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SUMMARY

Gastroenteropancreatic neuroendocrine neoplasms exhibit a
unique neoplastic profile that is substantially different to
other epithelial cancers. In the absence of common acti-
vating mutations, defining the cellular toolkit and the nexus/
master regulator genes is vital to understand and clinically
target them.

Gastroenteropancreatic neuroendocrine neoplasms
(GEP-NEN), considered a heterogeneous neoplasia,
exhibit ill-defined pathobiology and protean symptom-
atology and are ubiquitous in location. They are difficult
to diagnose, challenging to manage, and outcome de-
pends on cell type, secretory product, histopathologic
grading, and organ of origin. A morphologic and mo-
lecular genomic review of these lesions highlights tumor
characteristics that can be used clinically, such as
somatostatin-receptor expression, and confirms features
that set them outside the standard neoplasia paradigm.
Their unique pathobiology is useful for developing di-
agnostics using somatostatin-receptor targeted imaging
or uptake of radiolabeled amino acids specific to
secretory products or metabolism. Therapy has evolved
via targeting of protein kinase B signaling or somato-
statin receptors with drugs or isotopes (peptide-recep-
tor radiotherapy). With DNA sequencing, rarely
identified activating mutations confirm that tumor
suppressor genes are relevant. Genomic approaches
focusing on cancer-associated genes and signaling
pathways likely will remain uninformative. Their
uniquely dissimilar molecular profiles mean individual
tumors are unlikely to be easily or uniformly targeted
by therapeutics currently linked to standard cancer ge-
netic paradigms. The prevalence of menin mutations in
pancreatic NEN and P27KIP1 mutations in small intesti-
nal NEN represents initial steps to identifying a regula-
tory commonality in GEP-NEN. Transcriptional profiling
and network-based analyses may define the cellular
toolkit. Multianalyte diagnostic tools facilitate more ac-
curate molecular pathologic delineations of NEN for
assessing prognosis and identifying strategies for indi-
vidualized patient treatment. GEP-NEN remain unique,
poorly understood entities, and insight into their
pathobiology and molecular mechanisms of growth and
metastasis will help identify the diagnostic and thera-
peutic weaknesses of this neoplasia. (Cell Mol
Gastroenterol Hepatol 2015;1:131–153; http://dx.doi.org/
10.1016/j.jcmgh.2014.12.008)
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The Carcinoid Conundrum in Context
Gastroenteropancreatic neuroendocrine neoplasms

(GEP-NEN) are generally considered to be anomalous
neoplasia, given their unusual pathobiology that exhibits
both secretory and proliferative phenotypes. In addition,
they display divergent clinical courses, ranging from indo-
lent to highly aggressive.1 Their protean symptomatology
and ubiquitous sites of origin render them difficult to di-
agnose and vexatious to manage.2 Because they arise from
different organs and diverse neuroendocrine cell types, each
with their own unique transcriptome, the biologic behavior
of these neoplasia is often unpredictable, and their outcome
is variable and uncertain, irrespective of treatment.3

GEP-NEN present a paradox in that they are semantically
grouped as one neoplastic category yet represent numerous
different tumors that share only their neuroendocrine origin
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Table 1.Heterogeneity and Diversity in Gastrointestinal and Pancreatic Neuroendocrine Tumors

Tumor
Putative Cell of

Origin Localization Secretory Products Secretory Regulation
Proliferative
Regulation

Omics-Based
Analyses Mutations

Small intestinal
NEN,
“carcinoid”

Enterochromaffin
(EC)

Entire GI tract Serotonin, substance P,
guanylin, melatonin

Immune (eg, IL1b), mechanical (eg,
ATP), neural (eg, adrenaline),
somatostatin (PKA, MAPK)

TGFb, EGFR (RAS/
RAF/MAPK, GL1/
SNAIL)

Transcriptome,
LOH, exome,
miRNAome

CDKN1B

Nonfunctional
pancreatic NEN

Precursor (ductal)
cell or
omnipotent stem
cell

Pancreas None defined Calcium dependent Growth factors (eg,
VEGF), PI3K, Akt,
mTOR

Transcriptome,
LOH, exome,
miRNome

MEN-1,
DAXX,
ATRX

Colorectal NEN L, EC Colon-rectum GLP-1, PYY, NPY Nutrient sensinga EC: ATM) EC: Transcriptome,
LOH, exome,
miRNome

—

ECLoma
(type I–III)

Enterochromaffin-
like (ECL)

Gastric fundus Histamine Gastrin, muscarinic, vagal
(PI3K/DAG/calcium signaling),
somatostatin

Gastrin, PACAP,
histamine, EGFR
(MAPK)

Transcriptome,
LOH

None (type
II: MEN-
1)

Gastrinoma Gastrin (G) Gastric antrum and
duodenum,
pancreas

Gastrin Environmental (amino acids,
tastants, calcium, pH),
mechanical, vagal (PKA, MAPK,
calcium signaling), somatostatin

IGF-1 Transcriptome,
LOH

MEN-1

CCKoma I Duodenum CCK Environmental (amino and fatty
acids), vagal

— — —

GIPoma K Duodenum, jejunum GIP Nutrient sensinga — — —

Insulinoma Beta Pancreas Insulin GIP, GLP-1, leptin, somatostatin
(depolarization, calcium)

mTOR Transcriptome,
LOH, exome

YY1

Glucagonoma Alpha Pancreas Glucagon GIP, GLP-1, somatostatin
(depolarization, calcium)

— Transcriptome,
LOH

MEN-1

Somatostatinoma Delta Pancreas Somatostatin — Src family kinases,
PI3K-mTOR, MEK

— NF-1

Somatostatinoma Delta (D) Duodenum Somatostatin — Src family kinases,
PI3K-mTOR, MEK

— —

Ghrelinoma Ghrelin (Gr) Entire GI tract Ghrelin b1-adrenergic receptor — — —

PPoma PP Pancreas PP — — — —

VIPoma VIP Entire GI tract
(pancreas, adrenal)

VIP — — — —

Note: Akt, protein kinase B; ATM, ataxia telangiectasia mutated kinase; ATP, adenosine triphosphate; ATRX, alpha thalassemia/mental retardation syndrome X-linked;
CCK, cholecystokinin; DAG, diacylglycerol; DAXX, death-domain associated protein; EC, enterochromaffin; EGFR, epidermal growth factor receptor; GI, gastrointestinal;
GIP, gastric inhibitory peptide; GLP-1, glucagon-like peptide 1; IGF, insulin-like growth factor; IL, interleukin; LOH, loss of heterozygosity; MAPK, mitogen-activated protein
kinase; MEK, mitogen-activated protein kinase kinase; MEN-1/MEN1, multiple endocrine neoplasia type 1; mTOR, mammalian target of rapamycin; PP, pancreatic
polypeptide; PYY, polypeptide YY (tyrosine, tyrosine); NEN, neuroendocrine neoplasms; NF-1, nuclear factor 1; NPY, neuropeptide Y (tyrosine); PACAP, pituitary adenylate
cyclase-activating polypeptide; PI3K, phosphoinositide-3 kinase; PKA, protein kinase A; PP, pancreatic polypeptide; VEGF, vascular endothelial growth factor; VIP,
vasoactive intestinal peptide; YY1, Yin Yang 1 transcriptional repressor; —, no data.
aSignaling pathways associated with nutrient sensing are poorly characterized.
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as a commonality (Table 1). Anatomically, these tumors
arise from a variety of different neuroendocrine cells in
diverse locations throughout the gastroenteropancreatic
system. Functionally, they each produce a variety of different
amine and peptide secretory products, some of which pro-
duce substantial clinical symptomatology or alterations in
metabolic activity. Diverse regulatory systems to modulate
the secretory process exist for the different cell systems.
Proliferation is also different in each system and can range
from indolence to almost completely unregulated growth
with aggressive invasion and diverse metastatic events. A
wide variety of proliferative regulatory systems have been
defined that differ among the cell types and individual tu-
mors. Until recently, the majority of knowledge about the
regulation of secretion and proliferation was descriptive,
with little mechanistic information available. More recently,
the application of sophisticated strategies for exploring the
transcriptome, micro-RNome (miRNome), and exome have
yielded better insights into secretory and proliferative
regulation at a genomic level. Nevertheless, a paucity of in-
formation characterizes our current state of understanding
of these lesions. In particular, there is little appreciation of
the molecular basis by which transformation from a naïve
cell type to a neoplastic phenotype occurs. Resolution of this
issue remains a paramount scientific concern.

GEP-NEN comprise w1% of all malignancies and
represent the second most common gastrointestinal malig-
nancy after colorectal cancer.4 It has also been accepted that
they are increasing in incidence1,5–7 (estimated annually at
w5%8) and that the majority (�95%) are of sporadic
etiology.1 The diagnosis of NEN remains a challenge, given
the often subtle and protean clinical manifestations,9 and
the current understanding of this neoplastic group is
defined more by what is not known (ie, “not typical and/or
unusual” presentation and behavior) rather than what is
known. Tumors of the same organ behave differently. For
example, b-cell pancreatic neoplasms (insulinomas) are
different from G-cell tumors (gastrinomas) of the pancreas
in both symptomatology and malignancy. The former are
invariably benign, and the latter are indubitably malig-
nant.10 The common symptoms are protean and easily
mistaken for other conditions, such as when flushing or
diarrhea are mistaken for symptoms of menopause or irri-
table bowel syndrome, respectively. As a consequence of
tardy recognition of these tumors (the majority are meta-
static when identified), clinical management is a Sisyphean
task given the advanced nature of the disease and the
paucity of effective therapeutic strategies.9

NEN are heterogeneous whether viewed from a genetic,
biochemical, cellular (proliferation, metastases), organ site,
or symptomatic perspective.11–19 They are difficult to
diagnose and manage, and surgery represents the only
known “cure.”20–22 Standard clinical approaches to monitor
treatment responses are inadequate (limited biomarker
spectrum) and relatively insensitive (limited image
discriminant index).23 Radiological Response Evaluation
Criteria In Solid Tumors v1.1 (RECIST) criteria are insensi-
tive for measuring treatment responses in these often
“indolent” lesions.24 Response to therapies is rarely
associated with early measurable (detectable) changes in
tumor size and represents a substantial limitation in GEP-
NEN management.25,26

The recognition of somatostatin receptors as key reg-
ulators of NEN function provided an effective therapeutic
strategy in terms of secretory inhibition, symptomatic
control, and quality of life improvement.27 The impact of
such agents (somatostatin analogs) on the proliferative
regulation of NEN has also been clinically demonstrated as
having some degree of efficacy.28,29 Other agents (ever-
olimus, sunitinib, bevacizumab, gefitinib) euphemistically
considered as targeting specific proliferative pathways
in NEN have proved of relatively modest benefit given
their marginal efficacy and substantial adverse-event
profile.30–34 A critical shortcoming in the latter strategy
is the inability to identify before treatment whether the
“target” exists.

Overall, the lack of effective agents represents the
limited understanding of the biologic basis of NEN and the
paucity of information as to the molecular nature of the
disease.35 This disappointing situation has arisen for two
reasons. First, the limited financial investment in exploring a
disease therapy reflects its perceived low incidence and
health-care impact on the population. Second, NEN disease
in itself presents a formidable investigative problem. Indi-
vidual neoplasms arise from a plethora of different cell
types (albeit with a common neuroendocrine element) and
organs systems. They exhibit different regulatory systems,
and their rarity has inhibited the acquisition of large spec-
imen samples needed for identification of molecular mech-
anisms. The fact that they arise from the diffuse
neuroendocrine system, which itself is poorly characterized
and little understood, has compounded the investigative
problem.36

The scientific conundrum of these neoplasms is further
amplified by the diverse observations with respect to their
differences from other forms of cancer in epidemiology,
biology, and behavior. Typically, the incidence rates of
cancer are nonlinear, and not all multicellular organisms
develop neoplasia. This disconnect between body mass
(which is a surrogate for cell number) and cancer incidence
is known as Peto’s paradox37; this identifies that natural
selection favors against carcinogenesis. NEN, however, do
not conform to the declining acceleration model of cancer
development evident in the majority of neoplasia.38 Instead,
these neoplasms tend to occur later than other cancers
(usually >60 years of age) and continue increasing in inci-
dence with age (risk as high as 7 out of 100,000 in the
seventh decade).1,8 Indeed, the frequency of these neo-
plasms has been reported to be as high as 1% in the pop-
ulation (at autopsy).39 Such a high prevalence is more
consistent with timed exposure per Peto’s experiments than
to any paradox. It is also evident that the proportion of
neuroendocrine cells in the body—which is estimated at
w1% 40—closely mirrors the proportion of cancers that
develop with neuroendocrine features (1%). Thus, it seems
likely that this class of neoplasms (neuroendocrine) may not
be regulated by the same rules that govern the development
of more common cancers and that it represents a different
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neoplastic phenomenon compared with the classic “hit
theory” mutation-driven oncologic paradigm.

In this appraisal of the state of neuroendocrine
neoplasia, we seek to examine the unique nature of NEN and
scrutinize the evidence indicating their differences from the
accepted cancer model. The goal is to elucidate whether
NEN disease is actually different from other cancers or
whether this is simply a presumption that has evolved out of
misinterpretation of available data, a paucity of information,
or an example of oncologic dialetheism.41 Our thesis is that
molecular advances are necessary to advance the under-
standing of the disease and that, in particular, the devel-
opment of a molecular toolkit for these neoplasms will
prove to be the appropriate pathway to the development of
effective diagnosis and therapy.
Functional Cellular Morphology
The term “neuroendocrine” is a composite description of

a cell that exhibits mixed morphologic and physiologic at-
tributes of the neural and endocrine regulatory systems. The
bicameral cell includes a neural cell phenotype expressing
proteins that include neuron-specific enolase, synaptophy-
sin, chromogranin A (CgA), and neuronal filament proteins
such as internexin a. In addition, they express a physiologic
“hormone” phenotype classically ascribed to endocrine
cells.42

Structurally, neuroendocrine cells can either be “open”
or “closed” to the lumen. Most intestinal enterochromaffin
(EC) and D (somatostatin) cells and gastric G (gastrin) cells
are of the open type, with apical cytoplasmic extensions that
project into the glandular lumen with short microvilli and
allow the cell to sense physical or chemical variations in
luminal content.43 The neuronal component is represented
at the basal aspect of the cells by often extensive and
elongated axon-like cytoplasmic processes that abut adja-
cent cells.44 Multiple processes, which can extend up to
50–80 mm in length, often possess a terminus resembling a
synaptic-like bouton that likely interacts with adjacent non-
neuroendocrine cells.45 These dendritic-like processes
embody the neuronal component of the neuroendocrine cell
whereby signal substances are delivered in direct proximity
to other coexistent neural filaments in the lamina propria or
contiguous mucosal cells and the immune cells.46

Closed cells include the majority of fundic neuroendo-
crine cells, the enterochromaffin-like (ECL) cell as well as
the gastric D, EC, and X/A-like (ghrelin) cells. Such cells
do not access the lumen but are regulated by basal neural
and hormonal signals. Like open cells, however, they
also exhibit long, axon-like processes that regulate the
function of other cell types.47 Tumor cells, similar to
normal neuroendocrine cells, exhibit almost all the
morphologic characteristics of neural and endocrine cell
types, including secretory machinery as well as axonal
structures such as internexin a expression.48 Assessment
of the secretory profile provides the basis for the much-
used clinical measurements of, for example, the granin
family or amines such as 5-hydroxytryptamine (5-HT, se-
rotonin).49 However, the pathobiologic relevance of their
neural characteristics remains largely uninvestigated. It is
likely that tumor cells both directly sense and “taste” the
lumen,43,50 transduce these messages (albeit in an uncon-
trolled, paroxysmal fashion), and modulate the behavior of
mucosal cells such as inflammatory cells or cells involved
in the regulation of nociception and motility. These local
events and the systemic secretory products provide the
basis for the clinical features (such as pain and diarrhea)
evident in some GEP-NEN.1
Mechanistic Secretory Matrix
At least 17 individual neuroendocrine cell types have

been identified within the gastrointestinal tract and
pancreas, reflecting the plethora of bioactive amines and
peptides they synthesize and secrete (Figure 1). Secretory
products are stored in large dense-core vesicles or in small
synaptic-like vesicles.51 Large dense-core vesicles bud
from the trans-Golgi network (TGN) where prohormones
and proneuropeptides are processed and stored. Although
some granules store individual peptide hormones, several
different peptides or amines may be colocalized.52,53 CgA
is a key constitutive protein involved in the biogenesis
of dense-core secretory granules at the level of the
TGN. Amines are accumulated in secretory vesicles via
type I vesicular monoamine transporters (VMAT1 in EC
cells, VMAT2 in ECL cells) and may be colocalized in large
dense-core vesicles or processed into small synaptic-like
vesicles.

