L))

Check for
updat

Review Article (Pancreatic Neuroendocrine Tumors)

Genetic and epigenetic alterations in pancreatic neuroendocrine
tumors

Amit Tirosh"?, Electron Kebebew’

'Endocrine Oncology Bioinformatics Laboratory, Endocrine Institute Research Center, The Chaim Sheba Medical Center, Tel HaShomer, Israel;
*Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel; 'Department of Surgery and Stanford Cancer Institute, Stanford University,
Stanford, CA, USA

Contributions: (I) Conception and design: All authors; (IT) Administrative support: All authors; (II) Provision of study material or patients: All authors;
(IV) Collection and assembly of data: A Tirosh; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors; (VII) Final
approval of manuscript: All authors.

Correspondence to: Electron Kebebew. Stanford University, 300 Pasteur Ave, Stanford, CA 94305, USA. Email: kebebew@stanford.edu.

Abstract: Neuroendocrine tumors (NETs) are a heterogenous group of tumors that originate from
neuroendocrine cells, mainly in the pancreas and the gastrointestinal and bronchopulmonary tracts. There
has been considerable progress in our understanding of the genetic and epigenetic changes associated with
pancreatic NETs (PNETs). The main genetic alterations that drive PNETs include genetic alterations
in MENI, VHL and genes involved in the mTOR pathway, DAXX and/or ATRX mutations and their
association with alternative telomere lengthening, and genes involved in DNA damage repair and chromatin
modification. The epigenetic alterations in PNETs are also common based on genome-wide DNA
methylation profiling studies, with a high rate of CpG hypermethylation in MENT1-associated PNETs
compared to sporadic and VHL-associated PNETs. Moreover, the dysregulated DNA methylation status is
associated with distinct gene expression profiles. This article reviews the commonly and recently discovered
genetic and epigenetic changes that are associated with PNETS, inherited PNETS, and genotype—phenotype

associations, and it discusses their clinical relevance.
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Introduction genetic and epigenetic events involved in the initiation and
progression of low-grade NETs, both in small intestine (3)
and pancreatic NETs (PNETs) (4).

Although NETs are considered rare, the incidence of

Neuroendocrine tumors (NETs) are a heterogenous
group of tumors that originate from neuroendocrine cells,

mainly in the gastrointestinal and bronchopulmonary NETs has increased markedly in recent decades, reaching

tracts (1). The management of NETS consists of surgical an annual incidence of 6.98 cases per 100,000 individuals

resection, which is the only curative treatment, and medical,
radionuclide, and/or interventional liver-directed therapy
for patients with unresectable NET metastases. NETs are
subclassified into three grades, G1, G2, and G3, based on
two histologically derived proliferative indices: the rate
of mitoses per 10 high-power fields and the percentage of
cells positively stained for the nuclear antigen Ki-67 (2).
There have been significant discoveries of the underlying
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(1,5), with 0.33 cases per 100,000 individuals for PNETs,
accounting for 3% of all pancreatic tumors (6) and 15-20%
of all gastro-entero-pancreatic (GEP) NETs (7). Most
PNETs (60-85%) are nonfunctioning (not causing a clinical
syndrome secondary to hormonal oversecretion). The
clinical syndromes caused by functional PNETs depend on
the cell from which the PNET originates; insulinoma from
beta cells (resulting in hypoglycemia), gastrinoma from
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G-cells (resulting in gastric ulcers, called Zollinger-Ellison
syndrome), vasoactive intestinal peptide (VIP) (resulting in
watery diarrhea syndrome), and glucagonoma from alpha-
cells (causing diabetes and skin erosions) (8-10).

The natural history of nonfunctioning and functioning
PNETs is distinct, both in terms of the primary lesion(s)
size, location, and multifocality and in terms of the risk for
metastatic disease. In addition, different PNET types have
a higher risk of association with hereditary syndromes,
such as the association of gastrinoma and insulinoma with
multiple endocrine neoplasia type 1 (MEN-1) syndrome.
The different biological behavior is tightly associated with
the genetic and epigenetic characteristics of the different
tumor types, as will be discussed in this review.

