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Abstract

Pancreatic neuroendocrine tumors (PNETSs) are rare tumors originating from
hormone-producing endocrine cells in the pancreas, only accounting for 1-2%
of all pancreatic cancers. The overall five-year survival rate of PNETSs is more
than 50%, however, once PNETs reach a distant metastatic stage, the survival
rate drops sharply to about 20%. The purpose of this study is to identify genes
associated with PNETs metastasis. I analyzed the RNA-Seq data from well-
differentiated PNETs and compared gene expression profiles of metastatic tu-
mors with profiles of primary PNETs. I used DEseq2 and identified 1007 genes
with significant differential expression levels (absolute value of log2 fold

change > 1, FDR < 0.05). Among the 325 significantly downregulated genes, I
found about 100 genes, average expression levels in metastatic tumor tissues
about 1/8 of those in localized PNETs, were related to basic functions of pan-
creatic islet cells: hormone secretion, neural development, synapse assembly,
and synapse structure/functions in metastatic tumor tissues compared to local-
ized PNETs. Such findings revealed that metastatic PNETs cells, even well-
differentiated ones, might start de-differentiation, adjusting their gene expres-
sion to adapt to a new tumor microenvironment (TME) distance from the pan-
creas. Such observations allow a better understanding of the metastasis of
PNETSs and indicate that differentiation-inducing treatments could be an option
for metastatic PNETs.
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1. Introduction

Pancreatic islets are clusters of neuroendocrine cells distributed throughout the pancreas. The islets account for 1-2%
of total pancreatic volume, characterized by enriched nerves and blood vessels, and contact about 15-20% of blood
flow through the pancreas. Islet cells are well-differentiated specialized cells that make various peptide hormones,
and their main function is to receive neuronal signals from synapses with nerves embedded into the islets and release
various hormones into the circulation system to regulate multiple biological processes [1]. Therefore, the pancreatic
neuroendocrine cells have characteristics of both neuron and endocrine cells. Pancreatic islets contain at least five
types of hormone secretion cells: the most abundant, S-cells (produces insulin and amylin); a-cells (produces gluca-
gon); o-cells (produces somatostatin); y-cells (produces pancreatic polypeptide), and e-cells (produces ghrelin). Pan-
creatic neuroendocrine tumors (PNETs), also known as islet cell tumors, are rare tumors originating from pancreatic
islets and are considered as well-differentiated neuroendocrine tumors (NETs). The annual incidence of PNETS is no
more than 1 case per 100,000 people. Risk factors of PNETs are family history and some inherited syndromes such
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as multiple endocrine neoplasia, type 1 (MENT1) [2]. Rising incidence of PNETS in recent years has been attributed
to increased detection in neuroendocrine tumors [3]. Prognosis of patients with localized PNETs are pretty good (5-
year overall survival rate more than 80%); however, patients with metastatic PNETs that migrate to regional lymph
nodes and to distant organs have much worse prognosis (5-year overall survival rate about 28%) [3]. About 34.4% of
PNETs are functional (F-PNETs) with elevated hormone production, while the majority of PNETs are non-functional.
Non-functional PNETSs typically lack symptoms and are usually diagnosed at relatively late stages with intense tumor
burden [1]. According to World Health Organization (WHO), pathological classification for Neuroendocrine Tumor
(NET) grading, poorly differentiated tumors with high Ki-67 score, and high mitotic counts are classified as neuro-
endocrine carcinoma (NEC) with even worse prognosis [4-6]. Evidence suggests that progression to PNEC typically
involves genetic alteration, such as TP53 and RB1 mutations [7, 8].