The process of neuroendocrine cell secretion is best
exemplified by CgA,54 which (often with CgB) initially ac-
cumulates in the TGN before incorporation into immature
secretory vesicles (ISG). In the ISG, chromogranins bind to
low-affinity vesicle membrane receptors, initiating the
sorting of other ISG proteins to the regulated secretory
pathway (Figure 2). Further development of ISG into mature
secretory granules involves calcium (Ca2þ) influx, granule
acidification, prohormone processing (including chromog-
ranins themselves), and the uptake of amines (eg, 5-HT).
Thereafter, after receptor-mediated Ca2þ influx, matured
granules dock at the cell membrane via expression of syn-
taxin, synaptotagmin, vesicle-associated membrane protein
2 (VAMP2), and synaptosomal-associated protein, 25-kDa
(SNAP25) with release of their contents into the extracel-
lular milieu.55

Tumor cells, like their normal counterparts, synthesize
and secrete a similar diverse array of bioactive products.
However, processing in neoplastic cells differs from not only
normal cells but between individual tumor cell types. Thus,
CgA processing varies between different neuroendocrine
tissues such that there is more extensive cleavage in
pancreatic islets than in the adrenals, and different fragment
profiles exist for each of the pancreatic a, b, D, and
pancreatic polypeptide cells.56 This differential processing
has implications for the accurate biochemical measurements
of secretory product.57 Of biologic relevance, however, is
that the smaller biologically active peptides (eg, vasostatin I
and II, or chromostatin)58,59 differentially regulate tumor
cell proliferation and metastasis.60



Figure 1. Gastrointestinal
and pancreatic neuro-
endocrine cell types,
secretory products, and
associated neoplasms.
CCK, cholecystokinin; GIP,
gastric inhibitory peptide;
GLP-1, glucagon-like pep-
tide 1; NPY, neuropeptide
Y (tyrosine); PP, pancreatic
polypeptide; PYY, poly-
peptide YY (tyrosine, tyro-
sine). (Image courtesy of
Hauso et al.47)
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Membrane Receptor Regulation
Secretion is regulated by G-protein coupled receptors

(GPCRs), ion-gated receptors, and receptors with tyrosine
kinase activity.61 An interactomic map of the known regu-
lators of secretion can be built to visualize this machinery,
providing an overview of the “secretome” (Figure 3).
Overall, secretory regulation includes tightly interrelated
inputs from stimulatory receptors, which activate signaling
pathways leading to exocytosis. The latter phenomenon is
characterized by well-defined processes, including vesicular
amine uptake, vesicle formation, migration, and docking
with release of contents.

Individual neuroendocrine cell types may differ in terms
of signaling inputs, but the majority of pathways are
conserved. In some neuroendocrine cell types, such as
gastric G-cells, GPCRs activate protein kinase A (PKA) and
adenosine 30,50-cyclic monophosphate (cAMP) production
with downstream activation of the ERK1/2 (extracellular-
signal-regulated kinase 1/2: mitogen-activated protein ki-
nase, MAPK) pathways. In other types, such as gastric ECL
cells, the phosphoinositide-3 kinase/diacylglycerol/protein
kinase C (PI3K/DAG/PKC) pathways, and downstream, Ca2þ

flux regulation (either an internal influx of calcium through
calcium channels, or IP3-mediated efflux of calcium into
the cytoplasm from endoplasmic stores) is activated.62
Membrane depolarization, as in pancreatic b-cells, can also
ensue as ion-gated receptors are activated (eg, Sur/Kþ re-
ceptors or g-aminobutyric acid [GABA]-mediated Naþ/Kþ

channel activators) with calcium entry.63 These pathways
often involve mononucleotide signalers such as cyclic gua-
nosine 30,50-monophosphate. The latter cells call also be
hormonally regulated (incretins) via gastric inhibitory
peptide and glucagon-like peptide-1.64

Receptors with tyrosine kinase activity initiate PKC
pathway activation, leading to downstream effects that
include phosphorylation of multiple proteins involved in
granule maturation, migration, and docking to the mem-
brane.65 Cytokines and bacterial products may also affect
secretion, largely through nuclear factor kB (NFkB)
signaling pathways.46 Activation of these pathways is not
limited to secretion but may also activate transcription of
enzymes involved in amine production, such as cAMP-
mediated cAMP response element-binding protein
(CREB) transcriptional regulation of tryptophan hydroxy-
lase (TPH1, the rate-limiting enzyme in 5-HT synthesis)66

or PKC-mediated phosphorylation (and stabilization half-
life and thus activity) of this enzyme. Other pathways
such as MAPK are involved in transcriptional regulation of
HDC (histidine decarboxylase), the histamine biosynthetic
enzyme.



Figure 2. Mechanistic basis of secretory regulation in a neuroendocrine cell. Initial transcription and processing occurs in
the nucleus and endoplasmic reticulum (ER) and thereafter secretory products accumulate in the trans-Golgi network (TGN).
Subsequently, they are incorporated into immature vesicles that also contain other protein products destined for immature
secretory vesicles (ISG). Multiple ISGs fuse into a mature secretory granule (MSG) in a process that involves calcium (Ca2þ)
influx, granule acidification, and prohormone processing as well as amine uptake (eg, serotonin). This sequence of processes
is directed via positive regulatory inputs from diverse regulatory G-protein coupled receptors (GPCRs) (green). Ligand binding
activates both signal pathways (PKA/cAMP, MAPK, PI3K/DAG/PKC) and membrane depolarization. Regulatory GPCRs are
typically cell-type specific and include muscarinic, tastant, and trace amine receptors. Consequent upon activation MSGs are
directed to the plasma membrane, and, after receptor-mediated Ca2þ influx, docking occurs at the cell membrane. This
process involves the expression of a series of proteins including syntaxin (SY), synaptotagmin (ST), vesicle-associated
membrane protein 2 (VAMP2) (V2), and synaptosomal-associated protein, 25-kDa (SNAP25) (S25) (green arrowheads). The
ensuing vesicle-and-membrane fusion process culminates in MSG release of contents into the extracellular milieu (exocy-
tosis). Inhibition of secretion occurs through a number of GPCRs (pink) (somatostatin > muscarinic > glutamate) which upon
activation reverses the signaling pathway initiation process through dephosphorylation of signaling intermediates as well as
inactivation of voltage-gated channels. Red dots ¼ secretory protein. IUPHAR gene symbols are included for each of the
GPCRs.
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Activating receptors include b-adrenoreceptors, puri-
nergic receptors (A2-A/B adenosine receptors, AdoR-A2A/
B),67 and interleukins (IL-1b/2). These responses (activa-
tion of transcription and secretion) are largely regulated by
Ca2þ influx, PKA/cAMP, ERK1/2, and NFkB signaling path-
ways. Secretagogue-evoked stimulation induces actin reor-
ganization through sequential ordering of carrier proteins at
the interface between granules and the plasma membrane,
allowing for membrane trafficking and culminating in
release of neuroendocrine contents.68

Secretory inhibition is prototypically initiated via
somatostatin (acting dominantly via the somatostatin 2
[sst2] receptor), acetylcholine (muscarinic M4 receptors, but
also can be stimulatory via M3 receptors), and g-amino-
butyric acid (GABA, via GABAA receptors).69 Blockade of
secretion occurs through inhibition of pathways involved in
stimulating secretion. This includes inhibition of interme-
diate signaling such as cAMP (through dephosphorylation
of PKA) or PKC inactivation (dephosphorylation) with
reversals of Ca2þ influx.70 The latter can also occur through
membrane repolarization and inhibition of voltage-gated
L-channels.71

Mechanistic Basis of
Proliferative Regulation

Proliferative regulators of GEP-NEN are, for the most
part, poorly understood. The two best characterized and
described are gastrin and gastric ECL cells and transforming
growth factor-b (TGF-b) on the small bowel EC cell. Gastrin,
via the cholecystokinin 2 (CCK2) receptor, is the principal
regulator of ECL cell proliferation via a MAPK-activated
signal transduction cascade72 and induction of the acti-
vator protein-1 (AP-1) complex (a FOS/JUN-mer) transcrip-
tion factor.73 The latter regulate the genes necessary for cell
cycle progression (eg, cyclin genes).74 Physiologic ECL cell
proliferation is associated with fos/jun transcription activa-
tion by the MAPK pathway (ERK1/2) after gastrin-mediated
Ras activation.75 Such proliferation rarely, if ever, leads to
neoplastic progression and morphologic appearances of



Figure 3. Protein interactomes involved in neuroendocrine neoplasm secretion. Secretory regulation includes tightly
interrelated inputs from stimulatory receptors, including cholecystokinin, muscarinic, adenosine (AdoR-A), pituitary adenylate
cyclase-activating polypeptide (PACAP), and GABA receptors (stimulation). These activate signaling pathways (signaling)
including MAPK/PKC, PKA/cAMP/CREB, NFkb, and PI3K activity. Secretion is activated through well-defined processes that
include vesicular amine uptake, vesicle formation, migration, docking, and exocytosis. Inhibition occurs at the level of signaling
and involves somatostatin—inhibition of protein kinase C—and the ionotropic glutamate receptor family (ligand-gated ion
channels and depolarization). Created with protein/transcripts identified in neuroendocrine neoplasms and String 9.1.213
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neoplasia are not associated with metastatic progression.76

In some circumstances, a mutation or loss of function of
the menin gene represents an inherent “hit,” and hyper-
gastrinemia culminates in the development of type II gastric
carcinoids (Zollinger–Ellison syndrome/multiple endocrine
neoplasia type 1 [ZES/MEN-1]) with a classic neoplastic
(invasive/metastatic) phenotype.77 Under such conditions,
diffuse ECL cell proliferative changes are evident; at least
linear and micronodular hyperplasia are noted in>50%, and
invasive gastric carcinoids occur in w25%.78 Gastrin-
producing tumors (eg, gastrinomas) appear to be regulated
by insulin-like growth factor-I (IGF-I).79

The physiologic proliferative regulation of small intesti-
nal EC cells is largely unknown, but TGF-b1-mediated
growth inhibition appears a key component.80 TGF-b1 is a
potent stimulator of neoplastic EC cell proliferation and
functions to decrease expression of SMAD family member 4
(SMAD4) with concomitant increased expression of the in-
hibitor of SMAD nuclear translocation, SMAD7.80 TGF-b1
down-regulates P21WAF1/CIP1 transcription and increases
expression of c-Myc, resulting in phosphorylation and cross-
activation of the ERK1/2 signaling pathway. This culminates
in downstream activation of malignancy-defining genes such
as MTA1 (metastasis associated 1). Once transformed into a
neoplastic phenotype, EC-derived-NEN are characterized by
a loss of responsiveness to TGF-b1.80

HER1 (EGFR, epidermal growth factor receptor) is
expressed in the majority (>80%) of small intestinal and
rectal NEN.81–83 At a molecular level, EGFR aneusomy
occurs in w20% of cases, and an elevated EGFR copy
number has been noted in w40%.84 The therapeutic rele-
vance of this pathway, however, remains unclear because it
is unknown whether the intracellular (and thus effector)
domain is expressed in GEP-NEN.85

In contrast with the delineation of the positive regula-
tors of NEN proliferation, the inhibitors have been well
characterized, particularly the analogs that target somato-
statin receptors. Somatostatin-receptor activation has been
linked to at least four different inhibitory effects.86 These
include 1) inhibition of adenyl cyclase, with a subsequent
decrease in intracellular cAMP resulting in down-regulation
of PKA; 2) activation of Kþ and Ca2þ channels, leading to
inhibition of transmembrane Ca2þ influx and resulting in a
reduction of intracellular Ca2þ; 3) activation of protein
phosphatases (eg, calcineurin), which inhibit the exocytosis
and serine/threonine phosphatases that influence Ca2þ and
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Kþ channels; and 4) activation of intracellular tyrosine
phosphatases, which, through different pathways, inhibits
proliferation. Somatostatin has been noted in in vitro sys-
tems to affect the activity of phospholipase C, cyclic gua-
nosine 30,50-monophosphate, and phospholipase A2.

87

However, it remains unclear whether somatostatin is
directly antiproliferative or acts through inhibition of
growth factors and/or various trophic hormones such as
growth hormone, IGF-I, insulin, gastrin, or epidermal
growth factor from both the neoplastic cell and the sur-
rounding tumor matrix.88 Nevertheless, irrespective of the
mechanism, the clinical data provide some support for a
role for this biotherapy as a negative regulator of GEP-NEN
proliferation.28,29
Intracellular Signaling Pathways
GEP-NEN exhibit three major signaling pathways: Ras/

Raf/MAPK, PKC, and PI3K/protein kinase B (Akt) with some
Figure 4. Protein interactome involved in neuroendocrine ne
regulated signaling interactome (including RAS/RAF, MAPK, an
potential for pathway cross-activation and redundancy in signa
regulation of G1/S transition during the cell cycle. Known mu
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(MAPK) signaling. Current data renders it unlikely that somatost
inhibition. Created with protein/transcripts identified in neuroen
participation of Notch signaling89,90 and Gli/Hedgehog/
SNAIL and Src kinases (Figure 4).91–93 The Ras/Raf/MAPK
and PKC pathways signal growth factor responses
(eg, tyrosine kinase receptor activators), typically from
stimulatory factors such as gastrin. PI3K/Akt regulates the
mammalian target of rapamycin (mTOR) complexes, which
are regarded as master switches regulating cell fate and are
considered to be principal regulators of cell proliferation
and angiogenesis.94 As an intracellular protein, mTOR plays
a central role in cell growth, protein synthesis, and auto-
phagy by integration of input from multiple upstream
pathways (insulin, growth factors [IGF-I/IGF-2]), and mito-
gens. In addition, mTOR also functions as a sensor of cellular
nutrient and energy levels as well as the redox status.94

Two key pathways, the MAPK and PI3K/Akt pathways,
are of considerable relevance in non-NEN lesions. They
often exhibit activating mutations, usually due to constitu-
tive activation of MAPK such as through gene-encoding
serine/threonine-protein kinase B-Raf (BRAF) mutations
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such as V600E and/or through loss of an inhibitory factor
such as phosphatase and tensin homolog deleted on chro-
mosome 10 (PTEN) in the Akt pathway.95 There is also
significant cross-talk between the MAPK and Akt pathways,
and activation or inhibition in one pathway may cause signal
alteration in a second pathway. This is reflected in the
inadvertent therapeutic consequence of drug resistance
consequent to overactivation of compensatory path-
ways.96,97 By contrast, although NEN themselves do not
express common growth regulatory pathway mutations in
MAPK and PI3K/Akt (discussed in the next section), they
exhibit abnormalities (altered expression levels) in both
pathways.