The clinical syndromes associated with functional
PNETs lead to earlier diagnosis of PNETs compared
to nonfunctioning PNETs. The latter may be detected
when a neighboring structure is compressed/involved by
the tumor (e.g., obstruction of the pancreatic/bile duct)
or, incidentally, when a CT/MRI scan is performed for a
different indication (8). The lack of tumor functionality
may lead to a more advanced stage of the tumor at diagnosis
since most patients will be asymptomatic; however, genetic
and epigenetic factors may also contribute to this risk, as
will be discussed in this review.

Of all PNETs, 7% have a K167 >20% (G3 NET), and
even a small subset of those are poorly differentiated (PD)
neuroendocrine carcinomas (NECs) (11). The natural
history of these tumors and the mortality risk are different.
In addition, the diagnostic tools for the two groups are
different, especially in terms of the selection of functional
imaging modality; ""F-FDG PET/CT is superior to
somatostatin receptor (SSTR)-based PET imaging in PD
NECs due to the high metabolic activity of the tumor cells
and the lower SSTR expression levels (12). Furthermore,
intervention choices are different since patients harboring
PD NECs are treated with chemotherapy while those
with G3 PNETSs can be treated with surgery, somatostatin
analogues (13-15) and/or other targeted agents (everolimus,
sunitinib) (16,17), and peptide receptor radionuclide
therapy ('"Lu-DOTATATE) (18). The genetic landscape of
these tumors is also distinct, with different altered signaling
pathways, mutation rates, and, consequently, different
tumor behaviors.

While most PNETs are sporadic, about 10-20% of
all PNETs occur as part of inherited syndromes (19,20).
The main syndromes associated with increased risk for
developing PNETs include MENTI due to germline
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mutations in the MENI gene, von Hippel-Lindau disease
(VHL) due to germline mutations in the VHL gene,
tuberous sclerosis complex (T'SC) due to germline mutations
in the T7SCI or TSC2 genes, neurofibromatosis type 1 due to
germline mutations in the NFI gene, and Cowden syndrome
due to germline mutations in the PTEN gene. Analysis of
VHL- and MEN1-related PNETS, and of sporadic PNETs
with relatively high rates of somatic MENI gene mutations,
has provided an understanding of the genetic and epigenetic
mechanisms leading to PNET development.

Genetics

The genetic background of PNETs is strongly associated
with the differentiation level/grade, the functional status
of the tumor, and the aggressiveness of the tumor. In
the following section, we describe the genetic changes
associated with PNET subgroups.

Well differentiated

Nonfunctioning pancreatic NETs

A study by Missiaglia and colleagues described the
differential expression of several genes associated with
the AKT/PI3K/mTOR pathway in PNETs (21). In this
study, a distinct transcriptomic signature for G1 PNET,
PD-PNET, insulinomas, and normal islet cells was
reported using genome-wide gene expression analysis. In
addition, the investigators validated, using quantitative
PCR, the differential expression of 7SC2 and PTEN, both
encoding proteins in the PI3K/AKT/mTOR pathways.
Furthermore, high protein expression was associated with
better progression-free survival (TSC2, PTEN) and overall
survival (T'SC2) 21).

In 2011, Jiao and associates performed whole-exome
sequencing in 10 PNETs, with targeted sequencing in
an additional 58 PNET samples (22). The investigators
reported a high rate (44%) of somatic mutations in MEN]
and in genes involved in the mTOR pathway [6 in TSC2,
5 in PTEN, and 1 in PI3CA in the entire study cohort
(N=68)]. In this study, 43% of the samples had mutually
exclusive damaging mutations in two chromatin remodeling
complex genes, DAXX and ATRX. The proteins encoded
by ATRX and DAXX are required for incorporating the
histone variant 3.3 to chromosome telomeres. In the same
year, Heaphy and colleagues reported a follow-up study (23)
that compared the presence of alternative lengthening of
telomeres (ALT) in PNETs by their ATRX/DAXX mutation
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status. In this study, all 19 tumor samples with ATRX/
DAXX mutations had abnormal ALT by fluorescent in situ
hybridization (FISH) techniques. In tumors with wild-
type ATRX/DAXX sequences, only 6 of 20 had a similar
pattern, but all had abnormal nuclear expression of ATRX
or DAXX, whereas all 14 remaining tumors had normal
DAXX and ATRX expression.

