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Abstract

Pancreatic neuroendocrine tumors (PNETs), a group of endocrine tumors arising in the pancreas, are
among the most common neuroendocrine tumors. The genetic causes of familial and sporadic PNETs are
somewhat understood, but their molecular pathogenesis remains unknown. Most PNETs are indolent but
have malignant potential. The biological behavior of an individual PNET is unpredictable; higher tumor
grade, lymph node and liver metastasis, and larger tumor size generally indicate a less favorable
prognosis. Endocrine testing, imaging, and histological evidence are necessary to accurately diagnose
PNETs. A 4-pronged aggressive treatment approach consisting of surgery, locoregional therapy, systemic
therapy, and complication control has become popular in academic centers around the world. The optimal
application of the multiple systemic therapeutic modalities is under development; efficacy, safety,
availability, and cost should be considered when treating a specific patient. The clinical presentation,
diagnosis, and treatment of specific types of PNETs and familial PNET syndromes, including the novel
Mahvash disease, are summarized.

Key words Pancreatic neuroendocrine tumors, insulinoma, gastrinoma, VIPoma, glucagonoma, non-functioning,
multiple endocrine neoplasia syndrome type 1, Mahvash disease

Neuroendocrine tumors are neoplasms that exhibit
neuroendocrine phenotypes such as the production of
neuropeptides, large dense-core secretory vesicles, and
a lack of neural structures™?. Pancreatic neuroendocrine
tumors (PNETSs), a group of endocrine tumors arising in
the pancreas, are among the most common
neuroendocrine tumors (NETs) ¥. Functioning PNETs
include insulinoma, gastrinoma, VIPoma, glucagonoma,
and others that produce specific  hormonal
hypersecretion syndromes. Non-functioning PNETs
comprise the largest group of PNETs and do not
produce syndromes of hormonal excess; rather, they
cause morbidity and mortality by invading normal tissue
and metastasizing!™®. There are no clear differences in
the epidemiology of PNETs based on race, sex,
geographic area, or socioeconomic status’. A conservative
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estimate of the prevalence of PNETs is approximately
25-30 per 100,000 population in the United States, and
the incidence of PNETs is increasing due to
improvements in diagnosis and case finding. The
behaviors of these tumors are highly variable and range
from nearly benign to extremely aggressive, but the
majority of PNETs are moderately malignant!™. In this
review, we summarize the commonalities of PNET
biology, diagnosis, and treatment and briefly discuss
specific PNETs and PNET-associated syndromes.

Pathogenesis

The pathogenesis of PNETSs is largely unknown but
is growing as a research topic®®. Approximately 10% of
all PNETs are components of familial endocrine tumor
syndromes such as multiple endocrine neoplasia
syndrome type 1 (MEN1), von Hippel-Lindau disease
(VHL), neurofibromatosis type 1 (NF-1), and tuberous
sclerosis (TSC)®€. The etiology of PNETs within the
context of these familial syndromes is the inherited
germline loss of the respective tumor suppressor gene.
For example, MEN1 is caused by inactivating mutations
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of the MENT gene. For a more detailed discussion,
please refer to the section “Endocrine Tumor
Syndromes” of this paper. The exact pathogenetic
mechanism that leads to PNET tumorigenesis in these
syndromes, however, is unclear. Several studies have
been performed on the pathogenesis of sporadic PNETSs,
which comprise 90% of all PNETs. Loss of chromosome
1, 3p, 6q, 11q, 17p, or 22q and gains of chromosome 4
or 9q have been observed in PNETs", |t is generally
assumed that the loss of a tumor suppressor gene or the
gain of an oncogene is the mechanism by which
chromosomal alterations cause PNETs, but stochastic
chromosomal number changes are also possible. A few
genes that regulate cell proliferation have also been
studied. Inhibitors of cell proliferation, including the tumor
suppressor genes pRB and p53, and the cyclin-
dependent kinase inhibitor (CKI) p16™“ are usually
intact in well-differentiated PNETSs, but p53 abnormalities
are common in poorly differentiated PNETs "], The
oncogene CCND1 (cyclin D1) is often up-regulated in
PNETs, but the ras family oncogenes are not usually
detected ['*"®, Recently, an exome study of apparently
sporadic PNETs from 68 patients demonstrated that 44%
of those tumors harbored mutations in the MEN1 gene
(the same gene, if inactivated, causes MEN1), 43%
harbored mutations in two subunits of a transcription/
chromatin remodeling complex [death domain-associated
protein (DAXX) and thalassemia/mental retardation
syndrome X-linked (ATRX)], and 14% harbored
mutations in the mammalian target of rapamycin
(mTOR) pathway!™.

