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Abstract 
 

Gastrinomas are malignant gastroenteropancreatic neuroendocrine tumors 
(GEP-NETs) that occur more commonly in the duodenum than in the pancreas and are 
associated with mutations in MEN1. Neuroendocrine cells, which give rise to GEP-
NETs, are thought to arise from endodermally-derived cells. We previously showed that 
duodenal gastrinomas express glial cell markers, suggesting that duodenal 
neuroendocrine tumors (DNETs) and pancreatic neuroendocrine tumors (PNETs) may 
have a different origin. AIM: To determine if DNETs and PNETs exhibit a transcriptome 
that reflects parallel mechanisms for the development of GEP-NETs and whether MEN1 
influences the tissue-specific differences. METHODS: Blood and tumor whole exome 
sequencing (WES) was performed in three PNETs, three DNETs, and two ileal 
carcinoids. RNA-Seq was performed on two of the DNET gastrinomas and two non-
functional PNETs. We conducted a western blot and immunohistochemistry of menin to 
determine if mutations led to a loss of the protein or change in location. RESULTS: All 
four tumor samples showed elevated but equivalent levels of RNA transcripts for 
neuroendocrine markers such as chromogranin A, neuron-specific enolase and 
synaptophysin. Gastrin mRNA was 700-fold greater in both DNETs compared to the 
PNETs, which is consistent with their clinical diagnoses of gastrinoma. The non-
functional PNETs expressed >25-fold higher mRNA levels of vasoactive intestinal 
peptide relative to the DNETs. DNETs expressed elevated mRNA levels of genes 
related to gastrin-cell specification (e.g., NKX6-3). In PNETs, elevated transcripts were 
related to genes expressed during the early stages of enteroendocrine cell 
differentiation (ASCL-1, IRX2). WES analysis of all samples showed a germline 
mutation of MEN1Ala541Thr. The minor allele frequency of the MEN1Ala541Thr mutation is 
16.2%. In addition, a germline frameshift at MEN1 Arg 521 was identified in a DNET. A 
germline non-frameshift deletion at Glu363 and two somatic insertions consisting of 14 
and 32 nucleotides at Gly2 and Met1 respectively, were identified in a PNET. All DNETs 
exhibited germline and somatic MEN1 mutations in the C-terminus of the protein near 
the nuclear export signal within exon 10. By contrast, in the non-functional PNETs, the 
mutations were located near the N-terminus of the protein. Surprisingly, a MEN1 
mutation was present in the ileal carcinoids at MEN1Ala541Thr. Menin protein expression 
was observed in GEP-NETs and was cytoplasmic. CONCLUSION: The transcriptome 
and mutation profiles of DNET gastrinomas differed from PNETs. Elevated levels of 
transcripts in DNETs were related to gastrin-cell specification, while elevated PNET 
transcripts were related to neuronal and enteroendocrine cell differentiation. Regardless 
of the MEN1 mutation profile, menin protein was expressed in all samples. MEN1 
mutations may not be sufficient to initiate tumorigenesis, suggesting that other parallel 
mechanisms might inactivate the function of menin.  
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Background 
 

Gastroenteropancreatic neuroendocrine tumors (GEP-NETs) encompass a 
diverse group of neoplasms that vary in location within the gastrointestinal tract and 
vary in their secretory products. There is an increase in the incidence of GEP-NETs 
among all adult age groups in the United States. Genetics, exposure to environmental 
agents such as proton pump inhibitors and advances in imaging are possible reasons 
for the increased incidence in GEP-NETs.1 GEP-NETs represent tumors from different 
tissues that might share their neuroendocrine origin, despite variation in their mutational 
profile and transcriptome. 

GEP-NETs are commonly associated with the Multiple Endocrine Neoplasia 
Type 1 (MEN1) syndrome.2 The MEN1 syndrome is an autosomal dominant condition, 
in which a non-functional MEN1 allele is inherited and then the transformed cell 
develops an additional mutation leading to loss of heterozygosity (LOH) at the MEN1 
locus.2  Therefore, the MEN1 syndrome is thought to follow Knudson’s ‘two-hit’ 
hypothesis.3  Mutations in the MEN1 gene give rise to GEP-NETs, pituitary adenomas 
and parathyroid hyperplasia.4 Primary hyperparathyroidism due to parathyroid 
hyperplasia is the most common lesion in the MEN1 syndrome.4 Of the GEP-NETs 
associated with the MEN1 syndrome, gastrin-secreting tumors are the most common.5 
The tumors occur in the submucosa of the duodenum, are multiple, small (<1cm) and 
metastatic.5 In the GEP-NETs, specifically MEN1 gastrinomas, the precursor lesions are 
hyperplastic gastrin-expressing cells that do not exhibit LOH.6 MEN1 mutations also 
occur in 40% of sporadic GEP-NETs and exhibit the same phenotype.4 However, the 
distinguishing feature of the MEN1 syndrome is that it generally occurs after years of 
carrying the mutation of one allele.4 Although GEP-NETs are commonly affected by 
MEN1 mutations, the function of the mutations have not been fully elucidated. 

Menin is a 610 amino acid scaffold protein that interacts with other proteins to 
control gene transcription.7 The MEN1 gene is a 9181 base pair locus on chromosome 
11q13 and spans ten exons.7 The coding region ranges from exon 2 to exon 10 and 
generates a 2.8-kb mRNA transcript.7 The sequence of menin is highly conserved 
among species.8 Menin is a ubiquitous nuclear protein, with varying expression levels in 
different tissues.8 In endocrine cells, menin is a tumor suppressor protein. However, a 
cytoplasmic location has also been reported, suggesting that movement in and out of 
the nucleus contributes to its function.9 Indeed, the protein has three nuclear localization 
signals, NLS1, NLS2 and NLSa, which all reside in exon 10.9 Moreover, menin has two 
nuclear export signals located at the amino terminus and within the middle of the protein 

(Figure 1) 9,10. Menin interacts with several transcriptional regulators such as the Mixed 
Lineage Leukemia proteins (MLL1, MLL2), RUNX2, JunD and NFkB .11 JunD, a 
component of the AP-1 transcription factor subunit, induces gastrin gene expression.12 
However, when JunD interacts with menin it becomes a repressor of gastrin.12 In 
conclusion, menin is a protein with differential expression, cellular localization and can 
interact with several protein partners.  
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Although there are over 1200 germline MEN1 mutations reported, they do not 
correlate with specific phenotypes.13 MEN1 mutations appear to be scattered throughout 
the gene locus with no mutational hotspots.14 Even when the same mutations affect 
individuals within the same family, the phenotype may vary.13 The most common 
mutations are frameshift deletions or insertions (41%), followed by missense mutations 
(20%), splice-site mutations (9%), non-frameshift deletion or insertion (6%) and whole 
gene deletions (1%).14 Nevertheless, most of these mutational studies were performed 
on non GEP-NETs. Therefore, the diversity among MEN1 mutations in tissue location, 
type and phenotype has precluded the full characterization of MEN1 mutations in GEP-
NETs.  