A comprehensive genomic analysis of PNETs using
whole-genome sequencing was published by Scarpa and
colleagues (4). The analysis included 98 samples (4) that
were processed for germline and somatic whole-genome
sequencing and for telomere length. In addition to the
validation of a high DAXX/ATRX mutation rate (33 of 98
cases) and the presence of AL, the researchers were able to
further narrow the “dark matter” (samples without known
driver gene mutations): in samples with wild-type ATRX/
DAXX and no ALT, a high rate of gene rearrangements and
novel fusion-genes were identified, including the Ewing
sarcoma 1 (EWSRI) gene. The germline DNA analysis was
also informative, demonstrating for the first time repeating
pathogenic variants in MUTYH, a known cause of hereditary
colon polyposis (5 cases) (24), and CHEK?2, associated with
an increased risk of breast and ovarian cancer (4 cases)
(25,26). Additional germline pathogenic variants were
detected in BRCA2 and CDKNIB (1 case each) and in genes
known to be associated with increased risk for PNET,
MENTI, and VHL (5 and 1 cases, respectively). The rate of
germline DNA pathogenic variants was 17%, emphasizing
the need for a low-suspicion threshold for hereditary
syndromes in patients who have PNETs. Analysis of the
somatic variants and copy number (CN) variant analysis in
the 98 cases defined 4 main driver molecular pathways for
PNET initiation and/or progression: DNA damage repair
(MUTYH, CHEK?2, BRCA?2), chromatin modifiers (SETD2,
MLL3), ALT (ATRX, DAXX), and the mTOR signaling
pathway (7SC1, TSC2, PTEN, and DEPDCS), with MENI
having a role in each of these pathways. In addition to
four previously implicated pathways, a new pathway was
described and named MUTYH after the gene that was
mutated in the germline DNA of most of the cases with this
gene signature. PNETS with a dominant MUTYH signature
had the highest mutation burden. Interestingly, in the
study by Jiao and colleagues, PNETs with ATRX or DAXX
mutations were associated with a better prognosis (22),
while several other studies indicated poor prognosis in
patients harboring these mutations, suggesting that DAXX/
ATRX mutations are either a cause or consequence
of disease progression (4,27-29). Moreover, tumors
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with altered ATRX/DAXX are more susceptible to the
development of chromosomal alterations (28). The
impacts of DAXX/ATRX/MENI mutations on tumor
biology and methylomes are detailed later in this review in
the Epigenetics section.

CN variations are of high interest in NETS, especially
considering the high rate of chromosome 18 CN loss in
small intestine NETs (SINETs) (30) and its association
with the clinical outcome (3). In line with the distinct
genomic landscape of PNETs versus SINETs, CN variants
in nonfunctional PNETs include CN losses of 11q
(including the MENT encoding locus at 11q13); CN gains
in chromosomes 11p, 10q, 6q, 3p, 1p, and 1q; and gains in
17q, 7q, 20q, 9p, 7p, and 9q (31). Among these, CN losses
of chromosomes 3, 6q (32), and 1 (33) and A CN gain of
chromosome 17q (32) have been associated with increased
risk of liver metastases.

Functioning PNETs
Functioning PNETs have distinct genetic characteristics
compared to nonfunctioning tumors. Furthermore, even
within the group of insulin-secreting PNETs, those
localized to the pancreas differ from metastatic insulinoma
genetically and in other molecular features, such as
expression of SSTR, which is more commonly expressed in
metastatic insulinomas (12).
Insulinoma
In insulin-secreting PNETS, the gene with the highest rate
of somatic mutation is the Yin Yang 1 (Y'YT) gene. In the
Caucasian (German) population (34), the mutation rate
was 13%, with all the mutations detected in women with
sporadic insulinomas, and all were the Thr372Arg missense
variant. In the Asian population, however, the rate of YY1
pathogenic variants in sporadic insulinoma was 30% (35).
The differences in the rates of CN variations between
nonfunctioning PNETs and insulinomas are striking.
Benign insulinoma have lower rates of any CN variation
(losses/gains) compared to nonfunctioning PNETs and very
low rates of 6q, 3p, and 10q CN losses and 17q and 9p CN
gains (all <10%). In contrast, malignant insulinomas have 6q
CN losses in 70% of tumor samples and CN gains in 17q,
7q, 20q, and 7p (frequency of 57%, 47%, 43%, and 37%,
respectively), all higher than either nonfunctioning PNETs
or benign insulinomas. This demonstrated the distinct
nature of nonfunctioning PNETS, benign insulinomas, and
malignant insulinomas (31).
Gastrinoma
Gastrinoma is associated with MENT1 syndrome in 25%
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of patients; hence, whether duodenal or pancreatic, this
diagnosis should drive the clinician to screen for additional
manifestations (primary hyperparathyroidism, pituitary
adenoma) and to perform genetic testing for germline
MENT mutations (36). In contrast to the unique genetic
patterns in insulinomas, sporadic gastrinomas are characterized
by a high rate of MENT somatic mutations (37). In one study,
31% of 51 sporadic gastrinomas had an MENI somatic
mutation, with clustering of 9 of 16 mutations detected
in exon 2, in contrast to the non-specific distribution in
germline MENI mutations (38). An even higher rate of
MENT mutations, 7 of 12 tumors (58%), was reported in a
small study of sporadic gastrinomas in Japanese patients (39).