Just as the cellular origin of PNETs is unknown®:21,
it is unclear whether PNETs arise from precursor
lesions®22, Diffuse endocrine cell hyperplasia, dysplasia,
and microadenoma are present in the pancreas of
patients with MEN1 and VHL and are considered to be
precursor lesions ®®,  The hyperplastic pancreatic
endocrine cells in patients with MEN1 and in
heterozygous MEN1 mutant mice are polyclonal and
retain the normal menin allele, indicating that the deletion
of one copy of MEN1 results in pancreatic endocrine cell
proliferation ~ without  tumorigenesis®®!.  Loss of
heterozygosity (LOH) at the MEN1 locus is present in
adenomas as small as 0.3 mm in diameter,
demonstrating that these microadenomas are true
tumors according to Knudson’s two-hit hypothesis of
tumor development®!, Interestingly, the exact pattern of
LOH differs between microadenomas, suggesting that
these microadenomas arise independently from the
hyperplastic background ?#®. Because few clinical
adenomas develop but numerous microadenomas are
observed, additional mutations must accrue to form
larger and clinically significant PNETs. Similar precursor
lesions in sporadic PNETs have not been reported.
Endocrine hyperplasia, dysplasia, and microadenoma,

however, are relatively common incidental pathologic
findings in the pancreas; if carefully screened during
autopsy, up to 10% of adults harbor these lesions™. It is
not known whether these lesions are monoclonal.
Although most of these lesions are not likely clinically
significant, they could represent precursor lesions that
give rise to sporadic PNETs because all clinical PNETs
have to pass through a microadenoma stage during their
growth™®!, |t is therefore plausible that PNETs develop
from precursor  (pre-malignant) lesions, such as
hyperplasia and microadenoma, in familial PNET
syndromes and in some sporadic cases!®.

Natural History

Most PNETs are indolent but have malignant
potential ¥, The true natural history of PNETs has not
been studied systemically. PNETs in MEN1 grow slowly
and remain stable for years, at least when they are
small ¥ Whether the natural history of PNETs in
MEN1 is representative of that of sporadic PNETs is
unknown. If untreated, most PNETs grow and eventually
metastasize to the liver; extensive liver metastasis is
the most common cause of death for patients with
PNETs®34, The biological behavior of an individual PNET
is unpredictable; a higher tumor grade, lymph node and
liver metastasis, and a larger primary tumor generally
portend a less favorable prognosis ¥ Molecular
markers that predict PNET behavior are necessary to
improve clinical decision-making. Most patients survive
many years after diagnosis.

PNETs are classified as functioning or non-
functioning depending on whether they cause hormonal
hypersecretion syndrome!™. Functioning PNETs result in
hormonal hypersecretion syndromes, as elaborated
below (Table 1). Non-functioning PNETs cause non-
specific symptoms, such as vague abdominal pain, and
can be an incidental finding. The distinction between
functioning and non-functioning PNETs is based on
clinical presentation, and there is no absolute difference
in hormone expression between functioning and non-
functioning PNETs. For example, the tumor cells in a
small PNET may express glucagon, resulting in a
borderline elevation of glucagon levels; clinically,
however, this PNET is classified as non-functioning
because the slight elevation of glucagon is not sufficient
to cause glucagonoma syndrome. Through
immunochemical examination, most PNETs express
numerous hormones. Some hormones are expressed in
normal islets (e.g., insulin, glucagon, somatostatin, and
pancreatic polypeptide), and others [e.g., gastrin,
vasoactive intestinal  peptide (VIP),  serotonin,
adrenocorticotropin (ACTH), corticotropin-releasing
hormon (CRH), parathyroid hormone related peptide
(PTHrp), parathyroid hormone (PTH), growth
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Table 1. Functioning pancreatic neuroendocrine tumor (PNET) syndromes

Tumor Symptom(s)
Insulinoma Hypoglycemia
Gastrinoma Severe peptic ulceration

VIPoma Watery diarrhea, hypokalemia, achlorhydria (WDHA syndrome)
Glucose intolerance, necrolytic migratory erythema, stomatitis/glossitis, hypoaminoacidemia
Hyperglycemia, cholelithiasis, steatorrhea, achlorhydria