To further understand the role of menin in the development of neoplasms, 
several mouse models have been created. The first Men1 transgenic mouse model was 
developed at the National Human Genome Research Institute. The mouse Men1 locus 
was targeted in embryonic stem cells (ES) by deleting most of the coding sequences 
(exons 2-8).15 The homozygous phenotype of this transgenic mouse was an embryonic 

 

 
Fig. 1- The MEN1 gene organization and mutations identified in GEP-NETs. The 
MEN1 gene spans 10 exons and produces menin, a 610 amino acid protein.7 The 
coding region is from exon 2 to 10.7 The non-coding region is illustrated by striped 
shading. Menin is a nuclear protein that interacts with a variety of DNA transcription 
regulators such as, JunD (codons 1-40, 139-242, 323-428).11 Menin has three 
localization signals, NLS1(479-497), NLSa (546-572) and NLS2 (588-608), located 
in the C-terminus of the protein.9 Additionally, menin contains two nuclear export 
signals, NES1 (32-41), and NES2 (258-267).10 The mutations identified in the 
patients are illustrated by a circle. Each circle represents a mutation found in the 
tumor or blood samples. (G) is for Germline, (S) is for somatic and (B) is for both 
germline and somatic. The dark green circles were identified in COSMIC database. 
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lethal at E10.5-11.5, and the heterozygous phenotype caused islet cell hyperplasia and 
pancreatic islet tumors within nine months.15 However, no gastrinomas were observed 
in these mice.15 There is a report of extrapancreatic gastrinomas in a mouse model that 
targets the deletion of intron 2 to intron 3 of the Men1 gene.16 In addition to parathyroid 
adenomas, pancreatic tumors and pituitary adenomas, the authors reported 
extrapancreatic gastrinomas in the stomach antrum and duodenum in 8 out of 49 
mice.16 The lesions were described as adenomas and carcinomas in the glandular 
stomach and duodenum.16 However, the authors showed no evidence of gastrin nor 
duodenal NETS that expressed gastrin. Rather what they showed was epithelial-derived 
hyperplastic antrums that were not characteristic of endocrine tumors nor did they 
express gastrin.  Therefore, the presumed extrapancreatic gastrinomas are not 
neuroendocrine tumors since the lesions are arising from the mucosa. 17 Since the 
homozygous deletion of Men1 was embryonic lethal in the mice, several conditional 
mouse models were also created.18 Despite the creation of several mouse models of 
Men1 inactivation none exhibited gastrinomas. 

The most frequent GEP-NETs 
of the MEN1 syndrome are the 
gastrin-expressing tumors.5 Gastrin is 
a polypeptide hormone produced in 
the gastrin-cells (G-cells) located in 
the gastric antrum where gastrin 
stimulates parietal cells to secrete 
acid.19 Menin through JunD 
interaction inhibits gastrin expression 
(Figure 2).12 Thus to generate 
hyperplastic G-cells and possible 
gastrin-expressing tumors, Men1 was 
conditionally deleted in the GI tract.20 
The deletion of Men1 (Men1 fl/fl) in the 
epithelium of the gastrointestinal tract 
was accomplished using Cre 
recombinase expressed by the Villin 
promoter (Villin-Cre).20 In the Villin-
Cre; Men1 fl/fl mice, there was an 
increase in plasma gastrin and antral 
G-cells. However, there were no 
gastrinomas observed in this mouse 
model.19  

Gastrin secretion is regulated by a negative feedback mechanism through the 
paracrine peptide, somatostatin.19 Moreover, somatostatin induces the expression of 
menin (Figure 2) 21. Since menin and somatostatin both inhibit gastrin and neither G-cell 
tumors nor hyperplasia was observed in the Villin-Cre; Men1 FL/FL, it was hypothesized 
that somatostatin also needed to be removed. Therefore the Villin-Cre; Men1 FL/FL 

mouse was bred to somatostatin null mice (Sst -/-).22 This transgenic mouse developed 
gastric carcinoids and hypergastrinemia in two years.22 To accelerate the development 
of the gastric carcinoids, the mice were treated with a proton pump inhibitor, 

 
 
Fig.2- Menin and somatostatin inhibit 
gastrin secretion. Somatostatin produced 
in the D-Cells of the antrum inhibits the 
secretion of gastrin through paracrine 
regulation.19 Menin inhibits gastrin 
expression through the interaction with 
JunD.12 Both menin and somatostatin are 
potent inhibitors of gastrin.21 Moreover, 
somatostatin induces the expression of 
menin. 21 
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omeprazole.22 Omeprazole is an irreversible inhibitor of H+/K+-ATPase, the enzyme that 
stimulates parietal cells to secrete acid and treatment of the Villin-Cre; Men1 FL/FL; Sst -/-  
mice accelerated carcinoid development to 6 months. 23 The Villin-Cre; Men1 FL/FL; Sst -/-   
was the first report of a genetically-engineered mouse model to develop gastric 
carcinoids and hypergastrinemia.22  

 In addition, the Villin-Cre Men1 FL/FL; Sst -/- mice treated with omeprazole (OMS) 
mice also developed G-cell hyperplasia in the lamina propria of the duodenum.22, 24  

