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Abstract
The treatment landscape and biologic understanding of neuroendocrine tumors (NET) has shifted

dramatically in recent years. Recent studies have shown that somatostatin analogues have the potential not

only to control symptoms of hormone hypersecretion but also have the ability to slow tumor growth in

patients with advanced carcinoid. The results of clinical trials have further shown that the VEGF pathway

inhibitor sunitinib and the mTOR inhibitor everolimus have efficacy in patients with advanced pancreatic

NETs. The efficacy of these targeted therapies in NET suggests that the molecular characterization of NETs

mayprovide an avenue topredict bothwhichpatientsmaybenefitmost from the treatment and toovercome

potential drug resistance. Recent genomic studies of NETs have further suggested that pathways regulating

chromatin remodeling and epigenetic modification may play a key role in regulating NET growth. These

observations offer the potential for new therapeutic and diagnostic advances for patients with NET.

Clin Cancer Res; 19(11); 2842–9. �2013 AACR.

Introduction
The Surveillance Epidemiology and End Results (SEER)

database has suggested an increasing incidence of neuro-
endocrine tumors (NET) from 1.09 cases per 100,000 in
1973 to 5.25 per 100,000 in 2004 (1). Although several
advances in the treatment ofNETs have beenmade in recent
years, additional therapeutic options are needed.

Molecular Pathways
Angiogenesis

NETs are vascular tumors exhibiting a high expression of
several proangiogenic molecules, such as the angiogenic

cytokine VEGF (2). Several VEGF pathway inhibitors,
including the VEGF inhibitor bevacizumab and the VEGF
receptor (VEGFR)–targeted tyrosine kinase inhibitors suni-
tinib, pazopanib, and sorafenib have shown clinical activity
in NET. In 2011, sunitinib was evaluated in a randomized,
placebo-controlled clinical trial of pancreatic NET (Pan-
NET) and showed more than double progression-free sur-
vival (PFS), leading to its approval for this indication by the
U.S. Food and Drug Administration (FDA) and the Euro-
pean Medicines Agency (EMA). These data form the ratio-
nale for the use of antiangiogenic therapies in NET (3).
Despite these advances, some tumors show intrinsic resis-
tance to antiangiogenic therapies, whereas acquired resis-
tance develops in others.

Both intrinsic resistance and acquired resistance share
similar molecular and cellular mechanisms (Fig. 1). With
both mechanisms, resistance is caused by the expression of
multiple proangiogenic factors, including VEGFs, fibroblast
growth factors (FGF), angiopoietins, and ephrins, which
can overcome single-agent VEGF–VEGFR–targeted therapy
(4, 5). Several mechanisms have been postulated to be
inducers of upregulation of these proangiogenic factors,
including intratumor hypoxia with hypoxia-inducible fac-
tor-1a (HIF-1a) accumulation, inducing a hypoxia-stress
expression program that includes many proangiogenic fac-
tors (6, 7). Among the genes directly regulated by HIF-1,
c-Met is involved in the invasive and metastatic behavior of
tumor cells after the exposure to hypoxia. Recent studies
have shown that inhibition of c-Met can reduce the invasive
andmetastatic capabilities promoted following VEGF-path-
way inhibition, suggesting that inhibition of c-Met, together
with VEGF-targeted therapy, may diminish resistance (8).
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Additional strategies to overcome these resistance
mechanisms have been explored in animal models and in
the clinical setting (9). For example, studies in xenograft
models have shown that the combination of bevacizumab
and HIF-1 or Sp1 inhibitors may increase the therapeutic
efficacy of antiangiogenic treatment (10, 11). Cotargeting of
VEGF and FGF signaling pathways has also been shown to
improve efficacy and overcome adaptive resistance to VEGF
inhibition in the RIP-Tag2 model of PanNETs (12).