Rates of CN variations are very low in gastrinomas
compared to nonfunctioning PNETs and insulinomas.
Deletions in 1q (40) were detected in 12 of 27 gastrinomas
(44%) and were associated with more aggressive disease.
In a small cohort of PNETs (41), CN loss of 22q loss was
identified in 8 gastrinomas and in additional PNETs. CN
gain in 9p, including the 7AK2 locus, was detected in 29%
of sporadic gastrinomas (31). A study with a small sample
size identified somatic variants in the CDKN2A gene (42).
In contrast, another study did not observe any mutation
or loss of heterozygosity (LOH) in the 9p locus. However,
promoter hypermethylation has been reported in the
CDKN2A gene in 52% (25 of 44) of tumors (43).

High-grade and poorly differentiated pancreatic

neuroendocrine carcinomas

G3 NETs and NECs are highly aggressive neoplasms,
which are typically non-operable on presentation due
to the presence of miliary metastatic disease and rapid
recurrence or disease dissemination after surgical
resection. Hence, systemic treatment with chemotherapy is
usually indicated (11). G3 NETs are very heterogenous, as
reflected by the wide range of the proliferative index Ki-67
(>20-100%) defining these tumors. Hence, there is ongoing
research on the optimal subclassification of this group, with
several features used for subclassification of these tumors.
Morphologically, well-differentiated cells define G3 NET5,
while PD cells define NECs, which are further subdivided
into small- and large-cell NECs. The proliferation index,
Ki-67, has been also suggested for subclassifying G3
NETs (44), with Ki-67 <55% used as the cut-off based
on its association with a lower risk of mortality (44). In
addition, high rates of abnormal immunohistochemical
staining for protein products of the tumor suppressor
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genes TP53 and RBI were reported in pancreatic NECs,
with correlation to genetic alterations in the corresponding
genes (45). In contrast to the advances in G1/G2 NET,
genetic studies and data on G3 NENs are scant.

In contrast to the distinct genetic landscape between
well-differentiated NET of the pancreas, as detailed
above, and of the small intestine NETs, with repeating
variant alterations in the CDKNIB gene and chromosomal
alterations in chromosomes 18, 4, and 5 (3,30,46), the
genetic alterations in PD NECs is similar across different
anatomic locations. PD NECs are characterized by loss of
the retinoblastoma tumor suppressor gene (RBI) and/or by
aberrant expression of 7P53 and corresponding expression
of the encoded protein, as demonstrated by the suggestion
that immunohistochemistry is a distinctive tool that can be

used to differentiate between WD and PD NETs (47,48).

Actionable mutations in PNETs

The ultimate goal of personalized medicine is to identify
a targetable alteration in a specific patient that would
allow for matching a highly effective and safe treatment to
each patient. Actionable mutations are DNA alterations
that are known to be associated with a response to a
specific therapy that target them. In WD-PNET5, the
most attractive pathway is mTOR since there is an FDA
approved intervention, everolimus, which is also found
to be effective in patients with PNETs, both in terms of
decreasing disease progression and improving overall
survival (17,49). To determine if such a strategy can be
used in patients with unresectable PNETs, a phase II
mutation-targeted therapy study was conducted. In the
study, tumor tissues (eight PNETs) were sequenced using
a oncogene and tumor suppressor gene panel (50), and
treatment with everolimus was indicated in the presence of
gene alterations involved in the mTOR-pathway and with
sunitinib for all other mutations or wild type tumors. The
researchers reported a very low number of driver mutations
and variants in general, while a high rate of CN alterations
was detected when no driver mutations were found (46). A
recent study reported BRAF pathogenic mutations in 8%
of WD-PNETS, including both V600E and non-V600E
variants (among those, the only recurrent mutation was
K601E) (51). The authors showed a gradual decrease in cell
viability using the RAF inhibitor, dabrafenib, which was
most potent in the V60OE variants and the K601E variants.
Furthermore, a combination of dabrafenib with the MEK
inhibitor, trametinib, induced a decrease in cell viability in
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cells with the V600OE and K601E BRAF mutation, but not
in wild-type BRAF PNET cells. This finding, however, has
not been translated to the clinic to test the efficacy of using
a BRAF inhibitor alone or in combination with a MEK

