole-genome copy number
microarray-based assay (Oncoscan™) and a large NGS panel.
Summed chromosomal changes are summarized in Fig. 2 and
individual profiles are shown in Supplementary Fig. 1. All tumor
except one showed a rather stable genome. The most frequent
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Fig. 1

Microscopic aspects of SP-PanNET compared to NF-PanNET. a Columnar pattern with no fibrotic stroma and abundant

vascularization of a NF-PanNET (HES). b Nested pattern of a SP-PanNET (HES). ¢ Trabecular pattern of a SP-PanNET (HES). Scale bar = 100 pm.
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Fig.2 Aggregated whole genome copy number of 10 SP-PanNET tumors. Chromosomic gains are represent in red and loss in blue together
with the percentage of affected cases. The most frequent event is entire loss of chromosome 1 follow by partial or entire chromosomal gain or

loss in few tumors.

chromosomal abnormalities were the loss of heterozygosity of
the whole chromosome 1 (n = 6/10). This was an isolated finding
in four cases, and in two cases it was associated with the loss of
the whole chromosome 4 (subclonal loss in one of the 2 cases,
not show in the summed figure). Other chromosomal changes
were infrequent: partial loss of 6q (n=2), 8p (n=2),8q (n=1),
17p (n=1), 189 (n= 1), 22q (n = 1), entire gain on chromosome
7(n=1),12(n=1)or15(n=1), partial gainon 1q (n=1),3p (n
=1),8q (n=1), 8 (n=1) or 18p (n=1). Two cases had no
detectable chromosomic alteration. FISH analysis was performed
on 13 additional cases with a chromosome 1 centrometric probe
(CEPT) and a MALTT1 probe targeting chromosome 18. We found
8 additional cases (14/23 total; 61%) with a suspected loss of
heterozygosity of chromosome 1 and one sample with a
suspected loss in the chromosome 18 (with a normal chromo-
some 1 status). DNA sequencing revealed very few alterations.
KMT2C was the most frequently mutated gene (2 cases: Stop
gain c.906 T>A p.C302* and ¢.2722G >T. p.G908C) although
only in minor subclones (allelic frequency between 5 and 10%).
One ARID1A indel was also present (c.3999_4001delGCA; p.
Q1334del) and not associated with a loss of the other allele. No
alteration was found on ATRX, DAXX, MENIN, VHL, TSC1 and TSC2
or CDKN1C. No MSI-high and no gene fusion were identified.
Immunohistochemistry was performed in all 29 tumors and
showed no abnormal staining for DAXX and MENIN. One tumor
(2,5 cm) had an abnormal ATRX staining (case not sequenced).
Taken together, these results suggest a clear difference between
the genomic landscape of SP-PanNET and ileal NET. In addition,

SPRINGER NATURE

SP-PanNET did not harbor the classical genomic abnormalities of
NF-PanNET.

Origin and transcriptomic landscape

To gain further insights on SP-PanNET cell of origin and biology,
we assessed the transcriptome of 24 SP-PanNET, 29 NF-PanNET
and 21 ileal NET by RNA sequencing. Principal component
analysis (PCA) clearly separated pancreatic NET (SP and NF) from
ileal NET and showed a partial overlap between SP-PanNET and
NF-PanNET (Fig. 3a). The first principal component separated the
tumors according to their origin and the second principal
component was less clear, separating ileal NET, SP-PanNET and a
few PanNET from the rest of the PanNET. Proliferation index was
not different between the two groups of PanNET suggesting
that this second component is related to other biological
functions. Further PCA analysis restricted to the pancreatic NET
showed that NF-PanNET seemed more homogeneous than SP-
PanNET and that these two entities still partially overlap
(Supplementary Fig. 2a). Similar results were obtained with
unsupervised hierarchical clustering based on the 1200 most
variable transcripts. lleal NET were grouped in a separate cluster
from pancreatic NET. NF-PanNET were mostly grouped together
in one cluster while SP-PanNET formed on large cluster
subdivided in three sub group (Fig. 3b and Supplementary
Fig. 2b). To further explore gene expression signatures of SP-
PanNET and differences with NF-PanNETs, we performed a Gene
Set Enrichment Analysis (Fig. 3c). SP-PanNET clearly showed a
beta cell phenotype in contrast to NF-PanNET that expressed

