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Abstract
The molecular biology of pancreatic neuroendocrine tumors (pNETs) carcino-
genesis is poorly understood and is generally different from that of exocrine
pancreatic neoplasms. pNETs represent a rare group of neoplasms with hetero-
geneous clinicopathological features. They are generally sporadic but can
also arise within very rare hereditary syndromes, such as multiple endocrine
neoplasia type I (MEN-I), von Hippel-Lindau disease (VHL), neurofibromatosis
type 1 (NF1), and tuberous sclerosis complex (TSC). In these syndromes
although a specific genotype/phenotype association with pNETs has been
described, exact mechanisms leading to tumors development are still debated.
Some clinical and biological features of pNETs associated with hereditary syn-
dromes are similar in sporadic cases.

The presence of germline mutations has been indeed recently proved also in a
high proportion of sporadic pNETs (17%) by whole genoming sequencing. These
mutations include (beyond the well-known MEN1 and VHL) also other genes
(such as BRCA2, or other of the mTOR pathway). Overall, main genomic
changes involve gain of 17q, 7q, 20q, 9p, 7p, 9q and loss of 11q, 6q, 11p, 3p,
1p, 10q, 1q that identify the region of putative candidate oncogenes or tumor
suppressor genes (TSGs) respectively. For some of them a possible relevant
prognostic role has been described. “Classical” oncogenes involved in exocrine
neoplasms (k-Ras, c-Jun, c-Fos) are of limited relevance in pNETs; on the
contrary, overexpression of Src-like kinases and cyclin DI oncogene (CCNDI)
has been described. As for TSGs, p53, DPC4/Smad, and Rb are not implicated in
pNETs tumorigenesis, while for p16INK4a, TIMP-3, RASSF1A, and hMLH1
more data are available, with data suggesting a role for methylation as silencing
mechanism. Different molecular pathways and the role of tyrosine kinase recep-
tors have also been investigated in pNETs (EGF, c-KIT) with interesting findings
especially for VEGF and m-TOR, which encourage clinical development. Micro-
array analysis of expression profiles has recently been employed to investigate
pNETs, with a number of different strategies, even if these studies suffer from a
number of limitations, mainly related with the poor repeatability and the poor
concordance between different studies. However, apart from methodological
limits, molecular biology studies are needed to better know this group of neo-
plasms, aiming at identifying novel markers and targets for therapy also
highlighting relations with clinical outcome. Besides biomarkers recent studies
are currently focusing on the role of the immune system in tumor pathogenesis of
pNETs, paving the way to a new therapeutic approach also in these rare tumors:
the immunotherapy.

Keywords
Pancreatic neuroendocrine tumors · Carcinogenesis · Germline-mutations ·
Oncosuppressor genes · mTOR
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Introduction

The molecular biology of pancreatic neuroendocrine tumors (pNETs) is poorly
understood, and overall oncogenes and tumor suppressor genes (TSGs) more fre-
quently involved in exocrine neoplasms, and particularly in pancreatic cancer, are
not relevant. pNETs are generally sporadic, as their carcinogenesis is based on
somatic mutations [1]. However, oncosuppressors responsible for pNETs can be
involved by germline mutations, which are present also in a significant rate of
sporadic pNETs [2]. This process may be spontaneous, without a previous family
history, or more frequently inherited, as a part of well-described syndromes. The
present paragraph will review in depth existing evidences for the molecular patho-
genesis of pNETs, with a summary of data from studies of familial syndromes,
genetic instability, as well as those examining the role of oncogenes, TSGs, and an
insight into more recent microarray studies. A brief overview of the expression of
growth factors and their receptors as possible therapeutic targets will also be
presented.

Inherited Pancreatic Endocrine Tumors

The following hereditary syndromes have been associated with pNETs: multiple
endocrine neoplasia type I (MEN-I), von Hippel-Lindau disease (VHL), von
Recklinghausen’s disease (neurofibromatosis 1 or NF1), and tuberous sclerosis
complex (TSC) [3]. The latter three are phakomatoses, rare neurocutaneous syn-
dromes characterized by uncontrolled growth of ectodermal tissues from which
endocrine tumors arise.

The pNETs occurring in these hereditary forms are primarily nonfunctioning
tumors or insulinomas, with different incidence, and do not differ from those
detected as sporadic [3] (Table 1).

Multiple Endocrine Neoplasia Type I (MEN-I)

The most frequent inherited syndrome causing pNETs is MEN-I, a rare autosomal
dominant disorder (incidence 1:20,000–40,000) clinically defined by the presence of
two or more of the following neoplasms: gastroenteropancreatic neuroendocrine
tumors, parathyroid gland adenomas, pituitary adenomas, with other neoplastic
lesions (i.e., thyroid adenomas, multiple lipomas, bronchial or thymic carcinoids)
occurring occasionally [4]. About 10% of pNETs occur as a part of MEN-I.

The MEN-I syndrome is the result of an inactivating mutation of the Menin gene,
an oncosuppressor gene located on chromosome 11q13 [4].

This gene, consisting in 10 exons, encodes for a 68 KDa nuclear protein of
610 amino acids, named Menin. Menin functions include binding and inactivation
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of many nuclear transcription factors (especially JunD but also SMAD3, mSin3a,
and trithorax family histone methyltransferase complex), upregulation of cell cycle
inhibitors expression (p27KIPI and p18Ink4c), and influence on DNA repair process,
all of which result in inhibition of cellular proliferation [5–8].

The spectrum of possible mutations is greatly various. In the last decade, more
than 1,300 germline variants (the half of which with pathological effect) have been
identified, and 10–12% of them occur without a positive family history. Some 23%
are nonsense mutations, 9% splicing-site mutations, 41% frameshift deletions or
insertions, 6% in-frame deletions or insertions, 20% missense mutations, and 1%
whole or partial gene deletions [4].