Glucagonoma
Somatostatinoma

hormone-releasing hormone (GHRH), growth hormone
(GH), calcitonin, ghrelin, human choriogonadotropin
(hCG), and renin] that are not normally expressed in the
islets are expressed by PNETs®“l The expressed
hormones may or may not be secreted or biologically
active, and the hormone expression profile of each tumor
can change over time. It is common that an initially
non-functioning PNET later  triggers  hormonal
hypersecretion syndrome?40481,

Diagnostic Approach

Because the recognition of hormonal hypersecretion
syndrome requires considerable clinical experience and
the symptoms of non-functioning PNETs are non-
specific, the diagnosis of PNET is often delayed!™.
Endocrine testing, imaging, and histological evidence are
all required to accurately diagnose PNETs. A complete
diagnosis should establish the PNET nature, assess the
tumor grade, identify the primary and metastatic loci, and
determine whether the tumor is functioning. If hormonal
hypersecretion syndrome is suspected, appropriate
biochemical testing is performed to determine hormonal
hypersecretion and followed by imaging, endoscopy, and
biopsy. If pancreatic or liver masses are incidentally
identified by imaging, they are usually biopsied to
confirm the presence of a NET. Biochemical testing
should ideally be performed even if hormonal
hypersecretion syndrome is not evident because it could
be at the subclinical stage, and the hypersecreted
hormones can be used as tumor markers during
follow-up evaluations. Chromogranin A (CGA), neuron-
specific enolase (NSE), and pancreastatin are the most
useful PNET markers®%2  Fasting levels of pancreatic
polypeptide (PP), gastrin, proinsulin, insulin, glucagon,
and vasoactive intestinal peptide (VIP) are worth
measuring because they are the hormones most
frequently produced by functioning PNETs (Table 1).
False positive results are common, especially for CGA,
because it is often elevated in patients taking anti-acids
or in those with atrophic gastritis®*. Anatomical computed
tomography (CT) or magnetic resonance imaging (MRI)
of the abdomen and pelvis is important to evaluate

the pancreatic, liver, lymph node, and peritoneal
metastases ™%, Nuclear imaging with octreotide should
be performed at least once to determine if the tumors
have a high affinity for somatostatin and if there are
occult tumors not detected by anatomical imaging®® .
FDG-PET is not usually indicated because most PNETs
are negative; however, FDG-PET can ascertain the
overall tumor burden in high-grade PNETs!®®!. Recently,
PET with gallium 68-labeled octreotide has been
demonstrated to be extremely sensitive at detecting
small and extra-hepatic PNET metastases but is not
widely available® . Liver masses are typically biopsied
transcutaneously with ultrasound or CT guidance, and
pancreatic masses are biopsied with endoscopic
ultrasound guidance ®*®. Tumor biopsy is critical for
PNET diagnosis, not only to demonstrate the
neuroendocrine nature of the tumor but also to
preliminarily grade the tumor and to perform
immunocytochemical staining for hormones and islet
markers, which is useful for determining the pancreatic
origin of liver metastases %%, Currently, the best
predictor of PNET behavior is tumor grade; therefore, the
cytologic examination of the biopsied tumor sample
should classify the tumor as a well-differentiated
endocrine tumor (low grade of malignancy), a
well-differentiated endocrine carcinoma (intermediate
grade), or a poorly differentiated endocrine carcinoma
(high grade)®®,

Treatment Strategy

Because most PNETSs are indolent, a “wait-and-see”
approach has historically predominated. The treatment
strategy for PNETs has undergone a paradigm shift in
the last 10-20 years™. An “aggressive” approach has
become popular in academic centers throughout the
world™. The aggressive approach is based on the
reasonable assumptions that patients benefit from
reducing the tumor burden and that interventions are
increasingly safer in academic centers. Therefore, the
aggressive approach advocates removing as much of
the primary and metastatic tumors as possible. Although
no prospective randomized trials have been performed to
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study the efficacy and safety of the aggressive approach,
most experts on PNETs agree that it is theoretically
superior to the “wait-and-see” method, and experience
is confirming this™7271 The aggressive approach is only
possible when a local expert team is available to design
and implement a comprehensive treatment plan™™. The
leaders of the team can be from any specialty, but the
team has to include members from endocrinology,
oncology, gastroenterology, diagnostic radiology, nuclear
medicine, pathology, surgery, and interventional
radiology. For this reason, it is in the best interest the
patients with PNETs to be referred to academic centers
to undergo treatment from such expert teams.