However, the gastrin-positive cells were not of epithelial, neuronal, or smooth muscle 
origin.24 Rather, the gastrin positive cells were found to express enteric glial cell 
markers.24 Moreover, the expression of gastrin in the enteric glial cells (EGCs) required 
loss of menin.24 In the enteric nervous system, EGCs constitute a significant cell 
population found in the enteric ganglia between the smooth muscle layers and within 
the lamina propria of the mucosa.25 EGCs express the same protein markers as 
astrocytes in the brain such as Glial Fibrillary Acidic Protein (GFAP) and S100B protein. 
Additionally, EGCs express Sry-related HMG-Box gene 8 (SOX 8), SOX 9, and SOX 10, 
all of which are expressed in multipotent enteric nervous system precursors.25 There are 
several subtypes of EGCs with some cells only expressing specific markers.25 Recently, 
a transcriptional signature of EGCs in mice was identified by principal component 
analysis using single-cell sequencing. The transcriptome signature consisted of Sox10, 
Erb-B2 receptor tyrosine kinase 3 (Erbb3), Fatty acid binding protein 8 (Fabpp) and 
Proteolipid protein 1 (Plp1).26 The identification of EGCs in the gastrin-expressing cells 
of the duodenum of the OMS transgenic mice led the group to determine whether 
human duodenal gastrinomas also exhibit these markers.24  

 To determine if human duodenal gastrinomas expressed glial markers, 
immunohistochemistry (IHC) was performed.24 Surprisingly, human duodenal 
gastrinomas (4/5) and lymph node gastrinomas (2/2) stained for EGCs markers while 
pancreatic gastrinomas (5/6) did not.24 The authors concluded that the cell origin of the 
duodenal gastrinomas differs from pancreatic gastrinomas.24 Indeed, duodenal 
gastrinomas exhibit a different behavior, e.g., they are multiple, small (< 1 cm), and are 
more likely to metastasize to the lymph nodes.5 Since duodenal gastrinomas express 
EGCs markers, the investigators concluded that some MEN1 gastrinomas might arise 
from neural crest cells rather than from endoderm-derived epithelial cells, e.g. like the 
enteroendocrine cells (EECs), as previously thought.  

The pathogenesis of duodenal gastrinomas likely differs from pancreatic 
gastrinomas. It was previously reported that 14 of 25 patients with duodenal 
gastrinomas had proliferative and hyperplastic gastrin cells in the non-tumorous and 
submucosa of the duodenum.6 Of the patients exhibiting the MEN1 syndrome, all 
exhibited proliferative and gastrin-expressing cells.6 Moreover, the hyperplastic G-cells 
did not exhibit LOH of the MEN1 gene and were considered precursor lesions of 
gastrinoma tumors. 6,27 In the duodenal gastrinoma LOH was eventually observed.27 
The genetic or environmental stimulus that causes the hyperplastic gastrin cells to 
develop into gastrinomas is not understood.  

One approach to identify aberrant pathways that may lead to GEP-NETs is to 
characterize the cells they originate from. Enteroendocrine Cells (EECs) EECs make up 
approximately 1% of the intestinal mucosal cells.28 EECs contain electron-dense core 
vesicles, which are typical of hormone-containing granules as well as clear vesicles that 
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resemble neurotransmitter-containing granules.28  EECs function to secrete peptides 
into the paracellular space to regulate adjacent cells or into the blood to regulate distant 
organs.28 EECs express a variety of genes that encode neuronal proteins, such as 
synapsin and also express several neurotrophin receptors such as the glial-derived 
neurotrophic factor family receptor.28 Whether in the GI tract or other tissues, 
neuroendocrine cells are identified by the secretion of Chromogranin A (CgA) or 
Chromogranin B (CgB), two key proteins that regulate the secretory pathways of 
neuroendocrine cells.29 Synaptophysin, a component of the presynaptic vesicles 
membrane, is also used to identify EECs.29 EECs represent a unique class of cells as 
they respond to both hormonal and neuronal signals.29  

The origin of EECs in the gastrointestinal tract has been debated complicating 
the understanding of the cell of origin in GEP-NETs. Since enteroendocrine cells have 
features of endocrine and neural cells, there has been some controversy to as whether 
neuroendocrine cells develop from the endoderm or neural crest.30 Several experiments 
using lineage tracing with Lgr5+-CreERT2 transgene and the Rosa26R-LacZ reporter, 
demonstrate that all epithelial cells, including neuroendocrine cells of the intestinal 
mucosa, originate from the Lgr5+ pluripotent crypt basal stem cells.30 Previously using 
chick-quail chimeras, quail neural crest cells were placed in the chick to trace their 
migration in the gut.31 The submucosal ganglion cells and cells of the myenteric plexus 
in the gastrointestinal tract were quail cells and therefore of neural crest origin, while 
mucosal EECs were of chick origin.31 The absence of neural crest markers on EECs 
suggested that gastrointestinal neuroendocrine cells originate from the epithelium and 
therefore, are of endodermal origin.31  Although there is strong evidence to suggest that 
neuroendocrine cells in the GI tract develop from the endoderm, that does not preclude 
the possibility that neural crest cells under certain conditions, including genetic changes 
in MEN1, can also give rise to neuroendocrine cells in the GI tract with hormone-
secreting capabilities. 