mTOR pathway
mTOR is the convergence hub of a variety of extracellular

and intracellular signals. As a master regulator of different
cell functions, mTOR activation is subjected to tight and
coordinated regulations through diverse positive and feed-
back regulatory loops (Fig. 2; ref. 13). Moreover, mTOR
forms 2 distinct protein complexes, commonly referred as
mTORC1 and mTORC2, which are activated in different
ways and exert different but related functions (14). Muta-

tions in the mTOR pathway have been reported in 15% of
PanNETs (15). Loss-of-function mutations in TSC1 and
TSC2, tumor suppressor genes that inhibit mTOR, occur
in tuberous sclerosis, a hereditary cancer syndrome that is
associated with the development of PanNET (16). Phos-
phatase and tensin homolog (PTEN), which regulates the
activity of mTOR through the Akt pathway, together
with TSC2, are downregulated in approximately 75% of
PanNETs, and their low expression is associated with
shorter disease-free and overall survival (17).

Following evidence in phase II studies that mTOR inhi-
bitors had activity in NETs, the mTOR inhibitor everolimus
was evaluated in randomized, placebo-controlled trials
enrolling patients with advanced PanNET or other
advanced extrapancreatic NET (carcinoid). The phase III
study of everolimus enrolled 410 patients with PanNET and
showed a significant increase in PFS in patients receiving
everolimus as compared with those receiving placebo (11
vs. 4.6months), leading to its approval by the FDAandEMA

© 2013 American Association for Cancer Research
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Figure 1. Modes of resistance to antiangiogenic therapy. On the one hand, intrinsic resistance or refractoriness is defined as total lack of response to
antiangiogenic therapy. The specific mechanisms of such resistance include the multiplicity of proangiogenic factors expressed in tumors and vascular co-
option. Thus, therapy is unable to reduce or stabilize tumors and there is no benefit from antiangiogenic therapy. On the other hand, acquired resistance refers
to the adaptive capacity present in tumors that leads them to evade the therapeutic blockade after an adequate effectiveness phase. Induced adaptive
mechanisms, including overexpression of alternative proangiogenic factors, recruitment of vascular progenitor cells (BMDCs), and pericyte coverage,
ultimately allow for revascularization despite therapy blockade, allowing tumor regrowth and disease progression. BMDC, bone marrow–derived cell.
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for this indication (18). A parallel study in patients with
advanced extrapancreaticNET/carcinoid also suggested that
everolimus might have some activity, although the study
did not meet its predefined efficacy endpoint (19).

Everolimus is known to specifically inhibit mTORC1,
although prolonged drug exposure might impair mTORC2
activity in a cell type–specific manner. The efficacy of ever-
olimus and other rapamycin analogues may be compro-
mised by feedback loop mechanisms that include the con-
comitant activation of the phosphoinositide 3-kinase
(PI3K) andmitogen-activated protein kinase (MAPK) path-
way (Fig. 2; refs. 20–22). Strategies to counteract this
feedback loop have included the development of ATP-
competitive mTOR inhibitors, targeting both mTOR com-
plexes. In vitro and in vivo data suggest that these new
compounds have therapeutic benefit over rapamycin, but
concerns exist about their potential toxicity (13). An alter-
native approach is the use of dual PI3K/mTOR inhibitors,
for which several clinical trials are underway (23). Potential
clinical benefit has also been shown in patients with Pan-
NET who have been treated with a combination of ever-
olimus and somatostatin analogues (24). One rationale for
this combination relies on the known effect of somatostatin

analogues in dampening the insulin-like growth factor
receptor (IGFR)/PI3K/Akt axis (25). Strategies using dual
mTOR inhibitors targeting mTORC1 and mTORC2, com-
bining mTOR inhibition and inhibition of PI3K, and com-
bining mTOR inhibitors with somatostatin analogues are
thus of significant interest.

Somatostatin receptor signaling
Somatostatin and its synthetic analogs (e.g., lanreotide,

octreotide) act through a family of 5 G-protein couple
receptors termed sst1–sst5 to exert a variety of functions,
including inhibition of endocrine and exocrine secretions
and of tumoral cell growth (26, 27).