Even though any genotype/phenotype association with pNETs have been
described, the exact mechanism leading to the neoplasia is still debated and the
role of Menin on cell cycle negative control and DNA stability is somehow
controversial.

Gene mapping in MEN-I patients have shown loss of heterozygosis (LOH) in half
of the cases, confirming the oncosuppressor function of Menin and the tumorigenesis
Knudson’s two-hit hypothesis. LOH of the Menin gene and other somatic mutations
on wild-type allele behave as a second hit after a first hit germline, inherited
mutation. LOH on Menin allele, as described in sporadic pNETs, can also involve
other terminal region of 11q, suggesting implications of additional genes in neo-
plastic development and progression. A heterogeneity among tumors even in the
same patient, suggesting that different tumor-specific tumorigenic mechanisms may
contribute to the pathogenesis of MEN1 tumors. The present study supports the
clinical applicability of the WES strategy to research on multiple tumor samples and
blood [9, 10].

pNETs patients with pathological Menin gene mutation do not differ from
sporadic forms in terms of clinical features (age of onset, hormone and/or
neoplasia-related symptoms), but only 10% develop metastases, especially in the
case of tumors larger than 3–5 cm (irrespectively to its histotype) [1, 3].

In up to 80–90% of cases, endocrine pancreatic involvement consists in endocrine
islet cell hyperplasia, without somatic LOH on Menin, and microadenomatosis
(multiple indolent tumors <5 mm). These latter kind of lesions are characterized
by trabecular structure and distinctive stroma, and, in spite of being asymptomatic
and without metastases, in about 50% of the cases LOH of Menin gene is detectable
[11–13].

In a variable percentage of MEN-I patients (20–60%), microadenomatosis is
associated to one or multiple pancreatic “macro-tumors,” which are larger than
5 mm but less than 3–5 cm. These neoplasms are NF pNETs in about 80% of cases,
15–20% insulinomas, 3% glucagonomas, and rarely VIPomas or gastrinomas [1–3].

These tumors are often clinically silent and just 10% of cases lead to meta-
stases, but they are often associated with other symptomatic more aggressive
gastrointestinal neuroendocrine tumors, especially duodenal gastrinomas and
somatostatinomas [3, 14, 15].

In fact, although 20–60% of MEN-I patients have Zollinger-Ellison syndrome
(20–40% associated with gastric carcinoid type II), gastrinomas arise far more
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frequently in the duodenum as single or multiple small tumors (not unfrequently
undetectable) rather than as pNETs [3, 16, 17].

Von Hippel-Lindau Disease (VHL)

pNETs also occur in a significant percentage of individuals affected by Von Hippel-
Lindau disease (VHL). It is a very rare (1:30,000–1:50,000) autosomal dominant
phakomatosis with a variable phenotype characterized by the presence of at least one
of these major manifestations: single retinal or cerebellar hemangioblastoma (HB),
renal cell carcinoma (RCC) or pheochromocytoma and other more rare multiorgan
lesions such as pancreatic cysts or pNETs, renal cysts, endolymphatic sac tumors,
epididymal papillary cystoadenomas, paragangliomas, polycythemia, and other rare
tumors [18].

The gene responsible for this disease is VHL gene, an oncosuppressor of three
exons located on 3p25-26 that by alternative splicing can encode for two proteins
(pVHL), respectively of 213 and 160 amino acids [18].

The two VHL products accomplish to similar activities in the cytoplasm; in
particular, they make an ubiquitin complex with cullin-2, Rbx1, and elongins B
named VBC, which in case of normoxia binds and inactivates hypoxia-inducible
factor (HIF) [14].

Inactivating mutation of VHL gene causes an overexpression of HIF, especially
of vascular endothelial growth factor which lines to tumorigenesis [15].

Until now, more than 300 germline mutations have been found, 60% of which are
truncating or missense mutations while 40% are deletions. These mutations
are associated with different phenotypical expressions: only patients with missense
mutations develop pheochromocytoma (VHL type 2) associated (2b) or not (2a) to
RCC, whereas patients affected by other mutations will develop the remaining
related disease manifestations (VHL type 1) [15, 18].

Disease penetrance grows by age (90% at 65 years), as germline mutations have
to be followed by another somatic event in the wild-type allele.

As far as pNETs, LOH in the VHL allele or, less frequently, methylation or
neomutation are frequent findings [15, 19]. Indeed, pancreatic involvement by
multiple indolent cysts is typical of VHL (50–75%), but pNETs are also frequent
(5–17%) [20].

Strict associations between specific mutations and phenotypic expression of
pNETs have been reported, but tumor cells show a typical LOH in chromosome
3p which is not limited to the VHL gene, but also involves other adjacent genes
(such as not papillary renal carcinoma-1) possibly implicated with tumorigenesis and
progression [20].

Biological and clinical features of VHL-associated pNETs are similar to sporadic
forms: they are typically nonfunctioning and asymptomatic, generally expressing
somatostatin receptors and in 30–50% of cases are multifocal in the pancreas [3, 20, 21].

However, pNETs arising in VHL disease are usually small (<2–3 cm) and
without liver metastases in about 80–90%, with a consequent better prognosis
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compared to sporadic ones. This difference is most likely due to earlier detection
(at a mean of 35 vs. 58 years) thanks to investigations due to other malignancies’
symptoms [2, 3, 21].

Von Recklinghausen’s Disease or Neurofibromatosis Type 1 (NF-1)

Occurrence of gastroenteropancreatic NETs in NF-1 is less frequent than in MEN-I
and VHL disease, and in particular the rate of pNET is very low [22].

NF-1 is an autosomal dominant phakomatoses (1:3,000–1:4,000) with high
penetrance, defined by multiple café-au-lait skin spots, neurofibromas of any type
and localization (10% malignant), and characterized by predisposition to various
other malignancies development (3–30%) such as gliomas, myeloid leukemia, and
pheochromocytoma [23].