The aggressive approach has 4 components:
surgery, locoregional therapy, systemic therapy, and
complication control™. Surgical removal of primary, non-
metastatic PNET is the only clinical cure, and surgical
debulking of liver PNET metastases reduces the
hormone secretion from functioning PNETs and the
tumor mass effects of all PNETs[™, Surgical removal of
PNETs requires considerable experience and should be
performed in academic centers with an expert team for
PNETs. Because surgery has intrinsic operative and
anesthetic risks, patient selection is key to achieving the
best outcomes. Locoregional therapy of liver metastases
is indicated for most patients with liver metastases ™.
Radioactive polymer microspheres, chemoembolization,
bland embolization, radiofrequency ablation (RFA),
transcutaneous alcohol ablation, and microwave ablation
have all been successfully used to treat PNET liver
metastasis®®. Systemic therapy is required for patients
with residual disease after surgery and locoregional
therapy. Somatostatin analogs are effective against
functioning PNETs, especially VIPoma and glucago-
noma®®l, There is no clear evidence that somatostatin
analogs treat non-functioning PNETs, but they most
likely restrain tumor growth®®l. Two somatostatin analogs,
octreotide and lanreotide, and their long-acting release
forms are currently available, and a new analog,
pasireotide, is in clinical ftrials with encouraging
preliminary results’®. Bile sludge and hyperglycemia are
the predominant adverse events, so cholecystectomy
and blood glucose monitoring are important for patients
taking somatostatin analogs ™. Because somatostatin
analogs have a high benefit/risk ratio, we recommend
somatostatin analogs for all PNET patients with a tumor
burden. Systemic interferon alpha can be used to treat
PNETs that progress on somatostatin analogs®l. In
recent randomized clinical trials, the mTOR inhibitor
everolimus (RADO0O01) and the tyrosine kinase inhibitor
sunitinib prolonged progression-free survival (PFS) by
approximately 10 months in patients with well-
differentiated PNETSs, but the best indications for these
drugs remain unknown®%, Chemotherapy is reserved for
intermediate- and high-grade PNETs. Temozolomide and

capecitabine are oral agents that may be used in
patients with rapidly progressing PNETs®™. Cisplatin and
etoposide or 5-fluorouracil and streptozocin are
appropriate treatment combinations for patients with
high-grade PNETs!®%!. Numerous experimental drugs for
treatment-resistant PNETs are being tested in clinical
trials' % Peptide receptor radionuclide therapy (PRRT)
is efficient against well-differentiated PNETs but is not
widely available, so it is best for patients with large
disease burdens that are resistant to other systemic
therapies”®'®_ | jver transplantation is highly controversial
for patients with liver-dominant metastatic PNETs 0102,
The main concerns are post-transplantation
immunosuppression, which often allows for the rapid
growth of occult extra-hepatic metastases, and the
availability of multiple other systemic treatments.
Common PNET complications and treatment side effects
include hyperglycemia, malabsorption, vitamin
deficiency, and metastasis to the bone, brain, or spinal
cord, which can be treated with insulin, diet and
pancreatic enzyme replacement, vitamin
supplementation, and external beam radiation,
respectively '®'®l We provide an algorithm that
summarizes the treatment strategies for PNETs (Figure

1).

Specific Types of Pancreatic
Neuroendocrine Tumors

Functioning pancreatic neuroendocrine tumors

Insulinoma

Insulinomas are the most common functioning
pancreatic  endocrine  tumors. They are rare
(approximately 4 cases per million per year) but are the
most common cause of hyperinsulinemic hypoglycemia
in adults!'®., |t has a slight female predominance, and the
median age at diagnosis is in the fifth decade of life"™,
Insulinomas are typically solitary pancreatic lesions that
are small (90% are less than 2 cm), well-circumscribed,
and equally distributed throughout the pancreas (head,
body, and tail). Rarely, insulinomas occur as multiple
lesions (8% of the total insulinoma cases); this is usually
associated with MEN1. On occasion, beta cell
hyperplasia clinically mimics insulinomal'®!,