The RAS/RAF/MAPK signaling pathway is usually acti-
vated,98,99 and expression of the BRAF activator Rap1 as
well as B-Raf itself can be detected by immunohistochemical
analysis (75%).100 In intestinal NEN, mutations in KRAS
upstream of MAPK were identified in 3 of 102 neoplasms
(w3%).84 The relationship to signaling was not evaluated.
Evidence for mTOR signaling is provided by observations
that PTEN expression has been noted in carcinoids (low/
middle grade NEN) whereas neuroendocrine carcinomas
exhibited low or no PTEN activity (PTEN absent in
w50%).101 This is reflected by the observation that Akt is
phosphorylated (activated) in 76% of NEN.102 The mecha-
nisms leading to these alterations are unknown but prob-
ably reflect the chromosomal losses (usually chromosome
18q but also alterations in 10q and 14q, sites of PTEN and
Akt, respectively) that have been identified (60%–80%) in
NEN.1

In much the same way that the secretome can be visu-
alized, our current understanding of the NEN proliferome
recognizes that it comprises a tightly regulated signaling
interactome with significant cross-linkages consistent with
the potential for pathway cross-activation and redundancy
in signaling (Figure 4). A particular nexus of the system is
provided by CCND1 (cyclin D1), which is involved in the
regulation of the G1/S transition during the cell cycle.
Known mutations in the interactome are largely peripher-
ally localized (except for P27, regulator of the G1 progres-
sion), which is consistent with their known tumor
suppressor function. Although targeting the somatostatin
receptor family has clinical utility as an antiproliferative
strategy, there is no direct link between these receptors and
proliferative signaling pathways. Because these receptors
interact with PKC, this may, however, provide a potential
link by indirect inhibition of MAPK signaling.

The Landscape of
Neoplastic Transformation

GEP-NEN appear to be derived from stem cell–derived
local tissue-specific neuroendocrine cells of the gastroin-
testinal tract and pancreas. The former evolve from a
committed precursor cell within intestinal crypts103 or in
the pancreatic ductal epithelium.104 Transcription factors
involved in regulating the neuroendocrine phenotype, such
as PAX genes and neurogenin 3 (NGN3), are not considered
to play a role in the evolution of NEN.
The Knudson hypothesis, which is well accepted for non-
NEN disease, proposes that neoplasms arise as a result of an
acquired genomic instability and the subsequent evolution of
tumor cells with variable patterns of selected and back-
ground aberrations.105 These observations were based upon
a comparison of age-specific incidence curves between
inherited and noninherited cases of retinoblastoma. The
former exhibited an increased incidence by an amount
consistent with the advance of progression by one rate-
limiting step. This provided a method of analysis by which
quantitative comparisons of age-specific incidences between
two groups could be used to infer the underlying processes
of progression. Such a comparison identified a genetic mu-
tation as a key rate-limiting step. Proto-oncogenes (eg, genes
regulating cellular proliferation) increase the probability of
cancer when activated,106 but carcinogenesis generally re-
quires that mechanisms of DNA repair, such as tumor sup-
pressor genes, are also inactivated.105,107 Numerous
activating mutations (eg, BRAF V60E) have been identified
(see: http://cancer.sanger.ac.uk/cancergenome/projects/
cosmic/). Tumor-suppressor genes have also been identi-
fied, but these are fewer in number. Modeling of cancer-gene
activation and studies of the evolution of cellular defense
mechanisms have determined that oncogenes may be
frequently activated first within populations of large organ-
isms, with tumor-suppressor gene inactivation as a second
step before cellular deregulation and tumor emergence.108

This conforms to the classic cancer paradigm.
Unlike in the majority of cancers, activating mutations

are infrequent if not largely unknown in GEP-NEN
(Figure 5). Indeed, most neuroendocrine neoplasms of
the small and large intestines arise in a sporadic manner.
Others, notably ECL cell neoplasms of the stomach, are
associated with ECL cell hyperplasia, usually due to
hypergastrinemia. Gastrin-containing G-cell neoplasms and
somatostatin-secreting D-cell neoplasms of the duodenum
as well as pancreatic NEN are associated with MEN-
1–related neuroendocrine cell neoplasia.109 The latter may
not reflect transformation of islets and instead may be
derived from pluripotent cells in the ductal/acinar
system.110
Pancreatic NEN Molecular Events
Apart from inherited neoplasms—those that exhibit

germ-line mutations in MEN-1 (discussed in detail in the
section Menin Mechanisms and Metastases)—little is known
of the molecular basis for oncogenesis or of the progression
of sporadic pancreatic NEN (the majority).111 Standard
mutations in k-ras, P53, myc, fos, jun, src, and the Rb gene
have not been specifically implicated.112,113 K-ras, para-
doxically, has been implicated in the suppression rather
than the promotion of pancreatic endocrine cells through
Ras association (Ral/GDS-AF-6) domain family member 1
(RASSF1A) and blockade of the RAS-activated proprolifer-
ative RAF/MAPK pathway by menin.114 Loss of heterozy-
gosity (LOH) at the MEN1 locus (eg, 11p13q) remains the
commonest alteration in pancreatic NEN, and whole exome
sequencing has not identified any novel gene activator

http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/
http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/


Figure 5. Inherited mutations have only been identified in tumor-suppressor genes (TSGs), and occur in <5% of all
gastroenteropancreatic neuroendocrine neoplasms (GEP-NEN). Although no activating mutations have been identified in
the molecular targets (eg, RAS or BRAF), the biologic results of TSG loss (chromatin and transcriptional alterations as well as
changes in cell cycle regulation) are a consequence of alterations signaled by these oncogenes. The second “hit” under these
conditions remains to be identified. Somatic alterations are more common and have been variably identified in 1%–50% of
GEP-NEN. These typically involve mutations, loss of heterozygosity (LOH), and chromosomal changes (eg, telomeric or in-
stabilities) that result in activated signaling pathways including RAS/RAF/MAPK, PI3K/Akt/mTOR, Src kinases, or histone
modifications. They exhibit similar biologic consequences as inherited mutations. The growth regulatory milieu and propro-
liferative signaling, such as through growth factors, likely contribute to tumor development. Molecular alterations at a DNA
level remain undefined in w50% of tumors.
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mutations. Spontaneous mutations in tumor-suppressor
genes—MEN1 (w50%), alpha thalassemia/mental retarda-
tion syndrome X-linked (ATRX, 18%), death-domain asso-
ciated protein (DAXX, 25%), and to a far lesser extent, mTOR
(15%)—have been identified.115 Gene knockout/knock-in
studies confirm the relevance of MEN-1 whereby inactiva-
tion uncouples the endocrine cell cycle progression from
environmental cues such as glucose, leading to islet cell
proliferation.116 Both ATRX and DAXX (which both encode
proteins involved in chromatin remodeling) are somatically
mutated in w40% of pancreatic NEN and are associated
with activation of alternative lengthening of telomeres. In
addition, decreased expression (and, by inference, function)
is associated with chromosome instability and correlates
with tumor stage and metastasis, a reduced time of relapse-
free survival, and a decrease in survival.117 More recently, a
recurrent somatic mutation in YY1 (T372R) was noted in
w30% of sporadic insulinomas.118 YY1 is a member of the
GLI-Kruppel class of zinc finger transcriptional repressors
linked to mTOR signaling and histone modification.119

Clinically, the T372R mutation is associated with a later
onset of tumors.118

Molecular and cytogenetic analyses have identified a
number of chromosomal alterations in pancreatic NEN.
Comparative genomic hybridization (CGH) studies indicate
chromosomal losses occur more frequently than gains, while
amplifications are uncommon.120,121 The total number of
genomic changes per tumor appears linked to tumor volume
(size) and disease stage, indicating that genetic alterations
accumulate during the natural history of the lesion. Thus,
large neoplasms with increased malignant potential—and
especially metastases—tend to harbor more genetic alter-
ations than the small and clinically benign neoplasms. This
suggests that a loss of tumor-suppressor pathway(s) and
genomic instability represent mechanisms associated with
progression but not initiation of pancreatic NEN. Losses of
chromosomes 1 and 11q as well as gains on 9q are, how-
ever, early events because they have been identified in small
neoplasms. Prevalent chromosomal alterations common in
metastases include gains of both chromosome 4 and 7 and
losses of 21q, implying that these chromosome imbalances
may contribute to tumor metastasis.122,123 The relevant
genes (and pathways) have not yet been elucidated.

Deletions of 9p, which occur in w30% of pancreatic
NEN, include the P16INK4A and P14ARF genes, both of which
encode tumor suppressors; loss of this gene locus may lead
to tumorigenesis due to deregulation of the P53 and cyclin
D1/Rb pathways. Alterations in the cyclin D1 pathway in
pancreatic NEN indicate overexpression of this proto-
oncogene in 43% of neoplasms.124 Chromosome 16p,
which contains TSC2 (tuberous sclerosis complex 2
[tuberin], a tumor suppressor of the Akt/mTOR pathway
with GTPase-activating function), is lost in w40% of
pancreatic endocrine tumors,122,125 whereas PTEN a second
tumor suppressor at this locus, is lost in 10% to 29% of
lesions.122,125,126 Low expression of either TSC2 or PTEN
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correlates with pancreatic NEN aggressiveness, a “non-
functional” status, liver metastasis at diagnosis or follow-up
evaluation, and the proliferation index score and time to
progression.127 This supports involvement of the Akt/mTOR
pathway in pancreatic NEN tumorigenesis and progression.
Pancreatic NEN also overexpress the mouse double-minute
genes (now MDM oncogene, E3 ubiquitin protein ligase)
MDM2 and MDM4, and protein phosphatase 1D (PPM1D/
WIP1), all of which may attenuate the function of P53.
Because P53 is critical in maintaining genomic stability, al-
terations in regulators of P53 are considered to play a
permissive role in pancreatic NEN pathogenesis.128 One
report documents a 100% association of X-chromosome
deletions with pancreatic NEN.129 Two studies of pancreatic
NEN found no evidence of microsatellite instability
(MSI).130,131
Small Intestinal NEN Molecular Events
DNA sequencing of small intestinal NEN failed to identify

mutations in MEN1, DAXX, or ATRX and identified small in-
testinal NEN as one of the most genomically stable cancers
thus far analyzed.132,133 Point mutations (single-nucleotide
variants, SNVs) were barely detectable at an average rate of
0.1 SNV per 106 nucleotides (range: 0–0.59).132 MSI, a
common feature of small intestinal adenocarcinomas,134 is
uncommon in small intestinal NEN.130,131,135 Eight percent of
small intestinal NEN exhibit small insertions or deletions that
can inactivate the cell-cycle inhibitor CDKN1B or P27KIP1.133

An evaluation of GEP-NEN identified that menin or P27-
negative neoplasms (as opposed to menin/P27-dual-posi-
tive) were associated with a high histologic grade, lymph
node metastasis, and a more advanced stage in foregut and
small intestinal NEN. P27 loss was significantly associated
with a decreased survival and was an independent factor for
poor overall survival. P27 is implicated in the MEN4 syn-
drome,136 and it is transcriptionally regulated by menin,137

suggesting that the mechanistic basis for pancreatic NEN
and small intestinal NEN may be coupled at a molecular level.

Somatic SNVs have been identified in 197 genes with a
preponderance of cancer genes in small intestinal NEN,
including FGFR2, MEN1, HOOK3, EZH2, MLF1, CARD11,
VHL, NONO, FANCD2, and BRAF.132 Whether these SNVs
have functional implications or reflect noninformative, bio-
logically silent SNPs is unknown. The absence of canonical
cancer mutations is supported by a limited study that used
CancerCode to identify tumor-specific mutations.138

CGH has identified gains in chromosomes 17q and 19p
(57%) and in 19q and 4q (50%)139 as well as in 4p (43%), 5
(36%), and 20q (36%). Chromosomal losses were noted in
18q or 18p (43%), and 21% had full or partial loss of 9p.139

Of 14 neoplasms, six had a full gain of chromosome 4, of
which four samples also had a gain of chromosome 5. There
were four neoplasms with a gain of chromosome 4 along
with a partial or full trisomy of chromosome 14.139 In a
separate CGH study, losses in 18q22-qter (terminal end of
chromosome 18q) (67%) and 11q22–23 (33%) were the
most common genetic defects, although losses of 16q (22%)
and gains of 4p (22%) were also identified.140
Because 18q and 11q chromosomal losses have the
highest frequency, they may reflect early events in small
intestinal NEN tumorigenesis. Losses on chromosome 16
and gain-of-function on chromosome 4 are later events in
tumor/carcinoid development. This is supported by a report
that aberrations in 16q and 4p tend to occur in metasta-
ses.141 Lollgen et al142 confirmed that 18q deletions were
characteristic of midgut NEN; losses were detected in 88%.
These findings have been confirmed in more recent
reports.143,144

One of the genes encoded on chromosome 18 (18q21) is
the tumor suppressor gene DCC (deleted in colorectal car-
cinoma). Loss of this gene, which has been linked to the
tumor suppressor NCAM (neural cell adhesion molecule on
11q145), is thought to play a role in carcinoid genesis.146 A
40-kb heterozygous deletion in chromosome 18q22.1 has
been suggested as a potential inherited factor, but the low
occurrence (w6%) makes it difficult to appreciate the sig-
nificance.147 A gain of chromosome 14 has been identified
as a marker of poor prognosis,143 whereas the antiapoptotic
protein DAD1 (defender against cell death) has been iden-
tified in one of the chromosome 14 foci, and confirmed (via
immunohistochemistry) to be overexpressed.144

Another CGH study identified that w20% of small in-
testinal NEN exhibited alterations in the distal part of 11q
(location of succinate ubiquinone oxidoreductase subunit D
gene, SDHD).141 Furthermore, two of five small intestinal
NEN had a missense mutation in the SDHD gene in associ-
ation with LOH of the other allele, suggesting that alter-
ations in this gene may be implicated in tumorigenesis.141

An analysis of MSI in well-differentiated small intestinal
NEN or their metastases using the BAT-26 microsatellite
locus in intron 5 of hMSH2 and the BAT-II microsatellite
region of TGFbRII135 identified no evidence for mismatch
repair-related instability. In contrast, carcinomas of the
small intestine exhibit MSI in w20% of cases,148,149 sug-
gesting that NEN evolve differently than epithelial neoplasia
in this organ.135 The latter exhibited high frequencies of
activating BRAF/KRAS mutations, which are typically absent
in NEN.134

The Promised Land of
Transcriptional Profiling

Transcriptional profiling of both pancreatic and small
intestinal NEN has demonstrated that both are character-
ized by nonoverlapping expression of transcripts both be-
tween and within each tumor group (heterogeneity of
expression).