NF-1 arises from mutation of the NF-1 gene, a large oncosuppressor of 50 exons
located on the 17q11.2 chromosome. Its product, called neurofibromin, is a GTPase
acting as a negative regulator of mitonegic Ras pathway, especially of the mTOR
signaling [24].

Many NF-1 gene mutations have been identified, of which up to 50% arising “de
novo”; however, all the significant genotype/phenotype association have been
demonstrated [23].

Rate of associated pNETs is undeterminable [3, 25–27]. They arise from germline
NF1 mutation and deletion; insulinomas and somatostatinomas are similar to spo-
radic forms as in the tumor cells there is low expression of NF-1. The risk of pNETs
development is often increased in this disease, probably because of mTOR pathway
upregulation; however, more cases are needed to study the genotype/phenotype
relation.

Tuberous Sclerosis Complex (TSC)

The rarest inherited disease associated with gastroenteropancreatic NETs is TSC.
This phakomatosis (1:10,000) is a hereditary multiorgan disease transmitted by
autosomal dominant inheritance. TSC has a 100% penetrance and a highly variable
expression; clinical manifestations are typical skin alterations, renal
angiomyolipomas, multiple and diffuse hamartomas, mental retardation, and neuro-
logical alterations. pNETs are occasionally associated [28].

Two genes are responsible for this disease: TSC1 (9q34) and TSC2 (16p13.3) that
respectively encode for hamartin and tuberin. These two proteins make a dimer
that multi-modulates cell growth, interacting with phosphoinositide 3-kinase path-
way-mTOR activity and insulin receptor signaling.

Several genotype/phenotype associations have been described and related to
many different mutations (50% occurring de novo); somatic tumor cells show a
secondary mutation or a large deletion, up to a complete LOH on the two alleles
often involving large chromosomal region.
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The described cases of pNETs associated with this disease are mainly non-
functional, and few cases of insulinoma and somatostinoma, with a behavior similar
to sporadic forms [5]. In particular, one case of pNETs described in literature, a
nonfunctional tumor identified in a child, exhibited a TSC2 gene LOH; this confirms
its oncosuppressor role, such as in other TSC-related neoplasm [29, 30].

Genetic Instability in Sporadic Pancreatic Endocrine Tumors

Genetic instability represents the necessary condition for tumor development,
through the clonal expansion of cancerous cells that have acquired a selective
advantage. Among the different events (point mutations, chromosomal
rearrangements, gene amplifications, microsatellite sequences alterations, and epi-
genetic changes) occurring during the multistep process of somatic cells transfor-
mation, alterations in DNA copy number are the commonest events.

Allelic imbalances, that result from incorrect mitotic division and consequent
abnormal chromosomal separation, may be revealed by a variety of methods includ-
ing karyotyping, comparative genomic hybridization (CGH), microsatellite analysis,
or, more recently, single nucleotide polymorphisms (SNPs) allelotyping.

Conventional CGH is a molecular cytogenetic genome-wide technique for the
analysis of copy number changes in DNA of tumor cells. Through this method,
differentially labeled test DNA and normal reference DNA are hybridized simulta-
neously to normal chromosome spreads and the hybridization is detected with two
different fluorochromes. Regions of gain or loss of DNA sequences, such as
deletions, duplications, or amplifications, are seen as changes in the ratio of the
intensities of the two fluorochromes along the target chromosomes. In brief,
the regions frequently identified with decreased copy number are likely to harbor
tumor suppressor genes (TSGs), whereas regions with increased copy number may
contain dominant oncogenes.

Furthermore, allelotyping, that is the systematic analysis of the allelic losses in
single chromosomes thus exploring loss of heterozygosity (LOH), is another strategy
to determine the most probable locus of a TSG: it can be based on polymorphic
microsatellite DNA or on SNPs, assaying the frequency and extent of lost regions on
all chromosomal arms. SNPs allelotyping is more sensitive than microsatellite
analysis and is also useful to detect DNA copy number.

Genome-Wide Studies in Sporadic pNETs

During the last decade, several studies with different approaches have addressed to
look for specific genomic defects in sporadic pNETs [31–42]. As shown in Table 2,
CGH has been largely used to explore genetic aberrations. Most of the available data
refer to small, heterogeneous tumor series and essentially regard well-differentiated
pNETs. In addition, several different tumor classifications have been used by
investigators in their studies during time making difficult a possible analysis of
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pNETs subtypes. In this paragraph, data are presented separating nonfunctioning
(NF-) from functioning pNETs (F-pNETs), and among these, further taking account
of benign insulinomas, malignant insulinoma, and gastrinomas to possibly identify
specific genomic patterns.

In the ten published studies [31, 32, 35–38, 40–43] of CGH/genomic wide-
allelotyping, 101 NF pNETs have been studied (Tables 3 and 4). The most frequent
findings were losses of 11q (38.6%), 6q (37.6%), 11p (33.7%), 3p (26.7%), 1p
(27.7%), and 10q (25.7%), while the most frequent gains involved 17q (41%), 7q
(35.9%), 12q (34.6%), 14q (34.6%), 4p (32%), and 20q (30.7%).

As for the 31 gastrinomas investigated in seven studies, loss of 3p (19%) and gain of
9p (29%) represented the most common chromosomal aberrations [31, 32, 34–37, 40].

In benign insulinomas (116 overall tumor samples in seven studies), most fre-
quent losses were found on 11q (19%), Xq (18%), and 1p (17%), while most
frequent gains regarded 9q (41%), 7p (20%), and 7q e 5q (both 19%). Malignant
insulinomas (30 tumor samples), defined by the presence of loco-regional advanced
or metastatic disease, harbored more genomic alterations than benign counterpart
[32, 33, 35–37, 39, 40]. In particular, most frequent losses were found on 6q (70%),
Y (43%), 2q (33%), 3q (30%), 6p (30%), 10q, 11p, 11q, and Xq (all 23%), while
main gains involved 17q (57%), 17p (53%), 12q (53%), 14q (50%), 7q (47%), 20q,
and 9q (43%).