Modern Pathology (2022) 35:1713-1722
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Fig. 3 Transcriptomic analysis of NET of SP-PanNET, PanNET and ileal NET. Principal component analysis (PCA) (a) and unsupervised
hierarchical clustering (b) of 21 ileal NET (red), 24 SP-PanNET (green) and 29 Pan-NET (blue). ¢ Gene Set Enrichment Analysis (GSEA) comparing
PanNET and SP-PanNET. Pathways enriched in PanNET are in the top panel while pathways enriched in SP-PanNET are in the bottom panel (d)
Enrichment of alpha and beta cell signatures in PanNET and SP-PanNET respectively together with ARX and PDX1 transcription factors mRNA
relative values in SP-PanNET, Pan-NET and ileal NET. e Percentage of SP-PanNET and PanNET stained with picrosirius (automated computer-
assisted quantification) and representative images (PanNET top panel and SP-PanNET bottom panel). f mRNA relative value of tryptophan
hydroxylase (TPH) and the aromatic L-amino acid decarboxylase (DDC) in ieal NET, SP-PanNET and PanNET.
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Table 2.

SP-PanNET (n = 29)

ATRX

Preserved expression (27/28) 96,4%°
Loss of expression (1/28) 3,6%
DAXX

Preserved expression (29/29) 100%

Loss of expression
MENIN

Preserved expression (26/26) 100%°

Loss of expression
Islet1

Negative (24/29) 82,8%
Weak positivity (5/29) 17,2%

Diffuse heterogeneous positivity

Diffuse homogeneous positivity
PAX6

Negative (14/28) 50%
(8/28) 28,6%
(5/28) 17,9%

(1/28) 3,6%*

Weak positivity

Diffuse heterogeneous positivity

Diffuse homogeneous positivity
PDX1

Negative (0/29) 0%
(0/29) 0%
(8/29) 27,6%
(21/29) 72,4%

Weak positivity

Diffuse heterogeneous positivity

Diffuse homogeneous positivity
ARX

Negative (25/29) 86,2%
(4/29) 13,8%
(0/29) 0%
(0/29) 0%

Weak positivity

Diffuse heterogeneous positivity

Diffuse homogeneous positivity
Serotonin

Negative
(29/29) 100%
(8/29) 27,6%
(7/29) 24,1%
(6/29) 20,6%
(8/29) 27,6%

Diffuse homogeneous positivity
CDX2

Negative

Weak positivity

Diffuse heterogeneous positivity

Diffuse homogeneous positivity

2n =28.
bn = 26.
C

higher level of alpha cell-related genes. In accordance, mRNA
level of ARX, a key transcription factor for the maintenance of
the alpha-like phenotype was low in SP-PanNET, at a level
comparable to ileal NET (Fig. 3d). Immunohistochemistry gave
similar results with only 4/29 SP-PanNET cases that displayed a
weak positivity (Table 2). On the other hand, high level of PDX1
mRNA was specific to pancreatic-derived NET, consistently
elevated in SP-PanNET while displaying various levels in NF-
PanNET. Immunohistochemistry gave similar results with all 29
SP-PanNET displaying diffuse PDX1 positivity (Table 2). This
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Results of the immunohistochemical analysis of SP-PanNET, PanNET and ileal NET.

PanNET (n =35) lleal NET (n = 42)

(27/30) 90% (42/42) 100%

(3/30) 10%°

(17/29) 58,6%
(12/29) 41,4%°

(42/42) 100%

(20/34) 58,8% (42/42) 100%

(14/34) 41,2%°
(5/34) 14.7% (42/42) 100%
(7/34) 20.6%

(8/34) 23.5%

(14/34) 41.2%°

(15/34) 44.1%
(6/34) 17.6%
(5/34) 14.7%
(8/34) 23.5%°

(42/42) 100%

(33/42) 78.6%
(8/42) 19%
(1/42) 2.4%

(11/34) 32,4%
(7/34) 20,6%
(5/34) 14,7%
(11/34) 32,4%°

(6/34) 17,6%
(5/34) 14,7%
(9/34) 26,5%
(14/34) 41,2%°

(34/34) 100%°

(41/41) 100%"
(28/34) 82.4%
(3/34) 8.8%
(3/34) 8.8%

(1/41) 2.4%

(40/41) 97.6%

suggests that all SP-PanNET are of beta-like phenotype while NF-
PanNET were of either alpha or beta-like phenotype. Other key
pathways enriched in SP-PanNET were related to the desmo-
plastic stroma with TGF-f activation, fibroblast proliferation and
remodeling of the extracellular matrix (Fig. 3c). Picrosirius
staining showed significantly larger collagen deposits in SP-
PanNET compared to NF-PanNET (p = 0.02) (Fig. 3e). Lastly, as
expected, genes involved in tryptophan/serotonin metabolism
and transport were upregulated in SP-PanNET. Particularly, the
transcript level of the two key enzymes transforming tryptophan