To begin the work-up of a hyperinsulinemic
hypoglycemia patient, Whipple’s triad must first be
established!'™®, Patients should have symptoms of
hypoglycemia with concomitant low blood glucose levels
(< 50 mg/dL). In addition, symptoms should resolve with
glucose intake or correction of the low blood glucose
levels. Once Whipple's triad is confirmed, insulin levels
should be checked. Inappropriately normal or elevated
insulin levels in the presence of hypoglycemia are
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PNET diagnosed
Multidisciplinary
evaluation
l Resectable Unresectable
Resection of primary Figure 1. Algorithm for pancreatic
and liver metastasis neuroendocrine tumor (PNET) treat-
ment. Please refer to the text for
) details. Solid lines indicate a strong
No gross tumor l Residual tumor recommendation, and dotted lines
indicate a weak recommendation.
Locoregional
Surveillance therapy ——
Interferon
‘ mTOR inhibitor
TKI inhibitor
. Somatostatin Chemotherapy
analog PRRT
Liver transplant

typically diagnostic of insulinoma after other factors such
as exogenous insulin or hypoglycemic drugs have been
ruled out. If it is difficult to obtain such results in an
outpatient setting, a 72-hour fast should be conducted in
a hospital setting!"™. Once hypoglycemia symptoms due
to a suspected insulinoma are confirmed, the tumor
should be localized prior to attempts at surgical
resection. Localization of the tumor prior to surgery
assists in planning the operation and avoiding extensive
exploration. The best imaging modality is based on local
experience and availability. CT and MRI identify 30% —
66% of insulinomas but are limited in their ability to
identify small tumors ['"®'  Angiography along with
calcium stimulation and venous sampling was once
considered the gold standard for localizing insulinomas!'.
Recently, endoscopic ultrasound, with a sensitivity of
93% and a specificity of 95%, has become a more common
method for preoperatively localizing insulinomas ™.
Intraoperative ultrasounds are also useful in identifying
small tumors and may be better than endoscopic
ultrasonography (EUS) because there is minimal to no
interference of overlying organs or bowel gas!'*?. Imaging
methods with glucagon-like peptide-1 (GLP-1) receptor
targeting have recently been introduced!™. GLP-1
receptor is highly expressed in insulinomas. GLP-1-like
ligands labeled with radioisotope Indium-111 ("In-
DOTA-exendin-4) are infused into the patient, and total
body planar images and single photon emission

computed tomography (SPECT) in combination with CT
scans are performed. In this study, GLP-1 scintigraphy
correctly detected the insulinoma in all 6 patients.
Surgical removal of insulinoma is the best treatment
because it is curative in 85%-95% of patients!'®,
Medical management is only appropriate for patients with
unresectable or metastatic insulinomas. Traditional
medications, including diazoxide and calcium channel
blockers such as verapamil, have limited values [,
Somatostatin analogs and especially mTOR inhibitors
have demonstrated dramatic effects in controlling
hypoglycemia and reducing tumor burden!5"8  Genetic
markers such as microsatellite instability and MLH1 gene
inactivation may be helpful in predicting insulinoma
behavior™,

Gastrinoma

Gastrinoma is a NET of the pancreas or duodenum
that secretes gastrin and gastrin precursors (progastrins)
that mimic the action of gastrin secreted by the G cells
of the gastric antrum!®. Gastrinoma syndrome, also
known as Zollinger-Ellison syndrome (ZES), is a rare
disease (1-3 cases per million per year). It has a slight
male predominance and is generally diagnosed in the
fifth decade of life!""®"2%. Peptic ulcer is the most common
presentation of ZES. Interestingly, diarrhea occurs in up
to 75% of patients and is occasionally the chief
complaint. Most gastrinomas are sporadic, but in up to
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20%-30% of the cases, it is associated with MEN1.
Approximately 50%-60% of gastrinomas are in the
pancreas, and 40%-50% are in the duodenum!21,
Approximately 60%-90% of gastrinomas are malignant,
and up to 50% of patients will have distant liver
metastases at the time of diagnosis. The 5-year survival
rate for all gastrinoma patients ranges between 62% and
75%.

Gastrinoma is suspected in patients with resistant or
multiple peptic ulcers. Biochemical diagnosis of
gastrinoma is challenging because gastrin levels
increase for many reasons, such as the use of proton
pump inhibitors, H. pylori infection, renal failure, and
gastric outlet obstruction(™®. Fasting gastrin level detection
should be the first laboratory screening test. Normal
gastrin levels rule out gastrinoma, and fasting gastrin
levels > 500 pg/mL or greater than 5-fold the upper limit
of normal suggest gastrinoma. In addition, fasting gastrin
levels >1,000 pg/mL are highly suggestive of gastrinoma,
especially if the patient has an acidic gastric pH (< 2).
Because many other conditions increase gastrin levels, a
provocative test must be performed to confirm the
diagnosis. The most common provocative tests use
secretin or calcium gluconate infusion. Secretin does not
stimulate gastrin release from G cells of the stomach but
does stimulate gastrin release from gastrinomas. An
increase in fasting gastrin level higher than 200 pg/mL
after secretin infusion is considered diagnostic!™
Gastrinoma localization may be challenging. CT/MRI,
octreotide scan, and endoscopic ultrasound may all be
required to localize the gastrinomal'®4,