The identification of gains and losses on chromosomal regions helps to highlight
loci potentially containing putative oncogenes and TSGs. Tables 5 and 6 summarize
main losses and gains, together with candidate TSGs and oncogenes, the associated
disorders for which a pathogenetic link has been already described and, finally, the
prognostic significance of the particular genetic change.

Table 2 Main genome-wide studies of pNETs series

Method of study N� pNETs pNETs subtypes Reference

CGH 12 10 NF,2 F [31]

CGH 44 9 NF, 35 F [32]

CGH 25 25 F [33]

CGH 8 8 F [34]

CGH 38 10 F, 28 F [35]

CGH 45 14 NF, 31 F [36]

CGH 9 3 NF,6 F [37]

CGH 20 20 NF [38]

CGH 62 62 F [39]

Genome-wide allelotyping 28 7 NF, 21 F [40]

Genome-wide allelotyping 32 32 NF [41]

SNPs allelotyping 15 13 NF, 2 F [42]

CGH 67 - [43]

[2]

CGH comparative genomic hybridization, SNPs single nucleotide polymorphisms, NF non-
functioning, F functioning
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Table 5 Main losses in sporadic neuroendocrine tumor of the pancreas

Location

% Loss

NF
B
Ins

M
Ins Gas

Putative
TSGs Associated disorder

Prognostic
relevance

11q 38.6 19 23 13 MEN-1 MEN-1 syndrome Presence in
up to 37% of
cases [2]

PLCB3

SDHD Intestinal carcinoids,
paraganglioma,
pheochromocytoma

TSG11 Nonsmall cell lung
cancer

HHPT Hereditary
hyperparathyroid-jaw
tumor syndrome

BRCC2 Breast cancer

ZW10

6q 37.6 3 70 0 AIM 1 Melanoma Associated
with liver
metastasis
[32]

CCNC

PTPRK

LOT-1 Transient neonatal
diabetes mellitus

CX43 Oculodentodigital
dysplasia, hypoplastic
left heart syndrome,
atrioventricular septal
defect

11p 33.7 15 23 3 WT1 Wilms tumor type
1, Denys-Drash
syndrome, WAGR
syndrome, Frasier
syndrome, isolated
diffuse mesangial
sclerosis

3p 26.7 0 20 19.4 VHL Von Hippel Lindau
syndrome, renal cell
carcinoma

Associated
with liver
metastasis
[32, 44]

hMLH1 Colorectal cancer,
HNPCC

RAR-β
B-Catenin Digestive endocrine

tumors

RASSF1A Lung cancer

(continued)
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On the whole, NF-pNETs seem to present more genomic aberrations, then
malignant insulinomas, with benign insulinomas and gastrinomas presenting the
lowest amount of changes. This tendency is consistent with the finding by Speel and
colleagues that pNETs larger than 2 cm exhibited significantly more aberrations than
lesions smaller than 2 cm given that NF-pNETs are often larger than 2 cm at
diagnosis [32].

All these observations strongly suggest that pNETs subtypes may evolve along
different molecular pathways: deciphering their specific signatures would help to
implement pNETs classification system, with obvious implications for a better
understanding of this complex nosological entity.

Prognostic Relevance

Accumulated evidences showing that pNETs from patients with advanced disease
harbored significantly higher numbers of genetic aberrations than tumors from
patients with localized disease suggest that malignant progression of pNETs

Table 5 (continued)

Location

% Loss

NF
B
Ins

M
Ins Gas

Putative
TSGs Associated disorder

Prognostic
relevance

1p 27.7 17 26.6 3 p73 None Associated
with liver
metastasis
[45]

p18/INK4

RUNX3

10q 25.7 0 23 3 MGMT Endometrial k,
follicular thyroid k,
meningioma

PTEN

1q 24 15 20 10 HHPT2 Hereditary
hyperparathyroid-jaw
tumor syndrome

Associated
with
metastases
and
aggressive
growth
[46–49]

Several cancer cell
lines

MDA7/
IL-24

TSGs tumor suppressor genes, NF nonfunctioning, B or M Ins benign or malignant insulinoma, Gas
gastrinoma
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Table 6 Main gains in sporadic neuroendocrine tumor of the pancreas

Location

% Gain

NF B Ins M Ins Gas
Putative
oncogenes

Associated
disorder

Prognostic
relevance

17q 41 5 57 12 Neu/
ERB2

Breast cancer Associated
with
malignant
behavior in
tumors
<2 cm [35]

7q 35.9 19 47 12 HGF
C-MET

Gastric cancer,
hepatocellular
carcinoma

Xq ATRX/
DAXX

Alpha-thalassemia Associated
to reduced
survival [43]

20q 30.7 12 43 6 STK15/
BTAK

Breast cancer,
ovarian and
digestive
carcinomas

9p 19.2 6 13 29 JAK2 Acute
myelogenous
leukemia,
myeloproliferative
disorder

Oncogene
ovc

Ovarian carcinoma

RAGA

7p 28 20 37 6 EGFR/
ERBB1

Bladder, breast,
epidermoid
carcinoma,
glioblastoma

9q 26.9 41 43 12 VAV2 Breast cancer,
head and neck
squamous
carcinoma

CDK9

cABL Chronic myeloid
leukemia,
insulinoma rat cell
lines

NOTCH-1 SCLC, T cell acute
lymphoblastic
leukemia

LMX1B

NF nonfunctioning, B or M Ins benign or malignant insulinoma, Gas gastrinoma
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progression is driven by the progressive accumulation of multiple genetic changes
[32, 36, 39, 50], as is also known to occur in other types of human carcinomas [46].