Modern Pathology (2022) 35:1713-1722



T. Depoilly et al.

Proliferation HALLMARK_E2F_TARGETS
HALLMARK_G2M_CHECKPOINT
HALLMARK_MITOTIC_SPINDLE
KEGG_CELL_CYCLE

TGF-B activation C6_TGFB_UP.V1_UP
KEGG_TGF_BETA_SIGNALING_PATHWAY
HALLMARK_TGF_BETA_SIGNALING

Extracellular matrix BIOCARTA_INTEGRIN_PATHWAY
KEGG_FOCAL_ADHESION

KEGG_ECM_RECEPTOR_INTERACTION

REACTOME_SIGNALING_BY_TGF_BETA_RECEPTOR_COMPLEX

REACTOME_CELL_EXTRACELLULAR_MATRIX_INTERACTIONS

Inflammation HALLMARK_INFLAMMATORY_RESPONSE
HALLMARK_INTERFERON_GAMMA_RESPONSE
HALLMARK_IL6_JAK_STAT3_SIGNALING
Stellate cell quiescence REACTOME_CHOLESTEROL_BIOSYNTHESIS
GOBP_STEROL_BIOSYNTHETIC_PROCESS
GOBP_STEROL_METABOLIC_PROCESS
HALLMARK_CHOLESTEROL_HOMEOSTASIS

c
252 0 0 o ke
2.48 0 0 -
239 0 0 T 150
201 0 0 g T
19 0 0 o L
188 0 0.002 B -
184 0 0.002 ® 100+ - =
176 0 0.009 @
-
e
1.9 0 0.016 c
1.85 0 0.002 S
176 0 0.006 »w 504
176 0 0.01 >
L
2 0 0.001 %
-1.86 0 0.002 o)) 0
-1.66 0.003 0.01 = T T
[} < *
2.29 0 0 (&) -\0\ (\\o
223 0 0 & O
A\ )
221 0 0 &
2.07 0 0.001 )

Fig. 4 Transcriptomic analysis of pancreatic PS1 stellate cells after serotonin stimulation. a Gene Set Enrichment Analysis (GSEA)
comparing serotonin or vehicle treated PS1 cell line. Pathways enriched in serotonin treated PS1 are in the top panel while pathways enriched
in the vehicle treated PS1 are in the bottom panel (b) Proliferation of PS1 in vitro when exposed 24 h to serotonin or vehicle.

into serotonin, namely the tryptophan hydroxylase (TPH) and
the aromatic L-amino acid decarboxylase (DDC) were fairly
similar in ileal NET and SP-PanNET and significantly higher than
in NF-PanNET (Fig. 3f).

Role of serotonin in the desmoplastic stroma

To try to better understand the relationship between the tumor
cell secretion of serotonin and the desmoplastic stroma in the
pancreatic setting, we cultured hTERT-immortalized pancreatic
stellate cells (PS1 cell line) with/without serotonin and assessed
how it impacted their transcriptome (Fig. 4a). Gene Set Enrich-
ment Analysis showed that serotonin exposition activated stellate
cells, inducing their proliferation, TGF-f signaling and extracellular
matrix production. In addition, serotonin decreased cholesterol
metabolism and storage, a key feature of quiescent stellate cells.
PS1 growth rate in vitro was significantly increased when
serotonin was added to the culture media (p = 0.022) (Fig. 4b).

Distinguishing SP-PanNET from ileal NET in routine practice
Distinguishing SP-PanNET from ileal NET metastases located in the
pancreas can be challenging, the latter not always being multiple
or associated with liver simultaneous involvement. We performed
an immunohistochemistry-based analysis on 29 SP-PanNET, 35 NF-
PanNET and 42 ileal NET (Tables 2 and 3 and Fig. 5). When
compared to NF-PanNET, SP-PanNET harbored a peculiar pheno-
type that may be confusing (Table 2). As described above, they
show exceptionally abnormal staining for DAXX, ATRX or MENIN,
markers that may be used to assign a pancreatic origin to a NET
metastasis. In addition, SP-PanNET, rarely expressed ISLET-1 and
always with a low intensity, a pattern different from NF-PanNET (p
<0.001). In contrast they often diffusely expressed CDX2, a rare
occurrence in NF-PanNET (p < 0.001). PAX6 and PDX1 were more
expressed in SP-PanNET compared to ileal NET (p <0.001). PAX6
was a very specific marker (100%) but with a very low sensitivity
(50%) while PDX1 was highly sensitive (100%) but with a lesser
specificity (78%). Even if CDX2 was more frequently expressed in
ileal NET, its high expression in SP-PanNET precluded its use to
distinguish SP-PanNET from pancreatic ileal NET metastases.