Although somatostatin analogues are associated with
high symptomatic response rates initially, patients may
develop resistance to treatment over time (28–30). The
molecular mechanisms underlying the development of
resistance remain poorly understood.However, recent stud-
ies have identified novel truncated sst5 receptor variants in
rodents (31, 32) and humans (33), which at variance with
full-length canonical sst5, display selective responses to
somatostatin and cortistatin and exhibit distinct tissue
distribution and a unique subcellular localization. One

© 2013 American Association for Cancer Research
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Figure 2. Schematic representation of the mTOR pathway and associated regulatory circuitries. mTOR exists as 2 different complexes (mTORC1 and
mTORC2) that are activated throughdifferent signaling cascades.Here is depicted the activation ofmTORC1by receptor tyrosinekinases–triggered signaling.
Positive and feedback regulatory loops are also described. PIP2, phosphatidylinositol (4,5)-biphosphate; ERK, extracellular signal–regulated kinase. IGFR,
insulin-like growth factor receptor; MEK, MAP–ERK kinase; PDGFR, platelet-derived growth factor receptor; PI3K, phosphoinositide 3-kinase; PIP2,
phosphatidylinositol (4,5)-biphosphate; PIP3, phosphatidylinositol (3,4,5)-triphosphate.
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variant, sst5TMD4, which is barely expressed in normal
human tissues, shows a marked upregulation in tumors,
where it seems to entail pathologically relevant functions.
Thus, for example, expression of sst5TMD4 in pituitary
adenomas causing acromegaly is related to the reduced
ability of octreotide at normalizing hormone secretion in
poorly responsive tumors in vivo (34). In breast cancer, the
presence of sst5TMD4 (which is negligible in the normal
mammary gland) is associated with markers of poor prog-
nosis [lower levels of estrogen receptor (ER), HER2/Neu,
andp53], and its expression inbreast cancermodel cell lines
was shown to increase malignancy features (cell prolifera-
tion, signaling, invasiveness, and migration) by disrupting
normal sst2 function (35). Such observations suggest a
potential role for these novel truncated receptor variants
in tumor diagnosis as a prognostic marker and as therapeu-
tic targets.

Target Discovery in Neuroendocrine Tumors
Sequencing efforts in NET
The recognition of driver oncogene mutations in a num-

ber of human cancers has provided a compelling rationale
for targeted therapies (Table 1). Recently, full-exome
sequencing of approximately 18,000 genes in sporadic
well-differentiated PanNETs revealed 157 mutations in
149 genes. The most common of these were multiple
endocrine neoplasia type I (MEN1), death domain associ-
ated protein (DAXX),ATRX, PTEN, and TSC2 (15). AMEN1
mutationwas carriedby44%of tumors, and43%had either
a DAXX or ATRX mutation.
Mutations have been identified at multiple sites in the

MEN1 gene (36). The majority of PanNETs show qualitative
and/or quantitative alterations inmenin localization (36). In
30% of cases, this was associated with MEN1 mutations
affecting sequences involved in nuclear localization or pro-
tein–protein interaction. Details of the crystal structure of
menin have recently been published and provide structure–
function explanations for the distinct interactions with the
MLL and JUNDproteins (37). These insights offer the poten-
tial for molecular targeting and specific drug development.
Although the MEN1 gene has been well studied, the

functions of DAXX and ATRX are less well understood.

DAXX and ATRX proteins form a complex that localizes to
chromatin and PML bodies (38). DAXX is a histone H3.3
chaperone, and the ATRX–DAXX complex assembles H3.3
intonucleosomes.ATRXcan recruitDAXX todepositH3.3 at
telomeres or pericentromeric heterochromatin. How chro-
matin remodelingmediated byATRX andDAXXcontributes
to NET pathogenesis remains to be defined, but one poten-
tial mechanism is the regulation of telomeres. Alternative
lengthening of telomeres occurs through DNA recombina-
tion and has been shown to be positive in 61% (25 of 41) of
PanNETs; 19 of these tumors had mutations in ATRX or
DAXX (39). Further investigations on how chromosome
structure alters and the consequence of the switched "on"
and "off" genes when cells lack ATRX–DAXX may facilitate
the identification of novel molecular targets for future diag-
nostic modality and therapeutic intervention in PanNETs.