Another interesting issue is the possible relationship between molecular genetic
defects (number and type of genomic changes) and tumor progression or malignancy
in pNETs.

Several LOH studies [45, 47–49], using microsatellite markers, demonstrated that
LOH at chromosome 1, and in particular of its long arm, is a common event among
pNETs subtypes (12/27 gastrinomas, 35/40 insulinomas, 10/29 different pNETs
subtypes) and was significantly associated with the presence of hepatic metastases
regardless of tumor type. Moreover, Chen and colleagues (2003) found in their
series of gastrinomas that allelic loss at 1q31-32 as well as 1q21-23 significantly
correlated with tumor aggressive growth and postoperative development of liver
metastases [48]. Likewise, Yang and colleagues (2005) reported high frequency
of LOH at 1q 21.3-23.2 and 1q31.3, significantly associated with malignancy of
insulinomas suggesting in these two regions the presence of putative tumor suppres-
sor genes important for aggressive growth of these tumors [49]. Although these two
studies narrowed region of potential candidate genes, to date actual genes involved
remain undefined (Table 5).

As for chromosome 3, LOH was demonstrated to be a common event (frequency
ranged from 33% to 83%) in pNETs regardless of tumor subtypes and its frequency
was significantly higher in malignant than in benign neoplasms, on the whole finding
a correlation with clinically metastatic disease in several studies [44, 51–53]. As
common deleted regions were different (3p14.2-21; 3p25.3-p23; 3q27-qter, all
outside of the VHL locus) in the same studies, different putative tumor suppressor
genes other than VHL on chromosome 3 may play a role in the latest steps of
tumorigenesis of sporadic pNETs.

Only one LOH study reported by Barghorn and colleagues (2001) described
allelic loss at chromosome 6 in 62.2% of cases in a heterogeneous cohort of
pNETs, the majority of which were insulinomas and NF-pNETs (with common
deleted regions mapped at 6q22.1 and 6q23-q24), and it was significantly more
common in tumors larger than 2 cm in diameter than below this threshold as well as
in malignant than in benign tumors [43]. Previously, Speel and colleagues (1999)
had reported an overall loss at 6q in 39% of pNETs (with a common deleted region at
6q21-22) and in all of six insulinomas, again indicating a locus harboring a potential
TSG involved in tumor development [32]. To further support this hypothesis,
combined data from abovementioned genome-wide studies show that 6q loss occurs
in 70% of malignant insulinomas and in 37.6% of NF-pNETs, as shown in Table 2 .

Chromosome 17. In a study of 20 mixed functioning and nonfunctioning pancreatic
endocrine tumors, Beghelli and colleagues (1998) found allelic losses on 17p13 in
~24% of the chromosomal loci analyzed with a higher frequency of allelic
losses significantly associated with a high proliferation index and malignancy of the
tumors [54]. Moreover, the absence of p53 gene mutations in nearly all these tumors
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suggests the existence of another tumor suppressor gene in the same chromosomal area.
However, according to genomic-wide studies, loss of 17p is a rare event (<10%) and
probably does not play a central role in the majority of endocrine tumors development.
On the opposite, gain of 17q is a frequent event, especially in malignant insulinomas
(>50%). The oncogene Her-2/Neu, frequently overexpressed in breast and esophageal
cancer which is identified as more aggressive phenotype, is located on chromosome
17q21. Her-2/Neu gene amplifications were identified in 40% of 11 gastrinomas [55],
the majority of which were locally advanced or metastatic, while in another study by
[56] the same gene was amplificated in 14% of 43 gastrinomas and this time higher
mRNA levels in tumor cells were correlated with liver metastases [56].

LOH on chromosome 22q was detected in 14 of 15 insulinomas (93%) by Wild
and colleagues (2001). The shortest region of overlap implicated a deletion at
22q12.1-q12.2 where hSNF5/INI1 gene is located but no alteration was identified
by single strand conformational polymorphism analysis, direct DNA sequencing, or
RNA expression analysis [57]. The same group [58] described LOH on chromosome
22q in 22 of 23 pNETs (including nonfunctioning tumors, gastrinomas, and
vipomas) showing a LOH rate of 85% at locus 22q12.1, with LOH strongly
correlated with the presence or the development of distant metastases [58]. Moreover,
LOH on 22q12.3 was significantly associated with distant metastases, an area
where two putative candidate gene are located, that is, synapsin3 (SYN3) and
tissue inhibitor of metalloproteinase-3 (TIMP-3). Also in this instance, genome-
wide studies tend to underestimate genetic changes: in particular, loss of 22q was
found in ~20% of NF-pNETs and in less than 10% of other pNETs subtypes.

Sex Chromosomes.According to combined data from genome-wide studies reported,
Xq loss mainly occurs in insulinomas (~20% of cases) and one CGH-study also noted
an association between Xq loss metastatic disease, raising the hypothesis that X
chromosome changes plays a role in defining the more aggressive nature of endocrine
lesions [32, 43].

Aberration of X chromosome has been described mainly in gastric carcinoids and
pNETs, and in malignant compared with benign endocrine tumors. Pizzi et al. [59]
comparing pNETs and endocrine tumors of the ileum and appendix noted that LOH
on chromosome X was evident in 60% of malignant gastric and pancreatic
tumors but in only 4.5% of benign tumors. Similarly, none of the benign midgut
tumors exhibited X chromosome LOH, whereas 15% of malignant tumors contained
this aberration [59]. On the whole, an association between X chromosome LOH and
malignancy clearly has been found. In LOH analysis, allelic losses on X chromo-
some were revealed in 50% of type III gastric carcinoids, but not in type I tumors.
Again, tumors that exhibited LOH were associated with metastasis [60]. Also in a
series of 16 female patients with gastrinomas reported by Chen et al. 56% presented
X chromosome LOH, was significantly associated with aggressive postoperative
tumor growth and with increased primary tumor size [61]. Missiaglia and colleagues
(2002), in their microsatellite and FISH analysis extended to chromosome Y,
described that pNETs from females had loss of chromosome X in 40% of cases
whereas pNETs from males showed loss of chromosome Y in 36% of case but never
had loss of the X chromosome [62]. A significant association of sex chromosome
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loss with metastases, local invasion Ki-67 > 5% was also described. Sex chromo-
some loss was found to be an independent variable associated with a shorter survival
period and an increased risk of death of approximately fourfold.