DISCUSSION

We present here an integrated morphologic, genomic/transcrip-
tomic and functional/immunohistochemical analysis of a very large
cohort of rare pancreatic neuroendocrine tumors expressing
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Table 3. Comparison of immunohistochemical markers between SP-
PanNET, PanNET and ileal NET.

SP-PanNET (n = 29) PanNET (n = 35) P

ATRX 1 (3,6%)° 3 (10%)° 0.612
DAXX 0 (0%) 12 (41.4%)° <0.001
MENIN 0 (0%)° 14 (41.2%)° <0.001
Islet 5 (17,2%) 29 (85.3%)° <0.001
PAX6 14 (50%)? 19 (55.9%)° 0.798
PDX1 29 (100%) 23 (67,6%)° <0,001
ARX 4 (13,8%) 28 (82,4%)° <0,001
Serotonin 29 (100%) 0 (0%)¢ <0.001
CDX2 21 (72,4%) 6 (17.6%)° <0.001
SP-PanNET (nh = 29) lleal NET (n =42) P

ATRX 1 (3,4%)° 0 (0%) 0,408
DAXX 0 (0%) 0 (0%) 1.0
MENIN 0 (0%)° 0 (0%)° 1.0
Islet 5 (17,2%) 0 (0%) 0.009
PAX6 14 (50%)? 0 (0%) <0.001
PDX1 29 (100%) 9 (21.4%) <0.001
ARX 4 (13,8%) 0 (0%) 0,024
Serotonin 29 (100%) 41 (100%)? 1.0
CDX2 21 (72,4%) 42 (100%) <0.001

2n = 28; °n = 26; °n = 30; 9n = 29; °n = 34.
an =28; °n=26; °n=14; In=41.

serotonin. We demonstrated that they do not harbor the classical
genomic abnormalities of NF-PanNET or ileal NET but instead often
display an isolated loss of chromosome 1. Transcriptomic analysis
revealed that they are closer to PanNET than ileal NET with an
exclusive beta-like phenotype. The abundant stroma is probably
linked to the activation of pancreatic stellated cells by serotonin
leading to a TGF- mediated deposition of extracellular matrix.
Genomic analysis revealed a chromosome 1 monosomy in 61%
of cases, which has never been described before in SP-PanNET. La
Rosa et al. described a monosomy of chromosome 18 like in ileal
NET in all of the five cases that were studied using FISH. We could
not confirm this finding using either FISH or whole genome array.
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Fig. 5 Immunohistochemistry staining of SP-PanNET. a ATRX, (b) DAXX, (c) MENIN, (d) ARX Insert: normal endocrine islet, (e) Islet-1 Insert:
normal endocrine islet, (f) Serotonin, (g) PAX6, (h) CDX2, (i) PDX1 (x200 magnification).

We did not find any mutation in CDKN1B, like in ileal NET®. This
isolated chromosome 1 loss appears specific as it was not
described in PanNET, even in small sized non-metastatic PanNET>?
and in insulinomas®®. Also, the absence of mutations in MEN1T,
ATRX, or DAXX cannot be related to the small size of SP-PanNET, as
they may be found in <3 cm PanNET>3. Chromosome 1 contains
numerous tumor suppressor genes. In NET, key genes involved in
the tumorigenesis, like MENT are often altered by mutation and/or
copy number alteration. Here, except for ARID1A, we did not found
recurrent pathogenic mutation in a gene located on chromosome
1. In contrast, we did find, albeit at low frequency, mutation in the
lysine (K)-specific methyltransferase 2 C (KMT2C) also known as
mixed lineage leukemia 3 (MLL3). KMT2C is located on chromo-
some 7 and encodes a nuclear protein with DNA-binding domains
and zinc finger type structures®>>¢. This gene is often deleted in
myeloid leukemias®>. KMT2C mutations are found in breast or
gastric adenocarcinoma and neuroendocrine component of
gastric MINEN**"3’, This suggests that like in other NET, the
epigenetic (dis)regulation of genes have an important impact on
carcinogenesis, an aspect that we did not tackle. Taken together
these genomic results suggest that SP-PanNET are not super-
posable to ileal NET and have a specific carcinogenesis, without
the key hallmark of NF-PanNET.