inhibitor in patients with unresectable PNETs that are
BRAF mutants.

Epigenetics

Epigenetics refers to a molecular mechanism by which
gene expression is regulated without a direct change to
the gene sequence. These mechanisms include CpG
methylation, histone modification, and non-coding RNA
molecules (long, micro). In the current review, we focus
on DNA methylation status in PNETs since they have
been more broadly studied. The amount of dark molecular
matter in PNETSs, even when whole-genome sequencing
is performed, and the high rate of somatic mutations in
MENI, which is known to affect DNA methylation, suggest
a significant role of epigenetics in the development and
progression of PNETs.

DNA methylation

DNA methylation regulates gene expression through
promoter/enhancer methylation. In cancer cells,
dysregulated CpG methylation is characterized by
downregulated gene expression due to promoter
hypermethylation, resulting in silencing of tumor
suppression genes and tumor development. In
addition, another hallmark of cancer is genome-wide
hypomethylation, which may lead to DNA instability and
an increased risk of structural changes. DNA methylation
is a dynamic process that is regulated by methylating
and demethylating enzymes. DNA n-methyl transferases
(DNMTs) add a methyl group to the cytosine in CpG
DNA sequences, and demethylating enzymes remove the
methyl group and include enzymes from the ten-eleven
translocation (TET) enzyme family.

Analysis of DNA methylation (methylome) are
completing a transition similar to the one witnessed for
the advances in DNA sequencing with the development of
high-throughput techniques. Currently, the use of arrays,
such as the Illumina Infinium arrays, enables quantification
of DNA methylation levels in up to ~850,000 CpG sites,
including coding and non-coding regions (52).

Whole-genome DNA methylation analysis of 29
PNETs revealed hypermethylation in MEN1-associated
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PNETs compared to sporadic and VHL-associated
PNETs (53). The analysis, integrated with gene expression
data, demonstrated a significantly higher number of
hypermethylated CpG in the MEN1 group and a
higher number of genes with both hypermethylation
and downregulated expression. Moreover, CpG island
methylator phenotype (CIMP) analysis revealed promoter
hypermethylation and gene downregulation in three genes:
SFRPS in sporadic PNETs and CDCA7L and RBM47 in
MENT-related PNETs. A fascinating study by Chang
and associates demonstrated that PNETs with ATRX,
DAXX, or MENI mutations share common methylation
signatures, distinct from tumors without mutations in these
genes (29). Moreover, the ATRX/DAXX/MENI1-aberrant
PNET methylation signature is similar to the alpha-
cell methylation pattern, including upregulation of the
characteristic HNF1A and its target genes. The mechanism
suggested by the authors is trans-differentiation of the
tumor cells during their evolvement. This finding was
further supported by a study by Cejas and colleagues (54).