Pancreatic NEN
A study of nine core biopsies (normal pancreas,

pancreatitis, pancreatic adenocarcinoma, pancreatic adeno-
carcinoma metastases, and pancreatic NEN) identified
pancreatic NEN as expressing a series of genes including
ANG2 (overexpressed in 89%).150 In addition, islet amyloid
protein and calcitonin signaling were two pathways
expressed. An assessment of 24 pancreatic NEN (including
50% insulinomas) using U133A Affymetrix (Santa Clara, CA)
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arrays identified two subtypes of pancreatic neoplasia:
benign and malignant. The latter overlapped with the World
Health Organization category of “well-differentiated endo-
crine carcinoma” and was characterized by an over-
expression of FEV, adenylate cyclase 2 (ADCY2), nuclear
receptor subfamily 4, group A, member 2 (NR4A2), and
growth arrest and DNA-damage-inducible b (GADD45b).151

Platelet-derived growth factor receptor (PDGFR) was also
expressed, and phosphorylation of PDGFR-b was observed
in 83% of all neoplasms. Signal pathway analysis identified
b-catenin, cadherin, and DNA damage as critical elements.
Seventy-two primary pancreatic NENs, seven matched me-
tastases, and 10 normal pancreatic samples were examined
using the 18.5 K human oligo microarray from the Ohio
State University Cancer Center.127 A plethora of transcript
alterations were identified, but focus was directed to the
PI3K/Akt/mTOR pathway. TSC2 and PTEN were down-
regulated in most (w80%) of the primary tumors, and
this decreased expression was associated with shorter
disease-free and overall survival. In addition, they identified
that transcript levels of somatostatin receptor 2 (sst2) were
absent or low, particularly in insulinomas versus nonfunc-
tioning neoplasia, and that expression of fibroblast growth
factor 13 (FGF13) was associated with liver metastasis and
shorter disease-free survival.120 In addition, signaling
abnormalities were noted in catenin/cadherin pathways as
well as in Akt signaling, while recessive disease-associations
included PI3KR1 and RB1 in pancreatic NEN.
Small Intestine
Affymetrix transcriptional profiling identified >1,500

overexpressed and w400 transcripts that are decreased in
expression in a group (w30 samples) of small intestinal
NEN.152 Further analysis identified three potentially useful
malignancy-marker genes. Specifically, overexpression of
nucleosome assembly protein-like 1 (NAP1L1), melanoma-
associated antigen D2 (MAGE-D2), and MTA1 mRNA and
MTA1 protein in tumor and metastatic small intestinal NEN
was confirmed. These genes may be markers for identifying
metastatic tumors, and NAP1L1 may be a neuroendocrine
tumor-specific marker.152 Overexpression of MTA1 has been
confirmed,153 and expression of these markers is effective in
the prediction of small intestinal NEN grade and stage.154

Other candidate marker genes have been identified in
small intestinal carcinomas,155 including paraneoplastic
antigen Ma2 (PNMA2), testican-1 precursor (SPOCK1),
serpin A10 (SERPINA10), glutamate receptor ionotropic
AMPA 2 (GRIA2), G protein-coupled receptor 112 (GPR112),
and olfactory receptor family 51 subfamily E member 1
(OR51E1). Further assessment of PNMA2 identified elevated
protein levels, particularly in the blood, and titers were
sensitive, specific, and superior to CgA measurement for the
risk of recurrence after small intestinal NEN resection.156

A separate gene expression study identified that primary
tumors and lymph node metastases in 19 patients differed
in expression profiles, suggesting evidence for genetic
change during metastasis.157 Genes identified in neoplastic
progression included actin g2 (ACTG2), gremlin 2 (GREM2),
regenerating islet-derived protein 3a (REG3A), tumor sup-
pressor candidate 2 (TUSC2), runt-related transcription
factor 1 (RUNX1), tryptophan hydroxylase 1 (TPH1), trans-
forming growth factor-b receptor, type II (TGFBR2), and
cadherin 6 (CDH6). The functional role of TGFbRII has been
confirmed in NEN.135

Small intestinal NEN also exhibit a distinctive gene
expression profile compared with pancreatic neoplasia, and
transcriptional profiling has also identified up-regulation of
extracellular matrix protein 1 (ECM), VMAT1, galectin 4
(LGALS4), and RET proto-oncogene (RET).151 A reanalysis of
two publicly available small intestinal tumor transcriptomes
(Yale and Uppsala) using network-based approaches iden-
tified the existence of two potentially different small intes-
tinal NEN types: one group that principally synthesizes and
secretes 5-HT and a second that expresses serotonin, sub-
stance P, and other tachykinins.158 The integrated cellular
transcriptomic analyses confirmed the expression of core
secretory regulatory elements such as carboxypeptidase E
(CPE), proprotein convertase subtilisin/kexin type 1
(PCSK1), secretogranins, including genes involved in depo-
larization such as neuronal specific protein channel 3
(SCN3A), and transcription factors associated with neuro-
development (NKX2-2, NeuroD1, INSM1) and glucose
homeostasis (amyloid b [A4] precursor-like protein 1,
APLP1). These neoplasia were regulated at a developmental
level, and they expressed activation of hypoxic pathways
(a known regulator of malignant stem cell phenotypes) and
genes involved in apoptosis and proliferation. Further ana-
lyses (genomewide coexpression) identified that the small
intestinal NEN gene network was nonrandom, scale free,
and highly modular. Based on the mathematical apprecia-
tion of these parameters, it was inferred that the biologically
informative organizing principles could be assessed.159 The
superimposition of functional analysis confirmed that pro-
cesses including nervous system development, immune
response, and cell cycle were expressed in the network. In
addition, it was apparent that substantial overexpression of
GPCR signaling regulators was evident. The significance of
the expression of neural GPCRs is their key role in the dif-
ferential activation of CRE targets associated with prolifer-
ation and secretion.

Global micro-RNA (miR) profiles of pancreatic and
small intestinal NEN reveal nonoverlapping expression of
regulators both between and within each NEN type, similar
to transcriptome analysis.160–163 In pancreatic NEN, up-
regulation of miR-103 and miR-107 was identified,160

and miR-21 overexpression was associated with both
high proliferation and liver metastases.160 In contrast, a
separate study reported that expression of miR-642
correlated with proliferation, and miR-210 was associ-
ated with metastatic disease.161 Li et al162 independently
noted that down-regulation of serum miR-1290 discrimi-
nated pancreatic NEN from adenocarcinomas. In small
intestinal NEN, five miRNA including miR-96, miR-182,
miR-183, miR-196, and miR-200 were up-regulated during
tumor progression, whereas four (miR-31, miR-129–5p,
miR-133a, and miR-215) were significantly down-regu-
lated.163 The cardiac-specific miRNA-133a has been
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confirmed to be down-regulated in metastases,164 but the
relevance of this observation remains to be determined. It
is likely that network-based approaches may have more
utility for identifying relevant miRNAs as well as deter-
mining biologically useful interactions that have potential
clinical relevance.
Menin Mechanisms and Metastases
Pancreatic NEN

Pancreatic NEN are typically more aggressive than other
GEP-NEN. This likely reflects the mutational spectrum:
MEN-1, ATRX, and DAXX are identified in w50% of lesions.
It is noteworthy that all the genes linked to inherited syn-
dromes in pancreatic NEN are tumor-suppressor genes;
none are oncogenes. The single gene confirmed as mutated
in small intestinal NEN (<10%), P27KIP1, is also a tumor-
suppressor gene. To date, no inherited genetic factors are
known; however, sporadic reports of familial relationships
suggest that genetic factors remain to be identified.165

The MEN1 gene is located on the long arm of chromo-
some 11, band q13.166 Tumorigenesis likely involves loss of
function of this growth-suppressor gene,105 and it is
considered to follow a two-step process: a germline muta-
tion affecting the first MEN1 allele, and a second somatic
inactivation of the unaffected allele (LOH). Menin, a
610-amino acid nuclear protein encoded by the MEN1 gene,
interacts with Jun D and the activator protein-1 (AP-1)
transcription factors to modify growth-regulatory signaling.
It also networks with nm23H1/nucleoside diphosphate
kinase (nm23), and exerts GTPase activity.167 This gene
product is also linked to TGFb signaling (through
SMADs),168 RAS-RAF signaling,114 and Gli1/hedgehog
signaling169 as well as to histone modification (with tran-
scriptional regulation of a plethora of genes).170 Its associ-
ation with a histone methyltransferase complex containing,
MLL2 results in differential methylation of histone H3 on
lysine 4, and its association with RNA polymerase II is
linked to the regulation of Hox expression.171

Menin likely functions as a neuroendocrine nexus gene
(a master regulator)172 that controls cell signaling as well
as gene expression, including differentiation-regulating
genes in pancreatic NEN. As a classic tumor suppressor, a
second hit is required for tumorigenesis (often considered
as LOH). As previously noted, an inherited MEN-1 mutation
results in pancreatic NEN and the development of gastric
carcinoids, particularly if trophic hormones such as gastrin
are elevated (eg, in Zollinger-Ellison syndrome). It is enig-
matic that the same inherited mutation is not associated
with the synchronous development of neuroendocrine
neoplasia in the small intestine or other gut sites. The
mechanisms that regulate the penetrance of the MEN1 gene
are unknown.

Three other inherited NEN gene disorders include those
of the von Hippel-Lindau tumor suppressor (VHL), nuclear
factor 1 (NF-1), and the tuberous sclerosis complex (TSC)
family. VHL173 interacts with the elongin family of proteins
to regulate transcriptional elongation174 and may play a role
in hypoxia-induced cell regulation and extracellular matrix
fibronectin expression and localization.175 Mutations in
NF-1 result in down-regulation of the P21ras signaling
pathway, which leads to a constitutively activated guanosine
triphosphate (GTP) (similar to menin) culminating in
abnormal cell proliferation.176 The TSC genes, hamartin
(TSC1), and tuberin (TSC2), play a role in the PI3K/Akt
pathway, in cell adhesion (glycogen synthase kinase 3
pathway), and in proliferation (MAPK pathway).177

Small Intestinal NEN
An inherited disposition for small intestinal NEN has yet

to be published; however, families who have multiple kin-
dreds with the disease (eg, see http://clinicaltrials.gov/
show/NCT00646022) have been identified, and candidate
genes are being sought. Genetic analyses of a family with
three consecutive first-degree relatives failed to identify an
inherited MEN-1 predisposition.165 Similar studies,178,179

indicate that the menin gene is not linked to inherited tu-
mors of the small intestine.

Additional support for an inherited factor has been
provided by family cancer studies. The Swedish Family
Cancer database study identified an increased risk of small
intestinal NEN in the progeny of patients with squamous
cell skin cancer (relative risk 1.79), non-Hodgkin lym-
phoma (relative risk 2.06), and endometrial cancer (rela-
tive risk 2.21).180 The children of patients with small
intestinal NEN had an increased risk of cancer of the breast
(relative risk 1.39), kidney (relative risk 2.08), and brain
(relative risk 1.65). This and other epidemiologic-based
studies180,181 have suggested that an increased risk of
developing small intestinal NEN occurs in individuals who
have a parental history of the disease, and that a family
history of any cancer (ie, not only NEN) is a risk factor for
the development of these neoplasia.182 The mutations
linked to small intestinal NEN disease development remain
unknown.

Metastases
NEN metastatic disease remains a conundrum, despite

the fact that the majority of GEP-NEN have distant spread
when diagnosed.1 It is unclear why in the almost complete
absence of known cancer-causing mutations as well as the
relatively low proliferative potential of tumors (>60% small
intestinal NEN are low grade [<2% proliferating index]),
most tumors are metastatic. Evidence for this is based on a
series of epidemiologic studies. Typically, 12% of GEP-NEN
<10 mm have already metastasized at the time of diagnosis,
and 60% of lesions <20 mm are metastatic.8 This is
particularly relevant for small intestinal and colonic NEN,
wherew90% were already metastatic at 20 mm in size. It is
noteworthy that 72% of small intestinal NEN are already
metastatic when the primary is only 10 mm in size.8 Thus,
metastasis occurs despite “indolence” and is not reflected in
survival (there is no statistically significant difference in
survival between localized and metastatic disease with
small intestinal NEN: 94% and 80%, respectively).8 The
long-accepted adage that there is a direct relationship be-
tween size and the development of metastases thus does not

http://clinicaltrials.gov/show/NCT00646022
http://clinicaltrials.gov/show/NCT00646022
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appear to apply to GEP-NEN. Currently, the basic mecha-
nisms that drive metastasis (like those that drive tumori-
genesis) remain ill-defined; however, two genes, ATM and
MTA1, have been implicated.
Ataxia telangiectasia mutated kinase (ATM) gene. The
ataxia telangiectasia mutated kinase (ATM) gene is the causal
gene of Ataxia-telangiectasia and is involved in the regulation
of DNA damage responses; hyperactivation of ATM is asso-
ciated with increased metastasis through overexpression of
epithelial-mesenchymal markers like SNAIL.183 A study of
colorectal NEN (n ¼ 31) using polymerase chain reaction
arrays noted that high ATM mRNA levels were strongly
correlated with overexpression of ATM protein by immuno-
histochemistry and low-proliferation rates.184 ATM-
negativity was also associated with significantly decreased
overall survival. This was confirmed both in an independent
validation set (20 metastatic and 18 non-metastatic GEP-
NEN, including pancreas and rectum) where a decreased
ATM transcript were associated with metastasis. In a subse-
quent pancreatic NEN study (n ¼ 107), high ATM expression
was associated with a significantly smaller tumor size, lower
recurrence rate, and well-differentiated tumors.185 Overall,
ATM down-regulation was associated with metastases184; the
mechanism, however, appears to differ from non-
neuroendocrine neoplasia such as breast cancer, where hy-
peractivity not loss of activity is mechanistically linked to
metastasis.183

Metastasis-associated 1 gene (MTA1). Metastasis-
associated 1 gene (MTA1) is an important component of the
nucleosome remodeling and histone deacetylase (NuRD)
complex, and it plays a role in DNA repair, inflammation,
and pathogen-driven pathologic conditions.186 MTA1 was
initially identified by transcriptional profiling to be over-
expressed in small intestinal NEN,152 and subsequent
functional studies identified up-regulation by TGF-b
which also induced gene responses associated with growth
promotion (c-Myc and the ERK pathway) and invasion
(E-cadherin).80 MTA1 has more recently been reported as
overexpressed in the majority (>95%) of small intestinal
NEN, suggesting that this gene may activate the molecular
pathway(s) promoting tumor progression and metastasis
development.187 Mathematical modeling demonstrates that
tumor expression levels (mRNA) of MTA1 can be used to
predict metastases with 100% sensitivity and specificity.154

Clinical Utility
The application of molecular information about NEN to

provide added clinical utility in GEP-NEN treatment can be
applied to three areas: functional imaging, the application of
transcriptomic technologies to diagnosis, and the identifi-
cation of drug targets.

Identification of Functional Imaging Targets
Imaging has a central role in the diagnosis, staging,

treatment selection, and follow-up evaluation of GEP-NEN.
In this respect, nuclear medicine or functional techniques,
particularly positron emission tomography (PET), exhibit
optimal diagnostic sensitivity for these lesions.1 They are
usually combined with a fusion of anatomic techniques to
maximize the acquisition of clinically relevant spatial
information.188

The utility of these approaches is mostly based on tar-
geting somatostatin receptors (>80% of lesions189,190) and
through leveraging the canonical amine precursor uptake
and decarboxylation (APUD) features of these lesions.
Nuclear medicine imaging consists of conventional scintig-
raphy typically undertaken with somatostatin analogs
(SSA) such as 111In-pentetreotide (or OctreoScan), or
99mTc-labeled analogues such as 99mTc-HYNIC-TOC) and
PET/computed tomography. PET techniques mainly use
68Ga-DOTA-SSA peptides (DOTA-NOC, -TOC, and -TATE).
Alternative PET techniques employ amine precursors such
as 18F-DOPA and 11C-5-hydroxytryptophan.191

The utility of this approach is based on one of the
fundamental properties of peptide-secreting neuroendo-
crine cells initially identified by Pearse in 1966.192 In
principle, this embodies active amino acid uptake (via large
amino acid transporters [LATs]193) as well as amine
transportation across the vesicular membrane, which is
undertaken by transporters that are proton-coupled anti-
porters.194 This coupling of intracellular transport with
vesicular accumulation forms the basis for tracer accumu-
lation and imaging (eg, 11C-5-HTP, 18F-DOP, and 123I-MIBG)
of neoplastic cells.193,195 Identification of novel trans-
porters and metabolic molecules will lead to the develop-
ment of additional strategies for defining tumor function.

Radiolabeled SSAs are mostly used because of their
theranostic properties, namely, the capacity of the same
receptor peptide of being used for imaging or therapy by
simply switching the radioisotope.196–198 It seems probable
that by using a molecular-based search strategy other
G-protein receptor peptides will be identified for clinical
study. In addition, the recognition of pathways that can be
imaged such as has been undertaken with increased glucose
metabolism, expressed as 18F-FDG uptake, can be used to
define the prognosis199 (Figure 6).
Identification of Drug Targets
Current molecular approaches have failed to identify

uniformly expressed novel, targetable DNA sequences in
NEN. Although a role for the mTOR pathway has been
suggested, mutations in only a small proportion of NEN
(w15% pancreatic NEN) suggest this may be a limited
target. It remains unclear in what settings mTOR inhibitors
would work.200 It does, however, raise the possibility of
menin as a candidate target. Menin is the most commonly
altered gene locus in GEP-NEN (w50% of pancreatic NEN as
well as gastric carcinoids) and its interaction with P27
signaling (mutated in small intestinal NEN) suggests it may
provide a common target that encompasses both tumor
types.