The transcriptomic profile of SP-PanNET was also closer to NF-
PanNET than ileal NET, harboring an exclusive endocrine beta-like
signature supporting the pancreatic origin. Indeed, the presence
and role of normal serotonin secreting beta cells were recently
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highlighted, including paracrine dialogue with (i) alpha cells to
control glucagon production in low glucose conditions and (ii)
vagal sensory axons®®3°, While these SP-PanNET may or may not
originate from these particular cells, they recapitulate some of
their features. In addition, serotonin was reported to favor normal
endocrine beta cell proliferation in an autocrine manner during
and after lactation suggesting that abnormal serotonin secretion
by the tumor cells may sustain their growth*. Of note, in our
RNAseq data the 5-Hydroxytryptamine Receptor 2 A (SSTR2A)
MRNA level was similar in SP-PanNET and ileal NET and
significantly much higher than in NF-PanNET (data not shown).
Another peculiar feature of SP-PanNET is their abundant
desmoplastic stroma that may even outrank ileal NET. Tryptophan
can be either transformed into N’-formylkynurenine by the
indoleamine 2,3-dioxygenase leading to L-kynurenine and its
derivatives that have anti-fibrotic and anti-inflammatory proper-
ties or into 5-hydroxytryptophan by the tryptophan hydroxylase
followed by decarboxylation to serotonin by the aromatic I-amino
acid decarboxylase serotonin though multiple steps'>. The
balance between the two pathways controls the serotonin
production. A correlation between serotonin production and
fibrotic disease have been discussed in pulmonary, cardiac or liver
fibrosis, which are more frequent if patients have carcinoid
syndromes’?™">. In these diseases, TGF-B was upregulated'®. It was
also well demonstrated in multiple wound repair models that
serotonin activates fibroblasts leading to extra cellular matrix
deposition and further TGF-B-dependent paracrine activation'>.
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The two main enzymes involved in serotonin production were
indeed increased in SP-PanNET (Fig. 3c). Accordingly, we also
found increased TGF-f3 signatures in SP-PanNET together with
extra cellular matrix remodeling. We could reproduce these
signatures in vitro on immortalized pancreatic stellate cells
exposed to serotonin suggesting that serotonin is responsible
for their activation, proliferation and matrix deposition. It should
be noted that this in vitro work has several limitations. First the
pancreatic fibroblasts that were used were not naive stellate cells
but immortalized and cultured on plastic with may alter their
response to external stimuli. In addition, these cells were treated
with recombinant serotonin at a dose in accordance with other
publications in the tissue repair field and in the fluids of patient
with ileal NET but we cannot be certain that this concentration is
indeed present in SP-PanNET, in which paracrine stimulation may
require lower amount of serotonin®',

In routine practice, when faced with a serotonin producing NET
located in the pancreas in a patient with a synchronic or
metachronous ileal SP-NET, the question of whether this is a
primary or metastatic tumor is frequent. This is an important
distinction as pancreatic NET and their ileal counterparts do not
have the same prognosis and do not share the same therapeutic
arsenal. Expression of classical ileal NET markers such as serotonin,
CDX2 and the absence of NF-PanNET marker such as ISLET1 and
abnormal MENIN, DAXX, ATRX staining may be misleading. Here, we
propose that PDX1 and to a lesser extent PAX6 could be useful tools
to distinguish SP-PanNET from pancreatic ileal NET metastases, an
important finding when considering the excellent prognosis of SP-
PanNET. It should be noted that the proteins of the PAX family share
important homology leading to potential cross-reaction with some
antibodies, especially the polyclonal ones. We chose to use a PAX6
antibody (and not a more widely available PAX8 antibody) as RNA
expression data showed that PAX8 is not expressed or at a very low
level in normal endocrine cells and PanNET (personal data and
single cell data from the Human Atlas repository, not shown)*?. The
reported PAX8 positivity of PanNET is most likely due to antibody
cross-reactivity. Pathologist should therefore be careful when
choosing their PAX family antibodies.

In conclusion, SP-PanNET are rare pancreatic tumors with fairly
similar microscopic and immunohistochemical appearance com-
pared to ileal NET. However, their genomic profile is distinct from
ileal NET, but also from NF-PanNET. Biologically, SP-PanNET are
also unique, displaying an exclusive beta-like profile but with a
serotonin-mediated activation of pancreatic stellate cell leading to
the extensive extra cellular matrix deposition.
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