The treatment of sporadic gastrinomas entails
complete surgical resection of the tumor and dissection
of the regional lymph nodes!'?1, [f the tumor is in the
pancreas, enucleation is appropriate, if it is feasible. If
not, duodenopancreatectomy with or without preservation
of the pylorus is necessary to completely remove the
tumor. Even if complete tumor excision cannot be
achieved, removing as much tumor as possible can
improve the efficacy of postoperative medical therapy.
Medical management is warranted for patients who
cannot undergo surgical resection, have an incomplete
resection, or whose gastrinoma is a component of
MEN1, which is often multifocal™®. Proton pump inhibitors
are currently the gold standard therapy!™. For aggressive
tumors and advanced gastrinomas, chemotherapy and
other systemic modalities are required (please refer to
the section “Treatment Strategy”).

VIPoma

VIPoma is a vasoactive intestinal polypeptide (VIP)-
secreting tumor that commonly arises from the
gastrointestinal tract "1 VIPoma syndrome is also
known as WDHA syndrome and includes watery
diarrhea, hypokalemia, and achlorhydria (Table 1).

VIPomas are rare and occur at a rate of 1 per 10 million
per year. The median age at diagnosis is in the fifth
decade of life, and there is a slight female
predominance. Approximately 90% of these tumors are
located in the pancreas, mostly in the body or tail.
VIPomas are usually solitary (70% -80% ) and have a
diameter of 1-7 cm. Many tumors are larger than 2 cm
at the time of diagnosis, and symptoms typically appear
after the tumor reaches a certain size ™. More often
than not, these tumors are metastatic at the time of
diagnosis.

The diagnosis of VIPomas requires recognition of the
VIPoma syndrome and exclusion of more common
causes of chronic diarrhea, such as chronic
gastrointestinal infection, inflammatory bowel disease,
microscopic  colitis, malabsorption syndrome, and
laxative abuse ™. Fasting VIP levels greater than 200
pg/mL are required to confirm the diagnosis. Most
patients with VIPomas have much higher VIP levels,
sometimes as high as 7,000 pg/mL. One institutional
study reported that in their 29-patient cohort, the median
VIP level was 632 pg/mL with a mean of 1,209 pg/mLU4,
Because most VIPomas are bulky, localization by
CT/MRI, octreotide scan, and endoscopic ultrasound is
generally straightforward!('>134,

The initial treatment of VIPoma entails replacing
large fluid losses, correcting electrolyte imbalances, and
reversing acidosis!®. Severe cases may require
hospitalization and intravenous fluid and potassium
replacement. Somatostatin analogs are particularly
useful because they lower VIP levels and directly inhibit
diarrhea®. Once stabilized, the patient can be considered
for surgical management, which is the most definitive
treatment for VIPoma ™' For aggressive tumors and
advanced VIPomas, chemotherapy and other systemic
modalities are required (please refer to the section
“Treatment Strategy”).

Glucagonoma

Glucagonoma is a rare type of functioning PNET, with
an estimated incidence of 1 per 20 million per year!'® ™,
Glucagonoma syndrome is characterized by a skin rash
known as necrolytic migratory erythema, diabetes mellitus,
weight loss, anemia, stomatitis, thromboembolism,
gastrointestinal  disturbances, and neuropsychiatric
symptoms. Glucagonomas vary in size from 2 to 25 cm
and predominantly occur in the tail of the pancreas. Most
glucagonomas have already metastasized to the liver at
the time of diagnosis.

The diagnosis of glucagonoma requires a high index
of suspicion. Non-specific elevations in glucagon levels
are common under physiologic stress or in carcinoid
syndrome, but glucagon levels are usually less than 500
pg/mL  (upper limit of normal < 100 pg/mL) 7,
Glucagonoma is associated with a markedly elevated
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serum glucagon level (> 500 pg/mL, mean ~1,400
pg/mL), and glucagon levels above 1,000 pg/mL are
diagnostic of glucagonoma if the patient has
glucagonoma syndrome. In asymptomatic patients with
very high glucagon levels, familial hyperglucagonemia
and Mahvash disease (see below) are worth
considering "% Because most glucagonomas are
bulky, localization by CT/MRI, octreotide scan, and
endoscopic ultrasound is typically straightforward!®-'%,

Multidisciplinary treatments are particularly important
for glucagonomas!™'*, Surgical debulking with preopera-
tive nutrition support and routine deep venous thrombosis
prophylaxis reduce the tumor burden and glucagon levels
in approximately 30% of the patients. Somatostatin
analogs are highly effective in inhibiting hormone
secretion and improving glucagonoma syndrome 1,
Please refer to the section “Treatment Strategy” for
information on the treatment of aggressive and advanced
glucagonomas.