In the targeted CpG promoter methylation analysis of
PNETs (n=46), hypermethylation in several genes, which
were selected due to their frequent mutation in NETs
or their epigenetic regulation and involvement in other
tumor types, was identified. The genes with a high rate of
promoter hypermethylation were MENI (19% of tumors)
and MGMT (methylguanine-O6-methyl transferase)
(17% of tumors), a gene encoding DNA de-alkylating
enzyme that may affect the response to treatment with
the alkylating agent temozolomide (55), and it is currently
being investigated as a therapy for NETs (11,56-58).
APC (adenomatous polyposis coli), responsible for APC
syndrome and the syndrome of gastric adenocarcinoma
and proximal polyposis of the stomach (GAPPS) (59,60),
had promoter hypermethylation in 48% of the tumors and
had reduced expression in PNETs. Interestingly, the APC
gene is involved and regulated by the Wnt pathway, which
is not one of the PNET pathways with gene mutations (61).
Additional genes that had promoter hypermethylation in
these samples were hypermethylated in cancer 1 (HICI),
associated with the 7P53 tumor suppressor gene, which
was found to be altered in 93% of the samples, and Ras
association domain family 1 isoform A (RASSF1A), which
may regulate apoptosis, mitotic, and cell-cycle arrest
through various pathways (62). Hypermethylation in
the CDKN2A gene, another cell cycle modulating gene,
has also been reported in PNETs, with a high rate of
hypermethylation in gastrinomas (43).
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Genetic predisposition to PNET syndromes

The risk for hereditary syndromes is relatively high among
patients with PNETS, with 17% of patients with apparently
sporadic PNETs having a germline mutation (4). Cardinal
clinical and pathologic features for hereditary/genetic
predisposition for PNETs include young age at diagnosis,
tumor multifocality, and positive family history of PNETs
(or other relevant neoplasms), functioning tumors, and
metastatic disease. Manifestations associated with a specific
syndrome should raise suspicion and lead to genetic
testing and counseling. For example, the presence of a
history of renal cell carcinoma and/or hemangioblastoma,
pancreatic cysts, and PNETS in a patient suggest a diagnosis
of vHL, gastrinomas are part of MEN1 in 10% of cases,
and diagnosis with primary hyperparathyroidism, kidney
stones, and/or pituitary tumors in a patient suggests MEN1
syndrome (36).

MEN1

MENT syndrome is inherited in an autosomal dominant
fashion. About 80% of patients with a known disease-
causing MENI mutation will develop clinical manifestations
of the disease. The overall rate of PNETs in MENI1
patients ranges between 30% and 80%. The most distinct
characteristic of MEN1-related PNETs is the high
rate of gastrinomas (40%), which constitute >50% of
all pancreaticoduodenal NETs in patients with MENT.
However, gastrinomas are usually non-pancreatic in origin.
A diagnosis of gastrinoma is associated with a 20% risk
of being diagnosed with MEN1 syndrome. Additional
tumor types in patients with MEN1-related PNETs
include nonfunctioning PNE'Ts in up to 55% of patients,
insulinoma in 10% of patients, and, rarely, VIP- and
glucagon-secreting PNETs (<1% each).

MENT1-related neoplasms are characterized by genome-
wide hypermethylation, at least in part due to increased
expression of the DNA methylating enzyme DNMT'1 (63).
MENI-related PNETs are also characterized by genome-
wide hypermethylation (53) and by a high rate of promoter
hypermethylation, as recently shown in a targeted
methylation analysis (64). These findings may explain the lack
of consistent genotype—phenotype associations in MENT.

VHL

VHL disease is inherited as an autosomal-dominant trait,

© Journal of Gastrointestinal Oncology. All rights reserved.

with an incidence of 1 case per 36,000 live births and with
high (>90%) penetrance. The gene responsible for the
disease is VHL (OMIM 193300), located in chromosome 3
(3922), encoding the VHL protein (65). The VHL protein
functions as the recognition unit for HIF1a in the ubiquitin
system, and its malfunction leads to high HIF1a cellular
levels and pseudohypoxia (66), with the development of
multiple hyper-vascular lesions, including neoplasms and
cysts in the kidneys, catecholamines secreting adrenal
medulla tumors (pheochromocytomas), hemangioblastomas
of the brain and the retina, PNETS, and cysts and additional
lesions (67,68). The risk of developing PNETs in patients
with VHL ranges between 9-17%, with a 30-50% risk of
multiple lesions (68,69).

In VHL syndrome, there is a genotype—phenotype
association (Tuble 1). This was first reported for VHL-
related pheochromocytomas that were rarely detected in
patients without missense variants (72,73). In terms of
risk for developing PNETS, several prospective and large
cohort studies have been reported in the recent years,
which analyzed such associations. Patients with a germline
missense VHL mutation and/or a mutation within exon
3 of the VHL gene (74) have a higher risk of developing
PNETs and a higher risk of developing metastatic disease
during follow-up (70,75), compared to other mutation types
and locations. Moreover, among patients with missense
variant in the VHL gene, those with 167 codon variants of
the VHL protein have an even higher risk of a poor clinical
outcome (75,76). VHL-related lesions are characterized
by various epigenetic alterations. Among them are global
DNA hypomethylation, compared to normal islet cells, and
sporadic and MEN1-associated PNETs (53). This may be
part of the pseudohypoxic state, induced by unregulated
HIF1o activity in these tumors.