Understanding the mutational profile of GEP-NETs is essential to identify key 
driver mutations that can be for target for specific drug treatments. Previously, 48 small 
intestinal neuroendocrine neoplasms, which consisted mainly of carcinoids were 
analyzed by whole exome sequencing (WES).32 A mutation in the cell-cycle inhibitor 
CDKN1B was found in a small population of tumors (8%). However, there were no 
somatic mutations identified in common with other GEP-NETs such as MEN1.32 The 
WES analysis demonstrated that small intestinal neuroendocrine neoplasms such as 
ileal carcinoids (ICs), which arise from enterochromaffin cells, have limited somatic 
mutation drivers.32 However, genomic instability occurs at the terminal end of 
chromosome 18q (67-88%).33 In contrast, pancreatic neuroendocrine tumors (PNETs) 
have been studied more extensively using large scale genomic analysis. In the WES 
analysis of 98 PNETs, the most common mutations were in MEN1 (41%), alpha 
thalassemia/mental retardation syndrome X-linked (ATRX) (10%) and death domain-
associated protein (DAXX) (22%).34 ATRX and DAXX are both proteins involved in 
chromatin remodeling. Moreover, 40% of patients with PNETs have deletions in the 
chromosome region 16p.34 This region contains TSC2, which leads to aberrant 
expression of PI3K/AKT/mTOR pathways.33 Therefore, the mutational profile of various 
types of GEP-NETs demonstrates the heterogeneity among these neoplasms, which 
apparently depends on the tissue and cell type they originate from.  
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GEP-NETs represent diverse neoplasms that vary in location, mutational profile, 
and even cell markers. GEP-NETs are a group of tumors that are often investigated 
since their incidence is rising. However, it has been suggested that the phenotype of 
these tumors varies depending on the cell of origin. For example, duodenal gastrinomas 
are submucosal and exhibit neuronal markers, suggesting a mixture of neural crest and 
endodermal cell of origin. 24 To determine key driver mutations and aberrant signaling 
pathways that can be used for specific drug targets, we analyzed patient samples by 
WES and RNA-seq. Our goal was to determine how the transcriptome of duodenal 
gastrinomas differs from pancreatic neuroendocrine tumors and to determine if the 
MEN1 mutation profile correlates with the tissue-specific phenotypes.  
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Methods 
 
Human samples 

Three duodenal neuroendocrine tumors (DNETs), three PNETs, two ICs and 
corresponding blood samples were collected at the time of surgery and harvested in 
liquid nitrogen (Table 1). David Metz, MD from the University of Pennsylvania graciously 
provided the tumor samples. De-identified tissue acquisition was approved by the 
University of Michigan and the University of Arizona Institutional Review Board.  
 

Whole Exome Sequencing 

DNA was extracted from the tumor and buffy coat using the QIAGEN PDNA Mini Kit 
(Catalog #: 51304). Whole exome sequencing and analysis was performed by 
Novogene (Sacramento, California). All samples met quality control standards, which 
required the Q30 to be above 80%. Sequencing results were compared to the reference 
CRCh37genome. 
 

RNA extraction  

RNA was from two duodenal gastrinomas and two PNETs using the Qiagen RNeasy 
mini-kit for tissue (Catalog #: 74134). The RNA could not be analyzed in all samples 
due to degradation. 
 

IHC 

Human tissues were fixed in 10% formalin overnight. Tissues were de-paraffinized in 
xylene and dehydrated in 70% ethanol. Antigen-retrieval was performed in citrate buffer 
for 30 minutes. The tissue was then blocked in 10% donkey serum in Phosphate Buffer 
Saline Tween 20 (PBS-T) for 1 hour. Primary antibody for menin (Bethyl, A3005A) and 
gastrin (Santa Cruz, SC-7783) in 10% donkey serum in PBS-T were left overnight at 4 
C. Donkey anti-rabbit HRP (Abcam, NC9973657) and Alexa Fluor 594 Donkey anti-goat 
(Molecular Probes, A-11058) secondary antibodies in PBS-T were incubated for 30 
minutes at room temperature in the dark. Tyramide signal amplification technology 
(Perkin Elmer) was used to enhance the detection of menin. The slides were incubated 
in the fluorescein reagent for 4 minutes.  
 

Transfection  
Mouse embryo fibroblasts (MEFs) with the Men1 null genotype and wildtype MEFs were 
provided by Sunita Agarwal.35 MEF’s were routinely cultured in DMEM (Corning) with 
15% fetal bovine serum (VWR) and 10% penicillin-streptomycin (Life technology). At 60-
80% confluency MEF Men1 null cells were replaced with Opti-MEM (Invitrogen) and 
then transfected with 5 μg of wild type MEN1 expressed from the pCDNA3.1+C-(K)-
DYK plasmid (Genescript). Cells were transfected with Lipofectamine 2000 (Invitrogen) 
using the manufacturer’s protocol and then analyzed 24 hours later by western blot.  
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Western blot  

The tumor tissues were homogenized in RIPA lysis buffer (Pierce) with protease and 
phosphatase inhibitors to extract the protein. Twenty micrograms of protein were 
resolved on a 4-12% Bis-Tris Plus gel and then transferred to PVDF membrane. The 
membrane was blocked in 5% milk dissolved in Tris-buffered saline Tween-20 (TBS-T) 
for one hour. Menin antibody 1:1000 (Bethyl, A300-105A) was incubated overnight in 
2% milk TBS-T. The HRP anti-rabbit antibody 1:3000 (Cell signaling, 707402) was 
incubated in 2% TBST for 90 minutes. The blot was developed using the ECL western 
blotting substrate (Pierce).  
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Results 
 

Clinical characteristics of GEP-NETs 

We analyzed GEP-NETs in three regions of the GI tract. The average age of the 
patient population was 54 ± 11 years. Twenty-five percent of the patients had a clinical 
or genetic diagnosis of the MEN1 syndrome. The patients with the MEN1 syndrome had 
a higher percentage of Ki-67 stained cells compared to those without the syndrome. 
Sixty-three percent of the patients presented with metastasis to the lymph nodes or 
liver. The pathological grade of the tumors was World Health Organization (WHO) grade 
I (75%) and WHO grade 2 (25%) (Table 1).  

 Differential gene expression in duodenal gastrinomas and PNETs  
To determine if DNETs and PNETs have a different transcriptome, we conducted 

RNA-seq analysis. All tumors showed elevated but comparable mRNA transcript levels 
of neuroendocrine tumor markers (Figure 3A). The elevated neuroendocrine tumor 
transcripts were CHROMOGRANIN A, CHROMOGRANIN B, SYNAPTOPHYSIN, and 
ENOLASE 2 (Figure 3A). These transcripts are the diagnostic markers for 
neuroendocrine tumors, supporting that the tissue was obtained from neuroendocrine 
tumors.36 