Recently, in a comparative LOH analysis on X chromosome by Azzoni et al. [63]
higher rate of allelic loss was found in poorly differentiated endocrine carcinomas
than in well-differentiated endocrine carcinomas with two chromosomal regions,
Xq25 and Xq26 showing LOH with a relatively high frequency [63]. Candidate
tumor suppressor genes mapping at Xq25 are ODZ1, encoding Tenascin, a glyco-
protein of the extracellular matrix involved in morphogenetic movements, tissue
repair and tumor spreading and SH2D1A, whose mutation was described in
X-linked lymphoproliferative disease and in non-Hodgkin Lymphomas [64]; while
potential tumor suppressor genes for Xq26 are MEF, a transcription factor capable to
suppress the transcription of the genes encoding for the matrix metalloproteinases,
MMP-2 and MMP-9, and interleukin-8 as demonstrated in cell lines of human
nonsmall cell lung carcinoma [65]; and GPC-3, a heparan sulfate proteoglycan
linked to the cell membrane, involved in the progression of several types of
malignant tumors, including mesotheliomas, ovarian, and lung carcinomas [66].

Loss of DAXX or ATRX protein and alternative lengthening of telomeres have
also been proved to show a prognostic meaning in pNET cases. They were indeed
associated to tumor stage, relapse-free survival, and decreased time of tumor-
associated survival in 243 patients affected by pNETs [43].

Final Considerations

The limited resolution of the conventional CGH method, its low reliability (emerged
from the observation that some regions – 1p32- pter, 16p, 19, and 22 – showed gains in
negative control experiments), and its feature to be a laborious method remain the
principal limits. On the other hand, LOH analysis, depending on number and type of
microsatellite markers used, often offers contradictory results. For this reason, caution is
needed in interpreting their results, awaiting further studies to confirm available data.

Array-CGH technology can improve the resolution of conventional CGH on
metaphase chromosomes from 5 to 10 Mb to �1 Mb on arrayed DNA. In a series
of 27 insulinomas, Jonkers and colleagues (2006) performed a genome-wide array-
based CGH analysis detecting in >50% of cases loss of chromosomes 11q and 22q
and gains of chromosome 9q with the first two alterations only partially identified
before by conventional CGH (11q loss and 22q loss were found in ~20% and ~10%
of benign and malignant insulinomas, respectively) [67].

The chromosomal regions of interest included 11q24.1 (56%), 22q13.1 (67%),
22q13.31 (56%), and 9q32 (63%). Comparing their alteration frequencies in tumors
with benign, uncertain, and malignant behavior according the most recent WHO
classification, the authors suggest that gain of 9q32 and loss of 22q13.1 are early
genetic events in insulinomas, occurring independently of the other alterations.
Finally, in this study further evidence was found for the accumulation of chromo-
somal alterations which run parallel with increasing malignant potential.
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Genetic Alterations of Oncogenes and Tumor Suppressor Genes,
and Expression of Growth Factors and Their Receptors

Oncogenes

The role of k-Ras has been investigated by a number of authors, with findings
suggesting limited relevance if any, thus differentiating pancreatic endocrine neo-
plasms from the exocrine counterpart. K-ras mutations were found in a risible
proportion of cases [50, 54, 55, 68–72], without any significant clinical association.
Not surprisingly, the BRAF gene, one of the human isoforms of RAF, which is
activated by ras, does not seem to have a role in tumorigenesis of pNETs [73]. How-
ever, a possible role for the ras signaling pathway in pNETs may depend on
inactivation of the TSG RASSF1 (see below).

Similarly, there is limited evidence for a role of either c-Jun or c-Fos [71, 74]. On
the other hand, c-Myc is overexpressed in most studies either at the RNA or protein
level [50, 68, 75, 76]. The proto-oncogene Bcl-2, which acts as an antiapoptotic factor,
has been detected in up to 45% of examined pNETs samples [75]; however, there are
no data examining the overall balance of the pro/antiapoptotic machinery in pNETs.

Src is a family of proto-oncogenic nonreceptor tyrosine kinase including nine
members. Src-like kinases act downstream of growth factor receptors and integrins
transmitting messages that are crucial for several aspects of cell growth and metab-
olism, as for example cell cycle regulation, cell adhesion, and motility. Over-
expression of Lck, a member of Src family, has been recently demonstrated in
metastatic progressive pNETs in a microarray study [74]. The expression and
activity of Src have been also described in pNETs cell lines and tissues, and
inhibition of Src activity has been shown to interfere with adhesion, spreading,
and migration of cells [77].

As far as cell cycle, although animals with constitutive activation of CDK4
develop pNETs [78], mutations have not been found in insulinomas [79]. A more
relevant role for the cyclin DI oncogene (CCNDI) is suggested by findings of its
overexpression and relation with disease stage [80, 81].

The Wnt signaling pathway is relevant for a number of neoplasms, and β-catenin
activation is frequently detected in such cancers. However, no mutations of the
β-catenin gene have been detected in a study including 108 pNETs, and nuclear
accumulation of the β-catenin protein seems a rare and late event [82].

In a further study, 52% of pNETs showed abnormal β-catenin staining, which was
related with loss of normal E-cadherin staining and more aggressive behavior [83].