Protein kinases
Protein kinases represent another potential therapeutic

target inNET.Of 356kinase genes studied in the sequencing
project, 3 mutations in primary PanNET were identified in
the ATM and KIT genes (40). In cell lines, mutations in the
following genes were also identified: FGFR3, FLT1, and
PI3KCA. KIT membrane expression is associated with
shorter patient survival in patients with PanNETs (40).

Additional potential targets for the treatment of NETs are
the Src family kinases (SFK). Members of the SFK are over-
expressed in PanNETs (41), and inhibition of their activity
impairs adhesion, spreading, andmigrationofPanNET cells
(42). A novel role for SFKs in controlling mTOR activity in
PanNET cells has also been reported (43). The increased
mTOR activity controlled by SFK leads to translation of a
subset of mRNAs for cell-cycle progression. Moreover, the
concomitant inhibition of SFK andmTOR activities strong-
ly impaired cell growth, compared with the effect exerted
by the single agents. Notably, whereas treatment with
mTOR inhibitors triggered the activation of a prosurvival
feedback dependent on PI3K/Akt signaling, the simulta-
neous inhibition of SFKs blocked this escape signal. These
results, and the recent findings of an important role for the
Src pathway in modulating the growth of neuroendocrine
cancer stem cells (CSC) in vitro and in vivo (44), support
the need for further preclinical studies with SFK inhibitors.

Epigenetic characterization of NETs
Epigenetic mechanisms are an essential component of

normal development and gene expression patterns inmam-
mals. Disruption of such processes can result in altered gene
function and malignancy through changes in DNA meth-
ylation, histone modifications, inappropriate nucleosome
positioning, and noncoding RNAs, specifically microRNA
(miRNA) expression (45). Mutations in epigenetic regula-
tors have the potential to lead to misregulation of gene
expression that contributes to tumorigenesis, and it has
been suggested that epigenetic rather than genetic changes
may play a key role in NETs (46).

The longstanding observation that menin mutations
are associated with NETs supports a role for epigenetic

Table 1. Driver gene mutations and cancer

Cancer Mutated gene Targeted therapy

Medullary thyroid RET Sorafenib, vandetanib
GIST KIT Imatinib
CML BCR-ABL Imatinib
Melanoma BRAF PLX4032
Lung cancer ALK Crizotinib
Colon cancer K-RAS EGFR inhibitors
Breast cancer BRCA1/2 PARP inhibitors

Abbreviations: CML, chronic myelogenous leukemia; EGFR,
EGF receptor; GIST, gastrointestinal stromal tumor.
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regulation in the pathogenesis of this disease. Menin is part
of a histone methyltransferase complex; it associates with
p27Kip1 and p18Ink4c promoters tomethylate histoneH3 and
enhance their transcription. Menin deficiency results in
downregulation of p27Kip1 and p18Ink4c (47, 48). Histone
H3 methylation is reduced in islet tumors from MEN1-
mutantmice. Inaddition,micedeficient forbothp27Kip1 and
p18Ink4c develop pituitary tumors much more rapidly than
either deficiency alone, suggesting the 2 inhibitors collabo-
rate to suppress tumorigenesis (49).Collectively, theseobser-
vations point to a key role formenin in epigenetic regulation.

P53 and MDM2
The tumor suppressor p53 plays a critical role in main-

taining genomic stability and tumor prevention (50). The
p53 pathway is tightly regulated by a number of proteins,
including the critical negative regulators MDM2, MDM4,
andWIP1 (50). Extra gene copies ofMDM2 (22%),MDM4
(30%), and WIP1 (51%) have been reported in PanNET,
which may lead to an attenuated p53 function (51). Thus,
development of MDM2 inhibitors and related molecules
can restore p53 tumor suppressor function andmayprovide
tangible therapeutic options for PanNETs.