 
Table 1- Summary of patient characteristics of GEP-NETs. The clinical 
characteristics of GEP-NETS such as the age, MEN1 syndrome, Zollinger-Ellison 
Syndrome (ZES) status, metastasis and tumor grade by WHO classification are 
reported. 
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The mRNA hormone 
profile of the tumors 
analyzed was associated 
with the clinical symptoms of 
the diagnosed functional 
tumor. In the two duodenal 
gastrinomas, the gastrin 
mRNA transcripts were 
highly elevated (2755X) 
compared to pancreatic 
neuroendocrine tumors 
(Figure 3B). Of the two 
patients, only one presented 
with the Zollinger-Ellison 
syndrome (ZES), a clinical 
condition in which 
hypergastrinemia stimulates 
excessive acid secretion.37 
Yet, both tumors showed 
highly elevated gastrin 
mRNA, suggesting that the 
excessive expression of 
gastrin by the tumor may not 
always be secreted into the 
bloodstream and that not all 
gastrinomas exhibit ZES. 
The pancreatic 
neuroendocrine tumors 
consisted of a VIPoma and a 
non-functional neuroendocrine tumor. As expected, the patient with a VIPoma showed 
elevated levels of vasoactive intestinal peptide (VIP) mRNA transcripts (Figure 3C). 
However, in the non-functional PNET (NF-PNET), the VIP levels were surprisingly 
elevated compared to DNETs (Figure 3C). The diagnosis of a functional GEP-NET 
consists of elevated hormones in the blood that correlates with clinical symptoms. Our 
results suggest that mRNA transcripts in GEP-NETs may be a valuable diagnostic tool, 
as the tumor hormone transcripts are aberrantly expressed and easily detected.  

To identify key signaling pathways and transcriptional regulators in duodenal 
gastrinomas and PNETs, we compared the transcriptome of the two tumor types. The 
top-10 expressing transcripts compared to each tissue type are reported in Figure 4A 
and 4B. Notable differences were that duodenal gastrinomas highly expressed NKX6.3, 
which is essential for the development of G-cells (Figure 4A) .38 Onecut-3 (OC-3) was 
also highly elevated in the DNETs compared to the PNETs (Figure 4A). OC-3 is a 
homeodomain transcription factor that belongs to the Onecut family and is expressed in 
the endoderm, including the liver, pancreas, and stomach and contributes to the 
maturation of enteroendocrine cells.39, 40 Therefore in duodenal gastrinomas, the highly 
elevated transcripts were related to genes involved in mature neuroendocrine cell 

 
Fig.3-Neuroendocrine tumor markers and 
hormone profile of GEP-NETs. (A) Elevated mRNA 
transcripts of neuroendocrine tumor maker (log 
FPKM) (B) mRNA transcripts of Gastrin in GEP-
NETs. (C) mRNA transcripts of VIP in GEP-NETs. 
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differentiation. This suggests that the pathobiology of GEP-NETs may depend on the 
mature cell from which they originate from.  
  By contrast, the PNETs overexpressed the Iroquois Homeobox 2 (IRX2) 
transcription factor (Figure 4B). IRX2 is a member of the Iroquois family expressed in 
the α-cells of the pancreas and early stages of endocrine cells development but, not in 
mature endocrine cells.41 Moreover, elevated transcripts in the PNETs were Achaete-
Scute Homologue 1 (ASCL1) also known as hASH1, which is a basic helix-loop-helix 

(bHLH) transcription factor 
(Figure 4B).42 ASCL1 is 
expressed in the early 
development of neural and 
neuroendocrine progenitor 
cells in different tissues.42  
Therefore in the PNETs, 
elevated transcripts were 
related to the early stages of 
neuroendocrine 
differentiation. 
 
MEN1 mutations identified 

in GEP-NETs 

To determine if MEN1 
mutations differed among the 
three different tumor types, 
we conducted whole exome 
sequencing (WES). The 
MEN1 mutations identified 
are summarized in Figure 1 
and Table 2. The patients 
with the clinical diagnosis of 
MEN1 syndrome exhibited a 
germline mutation in the 
MEN1 locus. Additionally, the 
tumors had sporadic 
mutations in MEN1.  Notably, 
all GEP-NETs had a germline 
single nucleotide variation 
(SNV) at MEN1Ala541Thr. We 
identified several MEN1 
mutations in the GEP-NETs 
analyzed.  

 

 
 
Fig. 4- The highly elevated gene transcripts in 
duodenal gastrinomas compared to pancreatic 
neuroendocrine tumors. A) Top-10 mRNA 
transcripts expressed in duodenal gastrinomas 
compared to PNETs (log FPKM). B) Top-10 mRNA 
transcripts expressed in PNETs compared to 
duodenal gastrinomas (log FPKM).  
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Of the three DNETs, only one patient had two germline MEN1 mutations. The 

same patient also had clinical MEN1 (DNET_215) with the second germline mutation 
being a MEN1 frameshift at Arg 516, which led to a predicted stop codon at position 
529. The predicted truncation of the protein led to the loss of two nuclear localization 
signals. This germline mutation occurs at a frequency of 2.7% in a cytidines-rich 
domain, where several frameshift insertions and deletions have been previously 
reported.14 This commonly mutated region likely leads to the loss of nuclear localization 
signals. Prior in vitro studies showed that individual point mutations in the three nuclear 
localization signals did not retain menin in the cytoplasm.9 However, when all three 
nuclear localization signals are mutated menin does not localize to the nucleus.9 Thus 
we concluded that the duodenal MEN1 mutation located in the C-terminus of the protein 
might lead to a loss of nuclear localization signals and possibly a change in the 
subcellular localization of menin. 