Non-functioning pancreatic neuroendocrine
tumors

Non-functioning PNETs are clinically defined as
PNETs that are not associated with a clear hormonal
hypersecretion  syndrome. Non-functioning PNETs
produce and secrete hormones, but the quantity and the
biological activity of these hormones do not produce a
distinct syndrome"'*1 Non-functioning PNETs result in
non-specific symptoms resulting from tumor mass
effects. Sometimes, non-functioning PNETs are
discovered incidentally during abdominal imaging for
other purposes. In most academic centers in North
America and Europe, non-functioning PNETs are more
common than functioning PNETs 2" Non-functioning
PNETs are usually diagnosed in the forth or fifth
decades of life and have often already metastasized to
the liver at the time of diagnosis.

The diagnosis of non-functioning PNETs ultimately
requires a biopsy of the primary pancreatic tumor or the
liver metastasis!2l. The measurement of NET markers
such as CGA, NSE, and pancreastatin is recommended
to confirm the diagnosis and can be used during the
follow-up evaluations (please refer to the section
“Diagnostic Approach”). Although measuring common
hormones secreted by PNETs is not routinely required, it
is beneficial in academic centers because apparent
non-functioning PNETs can actually be functioning at a
subclinical level, and the elevated hormones can be
used as tumor markers. CT/MRI, octreotide scan, and
endoscopic ultrasound are usually sufficient to estimate
the overall tumor burden.

The treatment of non-functioning PNETs follows the
general principles for the treatment of PNETs (Figure 1).

Endocrine Tumor Syndromes

Multiple endocrine neoplasia syndrome type 1
(MEN1)

MEN1 is an autosomal dominant genetic disease
caused by an inactivating mutation of the tumor
suppressor gene MEN1 on chromosome 11q13 [,
The function of the encoded protein, menin, has been
extensively studied, but the role of menin in tumor
suppression is not entirely clear. Regulating chromatin
remodeling may be a key function of menin in preventing
tumorigenesis. No genotype-phenotype correlation exists,
and patients within the same family often have different
presentations of MEN1 lesions. Hyperparathyroidism due
to parathyroid hyperplasia, pituitary tumors, and PNETs
are components of MEN1"7. Although only approximately
50% of MEN1 patients harbor gross PNETs, endocrine
cell hyperplasia and dysplasia and micro-PNETs are
present in all MEN1 patients ®?!, Detailed morphologic
analyses and tissue microdissection demonstrated that
lacking one normal MEN1 allele results in endocrine cell
hyperplasia, whereas the loss of the normal MEN1 allele
results in endocrine cell dysplasia and micro-PNETs 2],
Additional genetic changes are required for the formation
of gross PNETSs.

An index MEN1 case is suspected in patients with 2
of the 3 MEN1 lesions!"®., If a patient has a family history
of MEN1, the emergence of any MEN1 lesion indicates
that the patient is a MEN1 mutation carrier. Patients with
known MEN1 mutations should be classified as having
MEN1, regardless of whether MEN1 lesions are present.
Most PNETs in MEN1 are benign, but metastasis can
occur if the tumors are larger than 2-3 cm!. Func-
tioning PNETS, such as gastrinoma and insulinoma, and
non-functioning PNETs are most common. Patients with
a clinical or genetic diagnosis of MEN1 need to undergo
life-long biochemical and imaging surveillance to detect
MEN1 lesions, including gross PNETSs, early™®. Once
detected, the management program for the PNETs
should be individualized, balancing the benefits of tumor
removal and the risks of pancreatic endocrine and
exocrine deficiency™'  Functioning PNETs as well as
PNETSs that are larger than 2-3 cm should be surgically
removed to prevent significant hormonal hypersecretion
symptoms, local tumor mass effects, and metastasis;
non-functioning PNETs that are smaller than 2-3 cm can
simply be monitored.