Hereditary syndromes with low PNET penetrance

Several additional hereditary genetic predisposition
syndromes are associated with an increased risk of
developing PNETs. Cowden syndrome is associated with
a high risk of thyroid, breast, and endometrial carcinomas
due to germline pathogenic mutations in the PTEN gene.
As part of the PI3K/mTOR pathway, PTEN is a known
driver of PNET tumorigenesis, and, in fact, the low rate of
diagnosis with PNETs in patients with Cowden is somewhat
surprising (77).

TSC is associated with skin lesions, central nervous
system malformations with secondary seizures, and
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Table 1 VHL classification as defined by the germline VHL genotype, the disease manifestations, and the corresponding risk stratification for

VHL-related pancreatic neuroendocrine tumors (PNETs)

PNET progression

VHL type Germline VHL variant(s) Systemic manifestations PNET development .
or metastasis
la Mainly indels and truncations High risk for HB/RCC (low risk for Low Low
pheo)
Ib Large gene deletions HB (high risk) (low pheo/RCC risk) Low Low
lla p.Y98H (“Black Forest”)'; p.Y112H, p.V116F Pheo (high risk); HB (moderate risk); Moderate-to-High® High
RCC (low risk)

lIb 167 codon variants; p.R167Q, p.R167W High risk for all manifestations Very high Very high
llic p.V84L; p.L188V Mainly pheo, low risk for HB/RCC Very low® NA

Examples of variants are given for the different subtypes based on Nielsen et al. Please notice the many exceptions for each subtype in
the related/causative genetic variant and in the reported manifestations per variant. ', based on two studies, while p.Y98H had low risk for
metastasis (0/4), among five patients with p.Y98S, three (60%) had metastatic disease (70,71) (Krauss and Tirosh). %, no patients with 112
or 116 codons were reported in the main studies on VHL-related PNET genotype. °, patients with germline p.V84L and p.L188V variants
harboring PNETs have been reported. Indels, insertions, or deletions; HB, hemangioblastomas of the central nervous system and/or the

retina; pheo, pheochromocytoma; RCC, renal-cell carcinoma.

hamartomas/cell overgrowth in the heart, brain, and
kidneys (78). Several case reports have described patients
with germline pathogenic variants in 7SCI (79) and
TSC2 (80), the genes causing the syndrome. In fact, the
TSC2 germline variant was reported in a patient with
PNETs and with no additional manifestations of T'SC (80).
Furthermore, mTOR inhibition was found efficacious for
treating patients with a metastatic PNET with germline
TSC2 mutations (81).

Summary

There has been pronounced progress in our understanding
of the genetic and epigenetic alterations associated with
PNETs. These include (I) the identification of driver
gene mutations involved in four pathways involved in
PNETs, (II) the poor prognostic implications of ALT
and its association with ATRX/DAXX mutations, and
(IT) the recent findings of alpha cell signature in PNETs,
specifically recognized by ARX/PDX]I enhancer status,
enabling early accurate recognition of high-risk non-
functional PNETs. Also, the MEN1-associated PNETs that
have been characterized by genome-wide hypermethylation
explain the increasing importance of DNA methylation
in PNET tumorigenesis, especially considering the high
rate of somatic MENI somatic mutations. However, there
are several knowledge gaps that still need to be addressed,
which may have translational potential to the clinical
management of patients with PNETs. These include the

© Journal of Gastrointestinal Oncology. All rights reserved.

tumorigenic mechanisms of hereditary syndromes related
to PNETs, such as VHL, the implication of genetic/
epigenetic aberrations on the immune landscape of PNETs
and on the utility of immunomodulators in PNETS, and the
identification of truly actionable molecular alterations in
PNETs. Another area is the development of liquid biopsy
for PNETs, which not progressed to a clinically useful level,
and needs to be further evaluated, either through peripheral
blood transcriptome, circulating tumor DNA mutations,
and/or methylome signatures that mirror the natural history
of PNETs.
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