We identified six additional MEN1 mutations in duodenal gastrinoma through the 
COSMIC databases (Figure 1).43 The MEN1 mutations identified in duodenal 
gastrinomas were more commonly frameshift mutations (62.5 %) and likely led to a 
truncated protein. Moreover, the MEN1 mutations were located towards the C-terminus 

 

 
 
Table 2- Summary of patient GEP-NET mutations identified by whole exome 
sequencing. Of the seven identified MEN1 mutations, four were novel mutations not 
previously reported. The most common MEN1 mutations were frameshift insertions 
or deletions (57%), non-frameshift deletions (14%) and single nucleotide variations 
(SNVs) (29%). Some MEN1 mutations led to a predicted early stop codon, which 
would cause a truncated protein. 
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of the protein. In summary, a change in the nuclear localization of menin in duodenal 
gastrinomas might alter menin levels in the nucleus available to repress the gastrin 
promoter.  
 In contrast, the PNETs analyzed had a variety of mutation types located in 
different protein domains. The patient with a VIPoma in the pancreas (PNET_134) had 
four different MEN1 mutations; two germline, and two somatic mutations. A germline 
non-frameshift deletion of glutamic acid at codon 363 and a germline missense mutation 
MEN1Ala 541Thr were found. There were two somatic mutations in menin of 31 and 14 
nucleotide insertions leading to frameshift of Met1 and a frameshift of Gly2, 
respectively. The 31 nucleotides insertion of Met1 led to an early stop codon at amino 
acid 3. The 14-nucleotide insertion led to the frameshift of Gly2, causing a predicted 
truncated protein of 118 amino acids. The two mutations likely led to a non-functional 
protein since a large part of the protein was not produced. The MEN1 mutational profile 
in this patient is consistent with Knudson’s ‘two-hit’ hypothesis, in which the germline 
mutations are missense or small deletions and the second hit is an intragenic mutation, 
whole gene deletion or a chromosomal loss.3  
  NF-PNETs both exhibited MEN1 mutations. A non-functional PNET had a novel 
frameshift deletion of eight nucleotides leading to the frameshift of leucine at codon 273. 
The blood sample of this tumor was not available. Thus, it is unknown whether or not 
this is a germline mutation. The other PNET had a somatic novel missense mutation at 
codon MEN1Glu235Lys. The SIFT (Sorting Intolerant From Tolerant) analysis, which 
predicts whether non-synonymous amino acid substitutions affect protein function, was 
0.015 D. (Deleterious, score<=0.05 versus Tolerated, score >0.05). Three pancreatic 
gastrinomas from the University of Michigan repository were analyzed for germline 
MEN1 mutations as the samples were extracted from the buffy coat. The mutations 
were MEN1 Ser253Leu, MEN1 His39Gln, and an in-frame deletion of five amino acids from 
codons 45 to 50 (Figure 1). Overall, the MEN1 mutations identified in the PNETs were 
scattered throughout the genome occurring more frequently towards the N-terminus of 
the protein.  

Three PNETs, three DNETs and two ileal carcinoids had a germline single 
nucleotide variation (SNV) at MEN1Ala541Thr. The mutation is reported to have conflicting 
interpretations of its pathogenicity, since it is ranked as benign and of uncertain 
significance in the ClinVar database.44 The global minor allele frequency for the SNV is 
0.16554 and a higher frequency is reported in the African population 0.292 (ExAC).43 
The SIFT score reported was 0.981 (Deleterious, score <=0.05 and Tolerated, score 
>0.05). However, in the FATHMM (Functional Analysis through Hidden Markov Models), 
a similar analysis program to SIFT that predicts the functional consequences of SNV, 
the mutation score was -5.1, D (Deleterious (D), score <=-1.5).  There are several 
prediction methods used to distinguish pathogenic mutations from polymorphisms.54 

The prediction models are not always comparable due to the differences in algorithms 
used for detecting deleteriousness. In a recent analysis, FATHMM and KGGseq had the 
highest discriminative power to predict a change in the function of a protein from a non-
synonymous nucleotide variation.45 Ranking MEN1Ala541Thr as tolerant or deleterious by 
different programs, illustrates the importance of using various prediction methods to 
assess the pathogenicity of non-synonymous SNVs and not relying solely on 
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bioinformatic analysis to predict the function of a SNV. Importantly, in vitro and in vivo 
studies are essential to define the function of a SNV.  
 

The protein expression of menin is variable in GEP-NETs. 
 
To determine if MEN1 

mutations led to a loss of 
protein in the GEP-NETs, we 
performed a western blot 
(Figure 5A). Surprisingly, all 
tumors demonstrated the 
menin protein expression. 
Moreover, the MENIN mRNA 
transcripts were comparable to 
the transcripts expressed in 
non-tumorous duodenum and 
pancreas (Figure 5B).46 This 
supports that menin is 
produced regardless of the 
MEN1 mutation type or 
location. In the tumors, the 
molecular mass of menin was 
smaller to the protein 
expressed from the transfected 
human MEN1 gene in the 
Men1-/- MEFs. The difference 
in size might be caused by 
changes in post-translational 
modifications such as 
phosphorylation. Moreover, the 
tumor samples with MEN1 
mutations that led to a 
predicted truncated protein did 
not change the molecular mass 
of menin. In summary, MEN1 
mutations do not lead to loss of 
menin protein expression. 
Rather there appears to be 
loss of menin function caused 
by post-translational events. 
 

 

 
 
 
Fig.5 Menin protein and mRNA expression in 
GEP-NETs. (A) Representative blot showing 
menin expression in GEP-NETs. MEF Men1-/- 
had no menin expression compared to MEF WT 
cell line. Menin protein expressed by Men1 -/- 
MEF transfected with the human MEN1 gene 
(MEF Men1 -/- MEN1. Beta-actin was used as the 
loading control. (B) MENIN mRNA expression in 
DNETs and PNETs. 



 19 

 

 
 

Fig. 6 - Menin is overexpressed and cytoplasmic in a duodenal gastrinoma. 
From left to right. (A) H&E of the duodenum and gastrinoma within the 
submucosa. (B) Immunofluorescent (IF) staining of gastrin and menin in 
gastrinoma. (C) Representation of the duodenal villi of sample co-stained with 
gastrin and menin.   
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Menin is overexpressed and cytoplasmic in a duodenal gastrinoma and a non-

functional pancreatic neuroendocrine tumor.  

To compare the 
mutational profile of menin 
to tissue phenotype, we 
conducted IHC analysis. 
Formalin-fixed slides were 
obtained for some, but not 
all of the GEP-NETs 
samples analyzed. 
DNET_269, a duodenal 
gastrinoma, showed 
clusters of round cells with 
“salt and pepper” nuclei 
which are typical for GEP-
NETs, and which are 
located in the submucosa 
of the duodenum (Figure 
6A).17 The clusters were 
gastrin-expressing cells 
confirming that this was a 
gastrinoma (Figure 6B). 
Menin was overexpressed 
in gastrin positive tumor 
cells and was both nuclear 
and cytoplasmic (Figure 
6B). The gastrin-
expressing cells in the 
duodenum were normally distributed (2-3 cells per villi) and menin was nuclear (Figure 
6C), demonstrating that in the non-tumorous region, gastrin and menin were normally 
expressed. In the PNET, there was a strong expression of menin that was mostly 
cytoplasmic (Figure 7B). Both tumor types had overexpression of menin in the 
cytoplasm. This supports that mutations in menin do not cause a loss of protein but 
rather a change in the location. Menin is a scaffold protein that interacts with a variety of 
DNA regulators.8 The abnormal location of menin in the cytoplasm may lead to the loss 
of regulation of gene targets leading to tumorigenesis.  
 