Cyclin-dependent kinases and Rb
Cyclin-dependent protein kinase 4 (CDK4) and 6 are

involved in phosphorylation of the retinoblastoma (Rb)
tumor suppressor gene leading to inactivation (52). Loss of
Rb function results in unchecked transcriptional activation
that can occur either by loss of Rb protein itself viaRB1 gene
mutations or by aberrations in other regulatory elements of
the Rb pathway that increase phosphorylation of the Rb
protein. In fact, 80% of cancers maintain an intact Rb
protein but display genetic alterations of other components
of the Rb pathway (53). CDK4/6 amplification and expres-
sion have been shown in PanNETs as well as its activator,
cyclin D (54). Loss of Rb protein via RB1 gene mutation is
also frequently observed in poorly differentiated and high-
grade NETs (55). Furthermore, growth of the human Pan-
NET cell line QGP1 can be inhibited in a xenograft mouse
model by the CDK4/6-specific inhibitor PD 0332991,
which reactivates the Rb pathway (54). Thus, gene ampli-
fication and overexpression ofCDK4 andCDK6 suggest that
a subset of patients with PanNETsmay respond favorably to
CDK4/6 inhibitors that are currently entering clinical trials.

Biomarker Discovery in Neuroendocrine Tumors
Circulating tumor cells

The CellSearch platform for cancer detection, among
other technologies, has permitted research into circulating
tumor cells (CTC) as prognostic biomarkers in a number of
malignancies (56). This platform requires the expression of
epithelial cell adhesion molecule (EpCAM), a transmem-
brane glycoprotein, to isolate CTCs. EpCAM expression has
been shown in all midgut and PanNETs with variable
expression in bronchial NETs (57). CTCs have been
reported in blood samples from a number of patients with

metastaticNETs, includingpancreas,midgut, andbronchial
NETs, the latter having the highest levels (57). The same
study neither reported any correlation between Ki-67 and
CTC count nor any relationship between chromogranin A
(CgA) and CTC count.

Because CTCs are shed into the circulation, studies are
required to investigate the relationship between CTCs and
angiogenesis. Discordance of Her-2 expression between
CTCs and primary tumor in breast cancer (58) and differ-
ential expression of synaptophysin and CD56 in CTC in
NETs (57) suggest CTCsmay be heterogeneous. In the study
discussed earlier, 82% of CTCs in NETs expressed synapto-
physin and 21% expressed CD56, suggesting CTCs in NETs
may be heterogeneous (57). This heterogeneity may have
implications as mutations may arise when shed from the
primary tumor or could occur de novo in the circulation, the
latter possibly as an escape mechanism from therapy. For
example, in patients with lung cancer treated with anti-
EGF receptor (EGFR) therapy, a resistance-associated
EGFR mutation emerged in CTCs (59). Thus, molecular
characterization of CTCs could potentially assist in under-
standing NET metastasis and resistance to therapy in
addition to their use as biomarkers. Drugs chosen on the
basis of primary tumor markers may be ineffective against
CTCs and the tumors they seed. Future implications
include harvesting CTCs and testing chemotherapeutic
agents in situ to assay drug susceptibility (60). Using CTCs
to investigate the pathogenesis of NETs is advantageous
with the capability of being frequently sampled through-
out the disease course; they represent tumor tissue and
obtaining CTCs with a blood test is less invasive than
tumor biopsy.

It is only recently that CSCs have been identified inNETs.
In this study, aldehydride dehydrogenase-positive
(ALDHþ) cells, when cultured from tumor tissue, were
highly tumorigenic compared with ALDH� cells from the
same tissue (44). It is unclear whether someCTCs identified
by the CellSearch system are indeed CSCs. In animal mod-
els, aggressive CTCs have been shown to colonize their
tumor of origin in a process termed "tumor self-seeding."
This may explain relationships between tumor size, vascu-
larity, and prognosis and local recurrence seeded by dis-
seminated cells following complete excision (61).

CTCs are associated with progressive NETs and could be
used as a prognostic marker (57). In a prospective study of
120 patients with metastatic NETs, presence of CTCs con-
ferred poorer overall survival, with an HR of 14 (62). Fur-
thermore, a reduction of CTCs 3 to 5 weeks after treatment
predicted response to therapy in addition to better survival
comparedwith those patients inwhomCTCswere increased
(63). Thus, patients on ineffective or potentially toxic ther-
apies can have their treatment changed appropriately and
their management tailored according to CTC changes.