Tumor Suppressor Genes

The role of MEN-I and VHL mutations, either in genetic or sporadic forms, has been
summarized in the previous paragraphs.

The role of the p53 TSG has been investigated in a wide number of studies. A
rationale for such investigations comes from studies of mice with p53 mutations and
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pNETs development. However, most studies found no mutations of p53 and/or no
overexpression of the mutated protein in human pNETs [50, 54, 55, 68, 69, 72, 73,
84–87]. These data suggest that findings of LOH at 17q13 may be related with other
unknown TSGs.

Similarly, although LOH at 18q is fairly frequent in pNETs, the DPC4/Smad gene
has not been found to be mutated in the majority of published papers [50, 68, 88],
and the retinoblastoma TSG (Rb) is also not implicated [89].

On the other hand, the p16 INK4a TSG, which encodes for an inhibitor of CDK4,
seems relevant for at least a portion of pNETs. Particularly, inactivation of p16,
either by mutations or by methylation is common in gastrinomas, but less frequent in
NF-pNETs and insulinomas [55, 68, 90, 91].

The expression of the putative tumor suppressor gene tissue inhibitor of
metalloproteinase-3 (TIMP-3) has been found to be altered by either promoter hyper-
methylation or homozygous deletion. The predominant TIMP-3 was described in 44%
of examined pNETs, with as significant relation with the metastatic process [92].

The Ras-association domain family 1A (RASSF1A) is a TSG, interacting with
ras. It is inactivated in a variety of solid tumors, usually by epigenetic silencing of the
promoter or by loss at 3p21.3. RASSF1A induces cell cycle arrest through inhibition
of cyclin D1 accumulation. RASSF1A hypermethylation was detected in 10 out of
12 (83%) endocrine tumors [93], and in a further publication RASSF1A silencing by
methylation and 3p21.3 deletion was associated with tumors from foregut only, and
with malignant behavior [94].

Loss of expression of the p27 protein has instead been paradoxically related with
well-differentiated pNETs, with most indolent features, while its expression was
associated with metastatic disease [95].

The aberrant promoter methylation of the mismatch repair gene, hMLH1, is
associated with microsatellite instability (MSI). Hypermethylation of the hMLH1
promoter has been found in 23% of pNETs. Some 50% of hMLH1-methylated
pNETs were found to be microsatellite unstable, and MSI was restricted to pNETs
with hMLH1 hypermethylation. Tumors with MSI-positive had a better survival
compared with MSI-negative [96].

Growth Factors and Their Receptors (Receptor Tyrosine Kinases)

The expression of growth factors, and their receptors, generally tyrosine kinases, is
an interesting issue and offers the opportunity for targeted therapy. Angiogenesis has
been studied in depth in transgenic mouse model (Rip1-Tag2) in which mice develop
pNETs [97]. Although pNETs are highly vascular, some studies have suggested that
they express VEGF, which correlates with a more aggressive tumor [98], while
others detailed how pNETs present a wide range of microvascular density (MVD)
according to the malignant potential, with malignant tumors showing lower MVD
and VEGF expression than benign ones [99].

The surface of pNETs cells presents several other growth factor receptors,
including receptor tyrosine kinases such as the epidermal growth factor receptor
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(EGFR), the stem cell factor (SCF) receptor c-KIT, and the platelet derived growth
factor receptors (PDGFR) [100–103].

The EGFR (ErbB-1) is a member of a receptor tyrosine kinase family also
including HER2/Neu (ErbB-2), HER-3 (ErbB-3), and HER-4 (ErbB-4), whose
activation after interaction with their ligands leads to a number of downstream
cascade molecular events involving cell proliferation and transformation. Although
the expression of the EGFR and its phosphorylation seems more relevant in carci-
noids than pNETs, phosphorylated-EGFR expression was found to be an unfavor-
able prognostic marker only in pNETs [104]. As far as other members of the Erb
family, the expression and amplification of HER-2/Neu were explored in patients
with gastrinoma, with relevant data presented above [55, 56].

c-KIT (CD117) is a type III tyrosine kinase receptor which, once activated by its
ligand, stem cell factor (SCF), induces dimerization and autophosphorylation of the
receptor at specific tyrosine regions, which acts as docking sites for other
intracitosolic proteins important for intracellular signal transduction. Abnormal
expression of c-KIT and/or SCF has been described in a variety of solid tumors,
and activating mutations of c-KIT are a typical feature of gastrointestinal stromal
tumors (GIST). Several studies have investigated the expression of c-KIT, together
with other receptor tyrosine kinases in gastroenteropancreatic endocrine tumors, by
immunohistochemistry [102, 105]. The results are inconsistent and, as hypothesized
for other cancer types, inter-studies disagreement may be explained by different
antibodies employed or different immunohistochemistry protocols.

A recent study including 98 pNET samples [2] has proved that sporadic pNETs
contain germline mutations in about 17% of patients. These mostly interest genes
involved in four main pathways: chromatin remodeling, DNA damage repair,
activation of mTOR signaling (including previously undescribed EWSR1 gene
fusions), and telomere maintenance, hypoxia, and HIF signaling. Also further
mutations involving MUTYH, APOBEC, und BRCA have been described, paving
the way to further molecular targets for therapeutic approach.

The (PI3K)/Protein Kinase B/AKT/mTOR Pathway

The mammalian target of rapamycin (mTOR) is a serine-threonine kinase involved
in the mechanisms of regulation of cell growth and death through apoptosis. It plays
a critical role in transducing a number of different proliferative signals mediated
through the phosphatidylinositol 3 kinase (PI3K)/protein kinase B (AKT) pathway,
principally by activating downstream protein kinases that are required for both
ribosomal biosynthesis and translation of key mRNAs of proteins required for cell
cycle progression.