 
 

 
 
 
 
 
 

 
 

Fig. 7- Menin is cytoplasmic in non-functional 
PNET with missense mutations. From top to bott om 
(A) H&E staining of pancreas. (B) IF staining of menin 
in the tumor region. 
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Discussion 
 

Neuroendocrine cells are complex and give rise to distinct GEP-NETs. GEP-
NETs represent a unique group of tumors whose phenotypes vary depending on the 
different regions of the GI tract, cell markers, and mutational profile. Single cell 
sequencing technology has demonstrated differences among enteroendocrine cells with 
different hormone expression profiles.47 As more enteroendocrine cells are investigated 
in detail, it is anticipated that analysis will lead to the identification of the primary cells of 
origin and specific gene targets. 
 We previously showed that duodenal gastrinomas expressed enteric glial 
markers and suggested that some of these submucosal tumors might arise from glial 
cells.24 To determine if duodenal gastrinomas originate from EGCs, we conducted RNA-
seq analysis. In this analysis, the mRNA transcripts expressing the cell markers of 
enteric glial cells such as GFAP, S100B, PLP, and SOX10 were not elevated in the 
tumors.25,26 We also compared transcripts of duodenal gastrinomas to the public EGCs, 
transcriptome analyzed during the development of the mouse enteric nervous system.26 
There were no elevated transcripts to suggest that duodenal gastrinomas originate from 
EGCs. This result was in contrast to the fact that the protein levels of the genes were 
elevated. Therefore, we speculate that these transcripts might be low if their levels are 
transient and occurred during the initial development of the tumors. Since the analysis 
was conducted on a small sample size with varying transcriptomes, we could not 
confirm whether duodenal gastrinomas EGCs transcripts were consistently low in the 
tumors. Duodenal gastrinomas are rare, small, multiple and submucosal tumors, which 
limits the acquisition of tissue for RNA-seq analysis. A larger sample size will allow us to 
identify if duodenal gastrinomas originate from enteric glial cells. Besides, these tumors 
likely arise from multiple clones contributing to the challenges in determining their 
transcriptome.7 

We are the first to report the transcriptome analysis for duodenal gastrinomas 
and to identify highly expressed genes that may play a significant role in the 
pathobiology of these neoplasms. In this analysis, we identified two G-cell specific 
transcription factors, NKX6.3 and NKX2.2. The NKX family is involved in a variety of 
developmental processes in the central nervous system and the pancreas.38 Duodenal 
gastrinomas expressed a 617-fold increase in NKX6.3 compared to non-gastrinoma 
PNETs. The Nkx6.3 gene is expressed in the epithelium of the antrum and hindbrain of 
mice. Of significance is that Nkx6.3 -/- mice exhibit reduced numbers of gastrin-
producing (G) cells in the antrum and duodenum.38 NKX6.3 is a tumor suppressor 
protein since it functions to inhibit cell proliferation and induce apoptosis.48 The 
transcription factor is crucial for gastrin expression in an endocrine tumor. However, it is 
not clear how these pathways contribute to proliferation and tumor formation.  

NF-PNETs represent a unique subset of GEP-NETs, since they lack secretion of 
symptom-related neuroendocrine hormones and peptides, so the patient does not 
exhibit systemic symptoms. Therefore, the management of NF-PNETs is determined by 
tumor size.49 If the tumor is less than 20 mm the oncologic risk is low, and surgery is not 
recommended.49 The CLARINET study was a randomized control trial that compared 
treatment with depo-lanreotide, a somatostatin analog, to placebo for non-functional 
GEP-NETS.50 In the treatment group, tumor growth was inhibited, which delayed 
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progression. Moreover, the randomized control trial, RADIANT-4, showed that treatment 
with everolimus, an mTOR inhibitor, for non-functional NETs of the GI tract and lung 
showed significant improvement in progression-free survival.50 These NETs responded 
to the MTOR inhibitors and somatostatin analogs, both of which target proliferative 
signaling pathways in GEP-NETs, suggesting that NF-PNETs may share similar 
pathways of tumor development. 