Surgical resection is the mainstay management option for localized functional PNETs and low-grade (grade 1 &
2) nonfunctional PNETs [9, 10]. Resection offers only limited benefit for high-grade and metastatic PNETs, although
some studies suggest more aggressive pancreaticoduodenectomy with metastasectomy improved 5-year survival rate
for patients with liver metastases [11, 12]. Neoadjuvant chemotherapy is a pre-operative treatment to reduce tumor
burden and improve overall survival over surgery alone [13]. Other medical management options have also been
explored, especially for unresectable or metastatic PNETs: Sunitinib, a tyrosine kinase inhibitor, has been shown to
improve progression-free survival median from 5.5 months to 11.4 months in patients with well-differentiated PNETs
[14]; Pembrolizumab, an anti-PD-1 antibody, induced partial response in some PNETs patients [15].

Greenberg, J. et al. [16] chose surgically removed, well-differentiated PNET tumors from patients: 15 have local-
ized tumors while 7 have metastatic (2 nodal, 3 both nodal and liver, and 2 liver) tumors. The authors utilized RNA-
Seq analysis to “investigate early changes accompanying disease progression to metastasis”. They first employed
pairwise differential gene-expression analysis, followed by gene set enrichment analysis, then identified that inflam-
mation and immune-related pathways were significantly activated in metastatic PNETs compared to localized tumors.
The authors found that the metastatic PNETSs that migrated to distant lymph nodes and the liver were upregulated in
various pathways of immune response. Animal models were used to verify their findings and demonstrated significant
T-cell infiltration in tumor tissues. Their work suggests that when the islet tumor cells migrate to distant organs, the
cells adapt to novel environments and start establishing a new TME (tumor microenvironment). Such early switching
is associated with the stimulation of immune response. The animal studies also revealed potential treatment options
(HDAC inhibitors) for metastatic PNETs. While immune response-related genes were mostly upregulated in meta-
static PNETSs, Greenberg J. et al also noticed the downregulation of pancreatic S-cells and insulin secretion genes but
did not perform systematic analysis on the negatively regulated genes.

2. Results

The dataset from Greenberg, J. et al. [16] was downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE178398). The authors collected RNA-Seq data from pancreatic neuroendocrine tumor tissues of 22
patients: 15 had primary tumors and 7 had metastatic PNETs migrated to distant organs, such as lymph nodes and
livers. All samples were morphologically classified as well-differentiated PNETs. There is no statistical difference in
gender and age of patients with primary or metastatic tumors. However, metastatic samples are at more advanced
tumor stages, according to WHO 2017 and 2022 classification [4, 6], and contain a higher percentage of nonfunctional
tumors (86% in metastatic vs 53% in primary tumors). The raw count data contains 22 columns representing 22
patients and 39,376 rows for gene expressions. The R programming environment’s DESeq2 library was used to nor-
malize the data with the DESeq function [17]. The normalized data was filtered with p-value < 0.001 and absolute
log2FoldChange > 1.5 (metastatic vs. primary PNETS) to generate 1434 differentially expressed genes. From the
genes, SNRNA, scRNA, snoRNA, tRNA, rRNA, and pseudo genes were removed, and the remaining 909 protein-
coding genes were employed for further analysis. Among them, 647 genes were upregulated in metastatic PNETS,
and 262 genes were downregulated (Figure 1).

The upregulated and downregulated genes were input into PantherDB, and analyzed using PANTHER Overrepre-
sentation Test (https://pantherdb.org/) with gene IDs as “Analyzed list”, Homo sapiens (all genes in the database) as
“Reference list”, Fisher’s exact as “Test Type”, Calculate False Discovery Rate (FDR) as “Correction”, and annotated
dataset with “GO biological process complete”.

With FDR and P value < 0.05, the 647 upregulated genes generated biological processes similar to the generators
of the dataset [16], indicating that inflammation and immune-related pathways were significantly upregulated in
metastatic tumor tissues.
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Figure 1. Enhanced Volcano plot of differentially expressed genes generated with EnhancedVolcano function of DESeq2. Signif-
icance (-Logio P-value) was plotted against expression alteration (log2 fold change) with pCutoff=1e-3 (p-value cutoff) and

FCutoff = 1.5 (log2 fold change cutoff). Positive and negative log2 changes correspond to upregulated and downregulated genes
in metastatic PNETs compared with primary tumors.