Because the menin crystal structure is available, prog-
ress has been made in the development of potent small-
molecule and peptidomimetic inhibitors of the gene
product.201 However, the majority of studies have focused
on the role of menin as an essential cofactor in oncogenic



Figure 6. Functional imaging of gastroenteropancreatic neuroendocrine neoplasms (GEP-NEN) using radiolabeled li-
gands. Radiolabeled somatostatin analogs (SSAs) are the most exploited. Scintigraphy with 111In-pentretreotide and, more
recently, positron emission tomography (PET)/computed tomography techniques with 68Ga-SSA target somatostatin re-
ceptors (SSR) are regarded as the optimal nuclear medicine NEN imaging tools. Alternative PET techniques with amine
precursors such as 18F-DOPA and 11C-5HTP have also been shown to be sensitive modalities. Experimental techniques
include the use of SSR antagonists, GLP-1, GRP, and NK ligands. BOMB, bombesin; 11C-5HTP, 11C-hydroxy-tryptophan;
18FDG, 18F-fluoro-2-deoxyglucose; 18F-DOPA, 18F-fFuoro-LL-DOPA; 68Ga-SSA: 68Ga-DOTATOC, 68Ga-DOTANOC, 68Ga-
DOTATATE; 68Ga-SS-ANT, 68Ga-labeled SSR antagonists; GLP-1, glucagon-like peptide-1 receptor; GLUT-1,3, glucose
transporter type 1 and 3; GRP, gastrin-releasing peptide receptor; 111In-SSA: 111In-Pentetreotide, 111In-Depreotide, 99mTc-
EDDA-HYNIC-Tyr3-octreotide; LAT 1,2, large neutral amino acid transporter type 1 and 2; NK1, neurokinin 1 receptor; SSR,
somatostatin receptor.
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mixed-lineage leukemia (MLL) fusion proteins and the
development of targets to treat acute leukemia. Menin-
targeting drugs are challenging chemical problems, given
the difficulties in elucidating the mechanism by which
menin binds to protein effectors and given its complex
bivalent mode of engagement.202 Although there is the
rationale for targeting this gene and its pathways, clinical
utility will require the design of next generation of in-
hibitors for effective targeting in GEP-NEN.

The TGF-b pathway is also linked to menin (TGF-b/
SMAD signaling is altered inw25% of small intestinal NEN),
and targeting this area may provide an alternative approach.
Several agents (eg, SD-208 [2-(5-chloro-2-fluorophenyl)-4-
[(4-pyridyl)amino]p-teridine]) have been developed that
target receptor kinase activity and limit tumor invasion and
metastasis in pancreatic adenocarcinoma and melanoma
models.203 Because no clinical data are currently available,
it remains to be seen whether they could be effective in
GEP-NEN.
Translational Transcriptomics and
Network Neologies

Tumor transcriptomes contain information of critical
value to understanding the different capacities of a cell at
both a physiologic and pathologic level. In terms of clinical
relevance, they provide information regarding the cellular
toolkit—the pathways associated with malignancy and
metastasis or drug dependency. Exploration of this resource
thus can be leveraged as a translational tool to better
manage and assess neoplastic behavior.

Multiple genes or gene products have been identified
that could provide therapeutic targets (eg, FEV or MTA1)
to be used as biomarker measurements or to assess tumor
biology or identify new targets (network-targeted
approach).204,205 Gene-expression profiling and supervised
machine learning of marker panels of implicated in tumor-
igenicity, metastasis, and hormone production have suc-
cessfully been used to classify small intestinal NEN subtypes
and can accurately (100%) predict metastasis.154
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Because peripheral blood is more accessible for gene
testing than tissue, a polymerase chain reaction approach
has been used to identify circulating NEN markers. Circu-
lating tumor mRNA can be detected in plasma, and a com-
bination of expression and measurements of circulating
NEN-related hormones and growth factors has provided
high sensitivity and specificity to diagnose small intestinal
NEN (81.2% and 100%, respectively).206 The NETest (Wren
Laboratories, Branford, CT), a more recent multianalyte
algorithmic analysis, includes 51 marker genes, exhibits
high sensitivity (>95%) and specificity (>95%) for the
detection of GEP-NEN, and provides a multidimensional
(gene cluster analysis) assessment of disease status.207,208

Multianalyte algorithmic analysis strategies of this type
are significantly more accurate than CgA and pan-
creastatin209–212 and are not affected by proton pump
inhibitor usage.212
Conclusion
GEP-NEN represent a diverse group of neoplasia that

exhibit a unique pathobiology and a neoplastic molecular
profile that is substantially different from other epithelial
cancers. Traditional DNA sequencing approaches to inves-
tigating the molecular basis of NEN disease have, to date,
yielded relatively little information (with the exception of
pancreatic NEN). Consequently, one important question is to
characterize what constitutes the driver of neoplastic
development. This may involve a focus on noncoding or
long-chain RNA, a better delineation of the epigenome (and
how it is regulated), or an identification of the environ-
mental trigger that leads to a neoplasia in a tumor-
suppressor milieu. It is likely that transcriptomics and
network analyses, especially if interfaced with proteomic
analysis, can help in further defining the neuroendocrine
cellular toolkit. This strategy will contribute to resolving the
oncologic conundrum of GEP-NEN as well as facilitating
accurate molecular delineation of NEN disease.

With this approach in mind, a complete description of
the master regulators and nexus genes is required to
define what regulates metastasis and to identify candidate
drug targets based firmly on the pathobiologic rationale of
neuroendocrine neoplasia. Of particular relevance is the
need to define the regulator changes that occur as the
primary tumor evolves into a metastatic phenotype and in
so doing undergoes alteration in its spectrum of master
regulators and druggable targets. A further important
issue is to define accurate reporter systems that can pre-
dict and measure the efficacy of drug therapies. Because
repetitive biopsy of metastases is not a viable clinical
option, the development of blood-based strategies to
measure and assess changes in the circulating molecular
signature are of critical relevance to both management
strategy and outcome analysis. The acquisition of answers
to these critical questions will be of clinical utility for the
development of novel imaging, multianalyte algorithmic
analyte biomarkers, and the advance of NEN-specific
therapeutic strategies.
References
1.Modlin IM, Oberg K, Chung DC, et al. Gastro-
enteropancreatic neuroendocrine tumours. Lancet Oncol
2008;9:61–72.

2.Strosberg J. Evolving treatment strategies for manage-
ment of carcinoid tumors. Curr Treat Options Oncol
2013;14:374–388.

3.Baudin E, Planchard D, Scoazec JY, et al. Intervention in
gastro-enteropancreatic neuroendocrine tumours. Best
Pract Res Clin Gastroenterol 2012;26:855–865.

4.Modlin IM, Kidd M, Latich I, et al. Current status of
gastrointestinal carcinoids. Gastroenterology 2005;
128:1717–1751.

5.Yao JC, Hassan M, Phan A, et al. One hundred years
after “carcinoid”: epidemiology of and prognostic factors
for neuroendocrine tumors in 35,825 cases in the United
States. J Clin Oncol 2008;26:3063–3072.

6.Ellis L, Shale MJ, Coleman MP. Carcinoid tumors of the
gastrointestinal tract: trends in incidence in England
since 1971. Am J Gastroenterol 2010;105:2563–2569.

7.Maggard MA, O’Connell JB, Ko CY. Updated population-
based review of carcinoid tumors. Ann Surg 2004;
240:117–122.

8. Lawrence B, Gustafsson BI, Chan A, et al. The epidemi-
ology of gastroenteropancreatic neuroendocrine tumors.
Endocrinol Metab Clin North Am 2011;40:1–18, vii.

9.Modlin IM, Moss SF, Chung DC, et al. Priorities for
improving the management of gastroenteropancreatic
neuroendocrine tumors. J Natl Cancer Inst 2008;
100:1282–1289.

10.Powell AC, Libutti SK. Multiple endocrine neoplasia type
1: clinical manifestations and management. Cancer Treat
Res 2010;153:287–302.

11.de Mestier L, Dromain C, d’Assignies G, et al. Evaluating
digestive neuroendocrine tumor progression and thera-
peutic responses in the era of targeted therapies: state of
the art. Endocr Relat Cancer 2014;21:R105–R120.

12.Bergsland EK. The evolving landscape of neuroendo-
crine tumors. Semin Oncol 2013;40:4–22.

13.Wang H, Chen Y, Fernandez-Del Castillo C, et al.
Heterogeneity in signaling pathways of gastro-
enteropancreatic neuroendocrine tumors: a critical look
at notch signaling pathway. Mod Pathol 2012;24:143.

14.Sundin A, Rockall A. Therapeutic monitoring of gastro-
enteropancreatic neuroendocrine tumors: the challenges
ahead. Neuroendocrinology 2012;96:261–271.

15.Kidd M, Schimmack S, Lawrence B, et al. EGFR/TGFa
and TGFb/CTGF signaling in neuroendocrine neoplasia:
theoretical therapeutic targets. Neuroendocrinology
2012;15:15.

16.Chan JA, Kulke MH. New treatment options for patients
with advanced neuroendocrine tumors. Curr Treat
Options Oncol 2011;12:136–148.

17.Oberg K. Pancreatic endocrine tumors. Semin Oncol
2010;37:594–618.

18.Garcia-Carbonero R, Capdevila J, Crespo-Herrero G,
et al. Incidence, patterns of care and prognostic factors
for outcome of gastroenteropancreatic neuroendocrine
tumors (GEP-NETs): results from the National Cancer

http://refhub.elsevier.com/S2352-345X(15)00032-6/sref1
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref1
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref1
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref1
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref2
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref2
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref2
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref2
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref3
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref3
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref3
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref3
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref4
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref4
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref4
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref4
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref5
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref5
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref5
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref5
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref5
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref6
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref6
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref6
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref6
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref7
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref7
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref7
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref7
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref8
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref8
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref8
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref8
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref9
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref9
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref9
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref9
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref9
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref10
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref10
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref10
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref10
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref11
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref11
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref11
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref11
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref11
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref12
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref12
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref12
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref13
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref13
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref13
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref13
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref14
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref14
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref14
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref14
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref15
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref15
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref15
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref15
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref16
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref16
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref16
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref16
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref17
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref17
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref17
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref18
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref18
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref18
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref18


March 2015 Decoding the Pathobiology of GEP-NENs 147
Registry of Spain (RGETNE). Ann Oncol 2010;21:
1794–1803.

19.Strosberg J, Gardner N, Kvols L. Survival and prognostic
factor analysis of 146 metastatic neuroendocrine tumors
of the mid-gut. Neuroendocrinology 2009;89:471–476.

20.Frilling A, Akerstrom G, Falconi M, et al. Neuroendocrine
tumor disease: an evolving landscape. Endocr Relat
Cancer 2012;19:R163–R185.

21.Frilling A, Modlin I, Kidd M, et al. Recommendations for
management of patients with neuroendocrine liver me-
tastases. Lancet Oncol 2014;15:e8–e21.

22.Sippel RS, Chen H. Carcinoid tumors. Surg Oncol Clin N
Am 2006;15:463–478.

23.Ramage JK, Ahmed A, Ardill J, et al. Guidelines for the
management of gastroenteropancreatic neuroendocrine
(including carcinoid) tumours (NETs). Gut 2012;61:6–32.

24.Eisenhauer EA, Therasse P, Bogaerts J, et al. New
response evaluation criteria in solid tumours: revised
RECIST guideline (version 1.1). Eur J Cancer 2009;
45:228–247.

25.Neperud J, Mahvash A, Garg N, et al. Can imaging pat-
terns of neuroendocrine hepatic metastases predict
response yttruim-90 radioembolotherapy? World J
Radiol 2013;5:241–247.

26.Denecke T, Baur AD, Ihm C, et al. Evaluation of radio-
logical prognostic factors of hepatic metastases in
patients with non-functional pancreatic neuroendocrine
tumors. Eur J Radiol 2013;82:e550–e555.

27.Oberg K, Kvols L, Caplin M, et al. Consensus report on
the use of somatostatin analogs for the management of
neuroendocrine tumors of the gastroenteropancreatic
system. Ann Oncol 2004;15:966–973.

28.Caplin ME, Pavel M, Cwikla JB, et al. Lanreotide in
metastatic enteropancreatic neuroendocrine tumors.
N Engl J Med 2014;371:224–233.

29.Rinke A, Muller HH, Schade-Brittinger C, et al. Placebo-
controlled, double-blind, prospective, randomized study
on the effect of octreotide LAR in the control of tumor
growth in patients with metastatic neuroendocrine
midgut tumors: a report from the PROMID Study Group.
J Clin Oncol 2009;27:4656–4663.

30.Yao JC, Phan A, Hoff PM, et al. Targeting vascular
endothelial growth factor in advanced carcinoid tumor: a
random assignment phase II study of depot octreotide
with bevacizumab and pegylated interferon alpha-2b.
J Clin Oncol 2008;26:1316–1323.

31.Yao JC, Shah MH, Ito T, et al. Everolimus for advanced
pancreatic neuroendocrine tumors. N Engl J Med 2011;
364:514–523.

32.Raymond E, Dahan L, Raoul JL, et al. Sunitinib malate for
the treatment of pancreatic neuroendocrine tumors.
N Engl J Med 2011;364:501–513.

33.Lawrence B, Gustafsson BI, Kidd M, et al. New phar-
macologic therapies for gastroenteropancreatic neuro-
endocrine tumors. Gastroenterol Clin North Am 2010;
39:615–628.

34.Qi WX, Huang YJ, Yao Y, et al. Incidence and risk of
treatment-related mortality with mTOR inhibitors ever-
olimus and temsirolimus in cancer patients: a meta-
analysis. PLoS ONE 2013;8:e65166.
35.Yao JC, Lagunes DR, Kulke MH. Targeted therapies in
neuroendocrine tumors (NET): clinical trial challenges
and lessons learned. Oncologist 2013;18:525–532.

36.Champaneria MC, Modlin IM, Kidd M, et al. Friedrich
Feyrter: a precise intellect in a diffuse system. Neuro-
endocrinology 2006;83:394–404.

37.Peto R, Roe FJ, Lee PN, et al. Cancer and ageing in mice
and men. Br J Cancer 1975;32:411–426.

38.Frank SA. Dynamics of cancer: incidence, inheritance,
and evolution. Princeton, NJ: Princeton University Press,
2007.

39.Berge T, Linell F. Carcinoid tumours. Frequency in a
defined population during a 12-year period. Acta Pathol
Microbiol Scand A 1976;84:322–330.

40.Gustafsson BI, Kidd M, Modlin IM. Neuroendocrine
tumors of the diffuse neuroendocrine system. Curr Opin
Oncol 2008;20:1–12.

41.McGinnis N. The unexpected applicability of para-
consistent logic: a Chomskyan route to dialetheism.
Found Sci 2013;18:625–640.

42.Kloppel G, Perren A, Heitz PU. The gastroenteropancreatic
neuroendocrine cell system and its tumors: the WHO
classification. Ann NY Acad Sci 2004;1014:13–27.

43.Kidd M, Hauso O, Drozdov I, et al. Delineation of the
chemomechanosensory regulation of gastrin secretion
using pure rodent G cells. Gastroenterology 2009;
137:231–241. e1–e10.

44.Gustafsson BI, Bakke I, Tommeras K, et al. A new
method for visualization of gut mucosal cells, describing
the enterochromaffin cell in the rat gastrointestinal tract.
Scand J Gastroenterol 2006;41:390–395.

45.Bohorquez DV, Liddle RA. Axon-like basal processes
in enteroendocrine cells: characteristics and potential
targets. Clin Transl Sci 2011;4:387–391.

46.Kidd M, Gustafsson BI, Drozdov I, et al. IL1b- and LPS-
induced serotonin secretion is increased in EC cells
derived from Crohn’s disease. Neurogastroenterol Motil
2009;21:439–450.

47.Hauso O, Gustafsson BI, Waldum HL. Long slender
cytoplasmic extensions: a common feature of neuroen-
docrine cells? J Neuroendocrinol 2007;19:739–742.

48.Schimmack S, Lawrence B, Svejda B, et al. The clinical
implications and biologic relevance of neurofilament
expression in gastroenteropancreatic neuroendocrine
neoplasms. Cancer 2012;118:2763–2775.

49.Ardill JE, Erikkson B. The importance of the measure-
ment of circulating markers in patients with neuroendo-
crine tumours of the pancreas and gut. Endocr Relat
Cancer 2003;10:459–462.

50.Kidd M, Modlin IM, Gustafsson BI, et al. Luminal regu-
lation of normal and neoplastic human EC cell serotonin
release is mediated by bile salts, amines, tastants, and
olfactants. Am J Physiol Gastrointest Liver Physiol 2008;
295:G260–G272.