The hormone secreting profile or the size of non-functional GEP-NETs may not 
be the best way to determine management guidelines. For instance, in the non-
functional pancreatic neuroendocrine tumor, the mRNA transcripts of VIP were elevated 
compared to duodenal gastrinomas. Yet, there were no clinical symptoms that would 
suggest the presence of a VIPoma. Non-functional GEP-NETs may still produce 
hormones but at a level insufficient to cause a clinical syndrome. Nevertheless, it is 
unknown if the production of the hormones internally drives tumor growth in an 
autocrine manner. VIP is a 28-amino acid polypeptide that is mainly known for its 
vasodilating effects.51 VIP exhibits proliferative effects in the brain. Furthermore, VIP 
enhances the growth of pancreatic and prostate cancer cells.51 Since non-functional 
GEP-NETs lack excessive hormone production, these tumors are thought to exhibit low 
malignant profile, despite VIP production.  
  MEN1 mutations occur in 40% of GEP-NETs with no genotype to phenotype 
correlation.2,6 Thus, determining if MEN1 affects tissues differently is essential to 
understanding the pathobiology of GEP-NETs. The mutations identified in the duodenal 
gastrinomas occurred towards the C-terminus of the protein where there are three 
nuclear localization signals. The mutations were frequently frameshift mutations, which 
likely leads to a truncated protein and loss of the C-terminal region.9 The PNET 
mutations occurred with a higher frequency and were located towards the N-terminus of 
the protein. Our results were consistent with the analysis of sixteen sporadic 
gastrinomas with MEN1 mutations.52 In this study, the MEN1 mutations in pancreatic 
and lymph node gastrinomas were more common in exon 2 .52 In contrast, duodenal 
gastrinomas or small primary tumors <1mm rarely harbored mutations in this region.52 
There are a variety of MEN1 mutations reported in GEP-NETs with no mutational hot 
spots.14 Since there is no apparent phenotype associated with specific mutations, it is 
essential to study individual mutations in the context of specific tissues.  
 There are four reported polymorphisms in the MEN1 gene. The previously 
reported and presumed germline MEN1Ala541Thr polymorphism was present in all of our 
tumor samples. A polymorphism is defined by having a greater than 1% minor allele 
frequency in the population.53 Although the MEN1 Ala541Thr SNV is a polymorphism with a 
minor allele frequency of 16%, the pathogenicity of this non-synonymous substitution is 
reported as uncertain significance.44  In the eight GEP-NET samples analyzed, the SNV 
was present in the tumor and white blood cells isolated from the buffy coat. Moreover, in 
the whole exome sequencing analysis of 98 pancreatic neuroendocrine tumors, this 
SNV was present in 95 of the tumors.34 The amino acid change that occurs in the non-
synonymous SNV is substantial since a non-polar amino acid is mutated to a polar 
hydroxyl group creating a phosphorylation site, specifically for protein kinase G. 
Additionally, the SNV occurs near the nuclear localization signal, NLSa.9 Further in vitro 
and vivo studies are needed to test the function of this SNV. The high frequency of this 
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germline SNV in GEP-NETs indicates that it may be a predisposing factor for these 
neoplasms.  
 To further characterize the function of the MEN1 mutations in GEP-NETs, we 
determined the protein expression of menin. Surprisingly, the protein was present in all 
the samples. The neoplasms with MEN1 mutations that led to a predicted truncated 
protein did not show a loss of protein or change in the molecular mass of menin. Since 
the menin antibody used detects the C-terminus of menin in the 575 to 610 region, a 
truncated protein with a loss of this region would not be detected.  Nevertheless, the 
tumor tissue was not microdissected and the detected menin may be a mixture of wild 
type and truncated protein. In summary, MEN1 mutations may not lead to a loss of 
protein but rather lead to a loss of the menin function. 
  Additionally, in the GEP-NETs analyzed, the molecular mass of menin was 
smaller than the protein expressed by the transfected human MEN1 gene in Men1-/- 
MEFs. The difference in the size of menin may be related to post-translational 
modifications, such as phosphorylation.54 Menin migrates as a doublet and may be a 
result of phosphorylation.54 MEN1 mutations do not correlate with a specific phenotype 
in GEP-NETs, suggesting that additional mechanisms of pathogenesis, such as 
differential post-translational modification of menin, may exist.  

  Menin has several phosphorylation sites; however, the functions of those 
residues are not well characterized. The known menin phosphorylation sites occur at 
serine residues, Ser394, Ser487, Ser 543 and Ser 583.55 The menin residue Ser394 is 
phosphorylated in response to DNA damage with irradiation and UV treatment.56 
Glucagon-like peptide 1 (GLP-1), a cleaved peptide from the glucagon gene generated 
by enteroendocrine cells, directly phosphorylates menin at Ser487. The phosphorylation 
of menin occurs by GLP-1 signaling-activated PKA and leads to the loss of repression 
on insulin and cell proliferation.57 Menin Ser487 residue site is within the nuclear 
localization signal NLS1 (479-497). To test if the phosphorylation of menin leads to a 
change in localization of the protein, an insulinoma cell line, INS-1, was treated with 
forskolin, a PKA agonist. Menin did not translocate to the cytoplasm, suggesting that 
phosphorylation of menin at this residue did not change the subcellular localization of 
the protein.57 In glial cells treated with forskolin and gastrin, both PKA agonists, menin 
translocated to the cytoplasm.22 However, in this study it was not determined if the 
translocation of menin to the cytoplasm was by PKA-mediated phosphorylation of the 
protein.22 In addition to MEN1 mutations, post-translational modifications of menin may 
lead to a change in the protein function or location leading to the derepression of gene 
targets and tumor development.  

The effect of MEN1 mutations on the function of the protein are not well 
established. In vitro analysis of transfected menin missense mutations show a reduction 
in the half-life of mutants and degradation through the ubiquitin-proteasome pathway.58 
Enhanced degradation of menin mutants suggests that missense mutations lead to 
protein instability rather than to disruption of the functional domains of the protein.58 The 
effect of frameshift mutations, the most common type of MEN1 mutations, have not 
been investigated. An analysis of one hundred forty PNETs using IHC demonstrated 
that menin is overexpressed in missense mutations and is cytoplasmic in the presence 
of frameshift mutations, suggesting that the type of mutation may lead to loss of protein 
function through distinct pathways.59 The samples we analyzed in this study were 
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consistent with the IHC analysis of the one hundred forty PNETs. The PNET_299 with a 
MEN1Glu235Val mutation exhibited an increase in menin expression and was cytoplasmic. 
In the duodenal gastrinoma with the mutation MEN1Ala541Thr (DNET_269), a presumed 
polymorphism, menin was cytoplasmic, suggesting that the missense mutation might be 
sufficient to cause a loss of function in menin protein through loss of nuclear location. 
GEP-NETs are commonly affected by MEN1 mutations. However, the mechanism by 
which mutations lead to a change in protein function is not established.  

The transcriptome of GEP-NETs with particular hormone secretion profiles such 
as gastrinomas has not been reported. Classifying GEP-NETs according to their tissue 
of origin and the transcripts they express allows for a comprehensive view of the 
pathobiology. MEN1 mutations clearly play a role in the development of GEP-NETs. 
However, MEN1 mutations affect only 40% of these tumors, suggesting that there are 
additional mechanisms that lead to tumor development. Future studies include 
analyzing the mutational profile and transcriptome of a larger sample size of GEP-NETs 
from the primary tissue they originate from. GEP-NETs were thought to be rare 
neoplasms; however, it is now recognized that they are increasing in incidence.1 
Clinicians and patients will encounter these tumors with higher frequency and will 
require the development of target-specific treatments.  
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