However, inputting the 262 negatively regulated genes in the PANTHER Overrepresentation Test generated the
other side of the story. The output of biological processes was filtered with FDR and P value < 0.05, then ranked with
ascendent FDR value. Four clusters of genes stand out in the overrepresentation test with relatively low FDR. Nervous
system development-related processes have the lowest FDR —neuron development: 44 genes; neuron differentiation:
48 genes; neurogenesis: 53 genes; generation of neurons: 48 genes; and nervous system development 67 genes. These
genes were then combined, sorted, and duplicates were removed. It turned out the 67 genes involved in nervous
system development covered all genes in other neuron-related biological process clusters. The next cluster with the
second lowest FDR is synapse-related, including regulation of trans-synaptic signaling/modulation of chemical syn-
aptic transmission: 31 genes, regulation of synapse structure or activity: 22 genes, regulation of synapse organization:
21 genes, synaptic signaling and regulation of synapse assembly: 14 genes. These synapse-related genes were also
combined, sorted, and removed redundancy, and resulted in 52 negatively regulated genes in metastatic PNETs. It is
worth noting that 23 genes are at the intersection of the above two clusters. Cell-cell adhesion, the loss of which has
been linked to the invasiveness of cancers [18]: 22 genes, is next, and regulation of secretion/hormone level: 29
genesis the fourth cluster with relatively low FDR in the test. Among the 262 significantly downregulated genes in
metastatic PNETSs, 109 genes belong to the four clusters, and their relationships are depicted with a venn diagram
(Figure 2A).
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Figure 2. A) Venn Diagram of the four biological process clusters with low FDR in the PantherDB Overrepresentation Test us-
ing the 262 downregulated genes in metastatic PNETs. Each circle represents one cluster. Overlaps are genes belonging to more
than one cluster. B) Using the pheatmap library and the 262 downregulated genes, the resulting heatmap compares the average

metastatic gene expression level against primary ones. The sidebar represents the amount of log2FoldChange, and the plot is
grouped by tumor type: localized (1-15) and metastatic (1-7). C) Four clusters of genes are significantly downregulated in meta-
static PNETs.

Twenty downregulated genes are related to insulin production, secretion, and regulation (Figure 3 and Table 1).
The iconic insulin gene of islet S-cells, INS/INS-IGF2, has a log2 fold change of -8.1 in metastatic PNETs which
corresponds to less than 0.4% of the mRNA level compared with localized tumors. IAPP which codes for amylin,
another major hormone from f-cells, has a log2 fold change of -5.7. Other insulin/amylin-related genes that were also
significantly downregulated are: IGF2 (insulin-like growth factor 2) with a log2 fold change of -5.7; APP (amylin
precursor protein) with a log2 fold change of -5.7; NKX6-1 (coding for Homeobox protein Nkx-6.1 that stimulates
insulin secretion in response to glucose [19]) with a log2 fold change of -3.17; CEL2A (chymotrypsin-like elastase
family member 2A, which enhances insulin signaling [20]) with a log2 fold change of -4.43; PAX4, one essential
gene for S-cells differentiation [21], with a log2 fold change of -5.89. Similar observations were also obtained from
other islet cell types. Genes related to glucagon by a-cells are: GLP1R (Glucagon-like peptide 1 receptor) with a log2
fold change of -3.59; GCGR (Glucagon receptor) with a log2 fold change of -3.56. SST, the gene that produces
somatostatin in islet 5-cells, was significantly downregulated with a log2 fold change of -7.57. GHRL, ghrelin, and
obestatin prepropeptide-producing gene in e-cells has a log?2 fold change of -4.14, while a ghrelin-related gene, GHSR
(growth hormone secretagogue receptor) has a log2 fold change of -5.79.