51.Wiedenmann B, John M, Ahnert-Hilger G, et al. Molecular
and cell biological aspects of neuroendocrine tumors of
the gastroenteropancreatic system. J Mol Med 1998;
76:637–647.

52.Bloom SR. Gut hormones. Proc Nutr Soc 1978;
37:259–271.

http://refhub.elsevier.com/S2352-345X(15)00032-6/sref18
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref18
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref18
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref19
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref19
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref19
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref19
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref20
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref20
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref20
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref20
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref21
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref21
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref21
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref21
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref22
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref22
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref22
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref23
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref23
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref23
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref23
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref24
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref24
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref24
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref24
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref24
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref25
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref25
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref25
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref25
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref25
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref26
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref26
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref26
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref26
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref26
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref27
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref27
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref27
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref27
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref27
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref28
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref28
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref28
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref28
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref29
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref29
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref29
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref29
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref29
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref29
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref29
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref30
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref30
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref30
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref30
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref30
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref30
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref31
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref31
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref31
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref31
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref32
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref32
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref32
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref32
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref33
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref33
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref33
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref33
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref33
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref34
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref34
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref34
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref34
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref35
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref35
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref35
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref35
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref36
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref36
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref36
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref36
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref37
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref37
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref37
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref38
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref38
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref38
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref39
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref39
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref39
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref39
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref40
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref40
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref40
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref40
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref41
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref41
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref41
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref41
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref42
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref42
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref42
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref42
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref43
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref43
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref43
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref43
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref43
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref43
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref44
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref44
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref44
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref44
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref44
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref45
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref45
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref45
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref45
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref46
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref46
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref46
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref46
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref46
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref47
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref47
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref47
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref47
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref48
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref48
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref48
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref48
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref48
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref49
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref49
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref49
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref49
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref49
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref50
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref50
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref50
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref50
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref50
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref50
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref51
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref51
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref51
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref51
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref51
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref52
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref52
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref52


148 Kidd et al Cellular and Molecular Gastroenterology and Hepatology Vol. 1, No. 2
53.Bloom SR. Gut hormones. Edinburgh: Churchill Living-
stone, 1978.

54.Modlin IM, Gustafsson BI, Moss SF, et al. Chromogranin
A—biological function and clinical utility in neuro endo-
crine tumor disease. Ann Surg Oncol 2010;
17:2427–2443.

55.Chieregatti E, Witkin JW, Baldini G. SNAP-25 and syn-
aptotagmin 1 function in Ca2þ-dependent reversible
docking of granules to the plasma membrane. Traffic
2002;3:496–511.

56.Portela-Gomes GM, Stridsberg M. Selective processing
of chromogranin A in the different islet cells in human
pancreas. J Histochem Cytochem 2001;49:483–490.

57.Marotta V, Nuzzo V, Ferrara T, et al. Limitations of
chromogranin A in clinical practice. Biomarkers 2012;
17:186–191.

58.Kanakis G, Kaltsas G. Biochemical markers for gastro-
enteropancreatic neuroendocrine tumours (GEP-NETs).
Best Pract Res Clin Gastroenterol 2012;26:791–802.

59.Lawrence B, Gustafsson BI, Kidd M, et al. The clinical
relevance of chromogranin A as a biomarker for gastro-
enteropancreatic neuroendocrine tumors. Endocrinol
Metab Clin North Am 2011;40:111–134, viii.

60.Giovinazzo F, Schimmack S, Svejda B, et al. Chromog-
ranin A and its fragments as regulators of small intestinal
neuroendocrine neoplasm proliferation. PLoS ONE 2013;
8:e81111.

61.Wank SA. G protein-coupled receptors in gastrointestinal
physiology. I. CCK receptors: an exemplary family. Am J
Physiol 1998;274:G607–G613.

62.Alvarez J. Calcium dynamics in the secretory granules of
neuroendocrine cells. Cell Calcium 2012;51:331–337.

63.Drews G, Krippeit-Drews P, Dufer M. Electrophysiology
of islet cells. Adv Exp Med Biol 2010;654:115–163.

64.Cases AI, Ohtsuka T, Fujino M, et al. Expression of
glucagon-like peptide 1 receptor and its effects on bio-
logic behavior in pancreatic neuroendocrine tumors.
Pancreas 2014;43:1–6.

65.Hook V, Toneff T, Baylon S, et al. Differential activation of
enkephalin, galanin, somatostatin, NPY, and VIP neuro-
peptide production by stimulators of protein kinases A
and C in neuroendocrine chromaffin cells. Neuropeptides
2008;42:503–511.

66.Garcia-Osta A, Del Rio J, Frechilla D. Increased CRE-
binding activity and tryptophan hydroxylase mRNA
expression induced by 3,4-methylenedioxy-
methamphetamine (MDMA, “ecstasy”) in the rat frontal
cortex but not in the hippocampus. Brain Res Mol Brain
Res 2004;126:181–187.

67.Chin A, Svejda B, Gustafsson BI, et al. The role of me-
chanical forces and adenosine in the regulation of in-
testinal enterochromaffin cell serotonin secretion. Am J
Physiol Gastrointest Liver Physiol 2012;302:G397–G405.

68.Papadopulos A, Martin S, Tomatis VM, et al. Secreta-
gogue stimulation of neurosecretory cells elicits filopo-
dial extensions uncovering new functional release sites.
J Neurosci 2013;33:19143–19153.

69.Reubi JC, Schonbrunn A. Illuminating somatostatin
analog action at neuroendocrine tumor receptors. Trends
Pharmacol Sci 2013;34:676–688.
70.Tentler JJ, Hadcock JR, Gutierrez-Hartmann A. So-
matostatin acts by inhibiting the cyclic 3’,5’-adenosine
monophosphate (cAMP)/protein kinase A pathway,
cAMP response element-binding protein (CREB) phos-
phorylation, and CREB transcription potency. Mol
Endocrinol 1997;11:859–866.

71.Peri R, Triggle DJ, Singh S. Regulation of L-type calcium
channels in pituitary GH4C1 cells by depolarization. J Biol
Chem 2001;276:31667–31673.

72.Rozengurt E, Walsh JH. Gastrin, CCK, signaling, and
cancer. Ann Rev Physiol 2001;63:49–76.

73.Chalmers CJ, Gilley R, March HN, et al. The duration of
ERK1/2 activity determines the activation of c-Fos and
Fra-1 and the composition and quantitative transcrip-
tional output of AP-1. Cell Signal 2007;19:695–704.

74.Treinies I, Paterson HF, Hooper S, et al. Activated MEK
stimulates expression of AP-1 components indepen-
dently of phosphatidylinositol 3-kinase (PI3-kinase) but
requires a PI3-kinase signal To stimulate DNA synthesis.
Mol Cell Biol 1999;19:321–329.

75.Kinoshita Y, Nakata H, Kishi K, et al. Comparison of the
signal transduction pathways activated by gastrin in
enterochromaffin-like and parietal cells. Gastroenter-
ology 1998;115:93–100.

76.Abraham NS. Proton pump inhibitors: potential adverse
effects. Curr Opin Gastroenterol 2012;28:615–620.

77.Lawrence B, Kidd M, Svejda B, et al. A clinical
perspective on gastric neuroendocrine neoplasia. Curr
Gastroenterol Rep 2011;13:101–109.

78.Berna MJ, Annibale B, Marignani M, et al. A prospective
study of gastric carcinoids and enterochromaffin-like cell
changes in multiple endocrine neoplasia type 1 and
Zollinger-Ellison syndrome: identification of risk factors.
J Clin Endocrinol Metab 2008;93:1582–1591.

79.Furukawa M, Raffeld M, Mateo C, et al. Increased
expression of insulin-like growth factor I and/or its re-
ceptor in gastrinomas is associated with low curability,
increased growth, and development of metastases. Clin
Cancer Res 2005;11:3233–3242.

80.Kidd M, Modlin IM, Pfragner R, et al. Small bowel
carcinoid (enterochromaffin cell) neoplasia exhibits
transforming growth factor-b1-mediated regulatory ab-
normalities including up-regulation of C-Myc and MTA1.
Cancer 2007;109:2420–2431.

81.Papouchado B, Erickson LA, Rohlinger AL, et al.
Epidermal growth factor receptor and activated
epidermal growth factor receptor expression in gastro-
intestinal carcinoids and pancreatic endocrine carci-
nomas. Mod Pathol 2005;18:1329–1335.

82.Wulbrand U, Wied M, Zofel P, et al. Growth factor re-
ceptor expression in human gastroenteropancreatic
neuroendocrine tumours. Eur J Clin Invest 1998;
28:1038–1049.

83.Nilsson O, Wangberg B, Kolby L, et al. Expression of
transforming growth factor alpha and its receptor in hu-
man neuroendocrine tumours. Int J Cancer 1995;
60:645–651.

84.Gilbert JA, Adhikari LJ, Lloyd RV, et al. Molecular
markers for novel therapies in neuroendocrine (carcinoid)
tumors. Endocr Relat Cancer 2010;17:623–636.

http://refhub.elsevier.com/S2352-345X(15)00032-6/sref53
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref53
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref54
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref54
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref54
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref54
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref54
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref54
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref55
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref55
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref55
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref55
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref55
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref55
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref56
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref56
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref56
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref56
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref57
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref57
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref57
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref57
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref58
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref58
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref58
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref58
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref59
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref59
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref59
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref59
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref59
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref60
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref60
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref60
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref60
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref61
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref61
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref61
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref61
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref62
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref62
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref62
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref63
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref63
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref63
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref64
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref64
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref64
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref64
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref64
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref65
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref65
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref65
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref65
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref65
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref65
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref66
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref66
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref66
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref66
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref66
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref66
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref66
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref67
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref67
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref67
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref67
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref67
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref68
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref68
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref68
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref68
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref68
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref69
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref69
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref69
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref69
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref70
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref70
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref70
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref70
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref70
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref70
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref70
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref71
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref71
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref71
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref71
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref71
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref71
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref72
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref72
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref72
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref73
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref73
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref73
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref73
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref73
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref74
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref74
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref74
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref74
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref74
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref74
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref75
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref75
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref75
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref75
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref75
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref76
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref76
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref76
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref77
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref77
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref77
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref77
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref78
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref78
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref78
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref78
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref78
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref78
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref79
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref79
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref79
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref79
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref79
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref79
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref80
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref80
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref80
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref80
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref80
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref80
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref81
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref81
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref81
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref81
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref81
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref81
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref82
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref82
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref82
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref82
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref82
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref83
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref83
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref83
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref83
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref83
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref84
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref84
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref84
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref84


March 2015 Decoding the Pathobiology of GEP-NENs 149
85.Krishnamurthy S, Dayal Y. Immunohistochemical
expression of transforming growth factor alpha and
epidermal growth factor receptor in gastrointestinal car-
cinoids. Am J Surg Pathol 1997;21:327–333.

86.Susini C, Buscail L. Rationale for the use of somatostatin
analogs as antitumor agents. Ann Oncol 2006;17:
1733–1742.

87.Theodoropoulou M, Stalla GK. Somatostatin receptors:
from signaling to clinical practice. Front Neuroendocrinol
2013;34:228–252.

88.Wolin EM. The expanding role of somatostatin analogs in
the management of neuroendocrine tumors. Gastrointest
Cancer Res 2012;5:161–168.

89.Li HJ, Kapoor A, Giel-Moloney M, et al. Notch signaling
differentially regulates the cell fate of early endocrine
precursor cells and their maturing descendants in the
mouse pancreas and intestine. Dev Biol 2012;
371:156–169.

90.Nakakura EK, Sriuranpong VR, Kunnimalaiyaan M, et al.
Regulation of neuroendocrine differentiation in gastroin-
testinal carcinoid tumor cells by notch signaling. J Clin
Endocrinol Metab 2005;90:4350–4356.

91.Fendrich V, Waldmann J, Esni F, et al. Snail and Sonic
Hedgehog activation in neuroendocrine tumors of the
ileum. Endocr Relat Cancer 2007;14:865–874.

92.Shida T, Furuya M, Nikaido T, et al. Sonic Hedgehog-Gli1
signaling pathway might become an effective therapeutic
target in gastrointestinal neuroendocrine carcinomas.
Cancer Biol Ther 2006;5:1530–1538.

93.Di Florio A, Adesso L, Pedrotti S, et al. Src kinase activity
coordinates cell adhesion and spreading with activation
of mammalian target of rapamycin in pancreatic endo-
crine tumour cells. Endocr Relat Cancer 2011;18:
541–554.

94.Porta C, Paglino C, Mosca A. Targeting PI3K/Akt/mTOR
Signaling in Cancer. Front Oncol 2014;4:64.

95.Silva JM, Bulman C, McMahon M. BRAFV600E co-
operates with PI3K signaling, independent of Akt, to
regulate melanoma cell proliferation. Mol Cancer Res
2014;12:447–463.

96.Svejda B, Kidd M, Kazberouk A, et al. Limitations in small
intestinal neuroendocrine tumor therapy by mTOR kinase
inhibition reflect growth factor-mediated PI3K feedback
loop activation via ERK1/2 and Akt. Cancer 2011;
117:4141–4154.

97.Rozengurt E, Soares HP, Sinnet-Smith J. Suppression of
feedback loops mediated by PI3K/mTOR induces multi-
ple overactivation of compensatory pathways: an unin-
tended consequence leading to drug resistance. Mol
Cancer Ther 2014;13:2477–2488.

98.Tannapfel A, Vomschloss S, Karhoff D, et al. BRAF gene
mutations are rare events in gastroenteropancreatic
neuroendocrine tumors. Am J Clin Pathol 2005;
123:256–260.

99.Perren A, Schmid S, Locher T, et al. BRAF and endocrine
tumors: mutations are frequent in papillary thyroid car-
cinomas, rare in endocrine tumors of the gastrointestinal
tract and not detected in other endocrine tumors. Endocr
Relat Cancer 2004;11:855–860.
100.Karhoff D, Sauer S, Schrader J, et al. Rap1/B-Raf
signaling is activated in neuroendocrine tumors of the
digestive tract and Raf kinase inhibition constitutes a
putative therapeutic target. Neuroendocrinology 2007;
85:45–53.

101.Wang L, Ignat A, Axiotis CA. Differential expression of the
PTEN tumor suppressor protein in fetal and adult
neuroendocrine tissues and tumors: progressive loss of
PTEN expression in poorly differentiated neuroendocrine
neoplasms. Appl Immunohistochem Mol Morphol 2002;
10:139–146.

102.Shah T, Hochhauser D, Frow R, et al. Epidermal growth
factor receptor expression and activation in neuroendo-
crine tumours. J Neuroendocrinol 2006;18:355–360.

103.Wong WM, Wright NA. Cell proliferation in gastrointes-
tinal mucosa. J Clin Pathol 1999;52:321–333.

104.Bouwens L, Kloppel G. Islet cell neogenesis in the
pancreas. Virchows Arch 1996;427:553–560.

105.Knudson AG Jr. Mutation and cancer: statistical study of
retinoblastoma. Proc Natl Acad Sci U S A 1971;68:
820–823.

106.Vogelstein B, Kinzler KW. Cancer genes and the path-
ways they control. Nat Med 2004;10:789–799.

107.Berger AH, Knudson AG, Pandolfi PP. A continuum
model for tumour suppression. Nature 2011;
476:163–169.