The signaling pathways upstream of mTOR include several tumor suppressors,
such as PTEN, NF1, the kinase LKB1, and oncogenes such as Ras and Raf. mTOR
also mediates signaling downstream of a number of growth factors such as IGF-1
and VEGF (Fig. 1). These signaling pathways converge on the tuberous sclerosis
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complex (TSC1/TSC2), which inhibits the mTOR activator Rheb, a small GTPase.
In turn, activation of the mTOR pathway enhances the activity of HIF1α and of
VEGF itself [106, 107].

Tumors exhibiting constitutively activated PI3K/AKT/mTOR signaling due to
mutations or loss of the abovementioned tumor suppressor genes (PTEN or TSC), or
overexpression of upstream genes, are potentially susceptible to mTOR inhibitors,
therefore making the investigation of this pathway particularly interesting for
pNETs.

Microarray Studies

Global expression profiling has been often employed in the past decade to better
understand molecular changes occurring in a number of tumors. This approach has
been proved useful to identify novel markers and targets for therapy or to highlight
relations with clinical outcome.

Fig. 1 Schematic
representation of the PI3K/
AKT/mTOR pathway. Green
color indicates overexpression
or activation, and red color
indicates reduced expression
or deactivating mutations.
Overall, the balance of such
events suggests an important
role for this signaling pathway
in pNETs. Notably, mutations
of TSC1/TSC2 and PTEN
may reduce the negative effect
of hypoxia on the mTOR
pathway
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However, microarray studies suffer a number of limitations, mainly related with
the poor repeatability, and the poor concordance between different studies [108].

Microarray analysis of expression profiles has recently been employed to inves-
tigate pNETs, with a number of different strategies. These studies are summarized in
Table 7 [74, 109–114].

Overall, the studies differ significantly in terms of different samples and
design, different platforms and statistical/bioinformatics methods. Two of the
studies [74, 113] employed a wider platform. Two main different design sub-
groups can be identified: (1) comparison of pNETs samples versus purified
pancreatic islets [74, 109, 110] and (2) comparison of metastatic versus non-
metastatic pNETs [112–114]. One other study compared expression profiles of
pooled biopsy material of pNETs with that obtained from other pancreatic
pathologies and normal pancreata [111], making its comparison with the other
studies of poor sense. However, some of these studies did not provide clinical or
histopathologic data sufficient to determine the clinical behavior of the investi-
gated patients, and only one of the studies also compared primary lesions versus
liver metastases [74], with findings suggesting a striking similarity between
matched primaries and metastases.

Overall, none of the studies could identify novel dysregulated genes associated
with a certain clinical behavior or with prognosis or response to treatment. The
overlap between the different gene lists is very poor, as previously reported
for pancreatic adenocarcinoma [115]. However, some interesting candidates for
further evaluation as prognostic factors or therapeutic factors may have been
identified.

A single paper examined the expression of microRNAs in pNETs [116]. Micro-
RNAs are small noncoding RNAs able to regulate gene expression by targeting
specific mRNAs for degradation or translation inhibition. A role for microRNAs
in tumor development and progression has been ascertained for many human
cancers including pancreatic adenocarcinoma. Using a specific custom
microarray, Roldo et al. explored the global microRNA expression of 40 pNETs
(12 insulinomas, 28 non functioning tumors) compared to normal pancreas, and
showed that a common pattern of microRNA distinguishes pNETs from normal
pancreas. Specific microRNAs were identified, such as miR-204, primarily
expressed in insulinomas and miR-21 which was strongly associated with both
high Ki67 and liver metastases.

Conclusion

Research has made significant progresses in the knowledge of pNETs’ molecular
biology but still the carcinogenesis involves mechanisms that need to be clarified.
This multistep process may involve mutations of oncosuppressors genes, as well as
germline mutations, which have been identified also in sporadic tumors. Further
studies have to focus on immunotherapy and on the development of new target
therapies to offer new treatment options to these patients.
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Key Research Points

• The molecular pathology of pancreatic endocrine tumors has been further inves-
tigated in the last 5 years, mostly thanks to whole genomic sequencing.

• CGH studies suggest a plausible role for a number of TSGs, which is partially
confirmed by specific studies. The role of epigenetics changes, especially of
methylation deserves more attention.

• A number of alterations of tyrosine kinase receptors (VEGFR), and molecular
pathways (mTOR) expression and activity have been described.

• Data of microarray studies suffer of the poor heterogeneity of the samples and
have not described a specific relation between expression profiles and prognosis
or response to therapy.

Future Scientific Directions

• Future studies should always classify pNETs samples according to clinical and
pathological standards, including WHO and TNM classification. Moreover, the
tumor behavior (stable or progressive) is an issue in such an “indolent”
tumor type.

• CGH array studies may help identifying putative oncogenes or TSGs.
• Microarray studies conducted in wide series of well-investigated pNETs with a

relation with clinical behavior and follow-up are needed.
• More in vitro models (animal models and cell lines) are sorely needed to better

understand the process of tumor growth and progression, and possibly the role of
novel therapies with targeted agents.

• The relation between pNETs cells and the surrounding stroma has not been
investigated and may be important, similarly to pancreatic adenocarcinoma.

• The main future focus will be the role of the immune system in pNET tumori-
genesis and proliferation control, starting from PD1/PDL-1 evaluation, paving the
way to immunotherapy application also in these tumors (first trials ongoing).

Clinical Implications

• Clinicians dealing with pNETs should keep in mind the possibility of inherited
disorders, as the diagnostic and therapeutic strategy is different from that of
sporadic cases.

• Molecular alterations may somehow predict the clinical course and possibly
suggest the use of certain novel targeted therapies, such as VEGF and mTOR
inhibitors.

• In this view, referral of patients to centers with more experience in clinical and
molecular aspects of neuroendocrine tumors should be recommended.

• Further knowledge about molecular pathways and mutations could pave the way
for new tailored target therapies.
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