In addition to the pancreatic-specific hormone secretion-related genes, 96 downregulated genes are neuron/synap-
tic related. Seventy-six downregulated genes in metastatic tumors were clustered in biological processes relating to
nervous system development and participated in neuron differentiation, neuron development, and neurogenesis. Sim-
ilarly, 52 downregulated genes are associated with synapse assembly/structure and trans-synaptic signaling. Among
the 262 genes that were downregulated in metastatic PNETs and statistically significant, it is apparent that neuron
development/function-related genes are obviously overrepresented. The observation that a significant portion of
downregulated genes clustered in neuron-related, synapse-related, and hormone-related biological processes might
indicate dedifferentiation from the neuroendocrine islet cells associated with early metastasis of PNETs.

3. Discussion

Tumors originating from well-differentiated islet cells are usually benign. However, only about 1/3 cause elevated
hormone secretions and lead to symptoms, while the rest are “non-functional” tumors without early detectable signs
[1]. Therefore, a high percentage of PNETs are detected in a relatively late tumor-developing stage, when either tumor
burdens are high or tumors are causing other complications. Even so, primary PNETs with no sign of migrating to
distant organs usually have a reasonably good five-year survival rate [3]. However, once the tumor cells migrate to
distant organs, these metastatic tumors have a much worse prognosis [3]. PNETs progressions may also be related to
de-differentiation since the worst outcomes of islet-origin tumors are associated with PNECs, pancreatic neuroendo-
crine carcinomas, which are characterized by poorly differentiated cells [2].

My analysis utilized the RNA-Seq dataset of well-differentiated primary and metastatic PNETs from Greenberg J.
et al. [16] and confirmed their finding of upregulation of immune response genes in metastatic PNETs. Moreover, [
focused on the 262 negatively regulated genes in PNETs at the metastatic stage. Although these metastatic PNETs
are still morphologically well-differentiated islet cells, I found that dedifferentiation is present at the early stage of
metastasis. These islet-origin cells are losing their traits as hormone-secreting cells since characteristics of hormone
secretion in nearly all types of islet cells (5, 9, y, and g-cells) are significantly downregulated (with log2 fold < -3.5).
In addition, the metastatic PNETs cells are losing their ability to interact with the neural system; 96 downregulated
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genes are related to neuron development, neurogenesis, and other nervous system-related biological processes, as
well as synapse assembly, vesicle-mediated transport in synapse, regulation of postsynaptic membrane potential and
other biological processes related to synapse structure/function. These observations strongly indicate that these met-
astatic PNETSs, although still morphologically classified as well-differentiated cells, are undergoing de-differentiation
and losing the two key characteristics of neuroendocrine cells: receiving neural signals and producing hormones. In
their work, Greenberg, J. et al also observed the downregulation of pancreas £ cells and protein secretion, suggesting
the possibility of de-differentiation [16]. Similarly, Sadanandam A. and colleagues found PNETs expressing high
levels of insulin-related genes, such as INS and IAPP, are usually less aggressive [22].

It is highly plausible that the metastatic PNETs cells migrating to a distant non-pancreas organ would have to adapt
and survive in the new environment without well-organized islet structures characterized by enriched nerves and
blood vessels. Interactions with neurons and hormone production are no longer required, and it could be an evolu-
tionary advantage for the tumor cells to lose these irrelevant or resource-consuming biological processes. Elimination
of these metabolic burdens may help the migrated PNETs cells to establish growth advantages over their peers. Such
adaptive processes may initiate or trigger de-differentiation of PNETSs, and if combined with mutations of TP53 (iden-
tified in G3-NET and NEC [7, 8]) and RB1 (usually in NEC [7, 8]) may further de-differentiated and eventually
develop into PNECs.

The possible connection between the de-differentiation progression of islet-originated tumors and unfavored prog-
nosis naturally leads to a possible PNETs treatment option: differentiation therapy. In solid tumors, differentiation
levels are typically inversely correlated with tumor progressiveness and prognosis. Such a correlation may not estab-
lish a cause-and-effect relationship between poor differentiation and tumor progressiveness. Nevertheless, the exist-
ence of such a correlation caused the emergence of cancer differentiation therapy. Differentiation therapy employs
cytokines and hormones to induce undifferentiated tumor cells to differentiate in order to reduce the malignance or
make the tumor more sensitive to other measures of treatment. Differentiation therapy has been tested on NB (neu-
roblastoma), acute myeloid leukemia (AML), acute promyelocytic leukemia (APL), and liver cancer [23, 24].