108.Roche B, Sprouffske K, Hbid H, et al. Peto’s paradox
revisited: theoretical evolutionary dynamics of cancer in
wild populations. Evol Appl 2013;6:109–116.

109.Metz DC, Jensen RT. Gastrointestinal neuroendocrine
tumors: pancreatic endocrine tumors. Gastroenterology
2008;135:1469–1492.

110.Vortmeyer AO, Huang S, Lubensky I, et al. Non-islet
origin of pancreatic islet cell tumors. J Clin Endocrinol
Metab 2004;89:1934–1938.

111.Oberg K, Eriksson B. Endocrine tumours of the pancreas.
Best Pract Res Clin Gastroenterol 2005;19:753–781.

112.Rindi G, Candusso ME, Solcia E. Molecular aspects of
the endocrine tumours of the pancreas and the gastro-
intestinal tract. Ital J Gastroenterol Hepatol 1999;31
(Suppl 2):S135–S138.

113.Yoshimoto K, Iwahana H, Fukuda A, et al. ras mutations
in endocrine tumors: mutation detection by polymerase
chain reaction-single strand conformation poly-
morphism. Jpn J Cancer Res 1992;83:1057–1062.

114.Chamberlain CE, Scheel DW, McGlynn K, et al. Menin
determines K-RAS proliferative outputs in endocrine
cells. J Clin Invest 2014;124:4093–4101.

115.Leotlela PD, Jauch A, Holtgreve-Grez H, et al. Genetics
of neuroendocrine and carcinoid tumours. Endocr Relat
Cancer 2003;10:437–450.

116.Zhang J, Francois R, Iyer R, et al. Current understanding
of the molecular biology of pancreatic neuroendocrine
tumors. J Natl Cancer Inst 2013;105:1005–1017.

117.Marinoni I, Kurrer AS, Vassella E, et al. Loss of DAXX
and ATRX are associated with chromosome instability
and reduced survival of patients with pancreatic
neuroendocrine tumors. Gastroenterology 2014;146:
453–460.e5.

http://refhub.elsevier.com/S2352-345X(15)00032-6/sref85
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref85
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref85
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref85
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref85
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref86
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref86
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref86
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref86
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref87
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref87
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref87
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref87
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref88
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref88
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref88
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref88
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref89
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref89
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref89
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref89
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref89
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref89
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref90
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref90
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref90
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref90
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref90
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref91
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref91
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref91
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref91
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref92
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref92
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref92
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref92
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref92
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref93
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref93
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref93
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref93
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref93
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref93
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref94
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref94
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref95
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref95
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref95
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref95
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref95
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref96
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref96
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref96
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref96
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref96
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref96
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref97
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref97
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref97
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref97
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref97
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref97
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref98
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref98
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref98
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref98
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref98
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref99
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref99
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref99
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref99
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref99
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref99
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref100
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref100
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref100
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref100
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref100
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref100
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref101
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref101
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref101
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref101
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref101
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref101
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref101
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref102
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref102
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref102
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref102
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref103
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref103
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref103
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref104
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref104
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref104
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref105
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref105
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref105
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref105
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref106
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref106
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref106
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref107
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref107
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref107
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref107
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref108
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref108
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref108
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref108
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref109
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref109
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref109
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref109
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref110
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref110
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref110
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref110
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref111
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref111
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref111
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref112
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref112
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref112
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref112
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref112
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref113
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref113
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref113
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref113
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref113
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref114
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref114
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref114
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref114
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref115
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref115
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref115
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref115
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref116
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref116
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref116
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref116
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref117
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref117
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref117
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref117
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref117
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref117


150 Kidd et al Cellular and Molecular Gastroenterology and Hepatology Vol. 1, No. 2
118.Cao Y, Gao Z, Li L, et al. Whole exome sequencing of
insulinoma reveals recurrent T372R mutations in YY1.
Nat Commun 2013;4:2810.

119.He Y, Sandoval J, Casaccia-Bonnefil P. Events at the
transition between cell cycle exit and oligodendrocyte
progenitor differentiation: the role of HDAC and YY1.
Neuron Glia Biol 2007;3:221–231.

120.Speel EJ, Richter J, Moch H, et al. Genetic differences in
endocrine pancreatic tumor subtypes detected by
comparative genomic hybridization. Am J Pathol 1999;
155:1787–1794.

121.Speel EJ, Scheidweiler AF, Zhao J, et al. Genetic evi-
dence for early divergence of small functioning and
nonfunctioning endocrine pancreatic tumors: gain of
9Q34 is an early event in insulinomas. Cancer Res 2001;
61:5186–5192.

122.Rigaud G, Missiaglia E, Moore PS, et al. High resolution
allelotype of nonfunctional pancreatic endocrine tumors:
identification of two molecular subgroups with clinical
implications. Cancer Res 2001;61:285–292.

123.Zhao J, Moch H, Scheidweiler AF, et al. Genomic im-
balances in the progression of endocrine pancreatic tu-
mors. Genes Chromosomes Cancer 2001;32:364–372.

124.Chung DC, Brown SB, Graeme-Cook F, et al. Over-
expression of cyclin D1 occurs frequently in human
pancreatic endocrine tumors. J Clin Endocrinol Metab
2000;85:4373–4378.

125.Chung DC, Brown SB, Graeme-Cook F, et al. Localiza-
tion of putative tumor suppressor loci by genome-wide
allelotyping in human pancreatic endocrine tumors.
Cancer Res 1998;58:3706–3711.

126.Perren A, Komminoth P, Saremaslani P, et al. Mutation
and expression analyses reveal differential subcellular
compartmentalization of PTEN in endocrine pancreatic
tumors compared to normal islet cells. Am J Pathol 2000;
157:1097–1103.

127.Missiaglia E, Dalai I, Barbi S, et al. Pancreatic endocrine
tumors: expression profiling evidences a role for Akt-
mTOR pathway. J Clin Oncol 2010;28:245–255.

128.Hu W, Feng Z, Modica I, et al. Gene amplifications in well-
differentiated pancreatic neuroendocrine tumors inacti-
vate the p53 pathway. Genes Cancer 2010;1:360–368.

129.D’Adda T, Bottarelli L, Azzoni C, et al. Malignancy-
associated X chromosome allelic losses in foregut
endocrine neoplasms: further evidence from lung tumors.
Mod Pathol 2005;18:795–805.

130.Ghimenti C, Lonobile A, Campani D, et al. Microsatellite
instability and allelic losses in neuroendocrine tumors of
the gastro-entero-pancreatic system. Int J Oncol 1999;
15:361–366.

131.Arnold CN, Sosnowski A, Blum HE. Analysis of molecular
pathways in neuroendocrine cancers of the gastro-
enteropancreatic system. Ann NY Acad Sci 2004;
1014:218–219.

132.Banck MS, Kanwar R, Kulkarni AA, et al. The genomic
landscape of small intestine neuroendocrine tumors.
J Clin Invest 2013:15.

133.Francis JM, Kiezun A, Ramos AH, et al. Somatic mutation
of CDKN1B in small intestine neuroendocrine tumors.
Nat Genet 2013;45:1483–1486.
134.Warth A, Kloor M, Schirmacher P, et al. Genetics and
epigenetics of small bowel adenocarcinoma: the in-
teractions of CIN, MSI, and CIMP. Mod Pathol 2011;
24:564–570.

135.Kidd M, Eick G, Shapiro MD, et al. Microsatellite insta-
bility and gene mutations in transforming growth factor-
beta type II receptor are absent in small bowel
carcinoid tumors. Cancer 2005;103:229–236.

136.Lee M, Pellegata NS. Multiple endocrine neoplasia syn-
dromes associated with mutation of p27. J Endocrinol
Invest 2013;36:781–787.

137.Karnik SK, Hughes CM, Gu X, et al. Menin regulates
pancreatic islet growth by promoting histone methylation
and expression of genes encoding p27Kip1 and
p18INK4c. Proc Natl Acad Sci U S A 2005;
102:14659–14664.

138.Vijayvergia N, Boland P, Gustafson K, et al. Molecular
profiling of advanced stage neuroendocrine tumors
(NETs): the Fox Chase Cancer Center (FCCC) experi-
ence. Poster presented at the 2015 Gastrointestinal
Cancers Symposium, San Francisco, Jan 15-17, 2015;
abstract 245; NANETs Abstract Handbook 2014, ab-
stract BT13. Available at: http://meetinglibrary.asco.org/
content/139139-158.

139.Tonnies H, Toliat MR, Ramel C, et al. Analysis of spo-
radic neuroendocrine tumours of the enteropancreatic
system by comparative genomic hybridisation. Gut 2001;
48:536–541.

140.Kytola S, Hoog A, Nord B, et al. Comparative genomic
hybridization identifies loss of 18q22-qter as an early and
specific event in tumorigenesis of midgut carcinoids. Am
J Pathol 2001;158:1803–1808.

141.Kytola S, Nord B, Elder EE, et al. Alterations of the
SDHD gene locus in midgut carcinoids, Merkel cell
carcinomas, pheochromocytomas, and abdominal par-
agangliomas. Genes Chromosomes Cancer 2002;34:
325–332.

142.Lollgen RM, Hessman O, Szabo E, et al. Chromosome 18
deletions are common events in classical midgut carci-
noid tumors. Int J Cancer 2001;92:812–815.

143.Andersson E, Sward C, Stenman G, et al. High-resolution
genomic profiling reveals gain of chromosome 14 as a
predictor of poor outcome in ileal carcinoids. Endocr
Relat Cancer 2009;16:953–966.

144.Kulke MH, Freed E, Chiang DY, et al. High-resolution
analysis of genetic alterations in small bowel carci-
noid tumors reveals areas of recurrent amplification
and loss. Genes Chromosomes Cancer 2008;47:
591–603.

145.Fearon ER, Pierceall WE. The deleted in colorectal can-
cer (DCC) gene: a candidate tumour suppressor gene
encoding a cell surface protein with similarity to neural
cell adhesion molecules. Cancer Surv 1995;24:3–217.

146.Petzmann S, Ullmann R, Halbwedl I, et al. Analysis of
chromosome-11 aberrations in pulmonary and gastroin-
testinal carcinoids: an array comparative genomic
hybridization-based study. Virchows Arch 2004;
445:151–159.

147.Walsh KM, Choi M, Oberg KE, et al. A pilot genome-wide
association study shows genomic variants enriched in

http://refhub.elsevier.com/S2352-345X(15)00032-6/sref118
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref118
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref118
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref119
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref119
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref119
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref119
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref119
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref120
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref120
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref120
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref120
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref120
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref121
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref121
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref121
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref121
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref121
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref121
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref122
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref122
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref122
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref122
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref122
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref123
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref123
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref123
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref123
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref124
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref124
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref124
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref124
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref124
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref125
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref125
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref125
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref125
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref125
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref126
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref126
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref126
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref126
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref126
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref126
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref127
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref127
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref127
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref127
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref128
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref128
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref128
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref128
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref129
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref129
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref129
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref129
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref129
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref130
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref130
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref130
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref130
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref130
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref131
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref131
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref131
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref131
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref131
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref132
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref132
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref132
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref133
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref133
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref133
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref133
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref134
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref134
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref134
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref134
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref134
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref135
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref135
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref135
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref135
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref135
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref136
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref136
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref136
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref136
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref137
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref137
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref137
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref137
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref137
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref137
http://meetinglibrary.asco.org/content/139139-158
http://meetinglibrary.asco.org/content/139139-158
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref138
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref138
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref138
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref138
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref138
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref139
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref139
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref139
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref139
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref139
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref140
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref140
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref140
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref140
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref140
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref140
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref141
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref141
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref141
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref141
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref142
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref142
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref142
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref142
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref142
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref143
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref143
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref143
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref143
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref143
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref143
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref144
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref144
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref144
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref144
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref144
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref145
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref145
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref145
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref145
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref145
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref145
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref146
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref146


March 2015 Decoding the Pathobiology of GEP-NENs 151
the non-tumor cells of patients with well-differentiated
neuroendocrine tumors of the ileum. Endocr Relat Can-
cer 2011;18:171–180.

148.Muneyuki T, Watanabe M, Yamanaka M, et al. Combi-
nation analysis of genetic alterations and cell proliferation
in small intestinal carcinomas. Dig Dis Sci 2000;
45:2022–2028.

149.Planck M, Ericson K, Piotrowska Z, et al. Microsatellite
instability and expression of MLH1 and MSH2 in carci-
nomas of the small intestine. Cancer 2003;97:
1551–1557.

150.Bloomston M, Durkin A, Yang I, et al. Identification of
molecular markers specific for pancreatic neuroendo-
crine tumors by genetic profiling of core biopsies. Ann
Surg Oncol 2004;11:413–419.

151.Duerr EM, Mizukami Y, Ng A, et al. Defining molecular
classifications and targets in gastroenteropancreatic
neuroendocrine tumors through DNA microarray anal-
ysis. Endocr Relat Cancer 2008;15:243–256.

152.Kidd M, Modlin IM, Mane SM, et al. The role of genetic
markers—NAP1L1, MAGE-D2, and MTA1—in defining
small-intestinal carcinoid neoplasia. Ann Surg Oncol
2006;13:253–262.

153.Hofer MD, Tapia C, Browne TJ, et al. Comprehensive
analysis of the expression of the metastasis-associated
gene 1 in human neoplastic tissue. Arch Pathol Lab
Med 2006;130:989–996.

154.Drozdov I, Kidd M, Nadler B, et al. Predicting neuroen-
docrine tumor (carcinoid) neoplasia using gene expres-
sion profiling and supervised machine learning. Cancer
2009;115:1638–1650.

155.Leja J, Essaghir A, Essand M, et al. Novel markers for
enterochromaffin cells and gastrointestinal neuroendo-
crine carcinomas. Mod Pathol 2009;22:261–272.

156.Cui T, Hurtig M, Elgue G, et al. Paraneoplastic antigen
Ma2 autoantibodies as specific blood biomarkers for
detection of early recurrence of small intestine neuroen-
docrine tumors. PLoS ONE 2010;5:e16010.

157.Edfeldt K, Bjorklund P, Akerstrom G, et al. Different gene
expression profiles in metastasizing midgut carcinoid
tumors. Endocr Relat Cancer 2011;18:479–489.

158.Kidd M, Modlin IM, Drozdov I. Gene network-based
analysis identifies two potential subtypes of small intes-
tinal neuroendocrine tumors. BMC Genomics 2014;
15:595.

159.Drozdov I, Svejda B, Gustafsson B, et al. Gene
network inference and biochemical assessment de-
lineates GPCR pathways and CREB targets in small
intestinal neuroendocrine neoplasia. PloS ONE 2011;
6:e22457.

160.Roldo C, Missiaglia E, Hagan JP, et al. MicroRNA
expression abnormalities in pancreatic endocrine and
acinar tumors are associated with distinctive pathologic
features and clinical behavior. J Clin Oncol 2006;
24:4677–4684.

161.Thorns C, Schurmann C, Gebauer N, et al. Global
MicroRNA profiling of pancreatic neuroendocrine neo-
plasias. Anticancer Res 2014;34:2249–2254.

162.Li A, Yu J, Kim H, et al. MicroRNA array analysis finds
elevated serum miR-1290 accurately distinguishes
patients with low-stage pancreatic cancer from healthy
and disease controls. Clin Cancer Res 2013;19:
3600–3610.