New biomarkers—an unmet need
Sensitive and specific biomarkers are still largely lacking,

and current assays fail to identify biomarkers at an early
stage in disease progression. Studies that use proteomics
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and tissue arrays are needed to develop new biochemical
and tissue-specific markers. Global transcriptome analysis
provides valuable information about the expression of
genetic variants within cancer cells. An effective strategy
may be to measure circulating mRNA to detect disease and
conduct amplification with quantitative real-time PCR
(qRT-PCR) to construct a gene terrain map that can be used
to discriminate cell type and identify genes and mutations
with prognostic potential (64). miRNA-133a was down-
regulated during progression from primary to metastatic
carcinoid tumor, suggesting that it may have an important
role in carcinoid tumor development and progression with
use for diagnosis and/or prognosis (65).

Novel methods of biomarker analysis
Cancer companion diagnostics is a pathway-oriented

approach to cancer analysis that integrates mutational anal-
yses with protein activity biomarkers in clinical samples
from patients treated with molecularly directed drugs. The
goal is to develop diagnostics that better predict patient
response to a drug and to create improved methods for
monitoring therapy. Padlockprobes, suchas selectorprobes,
are highly selective probes that generate circular molecules
by target-dependent ligation upon perfect hybridization to
pairs of sequences within a targeted molecule. The padlock
probe technique enables detection of single-nucleotide var-
iants and other tumor- or cell-specific transcriptomic mar-
kers in tissue specimens in situ at the single cell level (66).
The proximity ligation assay (PLA) is an immunoassay for

protein analysis for measurement and characterization of
proteins with high specificity and sensitivity via DNA liga-
tion and amplification reactions. The method relies on
converting detection reactions to DNA reporter sequences

(Fig. 3). The sensitivity of the PLA technique for plasma
protein measurement renders the technique suitable for
detection and identification of rare protein molecules in
blood, potentially allowing for new classes of promising
biomarkers to be identified from biobanked samples. The
PLA method can also be combined with standard fluores-
centmicroscopy fordetectionofproteinsorprotein–protein
interactions and posttranslational protein modifications as
activation markers in tissue sections using in situ PLA (67).

Future Directions
TheefficacyofVEGFpathway andmTOR inhibitors inNET

suggests that the molecular characterization of VEGF and
mTOR pathway components in NETs may shed light on
predictivemarkers aswell asmechanisms bywhich treatment
resistance can be overcome. The discovery that some somato-
statin receptors are truncated, resulting in aberrant signaling,
suggests that more detailed examination of somatostatin
receptor status in tumor tissuemay also offer the opportunity
to tailor more selective and effective treatments.

Remarkably, exome sequencing of PanNETs has sug-
gested additional pathways of interest; in particular, these
studies revealed a high prevalence of mutations in DAXX
and ATRX genes implicated in chromatin remodeling. How
these mutations correlate with the biologic or clinical char-
acteristics of NET remains unknown and is the subject of
ongoing studies, although these observations suggest that
epigenetic changes may play a key role in NET growth. The
development of high-throughput sequencing technology
and other analytic techniques has facilitated the large-scale
analysis of tumor tissue and other biospecimens and is
likely to provide an effective way to correlate molecular
features with clinical behavior.

© 2013 American Association for Cancer Research
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Figure 3. Schemeof proximity ligation in situ assay. A, primary probes (primary antibodies) bind to target proteins. B, secondary probes (secondary antibodies)
with conjugated oligonucleotides recognize the primary probes. C, additional oligonucleotides are hybridized and ligated to form circular DNA molecule. D,
the newly formed DNA molecule can be amplified by rolling circle amplification. A concatemeric amplification product can be detectable by hybridization of
fluorescently labeled oligonucleotides.
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Finally, the development of novel biomarkers in NET is
likely to facilitate both patient care and the discovery of
novel treatment targets. CTCs have been identified in
patients with NET, in whom they seem to have prognostic
significance. Analysis of such cells may provide a practical
way to assess biologic changes that occur in tumors over
time and during treatment. Circulating miRNAs in patients
with NET may also prove to be effective predictive and
prognostic biomarkers to the extent that the detection of
specific miRNAs may reflect underlying tumor biology and
may further point the way to novel pathways and targets.
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