Still, at its early stage as a cancer treatment option, retinoic acid (RA), the regulation of gene transcription and
maintenance of cell differentiation, when combined with arsenic, can induce maturation of acute promyelocytic leu-
kemia (APL) and eliminate the self-renewal ability of those cancer cells [24]. Although involved in clinical trials of
several types of cancers [25], RA has never been tested as a treatment option for metastatic PNETs. Interestingly, RA
signaling is vital in nervous system development, differentiation, and maintenance [26]. In addition, synthetic retin-
oids have been tested as potential treatments for neurodegenerative diseases, such as Parkinson’s disease (PD), Alz-
heimer’s disease (AD), and amyotrophic lateral sclerosis (ALS) [27]. The observed downregulation of genes related
to nervous system development in metastatic PNETs might be compensated by providing exogenous synthetic retin-
oids so that the de-differentiation trend could be reversed. Future studies are required to find out how metastatic
PNETSs would react to differentiation-inducing reagents, especially retinoic acid (RA) or its synthetic analogs.

Another possible group of differentiation-inducing reagents is HDAC (histone deacetylase) inhibitors. HDAC par-
ticipates in various biological processes such as gene transcription, gene regulation, cell differentiation, and cell mi-
gration. Inhibition of HDAC rendered neuroprotective effects and HDAC inhibitors were proposed to be potential
treatments for neurodegenerative diseases [28]. Interestingly, Greenberg, J. et al also suggested HDAC inhibitors
such as vorinostat and trichostatin A based on their finding that HDAC inhibitors can elevate CCR5 expression level
and recruit T cells to tumor TME [16]. In their work, Greenberg, J. et al tested the two HDAC inhibitors on PNETs
in mouse models and found them to be effective in reducing tumor burden, recruiting T cells, and inducing immune
response [16]. However, Greenberg, J. et al did not test the neuroprotective effects of vorinostat and trichostatin A to
see if they restored the expression of genes related to synapse signal transmission/neuron development as well. It
would be ideal if gene expression profiles of PNETSs cells with and without HDAC inhibitor treatments were available
for analysis, so I could verify if the de-differentiation associated with metastatic PNETs could be reversed by vori-
nostat and trichostatin A. That data might provide more clues on the possibility of differentiation therapy as a treat-
ment option for metastatic PNETs or PNECs with even lower differentiation levels.

Other than preoperative chemotherapy, medical management exploration so far provides limited benefits for pa-
tients with metastatic PNETs [10]. Sunitinib, alone or combined with mTOR inhibitor everolimus, failed to improve
overall survival for patients compared with chemotherapy alone [29]. Among the expression levels of Sunitinib tar-
gets (VEGFR1, VEGFR2, VEGFR3, PDGFRA, PDGFRB, KIT, FLT3, RET, CSF1R) [30], only FLT3 expressed
higher (log2 fold change: +3.25) in metastatic PNETs in my analysis, which agrees with the limited observed benefit
of Sunitinib. The moderate increase of expression level of the PDCD1 gene (log2 fold change: +2.38) in metastatic
PNETs also correlated with previous study results that the anti-PD-1 antibody, Pembrolizumab, only induced partial
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response in some PNETSs patients [24]. By comparison, my analysis indicated CTLA4 expression is significantly
higher (log2 fold change: +4.29) in metastatic PNETs, indicating that anti-CTLA-4 antibodies, such as ipilimumab,
alone or combined with anti-PD-1 antibodies might be worth exploring as immunotherapy options.

More work is required to understand the effects of early-stage de-differentiation on the progressiveness and prog-
nosis of PNETs. The downregulated hormone secretion and neural/synaptic related genes may have the potential to
serve as biomarkers for outcome prediction of PNETs and help to choose the most potent treatment options.
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