163.Li SC, Essaghir A, Martijn C, et al. Global microRNA
profiling of well-differentiated small intestinal neuroen-
docrine tumors. Mod Pathol 2013;26:685–696.

164.Ruebel K, Leontovich AA, Stilling GA, et al. MicroRNA
expression in ileal carcinoid tumors: downregulation of
microRNA-133a with tumor progression. Mod Pathol
2010;23:367–375.

165.Jarhult J, Landerholm K, Falkmer S, et al. First report on
metastasizing small bowel carcinoids in first-degree rel-
atives in three generations. Neuroendocrinology 2010;
91:318–323.

166.Larsson C, Skogseid B, Oberg K, et al. Multiple endo-
crine neoplasia type 1 gene maps to chromosome 11
and is lost in insulinoma. Nature 1988;332:85–87.

167.Boissan M, De Wever O, Lizarraga F, et al. Implication
of metastasis suppressor NM23-H1 in maintaining
adherens junctions and limiting the invasive potential
of human cancer cells. Cancer Res 2010;70:
7710–7722.

168.Hendy GN, Kaji H, Sowa H, et al. Menin and TGF-beta
superfamily member signaling via the Smad pathway in
pituitary, parathyroid and osteoblast. Horm Metab Res
2005;37:375–379.

169.Gurung B, Feng Z, Hua X. Menin directly represses Gli1
expression independent of canonical Hedgehog
signaling. Mol Cancer Res 2013;11:1215–1222.

170.Yang YJ, Song TY, Park J, et al. Menin mediates
epigenetic regulation via histone H3 lysine 9 methylation.
Cell Death Dis 2013;4:e583.

171.Hughes CM, Rozenblatt-Rosen O, Milne TA, et al. Menin
associates with a trithorax family histone methyl-
transferase complex and with the hoxc8 locus. Mol Cell
2004;13:587–597.

172.Matkar S, Thiel A, Hua X. Menin: a scaffold protein that
controls gene expression and cell signaling. Trends
Biochem Sci 2013;38:394–402.

173.Richard S, Giraud S, Beroud C, et al. Maladie de von
Hippel-Lindau: progrès génétiques récents et prise en
charge des patients. [Von Hippel-Lindau disease: recent
genetic progress and patient management.] Franco-
phone Study Group of von Hippel-Lindau Disease
(GEFVH). Ann Endocrinol (Paris) 1998;59:452–458 [in
French].

174.Kibel A, Iliopoulos O, DeCaprio JA, et al. Binding of the
von Hippel-Lindau tumor suppressor protein to Elongin B
and C. Science 1995;269:1444–1446.

175.Bluyssen HA, Lolkema MP, van Beest M, et al. Fibro-
nectin is a hypoxia-independent target of the tumor
suppressor VHL. FEBS Lett 2004;556:137–142.

176.Ruggieri M, Huson SM. The neurofibromatoses. An
overview. Ital J Neurol Sci 1999;20:89–108.

177.Au KS, Williams AT, Gambello MJ, et al. Molecular ge-
netic basis of tuberous sclerosis complex: from bench to
bedside. J Child Neurol 2004;19:699–709.

178.Zikusoka MN, Kidd M, Eick G, et al. The molecular
genetics of gastroenteropancreatic neuroendocrine
tumors. Cancer 2005;104:2292–2309.

http://refhub.elsevier.com/S2352-345X(15)00032-6/sref146
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref146
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref146
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref146
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref147
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref147
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref147
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref147
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref147
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref148
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref148
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref148
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref148
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref148
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref149
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref149
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref149
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref149
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref149
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref150
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref150
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref150
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref150
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref150
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref151
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref151
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref151
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref151
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref151
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref151
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref151
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref152
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref152
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref152
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref152
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref152
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref153
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref153
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref153
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref153
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref153
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref154
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref154
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref154
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref154
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref155
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref155
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref155
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref155
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref156
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref156
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref156
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref156
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref157
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref157
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref157
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref157
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref158
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref158
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref158
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref158
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref158
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref159
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref159
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref159
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref159
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref159
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref159
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref160
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref160
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref160
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref160
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref161
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref161
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref161
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref161
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref161
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref161
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref162
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref162
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref162
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref162
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref163
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref163
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref163
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref163
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref163
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref164
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref164
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref164
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref164
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref164
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref165
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref165
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref165
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref165
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref166
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref166
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref166
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref166
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref166
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref166
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref167
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref167
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref167
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref167
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref167
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref168
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref168
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref168
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref168
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref169
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref169
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref169
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref170
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref170
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref170
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref170
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref170
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref171
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref171
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref171
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref171
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref172
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref172
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref172
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref172
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref172
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref172
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref172
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref172
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref173
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref173
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref173
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref173
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref174
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref174
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref174
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref174
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref175
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref175
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref175
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref176
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref176
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref176
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref176
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref177
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref177
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref177
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref177


152 Kidd et al Cellular and Molecular Gastroenterology and Hepatology Vol. 1, No. 2
179.Calender A. Molecular genetics of neuroendocrine
tumors. Digestion 2000;62(Suppl 1):3–18.

180.Hiripi E, Bermejo JL, Sundquist J, et al. Familial gastro-
intestinal carcinoid tumours and associated cancers. Ann
Oncol 2009;20:950–954.

181.Hemminki K, Li X. Familial carcinoid tumors and subse-
quent cancers: a nation-wide epidemiologic study from
Sweden. Int J Cancer 2001;94:444–448.

182.Hassan MM, Phan A, Li D, et al. Family history of cancer
and associated risk of developing neuroendocrine
tumors: a case-control study. Cancer Epidemiol Bio-
markers Prev 2008;17:959–965.

183.Sun M, Guo X, Qian X, et al. Activation of the ATM-Snail
pathway promotes breast cancer metastasis. J Mol Cell
Biol 2012;4:304–315.

184.Lee J, Sung CO, Lee EJ, et al. Metastasis of neuroen-
docrine tumors are characterized by increased cell pro-
liferation and reduced expression of the ATM gene. PLoS
ONE 2012;7:e34456.

185.Shin JU, Lee CH, Lee KT, et al. Prognostic significance of
ATM and cyclin B1 in pancreatic neuroendocrine tumor.
Tumour Biol 2012;33:1645–1651.

186.Li DQ, Pakala SB, Nair SS, et al. Metastasis-associated
protein 1/nucleosome remodeling and histone deacety-
lase complex in cancer. Cancer Res 2012;72:387–394.

187.Azzoni C, Bottarelli L, Cecchini S, et al. Involvement of
HER-2/neu and metastasis-related proteins in the
development of ileal neuroendocrine tumors. Virchows
Arch 2011;458:525–536.

188.Sundin A. Radiological and nuclear medicine imaging of
gastroenteropancreatic neuroendocrine tumours. Best
Pract Res Clin Gastroenterol 2012;26:803–818.

189.Reubi JC, Maurer R, von Werder K, et al. Somatostatin
receptors in human endocrine tumors. Cancer Res 1987;
47:551–558.

190.Nilsson O, Kolby L, Wangberg B, et al. Comparative
studies on the expression of somatostatin receptor
subtypes, outcome of octreotide scintigraphy and
response to octreotide treatment in patients with carci-
noid tumours. Br J Cancer 1998;77:632–637.

191.Bodei L, Sundin A, Kidd M, et al. The status of neuro-
endocrine tumor imaging: from darkness to light?
Neuroendocrinology 2014. Published online. http://dx.
doi.org/10.1159/000367850.

192.Pearse AG. 5-hydroxytryptophan uptake by dog thyroid
‘C’ cells, and its possible significance in polypeptide
hormone production. Nature 1966;211:598–600.

193.Neels OC, Koopmans KP, Jager PL, et al. Manipulation
of [11C]-5-hydroxytryptophan and 6-[18F]fluoro-3,4-
dihydroxy-L-phenylalanine accumulation in neuroendo-
crine tumor cells. Cancer Res 2008;68:7183–7190.

194.Blackmore CG, Varro A, Dimaline R, et al. Measurement
of secretory vesicle pH reveals intravesicular alkaliniza-
tion by vesicular monoamine transporter type 2 resulting
in inhibition of prohormone cleavage. J Physiol 2001;
531:605–617.

195.Kolby L, Bernhardt P, Levin-Jakobsen AM, et al. Uptake
of meta-iodobenzylguanidine in neuroendocrine tumours
is mediated by vesicular monoamine transporters. Br J
Cancer 2003;89:1383–1388.
196.Baum RP, Kulkarni HR, Carreras C. Peptides and re-
ceptors in image-guided therapy: theranostics for
neuroendocrine neoplasms. Semin Nucl Med 2012;
42:190–207.

197.Koopmans KP, de Vries EG, Kema IP, et al. Staging of
carcinoid tumours with 18F-DOPA PET: a prospective,
diagnostic accuracy study. Lancet Oncol 2006;
7:728–734.

198.Orlefors H, Sundin A, Garske U, et al. Whole-body 11C-5-
hydroxytryptophan positron emission tomography as a
universal imaging technique for neuroendocrine tumors:
comparison with somatostatin receptor scintigraphy and
computed tomography. J Clin Endocrinol Metab 2005;
90:3392–3400.

199.Binderup T, Knigge U, Loft A, et al. 18F-fluorodeox-
yglucose positron emission tomography predicts survival
of patients with neuroendocrine tumors. Clin Cancer Res
2010;16:978–985.

200.Grozinsky-Glasberg S, Pavel M. Inhibition of mTOR in
carcinoid tumors. Target Oncol 2012;7:189–195.

201.Cierpicki T, Grembecka J. Challenges and opportunities
in targeting the menin-MLL interaction. Future Med
Chem 2014;6:447–462.

202.Shi A, Murai MJ, He S, et al. Structural insights into
inhibition of the bivalent menin-MLL interaction by
small molecules in leukemia. Blood 2012;120:
4461–4469.

203.Mohammad KS, Javelaud D, Fournier PG, et al. TGF-
beta-RI kinase inhibitor SD-208 reduces the develop-
ment and progression of melanoma bone metastases.
Cancer Res 2011;71:175–184.

204.Della Gatta G, Palomero T, Perez-Garcia A, et al. Reverse
engineering of TLX oncogenic transcriptional networks
identifies RUNX1 as tumor suppressor in T-ALL. Nat Med
2012;18:436–440.

205.Piccaluga PP, De Falco G, Kustagi M, et al. Gene
expression analysis uncovers similarity and differences
among Burkitt lymphoma subtypes. Blood 2011;
117:3596–3608.

206.Modlin IM, Gustafsson BI, Drozdov I, et al. Principal
component analysis, hierarchical clustering, and decision
tree assessment of plasma mRNA and hormone levels as
an early detection strategy for small intestinal neuroen-
docrine (carcinoid) tumors. Ann Surg Oncol 2009;
16:487–498.

207.Modlin I, Drozdov I, Kidd M. A multitranscript blood
neuroendocrine tumor molecular signature to identify
treatment efficacy and disease progress. J Clin Oncol
2013;31(Suppl):A4137.

208.Modlin IM, Drozdov I, Bodei L, et al. Blood transcript
analysis and metastatic recurrent small bowel carcinoid
management. BMC Cancer 2014;14:564.

209.Modlin I, Drozdov I, Alaimo D, et al. A multianalyte PCR
blood test outperforms single analyte ELISAs for neuro-
endocrine tumor detection. Endocr Relat Cancer 2014;
21:615–628.

210.Modlin I, Drozdov I, Kidd M. The identification of
gut neuroendocrine tumor disease by multiple syn-
chronous transcript analysis in blood. PloS ONE
2013:e63364.

http://refhub.elsevier.com/S2352-345X(15)00032-6/sref178
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref178
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref178
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref179
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref179
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref179
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref179
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref180
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref180
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref180
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref180
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref181
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref181
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref181
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref181
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref181
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref182
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref182
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref182
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref182
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref183
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref183
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref183
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref183
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref184
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref184
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref184
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref184
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref185
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref185
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref185
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref185
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref186
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref186
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref186
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref186
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref186
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref187
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref187
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref187
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref187
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref188
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref188
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref188
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref188
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref189
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref189
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref189
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref189
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref189
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref189
http://dx.doi.org/10.1159/000367850
http://dx.doi.org/10.1159/000367850
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref191
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref191
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref191
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref191
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref192
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref192
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref192
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref192
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref192
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref193
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref193
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref193
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref193
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref193
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref193
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref194
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref194
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref194
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref194
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref194
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref195
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref195
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref195
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref195
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref195
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref196
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref196
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref196
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref196
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref196
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref196
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref197
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref197
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref197
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref197
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref197
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref197
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref197
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref197
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref198
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref198
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref198
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref198
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref198
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref198
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref199
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref199
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref199
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref200
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref200
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref200
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref200
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref201
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref201
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref201
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref201
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref201
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref202
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref202
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref202
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref202
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref202
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref203
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref203
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref203
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref203
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref203
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref204
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref204
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref204
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref204
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref204
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref205
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref205
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref205
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref205
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref205
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref205
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref205
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref206
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref206
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref206
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref206
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref207
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref207
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref207
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref208
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref208
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref208
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref208
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref208
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref209
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref209
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref209
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref209


March 2015 Decoding the Pathobiology of GEP-NENs 153
211.Modlin I, Drozdov I, Kidd M. Gut neuroendocrine tumor
blood qPCR fingerprint assay: characteristics and
reproducibility. Clin Chem 2014;52:419–429.

212.Modlin IM, Aslanian H, Bodei L, et al. A PCR blood test
outperforms chromogranin A in carcinoid detection and
is unaffected by PPIs. Endocr Connect 2014;3:215–223.

213.Franceschini A, Szklarczyk D, Frankild S, et al. STRING v9.1:
protein-protein interactionnetworks,with increasedcoverage
and integration. Nucleic Acids Res 2013;41:D808–D815.
Received November 11, 2014. Accepted December 19, 2014.

Correspondence
Address correspondence to: Irvin M. Modlin, MD, PhD, The Gnostic
Consortium, Wren Laboratories, 35 NE Industrial Road, Branford,
Connecticut, 06405. e-mail: imodlin@wrenlaboratories.com.

Conflicts of interest
The authors disclose no conflicts.

Funding
This work has been supported by Clifton Life Sciences.

http://refhub.elsevier.com/S2352-345X(15)00032-6/sref210
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref210
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref210
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref210
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref211
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref211
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref211
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref211
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref212
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref212
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref212
http://refhub.elsevier.com/S2352-345X(15)00032-6/sref212
mailto:imodlin@wrenlaboratories.com

	Decoding the Molecular and Mutational Ambiguities of Gastroenteropancreatic Neuroendocrine Neoplasm Pathobiology
	The Carcinoid Conundrum in Context
	Functional Cellular Morphology
	Mechanistic Secretory Matrix
	Membrane Receptor Regulation
	Mechanistic Basis of Proliferative Regulation
	Intracellular Signaling Pathways
	The Landscape of Neoplastic Transformation
	Pancreatic NEN Molecular Events
	Small Intestinal NEN Molecular Events

	The Promised Land of Transcriptional Profiling
	Pancreatic NEN
	Small Intestine

	Menin Mechanisms and Metastases
	Pancreatic NEN
	Small Intestinal NEN
	Metastases
	Ataxia telangiectasia mutated kinase (ATM) gene
	Metastasis-associated 1 gene (MTA1)


	Clinical Utility
	Identification of Functional Imaging Targets
	Identification of Drug Targets
	Translational Transcriptomics and Network Neologies

	Conclusion
	References