Von Hippel-Lindau disease (VHL)

VHL is an autosomal dominant inherited disorder
characterized by the development of multiple benign and
malignant tumors and cysts!™¥". These tumors are located
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in the central nervous system and visceral organs and
commonly present as hemangioblastomas in the central
nervous system and retina, pheochromocytoma, renal
cell carcinoma or renal cysts, and PNETs or pancreatic
cysts. The VHL tumor suppressor gene on chromosome
3p25-26 encodes the VHL protein; inherited inactivating
mutations of VHL cause this disease!™™3 The loss of
function of the VHL protein results in an elevation of
non-degraded hypoxia-inducible factor (HIF), which
results in increased transcription of vascular epidermal
growth factor (VEGF), platelet-derived growth factor
(PDGF), and transforming growth factor-a (TGF-o). This
promotes cell growth and the development of
microvascular vessels, accelerating the growth of
hemangioblastomas, renal cell carcinoma, and other
VHL-related tumors.

The most common pancreatic lesions in VHL are
single or multiple cysts and serous cystadenomas!?>'5 %,
They are present in 35%-75% of patients with VHL. Most
cystic lesions are benign and asymptomatic. Solid
lesions of the pancreas are less common and are
usually NETs or microscopic adenomas. The incidence
of gross NETs in VHL patients is approximately 17%,
and most of those are non-functioning PNETs. Although
neuroendocrine substances are secreted, hormonally
functioning tumors are rare in VHL. Unlike sporadic
non-functioning NETs, which have a high malignant
potential (60%-100%), PNETs associated with VHL have
a much lower rate of metastatic spread (11% -20% ).
This is thought to be because sporadic non-functioning
NETs do not produce hormonal symptoms and are
therefore larger and have already metastasized when
they are discovered. In the case of VHL-related PNETSs,
diagnosis occurs earlier because of the early screening
for abdominal manifestations of this disease. PNETs in
VHL disease grow slowly; consequently, patients have a
relatively good prognosis. However, given the malignant
potential of these tumors, partial resection of the
pancreas is recommended, especially if the tumor
diameter is greater than 1 cm.

Mahvash disease

Mahvash disease is a newly discovered disease
caused by homozygous inactivating mutations in the
glucagon receptor gene!™ ™ |t is likely an autosomal-
recessive inherited disease. Characteristics of Mahvash
disease include pancreatic alpha cell hyperplasia,
PNETs, and extremely elevated glucagon levels. The
glucagonoma syndrome, however, is not present
because the defective glucagon receptor (P86S) has a

lower affinity to glucagon and produces less cyclic
adenosine monophosphate  (cAMP) and intracellular
calciuml™™, The glucagon receptor-knockout mice exhibit
a phenotype that is identical to the patients with
Mahvash disease ™. Long-term observation of the
glucagon receptor-knockout mice, a model of Mahvash
disease, revealed that these mice continuously develop
PNETs and have a shortened life span compared with
their wild-type counterparts!™. Mahvash disease is
particularly rare but should be suspected in patients with
PNETs and extremely high glucagon levels without
glucagonoma syndrome. Patients with Mahvash disease
should undergo surgery to remove the gross tumors and
perhaps treated with somatostatin analogs to suppress
glucagon production ™. Long-term imaging surveillance
is necessary to postoperatively screen for gross PNETSs.
Molecular studies have demonstrated that the primary
mechanism for the defective signaling by the P86S
mutant glucagon receptor is abnormal receptor
trafficking, which can be rescued by pharmacologic
chaperones, providing a targeted therapeutic solution!™®,

Summary and Future Perspectives

Pancreatic neuroendocrine tumors (PNETs) are
becoming increasingly important both clinically and from
a research standpoint. Numerous advances, including
the discovery of novel diseases, have been made in
recent decades through clinical, basic, and translational
research. The knowledge of and experience with PNETs
are sufficient so that most patients with PNETs today
should expect a satisfactory diagnosis and treatment at
academic centers with a multidisciplinary team
experienced in PNETs. To increase the understanding of
PNETs and to develop more diagnostic and treatment
modalities, we advocate that patients should be
encouraged to seek opinions from academic centers with
a multidisciplinary team experienced in PNETs and to be
enrolled in clinical studies. We also suggest that in
countries or regions where such centers are lacking,
interested  physicians  should form their own
multidisciplinary teams. Clinically, the natural history of
sporadic PNETs needs to be addressed directly, and
comparative efficacy studies need to be performed to
elucidate the best indications for the ever-expanding list
of systemic therapeutic modalities. We believe that basic
research using animal models and PNET cell lines will
yield novel insights into human PNETSs.
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